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Abstract

We have systematically investigated effects of metal-semiconductor or insulator-

semiconductor interfacial layers (ILs) in AlGaN/GaN devices, where AlOx, TiOx,

or NiOx is employed as an IL. From capacitance-voltage characteristics of metal/

IL/AlGaN/GaN devices with a metal-semiconductor IL between the gate metal

and AlGaN, it is shown that the IL modulates the threshold voltage Vth, attributed

to the vacuum level step induced by the dipole of the IL. We find negative vacuum

level steps for AlOx and TiOx ILs, and positive for NiOx, from which the IL dipole

density is estimated for each IL material. The two-dimensional electron gas carrier

concentration in the metal/IL/AlGaN/GaN devices is also modulated by the vac-

uum level step. Furthermore, X-Ray photoelectron spectroscopy of the IL/AlGaN

interfaces suggest a formation of NiGa in the NiOx/AlGaN interface. On the other

hand, from capacitance-voltage characteristics of metal/Al2O3/IL/AlGaN/GaN

devices with an insulator-semiconductor IL between Al2O3 and AlGaN, the fixed

charge density of the Al2O3/IL/AlGaN interface is evaluated by the Al2O3 thick-

ness dependence of Vth. For AlOx and TiOx ILs, the fixed charge density is higher

than that of the Al2O3/AlGaN interface with no IL, while lower for NiOx. The

fixed charge density for an IL shows a positive correlation with the IL dipole

density, suggesting that the fixed charge is related to the unbalanced IL dipole.

Furthermore, using the conductance method, we find a low trap density of the

Al2O3/IL/AlGaN interface for AlOx and NiOx ILs, in comparison with that of the

Al2O3/AlGaN interface with no IL.

Keywords: AlGaN/GaN device, interfacial layer, threshold voltage control, vac-

uum level step, fixed charge
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Chapter 1

Introduction

1.1 Compound semiconductor Gallium nitride

(GaN)

Figure 1.1: Relations between frequency and power for (a) wireless-communication

applications [1] and (b) power-switching applications [2].

Compound semiconductor is important in high-speed wireless-communication and/

or high-power switching. Figure 1.1(a) shows the relation between power and fre-

quency requirements for several wireless-communication applications [1], where

each semiconducting material has a suitable application based on its physical

properties. For examples, Si-based transistors [3] are widely employed in mo-
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bile communications, which require a middle range frequency ∼ 1G Hz and a

power ∼ 1-1000 W. Meanwhile, GaAs-based transistors [4, 5] are employed for

radar communications, where working frequencies are up to ∼ 100G Hz. In future

wireless-communication, devices being capable for both high-speed and high-power

applications are important [6]. Figure 1.1(b) shows the requirements for power-

switching applications [2], where the frequency range is downscale by 105 orders

while the power range is upscale by the same orders compare to Fig. 1.1(a). In

these applications, the semiconductor devices are required to to handle a large

power, and a moderate switching speed is also required depending on the appli-

cation. However, there is a trade-off between speed (frequency) and power for

both high-speed and high-power applications, which means that the devices can

operate at high frequency are unlikely to be capable for high-power applications,

and vice versa. Gallium Nitride (GaN), a III-V compound semiconductor, shows

potentials to overcome this trade-off. GaN, a nitride compound semiconductor,

has potentials to overcome this trade-off.

In order to measure the suitability of a semiconducting materials for high-speed

and high-power applications, we employ two types of figure of merit (FoM) in the

following. The first one is Johnson’s FoM, which is given by

fTVBr ≤
FBrvsat
2π

, (1.1)

where fT is the cut-off frequency, FBr is the breakdown field, and VBr is the break-

down voltage. Figure 1.2(a) shows the relation between VBr and fT, indicating that

GaN is superior than Si or GaAs in both breakdown voltage and cut-off frequency.

The other FoM is Baliga’s, which is given by

ϵ0kµF
3
br ≥

4V 2
br

Ron

, (1.2)

where ϵ0 is the vacuum permittivity, k is the dielectric constant of the semicon-

ducting material, and Ron is the on-resistance. The relation between Ron and Vbr

for several semiconductors is depicted in Fig. 1.2(b). It is clear that GaN with

relatively low Ron at high VBr in comparison with other semiconducting materials.
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Figure 1.2: (a) Relation between VBr and fT for several semiconductors. (b) Relation

between Ron and VBr for several semiconductors.

In high-power applications, the applied source-drain voltage is high. Moreover,

due to the decrease in the gate length, the electric field under the gate becomes

stronger, leading to earlier breakdown of the semiconductor. Therefore, materials

with high breakdown field are advantageous for power-handling applications. The

breakdown field FBr of a semiconductor is usually related to its energy gap Eg by

the relation

FBr ∝ Eα
g , (1.3)

where α ≃ 1-3, making FBr an increasing function of Eg [7]. Therefore, for high-

power applications, wide band gap semiconductors are preferable. Figure 1.3 shows

the relation between the energy gap and the lattice constant for several semicon-

ductors [8, 9], where we can find that GaN has a large band gap Eg of 3.4 eV,

corresponding to a very high breakdown field of 3.3 MV/cm. These properties

indicate that GaN is a favorable semiconductor for high-power applications.
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Figure 1.3: The breakdown field Fbr as a function of the band gap Eg for several

semiconductors [8, 9].

On the other hand, there is a trend of proportional relation [10]

m∗
Γ ∝ Eα

g , (1.4)

which leads to a relatively large effective mass m∗ = 0.20 for GaN as shown in

Figure 1.4.

Figure 1.4: The effective mass m∗
Γ at Gamma point as a function of the band gap Eg

for several semiconductors.

The effective mass m∗ affects the electron transport in semiconductors. The
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carrier velocity in a FET v is determined by the drift velocity vd at low electric

field and the saturation velocity vsat at high electric field as shown in Figure 1.5.

Figure 1.5: Carrier velocity v as a function of the electric field.

The drift velocity at low electric field is

vd = µE =
qτ

m∗E, (1.5)

where µ is the electron mobility, q > 0 is the electron charge, τ is the scattering

time, m∗ is the electron effective mass, and E is the electric field. At low electric

field, v in a material is directly proportional to the electric field, where the slope

is the electron mobility µ. Thus a high mobility leads to a high drift velocity.

Meanwhile, at high electric field, carriers have high enough kinetic energy to emit

optical phonons between collisions, leading to a decrease in velocity and a con-

sequent prohibition in further acceleration. The saturation velocity, which is the

velocity a carrier can reach before emitting a phonon, is given by

vsat =

√
2ℏωop

m∗ , (1.6)

where ℏωop is the optical phonon energy. From Eq. (1.5) and (1.6), we find that

both vd and vsat are proportional to 1/m∗, thus materials with small m∗ are

advantageous for high-speed applications.
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Figure 1.6: Relation between drift velocity and electric field obtained by Monte Carlo

simulation [11].

Figure 1.6 shows the electron drift velocity as functions the electric field for

several semiconductors obtained by Monte Carlo simulation [11]. For GaN, the

relatively large m∗ leads to a relatively low mobility, and a consequent low electron

velocity in low-field region. However, in high-field region, GaN possesses a high

electron peak velocity of 2.5 × 107 cm/s and a high electron saturation velocity

≥ 1.5× 107 cm/s as expected, owing to a large optical phonon energy ℏωop ≃ 90

meV, and a large valley-separation energy.

A large valley-separation energy ∆E can suppress the transferred-electron ef-

fect, depicted in Fig. 1.7. The energy difference between the upper valley and

the lower valley in the conduction band known as the valley-separation energy

∆E. A small ∆E leads to a easier transition from the lower valley with a higher

mobility, to the upper valley with a lower mobility, resulting in a decrease in the

total mobility, hence the carrier velocity. Figure 1.8 shows the calculated energy

band structures of zinc-blende GaAs, InP, and wurtzite GaN [12, 13], where GaN

shows a large valley-separation energy of ∆E = 1.4 eV in comparison with that

of GaAs ∆E = 0.32 eV and InP ∆E = 0.52 eV, leading to a higher saturation

velocity vsat for GaN.
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Figure 1.7: The transferred-electron effect.

Figure 1.8: The calculated energy band structures of zinc-blende GaAs, InP, and

wurtzite GaN [12, 13].

In addition to the electrical properties, thermal conductivity κ is also an impor-

tant property of semiconductors, especially in the high-power application. When

a FET operates with a drain current ID under a drain-to-source voltage VDS,

temperature T in the channel of the FET increases owing to the Joule heating

P = IDVDS as shown in Fig. 1.9(a), known as the self-heating. The increase in T
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leads to a reduction in electron velocity, causing a negative drain conductance [14]

gD = ∂ID/∂VDS < 0 (1.7)

in the DC output characteristics of the FET shown in Fig. 1.9(b) [15], which is

unfavorable in device application. In order to suppress the self-heating, high-κ

semiconductor is desirable, where GaN is the case with a κ of ∼ 130 WK−1m−1

[16].

Figure 1.9: (a) Joule-heating in FETs. (b) Output characteristic of a FET considering

the self-heating[15].

We summarize the physical properties for several semiconducting materials in

Table 1.1, showing that GaN is a promising material owing to its high saturation

velocity, wide band gap and relatively high thermal conductivity.
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Table 1.1: Comparison of properties between GaN and other semiconductors.

Mater. Eg µ vsat FBr κ

[eV] [cm2/V.s] velocity [cm/s] [V/cm] [W/K.m]

Si 1.12 1500 1.0 ×107 3.0 ×105 ∼ 200-400

GaAs 1.42 8500 2.0 ×107 4.0 ×105 ∼ 50

InAs 0.36 33000 ∼ 4.0× 107 4.0 ×104 ∼ 30

SiC 3.33 900 2.0 ×107 3.0 ×106 ∼ 200-300

GaN 3.39 1100 2.7× 107 3.3× 106 ∼ 130

1.2 AlGaN/GaN heterostructures

In addition to the properties discussed above, GaN can form a heterostructure

with AlGaN, which is a alloy of GaN and AlN, leading to further applications. In

the AlGaN/GaN heterostructure, spontaneous and piezoelectric polarization are

critical [17, 18]. The spontaneous polarization Psp comes from an intrinsic asym-

metry of the bonding in equilibrium wurtzite crystal structures of GaN or AlN as

shown in Fig. 1.10(a). In a geometrically ideal wurtzite structure, the close-packed

structure leads to a lattice constant ratio c/a = 1.633 as shown in Fig. 1.10(b).

However, due to ionicity of Ga and N ions, the c-axis is distorted in the real GaN

wurtzite structure, leading to a c̃/a = 1.623 as shown in Fig. 1.10(c). This dis-

tortion leads to a net total polarization, so called the spontaneous polarization,

which would have been canceled out in the geometrically ideal case.
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Figure 1.10: The GaN wurtzite structure and its distortion in real case.

On the other hand, the piezoelectric polarization Ppe origins from mechani-

cal stress, i.e. tensile or compressive strain of AlGaN and GaN layers, shown

in Fig. 1.12 as a consequence of the formation of AlGaN/GaN heterostructure.

Al(Ga)N has a smaller lattice constant than GaN as shown Fig. 1.11, leading to a

lattice constant mismatch between AlGaN and GaN. In order to compensate this

mismatch, the AlGaN layer is compressed, resulting in an extra net polarization,

so called the piezoelectric polarization.
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Figure 1.11: The energy gap and corresponding wavelength as functions of the lattice

constant for several III-V compound semiconductors [8, 9].

Figure 1.12: The formation of AlGaN/GaN heterostructure, where the AlGaN layer

is compressed to compensate the lattice constant mismatch.

These two polarizations lead to a two-dimensional electron gas (2DEG) with

high concentration at AlGaN/GaN heterointerface as shown in Fig. 1.13 [18]. Typ-

ically, an Al composition of 20-30% gives a 2DEG concentration ≃ 1013 cm−2,

which can be utilized as the channel of a AlGaN/GaN Schottky FET. Such

FETs, namely the AlGaN/GaN high electron mobility transistors (HEMT), whose

schematic is shown in Fig. 1.14(a), are widely investigated for high-speed and

high-power applications [19]. However, high gate leakage current despite of wide

band gap [20–23] and current collapse due to surface electron trapping [24–26]

still occur in AlGaN/GaN Schottky FETs. In order to solve these problems, Al-

GaN/GaN metal-insulator-semiconductor (MIS) FETs, whose schematic is shown
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in Fig. 1.14(b), have been investigated according to the advantages of gate leakage

reduction [23] and passivation to suppress the current collapse [24–26].

Figure 1.13: (a) The 2DEG at the AlGaN/GaN heterointerface. (b) Calculated sheet

charge density caused by spontaneous and piezoelectric polarizations of a GaN-face

GaN/AlGaN/GaN heterostructure [18].

Figure 1.14: (a) A schematic cross section of AlGaN/GaN Schottky FETs. (b) A

schematic cross section of AlGaN/GaN MIS FETs.
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1.3 Threshold voltage control in AlGaN/GaN

devices

The control of threshold voltage Vth is one of the most important issues in both

Schottky and MIS FETs. Basically, Vth of a FET is the minimum gate-to-source

voltage VG that is necessary to create a conducting channel between the source

and drain electrodes. Drain current ID and carrier density ns in the FET channel

are proportional to the difference between VG and Vth in GaN-based semiconductor

devices:

ID ∝ ns ∝ (VG − Vth), (1.8)

shown in Figure 1.15. In this case, Vth can be defined as the ID = 0 (ns)=0

intercept of the linear extrapolation for ID−VG or ns−VG relations. For different

application, Vth with different value, or even different sign are demanded, making

the control of Vth an important issue.

Figure 1.15: Typical ID (ns)-VG characteristics of GaN-based FETs.

Owing to the existence of 2DEGs, carrier density ns in the channel of a Al-

GaN/GaN FET is > 0 at VG = 0, making the FET a normally-on devices with

a ID-VG characteristic is shown in Fig. 1.16(a). However, in some applications,

normally-off devices, whose ID-VG characteristic is shown in Fig. 1.16(b), are favor-

able from the viewpoint of fail-safe operations. Although there are several efforts

to realize normally-off devices, such as partial gate recess [27], full gate recess
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[28], fluoride plasma treatment [29], p-type (Al)GaN capping [30, 31], selective

electro-chemical oxidation [32], and fin-structure formation [33], it is still difficult

to establish normally-off device technology, in particular for a high positive Vth.

Thus, the positive Vth modulation under gate-region is further important.

Figure 1.16: Typical ID (ns)-VG characteristics for (a)normally-on and (b)normally-off

GaN-based devices.

On the other hand, since normally-off devices operates in forward bias region

VG > 0, a normally-off AlGaN/GaN Schottky structure will exhibits serious gate

leakage IG. Meanwhile, due to the insulator insertion, a MIS structure can lead

to effective gate leakage reduction as shown in Fig. 1.17. Figure 1.18 shows the

gate leakage reduction by MIS structure. Therefore, for normally-off devices, MIS

structure is necessary.
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Figure 1.17: Schematic of gate leakage reduction in MIS devices.

Figure 1.18: Comparison of gate leakage IG between Shcottky and MIS devices.
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1.4 Interfaces in AlGaN/GaN devices affecting

the threshold voltage

In the AlGaN/GaN Schottky and MIS devices, the metal-semiconductor and

insulator-semiconductor interfaces are important building blocks, affecting the

threshold voltage Vth of the devices.

Figure 1.19: (a) The metal-semiconductor interface. (b) The insulator-semiconductor

interface.

The metal-semiconductor interface

In the case of the Schottky devices, Vth is dominated by the metal-semiconductor

barrier height ϕS shown in Fig. 1.20(a), which can be modulated by using metals

with different work functions [34, 35]. However, in many cases of GaN-based

Schottky contacts, the value of ϕS is not uniquely determined by the difference

between the metal work function and the (Al)GaN electron affinity, and is affected

by treatments of the metal-semiconductor interface [36–38]. Figure 1.20(b) shows

an example, where treatments using HCl considerably modulated ϕS in GaN-

based Schottky contacts. This indicates the existence of an unintentional metal-

semiconductor interfacial layer, leading to a modulation of ϕS by a vacuum level

step ∆Evac due to a dipole of the interfacial layer [39].



Chapter 1 Introduction 17

Figure 1.20: (a) The not uniquely determined metal-semiconductor barrier height. (b)

Metal-semiconductor barrier height ϕB as functions of metal work functions ϕM for a

metal/GaN interface. [38].

Figure 1.21: (a) A metal-semiconductor interface with a positive ∆Evac. (b) A metal-

semiconductor interface with a negative ∆Evac. (c) The Vth shifts due to ∆Evac.

Figure 1.21 shows the relation between the vacuum level step ∆Evac and the
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threshold voltage Vth. A positive ∆Evac leads to a deeper Vth, while a negative one

does the opposite. Therefore, from the behavior of Vth, we can directly determine

∆Evac.

The insulator-semiconductor interface

On the other hand, in the case of the MIS devices, Vth is affected by the insulator-

semiconductor conduction band offset φ and the fixed charge density σint of the

insulator-semiconductor interface, which are shown in Fig. 1.22(a). Various insu-

lators such as oxides Al2O3 [40], HfO2 [41, 42], TiO2 [43], AlSiO [44, 45], AlTiO

[46–52], oxynitrides TaON [53], AlON [54], and nitrides BN [55, 56], AlN [57–61]

have been employed as a gate insulator for GaN-based devices, where Vth can be

modulated by both φ and σint. Similarly to ϕS, φ is not uniquely determined by the

electron affinity difference between the insulator and the semiconductor, and is af-

fected by insulator-semiconductor interface treatments [62]. Figure 1.22(b) shows

an example, where chlorine treatments modulated φ in ZnO/AlGaN contacts.

Figure 1.22: (a) The not uniquely determined insulator-semiconductor band offset.

(b) ZnO/AlGaN band offset modulated by interface treatments [62].

Meanwhile, as shown in Fig. 1.23, when an insulator such as Al2O3 is deposited
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on the Ga-polar (Al)GaN surface with a negative surface polarization charge, the

fixed charge tends to be positive, neutralizing the polarization charge [63–70],

while this is not always the case [51, 71, 72].

Figure 1.23: The positive fixed charge at insulator-semiconductor interface.

The band offset and positive fixed charge have significant impact on the thresh-

old voltages Vth. Assuming no charges inside the insulator, Vth is a linear function

of the insulator thickness dins, whose slope depends on the positive fixed charge

density, and intercept at the dins = 0 limit depends on the band offset as shown

in Fig. 1.24(a). If the density of the positive fixed charge is high, leading to a

band diagram shown in Fig. 1.24(b), Vth becomes more negative as dins increases.

Meanwhile, if the density of the positive fixed charge is low, the electric field inside

the insulator can be reverted as shown in Fig. 1.24(c), leading to a positive slope

in Vth-dins relation. In other words, Vth will be more positive when dins increases.

On the other hand, Vth intercept at dins = 0 becomes deeper for larger band offset,

and does the opposite for smaller one.
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Figure 1.24: (a) Vth as functions of dins. Theoretical band diagram of AlGaN/GaN

MIS devices where (b) fixed charge density is high, band offset is large and (c) fixed

charge density is low, band offset is small.

Figure 1.25 shows examples where a high-density positive fixed charge of

1013/cm2 order has been observed, and the threshold voltage shifts negatively

with increase in the insulator thickness. Even in fully recessed-gate normally-off

devices, a high-density positive fixed charge of 1013/cm2 order has been observed,

leading to a relatively low threshold voltage as shown in Fig. 1.26. On the other

hand, when the positive interface charge is suppressed, positive threshold voltage

shifts can be achieved as shown in Fig. 1.27. Changes in intercept due to the

band offset changes between different insulator-semiconductor interface can also
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be observed.

Figure 1.25: Negative threshold voltage shifts in (a) Al2O3/AlN/GaN [63], (b)

Al2O3/AlGaN/GaN, Al2O3/GaN/AlGaN/GaN [68], and (c) Al2O3/AlGaN/GaN, Al-

TiO/AlGaN/GaN devices [48].

Figure 1.26: (a) Threshold voltages of fully-gate-recessed Al2O3/GaN MIS-FETs. (b)

Theoretical band diagram of the MIS-FETs, showing a theoretical Vth of 10 V [73].
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Figure 1.27: Positive threshold voltage shifts in (a) AlTiO/AlGaN/GaN [51], (b)

Al2O3/AlInN/GaN [71], and (c) CuO/AlGaN/GaN, NiOx/AlGaN/GaN devices [72].

The behaviors of φ and σint also can be attributed to the existence of an unin-

tentional insulator-semiconductor interfacial layer with a dipole, where the band

offset is modulated by ∆Evac due to the dipole, and the fixed charge density of the

metal/interfacial layer/AlGaN interface can be interpreted as a dipole unbalance.

In order to control the interface of the AlGaN/GaN devices, an insertion of an

intentional metal-AlGaN or insulator-AlGaN interfacial layer should be effective

as shown in Fig. 1.28.
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Figure 1.28: (a) The metal-semiconductor and (b) the insulator-semiconductor inter-

face with an intentional interfacial layer.

Previously, intentional metal-(Al)GaN interfacial layers have been studied [74,

75]. An example is shown in Fig. 1.29, where an insertion of insulator interfacial

layer modulate the barrier height effectively.
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Figure 1.29: Barrier height modulation due to the insertion of a GaOx interfacial

layer.

On the other hand, MIS device performance improvements by an intentional

insulator-(Al)GaN interfacial layer have been reported [76–78], where an example

is shown in Fig. 1.30. However, the effects of a insulator-(Al)GaN interfacial layer

on the fixed charge and band offset have not been elucidated, and systematic

comparison between the effects of a metal-(Al)GaN interfacial layer and that of a

insulator-(Al)GaN interfacial layer have been lacking.

Figure 1.30: Performance improvements in MIS FETs due to the insertion of a GaOx

interfacial layer [78].
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1.5 Purpose of this study

Effects of metal-semiconductor or insulator-semiconductor interfacial layers (ILs)

in AlGaN/GaN devices were systematically investigated, where AlOx, TiOx, or

NiOx obtained by metal layer oxidation are employed as an IL. From this study,

useful insights into the controls of threshold voltage for GaN-based devices are

expected.

Figure 1.31: Schematic of AlGaN/GaN Schottky and MIS devices utilizing intentional

interfacial layers (ILs).

1.6 Organization of the dissertation

This dissertation includes four chapters. The content of each chapter is summa-

rized as follows.

Chapter 1 is the introduction to this research, which introduces the general

background on compound semiconductors, the GaN-based semiconductors and

related devices, the interfaces in AlGan/GaN devices, and the purpose of this

study.

Chapter 2 is the investigation on the effects of metal-semiconductor interfacial

layers (ILs) in metal/IL/AlGaN/GaN devices. We fabricated metal/IL/AlGaN/

GaN devices and obtained their capacitance-voltage (C-V ) characteristics, from

which we found a modulation in the threshold voltage Vth due to the vacuum level

step ∆Evac induced by the dipole of the metal-AlGaN IL. From the vacuum level

steps, the IL dipole density is estimated for each IL material. Moreover, using Hall

measurements for the metal/IL/AlGaN/GaN devices, it is shown that we found

that the 2DEG carrier concentration is also modulated by ∆Evac.
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Chapter 3 is the investigation on the effects of insulator-semiconductor inter-

facial layers (ILs) in metal/Al2O3/IL/AlGaN/GaN devices. We fabricated metal/

Al2O3/IL/AlGaN/GaN devices and obtained their C-V characteristics. From the

Al2O3 thickness dependence of Vth, we found the fixed charge density of the Al2O3/

IL/AlGaN interface showing a positive correlation with the IL dipole density.

Furthermore, we characterized the interface trap density in the metal/Al2O3/IL/

AlGaN/GaN devices using the conductance method.

Chapter 4 concludes this work and discusses the future perspectives of the

work.



Chapter 2

Effects of metal-semiconductor

interfacial layers (ILs) in

metal/IL/AlGaN/GaN devices

Effects of metal-semiconductor interfacial layers (ILs) in metal/IL/AlGaN/GaN

devices were investigated, where AlOx, TiOx, or NiOx obtained by metal layer

oxidation are employed as an IL. We fabricated the metal/IL/AlGaN/GaN de-

vices and obtained their capacitance-voltage (C-V ) characteristics, from which we

found a modulation in the threshold voltage Vth due to the vacuum level step

∆Evac induced by the dipole of the metal-AlGaN IL. From the vacuum level steps,

the IL dipole density is estimated for each IL material. Using Hall measurements

for the metal/IL/AlGaN/GaN devices, it is shown that we found that the 2DEG

carrier concentration is also modulated by ∆Evac. By X-ray photoelectron spec-

troscopy (XPS), we investigated the chemical shifts in the IL/AlGaN interface,

where formation of NiGa is suggested in NiOx/AlGaN interface.
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2.1 Metal/IL/AlGaN/GaN device fabrication

Using an Al0.24Ga0.76N (20 nm)/GaN (3 µm) heterostructure grown by metal-

organic vapor phase epitaxy on a sapphire (0001) substrate, we fabricated the

metal/IL/AlGaN/GaN devices. The heterostructure schematic and basic electrical

properties are shown in Fig. 2.1.

Figure 2.1: The AlGaN/GaN heterostructure schematic and basic electrical properties.

The fabrication main flow is shown in Fig. 2.2, consisting of Ohmic electrode

formation, IL metal deposition, IL oxidation and gate electrode formation. After

Ti-based Ohmic electrode formation, thin Al, Ti or Ni metal layers with sev-

eral thicknesses in the nm-range were deposited on AlGaN. Annealing at 350 ◦C

in air was carried out next, to obtain thin oxide ILs of AlOx, TiOx, or NiOx.

The fabrication was completed by formation of Ni gate metal covered by Au.

Metal/AlGaN/GaN devices with no IL were also fabricated for comparison.

Figure 2.2: Metal/IL/AlGaN/GaN device fabrication main flow.
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Ohmic electrode formation

The process flow of the Ohmic electrode formation is shown in Fig. 2.3 with

detailed conditions. This process includes 4 parts, surface treatment, patterning,

Metal deposition and annealing.

Surface treatment was carried out by using organic solutions such as acetone,

methanol, and deionized water (DIW), followed by O2 plasma ashing to fully

remove organic impurities on the sample surface. After that, the samples were put

in a semico-clean solution, a dilute solution of tetra-methyl ammonium hydroxide

(TMAH) and N(CH3)4OH to remove oxide layer at the surface, then washed in

DIW.

Patterning by lithographic was carried out next, consisting of resist coating,

exposure, and developing. Before resist coating, the samples were baked to remove

remaining water. Lift-off resist LOL2000 and positive resist TSMR-8900 were

coated using spincoater, followed by baking for resist hardening. Exposure for

the coated samples was carried out by mask-less aligner (MLA) using laser light

of wavelength 405 nm. Then the development was done by TMAH, followed by

washing in DIW, and O2 plasma ashing to remove remaining resist. Patterning

was finished by a semico-clean solution treatment to remove oxide layer, which

was formed after long time exposure in the air.

Metal deposition was then carried out by resistance heating evaporator (RHE).

After vacuuming until the pressure reached the low of 10−4 Pa, Ti/Al/Ti/Au met-

als were deposited with the thickness of 5/100/200/50 nm. After the deposition,

lift-off process was carried out by a resist remover, 1-methyl-2-pyrrolidinone-based

solution (commercial name: 1165), follow by necessary wet surface treatment.

Finally, annealing in N2 atmosphere at 575 ◦C formed the Ohmic contact

between metal and semiconductor.
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Figure 2.3: Process flow of the Ohmic electrode formation.

IL metal deposition

The process flow of the IL metal deposition is shown in Fig. 2.4 with detailed

conditions. This process includes 3 parts, surface treatment, patterning, and

metal deposition. Metal deposition was carried out by RHE, where Al. Ti or

Ni thin metal layers were deposited with several thicknesses of ∼ nm.
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Figure 2.4: Process flow of the IL metal deposition.

IL oxidation

The process flow of the IL oxidation is shown in Fig. 2.5 with detailed conditions.

This process includes 2 parts, surface treatment and annealing. The annealing

was carried out in air atmosphere at 350 ◦C, forming the thin metal oxide AlOx,

TiOx, or NiOx ILs. The determination of conditions for oxidation annealing will

be explained in the next section.

Figure 2.5: Process flow of the IL oxidation.
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Gate electrode formation

The process flow of the gate electrode formation is shown in Fig. 2.6 with detailed

conditions. This process includes 3 parts, surface treatment, patterning, and metal

deposition. Since TMAH is capable to dissolve oxide ILs, semico-clean treatment

was omitted. For the resist coating, addition layer is necessary to protect oxide ILs

from development process due to the same reason. Thus, we employed an electron

beam resist GL2000, which cannot be dissolved by TMAH but removed by O2

plasma ashing. Metal deposition was carried out by RHE, where Ni/Au metal

was deposited with the thicknesses of 5/100 nm. The gate electrode formation

finished the fabrication of metal/IL/AlGaN/GaN devices.

Figure 2.6: Process flow of the gate electrode formation.
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2.2 Details in the IL formation

Determination of oxidation conditions

Figure 2.7 shows the schematic of Hall devices for bear AlGaN/GaN structures,

and the 2DEG carrier concentrations ns0 obtained form them at VG = 0 as a

function of the anneal temperature. A serious decrease in ns0 is observed for anneal

temperature > 350 ◦C, suggesting an oxidation on the AlGaN surface which should

be avoided. Therefore, anneal temperature for IL oxidation is determined to be

350 ◦C.

Figure 2.7: Schematic of Hall devices for AlGaN/GaN and the 2DEG carrier concen-

trations ns0 at VG = 0 obtained form them as a function of anneal temperature.

Figure 2.7 shows the schematic of Hall devices for IL/AlGaN/GaN structures,

and the 2DEG carrier concentrations ns0 obtained form them at VG = 0 as func-

tions of anneal time, in comparison with a AlGaN/GaN structure with no IL.

Decreases in ns0 are observed right after the IL metal deposition (anneal time =

0) due to possible surface barrier height changes. More importantly, after a 5

minutes anneal, we find further ns0 decreases in IL/AlGaN/GaN, indicating the

progress of interface reactions between the ILs and AlGaN. ns0 remain almost

constants for further annealing, indicating a complete reaction in IL/AlGaN in-

terfaces, and a complete oxidation of ILs. Therefore, we determined a over 5

minutes anneal time for the IL oxidation.
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Figure 2.8: Schematic of Hall devices for IL/AlGaN/GaN and the 2DEG carrier con-

centrations ns0 at VG = 0 obtained form them as a function of the anneal time. Anneal

temperature is fixed at 350 ◦C.

Surface morphology of the ILs

Figure 2.9 shows examples of atomic force microscope (AFM) images for the sur-

faces of the AlOx, TiOx, and NiOx ILs in comparison with the AlGaN surface,

indicating that the surface morphology is unchanged after the IL formation. On

the other hand, due to the ∼ nm surface roughness, it is difficult to accurately

evaluate the thicknesses for ILs of same order. Therefore, the IL thicknesses are

confirmed by the capacitance of the ILs shown later.

Figure 2.9: Atomic force microscope (AFM) images of the surfaces of AlGaN, AlOx,

TiOx, and NiOx.
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2.3 Metal/IL/AlGaN/GaN devices characteriza-

tion

Current-frequency (J-V ) characterizations

Figure 3.5 shows the top view of a fabricated capacitor and the configuration

of J-V (DC) characterization for the capacitors, using semiconductor parameter

analyzer.

Figure 2.10: Top view of a fabricated capacitor and the configuration of J-V (DC)

characterization.

Figure 2.11 shows examples of current-voltage (J-V ) characteristics of the ca-

pacitors, where one device is picked up for each IL, under application of the gate

voltage VG with respect to the grounded Ohmic electrode. The IL leads to lower

leakage, which can be attributed to both the vacuum level steps ∆Evac (equiva-

lently the effective barrier height ϕS) and the IL barrier effects. Thus, it is difficult

to accurately evaluate ∆Evac (or ϕS) from the J-V characteristics.
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Figure 2.11: J-V characteristics of metal/AlGaN/GaN and metal/IL/AlGaN/GaN

devices.

On the other hand, ∆Evac can be evaluated from the capacitance-voltage (C-V )

characteristics.

Capacitance-voltage (C-V ) characterizations

Figure 2.12 shows the band diagram of a metal/IL/AlGaN/GaN device, where ϕS0

is the barrier height with no vacuum level step, ϕS is the effective barrier height,

∆Ec is the AlGaN-GaN conduction band offset, σGaN/q ≃ 2.1 × 1013 cm−2 and

σAlGaN/q ≃ 3.2 × 1013 cm−2 give the polarization charge densities [79–83], and

σD is the IL dipole density. From this band diagram, we obtain the vacuum level

step

∆Evac =
q(σD − σGaN)

CIL

(2.1)
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and the threshold voltage

Vth =
ϕS0

q
− ∆Evac

q
− σAlGaN − σGaN

CAlGaN

− ∆EC

q
(2.2)

using the IL capacitance CIL and the AlGaN capacitance CAlGaN
1. Since the

threshold voltage with no IL is given by

Vth0 =
ϕS0

q
− σAlGaN − σGaN

CAlGaN

− ∆EC

q
(2.3)

assuming ∆Evac = 0, we obtain the threshold voltage shift

Vth − Vth0 = −∆Evac

q
, (2.4)

which can be used to evaluate ∆Evac.

Figure 2.12: The band diagram of the metal/IL/AlGaN/GaN devices.

Figure 3.7 shows the configuration of the C-V (AC) characterization for the

capacitors, using LCR meter.

1see Appendix A for detailed derivation
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Figure 2.13: The configuration of C-V (AC) characterization at f = 1 MHz.

Figure 2.14 shows examples of C-V characteristics at frequency f = 1 MHz,

where one device is picked up for each IL. The 2DEG concentration ns obtained

by integrating the C-V characteristics is also shown in Fig. 2.14, and can be

fitted by qns ≃ Ctot(VG − Vth) using the total capacitance Ctot given by 1/Ctot =

1/CAlGaN+1/CIL. From the fitting, Vth, Vth0, CAlGaN, and CIL are obtained. For the

AlOx, TiOx, and NiOx ILs with several thicknesses, we find 1/CIL ≲ 0.4 cm2/µF,

≲ 0.1 cm2/µF, and ≲ 0.4 cm2/µF, corresponding to the IL thicknesses of ≲ 3 nm,

≲ 3 nm, and ≲ 4 nm, respectively, assuming typical dielectric constants ∼ 7 of

AlOx, ∼ 30 of TiOx, and ∼ 10 of NiOx.
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Figure 2.14: C-V and ns-V characteristics of metal/AlGaN/GaN and metal/IL/

AlGaN/GaN devices.

The obtained Vth − Vth0 and ∆Evac of all the devices are shown in Fig. 2.15

as functions of 1/CIL, where Vth − Vth0 and −∆Evac are shown in the left and

right vertical axes, respectively. It is shown that Vth − Vth0 < 0 for the AlOx and

TiOx ILs, indicating that the vacuum level step ∆Evac is positive, while for the
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NiOx ILs, Vth − Vth0 > 0 indicating that the vacuum level step ∆Evac is negative.

Moreover, we find an almost proportional relation between ∆Evac and 1/CIL for

each IL, indicating that the IL dipole density

σD =
∆EvacCIL

q
+ σGaN (2.5)

is almost constant for each IL material. Figure 2.16 shows the averaged IL dipole

densities in comparison with σAlGaN, σD/q ≃ 2.5 × 1013 cm−2 of the AlOx ILs,

σD/q ≃ 3.5× 1013 cm−2 of the TiOx ILs, and σD/q ≃ 0.4× 1013 cm−2 of the NiOx

ILs, where the error bars stand for the three-sigma standard deviations. This

indicates that the AlOx/AlGaN and TiOx/AlGaN interfaces are nearly neutral,

while the NiOx/AlGaN interface is quite negatively charged.

Figure 2.15: The threshold voltage shifts Vth − Vth0 and vacuum level steps ∆Evac of

all the devices as functions of 1/CIL.
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Figure 2.16: The interfacial layer (IL) dipole density σD in comparison with the AlGaN

polarization charge density σAlGaN.

Based on these obtained results, Figure 2.17 shows the calculated 1D Poisson-

Schrödinger band diagrams of the metal/AlGaN/GaN and metal/IL/AlGaN/GaN

devices at VG = 0 V, where we assume a 2 nm IL thickness. The AlOx and TiOx ILs

slightly lower the effective barrier height owing to the almost neutral AlOx/AlGaN,

TiOx/AlGaN interfaces and the consequent positive ∆Evac, while NiOx strongly

increase it owing to the quite negatively charged NiOx/AlGaN interface and the

consequent negative ∆Evac. Note that the change in effective barrier heights do

not equal to the extracted ∆Evac due to the existence of 2DEG.
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Figure 2.17: Calculated 1D Poisson-Schrödinger band diagrams of the metal/AlGaN/

GaN and metal/IL/AlGaN/GaN devices.

Moreover, we fabricated metal/IL/AlGaN/GaN and metal/AlGaN/GaN Hall-

bar devices shown in Fig. 2.18. From Hall measurements under a magnetic field

B = 0.32 T, the 2DEG carrier concentration ns0 at VG = 0 was obtained. The

relation between qns0/Ctot and ∆Evac is also shown in Fig. 2.18, being consistent

with qns0/Ctot = −Vth = ∆Evac/q + Vth0 shown by the dashed line, indicating

that ns0 is also modulated by the vacuum level step ∆Evac due to the dipole. In

particular, the NiOx ILs strongly reduce the 2DEG concentration.

Figure 2.18: Schematic of Hall devices for metal/IL/AlGaN/GaN and the relation

between ns0 and ∆Evac. The dashed line shows qns0/Ctot = −Vth = ∆Evac/q + Vth0.
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The fact that ∆Evac is either positive or negative can be attributed to the

reaction at the IL/AlGaN interface. The tie-line configurations for metal-(Al)Ga-

N systems have been studied [84, 85], showing that TiN is stable in a Ti-(Al)Ga-N

system, while NiGa is stable in a Ni-(Al)Ga-N system as shown in the Fig. 2.19.

Considering that AlN is also stable in a Al-(Al)Ga-N system, due to the formation

of TiN or AlN, nitrogen vacancy VN donors can be generated at the TiOx/AlGaN

or AlOx/AlGaN interface, and the ionized donors act as positive IL dipole charges

leading to the positive ∆Evac. On the other hand, due to the formation of NiGa,

gallium vacancy VGa acceptors can be generated at the NiOx/AlGaN interface,

and the ionized acceptors act as negative IL dipole charges leading to the negative

∆Evac.

Figure 2.19: Tie-line configurations for metal-Ga-N systems[85].
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2.4 X-ray photoelectron spectroscopy (XPS) for

the IL/AlGaN interfaces

In order to examine the IL/AlGaN interface reaction, we employed X-ray photo-

electron spectroscopy (XPS) to investigate the chemical shifts in the interfaces.

Figure 2.20 shows the configuration of the XPS measurement using a photon en-

ergy ≃ 1.5k eV and a take-off angle of 35°, leading to a inelastic mean free path

of electron ≃ 2 nm [86]. Bear AlGaN, metal/AlGaN (before oxidation), and

IL/AlGaN (after oxidation) are investigated, where the thicknesses of metals and

ILs were chosen to be < 2 nm in order to study the interface.

Figure 2.20: Configuration of the XPS measurement and schematics of samples.

Figure 2.21 shows the wide scan spectra for the bear AlGaN and the IL/AlGaN

samples, from which we can identify the peak positions of each element.
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Figure 2.21: Wide scan spectra for the bear AlGaN and the IL/AlGaN.

Afterward, high resolution scan for each highlighted peak was carried out.

Before each scan, calibrations to remove the extrinsic chemical shift (equivalently

the binding energy peak position shift) due to the potential difference between

samples and detector are done by using C-C binding energy from C1s spectra.

Figure 2.22 shows the C1s spectra, illustrating different bonding states of carbon

(C-C, C-OH, or C=O). The dots are measurement data and the red lines are the

fitted curves given by the sum of individual Gaussian peaks for each bonding state.

We adjusted the peak positions of C-C for every spectra to 284.8 eV, finishing the

calibration of peak positions.
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Figure 2.22: C1s spectra with Gaussian peaks fitting.

Figure 2.23 shows the O1s spectra for each samples. For AlOx, negligible

change was observed in the peak positions, while for TiOx and NiOx, the peaks

shift to high energy side. The XPS binding energy of an element is a measure

of the electronic environment (equivalently the bonding state) of that element.

When an additional element is introduced, the electronegativity of the additional

element determines the shift in binding energy peak position. Table 2.1 shows

the electronegativity for the elements involved in the IL/AlGaN interfaces. When

bonds with high electronegativity element such as O increase, the electron density

around the base element decreases, leading to an increase in binding energy. On

the contrary, when bonds with low electronegativity element such as a metal (Al,

Ti or Ni) increase, electron density around the base element increases, leading

to a decrease in binding energy. Therefore, the unchanged peak positions for

AlOx/AlGaN suggest that the Al metal was almost oxidized completely before the

Table 2.1: Electronegativity for the elements involved in the IL/AlGaN interface[87].

Elements O N Ni Ga Al Ti

Electronegativity 3.44 3.04 1.91 1.81 1.61 1.54
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anneal oxidation, while the high energy shifts for TiOx/AlGaN and NiOx/AlGaN

indicate further oxidation due to the metal deposition and the anneal oxidation.

However, since oxygen atoms can exist in both the oxide ILs and the IL/AlGaN

interfaces, the O1s spectra is not a strong indicator to the interface reaction.

Figure 2.23: O1s spectra for each IL material.

We further focused on N1s and Ga3d spectra, where nitrogen and gallium

atoms are considered to mainly exist in the interface. Figure 2.24 shows the N1s

spectra for each IL material. For AlOx/AlGaN and TiOx/AlGaN, we find negli-

gible peak position change, suggesting that the bonding state of nitrogen merely
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changed during the interface reaction. While for NiOx/AlGaN, peak positions

shift to the high energy side, suggesting an increase in N-O bonding.

Figure 2.24: N1s spectra for each IL material.

Figure 2.25 shows the Ga3d spectra for each IL material. In the case of AlOx/

AlGaN, negligible peak position change is observed. While for TiOx/AlGaN, high

energy shifts are observed, suggesting an increase in Ga-O bonding. Therefore, it

is possible that not only VN donors, but also oxygen donors exist in the TiOx/

AlGaN interface. Furthermore, low energy shifts are observed for NiOx/AlGaN,

suggesting an increase in Ga-Ni bonding. This result supports the formation
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of NiGa and the consequently existence of VGa acceptors in the NiOx/AlGaN

interface.

Figure 2.25: Ga3d spectra for each IL material with Gaussian peaks fitting.

Figure 2.26 shows the Al2p, Ti3p, and Ni3p spectra for the AlOx/AlGaN,

TiOx/AlGaN, and NiOx/AlGaN respectively. Sightly high energy shifts in AlOx/

AlGaN and TiOx/AlGaN suggest increases in Al-O (or N), Ti-O (or N) bonding.

Meanwhile, low energy shifts are observed for NiOx/AlGaN, being consistent with

the behavior of Ga3d spectra in supporting the formation of NiGa.
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Figure 2.26: Al2p, Ti3p, and Ni3p spectra for each IL material respectively.

According to the XPS results, models of AlOx(TiOx)/AlGaN, and NiOx/AlGaN

interface are depicted in Figure 2.27, where the oxygen donors and VGa acceptors

are generate at the AlOx(TiOx)/AlGaN and NiOx/AlGaN interface receptively.

Figure 2.27: Models of AlOx(TiOx)/AlGaN, and NiOx/AlGaN interface.



Chapter 3

Effects of insulator-semiconductor

interfacial layers (ILs) in

metal/Al2O3/IL/AlGaN/GaN

devices

According to the results in previous chapter, we carried out further investigation on

effects of insulator-semiconductor ILs in metal/Al2O3/IL/AlGaN/GaN devices us-

ing the AlOx, TiOx, or NiOx IL. We fabricated the metal/Al2O3/IL/AlGaN/GaN

devices and obtained their C-V characteristics. From the Al2O3 thickness depen-

dence of Vth, we find the fixed charge density of the Al2O3/IL/AlGaN interface,

showing a positive correlation with the IL dipole density. In addition, by frequency

(f)-dependent C-V characteristics, we characterized the interface trap density in

the metal/Al2O3/IL/AlGaN/GaN devices using the conductance method. Tem-

perature dependence of the f -dependent C-V characteristics is further investi-

gated, where the time constant and the active energy of the interface traps are

estimated.



Chapter 3 Insulator-semiconductor interfacial layers (ILs) 52

3.1 Metal/Al2O3/IL/AlGaN/GaN device fabri-

cation

Using the same AlGaN/GaN heterostructure, we fabricated metal/Al2O3/IL/

AlGaN/GaN capacitor devices with the AlOx, TiOx, or NiOx ILs, where Al2O3 are

employed as the gate insulators. The fabrication main flow is shown in Fig. 3.1,

consisting of Ohmic electrode formation, IL metal deposition, IL oxidation, in-

sulator deposition, and gate electrode formation. After the IL oxidation, several

thickness of Al2O3 gate insulators were formed by atomic layer deposition (ALD)

using TMA (trimethyl aluminum) and water. The fabrication was completed by

formation of Ni gate metal covered by Au. Metal/Al2O3/AlGaN/GaN capacitor

devices with no IL were also fabricated for comparison.

Figure 3.1: Metal/Al2O3/IL/AlGaN/GaN device fabrication main flow.

Ohmic electrode formation

The process is the same to the one of previous chapter.
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IL metal deposition

The process is the same to the one of previous chapter.

IL oxidation

The process is the same to the one of previous chapter.

Insulator deposition

The process flow of the insulator deposition is shown in Fig. 3.2 with detailed con-

ditions. The surface treatment of the no IL devices includes the TMAH treatment

in order to remove surface oxidation, while this is unnecessary for devices with

ILs.

Figure 3.2: Process flow of the insulator deposition.

The Al2O3 insulators are obtained by atomic layer deposition (ALD), using

trimethyl aluminum Al(CH3)3 (TMA), and water H2O as precursors. Figure 3.3

shows the chemical structure of the TMA, which react with water as

2Al(CH3)3 + 3H2O → Al2O3 + 6CH4,

forming the Al2O3 insulator layer of one mono-layer. By controlling the the total

numbers of the reaction, it is possible to accurately control the thickness of Al2O3

as shown in Fig. 3.4.
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Figure 3.3: Chemical structure of TMA.

Figure 3.4: ALD deposition sequences.

Gate electrode formation

The process is the same to the one of previous chapter.
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3.2 Metal/Al2O3/IL/AlGaN/GaN devices char-

acterization

Current-voltage (J-V ) characterizations

Figure 3.5 shows the top view of a fabricated capacitor and the configuration

of J-V (DC) characterization for the capacitors using semiconductor parameter

analyzer.

Figure 3.5: Top view of a fabricated capacitor and the configuration of J-V (DC) or

C-V (AC) characterization.

Figure 3.6 shows examples of current-voltage (J-V ) characteristics of the ca-

pacitors, where one device is picked up for each IL and each Al2O3 thickness, under

application of the gate voltage VG with respect to the grounded Ohmic electrode.

In comparison to the metal/IL/AlGaN/GaN devices, leakage is reduced dramat-

ically due to the Al2O3 gate insulator, leading to a negligible contribution from

ILs.
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Figure 3.6: J-V characteristics of metal/Al2O3/AlGaN/GaN and metal/Al2O3/IL/

AlGaN/GaN devices.

Capacitance-voltage (C-V ) characterizations

Figure 3.7 shows the configuration C-V (AC) characterization for the capacitors

using LCR meter.
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Figure 3.7: The configuration of C-V (AC) characterization at f = 1M Hz.

Figure 3.8 shows examples of C-V characteristics at f = 1 MHz. The 2DEG

concentration ns obtained by integrating the C-V characteristics is also shown in

Fig. 3.8, and fitted by qns ≃ Ctot(VG − Vth) using the total capacitance Ctot given

by 1/Ctot = 1/CAl2O3 + 1/CAlGaN + 1/CIL.

Figure 3.8: C-V characteristics of metal/Al2O3/AlGaN/GaN and metal/Al2O3/IL/

AlGaN/GaN devices.
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From the fitting, we obtain Vth and Ctot. Examples of 1/Ctot are shown in

Fig. 3.9 as functions of the Al2O3 thickness dAl2O3 , which give CAl2O3 = kinsϵ0/dAl2O3

from the slope, and CAlGaN and CIL from the intercept at dAl2O3 = 0. On the other

hand, Fig. 3.10 shows examples of Vth as functions of the dAl2O3 , where the AlOx

and TiOx ILs lead to more negative Vth shifts, while the NiOx ILs lead to less

negative ones.

Figure 3.9: The inverse of total capacitances 1/Ctot.

Figure 3.10: The threshold voltages Vth depending on the insulator thicknesses dAl2O3 .
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Figure 3.11 shows the band diagram of a metal/Al2O3/IL/AlGaN/GaN device,

from which the threshold voltage Vth is given by

Vth =
ϕ

q
− σint − σGaN

CAl2O3

− φ

q
− σAlGaN − σGaN

CAlGaN

− ∆EC

q

=
σGaN − σint
kAl2O3ϵ0

dAl2O3 −
σAlGaN − σGaN

CAlGaN

+
ϕ− φ−∆EC

q
, (3.1)

where CAl2O3 = kAl2O3ε0/dAl2O3 is the the Al2O3 capacitance given by the Al2O3

dielectric constant kAl2O3 and the thickness dAl2O3 , ϕ is the metal-Al2O3 barrier

height, φ is the effective Al2O3-AlGaN conduction band offset, σint = σD − σ̃D is

the fixed charge density of the Al2O3/IL/AlGaN interface due to the unbalanced

IL dipole1. It should be noted that Vth is a linear function of dAl2O3 , where the

slope is (σGaN − σint)/(kAl2O3ε0), and the intercept is −(σAlGaN − σGaN)/CAlGaN +

(ϕ − φ −∆EC)/q. From the former, we can evaluate σint due to the unbalanced

IL dipole. Also the latter is determined by ϕ − φ, where φ is affected by the the

vacuum level step ∆Evac induced by the dipole of the insulator-AlGaN IL.

Figure 3.11: The band diagram of the metal/Al2O3/IL/AlGaN/GaN devices.

1see Appendix A for detailed derivation
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Using Eq. (A.8), we evaluate σint/q shown in Fig. 3.12 as functions of 1/CIL with

error bars standing for the three-sigma asymptotic standard errors of the linear

fitting. Although the error bars are slightly large, σint/q is almost independent

of 1/CIL for each IL, and the averaged σint/q is ≃ 3.2 × 1013 cm−2 for no IL,

≃ 3.6 × 1013 cm−2 for the AlOx ILs, ≃ 3.9 × 1013 cm−2 for the TiOx ILs, and

≃ 2.7× 1013 cm−2 for the NiOx ILs.

Figure 3.12: The relation between the fixed charge densities σint of all the devices and

1/CIL.

Using the IL dipole density σD obtained for each IL material in the previous

section, the relation between σint and σD is demonstrated in Fig. 3.13, showing a

positive correlation. This suggests that the fixed charge is related to the unbal-

anced IL dipole.



Chapter 3 Insulator-semiconductor interfacial layers (ILs) 61

Figure 3.13: The fixed charge density σint correlated with the IL dipole density σD.

On the other hand, assuming a metal/Al2O3 barrier height ϕ = 4.6 eV [51],

the band offset φ is evaluated to be φ ≃ 2.1± 1 eV for no IL, φ ≃ 2.5 eV for the

NiOx ILs, and φ ∼ 0-5 eV for the AlOx or TiOx ILs as shown in Fig. 3.14 where

the uncertainty comes from the asymptotic standard errors of the linear fitting.

Owing to this large uncertainty, unfortunately it is difficult to discuss φ affected

of the vacuum level step ∆Evac.

Figure 3.14: The relation between the band offset φ of all the devices and 1/CIL.
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Figure 3.15 shows the calculated 1D Poisson-Schrödinger band diagrams of

the metal/Al2O3/AlGaN/GaN and metal/Al2O3/IL/AlGaN/GaN devices at VG =

0 V, where the Al2O3 thickness is 22 nm. The Al2O3/AlOx/AlGaN and Al2O3/

TiOx/AlGaN interfaces are almost neutral, while the Al2O3/NiOx/AlGaN inter-

face is negatively charged due to a suppression of the positive fixed charge.

Figure 3.15: The calculated 1D Poisson-Schrödinger band diagrams of the metal/

Al2O3/AlGaN/GaN and metal/Al2O3/IL/AlGaN/GaN devices.

Capacitance-voltage-frequency (C-V -f) characterizations

Due to the insertion of insulator-semiconductor ILs, the number of interface in-

creased as shown in Fig. 3.16. This may lead to an increase of interface traps in

the metal/IL/AlGaN interface.
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Figure 3.16: The interface increase due to the insertion of an insulator-semiconductor

IL.

Thus, we characterized the trap densities of the Al2O3/IL/AlGaN interfaces

by f -dependent C-V measurements for f = 100-1M Hz, using the configuration

shown in Fig. 3.17.

Figure 3.17: The configuration of C-V -f (AC) characterization at f = 100-1M Hz.

Examples of f -dependent C-V characteristics of devices with dAl2O3 = 22 nm

are shown in Fig. 3.18. Negligible frequency dispersion is observed at negative bias

region for all devices, showing that the Vth determination is not affected by the

measurement frequency. On the other hand, frequency dispersions are observed

for positive biases except for TiOx ILs. By using the conductance method [88],

which is widely employed for interface characterization [48, 68, 89], the interface

trap density was evaluated using the equivalent circuits shown in the inset of



Chapter 3 Insulator-semiconductor interfacial layers (ILs) 64

Fig. 3.182.

Figure 3.18: C-V -f characteristics of metal/Al2O3/AlGaN/GaN and metal/Al2O3/

IL/AlGaN/GaN devices.

In those equivalent circuits, Git is the interface trap conductance, and Cit is the

interface trap capacitance. When we carry out C-V measurements, the equivalent

circuit will be transform into the measured circuit shown in Fig. 3.19(right), where

Cm and Gm are the measured capacitance and conductance, respectively.

Figure 3.19: The equivalent circuit of the MIS capacitor and the measured circuit.

2see Appendix B
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Therefore, using 1/C0=(1/CAl2O3)+(1/CIL), we have the total impedance given

by

Z =
1

jωC0

+
1

jωCAlGaN + jωCit +Git

(equivalent circuit)

=
1

jωCm +Gm

(measured circuit).
(3.2)

Thus,

1

jω(CAlGaN + Cit) +Git

=
1

jωCm +Gm

− 1

jωC0

=
jω(C0 − Cm)−Gm

(jωCm +Gm)jωC0

.

(3.3)

As a result,

jω(CAlGaN + Cit) +Git =
(jωCm +Gm)jωC0

jω(C0 − Cm)−Gm

= −(−ω2C0Cm + jωC0Gm)[jω(C0 − Cm) +Gm]

ω2(C0 − Cm)2 +Gm
2

=
ω2(C0 − Cm)C0Gm + ω2C0CmGm

ω2(C0 − Cm)2 +Gm
2 + j × ...

(3.4)

Equating two sides for Eq. 3.4 and extracting the real part, we obtain

Git

ω
=

ωC0
2Gm

ω2(C0 − Cm)2 +Gm
2 , (3.5)

from which we can calculate the interface trap conductance from the measurement

data.

Figure 3.20 shows examples of Git/ω (ω = 2πf) as functions of frequency f ,

exhibiting single-peaked behaviors except for the TiOx ILs.
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Figure 3.20: Git/ω as functions of frequency with fitting curves for metal/Al2O3/

AlGaN/GaN and metal/Al2O3/IL/AlGaN/GaN devices.

These single-peaked behavior is described by

Git

ω
=
q2Ditln(1 + ω2τ 2)

2ωτ
, (3.6)

where the electron trapping time constant τ is given by the peak frequency fp =

1/(πτ) and the interface trap density Dit by the peak value Git/ω ≃ 0.4q2Dint as

shown in Figure 3.213.

3see Appendix B
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Figure 3.21: The interface trap density Dit and the electron trapping time constant τ

extractions form Git/ω as a function of measured frequency f.

The absence of single-peaked behavior for the TiOx ILs suggests that the in-

terface trap have a very long trapping time constant. The peak values of Git/ω

for all the devices are shown Fig. 3.22 as functions of frequency, from which we

extract the Dit and τ shown in Fig. 3.23. For an interface trap at the energy E,

the time constant τ at temperature T is given by

τ = e(EC−E)/kBT/(vthσeNC) = τ0e
(EC−E)/kBT , (3.7)

using the conduction band bottom energy EC, the electron thermal velocity vth,

the capture cross section of the trap σe, and the conduction band effective density

of states NC, where τ0 = 1/(vthσeNC). Even though the τ0 is ambiguous due to

the uncertain σe, by assuming a wide range of τ0 ∼ 0.1-103 ps, Dit as functions of

EC −E are evaluated and shown in Fig. 3.24, where the error bars correspond to

the widely assumed τ0.



Chapter 3 Insulator-semiconductor interfacial layers (ILs) 68

Figure 3.22: Peak values of Git/ω as functions of measured frequency f.

Figure 3.23: Dit as functions of τ .
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Figure 3.24: The interface trap density Dit as functions of the energy EC − E.

The shallow interface trap densities are Dit ≃ 2.5 cm−2eV−1 for no IL, Dit ≃

1.6 cm−2eV−1 for the AlOx ILs, and Dit ≃ 0.6 cm−2eV−1 for the NiOx ILs. This

means that Dit for no IL is higher than those for the AlOx and NiOx ILs, despite

of the apparently weak frequency dispersion in the C-V characteristics for no IL

shown in Fig. 13. We consider that this behavior can be explained as follows. In

Fig. 14 for no IL, in addition to the observed peak, we find the tail of another next

peak of Git/ω at ≲ 1 MHz for forward biases, with a peak frequency rather higher

(≫ 1 MHz) than the measurement frequency range, and a peak value comparable

to the observed peak at ∼ kHz. When there is such another next peak, Cit in the

equivalent circuit becomes quite large in the measurement frequency range, and

thus we will obtain the measured capacitance Cm ≃ CAl2O3 , which hardly shows

frequency dispersion.

While the equivalent circuit is usually described by Eq. 3.6 and

Cit =
q2Ditatan(ωτ)

ωτ
, (3.8)

whereDit is the trap density and τ is the trapping time constant, for the equivalent

circuit with such another kind of traps, we should use

Git

ω
=
q2Ditln(1 + ω2τ 2)

2ωτ
+
q2D̃itln(1 + ω2τ̃ 2)

2ωτ̃
(3.9)
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and

Cit =
q2Ditatan(ωτ)

ωτ
+
q2D̃itatan(ωτ̃)

ωτ̃
(3.10)

with the density D̃it and the time constant τ̃ of the another kind of traps. By as-

suming CAl2O3 = 300 nF/cm2, CAlGaN = 400 nF/cm2, Dit = 2.5× 1013 cm−2eV−1,

τ = 10−4 s, D̃it = 3.0 × 1013 cm−2eV−1, and τ̃ = 10−8 s, which are realistic for

the experiments, we carried out a model calculation to illustrate this modifica-

tion. Git/ω, Cit, and Cm were calculated as shown in Figs. 3.25, 3.26, and 3.27

respectively for the cases without (blue curves) and with (red curves) the next

peak. In the measurement frequency range, we observe similar Git/ω for the cases

without and with the next peak, except that the tail of the next peak can be

found at ≲ 1 MHz as in the measured results. Moreover, in the measurement

frequency range, while the variation of Cit is 0 - µF/cm2 for the case without the

next peak, Cit remain at µF/cm2 order for the case with the next peak. As the

results, frequency dispersion can be observed in the case without the next peak. In

the case with the next peak, however, due to the high Cit ∼µF/cm2, the measured

capacitance becomes Cm ≃ CAl2O3 , which hardly shows frequency dispersion. This

explains the observed weak frequency dispersion for no IL, and implies that it is

difficult to discuss the trap density only by apparent C-V characteristics.

Figure 3.25: The calculated Git/ω as functions of the frequency.
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Figure 3.26: The calculated Cit as functions of the frequency.

Figure 3.27: The calculated Cm as functions of the frequency.

On the other hand, we do not observe the second step of the C-V characteris-

tics for the NiOx IL shown in Fig. 3.18, indicating that electron trapping at the

interface traps does not take place. This is owing to weak effects of Git and Dit in

the measurement frequency range, because of the peak frequency of Git/ω in the
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100 Hz range and the small peak value due to the low Dit. Thus, it is possible to

conclude that the AlOx and NiOx ILs suppress the interface trap density.



Chapter 4

Conclusion and future

perspectives

4.1 Conclusion of this work

In this work, we systematically investigated effects of metal-semiconductor or

insulator-semiconductor interfacial layers (ILs) in AlGaN/GaN devices, where

AlOx, TiOx, or NiOx is employed as an IL. From capacitance-voltage charac-

teristics of metal/IL/AlGaN/GaN devices, it is shown that the metal-AlGaN IL

leads to modulation of the threshold voltage Vth, attributed to the vacuum level

step induced by the IL dipole. We find negative vacuum level steps for AlOx

and TiOx, and positive for NiOx, from which the IL dipole density is estimated,

indicating that the AlOx/AlGaN and TiOx/AlGaN interfaces are nearly neutral,

while the NiOx/AlGaN interface is negatively charged. From Hall measurements,

we find that the 2DEG carrier concentration in the metal/IL/AlGaN/GaN de-

vices is also modulated by the vacuum level step. In addition the these results,

we also carried out X-ray photoelectron spectroscopy (XPS) to examine the re-

action at the IL/AlGaN interface. we find an increase in Ni-Ga bonding at the

NiOx/AlGaN interface, suggesting the existence of ionized VGa acceptors, which

lead to the negatively charged NiOx/AlGaN interface. On the other hand, from

capacitance-voltage characteristics of metal/Al2O3/IL/AlGaN/GaN devices, the
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fixed charge density of the Al2O3/IL/AlGaN interface is evaluated. For AlOx and

TiOx, the fixed charge density is increased in comparison with no IL, while de-

creased for NiOx. The fixed charge density shows a positive correlation with the

IL dipole density, suggesting that the fixed charge is related to the unbalanced IL

dipole. Furthermore, using the conductance method, we show that it is possible

to obtain small trap densities of metal/Al2O3/IL/AlGaN interfaces, comparing to

the interface with no IL.

4.2 Future perspectives of this work

Although we find a correlation between the IL dipole density and fixed charge den-

sity, the relation between the dipole density and the insulator- semiconductor band

offset remains unclear due to the large uncertainty in the intercept of the Al2O3

thickness dependence of Vth. Experiments using very small insulator thickness are

necessary to improve the accuracy in the intercept extraction. Moreover, utilizing

the Vth modulation by ILs, we should be able to carry out a normally-off operation

for AlGaN/GaN MIS-FETs, where ILs such as TiOx can be employed for access

region to reduce series resistance, while ILs such as NiOx can be employed for gate

region to shift Vth positively in order to achieve normally-off.



Appendix A

Band diagram calculation

A.1 metal/IL/AlGaN/GaN band diagram

Figure A.1: Theoretical band diagram of the metal/IL/AlGaN/GaN devices under VG

= Vth.
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Figure A.1 shows the theoretical band diagram of the metal/IL/AlGaN/GaN de-

vices at gate voltage VG = Vth, where ϕS0 is the barrier height with no vacuum

level step, ϕS is the effective barrier height, ∆Ec is the AlGaN-GaN conduc-

tion band offset, ψAlGaN is the total potential change through the AlGaN layer,

σGaN/q ≃ 2.1×1013 cm−2 and σAlGaN/q ≃ 3.2×1013 cm−2 give the polarization

charge densities [79–83], and σD is the IL dipole density.

Based on the 1-dimension Poisson equation, the potential ψ inside the IL or

AlGaN is given by
∂2ψ

∂x2
= −ρ

ε
. (A.1)

Taking the integral of Eq. A.1, we have

∂ψ

∂x
= F, (A.2)

where F is the electric field strength inside the IL or AlGaN. We assume that the

IL dipole and the polarization charge are at and/or near the interface, thereby we

can apply Gauss law. Figure A.2 shows a Gauss box covering both AlGaN and

GaN, determining the electric field inside the AlGaN FAlGaN, and the electric field

inside the GaN FGaN,

Figure A.2: Applying Gauss box in band diagram for AlGaN/GaN.

with a total charge inside the box ρ = σAlGaN − σGaN. Based on the Gauss
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equation, we have

FAlGaN − FGaN =
ρ

ε
=
σAlGaN − σGaN

ε

=
σAlGaN − σGaN

kAlGaNε0
,

(A.3)

where kAlGaN is the dielectric constant of AlGaN. For GaN part, since VG = Vth,

the 2DEG is completely depleted, lead to a flat band in GaN where FGaN = 0

Therefore, we have the total potential change through the AlGaN layer

ψAlGaN = FAlGaNdAlGaN =
σAlGaN − σGaN

kAlGaNε0
dAlGaN

=
σAlGaN − σGaN

CAlGaN

.
(A.4)

The same analysis can be applied for the IL/AlGaN/GaN as shown in Fig. A.3.

Assuming no bulk charge inside the ILs. the total charge inside the box is ρ =

σD − σAlGaN + σAlGaN − σGaN = σD − σGaN, where the polarization in the AlGaN

cancels out. Therefore, we obtain the total potential change through the ILs,

namely the vacuum level step

∆Evac/q =
σD − σGaN

CIL

. (A.5)

Figure A.3: Applying Gauss box in band diagram for IL/AlGaN/GaN.
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Using these results and Figure A.1, we obtain

Vth =
ϕS0

q
− ∆Evac

q
− ψAlGaN − ∆EC

q

=
ϕS0

q
− σD − σGaN

CIL

− σAlGaN − σGaN

CAlGaN

− ∆EC

q
(A.6)

for the metal/IL/AlGaN/GaN devices.

A.2 metal/Al2O3/IL/AlGaN/GaN band diagram

Figure A.4: Theoretical band diagram of the metal/Al2O3/IL/AlGaN/GaN devices

under VG = Vth.

Figure A.4 shows the theoretical band diagram of the metal/Al2O3/IL/AlGaN/GaN

devices at gate voltage VG = Vth, where where CAl2O3 = kAl2O3ε0/dAl2O3 is the

Al2O3 capacitance given by the Al2O3 dielectric constant kAl2O3 and the thick-

ness dAl2O3 , ϕ is the metal-Al2O3 barrier height, φ is the effective Al2O3-AlGaN
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conduction band offset, ψAlGaN is the total potential change through the Al-

GaN layer, ψAl2O3 is the total potential change through the Al2O3 layer, σint =

σD − σ̃D is the fixed charge density of the Al2O3/IL/AlGaN interface due to the

unbalanced IL dipole. A similar analysis in the previous section can be allied

toAl2O3/IL/AlGaN/GaN assuming no bulk charge inside the Al2O3 as shown in

Fig. A.5. The total charge inside the box is now ρ = σD− σ̃D−σGaN = σint−σGaN,

where the polarization in the AlGaN cancels out while the IL dipole does not due

to the unbalance. Therefore, we obtain the total potential change through the

Al2O3

ψAl2O3 = FAl2O3dAl2O3 =
σint − σGaN

kAl2O3ε0
dAl2O3 . (A.7)

Figure A.5: Applying Gauss box in band diagram for Al2O3/IL/AlGaN/GaN.

Using these results and Figure A.4, we obtain

Vth =
ϕ

q
− ψAl2O3 −

φ

q
− ψAlGaN − ∆EC

q

=
σGaN − σint
kAl2O3ϵ0

dAl2O3 −
σAlGaN − σGaN

CAlGaN

+
ϕ− φ−∆EC

q
, (A.8)

for the metal/Al2O3/IL/AlGaN/GaN devices.



Appendix B

Conductance method

B.1 AC admittance affected by interface traps

At an insulator-semiconductor interface, an interface trap with a electron occupa-

tion probability P at energy E, as shown in Fig. B.1, is given by a time-dependent

rate equation
∂P

∂t
= γ(1− P )n− αP, (B.1)

where n is the semiconductor electron density at the interface, and γ and α are

proportional constants. In Eq. B.1, the first term is related to the electron trap-

ping, while the second term is related to the detrapping. The constant γ is given

by

γ = vthσ (B.2)

where vth is the electron thermal velocity and σ is the electron capture cross-

section.
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Figure B.1: A trapped electron at energy E at the insulator-semiconductor interface.

If we separate P , n and surface potential V into two contributions, form direct

current (DC) parts and alternative current (AC) parts receptively, we obtain

P = P0 + P̃ exp(jωt)

n = n0 + ñ exp(jωt)

V = V0 + Ṽ exp(jωt).

(B.3)

The P0 component at energy E is given by Fermi-Dirac distribution

P0(E) =
1

1 + exp[(E − Ef)/kBT ]
. (B.4)

Thus, we have

dP0

dE
= − exp[(E − Ef)/kBT ]/kBT

(1 + exp[(E − Ef)/kBT ])2

= −P0(1− P0)

kBT
.

(B.5)

Substitute the DC components into Eq. B.1, we obtain

α = γn0(1− P0)/P0 =
1− P0

τP0

, with τ =
1

γn0

. (B.6)

In the range of small AC signal modulation, α is approximated to Eq. B.6. From

Eq. B.1, we can obtain

jωP̃ exp(jωt) = γ(1− P )n− (1− P0)P

τP0

. (B.7)
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The right hand side of Eq. B.7 equals to

γ(1− P )n− (1− P0)P

τP0

=
γ(1− P )nτP0 − (1− P0)P

τP0

=
[1− P0 − P̃ exp(jωt)][n0 + ñ exp(jωt)]P0/n0 − (1− P0)(P0 + P̃ exp(jωt))

τP0

=
ñP0/n0 − P 2

0 ñ/n0 − P̃ − P̃ ñP0 exp(jωt)/n0

τP0

exp(jωt)

=
P0(1− P0)ñ/n0 − P̃ [ñP0 exp(jωt)/n0 + 1]

τP0

exp(jωt).

(B.8)

In case of small AC signal modulation, we have ñ≪ n0, thus ñP0 exp(jωt/n0) ≪ 1.

With this approximation, Eq. B.7 turns into

jωP̃ exp(jωt) ≃ P0(1− P0)ñ/n0 − P̃

τP0

exp(jωt). (B.9)

We can rewrite Eq. B.9 as

P̃ ≃ P0(1− P0)

1 + jωτP0

ñ

n0

=
P0(1− P0)

1 + jωτP0

qṼ

kBT
, (B.10)

at temperature T where kB is Boltzmann constant. The total small signal AC

admittance Yi is calculated by taking sum over all interface traps, i.e.

Yi = Git + jCitω

=
jωq

Ṽ

∫
Dit(E)P̃ dE

=
jωq2

kBT

∫
Dit(E)P0(1− P0)

1 + jωτP0

dE

= jωq2
∫

Dit(E)

1 + jωτP0

(
−dP0

dE

)
dE,

(B.11)

with interface trap density Dit.

AC admittance for the low temperature limit

For low temperature, we have the approximation

−dP0

dE
≃ δ(E − Ef). (B.12)
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Substitute into Eq. B.11, we have

Git + jCitω = jωq2
∫

Dit(E)

1 + jωτP0

(
−dP0

dE

)
dE

≃ jωq2Dit(Ef)

1 + jωτ/2

(B.13)

Extract Git and Cit, we obtain

Git

ω
=

ωτq2Dit

2(1 + ω2τ 2/4)

Cit =
q2Dit

1 + ω2τ 2/4
.

(B.14)

AC admittance for a discrete interface trap

For a discrete interface trap, the interface trap density Dit becomes the delta

function of the energy, i.e.

Dit(E) = D0 δ(E − E0). (B.15)

Substitute into Eq. B.11, we have

Git + jCitω = jωq2
∫

Dit(E)

1 + jωτP0

(
−dP0

dE

)
dE

=
jωq2D0

1 + jωτP0(E0)

exp[(E0 − Ef)/kBT ]

kBT (1 + exp[(E0 − Ef)/kBT ])2

=
jωq2D0

4kBT (1 + jωτ/2)
. (for Ef = E0)

(B.16)

Extract Git and Cit, we obtain

Git

ω
=

ωτq2D0

8kBT (1 + ω2τ 2/4)

Cit =
q2D0

4kBT (1 + ω2τ 2/4)
.

(B.17)



Chapter B Conductance method 84

AC admittance for general continuous interface traps

For general continuous interface traps, the interface trap density Dit becomes a

constant, not dependent of the energy. Equation B.11 now is

Git + jCitω = jωq2
∫

Dit(E)

1 + jωτP0

(
−dP0

dE

)
dE

≃ jωq2Dit

∫
1

1 + jωτP0

(
−dP0

dE

)
dE

= jωq2Dit

∫ 1

0

dP0

1 + jωτP0

=
q2Dit ln (1 + jωτ)

τ

(B.18)

Extract Git and Cit, we obtain

Git

ω
=
q2Ditln(1 + ω2τ 2)

2ωτ
(B.19)

Cit =
q2Ditatan(ωτ)

ωτ
(B.20)

which we employed in Chapter 3. The time constant τ is

τ(Ef) =
1

γn0(Ef)
=

exp [(Ec − Ef)/kBT ]

vthσNc

∝ exp

(
Ec − Ef

kBT

)
. (B.21)

B.2 AC admittance in equivalent circuits for MIS

devices

Without considering the interface traps, Fig. B.2 shows the equivalent circuit of a

metal/Al2O3/IL/AlGaN/GaN device, where we have

VG =
qns

Ctot

= qns

(
1

CAl2O3

+
1

CIL

+
1

CAlGaN

)
(B.22)

by assuming a linear relation between qns and VG.
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Figure B.2: The equivalent circuit of a metal/Al2O3/IL/AlGaN/GaN device without

considering the interface traps.

On the other hand, by assuming an additional trapped electron density nit at

the IL/AlGaN interface due to the insulator-semiconductor interface traps, the

equivalent circuit of a metal/Al2O3/IL/AlGaN/GaN device is reconstructed as

shown in Fig. B.3. VG is now given by

VG =
q(ns + nit)

C̃tot

= q(ns + nit)

(
1

CAl2O3

+
1

CIL

)
+

qns

CAlGaN

. (B.23)

Figure B.3: The equivalent circuit of a metal/Al2O3/IL/AlGaN/GaN device consid-

ering the interface traps.
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Thus, the total capacitance is now given by

1

C̃tot

=

(
1

CAl2O3

+
1

CIL

)
+

qns

q(ns + nit)CAlGaN

=

(
1

CAl2O3

+
1

CIL

)
+

1

CAlGaN + (nit/ns)CAlGaN

=

(
1

CAl2O3

+
1

CIL

)
+

1

CAlGaN + Cit

.

(B.24)

This result indicates that there is an additional capacitance contributed by the

interface traps Cit = (nit/ns)CAlGaN, being parallel to the AlGaN capacitance.

If we consider the contribution from interface traps as an AC admittance, the

equivalent circuit of a metal/Al2O3/IL/AlGaN/GaN device can be reconstructed

as shown in Fig. B.4, which we employed in Chapter 3.

Figure B.4: The reconstructed equivalent circuit of a metal/Al2O3/IL/AlGaN/GaN

device considering the interface traps.
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