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Abstract

Wide-gap semiconductor GaN is anticipated for its potential to overcome the
trade-off between speed and power in semiconductor devices. In particular, GaN-
based metal-insulator-semiconductor heterojuction field-effect transistors (MIS-
HFETs) have been investigated extensively owing to the merits of gate leakage
reduction and passivation to suppress the current collapse. As a gate insulator
of GaN-based MIS-HFETS, various materials such as Al,O3, TiO,, TaON, AIN,
BN, and so on have been employed and investigated. Although a wide energy gap
E, and a high dielectric constant ki,s are preferable for a gate insulator, a trade-
off between E, and kj,s generally exists for insulators. Aluminum titanium oxide
AL, Ti,O (AITiO), an alloy of Al,O3 (Eg ~ 7 €V, kiys 10) and TiOy (Ey; ~ 3 €V,
kins ~ 60) is a versatile insulator since its properties can be modified for energy
gap engineering (E, control) and dielectric constant engineering (ki,s control) via
its composition. Although there still exists a trade-off between E, and ki,s, we
can choose an AlITiO composition according to applications, considering the trade-
off. On the other hand, at the interface between an oxide gate insulator and a
negatively polarized semiconductor surface, such as a Ga-face (Al)GaN surface,
a positive fixed charge tends to be generated and to neutralize the negative po-
larization charge. The positive interface fixed charge has a significant impact on
threshold voltages; a high-density positive interface fixed charge shifts the thresh-
old voltage negatively. The technology aiming to control the threshold voltage by
controlling the positive interface charge is called “interface charge engineering”.
In this work, we investigated interface charge engineering in AITiO/AlGaN/GaN
MIS devices by evaluating the positive interface fixed charge density depending
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on the composition of AITiO obtained by atomic layer deposition. We found a
trend that the interface fixed charge density decreases with a decrease in the Al
composition ratio, i.e. increase in the Ti composition ratio. Moreover, X-ray
photoelectron spectroscopy characterization of AITiO/AlGaN reveals a relation
between the positive interface fixed charge density and the bonding states of Ga:
an increase in Ga-N bonding state or a decrease in Ga-O bonding state leads to
an increase in the the positive interface fixed charge density.

In order to realize normally-off operations with good transport properties in
AITiO/AlGaN/GaN MIS-FETSs, we investigated combining the interface charge
engineering and partial gate recess method with a thick remaining AlGaN layer.
For a composition of z/(z+y) = 0.73, the positive fixed charge at AITiO /recessed-
AlGaN is significantly suppressed compared to that at AlyOs/recessed-AlGaN,
leading to a positive slope in the relation between the threshold voltage and
the AITiO insulator thickness. As a result, we successfully obtained normally-
off operations in partially-gate-recessed AITiO/AlGaN/GaN MIS-FETs with a
threshold voltage of 1.7 V and good transport properties. For a composition of
x/(xz +y) = 0.73, low-frequency noise characterization of AITiO/AlGaN/GaN
MIS-FETSs with different remaining AlGaN thickness reveals two trap levels in Al-
TiO, independent of AlGaN thickness. Moreover, the noise magnitude increases
with a decrease in the remaining AlGaN thickness, owing a decrease in the channel
electron mobility.

In summary, we successfully obtained normally-off operation in GaN-based
MIS devices by interface charge engineering using AITiO insulators and investi-
gated the AITiO/AlGaN interface by X-ray photoelectron spectroscopy and low-

frequency noise.

Keywords: III-V compound semiconductor, AlGaN/GaN, AITiO, interface charge

engineering, normally-off operation
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Chapter 1

Introduction

1.1 Compound semiconductors and their appli-
cations

While Silicon-based devices still dominate the market for digital integrated circuit,
compound semiconductors are having more and more applications which require
high-speed wireless-communication and/or high-power switching. For the high-
speed wireless-communication applications, the demand for high-quality-content
exchange is skyrocketing through various forms of communication devices such
as mobile phone, television, and satellite. Figure 1.1(a) exhibits the requirement
range for some wireless-communication applications [1], in which each semicon-
ducting material is suitable for some applications based on its physical properties.
For examples, Si-based transistors [2] are suitable for mobile communications
which require a moderate frequency ~ 1 GHz and low power ~ 1 W, whereas
GaAs-based transistors [3, 4] are employed for radar communications where work-
ing frequency up to ~ 100 GHz are required. For future wireless-communication
system, realization of high-speed and high-power devices is an important step [5].
For the power-switching applications shown in Fig. 1.1(b) [6], the frequency range
is downscaled by 10° orders while the power range is upscaled by the same orders
in comparison with these of the wireless-communication applications. In these

applications, the employed semiconductor devices should have the capability to
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Figure 1.1: Relation between frequency and power for (a) wireless-communication

applications [1] and (b) power-switching applications [6].

handle a large power. Depending on the application, a moderate switching speed

is sometimes required. However, there is a trade-off between speed (frequency)

and power for both applications, which means that the devices which are required

to operate at high frequency cannot work at high power and vice versa, the devices

which are required to work at high power cannot operate at high frequency.

Let us discuss about the trade-off between operating speed and power of elec-
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tronic devices such as field-effect transistors (FETs). The operating frequency of

the devices can be expressed by current-gain cut-off frequency fr given by

fp r
= orrm, oL’

(1.1)

where 7y, is the transition time, v is the carrier velocity, and Lg is the gate length.
The cut-off frequency is a limit that beyond this frequency, an FET can no longer
be used for amplification. In technical terms, fr is the frequency at which the
current gain, i.e. the ratio of the change in the output current over the change in
the input current, equals to 1. Based on Eq. (1.1), to increase fr, we can employ
a high-carrier-velocity semiconductor and/or reduce the gate length. Until now,
reduction in the gate length of Si-based FETs has led to continuous improvement
of device performance [7]. As we approach sub-20-nm dimensions, it becomes
increasingly difficult to maintain the required device performance. We have to
employ other semiconducting materials with higher carrier velocity. Regarding
the carrier velocity, drift velocity vq at low electric field and saturation velocity
Vsat at high electric field should be taken into consideration. The drift velocity at
low electric field is

vg = puk = —F, (1.2)

where p is the electron mobility, ¢ > 0 is the electron charge, 7 is the scattering
time, m* is the electron effective mass, and E is the electric field under the gate.
At low electric field, the electron drift velocity in a material is directly proportional
to the electric field, which means that the electron mobility is a constant. Thus
a material possessing a high mobility will have a high drift velocity. On the
other hand, at high electric field, carriers are accelerated enough to gain sufficient
kinetic energy between collisions to emit an optical phonon, which make their
velocity drop to 0 before being accelerated again. The saturation velocity, which

is the velocity the carrier reaches before emitting a phonon, is given by

2hiw,
-, (1.3)

m*

Vsat =

where hw,,, is the optical phonon energy. From Eq. (1.2) and (1.3), we find that

both g and vy, are proportional to 1/m*, thus materials with small m* are ad-
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Figure 1.2: Relation between effective mass and bandgap in semiconducting materials

[9]-

vantageous for high-speed applications. On the other hand, in high-power appli-
cations, 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
the breakdown of the semiconductor. Therefore, materials with high breakdown
field are advantageous for power-handling applications. The breakdown field Fg,

of a semiconductor is usually related to its energy gap F, by the relation
Fp, o EY, (1.4)

where o >~ 1-3, making Fp, be an increasing function of E, [8]. Thus, for high-
power applications, wide-bandgap semiconducting materials are preferable.

In summary, we can conclude that semiconducting materials with small m*
and large E, are advantageous for high-speed and high-power applications, re-
spectively. However, there is a relation between m* and £, as shown in Fig. 1.2
9], illustrating a trend that m* is an increasing function of E,. ie. m* o K.
Therefore, a trade-off between speed (frequency) and power exists in general cases
[10]. However, if we look back at Eq. (1.3) indicating vs.; o \/hw_op, which sug-
gests that semiconducting material having a large optical phonon energy and a
wide bandgap is suitable for high-speed and high-power applications. A compound

semiconductor like GaN holding such physical properties is able to overcome the
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constant for some III-V compound semiconductors [12, 13].

limitations set by the trade-off between speed and power.

1.2 GalN-based semiconductors and related de-
vices

Compound semiconductor devices are obtained by crystalline growth, so heteroge-
neous integration between the semiconducting materials and the host substrates
is important. The heterogeneous integration is divided into two methods: one is
direct growth method in which the device material are directly grown on a sub-
strate, and another is separation-bonding method in which the device material
is firstly grown on a substrate, then separated (for instance by epitaxial lift-off
[11]), and bonded on another substrate. Although the heterogeneous integration
method can give various choices for the materials, it also induces non-ideal inter-
faces between the semiconductor layer and the substrate due to the dissimilarities
in the materials. One of the most serious issues is the difference in lattice con-
stants, which can induce serious defects not only at the interface but also in the
grown device layers. Figure 1.3 shows the relation between the energy gap and

the lattice constant for several III-V compound semiconductors [12, 13]. The di-
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rect growth method is suitable for lattice-matched or small lattice-mismatched
systems such as AlGaN on GaN, whereas the separation-bonding method is suit-
able for large lattice-mismatched systems such as InAs-based ones. However, one
difficulty for high-quality GaN growth was the lack of a suitable lattice-matched
substrate. It has been solved by low temperature growth of a buffer layer having
16% lattice-mismatch with sapphire substrate by MOVPE (metal organic vapor
phase epitaxy) [14]. This technology has enabled the crystal growth quality of
GaN, AIN, InN, or their alloys, to the production level.

Figure 1.4 plots the calculation of the energy band structure of wurtzite GalN
[15], showing a direct bandgap with a large E, of 3.4 eV, corresponding to a very
high breakdown field of 3.3 MV /em, which is favorable for high-power applications.
Moreover, GaN also has a large valley-separation energy and a large optical phonon
energy of 90 meV, leading to a high saturation velocity. Figure 1.5 shows the
electron drift velocity as functions the electric field for several semiconductors

obtained by Monte Carlo simulation [16]. As expected, GaN possesses a high



Chapter 1 Introduction 7

Table 1.1: Comparison of electrical properties between GaN and other semiconductors.

Mater. | Bandgap | Electron mobility | Electron saturation | Breakdown field
[eV] [cm?/V 5] velocity [cm/s] [V/cm]

Si 1.12 1500 1.0 x107 3.0 x10°
GaAs 1.42 8500 2.0 x107 4.0 x10°
InAs 0.36 33000 ~ 4.0 x 107 4.0 x104
SiC 3.33 900 2.0 x107 3.0 x10°
GaN 3.39 1100 2.7 x 107 3.3 x 10

electron peak velocity of 2.5 x 107 cm/s and a high electron saturation velocity
> 1.5 x 107 cm/s, which are suitable for high-speed applications. We summarized
the physical properties for several semiconducting materials in Table 1.1, showing
that GaN is a superior material owing to its high saturation velocity and wide
bandgap.

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

FBrvsat

Vi < , 1.5
frVer < —— (1.5)

10° ;
@ 5
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S, .
=
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o
Q
> 10’ E
= ]
T :
c 1
2 |
3
o . 1
L /

6 i L diiil W R A RS di i b iidl
10
10 10° 10° 10° 10°

Electric field [V/cm]
Figure 1.5: Relation between drift velocity and electric field obtained by Monte Carlo

simulation [16].
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where fr is cut-off frequency and Vg, is breakdown voltage. Figure 1.6 shows the
relation between Vg, and fr; it is clear that GaN is superior than Si or GaAs in
both breakdown voltage and cut-off frequency. GaN-based FETs are expected to
have high-speed and high-power applications such as power amplifiers for cellular
base station, satellite communication, and automotive radar system [17-19], where
operating frequency > 10 GHz with high-power output.
The other FoM is Baliga’s, which is given by
%

on

ekl > (1.6)

where €y is the vacuum permittivity, k is the dielectric constant of the semicon-
ducting material, and R,, is the on-resistance. The relation between R, and V},
for several semiconductors is depicted in Fig. 1.7. Baliga’s FoM is used to rate the
suitability for power-switching applications. Such applications require moderate
speed and higher power compared to these of wireless-communication applications.
It is clear that GaN with relatively low R,, at high Vg, is advantageous than other
semiconducting materials. Power-switching electronics such as Si-based vertical
type MOS (metal-oxide-semiconductor) FETs used in power supply of servers or
personal computers, and Si-IGBT (insulated gate bipolar transistor) used in elec-

tric vehicles or hybrid cars, are expected to see appearance of GaN-based devices

120].
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From the above discussion, GaN is expected to break through the speed-power
trade-off to realize high-speed and high-power devices. Moreover, GaN can form
a heterojunction with AlGaN for higher-speed operation. AlGaN is grown pseu-
domorphically with a tensile strain to match the lateral constant of Ga-face GaN,
which induces spontaneous and piezoelectric polarization effects [21, 22]. The
spontaneous polarization comes from an intrinsic asymmetry of the bonding in
equilibrium wurtzite crystal structures of AIN and GaN; and the piezoelectric po-
larization comes from mechanical stress, i.e. tensile or compressive strain of AlGaN
and GaN layers. These two effects form a two-dimensional electron gas (2DEG)
with high concentration at AlIGaN/GaN heterointerface as shown in Fig. 1.8 [22].
Typically, Al composition of 20-30% gives a 2DEG concentration ~ 10 cm™2,
which can be utilized as the channel for AlGaN/GaN heterojunction FETs for
high-speed and high-power applications [23]. However, high gate leakage current
despite of wide band gap [24-27] and current collapse due to surface electron
trapping [28-30] still occur in Schottky AlGaN/GaN FETs.

In order to solve these problems, GaN-based metal-insulator-semiconductor
(MIS) devices have been investigated according to the advantages of gate leak-
age reduction [27] and passivation to suppress the current collapse [28-30], whose

schematics is shown in Fig. 1.9. Many types of the gate insulators have been in-
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tensively investigated, which are oxides such as Al,O3 [31-35], HfO4 [36, 37], TiO,
38, 39], AISiO [40], nitrides such as AIN [41-45], BN [46, 47], and oxynitrides such
as TaON [48], AION [49], and so on. In any cases, understanding and controlling
the insulator/semiconductor interface is indispensable for the development of the
MIS device technology. In addition to the problem of device instability caused

by the interface traps [50], effects of the interface fixed charge are critical issues.

passivation to
gate insulator suppress collapse

"""" GaN T

Figure 1.9: A schematic cross section of GaN-based MIS devices.
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Figure 1.10: The positive interface fixed charge at insulator-semiconductor interface.

Figure 1.10 shows that, when an insulator is deposited on a negatively polarized
GaN-based semiconductor surface, a positive interface fixed charge tends to be
generated and neutralizes the polarization charge [51-58]. The positive interface
fixed charge has significant impact on the threshold voltages. V;;, is a linear func-

tion of the insulator thickness d;,s whose slope depends on the positive interface

Threshold Insulator thickness
voltage ins [NM]
Vin [V] >

low-density positive
interface fixed charges

high-density positive
wce fixed charges
(a)

Metal Insulator AlGaN Metal Insulator AlGaN
E g omseseseass e or InAIN or InAIN

o

(b) (c) -

Figure 1.11: (a) Vi as functions of dj,s. Theoretical band diagram of GaN-based MIS

+++++++

devices when the positive interface fixed charge density is (b) high and (c) low.
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Figure 1.12: Some methods to realize normally-off operations in AlGaN-GaN MIS-
FETs.

fixed charge density, as shown in Fig. 1.11(a). If the density of the positive fixed
charge is high, forming a band diagram shown in Fig. 1.11(b), V4, becomes more
negative as dj,s increases, which is unfavorable for the device applications. On the
other hand, if the density of the positive fixed charge is low, the electric field inside
the insulator can be reverted as shown in Fig. 1.11(c), which leads to a positive
slope in Vjy-d;,s relation. In other words, V;, will be more positive when d,¢ in-
creases, which is favorable for the device applications. Thus, there is a possibility
that the threshold voltages can be controlled by controlling the positive interface
fixed charge density, which is called “interface charge engineering” [55].

Due to the existence of the 2DEG, AlGaN/GaN MIS-FETSs are conventionally
normally-on devices. However, there are many applications in which normally-off
devices are desirable for fail-safe operations. Towards realization of normally-off
AlGaN/GaN devices, several methods, such as partial gate recess [59], full gate
recess [60], fluoride plasma treatment [61], p-type (Al)GaN capping [62, 63], se-
lective electro-chemical oxidation [64], and fin-structure formation [65], have been

investigated. These methods are illustrated in Fig. 1.12. Among these methods,
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Figure 1.13: Schematic diagram for the full gate recess (left) and partial gate recess

(right).

the gate recess method, in which the device layer under the gate electrode is etched
in order to deplete the 2DEG, is usually employed. The method is divided intro
two cases: one is full recess, etching down to the GaN layer, another is partial
recess, etching with a remaining AlGaN layer, which are schematically shown in
Fig. 1.13.

For the full recess method, although high threshold voltage can be obtained,
the etching-damaged interface can directly degrade the channel electron transport
properties, leading to a high on-resistance and low output currents. On the other
hand, the partial recess method is more suitable to obtain normally-off operations
with high output currents and a low on-resistance. However, due to the existence
of the positive interface fixed charge, the threshold voltages are shifted negatively
as illustrated in Fig. 1.14. In the case of fully-recessed Al;O3/GaN MIS-FETs, the
measured Vi, ~ 2 Vin Fig. 1.15(a), which is low in comparison with the theoretical
value of 10 V calculated in Fig. 1.15(b), owing to the high-density positive interface
charge around the middle of 10'® cm™2 [51, 56]. In the case of partially-recessed
Al,O3/AlGaN/GaN MIS-FETs, a thin remaining AlGaN layer < 2 nm is often
required owing to such a high-density positive interface fixed charge [66]. Such
a thin-remaining AlGaN layer can also have the transport properties degraded
by scattering due to the interface. Therefore, if the interface charge engineering
succeeds to suppress the positive interface fixed charge, we can realize normally-off

devices using partial gate recess with a thicker remaining AlGaN layer, exhibiting
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Figure 1.14: The interface fixed charge can shift the threshold voltage negatively, from
high values to low values, or even to negative values in case of partial recess with a thick

remaining AlGaN thickness.

good electron transport properties.
On the other hand, electrical noise is fundamental problem in science and en-

gineering, because noise directly affects the device/instrument performances by

4 Ni  AlLO, GaN
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Figure 1.15: (a) Threshold voltages of fully-gate-recessed AlaO3/GaN MIS-FETs. (b)
Theoretical band diagram of the MIS-FETs, showing a threshold voltage of 10 V [67].
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Figure 1.16: Noise power spectral density (PSD) as a function of the frequency f.

limiting the measurement accuracy and the magnitude of detectable signals. In
particular, the device noise characteristics are strongly influenced by the semi-
conductor materials themselves, and also their interfaces. Midgap deep levels
including interface deep levels can trap/detrap electrons, leading to fluctuation
in the carrier-number and also the mobility. These fluctuations give the noise to
the signals (current or voltage) in the devices. Depending on the frequency f,
noise can be classified as thermal noise whose power spectral density (PSD) is
independent of f, generation-recombination (g-r) noise which is bumpy at specific
frequencies, and 1/f noise whose PSD is inversely proportional to the frequency.
These types are illustrated in Fig. 1.16. Low-frequency noise is the noise at low
frequencies, usually below 10 kHz. In this range, g-r noise and 1/ f noise dominate
the PSD. The 1/f noise PSD always increases with a decrease in the frequency,
thus it becomes the most significant noise source at very low frequencies. On the
other hand, the g-r noise bumps caused by midgap deep levels with specific time
constants can interfere with the device operations. Moreover, the signal-to-noise
ratio (SNR), which indicates the reliability of the signal processing of a device
(the higher the ratio, the better the signal), becomes smaller when the device size
reduces [68], hence the low-frequency noise becomes a major concern for nano-
device technologies. Therefore, understanding and overcoming the low-frequency

noise problems are important for the future of electronic devices and circuits.
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In AlGaN/GaN MIS-FETSs, there are imperfections such as threading dislo-
cations, bulk deep levels, and interface deep levels, in particular at insulator-
semiconductor interface. These imperfections can cause electron scattering and
electron trapping/detrapping, which can influence the low-frequency noise. More-
over, in gate-recessed AlGaN/GaN MIS-FETs, the insulator/etched-(Al)GaN in-
terface and the insulator near to the 2DEG channel can lead to electron scatter-
ing, degrading the channel electron mobility. Furthermore, the deep levels can
trap/detrap electrons from the 2DEG, causing current fluctuations. These effects
can enhance the low-frequency noise, limiting the device applications. Therefore,
understanding the low-frequency noise in gate-recessed AlGaN/GaN MIS-FETs

can help improving the device performances.

1.3 Purpose of this study

Aluminum titanium oxide AL, Ti,O (AlITiO), an alloy of Al,O3 and TiO,, is an
useful insulator because its physical properties can be controlled by controlling its
composition. In this study, for AITiO/AlGaN/GaN MIS devices, we systemati-
cally investigated the positive interface fixed charge depending on the composition
of AITiO obtained by atomic layer deposition. We evaluated the positive inter-
face fixed charge density from the insulator-thickness dependence of the threshold
voltages of the MIS devices and found that interface charge engineering, i.e. the
ability to control the threshold voltages by controlling the positive interface charge
density, using AITiO gate insulator is possible for GaN-based MIS devices. More-
over, we combined interface charge engineering using AITiO gate insulator with a
partial gate recess method for AlGaN/GaN MIS-FETs and successfully obtained
normally-off operations with a high threshold voltage and good transport proper-
ties. In addition, employing X-ray photoelectron spectroscopy and low-frequency

noise characterization, we looked for physical insights at AITiO/AlGaN interface.
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1.4 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 interface charge engineering, and the purpose of this study.

Chapter 2 is the investigation of the interface charge engineering in non-
recessed AlTiO/AlGaN/GaN MIS devices. We show the fabrication process of
the MIS devices and evaluate the positive fixed charge density at AITiO/AlGaN
interface depending on AITiO composition. Furthermore, we look for the relation
between the positive fixed charge and the bonding states of the metals at the
AITiO/AlGaN interface by employing X-ray photoelectron spectroscopy.

Chapter 3 is the investigation of the interface charge engineering in partially-
gate-recessed AlTiO/AlGaN/GaN MIS devices with a rather thick remaining Al-
GaN layer. As a result, we obtained a normally-off MIS-FETs with good device
performances.

Chapter 4 is the investigation of the low-frequency noise in non-recessed and
partially-recessed AlTiO/AlGaN/GaN MIS devices. We found two trap levels
in AITiO insulators which is independent of AlGaN thickness. Furthermore, a
decrease in the remaining AlGaN thickness leads to an increase in the noise mag-
nitude.

Chapter 5 concludes this work and discusses the future perspective of the work.



Chapter 2

Interface charge engineering in
non-recessed AlGaN/GalN MIS

devices using AlITiO insulators

It has been reported that for AlIGaN/GaN MIS devices, employing Al, Ti, O (Al-
TiO) gate insulators with a composition of x/(z 4+ y) = 0.73 leads to a suppressed
positive interface fixed charge density in comparison with Al,O3 gate insulators
[69]. The result indicates that AITiO can be applied for interface charge engineer-
ing since its physical properties can be controlled via its composition. Therefore,
in this chapter, for non-recessed AlGaN/GaN MIS devices, we investigate inter-
face charge engineering using AlTiO insulators by systematically evaluating the
insulator-semiconductor interface fixed charge density depending on the composi-

tion of AITiO obtained by atomic layer deposition (ALD).

2.1 Properties of AITiO deposited by ALD

Figure 2.1 shows the relation between band gap E, and dielectric constant % for
several insulators, which exhibits a trade-off (the dashed line) between E, and k.
For examples, Al,O3 has a large E, (~ 6.8 €V), but not so high & (~ 9); on the
other hand, TiOy has a very high k£ (=~ 60), but small E, (~ 3 eV). For a gate
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Figure 2.1: Band gap versus dielectric constant k for several insulators.

insulator, it is desirable to have both high & and large E,. Therefore, AITiO (alu-

minum titanium oxide) [69-73], an alloy of Al;O3 and TiO,, can have immediate

properties between them, which is useful not only for energy gap engineering and

dielectric constant engineering, but also for balancing k& and E,. Furthermore,

many other properties of AITiO can be controlled by controlling it composition,

as shown in Fig 2.2.

The AITiO gate insulators are deposited by ALD. The precursors are trimethyl

TiO, AITIO
E; _
e -
Eg 3.0eV
~—y
E; e
k ~ 60 -
F..[MVicm] 2.1 e
x[W/Km] ~10 .

Figure 2.2: Properties of AITiO can be controlled between TiOg and AlyOs.

Al,O,

6.8 eV

~30



Chapter 2 Interface charge engineering in non-recessed AlGaN/GaN MIS... 20

(a)

Figure 2.3: Chemical structures of (a) TMA and (b) TDMAT [74].

aluminum Al(CHs)s (TMA), tetrakis dimethyl amino titanium Ti[N(CHj)s]s (TD-
MAT) and water HoO. Figure 2.3 shows the chemical structure of the two precur-

sors. The reactions between the precursors are

2A1(CH3)3 + SHQO — A1203 + 6CH4

The deposition of AITiO is carried out as follows. [-cycle of TMA-H50 is at first
introduced into the ALD chamber, forming a cluster of Al;O3 on the semiconductor
surface, followed by m-cycle of TDMAT-H,0, forming TiOs. This step is defined
as one cycle-set, as shown in Fig. 2.4. Thus, the AITiO composition and thickness
can be modulated through the (I,m) combinations and the number of cycle-sets,
respectively.

It should be noted that the full expression of AITiO is Al,Ti,O, not Al, Ti;_,0.
It is due to the fact that AITiO is an alloy of Al,O3 and TiO,, so we can express
AlTiO as (AlyO3),(TiO2),, or Aly,Ti,Os,10,. We can see that the sum of the
number of Al atoms and Ti atoms is not equal to the number of O atoms. In
order to estimate the composition of Al,Ti,O, we employed X-ray photoelectron

spectroscopy (XPS). Figure 2.5(a) shows XPS spectra of Al,Ti,O films with dif-

| l-cycle TMA-H,O |
} one cycle-set
[ m-cycle TDMAT-H,O |

Figure 2.4: Deposition procedure for AITiO.
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Figure 2.5: (a) XPS spectra of Al,Ti,O thin films with different combinations of (I, m).

(b) Relation between the composition z/(z + y) and (I, m), showing a linear relation.

ferent combinations of (I,m). From the data, the peak intensity ratio between
(Al2s, Al2p) and (Ti2p, Ti3s, Ti3p) are calculated and plotted in Fig. 2.5(b).
The graph shows a linear relation between Al composition ratio x/(z + y) and
2.71/(m + 2.71), giving the expression of the composition based on (I,m) to be
x/y =~ 2.7l/m. From here on, the Al composition ratio x/(z + y) will be referred
as the AITiO composition.

The thickness and refractive index at 630 nm of AITiO films are measured by
ellipsometry, which are shown in Fig 2.6(a) and (b), respectively. The AITiO re-
fractive index systematically changes depending on the composition as expected.
We obtain a stable deposition rate for each AITiO composition, which is summa-
rized in Table 2.1. From the deposition rate of Al,O3 and TiO,, we determine

that 0.3 monolayers and 0.2 monolayers are deposited for [ = 1 and m = 1, re-
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Figure 2.6: (a) The thickness and (b) the refractive index at 630 nm of AITiO films

obtained by ellipsometry.

spectively. Therefore, with these combinations of (I,m), less than 1 monolayer is

deposited per cycle-set, so the insulator is an alloy, not a super-lattice structure.

Table 2.1: Deposition rate for each AITiO composition.

(I, m) | z/(x +y) | Deposition rate [nm/cycle-set]
(1, 0) 1.0 0.09
3,1) | 089 0.40
2,1) | 084 0.31
(1,1) | 073 0.22
(1,2) | 057 0.37
(1,3) | 047 0.49
(1,5) | 035 0.74
0, 1) 0.0 0.13
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Figure 2.7: XPS Ols EELS spectra for each AITiO composition.

In order to estimate the energy gap, we employed electron energy loss spec-
troscopy (EELS). Figure 2.7 shows the EELS spectra plotted as functions of the
relative binding energy to the Ols peak. The estimated E, as a function of the
AITiO composition is shown in Fig. 2.8. As expected, E, systematically decreases
with a decrease in the composition. For x/(z+y) = 0.35 composition, £, >~ 5 eV,
close to the energy gap of AlGaN (4.2 eV), which may not enough for a gate insu-
lator. We consider that AITiO with even smaller composition is not suitable for

a gate insulator.
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Figure 2.8: I, obtained by EELS as a function of the composition.

2.2 AITiO/AlGaN/GaN MIS device fabrication
process

In order to investigate the positive fixed charge at AITiO/AlGaN interface, we
fabricated AITiO/AlGaN/GaN MIS-capacitors. The fabrication process started
from an Aly24Gag 76N (20 nm)/GaN (3000 nm) heterostructure grown by metal-
organic vapor phase epitaxy on sapphire(0001), whose schematics is shown in
Fig 2.9. The electrical properties of the heterostructure are: the sheet resistance of
580 /0, electron sheet concentration of 7.8 x 1012 ecm ™2, and electron mobility of

1400 cm?/V-s. The process flow of the MIS-capacitors is shown in Fig. 2.10. First,

Alg 24Gag 76N (20 nm)

GaN (3000 nm)

Buffer layer

Sapphire(0001) (550 mm)

Figure 2.9: The schematics of Aly24Gag 76N heterostructure.
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Ohmic Insulator

Figure 2.10: Process flow of the MIS-capacitors. (a) Ohmic electrode formation. (b)

Insulator deposition. (c¢) Gate electrode formation.

the Ohmic electrodes were formed on the AlGaN/GaN substrates. Then AITiO
gate insulators were deposited by ALD with several compositions and thicknesses.
Finally, gate electrode formation completed the fabrication process. Each process

will be discussed in details in the following sections.

Ohmic electrode formation

The process flow of the Ohmic electrode formation is shown in Fig. 2.11. Start-
ing from a 4-inch wafer, 6 x 6 mm rectangular samples were cut. Then wet
surface treatment was carried out by using organic solutions such as acetone,
methanol, and deionized water (DIW) for 3 minutes, followed by O, plasma treat-
ment at 50 Pa, 10 W, and 4 minutes to fully remove organic impurities on the
sample surface. After that, the samples were put in a semico-clean solution in 5
mintues, which is a dilute solution of tetramethyl ammonium hydroxide (TMAH),
or N(CHs)4OH to remove oxide layer at the surface, then washed in DIW for 3
minutes.

Before carrying out resist coating process, the samples were baked at 110 °C to
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Figure 2.11: Process flow of the Ohmic electrode formation. (a) Surface treatment.
(b) Resist coating. (c) Patterning. (d) Development. (e) Metal deposition. (f) Lift-off.

(g) Annealing.

remove remaining water. Lift-off resist LOL2000 was coated at 3000 revolutions
per minute (rpm) in 60 seconds, which gives a thickness of 0.2 um, followed by a
180-second baking at 180 °C to harden the resist layer. After that, positive resist
TSMR-8900 was coated at 4000 rpm in 60 seconds, which gives a thickness of
1 pm, and baked at 110 °C in 90 seconds.

Next, the coated samples were exposed to laser light using maskless aligner
(MLA). The laser wavelength is 405 nm with a power of 140 mJ/cm?. Then
the samples were developed in TMAH for 50 seconds, and washed in DIW for 3
minutes. Again the samples were treated by Oy plasma at 50 Pa, 10 W, and 1
minute to remove remaining resist, followed semico-clean solutions in 5 minutes
to remove oxide layer formed after long time exposure in the air.

The coated samples were then put inside resistance heating evaporator (RHE)
chamber. After 4 hours vacuuming, the pressure was at the low of 10~* Pa. Then
Ti/Al/Ti/Au metals were deposited with the thickness of 5/100/200/50 nm.

After metal deposition, the samples were dipped in a resist remover, 1-methyl-
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Figure 2.12: Process flow of the insulator deposition. (a) Surface treatment. (b)

Insulator deposition. (¢) Post-deposition annealing.

2-pyrrolidinone-based solution (commercial name: 1165), at 60 °C in 15 minutes.
After removing the unnecessary metal parts, the samples were cleaned by wet
surface treatment.

The last process was annealing in Ny atmosphere at 575 °C for 5 minutes to

make the Ohmic contact between metal and semiconductor.

Insulator deposition

The process flow of insulator deposition is shown in Fig. 2.12. Before introducing
into ALD chamber, the samples were cleaned with the similar surface treatment
as in the Ohmic formation process. To determine the insulator’s thickness and re-
fractive index, GaAs reference samples were put together. The Al,Ti,O insulators
with several compositions and thicknesses were then deposited. After that, post-
deposition annealing in Ho-mixed (10%) Ar atmosphere at 350 °C for 30 minutes

was carried out.

Gate formation

The process flow of the gate formation is shown in Fig. 2.13. Same surface treat-
ment for the samples was carried out before resist coating process. Because TMAH
can dissolve AlITiO, semico-clean treatment was omitted. For resist coating, ad-
dition layer is needed to protect AITiO films from development process. Thus,
we employed electron beam resist GL2000, which cannot be dissolved by TMAH.
The resist GL2000-M was coated at 4000 rpm in 60 seconds, which gives 0.3 um,
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Figure 2.13: Process flow of the gate formation. (a) Surface treatment. (b) Resist
coating. (c) Patterning. (d) Development. (e) Oz plasma treatment. (f) Gate metal
deposition. (g) Lift-off.

followed by a baking at 180 °C in 180 seconds. The lift-off resist LOL2000 and
positive photoresist TSRM8900 were coated similarly in the Ohmic process.

After exposure by MLA and development by TMAH with the same condition,
only GL2000 was left at the exposed area as shown in Fig. 2.13(d). To remove
the resist, Oy plasma treatment was employed at 30 Pa, 20 W, 6 minutes. The
samples was then loaded into RHE chamber. The gate metal Ni/Au with the
thickness of 5/100 nm was deposited.

Due to the additional layer of electron beam resist, the samples were kept in the
resist remover solution for longer time, about 1 hour, to fully dissolve all the resists.
Finally, surface treatment was carried out in acetone, methanol, and DIW in 3 min-
utes to complete the process. We successfully fabricated Al,Ti,O/AlGaN/GaN
MIS-capacitors whose schematics and top view are shown in Fig. 2.14. In this
chapter, we employed eight compositions of Al,Ti,O: z/(x +y) = 1.0, 0.89, 0.84,
0.73, 0.57, 0.47, 0.35, and 0.0.
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Figure 2.14: The schematics (the left image) and top view (the right one) of the
Al,Ti,O/AlGaN/GaN MIS-capacitors.

40 pm

2.3 AITiO/AlGalN/GalN MIS device characteri-

zation

2.3.1 Electrical characterization

Figure 2.15 shows the I-Vg characteristics of the Al,Ti,O/AlGaN/GaN MIS-
capacitors for each composition and insulator thickness. As expected, except for
x/(x+y) = 1.0 composition, Al;O3 case, the leakage currents at the negative bias
are almost at the same order with 0.0 composition, TiOy case. On the other hand,
the leakage currents at the positive bias increase as the composition decreases,
owing to the fact that the energy gap of AITiO also decreases with the decrease
in the composition.

Figure 2.16 shows the C-Vg characteristics of the Al,Ti,O/AlGaN/GaN MIS-
capacitors for each composition and insulator thickness. The gate voltage sweep
is from 0 to —10 V under the frequency of 1 MHz with a sweep rate of 0.36 V/s.
By integrating C' as a function of Vi, we obtain the sheet concentration of the
2DEG ng under the gate as shown in Fig. 2.17, from which the threshold voltage
Vin can be determined at ng = 0 by linear fitting of ns-Vg relation.

Figure 2.18 shows the theoretical band diagram of Al,Ti,0/AlGaN/GaN MIS-

capacitors, assuming the positive interface charge. From this, we obtain
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Figure 2.16: C-Vg characteristics of the Al,Ti,O/AlGaN/GaN MIS-capacitors for

each composition and insulator thickness.

using the elementary charge ¢ > 0, the vacuum permittivity €g, the dielectric con-
stants ki,s and kajgan, the metal-AlTiO barrier height ¢, the AITiO-AlGaN con-
duction band offset ¢, the AlGaN-GaN conduction band offset AFE,, the positive
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each composition and insulator thickness.

interface fixed charge density oy,s, the AlGaN polarization charge density oaigan,

the GaN polarization charge density ogan, and the 2DEG Fermi energy Ep de-
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Figure 2.18: Theoretical band diagram of the Al,Ti,O/AlGaN/GaN MIS-capacitors.

fined in Fig. 2.18. These equations are derived in Appendix A. Using Eq. (2.1),
the measurement results can be analyzed.

The capacitance C' is calculated by 1/C = 0V /0ng. From Eq. (2.1), taking
differential of both sides with respect to ns, we obtained the capacitance Cj at

zero bias, i.e. Vg =0 V:

1 o dins dAlGaN

— = . 2.2
C’0 kins €0 kAlGaN €0 ( )

Figure 2.19(a) shows the measured 1/Cy as functions of dj,s, showing the linear
relation (2.2). From the fittings, we estimated dielectric constants kajgan =~ 10,
and kiys depending on the AITiO composition which is summarized in Fig. 2.19(b).
As expected, ki, increases with a decrease in the Al composition ratio, i.e. with
a increase in the Ti composition ratio, since the dielectric constant of Al,Og is
smaller than that of TiO,. Figure 2.20 shows the correlation between E, and k for
the obtained AITiO insulators, illustrating the trade-off. This behavior confirms
that we can control AITiO insulator properties by controlling its composition,
which is useful to balance F, and k.

At the threshold voltage Vg = Vi, since ng = 0 and Er = 0, the relation (2.1)
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gives

Ao-ins Ao a
Vin = — s — —29N G Gan + Y/q, (2.3)
Eins€o kaigane€o

where Aoins = Oins — 0can and ACalgaN = TAlGaN — Ogan. Since Vi, is a linear
function of di,s with a slope of —Aoyns/(kins€o), Aoins can be evaluated by the
slope of Vi,-diys relation. Figure 2.21 depicts the measured Vi, as functions of dj,
showing the linear relation (2.3), which indicates that V4, is dominated by the
positive interface fixed charge (the bulk charge in AITiO has insignificant effect).
We find a trend that, as the AITiO composition decreases, the slope of Viy-diys
relation is positively shifted, suggesting that Aoy, is reduced, i.e. the positive
interface fixed charge density oy, is suppressed. In addition, we observe almost

flat Vip-dins lines below z/(x + y) = 0.73 composition, indicating that the positive
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interface charge density is not further suppressed for lower compositions.

From the fitting of Vij,-dins using relation (2.3), we obtain Aoy,s/q as shown in

Fig. 2.22(a). Even though Aoy, is obtained experimentally, in order to evaluate

Oins, the values of ogan and oajgan are required. If we assume ogan/q = 2.1 X

10" em™2 and o a1gan/q = 3.25x 1012 em ™2 for Alg2,Gag 76N [22, 75-78], we obtain

Fig. 2.22(b) plotting oy, as function of the composition z/(x+vy), where the black

dotted line corresponds the neutral AITiO/AlGaN interface. We find a trend that,

Figure 2.21: Vj

fitting lines.
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with decrease in the Al composition ratio, i.e. increase in the Ti composition
ratio, the positive interface fixed charge density decreases and the AITiO/AlGaN
interface becomes more negatively charged, while the trend is saturated below
xz/(x +y) = 0.73 composition. Moreover, in the previous report, we evaluated
oins for Alg97Gag 73N (7 nm)/ n-Alg27Gag 73N (20 nm, Si doping concentration of
2x 10" cm™3)/ Alp27Gag 73N (3 nm)/ GaN (3000 nm) [72] using AITiO insulators.
Interestingly, we find that, for both structures of AlGaN/GaN employing AITiO
with low compositions, although the saturated values of oy, are different, the

saturated values of Aoy,s =~ 0, leading to the flat behavior of Vi,-d;,s relation in

both cases.



Chapter 2 Interface charge engineering in non-recessed AlGaN/GaN MIS... 37

Nso [10'% cm™]

5 20 25 30 35
Thickness di,¢ [nm]

Figure 2.23: ny of the Al,Ti,O/AlGaN/GaN MIS-capacitors as functions of dins with

fitting curves.

The 2DEG density at Vi = 0 is given by

AO_insdins/a{:inng) + AO—AlGaNdAlGraN/(]'{;Al(}aNEO) - @D/q

Ngy ™~ 2.4
11s0 dins/(kinse()) + dAlGaN/(kAlGaNEO) ( )
It should be noted that the derivative is given by
Ongo Co
~ A ins — MNso ), 2.5
adins kins£0< 7 /q " 0) ( )

whose sign depends on the difference between Aoy, /g and ng. Figure 2.23 depicts
the experimental ng-di,s with fitting curves using relation (2.4). According to
(2.5), ng is an increasing function of dy,s for x/(x + y) = 1.0, a flat function for
0.89 composition, and a decreasing function for x/(x + y) < 0.84.

Using the experimental results, we estimated the band diagrams of the Al-
TiO/AlGaN/GaN MIS-capacitors using Poisson-Schrédinger calculation. For the
calculation, the metal-AlITiO barrier height ¢ and the AITiO-AlGaN conduction
band offset ¢ are needed. Using the electron affinities ~ 1.9 eV for ALD-deposited
Al,O3 [79] and ~ 4.0 eV for ALD-deposited TiO; [80], we can assume the Al,Ti, O
electron affinity is a linear function of the composition, from which we can derive
the AITiO electron affinity ~ 4.0 — 2.1z /(x 4+ y) eV. If there is no vacuum level
discontinuity at the AITiO/AlGaN, the AlGaN electron affinity ~ 3.5 ¢V (the
GaN electron affinity ~ 4.1 eV) leads to the AITiO-AlGaN conduction band offset
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Figure 2.24: AlTiO/AlGaN conduction band offset ¢ estimated from the electron

affinity.

p~z/(x+y)x21eV—05eV, as shown in Fig. 2.24. Since we experimentally
obtained ¢ — ¢ from the Vjy,-d;,s fitting based on (2.3), ¢ can be obtained by using
the above ¢. The estimated values of the positive interface fixed charge density
Oins, the metal-AlTiO barrier height ¢, and the AITiO-AlGaN conduction band
offset ¢ for each AlTiO composition are summarized in Table 2.2. From these, we
obtained the calculated band diagrams shown in Fig. 2.25 for a typical insulator
thickness of 20 nm. We find that the suppression in oy, can revert the electric
field inside the insulator, shifting the threshold voltage positively. If the positive
interface fixed charge can be further suppressed, normally-off operations can be

realized.

Table 2.2: Estimated values of oy, ¢, and ¢ for each AITiO composition.

t/(x+y) | os/q [10% cm?] | 6 [eV] | o [eV]
1.0 3.3 4.6 1.7
0.89 3.2 2.3 1.5
0.84 2.7 1.5 1.4
0.73 2.3 1.6 1.1
0.57 2.1 2.2 0.8
0.47 2.1 2.2 0.6
0.35 2.1 2.1 0.3
0.0 2.0 1.3 -0.5
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Figure 2.25: The band diagrams of the Al,Ti,O/AlGaN/GaN MIS-capacitors ob-

tained by Poisson-Schrodinger calculation. The blue-dotted lines indicate Fermi level.

2.3.2 Interface state analysis

The measured positive fixed charge at AITiO/AlGaN interfaces could be the sum

of positive and negative charge, where an electron at the deep interface state
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Figure 2.26: (Left) The equivalent circuit of the MIS capacitor. (Right) The measured

circuit.

could act as a negative charge due to a very long time constant. Therefore, the
difference in the positive interface fixed charge density for each AITiO composition
might come from the difference in the AITiO/AlGaN interface state density for
each composition. In order to investigate the relation, we carried out conductance

method to estimate the interface state density at AITiO/AlGaN interfaces.

Conductance method

The conductance method was carried for the MIS capacitors, whose equivalent
circuit is shown in Fig. 2.26(left), where Cj is the insulator capacitance, Cs is the
semiconductor capacitance, G; is the interface conductance, and C} is the interface
capacitance. When we carry out C-V measurements, the equivalent circuit will
be transform into the measured circuit shown in Fig. 2.26(right), where C,, and
G, are the measured capacitance and conductance, respectively. Therefore, we

have the total impedance given by

1 1
Z = ivalent circuit
jwCy " JwCs + jwCi + G (equivalent circult) (2.6)
1 .
= w1 O (measured circuit).
Thus,
1 o 1
Jjw(Ce+ C) +Gi jwCm+ G jwCy 2.7)

_ jW(C() - Cm) - Gm
~ (jwCm + Gm)jwCy
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As a result,

jw(CS + Cl) + Gl - ju}(OO o Cm) _ Gm
(—w?CoCh + jwCoGm)[jw(Co — Crn) + G

== — 2'8
WQ(CO - Om)2 + Gn12 ( )
. w2<00 — Cm)COGm + CL)QC()Cme 1ix
B WZ(CO - Cm)2 + Gm2 J
Equating two sides for Eq. 2.8 and extracting the real part, we obtain
. 2
G____uGiG, 29

w  w?(Cy—Cn)?+Gn?’
from which we can calculate the interface state conductance from the measurement
data.
Moreover, using the admittance of continuous interface states, which will be
derived in appendix B, we obtain
Gi  ¢Din(1 +w?r?)

2wt
2.10
¢ Djatan(wr) (2.10)

w
Ci = 3
wT

where ¢ is the electron charge, D; is the interface state density, 7 is the electron
trapping time, and w is the angular frequency. Equation 2.10 is the basis of the
conductance method. If we plot G;/w as a function of the measured frequency
f = w/2m, we will observe a peak as shown in Fig. 2.27. From the peak of

frequency-dependence Gj/w, we can calculate the interface density D; given by

Gi
— ~ 0.4¢°D;, (2.11)
w
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Figure 2.28: C-V measurements with different frequencies for the AITiO/AlGaN/GaN
MIS capacitors.

and electron trapping constant 7 given by

T=—. (2.12)

Frequency dispersion analysis of AITiO/AlGaN/GaN MIS

devices

Figure 2.28 shows the C-V measurements under different frequencies for the Al-
TiO/AlGaN/GaN MIS capacitors with the insulator thickness of 11 nm. We
carried out the measurement only for four compositions: x/(z + y) = 1.0, 0.73,
0.47, and 0.35. Using the experiment data, we extract Gj/w based on Eq. 2.9 and
plot as function of f in Fig. 2.29, exhibiting the form given by Eq. 2.10.

From the peak positions, we estimate the interface state density D; and the
electron trapping constant 7 based on Eq. 2.11 and Eq. 2.12. Figure 2.30 shows the

relation between D; at the AITiO/AlGaN interfaces and 7 for four compositions.
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pacitors.

The trapping constant is given by

E,.—FE
T = To €Xp (k’B—T) > (213)

where 7y is a time constant determined by the capture cross section of the trap, £

is the energy level of the trap below conduction band level E., kg is the Boltzmann

w

B

w
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-..
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2 2 =047
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n

Figure 2.30: The relation between the interface state density D; and the electron

trapping constant 7 for each composition.
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composition.

constant, and T is the temperature. Although 7y is ambiguous, assuming a wide
range of 7o = 1 —100 ps, we can estimate F, — E. As a result, we obtain Fig. 2.31,
showing D; as functions of E. — F.

Figure 2.31 indicates a very similar shallow interface state density D; ~ 2x 1013
cm~2eV~! at the AITiO/AlGaN/GaN interfaces for four compositions. This sug-
gests that deep interface state densities are also similar, since interface states
generally have a U-shaped density of states, from the shallow interface state den-
sity above, we can expect a deep interface state density of < 10'® cm™2eV ! or less.
Therefore, at deep interface states, the generated negative charge density could be
~ 10" em~2. However, there is a difference between the positive interface fixed
charge densities for each composition as shown in Table 2.2, roughly ~ 1 x 10
cm ™2 as the Al composition decreases from x/(x +y) = 1 to 0.35. Thus, it is safe

to clarify that there is almost no correlation between the interface fixed charge
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Figure 2.32: The sample schematics for XPS measurement.

density and interface state density.

2.3.3 Material characterization

Although the mechanism of formation of the positive interface fixed charge is
not fully elucidated, there are some suggestions that the positive interface fixed
charge is generated due to a positively ionized donor at the oxide insulator-AlGaN
interface, where oxygen [51] or oxygen vacancy acts as the donor. In any cases in
which the positive fixed charge at AITiO/AlGaN interface is formed, the oxygen
bonding states could affect the formation of the positive interface fixed charge.
Therefore, we carried out X-ray photoelectron spectroscopy (XPS) to investigative
the bonding states at the AITiO/AlGaN interface. Because the inelastic mean free
path of electron ~ 2 nm for the photon energy of 1486 eV [81], samples with thin
AITiO thickness were prepared as shown in Fig. 2.32.

Figure 2.33 shows the wide scan spectra for three typical compositions of Al-
TiO, from which we can identify the peak positions of each element. Afterward,
high resolution scan for each peak was carried out. Due to the potential difference
between samples and detector, the spectra will be shifted. Thus, we calibrated
the peak positions by using C-C binding energy from Cls spectra. Figure 2.34
shows XPS spectra of Cls, illustrating different bonding states of carbon (C-C,
C-O-C, or O-C=0). The open 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 fixed the peak position of C-C at 284.8 eV, and used the shifting energy
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Figure 2.33: Examples of wide scan spectra of the samples.

to calibrate for other peak positions.

At AITiO/AlGaN interface, Al, Ti, and Ga bonding with O and N are impor-
tant to identify the origin of the positive interface fixed charge. Here we focus
on the chemical shifts of Al2p, Ti2p, and Ga3d because they are responsible for
chemical structures of AITiO and AlGaN. Figure 2.35, 2.36, and 2.37 show the
XPS spectra of Al2p, Ti2p, and Ga3d, respectively.

For each peak position, we assume that only N and O make the chemical bond
with each element, so each peak position was fitted with 2 Gaussian functions
corresponding to metal-O and metal-N binding energies. The parameters used for

fitting are summarized in Table 2.3. From the fitting, we can estimate the ratio of

Table 2.3: Peak position of each bonding state for fitting [82].

Bonding state | Peak position [eV] | Bonding state | Peak position [eV]
Al-N 73.5 Al-O 74.3
Ti-N 458.2 Ti-O 459.2
Ga-N 19.4 Ga-O 20.4
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Figure 2.34: XPS spectra of Cls.
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Figure 2.37: XPS spectra of Ga3d.



Chapter 2 Interface charge engineering in non-recessed AlGaN/GaN MIS... 49

100

80
60 | e © s T

40 | ® o "

Percentage [%)]
—

20
(a)

100

80 |
60 | o ®

40 .. ®

Percentage [%)]
—
[ X ]

20

100

80 | ®

40 ¢

Percentage [%)]
O
[ ]

20 [ ]

(c) . ) ) .
0 0.2 0.4 0.6 0.8 1
Al composition ration x/(x+y)

0

Figure 2.38: Percentage of O-related and N-related bonding states for (a) Al2p, (b)
Ti2p, and (c) Ga3d.

O-related and N-related bonding state for each metal by calculating the area ratio.
Figure 2.38 summarizes the percentage of O-related and N-related bondings with
the metals as functions of the AITiO composition. We find a trend that, with
a decrease in the composition, the percentage of O-related bond increases and
the percentage of N-related bond decreases. This behavior is expected for Ti2p

spectra, since more TiOy molecules are deposited at the interface for low com-
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positions. On the other hand, for low AITiO compositions, less Al;O3 molecules
are deposited and the number of Ga atoms is fixed. Thus we can conclude that
oxygen related bonding increases as the composition decreases.

Because the number of Ga atoms is independent of the AITiO composition,
the bonding state of Ga3d can attribute to the formation of the positive inter-
face fixed charge. Figure 2.39 plots relation between Ga-N percentage and Ga-O
percentage of Ga3d as functions of the positive interface fixed charge density ojps.
We observe a trend that with a decrease in the positive interface fixed charge
density, the Ga-N percentage decreases, i.e. the Ga-O percentage increases. This
suggests that incorporation of TiOs leads to an increase in the O-related bonding,
suppressing the interface fixed charge, although we do not know the mechanism

of this behavior. Further works are required to clarify this behavior.



Chapter 3

Interface charge engineering in

partially-recessed A1GalN/GaN
MIS devices using AlITiO
insulators and normally-off

operations

It has been shown in the previous chapter that AITiO is useful for interface charge
engineering owing to a trend that the positive AITiO/AlGaN interface fixed charge
is suppressed in comparison with Al,O3. Using 1D Poisson-Schrodinger calcula-
tion, we estimate the positive interface fixed charge density oy, needed to obtain
the indicated threshold voltages in the partially-gate-recessed AITiO/AlGaN/GaN
MIS devices using z/(x + y) = 0.73 composition as depicted in Fig. 3.1. The fig-
ure shows the benefits of utilizing interface charge engineering for normally-off
operations in AlGaN/GaN MIS devices; we can obtain high threshold voltages
with a thick remaining AlGaN thickness, resulting in a good channel electron
transport. Therefore, in this chapter, we investigate interface charge engineer-
ing in partially-gate-recessed AITiO/AlGaN/GaN MIS devices with a rather thick

remaining AlGaN layer.
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Figure 3.1: Estimated positive fixed charge density oj,s at AITIO (z/(z + y) =
0.73)/AlGaN interface depending on the remaining AlGaN thickness in order to ob-

tain the indicated threshold voltages for some insulator thickness.

3.1 AITiO/AlGalN/GalN MIS device fabrication
process employing partial gate recess method

The process flow of the partially-gate-recessed AlTiO/AlGaN/GaN MIS devices,
MIS-capacitors and MIS-FETs, is illustrated in Fig. 3.2. Starting from an Al-
GaN/GaN heterostructure, Ohmic electrodes were formed on the substrate. As
gate recess process, the AlGaN layer was etched by using electron cyclotron reso-
nance (ECR) nitrogen plasma. After that, AITiO deposition by ALD was carried
out. After a necessary device isolation, gate electrodes were formed, completed
the device fabrication.

Because the Ohmic electrode formation and insulator deposition processes are

the same with the previous chapter, I will omit them in the following sections.

Gate recess process

The process flow of the gate recess is shown in Fig. 3.3.
Surface treatment in acetone, methanol, and DIW for 3 minutes was carried

out before coating the resist. LOL2000/TSRM89000 were coated on the samples.
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Figure 3.2: Process flow of the partially-gate-recessed AlTiO/AlGaN/GaN MIS de-
vices. (a) AlGaN/GaN heterostructure. (b) Ohmic electrode formation. (c¢) Gate recess
by Ny plasma etching. (d) Insulator deposition. (e) Device isolation. (f) Gate electrode

formation.

After exposure by MLA and development by TMAH for 50 seconds, the samples
were loaded into ECR chamber.

Figure 3.4 illustrates a simplified schematics of the ECR system used for etch-
ing. The samples were put in the center of the sample stage, which can be rotated.
Nitrogen gas was introduced into the chamber, where it would be ionized to make
plasma. The ionized atoms were accelerated through an acceleration electrode,
and their density can be measured by Faraday cup. For the etching process,
we employed the acceleration voltage of 100 V, microwave power of 100 W, and
Faraday cup current density of ~ 0.3 mA /cm?.

Next, surface treatment was carried out by Oy plasma ashing at 50 Pa, 20 W,
and 10 minutes to remove fragments sticking to the resist edges during the etching
process. Then the samples were cleaned by semico-clean for 5 minutes, and DIW
for 3 minutes. Finally, the resist layers were removed by the resist remover.

After finishing the resist removal process, the etching depth and surface rough-

ness were measured by atomic force microscopy (AFM). Figure 3.5(a) shows a
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exposure

(d) (e)

Figure 3.3: Process flow of the gate recess. (a) Surface treatment. (b) Resist coating.
(c) Patterning and development. (d) Etching by N2 plasma. (e) Surface treatment and

resist removal.

linear relation between the etching depth d. and the etching time, from which
we obtain a stable etching rate of 1.8 nm/min. Moreover, the morphology of the
etched surface shown in Fig. 3.5(b) illustrates a smooth surface with the surface

roughness of 0.5 nm, which is not changed from that before etching. We consider

RF power  jcceleration electrode
MAX 100 W sample stage
Faraday cup /
& ]

ECR(2.45 GHz) [\

gas == plas

_T—_ / neutralizer
beam effective diameter: MAX 25 A

20 mm® (FWHM 35 mm)

Figure 3.4: A simplified schematics of the ECR system.
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Figure 3.5: (a) Etching depth d, as functions of etching time, showing linear relation.
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The inset shows an example of AFM measurement, from which we can estimate the

etching depth. (b) The morphology of the etched surface, showing a smooth surface.

that dry etching by ECR Ny plasma is advantageous for the gate recess method.

Device isolation

After the insulator deposition process, device isolation process was carried out.
The process flow of the device isolation is shown in Fig. 3.6.

After the usual wet surface treatment using acetone, methanol, and DIW for
3 minutes, 3 resist layers, GL2000/LOL2000/TSRM8900 were coated on the sam-
ples. After exposure by MLA and development by TMAH, the samples were baked
at 140 °C for 5 minutes to harden the TSRMS&8900 layer. Then, the samples were
treated by O, plasma at 30 Pa, 20 W, and 6 minutes to remove the GL2000 layer
on the exposed areas.

Next, the ion implantation process was carried out. Implant isolation is a
common method used in semiconductor device fabrication processes for inter-
device isolation [84]. The general ion implantation method is to cause damages
in the semiconductor crystal, resulting in the enhancement of electrical resistance
in the defined area between the devices. It was reported that the implanted ion
creates energy levels in or near mid-gap [85].

BT ion from BF3 gas was induced and implanted into the sample by accelera-
tion voltages of 30 keV, 50 keV, and 100 keV. The three-step implantation ensures

uniform distribution of ions upto a certain depth in GaN from the AlGaN surface.
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Figure 3.6: Process flow of the device isolation. (a) Surface treatment. (b) Resist
coating. (c) Patterning and development. (d) Oz plasma ashing. (e) Ion implantation.

(f) Resist removal.

Figure 3.7 obtained by SRIM/TRIM simulator [83] depicts the Bt concentration

distribution relation with depth and acceleration voltage, showing that ~ 300 nm

1021 = 1 ) ) 1 T 1 1
- AlGaN/GaN interface
o 30keV
20 o 50 keV A
102 E > 100 keV
o 30 keV+50 keV+100 keV]

Concentration [cm_d]
—_—
O_L
o

—

o
—_
(o]

1 01 78 1 ] P ] 1 1 -
0 50 100 150 200 250 300 350 400
Depth [nm]

Figure 3.7: The ion concentration as a function of depth and acceleration voltage [83].
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Figure 3.8: Deep level created by ion implantation.

from the AlGaN surface can be ion-implanted, even if we include the insulator
layer. The substitutional or interstitial BT ions can cause Al, Ga, N vacancies
which create deep levels that trap the carriers as shown in Fig. 3.8. As a result,
the implanted area has high electrical resistance. Such deep levels can absorb and
emit visible light with corresponding energy, causing the dark-yellowish look of the
wafer after the ion implantation. The ion source for implantation is not limited
to BT, O" and Fe™ are possible options [86, 87].

After that, resist removal was carried out. After dipping in resist remover for
30 minutes at 60 °C, the samples were treated by ultrasonic for 1 minutes to fully
remove the remaining resist. Finally, wet treatment using acetone, methanol, DIW

for 3 minutes completed the device isolation process.

Gate formation

The process flow is carried out similarly with that of the previous chapter. How-
ever, it has been reported that post-gate annealing (PGA) is beneficial for fully-
recessed Al,O3/GaN MIS-FETSs [88]. Therefore, we also conducted PGA at 400 °C
in Ny atmosphere for 10 minutes, and compare the results with the devices without

PGA.
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Figure 3.9: (a) Device size and (b) top view image of the partially-recessed Al-

TiO/AlGaN/GaN MIS-capacitors.

3.2 AITiO/AlGaN/GaN MIS-capacitor charac-
terization

In the previous chapter, we found a trend that a decrease in the AITiO composi-
tions leads to a decrease in the positive interface fixed charge density, as well as
decreases in the energy gap E, and the AITiO/AlGaN conduction band offset ¢.
Therefore, in this chapter, we employed three compositions: z/(z+y) =1.0 (k ~ 8,
E,~TeV, p~17¢eV), z/(x+y) =084 (k~10, B, ~6.3 eV, p ~ 1.4 V), and
z/(x+y) =0.73 (k ~ 13, E; ~ 6 eV, p =~ 1.3 eV), whose ¢ < 1 eV to avoid the
leakage. The device size and the top view image of the fabricated capacitors are
shown in Fig. 3.9(a) and (b), respectively, where the recessed area S; = 652 pm?
and the non-recessed area Sy = (70? — 65%) um? under the gate are surrounded by
the Ohmic electrodes.

Figure 3.10 shows the I-V( characteristics of the MIS-capacitors without and
with PGA for several insulator thicknesses. We find that PGA can effectively
suppress the leakage currents. In the negative bias, the current magnitude is
reduced to the same order for all the compositions, while the leakage in the positive
bias is suppressed ~ 10% orders lower compared to that for the devices without
PGA. Moreover, in case of Al;O3, PGA can improve the device operation, namely,

suppress current collapse at high bias.
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Figure 3.10: [-Vg characteristics of the MIS-capacitors.

Figure 3.11 shows the C-V characteristics of the MIS-capacitors at 1 MHz for
several AITiO insulator thicknesses, with the inset depicting the equivalent circuit
of the devices, where the capacitance of the recessed area S; are in parallel with
the capacitance of the non-recessed area S;. We observe a step-like behavior of the
C-Vq characteristics; the lower-voltage step corresponds to the threshold voltage
of the non-recessed area, whereas the higher-voltage step to that of the recessed
area. For z/(xz+y) = 1.0, additional steps are observed in the range of Vg 2 3V,
owing to the spill-over at the insulator/AlGaN in the non-recessed area, where

rather large overdrive voltages are applied due to the negatively large threshold
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Figure 3.11: C-Vg characteristics of the MIS-capacitors.

voltages. PGA can slightly mitigate the effect, in particular, for z/(z +y) = 0.73,

the spill-over effect is removed.

The 2DEG sheet concentration ng is obtained by integration of C' as a function

of Vi, as shown in Fig. 3.12 with two linear fittings corresponding to ng increases

in the non-recessed and recessed area. The threshold voltage of the non-recessed

area Vs is determined at ng = 0, while that of the recessed area V;; is obtained

by the intersection between the two fitting lines.

As previous shown, the threshold voltage Vi, of an AlGaN/GaN MIS device
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Figure 3.12: ng-V characteristics of the MIS-capacitors.

having an insulator/semiconductor interface fixed charge density oy, is given by

a linear function of the insulator thickness dj,s,

0GaN — Oins g aN — 0Ga
Vip = —o 08 g o — o G g can + (0 — @ — AEG) . (3.1)
Eins€o kaigan€o

Figure 3.13 shows the obtained threshold voltages as functions of di,s. Basically
we observe linear relations of Vj,-di.s, confirming that V4, is dominated by the
positive interface fixed charge. We find that, for the devices without PGA, Vi, is
shifted positively in the recessed area in comparison with that in the non-recessed

area. Even dj,s ~ 4 nm is not enough to achieve Vi, = 0, owing to the high-density
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Figure 3.13: The threshold voltage Vi, as functions of dij,s of the MIS-capacitors

without and with PGA for the non-recessed and recessed areas.

positive interface fixed charge. On the other hand, PGA can shift the threshold
voltages positively in both non-recessed and recessed areas compared to these in
the devices without PGA. In particular, we observe Vi, < 0 of the recessed area
for x/(z + y) = 1.0, showing that the AlGaN remaining thickness dajgan ~ 4 nm
leads to normally-on operations for Al,O3/AlGaN/GaN MIS devices; whereas for
x/(x +y) = 0.84 with dj,s < 26 nm and z/(x + y) = 0.73 with dj,s > 12 nm,
we obtain Vi, > 0, normally-off operations for AITiO/AlGaN/GaN MIS devices,
where a positive Vi,-diys slope is observed for z/(x + y) = 0.73.

From the fitting using the relation (3.1), we can directly obtain Acj,s = s —
ocan. Using the previous assumption in chapter 2, ogan = 2.1 x 10* cm™2, we
evaluate oy,s at the AITiO/AlGaN interface for the non-recessed and recessed area,
as summarized in Fig. 3.14, where the neutral AITiO/AlGaN interface is indicated
by the black dotted line. We find that, for the devices without PGA, there is

almost no difference between oy,s in non-recessed area and that in recessed area.
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Figure 3.14: oiys as functions of the composition of the devices (a) without PGA and

(b) with PGA. The black dotted line indicates neutral AITiO/AlGaN interface.

This indicates no additional charge was introduced by the gate recess process;
the threshold voltages in the recessed area are vertically shifted owing to the
smaller AlGaN thickness. On the other hand, we find that oj,, is suppressed for
all devices in both non-recessed and recessed areas if PGA was conducted. We
define o4y, = Oins (Without PGA) —ay,s (with PGA), namely the amount of positive
interface fixed charge density suppressed by PGA, and plot it as function of the
composition in Fig. 3.15. We find that while the effect of PGA for the non-recessed
area decreases with a decrease in the composition, PGA can effectively decrease
the positive interface fixed charge in the recessed area for lower compositions. As
a result, for the x/(x+y) = 0.73 composition, we observe a rather low oy, leading
to the positive V;,-diys slope. The positive slope is useful for fabricating normally-

off devices, since more positive threshold voltages can be obtained by increasing
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Figure 3.15: oy, depending on the composition.

the insulator thickness.

Figure 3.16 shows calculated 1D Poisson-Schrodinger band diagrams of the
partially-recessed AlTiO/AlGaN/GaN MIS structures with dajgay = 4 nm and
dins = 30 nm at Vo = 0 V, using oy,s obtained by the experimental results.
For the calculation, we assume that no damage was caused by the gate recess
and PGA process, so only the change in oy, is observed. We then can use the
same parameters obtained from the previous chapter such as the AITiO-AlGaN
conduction band offset ¢ and the metal-AlTiO barrier height ¢ to calculate the
band diagram. We find that the decrease in the interface fixed charge density
can reverse the direction of the electric fields in the AITiO insulators for the
x/(z +y) = 0.84 and 0.73 compositions. The larger the decrease in oy is, the
stronger the electric field is in AITiO, shifting the threshold voltages positively. As
a result, while all devices without PGA are normally-on devices, for the devices
with PGA, we observe Vi, < 0V for z/(z +y) = 1.0, while V;;, ~ 0 V for
x/(z +y) = 0.84, and in particular for z/(z + y) = 0.73, a clear normally-off
operation V4, > 0 V is indicated.

We conclude that using AITiO with z/(x 4+ y) = 0.73 composition is benefi-
cial towards realization of normally-off operations for the partially-gate-recessed

AlGaN/GaN MIS devices owing to the suppressed positive fixed charge density
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Figure 3.16: Calculated 1D Poisson-Schrédinger band diagrams of the partially-
recessed AITiO/AlGaN/GaN MIS structures with dajgan = 4 nm and di,s = 30 nm

at Vg = 0 V, using experimentally obtained ojys.

at AlTiO/recessed-AlGaN. However, towards the goal of achieving normally-off
operations having good electron transport properties, the remaining AlGaN layer
should be thicker, hence the positive interface fixed charge needs to be more sup-
pressed. Using 1D Poisson-Schrodinger calculation for z/(x + y) = 0.73 compo-
sition, we estimate oy, needed to obtain the indicated threshold voltages in the

partially-gate-recessed A1TiO/AlGaN/GaN MIS devices using z/(z + y) = 0.73
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Figure 3.17: Estimated positive fixed charge density oi,s at AITiO (z/(z + y)

0.73)/AlGaN interface depending on the remaining AlGaN thickness in order to obtain

the indicated threshold voltages for some insulator thickness.

composition as depicted in Fig. 3.17. As we can see in the figure, this work is just a
starting point, further investigations are needed to suppressed oy, to ~ 10712 cm 2

in order to realize normally-off operations for non-recessed AlGaN/GaN devices.

3.3 AITiO/AlGaN/GaN MIS-FET characteriza-
tion

In order to examine the normally-off operation, we characterized a partially-

recessed AlTiO/AlGaN/GaN MIS-FET for z/(z + y) = 0.73 with PGA, whose

3 um

14@» Gate 2.5 pm Jﬂ
Source AITIO 0.73% > 29 nm Drain

Buffer layer
Sapphire(0001)

Figure 3.18: Schematics of the partially-recessed A1TiO/AlGaN/GaN MIS-FET.
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Figure 3.19: The transfer characteristics at Vp = 10 V of the partially-recessed Al-

TiO/AlGaN/GaN MIS-FET.

device size is shown in Fig. 3.18, where dajgan ~ 4 nm and dj,s = 29 nm.

The transfer characteristics are depicted in Fig. 3.19, showing the drain cur-
rent Ip, the gate current I, and the transconductance g, normalized by the
channel width Wg = 50 pm. Figure 3.19(a) shows the transfer characteristics
at Vp = 10 V, exhibiting a clear normally-off operation with a low leakage cur-
rent ~ 107" A/mm, a high on/off current ratio ~ 10'°, and the maximum of
gm ~ 80 mS/mm. The threshold voltage is estimated to be 1.7 V by linear fitting
of Ip as a function of Vi shown in Fig. 3.18(b), being consistent with the estima-
tion from the C-V characteristics. We also check the hysteresis of the MIS-FET
by measure Ip-Vg characteristics for the voltage sweep of Vg = 0 — +10 V,
+10 — —6 V, and —6 — +10 V, as shown in Fig. 3.20. There is almost no hys-
teresis for positive voltage applications in the range of Vg < +10 V. On the other

hand, the negative voltage application down to Vo = —6 V leads to a negative
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Figure 3.20: Ip-Vg characteristics depending on the voltage sweep.

threshold voltage shift of < 0.5 V. The output characteristics shown in Fig. 3.21
exhibits Ip as high as ~ 450 mA/mm, and a low on-resistance of 9.5 Q-mm.

We calculate the sub-threshold swing SS = [d(loglp)/0V]™' and plot SS
as functions of Vi and Ip for Vp = 1, 3, and 10 V in Fig. 3.22(a) and (b),
respectively. We find a negative threshold voltage shift owing to the effect of drain-
induced barrier lowering, although the effect is rather small (AV;, ~ 0.5 V). On the

other hand, we observe excellent sub-threshold characteristics with the minimum

500

Ve=1V-10V
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300 |
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100 f
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0 3 6 9 12 15
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Figure 3.21: The output characteristics of the partially-recessed AITiO/AlGaN/GaN
MIS-FET. The gate voltage ranges from Vg =1 — +10 V with a step of 1 V.
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Figure 3.22: The sub-threshold swing SS = [0(logIp)/0Vg] ™! as functions of (a) Vg
and (b) Ip for Vp =1, 3, and 10 V. The black dotted line shows the theoretical limit
of 60 mV /decade.

SS ~ 65 mV/decade, which approaches the theoretical limit (60 mV/decade,
plotted as the black dotted line) for a wide range of Ip.
The FET channel field mobility under the gate is usually calculated by

Lg 0lp

0

However, based on a FET equivalent circuit shown in Fig. 3.23, the effects of the
source resistance Rg and the drain resistance Rp must be taken into account. The
channel field mobility under the gate should be obtained by

 Le 0l
M Ve Vo

where Vpog = Vp — Ip(Rs + Rp), and Voo = Vg — IpRs. The source resistance Rg

(3.3)

and the drain resistance Rp are calculated from the contact resistance R, and the
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Figure 3.23: The equivalent circuit of the FET.

sheet resistance pg, for the non-recessed area, by using

Rs = R + psh X Las
, (3.4)

Rp = Rc + psu X Lep
where Lgs and Lgp are the gate-source and gate-drain distance, respectively.
Figure 3.24 shows the transfer length method (transmission-line model, TLM)
characteristics for the non-recessed area. From the measurements, we estimate
R. ~ 1.2 Q-mm and pg, ~ 900 /0. Thus, as shown in Fig. 3.25, we obtain the
channel field mobility ;2 under the recessed-gate as a function of Vi for Vp < 0.1 V.
We observe a maximum p =~ 730 cm?/V - s, which is rather high as a channel
field mobility of gate-recessed GaN-based MIS-FETs [89]. However, we observe a

decrease in u-Vg relation, which is similar to the decrease in g,,-Vg relation for

20
18
16 |
14
12
10 }

Resistance R. W[Q.mm]

oNnN 2O

0 2 4 6 8 10 12 14 16 18
Length L [um]

Figure 3.24: TLM measurements in the non-recessed area of the MIS-FET.
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Figure 3.25: The channel electron mobility u under the recessed gate as a function of

Vg for Vp < 0.1 V.

high Vg, which can be attributed to interface states impeding the gate-control
efficiency [44]. This suggests that the remaining AlGaN thickness ~ 4 nm is not
enough to avoid degradation in the recessed channel. Therefore, if we can suppress
the positive interface fixed charge density more and increase the remaining AlGaN
thickness, the channel electron transport properties can be improved significantly.

Figure 3.26 compares Vjy, of the partially-recessed AlGaN/GaN MIS-FETs as

function of the remaining AlGaN thickness between this work and other researches,

18} This.work
1.6 | o

14t Ref. [66]

1.2 } o

Ref. [91]
Ref. [92]

0.8 | ®

0.6 |

04t Ref. [90]

02} ®

1 2 3 4 5
Remaning dpgan [NM]

Vin [V]

6 7

Figure 3.26: V4, of the partially-recessed AlGaN/GaN MIS-FETs.
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showing that our device can achieve high threshold voltage while having rather
thick remaining AlGaN layer. In order to show the advantages of combining in-
terface charge engineering and the partial recess method, we compare the typical
device parameters between our device with other gate-recessed AlGaN/GaN MIS-
FETs as shown in Table 3.1. We can see that while our MIS-FET can have
similar threshold voltage as other devices, its transport properties are much more
superior than others’, in particular channel electron mobility, subthreshold swing,
and on-resistance. Moreover, owing to interface charge engineering, we obtain a
low-density-positive-fixed-charge AlTiO/AlGaN interface, thus higher threshold
voltages can be simply obtained by increasing the insulator thickness. In con-
clusion, employing interface charge engineering in partially-recessed AlGaN/GaN
MIS-FETs is advantageous to realize high-threshold voltage normally-off opera-

tions with good channel transport properties.
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Chapter 4

Low-frequency noise

characterization for

AlTiO/AlGaN/GalN MIS devices

4.1 Introduction to low-frequency noise

Noise is the random deviations of a quantity around its mean value. In science
and engineering, understanding noise is important because noise directly affects
the device/instrument performances by limiting the measurement accuracy and
the magnitude of detectable signals. In electronic circuits, currents and voltages
are not constant but randomly fluctuate around the mean values due to the fluc-
tuations of the carrier transport properties (velocity, concentration, and so on).
These fluctuations generate noise, which are different from external disturbances.
The disturbances can be completely removed by setting a good/proper measure-
ment system, whereas noise can only be reduced partially (not fully) by circuit
designs.

Noise is a stochastic (random) process, and is usually expressed by the power
spectral density (PSD) S(f) as a function of frequency f. When a physical quan-

tity x shows noise, we may expressed it as a function of time ¢ as

z(t) = (z) + dz(t), (4.1)
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where the symbol () denotes averaging over a long enough time interval, and dxz(t)

is the fluctuation of x, which is given by

Ba(t)] = ((z — (2))?) = (%) — (). (4.2)
We then can define a correlation function 1, (t1,t3) given by

Va(ty, ta) = (62(t1)dx(t2)) = (z(t1)x(t2)) — (2(t1))(z(t2))
(4.3)

N—oo

N
) 1

In a stationary system, the correlation function remains invariable if both instants,
t; and tq, are shifted identically, thus ¢, depends only on the difference t; — t,.
Moreover, the correlation function can also be determined by averaging over a
sufficiently long record of the random process z(t) in one system, i.e. by averaging

over a long enough time of measurement ¢,,:

[ 1 tm /2
Ui (ty — to) = 0x(t)dz(ty) = lim — / dx(ty + t)ox(ty + t) dt. (4.4)

According to Wiener-Khintchine theorem, the PSD of the quantity z is given by
[97]

“+o00

Sx(f> = 2 Q/Jx(tl — t2)€jw(t17t2) d(tl — tg), (45)

—0o0

where = can be electrical resistance R, current I, or voltage V. If we choose

ty =t, t =0, and w = 27 f, we have:
“+o0o

Sz(f) =2 ba(t)e ™ dt
oo (4.6)

o(t) = (02(0)dz(t)).
Let us discuss the properties of the PSD and the correlation function. First of all,

if we set t,,/2 =T, we can rewrite Eq. (4.4) as

1 +T
vat) = - / S3(r)oa(t + ) dr, (47)
2T | -+
thus
1 [T
W (—t) = o /_T dx(7)dx(—t 4+ 7)dr
+T
L dx(s +t)ox(s)ds, by setting 7 —t = s (4.8)
or |,

- ¢m<t>



Chapter 4 Low-frequency noise characterization... 76

Hence, 1,(t) is an even function, leading to S,(f) being also a even function,

because

Se(—f) =2 +Oo U (t)e 4™ dt

= — Y, (—5)e* ™ ds, by setting —t = s

oo 4.9
o (19)

=2 U (5)eX ™% ds

Therefore, if we carry out inverse Fourier transformation of Eq. (4.6), the correla-

tion function becomes

+oo
() = 2 / S,(f)e 2t df
2 J o (4.10)

“+oo
0
At t =0, we have
+oo
L(0) = S(f)d
wO= [ sna

= ([62(0)]*) = (d2)",

(4.11)

where (dx)? is the observable fluctuation of the physical quantity = that can be
measured.

Depending on the frequency f, noise can be classified as (1) thermal noise
whose PSD is independent of f, caused by thermal motion of carriers (it has other
names such as Johnson-Nyquist, white, or system floor noise); (2) shot noise caused
by some discrete physical process; (3) generation-recombination (g-r) noise whose
PSD depending of f by a Lorentzian function, caused by capture and emission
of traps; (4) 1/f noise (Flicker noise) whose PSD is inversely proportional to the
frequency. These types are illustrated in Fig. 4.1. Low-frequency noise is the
noise at low frequencies, usually below 10 kHz. In this range, g-r noise and 1/ f
noise dominate the PSD. In particular, the 1/f noise PSD always increases with
a decrease in the frequency, thus it becomes the most significant noise source at

very low frequencies. Therefore, the term “low-frequency noise” usually denotes
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Low-frequency noise

PSD

Thermal noise and system noise R <

Figure 4.1: Noise power spectral density (PSD) as a function of the frequency f.

1/ f noise, whose PSD is given by the form [98, 99], for example,
K
i

where [ is the current, K is a constant, « is the current exponent and usually

Si(f) (4.12)

equals to 2, and [ is the proportional constant and usually close to 1. This
formula can be applied to other physical quantity like resistance R or voltage V'
by replacing I by R or V.

Although the thermal noise is fully elucidated [100, 101], the low-frequency
noise including 1/f noise and bump characteristics remains as controversies [98,
102-104] even it has been discovered for a long time [105, 106]. For example, one
simple question of the lower limit of 1/f noise still remains. The lowest mea-
sured frequency showing 1/f behavior is in order of 10~7 Hz [102], but we cannot
conclude anything yet. Because noise always exists inside electronic devices and
circuits, understanding the noise mechanism is of crucial importance for the de-
vice development. The signal-to-noise ratio (SNR), which indicates the reliability
of the signal processing of a device (the higher the ratio, the better the signal),
becomes smaller when the device size reduces [68], hence the 1/f noise becomes a
major concern for nano-device technologies. Therefore, understanding and over-
coming the 1/f problems are important for the future of electronic devices and
circuits.

It has been shown in the previous chapter that employing AlTiO with z/(z +
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y) = 0.73 composition can significantly suppress the interface fixed charge density
at AITiO/etched-AlGaN interface to realize normally-off operations. Therefore, in
this chapter, we investigated the low-frequency noise in non-recessed and partially-
recessed AlTiO/AlGaN/GaN MIS devices with z/(x + y) = 0.73 composition in

order to understand AlTiO/AlGaN interface and improve device performances.

4.2 Low-frequency noise models

First of all, if we consider the current I flowing in a conductor is proportional to

the total carrier number N and the average mobility u, i.e.
I < Ny, (4.13)

hence we have

Al < ANp+ NAp+ O(N, ). (4.14)

Therefore, fluctuations in the current Al can be attributed to fluctuations in the
carrier number AN and/or fluctuations in the mobility Ag. This is the main
controversy in the origin of 1/f noise: fluctuations in the carrier number or the
mobility?

Many models have been proposed to adapt the measurement data. One of
these is Hooge model, which introduces a empirical formula for the resistance
fluctuations on 1969 [107]

Sr(f) _ oam

T NF (4.15)

where ayg =~ 2 X 107 is a universal constant. According to Eq. (4.15), the 1/f

noise PSD depends only on the carrier number N. However, other data showed

the invalidity of Eq. (4.15). Therefore, a modified formula in a more general form
S ’
U _ (L) o (4.16)
T Hph Nf

where pp1, is the mobility due to phonon scattering, x can be any physical quantity

has been proposed [99]

(R, V,orI), and ay is not a universal constant. Although Eq. (4.16) is a empirical
formula, it suggests that the origin of the 1/f noise is attributed to the mobility
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fluctuations due to the phonon scattering. A strong evidence to that conclusion
is the relation ay oc p? [98, 108].

On the other hand, McWhorter model considers the carrier-number fluctua-
tions due to trapping/detrapping of carriers in traps located at a distance from
the oxide insulator/semiconductor interfaces to be the noise source [99, 109]. The

noise then will have the Lorentzian form [110]

4T
1+ (2rf1)%’

Su(f) = ((An)%) (4.17)

where 7 is the lifetime of the free-carrier-number fluctuation An. The 1/ f behavior

in the PSD is due to the superposition of Loretzian spectra [110]

47 (An)?

S(f) o /Omg(f)m, (4.18)

where g(7) is a statistical weight. If we assume a non-uniform trap distribution

with g(7) o< 1/7, the noise PSD can be divided into three regions given by

(

constant  for 2w f < 1/7

S(f) < q1/f for 1/m <2nf <1/m2 > (4.19)

1/f? for 2 f > 1/
\

where 71 and 7, are the time constants determined by the smallest and largest
distances of tunneling, respectively. The McWhorter model suggests that the
1/f noise comes from the fluctuations of the carrier number by the generation-
recombination of electrons from the traps in the interface or surface states. The
noise PSD spectra given by McWhorter model differ from these of Hooge model
at the very low frequency, the spectra is similar to white noise.

In addition to these models, there are other models having been proposed to
explain the 1/f noise such as temperature fluctuation model by Voss and Clarke
[111] or by Dutta and Horn [102, 112], quantum mechanic model by Handel [113],
and so on. We realize that these models are not always true because of various
noise mechanisms. In reality, 1/f noise depends on the device dimensions as well
as its materials [104]. Therefore, for 1/f noise characterization, a proper model

should be carefully chosen, or even multiple models should be taken into account.
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Low noise Device under Low-frequency
bias source test (DUT) measuring instrument

Figure 4.2: The configuration of low-frequency noise measurement system.

4.3 Low-frequency noise measurement system

A measurement system for low-frequency noise usually consists of three main
component as shown in Fig. 4.2. The low-noise bias source is used to bias the
measured devices which usually employs a battery. The purpose of using a battery
is to avoid the noise from AC power supply, for example peaks at 60, 120, and
240 Hz. For measurements of three-terminal devices, we use a combination of a
source measurement unit (SMU) and a low-pass filter (LPF) to bias third terminal
(i.e. the gate of transistors). The LPF role is to suppress low-frequency noise from
the SMU, which can affect the measured signals. Hence the LPF must have a cut-
off frequency lower than the limit of the measured frequency range. In this work,
the low-frequency noise measurement is from 1 Hz to 10 kHz, so the employed
LPF should have the cut-off frequency below 0.1 Hz. Furthermore, since the LPF
must not give additional noise to the device signals, it should be a passive type
without amplification functions. The low-frequency measuring instrument is used
to detect and analyze the signals, and is a combination of a low-noise current
pre-amplifier (LNA) and a signal dynamic analyzer (DSA). The LNA is used to
amplify the small signals before they enter the DSA. The detailed configuration of
the measurement system for two-terminal (2T) device-under-test (DUT) such as
diodes, and three-terminal (3T) DUT such as transistors are shown in Fig. 4.3(a)
and (b), respectively. The difference between two configurations comes from the
low-noise bias source. For 2T measurement system, the device is biased directly
by using battery power supply of the LNA. The bias by LNA input is based on
the virtual ground, which is a property of operational-amplifier components of the
LNA. On the other hand, for 3T measurement system, LNA input is used to bias
second terminal (the drain of transistors) and a combination of a SMU and a LPF
is used to bias third terminal (the gate of transistors). Each component will be

discussed in the following.
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Preamplifier (LNA)
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Figure 4.3: Low-frequency noise measurement system for (a) 2T DUTs and (b) 3T
DUTs.

Low-pass filter

The LPF was made from a cement resistor of 10 k{2 and two film capacitors of
150 pF by our laboratory. An image of the LPF is shown in Fig. 4.4(a), and its
circuit is schematically depicted in Fig. 4.4(b). When the LPF is connected to
the gate of a transistor, the connection circuit will be as in Fig. 4.5. When a gate
voltage Vg is applied, a gate leakage current I exists, so a voltage drop AVg
due to resistance R appears, and decreases the actual applied gate voltage V.
To reduce AV, the resistance must not be large. However, for LPF, the cut-off
frequency is given by

1
< 0.1 Hz, (4.20)

Jr= 2rRC —




Chapter 4 Low-frequency noise characterization... 82

Vin R vout

777

Figure 4.4: (a) An image of the LPF and (b) its circuit.

so small R leads to large C'. A large-capacitance capacitor is not desirable due to
its large leakage and size. Therefore, R cannot be arbitrarily small. Considering
that in our measurements, the transistors usually have a gate leakage current of

~ 1075 A, and the gate voltages in order of 1 V, the resistance should be

A
r=2Ye Yo (4.21)
I I

Hence, we picked R ~ 10 k2. According to Eq. (4.20), the corresponding C' is
~ 300 puF. The cut-off frequency of the LPF is

1 1
= = ~0.05 H 4.22
1= 5TRC T 9 % 10 K0 % 300 4F ” (422)
which is low enough for the measurement.
s
Drain
Vg R Vo' |

O— N

Gate |
U 1 Source

AVG -1

777

Figure 4.5: A circuit of the LPF and the gate of a FET in series connection.



Chapter 4 Low-frequency noise characterization... 83

5=
107 }
108 }
100}
T 1070}
NZ. 10—11 !
(r:)h 10—12 [
o~
10—14 |
10—15 i
10—16 . L . "
" qpt 45 A 1t 967
Frequency f[Hz]

Figure 4.6: Background noise of the 35670A DSA.

Dynamic signal analyzer

We used a dynamic signal analyzer (DSA) type 35670A made by Agilent Technolo-
gies. The Agilent 35670A DSA is a versatile Fast-Fourier Transformation (FFT)
analyzer with built-in source for general spectrum and network analysis. The
35670A DSA detects the voltage noise signal in the time domain, and converts
it to frequency domain by using the FFT function. To obtain accurate results,
the measurements should be repeated many times, and the results are averaged.
Usually the averaging number is set to 30.

The DSA is a signal analyzer, so its background noise will set the lower limit
for the measured signal. Figure 4.6 shows the background noise of the DSA, which
is in order of 107 V2/Hz. This is also the lower limit for the noise measurement.
Therefore, the measured signals should be several order higher than this value to
remove the effect the background noise. The main characteristics of the 35670A
DSA are listed below.

- Frequency span: 98 mHz - 51 kHz.

- Frequency resolution: 400, 800 and 1600 lines.

- Input impedance: 1 M.

- Output mode: voltage noise.

- Analysis mode: FFT.
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Figure 4.7: Equivalent circuit of DUT, LNA and DSA in series connection.

- Dynamic range: 90 dB, accuracy: 0.15 dB.

Low-noise current pre-amplifier

The low-noise current pre-amplifier is used to amplify the small signal before it
enters DSA. The input of LNA is current noise signal S; and the output is voltage
noise signal Sy with an amplification. The output signal is amplified by the factor

called sensitivity, or s;nya by the formula
Sy[V?/Hz] = s7 A [V?/A?] x S;[A?/Hz]. (4.23)

In order to choose a proper sensitivity for a measurement, first we need to examine
how the amplification works by considering an equivalent circuit of DUT, LNA
and DSA as shown in Fig. 4.7. The DUT with a resistance R will have its current
noise signal i transferred to the LNA, and the current signal after the LNA input

is ¢, which is given by
R 1 .
i = 1
R+ Ry, 14+ Rw/R’

where R;, is the input resistance determined by the choice of sensitivity. The

(4.24)

7=

voltage signal at the LNA output is given by

~ 1
0 =Gl =G ———=i 4.25
T M Ru/R” (4.25)
where G is the LNA gain (or the sensitivity). We realize that
- 1 : :
V=G——=i~Gi < Ry < R. (4.26)

1+ Rin/R
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Figure 4.8: (a) Measurement system background noise and (b) its reference in [114]

for each sensitivity.

To ensure the accuracy of the measurement, Eq. (4.26) should be guaranteed. For
example, if we measure the DUT with R = 200 €2, R;, should be 1 €2, corresponding
to the sensitivity of 10® or 10* V/A. The specifications of the LNA are given below.

- Gain mode: low-noise.

- Maximum off-set current: 5 mA (down to 1 pA).

- Maximum bias voltage: 5 V (down to 1 mV).

- Frequency range: DC-1 MHz.

- Sensitivity (input resistance): 103, 10* V/A (1 Q); 10°, 10® V/A (100 Q);

107, 108 V/A (10 kQ); 10°-10 V/A (1 MQ).

Depending on the choice of sensitivity, the lower limit of the background noise
is different. Figure 4.8 compares the measurement background noise with the
reference for each sensitivity, showing almost no differences, except for the very

high sensitivity.
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Figure 4.9: The Schottky and MIS transmission-line models (TLMs) dimensions used

for low-frequency noise characterization. The width of the TLMs is 50 pym.

4.4 Low-frequency noise characterization of
AlGaN /GaN-based ungated two-terminal de-
vices

In this section, we investigated low-frequency noise in AlIGaN/GaN-based ungated
two-ternimal structures, which are AITiO/AlGaN/GaN (MIS) and Schottky Al-
GaN/GaN transmission-line models (TLMs). Moreover, we also investigated low-
frequency noise in the partially-recessed MIS and Schottky AlGaN/GaN TLMs.
The devices dimensions are shown in Fig. 4.9. The thickness of the remaining
AlGaN layer for the partially-recessed TLMs is ~ 11 nm. For the non-recessed
TLMs, the transfer length L = 5 — 60 pum, whereas in the partially-recessed
TLMs, the transfer length L = 6 — 56 ym due to 4-um non-recessed region.
Before carrying out low-noise frequency measurements, we calculated the resis-

tance by I-V characteristics. Hence we can determine the off-set currents accord-
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Table 4.1: Series resistance rge; and sheet resistance ps obtained from TLM character-

ization.

T'ser [anl] Ps [Q/D}
dalgany = 20 nm 1.2 540

dAlGaN =11 nm 2.4 650

ing to the applied bias voltages. Figure 4.10 shows the TLM characterization for
the devices. We observe almost no differences between Schottky and MIS TLMs for
a given AlGaN thickness, indicating that AITiO deposition process does not affect
the 2DEG. We summarize the results of the TLM characterization in Table 4.1,
where series resistance rg., is determined at L = 0, which is contact resistance in
case of non-recessed TLMs, or the sum of contact resistance and access resistance
in case of partially-recessed TLMs, and ps is the sheet resistance.

Due to the small noise signals and the resistance of order 200 €2, the measure-
ments employed the largest magnification, i.e. the sensitivity of 10> V/A and the
off-set currents from 3 mA to 5 mA. The bias voltages are set according to the
corresponding resistance. The current noise PSD for each TLM structure are de-
picted in Fig. 4.11, where we show examples for the shortest and longest transfer

length. We observe peaks at 30 and 45 Hz, owing to the self-heating problem of

o1
o

5 e oy Har =20 "
L] SChOttky, dAIGaN =11 nm

L MlS, dAIGaN =20nm
MlS, dAIGaN =11 nm

W W s b
o OO O,

Resistance R. W [Q.mm]
NN
o O,

—_
o O O O
T——T

0 5 1015 20 25 30 35 40 45 50 55 60 65
Length L [um]

Figure 4.10: TLM characterization of the above devices.
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Figure 4.11: Examples of low-frequency spectra of the current noise of AlGaN/GaN-

based ungated TLMs with the shortest and longest transfer length.

the DSA. No specific bumps or peaks owing to generation-recombination noise are
observed.

Figure 4.12 illustrates S7/I? as functions of f, showing a relation according to
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Figure 4.12: Examples of low-frequency spectra of the current noise of AlGaN/GaN-

based ungated TLMs normalized by I? with the shortest and longest transfer length

with the fitting lines based on Eq. (4.27).

the Hooge model

S, K
F —_— F’ (4.27)
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Figure 4.13: S;f as functions of the current I, showing a relation S;f oc I2.

where o ~ 0.8 for our results. We have omitted the external noise peaks at 30
and 45 Hz, and fitted the equation from 10 Hz to 10 kHz, ignoring the frequency
range less than 10 Hz due to measurement problem. Equation (4.27) indicates
that S;f o< I2. In order to clarify this conjecture, we plot S;f as functions of the
current [ for different L as shown in Fig. 4.13. This result confirms Eq. (4.27).
In order to analyze the results, first we accept the fact that the resistance of
a semiconductor fluctuates with a 1/f spectrum. The resistance fluctuations can

be measured as voltage fluctuations when a constant current is passed through or

Ohm. Ohm.

Rs;r\ — /7?

RZDEG

ser

Figure 4.14: The measured TLM resistance can be consider as a series of resistors.
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as current fluctuations when the voltage drop across the sample is constant:

Salf) _ Silf) _ Svlf) _ Self)
RQ [2 V2 GZ :

(4.28)

The derivation of this equation is given in Appendix C. Based on the transmission-
line model, we can consider the measured resistance to be the sum of two resistors,
the series resistor with resistance 2R, and the 2DEG channel resistor with resis-
tance Ropgrg, as shown in Fig. 4.14.

Now considering two resistors in series Rp and Rg, we have the voltage drop

V' = Vi + V. The total noise PSD generated is given by (see Appendix C)

Sy = Sp, + S, (4.29)
or
SI 2 S}A 2 5}3 2

according to Eq. (4.28). By applying Ohm’s law, we have

V2 V2 R? R?
S;=09A A gB’B __gA "A 4B "B 4.31
LRIy TR TP R T R 7 (Ra + Ry )? (431)
Applying Eq. (4.31), we obtain S} for the TLMs
2 2 2
SI _ aser Rser + S%DEG RQDEG (432)

I (2Ryer + Ropirg)? (2Rgser + Raprg)?’

where S5 is the current noise PSD generated by one series resistance Ry, =

Teer/W, and S?PEC is the current noise PSD generated by the channel resistance
Ropra = psL/W.
From Eq. (4.27) and (4.32), we extract the factor K

_SI

K=7

fa
4.33)

2R (
- Kser (2R T Z;DEG)Q + K2DEG

R%DEG
(2Rser + R2DEG)2 ’

where K., and Kopgg are the factors for the series resistance and 2DEG channel,

respectively. According to Hooge model [108], we have

K Cog o
2DEG — = )
N~ neelW

(4.34)
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Figure 4.15: KW as functions of L for (a) non-recessed and (b) partially-recessed
TLMs with the fitting lines.

where a,,, is the Hooge parameter, NV is the carrier number, and ng,, is the sheet

concentration of the ungated 2DEG. We can then rewrite Eq. (4.34) as

(KsexW/2) + (O‘Ug/nsug)(ps/zrser>2L
[1+ (ps/2rse L)]? '

Equation (4.35) tells us that KW is a function of the device size. In the limit

KW = (4.35)

of small L, i.e. L — 0, the terms with L in the RHS of Eq. (4.35) vanish, thus
K ~ K. /2 = constant. (4.36)

In other words, the device noise is dominated by the series resistance noise. On
the other hand, in the limit of large L, i.e. L — oo, the terms with L in the RHS
of Eq. (4.35) dominate other terms, thus

1
Qug_ o 2 (4.37)

KW ~
Neugl L’

which means the device noise is dominated by the 2DEG channel noise.

Figure 4.15(a) and (b) depict KW as functions of L with the fitting lines based
on Eq. (4.35) for the non-recessed and partially-recessed TLMs, respectively.

We observe that at small L, KW seems to become constant, and decrease
o« 1/L at large L, satisfying the limit conditions. This result confirms the validity
of the fittings. In both cases, we find almost no differences between MIS and

Schottky TLMs, indicating that AITiO deposition does not affect the contact and
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Figure 4.16: KW as functions of RW for (a) non-recessed and (b) partially-recessed
TLMs with the fitting lines.

channel resistances. From the fittings, we obtain K., and Hooge parameter o,
which are summarized in Table 4.2. The values of K. ,W are different owing to
the access resistance in case partially-recessed TLMs. We observe o, in the order
of 107%, small compare to the normal value of Hooge parameter. According to
Eq. (4.16), it is plausible to consider mobility fluctuations to be the dominant
noise source in TLMs. Moreover, ayg of the partially-recessed TLMs is lower than
that of non-recessed TLMs, possibly due to a decrease in the electron mobility
owning to the thinner remaining AlGaN layer for the partially-recessed TLMs.
In addition to the size dependence of K, we also obtain a size dependence of

the total resistance R of the ungated region

RW = (2Rger + Ropra)W = 2r(ser) + psL. (4.38)

Table 4.2: The factor K.,W and Hooge parameter oyg obtained from the fittings.

daigan = 20 nm | dajgany = 11 nm
KW [em] | 81x 10713 2.5 x 10713
Qug 8.1x107° 3.0x 1073




Chapter 4 Low-frequency noise characterization... 94

(@) 2.5 um
a
1.25 ym Gate 1.25um
Source AITiO 0.73 26 nm Drain
Aly24Gag 76N 20 nm

Buffer layer
Sapphire(0001)
2.5 um 2.5 um
(b) (c)
1'54@1 Gate 2 ym 41'—5>“m 1'54@» Gate 2 pm 41'—5JJm

Bource AITIO * > 26 nm Drain Source AITIO ** 26 nm Drain

Buffer layer
Sapphire(0001)

Buffer layer
Sapphire(0001)

Figure 4.17: The dimensions of AITiO/AlGaN/GaN MIS-FETs used for low-frequency

noise measurement.

We can then rewrite Eq. (4.35) as

o 2[(ser'rser + (augps/nsug)(RW - 2Tser)
B (RW)? ’

KW (4.39)

which implies that KW is a single-values function of RW. Figure 4.16 plots KW-
RW relation based on Eq. (4.39) for non-recessed and partially-recessed TLMs.

4.5 Low-frequency noise characterization of
AITIO/AlGaN/GaN MIS-FETs

In this section, we investigated low-frequency noise in AITIO/AlGaN/GaN MIS-
FETs employing z/(z + y) = 0.73 composition and dj,s = 26 nm with different
AlGaN thickness: dajgan = 20 nm (non-recess), 11 nm, and 4 nm (partial recess).
The device dimensions are given in Fig. 4.17. The devices transfer characteristics
are shown in Fig. 4.18. The drain current Ip, the gate leakage current /g, and
the transconductance g, are normalized by the gate width W = 50 pym. Low-

frequency noise measurements were performed by using 3T-DUT measurement
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Figure 4.18: The transfer characteristics of the MIS-FETs under Vp = 10 V and 0.1 V.

system configuration shown in Fig. 4.3(b). The measurement procedures are al-
most similar to those for two-terminal devices. In order to determine the off-set
current, we carried out Ip-Vp with a fixed Vi before measuring low-frequency
noise using the same V. The off-set current corresponding to a bias voltage was
taken out from the Ip-Vp data.

The drain current noise PSD Sy are shown in Fig. 4.19 for each device, where
we show examples of the noise spectra with the gate voltage above threshold
voltage and in sub-threshold voltage regions. We still observe the peaks at 30 Hz
and 45 Hz due to self-heating of DSA. Otherwise no specific bumps or peaks are
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Figure 4.19: Low-frequency spectra of the drain current Ip noise as functions of the
frequency f of AITiO/AlGaN/GaN MIS-FETs with different AlGaN thickness. We show
examples with the gate voltage above threshold voltage and in sub-threshold voltage

regions.

observed, indicating no generation-recombination noise due to specific high-density
electron traps with a specific time constant as well as no external noise effects.
As discussed before, S7, is proportional to I3. To clarify this, we plot Sy, f as
function of Iy for some Vg in Fig. 4.20. From the figure, we can confirm Sy oc I3.
This may suggest that Hooge model can be applied to the drain current noise

spectra, in other words

(4.40)
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Figure 4.20: Sy, f as functions of the drain current Ip for AITiO/AlGaN/GaN MIS-

FETs with different AlGaN thickness.

where a constant factor Krgr depending on the gate bias Vi;. Applying Eq. (4.40),
we fit the drain current noise PSD as shown in Fig. 4.21 for some examples at
different V. We observe that not only the factor Kggr but also the exponent

a varies depending on the gate voltages. We extract Kygr and the exponent of
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Figure 4.21: Sj, normalized by I3 for AITiO/AlGaN/GaN MIS-FETs with different
AlGaN thickness. The fitting lines are based on Eq. (4.40).

the frequency and plot them as functions of the gate voltage for each device in
Fig. 4.22. We observe a behavior that, at high gate voltages, Krgr and « stay
constantly, while they increase exponentially when the gate voltage decreases and
enters the sub-threshold region. In order to confirm that this behavior is not due
to noise of the gate voltage, we also measure the noise in case of gate open, and
plot the values as dash lines in Fig. 4.22. The obtained results in gate open case is
not different with these in Vg = 0 V case, indicating the noise originates from the
AITiO insulator. Moreover, although the increase in Kggr is same for all devices,

the increase in the exponent of f is not. For dajgany = 20 nm, « rises quickly, and
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Figure 4.22: The factor Kprt and the exponent of the frequency f as functions of gate

voltage (left) and Vg — Viy, (right) for each device. The dash lines are the measurement

values in case of gate open.

seems to stay at ~ 1.8 at low gate voltages. For dajgan = 11 nm, « also rises

quickly, but stays around ~ 1.4. In particular, for dajgan = 4 nm, « increases and

decreases, and stays around ~ 1.2.

This behavior cannot be explained by Hooge model. We consider McWhorter

model, in which noise is caused by carrier-number fluctuations due to trapping

and detrapping of carriers in traps located near oxide/semiconductor interfaces.

As discussed before in the previous section, if the device has many relaxation times
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Figure 4.23: An example of how a noise PSD can have a 1/f® behavior based on

Eq. (4.42).

between 11 and 7, and their statistical weight g(7) is given by

11
=, T > T > T (4.41)

9(7) = Inm/mT

then the noise PSD is

[ A1 (An)?
St = [ o

(4.42)
where 7 is the lifetime of the free-carrier-number fluctuation An. Based on
Eq. (4.42), the noise PSD is a superposition of many Lorentzian spectra hav-
ing different lifetime 7. The resulting noise can have a 1/f* behavior, which is
illustrated in Fig. 4.23.

Applying Eq. (4.42), we now can fit the measured noise spectra. Due to the
limit of measurement system, the fitting frequency range is from 1 Hz to 1 kHz.
The starting gate voltage is at which the systematic increase in Kpgr and « shows
in Fig. 4.22. We find that the superposition of three Lorentzian spectra can fit our
data perfectly, as shown in Fig. 4.24. However, we do not observe a Lorentzian
behavior in the frequency range f < 10 Hz, which suggests a very long time
constant. Therefore, we can express the noise PSD as

% _ Ay N Ay n As
I3 2rf)2 1+ @2rfrn)? 1+ (Q2rfr)?

(4.43)
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Figure 4.24: Examples of fitting of low-frequency noise spectra by a superposition of

three Lorentzian for each device.

where A;, Ay, and A3 are Lorentzian prefactors, and 7 and 75 are time constant

satisfying 7 > 75. As a result, we obtain time constants as functions of Vg — Vi

as shown in Fig. 4.25. We find that two specific time constants, 71 ~ 5 ms and

79 ~ 0.3 ms are independent of V; and AlGaN thickness dajgan. Although the

previously-reported values of 7 and 7, for AITiO with the same (z/(z+y) = 0.73)

composition are one order higher (73 ~ 25 ms and 7 ~ 3 ms) [71], the previous
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Figure 4.25: Time constants 71 and 7o as functions of Vg — V4, for each device.

AlGaN/GaN structure is A10,27Ga0‘73N (7 nm)/ n—A10‘27Ga0.73N (20 11, Si dOplIlg
concentration of 2 x 10'® em™?)/ Alg27Gag 73N (3 nm)/ GaN (3000 nm), which is

different from the structure used in this study. It might have effect on the time
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constants, because in general, a time constant 7 at temperature T is given by

1
eEa/kBT

= roel/knT 4.44
UthUeNc e ’ ( )

T =

where kg is the Boltzmann constant, vy, is the electron thermal velocity, o, is the
electron capture cross-section, N, is the effective density of states in the conduction
band, and F, is the trap level depth. In order to evaluate 7, we need to determine

other quantities value. The electron thermal velocity is given by

3kgT

= 4.45
Uth m* ) ( )
and the effective density of states is
2rm kT \ >

where m* is the electron effective mass and A is the Planck constant. Although
we do not know AlTiO electron capture section and effective mass, we can assume
a wide range of g, = 1076 — 10713 cm? and m* between 0.3mq for Al,O3 [115]

and 30my for TiOq [116, 117] (mg: the bare electron mass), thus we obtain

1
= =1 10 ps. 4.47
0 UtllaeNc 5 bs ( )

The trap level depths can be estimated to be

B, = kBTln<E) ~ 0.46 — 0.76 eV, (4.48)
7o
and
E,, = E,, — AE,, (4.49)
with
AE, = kBT1n<§) ~0.08 eV. (4.50)
2

We plot the relation between the time constant and the electron trap level depth in
Fig. 4.26. The obtained electron trap level depths are consistent with the previous
results [71].

On the other hand, the Lorentzian prefactors depend on V. Figure 4.27 shows

the normalized Lorentzian prefactors, which are the products of the prefactor and
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Figure 4.26: The relation between the time constant 7 and the electron trap level

depth E,.

the gate area, A;LgW and A;LgW as functions of Vg — Vi,. We observe a trend
that the normalized Lorentzian prefactors increases with a decrease in Vg — Vi,
implying that the effects of electron trapping/detrapping are more dominant near
the threshold voltages. Therefore, for the well-above-threshold regime, Lorentzian
LFN is buried in 1/f spectra.

In order to understand the meaning of the Lorentzian prefactors, we consider
a general Lorentzian current PSD normalized by the current square

St A _ 27Tag 1

2 1+ @rrf)2 N 1+ (2rrf)? (4:51)

with a prefactor A (in the unit of [1/Hz|) and a specific time constant 7 (or
a specific frequency fo = 1/2n7), where we define a dimensionless Hooge-like
parameter oy, for Lorentzian LFN by A = a1, /N fy = 277ar,/N using the total

carrier number V. Since the current fluctuation 7 is given by

O[Sy

12 12
® 2rTor, 1
_ d 452
/0 N 1+ 2n7f)? f ( )
o ™ Of,
2N’

and Burgess theorem [118] gives

G _ L2 63FT,

(4.53)
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Figure 4.27: Normalized Lorentzian prefactors, products of the prefactor and the gate

area, A1 LgW and AsLgW as functions of Vg — V4, for each device.

where du and dNN are the fluctuations of the mobility x4 and the carrier number

N, respectively, we obtain

ar, =

2 [w:;? N (i@)?] | (454

showing that the Hooge-like parameter is related to fluctuations of the mobility and
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Figure 4.28: The Hooge-like parameters ag; as functions of Vg — V4, for each device.

carrier number. According to the definition, we evaluate ay; = A;N/(277;) (1 = 1,

2). Figure 4.28 shows ay; as functions of Vi — V4, for each device, where we find

ap1 ~ arg. This suggests the same origin of the two trap levels in the AITiO

gate insulator, which could attributed to an on-site Coulomb effect [119]. Al-
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though two electrons (with opposite spins) can occupy one trap level, the on-site
Coulomb repulsion shifts the effective level for the second electron shallower, thus
give AFE, ~ 0.08 eV. Moreover, we observe that «ar; increases with a decrease in
the ALGaN thickness, which could be owing to the decrease in the channel electron
mobility. Physically speaking, the increase in the Hooge-like parameters means
an increase in the noise magnitude, which could lower the device performances.
Therefore, though interface charge engineering, we could realize normally-off Al-
TiO/AlGaN/GaN MIS-FETs with thicker remaining AlGaN layers, which can

have higher channel electron mobility and lower noise, thus higher reliability.



Chapter 5

Conclusion and future

perspectives

5.1 Conclusion of this work

In this work, we investigated interface charge engineering using AlTiO gate in-
sulators in order to realize normally-off operations in AITiO/AlGaN/GaN metal-
insulator-semiconductor (MIS) field-effect transistors (FETs). First of all, we
systematically investigated the interface charge engineering in non-recessed Al-
TiO/AlGaN/GaN MIS devices by evaluating the positive interface fixed charge
density depending on the AITiO composition. We found a trend that the posi-
tive interface fixed charge density decreases with a decrease in the Al composition
ratio, i.e increase in the Ti composition ratio, although, the trend is saturated
below intermediate Al compositions, leading to the independence on the insulator
thickness of the threshold voltage. This results indicate that AITiO is a versatile
insulator, which can be applied to energy gap engineering, dielectric constant en-
gineering, and interface charge engineering via its composition. In order to realize
normally-off operations with good transport properties for AITiO/AlGaN/GaN
MIS-FETs, we investigated the interface charge engineering in partially-recessed
AITiO/AlGaN/GaN MIS devices with a thick remaining AlGaN layer. We found
that for AITiO with a composition of z/(z + y) = 0.73, the positive fixed charge
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is significantly suppressed at AITiO /recessed-AlGaN interface in comparison with
that at Al;Ogz/recessed-AlGaN interface, leading to a positive slope in the re-
lation between the threshold voltage and the AITiO insulator thickness. As a
result, we successfully obtained normally-off operations in partially-gate-recessed
AlTiO/AlGaN/GaN MIS-FETs with favorable performances, such as a threshold
voltage of 1.7 V, an on-resistance of 9.5 Q-mm, an output current of 450 mA /mm,
a low sub-threshold swing of 65 mV /decade, and a rather high electron mobility
of 730 cm?/Vs.

In addition the these results, we also carried out material characterization such
as X-ray photoelectron spectroscopy (XPS) to clarify the origin of the positive in-
terface fixed charge. From the XPS analysis of the AITiO/AlGaN interface, we
found a relation between bonding states of Ga and the positive interface charge
density oi,s: an increase in Ga-N bonding state (i.e. a decrease in Ga-O bonding
state) leads to an increase in oy,s. We also carried out low-frequency noise (LFN)
characterization for AITiO/AlGaN/GaN MIS-FETs with the AITiO composition
of z/(z +y) = 0.73 and different remaining AlGaN thickness. We found a 1/f
behavior according to McWhorter model near the threshold voltage with two spe-
cific time constants ~ 5 ms and ~ 0.3 ms, corresponding to trap level depths
of 0.46 — 0.76 eV in the AITiO insulator, which is independent of the remaining
AlGaN thickness. Moreover, the decrease in the remaining AlGaN thickness leads
to an increase in the noise magnitude owing to a decrease in the channel electron

mobility.

5.2 Future perspectives of this work

Although we realized normally-off operations in AITiO/AlGaN/GaN MIS-FETs
though interface charge engineering, the positive interface fixed charge density is
still high (~ 10'® cm~2). More experiments and better understanding of the origin
of the positive interface fixed charge are needed to suppress the positive interface
fixed charge density. In order to elucidate the origin of the positive interface fixed

charge, more evidences from XPS and other measurements need to be gathered
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to draw a concrete conclusion. For LFN characterization, the measurement was
carried out at room temperature. In the future, temperature-dependent LFN in
AITiO/AlGaN/GaN with different AITiO compositions should be investigated in

order to clarify the noise mechanisms.



Appendix A

Band diagram calculation

Figure A.1 shows the theoretical band diagram of Al,Ti,O/AlGaN/GaN MIS de-
vices. The notions are: the vacuum permittivity ¢y, the dielectric constant ki,
and kaigan, the metal-insulator barrier height ¢, the insulator-semiconductor con-
duction band offset ¢, the AlGaN-GaN conduction band offset AFE,, the positive
interface fixed charge density oy,s, the AlGaN polarization charge density oaigan,

and the GaN polarization charge density ogan, and the 2DEG Fermi energy Fy.
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Figure A.1: Theoretical band diagram of the Al,Ti,O/AlGaN/GaN MIS-devices.
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Figure A.2: Applying Gauss box in band diagram for AlGaN.

Based on the 1-dimension Poisson equation, we have

Y p
- __F Al
using the potential ¢. Taking the integral of Eq. A.1, we have
oy
T _F A2
ax Y ( )

where F' is the electric field strength inside the insulator or AlGaN. We assume
that the positive interface fixed charge and the polarization charge are at and/or
near the interface, thereby we can apply Gauss law. Assume that we have a Gauss
box covering both AlGaN and GaN shown in Fig. A.2, where the electric field on
the left of the box is Fajqan, and the electric field on the right is Fgan. The total
charges inside the box will be p = oaigan — 0gan — qns. Based on the Gauss

equation, we have

1Y OAlGaN — 0GaN — (qTg
FAlGaN_FGaN:g: -
2 (A3)
OAlGaN — (Tg
kaigan€o

For GaN part, the boundary condition implies that there is no charges as the right
side of the box goes deeper, i.e. it is at neutral (equilibrium) state. Hence, no
electric field inside GaN, or Fg.n = 0. Therefore, we have

Ao aiGaN — qNs

kaican€o

Frigan = (A4)
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Figure A.3: Applying Gauss box in band diagram for the insulator.

The potential inside AlGaN is

Ao AIGaN — qns

ka1GaN€0

¢A1GaN = FAlGaNdAlGaN = dAlGaN‘ (A5)

Apply similar analysis for the insulator part, with the assumption that there
is no bulk charge inside the insulator, as shown in Fig. A.3, we have
Oins T OAIGaN — 0GaN — qns

¢ (A.6)

Ens =
o AO-ins —qnsg
kinsgo

The potential inside the insulator then is

A ins — S
wins - Ensdins = O-lg_—éhmldins- (A7)

From the MIS band diagram in Fig. A.1, the sum of the potentials of the

insulator and AlGaN can be calculated as

Yins + Yaigan = =V + (0 — ¢ — AEc + Ev)/q. (A.8)

Here Er is the Fermi level of GaN, so we can assume it to be at common level,

i.e. Fp = 0. Substitute all parameters into Eq. A.8, we have

A ins — A aN —
U—qnsdins  2TAIGaN — 915 dagay = —Va + (¢ — 9 — AEg)/q. (A9)
kinsgo kAlGaN€O
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We can rewrite it as
A ins — A aN —
s~ A8 G 4 =GN TGS 1w = =V + /4, (A.10)
kins€o kaican€o

where ¥ = ¢ — p — AFE¢ is a deduced constant.



Appendix B

Conductance method

For insulator-semiconductor interface of a MIS device, the electron occupation
probability P at an interface state with energy E shown in Fig. B.1, is given by a

time-dependent rate equation

oP

a5 = v(1 = P)n —aP, (B.1)

where n is the semiconductor electron density at the interface, and + and « are
proportional constants. In Eq. B.1, the first term is related to the trapping and
the second term is related to the detrapping. The constant ~ is given by

Y = Vtho (B.2)

where vy, is the electron thermal velocity and o is the electron capture cross-
section.
If we separate P, n and surface potential V into its direct current (DC) and

alternative current (AC), we obtain

P = Py + Pexp(jwt)
n = ng + nexp(jwt) (B.3)
V = Vy+ Vexp(jwt).

The Py component at energy F is given by Fermi-Dirac distribution

1

BB = (B = B Jho ]
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Figure B.1: Electron at energy E at the insulator-semiconductor interface.

Thus, we have

dPy  exp[(E — Ex)/ksT|/ksT

dE (1 + exp[(E — Ef)/kgT))?

B.5
_ _Po(l ) (B-5)
kgT
Substitute the DC components into Eq. B.1, we obtain
1—-F ) 1
a=yno(1—FRy)/Py = TPOO’ WlthT:%. (B.6)

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

Eq. B.1, we have

jwP exp(jwt) = v(1 — P)n — %. (B.7)

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

1 - P)n— —
’Y( )n TPO TPO
_ [1 = Py — Pexp(jwi)][no + nexp(jwt)| Po/no — (1 — Fo)(Fo + P exp(jwt))
TP(]
_ nPy/ng — Pin/ng — P — PnBPyexp(jwt)/ng exp(jwt)
TPO
_ Po(]_ — Pg)ﬁ/no — P[;ipo exp(jwt)/no + 1] exp(jwt)_
TI0

(B.8)
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In case of small AC signal modulation, we have n < ng, thus nPy exp(jwt/ng) < 1.
With this approximation, Eq. B.7 turns into

Po(l —Po)ﬁ/no —ﬁ
TPO

jwP exp(jwt) ~ exp(jwt). (B.9)

We can rewrite Eq. B.9 as

o 1+jCUTPO No 1+ijP0 k‘BT’

(B.10)

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

admittance Y; is calculated by taking sum over all interface states, i.e.
Yi = Gi + jCw

_ v / Di(E)PdE
e /D JP(1—P) - (B.11)
kT 1+ jwrhy

Dy(E) dP,
= — dE
= jwg” 1+ jwrPy ( dE> ’

with interface state density D;.

AC admittance for the low temperature limit

For low temperature, we have the approximation

dP,

—— = 3(E — Ey). (B.12)

Substitute into Eq. B.11, we have

G+ jCiw = jwq® Di(E) (—dPO> dE

1+ jwrF, dE
o el (B.13)
_ Jwg*Ds(Ex)
14 jwr)/2
Extract GG; and Ci, we obtain
Gi  wrg’D;
w  2(14w?r2/4
w A Z; m/4) (B.14)
Cl q 1

T 1tWPr/e
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AC admittance for a discrete interface state

For a discrete interface state, the interface state density D; becomes the delta

function of the energy, i.e.
Di(E) = Dy 0(E — Ey). (B.15)

Substitute into Eq. B.11, we have

G+ jCiw = jwq® Di(E) < dPO) dF

1+ jwurPy \ dE
_ jwq*Dy exp|(Ey — Ex)/kgT] (B.16)
1+ jwrPy(Ey) kgT (1 + exp[(Ey — Ef)/kgT)])? '
9
Jwq* Dy
= . (for Ef = E,
T (1 jurja) (lor Br=Eo)
Extract GG; and C, we obtain
Gi wrq? Dy
w  SkpT(1 +w2r2/4
( 2p) /4) (B.17)
q o

Ci

T AkpT(1 + w?r2/4)
AC admittance for general continuous interface states

For general continuous interface states, the interface state density D; becomes a

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

| | Dy(E) dP,
+ jCw = jug? -0 e
CitJCw =0wd” [ 50 R ( dE)

| dP,
~ jwq®D; / —— %) 4E
s 1+ jwrP, \ dE

B.18
. 2D /1 dPO ( )
=jwq D [ ———
Jvd 0o 1+ jwthy
B ¢*Diln (1 + jwr)
N T
Extract GG; and C, we obtain
Gi wrq*Dy
w  8kpT(1+w?r2/4)
2D (B.19)
C, =

AkpT(1 + w?r2/4)

which are the bases of the conductance method. The time constant 7 is

1 exp [(EC — Ef)/kBT] E.— E;
) = - — . B.20
7(Ei) yno(Ex) Ven 0 N X exp kgT ( )




Appendix C

X-ray photoelectron spectroscopy

(XPS)

When X-rays are irradiated on the sample surface in an ultrahigh vacuum, the
inner shell electrons absorb light energy by the photoelectric effect and emit in
the vacuum as photoelectrons. At this time, assuming that the photon energy
of the irradiated X-rays is hv and the binding energy of the bound electrons is
Ey, as shown in Fig. C.1, the kinetic energy FEy, of the photoelectron is given by
Einstein’s equation

Ekin = hv — Eb. (Cl)

By detecting the number and the kinetic energy of the photoelectrons released
in the vacuum, the distribution curve of the binding energy and the energy level
of the electrons of the element in the sample can be determined, so that the
element chemical state can be identified and quantified. This is also called Electron
Spectroscopy for Chemical Analysis (ESCA).

A schematic diagram of the equipment used in this study is shown in Fig. C.2.
X-rays are released by applying accelerated electrons emitted by the filament to
the Al target of the anode. When the incident electrons knock the electrons at low
level, electrons at high level relax and jump back to low level. This process emits
electromagnetic waves. For Al metal, when an electron from orbital 2p jumps

back to 1s, it releases X-ray with the energy of 1486.6 eV as shown in Fig. C.3,



Appendix C X-ray photoelectron spectroscopy (XPS) 120

Electron counts
7 %
A

Photoelectron
spectrum

A

hv
F 3

-------------------------------------- Vacuum level

------------------------

---------- Fermi level
A

Potential energy

AT Y

Dl.l..l.ﬂ.ll.yl..l Core Ievel

@ S @

Figure C.1: Schematic diagram of photoelectron emission from solid.

which is called Al Ka.

In addition, in order to perform highly accurate analysis, it is necessary to im-
prove the resolution. By irradiating the monochromator with X-rays, continuous

X-rays due to braking radiation and background due to satellite interference can

Monochromator

Accelerated electron ’

Al Ka N
(1486.6 eV) ;‘kr% Photoelectron
[ 1

Target metal (Al) Measured sample

Detector

Figure C.2: Schematic diagram of XPS system.
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Figure C.3: Al Ka X-ray is emitted when an electron moves from 2p to 1s orbital.

be removed. Bragg equation is given by
2dsinf = nA, (C.2)

where the X-ray having the wavelength A among the X-rays incident at the Bragg
angle 6 with respect to the crystal having the interplanar spacing d is reflected.
Quartz crystal is used for the Al radiation source (A = 0.83 nm), when using
quartz (1010) surface with d = 0.425 nm, 6 becomes 78.5°, which is convenient
for the arrangement of each device. The monochromated X-rays are irradiated
to the sample, and the photoelectrons emitted from the sample are converged
and decelerated by the electron lens and enter a concentric hemispherical analyzer
(CHA). Here, photoelectrons are polarized by flight trajectories by electric field,
where energy sorting is carried out. They are converted into electric signals by

detectors and recorded as photoelectron spectra.



Appendix D

Some general calculations for

fluctuations in electronic devices

D.1 Relative fluctuations

If a physical quantity = can be expressed by a sum of x; and x5, we have

(2?) =
= ((@7) + (23) + 2(2122), (D.1)
(2)? = (a1)*
= ((z1) + (22))*
= ((21) + (23) + 2(z1)(z2).
By using an assumption of the independence
(T122) = (21)(22), (D.2)
we have
S, = (%) — {a) -

= ((27) — (@1)?) + ((23) — (22)%) = S5 + 507,
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or

I U
(@) (x)?  (x)?
D.4
CSY (@) SY) (w)? D

S {e)? (@) (@) (@)

If 1 = 29 = /2, we have

S, SW+s®  2sk) 28
x — T T2 — 1 — T2 ) D
@ it m)? Mo W) (D-5)

D.2 Correlation between current/voltage and
conductance/resistance fluctuations

Current I flowing in a conductor with conductance G or voltage V' drop between
two ends of a resistor with resistance R does not fluctuate itself, it only reflects
the resistance/conductance fluctuations. To measure ideally current fluctuations,

we keep the voltage constant, hence

(0 (V6P (@)%

S I%) — (I)? V.G)?) — (V.G)? S,

L AP - (VG — (VG S )

meaning that the fluctuation of the current is actually that of the conductance.
To measure ideally voltage fluctuations, we keep the current constant, hence

Sy (V3 —(V)> (I.R)*)—(I.R)* Sg

VET T wR  GRD(RE (B-7)

meaning that the fluctuation of the voltage is actually that of the resistance.

On the other hand, in case of small fluctuations, i.e.

0G — 0, 0R — 0, (D.8)
we have
1 oG o0R ((5G)2 ((5R)2
GzﬁﬁlnG:—lnRﬁgz—fﬁ 2 = — R R (DQ)
thus
SV _ SI _ SR _ SG (Dlo)




Appendix E

Fluctuation of two-variable

functions

We consider fluctuation of a quantity that equals to product of two independent
variables x and y: z = zy. If the product does not have statistical properties, i.e.
that is simply the product of two quantities, the variance of the fluctuations of z

is

Hence
0‘z2 _ (TxQ 0'y2+ Uz2+ gyz
(2) <§> <y>0 ()2 (y) (E.2)
ERCERTE
if
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If the product has statistical properties, e.g.
N
z:Nx:Za:i, (E.4)
i=1
the variance of the fluctuations of z is
N N
0. = (%) = ()" = (D_w)) = D_ =) (E.5)
i=1 i=1
Using Burgess theorem, we obtain
N N N N
Oz = (O zdw) = O @) = @O D = (E.6)
i=1 i=1 i=1 i=1
and
N N N N N
(O )= 2t +> may =)+ O _may). (E.7)
i=1 i=1 i#j i=1 i#j
Similarly to Eq. (E.6), we have
N
(D ad) = (@)(N), (E.8)
=1
and
N N N N
(Z TiTj) = <Z<xz’%>>(zv) = <Z<$z’><$j>>(N) = <Z<93>2>(N)
i#] i#] . i#] i#] (E.9)
= (@) ) = (@)*(N* = N).
i#]
Hence, Eq. (E.7) becomes
N
(Q_m)?) = (@®)(N) + (@)*(N? = N). (E.10)
i=1
From this result, we can obtain
o, = (2*)(N) + (z)*(N? — N) — (2)*(N)? = (N)o, + (z)0on, (E.11)
thus
o, 1 o, ON
= + . (E.12)
(22 (N)(z)?  (N)?
Applying Eq. (E.12) to an electrical current
N
I:Nev:NeuE:eEZui, (E.13)
i=1
we have a current fluctuation of which the power spectrum is
2 2 2

M2 TNy (@
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