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Abstract 

 

Mist chemical vapor deposition (Mist-CVD) deposited metal oxide thin films as 

dielectric materials and wide-bandgap semiconductors have been extensively studied. 

This study was carried out toward reducing the driving voltage and high 

transconductance in metal-oxide-semiconductor field-effect transistor (MOS-FET) 

devices and for their relevance in power electronics, solar cells, and photodetectors. 

Because mist-CVD takes the benefits of solution process and CVD system, facilitating 

the production of a well-controlled thin film using an environmental-friendly mist-CVD 

technique. In this thesis, AlOx was chosen as a model metal oxide as dielectric layer for 

such applications because of its wide bandgap, high breakdown field, high passivation 

ability of c-Si, and good thermal stability. The bandgap and dielectric constant also can 

be controlled by adding guest metal oxide. In this study, TiO2 was added as a guest 

metal oxide with AlOx formed Al1-xTixOy to improve the dielectric constant but let off 

some barrier height for the application of metal insulator semiconductor field effect 

transistors (MIS-FET). 

Most studies of thin films using the mist-CVD focus on the synthesis of crystalline 

thin films on sapphire by adjusting the deposition condition and device performance. 

On the other side, the amorphous metal oxide thin film as an insulating layer is more 

preferable to fabricate MIS-FET. However, few studies on the growth mechanism and 

role of solvent in the synthesis of metal oxide thin films using mist CVD have been 

performed. To this aim, the following items have been studied in this thesis. 

a) Role of H2O in the synthesis of amorphous AlOx using mist-CVD 

In this work, the effect of H2O in the synthesis of amorphous AlOx using 

atmospheric pressure mist-CVD from aluminum acetylacetonate Al(acac)3 as source 

material and CH3OH/H2O as the solvent system has been studied. The incorporation of 

-OH groups into the AlOx network that is fabricated from Al(acac)3 and using solely 

methanol as a solvent, generates both malformed Al(OH) network and nonuniformity. 

But the addition of a small amount of water in the solvent during film growth, though 

decreases the deposition rate due to the hydrogen bond in water molecules but markedly 

removes -OH groups from the growth surface of the AlOx network and improves the 

surface uniformity and refractive index. The effect of exposing these films to H2O or 
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CH3OH mists after fabrication was also assessed to understand the surface chemistry 

on the growth surface. The feature is that the Al(OH) absorption peaks, for AlOx films 

with CH3OH solvent alone, decreased markedly together with increase AlO6 

octahedron related peaks by increasing the H2O mist exposure period, suggesting that 

H2O mist removed OH bonds near the surface with etched several mono layers. On the 

other side, no change appeared in the FT-IR and AFM for the AlOx with CH3OH:H2O 

ratio of 7:3 even after 40 minutes H2O exposure. For the case of CH3OH mist exposure, 

the OH absorption band appeared together with larger surface roughness for AlOx with 

CH3OH:H2O ratio of 7:3, suggesting that the CH3OH mist is the source of OH group 

and the H2O mist acts as a scavenger to the OH near the growing surface of AlOx 

network. The AlOx thin films grown with CH3OH:H2O ratio of 7:3 at 400 ℃ exhibits a 

recombination velocity of 16 cm/s, a breakdown field of 6.9 MV/cm, and the interface 

trap density of 4.2×1010 cm-2eV-1 which is compatible with the AlOx grown by the other 

vacuum-based method. 

b) Synthesis of AlOx thin films monitored by a fast-scanning mobility particle 

analyzer 

In this topic, the effect of deposition parameters on the film properties of mist-

CVD a-AlOx films from aluminum acetylacetonate (Al(acac)3) and CH3OH/H2O 

mixture (=7:3 volume ratio) is demonstrated. Different deposition parameters, such as 

the flow rate of dilution gas (N2) (Fd), furnace temperature (Tf), solution concentration, 

and mesh bias (Vm) were optimized via the analysis of the size distribution of mist 

precursors using a fast-scanning mobility particle analyzer. The film morphology, the 

rigidity of the AlOx network, and junction property at the AlOx/n-type crystalline Si (n-

Si) were dominated by the size distribution of the mist precursors determined by the 

deposition parameters. Further, the mesh bias supply during film growth promoted the 

miniaturization of the size distribution of the charged mist particles. Consequently, a 

marked increase in the number density of the mist particles resulted in an increased 

refractive index (n) of the AlOx thin films with small surface roughness values. 

Furthermore, such property of the AlOx films improved the junction property at the 

AlOx/n-Si interface. In this study, the correlation between the size distribution of mist 

particles, which is dependent on the deposition parameters, and the film and interface 

properties, is presented together with MIS-FET performance for the AlOx thin films 

obtained by mist-CVD. By adjusting the mesh bias of 9 kV, the interface trap density 
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for AlOx/n-Si metal-oxide-semiconductor capacitor can be reduced to 9.5×109 cm-2eV-

1, and the fixed charge density can be increased by 5.1×1012 cm-2eV-1. Field-effect 

mobility of 41.4 cm2/(V s) was obtained, with a threshold voltage of 2.75 V and an 

on/off ratio of 107, using a mechanically exfoliated MoSe2 flake as a channel layer, 

which is compatible with the AlOx grown by the other vacuum-based method. 

c) Synthesis of mist-CVD Al1-xTixOy thin films improved the dielectric properties 

The large bandgap dielectric material is essential to suppress the charge injection from 

electrodes into dielectrics that cause leakage current. On the other side, the dielectric 

material with a high dielectric constant is important to scall down the device size. The 

trade-off between these two properties is clearly noticed. One effective proposal for 

balancing between κ and Eg is employing aluminum titanium oxide [((Al2O3)1-xTiO2)x] 

(Al1-xTixOy) with intermediate properties of Al2O3(κ ~9, Eg~ 7 eV) and TiO2(κ ~50, Eg 

~3 eV). As a third topics, we investigated the synthesis of amorphous aluminum 

titanium oxide Al1-xTixOy thin films from Al(acac)3 and Ti(acac)4 mixture using 

CH3OH/H2O as a solvent by mist chemical vapor deposition (mist CVD) for application 

as a high dielectric material. The Ti composition ratio x in the Al1-xTixOy thin films 

depends on the Al(acac)3 and Ti(acac)4 mixing ratios as well as CH3OH/H2O volume 

ratio. A bandgap energy of Al1-xTixOy films was decreased from 6.38 to 4.25 eV and 

the surface roughness also decreased when the Ti composition ratio was increased from 

0 to 0.54. The capacitance-voltage plot revealed that the dielectric constant of Al1-

xTixOy thin films increased from 6.23 to 25.12. Consequently, Al1-xTixOy thin films with 

a bandgap energy of 5.12 eV and a dielectric constant of 13.8 were obtained by 

adjusting the ratio x of 0.26. This Al0.74Ti0.26Oy layer was applied as a gate dielectric 

layer for the metal-insulator-semiconductor field-effect transistors (MIS-FETs) using a 

mechanically exfoliated two-dimensional (2D) transition metal dichalcogenide 

(TMDC), MoSe2, and As-doped WSe2 flakes as a channel layer. The MoSe2 based MIS-

FETs with source/drain gold electrodes exhibit n-channel behavior with a field-effect 

mobility of 85 cm2/ (V·s), a threshold voltage of 0.92 V, and an on/off ratio of ⁓106. 

As-doped WSe2 based MIS-FETs with source/drain platinum electrodes also showed 

an ambipolar behavior, which was applied for use in logic applications. These findings 

suggest that Al0.74Ti0.26Oy by mist CVD is promising as a high-k material for TMDC 

based MIS-FETs.  
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Chapter 1: Introduction and Motivation 

1.1 Thin film 

Though the definition of thin-film is not absolutely correct. But someone described 

the thin film as a thin layer of material ranging from fractions of a nanometer to several 

micrometers is deposited onto a metal, ceramic, or semiconductor.1.1 The thin films for 

optical purposes which was the first application of thin films can be dated to exactly 

1912. Pohl and Pringsheim fabricated the mirrors using an evaporation process of 

metals like Ag and Al out of a MgO crucible in high vacuum. Nowadays, thin films 

have become an integral part of the micro-and nano electronics and photonics industry 

with applications ranging from gate dielectrics for high-performance integrated circuits, 

Superconductor, Complementary Metal Oxide Semiconductor (CMOS), Metal 

Insulator Semiconductor Field Effect Transistor (MIS-FET), Ferroelectric Random-

access Memory (FeRAMs), solar cell, OLED displays to smart sensors. Applications 

of thin films may be grouped under the following generic areas: 

 

❖ Electronic components and display. The product of electronic components such 

as semiconductors, single and multilayer metal conductor film, and 

microelectronic integrated circuits have obtained enormous and vast applications 

for thin film deposition. Superconducting technology has also taken more 

consideration for high-film magnets, power cables, rotating machines, and water 

purification. The fabrication of CMOS for logic and integrated circuit or memory 

application requires dielectric material and semiconductors (shown in Figure 

1.1).1.2 The fabrication of electronic displays requires conductive and transparent 

films, luminescent or fluorescent film as well as dielectric and insulating layers.1.3 

A schematic of RGB organic light-emitting diode illustrated in Figure 1.2. 
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              (a)                                 (b) 

 

Figure 1. 1. (a) CMOS for switching purposes. (b) CMOS as a memory device. 

 

 

Figure 1. 2 Physical structure of an RGB OLED cell. 

 

❖ Solid surface coating and biomedical. The tribology resistance and corrosion 

performance of components can be improved by coating the surface of the 

component with thin-film coatings of carbides, silicide, nitrides, and borides 

respectively. These coatings are being used in tools production, an area with 

sliding friction like bearing and machine parts. In recent times, more attention and 

interest has been given to films of diamond-like carbon because of this capability 

to dissipate heat, hardness, electrical insulation, and respectable resistance to high-

temperature and high-energy radiation.1.3 It is also used for biomedical 

application to enhance proper osteointegration and adhesion properties. 
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❖ Energy and optoelectronic applications. Thin film coating is essential for optical 

coating. It is used to filter interference on solar panels and acts as antireflection 

purpose (shown in Figure 1.3). Thin films with appropriate refractive index 

gradients are being used on optical fibers to improve refraction and absorption 

coefficient performance. High reflective coatings that can withstand the extremely 

high radiation intensities without being degraded and failed when in use are needed 

for laser optics and are being achieved by deposition of thin films metal reflective 

coating with excellent properties. Infrared reflecting coatings are applied to 

filament lamps to increase the luminous flux intensity. Commercial demand for 

thin film coating is also on the rise in the optical data storage devices like computer 

memory and storage disk. They serve as a protective coating on the surface to and 

act as a shield against temperature rise. Thin film has also been used extensively 

in coating window glass and mirror to prevent heat from passing through.1.4 

 

 

Figure 1. 3. Structure of solar cell. 

Besides these, thin film has a lot of applications around us in modern society. For 

example, the anti-reflective coating is used in eyeglasses and camera lenses. Protective 

films are used for bags and PET bottles. Reflective film is utilized for displays and 

touch panels, which protect from dirt. Heat resistant membranes are usually applied in 

the space industry, on the other side, thermal control membranes and photocatalytic 
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membranes are useful for environmental protection. Figure 1.4 represents some of the 

applications of the thin film that are useful in daily necessities. 

 

Figure 1. 4. Thin-film is used for all daily necessities. 

 

1.2 Metal oxide and transition metal oxide thin films 

Since more than 20% of oxygen in the atmosphere on the earth, all substances are 

finally oxidized. As a consequence of oxidization, different types of metal oxide and 

transition metal oxide are formed, some of them are stable those are ideal for the grown 

thin film. These metal oxides and transition metal oxides have been studied in various 

fields as shown in Table 1.1. Transparent conducting film (In2O3, SnO2, ZnO, etc.), 

ferroelectric film (HfO2, ZrHfO2, Al:HfZrO2), ferromagnetic film (Fe3O4, Cr2O3, etc.) 

have been also extensively studied. On the other side, some of the metal oxides and 

transition metal oxides such as ZnO, GaN, SnO2, TiO2, GaO, Al2O3, HfO2, ZrO2, and 

Y2O3 have received considerable attention as dielectric materials (having high dielectric 

constant (k)) and wide-bandgap semiconductors. They have been studied toward 

reducing the driving voltage and high transconductance in metal-oxide-semiconductor 

field-effect transistor (MIS-FET) devices and for their relevance in power electronics, 

solar cells, and photodetectors. 
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Table 1. 1. Various metal oxides and their applications. 

 

Properties Materials Application (example) Ref 

Transparent 

conductive film 

ZnO, ITO, SnO2 Touch panel, Display, 

Solar cells, TFT 

1.5- 7 

Semiconductor 

film 

Cu2O, CuO, CuAlO2 Thin film transistor, 

Sensor, Varistor 

1.8- 10 

Insulating film ZnO, GaN, SnO2, 

TiO2, GaO, Al2O3, 

HfO2, ZrO2, and Y2O3 

The electronic device, 

MIS-FET, Solar cell, 

Capacitor, Protector. 

1.11-19 

Ferroelectric film HfO2, AlHfO2, ZrO2, 

ZrHfO2 

Memory device 1.20-23 

Magnetic material Fe2O4,  Recording device, Spin 

control device 

1.24 

Photocatalyst TiO2 Energy source, air 

purification, surface 

protection 

1.25 

Anti-reflective 

coating 

MgO, ZrO2, Al2O3 Optical parts, glasses, UV 

protection glass 

1.26-28 

Surface treatment 

film 

Cr2O3, Y2O3, TiO2 Surface protection 1.29-31 

 

1.3 Benefit of Al2O3 as insulating/dielectric layer 

The dielectric insulator is a key component in microelectronic devices such as the 

central processing unit (CPU), dynamic random-access memory (DRAM), and flash 

memory. The enhancement of the capacitive coupling between adjacent metals and 

semiconductors is the basic function of the dielectric material, although suppression of 

leakage current between electrodes has also been considered, which undermines the 

energy consumption (in CPU and DRAM) or long-term reliability (in flash memory). 

In past decades, silicon dioxide (SiO2) has been considered a dielectric material because 

it shows defect-free, high-quality thin-film growth. As the integration level of 

microelectronic devices is currently exponentially increasing, scaling down of device 
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geometry has become inevitable. Any scaling can’t be possible without the thinning of 

the gate dielectric. However, if the thickness of the SiO2 layer becomes lower than ⁓ 1 

nm, the leakage current due to the quantum tunneling effect starts to dominate,1.32 which 

causes serious problems in power consumption and device performance. To overcome 

this physical obstacle new insulators that possess high dielectric constant have been 

investigated.1.32-33 Currently, HfO2/Al2O3 (as the dielectric in CPU),1.33 ZrO2 (as the 

capacitor dielectric in DRAM),1.34 and Al2O3/TiO2 (as the blocking oxide in charge trap 

flash memory)1.35 have been extensively studied. 

In addition to a large dielectric constant, the insulator material with a large 

bandgap is also required to suppress the charge injection from electrodes into dielectrics 

that cause the leakage current. Therefore, the ideal high-κ dielectrics should possess 

both large Eg and κ. The bandgap and dielectric constant of well-known oxides are 

plotted in Figure 1.5, the trade-off is clearly noticeable. Among the dielectric or 

insulating metal oxides, AlOx is a promising candidate for such applications because of 

its wide bandgap, high breakdown field, high passivation ability of c-Si, and good 

thermal stability. The bandgap and the dielectric constant of AlOx can be controlled by 

introducing guest metal oxide. TiO2 is one of the possible guest metal oxides as its 

dielectric constant is high enough over 60 (Figure 1.5). 

 

 

Figure 1. 5. Bandgap and dielectric constant trade-off of different metal oxides.1.36 
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1.4 Thin-film fabrication method and benefits of mist-CVD 

These metal oxides and transition metal oxides thin films, especially AlOx and 

TiOx and their alloy, discussed in the previous section have been extensively studied 

using various film deposition methods shown in Figure 1.6. It can be classified into gas 

phase deposition and solution process. The former process is a mainly non-equilibrium 

process such as all physical vapor deposition (PVD), i.e, vacuum evaporation,1.37-38 

Molecular Beam Epitaxy (MBE),1.39-40 Pulsed Laser Deposition (PLD),1.41-43 

Sputtering,1.44-46 Plasma Enhanced Chemical Vapor Deposition (PECVD),1.47 at low-

pressure condition. On the other side, all solution-based processes such as sol-gel,1.48 

spray coating,1.49, etc., and most of the CVD methods such as Metal-Organic CVD 

(MOCVD),1.50 Atomic Layer Deposition (ALD),1.51-54 mist-CVD,1.55-58, etc. are 

classified as equilibrium reaction systems.  In the non-equilibrium systems, uniform 

and high-quality thin-films are grown by controlling the growth conditions of precursor 

composition, gas species, pressure, temperature, and incident power; but no need to 

control the chemical reaction. However, stress-free and damage-less thin films can be 

easily obtained using the equilibrium reaction systems. 

CVD such as thermal CVD and MOCVD belong to the equilibrium process. In this 

method, highly active and high vapor pressure material is kept under a vacuum or in an 

inactive gas environment, resulting in chemical reactions to form thin films at the 

substrate surface in the vapor phase. On the other side, the solution process of the sol-

gel, spray method, spin coat, etc. belongs to the latter category. In this method, stable 

materials under the standard condition are coated or injected on the substrate surface 

and thin films are fabricated with arbitrarily assisting energy such as heat and electric 

field. Therefore, in the CVD system, high-quality thin films with few impurities can be 

obtained, although the apparatus configuration and their system design are complicated 

and need to focus on the safety of the hazardous materials. On the other side, solution 

process using standard environment at atmospheric pressure, although the possibility 

of remaining of inert ingredients in the solution to thin films, the possibility of contains 

cracks during the formation of solid from the liquid during annealing, and the 

controlling of thickness is another issue. 

 Among them, mist-CVD is classified as the equilibrium process from solution as 

a starting material at atmospheric pressure. It takes the benefits of CVD and the solution 
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processes, facilitating the production of a well-controlled thin film using a simple 

method. Though mist-CVD is a solution-based method, it can be capable to deposit 

from the liquid source without the inherent limitations of spin coating or other solution-

based techniques.  As the mist droplet of the mist deposition system has no initial force, 

the force due to the N2 supply carries the mist into the chamber, which facilitates 

uniformly coalesces on the substrate surface. As a result, mist-CVD is independent of 

the shape of the substrate and allows controlled deposition of thin films as thin as ⁓ 2 

nm. In the mist-CVD system, the film deposition rates and film properties are 

determined by the deposition parameters of the mist-CVD system, including 

atomization frequency and power, the N2 flow rate for mist generation and carrier, 

solution concentration, tabular furnace temperature, mesh bias supply during film 

deposition, etc. To obtain a smooth surface, fine mist droplets are one of the challenges. 

It is very possible to obtain fine mist particles by optimizing the above deposition 

parameters of the mist-CVD system.  

 

 

Figure 1. 6. Classification diagram of functional thin-film fabrication method.1.60 

 

Additionally, mist-CVD can be employed to prepare metal-oxide-alloy thin films 

using metal acetylacetonates such as aluminum acetylacetonate (Al(acac)3) or titanium 

Mist-CVD 
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acetylacetonate (Ti(acac)4, which are cost-effective, chemically stable, and low-vapor-

pressure materials. The chemical structure of Al(acac)3 and Ti(acac)4 are shown in 

Figure 1.7. The crucial point in Al(acac)3 is the initiation of hydrolysis and control of 

condensation. During chelation either one of the alkoxy bonds of [Al(OR)3] is replaced 

by acac, or there can be a polymeric form such as [Al(OR)2(acac)n]. The metal oxide-

like aluminum oxide formation reaction proceeds via a novel pathway involving a 

cascade of reaction steps. Solvolysis of acetylacetonate involving a C-C bond cleavage 

results in the formation of N-benzyl acetamide and enolate ligands. The enolate ligands 

mainly undergo a ketimine condensation reaction, which finally induces the formation 

of metal oxide such as AlOx, GaOx, SnO2, ZnO, MgO, NiO, TiO2, and so on.1.60 In mist-

CVD, the film is grown via thermal decomposition of the source material, which is 

dissolved in a solvent such as Toluene, acetone, ethyl acetate, low molecular weight 

alcohol (shown in Figure 1.7).1.61 

 

 

 

 

 

 

 

 

 

 

Figure 1. 7. Chemical structure of aluminum and titanium acetylacetonate and its 

favorable solvents.  

 

                   

 Methanol               Toluene 

                   

   Acetone              Ethyl acetate 

Precursor Solvent 

 
Al(acac)3 

 
Ti(acac)4 

 
 



11 

 

1.5 Motivation of this study  

More recently, the epitaxial growth of many types of metal oxides such as GaOx, 

SnO2, ZnO, MgO, NiO, TiO2, etc. has been extensively studied.1.62-65 To improve the 

crystallinity, some guest materials are also injected into the subjected metal oxide thin 

film have been studied.1.66-68 Among them, the high-quality epitaxial growth of GaOx 

and some metal oxide like Al, Mg, etc. doped GaOx on the sapphire substrate has been 

extensively studied by mist CVD, which is expected for the power device in the next 

generation.1.65, 1.69-70 Most studies of thin films using the mist-CVD focus on the 

synthesis of crystalline thin films on sapphire by adjusting the deposition condition and 

device performance. On the other side, the amorphous metal oxide thin film as an 

insulating layer is more preferable to fabricate MIS based device, which is much 

uniform, crack-free, fewer interface defects, and able to suppress leakage current. 

However, few studies on the growth mechanism and role of solvent in the synthesis of 

metal oxide films using mist CVD have been performed. Recently, Zhang, Q.; et. al. 

fabricated pure anatase phase TiO2 thin films by mist-CVD by adjusting the CH3OH to 

H2O mixing ratio as the solvent and obtained the intensity of anatase phase TiO2 peaks 

increased with the increase of H2O mixing ratio.1.62 Kim, D.-H.; et al. studied the effect 

of solvent H2O content on the dielectric properties of Al2O3 films grown by mist-CVD 

and attained improved dielectric properties by adjusting the CH3OH to the H2O mixing 

ratio.1.55, 1.71 However, the role of H2O in the synthesis of Al2O3 thin films by mist-CVD 

is still not clear. To this aim, we have studied the role of H2O added as a solvent during 

the synthesis of AlOx thin films from Al(acac)3 and CH3OH by using atmospheric 

pressure mist-CVD. The effect of exposing these films to H2O or CH3OH mists after 

synthesis was also assessed to understand the surface chemistry the growth surface. 

Recently, several groups have been concentrated on the synthesis of smooth, 

conformal, amorphous AlOx thin films by mist-CVD as a dielectric layer.1.54, 1.56, 1.72 

However, the correlation among the size distribution of the negatively charged 

Al(acac)3 mist precursor, film property, and junction property at the AlOx/n-Si interface 

are still unclear. To this aim, we have also studied the synthesis of AlOx thin films from 

Al(acac)3 and CH3OH/H2O ratio with a ratio of 7:3, was investigated using mist-CVD 

for different deposition parameters, i.e., dilution gas flow rate of N2 Fd, tabular furnace 
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temperature Tf, solution concentration, and mesh bias Vm via the analysis of the size 

distribution of mist particles by using a scanning mobility particle analyzer.  

On the other side, Two-dimensional transition metal dichalcogenides (TMDCS) 

have received considerable attention as an active layer of MIS-FET due to their layered 

structure and direct and indirect bandgap transition. MoSe2 has a wide band-gap that 

ranges from 1.55 eV to 1.1 eV according to the number of layers; in detail, bulk 

MoSe2 shows an indirect band-gap of 1.1 eV, while the monolayer MoSe2 has a direct 

band-gap of 1.55 eV. On the other sense, MoSe2 is layered materials with strong in-

plane interactions enabling mechanical exfoliation into two-dimensional layers of 

single unit cell thickness. Therefore, mechanically exfoliated molybdenum di-selenide 

(MoSe2) flakes as a channel were used to investigate the potentiality of fabricated AlOx 

films to act as a gate insulator layer in MIS-FETs. 

A gate dielectric material with a high dielectric constant (high-k) and a wide 

bandgap has been received considerable attention for high-performance metal-oxide-

semiconductor field-effect transistor (MIS-FET).1.73-77 Here, high-k insulators are 

desirable for high transconductance corresponding to high mobility and also to scall 

down the device size, on the other hand, a wide bandgap and large conduction band 

offset are necessary for sufficient suppression of the charge injection from electrodes 

into dielectrics that cause gate leakage current even at the forward bias of MIS-FET.1.78-

81 However, there is a trade-off between these two properties.1.82,1.83 One effective 

proposal for balancing between dielectric constant, κ and bandgap energy, Eg is 

employing aluminum titanium oxide [(Al2O3)1-xTiO2)x] (Al1-xTixOy) with intermediate 

properties of Al2O3 (κ ~9, Eg~ 7 eV) and TiO2 (κ ~50, Eg ~3 eV).1.84-86 To this objective, 

we have studied the effect of the Ti(acac)4 addition as a guest element on the synthesis 

of Al1-xTixOy thin films by mist-CVD from Al(acac)3 using various CH3OH/H2O 

solvent ratio for different precursor mixing ratios γ [=Ti(acac)4/Al(acac)3] under the 

optimized deposition condition of AlOx thin films provided in the previous study. The 

junction properties at the corresponding Al1-xTixOy/n-Si interface and examining the 

potential of Al1-xTixOy obtained through mist-CVD to act as a high dielectric gate 

material for metal-insulator-semiconductor field-effect transistors (MISFETs) are also 

investigated by using mechanically exfoliated molybdenum di-selenide (MoSe2) and 

Arsenic (As)-doped tungsten di-selenide (WSe2) flakes as an active layer including the 

assembly of the complementary metal-oxide-semiconductor (C-MOS) inverter. 
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1.6 Structure of this dissertation 

In this work, mist-CVD deposited AlOx thin films were synthesized and applied as 

a gate dielectric layer for MIS-FET. Further, to improve the dielectric properties, guest 

metal oxide such as TiO2 was carried out to form Al1-xTixOy thin films as its dielectric 

constant is over 50. 

In chapter 2, a brief discussion of the mist-CVD system has been conducted, 

including every part of the system. The effect of each parameter has also been 

discussed. The device such as Al/AlOx or Al1-xTixOy/n-Si/Al MOS capacitor and 

exfoliated MoSe2 based MIS-FET, fabrication steps were described in this chapter. The 

instruments used throughout this study have been discussed at the end of this chapter. 

Chapter 3 describes the results obtained in this work. In particular, the first part 

of this chapter focuses on the effect of H2O in the synthesis of amorphous AlOx thin 

film using mist-CVD from Al(acac)3 and the CH3OH/H2O system. The effects of 

exposing these films to H2O or CH3OH mists after synthesis to understand the surface 

chemistry of the growth surface is also carefully discussed in this part. As a second 

topic, the effect of deposition parameters, including carrier gas flow, furnace 

temperature, precursor concentration, and mesh bias supply, on the film properties of 

AlOx thin film is discussed. The size distribution of mist particles monitored by particle 

counter at both inlet and outlet positions A and B for each deposition condition are also 

discussed in this section. The latter of this chapter focus on the effect of the addition of 

Ti(acac)4 during the synthesis of Al1-xTixOy thin films by mist-CVD from Al(acac)3, 

using various CH3OH/H2O solvent mixing ratio for different precursor mixing ratios γ 

[=Ti(acac)4/Al(acac)3] is examined under the optimized deposition condition of AlOx 

thin films provided in the first part of this chapter. 

In chapter 4, the study on the synthesis of AlOx based thin films by using the mist-

CVD system by optimizing the deposition parameters monitored by the particle 

counter, aim to use as a dielectric layer for MIS-FET are summarized including some 

remaining issues to further improve and understand the dielectric properties of MIS-

FET. 
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Chapter 2: Experimental and Analytic methodologies 

In this chapter, the mist-CVD system is briefly discussed, including each part of 

the mist-CVD system. A brief discussion over the fabrication steps of MoSe2 based 

MIS-FET where AlOx as the dielectric layer is also assembled. The MoSe2 and As-

doped WSe2 flakes formation procedure by chemical vapor transport and direct vapor 

transport, respectively are also discussed. The instrument and its measurement 

procedure are included. The MOS capacitor structure and the important parameters 

extracted from C-V measurement are also discussed in the latter of this chapter. The 

MIS-FET parameter and their extracted phenomenon are also considered at the end of 

this chapter. 

 

2.1 Mist-CVD system 

Mist-CVD is one of the well-known fabrication techniques, classified as an 

equilibrium process, for functional thin films from solution is a starting material under 

open-air atmospheric pressure. First, K. Shanmugasundaram et al. utilized the mist 

deposition technique for patterning of liquid precursors thin films.2.1 H. Shirai et. al. 

also used the chemical mist deposition (CMD) method to synthesis transparent 

conductive poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 

polymers on textured n-type crystalline (n-)Si substrates to fabricate Si photovoltaics 

showing improved light management.2.2-4 Mist-CVD is the upgraded version of the 

CMD system by adding a furnace in the reaction unit. The basic concept of the mist-

CVD system is shown in Figure 2.1. The mist-CVD system is usually classified into 

three parts, that is, a mist generation unit, a mist transport section, and a reaction unit. 

In addition, the reaction unit consists of a reaction chamber and a heater. The carrier 

gas of N2 and the mesh bias supply belong to the transport unit. The ultrasonic 

transducer made from piezoelectric material plays the main role to generate mist 

droplets.  
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Figure 2. 1. Schematic image of mist deposition. 

 

2.1.1 Mist generation unit 

Mist particle is the key element of the mist-CVD technique. Thus, the generation 

of fine mist particles is the most important task to build up the mist-CVD system. One 

schematic of the mist generation unit is shown in Figure 2.2. An ultrasonic atomizer 

was used to generate mist particles. When a beam of ultrasound of sufficient energy is 

passed through a liquid and directed at an air interface, atomization of the liquid occurs 

according to the Rayleigh formula.2.5 Rayleigh attributed the instability to a statistical 

distribution of capillary disturbance of amplitude α and wavelength λ. According to the 

Rayleigh formula, if λ>2πR is achieved, the particle phase breaks it up (shown in 

Figure 2.3).  Liquid droplets are ejected from the surface into the surrounding. n. The 

first description of this phenomenon was by Wood and Loomis,2.6 who observed fog 

formation from an ultrasonic fountain and also off thin liquid films on a vibrating glass 

bulb. Two major hypotheses have been proposed to explain the mechanism of liquid 

disintegration during ultrasonic atomization, namely the capillary wave hypothesis and 

cavitation hypothesis. The capillary wave hypothesis is based on Taylor's instability 

criteria.2.7 The strong correlations between mean droplet size and capillary wavelength 

favor the capillary wave theory. Lang2.8 measured the surface disturbances by 
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photographing the peaks of the capillary waves on the vibrating surface.  The cavitation 

hypothesis is generally applied to high frequency (16 kHz–2 MHz) and high-energy 

intensity (W/m2) systems. When the liquid film is sonicated, cavitation bubbles are 

formed in the liquid film provided the liquid film on the vibrating surface has some 

minimum thickness. During the implosive collapse of these cavities, especially cavities 

near the surface of the liquid, high-intensity hydraulic shocks are generated. These 

hydraulic shocks initiate the disintegration of the liquid film and cause direct ejection 

of the droplets. 

 

 

Figure 2. 2. Droplet generator using the ultrasonic vibrator. 
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Figure 2. 3. Disturbance of liquid cylinder which leads to break-up as predicted by 

Rayleigh.2.5 

 

Topp and Eisenklam2.9 have listed the effect of the different frequencies but there 

has been no concrete information about the effect of liquid phase viscosity, density, and 

flow rates. Finally, Lang2.8 establishes an equation and found that the drop size depends 

on the frequency of the surface standing wave at the liquid interface, which is due to 

the piezoelectric element. The Lang equation expressed as; 

𝑑𝑝 = 0.34 (
8𝜋𝜎

𝜌𝑓2)1/3                    (2.3) 

where dp is denoted by the droplet size, σ is the surface tension in the liquid surface, ρ 

is the density of the liquid, f is the excitation frequency. 

 

2.1.2 Mist transport unit 

In order to obtain high-quality and uniform thin films, the control of the precursor 

flow is essential. The flow of mist droplets is very essential to control as the mist 

droplets have no initial velocity and are floating in the air. This is the marked difference 

from the spray method, in which the mist droplets have a high velocity making it 

difficult to control the flow. In this work, the flow of N2 gas and mesh bias supply is 

employed to transport the mist droplets (shown in Fig. 2.4 (a)). 

The flow of N2 supply is determined by the residence time of mist precursors which 

enhances the diffusivity of mist precursors and found that a higher flow of N2 supply 

capable to decrease the mist size. On the other side, mesh DC bias supply between two 

mesh electrodes with a 2 cm distance for charging mist precursors. A high-speed 

camera image revealed a marked increase in the traveling speed with a decrease in the 

density of the mist precursors (Figure 2.4 (b). These results originate from that some 
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of the charged mists were trapped at the negatively dc biased front electrode and 

untrapped mist particles after passing the front electrode were collided with each other 

because of their acceleration due to high electric field, resulting in suppressing the mist 

flux but enhance the traveling speed. 

 

 

  

Figure 2. 4. (a) Mist transport unit including carrier gas flow and mesh bias supply. (b)  

High-speed camera images at the inlet of the tubular furnace for different values of 

mesh bias Vm. 

 

2.1.3 Reaction unit 

The reaction unit is one of the main sections of the mist-CVD system which 

consists of a reaction chamber where film deposition has been taken place, a heater to 

carry thermal energy for decompose the precursors and facilitate the absorbance of the 

mist droplets on the substrate in the growth regimes, and an exhaust system used to 

away the unreacted precursors. A schematic of reaction unit with different reaction 

scheme shown in Figure 2.5. During the transportation of mist precursors in the 

reaction chamber, the average size of the mist droplets decreased from 40-500 nm to a 

few nanometers under the influence of heat, evapotranspiration, and burst. Due to 

gravity and absorption, the mist precursors moved effectively onto the substrate which 

was set on the growth zone.  

(a) (b) 
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Figure 2. 5. Schematic diagram of reaction unit. 

 

2.2 MoSe2-based MIS-FET fabrication 

2.2.1 Deposition of AlOx thin films by mist-CVD 

A schematic presentation of the apparatus of the mist-CVD system used in this 

study is shown in Figure 2.6. The deposition system consisted of an ultrasonic atomizer 

(operating at a frequency of 3 MHz and duty ratio of 50:50), a quartz tube, a tubular 

furnace, and a substrate holder. Additionally, an n-Si(100) substrate having a thickness 

of 250±5 μm and a donor density of 3.9×1016 cm-3 was used in this study. The substrate 

holder was placed at a distance of 14 cm from the inlet of the tubular furnace; the 

maximum temperature was attained such a placement. Al(acac)3 was used as the 

starting material, which was dissolved in a CH3OH/H2O mixture (7:3 volume ratio). 

The Al(acac)3 mist generated by the atomizer was transported to a glass tube with two 

mesh electrodes (SUS304, 400 mesh). The electrodes were placed at a distance of 2 cm 

from each other and used to supply DC bias (Vm) to obtain negatively charged mist 

precursors. Furthermore, N2 was employed as a mist generation and dilution gas. The 
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growth conditions are summarized in Table 1. AlOx film deposition was assessed by 

varying Fd, Tf, solution concentration, and Vm. The flow of N2 for mist generation (Fs) 

was constant at 500 sccm. A mist was generated at 40 V and 0.37 A, with a duty ratio 

of 50:50. 

 

Figure 2. 6. Schematic diagram of the mist-CVD system. 

 

Table 2. 1. AlOx thin film deposition conditions. 

Solute : Al(acac)3 

Solvent (mixing ratio) : CH3OH: H2O (7:3) 

Solution concentration : 0.005-0.035 mol/L 

Furnace temperature, Tf  : 400- 600 ℃ 

Mesh bias supply : 0-9 kV 

Substrate : n-Si 

Solution gas/ flow rate, Fs : N2, 500 sccm 

Carrier gas/ flow rate, Fd : N2, 600- 3000 sccm 

Ultrasonic transducer : 3 MHz, 40V, 0.37 A 

Duty ratio : 50:50 
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2.2.2 Preparation of MoSe2 and As-doped WSe2 flakes and transferred on to Al1-

xTixOy/p+-Si by mechanically exfoliation technique 

MoSe2 and arsenic (As)-doped WSe2 thin layers were exfoliated from their bulk single 

crystals, which were grown by chemical vapor transport (CVT) and direct vapor 

transport processes, respectively. Figure 2.7 (a) shows the setup of a typical CVT 

method. For the growth of MoSe2 flakes, molybdenum (Mo) and selenium (Se) powders 

were introduced into a quartz ampoule with iodide (I2), which works as the transport 

agent. The outer diameter of the ampoule is 2.5 cm, the wall thickness is 0.15 cm, and 

the length is about 19 cm. The ampoule was evacuated to the pressure about 1 x 10-4 Pa 

with cooling source materials by liquid N2. Then the ampoule was sealed and set in a 

horizontal electric tube furnace having three (source, middle and sink) heating zones. 

First, the quartz ampoule was heated for 3 days with a reverse temperature gradient of 

850 ℃ (source), 950 ℃ (middle), and 950 ℃ (sink) to make the middle and sink zones 

free from souce Mo particles. The temperature was raised by 1 ℃/min. Then, the 

ampoule was heated for 7 days with a positive temperature gradient of 950 ℃ (source), 

850 ℃ (middle), and 850 ℃ (sink). After the heating, the quartz ampoule was naturally 

cooled and taken out of the furnace, as shown in Figure 2.7 (b). Figure 2.7 (c) shows 

the MoSe2 bulk crystal that grew around the middle zone of the ampoule. 

(a) 

 

(b) 
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(c) 

 

 

Figure 2. 7. (a) Illustration of a typical CVT. (b) MoSe2 quartz ampoule after crystal 

growth. (c) Mose2 bulk crystal grown in the quartz ampoule.  

 

As-doped WSe2 Flake Synthesis: Usually, MX2 single crystals grown by the CVT 

method use a small amount of the halogen transport agent, which may be the source of 

active impurity and affect the physical properties.2.10,2.11 In order to escape from the 

contamination, Al-Hilli and Evans2.12 and Agarwal et. al.2.13-15 introduced a direct vapor 

transport method without using a halogen transport agent. From the motivation to 

synthesize P-type As-doped WSe2 flakes, we have used the direct vapor transport 

method without incorporating any halogen agents. In this experiment, As-doped WSe2 

flakes were grown without I2 but with slightly (5-8%) excess Se to confirm the P-type 
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behavior, as previously reported in the literature.2.16 To synthesize As-doped WSe2, 

temperatures of source, middle and sink zones of the ampoule were chosen as 1070 ℃, 

1060 ℃ and 1060 ℃, respectively. In our experiment, large flakes with the best 

crystallinity could be obtained around the middle part of the ampoule. Finally, p-type 

WSe2 thin layers with 1% As acceptor were successfully exfoliated from the crystal.  

As the second step of MIS-FET fabrication, the MoSe2/As-doped WSe2 flakes 

were transferred onto the AlOx-deposited p+-Si substrate using the mechanical 

exfoliation technique. As MoSe2/WSe2 is a thin-layered material with an X-M-X 

structure, where M referred to metal and X is devoted to the chalcogenide; the M-X 

bond represents an in-plain covalent bonding, and the X-X bond indicates a Van der 

Waals interaction. Resulting in MoSe2 has great potential as used as an active layer by 

mechanically exfoliation technique for MIS-FET application. A microscopic image 

after MoSe2 flakes exfoliation on AlOx/p
++-Si is shown in Figure 2.8. 

 

 

Figure 2. 8. Microscopic image of mechanically exfoliated MoSe2 flakes onto 

AlOx/p
++-Si substrate. 
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2.2.3 Electrodes pattering and forming on MoSe2-based MIS-FET 

The source/drain electrodes of gold were formed through the lift-off process using 

the photolithography method with a photoresist (AZ5214E) pattern. After MoSe2 

exfoliation, the photoresist (AZ5214E) pattern was formed on the film by using the 

conventional photolithography method. After masking, the photoresist was removed 

from the surface of the films by using tetra methyl ammonium hydroxide (NMD-3) is 

shown in Figure 2.9. 

 

 

Figure 2. 9. Microscopic image of MoSe2 flake after patterning. 

 

At this stage, the gold electrodes were formed on the patterned film by using the 

magnetic sputtered deposition method. Finally, the gold electrodes were formed 

through an ultrasonic lift-off process. The optical image and schematic of the device 

structure of corresponding FETs are shown in Figures 2.10(b) and (c). 
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                           (a)                                (b) 

 

Figure 2. 10. 3D view and the microscopic image of MoSe2 based MIS-FET where 

AlOx is used as a dielectric layer. 

2.3 Analytic methodology 

2.3.1 Chemical Structure by Fourier Transform Infrared (FT-IR) Spectroscopy 

Chemical structure of AlOx, TiOx, and Al1-xTixOy were measured by Fourier 

Transform Infrared Spectroscopy ((Shimadzu, IRT racer- 100) FT-IR Spectrometer) of 

wave number range 300 cm-1 to 4000 cm-1 and abscissa precision 0.01. It has high 

refractive materials that remove the common sources of ordinate error in FT-IR and 

achieve a higher order of photometric accuracy. 

Infrared spectroscopy is based on the principle that molecules will absorb specific 

frequencies of light that match the vibrational electronic transitions of the molecule. 

When a molecule vibrates, the atoms move towards and away from each other at the 

specific frequency of light. The energy of the system is related to how much the spring 

is stretched or compressed. The vibrational frequency is proportional to the square root 

of the ratio of spring force constant to mass on the spring. Vibrational frequencies in 

the molecules are related to the strength of the chemical bonds and masses of the atoms. 

Once the sample is placed in the instrument, a beam of light is passed through the 

sample. The intensity of light transmitted through the sample is compared to that of the 

incident light at each frequency. Then absorbance may be found in this procedure. 

A= I – T                   (2.5) 
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where, A is absorbance, I is the amount of incident light and T is the amount of 

transmittance light. In this procedure, consider no light is reflected. 

In FT-IR, all frequencies of the incident radiation pass through the sample at the 

same time. Fourier transform is the technique used to process the raw data to present it 

in a way that is more easily interpreted. 

Since different organic functional groups absorb light at characteristic frequencies, 

IR spectra give qualitative information about the composition of the sample. 

Figure 2.11 shows a schematic diagram of an FT-IR set up with a beam splitter, 

two mirrors (one is fixed and the other is moving with a constant velocity), and the 

detector. Without utilizing too many details, a beam source contains various IR 

wavelengths light is transferred through a beam splitter. After that, half of the light 

beam reaches a fixed mirror and left for the mirror that moves with a constant velocity. 

These two split beams are then reconciled in two manners (reflect and recombine) to 

construct the interference pattern named constructive and reflective, respectively. After, 

the interference pattern (interferogram) is sent to the sample, and the detector is placed 

backside of the sample that catches the transmitted portion of the interferogram. A 

spectrum is passed through to the Fourier transform system after comparison with a 

reference sample beam spectrum in the detector. Finally, a Fourier transform is 

performed to get the full spectrum as a function of wavenumber. 

 

Figure 2. 11. Schematic diagram of an FT-IR. 
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2.3.2 Optical parameters by Spectroscopic Ellipsometry 

Optical parameters were measured by laser ellipsometry (SE: Jobin Yvon, 

UVISEL) in the photon energy range from 1.5 eV to 5 eV, the spot size of about 1 nm, 

angle of incidence 70 º, sampling time 20ms as well as measured 10 times at the same 

location. Note that, the accuracy of the measurement ± 0.005 for refractive index and ± 

0.3 nm for thickness. Spectroscopic data are obtained in the spectral range between 

1.5eV (830 nm) and 5.0 eV (250 nm) with constant wavelength steps of 0.1 eV. 

Electromagnetic radiation is emitted by a light source linearly polarized by a 

polarizer. Then, it passes through a compensator and falls on a sample. After reflection, 

the radiation passes through a compensator and a second polarizer, which is called an 

analyzer, and at last, falls into the detector. The detector measures the light which is 

polarized parallel to the incident plane (P-polarized) as well as polarized perpendicular 

to the plane (S-polarized). Ellipsometry measures the complex reflectance ratio, ρ, of a 

system, which may be parameterized by the thickness and refraction coefficient. The 

polarized state of the light incident upon the sample may be decomposed into an S and 

P components (mentioned above). The normalization values of the amplitude of S and 

P are denoted by 𝑟𝑠and 𝑟𝑝, respectively. Ellipsometry measures the complex reflectance 

ratio, ρ (a complex quantity), which is the ratio of 𝑟𝑝over 𝑟𝑠. 

ρ = 
𝑟𝑝

𝑟𝑠
-                  (2.6) 

This ρ can be calculated from Fresnel equations, 

 

Figure 2. 12. Beam geometry for light with its electric field. 
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Figure 2.12. shows the beam geometry for light with its electric field. For the case 

of perpendicular polarized light, 

Here, all fields in z direction, which is in the plane of interface. 

So, Ei (y=0) + Er (y=0) = Et (y=0)                 (2.7) 

Where Ei is the incident beam of the electric field, Er is the reflected beam of the electric 

field; Et is the transmission beam of the electric field. 

The total B -the field in the plane of the interface is continuous. Here, all B - fields are 

in the xy - plane, so we take the x - components: 

-Bi (y=0) cos θi + Br (y=0) cosθr = -Bt (y=0) cos θt                  (2.8) 

Where Bi is the incident beam of the magnetic field, Br is the reflected beam of the 

magnetic field, and Bt is the transmission beam of the magnetic field. θi is the incident 

angle to the normal of the plane, θt is the angle of transmission to the normal of the 

plane, and θr is the angle of reflection to the normal of the plane. 

Ignoring the rapidly varying parts of the light wave and keeping only the complex 

amplitudes: 

E0i + E0r = E0t                                                                                           (2.9) 

-B0i cos (θi) + B0r cos (θr) = -B0t cos (θt)                                                  (2.10) 

But, B = nE / C0 and θi = θr 

Substituting this value into equation (2.10): 

ni (E0r - E0i) cos (θi) = -nt E0t cos (θt )                                                              (2.11) 

where ni is the refraction coefficient of incident medium and nt is the refraction 

coefficient of transmission medium. 

Substituting the value of E0t in equation (2.11): 

ni (E0r - E0i) cos (θi) = -nt (E0i + E0r) cos (θt )                                                  (2.12) 

Rearranging, E0r [ni cos (θi) + nt cos (θt )] = E0i [ni cos (θi) -  nt cos (θt )]         (2.13) 



39 

 

Now, Reflection coefficient for perpendicular case,  

𝑟𝑝 = E0r  / E0i = [ni cos (θi) -  nt cos (θt )] / [ni cos (θi) + nt cos (θt )]                     (2.14) 

For parallel polarized light, 

B0i + B0r = B0t                                                                                                      (2.15) 

-E0i cos (θi) + E0r cos (θr) = -E0t cos (θt )                                                               (2.16) 

Solving the above equations in the same manner and we get, 

rs= E0r  / E0i = [ni cos (θt) -  nt cos (θi)] / [ni cos (θt) + nt cos (θi )]                        (2.17) 

Now, solve the above two equations, and we will get the ρ. 

The ellipsometry parameter ρ is only a function of the Fresnel reflection coefficients of 

the sample are calculated in below, and represents the total information we can obtain 

from a single ellipsometry measurement ρ is commonly expressed in terms of the two-

real valued ellipsometry angles Ψ and Δ as follows, 

ρ = 
𝑟𝑝

𝑟𝑠
 = tan (Ψ) 𝑒𝑖𝛥                                                                                   (2.18) 

such that tan Ψ equals the magnitude of the ratio of the p- to s- direction complex 

reflection coefficients for the sample, and Δ is the phase difference between the p- and 

s- reflection coefficients. 

The equations are used to get Ψ and Δ from the measured detector signal, 

tan Ψ = √
1+ 𝛼

1−𝛼
tan 𝑃,                                                                             (2.19) 

cos Δ = 
𝜷

√𝟏−𝜶𝟐
∗

𝐭𝐚𝐧 𝑷

|𝐭𝐚𝐧 𝑷|
,                                                                        (2.20) 

where α and β are the Fourier coefficients and P is the azimuthal angle. 

         This constitutes the model of the ellipsometry measurement. Now, fit the 

experimental output of the true ellipsometer and compare these two outputs and find 

the best fit. Now, we can easily calculate the unknown compounds, like thickness and 

optical constants, and so on. The overall procedure is discussed below. 
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          In an ellipsometry system, Optical experiments never directly measure the 

sample parameters of interest (thickness, optical constants, refractive index, extinction 

coefficient etc); rather they measure some quantity that is a function of the parameter 

of the interest. This procedure may be divided into the following steps, as illustrated in 

Fig.2.10 (a) below. 

Measurement: First, the sample is measured. Thus, the ellipsometry measures the 

reflectance ratio p of the system, which may be parametrized by the amplitude 

component  Ψ and the phase difference  Δ. A SE measurement parameter are 

schematized in Figure 2.13 (a). 

Model: Having obtained optical measurements, we must now construct a model from 

which we can accurately predict what we should measure from a sample of known 

properties. This model should contain some known parameters, such as the wavelength 

of the incident light, the incident beam polarization state, and the angle of incidence. 

The model should also contain some free parameters used to fit the data. The single 

classical oscillator model was used in this study. The single classical model is based on 

the single Lorentz and Drude oscillators, expressed as; 

 

Where The constant εα is the high-frequency dielectric constant. Generally, εα = 1 but 

can be greater than 1 if oscillators in higher energies exist and are not taken into 

account. The constant εs (εs > εα) gives the value of the static dielectric function at a 

zero frequency. The difference εs - εα represents the strength of the single oscillator. ωt 

(in eV) is the resonant frequency of the oscillator, when ωt increases then the peak is 

shifted to higher photon energies. Γ0 (in eV) is the broadening of each oscillator also 

known as the damping factor. The damping effect is due to the absorption process 

involving transitions between two states. 

Fit Model to Measured Data: Using an iterative procedure (least-squares 

minimization) unknown optical constants and/or thickness parameters are varied, and   

Ψ and Δ values are calculated using the Fresnel equations. The calculated Ψ and Δ 
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values which match the experimental data best provide the optical constants and 

thickness parameters of the sample.  

Evaluate the Best-fit model: To evaluate the best fitting different arrangements were 

conducted. Different arrangements of the layer for AlOx are shown in Figure 2.13 (b). 

By tuning the thickness, void area, and different layer schemes, the best fitting model 

was chosen to obtain the optical constant of the sample. 

(a) 
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(b) 

 

           

           

 

Figure 2. 13. (a) Basic procedure used in ellipsometry measurements to determine 

optical constant and layer thickness from experimental spectra. (b) Two-layer model 

used for the spectra analysis. 

 

2.3.3 Morphological study by Atomic Force Microscope (AFM) 

The surface smoothness was tested by Atomic Force Microscope (AFM) 

(AFM5000II, Hitachi-Tech Science). A schematic representation of AFM is shown in 

Figure 2.14. Atomic force microscopy (AFM) is a technology used for characterizing 

materials, for example, surface topography and surface roughness by sensing the force 

between a sample and a probing tip. AFM typically uses a silicon or silicon nitride 

cantilever which has a downward-facing sharp tip at the end with a few nanometer 

radiuses. 

 

Single layer 

arrangement 
Douple layer 

arrangement 
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Figure 2. 14. Schematic diagram of AFM. 

 

The basic measuring principle of the AFM is to press the cantilever on the sample. 

As the tip is close to the surface, the van der Waals force between the tip and the sample 

surface is increased. The force curve depends on the distance between the tip and the 

sample, as shown in Figure 2.15. There are two kinds of contact modes (contact and 

non-contact). In the contact mode, the repulsive force is used because the cantilever is 

closed less than a few angstroms to the sample surface (bold black line on the left side 

of Figure 2.15). The noncontact mode is used the attractive force which is generated 

by long-range van der Waals interactions. In this mode, the cantilever maintains the 

space of ten to hundred Å from the sample surface. 

The cantilever moves back and forward on the surface to scan. The force on the 

cantilever varies depending on the surface height profile. A small integrated circuit with 

a piezo-electric crystal maintains a constant height difference (hence, a constant force). 

A laser is induced to the back of the cantilever and the sensitive photodetector checks 

the position changing of the reflected laser. Piezoelectric ceramics are used to move 

either the sample or the tip with high precision in 3D. The scanning is done in a 

feedback loop when moving during the scan the bending of the cantilever remains 

constant in order to maintain constant force. Then the up-and-down motion is recorded 

as the sample topography.   
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Figure 2. 15. Force curve of AFM. 

 

2.3.4 Minority carrier lifetime utilize by Micro-photoconductive decay (μ-PCD) 

The minority carrier lifetime and corresponding to recombination velocity were 

determined by using Micro-photoconductive decay (μ-PCD) system. In this system, the 

carrier lifetime was extracted from the measurement of photoconductance decay with 

microwave reflectance in a linear range. As illustrated in Figure 2.16, two light beams 

are used where a steady-state light beam with pre-calibrated steady-state illumination 

intensities up to 2 suns is used for scanning rate, G. This beam determines the steady-

state injection level that is defined as the concentration of photogenerated excess 

minority carriers, Δn. 
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Figure 2. 16. Principle of micro-photoconductive decay (μ-PCD) system. 

 

The second beam is a short duration (0.2μs) the laser pulse with a 905nm 

wavelength.  This pulse generates excess carriers, δηlaser(t).  The sequence of steps in 

the μ-PCD scanning measurement is illustrated in Fig. 2.16.  For each step, the decay 

time constant, τeff, is determined directly from exponential fitting to the measured decay 

curve. Pre-calibrated steady-state beam intensity, I, in suns is converted to the 

corresponding effective generation rate G, using the wafer thickness and standard 

quasi-steady-state procedure.2.17 There is user input for the optical constant in the μ-

PCD measurement recipe that takes into account reflectivity differences between 

samples in the determination of G. The quasi-steady-state photoconductance QSSPC 

procedure. measuring lifetime as ∆n = Gτeff. 

The recombination velocity was calculated from eq. 2.21 

 

 

𝟏

𝝉𝒆𝒇𝒇
=

𝟏

𝝉𝒃𝒖𝒍𝒌
+ [

𝑾
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         (2.21) 
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where W is the oxide thickness, Dn is the diffusion coefficient, Seff is the recombination 

velocity, τeff is the minority carrier lifetime of thin-film, and τbulk is the minority carrier 

lifetime for the substrate. 

 

2.3.5 Surface observation by Optical microscope 

The attachment of mechanically exfoliated MoSe2 flakes was confirmed by an 

optical microscope. The confirmation of the photolithography process following 

electrode connection by sputtering was also utilized by an optical microscope. The 

device structure of MoSe2 based MIS-FET was also confirmed by using an optical 

microscope. 

The function to create a magnified image of a specimen consists of three basic 

functions of "obtaining a clear, sharp image", "changing a magnification", and 

"bringing into focus". An optical system for implementing these functions is referred 

to as an observation optical system. 

 

Figure 2. 17. Schematic of a compound microscope. 
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Meanwhile, the function to illuminate a specimen consists of three basic functions 

of "supplying light", "collecting light", and "changing light intensity". An optical 

system for implementing these functions is referred to as an illumination optical system. 

The structure of a compound microscope is illustrated in Figure 2.17. The major parts 

of a compound microscope include the eyepiece, objective, and stage for both reflective 

and transmitted light microscopes. The transmitted light microscope also needs to 

consider illumination which aids in seeing the object clear. Eyepieces are used for 

magnification.  Microscopes either are monocular, meaning that it has only one 

eyepiece, binocular (two eyepieces) or trinocular (two for eyes, and one for camera).  

Sometimes a binocular reflected light microscope is referred to it as stereoscopic which 

only means that you are using two oculars to see depth. The eyepieces are usually 

marked with a number. Objectives provide the resolution power of the microscope, 

which increases the detail.  A reflecting light microscope (dissecting microscope) has a 

lower resolving power than a transmitted light microscope. However, a reflecting 

microscope has a better depth of field and ideal for dissecting or looking at larger 

objects that cannot be made into a slide. In transmitting light microscopes, the 

illumination system is very important.  The system includes the light source, condenser, 

and iris.   A condenser is usually a combination of lenses that gathers and concentrates 

light in a specified direction, under the stage.  The iris controls the intensity of the light 

that goes into the condenser.  The light source is a variety of bulbs that create just the 

right kind of light with little heat. 

 

2.3.6 Elemental Composition and chemical bonding analysis by X-ray 

photoelectron spectroscopy (XPS) 

Photoelectron spectroscopy is the technique detecting a photo-ionization and 

analysis of the kinetic energy of the emitted photoelectrons to investigate the 

composition and electronic state near the surface region. As shown in Figure 2.18, the 

photon radiated by monochromatic source normally used X-Ray is absorbed in material 

then, ionization and the emission of a core (inner shell) electron are occurred with 

following equation (eq.2.22): 

M + hv         M+ + e-             (2.22) 

Where h is the Planck constant, v is the frequency, M (atom), and e is the electron. 
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From the conservation of energy rule, the equation is changed following (eq. 2.23); 

E(M) + hv = E(M+) + E(e-)              (2.23) 

The eq.2.23 can be changed to eq.2.24 because the electron’s energy can be 

present by kinetic energy (K.E). 

KE = hv – [E(M+) - E(M)] = hv -BE             (2.24) 

The indicated brackets in eq.2.6 represent the energy difference between the 

ionized and neutral atoms so-called the binding energy (BE) of the electron. For every 

element, there is specific binding energy due to each core atomic orbital. This means 

that any detected electrons provide a specific fingerprint of the atomic species.2.18 

 

Figure 2. 18. Schematic for the generation of energy difference by photoemission. 

 

2.3.7 Crystallographic structure by X-ray diffraction 

Many materials are crystalline which has a repeated structure. These crystals are 

composed of unit cells in which the smallest number of atoms is contained. The 

dimension size of its unit cells is a lattice parameter. The most famous method to 
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determine the lattice constant of a crystalline is X-ray diffraction (XRD) using Bragg’s 

law (eq.2.25). When two parallel waves were reflected by atoms on two parallel lattice 

planes, the wave which goes to the second lattice plane will travel an extra distance (l) 

in Figure 2.19. This diffracted wave has more travel distance (2l) than diffracted from 

the first lattice plane. The distance 2l and diffracted angle (θ) depend on the distance of 

the two planes (d) in Figure 2.19 and its relationship is indicated by the function of l=d 

sin(θ). If the 2l is equal to a wavelength (λ) or integer multiples of λ (i.e., nλ), the 

reflected waves will have the same phase. Hence, the intensity of amplitude is to be 

maxima when the phase shift is exactly equal to nλ. This process is comprised of 

equation 2.25 which is the so-called Bragg’s law equation. 

 

d = nλ / 2sin(θ)                       (2.25) 

 

 

Figure 2. 19. Schematic of XRD. 

 

2.3.8 Size distribution of mist precursors by the particle counter 

The size distribution of mist droplets was monitored by fast scanning mobility 

particle sizer (FMPS). This measurement system was carried out to understand the film 

properties through size distribution. The basic four components of particle counter are 

shown in Figure 2.20 (a) where Impactor is used for mist droplets conditioner, to 

neutralize the charge mist particles a neutralizer is employed, differential mobility 

analyzer is commonly used for size selector, and condensation particle counter (CPC) 



50 

 

is carried out to count the mist droplets. A Fast-Scanning Mobility Particle Analyzer of 

model-3091 is shown in Figure 2.20 (b). 

(a) 

 

(b) 

 

Figure 2. 20. The function of a particle counter. (b) Picture of Fast Scanning Mobility 

Particle Analyzer, Model-3091. 

 

Impactors are devices that separate particles based on inertia and in general operate 

to remove particles of a given size range from the sample flow, either collecting them 

for later analysis or removing them to avoid problems of instrument contamination, etc. 

The basic principle of an impactor is illustrated in Figure 2.21. Essentially air 

containing particles are accelerated through an orifice or nozzle towards a plate some 

distance below the orifice, which causes the airstream to change direction abruptly. 

Particles that are small enough to follow the streamlines remain suspended, while those 

that cannot hit or impact on the plate. The cut-off point of an impactor is the size at 
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which particles are collected with 50% efficiency. Collection efficiency increases for 

particles larger than the cut-off and decreases for smaller particles. The cut-off diameter 

for a round jet impactor is dependent on the orifice diameter and flow rate according to 

the following equation (Baron and Willeke):2.19 

𝑑50 = √
9𝜂𝜋𝑊3

4𝑝𝑃𝐶𝑐𝑄
 √𝑆𝑡𝑘50                (2.28) 

Where 𝑆𝑡𝑘50  is the stokes number is expressed as 𝑆𝑡𝑘50  ≈ 0.24 ,2.14 η is the air 

viscosity, W is the nozzle diameter, Cc the Cunningham slip factor, pP the particle 

density, and U is the average flow velocity in the nozzle. 

 

 

Figure 2. 21. Schematic of a cascade impactor.2.19 

 

The aerosol might have charged particles. The second part of the particle counter 

is the neutralizer. The neutralizer is carried out to neutralize the charged particle so that 

they can’t radiate energy in the next sections. 

The schematic of the differential mobility analyzer is shown in Figure 2.22.  By 

setting different voltages in the DMA, particles of different electrical mobility are 

selected and their particle number concentration can be measured. The DMA consists 

of two electrodes with the inner electrode at a negative voltage, while the outer 

600 nm < d < 10 μm 

5.6 nm < d < 560 nm 

d50 = 600 nm 

d50 = 1 nm 
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electrode is electrically grounded. This creates an electric field between the two 

electrodes. Before entering the DMA, the sample particles are charged by passing 

through the charger, where positive and negative ions are produced. The charged 

aerosols are introduced through an annular slit closed to the outer electrode into the top 

of the DMA and then, merged with the particle-free airflow. The flow of both streams 

is maintained in the laminar regime to prevent the mixing of those streams. In the DMA, 

charged particles are separated according to their electrical mobility. The electrical 

particle mobility is a function of the particle charge, particle diameter, dimensions of 

the DMA, and flow rate.  The sample flow carrying particles with the same small range 

of electrical mobility is drawn through the small slit located at the bottom of the 

collector rod. The remaining air is exhausted out as excess airflow. The particle number 

concentration in the sample flow is measured in a particle counter. 

 

Figure 2. 22. Schematic illustration of differential mobility analyzer.2.20 

 

The first known CPC was reported by Aitken in 1888. All commercial CPCs up to 

1975 used the adiabatic expansion of constant volume samples to produce 

condensation, resulting in a discontinuous, pulsating aerosol flow. The first commercial 
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continuous flow CPC was reported in 1980 and still represents the most common type 

in the automotive field.2.21 In this type of CPC, particle growth is achieved by passing 

the aerosol through a saturated vapor of the working fluid, typically n-butanol, followed 

by cooling in a condenser, as illustrated in Fig. 2.23.2.22 The temperatures of the 

saturator condenser and properties of the working fluid determine the lower detectable 

size, which is typically in the range of 3–10 nm. The CPCs in the European legislation 

must be full-flow (the total inlet flow must pass the counting optics) and have a 50% 

counting efficiency at 23 nm.2.23-24 Recently, water-based CPCs have been 

introduced,2.20 but are not used in the automotive field due to the hydrophobic nature of 

soon after passing through the Volatile Particle Remover. 

 

Figure 2. 23. Schematics of continuous flow condensation particle counter (CPC).2.25 

 

2.3.9 Van der Pauw method for Hall measurement 

The Van-der-Pauw method is a technique to determine the electrical transport 

properties of materials either bilk or thin films, like the electrical conductivity, the 

resistivity, the hall constant, the charge carrier concentration, carrier mobility, and the 

semiconductor type. In 1958 van der Pauw solved the general problem of potential 

distribution in a thin, conductive layer of any shape and thus made it possible to carry 

out Hall and resistance measurements on them. Therefore, in theory, it is possible to 

handle a sample of any shape. However, in actual measurement, if the measured 

voltages are too imbalanced, error are surely to occur. A well-proportioned shape is 
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desirable where the thickness t of the sample must be homogeneous and small in 

relation to the distance between contacts. Figure 2.24. shows the plate-shaped test with 

small electrodes attached to the four corners of a uniform and flat film.  

 

Figure 2. 24. Experimental setup for Van-der-Pauw measurement. 

 

Place each electrode counterclockwise from the upper left corner A, let B, C, and D. 

First, without applying a magnetic field, a current IAB is passed between the electrodes 

AB, and then measure the voltage VCD between the electrode’s CDs. At this time, use 

the resistors RAB,CD and define as follows 

R(AB,CD) = 
VC−VD

IAB
                       (2.29) 

Next, a current IBC is passed between the electrodes BC, and the voltage VDA between 

the electrodes DA is measured. Then resistance RBC,DA will be: 

R(BC,DA) = 
VD−V𝐴

IBC
                       (2.30) 

After that, a current IAC is passed between the electrodes AC, and a magnetic field 

with a magnetic flux density B is applied perpendicular to the sample surface (Figure 

2.25). At this time, if the voltage generated between the electrodes BD is VBD and 

RAC,BD = VBD/IAC, the resistivity ρ, the carrier density n, and carrier mobility μ are given 

as follows. 

𝜌 =
𝜋𝑑

ln 2

(𝑅𝐴𝐵,𝐶𝐷+𝑅𝐵𝐶,𝐷𝐴)

2
𝑓(

𝑅𝐴𝐵,𝐶𝐷

𝑅𝐵𝐶,𝐷𝐴
)             (2.31) 

𝑛 =
𝐵

𝑒.2𝑑.∆𝑅𝐴𝐶,𝐵𝐷
                         (2.32) 

𝜇 =
𝑑

𝐵
.

∆𝑅𝐴𝐶,𝐵𝐷

𝜌
          (2.33) 
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Where e is the charge of the electron and d is the thickness of the epitaxial layer. F is a 

coefficient for correcting non-uniformity caused by the shape of the sample, position 

of the electrodes, etc. 

 

 

 

Figure 2. 25. Sample configuration for the Hall coefficient measurement using Van-

der-Pauw method, with an applied magnetic field perpendicular to the sample surface. 

 

In this study, the surface of the synthesized single crystal was cleaved with scotch 

tape to make it as uniform as possible. After that, it was cut out into a square to prepare 

the sample for measurement. Place this sample on a glass substrate. After sticking, 

silver paste was used to the four ends of the sample to form electrodes (shown in Figure 

2.24). The measurement was performed at room temperature, and the magnetic field 

was -0.5T. 

 

2.3.10 Junction properties analysis by C-V measurement 

C-V measurements are carried out to understand the junction properties of oxide 

and c-Si interface by utilizing the interface defect density, negative fixed charge 

density, border trap density, flat band voltage, threshold voltage, built-in potential, 

dielectric constant, etc. of MOS capacitor. Figure 2.26 illustrates the construction of a 

MOS capacitor. In a MOS structure, an oxide is placed between a semiconductor and a 

metal gate where the semiconductor and metal gate are the two plates of the capacitor. 

The area of the metal gate is defined as the area of the capacitor. The equivalent circuit 

of the MOS capacitor is illustrated on the right side of Figure 2.26.  
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Figure 2. 26. MOS capacitor structure with its equivalent circuit. 

 

The energy band diagrams of the three components when separate, are shown in 

Figure 2.27. Figure 2.27(c) shows the band diagram of n-type silicon with the free 

electron level at some energy above the conduction band. The free-electron level is 

defined as the energy level above which the electron is free. For silicon, the free electron 

level is 4.05 eV above the conduction band edge, as shown in Figure 2.27(c). Figure 

2.25(b) shows the band diagram of aluminum oxide – an insulator with a large energy 

gap in the range of 8-9 eV. The free energy level in AlOx is 0.70 eV above its conduction 

band. Work function is defined as the energy difference between the free electron level 

and Fermi level. For the n-type silicon shown in Figure 2.27(c), the work function, qϕs, 

can be expressed as: 

𝑞𝜙𝑠 = 𝑞𝑋 +
𝐸𝑔

2
+ 𝑞𝛹𝐵                  (2.34) 

Where 𝛹𝐵 is the difference between the Fermi potential and the intrinsic potential. 
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Figure 2. 27. Energy-band diagram of the three components of a MOS capacitor; (a) 

metal (aluminum), (b) Aluminum oxide, and (c) n-type silicon. 

 

By definition, capacitance is the change of charge corresponding to the change of 

voltage and expressed as; 

𝐶 =
∆𝑄

∆𝑉
                        (2.35) 

One general way to implement is to apply a small AC voltage signal (millivolt 

range) to the under test and measure the resulting current. Integrate the current overtime 

to derive Q and finally calculate C. In C-V measurement is utilized by using two 

simultaneous voltage sources: an applied AC voltage signal and a DC voltage that is 

swept in time, as illustrated in Figure 2.28(a). Figure 2.28(b) illustrates a high-

frequency C-V curve for an n-type semiconductor substrate. As a DC sweep voltage is 

applied to the gate, it causes the device to pass through accumulation, depletion, and 

inversion regions. 
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(a) 

 

 

(b) 

 

Figure 2. 28. (a) AC and DC voltage of C-V sweep measurement. (b) Capacitance- 

voltage diagram of an Al/AlOx/n-Si/Al MOS capacitor with the frequency of 1 MHz. 
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a) At Vg = 0, Flat band condition 

For simplicity, the flat band voltage is taken to be zero for all cases. Figure 2.29 

shows the energy band diagram of a MOS system under the flat band condition in which 

there is no field in all three materials. If the metalwork function is less than the silicon 

work function (n-Si), a negative gate voltage is required to obtain a flat-band condition. 

The flat band voltage can be extracted from the eq. 2.36. 

Vfb = (ϕm – ϕs) - 
𝑄𝑜𝑥

𝐶𝑜𝑥
                       (2.36) 

Where Qox is the equivalent oxide charge per unit area at the oxide-silicon interface, 

and Cox is the oxide capacitance per unit area. 

 

 

Figure 2. 29. Energy band diagram for flat band condition. 

 

b) Accumulation Region 

When a positive voltage is applied to the gate of an n-type MOS capacitor, as shown in 

Figure 2.30. This falls the metal Fermi level corresponding to the silicon Fermi level and 

creates an electric field in the oxide that would accelerate the positive charge toward the metal 

electrode. A field is also induced at the silicon surface in the same direction as the oxide field. 

Because of the low carrier concentration in silicon compared with the metal, the bands bend 

downward toward the oxide interface. The Fermi level stays flat within the silicon since there 

is no net flow of conduction current. Due to the band bending, the conduction band at the 

surface is much closer to the Fermi level than is the conduction band in the bulk silicon. This 

results in an electron concentration much higher at the surface than the equilibrium electron 

concentration in the bulk. Since access electrons are accumulated at the surface, this is referred 

to as the accumulation condition. An equal amount of positive charge appears on the metal side 

of the MOS capacitor, as required for charge neutrality. For an n-type MOS capacitor, the oxide 

n-Si 

AlOx 
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capacitance is measured in the strong accumulation region. This is where the voltage is positive 

enough that the capacitance is essentially constant and the C-V curve is almost flat (Figure 

2.28(b)).  

 

 

Figure 2. 30. Energy band diagram for accumulation condition with their schematic. 

 

c) Depletion Region 

When a negative voltage is applied to the gate of an n-type MOS capacitor, the 

Fermi level moves upward, which creates an oxide field toward the silicon substrate 

due to the acceleration of the positive charge in the same direction. A similar field is 

induced in the silicon, which causes the bands to bend upward toward the surface, as 

shown in Figure 2.31. Since the conduction band at the surface is now further away 

from the Fermi level than is the conduction band in the bulk, the electron concentration 

at the surface is lower than the concentration in the bulk. This is referred to as the 

depletion condition. The depletion of electrons at the surface leaves the region with a 

net positive charge arising from the unbalanced acceptor ions. An equal amount of 

positive charge appears on the metal side of the capacitor. This area of the 

semiconductor acts as a dielectric because it can no longer contain or conduct charge. 

The total measured capacitance now becomes the oxide capacitance and the depletion 

layer capacitance in series, and as a result, the measured capacitance decreases. This 

decrease in capacitance is illustrated in Figure 2.28 in the depletion region. As a gate 

voltage increases, the depletion region moves away from the gate, increasing the 

effective thickness of the dielectric between the gate and the substrate, thereby reducing 

the capacitance. 

n-Si 

AlOx 
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Figure 2. 31. Energy band diagram for depletion condition with their schematic. 

 

d) Inversion Region 

As the negative voltage increases, the band bending also increases, resulting in a 

wider depletion region and a more (positive) depletion charge. This goes on until the 

band bends upward so much that at the surface, the valence band is closer to the Fermi 

level than the conduction band is, as shown in Figure 2.32. When this happens, not 

only are the electrons depleted from the surface, but the surface potential is such that it 

is energetically favorable for holes to populate the valence band. In other words, the 

surface behaves like p-type material. Note that this p-type surface is formed not by 

doping, but instead by inverting the original n-type substrate with an applied electric 

field. This condition is called inversion. The positive charge in the silicon consists of 

both the ionized donors and the thermally generated holes in the valence band. Again, 

it is balanced by an equal amount of negative charge on the metal gate. The surface is 

inverted as soon as the intrinsic level of silicon crosses the Fermi level. This is called 

weak inversion because the hole concentration remains small until Ei is considerably 

below Ef. If the gate voltage is increased further, the concentration of holes at the 

surface will be equal to, and then exceed, the electron concentration in the substrate. 

This condition is called strong inversion. Once the depletion region reaches a maximum 

depth, the capacitance that is measured by the high-frequency capacitance meter is the 

oxide capacitance in series with the maximum depletion capacitance. This capacitance 

is often referred to as minimum capacitance. The C-V curve slope is almost flat (Figure 

2.28).  



62 

 

 

Figure 2. 32. Energy band diagram for inversion condition with their schematic. 

 

2.3.10 Carrier transport parameters of MIS-FET 

In the basic MIS-FET operation, three different regions are considered named cut-

off region, linear region, saturation region. Usually, the regions below the threshold 

voltage are called cut-off regions. The magnitude of current flowing through MOS in 

cut-off conditions is negligibly small as the channel is not present. 

Consider an MIS-FET?, as gate voltage exceeds the threshold voltage, the channel 

is formed between source and drain terminals. If there is a voltage difference between 

source to drain, the current will flow. The magnitude of the current increases with the 

increase of drain to source voltage, this region is called the linear region, and the 

corresponding mobility is assigned as linear mobility. 

 

μlin = (dIDS/dVG) × (L/(W·Ci·VD))               (2.37) 

 

Further, drain to source voltage increases beyond the linear condition, increasing 

voltage seems to have no effect on the drain to source current. When the MOS operate 

in this region, it is said to be in saturation and the mobility corresponding to this regime 

is called saturation mobility and expressed as, 

μsat = (d√IDS/dVG)2 ×(2L/W·Ci)                 (2.38) 

where L is a channel length, W is channel width, and Ci is the capacitance between the 

MoSe2 channel and back gate, and VD is the voltage drop through the channel. 
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The threshold voltage (Vth) has been extracted from a plot of the square root of ID 

versus Vg. In particular, Vth can be estimated from the intersection of the tangent of the 

linear part of the plot of the square root of ID with the axis of gate voltages (Figure 

2.33). Under vacuum conditions, the determined value of threshold voltage for MoSe2 

based MIS-FET where AlOx is used as the dielectric layer was 2.75 V. 

Generally, the variation of threshold voltage in MIS-FETs is directly related to the 

trapped charge density in the insulator/organic semiconductor interface.2.14 The 

trapped charge density at the interface can be determined by the following relation:2.15 

𝑁𝑡𝑟𝑎𝑝.𝑐ℎ𝑎𝑟𝑔𝑒 =
∆𝑉𝑡ℎ𝐶𝑖

𝑞
                           (2.39) 

Where Ci is the insulator capacitance per unit area, ∆Vth the measured shift in the 

threshold voltage, and q is the electronic charge. 

The subthreshold swing, related to the sharpness between the off and on stat, can 

be determined by the following relation:2.16 

𝑆𝑆 = [
𝑑𝑙𝑜𝑔(𝐼𝐷)

𝑑𝑉𝑔
]−1                                 (2.40) 

 

Figure 2. 33. Transfer characteristics of MIS-FET to evaluate the key parameters. 
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Chapter 3: Results and Discussions 

This chapter describes the results obtained in this work. In particular, the first part 

of this chapter focuses on the effect of H2O in the synthesis of amorphous AlOx thin 

film using mist-CVD from Al(acac)3 and the CH3OH/H2O system. The effects of 

exposing these films to H2O or CH3OH mists after synthesis to understand the surface 

chemistry of the growth surface is also carefully discussed in this part. As a second 

topic, the effect of deposition parameters, including carrier gas flow, furnace 

temperature, precursor concentration, and mesh bias supply, on the film properties of 

AlOx thin film is discussed. The size distribution of mist particles monitored by particle 

counter at both inlet and outlet positions A and B for each deposition condition are also 

discussed in this section. The latter of this chapter focus on the effect of the addition of 

Ti(acac)4 during the synthesis of Al1-xTixOy thin films by mist-CVD from Al(acac)3 for 

different precursor mixing ratios γ [=Ti(acac)4/Al(acac)3] is examined under the 

optimized deposition condition of AlOx thin films provided in the first part of this 

chapter. 

 

 3.1 Role of H2O in the synthesis of amorphous AlOx using mist-CVD 

from Al(acac)3 and CH3OH/H2O system for surface passivation and 

electrical insulator layers 

In this section, the effect of H2O added during the synthesis of AlOx thin films 

from Al(acac)3 and CH3OH by atmospheric-pressure mist-CVD were investigated by 

examining film deposition characteristics. The effects of exposing these films to H2O 

or CH3OH mists after synthesis was also assessed to understand the surface chemistry 

of growth surface. Also, the effect of H2O as an additive during the synthesis of AlOx 

thin films on their junction properties at the AlOx/c-Si interface; like surface passivation 

capability and electrical insulator layers performances were reported. 

 

 

 



69 

 

3.1.1 Synthesis of AlOx by mist-CVD with Al(acac)3 and CH3OH/ H2O 

Figure 3.1.1(a) plots the AlOx film deposition rates as a function of the CH3OH: 

H2O volume ratio at two different Tf values (350 and 400 ℃). The film deposition rates 

are seen to have decreased from 13.8 to 3.7 nm/min at 400 ℃ and from 8.92 to 2.4 

nm/min at 350 ℃ as the proportion of H2O r was increased from 0 to 30 vol%. These 

results suggest that the decomposition rate of the Al(acac)3 promotes higher Tf values 

and that the addition of H2O suppresses film growth.  

In Figure 3.1.2(b), the deposition rates for AlOx thin films at a CH3OH: H2O ratio 

of 9:1 are plotted as a function of the inverse of Tf. Thermal activation energy is 

calculated from Arrhenius plots as 

𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝐴𝑒𝑥𝑝 (−
𝛥𝐸𝑎

𝑅𝑇
) ,                 (3.1) 

where ΔEa is the thermal activation energy, R is the gas constant, and T is temperature. 

The film deposition rate evidently increased with increasing temperature, with thermal 

activation energy, ΔEa, of 42-49 kJ/mol up to approximately ~380 ºC. However, ΔEa 

was reduced to 31-36 kJ/mol above 380 ºC, suggesting that the growth chemistry 

changed from supply control regime to diffusion control regime at the interface 

temperature.1 The larger ΔEa value below 380 ºC is ascribed to the stability of OH 

groups at the growth surface in this temperature regime because of sticking probability 

might be enhanced from this temperature.3.1 

 

  

Figure 3.1.1. Deposition rates for AlOx films during mist-CVD as functions of the 

CH3OH: H2O ratio at a tabular furnace temperature of 350 and 400 ºC. (b) Deposition 

rates for AlOx films at a CH3OH: H2O volume ratio of 9:1 as a function of the inverse 

of Tf. 
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Figures 3.1.2. (a) presents the FTIR spectra of 100-nm-thick AlOx thin films 

fabricated using various CH3OH: H2O ratios, while Table 3.1.1 summarizes the local 

vibrational modes for AlOx related to the absorption peaks obtained from films on c-

Si.2-9 The most valuable peaks related to Al-O and O-Al-O between 500-1200 cm-1 

represents in the Figure. 3.1.2 (b).  Also, the AFM images of the commensurable films 

are observed in Figure. 3.1.2(c). In the case of AlOx films synthesized using solely 

CH3OH as the solvent, the Al(OH) stretching peak in the range of 2600-3800 cm-1 is 

prominent. However, this peak disappears as H2O is added to the CH3OH solvent, while 

peaks related to Al-O (400-550 cm-1), O-Al-O (550-750 cm-1), and Si-O-Al (~1100 cm-

1) emerge. The first two peaks can be assigned to the Al-O stretching and bending 

modes (expected to appear at approximately 440 and ~603 cm-1, respectively) for 

octahedral AlO6 as well as the stretching vibration of tetrahedral (AlO4) (which should 

appear in the range of 728-886 cm-1). Several fine peaks were also observed attributing 

to Si-OH, Si-O-Si, or Al-O-Si band at 300-1100 cm-1, which were almost independent 

of a CH3OH to H2O ratio. These findings suggest that these fine peaks originate from 

the Si-O-Si or Al-O-Si local bonding at the AlOx/n-Si interface. 

 

Table 3.1. 1. Local vibration modes of AlOx related FTIR peaks. 

Wavenumber 

(cm-1) 

Molecule Vibrational 

Mode 

Surrounding Reference 

400-530 Al-O Stretching Octahedral 

matrix 

3.2-6 

550-750 O-Al-O Bending Octahedral and 

tetrahedral 

matrix 

3.2-7 

750-850 Al-O Stretching tetrahedral 

matrix 

3.2-7 

900-1200 Si-O/O-Si-

O/Si-OH 

Stretching SiO/SiO2 3.8-3.9 
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1300-1750 H-O-H Bending tetrahedral and 

octahedral γ-

Aluminum 

ions 

3.6 

2300-2350 O-C-O Stretching Al2O3 3.5 

3000-3600 Si-OH Stretching  3.8 

2600-3800 O-H Stretching Al-OH 3.6 

 

The AFM images demonstrate that the root means square (RMS) roughness of the 

films decreased continuously as the H2O was added, from 3.87 nm for the film made 

using only CH3OH to 1.76 nm using 30 vol% H2O. These results suggest that the 

surface roughness was primarily determined by residual Al(OH) groups near the growth 

surface (Figure 3.1.2(c)).  
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(c) 

 

Figure 3.1. 2. (a) FTIR spectra of AlOx thin films fabricated by mist-CVD using various 

CH3OH: H2O ratios at 400 ºC, (b) FTIR spectra related to Al-O and O-Al-O between 

500 and 1200 cm-1, (c) AFM images of the corresponding AlOx films. 

 

Figure 3.1.3 provides the refractive index (n) spectra of the same AlOx thin films 

as acquired from spectroscopic ellipsometry (SE) analysis using a single classical 

oscillator model. The reference n value of amorphous ALD-AlOx has been extracted 

from Ref. 10. The n values increased with the increasing proportion of H2O in the 

solvent. The n value of AlOx thin film fabricated by CH3OH: H2O =7:3 was almost 

identical to that for ALD-AlOx.
3.10,3.11 These findings imply that the rigidity and surface 

roughness of the AlOx network can be controlled by adjusting CH3OH/H2O ratio. 
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Figure 3.1. 3. The n spectra of AlOx thin films produced using mist-CVD with different 

CH3OH: H2O ratios at 400 ºC. 

 

3.1.2 Post-fabrication exposure of Al(OH) and AlOx network to H2O and CH3OH 

Figures 3.1.4. (a) and (b) provide the FTIR spectra and AFM images obtained 

from a 100-nm-thick Al(OH) film fabricated using solely CH3OH at 400 ºC both before 

and after exposure to a H2O mist. Figures 3.1.4. (c) and (d) present the n spectra and 

the film thicknesses of these same films. The FTIR and AFM data confirm that the as-

deposited films generated an intense peak in the range of 2700-3600 cm-1 attributed to 

the Al(OH) stretching absorption and that the film was porous with the significant 

surface roughness (RMS =3.87 nm). During the first 5-20 min. of H2O mist exposure, 

the band at 2700-3500 cm-1 became less intense while the peak related to non-

symmetric Al(OH) stretching at 3500-3700 cm-1 remained relatively constant at first 

but eventually disappeared. In contrast, the peak attributed to octahedral AlO6 at 500-

700 cm-1 became more intense. The AFM images also show decreases in surface 

roughness with continued exposure to the H2O mist. The SE results demonstrate that 

the n values were increased with prolonged exposure to the H2O mist as the film was 

etched. Conversely, no significant changes in the FTIR spectra, film morphology, or 

film thickness were observed in the case of the AlOx generated using a CH3OH: H2O 

=7:3 after H2O mist exposure for 40 min. These findings suggest that the H2O mist 
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removed the Al(OH) groups near the growth surface as the film was etched several 

mono-layer. 

 

 

 

   

Figure 3.1. 4. (a) FTIR spectra of an Al(OH) thin-film fabricated at 400 ºC. (b) AFM 

images of the corresponding films. Variation in the (c) n spectra and (d) film thickness 

of Al(OH) films during exposure to a H2O mist. 

 

Figures 3.1.5 (a) and (b) provide FTIR spectra and n-spectra of a 100 nm thick AlOx 

thin film fabricated using a CH3OH: H2O ratio of 7:3 at 400 ºC before and after 

exposure to a CH3OH mist. Figure 3.1.5 (c) represents the AFM image of the 

corresponding films. In contrast to the effects of H2O mist exposure, the application of 

a CH3OH mist generated the marked increases in the Al(OH) absorption band at 2800-

3600 cm-1 together with decreases in the n value. The AFM images also indicate 
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increases in surface roughness after the CH3OH mist exposure. These results suggest 

that the H2O mist acts to scavenge residual OH groups generated by CH3OH at the 

growth surface. 

 

  

 

 

Figure 3.1. 5. (a) FTIR spectra of an AlOx thin film fabricated at a Tf of 400 ºC 

exposed to a CH3OH mist. Changes in the (b) n spectra and (c) AFM images of the 

film before and after CH3OH mist exposure. 

 

3.1.3 Role of H2O as an additive during the growth of mist-CVD of AlOx thin films  

Figures 3.1.6. (a) shows the high-speed camera image of CH3OH/H2O co-solvent 

mist at the inlet and outlet positions of the tubular furnace at different CH3OH to H2O 

ratios. The flux and speed of CH3OH/H2O mist decreased with the increasing H2O to 

the CH3OH ratio despite the same flow of N2. These findings originate from the 

physicochemical property of the CH3OH/H2O solution system determines the 
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generation rate of mist precursor and fine structure of AlOx films. The addition of H2O 

in the CH3OH solution suppresses the generation of CH3OH mist because of the 

formation of a chemically stable complex network of H2O and CH3OH molecule due 

to hydrogen bond in H2O.3.12,3.13 

(a) 

 

 

(b) 

 

Figure 3.1. 6. (a) High-speed camera images of CH3OH/H2O mist at the inlet and outlet 

positions of the tubular furnace at different CH3OH to H2O ratios. (b) Schematic of the 

fine structure of the CH3OH/H2O solution at lower and higher H2O mixing conditions. 

 

Figures 3.1.7 (a) and (b) show a schematic diagram of the growth surfaces 

associated with the formation of AlOx films using CH3OH: H2O ratios of 10:0 and 7:3, 

Inlet Outlet 
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respectively. When using solely CH3OH, a high concentration of Al(OH) groups 

appeared near the growth surface (see also Fig. 3.1.4.(a)). The post-fabrication H2O 

mist exposure experiments demonstrated that this treatment removed -OH groups and 

promoted the formation of AlO6 [Figures. 3.1.4. (a) and (b)]. Etching of the film also 

occurred, together with increases in the n value up to ~1.6. The SE analysis also showed 

that n increased from 1.4 to 1.5 at 2.85 eV following a 40 min exposure to a H2O mist, 

which corresponds to a thickness of 3-4 nm (Figures 3.1.4. (c) and (d). These findings 

suggest the presence several monolayers that form a flexible Al(OH) network with a 

significant surface roughness near the so-called “growth zone”. In contrast, the growth 

of AlOx using a CH3OH: H2O ratio of 7:3 proceeded on nearly the atomic scale, while 

the application of H2O mist to such films removed -OH groups on the top surface. 

 

 

 

      

Figure 3.1. 7.  Schematic diagram of the growth surface of AlOx films for CH3OH: 

H2O ratios of (a) 10:0 and (b) 7:3. 

 

3.1.4 Junction properties at the mist-CVD AlOx/p-Si interface 

Figure 3.1.8. summaries the minority carrier life time, τeff and recombination 

velocity, S, values for 50-nm-thick AlOx films produced at various CH3OH: H2O ratios 

CH3OH:H2O = 10:0 CH3OH:H2O = 7:3 

(b) (a) 
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on n-Si substrates, as obtained using μ-PCD. The S values were determined from the 

effective lifetimes using the following equation. 

 

 

 

where τbulk is the bulk lifetime of the Si substrate, S is the surface recombination 

velocity, W is the substrate thickness (250±.060 μm), and Dn is the diffusion length (37 

nm for c-Si).3.14 The τeff value was increased markedly to 718 μs together with a 

lowering of S to 16 cm/s upon adjusting the CH3OH: H2O ratio to 7:3. These values are 

quite close to those obtained using ALD and PECVD, which suggests that the AlOx 

fabricated by mist-CVD can significantly passivate the c-Si substrate.3.15, 3.16 

 

 

Figure 3.1. 8.  Effective minority carrier lifetime, τeff, and carrier recombination 

velocity, S, values for AlOx films generated by mist-CVD with various CH3OH: H2O 

ratios. 

 

Figure 3.1.9. (a) shows the J-E curves obtained from 50-nm-thick AlOx films 

fabricated using various CH3OH: H2O ratios. The breakdown voltage, EBD, is observed 

to have continuously shifted, from 2.9 MV/cm for the film made using solely CH3OH 

to 6.9 MV/cm for the specimen produced with a CH3OH:H2O ratio of 7:3. The leakage 
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current was also evidently reduced as the H2O proportion was increased. These results 

imply that the removal of -OH groups from the AlOx network is crucial to obtaining 

high performance from the AlOx as a gate insulator in field-effect transistors (FETs) 

and as a passivation layer for c-Si photovoltaics.3.17,3.18 

Figure 3.1.9 (b) plots both negative fixed-charge density, Qf, and interface trap 

density, Dit, values as functions of the CH3OH:H2O ratio. These data were determined 

from the C-V characteristic of Al/AlOx/p
++-Si/Al capacitors at high and low 

frequencies. The intrinsic energy level of p-Si crosses the Fermi level, suggesting that 

significant inversion occurred at the AlOx/p-Si interface, similar to the behavior 

exhibited by SiO2/p-Si capacitors.3.17,3.18 Qf values were calculated using the equation  

𝑉𝐹𝐵 = 𝜑𝑀𝑠 −
𝑄𝑓

𝐶𝑜𝑥
⁄                   (3) 

where φMS   is the Al-Si work function difference (1.1±0.5 eV)3.19 and Cox is the oxide 

capacitance. The Qf values were found to be on the order of 1012 cm-2, with a maximum 

value of 2.4×1012 cm-2 for the AlOx films with a CH3OH: H2O ratio of 7:3. This value 

is compatible with those reported for AlOx produced using ALD (1013 cm-2).3.16,3.20 

Also, values for the density of interface traps, Dit, were determined from the C-V 

characteristics obtained at different measurement frequencies, through the equation; 

 

𝐷𝑖𝑡(𝜑𝑠) = (
𝐶𝑜𝑥

𝑞⁄ ) (
𝐶ℎ𝑓

(𝐶𝑜𝑥 − 𝐶ℎ𝑓)⁄ −
𝐶𝑙𝑓

(𝐶𝑜𝑥 − 𝐶ℎ𝑓)⁄ )     (𝑐𝑚−2𝑒𝑉−1),          (4) 

 

where Clf and Chf are the capacitance values measured at low and high frequency, 

respectively. The resulting Dit value of 4.2×1010 cm-2eV-1 was also close to that of 

1.04×1010 cm-2eV-1 reported for films fabricated using radio frequency magnetron 

sputtering and PE-CVD.15,16 These findings indicate that the AlOx films made using 

mist-CVD exhibit good passivation and junction characteristics at the AlOx/c-Si 

interface and those properties can be tuned by adjusting both Tf and the CH3OH: H2O 

ratio. 
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Figure 3.1. 9. (a) J-E curves obtained from Al/AlOx/p
++-Si/Al capacitors with films 

produced at various CH3OH: H2O ratios. (b) Qf and Dit values for Al/AlOx/p
++-Si/Al 

capacitors as functions of CH3OH: H2O ratio. 

 

3.2 Synthesis of AlOx thin films monitored by a fast-scanning mobility 

particle analyzer and applied as a gate insulating layer in the field-

effect transistors 

Here, the effect of deposition parameters on the film properties of mist-CVD a-

AlOx films is demonstrated, which include carrier gas flow, furnace temperature, 

precursor concentration, and mesh bias Vm as variables. The carrier gas flow determines 

the residence time of deposition precursor, furnace temperature Tf dominates the 

surface reaction on the growth surface, and mesh dc bias is supplied between two mesh 

electrodes with a 2 cm distance for charging mist precursors. The size distribution of 

mist particles was monitored by using particle counter at both inlet and outlet positions 

A and B (Fig. 2.6). 

 

3.2.1 Film properties of AlOx thin films at different deposition parameters 

Figure 3.2.1(a) shows the film deposition rate of AlOx thin films grown by mist-

CVD as a function of Fd: the analyzed AlOx thin films were fabricated using a 0.025 

mol/L Al(acac)3 solution, CH3OH/H2O ratio of 7:3, a Tf of 400 ℃, without supplying 

Vm. The film deposition rate decreased from 7.35 to 1.78 nm/min and tend to saturate 

when Fd was increased from 600 to 3000 sccm. Figure 3.2.1(b) shows the AFM images 
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of the corresponding AlOx thin films. The root means square (RMS) roughness of a 

20×20 μm2 area of the films decreased significantly from 83.3 to 6.02 nm when the Fd 

was increased from 600 to 3000 sccm. These results are attributed to the suppression of 

the aggregation of the charged mist particles during their transport, because of the short 

residence time of the deposition precursor. Consequently, the secondary reaction was 

suppressed, resulting in a low value of surface roughness. Further, figure 3.2.1(c) 

provides the n spectra of the ~30 -nm -thick AlOx thin films, which were obtained from 

an SE analysis using a single classical oscillator model. The reference n spectrum of 

amorphous ALD-AlOx was referred from literature.3.10 The n values increased with an 

increase in Fd, yielding a spectrum similar to that of ALD-AlOx at an Fd from 2400 

sccm. These results suggest that Fd determines the residence time of the Al(acac)3 mist 

precursor and the surface diffusivity of the deposition precursor at the growth 

surface.3.10,3.21 

 

(a) 

(b) 

CH3OH:H2O (7:3) 

CH3OH:H2O (7:3) 
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Figure 3.2. 1. (a) Deposition rate for AlOx thin films through mist-CVD as a function 

of Fd, in an CH3OH:H2O ratio of 7:3 at a Tf of 400 ℃. (b) RMS roughness and (c) n 

spectra of the corresponding AlOx thin films.  

 

Figure 3.2.2(a) presents the film deposition rate of AlOx thin films fabricated at 

different Tf values; the AlOx thin films employed in the analysis were fabricated using 

0.025 mol/L and Fd of 2400 sccm. The film deposition rate increased from 1.85 nm/min 

to 5.7 nm/min and tend to saturate as Tf was increased from 400 ℃ to 600 ℃. This 

result suggests that the decomposition rate of the Al(acac)3 precursors was prompted 

and tend to saturate at higher temperatures, which showed a thermally activation has 

been reported elsewhere.3.1,3.22,3.23 The RMS value obtained in 20×20 μm2 area and the 

n values of the corresponding 50 -nm -thick AlOx thin films are shown in Figure 

3.2.2.(b) and (c), respectively. When Tf was increased from 400 ℃ to 600 ℃, the n 

value increased from 1.62 to 1.66-1.67 at 3.5 eV, whereas RMS values for 20×20 μm2 

area of the films decreased from 6.45 to 1.30 nm. These results suggest that the 

diffusivity of the deposition precursor is enhanced at the growth surface and promotes 

the removal of residual Al(OH) bonds. 
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Figure 3.2. 2. (a) Deposition rate for AlOx thin films by mist-CVD fabricated at 

different values of Tf, with a 0.025M Al(acac)3, a CH3OH:H2O ratio of 7:3, and an Fd 

of 2400 sccm. (b) RMS roughness and (c) n spectra of the corresponding AlOx thin 

films. 

 

Figure 3.2.3(a) shows the film deposition rate of AlOx thin films as a function of 

solution concentration of Al(acac)3 concentration; the analyzed AlOx thin films were 

fabricated an Fd of 2400 sccm and Tf of 550 ℃. The RMS value and n-spectra of the 

corresponding ~50 -nm -thick AlOx thin films are shown in Figures 3.2.3(b) and (c), 

respectively. The film deposition rate decreased from 7 nm/min for 0.035 mol/L to 1.4 

nm/min for 0.005 mol/L of Al(acac)3. An increase in n-value and decrease in surface 

roughness was observed despite unchanged film thickness. These results suggest that a 

low Al(acac)3 concentration suppresses the aggregation of mist precursors during the 

transport of mist and/or promotes the diffusivity of the mist precursors at the growth 

surface. Accordingly, using a 0.015 mol/L Al(acac)3, dense AlOx network was 

obtained; the AlOx network had an n-value of 1.68 at 3.5 eV and small surface 

roughness (RMS value; 0.96 nm in 20×20 μm2 area) at a deposition rate of 4 nm/min. 
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Figure 3.2. 3. (a) Deposition rate and (b) RMS value for AlOx thin films by mist-CVD 

fabricated at different solution concentrations of Al(acac)3 with a CH3OH/H2O ratio of 
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7:3 volume ratio, a Tf of 550 ℃, and an Fd of 2400 sccm. (c) n spectra of the 

corresponding AlOx thin films. 

 

3.2.2 Effect of Vm on the film deposition of AlOx thin films by mist-CVD 

Figure 3.2.4(a) shows the film deposition rates of AlOx thin films fabricated at 

different Vm values under the optimized conditions, i.e., an Fd of 2400 sccm, Tf of 550 

℃, and 0.015 mol/L Al(acac)3. The film deposition rate decreased systematically from 

4 to 3.8 nm/min when Vm was gradually increased from 0 to 9 kV. The n spectra and 

AFM images of the corresponding ~50 -nm -thick AlOx films are shown in Figure 

3.2.4(b) and (c), respectively. AlOx thin films with an n-value of 1.695 at 3.5 eV and 

small surface roughness were obtained at a film deposition rate of 3.8 nm/min by 

adjusting Vm to 9 kV. 
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(b) 

 

(c) 

 

Figure 3.2. 4. (a) Deposition rate for AlOx thin films through mist-CVD fabricated at 

different values of Vm, using a 0.015M Al(acac)3 solution and a CH3OH:H2O mixture 
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(7:3 volume ratio), at a Tf of 550 ℃, and an Fd of 2400 sccm. (b) AFM image and (c) 

n spectra of the corresponding ~50 -nm -thick AlOx thin films. 

 

3.2.3 Size distribution of mist particles monitored by scanning mobility particle 

analyzer  

Figure 3.2.5 shows the size distribution of the mist particles obtained using 

CH3OH and H2O separately and a CH3OH/H2O mixture at the inlet position A of the 

tubular furnace (Figure 1). The size distribution of mist particles was monitored using 

a particle analyzer at an Fd of 2400 sccm. The size distribution of CH3OH mist was 

maximum for a particle size of ~8 nm and showed a narrow bandwidth at 5 -6 nm. In 

contrast, the size distribution of de-ionized (DI) H2O mist was maximum for a particle 

size of ~70 nm and showed a broad bandwidth at ~100 nm. Further, the size distribution 

of CH3OH/H2O (=7:3) mist was similar to that of DI H2O mist, with a small 

contribution of CH3OH mist for particle sizes of 7 -8 nm. This phenomenon was 

observed despite the higher quantity of CH3OH than that of H2O in the solvent. These 

results suggest that the effect of H2O mist on particle size distribution is greater despite 

the higher composition ratio of CH3OH in the solvent mixture. This result originates 

from the higher vapor pressure and lower dielectric constant of CH3OH than that of 

H2O. 
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Figure 3.2. 5. Size distribution of CH3OH and H2O separately, and CH3OH/H2O 

solvent of (7:3 volume ratio) at an Fd of 2400 sccm at the inlet position A of the 

tubular furnace. 

 

Figure 3.2.6(a) shows the size distribution of Al(acac)3/CH3OH/H2O mist 

particles at inlet position A of the tubular furnace for different values of Fd; the AlOx 

thin films were employed in the analysis were fabricated using at 0.025 mol/L Al(acac)3 

solution and CH3OH.H2O (=7:3) at a Tf  of 400 ℃.  At the inlet position A, at the lowest 

Fd (600 sccm), the size distribution of the mist particles was maximum for particle sizes 

of 100 -300 nm, and a sub-band peak was observed for the mist particle sizes of 30 -90 

nm as a shoulder. At the highest (2400 sccm), the number density of mist particles 

markedly decreased from 4.6×106 to 2×106 /cm3. These results suggest that the 

residence time of the mist precursor decreases with an increase in Fd. Figure 3.2.6(b) 

shows the size distribution of the mist particle monitored at outlet position B of the 

tubular furnace. At 600 sccm, the number density of the mist particles was negligible, 

suggesting that the majority of the mist precursors were consumed for the film 

deposition during their travel in the tubular furnace. At an Fd of 1200 sccm, the number 

density was maximum for a mist particle size of ~80 nm, with a broad bandwidth of 

100 -200 nm. Further increase in Fd to1800 and 2400 sccm decreased the average size 

of the mist particles to 50 -60, and 30 -40 nm, respectively, additionally, a marked 

increase in their density was observed. Thus, an increase in Fd promoted the generation 

of small mist particles of 30 -60 nm; the increase in Fd suppressed the secondary 

reaction in the furnace because of the short residence time of the mist precursor. 
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Figure 3.2. 6. Size distribution of Al(acac)3/CH3OH/H2O mist particle at the (a) inlet 

and (b) outlet of the tubular furnace, A and B, for different Fd values using a 0.025 

mol/L Al(acac)3 solution and a CH3OH/H2O mixture (7:3 volume ratio) at a Tf of 400 

℃. The inset value is the integrated area of the total number density of mist for each 

deposition condition. 

 

Figure 3.2.7(a) shows the size distribution of mist particle from 

Al(acac)3/CH3OH/H2O mist particles at the outlet B of the furnace for different values 

of Tf, the AlOx thin films employed in the analysis were fabricated using a 0.025 mol/L 

Al(acac)3 solution and CH3OH/H2O mixture (7:3), at an Fd of 2400 sccm. The size 

distribution of the mist particles was a maximum for mist particle sizes of 30- 40 nm at 

a Tf of 400 ℃; it decreased to 20- 22 nm and had a narrow bandwidth when Tf was 

increased to 550 ℃. Notably, the number density of the mist particles with an average 

size of 40- 100 nm was markedly suppressed because the overall number density 

decreased when Tf was increased from 400 to 550 ℃. These results suggest that the 

mist precursor entering the furnace is efficiently consumed for the deposition of AlOx 

thin films at higher Tf. Moreover, the film deposition rate increased from 1.9 to 5.4 

nm/min and the surface roughness decreased when Tf was increased from 400 to 550 

℃ (Figure 3.2.2). Thus, the results imply that fine mist particles with an average size 

of ~20 nm and a narrow bandwidth are preferable for the uniform deposition of AlOx 

thin films. Further, the results indicate that AlOx thin films with less surface roughness 

and high n-value can be achieved by adjusting the Tf and Fd.    

Figure 3.2.7(b) presents the size distribution of Al(acac)3/CH3OH/H2O mist 

particles at outlet B of the furnace for different values of Vm. The measurement was 

performed using the optimized parameters, i.e., 0.015 mol/L Al(acac)3 solution, Fd of 

2400 sccm, and Tf of 550 ℃. When Vm was increased from 0 to 9 kV, the average size 

of the mist particle decreased from ~25 nm, having a broad bandwidth at ~30 to 18 nm 

with a narrower bandwidth at ~14 nm. Thus, the mist particles with larger sizes of 40 -

100 nm were suppressed by applying Vm. 

The image obtained using a high-speed camera combined with Mie scattering 

using 633 nm and 338 nm laser diodes revealed that the average size of the mist particles 

was ~550 nm at inlet A (Figure 3.2.7(c)). Additionally, the image revealed a marked 

increase in the traveling speed of the mist particles at outlet B when Vm was applied 
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(Figure 3.2.7(c)). However, the contribution of the mist particles having sizes of 

several micrometers larger than that of the deposited film is still unclear. We believe 

that few negatively charged mist particles with an average size larger than ~550 nm 

was trapped at the front electrode. Untrapped mist particles passing through the 

electrode collided with each other because of their acceleration by the electric field, 

resulting in the generation of the fine particles.3.24 We believe that few negatively 

charged mist particles larger than ~550 μm were trapped at the front electrode. 

Untrapped mist particles passing through the electrode collided with each other because 

of their acceleration by the electric field, resulting in the generation of fine particle 

(Figure 3.2.7(c)).3.25 

Consequently, the film deposition rate decreased with a decrease in the surface 

roughness at a higher value of Vm. This phenomenon was observed because the fine 

mist particle generated by the primary reaction mainly contributes to the film deposition 

(Figure 3.2.4(c)). These results imply that the Vm supply during the film growth of 

AlOx promotes the formation of fine particles; thus, improved rigidity and uniformity 

of the AlOx network can be obtained.  
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Figure 3.2. 7. Size distribution of Al(acac)3/CH3OH/H2O mist particles (CH3OH/H2O= 

7:3) measured with different (a) Tf for 0.025 mol/L Al(acac)3 and (b) Vm for 0.015 

mol/L Al(acac)3 at the outlet B of the tubular furnace for an Fd of 2400 sccm. (c) High-

speed camera images at the inlet of the tubular furnace for different values of mesh bias 

Vm. 

 

Figure 3.2.8(a) summarizes the correlation between the film deposition rate and 

the integrated area ratio of the size distribution of the mist particles at the outlet and 

inlet positions (Aout/Ain as 1-(Aout/Ain)). The correlation is described for different values 

of Fd, Tf, and Vm, (Figures 3.2.2–3.2.8). Notably, a linear relationship between the film 

deposition rate and ratio 1-(Aout/Ain) is observed. The correlation between the n-value 

(at 3.5 eV) and the integrated area ratios of the size distribution of mist particles (at the 

main peak to the total area, AM) at the outlet positions is shown in Figure 3.2.8(b); the 

correlation is presented for different values of Fd, Tf, and Vm. The average particle size 

of the mist precursor at its highest number density is shown on the horizontal axis of 

the figure. The n-value of the AlOx thin film increased with an increase in (AM/Aout) × 

100% for small mist particles having high number densities and small surface 

roughness values (Figure 3.2.8(c)). These results imply that the film deposition rate is 

determined by the ratio 1-(Aout/Ain). However, the morphology and rigidity of the AlOx 

(c) 
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film network are dominated by the size distribution of mist particles. Nonetheless, 

further studies on the contribution of the mist particles with larger sizes (of micrometer 

order) toward the film deposition are required.3.24  

 

 

(c) 

 

Figure 3.2. 8. (a) Deposition rate for AlOx thin films by mist-CVD summarized as a 

function of the area ratio of 1-(Ain/Aout) for varied Fd, Tf, and Vm conditions (Figures. 

3.2.1-3.2.4) obtained from the size distributions of mist precursor at the inlet and outlet 

positions (Figures 3.2.6 and 3.2.7). (b) Refractive index (n) vs (AM/Aout) × 100% for 

varied Fd, Tf, and Vm. The average particle size of the mist precursor at its highest 

number density corresponding AM is given on the horizontal axis. (c) Sq/rms vs average 

size of mist precursor for varied Fd, Tf, and Vm. 
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3.2.4 Effect of Vm on the junction properties at the AlOx/n+-Si interface and 

FET performance  

Figure 3.2.9 shows the J-E curves obtained from AlOx thin films with a thickness 

of 50 nm, fabricated using different Vm values. The inset shows a schematic 

representation of the MOS capacitor. The breakdown field shifted systematically from 

6.8 MV/cm for the film grown without Vm to about ⁓8 MV/cm for the specimen with a 

Vm of 9 kV. This value is compatible with the breakdown field of over 8.5 MV/cm 

obtained through a plasma-enhanced ALD Al2O3/GaN/sapphire MOS-CAP structure 

reported previously.3.26 Additionally, the leakage current was notably suppressed as the 

magnitude of Vm was increased. These results imply that a smooth and dense AlOx 

network is crucial to obtaining high-performing AlOx films to acts as gate insulators in 

FETs. In addition, the obtained AlOx network can improve the passivation ability of c-

Si for c-Si photovoltaics (Figures 3.2.9 (b) and (c)) for the carrier lifetime and surface 

recombination velocity of the Al/AlOx (thickness = 50 nm)/n+-Si structure.3.15-17   

(a) 
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Figure 3.2. 9. (a) J-E curves in the Al/AlOx/n
+-Si MOS capacitor with AlOx grown by 

mist-CVD at different Vm values. (b) Recombination velocity Seff, (c) Minority carrier 

lifetime τeff of AlOx thin films fabricated using mist-CVD with different values of Vm. 

 

Figure 3.2.10 shows the capacitance versus voltage C-V curves for both forward 

and backward scanning of the Al/AlOx/n
+-Si MOS capacitors fabricated at different Vm 

values, whereas sampling voltage and sweep rate were 0.02V and 0.2V/s, respectively. 

The hysteresis of the C-V curve ∆𝑉𝐹𝐵  associated with interface defect (Dit) at the 

dielectric/semiconductor interface was markedly suppressed; 3.27 a decrease from 0.056 

V for the film fabricated without Vm to 0.005V for the specimen with a Vm of 9 kV was 

observed. Dit was determined from the C-V characteristics at different measurement 

frequencies, through the following equation (Equation 3.2.1). 

 

(b) 

(c) 
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𝐷𝑖𝑡(𝜑𝑠) = (
𝐶𝑜𝑥

𝑞⁄ ) (
𝐶ℎ𝑓

(𝐶𝑜𝑥 − 𝐶ℎ𝑓)⁄ −
𝐶𝑙𝑓

(𝐶𝑜𝑥 − 𝐶ℎ𝑓)⁄ )     (𝑐𝑚−2𝑒𝑉−1) (3.2.1) 

 

where 𝐶𝑙𝑓and 𝐶ℎ𝑓are the capacitances measured at low (10 kHz) and high frequency 

(1MHz), respectively. Dit decreased from 4.56 × 1010 to 9.5 ×109 cm-2eV-1 when Vm 

was increased from 0 to 9 kV (Table 3.2.1). The value of Dit at 9 kV was ~1× 1010 cm-

2eV-1, which was the same as those reported using radio frequency magnetron sputtering 

and PE-CVD.3.15,3.16 

 

Figure 3.2.10. (a) Capacitance-voltage (C-V) hysteresis behavior of the AlOx thin films 

fabricated through mist-CVD at different Vm for a measurement frequency of 1 MHz. 

 

Table 3.2.1 summarizes the C -V hysteresis, flat band voltage (VFB), negative 

fixed charge density (Qf), and interface trap density (Dit) for the corresponding 

Al/AlOx/n
+-Si capacitors, the capacitors analyzed had a thickness of ~50 -nm, and were 

fabricated using varied Vm.  Table 3.2.1 shows that VFB increased from 0.73 to 1.18 V 

when Vm was increased from 0 to 9 kV, respectively. The lower VFB value of the AlOx 

thin film fabricated without Vm reveals that the native defects/traps in the sample are 

dominant, owing to oxygen vacancies. In contrast to the sample fabricated without Vm, 

the sample with Vm shows a positive shift in VFB. Such a shift indicates that negative 
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fixed charges were accumulated in the oxide and/or at the AlOx/c-Si interface.3.28,3.29 

Consequently, Qf increased from -2.03 × 1012 cm-2 to -5.1 × 1012 cm-2. This value is 

compatible with those reported for AlOx using ALD.3.30-32 In addition, high Qf creates a 

strong depletion layer in the junction to protect unwanted recombination with the 

charge in the c-Si3.30-33, higher relative dielectric constant K for a higher mesh bias 

voltage of 9 kV also supports to form strong depletion layer in the junction (Figure 

3.2.11). Also, µ-photoconductive decay (PCD) measurements revealed that the AlOx 

thin films fabricated with a Vm of 9 kV exhibited a minority carrier lifetime of ⁓750 μs 

having a low recombination velocity (⁓12 cm/s) (Figures 3.2.9 (b) and (c)). These 

results imply that the mesh bias supply in the synthesis of AlOx thin films improves the 

surface passivation ability of the Al2O3/c-Si interface. 

 

Figure 3.2. 11. Relative dielectric constant κ for AlOx thin films with a thickness of 

50 nm deposited under different values of Vm using mist-CVD on n-Si. 
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Table 3.2. 1. Extracted parameters for Al/AlOx (thickness = ~50 nm)/n+-Si capacitor 

fabricated at different Vm values. 

Vm (kV) 

C-V hysteresis 

(V) 

VFB from C-V 

(V) 

Qf (×1012 

cm-2) 

Dit (×1010 

cm2eV-1) 

0 0.056 ± 0.001 0.73 2.03 4.56 

3 0.028 ± 0.001 0.89 3.62 2.10 

6 0.009 ± 0.001 1.11 4.98 1.02 

9 0.005 ± 0.001 1.18 5.10 0.95 

 

Figure 3.2.12(a) shows the schematic and optical microscope images of the MIS-

FET device structure used in this study. Figure 3.2.12 (b) and (c) also show the transfer 

characteristics and  √𝐼𝑆𝐷- Vg plots for the MoSe2 layers (thickness of 40–60-nm) on a 

~50 -nm -thick AlOx/p
+-Si fabricated at different Vm values by mist-CVD.  For each 

Vm values, the linear mobility (μlin), the saturation mobility (μsat), threshold voltage Vth, 

subthreshold swing factor (SS), and on/off ratio are listed in Table 3.2.2. The linear 

and saturation mobilities of the MoSe2 FET were calculated using the equations μlin = 

(dIDS/dVGS) × (L/(W·Ci·VD)) and μsat = (d√IDS/dVGS)2 ×(2L/W·Ci), respectively,3.34 

where L is the channel length, W is the channel width, and Ci is the capacitance between 

the MoSe2 channel and back gate, and VD is the voltage drop through the channel. The 

off-current was suppressed to be low with increasing the on/off current ratio of ~107 

with an increase of Vm from 0 to 9 kV.  These results originate from a strong depletion 

layer was formed in the AlOx/p
+-Si interfaces due to extra negative fixed charges (Table 

3.2.1). The hysteresis behavior of Isd-Vg for the FET curve was consistent with those of 

C-V for Vm of 0 and 9 kV (Figure 3.2.12 (d)). These findings suggest that the hysteresis 

of FETs originates from the junction property at the mist-CVD AlOx gate insulator/p+-

Si interface dependent on Vm value. Additionally, Vth of the MoSe2 shifted negatively 

by the effect of the Vm on the fabrication of AlOx thin films that acts as a gate insulator 

(Figure 3.2.12(c)). MoSe2 metal chalcogenide is a well-known two-dimensional atomic 

layer material, that provides a dangling-bond-free surface. Thus, the majority of the 

defects at the MoSe2/AlOx interface are determined by the defect at the AlOx surface. 

A FET mobility of 41.4 cm2/Vs was obtained with a Vth of 2.75 V, SS of 0.24 V/dec, 

and an on/off current ratio of ⁓107 for a ~50 nm thick AlOx layer; the AlOx layer 
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employed in the study was fabricated under similar to that of FET yielded using 

mechanically exfoliated MoS2, MoTe2, or MoSe2 on thermally grown SiO2/p
+-Si.3.35-38 

 

 

             

 

 

 

 

Figure 3.2. 12. (a) Optical image and schematic of the device structure of 

corresponding FETs. The channel length and width are 8.39 μm and 4.87 μm, 
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respectively. (b) Transfer characteristics of the MoSe2 based FET, (c) √I_SD- Vg plots 

where AlOx is used as a gate insulator fabricated at different Vm values. (d) Transfer 

characteristics of the MoSe2 based FET hysteresis behavior; AlOx thin films were 

fabricated by mist-CVD at different Vm. 

 

3.3 Synthesis of mist chemical vapor deposited Al1-xTixOy thin films 

and their application to a high dielectric material 

The large bandgap dielectric material is essential to suppress the charge injection 

from electrodes into dielectrics that cause leakage current. On the other side, the 

dielectric material with a high dielectric constant is important to scall down the device 

size. The trade-off between these two properties is clearly noticed. One effective 

proposal for balancing between κ and Eg is employing aluminum titanium oxide 

[(Al2O3)1-xTiO2)x] (Al1-xTixOy) with intermediate properties of Al2O3(κ ~9, Eg~ 7 eV) 

and TiO2(κ ~50, Eg ~3 eV). As a third topics, we investigated the synthesis of Al1-xTixOy 

alloy thin films by mist-CVD from Al(acac)3 and Ti(acac)4 for different precursor 

mixing ratios γ [=Ti(acac)4/Al(acac)3] and CH3OH/H2O solvent ratios. The junction 

properties at the corresponding Al1-xTixOy/n-Si interface and examining the potential of 

Al1-xTixOy obtained through mist-CVD to act as a high dielectric gate material for metal-

oxide field-effect transistors (MIS-FETs) are also investigated by using mechanically 

exfoliated molybdenum di-selenide (MoSe2) and Arsenic (As)-doped tungsten di-

selenide (WSe2) flakes as an active layer including the assembly of the complementary 

metal-oxide-semiconductor (C-MOS) inverter. 

 

3.3.1 Synthesis of Al1-xTixOy thin films by mist-CVD 

Figure 3.3.1 shows the Ti composition ratio x in the Al1-xTixOy films determined 

by the XPS analysis plotted as a function of Al(acac)3 and Ti(acac)4 precursor mixing 

ratio γ for different CH3OH/H2O solvent ratios at an Fd of 2400 sccm and a Tf of 550 

℃. The Ti composition ratio x in the Al1-xTixOy films depends on γ as well as 

CH3OH/H2O solvent ratio. The linear relation between the x in the Al1-xTixOy films and 

the γ value is observed when a CH3OH/H2O was 9:1, suggesting that the x ratio in the 

films can be controlled by tuning the γ as well as CH3OH/H2O mixing ratio in the 
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solution. Thus, the Ti composition ratio x is also sensitive to the CH3OH/H2O ratio even 

at the identical γ ratio. 

 

Figure 3.3. 1. Ti composition ratio x in the Al1-xTixOy films plotted as a function of 

ratio γ for different CH3OH/H2O solvent mixing ratios. 

 

Figure 3.3.2 (a) shows the film deposition rate of the Al1-xTixOy plotted as a 

function of CH3OH/H2O volume ratios for a γ value of 70/30. The film deposition rate 

decreased markedly from 10.5 to 0.9 nm/min when the H2O mixing ratio was increased 

from 0 to 30 volume percent in CH3OH solution. In fact, little has been discussed about 

a discrepancy between the mixing ratio in the solute in a solution and the composition 

ratio in the mist-CVD alloy thin films. These results imply that the H2O addition reduces 

the film growth rate of Al1-xTixOy because the generation rates for both Al(acac)3 and 

Ti(acac)4 precursors are suppressed to be lower than those of CH3OH alone. In fact, the 

high-speed camera also reveals that the mist flux and their traveling speed decreased 

by the addition of H2O (Figure 3.3.2 (b)).  
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(a) 

 

(b) 

 

Figure 3.3. 2. (a) Deposition rate for Al1-xTixOy thin films fabricated by mist-CVD 

plotted against different CH3OH/H2O solvent ratios for a γ of 70/30, an Fd of 2400 

sccm, and a Tf of 550 ℃. (b) High-speed camera image of Al(acac)3/Ti(acac)4 mist 

precursors with different CH3OH/H2O ratios monitored at the outlet position of the 

tabular furnace. 

 

In Figure 3.3.3 (a), the size distribution of mist particles monitored at the outlet 

position of the tubular furnace (Figure 3.3.3 (b)) is shown for different CH3OH/H2O 

ratios at a γ of 70/30. The size distribution of the mist particles composed of two broad 
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bands having a maximum at ~10 and ~25 nm, which are attributed to TiOx and AlOx 

related complex, respectively, considering the origin according to the results of the 

previous study of size distributions of solely Al(acac)3 and Ti(acac)4 mist particles 

(Figure 3.3.3 (c)). The total number density of mist particles also decreased gradually 

with increasing the H2O ratio to 15% and subsequently it decreased markedly when the 

H2O ratio was above 15%. These findings originate from the suppression of the mist 

generation rate due to hydrogenation by a stronger hydrogen bond between H2O and 

CH3OH, which results in the increase in the surface tension and chemical stability of 

the CH3OH-H2O complex in the solution.3.12,3.13,3.39 On the other hand, it is well known 

that the H2O and CH3OH domain exists in a separate state for CH3OH/H2O volume 

ratio over ~20%.3.12 
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(c) 

 

Figure 3.3. 3. (a) Size distribution of Al(acac)3/Ti(acac)4 composite mist particle for an 

γ ratio of 70/30 mist particles for different CH3OH/H2O solvent ratios monitored at the 

outlet position of the tabular furnace., (b) Arrangement of mist-CVD system for the 

monitoring of mist droplets size by particle counter at the outlet position B at the tabular 

furnace. (c) Size distribution of solely Al(acac)3/Ti(acac)4 mist particles monitored at 

the outlet position of the tabular furnace for CH3OH/H2O of 70/30, an Fd of 2400 sccm, 

and a Tf of 550 ℃. 
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Figure 3.3.4 shows the AFM image of 40- nm- thick Al1-xTixOy films for different 

γ ratios when a CH3OH/H2O ratio was 90/10 and a Tf of 550 ℃. RMS value in the 3 × 

3 μm2 areas was decreased from 0.96 to 0.69 nm with an increase in x value from 0 to 

0.54 in the Al1-xTixOy thin films. These results may originate from the increased number 

density of fine mist particles of TiOx compared to the AlOx.  

 

 

Figure 3.3. 4. AFM image of the corresponding ~40-nm- thick Al1-xTixOy thin films 

synthesized for different γ values at a CH3OH/H2O ratio of 90/10 where a linear relation 

between γ and x was observed. 

 

3.3.2 Junction property at the Al1-xTixOy/n-Si interface 

Figure 3.3.5 (a) shows the C-V curve for Al/Al1-xTixOy/n-Si MOS diodes for different 

x values and a CH3OH/H2O ratio of 9:1 measured at a sweep rate of 0.2 V/s for a step 

size of 0.02 V. The inset shows the schematic of the MOS capacitor. The saturated 

capacitance per unit area in the accumulation region increased from 95 to 207 μF/cm2 

when x increased from 0 to 0.54. This result originates from the increased capacitance 

owing to the stronger polarizability of TiO2. Figure 3.3.5 (b) shows the flat band 

voltage for different x values of Al1-xTixOy thin films. 𝑉𝐹𝐵  is extracted from the 
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intersection of the extrapolation of the linear region of (
𝐶𝑜𝑥

𝐶𝑀𝑂𝑆
)2 − 1 to the VG-axis 

using the following equation. 

(
𝐶𝑜𝑥

𝐶𝑀𝑂𝑆
)2 − 1 =

2𝐶𝑜𝑥
2

𝑞𝑁𝐷𝜀𝑠𝜀0
(𝑉𝐺 − 𝑉𝐹𝐵),             (3.3.1) 

The flat band voltage VFB decreased from 1.76 to 0.61 V with the increase of x values 

in the Al1-xTixOy thin film, suggesting the smaller number of traps at the interface 

Figure 3.3.5 (b).3.40  
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Figure 3.3. 5. (a) Capacitance-voltage curve with a schematic representation in the inset 

of the Al/Al1-xTixOy/n
+-Si MIS capacitors fabricated at different x values for a 

measurement frequency of 1 MHz. (b) (Cox/CMOS)2-1 vs gate voltage curve to determine 

flat band voltage VFB for Al1-xTixOy thin films with a thickness of 40 nm deposited 

under different values of x. 

 

Figure 3.3.6 shows the interface state density Dit plotted as a function of x in the 

Al1-xTixOy thin films. Dit was determined from the C-V characteristics using the 

following equation (Eq. 1) 

 

𝐷𝑖𝑡(𝜑𝑠) = (
𝐶𝑜𝑥

𝑞⁄ ) (
𝐶ℎ𝑓

(𝐶𝑜𝑥 − 𝐶ℎ𝑓)⁄ −
𝐶𝑙𝑓

(𝐶𝑜𝑥 − 𝐶ℎ𝑓)⁄ )     (𝑐𝑚−2𝑒𝑉−1) (1) 

 

where 𝐶𝑙𝑓 and  𝐶ℎ𝑓 are the capacitances measured at low (10 kHz) and high 

frequency (1 MHz), respectively. It is observed in Figure 3.3.6 that Dit decreased from 

4.56 × 1010 to 1.23 × 1010 cm-2eV-1 when x increased from 0 to 0.54. 

 

 

Figure 3.3. 6. Interface state density Dit as a function of x in the Al1-xTixOy thin films. 

 

Figure 3.3.7 (a) displays the XPS spectra of the O(1s) core energy level region 

for 50-nm- thick Al1-xTixOy thin films with different x values. The broad peaks 

attributed to the two components at 529.5 ± 0.5 eV (well-bonded oxygen) and 531 ± 

0.5 eV (the oxygen atom which is associated with lattice defects such as oxygen and 
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metal vacancies, and/or interstitials adjacent to the oxygen), their illustrations are 

shown in Figure 3.3.7 (b) and (c).3.41-45 The mist-CVD amorphous AlOx thin films 

contain the lattice defects and hydrolysis due to their weak bonding to oxygen.8 

However, when the weakly bonded oxygen was replaced by strongly bonded oxygen 

upon the addition of a Ti cation, an oxide frame with fewer lattice defects and 

hydroxides was generated. These results imply that the well-bonded oxides increase 

with x in the Al1-xTixOy thin films, due to the decrease in lattice defects originated from 

oxygen vacancies. The XPS results also revealed that the incorporation of titanium ions 

facilitates the oxide lattice formation in the Al1-xTixOy thin-film, which leads to a 

decrease in the donor density at the Al1-xTixOy/n-Si interface. This is because the 

bonding energy of O-Ti (666.5± 5.6 kJ/mol) is higher than that of O-Al (501.9± 10.6 

kJ/mol).3.46,3.47   
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(b)                            (c)
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Figure 3.3. 7. (a) XPS spectra of O(1s) core energy level region for Al1-xTixOy thin 

films for different x values. Schematic showing the conceptual structural features of (b) 

AlOx and (c) Al1-xTixOy. 

 

The conduction band offset, ϕCBO, at the Al1-xTixOy/n-Si interface is extracted by 

C-V measurement using the following equation: 

ϕCBO = qVbi + 
𝐾𝑇

𝑞
 - ∆ϕB                                 (1) 

   ∆ϕB =(
𝑞𝐸𝑚

4𝜋𝜀𝑠𝑖𝜀0
)

1
2⁄                                  (2) 

where Vbi is the built-in potential at zero bias which is determined from the 

extrapolation value on the C-2-V plot (Figure S7), K is the Boltzmann constant, T is the 

tabular furnace temperature of 550 ℃, q is the charge, ∆ϕB is the image force barrier 

lowering [Eq. (1)], and Em is the maximum electric field. The values obtained for each 

term in Eq. (1) at different x values in the Al1-xTixOy thin films are presented in Table I. 

Here, KTf/q is 0.063 eV at a 550 ℃ and ∆ϕB is 20 meV (Eq. 2). As shown in Table 1, 

the conduction band offset at zero bias decreased systematically from 1.75 to 0.38 eV 

when the x value increased from 0 to 0.63 in the Al1-xTixOy thin films.  

 

Figure 3.3. 8. C-2-V plot for different x values in Al1-xTixOy thin films to determine 

built-in potential. 
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Table 3.3. 1 Extracted parameters to utilize conduction band offset at the Al1-

xTixOy/n-Si interface as determined from C-V characteristics for different x values. 

 

Alloy 

composition 
qVbi (eV) ϕCBO (eV) 

Al1Ti0Oy 1.69 1.75 

Al0.88Ti0.12Oy 1.16 1.22 

Al0.74Ti0.26Oy 0.98 1.06 

Al0.46Ti0.54Oy 0.31 0.38 

 

Figure 3.3.9 (a) provides the κ value and the bandgap energy Eg plotted as a 

function of x in the Al1-xTixOy thin films. The κ value was calculated using: κ = 

Coxd/ε0A, where Cox is the accumulation capacitance, d is the thickness of the Al1-xTixOy 

layer, ε0 is the permittivity of free space, and A is the area. The bandgap energy of the 

Al1-xTixOy thin films was determined from the XPS O(1s) core energy level through 

spectral analysis. The energy band diagram at the accumulation region of Al1-xTixOy 

thin films for different x values are schematized in Figure 3.3.9 (b). The equivalent 

oxide thickness (EOT) was determined using: 𝐸𝑂𝑇 =  
𝜅(𝑆𝑖𝑂2)

𝜅(𝐴𝑙1−𝑥𝑇𝑖𝑥𝑂𝑦)
 𝑑(𝐴𝑙1−𝑥𝑇𝑖𝑥𝑂𝑦) +

𝑑(𝑆𝑖𝑂2), where κ(SiO2) and κ(Al1-xTixOy) are the dielectric constants and d(SiO2) and 

d(Al1-xTixOy) are the film thickness, and conduction band offset were extracted from C-

V analysis. The κ value increased systematically from 6.23 to 25.12. As a result, the 

EOT decrease from 30.4 nm to 7 nm, when x increased from 0 to 0.54. The dielectric 

constants for different x values are compatible with those reported elsewhere.18,19 This 

result originates from the decrease in the donor density at the Al1-xTixOy/n-Si interface, 

which may originate from the decrease in the oxygen vacancy-related defects. This is 

because the bonding energy of O-Ti (666.5±5.6 kJ/mol) is higher than that of O-Al 
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(501.9±10.6 kJ/mol). On the other hand, the electronic bandgap Eg corresponding to 

their conduction band offset is systematically decreased from 6.45 eV to 4.25 eV and 

1.75 eV to 0.38 eV, respectively with the increase of x value, which is a major cause of 

leakage current. As a result, Al1-xTixOy thin films with a higher k value of 13.8 and 

lower leakage current were obtained by adjusting a Ti composition ratio of 0.26. 

(a) 

 

(b) 

 

Figure 3.3. 9. (a) Dielectric constant, κ, and electronic bandgap Eg plotted as a function 

of x. (b) Energy band diagram of Al1-xTixOy thin films as a function of Ti compositions 

ratio x. 
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3.3.3 Al1-xTixOy as a gate insulator layer for MIS-FETs 

Figure 3.3.10 (a) shows the transfer characteristics of MIS-FETs with the mechanically 

exfoliated MoSe2 flakes of approximately 40 nm thickness on Al1-xTixOy/p
+-Si with 

different x values. TMDC MoSe2 is a two-dimensional (2D) layered material, composed 

of covalent bonds in the layer and van der Waals forces between the layers. The 

schematic and optical microscopic images of the MIS-FET device structure are shown 

Figure 3.3.10 (b). The result for the FET with AlOx alone as a gate dielectric layer is 

also included for comparison. The linear mobility (μlin), saturation mobility (μsat), 

threshold voltage Vth, subthreshold swing factor, SS, and on/off ratio with their 

corresponding Al1-xTixOy thin film thicknesses are listed in Table 3.3.2. The linear and 

saturation mobilities of the MoSe2 FETs were calculated using the equations μlin = 

(dIDS/dVGS) × (L/(W·Ci·VD))3.34 and μsat = (d√IDS/dVG)2 ×(2L/W·Ci)
3.34, where L is the 

channel length, W is the channel width, Ci is the capacitance between the MoSe2 

channel and the back gate, and VD is the voltage drop through the channel. The linear 

(saturated) FET mobility was increased from 41.4 (137) to 85 (195) cm2/(V·s) with a 

lower Vth shift from 2.75 to 0.92 V, a subthreshold swing SS of 0.24 to 0.12 V/dec, and 

an on/off current ratio of ⁓105 to ⁓106 for the Al0.74Ti0.26Oy layer despite a relatively 

lower thickness of 39 nm. These values are almost compatible with the values obtained 

from the atomic-layer-deposited and sputtered Al1-xTixOy dielectric layers.3.35-

38However, the off-current level in the reverse Vg region was increased at a higher TiO2 

composition of x = 0.54, which is determined by the balance between the conduction 

band offset and dielectric constant of the Al1-xTixOy layer and/or insufficient passivation 

quality of p+-Si. The insertion of a chemically inert layer such as SiO2, boron nitride, 

and TiO2 at the Al1-xTixOy layer in the gate stack will further effectively passivate the 

conductance as well as offer strong permanent polarization for electronic synapse 

applications. 
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(a) 

 

(b) 

 

Figure 3.3. 10. (a) Transfer characteristics of the MoSe2-based FETs where Al1-xTixOy 

is used as a gate dielectric layer for different x values at a VDS of 0.2 V. (b) Optical 

image and schematic of the device structure of corresponding FETs. The channel length 

and width are 10.4 and 6.8 μm, respectively. 

Table 3.3. 2  Electrical characteristics of MoSe2-based n-channel MIS-FETs with 

Al1-xTixOy for different x values. 
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Alloy 

composition 

Film 

thickness 

(nm) 

Vth (V) SS (V/dec) ION/IOFF μ (cm2V-1s-1) 

Al1Ti0Oy 50.52 2.75 0.34 1.20×105 
μsat =137.90 

μlin =41.4 

Al0.88Ti0.12Oy 39.38 1.13 0.16 6.52×105 
μsat =181.30 

μlin =72.37 

Al0.74Ti0.26Oy 38.69 0.92 0.12 2.46×106 
μsat =195.32 

μlin =85.25 

Al0.46Ti0.54Oy 40.96 0.53 0.28 9.79×104 
μsat =162.31 

μlin =47.30 

 

Figure 3.3.11 (a) shows the crystal structure of the hexagonal-shaped As-doped 

WSe2 layer, where the stacking layers follow the sequence of Se-W-Se. Each layer has 

a thickness of 0.34 nm. The atomic and covalent radius of W, As, and Se atoms are 

summarized in Table 3.3.3. For either atomic or covalent radius, it is noticed that there 

is a much smaller size mismatch when As is substitutionally incorporated at a selenium 

site than at a tungsten site. The wide scan XPS spectrum for as-synthesized bulk As-

doped WSe2 crystals used in this study is displayed in Figure 3.3.11 (b). In addition to 

W and Se related fine structures, As(3d) core energy levels are observed at 40- 43 eV 

as a shoulder peak with W(4f) peak (inset of Figure 3.3.11 (b)), although the activation 

efficiency of As atoms were not clear. These results suggest that the growth of As-

doped WSe2 crystal was successful. Figure 3.3.11 (c) shows the AFM image of an As-

doped WSe2 flake transferred onto a c-Si/Al0.74Ti0.26Oy substrate, which thickness was 

estimated to be about 25 nm corresponding to the number of ~20 stacks. Hall 

measurement also revealed that As-doped WSe2 showed p-type with a carrier 

concentration of 8.8 ×1017 cm-3 and mobility of 8.61 cm2/(V·s). 
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Figure 3.3. 11. (a) Crystal structure of the hexagonal shaped As-doped WSe2 layer, (b) Wide 

scan XPS spectrum for as-synthesized bulk As-doped WSe2 crystals, (c) AFM image of an As-

doped WSe2 flake transferred onto a Al0.74Ti0.26Oy/Si substrate, which thickness was estimated 

to be about 25 nm corresponding to the number of ~20 layers stacked. 

Table 3.3. 3 Covalent bond radius and atomic radius of W, Se, and As.3.48 

 
Covalent bond 

radius (pm) 

Atomic 

radius (pm) 

W 162±0.7 139 

Se 120±4 120 

As 119±0.4 119 

 

Figure 3.312 (a) depicts the transfer characteristics of a 25-nm-thick As-doped WSe2 

FETs on Al0.74Ti0.26Oy as a gate dielectric layer under different VDS values on linear and 

logarithmic scales. Platinum was used as a source and drain electrodes by 

radiofrequency sputtering with a channel length/length of 10.55/11.57 μm. The output 

characteristics of the As-WSe2 transistor at different Vbg values in the positive and 

negative VDS regimes are also illustrated in Figures 3.3.12 (b) and (c). The microscopic 

image of the MIS-FET device is illustrated in the inset of Figure 3.3.12 (b). The linear 

mobility, ON/OFF ratio of current and SS for N and P channel at 0.2 Vds are listed in 

Table 3.3.4. An abrupt increase in IDS is clearly observed in Figure 3.3.12 (a) with 

increasing Vbg for both positive (n-channel) and negative (p-channel) polarities, which 

demonstrates the ambipolar operation in the As-doped WSe2 flake transistors. In the 

output characteristics, when sweeping VDS from 0 to +5 V, a saturation of the current 

for positive gate voltage due to pinch off in the channel and a linear behavior for 

negative gate voltages are detected. Electrons are dominant in this regime but such a 

unique increase for negative gate voltage, which is not present in unipolar transistors, 

can be attributed to the accumulation of holes in the conducting channel and is a typical 

ambipolar feature. On the other side, when Vds is going to scan from 0 to -5 V, a non-

linear increase in current of Ids are confirmed, suggesting that the transistor behavior 

has also appeared in this channel and holes are dominant in the negative Vbg regime, 

confirming that the type of carrier that formed the majority in the inversion layer was 
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not as obvious as seen in Figure 3.3.12 (c). Under modulation of Vbg, the current on/off 

ratio at VDS = 0.2 V reaches 8 ×103 and 5 ×103 for the n- and p-type regimes, respectively, 

fulfilling the requirements for use as a switch.3.49,3.50 The extracted mobilities were 6.3 

and 5.7 cm2V-1s-1 for n and p channels, respectively. Those mobilities were compatible 

with the theoretical prediction in the literature,3.51 implying the existence of small 

contact resistance in the layered WSe2 transistors due to high work function metal Pt 

was used as the contact. 
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 (c) 

 

Figure 3.3. 12. (a) Transfer characteristics of a 25-nm-thick As-doped WSe2 transistor 

under different VDS values on a linear and a logarithmic scale, Output characteristics of 

the As-doped WSe2 transistors under different VDS values in the positive VDS regime 

(b) and in the negative VDS regime (c). 

Table 3.3. 4 Electrical characteristics of As-doped WSe2 based ambipolar MIS-FET 

where Al0.74Ti0.26Oy used as dielectric layer.  

SS (V/dec) ION/IOFF μlin (cm2V-1s-1) 

n P n P n P 

0.35 0.65 7X103 4X103 6.3 5.7 

 

Figure 3.3.13 (a) shows the circuit diagram for the inverter by cascading two 

ambipolar MIS-FET using As-doped WSe2 as a channel layer with a common gate as 

the input voltage, VIN. When a positive VDD and VIN are applied, the inverter works in 

the positive VOUT regime (1st quadrant). Under these circumstances, the ambipolar 

transistor, FET1 operates as a p-type channel, whereas the FET2 conducts as an n-type 

channel (Figure 3.3.13 (b)). As VDD and VIN are applied negatively without any 

alternation of the circuit formation, the inverter works in the negative VOUT regime (3rd 

quadrant), as shown in Figure 3.3.13 (c). The corresponding voltage gains, defined as 
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ΔVOUT/ΔVIN, at various VDD are displayed as a function of VIN in Figure 3.3.13 (d). 

The two peak positions rise at the about same level demonstrating that both electrons 

and holes are equally contributed in the ambipolar transistor. These findings provide 

that mist CVD Al0.74Ti0.26Oy has great potential as the gate dielectric layer for MIS-

FETs using 2D WSe2 flake as a channel layer. 

 

          (a)                                         (b) 

 

                     (c)                                  (d) 

 

Figure 3.3. 13. (a) Schematic of a complementary inverter circuit comprising two 

ambipolar transistors, one which operated as an n-type channel transistor whereas the 

other was conducted as a p-channel transistor. (b) Inverter characteristics where VIN and 

VDD were both positively biased (1st quadrat), (c) Inverter characteristics where VIN and 

VDD were both negatively biased (3rd quadrat). (d) The corresponding voltage gain of 

the complementary inverter (ΔVOUT/ ΔVIN). 
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Chapter 4: Conclusion and Future Work 

4.1 Summary of Results 

In this thesis, AlOx based thin films by mist-CVD have been synthesized and 

applied as a gate insulating layer in the field-effect transistor. To understand the film 

properties of AlOx thin film, the deposition parameters, including CH3OH:H2O ratio, 

N2 flow rate Fd, tabular furnace temperature Tf, mesh bias supply Vm, were optimized 

via the analysis of the size distribution of mist precursors using a fast scanning mobility 

particle analyzer. To improve the dielectric properties, TiO2 was added with AlOx and 

resulting in a higher dielectric constant was obtained by adjusting the Ti compositional 

ratio of 0.26. The key contributions of this work are as follows: 

1. Effect of H2O in the synthesis of amorphous AlOx using mist-CVD 

This work studied the effects of adding H2O during the deposition of AlOx thin 

films via mist-CVD. The CH3OH:H2O ratio during the deposition was varied and films 

were also subjected to both H2O and CH3OH mists after fabrication. Both the density 

and uniformity of AlOx thin films were improved markedly by adjusting the 

CH3OH:H2O ratio with concurrent decreases in the surface roughness. The addition of 

H2O during the mist-CVD of AlOx was found to suppress the deposition rate and to 

promote the removal of -OH groups on the growth surface. The AlOx with CH3OH 

solvent alone includes a large amount of OH bond near the growing surface rather than 

the octahedral and tetrahedral AlOx complexes. They induce surface roughness because 

a sticking process is dominant rather than the removal of OH bond. On the other hand, 

the H2O mist scavenges the OH bond efficiently during the growth, resulting in that the 

octahedral and tetrahedral AlOx complexes are formed preferentially. These results 

imply that H2O mists act as a scavenger of OH bond near the growing surface. This 

effect, in turn, affected the extent of passivation of the Si surface, The mist-CVD of 

AlOx in conjunction with CH3OH:H2O ratio of 7:3 resulted in a highly effective 

minority carrier lifetime, τeff, of 718 μs, a low recombination velocity, Seff, of 16 cm/s, 

a high breakdown field, EBD, of 6.9 MV/cm and a low interface density, Dit, of 1010 cm-

2eV-1. These values were close to those reported for AlOx synthesized using ALD and 

PE-CVD. 
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2.  Improve the film properties of mist-CVD deposited AlOx thin films by 

optimizing the deposition parameters monitored by a fast-scanning mobility 

particle analyzer 

In this section, the correlations among the size distribution of charged mist 

particles, the deposition parameters, and film properties, including junction properties 

at the AlOx/n-Si interface were investigated. The correlation was studied for AlOx thin 

films produced by mist-CVD via analysis of the size distribution of the mist precursors 

using a fast-scanning mobility particle analyzer. The findings are assembled as follows: 

a) AlOx thin film having higher n value with smaller surface roughness was 

obtained by optimizing the deposition parameters; 0.015mol/L Al(acac)3, Fd of 2400 

sccm, and Tf of 550 ℃. 

b) Further, mesh bias Vm supply during film growth effectively increased the n-

value of AlOx thin films by suppressing their surface roughness and improving the 

junction properties at the AlOx/n-Si interface.   

c) AlOx thin films having a highly rigid network and small surface roughness were 

obtained at a deposition rate of 3.9 nm/min by adjusting the deposition parameters with 

a Vm of 9 kV. 

d) A FET mobility of 41.4 cm2/Vs was obtained with a Vth of 2.75 V, SS of 0.24 

V/dec, and an on/off current ratio of ⁓107 for a ~50 nm thick AlOx layer were obtained 

by adjusting the mesh bias supply to 9 kV. 

e) Finally, the film properties of AlOx and its junction properties at the AlOx/n-Si 

interface were determined by the size distribution of the mist precursor. 

These findings imply that AlOx thin films synthesized through mist-CVD using 

fine mist particles by adjusting Vm are promising for the gate insulators for FETs.  

 

3.   Effect of Ti acetylacetonate addition on the synthesis of mist chemical vapor 

deposited Al1-xTixOy thin films 

Further improvement of dielectric properties of AlOx thin films, Ti acetylacetonate 

were added in this topic. Effect of additive TiO2 precursor in the growth of the mist-

CVD Al1-xTixOy thin films from Al(acac)3 precursor solution using CH3OH/H2O (7:3) 
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as a solvent and on the junction property at the Al1-xTixOy/n-Si interface has been 

investigated. The Ti composition ratio in the Al1-xTixOy thin films was controlled by 

tuning Ti(acac)4/Al(acac)3 and CH3OH/H2O ratios. The MIS-FETs that use 

mechanically exfoliated MoSe2 flakes with a gold S/D electrode on Al0.74Ti0.26Oy as a 

gate dielectric layer exhibited a FET mobility of 85 cm2/Vs with a lower threshold 

voltage (0.92 V) and a higher on/off current ratio (~ 106). The leak current for MIS-

FETs was suppressed efficiently for Al0.74Ti0.26Oy thin films with bandgap energy (5.12 

eV) and a dielectric constant (13.8). Ambipolar behavior of IDS-Vg was observed for 

MIS-FETs with As-doped WSe2 flake as a channel layer with platinum S/D electrodes. 

The tunability of these WSe2-based ambipolar transistors is suitable for use in logic 

applications. These findings imply that Al0.74Ti0.26Oy thin films by mist CVD act as a 

gate dielectric layer of 2D semiconducting 2D metal chalcogenide-based MIS-FETs. 

 

4.2 Future Work 

 

The MIS-FET performance mainly depends on the interface properties Al1-xTixOy 

/ n-Si interface and the film properties of Al1-xTixOy thin film. Mist-CVD deposited 

amorphous AlOx is a model substance as a dielectric layer in the MIS-FET. A set of 

possible approaches to improve the dielectric properties of mist-CVD AlOx and to 

understand the junction properties of MOS capacitor, as well as MIS-FET, are as 

follows: 

a) We have studied the junction properties of the Al1-xTixOy / n-Si interface. But to 

obtain the improved performance of MIS-FET, Al1-xTixOy /MoSe2/As-doped 

WSe2 interface should be taken into account. 

b) In this study, the mechanically exfoliated MoSe2/As-doped WSe2 was used as a 

channel layer. The atomic/bi-layer of MoSe2/MoS2 is another approach to 

improve the performances of FETs and MOS inverter. Our group member A. 

Kuddus has been already concentrated on mist-CVD deposited MoS2-based 

MIS-FET fabrication on Al1-xTixOy/P++-Si substrate. 

c) As mist-CVD is an open-air deposition system, the impurity may come from 

the air XPS study is crucial to understand the impurity concentration in the Al1-

xTixOy thin films. 
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d) The dielectric properties of Al1-xTixOy thin film can be further improved by 

analyzing the structural properties of Al1-xTixOy thin film. 

e) Introducing the mist-CVD deposited capping layer of metal oxide is another 

approach to improve the MOS-FET performance. 

 

  


