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Chapter 1  

Introduction 

  

1.1 Background and Motivation   

 

For a long time, human beings lived a productive life by consuming a large amount 

of fossil fuels such as coal and oil.  Due to the excess consumption of them, problems 

such as energy shortage, global warming, and air pollution have occurred.  In order to 

solve these problems, the development of clean energy sources such as solar power and 

wind power is attracting much attention.  However, it is impossible to cover all the 

energy consumption only with such clean energy sources.  The energy saving due to 

reduction of energy loss is also of great importance.  

The amount of energy consumed by humans is rapidly increasing year by year.   

Among various forms of energy, electric energy gives us highly productive since we can 

easily convert it to other forms of energy.  Therefore, the demand for the electric 

energy is very huge.  Particularly, rapid development of electric vehicles (EV) and data 

centers in recent years also enhances the consumption of electric energy.  As a result, 

the efficient use of electric energy becomes an extremely important problem.   

Electric energy is generated at power plants (e.g., nuclear power plant, wind farms, 

solar farms, thermal power plant and power bank).  It is then repeatedly subjected to 
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Figure 1.1  The generation and consumption of electric energy
1
.  

 (Conversion and transformation of power are performed by power devices) 

power conversion and transformation before being consumed by end-users (e.g., by the 

train, vehicles, air conditioner, illumination) as shown in Fig. 1.1
1
.  The conversion 

and transformation of electric energy are performed by the power devices
2
.  However, 

about 5~10% loss of energy occurs at each time of conversion or transformation 

(depending on the device specification) by the Joule heating
3
.  With increasing 

consumption of the electric energy, the improvement of the conversion efficiency of the 

power devices is strongly required.  

Currently, the most popular material for power devices is Si.  However, due to the 

limitation of its physical properties
3
, it is difficult to further improve device 

performance (i.e. higher output power and operating frequency) and further reduce 

energy dissipation.  Therefore, wide bandgap semiconductors such as SiC and GaN 
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Figure 1.2  Proper use of SiC, GaN and Si
8
 

 

 

Figure 1.3  Roadmap of development of GaN-based devices
10
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have attracted much attention as alternative materials to conventional Si
4–7

.  At present, 

proper use of SiC and GaN and Si has been proposed from viewpoints of these superior 

physical properties.  As shown in Fig. 1.2
8
, SiC is considered suitable for the 

applications of high power (typically operation voltage is over 1 kV with high current) 

such as railway, inverter for the industry.  Besides, GaN is expected to use in the 

applications of medium power (typically operation voltage and current below 1 kV and 

100 A) and high-speed field (more than 100 kHz) such power supply for data center, 

personal computer, AC/DC controllers.  That is because the crystal quality of GaN 

substrate is still limited.  In general, GaN is grown on Si or sapphire substrates.  

Therefore, its cost is lower than SiC substrate, but GaN films on Si or sapphire have 

lower crystalline quality
9
.  Note that the limitation of crystal quality greatly affects the 

operation of the device at the high-power field.  That is because the device structure in 

this power range requires the current flows across the substrate.  However, with the 

development of crystal growth technique of GaN, a device-quality homo-epitaxial GaN 

substrate is now available.  Therefore, GaN has a potential to replace SiC in the field 

of high power region in the future.  A roadmap of the development of GaN is proposed 

as shown in Fig. 1.3 for the applications in optical devices (e.g., LED, laser), power 

devices (e.g., microwave oven, auto-vehicles, train), and high-frequency devices (in 

integrated system such robots, telecommunication system)
10

.  In the roadmap, the 

development of GaN-based power devices up to 2025 year shows the objectives of 

commercial 6-inch homo-epitaxial GaN substrate and 3.3 kV-operating GaN devices.   
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Figure 1.4:  Power devices used in an electric vehicle (EV) and plug-in hybrid vehicle 

(PHV)
11

 

 

 

Figure 1.5:  An example of engine/motor-driven circuit in an EV/PHV with output 

power of 150 kW
11

 

For the development of EV, the applications of SiC and GaN have also been 

insentively studied.  Fig. 1.4 shows a schematic diagram of electrical components in 

EV or plug-in hybrid vehicle (PHV)
11

.  Many power devices are use in the vehicle 

such as a converter to charge battery, an inverter in the engine/motor-driven circuit, and 
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in the peripheral devices such as air conditioner and accessory plug socket.  A typical 

output voltage of battery in the vehicle is about 280 ~ 300 V
5,12

.  In particular, in the 

engine /motor-driven circuit, with an output power of ~150 kW (such as GS450H, 

LS600H model of Toyota), the following current and voltage are reached to ~650 V and 

~200 A as shown in Fig. 1.5
11

.  In such hazardous operating environment of 

engine/motor-driven circuit, high-reliability power devices are essential to provide 

guaranteed operation.   

In the EV and PHV, the normally-off operation is required with regard to mainly 

fail-safe.  A schematic comparison on the operation characteristics of normally-on and 

normally-off devices is shown in Fig. 1.6.  The normally-on operation means that the 

device cannot be switched off the current even when the gate voltage is 0 V.  As 

Figure 1.6  Schematic comparison on the operating characteristics of normally-on and 

normally-off devices 
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mentioned before, such as in engine/motor-driven circuit, this can induce the fatal issues 

on the operation of system with high operating current up to ~200 A.  On the other 

hand, the normally-off operation means that the device is completely off when the gate 

voltage is 0 V.  This provides guaranteed operation that even in the case of engine 

/motor driven-circuit was broken, no current follows in the system.  In most of cases, 

the MOS structure is used to realize the normally-off operation.   

The MOS structure consists of the Metal contact (gate electrode or G), Oxide film 

(insulator) and the Semiconductor (substrate).  Note that these are two types in MOS 

structure, which is generally divided by the flowing direction of the electrons.  Figs. 

1.7(a) and (b) show the schematic diagrams of planar-MOSFETs and 

vertical-MOSFETs
13–15

.  In planar MOSFETs, the electrons flow in the planar direction 

between source (S) and drain (D) terminals.  In contrast, the electrons flow in the 

Figure 1.7  Schematic diagrams of structure for (a) planar MOSFET and  

(b) vertical MOSFET (or D-MOS). 
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vertical direction across the drift layer to the drain terminal for vertical-MOSFETs.  

The vertical MOSFET structure shown in Fig. 1.7(b) is also called “double-diffused 

MOSFET” (or DMOS).  The structure of DMOS is suitable for the power devices than 

planar-MOSFETs because higher current density and higher operation voltage can be 

obtained. 

In the present hybrid vehicles (HV) and EV, Si power devices with the structures of 

DMOS and Insulator Gate Bipolar Transistors (IGBTs) have been used
6
.  The 

characteristics of Si D-MOS are low on-resistance and high-frequency operation in 

addition to high reliability.  A simple structure also is a merit of cost-performance 

because it is easy to produce in large quantities.  Si-DMOS is usually in the voltage 

operation region of 10~500 V.  That is, for Si-DMOS, it is difficult to increase the 

operating voltage, such as 600 V and over because of the limitation of breakdown 

voltage characteristic of Si.  To increase the operating voltage, the thickness of 

drift-layer must be increase and/or the carrier-concentration in drift layer must be 

decrease.  On the other hand, with increasing thickness of drift-layer or decreasing 

carrier-concentration, the specific on-resistance becomes larger (because the resistance 

is in proportional to the thickness l and electrical resistivity ρ : SlR   , where S is 

cross section area of device).  As a result, the energy-loss becomes large in high-power 

range.  For example, the specific on-resistance of 30 V-class devices is only several 

mΩ, but it becomes about several Ω in 500V-class devices
16

.   

In the operation voltage region of about 500 V – 1 kV, such as in the engine/motor 

driven circuit (~ 650 V); Si-IGBT structure is applied to reduce the on-resistance of the 
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device at high-voltage operation.  Fig. 1.8 shows the structure of Si-IGBT.  In IGBT 

structure, there is the addition of a p-substrate layer beneath n-substrate layer at the 

drain side of D-MOS structure.  By using IGBT structure, the carriers in the devices 

are the electron (majority carrier - such as MOSFET) and the hole, which injected from 

p-layer (minority carrier); hence, the conductivity is improved.  At the present time, 

Si-IGBT is practically used for most of current EV. 

However, even the employment of Si-IGBT helps us to increase the operating voltage, 

but there are also some remained problems.  First, because of Si-IGBT is a bipolar 

transistor which uses both of majority and minority carriers, hence, the operating 

frequency is lower than DMOS which is an unipolar device with only majority carrier.  

In general, operating frequency of Si-IGBT is limited at about 50 kHz.  On the other 

Figure 1.8  Device structure of Si-IGBT
18
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hand, the operating frequency of Si-MOSFET is over several 100 kHz
16

.  Therefore, 

Si-IGBT is generally used in the devices such as uninterruptible power supply (UPS), 

inverters that need high output power (more than 0.5 kW) and middle switching 

frequency (typically 20 – 50 kHz).  Si-DMOS is generally used in the devices which 

operate at a high switching frequency with middle output power (typically bellow 1.5 

kW
17

).  Secondly, the power-device operates by turn-on and turn-off the current.  Fig. 

1.9 shows a schematic diagram of the turn-off characteristics of Si-IGBT and 

Si-DMOS
18

.  For the Si-IGBT structure, a tail current is generated due to the 

accumulation of minority carrier.  Therefore, an energy loss occurs every time of 

turn-off.  Obviously, with increasing operating current, the energy loss becomes larger 

because of increasing tail current.  For Si-DMOS, because of operation by only 

majority carriers, tail current is not generated.  Hence, the energy loss of Si-DMOS at 

high operation currents is much lower than Si-IGBT.   
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To satisfy both of low power dissipation and high-frequency operation at high 

voltages and high currents, the application of wide band gap materials such as SiC and 

GaN with superior physical properties in DMOS structure are strongly derisible.  An 

extended description of the merit of SiC and GaN is explained in section 1.2.   

 

 

 

 

 

 

Figure 1.9  Turn-off characteristics of (a) Si-IGBT and (b) Si-DMOS
18
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1.2 Material Properties of SiC and GaN and Its Application for 

Power Devices 

Table 1-1 shows the basic material properties of Si, SiC and GaN
5,15

.  Here, 3C-SiC, 

6H-SiC and 4H-SiC denote the polytypes of SiC which are the different layered 

structures of SiC
19

.  Schematic diagrams of layered structure of these polytypes of SiC 

are shown in Fig. 1.10
20

.  C and H are the first character of the crystal structure of 

cubic and hexagonal, respectively.  The numbers of 3, 4, and 6 mean the number of 

Si-C bilayer repeated in a period.   

 

Table 1-1  Basic material properties of Si, SiC and GaN 

Semiconductor Si 3C-SiC 6H-SiC 4H-SiC GaN 

Bandgap (eV) 1.12 2.20 3.0 3.26 3.39 

Crystal Structure Diamond Zinc-Blend 

(Cubic) 

Hexagonal Hexagonal Wurtzite 

(Hexagonal) 

Thermal 

Conductivity 

(W/cmK) 

1.5 4.5 4.5 4.5 1.3
15 

3
5
 

Breakdown Electric 

Field (MV/cm) 

0.3 1.2 2.4 2.0 3.3 

Saturated Drift 

Velocity of 

Electrons (×10
7
 

cm/Vs) 

1.0 2.0 2.0 2.0 2.5 

 

As shown in Table 1-1, compared to Si and other polytypes of SiC, 4H-SiC and GaN 

have wider bandgaps, higher breakdown fields, and higher saturated drift velocities of 
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electrons.  These superior properties enable us to fabricate the power devices with high 

power, high-voltage, high-temperature, high frequency operation, and low energy 

dissipation. 

The junction leakage current I is functions of band gap Eg and temperature as given 

by the following equation:  

)exp(
kT

qE
I

g
 . 

In Si devices, at over 150 ºC, junction leakage current due to thermally excited carriers 

is as much as several A and the devices cannot operate properly
3,21

.  In contrast, SiC 

and GaN showing wider energy bandgap than Si enable us to be used in high 

temperature range over 150 ºC because even at this temperature, the thermally excited 

carriers are negligible small.  A high thermal stability of 4H-SiC and GaN and their 

high heat-releasing characteristic due to high thermal conductivity enable us to simplify 

Figure 1.10  Schematic diagrams of layered structure of  

3C-SiC, 4H-SiC and 6H-SiC
20
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the cooling systems.  For example, conventional water-cooling system can be replaced 

by a simple heat sink; hence, this reduces the energy loss of cooling systems.  The 

breakdown electric fields of SiC and GaN are about 10 times larger than that of Si.  

This means the thickness of drift layer can be reduce to be 1/10 and the carrier 

concentration can be increased at the same electric field.  Therefore, total on-resistance 

can be reduced as well.  The high-saturated drift velocity of electrons also enables the 

devices to operate at a very high switching rate.  High switching rate also helps us to 

reduce the scale of peripheral devices of condenser and inductor because these 

capacitance and impedance are a function of frequency f (ZC = 1
2 fC

; ZL = fL2 ).   

The application of SiC and GaN is very promising in power devices, but many 

problems remain to realize the high-performance SiC and GaN devices.  Besides the 

problem related to the wafer cost of SiC and GaN which is gradually resolved by the 

development of crystal growth technique, the biggest problems are the reliability of the 

insulator and the quality of the insulator/semiconductor interface used in the DMOS 

structure.  It should be noted that the reliability and the performance of the devices are 

mostly determined by the insulator film quality and insulator/semiconductor interface 

properties.  Hence, the selection of the insulators is quite important.   

Fig. 1.11 shows the energy band alignment of SiC with the insulators of Si3N4, ZrO2, 

HfO2, Al2O3, and SiO2 which are experimentally investigated
22–25

.  Fig. 1.12 shows the 

energy band alignment of the insulators of Ga2O3, SiNx, HfO2, Al2O3, and SiO2 to GaN 

which are theoretically clarified
26

.  Here, the conduction band and valence band offsets 
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are denoted by ∆EC and ∆EV, respectively.  The bandgap values of these insulators are 

also shown beneath the name of insulators.  As shown in Figs. 1.11 and 1.12, among 

various candidate insulators, Al2O3 and SiO2 show high barrier heights against both 

conduction and valence bands of SiC and GaN.  A high barrier height enables to 

Figure 1.11  Energy band alignments of SiC and various insulators
22-25

 

Figure 1.12  Energy band alignments of GaN and various insulators
26
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further improvement of inhabitation of gate leakage at higher electric fields
27

.  

Moreover, Al2O3 and SiO2 show good insulating characteristics with breakdown electric 

fields over 8 MV/cm
28

.  In addition to these superior properties, well-known material 

properties and well-established formation techniques of SiO2 and Al2O3 are also big 

advantages.  For the developments of SiC and GaN MOSFET, SiO2 and Al2O3 are 

most promising materials.  However, to realize high performance SiC and GaN 

MOSFET, the formation of high quality SiO2/SiC and SiO2/GaN structure is still 

concerned which mainly related to a reduction of state density
29

.  An explanation on 

the problems related to realizing high performance SiC and GaN power devices is done 

at the section 1.3.  
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1.3 Issues for Realizing High Performance SiC and GaN Power 

Devices 

In this study, we focus on the formation of SiO2 on SiC and GaN from the viewpoints 

of large bandgap (8.95 eV) and high breakdown electric field (up to 10 MV/cm for 

thermally grown SiO2).  

Firstly, effects of the interface defect state density on the operation of DMOS are 

described.  A schematic band diagram of the MOS structure for a p-type 

semiconductor is shown in Fig. 1.13, where the n-channel is formed.  In DMOS 

structure, the interface state density becomes one of major concerns.  Because the 

carrier concentration of p-well is typically about 10
17

 cm
-3

,
 
the carrier concentration of 

channel becomes 10
11

~ 10
12

 cm
-2

, and there is a fatal issue of operation when the 

interface charge is over 10
12 

cm
-2

.   

With high interface charge density (over 1×10
11

 cm
-2

), a large amount of the carrier of 

 Figure 1.13  (a) The schematic diagram of MOS structure where the channels were 

formed and (b) energy band diagram of MOS structure with interface states 
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channel could be interacted at the interface.  Then, the electrons induce the Coulomb 

scattering and hence, on-resistance becomes larger due to high channel resistance.  

Captured electron affects not only on-resistance characteristics but also the stability of 

the devices because the threshold voltage (Vth) is also changed.  Particularly, at high 

operating current and voltage, the energy loss and the instability of the devices become 

serious concerns.  In common, an interface state density below 1×10
11 

cm
-2

 is desirable.  

However, there are some problems must be overcome to form such low defect state 

density SiO2/GaN and SiO2/SiC structure.  These problems are explained as bellow.  

SiO2 film can be easily formed on SiC by thermal oxidation at an elevated 

temperature over 1000 ºC
30

.  The oxidation reaction of SiC could be roughly described 

using the following equation  

2SiC + 3O2 → 2SiO2 + 2CO 

In general, high oxidation temperature leads to dense SiO2 film with good breakdown 

characteristics.  However, C could be simultaneously incorporated into the SiO2 

network as well as accumulated at the SiO2/SiC interface.  The incorporation of C at 

the SiO2/SiC interface has been observed by the electron energy loss spectroscopy 

(EELS) map with corresponding tranmission electron microscope (TEM) as shown in 

Fig. 1.14
31

.  In the EELS measurement, the energy loss of electrons is measured when 

the primary electrons interact with the inner shell electrons of element in the material 

being studied
31

.  Here, the concentration of C is shown via the bright contrast in the 

image of EELS map.  A bright contrast region with the thickness of approximately 1.0 

– 1.5 nm is observed at the interface.  These results imply that carbons with a relative 
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high concentration of carbon exist along the interface.  These carbon can be exists in 

the form of clusters
32,33

 or thin Si4C4-xO2 layer
34

.  A model of the C cluster formation 

near SiO2/SiC interface has also been reported as one of main origin of the interface 

states
32

. 

  In addition, the existence of dangling bonds of Si (or C) at the SiC is also taken into 

account of a part of interface defect states.  As a result, thermally grown SiO2/SiC 

interface shows a high interface defect state density with a typical value of ~10
13

 

cm
-2

eV
-1

.  Many efforts are carried out to improve the interface properties of SiO2/SiC 

structure.  In SiO2/Si structure, the major origin of interface states was attributable to 

Si-dangling bonds.  The passivation of these dangling bonds by using forming gas 

annealing containing hydrogen effectively decreases the interface state density.  

Figure 1.14  TEM and EELS images of a thermally grown SiO2/SiC interface
31
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However, no breakthrough in the passivation of these defects has been reported with 

hydrogen annealing for SiO2/SiC interface.  A slight improvement induced by the 

annealing in N2O or NO ambient is observed, but the interface state density is still high 

(Fig. 1.15)
35

.  In addition, the nitridation of the interface in the SiC-MOS might leads 

to the degradation of the reliability because there is possibility of the formation of the 

strong bonding of Si with N.  The improvement of interface states density using the 

incorporation of P (Phosphorous) at the interface is also recently reported but the effects 

on the interface structure are still unclear
36

.  To overcome the issues of thermally 

grown SiO2/SiC interface, the deposition of SiO2 using LP-CVD or other insulators 

such as AlON is recently focused as a new approach to form SiC D-MOS
37,38

.  In this 

regard, a fundamental understanding on the effects of cleaning technique such as 

wet-chemical and/or dry process on the surface states of SiC is necessary.   

Figure 1.15  Distribution of interface state density (Dit) of SiO2/SiC structure
35
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For the fabrication of GaN D-MOS, the thermal stability of GaN is a major concern 

during insulator formation process.  GaN consists of two elements of gallium (Ga) and 

nitrogen (N) whose partial pressure is quite low.  Gallium exists in the nature as the 

form of liquid metal at a temperature over ~ 30 ºC.  Nitrogen exists in the form of gas 

molecule as N2.  Even though a bulk GaN substrate shows a good thermal stability, 

GaN surface shows poor properties
39

.  The low thermal stability of GaN surface during 

a high temperature process could induce the decomposition of GaN.  Then, there are a 

possibility of the trade-off relationship between the interface properties and breakdown 

strength of SiO2/GaN structure.  According to a previous study on the thermal stability 

of GaN surface in ultrahigh vacuum environment
40

 (Fig. 1.16), a process temperature 

over 550 ºC induces the reconstruction of GaN surface and at a process temperature 

over 800 ºC, GaN is significantly decomposed.  An STM image of GaN surface after 

annealing at 600 ºC is also shown as a reference (Fig. 1.17).  

The process temperature also limits the selection of growth technique of SiO2 film on 

GaN.  The formation of low pressure chemical vapor deposition (LP-CVD) of SiO2 

Figure 1.16  Thermal stability of GaN surface
40
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usually requires a temperature range from 600 to 800 ºC to decompose SiH4
41,42

.  

However, this temperature might induce the decomposition of GaN and then, 

decomposed GaN can be incorporated into SiO2 film.  In this regard, the formation of 

high quality SiO2 film at low temperature is desirable.  A promising method to forms 

SiO2 film at a low temperature below 500 ºC is plasma enhanced CVD (PE-CVD).  

Figure 1.17  STM image of GaN surface after annealing at 600 ºC in ultra-high 

vacuum environment
40

 

Figure 1.18  (a) Ga 3d spectrum and (b) energy distribution of interface state 

density of ECR-CVD SiO2/GaN structure
28

.  Here, Efs denotes the fermi level. 
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However, in PE-CVD of SiO2, the plasma damage on GaN surface is one of major 

concerns.  In addition, the oxidation of GaN surface induced by the high diffusivity of 

atomic O* should also be quite important.  A significant oxidation of GaN surface is 

observed in the electron cyclotron resonance (ECR) plasma enhance CVD SiO2 on GaN 

(Fig. 1.18(a)).  Then, the oxidation of GaN induces an interface state density over 10
12

 

cm
-2

eV
-1

 at SiO2/GaN interface (Fig. 1.18(b))
28

.  Therefore, to fabricate a high quality 

SiO2/GaN structure with a low interface state density, the suppression of 

plasma-induced damage on GaN surface as well as the oxidation of GaN surface is 

required. 
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1.4 Purpose of This Study 

To realize high performance power devices using SiC and GaN, an establishment of 

the formation technique of high quality surface and insulator/semiconductor interface of 

these materials is needed.  To achieve these objectives, the author have focused in this 

study on the cleaning (modification) of SiC surface and the formation of SiO2/GaN 

structure using remote plasma (RP) treatment.  A detailed description on the 

advantages of RP in comparison to other kind of plasma is explained in the section 2.1.   

The hydrogen plasma exposure on SiC surface has been reported to effectively reduce 

the carbon contaminant on the SiC surface.  In addition, the dangling bonds of Si and 

C at SiC surface might be terminated by H atoms.  Therefore, this is a promising 

technique to passivate the defect state between the CVD SiO2 and SiC.  In addition, the 

hydrogen plasma exposure can be also used in the pre-treatment of crystal growth of 

GaN on SiC surface.  The GaN layer grown on the hydrogen plasma exposed SiC 

surface shows good crystal properties compared to the GaN layer grown on sapphire
43–

45
.  However, the impact of hydrogen plasma on the electronic states of SiC surface has 

not been fully understood and a clarification of this impact is needed.  Thus, we have 

studied the impacts of remote hydrogen plasma exposure on the chemical bonding 

features and electronic states of 4H-SiC surface in chapter 3.   

For the formation of high quality SiO2/GaN structure with the low interface defect 

state density, we focused on the formation of SiO2 film using the remote oxygen plasma 

enhanced CVD (ROPE-CVD).  The objectives in this study are the formation of 

SiO2/GaN structure with the interface defect state density as low as ~ 1×10
11

 cm
-2

eV
-1
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and the breakdown electric field of SiO2 as high as ~ 10 MV/cm.  Firstly, the chemical 

bonding features as well as the electronic states of SiO2/GaN structure have been 

clarified in chapter 4.  The electrical properties of ROPE-CVD SiO2/GaN have been 

also evaluated in chapter 5.  After that, thermal stability of this structure has been 

discussed in chapter 6.  Finally, the influences of the kind of noble gases to generate 

remote O2 plasma on the formation of SiO2 film have been investigated in chapter 7.   

In chapter 8, the results in this study were briefly summarized.  It is concluded that 

the high controllability of the chemical bonding features and the electronic states of 

surface and interfaces of wide bandgap materials of SiC and GaN could be achieved 

using remote plasma technique.  Last, remaining issues and future tasks were also 

briefly explained.   
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Chapter 2  

Key Process and Characterization Methods 

 

2.1  Plasma Processing and Remote Plasma (RP) Assisted 

Processes 

  Plasma is generated by supplying sufficient energy to dissociate the gas molecule
1
.  

The electrons, radicals, and ions are formed in the gas phase when high energy electrons 

or photons collide with these neutral atoms and molecules
2–4

.  The most common 

method to generate and sustain plasma in semiconductor industry is applying an electric 

field to a reactor chamber with neutral gases
5
.  Because electrons and ions are always 

contained in the gas, they will be accelerated by the field
6
.  New charged carriers are 

then formed when these carriers collide with the gas molecules.   

  The kind of plasma source can be roughly divided depending on its generation 

method
7,8

.  In general, three kinds of generating and sustaining method of plasma are 

used: (1) static electric field, (2) induced electric field, and (3) wave electric field
8
.  

Arc discharge, glow discharge, capacitively coupled plasma (CCP) are typical methods 

to generate plasma by using static electric field
3
.  Inductively coupled plasma (ICP) 

and electron cyclotron resonance plasma (ECRP) are typical methods to generate 

plasma by using induced electric field and wave electric field, respectively.  CCP, ICP, 

and ECRP are widely used in semiconductor industries
7
.  The schematic diagrams of 
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these methods are shown in Fig. 2.1.  The electrodes are used to form the static electric 

field in CCP.  In contrast, ICP and ECRP do not use the electrodes.   

CCP has simplest system configuration
8,9

.  It basically consists of two parallel 

metal plate electrodes.  Plasma is generated and maintained by an electric field applied 

to two electrodes.  The advantage of CCP is: plasma is easily generated with a large 

area, which is only limited by the area of the electrodes (up to 100 cm diameter).  

However, there are many disadvantages of CCP such as the power loss due to the 

formation of self-bias and the sputtering of the electrode
3,10

.  Moreover, in the CCP, the 

electrode potential is negatively biased with increasing the excitation power
11,12

.  

Therefore, it is difficult to increase the plasma density.  Also, due to the generation of 

the self-bias voltage, the damage on the sample surface induced by the ion 

bombardment becomes large.   

Figure 2.1  Schematic diagrams of capacitively coupled plasma (CCP), electron 

cyclotron resonance plasma (ECR) and inductively coupled plasma (ICP) 
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  The fundamental ICP system consists of an antenna where an electric current is being 

flowed and a matching box is connected to high-frequency power generator
3
.  Plasma 

is sustained by the electromagnetic field created by radio frequency (1MHz ≤ f ≤ 1 

GHz) supplying around the antenna.  Compared to CCP, ICP does not use electrodes, 

so that there is almost no position where strong negative bias occurs and the plasma 

density increases in proportion to the excitation power
13,14

.   

  In ECRP, the resonance phenomenon of electrons is used to generate the plasma
3,15

.  

When a uniform static magnetic field is applied, the electrons are rotationally moved 

around the magnetic lines due to the Lorentz force with a frequency that is determined 

by the magnitude of the magnetic field.  If an oscillating electric field (typically 

generated by a microwave power generator with the frequency of 2.45 GHz) is applied 

with the same frequency, the resonant acceleration of electrons occurs, and plasma is 

generated due to the collision of these high energy electrons with gas molecules.  The 

system configuration of ECR is more complicated in comparison with CCP or ICP 

because of the requirement of an external manegtic field.  The merit of ECR plasma is 

the high density can be obtained even at low pressures (0.05~0.5 Pa).   

  For the application of plasma in the semiconductor industry, surface modification 

such as cleaning, functionalization and the CVD process of thin films such as dielectric 

film become the utmost important process.  The most prominent advantage of plasma 

is high-speed process which can be achieved even at low temperatures.  For example, 

growth of thermal SiO2 on Si substrate requires a temperature as high as 800 ºC, while 

the plasma enhanced CVD process of the SiO2 film can be carried out even at low 
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temperature (RT~)
16,17

.  The low-temperature process will also suppress the 

process-induced-damage due to a high temperature process such as element 

decomposition and/or desorption of the materials having a low thermal stability.  

However, one of  concerns in the process is the damage induced by the bombardment 

of high energy ions to the sample surface
18

.  Thus, the plasma techniques of ICP or 

ECR plasma have become more attractive because high-density plasma can be obtained 

without the direct irradiation of plasma on the substrate surface.  The independent 

control of the ion energy and plasma density can also be obtained for them.  In this 

study, the system of ICP has been applied
19

.  The configuration of ICP system is 

described as below.  

A schematic view of ICP system in this study is shown in Fig. 2.2.  The gases of Ar, 

He, H2, and O2 were introduced from the top of a 10-cm diameter quartz tube (i. e. 

Figure 2.2  Schematic view of remote plasma (RP) system 
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downstream method), and the plasma was generated in the quartz tube by inductive 

coupling with an external single-turn antenna connected to a power generator through a 

matching circuit.  During the CVD of SiO2 film, SiH4 gas was introduced from a 

dispersal ring located at a position ~ 4 cm above sample.  The Very High Frequency 

(VHF denotes the frequency range from 1 to 100 MHz) power generator at frequency 

region of 60 MHz is used, rather than a commercial radio-frequency (RF = 13.56 MHz) 

power source in the experiments because 60 MHz-VHF plasma can provide higher 

plasma density and lower electron temperature in comparison with those of 

conventional 13.56 MHz-RF plasma
18

.  The substrate was placed on a susceptor at a 

distance of about 19 cm away from the position of the antenna.  A vacuum heater was 

located inside the reactor chamber to heat the substrate to a temperature range of RT ~ 

500 ºC.  Base pressure of the chamber was ~ 1.5×10
-5 

Pa.   

In plasma, the ions, electrons, radicals, vacuum-ultraviolet (VUV) photons, and 

precursors coexist
20

.  In particular, plasma-induced-defects, i.e., charged species (ions 

and particles) bombardment and VUV irradiation, arise from the direct exposure of the 

plasma on the sample surface.  The damages of ion bombardment and VUV irradiation 

can be suppressed by introducing a sufficient distance between the antenna and sample 

in contrast to the direct plasma exposure.  Here, the basic principle of the suppression 

of damage is: the distance between the substrate and the antenna is set to be sufficiently 

longer than the mean free path of the ions.   

The mean free path of the ions in vacuum is roughly calculated using the follows 

equation
21
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2 2

3.11 10 [K]
[m] .

[Pa ]

T

P D m


 


   

For the hydrogen atoms, with a diameter of hydrogen molecule D = 2.9×10
-10

 [m]
22

, 

temperature of T ~ 300 K, and gas pressure of P ~ 28 Pa, the mean free path of 

hydrogen ion was calculated to ~ 0.39 mm.  It should be noted that this mean free path 

is much smaller than the distance of 19 cm between the antenna and substrate.   

For example, for a hydrogen plasma with the distance of 40 cm between the antenna 

and substrate
23

, the ratio of ion and radical (that can be reached to the vicinity of the 

substrate surface) is only ~1/10
4
.  Based on such designs, referred to as the remote 

plasma (RP), damaging effects on the sample surface can be avoided.  Taking into 

account these beneficial features of the RP, we have employed this technique for the 

modification of SiC surface and the CVD of SiO2 film on GaN.  Modification of SiC 

surface was performed by hydrogen plasma without external heating.  In this study, for 

the CVD of SiO2 on GaN, the mixture gases of Ar (or He), O2, and SiH4 were used.  

The procedure of the introduction of these gases is shown in Fig. 2.3.  The substrate 

was heated for 15 min from room temperature to the process temperature of ~ 500 ºC in 

dilute gas (Ar or He) ambient at a pressure of ~ 14.5 Pa and the flow rate of dilute gas 

was 50 sccm.  SiH4 gas was then introduced after substrate temperature achieved to 

process temperature (~ 500 ºC) with a flow rate of 0.38 sccm.  Afterwards, oxygen gas 

was then flowed immediately.  Then, the flow rate and pressure was adjusted and 

plasma was generated.   
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Figure 2.3  The experimental procedure of introduction of gases into CVD chamber 
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2.2  Characterization Methods 

  In this section, characterization methods of chemical bonding features and electronic 

states, and electrical properties using X-ray photoelectron spectroscopy (XPS), total 

photoelectron yield spectroscopy (PYS) and C-V, I-V measurements are briefly 

introduced.   

 

2.2.1 X-ray Photoelectron Spectroscopy  

  In this study, XPS measurements were carried out using AlKα X-rays with excitation 

energy of 1486.6 eV.  Basic principles of the XPS can be referred in details 

elsewhere
24,25

.  Here, the calculation of the mean free path of the electron and 

estimation of the oxide thickness on semiconductor surface are mainly described.    

The mean free paths of photoelectron in the solids can be derived using the TPP-2M 

calculation method
26,27

.  It should be noted that, the mean free path strongly depends 

on the material properties and the observed kinetic energy of photoelectron.  The 

applicable range of the kinetic energy in the TPP-2M method is from 50 to 2000 eV.  

The accuracy of this calculation for the energy range over 200 eV is about 10%.  

The mean free path of photoelectron with the kinetic energy E is calculated by using 

the following equation  

2 2[ ln( E) / / ]P

E

E C E D E


 


  
[m]. 

Here, Ep denotes the free electron plasmon energy (eV), which is derived by the 

following equation:  
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28.8 ( )V
P

W

N
E

A


  . 

In the calculation, AW is the atomic weight or the molecular weight of solid (g).    is 

the density of the solid (g/cm
3
).  Nv is the number of valence electrons per atoms which 

was defined by the total electron at s and p orbits of the outermost shell.  For example, 

the number of valence electrons of GaN and Ga2O3 were calculated by  

Ga: 4s
2
4p

1
  → the number of valence electron of Ga is 3 

N: 2s
2
2p

3
   →  the number of valence electron of N is 5 

O: 2s
2
2p

4
   →  the number of valence electron of O is 6  

Hence, the number of valence electron of GaN and Ga2O3 is 8 (= 3+5) and 24 

( 3 2 6 3    ), respectively.   

In addition, , , ,D, UC  parameters are defined by 

0.1

2 2 1/2

P

0.944
0.10 0.069

(E )gE
     


, 

0.500.191   , 

1.97 0.94 ,C U    

53.4 20.8 ,D U     

2

(U )
829.4

V P

W

N E

A


   , where EP is the free plasmon energy as mentioned above. 

By using these equations, the mean free paths of photoelectron from Ga 2p signals 

(kinetic energy ~ 368 eV ) of GaN and Ga2O3 were crudely estimated to be about 1.1 

and 0.9 nm, respectively.  These values are mostly consistent with a previous reported 

mean free path of Ga 2p
28

.   
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To calculate the thickness of an oxide thin film, understanding on the photoelectron 

intensity observed in XPS measurements is required.  Basic principles in the 

calculation of photoelectron intensity are described below.  

In a single layer (such as Si), the intensity of the photoelectron that reached to the 

surface (I) from a depth x below the surface is determined by the following equation:  

0

exp( ) sin [1 exp( )]
sin sin

x
x x

I K F n S dx K F n S   
   


                . 

Here, these parameters are defined by:  

K: The constant factor which depends on the atomic orbital, kinetic energy of electrons 

and measuring devices 

F: Intensity of X-ray 

n: Atomic concentration 

 : Ionization cross section  

S: Spectroscope function  

λ: Inelastic mean free path of electro in solid.   

 : Take-off angle of photoelectron. 

Here, the photoelectron intensity exponentially decays with increasing thickness 

(distance from the surface) and it is a function of mean free path.  Almost the mean 

free paths of solids are in the range from 1 to 3.5 nm for AlKα radiation (hν = 1486.6 

eV).  In general, the sampling depth is about three times of escape depth (3λ).  

Therefore, for the XPS using AlKα radiation, the sampling depth is roughly ~ 10 nm.   
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For the case of double layered structure, such as a SiO2/Si structure with the thickness 

of SiO2 is below the measurement depth of XPS measurements (< 10 nm) where the 

signals from underlying Si substrate is clearly observed.  The observed photoelectron 

intensity from Si in SiO2 (Iox) is calculated by: 

0

sin [1 exp( )]
sin

oxd

ox
ox ox ox ox ox ox ox

oxx

d
I dI K F n S  

 



          . 

The photoelectron intensity from the Si substrate is given by a similar equation with 

taking into account the attenuation factor exp( )
sinox

d

 



 of the oxide layer

29
.  Thus, 

the intensity of photoelectron from underlying Si substrate is calculated by: 

0

exp( ) sin [exp( )]
sin sin

ox
Si Si Si Si Si Si Si

ox ox

dd
I dI K F n S  

   




         
  . 

From the intensity ratio of these spectra, the thickness of SiO2 films can be derived as 

the follows:  

exp 1 ,
sin

ox ox ox ox ox ox OX

Si Si Si Si Si Si OX

I K F n S d

I K F n S

 

   

      
   

       
 

sin .ln 1Si Si Si Si Si OX
OX OX

OX OX OX OX OX Si

K F n S I
d

K F n S I

 
 

 

     
    

     
. 

Here, dox is the thickness of oxide film.  For the same measurement setup, KSi=Kox and 

SSi = Sox, the equation is simplified as: 

sin ln 1Si Si Si OX
OX OX

OX OX OX Si

n I
d

n I

 
 

 

  
     

  
. 

Note that dox is a function of the intensity ratio of oxide and substrate Iox/ISi.  If 

difference in the binding energies of these peaks of Si-Si and Si-O is sufficiently larger 

than the resolution of XPS measurements, the deconvolution of these spectra leads to 
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the intensity of the photoelectron originates from underlying substrate (Si) and the oxide 

films (SiO2).  For the SiO2/Si structure measured by XPS using AlKα radiation, the 

previously reported mean free paths of Si and SiO2 are 2.7Si  nm, 3.4ox  nm, 

respectively.  By using the atomic concentrations (nSi = 0.0832ND cm
-3

, nSiO2 = 

0.0367ND cm
-3

, ND: Avogadro constant) and the ionization cross sections of Si and SiO2 

(
2

0.817Si SiO   Mb, with ionization cross section of C1s is defined by 
1

1
sC   or 

13600 barn), the thickness of thin SiO2 film on Si substrate is calculated by   

3.4 sin ln(1.80 1)ox
ox

Si

I
d

I
     . 

It should be noted that the thickness derived in above equations is an average thickness 

with the surface coverage is 100%.  Therefore, the surface roughness is not considered 

in the calculation.   

Figure 2.4  Ga 3p and Si 2p spectra of SiO2/GaN structure  
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A similar calculation can be applied for the other substrates and other oxides such as 

CVD SiO2 films on GaN substrate in the case of no obvious formation of interfacial 

layer of Ga2O3 between SiO2 and GaN.  For the SiO2/GaN structure, the Ga 3p 

spectrum originating from underlying GaN substrate and Si 2p spectrum originating 

from SiO2 are shown in Fig. 2.4.  The binding energy difference between Si 2p 

originated from Si-O bonding units and Ga 3p originated from underlying GaN 

substrate is about 2.2 eV.  This value is sufficiently larger than the resolution of XPS 

(which is 0.05 eV in this study).   

The thickness of CVD SiO2 film can be derived as the following equation: 

3 2 p

2 2

2 2 2 3

Si
sin ln( 1)

p

p p

GaN Ga GaN

SiO SiO

SiO Si SiO Ga

n I
d

n I

 
 

 

 
    

 
. 

Using the reported parameters of GaN and SiO2 (λGaN = 2.7 nm; λSiO2= 3.4 nm; nGaN = 

0.0728ND cm
-3

; nSiO2 = 0.0367ND cm
-3

; 3.21GaN  Mb, 
2

0.817SiO  Mb), the above 

formula is simplified as:    

2 p

2

3

Si
3.4 sin ln(6.1 1)

p

SiO

Ga

I
d

I
     . 

 

2.2.2  Total Photoelectron Yield Spectroscopy (PYS)  

The evaluation of the defect state density at semiconductor surfaces and the 

insulator/semiconductor interfaces is crucial, because it decides the device performance 

and its reliability
30,31

.  In general, the electronic defects of the insulator/semiconductor 

interface are investigated by the electrical properties through the C-V measurements.  



 

Key Process and Characterization Methods  

43 

 

However, the electrical evaluation of the surface defects and the defect states located 

near the interface of thin insulator (thickness below 3 nm) is not easy, because the 

formation of electrodes is required.  In addition, the increasing leakage current also 

induces the inaccuracy.  In particular, it is well known that the conventional evaluation 

of the defect states which located near the midgap of the wide bandgap materials such 

as SiC and GaN is quite hard, because the time constant of these defects is extremely 

long
32–34

.  The combination of multiple methods is required to evaluate the distribution 

of defect state density of Al2O3/GaN interface, as shown in Fig. 2.5
34

.  For the interface 

defect state density in the energy range from the vicinity of the conduction band edge 

(nearly 0.1 eV) to near midgap (~ 1.7 eV), conventional Terman method, conductance 

method at a temperature from 400 to 700 K, and deep-level transient spectroscopy 

(DLTS) were carried out.  In addition, the interface defect states located below the 

Figure 2.5  Evaluation of interface state density of Al2O3/GaN structure using the 

combination of various methods 
34
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midgap (i.e., the energy range from ~1.5 to 3.4 eV) were estimated by deep level optical 

spectroscopy (DLOS) method.  Because the energy range of the interface defect state 

density that can be estimated by one method is relatively narrow.  Thus, this induces a 

large fluctuation in the result.   

So far, our research group has demonstrated the application of total photoelectron 

yield spectroscopy (PYS) to the quantification of filled defect density for SiO2/Si
30,35

.  

The description about the principles of PYS can be found elsewhere
30

.  In the PYS 

measurements, monochromatized ultra-violet light is irradiated to the sample surface.  

The electrons in the gap-states of the defects and valence electron are excited and then 

detected as photoelectrons.  Here, the photoelectron yields from the sample are 

measured as a function of incident photon energy.  Note that the range of photon 

energy can be selected from 3 eV to 10 eV by the combination of two light sources of 

Xe-arc lamp and D2 lamp.  The observed photoelectron yields are attributable to the 

emission from the filled defects in the band gap and valence electron.  

In this part, we mainly describes about how to convert the measured PYS spectrum to 

the density of states in the case of SiO2/GaN structure.   

An important parameter which is required to calculate the density of state from the 

measured PYS spectra is the inelastic mean free path of photoelectrons λ.  The 

calculation of inelastic mean free path from TPP-2M method cannot be applied to the 

case of PYS because the measurement energy range is as low as ~ 10 eV.  Here, the 

mean free path of the photoelectron in the PYS measurements for an 

oxide/semiconductor structure such as SiO2/GaN can be derived as below. 
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Firstly, the thickness of the oxide film must be known.  The thickness of SiO2 film 

can be measured by other techniques such as XPS or spectroscopic ellipsometry 

measurements.   

Then, the PYS measurements for the GaN surface and the SiO2/GaN structure with 

known thickness of SiO2 are performed.  For examples, the measured PYS spectra for 

the wet-cleaned GaN substrate with a donor concentration of 1×10
16 

cm
-3

 and 

5.2-nm-thick SiO2/GaN structure are shown in Fig. 2.6.  Here, the photoelectron yield 

for the energy range from ~7 to ~10 eV is originated from the valence band region of 

GaN.  From the integrated intensity ratio of the these valence band of GaN surface and 

Figure 2.6  The measured PYS spectra of wet-cleaned GaN(0001) surface and 

5.2-nm-thick SiO2 on GaN(0001) 
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SiO2/GaN structure, the inelastic mean free path of photoelectrons in the PYS 

measurements can be calculated by the following equation:  

2 2/
exp[ ]

SiO GaN SiO

GaN

I d

I 
  . 

By using above equation, the inelastic mean free path of photoelectron from GaN 

through SiO2 film is crudely estimated to be ~ 1.1 nm.   

Because the measured PYS spectrum in the energy region above ~7 eV is attributable 

to the valence band of GaN, the energy distribution of density of states can be crudely 

converted from the calculation of the first derivative of the measured PYS spectrum 

with respect to the photon energy.   

To convert the PYS spectrum, the normalization of photoelectron yield in valence 

band signals of GaN is needed.  The valence band spectrum measured by the XPS 

Figure 2.7  Valence band spectrum of GaN(0001) measured by XPS 
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measurements is shown in Fig. 2.7.  The reported total electron density of valence 

band
36

 of GaN is 8.9×10
22

 /cm
3
 which corresponds to the integrated area of STotal.  

Note that the measured PYS spectrum is the integration of filled electronic state density 

with the photon energy.  Therefore, the photoelectron yield intensity NS corresponds to 

the integrated area S1 of the part of valence band spectrum of GaN in XPS spectrum 

(Figure 2.8).  Hence, the photoelectron yield intensity of NS shown in Fig. 2.8(b) is 

normalized by the following equation:  

22 3 18 (8.9 10 / cm )S

Total

S
N

S
     . 

As mention above, the mean free path of photoelectron from GaN was estimated to be 

~1.1 nm (i.e., 1.1×10
-7

 cm).  Here, with the E1= 5 eV (in the XPS spectrum), NS was 

crudely estimated to be ~6.3×10
15

 cm
-2

.  The energy distribution of density of states is 

Figure 2.8  (a) Valence band spectrum of GaN (measured by XPS) where 

photoelectron intensity is shown on a semi-logarithmic graph and (b) corresponding 

photoelectron yield intensity NS in PYS spectrum  
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then estimated from the calculation of the first derivative of the normalized PYS 

spectrum with respect to the photon energy
37

.  

  It should be noted that the energy position of E1 can be arbitrarily selected.  

However, in the calculation of double layered structure such as SiO2/GaN and 

Ga2O3/GaN, the valence band of SiO2 and Ga2O3 can be overlapped with the valence 

band of GaN.  Hence, the determination of band alignment of these structures must be 

done before the estimation of density of states.  That is the energy levels of NS (or E1) 

should be selected to avoid the overlap of valence electrons of GaN and insulators. 

 

2.2.3  Capacitance-Voltage (C-V) and Current-Voltage (I-V) 

Measurements 

 

  In this section, the evaluation of the distribution of interface state density using C-V 

measurements at high frequency (1 MHz) (based on Terman method) and the carrier 

Figure 2.9  Equivalent circuit for MOS capacitors with interface traps.   



 

Key Process and Characterization Methods  

49 

 

conduction using I-V measurements at room temperature are described.   

Firstly, the basic principles and calculation of interface state density using Terman 

methods are given.  The equivalent circuit of MOS structure is shown in Fig. 2.9.  In 

Fig. 2.9, Cox, Cd, Cit and Rit denotes the capacitance of insulator, capacitance of 

depletion layer, capacitance associated with the electron charge and discharge of 

interface traps, and the resistance associated with these interface charge/discharge, 

respectively.  Vg and Vs denote the bias voltages which are applied to the gate 

electrode and semiconductor, respectively.  Here, Vg includes a DC voltage VG’ and 

small AC signal with amplitude of va and frequency f.  Note that, VG’ >> va, hence, AC 

signal do not change the state of device.   

In the Terman method, C-V measurements is performed at a frequency that high 

enough (typically f = 1 MHz) to ensure that the electron charge and discharge at 

interface traps cannot follow the small AC signal.  Hence, the measured C is equal to 

the calculated capacitance of the MOS capacitors without interface traps (Cit→0; Rit→

∞).  The calculated C-V curve can be theoretically derived by taking into consideration 

of oxide capacitance, doping concentration of substrate and band bending at 

insulator/semiconductor interface as described in detail in the Ref. 31. 

On the other hand, even the electron charge and discharge at interface states do not 

affect on the capacitance values, the interface charge leads to the difference of the bias 

voltage because of their charged amount during the gate voltage sweeping.  The 

schematic energy band diagram of the MOS structure is shown in Fig. 2.10 for the case 
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with and without interface states in the case of a negative bias voltage.  In the case that 

interface state exists, the charge amount at interface states Qit induces the change of gate 

voltage.  An increment in the bias voltage is required to achieve a same band bending 

(i.e., to achieve same capacitance).  This results in the “stretch-out” of the C-V curve 

as compared to the calculated C-V curve as shown in Fig. 2.11 where the steepness of 

the measured C-V curves is slower than that of ideal curve.  Note that the “stretch-out” 

of the measured C-V due to the interface states is intrinsically different from the shift in 

the horizontal direction of C-V curves which induces by the fixed charge in the insulator 

or insulator/semiconductor interface.  In general, the practical MOS structure shows 

the coexistence of both of interface states and fixed charge.  Then, horizontally shifts 

as well as the “stretch-out” of C-V curve will be simultaneously observed in the 

measured C-V curve (Figure 2.12 for the case of fixed positive charge).   

Figure 2.10  Schematic band diagram of MOS structure (a) without and (b) with 

interface states, in which (b) shows the case of negatively biased condition at the same 

band bending as (a).  
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From the “stretch-out” of C-V curve, the distribution of the interface state density can 

be derived.  The calculation of distribution of interface state density was done with 

following steps below.   

Frist, the calculation of ideal C-V curves with assuming band bending 
S  was 

carried out.  Then, the calculated C-V curve was fitted to the measured C-V curve.  

Secondly, the measured bias voltage and calculated bias voltage at same capacitance 

values were found.  The interface state density is given by:  

exp
[ ]id

ss ox

S S

dV dV
qN C

d d 
  .   

Figure 2.11  Schematic diagram of C-V curves for the cases with and without 

interface states. 
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Here, the band bending 
S  can be found from the calculated curve.  Note that the 

accuracy of the Terman method strongly depends on the accuracy of the calculated 

curve.  Therefore, a precise estimation of oxide capacitance Cox and doping 

concentration is required.   

While C-V measurements give us the information concerning about the interface state 

densities and the fixed charge densities located in the insulator film or the 

insulator/semiconductor interface, I-V measurements can give us the information of the 

bulk quality of insulator and the barrier height at interface.  There carrier conduction 

mechanism in the insulating film is very complex.  A detail discussion on the carrier 

conduction mechanisms in insulating films is carried out in elsewhere
31

.  Here, Table 

2-1 shows the basic conduction processes in the insulators.  Based on this, the 

carrier conduction mechanism can be divided into temperature-dependent and 

Figure 2.12  Schematic diagram of C-V curves where measured C-V curve shows the 

coexistence of interface states and (positive) fixed charge. 
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temperature-independent processes.  The Schottky emission, Poole-Frenkel, Ohmic, 

and ionic conduction are the temperature-dependent process where the current density is 

a function of temperature.  On the other hand, the carrier conduction of direct 

tunneling and Fowler-Nordheim (F-N) tunneling which include in the tunneling process 

are temperature-independent process.  In this study, the carrier conduction mechanisms 

due to the direct tunneling and F-N tunneling are mainly described.  The schematic 

diagrams of these mechanisms are shown in Fig. 2.13 for the direct tunneling and F-N 

tunneling.   

Table 2-1  Basic conduction processes in insulators
31

 

 

Process Expressions Voltage and Temperature 
Dependence 

Schottky 

Emission 

B2
( / 4 )

* exp[ ]
iq q

J A T
kT

  
     

2

B~ exp[ / T q / kT]T a V    

Frenkel-Poole 

Emission 

( /
~ exp[ ]

B iq qE
J E

kT

  
   

~ exp( 2 / / )BV a V T q kT    

Tunneling or 

Field 

Emission 

3/2
2 B4 2 *(q )

~ exp[ ]
3

m
J E

q E


  

2~ exp( / )V b V   

Space Charge 

Limited 

2

3

8

9

i V
J

d

 
  

2~ V   

Ohmic 

Conduction 

~ exp( / )J E Eae kT   ~ exp( c/ T)V    

Ionic 

Conduction 
~ exp( / )

E
J Eai kT

T
   

'
~ exp( )

V d

T T
   
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In table 2.1, A* = effective Richardson constant, 
B  = barrier height, E: oxide electric 

field, 
i  = insulator dynamic permittivity, *m  = effective mass, d = insulator 

thickness, 
aeE  = activation of electrons, 

aiE = activation energy of ions, 

/ (4 )ia q d  , and V E d  .  

So far, the calculation of the current density in the direct tunneling mechanism (JDT) 

is proposed from some research groups.  An expression of the current density which 

obeying the direct tunneling in thin (below about 5 nm) SiO2 film is given by the 

following equation:
38–40

  

3 3/23/2

2

1 (1 / )4 2
exp[ ]

8 3 / 2

e G ox BB
DT

B ox

q m V qEtmkT
J C

hm t q qh E 

  
      


.   

Also, the leakage current which follows the F-N tunneling can be also calculated by 

following equation
41

  

Figure 2.13  Schematic energy band diagram showing (a) direct tunneling and (b) 

Fowler-Nordheim (F-N) tunneling mechanisms.  Here, for simplicity, the flat-band 

voltage,VFB, is set to 0 V. 
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3 3/2
2 4 21

exp( )
8 3 / 2

e B
FN

B

q m m
J E

hm E qh 

 
    


. 

Here, C is the parameter which affected by the density of states in the conduction band, 

electric field and barrier height
41

.  me denotes the effective electron mass in the 

insulator and 
B  is the barrier height between the semiconductor and oxide.  m and E 

denote the effective electron mass in vacuum and the oxide electric field, respectively.  

The oxide electric field is given by the 

g FB Sox

ox ox

V VV
E

t t

 
  . 

Vox is the voltage drop across the insulator film, VFB is the voltage at the flat band 

condition and 
S  is the band bending of semiconductor which can be estimated from 

the calculated C-V curve.  Note that the barrier height 
B  at insulator/semiconductor 

interface can be calculated from the slope of the plot of ln (J/E
2
) as a function of 1/E.   

It should be noted that for the high quality insulator film such as in thermally grown 

SiO2/Si structure, the carrier conduction is well described by the direct tunneling and 

F-N tunneling mechanism.  However, for the CVD insulators film which is formed at 

low temperature, the carrier conduction mechanism becomes complex because the 

absence of traps in insulators.  For example, the carrier conduction of Frenkel-Poole 

emission, trap-assisted tunneling, and/or space charge limited process can be induced by 

the traps in the insulators.  The process of Frenkel-Poole emission is due to the 

field-enhanced thermal excitation of trapped electrons into the conduction band.  

Frenkel-Poole emission is mainly observed in the Si3N4 film and high-k materials (such 
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as HfO2)
31

.  The space-charge-limited process is also observed when the injection of 

electrons into the oxide occurs.  The injection of electrons can induce the formation of 

space charge in the oxide.   As a result, this phenomenon might limit the flow of 

current into the oxide
42,43

.  It has been proposed that space charge limited process is 

comprised of three limited mechanisms of Ohm’s law, trap-filled-limit emission, and 

Child’s law.  A detail description of space charge limited process can be found in the 

Ref. 41  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Key Process and Characterization Methods  

57 

 

References 

[1] H. Conrads and M. Schmidt, Plasma Sources Sci. Technol. 9, 441 (2000). 

[2] J. Hopwood, Plasma Sources Sci. Technol. 1, 109 (1992). 

[3] H. Sugai, Plasma Electronics, 1st ed. (Ohmsha, Tokyo, 2000). 

[4] B. Chapman, Glow Discharge Processes (John Wiley & Sons, Inc., New York, 

1980). 

[5] E. Nasser, Fundamentals of Gaseous Ionization and Plasma Electronics (John 

Wiley & Sons, Inc., New York, 1971). 

[6] M.A. Lieberman and A.J. Lichtenberg, Principles of Plasma Discharges and 

Materials Processing, 2nd ed. (John Wiley & Sons, Inc., 2005). 

[7] K. Aoki, H. Suzuki, and T. Yamauchi, Toshiba Rev. 55, 17 (2000). 

[8] Y. Okamoto, J. Vac. Soc. Japan 59, 161 (2016). 

[9] M. Surendra and D.B. Graves, Appl. Phys. Lett. 59, 2091 (1991). 

[10] F. Chen, Introduction to Plasma Physics and Controlled Fusion, 2nd ed. (Springer 

Science+Business Media, New York, 1984). 

[11] H. Schlüter and A. Shivarova, Advanced Technologies Based on Wave and Beam 

Generated Plasmas, 1st ed. (Springer Netherlands, 1999). 

[12] V.A. Godyak, R.B. Piejak, and B.M. Alexandrovich, IEEE Trans. Plasma Sci. 19, 

660 (1991). 



 

Key Process and Characterization Methods  

58 

 

[13] R.B. Piejak, V.A. Godyak, and B.M. Alexandrovich, Plasma Sources Sci. Technol. 

1, 179 (1992). 

[14] K. Suzuki, K. Nakamura, H. Ohkubo, and H. Sugai, Plasma Sources Sci. Technol. 

7, 13 (1998). 

[15] R. Wilhelm, in Microw. Discharges, edited by M. Moisan and C.M. Ferreira, 1st ed. 

(Boston, 1993), p. 161. 

[16] C.H. Courtney, B.C. Smith, and H.H. Lamb, J. Electrochem. Soc. 145, 3957 

(1998). 

[17] S.S. Kim, D. Tsu, and G. Lucovsky, J. Vac. Sci. Technol. A Vacuum, Surfaces, 

Film. 6, 1740 (1988). 

[18] K. Eriguchi, Jpn. J. Appl. Phys. 56, (2017). 

[19] K. Makihara, K. Shimanoe, A. Kawanami, M. Ikeda, S. Higashi, and S. Miyazaki, 

J. Optoelectron. Adv. Mater. 12, 626 (2010). 

[20] D.M. Mattox, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 7, 1105 (1989). 

[21] 熊谷寛夫 and 富永五郎, 真空の物理と応用 (裳華房, 1970). 

[22] L.G.Q. Max and Z.X. Song, Nanoporous Materials: Science And Engineering 

(World Scientific, 2004). 

[23] R.J. Carter, T.P. Schneider, J.S. Montgomery, and R.J. Nemanich, J. Electrochem. 

Soc. 141, 3136 (1994). 



 

Key Process and Characterization Methods  

59 

 

[24] P.K. Ghosh, Introduction to Photoelectron Spectroscopy (Chemical Analysis: A 

Series of Monographs on Analytical Chemistry and Its Applications), 1st ed. (Wiley, 

1983). 

[25] 日本表面科学会, X線光電子分光法, 5th ed. (丸善株式会社, Tokyo, 2004). 

[26] S. Tanuma, C.J. Powell, and D.R. Penn, Surf. Interface Anal. 21, 165 (1994). 

[27] S. Tanuma, C.J. Powell, and D.R. Penn, Surf. Interface Anal. 35, 268 (2003). 

[28] H. Sik, Y. Feurprier, C. Cardinaud, G. Turban, and A. Scavennec, 144, 2106 

(1997). 

[29] F.J. Himpsel, F.R. McFeely, A. Taleb-Ibrahimi, J.A. Yarmoff, and G. Hollinger, 

Phys. Rev. B 38, 6084 (1988). 

[30] S. Miyazaki, T. Maruyama, A. Kohno, and M. Hirose, Microelectron. Eng. 48, 63 

(1999). 

[31] S.M. Sze, Physics of Semiconductors Devices, 2nd ed. (Wiley, New York, 1981). 

[32] Z. Yatabe, J.T. Asubar, and T. Hashizume, J. Phys. D. Appl. Phys. 49, 393001 

(2016). 

[33] K. Ooyama, H. Kato, M. Miczek, and T. Hashizume, Jpn. J. Appl. Phys. 47, 5426 

(2008). 

[34] R.D. Long, C.M. Jackson, J. Yang, A. Hazeghi, C. Hitzman, S. Majety, A.R. 

Arehart, Y. Nishi, T.P. Ma, S.A. Ringel, and P.C. McIntyre, Appl. Phys. Lett. 103, 2 

(2013). 



 

Key Process and Characterization Methods  

60 

 

[35] A. Ohta, M. Ikeda, K. Makihara, and S. Miyazaki, Microelectron. Eng. 178, 85 

(2017). 

[36] J.R. Rumble, CRC Handbook of Chemistry and Physics, 98th ed. (CRC Press, 

2017). 

[37] S. Miyazaki, T. Maruyama, A. Kohno, and M. Hirose, Microelectron. Eng. 48, 63 

(1999). 

[38] B.L. Yang, P.T. Lai, and H. Wong, Microelectron. Reliab. 44, 709 (2004). 

[39] D.K. Schroder, Semiconductor Material and Device Characterization (Wiley, New 

York, 1998). 

[40] J.C. Ranuarez, M.J. Deen, and C.H. Chen, Microelectron. Reliab. 46, 1939 (2006). 

[41] K.Y. Cheong, J.H. Moon, H.J. Kim, W. Bahng, and A.K. Kim, J. Appl. Phys. 103, 

84113 (2008). 

[42] R.W.I. de Boer and A.F. Morpurgo, Phys. Rev. B 72, 73207 (2005). 

[43] M.A. Lampert, Phys. Rev. 103, 1648 (1956). 

 



 

 Modification of SiC Surface by Remote Hydrogen Plasma (H2-RP) 

61 

 

Chapter 3  

Modification of SiC Surface by Remote Hydrogen Plasma 

(H2-RP) 

 

In this chapter, the effects of H2-RP exposure on the chemical structures and 

electronic state of the 4H-SiC surface have been investigated
1
.  Particularly, the 

generation of plasma-induced surface states and the elimination methods are discussed. 
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3.1 Introduction 

So far, to realize a smooth SiC surface, the removal of damaged layers by chemical 

mechanical polishing (CMP)
2
, Catalyst-referred etching

2
, atmospheric pressure (AP) 

hydrogen plasma
3
 and SiC surface cleaning by wet chemical treatment, UV-O3 

irradiation
4
, high-temperature annealing at ~1000 ºC

5,6
 in hydrogen ambiance, and 

electron cyclotron resonance (ECR) hydrogen plasma treatment
7,8

 have been reported.  

By exposing the SiC surface to AP hydrogen plasma
3
 and ECR hydrogen plasma

8
, an 

improvement in the crystallinity of the surface was obtained in addition to the effect of 

the surface being cleaned.  In contrast, the hydrogen plasma exposure also has been 

found to induce the surface defects as observed by deep-level transient spectroscopy 

(DLTS)
7
 and photoluminescence spectroscopy (PL)

9,10
.  However, the detection depth 

of these evaluation methods is quite large, typically ~ 100 nm (for DLTS) and above 1 

m (for PL) from the SiC surface.  Therefore, the influences of hydrogen plasma 

exposure on the electronic states within a few-nanometer depth of the SiC surface have 

not been fully understood.  Obviously, a clear understanding of how hydrogen plasma 

exposure affects the chemical structure and electronic states of the 4H-SiC surface is 

very important to realize a high-quality SiC surface.  Therefore, the sensitive analysis 

of the 4H-SiC surface after hydrogen plasma exposure has been executed in this work.  

In this study, the author focus on the modification of the SiC surface by remote H2 

plasma (H2-RP) exposure and evaluate its influences on the surface morphology and 

chemical bonding features.  Moreover, the energy distributions of the electronic 

defects in the energy bandgap of SiC which induced by plasma exposure are measured 
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by total photoelectron yield spectroscopy (PYS). 
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3.2 Experimental Procedure 

In this work, a 10-μm-thick n-type epitaxial 4H-SiC layer with a donor concentration 

of 1.3×10
16

 cm
-3

 grown on a 4º-off 4H-SiC(0001) Si-face substrate was used.  After 

degreasing by an acetone solution, the samples were dipped into aqua regia (HCl : 

HNO3 = 3 : 1) solution.  The samples were then cleaned by conventional cleaning 

recipe of NH4OH : H2O2 : H2O (= 0.15 : 3 : 7) solution at 80 ºC for 10 min followed by 

dipping into 4.5% HF solution.  After cleaning, the samples were exposed to H2-RP 

without external heating.  The plasma was generated in H2 ambient (purity 

>99.99999 %) in a 10-cm-diameter quartz tube by inductive coupling with an external 

single-turn antenna connected to a 60 MHz generator through a matching circuit.  The 

base pressure of the chamber was ~ 1.5×10
-5

 Pa.  The sample was placed on a 

susceptor located at a distance of ~19 cm from the antenna with no sample bias.  

During the H2-RP exposure, the H2 gas pressure and the excitation power of very high 

frequency (VHF) generator were fixed at 28 Pa and 500 W, respectively.  

The surface morphology of 4H-SiC before and after the H2-RP exposure was 

investigated by atomic force microscopy (AFM) in the tapping mode.  The chemical 

structures of the sample surface were evaluated by high-resolution XPS under 

monochromatized Al Kα radiation (hν = 1486.6 eV).  The PYS measurements were 

also performed to evaluate the energy distribution of electronic defect states in the band 

gap of the 4H-SiC surface.  The experimental details of the PYS measurement are 

described elsewhere
11

.  After the H2-RP exposure, some of the samples were annealed in 

vacuum at a pressure of ~2×10
-3

 Pa or in N2 (purity: 99.999%) ambient at atmospheric 
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pressure with an N2 flow rate of 2 L/min.  Before characterization by AFM, XPS, and 

PYS, the samples were dipped into 4.5% HF solution to remove surface native oxides 

and then rinsed in pure water for 10 min.  Then, the samples were quickly transferred 

into the XPS/PYS chamber with a handing time of less than 15 min.  The base pressure 

of the XPS/PYS chamber was below 1×10
-7

 Pa.  
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3.3  Results and Discussion 

3.3.1  Impact of H2-RP on Surface Morphology and Chemical 

Bonding Features of SiC Surface Evaluated by XPS 

Topographic AFM images of the 4H-SiC surface taken after wet chemical cleaning 

and H2-RP exposure (20 min) followed by dipping into 4.5% HF solution are shown in 

Figure 3.1.  The wet chemical cleaned 4H-SiC surface shows a clear step-bunching 

with a root mean square (RMS) roughness of ~3.2 nm, for a scan range of 2×2 m
2
.  

The terrace region is atomically flat with the RMS roughness is ~0.1 nm.  From the 

Figure 3.1  Topographic AFM images of (a, a’) wet-chemically cleaned 

4H-SiC(0001) surface and (b, b’) HF-last 4H-SiC(0001) surface after the H2-RP 

exposure for 20 min at VHF power of 500 W.  The off-angle of the surface was 

calculated from the distances along white lines inserted in each figure.  Copyright 

(2017) The Japan Society of Applied Physics.  
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AFM images shown in Figs. 3.1(a) and (b), the average distance between the terrace edge 

(A) and the cross point of the perpendicular line from A to the line connecting the step 

edge (B) to the next edge (B’) have been estimated.  The off-angle of the epitaxial SiC 

layer was then calculated from this distance and the average width of the terrace region.  

The calculated off-angle of the 4H-SiC epitaxial layer was about ~4º, which is in good 

agreement with the off-angle of the SiC substrate.  Moreover, from the AFM image 

taken after the H2-RP exposure for 20 min with the following removal of native oxides, 

no obvious change in step-terrace structure was observed, and the RMS roughness at the 

terrace region was obtained to be the same as that of the initial surface.  To check 

etching of the 4H-SiC surface, which might occur during the H2-RP exposure, a portion 

of the 4H-SiC surface was covered with a H-terminated Si wafer.  As a result, no 

significant change in the profile of the 4H-SiC surface due to the etching was observed in 

the region near the border of the Si mask.  These results indicate that etching of the 

4H-SiC surface by H2-RP exposure for 20 min is neglibile small. 

To clarify the physical impact of hydrogen plasma exposure on the SiC surface, the 

temperature of the SiC substrate was monitored using a K-type thermocouple that was 

attached to the back surface of the substrate.  Figure 3.2 show the temperature of the 

SiC substrate as a function of the exposure time.  The substrate temperature increased 

up to ~110 ºC and then saturated after the H2-RP exposure for ~7 min.  The increasing of 

substrate temperature might be responsive to the recombination of atomic hydrogen on 

the SiC surface.  Considering that the etching of SiC in H2 ambient requires an elevated 

temperature over 1000 °C
12

, this result also confirmed that the etching of SiC surface 
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hardly proceeds during the H2-RP exposure. 

Figure  3.2  Temperature of SiC substrate as a function of hydrogen plama 

exposure time. 

Figure 3.3  (a) Si 2p3/2 and (b) C 1s XPS core-line spectra for the samples before 

and after the H2-RP exposure for 1 and 20 min.  In each spectrum, the 

photoelectron take-off angle was set at 30º.  Photoelectron intensity was 

normalized and binding energy was calibrated using Si 2p3/2 signals from Si-C 

bonding units.  Copyright (2017) The Japan Society of Applied Physics. 
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Then, XPS measurements were carried out to evaluate the effects of H2-RP exposure 

on chemical bonding features of the 4H-SiC surface.  No residual fluorine on the SiC 

surface was detected after the removal of surface native oxides by dilute HF solution.  

Figs. 3.3(a) and (b) show the Si 2p3/2 and C 1s core-line spectra, respectively, for the 

4H-SiC samples taken before and after the H2-RP exposure for 1 and 20 min.  Here, the 

photoelectron take-off angle was set at 30º and the photoelectron intensity was 

normalized by Si 2p3/2 signals originating from the Si-C bonding units.  A Si 2p3/2 

spectrum was obtained by the spectral deconvolution of the measured Si 2p signals into 

two components in accordance with the spin-orbit splitting of the Si 2p core line, in 

which the energy splitting of 0.60 eV and the intensity ratio of Si 2p3/2 : 2p1/2 = 2 : 1 

were used
13–15

.   

For the Si 2p3/2 spectra obtained immediately after the wet-chemical cleaning, Si 

oxide components were hardly detected.  On the other hand, the C 1s spectrum for the 

wet-cleaned 4H-SiC surface shows a clear existence of carbon contaminants, such as 

adsorbed CHX (at 285.6 eV), C-O (at 287.5 eV), and C=O (at 289.9 eV) bonding 

units
16,17

.  Note that after the H2-RP exposure of the wet-cleaned 4H-SiC surface even 

for 1 min, the intensity of C 1s signals from these contaminants was obviously 

decreased.  Then, the C 1s signals from C-O-H bonding units were newly detected at a 

binding energy of 286.4 eV, which may be attributable to the adsorption of the –OH 

group on the C atom in the step region.  The Si oxide component (Si-O) observed as 

weak signals after the H2-RP exposure was attributed to the surface oxidation caused by 

air exposure during sample transfer.  It has been reported that the removal of carbon 
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contaminant of hydrocarbons (CHX) requires heating at a temperature as high as 500 ~ 

700 ºC in ultrahigh vacuum environment
18,19

.  Taking into account the fact that the 

saturated temperature of SiC substrate during H2-RP exposure was quite low at ~110 ºC, 

the amount of carbon contaminants removed by thermal heating was thought to be quite 

low.  Therefore, the removal of adsorbed carbon contaminants by the H2-RP exposure 

was mainly attributable to the chemical interaction between the atomic hydrogen and 

surface contaminants.  These results indicate that the H2-RP exposure was effectively 

removing the 4H-SiC surface contaminants.   

In the case of prolonged H2-RP exposure time, the selective etching of the carbon on 

the 4H-SiC surface was detected.  Figure 3.4 show the chemical composition of the 

Figure 3.4  Chemical compositions of SiC surfaces before and after the H2-RP 

exposure at a VHF power of 500 W.  Chemical composition was calculated from Si 

2p3/2 and C 1s signals originating from Si-C bonding units of the HF-last 4H-SiC 

surface after the H2-RP exposure.  Copyright (2017) The Japan Society of Applied 

Physics. 
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4H-SiC surface as a function of the exposure time.  Here, the composition ratio of 

C/(C+Si) was estimated from the integrated intensity of the Si-C bonding units in Si 

2p3/2 and C 1s spectra in accordance with the photoionized cross section and the escape 

depth of each core line
20,21

.  No obvious change in the C/(C+Si) composition ratio was 

observed after the H2-RP exposure below 20 min.  With increasing H2-RP exposure 

time up to 60 min, the composition ratio of C/(C+Si) slightly decreases by ~1%.  

Therefore, there is a possibility that the defect formation due to a removal of C atoms at 

an amount below the detection limit of XPS (<1at. %) proceeds even for a short H2-RP 

exposure time. 

 

3.3.2  Electronic States of SiC Surface Evaluated by PYS 

The PYS measurements were performed to clarify the effects of H2-RP exposure on 

Figure 3.5  Energy band diagram of 4H-SiC under flat band condition.  

Copyright (2017) The Japan Society of Applied Physics. 
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the formation of the electronic defects in the energy region corresponding to the 4H-SiC 

bandgap.  The energy band structure of 4H-SiC under flat band condition using the 

reported values of electron affinity and bandgap of 4H-SiC
22,23

 was shown in Fig. 3.5.  

In this PYS configuration, the photoelectron yields from the samples were measured as 

a function of photon energy in the range from 3.5 to 5.3 eV under irradiation of Xe arc 

lamp.  This energy region corresponds to a part of the energy bandgap of 4H-SiC 

below the conduction band edge.  Note that the valence electrons in 4H-SiC cannot be 

emitted by the irradiation of photons in this measured energy region.   

The measured PYS spectra of wet-cleaned 4H-SiC and HF-last 4H-SiC after the 

H2-RP exposure for 20 min were shown in Fig. 3.6.  Even at the wet-cleaned 4H-SiC 

surface, clear photoelectron yield originating from a large amount of gap states were 

Figure 3.6  PYS spectra for wet-chemical cleaning of 4H-SiC(0001) and 

HF-last 4H-SiC(0001) surfaces after the H2-RP exposure at a VHF power of 500 

W.  Copyright (2017) The Japan Society of Applied Physics. 
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detected in the energy region deeper than ~1 eV from the conduction band bottom.  

This photoelectron yield was responsible for not only surface states but also crystalline 

defects near the surface region.  After the H2-RP exposure, the photoelectron yield in 

the energy region within ~2 eV below the conduction band edge of 4H-SiC (i.e., 3.7 eV 

- 5.3 eV from the vacuum level) was markedly increased.  So far, the occupied energy 

levels of interstitial H, C and Si vacancies, and these complex defects with H have been 

evaluated by the DLTS, photo-electron paramagnetic resonance (photo-EPR) analysis, 

and theoretical calculations
24–26

.  Among various energy levels, the occupied states, 

which are originated to C vacancies and interstitial H, were estimated at energy levels of 

about 4 - 5 eV from the vacuum level.  In contrast, the reported energy levels of Si 

vacancies were located at about 6 eV from the vacuum level where beyond the range of 

this PYS system.  Based on these reports, the observed PYS signals after the H2-RP 

exposure likely originated from the occupied states related to the C vacancies and/or the 

interstitial H. 

To eliminate the filled defects and to achieve a better understanding on the generation 

of these defects after the H2-RP exposure, some of the samples were annealed in 

vacuum at a pressure of ~2×10
-3

 Pa.  The PYS spectra taken after the 20-min H2-RP 

exposure followed by 10-min annealing at 330, 410, and 510 ºC are shown in Fig. 3.7.  

Obviously, the intensity of photoelectron yields attributed to filled defects generated 

after the H2-RP exposure gradually decreased with increasing annealing temperature.  

By considering the observation by thermal desorption spectroscopy (TDS) that the 

desorption of hydrogen from Si-H bonds in 6H-SiC occurs at temperatures over 200 
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ºC
27,28

, the decrement in filled defect state induced by vacuum annealing was interpreted 

as a result of hydrogen desorption from 4H-SiC.  However, the photoelectron yield 

from a large amount of defect states was still observed even after vacuum annealing at 

510 ºC.  The remaining defect states are likely responsible for the formation of C 

vacancies, which were generated by the selective removal of C atoms from 4H-SiC as 

discussed in the XPS analyses. 

On the basis of the above experimental results, the H2-RP exposure for a time as short 

as 1 min was performed to clean the 4H-SiC surface with the minimized formation of C 

vacancies due to selective etching of C atoms.  A subsequent annealing at 850 ºC in N2 

ambience was carried out to remove the damage generated by the H2-RP exposure.  

Figure 3.7  PYS spectra for HF-last 4H-SiC(0001) surfaces after the H2-RP exposure 

for 20 min at a VHF power of 500 W and subsequent vacuum annealing for 10 min.  

Copyright (2017) The Japan Society of Applied Physics. 

 



 

 Modification of SiC Surface by Remote Hydrogen Plasma (H2-RP) 

75 

 

XPS analyses revealed that the removal of carbon contaminants was also achieved as 

similarly seen in the C 1s spectra shown in Fig. 3.3.  The PYS spectra for the samples 

measured at each step of the surface treatments were shown in Fig. 3.8.  After the 

subsequent annealing at 850 ºC, the photoelectron yield of gap states generated after the 

H2-RP exposure for 1 min was markedly decreased.  In contrast, a large amount of gap 

states was still detected in the sample after the H2-RP exposure for 20 min even after the 

same treatment.  These results also imply that the generation of surface states due to 

the C vacancies is enhanced by a long time exposure to H2-RP.  Because the 

reconstruction of the 4H-SiC surface requires a temperature over 1100 ºC in ultrahigh 

vacuum (< 1x10
-8

 Pa), the elimination of these defects at 850 ºC was attributable to the 

Figure 3.8  PYS spectra for HF-last 4H-SiC(0001) surfaces after the H2-RP exposure 

and subsequent annealing for 10 min at 850 ºC in N2 ambient.  A reference spectrum 

for the wet-chemical cleaning of 4H-SiC(0001) surface is also shown.  Copyright 

(2017) The Japan Society of Applied Physics. 
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desorption of interstitial H
29

.  In addition, the oxidation of the damaged layer with C 

vacancies by residual oxygen in the furnace during annealing and the removal of such 

damaged layers by following HF treatment might also be considered as a possible 

reason for defect reduction.  From these results, the combination of the H2-RP 

exposure for short time with the subsequent annealing at a temperature of 850 ºC was 

found to be effective in forming a clean 4H-SiC surface with low defect state densities. 
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3.4 Conclusions 

The effects of H2-RP exposure on the 4H-SiC(0001) surface have been systemically 

investigated by AFM, XPS, and PYS techniques.  No obvious change in the SiC surface 

morphology was observed.  XPS analyses revealed that the carbon contaminants on the 

4H-SiC surface were efficiently reduced by H2-RP exposure.  The selective removal of 

C atoms from the 4H-SiC surface was observed after the H2-RP exposure for a time as 

long as 60 min.  PYS analyses show that the filled defect states were generated after the 

H2-RP exposure in the energy region within 2 eV below the conduction band bottom of 

4H-SiC.  The origin of these defect states was attributable to the formation of C 

vacancies and/or the interstitial H.  A subsequent annealing at 850 ºC was effective in 

eliminating the filled defects induced by the H2-RP exposure.   
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Chapter 4  

Chemical Bonding Features and Electronic States of RP-CVD 

SiO2/GaN 

 

In this chapter, the SiO2/GaN structure was formed by remote oxygen plasma 

enhanced CVD (ROPE-CVD)
1
.  The chemical bonding features of SiO2 and the 

electronic states of SiO2/GaN structure were evaluated by XPS and PYS, respectively.     
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4.1 Introduction 

The formation of stoichiometry SiO2 film is strongly required to reduce the defect 

states of SiO2/GaN structure
2
.  Obviously, the stoichiometry SiO2 film is also essential 

to obtain a highly reliable device with high breakdown strength.  In addition, the 

obvious oxidation of GaN surface can induce the interface state density as high as 10
12

 

cm
-2

eV
-1

 at the SiO2/GaN interface
3
.  Therefore, the clarification on the chemical 

bonding features of ROPE-CVD SiO2 film and SiO2/GaN interface are quite important.  

In this study, the chemical bonding features and the energy band alignment at SiO2/GaN 

interfaces were evaluated by XPS measurements.  Note that the experimentally 

reported value of conduction band offset at the SiO2/GaN interface can vary from 2.3 to 

3.6 eV depending on the formation technique
4–6

.  This variation might be attributed to 

exitence of interface defects and/or the electrical dipole moments at the SiO2/GaN 

interface.  Thus, the investigation of the energy band aligment of ROPE-CVD 

SiO2/GaN interface was performed.   

The investigation of defect states at thin SiO2/GaN structure is also important to 

clarify the electronic interface properties.  Hence, in addition to the chemical bonding 

features, the occupied electronic defects at the SiO2/GaN interface were also evaluated 

by the total photoelectron yield spectroscopy (PYS).  As mentioned at the section 2.2, 

the defects located at the energy region near the vicinity of midgap of GaN were hardly 

evaluated by electrical measurements but it is possible to be measured by PYS.  In this 

study, the application of PYS on the evaluation of SiO2/GaN structure was demostrated.  
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4.2  Experimental Procedure 

A 1-μm-thick n-type epitaxially grown GaN layer with a donor concentration of 1.5×

10
16

 cm
-3

 on sapphire was used in this study.  The surface cleaning of the sample was 

carried out by dipping in 4.5% HF solution.  An ~5.2-nm-thick SiO2 film was then 

deposited by ROPE-CVD using SiH4 and Ar/O2 mixture gases (the flow rates of Ar and 

O2 are 30 and 20 sccm, respectively).  The plasma was generated in a quartz tube with 

a diameter of 10 cm by inductive coupling with an external single-turn antenna 

connected to a 60 MHz generator through a matching circuit.  The substrate was 

located on susceptor at a distance of 19 cm from the antenna.  During the deposition of 

SiO2, the SiH4 flow rate, gas pressure, sample temperature, and very high frequency 

(VHF) power were maintained at 0.38 sccm, 14.5 Pa, 500 ºC, and 10 W, respectively.  

In some samples, the thinning of SiO2 film was carried out by dipping in a 0.1% diluted 

HF solution.   

The chemical bonding features of SiO2/GaN structures were evaluated by 

high-resolution X-ray photoelectron spectroscopy (XPS) under monochromatized Al Kα 

radiation (hν = 1486.6 eV).  The filled defect state density was also investigated using 

PYS measurements.  The experimental details for PYS measurements were described 

elsewhere
7,8

.  
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4.3 Results and Discussion 

4.3.1 Depth Profile Analysis of Chemical Bonding Features of 

RP-CVD SiO2/GaN  

To clarify chemical bonding features of SiO2 film and SiO2/GaN interface, XPS 

measurements were performed.  The Ga 3d and N 1s core-line spectra for GaN taken 

before and after SiO2 deposition are shown in Figs. 4.1(a) and (b), respectively.  Here, 

the photoelectron take-off angle was set at 90º, and the photoelectron intensity was 

normalized by Ga 3d signals originating from Ga-N bonding units.  No obvious 

changes in the spectral shape of Ga 3d and N 1s signals were observed after the 

deposition of SiO2.  These results indicate that the oxidation of the GaN surface during 

SiO2 deposition was quite litlle and an abrupt SiO2/GaN interface was formed.  In Fig. 

4.2, the Si 2s and O 1s spectra originating from Si-O bonding units are shown, 

Figure 4.1  (a) Ga 3d and (b) N 1s core-line spectra taken before and after the 

deposition of SiO2 on GaN.  Copyright (2017) The Japan Society of Applied 

Physics. 
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respectively.  The spectra of Si 2s and O 1s of a thermally grown SiO2 film are also 

shown as references.  It is found that the intensity ratio of Si 2s to O 1s signals from 

CVD SiO2 is almost the same as that of SiO2 thermally grown at 1000 ºC on Si, 

indicating the formation of stoichiometric SiO2.  

To investigate the chemical bonding features of SiO2/GaN structures in a depth 

profile, XPS measurements were performed at each step of SiO2 thinning by dipping in 

0.1% HF solution.  Here, the thickness of the remaining SiO2 film after each time of 

etching was estimated from the integrated intensity ratio of Si 2p signals originating 

from Si-O bonding units to Ga 3p signals from Ga-N bonding units using the following 

equation: 

3 2

2 2

2 2 2 3

sin ln 1
p p

p p

GaN Ga GaN Si

SiO SiO

SiO Si SiO Ga

n I
d

n I

 
 

 

  
     
  
 

. 

Figure 4.2  (a) Si 2s and (b) O 1s core-line spectra taken after the deposition of SiO2 

on GaN.  Reference spectra of the thermally grown SiO2 on Si are also shown.  

Copyright (2017) The Japan Society of Applied Physics. 
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Figure 4.3  (a) Ga L3M45M45 Auger electron signals and (b) N 1s core-line spectra 

taken at SiO2 thinning step.  Copyright (2017) The Japan Society of Applied Physics. 

 

Figure 4.4  Changes in SiO2 thickness as a function of dipping time in a 0.1% diluted 

HF solution.  Copyright (2017) The Japan Society of Applied Physics 
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In this calculation, the take-off angle of emitted photoelectrons from the sample [θ; θ = 

90º], the escape depths [λ; λSiO2 = 3.4 nm, λGaN = 2.7 nm], photoionization cross section 

(σ; σSi2p = 0.817 Mb, σGa3p = 3.21 Mb, where photoionization cross section of C1s is 

normalized by σC1s =1 Mb (13600 barn)), and atomic concentration [n; nGaN = 0.0728ND 

cm
-3

, nSiO2 = 0.0367ND cm
-3

, ND = 6.022×10
23

 mol
-1

 (Avogadro constant)] were used
9–14

.  

In addition, the N 1s core line spectra and Ga L3M45M45 Auger electron signals taken at 

each step of SiO2 thinning are shown in Figs. 4.3(a) and (b).  No obvious changes in 

the N 1s core line spectra or Ga L3M45M45 Auger electron signals were observed.  

These results imply that the amount of N desorbed from the GaN surface during CVD is 

Figure 4.5  Valence band spectra taken before and after the deposition of SiO2 

on GaN.  Valence band spectrum of 40-nm-thick CVD SiO2/GaN is also shown 

as a reference.  Copyright (2017) The Japan Society of Applied Physics 
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below the detection limit of XPS (< 1 at. %).  The remaining SiO2 thicknesses are 

plotted as a function of HF dipping time in Fig. 4.4.  It is found that the etching rate of 

CVD SiO2 dipped in 0.1% diluted HF solution was constant at ~0.85 nm/min.  

Therefore, these results imply that there are no changes in the structural properties of 

SiO2 film.  

  As mentioned above and in chapter 2, a clear understanding in the energy band 

alignment of SiO2/GaN is of importance.  Therefore, the energy band alignment of the 

CVD SiO2/GaN structure was investigated.  The valence band spectra taken before and 

after SiO2 deposition on GaN were shown in Fig. 4.5.  Here, the measured valence 

band spectrum of CVD SiO2/GaN was deconvoluted into two components originating 

from SiO2 and underlying GaN substrate.  It is found that the spectral shape of 

Figure 4.6  O 1s loss energy spectrum of CVD SiO2/GaN structure.  The spectra of 

thermally grown SiO2 was also shown as a reference.  
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deconvoluted valence band signals from SiO2 was in good agreement to that of 

reference signals from ~40-nm-thick SiO2 formed on GaN under the same deposition 

conditions.  This result also implies that there is no significant change in the valence 

band spectrum of the interfacial layer, and that, indeed abrupt SiO2/GaN interface was 

formed.  From the energy separation between the tops of these valence band signals, 

the valence band offset (EV) at the SiO2/GaN interface was determined to be ~2.20 eV.  

We also estimated the energy bandgap (Eg) of CVD SiO2 from the analysis of energy 

loss signals for O 1s photoelectrons as shown in Fig. 4.6 
15,16

.  Here, the energy loss 

signals of O 1s photoelectrons of thermally SiO2/Si were also shown as reference.  The 

energy bandgap of CVD SiO2 film was ~ 8.95 eV and it is similar to the bandgap of 

thermally grown SiO2 film.  From the measured EV and Eg of SiO2, and taking into 

account the reported Eg of GaN (3.4 eV), the conduction band offset (EC) at the 

SiO2/GaN interface was estimated to be ~3.35 eV.  Note that these values were in good 

agreement with the reported values of EC (2.0 eV) and EV (3.6 eV) at an abrupt 

SiO2/GaN interface, which were formed by in-situ plasma oxidation of ultrathin Si 

layers (with the thickness of sereval Å) on GaN
5
.  The energy band diagram of the 

SiO2/GaN structure was determined as shown in Fig. 4.7(a), where the reported value of 

the electron affinity of GaN (3.45 eV) was used
17

.   

 

4.3.2 Electronic States of SiO2/GaN Structure Evaluated by PYS 

  To evaluate the energy distribution of defect states in the SiO2/GaN structure, PYS 

measurements were carried out.  In the PYS measurements of this study, photoelectron 
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yields from the sample were measured as a function of photon energy in the region of 

3.0 to 10.0 eV using two ultraviolet light sources of Xenon arc lamp and D2 lamp.  The 

observed photoelectron yields from the sample were attributed to the emission from the 

filled defects in the bandgap and valence electrons, as schematically shown in Fig. 

4.7(a).  The measured PYS spectra for the sample taken before and after the deposition 

of SiO2 on GaN are shown in  Fig. 4.7(b).  Obviously, even in the wet-chemically 

cleaned GaN surface, the PYS spectrum shows that high photoelectron yields 

originating from a large amount of gap states were detected in the photon energy range 

from 3.45 to 6.85 eV.  The observed photoelectron yield can be attributed to not only 

the surface states of GaN but also the crystal defects near the surface.  Note that the 

Figure 4.7  (a) Energy band alignment at SiO2/GaN interface and (b) PYS spectra 

taken before and after the deposition of SiO2 on GaN.  Copyright (2017) The Japan 

Society of Applied Physics. 
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photoelectron yields in the energy region above 6.85 eV, which corresponds to the 

emission from valence electrons of GaN, decrease after SiO2 deposition.  Moreover, 

the obvious change in the PYS signal intensity in the photon energy region 

corresponding to the GaN bandgap (3.45 - 6.85 eV) indicates a significant amount of 

filled defects located in SiO2 or at the SiO2/GaN interface.  

To gain a clear insight into the depth profile of the defects in the SiO2/GaN structure, 

PYS measurements were also performed at each step of SiO2 thinning.  The measured 

PYS spectra taken at each step of the thinning are shown in Fig. 4.8(a).  The 

photoelectron yields from the valence electron of GaN increases with decreasing SiO2 

layer.  From the change in the integrated yield intensity corresponding to the GaN 

Figure 4.8  (a) PYS spectra taken at SiO2 thinning steps and (b) normalized PYS spectra 

for SiO2 thicknesses below 2 nm.  PYS spectrum of wet-chemically cleaned GaN is also 

shown as a reference.  Intensity was normalized by the yield originating from GaN 

valence band top at photon energies over 8.0 eV.  Copyright (2017) The Japan Society 

of Applied Physics. 
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valence band taken for the SiO2/GaN structure with SiO2 thickness, the escape depth for 

photoelectrons in PYS measurements was roughly estimated to be about 1 nm.  For 

SiO2 thicknesses above 4.3 nm, no obvious change in yield intensity was observed, 

indicating a low electronic defect density in SiO2.  In particular, for the thicknesses of 

the remaining SiO2 below 2.0 nm, it is found that the spectral shape of PYS signals was 

almost unchanged, and the intensity gradually increases with decreasing SiO2 thickness.  

Therefore, the PYS spectra for the samples with SiO2 thicknesses below 2.0 nm were 

normalized by the yield intensity of valence electrons from GaN, as shown in Fig. 

4.8(b), and the change in the PYS spectra was negligible.  Moreover, after the 

complete removal of the SiO2 layer, the yield intensity in the GaN bandgap markedly 

decreased, and PYS signals are consistent with the results obtained for a wet-chemically 

cleaned GaN surface.  These results indicate that the formation of filled defects in the 

Figure 4.9  Filled defect state density at SiO2/GaN interface, converted from PYS 

spectra shown in Fig. 4.7(b).  Copyright (2017) The Japan Society of Applied 

Physics. 
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region near the SiO2/GaN interface and the plasma-induced damage on the GaN surface 

during SiO2 deposition are negligible.   

  Then, the energy distribution of filled defect states at the SiO2/GaN interface was 

estimated from the PYS signals.  Here, the energy distribution of the density of states 

was evaluated from the calculation of the first derivative of the measured PYS spectrum 

with respect to photon energy, which was proportional to the density of states for the 

sample surface.  Then, occupied states in the energy region corresponding to the GaN 

bandgap were quantified considering the density of states of the valence band estimated 

from XPS, the reported density of valence electrons in GaN, the escape depth for GaN 

(~1 nm), and the number of valence electrons (8 for GaN).  Fig. 4.9 shows the energy 

distribution of the filled defect state density at the SiO2/GaN interface.  The filled 

defect density at the SiO2/GaN interface was estimated to be about 3×10
11 

cm
-2

eV
-1

 at 

the energy position of the GaN midgap of 5.1 eV. 
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4.4 Conclusions 

Chemical bonding features and electronic states of the ROPE-CVD SiO2/GaN 

structure have been systematically evaluated by means of XPS and PYS techniques.  

XPS analyses show the formation of a stoichiometric SiO2 film, and an abrupt 

SiO2/GaN interface with almost no oxidation of GaN surface by ROPE-CVD SiO2 

deposition on wet-chemically cleaned GaN surface.  In depth profile analysis also 

shows there are no structural inhomogeneities in SiO2 film and no obvious 

incorporation of nitrogen was observed.  Moreover, PYS shows a low defect density in 

the SiO2 film and plasma induced damage on GaN surface is negligible.  From PYS 

analysis, the filled defect density at SiO2/GaN interface was estimated to be about 3×

10
11 

cm
-2

eV
-1

 at the energy position of the GaN midgap.  These results indicate that 

ROPE-CVD is a promising method to form the high-quality SiO2/GaN interface with a 

low defect density.  
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Chapter 5 

Characterizations of Chemical Structures and Electrical 

Properties of RP-CVD SiO2/GaN 

 

In this chapter, the electrical properties of remote oxygen plasma enhanced CVD 

(ROPE-CVD) SiO2/GaN structures have been investigated
1
.  The SiO2 films were 

formed on homo-epitaxial grown GaN substrate.  The surface morphology as well as 

the chemical bonding features of SiO2 film was characterized through a comparison 

with the SiO2 films which was simultaneously deposited on Si substrate.  The 

electrical properties of SiO2/GaN were also evaluated.  
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5.1  Introduction 

In chapter 4, we have evaluated the chemical bonding features and the electronic 

states of SiO2/GaN interface where GaN layer was grown on sapphire substrate by using 

XPS and PYS.  However, in the practical devices, the clarification of the electrical 

properties of the SiO2/GaN structure is essential.  In this regard, the electrical 

properties of the SiO2/GaN structure were evaluated in the current chapter.  Here, 

epitaxial GaN layer which was grown on a free-standing GaN substrate was used.  By 

using the lattice-matched homoepitaxial grown GaN structure, the concern about the 

effects of crystal defects at the vicinity of GaN surface due to the lattice mismatch 

between sapphire and GaN on the electrical properties of the SiO2/GaN structure was 

reduced.  Moreover, the characterization of electrical properties also become 

simplified because of MOS capacitors could be easily formed.    

It should also be noted that oxygen plasma has high oxidation rate of a substrate and 

high diffusivity of dissociated oxygen in the film.  Therefore, the oxidation of GaN 

surface could proceed with increasing SiO2 thickness.  In general, the SiO2 for power 

devices was formed with a thickness of several tens of nm and over to inhibit the 

leakage current.  Therefore, the chemical structure of SiO2/GaN with increasing SiO2 

thickness was also clarified in the current chapter.   
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5.2 Experimental Procedure 

An n-type GaN layer with a thickness of 2 μm and a donor concentration of 4×10
16

 

cm
-3

 was epitaxially grown on a GaN(0001) substrate.  First, the native oxide of GaN 

surface was removed by dipping in a dilute HF solution (4.5 %).  Then, the surface 

cleaning was carried out using an alkaline solution with ratios of NH4OH: H2O2: H2O = 

0.15 : 3 : 7 at 80 ºC for 10 min, followed by dipping into an HF solution with the same 

concentration.  After that, SiO2 films with the thickness range from ~6 to 20 nm were 

deposited by ROPE-CVD using SiH4 and plasma of Ar and O2 mixture gases (Ar : O2 = 

30 sccm : 20 sccm) at 500 ºC.  The deposition conditions are the same as that of 

chapter 4.  As a reference, the ROPE-CVD SiO2 layer was simultaneously formed on a 

hydrogen-terminated n-type Si(111) substrate.  Here, a donor concentration of Si 

substrate is ~5×10
14

 cm
-3

.  GaN and Si MOS capacitors were fabricated by forming 

aluminum gate electrodes with a vacuum evaporation using a shadowing mask and Al 

backside contacts. 

Changes of surface morphologies of Si and GaN surfaces and the SiO2 films were 

evaluated by atomic force microscopy (AFM) with a tapping mode.  The chemical 

bonding features of the samples were evaluated using high-resolution x-ray 

photoelectron spectroscopy (XPS) with the monochromatized Al Kα radiation (hν = 

1486.6 eV).  Electrical properties were characterized by the C-V technique at room 

temperature.  
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5.3 Results and Discussion 

5.3.1 Chemical Bonding Features of ROPE-CVD SiO2/GaN With 

Increasing SiO2 Thickness Evaluated by XPS 

The surface morphologies of ROPE-CVD SiO2 films formed on the Si and GaN 

substrate was investigated to clarify the impacts of surface nature on the formation of 

SiO2 films.  Topographic AFM images of the wet-cleaned Si(111) and GaN(0001) 

surfaces were shown in Figs. 5.1 (a) and (b), respectively.  The images for the SiO2 

surfaces formed on the Si and GaN substrates are also shown in Figs. 5.1(c) and (d), 

respectively.  Here, the SiO2 thickness is around 6 nm.  In the case of Si surface, as 

shown in Fig. 5.1(a), no specific morphology was observed, while a step-and-terrace 

structure was observed in the case of GaN as shown in Fig. 5.1(b).  The wet–cleaned 

Figure 5.1  Topographic AFM images of the wet-cleaned (a) Si(111) and (b) 

GaN(0001) surfaces and the SiO2 surfaces on (c) Si and (d) GaN substrates.  Here, 

the SiO2 thickness is ~6 nm. 
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Si and GaN surfaces have the smooth surfaces with root mean square (RMS) surface 

roughness of 0.24 and 0.17 nm, respectively, indicating no significant impact of the 

wet-chemically cleaning process on the surface morphology.  After the deposition of 

the 6-nm-thick SiO2 film, the bright dots, which might be clustered SiO2 due to the 

inhomogeneous gas-phase reaction and/or migration of Si and O atoms at the surfaces 

were observed at both surfaces.  In this, the RMS values for the SiO2 films formed on 

the Si and GaN surfaces are 0.56 to 0.58 nm, respectively.  The increment of the RMS 

values from those for the wet-cleaned surfaces could be owing not to the substrate 

surface itself but to the SiO2 deposited by ROPE-CVD.  The RMS values of the SiO2 

surfaces were shown for the cases with the different SiO2 thicknesses in Fig. 5.2.  Note 

that the RMS value increases with increasing the SiO2 thicknesses independent of the 

Figure 5.2  SiO2 thickness dependences of the RMS roughnesses for the SiO2/Si(111) 

and SiO2/GaN(0001) structures. 
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substrates.  These results strongly indicate that the surface roughnesses were induced 

by the SiO2 formed by ROPE-CVD and hence it is likely to be determined by the CVD 

conditions.     

  To clarify the chemical composition of the SiO2 films formed on both of Si and GaN 

surface, XPS measurements were performed.  Figure 5.3 shows the Si 2s and O 1s 

spectra of the SiO2/GaN structures with various SiO2 thicknesses of around 6 nm, 9 nm, 

and 20 nm.  The spectra for the 6-nm-thick SiO2/Si structure are also shown as a 

reference.  In each spectrum, the take-off angle of photoelectrons was set to 90º.  The 

photoelectron intensity was normalized by Si 2s signals originating from the Si – O 

bonding unit in the SiO2 films.  A Si-Si bonding unit originated from Si substrate was 

observed for 6-nm-thick SiO2 film at the binding energy of around 150 eV.  It is found 

Figure 5.3  (a) Si 2s and (b) O 1s spectra for the 6-nm, 9-nm and 20-nm-thick 

SiO2/GaN structures. The spectra for the 6-nm-thick SiO2/Si structure were also 

shown as references. 
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that there are no obvious differences in the spectral shape of Si 2s and O 1s were 

observed.  These results indicate the same chemical composition of SiO2 films were 

formed on the Si and GaN substrates and also imply that there is no significant 

incorporation of Ga or N atoms in the SiO2 film.   

There is a possibility that the high diffusivity of dissociated oxygen through the SiO2 

thin film during the ROPE-CVD induces the oxidation of GaN surface.  Therefore, 

chemical bonding features of the SiO2/GaN interface was evaluated by changing the 

SiO2 thicknesses.  Figure 5.4(a) shows the Ga 3d spectra obtained from the SiO2/GaN 

structures with the SiO2 thicknesses of 6 and 9 nm.  Here, the photoelectron intensities 

were normalized by Ga 3d signals originating from Ga – N bonding unit and the 

photoelectron take-off angle was set to 90º.  The spectrum of the wet-cleaned GaN 

Figure 5.4  Ga 3d spectra for the structures with (a) 6-nm- and 9-nm-thick SiO2 layer 

and (b) Ga 2p3/2 spectra taken for 9-nm- and 20-nm- thick SiO2 film.  The spectra for 

the wet-cleaned GaN surface were also shown as references. 
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surface was also shown in Fig. 5.4(a) as a reference.  The shape of the Ga 3d spectra in 

the SiO2/GaN structures is in good agreement with that of the wet-cleaned Ga 3d, 

indicating that GaN surface is hardly oxidized during ROPE-CVD even with increasing 

the SiO2 thickness.  It is also found that for 9 and 20 nm-thick SiO2 layers, there are no 

detectable Ga 2p3/2 signals originated from GaN substrate or decomposed Ga atoms as 

shown in Fig. 5.4(b).  Here, the Ga 2p3/2 spectrum of GaN substrate was shown as a 

reference.  These results indicate that out-diffusion of Ga atoms on SiO2 surface 

originated from the decomposition of GaN hardly occurred at our CVD condition with a 

substrate temperature of 500 ºC.  The quite small out-diffusion also supports the 

formation of the abrupt SiO2/GaN interface. 

  In order to make a clear information concerning chemical bonding features of 

SiO2/GaN of 20-nm-thick SiO2 film, the SiO2 thickness was thinned to ~ 2.6 nm by 

Figure 5.5  (a) Ga 3p and (b) Ga 2p3/2 spectra of 20 nm-thick SiO2/GaN structure after 

thinned by a 0.1% diluted HF solution. 
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dipping in a 0.1% diluted HF solution.  Here, the SiO2 thickness after etching was 

estimated from the ratio of Si 2p signals to Ga 3p signals shown in Fig. 5.5(a) by using 

the same equation used in chapter 4.  The spectrum of wet-cleaned Ga 3p was also 

shown as a reference.  Obviously, no significant change in the Ga 3p1/2 spectrum was 

observed compared to wet-cleaned Ga 3p1/2 signal.  Figure 5.5(b) shows the Ga 2p3/2 

spectrum taken for 2.6-nm-thick SiO2/GaN structure.  Ga 2p3/2 signals are very surface 

sensitivity because the escape depth of photoelectron from Ga 2p core-line is only about 

1 nm
2
.  Compared to wet-cleaned Ga 2p3/2, a chemical shift originating from Ga – O 

bonding unit was observed for 2.6 nm-thick SiO2/GaN structure.  Then, Ga 2p3/2 

spectrum was deconvoluted into two component of Ga – O and Ga – N bonding unit 

using the spectrum of wet-cleaned Ga 2p signal.  Here, this Ga – O bonding unit was 

attributed to an ultra-thin Ga2O3 film.  From the integrated intensity ratio of two 

components, the thickness of Ga2O3 component was calculated was obtained using the 

follows equation  

2 3

2 3 2 3

2 3 2 3

sin ln 1
Ga OGaN GaN

Ga O Ga O

Ga O Ga O GaN

In
d

n I


 



 
     

  

. 

In the calculation, the take-off angle of emitted photoelectrons from the sample [θ = 

90º], escape depth [λ, λGa2O3 =0.9 nm, λGaN = 1.3 nm] and atomic concentration [n; nGaN 

= 0.0728ND cm
-3

, nGa2O3 = 0.0357ND cm
-3

, ND = 6.022×10
23

 mol
-1

 (Avogadro constant)] 

were used.  The escape depth of photoelectron from Ga2O3 was calculated by using 

TPP-2M formula by using energy bandgap of Ga2O3 (Eg = 4.8 eV)
3,4

, molecule weight 

(180 g/mol), and valence electron number (Nv = 24).  Based on this calculation, the 
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thickness of interface layer was calculated to ~ 0.2 nm.  Taking into account that the 

bonding length of Ga – O bonding unit is ~ 0.18 nm
5
, this result indicates that an indeed 

abrupt SiO2/GaN interface was formed with only about one monolayer of Ga oxide 

layer was formed.   

 

5.3.2  Electrical Properties of SiO2/GaN Structure 

  To clarify the electrical properties of the SiO2/GaN structure, C-V measurements were 

performed.  The C-V curves of the MOS capacitors with the 20-nm-thick SiO2/Si(111) 

and the 20-nm-thick SiO2/GaN(0001) structures were shown in Figs. 5.6(a) and (b), 

respectively.  Here, the C-V curves were measured from the negative bias condition 

(-4.0 V) to the positive bias condition (1.0 V).  Then, the sweeping direction of the bias 

Figure 5.6  C-V curves taken at frequency region of 1 MHz to 1 kHz for (a) ~20 nm 

SiO2/Si(111) and (b) ~20 nm SiO2/GaN(0001).  Calculated C-V curves were also 

shown as a reference. 
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voltages was reversed.  The measurement frequencies are varying from 1 MHz to 1 

kHz.  The calculated C-V curves for both structures are also shown as references.  No 

noticeable C-V hysteresis was observed in both structures in the bias voltage regions.  

Obviously, the negative flatband shift observed suggests that fixed positive oxide 

charges are present in the SiO2 bulk or at the SiO2/Si and the SiO2/GaN interfaces. The 

distribution of the positive charge in the SiO2 film was evaluated with increasing SiO2 

thickness.  The fixed charge densities for the GaN and Si MOS capacitors were shown 

in Fig. 5.7 as a function of the SiO2 thicknesses.  Here, the fixed charge densities were 

estimated from the flatband voltage shifts from the ideal C-V curves where the reported 

electron affinity of GaN (3.45 eV) and Si (4.03 eV), and the work function of Al (4.1 

eV) were used
6
.  It is found that the fixed charge density shows no significant change 

Figure 5.7  Fixed charge density of the MOS capacitors fabricated at the various 

thickness of SiO2 film on GaN and Si.  Here, the fixed oxide charges were evaluated 

from the shift of flatband voltage compared to calculated C-V curve. 
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with increasing SiO2 thickness.  In this case, the average fixed charge density is about 

1.4 × 10
12

 cm
-2

 for both of SiO2/Si and SiO2/GaN structures.  This result implies that 

the fixed charge is mainly located at near the interface for the SiO2/GaN structure as 

well as SiO2/Si structure.   

  It has been discussed that the defects in the SiO2 films such as E’ centers and defects 

related to the diffused-Ga atoms might be origins of fixed charges
7
, while defects at the 

interface might induce the interface states.  From the measured C-V curves, the 

interface state densities at SiO2/GaN interface were evaluated.  In Fig. 5.6(a), it should 

to be noted that the steepness of the calculated C-V curve is sharper than the measured 

C-V curve for the SiO2/Si structure.  Also, obvious frequency dispersion of C-V curves 

was observed in the bias voltage range from -4.0 to -0.8 V, which attributed to the AC 

response of interface traps with free carriers.  On the other hand, the steepness of the 

Figure 5.8  Dit distribution evaluated from Terman method for the GaN MOS capacitor.  

Here, Ei denotes the intrinsic Fermi level of GaN. 
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measured 1 MHz C-V curve for the SiO2/GaN structures are similar with the calculated 

curve.  The frequency dispersion of C-V curves is also quite small.  This result means 

that the interface state density at SiO2/GaN is quite low.  The distribution of interface 

trap density (Dit) of the SiO2/GaN structure was quantitatively evaluated by the Terman 

method using the 1 MHz C-V curve as shown in Fig. 5.8.  Here, Ei denotes the intrinsic 

Fermi level of GaN.  The Dit value at the energy level E-Ei = 1.45 eV is estimated as 

low as ~3×10
11

 cm
-2

eV
-1

.  Although further improvement of the SiO2/GaN interface is 

mandatory, Dit is not high in spite of any additional treatment such as the introduction of 

passivation atoms like hydrogen, which has a weak bonding strength.  Therefore, the 

SiO2/GaN interface has one of the candidates for the high-performance GaN devices 

with high reliability. 
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5.4  Conclusions 

  The SiO2/GaN structure formed by ROPE-CVD was systematically investigated 

using AFM, XPS and C-V technique.  AFM revealed that the surface morphology of 

SiO2 film does not depend on the surface nature of GaN but determined by the 

deposition condition.  From the XPS analysis, it was found that the GaN surface is 

hardly oxidized during the SiO2 formation and that the Ga atoms decomposed from the 

GaN surface do not significantly diffuse into the SiO2 layer.  These results indicate that 

ROPE-CVD leads to the abrupt SiO2/GaN interface.  Moreover, we found that the GaN 

MOS capacitor has the low Dit of 3×10
11

 cm
-2

eV
-1

.  These results indicate a possibility 

that high-performance GaN power devices with high reliability will be realized by the 

well-controlled SiO2/GaN interface. 
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Chapter 6 

Thermal Stability of RP-CVD SiO2/GaN 

 

In this chapter, the thermal stability of remote oxygen plasma enhanced CVD 

(ROPE-CVD) SiO2/GaN structure has been investigated.  The physical analyses of the 

impact of post-deposition annealing (PDA) on the surface morphology as well as the 

chemical bonding features at SiO2/GaN interface were performed.  Also, the electrical 

properties of the SiO2/GaN structure are discussed.   
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6.1 Introduction 

As mentioned in chapter 1, GaN surface shows a low thermal stability
1
.  The ther-

mal stability of GaN surface could induce the changes in the chemical bonding features 

as well as the electrical properties of the SiO2/GaN structure.  In general, PDA is nec-

essary to improve the breakdown properties of the CVD SiO2 film due to its 

low-temperature formation.  It has been reported that PDA at 900 ºC in the N2 atmos-

phere has an impact on the decomposition of SiO2/GaN
2
.  The PDA condition induces 

Ga diffusion into the SiO2 films, whose atom density was over 10
19

 cm
-3

 on the SiO2 

surface for the SiO2 film what formed at ~ 300 ºC.  Also, the formation of an island 

structure, which might be induced by aggregations of a large number of the diffused Ga 

atoms on the SiO2 surface, was observed after PDA at 800 ºC
3
.  Therefore, the sup-

pression of the decomposition and the diffusion of Ga during the formation of the SiO2 

film and PDA is a key to form the high-quality SiO2/GaN structure.  Note that the for-

mation of the interfacial layer was observed in these reports.  In contrast, in chapter 4 

and 5, we have already reported that a remote oxygen plasma enhanced (RP) CVD 

technique effectively forms an abrupt SiO2/GaN interface with almost no oxidation of 

the GaN surface and the almost no Ga diffusion.  Electrical properties of formed 

SiO2/GaN interface also shows an interface state density (Dit) as low as ~3×10
11

 

cm
-2

eV
-1

 was obtained without any additional treatment after the SiO2 deposition.  In 

this chapter, the impacts of PDA on the surface morphology, chemical bonding features 

and the electrical properties of SiO2/GaN will be investigated.   
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6.2 Experimental Procedure 

After the deposition of a 20 nm-thick SiO2 film using the same experimental proce-

dure described in chapter 5, for some samples, PDA was carried out at a temperature 

range from 600 to 800 ºC in the N2 atmosphere.  GaN metal-oxide-semiconductor 

(MOS) capacitors were fabricated by forming Al gate electrodes with a vacuum evapo-

ration using a shadowing mask and Al backside contacts.   

The changes in the surface morphologies of SiO2 were investigated by atomic force 

microscopy (AFM) with the tapping mode.  The chemical bonding features of the 

samples were evaluated by high-resolution X-ray photoelectron spectroscopy (XPS) 

using monochromatized Al Kα radiation (hν = 1486.6 eV) and HAXPES under syn-

chrotron radiation (SPring-8/BL47XU, hν = 7939.9 eV).  The electrical properties 

were characterized by C-V and J-Eox techniques at room temperature. 
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6.3 Results and Discussion 

6.3.1  Influence of Post Deposition Annealing (PDA) on 

Chemical Bonding Features of SiO2/GaN Structure 

The influence of PDA on the surface morphology was examined by changing the 

PDA temperatures.  The topographic AFM images of the SiO2 surfaces before and af-

ter PDA at 800 ºC were shown in Figs. 6.1(a) and (b), respectively.  In Figs. 6.1(a) and 

(b), some bright dots, which might be clustered-SiO2 dots due to the inhomogeneous 

gas-phase reaction and/or migration of Si and O atoms at the surfaces as mentioned at 

chapter 5, were observed at both surfaces.  Note that no specific change in the surface 

morphology such as the formation of an island-like structure on the SiO2 surface was 

induced by PDA at 800 ºC.  The root means square (RMS) surface roughnesses of the 

SiO2 films were summarized as a function of the PDA temperatures in Fig. 6.2.  Here, 

Figure 6.1  Topographic AFM images of the SiO2 surfaces for the samples (a) without 

PDA and (b) with PDA at 800 ºC.  Here, the SiO2 thickness was ~ 20 nm.  Copyright 

(2017) The Japan Society of Applied Physics. 
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the RMS values of the SiO2 films without PDA depend on the SiO2 thicknesses (chapter 

5).  In the case of 20 nm-thick SiO2 films, the RMS value is around 0.8 nm.  It is 

found that the values of the RMS roughnesses were almost unchanged even though the 

PDA temperature increases.  These results imply that there is no significant impact of 

the PDA process on the surface morphology. 

To investigate the impacts of PDA on the decomposition of GaN and the Ga diffusion, 

XPS measurements using the Al Kα radiation were performed.  The Ga 2p3/2 core-line 

spectra taken before and after PDA at 800 ºC were shown in Fig. 6.3(a).  Here, the 

photoelectron take-off angle was set at 90º, and the photoelectron intensity was 

normalized by O 1s signals originating from Si – O bonding units in the SiO2 films.  In 

the case 20 nm-thick SiO2 film, no Ga 2p3/2 signal originated from the GaN substrate 

was observed.  This is because the escape depth of photoelectron from Ga 2p3/2 core 

level is only ~ 1 nm for the case of Al Kα radiation
4
.  Besides, the signal exponentially 

decays passing through the 20-nm-thick SiO2 film.  On the other hand, a weak Ga 2p3/2 

signal at the binding energy of ~1119.3 eV was observed after the PDA at 800 ºC.  The 

observed signal is originated from Ga – O bonding units
5
.  This means that Ga atoms 

exist in the vicinity of the SiO2 surface.  Note that the weak Ga 2p3/2 signals were also 

observed in the samples after PDA at 600 and 700 ºC.  The chemical composition ratio 

of Ga in SiO2 film is shown as a function of the PDA temperatures in Fig. 6.3(b).  Here, 

the chemical composition ratio of the Ga atoms were estimated from the integrated 

intensity of Ga 2p3/2, O 1s, and Si 2p3/2 spectra by assuming that the Ga atoms were 

uniformly distributed in the SiO2 films.  Obviously, the chemical composition ratio of 
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Ga atoms increases with increasing the PDA temperature.  These results indicate that 

PDA induces the decomposition of GaN and the subsequent Ga diffusion.  It is found 

that the amount of the diffused Ga atoms is less than 0.1 % even after PDA at 800 ºC.  

The HAXPES measurements give us information concerning the chemical bonding 

features at the SiO2/GaN interfaces even at the same SiO2 thickness with the GaN MOS 

capacitors (20 nm) because the high-energy synchrotron radiation leads the large escape 

depth (~10 nm) of the photoelectron
6
.  In Figs. 6.4(a) and (b), the Ga 2p3/2 and Si 1s 

spectra taken before and after PDA at 800 ºC using HAXPES were shown.  Here, the 

photoelectron take-off angle was set at 40º.  The photoelectron intensity (binding 

energy) was normalized (corrected) by the Ga 2p3/2 signals originating from Ga – N 

bonding units.  It is interesting to note that there are no significant changes in shapes of 

Figure 6.2  PDA temperature dependence of the RMS roughnesses for the SiO2/GaN 

structures.  Here, the RMS value at 500 ºC is for the sample without PDA.  Copy-

right (2017) The Japan Society of Applied Physics. 
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the Ga 2p and Si 1s signals.  These results indicate that a significant change of the 

chemical bonding features such as oxidation hardly occurs, and abrupt condition of 

SiO2/GaN was maintained even after PDA at 800 ºC.  On the other hand, a shift of 

~0.2 eV toward the low binding energy was observed after PDA in the case of the Si 1s 

spectrum.  The binding energy shift of Si 1s signals could be originated from a change 

of the band bending due to the reduction of positive charges, which are located in the 

SiO2 film and/or at the interface.  In chapter 5, it is revealed that the positive charges in 

the SiO2/GaN structure mainly are located at the interface judging from the SiO2 

thickness dependence of the positive charge densities.  Here, the positive charge 

Figure 6.3  (a) Ga 2p3/2 spectra taken before and after PDA at 800 ºC and (b) 

chemical compositions of Ga in the SiO2 layers as a function of the PDA tempera-

ture.  The chemical composition of Ga was calculated by assuming Ga atoms 

were uniformly distributed in the SiO2 films.  The XPS measurement carried out 

with Al Kα radiation (hν = 1486.6 eV).  Copyright (2017) The Japan Society of 

Applied Physics. 
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densities were evaluated by the flat band voltage shifts of the C-V curves from an ideal 

C-V curve.  Based on these results, the shift of Si 1s could be interpreted to relaxation 

of the band bending of the SiO2 film due to the reduction of the positive charges near 

the interface.   

The energy band diagrams for the SiO2/GaN structures with and without PDA could 

help the understanding of this shifts.  The energy band diagrams of the SiO2/GaN 

structure before and after PDA are shown in Figs. 6.5(a) and (b), respectively.  In Fig. 

6.5(a), an amount of the positive charges exist at the SiO2/GaN interface, resulting in 

the band bending of the SiO2 film.  The existence of the positive charges at the 

near-interface indicates the existence of negative charges coupling with the positive 

charges at the GaN surface.  The negative charges might be accumulated free carriers.  

Figure 6.4  (a) Ga 2p3/2 and (b) Si 1s spectra taken before and after PDA at 800 ºC.  

The HAXPES measurement carried out with synchrotron radiation (hν = 7939.9 eV).  

Copyright (2017) The Japan Society of Applied Physics. 
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The band bending of the SiO2 film induces the shift of the Si 1s peak position, which 

depends on the positive charge density and the distance from the GaN surface.  The 

reduction in the positive charge density after PDA induces the upward relaxation of the 

band bending as shown in Fig. 6.5(b).  As a result, the Si 1s shifts toward the low 

binding energy side.    

 

6.3.2 Electrical Properties of ROPE-CVD SiO2/GaN Structure 

with PDA 

It should be note that the change in the positive charge densities discussed in Figs. 6.4 

and 6.5 could also have impacts on the electrical properties of the GaN MOS capacitors.  

The C-V curves of the GaN MOS capacitors with and without PDA are shown in Fig. 

6.6.  Here, the measurement frequency was fixed at 1 MHz.  It is found that the C-V 

Figure 6.5   Schematic energy band diagrams for the samples (a) without PDA and 

(b) with PDA at 800 ºC.  Copyright (2017) The Japan Society of Applied Physics 
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curves of the capacitors with PDA are shifted toward the positive voltage direction in 

compared to the C-V curve without PDA.  The magnitude of the shift is ~1 V 

irrespective of the PDA temperatures.   

The fixed charge densities as a function of the PDA temperatures was shown in Fig. 

6.7.  As mentioned above, the fixed charge densities for the GaN MOS capacitors were 

estimated from the flat-band voltage shift from ideal C-V curves.  Therefore, the values 

do not include compensated charges due to the coexistence of positive and negative 

charges.  In the calculation of the ideal C-V curves, the reported electron affinity of 

GaN ( 3.45 eV) and the work function of Al (4.1 eV) were used
7
.  The fixed charge 

density for the capacitor without PDA was estimated at 1.4×10
12

 cm
-2

.  After PDA at 

600 ºC, the fixed charge densities decreased down to ~3.5×10
11

 cm
-2

.  Then, the fixed 

Figure 6.6  C-V curves taken at 1 MHz of the GaN MOS capacitors without PDA and 

with PDA at the various temperatures.  Copyright (2017) The Japan Society of Ap-

plied Physics. 
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charge densities were hardly changed with increasing the PDA temperatures.  In 

particular, this tendency cannot be explained by the PDA temperature dependence of the 

Ga chemical composition ratio in the SiO2 film as shown in Fig. 6.3(b).  Although 

further study for clarifying a physical origin for the fixed charges is mandatory, these 

results indicate a possibility that the diffused Ga atoms in the SiO2 film do not 

significantly affect the electrical properties.  The reduction in the fixed charge density 

could be attributable to the network reconstruction by incorporation of Ga atoms near 

the interface, resulting in a reduction of the interface defects and/or strain at the 

interface.      

The structural changes shown in Figs. 6.3 and 6.4 might also induce the change of Dit.  

It is well known that the interface traps induce a C-V stretched-out
8
.  Figures 6.8(a) 

and (b) show enlarged views of the 1 MHz-C-V curves of the GaN MOS capacitors 

Figure 6.7  PDA temperature dependence of the fixed charge density evaluated from 

the flatband voltage shifts.  Copyright (2017) The Japan Society of Applied Physics. 
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without and with the PDA at 800 ºC, respectively.  The calculated C-V curves were 

shown in Figs. 6.8(a) and (b).  Here, the calculated C-V curves were shifted as the flat 

band conditions of the ideal C-V curves correspond to those of the measured C-V curves.  

In Fig. 6.8(a), a difference of the capacitances between the measured and calculated C-V 

curves was observed in the gate bias range from -2.5 to -1 V, which means that the 

measured C-V curve was stretched by the interface traps.  In contrast, it is found that 

the C-V curve of the GaN MOS capacitor with the PDA at 800 ºC is in good agreement 

with the ideal C-V curve as shown in Fig. 6.8(b).  The result indicates that Dit at the 

SiO2/GaN interface was reduced by the PDA.   

From the stretched-outs, an energy distribution of Dit can also be evaluated.  The 

energy distributions of Dit for the GaN MOS capacitors without and with the PDA at the 

various temperatures were shown in Fig. 6.9.  Here, Ei denotes the conduction band 

Figure 6.8  Enlarged views of the C-V curves of the samples (a) without and (b) with 

PDA at 800 ºC.  Also, the ideal C-V curves were shown.  Copyright (2017) The Japan 

Society of Applied Physics. 
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edge of GaN.  The Dit values at the energy level of E – Ei = 1.52 eV was estimated ~ 

3×10
11

 cm
-2

eV
-1

 for the capacitors without and with PDA at 600 ºC and 700 ºC.  In 

contrast, Dit for the capacitor with PDA at 800 ºC was reduced to ~ 1×10
11

 cm
-2

eV
-1

.  

The suppression of the decomposition of GaN and the diffusion of Ga during PDA and 

reconstruction of the interface structures must contribute the good interface properties. 

 In general, high-temperature PDA induces the improvement of not only interface 

properties but also bulk properties of an insulator in MOS structures.  Since, besides 

the improvement of interface properties after high-temperature PDA, the bulk properties 

of the SiO2 films could also be improved.  The analysis of current density (J) vs. oxide 

electric field (Eox) might be suitable for the evaluation of bulk properties of SiO2.  The 

Figure 6.9  Dit distributions extracted by the Terman method for the GaN MOS ca-

pacitors without and with PDA at the various temperatures.  Here, EC denotes the 

conduction band edge of GaN.  Copyright (2017) The Japan Society of Applied 

Physics. 
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J-Eox characteristics of the GaN MOS capacitors without and with PDA at 800 ºC were 

shown in Fig. 6.10.  Here, the J-Eox characteristics were obtained from around 10 

devices.  Here, the average oxide electric field Eox was calculated using the following 

equation: 

oxSFBGoxoxox tVVtVE /)(/  . 

In the calculation, Vox is the voltage drop across the SiO2 film, VFB is the voltage at the 

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

C-V curve.  VG is the gate voltage and tox is the SiO2 thickness.  In the case of the 

capacitors without PDA, J gradually increases in the Eox range from 0 to 2 MV/cm.  

Then, J rapidly increases in the range from 2 to 5 MV/cm.  The behavior indicates a 

Figure 6.10  Current density – electric field in the SiO2 film (J-Eox) curves of the 

GaN MOS capacitors without and with PDA at 800 ºC.  Copyright (2017) The Ja-

pan Society of Applied Physics. 
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possibility that the leakage current due to the trap assisted transport is dominant in the 

range of 0 to 2 MV/cm while Fowler–Nordheim (F-N) tunneling transport becomes 

dominant in the range of 2 to 5 MV/cm
8
.  It should be noted that a plateau was shown 

in the Eox range from 5 to 9 MV/cm of J-Eox curves, and that, the breakdown occurs at 

more than 9 MV/cm.  Similar behavior of two-step gate leakages was also observed 

the capacitors with PDA in the Eox range from 0 to 7 MV/cm.  Note that the voltage 

range showing no significant change in the the leakage current for the capacitors with 

PDA is much narrower than that for the capacitors without PDA.  These results could 

be interpreted by the electron injection into the defects in the SiO2 films.   

The understanding of this phenomenon could be obtained using the energy band 

Figure 6.11  Schematic energy band diagrams of the SiO2/GaN structures with the 

trap levels in the SiO2 film (a) without PDA and (b) with PDA at 800 ºC.  Copyright 

(2017) The Japan Society of Applied Physics. 
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diagrams.  The energy band diagrams of the SiO2/GaN interfaces were shown in Figs. 

11(a) and (b), respectively.  Here, the SiO2/GaN structure in Fig. 6.11(a) has the 

electronic defect density in the SiO2 film larger than that in Fig. 6.11(b).  When a 

positive high voltage is biased on the gate electrode, electrons are injected into the SiO2 

films and go through the conduction band of the SiO2 film.  A part of injected electrons 

are captured in the SiO2 films, resulting in the formation of a low electric field near the 

SiO2/GaN interface.  This electric field could reduce the tunneling probability of 

electrons.  Therefore, the leakage current does not increase even with increasing gate 

voltage, which show a plateau seen in Fig. 6.10.  Since the voltage range of the plateau 

depends on the defects density according to this mechanism, it likely reduced with PDA.  

These results indicate that the high thermal stability leads the improvement of 

breakdown properties of the SiO2 film by PDA, which could be owing to the 

densification of the SiO2 network.   
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6.4  Conclusions 

The thermal stability of the SiO2/GaN structure formed by ROPE-CVD was 

systematically evaluated by AFM, XPS, HAXPES, C-V and J-Eox characteristics in the 

PDA temperature range from 600 to 800 ºC.  The physical analyses revealed that there 

is no obvious surface roughening of the SiO2 surface originated from the decomposition 

of GaN and resulted incorporation of Ga atoms in SiO2 network.  No significant 

changes of the chemical bonding feature at the SiO2/GaN interface such as the oxidation 

and the dissociation was observed even after PDA at 800 ºC.  The reduction of the 

fixed oxide charge density as well as Dit, whose value was ~ 1×10
11

 cm
-2

eV
-1

, and an 

improvement of the breakdown property of the SiO2 film as obtained as well.  These 

results indicate a possibility that high-performance GaN power devices with high relia-

bility can be realized by the SiO2/GaN interface formed by an appropriate technique.  

ROPE-CVD which can control the interface structure is one of the promising methods. 
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Chapter 7  

Formation of SiO2 by RP of Oxygen Mixed With Ar or He 

 

In this chapter, the effects of noble gases of Ar and He on the formation of SiO2 have 

been investigated
1
.  The surface morphology as well as the chemical bonding features 

at SiO2/GaN interface and the electrical properties were evaluated.  In particular, a 

qualitative analysis on the excited species in Ar/O2 and He/O2 plasma was also acquired 

by optical emission spectroscopy measurements. 
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7.1 Introduction 

In order to further improve the interface properties and SiO2 film quality, the control 

of the exited species and their amount in the CVD process become important.  It was 

reported that the addition of noble gases such as Ar and He increases the downstream of 

atomic O concentration
2
.  Obviously, a condition that atomic O (denoted by O*) being 

sufficiently rich relative to SiH4 is critical for obtaining high-quality oxide film with 

stoichiometry SiO2 composition
3
.  Furthermore, the addition of Ar or He could also 

change the fragment pathway of SiH4 molecule, which greatly changes the quality of the 

dielectric film as well as interface properties
4
.  Besides, since He is a light element; it 

is expected that remote oxygen plasma enhanced CVD (ROPE-CVD) of SiO2 using 

He/O2 plasma will minimize the plasma-induced defects than that of Ar/O2.  It has 

been reported that the refractive index and deposition rate for silicon nitride using the 

gas mixtures N2 and SiH4 diluted in He are larger than those of Ar
5
.  However, for the 

formation of SiO2, the impact of noble gas on the SiO2/semiconductor interface 

properties as well as SiO2 breakdown properties has not yet been fully understood.  

Thus, a comparative study on the impact of noble gases on the formation of the SiO2 

film is quite important. 

In this chapter, the impacts of kinds of noble gases on surface morphologies of the 

SiO2 film formed on GaN surface as well as chemical bonding features at SiO2/GaN 

interfaces were investigated.  The electrical properties of GaN MOS capacitors with 

these SiO2/GaN interfaces were also evaluated. 
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7.2 Experimental Procedure 

The sample and the surface cleaning method in this study are the same as that of 

chapters 5 and 6.  After conventional wet-cleaning, the SiO2 film was deposited by 

ROPE-CVD using SiH4 and plasma of O2 mixed with Ar or He at a substrate 

temperature of 500 ºC.  During the SiO2 deposition, SiH4 flow rate, total gas flow rate, 

and the gas pressure were maintained at 0.38 sccm, 50.38 sccm, and 14.5 Pa, 

respectively.  The emission spectra of excited species were acquired by an optical 

spectrum analyzer with the wavelength of 300 to 900 nm through a quartz viewport 

located between the antenna and substrate during the deposition.  After deposition, the 

thinning of SiO2 or a post-deposition annealing (PDA) at a temperature of 800 ºC in the 

N2 atmosphere was carried out for some samples.  GaN metal-oxide-semiconductor 

(MOS) capacitors were fabricated by forming Al gate electrodes with a vacuum 

evaporation using a shadowing mask and Al backside contacts.   

Surface morphologies of the SiO2 surfaces were investigated by atomic force 

microscopy (AFM).  The SiO2 thicknesses were evaluated by ellipsometry using a 

semiconductor laser with a wave length of λ = 636 nm.  The chemical bonding features 

of the samples were evaluated by high-resolution X-ray photoelectron spectroscopy 

(XPS) using monochromatized Al Kα radiation (hν = 1486.6 eV) and hard X-ray 

photoelectron spectroscopy (HAXPES) with synchrotron radiation (hν = 7939.8 eV).  

The electrical properties were characterized by C-V and J-Eox techniques at room 

temperature.   
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7.3  Results and Discussion 

7.3.1  Impacts of Excited Species of Ar and He on the Surface 

Morphology and Chemical Bonding Features of SiO2/GaN 

Structure 

Firstly, the OES measurements were performed to characterize the excited species 

during ROPE-CVD with the Ar or He dilution.  The optical emission spectra taken for 

the mixed gases of Ar/O2 and He/O2 were shown in Figs. 7.1(a) and (b), respectively.  

Here, the excitation power and the O2 gas flow rate were fixed at 10 W and 20 sccm, 

respectively.  In Fig. 7.1(a), the peaks originate from Ar radical (denoted by Ar*) were 

obviously observed at the wavelengths of 696.5, 750.4, 763.5 and 811.5 nm
6,7

.  The 

peaks originated from O* (O radical) were also observed at the wavelengths of 777.5 

Figure 7.1  Optical emission spectra for the mixed gases of (a) Ar and (b) He. Here, 

the excitation power was set at 10 W.  (a) The Ar and O2 gas flow rates were 30, 20 

sccm, respectively.  (b) The He and O2 gas flow rates were 30, 20 sccm, respectively.  

Copyright (2017) The Japan Society of Applied Physics. 
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and 844.6 nm
8,9

.  In contrast, no clear peaks originate from He radical (He*) were 

observed in Fig. 7.1(b).  This could be attributable to the ionization potential of He 

(24.6 eV), which is larger than that of Ar (15.7 eV) or oxygen (13.61 eV)
10–12

. 

Figs. 7.2(a) and (b) also show the emission spectra of Ar/O2 and He/O2 plasma, 

respectively, where the excitation power is 50 W.  Here, the oxygen flow rates in Figs. 

7.2(a) and (b) were 15 and 25 sccm, respectively.  Note that the intensity of the 

emission peaks which were shown in Figs. 7.1(a) and (b) significantly increased with 

increasing the excitation power.  In addition, new peaks were observed in Figs. 7.2(a) 

and (b) compared to Figs. 7.1(a) and (b).  A peak originated to OH*, which might be 

attributable to the dissociated hydrogen from SiH4 and O*, was clearly detected in Figs. 

7.2(a) and (b)
13,14

.  Moreover, the peaks related to He* were clearly observed at 388.9, 

501.6, 587.6, and 706.6 nm in Fig. 7.2(b)
7,15

.  A strong peak observed at a wavelength 

Figure 7.2  Optical emission spectra for the mixed gases of (a) Ar and (b) He. Here, 

the excitation power was set at 50 W.  (a) The Ar and O2 gas flow rates were 35, 15 

sccm, respectively.  (b) The He and O2 gas flow rates were 25, 25 sccm, 

respectively.  Copyright (2017) The Japan Society of Applied Physics. 
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of about 656.2 nm could be originate from the Balmer series of hydrogen expressed by 

Hα, and/or He ion expressed by He II
16–19

.  The observation of these peaks indicates the 

changes in the excited species as well as the amount by changing the dilution gases and 

the other conditions of ROP.   

  The difference in the excited species and the intensities shown in Figs. 7.1 and 7.2 

could induce the changes in the deposition rate of the SiO2 film.  Fig. 7.3 shows the 

SiO2 thickness as a function of the deposition time for ROPE CVD with the excitation 

condition what shown in Figs. 7.1(a) and (b).  Here, the SiO2 thicknesses were 

evaluated by ellipsometry.  Denotation of Ar and He in Fig. 3 expresses data for ROP 

with the Ar and He dilution, respectively.  In this study, these denotations are used for 

all figures.  Although it is quite hard to clarify a correlation between the intensities of 

Figure 7.3  SiO2 thicknesses as a function of the deposition time.  Here, the SiO2 

thicknesses were evaluated by ellipsometry.  Also, the excitation power was set at 10 

W.  The Ar, He and oxygen flow rates were 30, 30, and 20 sccm, respectively. 

Copyright (2017) The Japan Society of Applied Physics. 
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the peaks in the OES spectra with the deposition rate of SiO2, clear changes of the 

deposition rate due to the changes in excited species is observed in Fig. 7.3.  Ar case 

shows the deposition rate of ~0.18 nm/sec, which is about twice larger than the 

deposition rate (~0.08 nm/sec) for the He case. 

  In addition, the further evidences of the influences of excited species on the 

deposition rate are shown in Figs. 7.4(a) and (b).  Figs. 7.4(a) and (b) show the SiO2 

thicknesses as functions of the excitation power and the Ar(or He) flow rate.  In Fig. 

7.4(a), the Ar, He, and oxygen gas flow rates are fixed at 30, 30 and 20 sccm, 

respectively.  In Fig. 7.4(b), the excitation power was fixed to 50 W.  In Fig. 7.4(a), 

the SiO2 thickness decreases with increasing the excitation power for the Ar case.  A 

possible reason for the decrease is sputtering by the Ar plasma and/or oxygen plasma at 

a high excitation power.  In contrast, the SiO2 thickness was hardly changed by 

Figure 7.4  SiO2 thicknesses as functions of (a) the excitation power and (b) the 

Ar(or He) flow rate.  Copyright (2017) The Japan Society of Applied Physics 
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increasing excitation power for the He case.  In Fig. 7.4(b), the SiO2 deposition rates 

strongly depend on the ratio of the oxygen flow rate and the Ar (He) rate.  For the Ar 

case, the SiO2 thickness gradually increases with increasing Ar flow rate in spite of the 

decrease in the oxygen flow rate.  Furthermore, the dependence on the flow rate ratio 

indicates a complex behavior for the He case.  Many efforts were carried out for 

clarifying the relationships among the excitation species, its intensities and the 

deposition rate
4
.  However, a clear correlation has not yet been fully established.  

  In general, a deposition rate of a film depends on a ratio of fluxes for adsorption and 

desorption of a precursor or molecules and so on.  The ratio of adsorption/desorption 

fluxes could also induce the changes in interface structure at a fixed deposition 

Figure 7.5  SiO2 thicknesses as functions of (a) the excitation power and (b) the Ar(or 

He) flow rate.  Copyright (2017) The Japan Society of Applied Physics. 
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temperature.  Therefore, comparison of the interface properties for the almost same 

deposition rate of the SiO2 layer would be appropriate to clarify the influences of the Ar 

and He dilutions on the interface properties of the SiO2/GaN structures.  In Fig. 7.4(b), 

the conditions of the Ar flow rate of 35 sccm (the O2 flow rate of 15 sccm) lead to the 

almost same deposition rate with the conditions of the He flow rate of 25 sccm (the O2 

flow rate of 25 sccm) as indicated by the dash line.  In Figs. 7.5 to 7.11, the SiO2/GaN 

structures formed at these conditions will be compared. 

  Figures 7.5(a) and (b) show the topographic AFM images of the SiO2 surfaces formed 

with the Ar dilution taken before and after PDA at 800 ºC, respectively.  The bright 

dots were observed in both Figs. 7.5(a) and (b).  In chapter 5, the comparative studies 

for the SiO2 films formed by ROPE-CVD on between a Si(111) substrate and a 

GaN(0001) substrate clarified that the bright dots are not attributed to the formation of 

Ga agglomeration originated from GaN dissociation and Ga migration.  The bright 

dots might be clustered SiO2 due to the inhomogeneous gas-phase interactions and/or 

the migration of Si and O atoms on the surfaces.  Figures 7.5(c) and (d) show the 

topographic AFM images of the SiO2 surfaces formed with the He dilution taken before 

and after PDA at 800 ºC, respectively.  Comparing Figs. 7.5(b) and (d), a clear 

decrease in the number of the bright dots was observed.  It is found that the He dilution 

instead of Ar is effective for the formation of uniform SiO2 film with decreasing density 

of the clustered SiO2 and that PDA has no significant effects on the surface morphology 

of the SiO2 surfaces.  

  The excited species of Ar and He would also have an impact on the interface 
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structures as well as the surface morphology.  Therefore, the chemical bonding features 

were investigated by HAXPES and XPS to clarify the interface structures at the 

SiO2/GaN interfaces.  Figures 7.6(a) and (b) show Ga 2p3/2 spectra of the SiO2/GaN 

structures formed by ROP with Ar and He dilution taken before and after PDA at 800 ºC, 

respectively, which were measured with HAXPES.  It is found that, the spectra in Figs. 

7.6(a) and (b) hardly change even though the dilution gas was changed and PDA was 

performed.  This indicates that the dilution gases and PDA do not have a significant 

impact on the chemical structures. 

  Figure 7.7 shows the Ga 3d spectra for the GaN surface after the wet-chemical 

cleaning (which is denoted by wet-cleaned) and the SiO2/GaN structures formed by 

ROP diluted by Ar and He dilution.  Here, the SiO2 film was thinned by dipping in an 

0.1% diluted HF solution from an initial thickness of ~20 nm in order to make it clear 

Figure 7.6  Ga 2p3/2 spectra of the SiO2/GaN structures formed with ROP diluted by Ar 

and He (a) without and (b) with PDA at 800 ºC.  The spectra were measured by 

HAXPES.  Copyright (2017) The Japan Society of Applied Physics 
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information concerning chemical bonding features at the interface.  Note that the Ga 

3d spectrum for the Ar case is well overlapped to the spectrum for the He case.  

Furthermore, both spectra are also well matched to that for the wet-cleaned GaN surface.  

These results indicate that there is no significant formation of interfacial Ga-oxide at the 

SiO2/GaN interfaces.  This result is in good agreement with the results obtained in 

chapter 5.   

 

7.3.2  Electrical  Properties of SiO2/GaN Structure Formed by 

Remote Plasma of Oxygen Mixed With Ar or He 

  Electrical properties of the GaN MOS capacitors is more sensitive for the 

characterization of the interface properties than the physical analyses.  C-V 

Figure 7.7  Ga 3d spectra for the wet-cleaned GaN surface, the SiO2/GaN structures 

formed with the plasmas diluted by Ar and He.  Here, the SiO2 films were thinned by 

dipping in an HF solution.  Copyright (2017) The Japan Society of Applied Physics. 
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measurements were performed to clarify the electrical interface properties of the GaN  

MOS capacitors.  The C-V curves for the case of the Ar and He dilutions were shown 

in Figs. 7.8(a) and (b), respectively.  Here, the C-V curves were measured from 1 MHz 

to 1 kHz.  PDA was not performed for these GaN capacitors.  The C-V curves were 

measured from the negative bias condition to the positive bias condition.  Then, the 

sweep direction of the bias voltages was reserved.  The calculated C-V curves were 

also shown in Fig. 7.8 as references.  Here, the calculated C-V curves were shifted as 

the flatband conditions of the ideal C-V curves correspond to those of the measured C-V 

curves.  No noticeable hysteresis was observed in this gate sweep condition for both 

capacitors.  Also, only a slight frequency dispersion for both capacitors was observed 

around the flat-band bias condition.  Here, the flat-band voltages (VFB) for the Ar and 

He dilutions are estimated at -1.0 and -0.89 V, respectively.  Moreover, the measured 

Figure 7.8  C-V curves of the GaN MOS capacitors with the SiO2 films without PDA 

formed with ROP diluted by (a) Ar and (b) He.  Copyright (2017) The Japan Society 

of Applied Physics. 
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C-V curves for both cases are in good agreement with the calculated C-V curves without 

obvious stretched-out.  From the Terman method, the interface traps densities (Dit) for 

the Ar and He cases at the energy level of E-Ei =1.55 eV are estimated of 2×10
11

 and 4

×10
11 

cm
-2

 eV
-1

, respectively.  Here, Ei denotes the intrinsic Fermi level of GaN.  

These results imply no significant difference in the C-V characteristics for the Ar and He 

cases without PDA. 

  The C-V curves of the capacitors with PDA for the case of the Ar and He dilutions 

were shown in Figs. 7.9(a) and (b), respectively. The C-V measurements were carried 

out by the similar manner with the case of Fig. 7.8.  The calculated C-V curves in Fig. 

7.9 were also shifted as the flatband conditions correspond to those of the measured C-V 

curves.  Almost the same C-V characteristics to the case of the capacitors without PDA 

were observed.  On the other hand, the Dit cannot be estimated by the Terman method 

Figure 7.9  C-V curves of the GaN MOS capacitors with the SiO2 films with PDA at 

800 ºC formed with ROP diluted by (a) Ar and (b) He.  Copyright (2017) The Japan 

Society of Applied Physics. 
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because the Dit values are lower than the evaluation limit of the Terman method, which 

is around 1×10
11 

cm
-2

 eV
-1

.  

In general, the deposited SiO2 film formed by a CVD method at low temperature has 

inferior bulk properties compared with a SiO2 film formed by thermal oxidation at a 

high temperature.  The difference in the bulk quality of SiO2 film can be evaluated by 

the etching rate by a diluted HF solution and the breakdown properties of the MOS 

structure.  Figure 7.10 shows the SiO2 thicknesses as a function of the etching time for 

the SiO2 films without PDA for the Ar and He cases.  Here, the thinning of SiO2 was 

performed in the diluted HF with an HF concentration of 0.1%.  The thicknesses were 

measured by the ellipsometry.  It is found that the thicknesses linearly decrease with 

increasing the etching time.  This implies no significant structural inhomogeneities in 

Figure 7.10  SiO2 thicknesses as a function of the etching time for the SiO2 films 

without PDA for Ar and He.  Copyright (2017) The Japan Society of Applied Physics. 
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the SiO2 films.  The etching rates evaluated from the slopes shown in Fig. 7.10.  Here, 

the etching rate of SiO2 are ~0.99 and ~1.12 nm/min for the Ar and He dilutions, 

respectively.  This difference indicates a possibility that the SiO2 film formed with the 

Ar dilution is denser than that for the He dilution. 

Moreover, the bulk properties of the SiO2 films would be prominent in a current 

density (J) vs. oxide electric field (Eox) characteristics.  The J-Eox characteristics of the 

GaN MOS capacitors with the SiO2 films formed by ROPE-CVD with Ar and He 

dilution without and with PDA at 800 ºC were shown in Figs. 7.11(a) and (b), 

respectively.  Here, the J-Eox characteristics were measured from around 10 devices.  

In Fig. 11(a), in the case of Ar, J gradually increases in the Eox range from 0 to ~8 

MV/cm.  This might be responsive to the leakage obeying the trap assisted tunneling.  

Figure 7.11  J-Eox characteristics of the GaN MOS capacitors with the SiO2 films 

formed with ROP diluted by Ar and He (a) without and (b) with PDA at 800 ºC. 

Copyright (2017) The Japan Society of Applied Physics. 

 



 

 Formation of SiO2 by RP of Oxygen Mixed With Ar or He 

145 

 

Moreover, in the Eox range from 8 to 10 MV/cm, J significantly increases.  This current 

might be attributed to the Fowler-Nordheim (F-N) tunneling.  Then, the breakdown 

occurs at Eox over 10 MV/cm.  On the other hand, in the case of He, J-Eox shows the 

similar behaviors in the Eox range from 0 to 7 MV/cm.  In the Eox range, the magnitude 

of the leakage current for the Ar case is lower than the He case.  It has been reported 

that, a densified SiO2 layer due to high-temperature PDA has a low etching rate, 

resulting in leakage current.  The results shown in Figs. 7.10 and 7.11 are in good 

agreement with the results reported.  It is found that, J-Eox characteristics; there is a 

plateau in the Eox range of 7.5 to 10 MV/cm for the He dilution.  So far, it has already 

reported the existence of the similar plateau in chapter 6.  We also showed a possibility 

of the origin of the plateau, which is responsive to the electron injection into traps in the 

SiO2 film and the resultant reduction of the electric field near the SiO2/GaN interface.  

Although, in chapter 6, the excitation power and the gas flow rates were different from 

the conditions in this study in spite of using the same Ar dilution.  These results imply 

that the plasma conditions have great impacts on the J-Eox characteristics. 

Also, PDA effectively reduces the leakage current and the plateau width for the He 

case as shown in Fig. 7.11(b).  In the case of Ar, the slopes of the leakage currents 

corresponding to the Eox range obeying the F-N tunneling mechanism became slightly 

sharp by PDA, suggesting the change in energy barrier height at the SiO2/GaN interface 

might be induced by PDA.  Although further studies for the carrier conduction in the 

SiO2/GaN structures is mandatory, the clarification of the impacts of the dilution gas of 

Ar and He and PDA on the interface properties and the bulk properties in this study 
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gives us quite important information for improving the GaN MOS structures for the 

future GaN MOSFETs. 
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7.4  Conclusions 

  The impacts of noble gas species of Ar and He in ROP on the surface morphologies, 

chemical bonding features and electric properties of the SiO2/GaN structures were 

systematically investigated by AFM, XPS, C-V, and J-Eox measurements.  The AFM 

image analyses clarified that the surface morphology of SiO2 film formed by 

ROPE-CVD with the He dilution has the smooth surface in compared to the Ar case.  

From the photoemission studies of HAXPES and XPS, the high thermal stability of the 

SiO2/GaN structures and no obvious oxidation of the GaN surface, which indicates the 

formation of an abrupt interface, were observed for both Ar and He cases. 

  Moreover, the C-V curves of the GaN MOS capacitors formed with the Ar and He 

dilutions show good interface properties with no hysteresis and good agreements with 

the ideal C-V curves.  In contrast, the etching rate of the SiO2 film formed with the Ar 

dilution is lower than that of the He case, indicating a denser film for the Ar dilution.   

J-Eox characteristics show a significant difference between Ar and He case.  The 

leakage current for the Ar case can be characterized by F-N tunneling mechanism.  On 

the other hand, the leak current for the He case was characterized by F-N tunneling 

adding charge-trap conduction into the SiO2 film.  Furthermore, it was found that PDA 

at 800 ºC can significantly improve J-Eox characteristics in the SiO2/GaN structure 

formed with the He case. 
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Chapter 8  

Conclusions  

 

To realize an energy-saving society, power devices play a very important role.  In 

order to further improve the performance of power devices, much attention has been 

attracted to the wide bandgap semiconductors of SiC and GaN.  To realize 

high-performance power devices using SiC and GaN, the control of chemical bonding 

features and electronic states at the surface and insulator/semiconductor interface of 

these materials is essential.  In that regard, in this thesis, the author has focused on the 

remote plasma (RP) as an effective technique to control chemical bonding features and 

electronic state at the surface and the interface for the SiC surface and insulator 

film/GaN interface. Furthermore, photoemission yield spectroscopy (PYS) has been 

demonstrated as a powerful technique to evaluate the distribution of filled electronic 

state density within the almost entire bandgaps of SiC and GaN.  The surface/interface 

characteristics of SiC and GaN were clarified by combining PYS, XPS, HAXPES, and 

electric characteristics (C-V, I-V).  The controllability of the surface/interface was 

discussed in detail. 

  The principal result achieved at each chapter of this thesis is as follows. 
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In chapter 3, from XPS results, it is found that remote hydrogen plasma treatment is 

effective for cleaning the SiC surface, but it became clear that selective etching of C 

atoms progressed by long treatment time.  From the PYS analyses, it was also found 

that hydrogen plasma exposure induces the defect state at SiC surface.  It is suggested 

that the origin of these defect states is mainly attributable to the formation of C 

vacancies and interstitial hydrogen.  In order to suppress the formation of C vacancies, 

the plasma exposure time was set at as short as 1 minute, and then annealing (in a 

nitrogen atmosphere) at 850 ºC was performed to annihilate the defect state.  As a 

result, we have obtained a clean SiC surface where the removal of carbon contaminants 

was achieved, and the defect state introduced by the hydrogen plasma irradiation was 

reduced. 

In chapter 4, XPS analyses revealed that an abrupt SiO2/GaN interface with no 

obvious oxidation of GaN surface was formed by remote O2/Ar plasma-assisted CVD 

(ROPE-CVD).  The energy band alignment of the SiO2/GaN interface was determined 

from the analysis of valence band spectra.  Furthermore, it was found that the damage 

of the GaN surface due to the plasma irradiation is negligible.  The filled electronic 

state density of SiO2/GaN interface estimated from PYS was about 3×10
11

 cm
-2

 eV
-1

 at 

the energy level of the midgap (~5.1 eV). 

In chapter 5, it is confirmed that the SiO2/GaN interface formed by ROPE-CVD has 

no noticeable surface oxidation even with increasing SiO2 film thickness.  From the C 

-V curve of the GaN MOS capacitors, it is also found that positive fixed charges with a 

density of about 1.4×10
12

 cm 
-2

 are localized in the vicinity of the SiO2/GaN interface.  
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The distribution of interface state density obtained from Terman method shows a good 

interface quality with interface state density as low as about 3.3 × 10
11 

cm
-2

eV
-1

 at the 

energy position of ~ 0.25 eV from the conduction band edge. 

In chapter 6, it is clarified that the chemical bonding features at the SiO2/GaN 

interface were not noticeably changed even after the post-deposition annealing (PDA) at 

800 ºC.  From the photoelectron spectroscopy measurements (XPS and HAXPES) and 

electrical properties analyses, it was revealed that the positive fixed charge density in 

the SiO2/GaN structure decreased to 3.5×10
11

 cm
-2

 with the PDA.  Furthermore, the 

interface state density also decreased to about 1×10
11

 cm 
-2

eV
-1

 at the energy level of 

0.18 eV from the conduction band edge.  From the J-E characteristic, improvement of 

the insulation characteristic of the SiO2 film was also observed with the PDA at 800 ºC. 

In chapter 7, it is found that the SiO2 film formed by remote oxygen/Ar plasma CVD 

has a higher surface roughness than the SiO2 film formed by oxygen/He plasma CVD.  

From the analyses of the chemical bonding features, it was also clarified that an abrupt 

SiO2/GaN structure was formed irrespective of the kind of noble gases of Ar or He.  

Moreover, the C-V curve of the GaN MOS capacitor formed by the O2/Ar and O2/He 

plasmas has a small hysteresis and frequency dispersion, which is in good agreement 

with the ideal C-V curve and shows very good interface characteristics.  It was 

revealed that the difference between these two types of plasma remarkably appears in 

the insulation characteristic. 

In conclusion, it is clarified that the control of chemical bonding features and 

electronic states at the SiO2/GaN interfaces can be achieved by using appreciate 
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technique.  Remote plasma (RP) is one of the promising methods.  That is, as 

mentioned in chapter 1, GaN surface shows poor thermal stability.  Therefore, the 

control of chemical bonding features at the SiO2/GaN as well as the formation of high 

thermal stability SiO2/GaN with low interface state and good insulation characteristics 

is quite hard.  However, the author has found that RP technique could easily control 

the chemical bonding features of the SiO2/GaN structure.  From the academic 

viewpoint, this discovery is quite meaningful and strongly advanced the establishment 

of the control technique of MOS interface of a compound semiconductor.  From the 

industrial viewpoint, the results achieved in this study also give quite valuable 

information to the formation of GaN MOSFETs.  The research efforts could provide a 

strong impact on the development and realization of energy-saving society.    

On the contrary, these are some remaining issues that should be resolved in future.  

Firstly, the origin of the fixed charge at SiO2/GaN interface has not been clarified.  The 

mechanism of the diffusion of Ga in SiO2/GaN structure is also a big question.  Also, 

even though the author has revealed the excited species exist in RP of oxygen with Ar 

and He dilution, it is still unclear that how an abrupt SiO2/GaN interface was formed.   

To resolve these issues, the author is pleased to propose some approaches.  Note that 

the positive fixed charge at SiO2/Si interface was attributable to O vacancy.  O vacancy 

might also exist at near SiO2/GaN interface.  Therefore, the elimination of O vacancy 

by a post-oxygen plasma exposure (after deposition of the SiO2 film) or PDA in O2 

ambient at an appropriate temperature that does not induce a significant decomposition 

of GaN should have an impact on the fixed charge at SiO2/GaN interface.  Combining 
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characterization of chemical bonding features by XPS with electrical measurements, the 

origin of fixed charge at SiO2/GaN might be clarified.   

For the mechanism of diffusion of Ga into SiO2 film, the author proposes a study on 

the thermal desorption spectroscopy (TDS) of the SiO2/GaN structure.  That is because 

Ga and N might desorb as the forms of Ga2O (gas) and N2 (gas).  Characterization of 

such gas species that desorbs from SiO2/GaN structure will help the understanding of 

diffusion of Ga.   

To clarify how an abrupt SiO2/GaN interface was formed, an in-situ mass 

spectroscopy analysis during the deposition of the SiO2 film might be useful.  That is 

because an interfacial layer of Ga oxide might be formed at the initial phase of the SiO2 

deposition.  However, the thermal stability of this layer is probably low.  Thus, this 

interfacial layer might immediately decompose.  Therefore, an in-situ mass 

spectroscopy analysis of the gas species during SiO2 deposition will help the 

understanding of the formation of an abrupt SiO2/GaN interface.   
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