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Chapter 1 

Introduction 

 

1.1 Background 

In recent years, the dependence on electrical energy has been increasing due to the 

progress of advanced information society. Because of the spread of information-related 

equipment, the rapid economic development of developing countries, and the increase of 

world population, global energy demand is expected to increase in the future. On the other 

hand, the global warming problem, which is concerned about the depletion of fossil fuels 

such as petroleum and natural gas as current major energy sources, increased abnormal 

weather and extinction of species is getting worse. In addition, there are no signs for it to 

be resolved yet. Therefore, it is expected not to use fossil fuel and to utilize clean energy 

with less environmental burden. Clean energy includes solar power generation, wind 

power generation, geothermal power generation, and the like. There are advantages such 

as suppressing emission of carbon dioxide, which is considered to be the cause of global 

warming, and inhibit emission of harmful radioactive waste. However, due to high power 

generation cost and the difficulty of stable supply, it is not a main energy source. 

Figure 1-1 shows the recent trends in CO2 emissions [1]. The CO2 emissions show a 

slightly increasing trend, and the amount of "energy conversion" centered on power plants 

has increased to over 40% of the total. From these facts, it is suggested that our electricity 

consumption accounts for at least 50% of the total CO2 emissions. Therefore, considering 

the convenience, economy and environmental friendliness of electrical energy, it is 

expected that demand will increase in the future, and device development for energy 
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conservation is required. 

 

 

FIG. 1-1. The recent trends in CO2 emissions. Each sectors shows the source of CO2 

emissions such as residential and commercial, industry, transport, agriculture and 

forestry, and energy [1]. 

 

For the history of semiconductors, transistors were invented by Shockley, Brattain, 

Bardeen et al., Bell Laboratories, which was known as the world's largest research center 

at that time in 1947 [2]. From 1960s, silicon has become the dominant semiconductor 

with the complementary metal oxide semiconductor (CMOS) process [3, 4]. The major 

driving force for the growth of the industry was scaling as described by the famous 

Moore’s law [5]. This invention is counted as one of the greatest inventions of the 20th 

century and is believed to be the most fundamental one that supports modern life. After 

that, semiconductor technology has made rapid progress with numerous inventions. 

Among them, metal oxide semiconductor field effect transistor (MOSFET) can be 

mentioned as a big invention. With the advent of MOSFETs, the miniaturization of the 
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electronic circuit rapidly progressed. With the development of science and technology, 

our social life have been enriched and the amount of energy has been increasing.  

The key to this energy saving is a power conversion element called a power device 

[6]. The market of power semiconductor devices in the world has grown from $ 11 billion 

in 2005 to $ 19 billion in 2018. The market did not monotonically increase, but responded 

sensitively to the market fluctuations for applied fields and grew up and down repeatedly. 

Trends of the power semiconductor device market are shown in the FIG. 1-2. Industry, 

consumer, and automobiles are the major markets since 2010 and these are growth fields. 

In 2013 these account for 80% of the total in 3 fields. 

 

 

FIG. 1-2. Trends of the power semiconductor device market until 2018. The amount 

in the market was by automotive, industrial, consumer, wired comm., wireless comm. 

and data process [6]. 

 

The power device facilitates conversion from direct current to alternating current (or 

alternating current to direct current) and, voltage and frequency conversion. In addition, 

performance such as high breakdown voltage, large current, low loss and high speed 
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operation is required, and these have a trade-off relationship. In order to apply the power 

device to a wide range of power needs ranging from a small capacity to a large capacity, 

various types of devices have been used and developed. The application of power devices 

begins with power conversion during power generation and extends to home appliances 

equipped with inverters such as bullet trains, automobiles, air conditioners, and 

refrigerators that require motor rotation control. However, the generated electric power is 

not used directly. It is converted many times to the target voltage, current, frequency by 

the power device. Therefore, if the performance of power devices is improved and the 

power loss due to power conversion in each process can be reduced, it is considered that 

power usage efficiency improves and it can contribute greatly to solving society’s energy 

crisis and global warming problem.  

Currently used power semiconductor devices are mainly made of silicon (Si). The 

high performance by making fully use of micro technology of large scale integrated 

circuits was tried. However, it is getting close to the performance limit due to the physical 

characteristics value of Si, and drastic performance improvement of Si power 

semiconductor device cannot be expected from now on. Therefore, a wide band gap 

semiconductor having physical properties superior to Si attracts attention. Wide band gap 

semiconductor is a generic term for semiconductors with large width indicating energy 

gap between the conduction band and the valence band. Silicon carbide (SiC), gallium 

nitride (GaN), diamond, and the like can be cited as a wide band gap semiconductor and 

attracted attention as a next generation power semiconductor device material. Among 

them, GaN has received particular attention [7]. 
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1.2 Fundamentals of Gallium Nitride in Group III-Nitride 

1.2.1 Crystal structure of GaN 

Wide-gap semiconductors such as GaN and SiC are attractive materials for realizing 

the next-generation power conversion system by replacing Si devices. A wide-gap 

semiconductor is a semiconductor having a double or more band gap compared with Si 

(1.12 eV) and typical materials are SiC of group IV-IV compound semiconductor and 

GaN of III-V group nitride semiconductor. III-V semiconductors, which are GaN and 

related materials. These have a hexagonal wurtzite structure due to the relatively strong 

ionic of the chemical bonds between cations and anion atoms in the crystal. FIG. 1-3(a) 

shows definitions of lattice constants and orientations in a hexagonal wurtzite type crystal. 

c-axis direction [0001] has strong ionic and it is possible to obtain polarization 

characteristics along the c-axis [8]. "c-plane" which is the (0001) orientation 

perpendicular to the c-axis is called "polar plane" with polarization effect. Indeed, GaN-

based power devices are generally fabricated on c-planes of GaN-based materials. On the 

other hand, the normal direction of the c-axis defined as the a-axis and the other direction 

weakens the ionicity in the crystal. As shown in FIG. 1-3(b), the "nonpolar" orientation 

of the (11-20) plane and the (1-100) plane called the a-plane and the m-plane respectively 

show no polarization effect. These a-plane and m-plane are used for LEDs to control 

polarization in order to suppress carrier separation by an internal electric field [9]. 

In addition, as shown in FIG. 1-3(c), the lattice constant of the wurtzite crystal of 

GaN is also defined by a and c, c is 5.186 Å and a is 3.189Å. Each lattice constant depends 

on the ionic in the crystal, and generally, the lattice constant decreases as the ionic 

property becomes stronger. Comparing the ion intensities between other cations of III- V 

group and anions, it is observed as AlN> GaN> InN. 
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FIG. 1-3. (a) Schematic illustrations of the wurtzite crystal structures and its 

directions and orientations. (b) Definition of lattice constants of wurtzite crystal. 

GaN lattice constants are c = 5.186 and a =3.189 

 

1.2.2 Comparison of physical properties as power semiconductor 

The switch of the electric circuit is turned-on (R = 0) or turned-off (R = ∞). In an 

ideal switching process, there is no voltage drop nor leakage current. Note that Power (P) 

is Voltage (V)× Current (I). However, as shown by the solid line in FIG. 1-4, as the actual 

switch, the on-voltage and the conductance have a finite resistance against the off-state 

current. Finite resistance at V, I and P causes voltage drop and power loss in the on state. 

The resistance value at this time is called "on resistance (RonA)" and the conduction loss 

is called "conduction loss". 

The RonA is the resistance to express the characteristics regardless of the device size. 

The current density is defined by the unit of A/cm2 in the ON state, the unit of the RonA 

is Ωcm2. 

 In addition, the actual switches have finite transient characteristics of voltage and 

current during turn-on and turn-off. Increased power loss during turn-on and turn-off 

transitions is called "switching loss". The longer the transient time, the greater the 

switching loss. Furthermore, the total amount of switching losses can be larger even at 
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higher frequency operation. Therefore, from the viewpoint of circuit requirements, it is 

indispensable to realize a switching transistor having low RonA, small leakage current, 

and excellent switching characteristics. 

 

 

FIG. 1-4. On state and off state of the switching transistor. P (blue line) is V (orange 

line) × I (green line). The conduction loss is called "conduction loss" and increased 

power loss during turn-on and turn-off transitions is called "switching loss" 

 

Figure 1-5 shows how physical characteristics values affect the device in view of 

requirements of power electronics system [10]. If it is a wide gap and high breakdown 

voltage, the Ron can be made small, high output operation can be achieved and power loss 

can be suppressed. Also, high thermal conductivity improves heat dissipation, stable 

operation in a high temperature environment of 200 º C or more and miniaturization of 

the cooling device (water cooling to air cooling etc.) are also possible. High electron 

mobility and carrier density can achieve high frequency operation and high electron 

density, and downsizing and cost reduction of the device can be realized. Therefore, a 

high voltage operating device with a lower Ron can minimize the cooling device. 

Furthermore, if the device can operate at a higher temperature, the reduction of the 

cooling system can realize not only a reduction in the cost and volume of the system but 

also an improvement in efficiency due to a reduction in heat loss in the power system. 
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FIG. 1-5. Influence of physical properties in power electronics systems. The purple 

group shows the physical properties of power device semiconductors. The gray and 

green group indicates the influence of the power device and system.  

 

TABLE 1-1 compares band gap, breakdown electric field, electron mobility, electron 

saturation veocity, transition type, thermal conductivity, Johnson figure of merits, Baliga 

figure of merits of Si, 4H-SiC, 6H-SiC, GaN, AlN and InN [11]. The Johnson figure of 

merit (JFM) is one of the most widely used performance indexes for high frequency 

power applications and it is expressed by the equation (1.1) using the dielectric 

breakdown electric field Ec and the saturated electron velocity 𝑣𝑠 [12]. Baliga figure of 

merit (BFM) proposed by Baliga shows the performance in low frequency applications 

reflecting the conduction loss of the transistor and is expressed by the equation (1.2) using 

the electron mobility 𝜇𝑒 and the band gap Eg [13]. 

JFM = (
𝐸𝑐𝑣𝑠

2𝜋
)2     (1.1) 

BFM = 𝜀𝑟𝜀0𝜇𝑒𝐸3
𝑔  (1.2) 

Physical characteristics factors which are important in application to power 

semiconductors are wide band gap, high dielectric breakdown electric field, high thermal 
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conductivity, high electron saturation speed, and high carrier mobility. GaN is a direct 

transition type semiconductor having a wurtzite crystal structure and has a band gap of 

3.4 eV, dielectric breakdown electric field of 3.3 MV/cm, electron mobility of 1000 to 

2000 cm2/Vs, electron saturation. It has a speed (2.8 × 107 cm/s) and shows excellent 

physical properties exceeding not only Si but also SiC. The band gap of GaN is 3 times 

the band gap of Si, and the electric breakdown field is 10 times higher. Although the 

electron mobility of GaN and SiC is lower than that of Si, the influence of mobility on 

Ron can be suppressed by using an optimized device structure [14].  

Particularly, because GaN and its related materials have less impurity diffusion, the 

electron mobility is much higher than Si and SiC. In addition, GaN based hetero structures 

generally show a high electron density about ten times over their channels. Comparing 

these performance indices with Si as a reference, the JFM of GaN has a high value of 

270-480 times of Si and 17-34 times of BFM. Furthermore, in comparison with the group 

III-V group, AlN exhibits the largest band gap in the III-V group and InN shows the 

smallest because the stronger ionic nature in the semiconductor increases the band gap. 

Although GaN and other III-V have direct band gap, Si and SiC have indirect ones. With 

direct bandgap, electron can be emitted from the valence band to the conduction band, 

which is an important element for realizing the efficient light emitting diode (LED). The 

higher saturation velocity and the higher breakdown electric field also giving the superior 

transport properties in the high electric field condition, that is, the high-frequency 

operation. 
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TABLE 1-1. Physical properties of Si, GaN, and 4H-SiC, 6H-SiC, AlN, InN [11]. 

 

 

Figure 1-6 shows the electric field distribution in the depletion layer of Si and GaN 

SBD [15]. The breakdown voltage corresponds to the area of the triangle. GaN shows a 

vertically elongated triangle as compared with Si because of its large dielectric 

breakdown electric field. As a result, GaN can shorten the drift layer compared to Si, and 

because of the high carrier concentration, the RonA can be made smaller by two or more 

orders. Therefore, as an advantage of GaN with respect to Si, it is possible to reduce the 

thickness of the drift layer and to realize a low RonA. Figure 1-7 shows the comparison 

between the performance limit line of Si, SiC, and GaN estimated from the physical value 

and the GaN-based power semiconductor [16]. Because GaN and SiC have 10 times the 

breakdown electric field compared to Si, RonA of these materials can be made three orders 

smaller than Si. GaN has already developed high breakdown voltage devices exceeding 

the performance limit line of SiC [17]. 

In recent years, the practical application of inverters for railway vehicles using SiC 

power semiconductors has been started and research on crystal growth technology and 

device technology on GaN vertical device structure is actively studied. By using GaN, it 
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is possible to realize a power device capable of operating at ultra low loss, small size, and 

high temperature. In the future, the hybridization of gasoline cars and full-scale 

introduction of electric vehicles are anticipated and power devices are expected to be used 

for various purposes more than ever. Therefore, expectation of energy saving effect is 

high through the realization of GaN power devices [18, 19]. 

 

FIG. 1-6. Electric field distribution in depletion layer of Si and GaN SBD. GaN 

shows a vertically elongated triangle as compared with Si. 

 

FIG. 1-7. Relation between characteristic RonA and operation voltage [16]. The 

theoretical limit value of GaN exceeds SiC. This shows the characteristics of Si SJ 

MOSFET, SiC MOSFET, Si IGBT and GaN HEMT [16]. 
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1.3 Power devices using GaN-based semiconductors and their 

technical issues 

1.3.1 Current Status of GaN Metal Oxide Semiconductor Field Effect 

Transistor 

Table 1-2 summarizes the structures and corresponding characteristics of the high 

electron mobility transistor (HEMT) and the vertical GaN MOSFET [20]. A transistor 

with high breakdown voltage, low resistance, high-frequency operation is a feature of the 

GaN HEMT structure [21-23]. Also, it is a vertical type GaN power device that aims at 

ultra-high voltage transistor due to the high breakdown voltage of GaN bulk crystal [24]. 

The benefit of the HEMT structure is that not only the RonA can be greatly reduced by 

high carrier concentration and high mobility but also the operating frequency is high due 

to high saturated electron velocity, and the two dimensional electron gas (2DEG) 

concentration is 1 × 10 13 cm -2 or more, which can reduce the parasitic resistance at the 

source/drain region. However, it is difficult to improve the breakdown voltage in the 

HEMT structure wherein the electric field is applied in the lateral direction in the plane. 

Also, from the viewpoint of miniaturization, it is limited to applications of up to several 

hundred volts due to the short channel. From the viewpoint of power device application, 

while the HEMT structure is advantageous for its low resistance, it has disadvantages 

such as becoming a "normally on" device in which the channel is in a conducting state 

even if no gate voltage is applied. 

  In a power device for high breakdown voltage and large current, a vertical structure is 

advantageous in that it is a relatively easy structure to have a high breakdown voltage and 

a high current density per chip area. The dielectric breakdown of GaN is expected to 
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become very high and it is expected that ultrahigh voltage transistors exceeding SiC can 

be realized if the vertical structure utilizes a GaN bulk substrate [25]. Ultra high 

breakdown voltage operation has already been demonstrated in vertical devices and 

breakdown field strengths of 3.5 MV/cm to 3.75 MV/cm have been observed from the 

operating characteristics of Schottky barrier diodes. This is much larger than the 2.8 

MV/cm of 4 H-SiC, suggesting the possibility that GaN essentially has merit in ultra-high 

voltage operation. Recently, as shown in FIG. 1-7, the demonstration of vertical GaN 

MOSFET that can withstand 1.7 kV of voltage and 1.0 mΩ・A which exceeds the 

theoretical performance limit that is constrained by the drift resistance of 4H-SiC has been 

reported [26]. In addition, the latest research have reported operation that shows high 

RonA while having high breakdown voltage in vertical GaN MOSFET [27]. However, for 

practical application, it is indispensable to form a free-standing substrate of high quality 

and the establishment of large-diameter bulk crystal growth technique is necessary. 

 

TABLE 1-2. Structures and their characteristics of MOS HEMT and vertical GaN 

MOSFET.  
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1.3.2 Influence of Gate Insulation in GaN MOSFET  

Figure 1-8 (a) shows the band diagrams of the Schottky gate and insulated gate in 

the ON state. The gate leakage current of the Schottky greatly increases and it is 

impossible to interrupt the flow of electrons in the positive bias state. However, the gate 

insulating film has a large conduction band offset at the insulator/GaN interface and gate 

leakage current can be reduced even with a positive bias. As a result, the insulated gate 

structure allows a normally-off operation which needs application of a positive gate bias 

to turn on. Therefore, an insulated gate structure is very important for improving operating 

performance [28]. Figure 1-8 (b) shows the band diagram of GaN and the main insulator 

material of HfO2, ZrO2, La2O3, Ga2O 3, Si3N4, Al2O3, and SiO2 as candidates for the gate 

dielectric film [29]. In order to realize a good insulated gate, it is necessary to consider 

several material properties such as the insulator, band gap, band discontinuity to GaN, 

breakdown field and dielectric constant. In order to keep the leakage current low, it is 

necessary to select materials with wider band gap than GaN. High breakdown field is also 

necessary for operation under high voltage. Furthermore, because the gate insulated film 

expands the distance between the gate metal and the channel, it is also necessary to 

increase the dielectric constant of the insulating film. SiO2 has the largest band gap among 

the materials, however its dielectric constant is about 4. HfO2 is known as a "high-k" 

material with a dielectric constant higher than 20. However, the bandgap of the reported 

HfO2 film is about 5-6 eV, which cannot prepare a sufficiently large band offset for the 

GaN-based material. Ga2O3 is the only material derived from GaN. However, the reported 

band gap of Ga2O3 showed a relatively small band gap similar to Si3N4 and HfO2. In 

addition to these properties, a low electronic state density at the insulator / semiconductor 

interface is necessary. An electronic state is an interface state generally caused by a 
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chemical bond structure between an insulator and a semiconductor and a chemical 

reaction can be formed within a band gap. Therefore, it is indispensable to realize well-

controlled interface characteristics in insulated gate devices. Amorphous Al2O3 having a 

high dielectric constant of 8 to 10, which is as large as 2.1 eV in conduction band 

discontinuity with GaN was focused. Al2O3 has a wide band gap (6.0 - 8.8 eV) and a 

higher dielectric constant than SiO2 (3.9) having the same band gap. In addition, it has 

high dielectric breakdown electric field (8-10 MV/cm) and is thermally and chemically 

stable. As a deposition method of Al2O3 dielectric film, atomic layer deposition (ALD) 

method which ensures excellent film thickness uniformity, controllability, and step 

coverage is investigated. Al2O3 is a promising as a gate dielectric material for GaN-based 

MOS devices. 

 

 

FIG. 1-8. (a) Band diagrams of Schottky and insulated-gate under the forward gate 

bias. The gate insulator has a large conduction band offset and gate leakage current 

can be reduced. (b) Band lineup of GaN and major insulators materials such as HfO2, 

ZrO2, La2O3, Ga2O 3, Si3N4, Al2O3, and SiO2. 
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1.4 Problems of GaN MOSFET fabrication process technology 

For the practical application of GaN MOSFETs, there is a various problem that 

threshold voltage instability by traps at MOS structure, controllability of threshold 

voltage by ion implantation, high Ron by drift layer of GaN and expensive and quality of 

GaN substrate. One of the problems of GaN MOS is that the RonA which causes 

conduction loss is large. Figure 1-9 shows a cross sectional view of a typical vertical type 

n-type MOS. When the device is off, p-type and the n-type drift layer prevent current 

from current flow between drain and source. When the device is on state, the surface of 

the p-type layer just under the gate insulating film turns to n-type, and a current path is 

formed from the drain to the source at GaN MOSFET. On state resistance is used as an 

index showing the power loss in the on state [30]. It was shown that the channel resistance 

(Rch) is determined by carrier density and mobility, the accumulation layer resistance (Ra) 

of on the surface of the n-type layer, JFET resistance (Rj) occurring in junction gate field-

effect transistor by conducting in the vertical direction, drift resistance (Rdrift) is 

determined by the film thickness of the drift layer and impurity concentration, contact 

resistance (Rc) and the substrate resistance (Rsub). For methods to improve the process for 

lowering resistance, there are reduction of Rch by enhancing the mobility, reduction of 

Rsub by using a thin wafer and reduction of Rj by cell pitch miniaturization. Reduction of 

the substrate resistance can be improved by devising the process, but there is a physical 

limit. In principle, Rj can be zeroed by adopting a trench MOS structure.  

 



17 

 

 

FIG. 1-9. Cross-sectional view of vertical MOSFET. The vertical MOSFET contains 

each resistance component such as Rc, Rch, Ra, Rj, Rdrift and Rsub.  

 

The basic classifications of these traps and charges of oxide/GaN are shown in FIG. 

1-10 [31]. The first trap is interface state, which is located at the insulator/GaN interface 

with energy states within the GaN bandgap and usually attributed to the dangling bonds 

or interface defects such as excess GaN, broken GaN bonds, excess oxygen and impurities 

at the dielectric/semiconductor. Fixed oxide charges which are located at or near the 

interface and are immobile under an applied electric field. Bulk trapped charges which 

can be created, for example, by hot-electron injection; these traps are distributed inside 

the dielectric layer. The positive fixed charges was also observed at MOS interface of the 

transition region between the dielectric layer and semiconductor. Their origins are 

possibly from either the ionized donors in the interface or a polarization-charge inversion 

at the surface due to the chemical bonds with dielectric film.  

Figure 1-11 shows the interface state density distribution based on the DIGS (unified 

disorder induced gap state model) proposed by Hasegawa and Ohno in 1986 to show each 

defect distribution. The DIGS density distribution shows negative and positive charge and 

these states relate as acceptor-like state and donor-like state, respectively. At the energy 
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represented by the neutral charge (ECNL), the state density shows the minimum value. It 

has been reported that as an origin of traps, nitrogen defects (VN) in GaN is donor type 

and Al defects derived from Al2O3 film is acceptor type. However, the origins of defects 

in the interface have not yet been clarified.  

The most problematic of MOS structure is low reliability such as low mobility and 

threshold instability. Carriers trapped at the interface existing at the MOS interface and 

fixed charges in the film cause mobility degradation and threshold instability. SiO2 film 

can be thermal oxidized to form the gate insulating film of Si and SiC MOS devices. 

Some reports have shown that oxidation techniques of dry oxidation at 1050°C at 

SiO2/SiC MOS devices reduced the interfaces state density up to 1011 eVcm-2 and post-

oxidation anneal process (NOx) at temperatures ranging from 1000 °C to 1300 °C is 

effected SiO2/SiC interface [31, 32]. Otherwise, some recent reports have shown the 

effectiveness of dry O2 annealing at high temperature (about 800°C) in reducing the Dit 

which were ∼ 5×1011 cm−2 eV−1 at the energy level of EC−E = 0.2 eV of both SiO2/GaN 

[33]. However, in the case of Al2O3/GaN MOS capacitor, crystallization of Al2O3 begins 

at high temperature oxidization anneal of 800 °C and it is difficult to achieve the low Dit 

under 1012 cm−2 eV−1 [34].  

In addition. to improve the interface properties, it was reported that that the N2-

plasma treatment was effective on the GaN surface to terminate the N-vacancy-related 

near-surface traps in AlGaN/GaN MOS HEMT [37]. However, it is not a highly desirable 

method for modifying the interface due to the possibility of damaging the GaN surface 

by plasma and the necessity of a lower temperature annealing. Therefore, for a high 

quality MOS interface, fundamental research is required which makes use of the 

semiconductor interface control technology. 



19 

 

 

 

 

FIG. 1-10. Terminology for charges associated between gate insulator and GaN 

substrate. Gate insulator includes the bulk trap charge and fixed charge. The 

interface between gate insulator and GaN has interface-trapped charge.  

 

 

 

FIG. 1-11. Bonding and antibonding states of the DIGS model of interface state 

density distribution. The DIGS density distribution is negative and positive, 

respectively, when the electrons occupy both types of states. These show acceptor 

state and donor state. The state density shows the minimum value at the energy 

represented by the neutral charge (ECNL). 
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1.5 Objectives and outline of this thesis 

GaN-based MOSFETs are very attractive for realizing ultra-low loss power 

transistors having excellent physical properties and applicable to next generation power 

electronics. In recent years, GaN-based metal oxide semiconductor MOSFETs using 

Al2O3 insulator have been reported by many groups. However, there are few reports on 

the relationship between the MOS interface state and the characteristics in the GaN-based 

MOSFET, the understanding of insulator/GaN is still developing [39-41]. In this research, 

the insulator and interface quality of Al2O3/GaN was improved and investigated in detail. 

This paper is organized as follows. In Chapter 2, "high pressure water annealing 

(HPWVA)" which is heat treatment after deposition using high temperature and high 

pressure water atmosphere was proposed. First, the principle and conditions of high 

pressure water treatment will be described in detail. In order to investigate the trapping 

state at the Al2O3/GaN interface and mechanism of HPWVA, electrical characteristics 

evaluation and physical characteristics evaluation were used. The effect on Al2O3/GaN 

interface will be explained by varying the conditions of the HPWVA. 

 In Chapter 3, the atomic structure at the Al2O3/GaN interface using two-

dimensional photoelectron spectroscopy. The local interfacial structure of the Al2O3/GaN 

interface is clarified by using the photoelectron intensity angle distribution (PIAD) of 

SPring-8 which can directly access the local atomic structure of the selected elemental 

atom site.  

In Chapter 4, interface quality and its physical properties by introducing a new ALD 

precursor for GaN MOSFET was improved. Electrical characteristics of MOS capacitor 

using dimethylaluminum hydride (C2H7Al : DMAH) as a new precursor in atomic layer 

deposition method are evaluated. In addition, the HPWVA was applied to realize the high 
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quality Al2O3/GaN MOS capacitor.  

Chapter 5 summarizes the conclusion and future prospects of this study. In addition, 

problems of the proposed method for fabrication of GaN MOSFET was described. Finally, 

my research achievement and acknowledgment in this paper were listed. 
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Chapter 2  Characteristics of MOS Capacitor by 

HPWVA 

 

2.1 Introduction 

In this chapter, GaN MOS capacitor was fabricated using ALD-Al2O3 as a gate 

insulator and a high quality Al2O3 film and interface was produced. ALD have superior 

film thickness uniformity, film thickness controllability, and step coverage, compared to 

chemical vapor deposition (CVD) and sputtering method, and is promising as a method 

for forming a gate dielectric film. In particular, a high-quality metal/oxide semiconductor 

(MOS) structure is indispensable for the production of the next generation of GaN-based 

field effect transistors with stable threshold voltages, low leakage currents, and high 

breakdown voltages [1-3]. Having low densities of fixed charges and interfacial traps 

results in higher performance, including better control of the flat band voltage (VFB) and 

mobility. In addition, the high breakdown field enables a high on-state gate voltage swing 

and high off-state blocking voltage. For GaN based power devices, Al2O3 is a promising 

gate dielectric, because it has a reasonably high dielectric constant, large conduction-band 

offset in Al2O3/GaN, and good thermal stability [4-7]. In order to develop GaN power 

devices, it is therefore important to control and reduce the number of defects in the Al2O3 

gate dielectric and at the interface between the Al2O3 and the GaN. Some recent reports 

have shown the effectiveness of dry O2 annealing at high temperature (about 800°C) in 

reducing the interface trap density (Dit) of both SiO2/GaN and Al2O3/GaN [8, 9].  

However, it is not yet clear what treatment has the greatest effect on the interface 

characteristics. Here, a post deposition treatment “HPWVA” which utilizes the strong 



26 

 

oxidizing power of water vapor [10, 11] was proposed. HPWVA is more effective than 

dry oxidation in promoting reoxidation at lower temperatures [12]. There have also been 

reports of HPWVA about reforming CVD-SiO2 film, terminating dangling bonds in poly-

Si and improvement in the reliability of IGZO-based oxide semiconductors [13-17]. Our 

group has also reported the improved electrical performance of GaN-on-Si MOS 

capacitors with HPWVA [17]. The present study focuses on the effect of HPWVA on 

Al2O3/GaN and evaluates the electrical characteristics of the MOS capacitors. In 

particular, the reactions caused by HPWVA and its effects were analyzed. 

 

2.2 Atomic Layer Deposition (ALD)  

The ALD method is a type of thin film growth technique of oxide film and nitride 

film by gas phase. The principle was proposed by Suntol et al. in the 1970 's [18]. It is a 

technology capable of uniformly growing from an atomic level to complicated device 

structures and three-dimensional shapes such as nanoparticles. For example, Intel used an 

Hf-based gate insulator using the ALD method for a 45 nm generation CMOS device [19]. 

The disadvantage of the ALD method is that the growth rate is slow, but the growth rate 

such as in the gate insulator of MOS devices with scaling progress is often not particularly 

important. For display applications, spatial ALD, which enables large area and high 

growth rate, is also under development [20, 21].  

ALD cycle for Al2O3 is schematically shown in FIG. 2-1 [22, 23]. In the top left 

corner, the metal surface with existing hydroxyl surface is exposed to the metal–organic 

precursor. Trimethyl aluminum (TMA) is used as the metal–organic precursor and water 

for the co-reactant. The precursor decomposes by reacting with the hydroxyl surface 

groups, leaving a CH3 terminated surface. The precursor reacts only with hydroxyl groups 
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and will not react with itself, creating self-limiting growth. Once all hydroxyl sites have 

been reacted additional exposure to the precursor will not result in additional growth, 

creating one monolayer. The system is purged with inert gas to remove excess precursors, 

reactants or by-products. The CH3 terminated surface is then exposed to the co-reactant 

reacts on the surface to leave one monolayer of Al2O3. The self-limiting nature of the 

chemistries implemented in ALD process produce high quality, dense and nearly pinhole-

free films with thickness control at the atomic level, excellent thickness uniformity and 

unequalled conformity. ALD has been demonstrated to produce films that are perfectly 

conformal even for nano porous substrates. ALD films have been demonstrated to be 

effective diffusion barriers for corrosion protection [24]. The density of ALD Al2O3 films 

is 3.0–2.5 g/cm3, depending on deposition temperature. 

 

FIG. 2-1 ALD process: schematic of one cycle of Al2O3 ALD growth. TMA is pulsed 

into the chamber to deposit one layer of Al. The TMA is then evacuated form the 

chamber, and H2O is introduced. Al the necessary surface hydroxyl groups may not 

exist before the first H2O pulse. The first water pulse will both hydroxyl late the 

surface and thermally oxidize a thin layer in the body of the film. 

 

It is necessary to set the growth temperature to an appropriate ALD temperature. At 

a temperature lower than the CVD process, the precursor of the organometallic 
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decomposes on the substrate surface and does not become a self-limiting reaction, causing 

uneven film growth and an increase in carbon concentration as an impurity. The 

temperature range that the precursor adsorbs on the surface but does not decompose is 

called ALD window. TMA is an ideal ALD precursor with a wide ALD window (room 

temperature to 450 °C).  

The gas flow sequence in the ALD process in this study is shown in FIG. 2-2. In 

ALD, raw material gas and purge gas are supplied in pulses. For III-V semiconductors 

such as GaAs, it is expected to have a effect of removing Ga oxide called "self-cleaning 

effect" by first supplying TMA [25]. For all ALD gas flow sequences, These were 4 stages 

of TMA supply, N2 gas purge, oxidant flow supply, and N2 gas purge. With this flow as 

one cycle, film formation was continuously performed until a desired film thickness was 

obtained. 

 

 

FIG. 2-2 The gas flow sequence in the ALD process. TMA first was adopted and it 

was set to 4 stages of TMA supply, N2 gas purge, oxidant flow supply, and N2 gas 

purge. 

 

2.3 High Pressure Water Vapor Annealing (HPWVA) 

Annealing processes using NH3 gas or high temperature have been previously 

reported as interfacial reforming processes [26, 27]. However, surface damage by plasma 
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and harmful gas such as NH3 are used. Development of a simple process with low damage 

was desired. HPWVA using high temperature and high pressure water was recently 

proposed. High pressure water vapor annealing is an annealing treatment developed by 

Sameshima et. al. as a dangling bond termination in poly-Si [12, 13, 28] The advantage 

of this annealing is that it is environmentally friendly, plasma-less, processing at a 

relatively low temperature (up to 400 ° C), and a simple apparatus. There have also been 

reports of reforming CVD-SiO2 film, terminating dangling bonds in poly-Si and of high-

k film on Si, and improvement of reliability of IGZO-based oxide semiconductor [14, 15]. 

Moreover, it has been shown that the interface state density (Dit) decreases also at the 

SiO2/SiC interface as a power device application [29]. In this study, the improvement of 

the Al2O3 film and the termination of the Dit at the Al2O3/GaN interface was investigated.  

The phase diagram of water is shown in FIG. 2-3. High pressure water has properties 

such as low density, low ion product, and low dielectric constant compared with water at 

normal temperature and pressure. As the temperature rises, the ion product of the high 

pressure water greatly increases and shows a maximum value around 250 ° C. In addition, 

the hydrolysis reaction is dominated as the electrolyte solvent. If the temperature is further 

raised, the ion product sharply decreases and radical reaction becomes dominant. OH 

radicals have the strongest oxidizing power and is the most reactive among the molecular 

species. In FIG. 2-4, under the conditions in this study, it is considered that the reaction 

of monomers of water molecules with hydrogen bonds cuts off and radicals are 

predominant [30]. Furthermore, in the supercritical state (374 ° C, 22 MPa), the relative 

dielectric constant of water decreases, it has gas diffusivity and liquid solubility and it can 

provide ion reaction field and radical reaction field.        

Therefore, HPWVA is more advantageous than other dry oxidation treatments due to 
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re-oxidation and an increase in diffusion rate in a high pressure state. It is considered to 

be effective for reforming oxygen vacancies in Al2O3 film and interface 

 

FIG. 2-3 The phase diagram of water. The ion product sharply increased at high 

pressure water condition and radical reaction becomes dominant at supercritical 

condition. It was carried out under HPWVA condition in this study. 
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FIG. 2-4 Schematic diagram of HPWVA for Al2O3/GaN MOS structure. The 

reaction of H2O monomers are predominant in the condition of around 400 °C and 

0.5 ~ 1.0 MPa. 

 

Schematic diagram of HPWVA chamber system is shown in the FIG. 2-5 and time 

change of pressure, temperature of chamber and heater of HPWVA equipment (400°C, 

0.5MPa, 30 min) was shown in FIG. 2-6. The temperature inside the chamber was 

detected through a thermocouple, and the temperature of the heater was adjusted so that 

the inside of the chamber was at a desired temperature. 

This is the flow of the annealing process:  

1. Samples placing on the holder were set in the chamber. 

2. The ultra pure water (UPW) was weighed and it was put into the chamber and 

the chamber was sealed. Pressure of HPWVA changed with amount of UPW.  

3. The pressure in the chamber increased with increasing temperature. The heater 

temperature was once raised to 800 ºC and the temperature inside the chamber 

reached 400 °C at 70 min. 
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4. the temperature and pressure in chamber were kept. The annealing time 

depended on this process time. 

5. The leak valve was opened after processing at a predetermined temperature and 

pressure and water vapor was discharged. Air cooling was carried out and the 

sample was removed at 50 °C or less.  

Withstanding pressure upper limit of this HPWVA chamber was 1.0 MPa and maximum 

temperature was 400 °C. 

 

 

FIG. 2-5 Schematic diagram of HPWVA chamber system. By introducing water and 

applying a temperature to the chamber of the sealed space, a phase state of high 

pressure and high temperature is created. 

 

 

FIG. 2-6 Time change of pressure, temperature of chamber and heater of HPWVA 

equipment (400 °C, 0.5 MPa, 30 min) 
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For the purpose of enabling processing under high pressure condition, a device 

capable of withstanding pressure of 30 MPa was designed. Figure 2-7 shows the 

temperature and pressure profiles of super critical water (SCW) equipment (400 °C, 0.5 

MPa, 30 min). The SCW equipment was designed that the temperature can be raised up 

to 410 ° C in the temperature control, and the chamber temperature reaches 400 ° C at a 

total heating time for 140 min. After the heater temperature reached the target value, the 

processing time was kept constant, then the heater was turned off. When the temperature 

had dropped to about 200 ° C, the leak valve was opened, the pressure was released and 

naturally cooled. 

 

FIG. 2-7 Time change of pressure, temperature of camber and heater of SCW 

equipment (400 °C, 0.5 MPa, 30 min) 

 

2.4 Experimental method 

2.4.1 Device fabrication 

In this study, MOS capacitor was fabricated as an element for evaluating ALD-Al2O3 

film on GaN (0001) substrate. Figure 2-8 shows the schematic image of Al2O3/GaN MOS 

capacitor. Homoepitaxial layer (2 μm, Si :5 × 1016 cm-3) on c-plane (0001) free-standing 

GaN substrates was utilized. After performing the standard RCA cleaning process, an 
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Al2O3 film with a nominal thickness of 40 nm was deposited on the n+-GaN (0001) 

surface using T-ALD. Hattori et al. reported that the HF treatment as the wet-etching 

process of GaN (0001) surface is more effective for the flatness in addition to relative 

cleanness than HNO3 and NaOH [31-33]. The Al2O3 film was deposited at 300°C by 

repeating cycles of TMA introduction as aluminum precursor, and then O3 supply. The 

deposition rate of the Al2O3 film was 0.91 Å/cycle. Then, HPWVA was performed on 

samples under a constant pressure of 0.5 MPa at an annealing temperature of 400 °C for 

30 min. For the top electrode, 100 nm-thick Al was deposited by electron beam (EB) 

evaporation. After removing the oxide from the back of the GaN substrate, 10/100 nm-

thick Ti/Al as a bottom electrode was deposited for the back-side ohmic contact. Details 

of the fabrication process are described below. 

 

・RCA cleaning [34] 

SPM Cleaning (Removal of Organics) Substrate was immersed in SPM solution (H2SO4: 

H2O2 = 1: 1) warmed to 80 ° C for 25 minutes to remove organic fragment. After rinsing 

with UPW, it was immersed in diluted-HF) for 5 minutes to remove the chemical oxide 

film. SC1 cleaning (particle remover) Substrate was immersed in SC1 solution (NH4OH: 

H2O2: H2O = 1: 1: 5) warmed to 80 ° C. for 15 minutes to remove the particles. After 

rinsing with UPW, it was immersed in DHF for 5 minutes to remove the chemical oxide 

film. SC2 cleaning (metal impurity removal) The substrate was immersed in an SC2 

solution (HCl: H2O2: H2O = 0.5:1:5) warmed to 80 ° C. for 15 minutes. After rinsing with 

ultrapure water, it was immersed in DHF for 5 minutes to remove the oxide film and GaN 

surface bonding switched to the OH bond [35]. Finally, the substrate was dried with N2 

blow. 



35 

 

・Deposition process of ALD-Al2O3 

The sample was quickly introduced into an ALD chamber after RCA process. The Al2O3 

film was deposited at 300°C by repeating TMA as aluminum precursor and O3 supply. 

The deposition rate of the Al2O3 film was 0.91 Å/cycle. Time cycle of ALD process was 

performed under the conditions shown in FIG. 2-2. 

 

・Deposition process of electrode 

Al electrodes of top electrode were formed on the surface in a high vacuum of ~ 7 × 10-4 

Pa or less using an EB deposition. Gate electrodes with diameters of 100 ~ 500 μm were 

formed using a metal mask. An electrode size of 500 μm was used for C-V measurement 

and an electrode size of 100 μm was used for J-E measurement. Resist was applied to the 

surface to protect the top surface and the substrate was immersed in buffered HF to 

remove the back oxide. After removing the resist, Ti/Al electrodes as bottom electrode 

were formed. 

 

FIG. 2-8 The cross section of Al2O3/GaN MOS capacitor. An electrode size of 500 

μm was used for C-V measurement and an electrode size of 100 μm was used for J-

E measurement. 

 

2.4.2 Capacitance – Voltage (C-V) method  

2.4.2.1 Outline of C-V method 

Various defects exist in Al2O3/GaN MOS capacitor and interface states are formed 

within the band gap. The interface state within this gap affects the electrical characteristics 
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of the MOS device and it is necessary to evaluate its characteristics and quantity by C-V 

method [36, 37]. As shown in FIG. 2-9, MOS capacitor consists of a semiconductor, an 

insulator, a gate electrode on the insulator, and an ohmic electrode on the substrate side. 

As shown in FIG. 2-9, the MOS capacitor received an alternating-current (AC) signal and 

a direct-current (DC) gate bias between MOS capacitor electrodes to measure the gate 

capacitance (CG). Charge change amount per voltage change can be obtained from voltage 

displacement due to the AC signal. When a bias is applied to the gate, a voltage is applied 

to the semiconductor side and the oxide film. Therefore, CG is the series capacitance of 

the capacitance CS on the semiconductor side and the capacitance of the oxide film (COX). 

Gate voltage (VG) gives a static change such as carrier accumulation and depletion layer 

width. By repeating the CG measurement while sweeping the DC bias, the C-V 

characteristic can be obtained. 

 

FIG. 2-9 Schematic diagram of Al2O3/GaN MOS capacitor and C-V measurement. 

The MOS capacitor applies an AC signal and a DC gate bias to measure the gate 

capacitance. 

 

Figure 2-10 shows a band diagram of an ideal MOS structure. In the ideal case, the 

work function of the gate metal is equal to the work function of the semiconductor, and it 
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becomes a "flat band" state. At VG> 0, the energy band deflects upward, resulting in 

"accumulation" of electrons at the insulator/semiconductor interface. On the other hand, 

when VG < 0, the band bends downward, resulting in "depletion" of electrons in the 

semiconductor layer. Charges such as oxide traps, interface state charges and fixed 

charges affect the bending of the band. In reality, there is an energy difference between 

the gate metal and the work function of the semiconductor [38]. If the work function of 

the gate metal is greater than the work function of the semiconductor and there is a 

negative charge at the interface, under conditions that do not consider Fermi level pinning, 

the energy band at the interface will bend upward as shown FIG. 2-10 (b). Under the 

opposite condition, as shown in FIG. 2-10 (c), the energy band turns downward in an 

equilibrium state [38].  

There is a difference of work function between a metal and a semiconductor, and 

when a Fermi level matches by forming a MOS structure, energy band is bended on the 

surface of the semiconductor. The flat band voltage is the voltage applied to the metal and 

semiconductor required to flatten the bend of this band. Ideally, the flat band voltage 

should be equal to the difference in work function between metal and semiconductor 

(𝜙𝑀𝑆), but due to various the fixed charge at the oxide/semiconductor interface (Qit), the 

work function difference was shifted [38].  

Figure 2-10 (d) shows the energy band in the flat band state of MOS structure (Qit 

≠ 0). In those cases, the VFB which should be applied in order to flatten the bands, can 

be described by the equation (2.1) [39], 

𝑉𝐹𝐵 = 𝜙𝑀 − 𝜙𝑠 −
𝑄𝑖𝑡

𝐶𝑜𝑥
                 (2.1) 

where 𝜙𝑀  and 𝜙𝑠  are the work functions of the gate metal and the semiconductor, 

respectively, and Qit is the fixed charge at the oxide/semiconductor interface. Cox is the 
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insulator capacitance per unit area.  

 

 

 

FIG. 2-10 (a) Band diagrams of ideal MOS junction at equilibrium and (b) and (c) 

for real cases of between negative state and positive state. (d) Energy band in the flat 

band state of MOS structure (Qit ≠ 0) 

 

As shown in FIG. 2-11, C-V characteristics affected by the distributed interface states 

is shown. As described in Chapter 1, the upper and lower states are the acceptor like state 

and the donor like state, respectively. When the electron occupies both states, it has 

negative charge and a positive charge, respectively. The occupation rate of each state is 

influenced by the Fermi-Dirac function. These polarities depend on the position of the 

Fermi level at the interface and the change in the interface state charge affects the C-V 

characteristic of the MOS capacitor. The interface state hinders the surface potential 
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control by the gate voltage. Consequently, the continuous distribution interface state 

causes the "stretch-out" behavior of the C-V curve [39]. 

 

FIG. 2-11 C-V characteristics affected by the distributed interface states. Black 

curve is ideal curve and ideal CFB was shown. C-V curve shifts to the positive 

direction by an acceptor like state and C-V curve shifts to the negative direction by 

an donor like state. 

 

2.4.2.2 Ideal C- V curve and interface states in MOS structures 

Ideal C-V curve of MOS structure was obtained. An experimental capacitance (Cex) 

and an experimental voltage (Vex) were measured by high frequency measurement of C-

V method such as 1 MHz. The semiconductor work function (𝜙𝑠) is arbitrarily assumed 

[40,41]. Carrier concentration (Nd) was calculated from gradient of 1/(Cex)
2 plot as shown 

in the equation (2.2) [41]. 

Nd = −
2

qεsε0A2(
∆1/Cex

2

∆VG
)
                        (2.2) 

Fermi potential (𝜙𝑓) and intrinsic debye length (λn) in semiconductor were calculated 

as shown the equation (2.3) and (2.4) [41]. 
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𝜙𝑓 =
𝑘𝑇

𝑞
ln (

𝑁𝑑

𝑛𝑖
)                            (2.3) 

λ𝑛 = √
𝜀𝑠𝜀0𝑘𝑇

2𝑞2𝑛𝑖
                            (2.4) 

Maximum capacitance Cox in accumulation region of experimental C-V curve was 

extracted. The dimensionless semiconductor surface electric field F(Us, UF) is defined by 

the equation (2.5) [42, 43]. 

F(𝑈𝑠,  𝑈𝑓) = √𝑒𝑈𝑓(𝑒𝑈𝑠 + 𝑈𝑠 − 1) + 𝑒−𝑈𝑓(𝑒𝑈𝑠 − 𝑈𝑠 − 1)          (2.5) 

 The Us and UF are normalized potentials, defined by 𝑈𝑠 =
𝑞𝜙𝑠

𝑘𝑇
 and  𝑈𝑓 =

𝑞𝜙𝑓

𝑘𝑇
,  where 

the surface potential 𝜙𝑠 , and the Fermi potential 𝜙𝑓  are defined. The symbol  𝑈̂𝑠  

stands for the sign of the surface potential and is given by 
|𝑈𝑠|

𝑈𝑠
 .  

Capacitance of the wide gap semiconductors (Cs, wide gap) corresponding to φs with 

Cox was calculated as shown in the equation (2.6) [42]. 

𝐶𝑠, 𝑤𝑖𝑑𝑒𝑔𝑎𝑝 =  𝑈̂𝑠
𝜀𝑠𝜀0

2𝐿𝐷𝑖

[𝑒
−𝑈𝑓(𝑒𝑈𝑠−1)]

F(𝑈𝑠, 𝑈𝑓)
                     (2.6) 

Total capacitance (Ct) is defined by 𝐶𝑡 = (1/(1/𝐶𝑜𝑥)+(1/𝐶𝑠)) . The gate voltage is 

related to voltage, the surface potential, and the flat band voltage (VFB) through the 

relationship [42]. 

𝑉𝑡 = 𝑉𝐹𝐵 − 𝜙𝑠 −  𝑈̂𝑠
𝑘𝑇𝜀𝑠𝑡𝑜𝑥F(𝑈𝑠, 𝑈𝑓)

𝑞𝜀𝑜𝑥𝐿𝐷𝑖
                       (2.7) 

The above is the derivation formula of the ideal C-V curve. 

Flat band capacitance (CFB) is extracted using the COX, the dielectric constant of the 

semiconductor (εs), the dielectric constant of vacuum (ε0) and the debye length (λn) as 

shown in the equation (2.8). GaN relative permittivity (εGaN) is defined as 9.5 [43]. 

CFB =
COX ×

εsε0

λn

COX＋
εsε0

λn

                           (2.8) 

The fixed charge density (NF) is expressed by the equation (2.9) using the work function 
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difference of the gate electrode and the semiconductor (Φms), VFB, and Cox, 

NF = (ϕms − VFB)
COX

q
                          (2.9) 

Φms is extracted using the work function of gate metal ϕm (Al), the electron affinity of 

GaN χ, and Nd as shown in the equation (2.10) [42]. ϕm is defined as 4.13 eV and χ is 

defined as 4.10 eV [36]. 

𝜙𝑚𝑠 = 𝜙𝑚 − (𝜒 + ((
𝐸𝑔

2
) − 

𝑘𝑇

𝑞
ln (

𝑁𝑑

𝑛𝑖
)))               (2.10) 

The hi-lo method is one of the measurement methods to analyze the interface state 

[34]. In the hi-lo method, trapped electrons follow low frequencies but cannot follow 

high frequencies, so the difference in response of electrons can be used. The high-

frequency C–V curves are similar to Dit = 0 and the low-frequency C–V curves indicate 

Dit ≠ 0. When the capacitance difference is small, it is judged that the interface state 

density is small. Figure 2-12 showed the equivalent circuit of low frequency and high 

frequency of MOS capacitor. 

 

FIG. 2-12 (a) Low frequency equivalent circuit (b) High frequency equivalent circuit 

of MOS capacitor 

 

CLF (Capacitance the low-frequency) is extracted using the semiconductor capacitors 
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Cs and interface state capacitance Cit as shown the equation (2.11) [39]. 

CLF = (CS − Cit)
COX

COX+CS+Cit
                       (2.11) 

CHF (Capacitance the high-frequency) is extracted as shown the equation (2.12), 

CHF =
COXCS

COX+CS
                             (2.12) 

The trap capacitance (Ctrap) is calculated according to the equation (2.13).  

1
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


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CCCC
C                     (2.13) 

Cox, CHF, and CLF are the oxide capacitance, high-frequency capacitance, and low-

frequency capacitance, respectively. Dit is then obtained using the following the equation 

(2.14).  

Dit =
Cox

q2 (
CLF/Cox

1−CLF/COX
−

CHF/Cox

1−CHF/COX
)

 

                  (2.14) 

It is important to pay attention to the range of sweep voltage because the bias applied and 

the number of electrons trapped depend on time in the insulation film with many traps in 

the film. 

 

2.4.3 Experimental Apparatus 

2.4.1.1 X-ray photoelectron spectroscopy (XPS) 

XPS is a method that can perform not only a qualitative and quantitative analysis 

of elements present in a few nm surface but also the chemical bonding state [47]. In the 

photoelectron spectrum, the horizontal axis shows the binding energy for the electron 

nucleus, and the vertical axis shows the emitted photoelectron intensity. Because the 

binding energy is a value dependent on the elements and the electronic state, composition 

analysis of the material is possible from the value. The quantitative value is evaluated by 
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the relative sensitivity factor method using the sensitivity coefficient after calculating the 

area intensity of each peak intensity. Since XPS employs soft X-rays as a source, sample 

damage is small and charge of insulator can be easily removed. It is also possible to 

measure not only metals but also many materials such as polymer materials. When an 

element binds to another element, the electronic state changes and the peak position also 

changes. On the other hand, angle resolved XPS (ARXPS) is available as a method of 

layer analysis with thickness of several nm. In this method, the sample angle is set to an 

arbitrary angle in the vicinity of 0 ° to 90 ° and the emission angle of photoelectrons is 

changed as shown FIG. 2-12. If the specimen tilt angle is increased, the measurement 

depth becomes shallow and the vicinity of the surface can be measured. 

   X-ray photoelectron spectroscopy (XPS ; ULVAC-PHI PHI 5000 Versa Probe II) 

characterizations were carried out to study the chemical bonds of Al2O3/GaN interface. 

Monochromatic AlKα x-ray source with photon energy of 1486.6 eV was used. The take-

off angles (TOA) to the surface plane were 20 ° and 90 ° to enhance the interface 

sensitivity and bulk sensitivity. A 2-nm-thick ALD-Al2O3 was deposited for XPS.  

 

 

FIG. 2-12 Schematic diagram of XPS measurement. The take-off angles to the 

surface plane were 20 ° and 90 ° to enhance the interface sensitivity and bulk 

sensitivity. 
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2.4.1.2 Temperature-Programmed Desorption (TPD) 

TPD is a mass spectrometry method that can monitor gas generated by vacuum 

heating and temperature rise [48]. TPD spectrum shows the temperature on the horizontal 

axis and the ion intensity on the vertical axis. It is possible to estimate the components of 

the gas generated from the samples. It is performed in a vacuum atmosphere. In addition, 

because only the sample can be heated, the background is low and high sensitivity 

analysis of low mass molecules such as hydrogen, water, oxygen and nitrogen is possible. 

Figure 2-13 shows the schematic diagram of TPD. The TPD measurements used 

TDS1200 were carried out with heating rate at 25 °C/min from room temperature to 

1000 °C in vacuum.  

       

FIG. 2-13 Schematic diagram of TPD. The desorbed gases from the Al2O3/GaN 

samples through the heat treatment were measured by mass spectrometry. 

 

2.4.1.3 Secondary Ion Mass Spectrometry (SIMS) 

SIMS is a method of analyzing elements by irradiating the sample surface with an 

ion beam (primary ion) and mass analyzing ions (secondary ions) released from sputtering 

reduction from the sample surface as shown in FIG. 2-14 [47]. Because the surface is 

etched through sputtering, the concentration of elements in the depth profile from the 

surface can be measured with high sensitivity. Although it is an extremely sensitive 
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technique in surface composition analysis, the generation rate of secondary ions 

sometimes increases depending on factors such as the kind of element, the nature of the 

base material, and the surface condition. Furthermore, the generation rate of secondary 

ions has a matrix effect which is greatly affected by the sample composition. Therefore, 

SIMS is a sensitive microanalysis method, but it is necessary to pay attention to 

quantitative analysis. Elemental analysis was performed through ULVAC-PHI ADEPT-

1010 with a Cs+ primary ion beam source and an accelerating voltage of 3 kV. 

 

FIG. 2-14 Schematic diagram of SIMS. A primary ion was irradiated to the sample 

surface and secondary ions released from sputtering reduction from the sample 

surface 

 

2.4.1.4 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a method of using the atomic force between the 

probe and the sample surface as a probe to observe the surface directly at the 

nanoscale/atomic scale. To use atomic force, there is an advantage that the surface of 

insulating and organic materials can be measured. AFM consists of a displacement sensor 

that detects the deflection of the cantilever that converts the gravitational force and 

repulsion to the displacement of the probe. The 3D shape of the sample surface is imaged 
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from the z-axis control voltage of the piezoelectric element. In this study, a dynamic AFM 

(SPM-9600 : Shimadzu Corporation) was used to analyze the surface morphology. It 

detects the amount of change in the amplitude of the cantilever by periodically contacting 

the specimen surface and it is easy to obtain a clear image without surface treatment which 

makes it useful.  

 

2.5 Electrical Characterization of GaN MOS Capacitor 

2.5.1 C-V Characterization 

Figure 2-15 (a) shows the frequency dispersion of the C-V characteristics of the 

ALD-Al2O3/GaN MOS capacitors of w/o HPWVA, with HPWVA (0.5 MPa), and with 

HPWVA at higher pressure (1.0 MPa). The sweep voltage was from + 2 to -2 V from the 

accumulation to the depletion and the frequency was varied from 1 MHz to 1 kHz. The 

measurement frequency is selected by Shockley-Read-Hall (SRH) process [49]. An 

electro diameter of 500 μm was used as a gate electrode. The gate voltage was swept from 

accumulation to depletion. The number of measured points is 5 points. Error of each 

points of the C-V curve was about ± 0.025 V, only one data is shown. It is confirmed that 

significant frequency dispersion occurs at around -0.5 V of w/o HPWVA. By applying 

HPWVA (0.5 MPa), the flat band voltage (VFB) is very close to the ideal value. However, 

by applying HPWVA (1.0 MPa), a small frequency dispersion was obtained, but VFB is 

disclose to the ideal value.  
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FIG. 2-15 Frequency dispersion of the C–V characteristics and (b) hysteresis of 

ALD-Al2O3/GaN MOS capacitors. The measurement frequency ranged from 1 kHz 

to 1 MHz, and the dashed line shows the ideal curve. The ΔVth was extracted from 

the 1 MHz C–V curves. Solid line indicates a flat band capacitor (CFB). 

 

Figure 2-16 shows the hysteresis (ΔVth) determined from the bidirectional C-V curve 

at 1 MHz. Hysteresis appears when electrons are captured at the interface trap or in the 

border trap which is near the interface. ΔVth of w/o HPWVA is about 0.10 V and clearly 

shows a low quality interface and these of HPWVA between 0.5 and 1.0 MPa have a 

narrow hysteresis such as less than 0.02 V. 
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FIG. 2-16 Hysteresis characteristics of ALD-Al2O3/GaN MOS capacitors of (a)w/o 

HPWVA, (b)HPWVA (0.5 MPa) and (c)HPWVA (1.0 MPa).The C–V hysteresis was 

estimated from the 1 MHz C–V curves. 

 

Table 2-1 shows the VFB and NF of Al2O3/GaN MOS capacitors both w/o HPWVA 

and with HPWVA. VFB shifted from positive to negative by applying HPWVA and VFB 

shifted further by increasing the pressure of HPWVA. The ideal VFB is -0.11 V considering 

the condition of MOS capacitor. Therefore, HPWVA at 0.5 MPa is the closest to ideal 

voltage as shown in FIG 2-15. The HPWVA sample showed the smaller NF. However, NF 

of HPWVA of 1.0 MPa increased compared with 0.5 MPa. It is considered that new trap 
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site is formed due to increased pressure. HPWVA are effective for improving insulator 

characteristics of Al2O3 film in Al2O3/GaN MOS capacitors. 

TABLE 2-1 Summary of VFB shift and NF of ALD-Al2O3/GaN MOS capacitors. 

Sample Condition V
FB

 (V) N
F
 (cm

-2
) 

w/o HPWVA 0.52 6.43×10
11 

HPWVA 0.5 MPa -0.21 1.25×10
11 

HPWVA 1.0 MPa -0.32 2.40×10
11 

 

Figure 2-17 shows the C–V step-stress shift for ALD-Al2O3/GaN MOS capacitors 

with (a) w/o HPWVA and (b) HPWVA of 0.5 MPa and (c) HPWVA of 1.0 MPa. C-V 

curves were repeated by sweeping the gate voltage from accumulation to depletion with 

an increase in the accumulation voltage up to +10 V. The value of VFB shifted in the 

positive direction with increasing gate voltage without stretch out by applying a positive 

bias. This shift was caused by the slow-charge trapping states to the Al2O3 film at higher 

electric fields and by negatively charged trap in the Al2O3 film [50, 51]. After HPWVA, 

the positive C–V shifts were approximately half the values of the VFB shifts of the samples 

without HPWVA. There was also no difference between 0.5 MPa and 1.0 MPa. As shown 

in FIG. 2-17 (d), the VFB change at each voltage decreases by applying HPWVA. Because 

in large electric fields, bulk traps far from the interface indicated the electron capture 

injected at a relatively fast rate, this indicates that the electron-trap density in the Al2O3 

film was reduced by the HPWVA [50]. Therefore, high quality Al2O3 film by HPWVA 

leads to a small VFB shift.  
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FIG. 2-17 Positive shift of the C–V step-stress measured for ALD-Al2O3/GaN MOS 

capacitors (a)w/o HPWVA and (b)HPWVA of 0.5 MPa and (c) HPWVA of 1.0 MPa. 

(d)Summary of VFB shift plot per accumulation voltage. The C–V curves shifted 

positively with increasing accumulation voltage. 

 

Figure 2-18 shows the comparison of the energy distribution of interface trap density 

of ALD-Al2O3/GaN MOS capacitors between w/o HPWVA, with HPWVA of 0.5 and 

1.0 MPa. Here, Ec represents the conduction band edge of GaN. The detection band area 

determined that the deep level is Ec - 0.75 eV and the shallow level is Ec - 0.28 eV, 

assuming the capture cross section (σn) to be 10-16 cm 2 [52]. The Dit at an energy level of 

EC - E = 0.3 eV was ~ 1.0 × 1012 cm-2 eV-1 for w/o HPWVA sample. In contrast, the Dit 

of the HPWVA sample was reduced to about 6 × 1010 cm-2 eV-1. As shown FIG. 2-11, Dit 
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takes a U-shaped distribution that is higher for shallow levels at the band edge and lower 

for deeper levels near the mid-gap. The tendency was found in this result, and Dit was 

reduced by approximately one order of magnitude as closing mid-gap. At the interface 

between the insulator and GaN, trap levels related to nitrogen vacancy VN have been 

reported near Ec - 0.5 eV [53-55]. A gentle peak distribution was observed around Ec 0.3 

~ 0.5 eV of the w/o HPWVA. Since this trap level is reduced by HPWVA, HPWVA is 

effective for reduction of discrete levels related to VN at the interface. In addition, 

compared with HPWVA at 0.5 MPa and 1.0 MPa, it seems that these Dit is almost same. 

This investigation will be discussed in relation to the physical characteristics described in 

a later section. Therefore, it can be seen that HPWVA induced improvement of interface 

characteristics similar to insulator characteristics of Al2O3 film in Al2O3/GaN MOS 

capacitors. 

 

FIG. 2-18 Energy distribution of Dit of w/o HPWVA and with HPWVA 0.5 MPa and 

1.0 MPa. EC denotes the conduction band edge of GaN.  
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2.5.2 I-V Characterization 

A time-zero dielectric breakdown test (TZDB) was performed using an Al2O3/GaN 

MOS capacitor. The leakage current was measured by sweeping the forward direction 

bias to the gate electrode and injecting majority carriers from the semiconductor layer 

into the Al2O3 film. Current density–electric field characteristics (J- E) are shown in FIG. 

2-19. The breakdown electric field (EBD) was defined at 10-3 A/cm2 and after dielectric 

breakdown, an unrecoverable leak path was formed in the MOS capacitor. An electro 

diameter of 100 μm was used as a gate electrode and the J–E characteristics were obtained 

from 7 points. The EBD is calculated considering the VFB and GaN band bending [56]. 

The average oxide electric field Eox is given the equation (2.15).  

𝐸𝑂𝑋 =
𝑉𝑂𝑋

𝑡𝑂𝑋
=

(𝑉𝐺 − 𝑉𝐹𝐵 − Ψ𝑠)

𝑡𝑂𝑋
         (2.15) 

In the calculation, Vox is the voltage drop across the Al2O3 film, VFB is the voltage under 

the flat-band condition, and Ψ𝑠 is the GaN band bending, which was estimated from an 

ideal C–V curve. tox is the Al2O3 thickness. In the Eox range from 0 to 3 MV/cm, J 

moderately increases. From 3 to 5 MV/cm, J significantly increases and at more than 6 

MV/cm, the breakdown occurs. Initial failure destruction (A mode) around 0 MV/cm 

based on the initial defect did not appear and at 0 to 5 MV/cm, random failure (B mode) 

derived from the crystal quality of GaN was not observed.   

Therefore, it was confirmed as intrinsic destruction (C mode) peculiar to the Al2O3 

film in all the samples. Similar gate leakages were observed in the w/o HPWVA and 

HPWVA samples with range from 0 to 5 MV/cm. Fowler-Nordheim (FN) plots, Poole-

Frenkel (PF) plots and Trap Assisted Tunneling (TAT) plots have been generally used as 
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leakage conduction analysis methods, however Hirawa recently reported that it is not 

fitted by a linear function in these plot [57]. These behaviors from 3 to 5 MV/cm indicate 

the possibility that the leakage current follows the new model, Space-charge-controlled 

field emission (SCC-FE) [45]. This is a current conduction model of a MOS capacitor 

assuming a field emission current considering the influence of two space charges of 

negative and positive bias on an insulator [57]. These results are related to the electron 

injection into the trap in the Al2O3 film and the electron trap density in the Al2O3 film 

with HPWVA was lowered. In addition, the EBD average values of w/o HPWVA, 

HPWVA of 0.5 MPa and HPWVA of 1.0 MPa were 7.1, 7.9 and 6.2 MV/cm. The highest 

EBD was obtained in HPWVA of 0.5 MPa. These results indicate that good quality Al2O3 

film by HPWVA leads to high leakage current and high breakdown characteristics. 

However, EBD of HPWVA of 1.0 MPa was lower than w/o HPWVA. Because the 

leakage conduction mechanism of HPWVA of 1.0 MPa is shown in the same as other 

samples, it is unlikely that the Al2O3 film tends to leaky. Figures 2-20 show the energy 

band diagrams of the Al2O3/GaN interfaces with (a) w/o HPWVA and (b) HPWVA. Here, 

FIG. 2-20 (a) showed a higher trap density in the w/o HPWVA sample than the structure 

in FIG.2-20 (b). When a high positive voltage is applied to the gate electrode, electrons 

are injected into the Al2O3 films and go through the conduction band. Some injected 

electrons are trapped in the Al2O3 films, resulting in the formation of a low electric field 

near the Al2O3/GaN interface, which reduces the tunneling probability. Therefore, even 

with increasing gate voltage, the leakage current does not increase.  
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FIG. 2-19 J- EBD of ALD-Al2O3/GaN MOS capacitors of w/o HPWVA and with 

HPWVA of 0.5 MPa and 1.0 MPa.  

 

 

FIG. 2-20 Schematic energy band diagrams of the Al2O3/GaN structures with the 

trap levels in the Al2O3 film (a) w/o HPWVA and (b) with HPWVA 

 

Time-dependent dielectric breakdown (TDDB) test was conducted as reliability 

evaluation of Al2O3/GaN MOS capacitor. It is an evaluation method of constantly 

applying various electrical stresses that do not cause hard breakdown and measure the 

dielectric lifetime until breakdown. Figure 2-21 shows the conduction currents in 

Al2O3/GaN MOS capacitor wihout HPWVA and with HPWVA of 0.5 MPa under constant 

voltages at room temperature. An electro diameter of 100 μm was used as a gate electrode. 

The number of measurement points is 5 points, and each points broke down due to hard 
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breakdown. Since the TZDB of HPWVA 1.0 MPa are worse than w/o HPWVA, only 

comparison with HPWVA of 0.5 MPa is measured. For the mechanism until breakdown, 

For the mechanism until breakdown, the gate leakage current firstly decreases with stress 

time, which is due to charging of deep traps at Al2O3/GaN interface [58]. Electrons 

injected in the oxide can be captured at oxide traps, rising the potential-barrier and 

suppressing leakage current. Current rises sharply because of the breakdown event and 

the formation of a conductive path. TDDB is abrupt, hard, and no early indicators of the 

breakdown event have been identified.  

 

FIG. 2-21. Conduction currents in Al2O3/GaN MOS capacitor of (a)w/o HPWVA and 

(b)with HPWVA under constant voltages at room temperature. The abrupt increase 

in the currents is caused by dielectric breakdown. 

 

The TDDB of w/o HPWVA and with HPWVA to gate voltage is depicted in FIG. 2-

22. One plot point corresponds to the intermediate value of each voltage condition in the 

stress test. A straight line with the about same slope was obtained by linear approximation 

of these points using the least squares method. Normally, it is necessary to derive the true 

value of the plot under each voltage from the Weibull distribution showing the dominant 

mechanism of intrinsic failure from the measurement of many points (~30 points). 
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However in these results, there were few measurement points (~5 points) from the 

samples and note it as reference data. FIG. 2-22 showed that the maximum permissible 

electric field in 10 years of the HPWVA is 3.5 MV/cm compared with 2.1 MV/cm of w/o 

HPWVA. It is confirmed that the reliability is improved by HPWVA. 

 

FIG. 2-22. TDDB without HPWVA and with HPWVA as a function of gate-voltage 

at room temperature. The dotted line indicates the time-to-breakdown in 10 years. 

 

2.6 Investigation of HPWVA Effect with GaN MOS Capacitor 

2.6.1 Change the ALD-Al2O3 film quality 

The physical characteristics of the samples were evaluated to verify that the 

electrical characteristics were improved by HPWVA. Figures 2-23 shows Al2p XPS 

spectra of Al2O3 surface without and with HPWVA of 0.5 MPa. Peak intensity was 

normalized and the binding peak was calibrated with C1s. The Al2p peak fits only Al3+ 

for Al2O3 surface without and with HPWVA [59]. It follows that the peak, positioned at 

74.2 eV, corresponds to Аl3+ in ALD-Al2O3 [60, 61]. In additon, the peak, positioned at 

75.2 eV, corresponds to Al3+ formed AlO(OH) and Al(OH)3 by the connection with OH 
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or H2O ligands [60, 61, 62]. XPS spectra of Al2O3/GaN showed an increase in the ratio 

of Al-OH or Al-O(OH) bonds derived from the HPWVA. 

 

FIG. 2-23 Al 2p XPS spectra of Al2O3 surface without and with HPWVA. The 

dashed lines represent the fitted peaks, the dots represent the raw spectrum, and the 

solid lines represent the cumulative sum of the fitted peaks. 

 

O 1s XPS spectra of Al2O3/GaN samples without and with HPWVA were shown in 

FIG. 2-24. The peak at 531.2 eV represents the bonding between oxygen atoms and Al 

atoms, and the peak at 532.3 eV represents hydroxyl groups, and the peak at 533.2 eV 

represents adsorbed water [63]. The peak intensites were normalized by Al2p spectra. The 

peak intensity of Al-O-Al increased by HPWVA. Also, it was confirmed the ratio of Al-

OH bonds increased as well as the results of Al2p spctra.  
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FIG. 2-24 O 1s XPS spectra of of Al2O3/GaN samples (a) without and (b) with 

HPWVA. The dashed lines represent the fitted peaks, the dots represent the raw 

spectrum, and the solid lines represent the cumulative sum of the fitted peaks. 

 

Figure 2-25 shows the TDS at a mass-to-charge ratio m/z = 18 (corresponding to 

H2O) for samples with and without HPWVA and for the GaN substrate. The TDS results 

show a desorption peak at around 100 °C both for the sample without HPWVA and for 

the GaN substrate. This is primarily caused by molecular water physically adsorbed on 

the surface (H2O(α)) [64, 65]. On the other hand, the desorption peak of the HPWVA 

samples at around 200 °C corresponds to desorption of tightly bound water, in which 

molecular water is bonded to hydrogen at –Al-OH (H2O(β)). In addition, the desorption 

peak from 300 °C to 500 °C corresponds to desorption of bound water derived from OH 

(Al-OH(γ)). The H2O(α) on the Al2O3 surface is dissociated by the annealing process [31-

33]. The H2O monomer derived from HPWVA is formed the H2O(β) in the interior or at 

the surface of the Al2O3 film. In particular, a desorption peak for the samples both with 

and without HPWVA at 500 was observed. However, the desorption gradually increases 

from 200 °C to 500 °C for the HPWVA sample. This shows that a large amount of Al-
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OH(γ) exists in the Al2O3 film. The Al-OH(γ) increased by about 20% by HPWVA 

compared to the without HPWVA sample.  

 

 

FIG. 2-25 Thermal-desorption spectra at m/z =18 without HPWVA, with HPWVA, 

and for the GaN substrate. 

 

2.6.2 Diffusion of active species derived from HPWVA 

The distribution of diffused oxygen into the sample during HPWVA was investigated. 

Figure 2-26 shows the SIMS observations of the samples, using water containing the 18O 

isotope (H2
18O) for the HPWVA. Because oxygen atom is a constituent element of the 

Al2O3 film, it is necessary to distinguish it from the oxygen acquired during the ALD 

process. A clear diffusion of 18O in the HPWVA samples was observed. Because the same 

results of SIMS for 18O were obtained both the GaN-on-Si substrate and the Si substrate 

for ALD-Al2O3 samples with HPWVA for 30 min, an Si substrate was used. The diffusion 

depth of oxygen (18O) increases as the processing time is increased, as shown in FIG. 2-

26 (b) and (c). From the results of the sample with HPWVA at 0.5 MPa for 10 minutes, 
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the diffusion coefficient for H2O into the ALD-Al2O3 film was 2.2×10-20 m2/s. The 

diffusion coefficient was calculated using the equation for the diffusion coefficient [66]. 

This diffusion coefficient is equivalent to that for O2 in a dry annealing process at about 

700°C.34) As shown in FIG. 2-26 (c), performing HPWVA for at least 30 minutes induces 

the diffusion of oxygen throughout the Al2O3 film, and this accounts for the high diffusion 

ability of H2O by HPWVA at low temperatures. 

 

 

FIG. 2-26 SIMS depth-profile analysis for 27Al (27Al), 30Si (30 Si), 18O (18O), and 

16O (16O) for ALD-Al2O3 samples (a) without HPWVA, (b) with HPWVA for 10 

min, and (c) with HPWVA for 30 min at 0.5 MPa. The HPWVA used H2
18O. 

 

Deuterated water (D2O) for the HPWVA for the SIMS was used. As shown in FIG. 

2-27 of the SIMS analysis, the HPWVA diffused deuterium (2H = D, labeled 2H in the 

figures) through the entire Al2O3 film. The curve labeled 1H is hydrogen derived from 

the precursor remaining from the ALD process [67]. Since the hydrogen species have 

relatively small sizes, unlike oxygen, they can easily move into the Al2O3 film. However, 

it is important to note that 2H has almost twice mass than 1H and diffusivity and chemical 

reaction with Al2O3 film may be different [68]. As for the diffusing power, it is suggested 

that the mass of 1H is less than that of 2H and even in the original HPWVA used 1H, 
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hydrogen diffused throughout the Al2O3 film. A previous report found that the hydrogen 

or deuterium—but not the oxygen—from the diffusing water molecules exchange with 

the OH groups in the oxide film, as a diffusion reaction mechanism when water enters the 

film [69]. Thus, it is considered that this diffused 2H shows hydride species such as Al-

OD in the Al2O3 film. Also, it is conceivable that the D2O reacted with the Al2O3 film and 

formed hydrogen. The hydrogen remains in the Al2O3 film after HPWVA. 

 

FIG. 2-27 SIMS depth-profiles of 27Al (27Al), 30Si (30Si), 1H (1H), and 2H = D (2H) 

for ALD-Al2O3 samples (a) without and (b) with HPWVA of 0.5 MPa using D2O. 

 

2.6.3 Oxidation of GaN in Al2O3/GaN Interface 

Figures 2-28 show the Ga 2p XPS spectra of the interface and the bulk of the ALD-

Al2O3 samples (a)without HPWVA, with HPWVA (0.5 MPa) and with HPWVA (1.0 MPa). 

Since Ga 2p is shallower in penetration length than Ga 3d, more sensitive interface 

information can be obtained from it. The Ga–N peak occurs at 1117.8 eV in ALD-

Al2O3/GaN, the Ga-O peak at 1118.7 eV represents the oxide of GaN at the Al2O3/GaN 

interface, and the Ga-Ga peak at 1116.3 eV represents the bonding between Ga atoms in 

the GaN crystal [70, 71]. In the interface sensitive XPS spectra of Al2O3/GaN, the peak 

of the Ga-O bond was increased for samples both with and without HPWVA, as compared 

with the bulk-sensitive spectra. As shown in FIG. 2-28 (b), there was a tendency for the 
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Ga-O binding at the interface to be increased slightly for the HPWVA sample. It is 

difficult to observe the binding peak due to Ga-OH around 1120 eV from these results 

[71]. In addition, compared with HPWVA between 0.5 MPa and 1.0 MPa, Ga-O binding 

at the interface was increased slightly. This suggests that reaction between Ga and oxygen 

occurs at the interface after HPWVA and that gallium oxide is formed at the Al2O3/GaN 

interface. Ga-O binding increased by rising pressure of HPWVA. 

 

FIG. 2-28 Ga 2p XPS spectra for the interface and the bulk of ALD-Al2O3 films (a) 

without and (b) with HPWVA. The dashed lines represent the fitted peaks, the dots 

represent the raw spectrum, and the solid lines represent the cumulative sum of the 

fitted peaks. 

 

Figure 2-29 shows the AFM image of Al2O3/GaN structure (a)without HPWVA, 

with HPWVA (0.5 MPa) and HPWVA (1.0 MPa). Three points are measured and the 

maximum error is ± 0.005 nm at a range of 2 µm. The square average roughness (root 

mean square, RMS) of HPWVA of 0.5 MPa was 0.22 nm and slightly increased surface 

roughness compared with 0.20 nm of w/o HPWVA. RMS of HPWVA (1.0 MPa) is 0.26 

nm and surface roughness increased with increasing pressure. In addition, Some 

protrusions that were not confirmed at 0.5 MPa were confirmed at 1.0 MPa. Therefore, it 
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can be seen that the surface morphology is changing through increasing pressure of 

HPWVA. This increase in surface irregularities is undesirable because of the local electric 

field concentration. It was confirmed that the TZDB characteristics deteriorated in 

HPWVA of 1.0 MPa, as shown in FIG. 2-19. It is cosidered the local electric field 

concentration was caused by generating such a surface projection. In the next chapter, the 

investigation of the surface flatness and surface projections under higher pressure 

conditions in HPWVA will be discussed. 

 

FIG. 2-29 AFM image of Al2O3/GaN structure (a)without HPWVA, (b)with 

HPWVA (0.5 MPa) and (c) HPWVA (1.0 MPa) (top view).  

 

2.7 Grain Growth of GaOx in HPWVA under High Pressure 

Surface of Al2O3/GaN MOS structure under higher pressure condition of 1 MPa or 

more was investigated by using the new supercritical apparatus. Figure 2-30 shows the 

pressure dependence of surface roughness of HPWVA in Al2O3/GaN structure. The 

surface roughness at each pressure condition (300 °C and 400 °C) are also shown. The 

sample was Al2O3 (40nm)/GaN structure and the Al2O3 surface was observed with AFM. 

It was observed that the surface roughness exceeded 5 nm rapidly at 400 °C and 300 °C 
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with pressures of 2.0 MPa or more, suggesting that the oxidation reaction at the interface 

rapidly changes at 2 MPa or more. In addition, when it exceeds 2 MPa, the initial failure 

(A mode) around 0 MV/cm was shown in the TZDB characteristics. Figure 2-31 shows 

the annealing time dependence of surface roughness at each pressure condition of 

HPWVA in Al2O3/GaN structure. Even at an annealing time of 3 hours, time dependence 

of surface roughness was not observed and it was found that the time dependence of 

surface roughness was not very large. 

 

FIG. 2-30 Pressure dependence of surface roughness of HPWVA in Al2O3/GaN 

structure. The surface shape at each pressure condition (300 °C. and 400 °C) are also 

shown. When it exceeds 2 MPa in the HPWVA, initial failure (A mode) around 0 

MV/cm occurs. 
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FIG. 2-31 Anneal time dependence of surface roughness at various pressure 

condition of HPWVA in Al2O3/GaN structure. The pressure condition of 300 °C is 1 

MPa, 3 MPa and 5 MPa as function of annealing time. 

 

   It was investigated whether this surface was made of Al2O3 or GaN. Figure 2-32 

shows Scanning Electron Microscope (SEM) image of the Al2O3 surface in Al2O3/GaN 

MOS structure with HPWVA. The HPWVA of this sample was processed at 6 MPa for 1 

hour at 300 °C. It has been confirmed that rod-shaped crystal growth substances of micron 

sizes locally grow through the Al2O3 film and the surrounding round shape is also a crystal 

growth material. FIG 2-33 shows the composition analysis of the bar-shaped crystal 

growth product. Ti, Cu, etc. indicate peaks derived from Transmission Electron 

Microscope (TEM) grid. W is a cover metal in cross-section etching. It is confirmed a 

Ga-derived peak from the crystal growth. The point analysis was carried out at an 

accelerating voltage of 20 kV, and light elements such as oxygen were hardly detected. It 

could not confirmed a oxygen peak, but carbon which is light element was detected and 

it is a possibility that Ti and O may be over raped.  

Thus, Energy dispersive X-ray spectrometry (EDS) mapping of oxygen was 
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observed with an acceleration voltage of 5 eV. As shown in the FIG. 2-34, it was found 

that the crystal growth is composed of oxygen. Since Ti is derived from the TEM grid, it 

should be observed throughout in the EDS mapping, however it is observed at specific 

locations such as the Al2O3 film and crystal growth, it is highly probable that these 

mapping is derived from oxygen. It is reported that oxidation progresses preferentially 

from GaN surface defects due to dry oxygen annealing at high temperature (800 °C ~) 

and generated crystal growth of Ga oxide [72, 73]. In addition, the surface roughness is 

caused by oxidation of GaN at the Al2O3/GaN interface. Therefore, it was considered that 

this crystal growth product is a Ga oxide derived crystal growth material and the HPWVA 

under higher pressure (2 MPa~) promotes the crystal growth of Ga oxides and greatly 

deteriorates the electrical characteristics of the Al2O3/GaN MOS capacitor. 

 

 
FIG. 2-32 SEM image of the Al2O3 surface in Al2O3/GaN MOS structure with 

HPWVA. The HPWVA of this sample processed 6 MPa for 1 hour at 300 °C. Rod-

shaped crystal growth of micron sizes locally grows through the Al2O3 film. 
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FIG. 2-33 The composition analysis of the bar-shaped crystal growth material at 20 

keV. Ti, Cu, etc. indicate peaks derived from TEM grid. W is a cover metal in cross-

section etching. 

 

 

FIG. 2-34 EDS mapping spectra of oxygen at 5 keV. It was observed oxygen derived 

the crystal growth and Al2O3 film. 

 

2.8 Discussion on Reaction Model of HPWVA  

The effect of HPWVA on Al2O3/GaN capacitors from these results was summarized. 

Figure 2-35 shows the mechanism model of the HPWVA effect (~ 0.5 MPa) on 

Al2O3/GaN MOS structure. From these results, a reaction model of HPWVA for 

Al2O3/GaN MOS capacitors was proposed. Under the condition of HPWVA (400°C, 

0.5MPa, 30min), active H2O monomers can be diffused into Al2O3 film.  

From the SIMS and TDS results, the diffused H2O monomer to the Al2O3 film was 
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distributed as H2O(β) in the vicinity of the surface. The diffused H2O monomer also 

reacted with the defective Al2O3 film and formed Al-O-Al and Al-OH bonds. It is 

suggested that hydrogen observed from the SIMS result of 2H is derived from the reaction 

product of the active H2O with the Al2O3 film. As shown in the XPS results of Al 2p and 

O 1s, the ratio of Al-OH bond at the Al2O3 surface is increased about 2 times by HPWVA 

and the peak intensity of Al-O-Al is also slightly increased. On the other hand, from the 

TDS results, it was found that the Al-OH (γ) signal from the whole Al2O3 film was only 

increased by about 20%. These differences of the Al-OH results were related to the 

gradient of H2O concentration in the Al2O3 film. Therefore, it is considered that these 

reactions of the active H2O are relevant to the modification of defective Al2O3 film and 

the improvement of the electric characteristics, such as the NF and the stress shifts.  

However, it could not be determined from results whether hydrogen is related to 

the improvement of Al2O3 film. HPWVA is effective not only for improving the Al2O3 

film but also for improving the Al2O3/GaN interface. From the XPS results for Ga2p, it 

was confirmed that the Ga-OH bond was not observed and the intensity of the Ga-O bond 

was increased by HPWVA. The gallium oxide thickness estimated from AR-XPS of Ga2p 

is about 1 ~ 2 atomic layers. The active H2O, which reached the Al2O3/GaN interface, 

was only a small number at this condition of HPWVA as shown SIMS results. It is 

considered that even a small number of H2O can react with the interface and form a thin 

gallium oxide. Consequently, the generation of gallium oxide affects the termination of 

the Ga dangling bonds. This termination was also reported in high temperature dry 

annealing [74-76]. However, previous reports indicated that the high temperature dry 

oxidation annealing of 800 °C causes the electrical characteristics to deteriorate due to 

the crystallization of the Al2O3 film [77]. Therefore, HPWVA has the advantage to form 
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the gallium oxide at a low temperature (400 °C). Thus, it is effective in reducing the Dit 

significantly. 

 

FIG. 2-35 Effect model of HPWVA (~ 0.5 MPa) on Al2O3/GaN MOS structure. 

At 1 MPa or more, surface roughness increased with pressure rise, it was confirmed 

that the deterioration of Dit and EBD. When the pressure was further raised to 2 MPa, only 

the the initial failure occurred in TZDB measurement and other electrical characteristics 

could not be obtained. under high pressure condition of 6 MPa, micro-sized GaOx crystal 

growth developed and it penetrated the Al2O3 surface. Therefore, HPWVA is sensitive to 

pressure conditions and it was found that improvement of electrical characteristics can be 

expected within the range where surface roughness does not occur. 

2.9 Electrical Characterization in High Temperature Condition 

2.9.1 I-V Characterization 

Main problem of the high power modules is high electric power loss, which requires 

the water cooling system. For the future power devices, very low on-resistance and high 

temperature operation above 200 °C are expected to simplify the cooling system of the 
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inverter, as introduced in Chapter 1. Therefore, electrical characteristics were evaluated 

in a high temperature range. 

Figure 2-36 shows the temperature dependence of J- E of Al2O3/ GaN MOS devices 

between w/o HPWVA and HPWVA. Temperatures are set at RT, 100 °C and 200 °C. An 

electro diameter of 100 μm was used as a gate electrode. The number of measurement 

points at each temperature are 5 points, and each points broke down due to hard 

breakdown. This shows that the EBD of both samples. decreased due to the temperature 

rise and the leak current increased. In addition, the EBD improved by HPWVA at each 

temperatures. The leakage conduction mechanisms of Al2O3/GaN capacitors are SCC-FE 

at 3~5 MV/cm and Schottky emission (SE) at 0 ~ 3 MV/cm. SE conduction mechanism 

is a bulk-limited conduction process and occurs due to defect states and carriers follow 

the over barrier. Electron emission requires thermal excitation. In the high temperature 

(200 °C), SE which the carrier absorbs thermal energy is released across the potential 

barrier of the interface increased [78]. SE occurs at the barrier of interface between Al2O3 

and GaN and SCC-FE occurs via a trap in the bulk of the Al2O3. As a result of the 

temperature dependence of the leakage current, it is considered that the SE became 

dominant from the FE due to the temperature rise. As described in chapter 2-19, it is 

considered that defects were reduced by HPWVA and this was attributed to an increase 

in dielectric breakdown voltage.  



71 

 

 

FIG. 2-36 Temperature dependence of J- EBD of GaN MOS devices with ALD-Al2O3 

(a) wihout HPWVA and (b)with HPWVA. The temperature condition is RT, 100°C 

and 200 °C. 

In order to investigate the lifetime of Al2O3/GaN MOS capacitors, TDDB 

measurement was carried out at 200 °C compared with room temperature. Figure 2-37 

shows the results of Al2O3/GaN MOS capacitor wihout HPWVA and with HPWVA at 

200 °C . In general, TDDB is evaluated at 3 MV/cm for Si power devices for automotive 

applications [79]. Therefore, tBD is defined as 3 MV/cm. The TDDB of the w/o HPWVA 

was estimated to be over 30 years at room temperature. The TDDB at temperature of 

200 °C was about 103-104 seconds, It was reported that it is necessary to have a service 

life of more than 20 years at 200 °C for automotive applications. The TDDB at 200 °C. 

is much lower than the required value. TDDB decreases as the leakage current of the 

Al2O3 film increases. The Al2O3 film had a relatively large leakage current due to trapping 

to bulk defect and the short TDDB may be due to the large leakage current. In order to 

increase the lifetime, it is necessary to reduce the trap density by optimizing the deposition 

condition of ALD - Al2O3. 
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FIG. 2-37 TDDB wihout HPWVA and with HPWVA (0.5 MPa) at 200 °C compared 

with room temperature. The dotted line indicates the electrical field is 3 MV/cm. 

 

2.9.2 C-V Characterization 

Figure 2-38 shows C–V characteristics of ALD-Al2O3/GaN MOS capacitors of both 

w/o HPWVA and HPWVA (0.5 MPa) as a function of frequency. Temperature ranges 

are set at 100 °C and 200 °C. Increasing temperature leads to: increasing VFB shift in the 

positive voltage direction and C–V curve stretch-out. These indicate that electron capture 

and emission associated to traps located close to the Al2O3/GaN interface increase and 

enhanced activity of electronic states at high temperature and are not negligible in the 

measured positive VFB shift. The effect of HPWVA was maintained even in the high 

temperature range. From the results of TDS, desorption of H2O began when the 

temperature exceeded 100 °C. Although deterioration of the electric characteristics was 

concerned at >100 °C, such influence was not seen in the C-V characteristic. There is a 

possibility of reoxidation in the Al2O3 film due to water desorption. 
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FIG. 2-38 Frequency dispersion of the C–V characteristics of ALD-Al2O3/GaN MOS 

capacitors. The measurement frequency ranged from 1 kHz to 1 MHz. Temperature 

condition is 100 °C and 200 °C. 

 

Figure 2-39 show positive shift of C–V step-stress measured for ALD-Al2O3/GaN 

MOS capacitors with w/o HPWVA and HPWVA of 0.5 MPa at each temperatures. At 

high temperature such as 100 °C and 200 °C, VFB shifted in the positive direction along 

the gate voltage without stretch out and positive C–V shifts of HPWVA showed smaller 

VFB shift than that of the w/o HPWVA. More interestingly, temperature increase shifts 

the C–V curve towards more positive gate voltages. The origin of the temperature-

induced Vth shift indicate the electron capture by the Al2O3/GaN interface traps or Al2O3 

bulk traps [80]. As well as RT, the Vth shift was about 1/2 times even at 100 °C and 

200 °C and HPWVA is also effective at high temperature. 

The relationship between the electrical and the physical characteristics in the high 

temperature of 200 °C will be proposed. As the shown in TDS results of FIG. 2-25, it was 

confirmed that desorption of H2O at 200 °C due to the hydrogen bonds bonded to Al-OH 
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in the film and on the surface. It is considered that H2O is desorbed during the 

measurement of electrical properties, however this desorption does not affect the 

deterioration of the electrical characteristics. Therefore, it is suggested that the Al - OH 

bond derived from 300 °C to 500 °C is attributed to the modification of Al2O3 film and 

the electric characteristics at 200 °C were improved by HPWVA. 

 

FIG. 2-39 Positive shift of C–V step-stress measured for ALD-Al2O3/GaN MOS 

capacitors with w/o HPWVA and HPWVA at temperature ranging of (a,d)RT, 

(b,e)100 °C and (c,f)200 °C. (g)Summary of VFB shift plot per accumulation voltage.  

2.10 Summary 

In this chapter, HPWVA using high temperature and high pressure steam for 

Al2O3/GaN MOS capacitor was proposed. The effect of HPWVA on the Al2O3/GaN MOS 

structure was evaluated for electrical characteristics and physical characteristics. The 
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tendency of the electrical characteristics regarding the pressure dependence of HPWVA 

is reproducible. By processing HPWVA with 0.5 MPa, improvement of the EBD of 

HPWVA samples was confirmed in TZDB and TDDB showed the lifetime of the HPWVA 

sample tends to increase compared with w/o HPWVA. From the C-V evaluation, 

reduction of NF in Al2O3 film and reduction of the Dit in the HPWVA sample were 

observed.  

  However, at 1 MPa, the EBD decreased compared with w/o HPWVA. Nf and Dit 

improved better than w/o HPWVA, however these decreased as compared with 0.5 MPa. 

In the physical evaluation, XPS showed that the Ga-O bonding at the interface increased, 

and the Ga-O bond tended to increase further than the pressure rise (~ 1.0 MPa). In the 

TDS and XPS evaluation, the Al-OH bond increased in the Al2O3 film. In SIMS, it was 

confirmed that oxygen and hydrogen in the water vapor were diffused. In addition, 

HPWVA at 400 °C and 0.5 MPa was shown to have the same diffusion coefficient as dry 

anneal at 700 °C, indicating that it has high oxidizing power. 

   From the above, the main points of physical characteristics and electrical 

characteristics was summarized. By HPWVA, the oxygen termination at the interface 

caused the effect of reducing Dit by reducing the discrete level related to nitrogen vacancy 

VN. In addition, HPWVA promotes dangling bond termination of Al by -OH and 

reoxidation of Al2O3 film, which is considered to have the effect of reducing defects in 

the film. However, in the case of 1.0 MPa, the surface of Al2O3 was roughened and 

protrusions were confirmed. Therefore, it is considered that the EBD decrease is attributed 

to the electric field concentration due to the protrusions formed on the GaN interface. In 

addition, Dit increased due to an increase in defects existing at the interface by interface 

roughness. 
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   Furthermore, the electrical characteristics of HPWVA treated at higher pressure (2 

MPa~) tended to deteriorate. In the case of 2 MPa, the Al2O3 surface roughly roughed 

and only the initial breakdown occurred in the J-E characteristic, and C - V curve was not 

observed. Furthermore, when exceeding 6 MPa, a crystal growth product of 1 μm size 

was confirmed through the Al2O3 film from the GaN interface. STEM revealed that this 

crystal growth product was derived from Ga oxide. Therefore, it is considered that crystal 

growth starts at 1 MPa or more and protrusions derived from Ga oxide formed at the 

initial stage grow with increasing pressure. This suggests that HPWVA is sensitive to 

pressure conditions. It is known that the density of water greatly changes due to slight 

fluctuation of pressure near the critical point, and it is conceivable that the oxidizing 

power of HPWVA changes greatly. Paradoxically, it means that hydrothermal reactions 

can be generated freely if control of both temperature and pressure is possible.  

   The operation at high temperature of 200 °C which is an essential in practical 

application was evaluated. It was possible to maintain reliability in HPWVA samples even 

at 200 °C. It is suggested that the Al - OH bond derived from 300 °C to 500 °C is attributed 

to the modification of Al2O3 film. However, it is confirmed that the leakage current 

greatly increases from the TZDB characteristic, and it is necessary to improve the 

characteristics under high temperature conditions in the future. 

  Finally, in this study, the HPWVA effect in Al2O3/GaN MOS capacitor was achieved. 

Some reports have shown that HPWVA improved the electrical characteristics of 

HfSiO2/Si and CVD-SiO2/ Si MOS structure, and also, in my group, it was confirmed that 

electrical characteristic of SiO2/GaN MOS capacitor improved by HPWVA [14]. 

Therefore, it is suggested that HPWVA as PDA is effective for improvement of insulating 

films.  
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However, HPWVA is sensitive to control such as pressure, annealing time and 

temperature. Thus, the optimum condition for improving characteristics may vary greatly 

depending on the kind of MOS capacitor consisted of insulators and substrates. For 

example, it is confirmed the characteristics degradation of HfSiO2/Si MOS capacitors 

with long time annealing (~3h) and HPWVA effect of HfSiO2/Si MOS capacitors had an 

optimum annealing time to improve the film quality [14]. In this study, only the pressure 

dependence of HPWVA for Al2O3/GaN MOS capacitors is evaluated and it is necessary 

to evaluate the time dependence and the temperature dependence. 

On the other hand, at more than 1.0 MPa, the GaN substrate began a surface roughness 

and the HPWVA condition may be limited to improve the electrical characteristic. 

However, it is possible to take advantage of this high oxidizing power for the formation 

technology of sacrificial oxide film as etching damage removal [81]. It was found that 

HPWVA controlling the condition can be expected to have a large effect of improving 

characteristics as PDA process in GaN MOS capacitor as well as with other process [82]. 
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Chapter 3 

Investigation of Atomic Structure in Al2O3/GaN 

interface 

 

3.1 Introduction 

The control of MOS interfaces remains one of the key issues. As described in Chapter 

2, HPWVA for MOS interface control and succeeded in improving the Al2O3 film quality 

and the quality of the Al2O3/GaN interface was suggested.  

However, the atomic structure at the interface of Al2O3/GaN is not yet well understood 

in detail. Therefore, it is necessary to clarify the interfacial structure at the interface of 

Al2O3/GaN for a better understanding and improvement of the device performance of 

GaN MOSFETs. 

As a detail investigation of the Al2O3/GaN interface, photoelectron diffraction was 

used. The photoelectron diffraction is a powerful element-selective and non-destructive 

technique for the analysis of atomic structure, surface, and interface structure [1-3]. By 

utilizing the photoelectron diffraction phenomenon, it is possible to obtain element-

specific X-ray photoelectron spectroscopy by analyzing the photoelectron intensity 

angular distribution (PIAD) that can provide direct access to the local atomic structure 

of selected elemental atom sites and their neighboring atoms [4-6]. Until recently, in the 

research on SiC, which is a promising power semiconductor like GaN, the atomic 

structure analyses of interfaces of insulator/SiC have been extensively reported and 

analyzed in detail [2, 4, 7, 8]. In particular, D. Mori recently reported the important 

interface information on the N local atomic arrangement at the amorphous 
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SiO2/SiC(000-1) interface for improving the performance of SiC MOSFETs [9]. On the 

other hand, the detailed structure between insulator and GaN is still unclear and the study 

on insulator/GaN interface also needs to be promoted. Therefore, this atomic site-

specific photoelectron diffraction patterns using a circularly polarized soft X-ray beam 

line of SPring-8 was applied to analyze and clarify the interface structures of the 

Al2O3/GaN interface.  

 

3.2 Two-dimensional photoelectron spectroscopy 

Figure 3-1 (a) shows the schematic diagram of photoelectron diffraction. Photo 

electronic waves generated from atoms are scattered by surrounding atoms to emit 

scattered waves. The phenomenon wherein the scattered wave and the photoelectron 

wave overlap makes the photoelectron diffraction. The atom from which the 

photoelectron wave is derived by X-ray irradiation is the “emitted atom”, the derivative 

photoelectron wave is called the “direct wave”, and the wave generated by scattered atom 

is called the “scattered wave”. Forward focusing peaks (FFP) are formed in regions where 

the intensity of photoelectrons is strong in the direction of scattered atoms observed from 

emitted atoms. From the polar angle at which the FFP appears and its symmetry, the 

atomic arrangement around a specific atom can be observed and the interatomic distance 

can be evaluated from the diffraction ring [10].  

Photoelectron-diffraction measurements were carried out using a circularly 

polarized soft X-ray beam line at BL25SU of SPring-8, Japan [11]. PIAD is most 

efficiently measured using two-dimensional photoelectron spectrometer Display-type 

Spherical Mirror Analyzer (DIANA), which enables the acquisition of a two-dimensional 

angular distribution snapshot of a specific kinetic energy electron.  
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Beam Line BL25SU uses a synchrotron light source. Because the energy of 

synchrotron light is white light having continuity, it is possible to extract only X-rays of 

specific energy using a spectroscope. Therefore, it is possible to arbitrarily change the 

incident energy, acquire high-quality data with good SN in a short time, control the kinetic 

energy and the depth of detection of the photoelectrons excited, and perform detailed 

analysis.  

As shown in FIG. 3-1 (b), DIANA has two concentric hemispherical electrodes as 

main components [12]. The photoelectron passing through the electrode mesh of the inner 

hemisphere is bent by the electric field generated in the inner hemisphere electrode and 

the outer hemisphere electrode. At this time, those above the photoelectric kinetic energy 

to be detected are blocked by the outer sphere (obstacle ring), and those below the pass 

energy are removed by the blocking potential grid of the outlet (aperture). Therefore, only 

photoelectrons with some energy converge on the aperture. By observing the angular 

distribution of photoelectrons coming out through the aperture on the screen, it is possible 

to obtain the PIAD of the sample.  

In this evaluation, the sample at an azimuth angle of 360 ° was scanned and collected 

PIAD data [13-16]. The sample was introduced into the ultra-high vacuum chamber, and 

no further sample surface treatment was carried out. All experiments were carried out at 

room temperature. The PIAD by 360° rotation in 9° step size was obtained. The PIADs 

of right and left circularly polarized light are integrated. PIADs of Ga3p, Al2p were 

obtained with photoelectric kinetic energy of 800 eV and N1s was obtained with a 

photoelectric kinetic energy of 540 eV and displayed in stereographic projection. 
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FIG. 3.1. (a) Schematic diagram of photoelectron diffraction. The atom from which 

the photoelectron wave is derived by X-ray irradiation is the emitted atom, the 

derivative photoelectron wave is called the direct wave, and the wave generated by 

scattered atom is called the scattered wave. (b) Diagram of the DIANA used in this 

work. The angular distribution of photoelectrons from the sample is projected on 

the screen without distortion [17].  

 

3.3 Device fabrication 

Homoepitaxial layer (2 μm, Si :5 × 1016 cm-3) on c-plane free-standing GaN 

substrates with surface tilted toward m-axis [1-100] direction by 0.4 °off was utilized. 

After the standard RCA cleaning process, Al2O3 film with a nominal thickness of 20 nm 

was deposited on the n+-GaN(0001) surfaces by T-ALD. The Al2O3 film was deposited at 

300°C by repeating TMA supply as aluminum precursor and O2 supply. The deposition 

rate of the Al2O3 film was 0.91 Å/cycle. The sample was then subjected to HPWVA under 

a constant pressure of 0.5 MPa and to annealing temperatures of 400 °C for 30 min. The 

sample was dipped slowly (dipping rate : 9 sec/mm) into diluted HF (0.1 mMol/L) and 

wedged Al2O3 layers were formed by etching. The wedged structure enabled us to analyze 

Al2O3/GaN interface. The purpose of the inclined etching is to measure under the 

conditions for device application wherein insulator film thickness of Al2O3 is deposited 

at least 20 nm. For the measurement point, the point where the Al2O3 film thickness 

corresponds to about 1.2 nm was specified by scanning the intensity of Ga3p toward the 

(a) (b) 
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etching direction.  

 

FIG. 3-2. Cross section of inclined Al2O3/GaN sample. The measurement point which 

Al2O3 thickness is 1.2nm is a part where the intensity of Ga3p is halved.  

 

3.4 Investigation of atomic structure in Al2O3/GaN interface 

3.4.1 Scanning transmission electron microscopy (STEM) 

To focus on interface phase morphology determination by electron microscopy 

methods, structural characterization was performed by using annular bright-field 

scanning transmission electron microscopy (ABF-STEM) by using the JEM-ARM200CF 

(Kyusyu Uni. Nano. Tech. platform) operated at 200 keV .  

Figure 3-3 shows the cross sectional image of the interfaces of Al2O3 (2 nm)/GaN 

substrate observed by ABF-STEM. Amorphous Al2O3 layer and GaN (0001) substrate 

can be confirmed. The samples with the cross-section cut out in the (01-10) direction and 

could not confirm the offset step was observed. However, these images indicate that 

relatively steep interfaces are formed, although 2, 3 layers of GaN. Mitsuishi et al. 

reported that there is a layer of crystalline gallium oxide (Ga2O3) having epitaxial relation 

with very thin GaN of about 1.5 nm in SiO2/GaN [18, 19]. Plasma damage is caused when 

CVD SiO2 is deposited on GaN substrate. Therefore, in the case of the Al2O3/GaN 

interface, the excessive damaged layer of Al2O3/GaN interface after Al2O3 deposition by 

thermal ALD was not found and a sharp and distinct interface was formed. 
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FIG. 3-3. The cross section image of ABF-STEM observed interfaces with 

Al2O3/GaN (0001) substrate. The pattern on the GaN substrate corresponds to Ga 

atom and nitrogen atom. The ALD-Al2O3 film is amorphous. 

 

3.4.2 Photoelectron Diffraction Pattern (PIAD) 

To analyze the atomic structure of Al2O3/GaN interface in detail, two-dimensional 

photoelectron-diffraction measurements was carried out. Figure 3-4 showed the PIADs 

of Ga3p and N1s from c–plane GaN surface of GaN substrate, respectively. The PIADs 

of Ga3p and N1s is six-fold symmetry. As shown in FIG 3-5, GaN has a pair of local atom 

sites of mirror image of Ga atoms and N atoms against (1-100) planes. The obtained 

PIADs is superimposed with information of Ga atoms and N atoms present at each layer, 

wherein both layer 1 (Ga 1 and N 1) and layer 3 (Ga 3 and N 3) are same, and both layer 

2 (Ga 2 and N 2) and layer 4 (Ga 4 and N 4) are same.  

 Figures 3-6 and 3-7 show the atomic arrangement and direction of atoms around 

Ga atoms and N atoms at each layer. The FFP caused by the direction of the second closest 

Ga atom indicated by the red circle in the Ga3p PIAD is six-fold symmetric. Similarly, 

FFP indicated by a blue triangle in the PIAD of N1s is the direction of the second 

neighboring N atom viewed from the N atom and the red triangle indicate the direction 

of the Ga atom closest to the first. Superimposition of FFP is six-fold symmetric by 



90 

 

superimposing three-fold symmetric PIAD which is a mirror image in relation to (1-100) 

plane. In addition, as shown in FIG 3-6, FFP in the Ga3p PIAD is attributed to the third 

neighboring N atom and FFP forms a six-fold symmetric PIAD at the same position. 

Therefore, the PIADs of Ga3p and N1s at have six-fold symmetry PIADs. It is concluded 

that the PIADs of Ga3p and N1s PIADs reflect the GaN crystal structure.  

 

 

FIG. 3-4. PIADs of Ga3p and N1s from c–plane GaN surface. The marks indicate 

the position of FFP (direction of adjacent atoms). The structure diagram of each 

adjacent atom is shown in FIG. 3-5 and FIG. 3-6. 

 

 

FIG. 3-5. Crystal structure of GaN observed from [1-100] direction. The Ga atom 

and N atom at Layer 1 - 4 are shown. 
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FIG. 3-6. The atomic arrangement around the photoelectron emitting atom 

(Emitter) and the direction of the surrounding atoms as observed from the emitter 

 

 

FIG. 3-7. The atomic arrangement around the photoelectron emitting atom 

(Emitter) and the direction of the surrounding atoms as observed from the emitter 

 

As shown in FIG 3-8, these results indicate that Ga3p and N1s PIADs with and 

without HPWVA have the PIADs derived the GaN bulk crystals. Both PIADs show no 

difference. As shown FIG.3-4, PIADs of Ga3p and N1s become a six-fold symmetry 

with three-fold symmetry PIADs superimposed. 
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FIG. 3-8. PIADs of Ga3p and N1s of Al2O3/GaN interface from c–plane GaN surface 

of (a) HPWVA and (b) w/o HPWVA 

 

  Figure 3-9 (a) and (b) shows the Al2p PIADs of Al2O3/GaN interface with and without 

HPWVA. FIG 3-9 (c) shows the line scan profile of Al2p and Ga3p for the white dashed 

lines in FIG. 3-8 (a) and FIG. 3-9 (a). These results show that the tendency which Al2p 

PIAD has a three-fold symmetry for FFPs at a polar angle of 120° is strong. The PIADs 

of both with and without HPWVA show no difference. The trend shows similar results 

with the PIAD of Ga3p. The Al2O3 film deposited by T-ALD is typically amorphous as 

also shown in the STEM image and no PIADs should be observed (PIAD of O1s was not 

observed). The PIADs indicated by the black circles, as well as open circles, correspond 

to adjacent Ga or Al atoms which is second closest to the Al emitter atoms, (FIG. 3-10). 
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FIG. 3-9. Al2p PIADs of Al2O3/GaN interface (a) with HPWVA and (b) w/o HPWVA 

(c) the line scan profile of Al2p and Ga3p for the white dashed lines in FIG. 3-8 (a) 

and FIG. 3-9 (a).  

 

FIG. 3-10. The schematic model of Al2O3/GaN interface. The FFPs from Al emitter 

correspond to adjacent Ga or Al atoms indicated by the black circles.  
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3.5 Discussion on interfacial atomic structure model 

The similarity of PIADs between Ga3p and Al2p shows that Al atoms are located in 

the Ga site of the GaN crystal structure in the vicinity of the uppermost surface. Therefore, 

it shows that an extremely thin Al2O3/GaN multiphase layer was formed at the Al2O3/GaN 

interface. FIG. 3-11 shows a model where Al penetrated or replaced at the Al2O3/GaN 

interface. The PIAD from the Al emitter that are in the first layer on the outermost surface 

has only information of atom located on the same layer and pattern can not be obtained. 

In the second and subsequent layers, as shown in FIG. 3-5, the three-fold symmetry is 

reversed for each layer and can be obtained alternately. The PIAD of Al2p shows stronger 

three-fold symmetry matching to Ga 1 and 3 (Layers 1 and 3) than PIADs of Ga 2 and 4 

(Layers 2 and 4). Therefore, the PIAD of Al2p which is three-fold symmetry and is 

dominant means that Al atoms are up to the third layer, but many Al atoms are up to the 

second layer. Because the PIAD of Al2p was confirmed regardless of the presence or 

absence of HPWVA, it is considered that Al was formed during ALD process. 

 

FIG. 3-11. Relationship between PIAD from Al emitter in Ga site and element model. 

In the PIAD of Al2p (FIG. 3-9), the black circle is linked with the PIADs of Ga 1 and 

3 (FIG. 3-8). On the other hand, open circles are linked with PIADs of Ga 2 and 4. A 

PIAD can not be obtained from the outermost Al emitter at Al2O3/GaN interface. 
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Furthermore, because an off angle of 0.4° is actually formed on the GaN substrate, 

a model considering this GaN step surface will be considered. As shown in FIG. 3-12, the 

GaN substrate has a step formed in the m-axis [1-100] direction. From the results of AFM, 

it was confirmed that the step height was mainly 0.5 nm, forming a step in which the Ga 

atomic layer fell down by two steps. Three-fold symmetry (the same PIAD as Ga 1 and 

Ga 3) derived from Al atoms of the second layer from the outermost surface of GaN has 

no relation with the presence or absence of a step. However, in the third layer from the 

outermost surface, it is considered that Al easily was replaced with the Ga site at the 

boundary of the step surface, and the opposite three-fold symmetry (the same PIAD as 

Ga 2 and Ga 4) is confirmed. These Al atoms are supposed to compensate for Ga defects 

in the GaN crystal, which may contribute to reduction of Dit, however further 

investigation is necessary. 

 

FIG. 3-12. Schematic model of the transition layer in consideration of the GaN step 

face (off angle 0.4°) at the Al2O3/GaN interface. 

 

Figures 3-13 shows the schematic model of GaN substrate, MOS interface after 

deposition of Al2O3 film and MOS interface after HPWVA. When an ALD-Al2O3 film is 
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deposited on a GaN substrate with vacancies, Al predominantly penetrates into the second 

layer of the Ga vacancy site. After HPWVA, a thin oxide layer was formed on the interface 

between GaN and Al2O3, but it did not reflect on the PIAD patterns. 

 

 

FIG. 3-13. Schematic model of (a) GaN substrate, (b) MOS interface after deposition 

of Al 2O3 film and (c) MOS interface after HPWVA.  

 

3.6 Summary 

The atomic structure at the Al2O3/GaN interface was investigated. ABF-STEM, 

and PIAD that can provide direct access to the local atomic structure of selected elemental 

atom sites and their neighboring atoms were carried out. PIAD from the sample was 

carried out using Two-dimensional photoelectron spectrometer, Display-type Spherical 

Mirror Analyzer (DIANA) at BL25SU of SPring-8, Japan. The cross section image of the 

interfaces of Al2O3 (2 nm)/GaN substrate was observed by ABF-STEM. Amorphous 

Al2O3 layer and GaN (0001) substrate can be confirmed. These images indicate that an 

excessively damaged layer of Al2O3/GaN interface after Al2O3 deposition was not found.  

The PIAD of Ga3p and N1s by identifying the part where the Al2O3 thickness is 
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1.2 nm was measured. PIADs of Ga3p and N1s were confirmed and these PIADs showed 

that Ga3p and N1s incident PIAD derived the GaN bulk crystals. The PIADs of both with 

and without HPWVA show no difference. Specifically, PIAD of Al2p is similar to the 

Ga3p PIAD. Although the Al2O3 film deposited by ALD should has no PIAD as it has an 

amorphous structure, this showed that Al atoms fixed in Ga atomic sites in the vicinity of 

the uppermost surface of GaN substrate during the ALD deposition. Therefore, it shows 

that an extremely thin Al2O3/GaN multiphase layer was formed at the Al2O3/GaN 

interface.  

Furthermore, when a model with GaN step surface will be considered, Al easily 

replaces the Ga site at the boundary of the step surface. The Al2O3/GaN multiphase layer 

may contribute to the reduction of the Dit. 
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Chapter 4 Effect of ALD precursor on Al2O3/GaN 

MOS capacitors  

 

4.1 Introduction 

ALD-Al2O3 films are expected as gate insulator materials in GaN-based electronic 

devices. TMA having high volatility and thermal stability is widely used as an Al raw 

material for ALD-Al2O3 and the process has been established. However, because TMA is 

bound to three methyl groups, carbon impurities tend to remain in the ALD cycle and 

monomolecular adsorption is difficult due to large steric hindrance. As a result, carbon 

impurities and oxygen defect which are sources of fixed charges and trap remain in the 

Al2O3 film. 

In this study, dimethyl aluminum hydride (DMAH : C2H7Al) in which one of the 

methyl groups is bonded to hydrogen compound to replace TMA was used and tried to 

form an ALD-Al2O3 film with DMAH and evaluate electrical characteristics. In addition, 

HPWVA described in Chapter 2 was applied to ALD-Al2O3 with DMAH/GaN MOS 

capacitors and the influence on the characteristics of ALD-Al2O3/GaN MOS capacitors 

was evaluated. 

 

4.2 DMAH Precursor for ALD-Al2O3 

ALD is capable of forming pinhole-free oxide with precise thickness control by 

simple layer-by-layer deposition mechanism and proved to be effective in various oxide 

film deposition techniques such as Al2O3, ZnO2 [1]. Usually, the ALD process of Al2O3 

includes TMA and an oxidant. TMA is widely used in Al2O3 gate insulators and 
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passivation layers [2-4]. As shown FIG. 4-1, new metalorganic precursor, DMAH in 

which one of the methyl groups is bonded to hydrogen compound to replace TMA was 

used for Al2O3/GaN MOS capacitors.  

The success of ALD process depends critically on the availability of volatile, 

thermally stable precursors that exhibit high and constant vapor pressures, because poor 

performance affects the film characteristics [5, 6]. compared with TMA precursors, new 

DMAH chemistry has a high vapor pressure of 2 Torr at room temperature and a potential 

to form Al2O3 films with low carbon impurity owing to the following disproportionation 

reaction [7], 

 

3Al(CH3)2H → Al + 1.5H2 + 2Al(CH3)3↑. 

 

Usually, carbon residue incorporated in ALD derived films can deteriorate film 

electrical characteristics. CVD of aluminum with DMAH has been extensively studied 

for integrated circuits because of its potential to form aluminum films with low carbon 

impurity and excellent gap-filling characteristics [8-10]. DMAH have been used for the 

first time as the source for photo-CVD of aluminum at a low carbon level [11]. This gas 

was used originally to grow AlGaAs films with low carbon concentration by MOCVD 

[12].  

Conventionally, ALD is a process in which the layer deposition rate is slow. By using 

DMAH, the number of deposition cycles can be reduced by a deposition rate (1.31 

Å/cycle) higher than that of TMA (0.91 Å/cycle). The higher deposition rate is due to the 

reduction of steric hindrance from the less bulky ligand and the number of available 

reaction sites is higher [2]. However, there has been no report on Al2O3/GaN MOS 
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capacitors using DMAH and O3 as precursor and oxidant, respectively. The low number 

of methyl groups in DMAH potentially reduces carbon due to the high quality Al2O3 gate 

insulator for Al2O3/GaN MOS capacitors. 

 

 

FIG. 4-1. Molecular model of (a) TMA and (b) DMAH. DMAH in which one of the 

methyl groups is bonded to hydrogen compound to replace TMA.  

 

 

4.3 Device Fabrication 

Homoepitaxial layer (2 μm, Si :5 × 1016 cm-3) on c-plane free-standing GaN 

substrates was utilized. After performing the standard RCA cleaning process, An Al2O3 

film with a nominal thickness of 40 nm on the n+-GaN (0001) surface using T-ALD was 

deposited. The Al2O3 film at 300 °C was deposited by repeating cycles of introducing 

TMA and DMAH as the aluminum precursor and then supplying O3. The deposition rate 

of the Al2O3 film was 0.91 Å/cycle and 1.31 Å/cycle, respectively. Time cycle of ALD 

process using both TMA and DMAH was same. Then, HPWVA under a constant pressure 

of 0.5 MPa at an annealing temperature of 400 °C for 30 min was subjected. In addition, 

the samples to N2 PDA and O2 PDA at an annealing temperature of 400 °C for 30 min 

were subjected. As the top electrode, a 100-nm-thick layer of Al using electron-beam 

deposition was evaporated. After removing the oxide from the back of the GaN substrate, 
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a 10/100-nm-thick Ti/Al layer as the bottom electrode used as the back side ohmic contact 

was deposited. 

 

4.4 Electrical Characterization of MOS Capacitor with DMAH 

4.4.1 Comparison of Characteristics of ALD-Al2O3 between TMA and 

DMAH 

Figure 4-2 shows C–V characteristics of ALD-Al2O3 with TMA and DMAH/GaN 

MOS capacitors with and without HPWVA as a function of frequency. The measurement 

frequency ranged from 1 MHz to 1 kHz. The frequency dispersion was small for DMAH 

samples compared with TMA. The number of measured points is 5 points. Error of each 

points of the C-V curve was about ± 0.025 V, only one data is shown. Frequency 

dispersion was small even for DMAH samples w/o HPWVA. This indicated that the 

density at interface was low even for DMAH samples of w/o HPWVA.  

Table 4-1 shows the VFB and NF of TMA and DMAH samples with and without 

HPWVA. The ideal flat band voltage is -0.11 V in condition. The VFB of TMA sample 

w/o HPWVA is positive, whereas the VFB of DMAH is a negative. This indicates that the 

presence of positive charges either at the interface or in the Al2O3 film of the DMAH 

samples, and TMA samples have positive fixed charges. Thus, the results is related to the 

carbon contents. These results are consistent with the previous studies, reporting that the 

residual carbon acts as traps and forms negative fixed charges in the Al2O3 film [13]. The 

NF of DMAH sample w/o HPWVA is smaller than the NF of TMA sample w/o HPWVA. 

It is also found that defects and traps in the film are lower in DMAH than in TMA. In 

addition, DMAH samples with HPWVA is the closest to ideal voltage compared with 

TMA sample. NF of DMAH sample with HPWVA (4.50 × 1010 cm-2) decreases more than 



104 

 

that of TMA sample with HPWVA (1.25 × 1011 cm-2). The VFB of DMAH samples with 

HPWVA becomes close to the ideal value, and HPWVA was effective also in DMAH 

sample. 

 
FIG. 4-2 Frequency dispersion of the C–V characteristics of ALD-Al2O3 with TMA 

and DMAH/GaN MOS capacitors without HPWVA and with HPWVA. The 

measurement frequency ranged from 1 MHz to 1 kHz.  

 

TABLE 4-1 Summary of VFB shift and Nf of ALD-Al2O3/GaN MOS capacitors. 

 

Figure 4-3 shows the comparison of the energy distribution of interface trap density 

of ALD-Al2O3 with TMA and DMAH/GaN MOS capacitors with and without HPWVA. 

The Dit of DMAH sample w/o HPWVA at an energy level of EC - E = 0.3 eV was ~ 1.0 

× 1011 cm-2 eV-1 compared with ~ 1.0 × 1012 cm-2 eV-1 of TMA samples. At the interface 
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between the insulator and GaN, trap levels related to nitrogen vacancy VN have been 

reported near Ec - 0.5 eV and the distribution of 0.5 eV with TMA sample is not 

confirmed for the DMAH sample. This result confirms that interface traps can be reduced 

by using DMAH. Dit of the DMAH and TMA samples with HPWVA was obtained to be 

very low below 1011 cm-2eV-1. Dit of both DMAH and TMA samples with HPWVA were 

1010 eV-1cm-2 order and were almost same. The 1010 eV-1cm-2 order is almost the detection 

limit of the hi-lo method and these indicated that a very good interface is formed [14-17].  

 
FIG. 4-3 Energy distribution of interface trap density of ALD-Al2O3 with TMA and 

DMAH/GaN MOS capacitors without HPWVA and with HPWVA. EC denotes the 

conduction band edge of GaN.  

 

Figure 4-4 shows the J-E characteristics of ALD-Al2O3 /GaN MOS capacitors 

using TMA and DMAH with and without HPWVA. The number of measurement points 

at each temperatures are 5 points, and each points broke down due to hard breakdown. 

The leakage currents of both TMA and DMAH samples sharply increased above 3 

MV/cm and EBD were observed between 7 and 9 MV/cm. The EBD of DMAH samples 

w/o HPWVA and w/ HPWVA were 7.8 and 8.3 MV/cm, respectively, and DMAH 
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samples showed higher EBD than TMA samples. These results indicate that the DMAH 

samples lead to good breakdown properties, which could be due to the densification of 

the Al2O3 network. The J-E curve of the DMAH sample with HPWVA shifted a little 

toward a high electric direction. These results could be interpreted by the electron 

injection into the traps in the Al2O3 films, as described in section 2.5.2 [18, 19]. The 

leakage current in the DMAH sample was slightly higher than that in the TMA sample. 

The difference of leakage current between TMA and DMAH can be explained by SCC-

FE model [6]. Hiraiwa et al. reported that the difference in the leakage current was 

affected mostly by the substrate-side effective electron affinity and the sheet of charge 

near the substrate. 

 
FIG. 4-4 J- EBD of ALD-Al2O3 with TMA and DMAH/GaN MOS capacitors without 

HPWVA and with HPWVA. 

 

4.4.2 Comparison of Characteristics of DMAH samples with PDA 

In the previous section, the effect of HPWVA has been compared with a sample w/o 

HPWVA. This section shows the results of comparison with various conditions in dry 
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PDA. J- EBD of ALD-Al2O3 with DMAH /GaN MOS capacitors is shown in FIG. 4-5. 

The leakage current of N2 PDA and O2 PDA sample showed almost no change compared 

to that w/o PDA and slight decrease was confirmed in HPWVA sample. In addition, the 

EBD was 7.6 V and 7.7 V for the N2 PDA and O2 PDA samples, respectively. 

 

FIG. 4-5 J- EBD of of ALD-Al2O3 with DMAH /GaN MOS capacitors of w/o PDA, 

HPWVA, O2 PDA and N2 PDA. 

Figure 4-6 shows C–V characteristics of ALD-Al2O3 with DMAH/GaN MOS 

capacitors of w/o PDA, HPWVA (0.5 MPa), O2 PDA and N2 PDA as a function of 

frequency. The frequency dispersion was small for all samples. VFB shifted in the positive 

direction by applying N2 PDA, O2 PDA and HPWVA. As shown in Table 4-2, the NF 

improvement by O2 PDA and N2 PDA were small. However, HPWVA had a further 

reduction effect than N2 PDA and O2 PDA.  
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FIG. 4-6 Frequency dispersion of the C–V characteristics of ALD-Al2O3 with DMAH 

/ GaN MOS capacitors of w/o PDA, HPWVA (0.5 MPa), O2 PDA and N2 PDA.  

 

TABLE 4-2 Summary of flat-band shift and fixed charge density of ALD-Al2O3 

with DMAH / GaN MOS capacitors. 

 

Figure 4-7 shows positive shift of C–V step-stress measured for ALD-Al2O3 with 

DMAH/GaN MOS capacitors of w/o PDA, HPWVA (0.5 MPa), O2 PDA and N2 PDA. 

C–V measurement was performed by sweeping the gate voltage from to depletion. As 

shown in FIG. 4-6 (e), summary of positive C–V shifts of HPWVA showed that the stress 

shift was improved in the order of HPWVA, O2 PDA, N2 PDA. This trend correlates with 

the reduction of NF in Table 4-2.  
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FIG. 4-7 Positive shift of C–V step-stress measured for ALD-Al2O3 with 

DMAH/GaN MOS capacitors with (a)w/o PDA, (b)HPWVA, (c)O2 PDA, (d)N2 PDA 

(e)Summary of VFB shift plot per accumulation voltage. C–V measurements were 

performed by sweeping the gate voltage from accumulation to depletion. (e0 

Summary of positive C–V shifts as a function of accumulation voltage. 

Figure 4-8 shows the comparison of the energy distribution of interface trap density 

of ALD-Al2O3 with DMAH/GaN MOS capacitors of w/o PDA, HPWVA, O2 PDA and 

N2 PDA. Dit of the DMAH sample with HPWVA was lowest and Dit of N2 PDA and O2 

PDA have no different significantly. These results indicate HPWVA is effective to reduce 

the traps such as oxygen defect of the Al2O3 film and interface trap with DMAH and 

Al2O3/GaN MOS structure. As a reason why HPWVA is superior to other dry heat 

treatments, the high oxidizing power of the HPWVA was effective, as mentioned in 

section 2.6.2, and reoxidation of defects in the Al2O3 film and oxidation of the interface 

were effective for improving electrical properties. 
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FIG. 4-8 Energy distribution of interface trap density of ALD-Al2O3 with DMAH 

/GaN MOS capacitors of w/o PDA, HPWVA, O2 PDA and N2 PDA. EC denotes the 

conduction band edge of GaN. 

 

4.5 Investigation of the Effect with the ALD-Al2O3 with DMAH 

Figure 4.9 shows the depth profile of 1H and 16O+1H in the ALD-Al2O3 film with 

TMA and DMAH measured by SIMS. The amount of residual hydrogen in the Al2O3 film 

of DMAH is almost the same as TMA. Although it was thought that there is a difference 

in the amount of residual hydrogen due to the hydrogen group of DMAH, the result was 

different from the hypothesis, and the hydrogen residue of Al2O3 film of DMAH showed 

an almost same with that of TMA. The reason why the residual hydrogen of DMAH is 

the same as TMA is considered to be related that the bond dissociation energies of Al - C 

and Al - H are about the same [20]. Therefore, it is considered that hydrogen is desorbed 

from the Al2O3 film during the ALD process like the methyl group. 
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FIG. 4-9. Depth profile of 1H and 16O+1H in the ALD-Al2O3 film with TMA and 

DMAH measured by SIMS. 

 

Figure 4.10 shows depth profile of carbon in the ALD-Al2O3 film of between TMA 

and DMAH measured by SIMS. This results showed that reduction of residual carbon of 

ALD-Al2O3 was achieved by the use of DMAH as a precursor. The reduction in residual 

carbon was approximately 50%. One of the methyl groups is bonded to hydrogen in the 

molecular model of DMAH compared with TMA. Comparing DMAH with two methyl 

groups and TMA with three methyl groups, a 66% decrease was expected. However, the 

difference in residual carbon concentration between the two samples was even higher. 

The residual carbon concentration is not only dependent on the precursor but also on the 

chemical reactions occurring during the ALD process. It was not confirmed the reduction 

of carbon impurities in TMA and DMAH samples by HPWVA in SIMS. The error in 

SIMS is approximately 2% and it could not be determined the reduction of carbon 

impurities [21]. 



112 

 

 
FIG. 4-11. Depth profile of carbon in the ALD-Al2O3 film measured with TMA and 

DMAH by SIMS. 

 

Figure 4-12 shows the TDS at a mass-to-charge ratio m/z = 44 (corresponding to 

fragment ion CXHy and CO2) for samples with and without HPWVA, O2 PDA at 400 °C 

for 30 min and for the GaN substrate. The desorption peak from 100 °C to 400 °C 

corresponds to desorption of hydrocarbon fragment ions from the Al2O3 film or GaN 

surface [22]. In addition, the desorption peak at 500°C corresponds to desorption of CO2. 

Thus, these desorption is attributed to residual carbon derived from precursor of the Al2O3 

film. These results shows that residual carbon of HPWVA decreased compared with w/o 

HPWVA. In addition, HPWVA reduces residual carbon more than O2 PDA. It suggested 

that higher oxidizing power of HPWVA was influenced compared with O2 PDA at the 

same anneal temperature. As the results of TDS was a more sensitive detection than 

results of SIMS, it seems that HPWVA have the effect to reduce a few carbon, which 

could not be measured the difference of residual carbon between w/o HPWVA and 

HPWVA by SIMS. 
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FIG. 4-12 Thermal-desorption spectra at m/z =44 without HPWVA, with HPWVA, 

O2 PDA and for the GaN substrate. 

 

Figure 4-13 showed NF versus carbon concentration for the TMA, TMA with 

HPWVA, DMAH and DMAH with HPWVA samples. Comparing TMA and DMAH 

samples, NF decreased as the carbon concentration decreased. In addition, NF of both 

these samples with HPWVA became lower by improving the film quality due to a decrease 

in oxygen defects. Thus, the traps are influenced both by carbon impurities and dangling 

bonds in the Al2O3 film. Therefore, the residual carbon in the Al2O3 film was reduced by 

using DMAH and Al2O3 with DMAH has better quality than that with TMA. Furthermore, 

by reoxidation of the Al2O3 and compensation of the dangling bonds, further 

improvement was achieved in the DMAH with HPWVA. 



114 

 

 

FIG. 4-13 NF versus carbon concentration for the TMA, TMA with HPWVA, DMAH 

and DMAH with HPWVA samples. 

 

4.6 Summary 

In this study, the effect of ALD precursor type between TMA and DMAH and 

HPWVA on the Al2O3/GaN MOS capacitors was investigated. The comparison with 

various dry PDA on the Al2O3/GaN MOS capacitors was also investigated. The tendency 

of the electrical properties with TMA and DMAH samples is reproducible. Reduction of 

residual carbon using DMAH as ALD precursor was confirmed and NF and Dit are 

strongly affected by carbon impurities at the Al2O3/GaN MOS structure. The amount of 

residual hydrogen in the Al2O3 film of DMAH is almost the same as TMA. In addition, it 

was also observed that there is an improvement in NF at the DMAH-Al2O3/GaN MOS 

structure by the compensation of the dangling bonds due to HPWVA effect. HPWVA is 

more effective in improving the film quality and interface with the use of DMAH and for 

Al2O3/GaN MOS structure than N2 and O2 PDA. Furthermore, for the improvement of Dit 

at the Al2O3/GaN interface, it is preferable to reduce carbon impurity in addition to 

oxidation of the interface.  
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Chapter 5 Conclusions 

5.1 Conclusions 

 In order to develop high-performance GaN power devices and power electronics, 

investigation of the electronic and physical properties in GaN MOS capacitors is one of 

the most critical issue, as described in Chapter 1. In this study, the influence of insulating 

film quality and Al2O3/GaN interface and local interfacial structure evaluated by various 

techniques. This thesis mainly described the highest quality Al2O3 film and interface on 

Al2O3/GaN MOS capacitors among the previous studies were achieved by annealing 

process and deposition process. In addition, it is established the Al2O3/GaN interface 

atomic model and revealed the reforming process of Al2O3 and its interface. The results 

obtained in this study are important from both a scientific and an engineering point of 

view.  

In Chapter 2, HPWVA using high temperature and high pressure steam as a PDA 

process for Al2O3/GaN MOS capacitors was proposed. In order to investigate the trapping 

state at the Al2O3/GaN interface and mechanism of HPWVA, electrical properties 

evaluation and physical characteristics evaluation were used. Improvement of the EBD and 

lifetime from I-V characteristic and reduction of NF and Dit from C-V characteristic was 

confirmed by processing HPWVA with 0.5 MPa. It produces high-quality Al2O3 films 

with reduced values of NF by the reaction of H2O monomer derived from HPWVA. The 

low Dit is thought to result from the formation of gallium oxide at the Al2O3/GaN interface 

due to oxidization caused by the HPWVA. However, electrical properties of HWPVA 

more than 1.0 MPa came worsted because high oxidation power of HPWVA become 

promotion oxidation of GaN substrate and increase defects near the interface by GaOx 
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formation. This suggests that HPWVA is sensitive to pressure conditions. Actually, 

exceeding 6 MPa, a crystal growth product of 1 μm size was confirmed through the Al2O3 

film from the GaN interface. In additon, it was possible to maintain reliability in HPWVA 

capacitors even at high temperature of 200 ° C.  

In Chapter 3, the atomic state and atomic structure at the Al2O3/GaN interface was 

investigated. ABF-STEM images indicate that an excessively damaged layer of 

Al2O3/GaN interface after Al2O3 deposition was not found. The surface-sensitive Al2p on 

the GaN surface where the Al2O3 film was etched was slightly detected and this major 

peak is clearly the Al-N bond. Quantitative analysis of XPS revealed that the Al element 

was substituted by up to ~10% in the GaN surface. In addition, it is found that PIAD of 

Al2p is similar to the Ga3p PIAD. This showed that Al atoms fixed in Ga atomic sites in 

the vicinity of the uppermost surface of GaN substrate during the ALD deposition. An 

extremely thin Al2O3/GaN multiphase layer was formed at the Al2O3/GaN interface. Al 

easily replaces the Ga site at the boundary of the step surface. This report is the result that 

became clear for the first time. 

In Chapter 4, the effect of ALD precursor between trimethyl aluminum (TMA) and 

dimethyl aluminum hydride (DMAH) on the Al2O3/GaN MOS capacitors was 

investigated. The DMAH comprises fewer methyl groups compared to TMA. The 

comparison with dry PDA on the Al2O3/GaN MOS capacitors was also investigated. 

Reduction of residual carbon using DMAH was confirmed and NF and Dit are strongly 

affected by carbon impurities. Also, film quality with DMAH and HPWVA of Al2O3/GaN 

MOS capacitor is better than TMA and HPWVA. Therefore, to improve of film quality 

and interface for Al2O3/GaN MOS structure, DMAH is optimal precursor compared with 

TMA. 
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Finally, the influence of film quality and Al2O3/GaN interface and local interfacial 

structure were evaluated by various techniques. The high quality Al2O3 film and 

Al2O3/GaN interface were achieved by applying HPWVA and using DMAH precursor 

due to the reduction of residual carbon and the reaction with H2O monomer. Furthermore, 

Al atoms were fixed in Ga sites in the uppermost surface of GaN substrate during the 

ALD process. It suggested that an extremely thin AlGaN transition layer was formed at 

the Al2O3/GaN interface.  

The position of these results for application of the GaN MOS device are 

summarized. The results of this study shows that NF was 4.5 × 1010 cm-2and Dit was 5 × 

1010 eV-1cm-2 at 0.3 eV for ALD-Al2O3/n-type GaN (0001) MOS capacitor. In particular, 

high temperature anneal at about 800 °C is mainly used as the PDA and the reduction 

effect of NF and Dit was up to 1011 order [1,2]. However, by a simple method such as 

changing the ALD precursor and applying HPWVA at a low temperature of about 400 °C, 

it was possible to achieve a good electric characteristic of MOS capacitor. The 1010 cm-2 

is an enough for properties of GaN MOS capacitor [3-6]. Recently, it has been reported 

that good electrical properties as well as this results are achieved only by post 

metallization anneal (PMA) of about 300 °C [7].  

However, there is a concern that the electrical properties change due to the kinds of 

GaN substrate such as p-type and m-plane used for the MOS capacitor. Furthermore, 

reducing the defect density of GaN substrates and the development of ion implantation 

technology are also issues for development of GaN MOSFET, but it is unknown how 

much improvement of the vertical type GaN MOSFET contributes by improving the MOS 

characteristic used HPWVA and DMAH. 
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5.2 Suggestions for future work 

 There are still many challenges for realization of high performance GaN based 

power device and problems preventing a deeper understanding of MOS interface. The 

following are suggested as future work. 

 

1. Investigation of characteristics of Al2O3/GaN in heterogeneous GaN substrates 

In this study, the free-standing GaN substrate which is n-type and c plane (0001) was 

used. However, for development of fabricating a vertical-type GaN MOSFET, 

investigation of MOS capacitors used p-type GaN substrate is necessary. Furthermore, 

assuming that a gate recess structure in GaN MOS devices is applied, it is also necessary 

to investigate the Al2O3/GaN interface at the m-plane GaN [8]. Otherwise, p-type GaN is 

generally grown by using Mg as an acceptor and there is a problem that a large amount 

of impurity hydrogen is contained [9]. Thus, hydrogen diffusion towards the insulating 

film is a concern due to the annealing process and so on, and it is possible to appear 

different characteristics from Al2O3/GaN MOS capacitors used n-type GaN. Both subjects 

are indispensable for developing vertical GaN MOSFET. 

 

2, Deep understanding of hydrothermal reaction 

Improvement of characteristics of Al2O3/GaN MOS capacitor by applying HPWVA 

and the construction of a reforming model was achieved. Also, the pressure dependence 

of HPWVA was investigated and negative effect such as increase of roughness delivered 

from GaN substrate was seen under high pressure. Therefore, optimization of pressure is 

very sensational in improving film quality and interface quality. 

Currently, research on time dependence and temperature dependence in HPWVA is 
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under way. It is necessary to further study how the characteristics by changing HPWVA 

parameters such as temperature, time and pressure and the hydrothermal reaction such as 

the ion product ([H +] [OH -) and radical reaction are linked with each other. As one of the 

methods, by applying reaction simulation such as gas molecular dynamics, it is possible 

to study an improvement process of reaction of H2O monomer by HPWVA. In addition, 

it is necessary to study in detail the generation mechanism of the crystal growth product 

grown from the GaN surface. This is an important issue to develop research on 

hydrothermal reaction not only in organic chemistry but also in application physics and 

semiconductor processes. 

 

3, Development of application to GaN MOS HEMT and vertical- GaN MOSFET 

In this study, only a simple GaN MOS capacitor was used. Thus, there is a need for 

demonstration of the GaN MOS devices such as GaN HEMT and MOSFET. As described 

in Chapter 1, the problems of fabrication process of MOSFET is included not only the 

MOS interface but also crystal defects and doping technique such as p-GaN and so on, so 

there is concern that evaluation will be difficult. However, However, it is indispensable 

to study how improvement of MOS characteristics affects device performance of 

MOSFET for development of power device. The roadmap of GaN based devices shows 

the breakdown voltage of 1200 V and on resistance of 1 mΩ・A are aimed until 2021 and 

the improvement of the MOS characteristics is academically and industrially important. 
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