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Chapter 1

Introduction

1.1. Background of this study

Wireless communication started with telephones, and is connected with computers and
mobile phones with the spread of Internet. Use of smartphones has spread globally. As a
result, the amount of mobile data traffic is increasing rapidly, a 4000-fold increase in the
past ten years. According to a report by Cisco Systems, Inc., the total mobile data traffic
will have increased to 49 exabytes/month by 2021, as shown in Fig. 1-1. Therefore, the

communication speed of mobile phones cannot keep up with the increase of mobile data
traffic.
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Fig. 1-1. Predicted amount of mobile data traffic in the world.?

1.1.1. Requirements for next generation wireless communication system

In addition to smartphones, the concept of the Internet of Things (1oT) is spreading. In
the 10T, various things are connected with the Internet, then the data accumulation and
automation of things will be promoted by exchanging information mutually. Technology
such as wearable devices, connected cars, and autonomous robots are expected as new



communication terminals connected to the Internet. The amount of wireless data traffic
will be overwhelmingly increased due to Machine-to-Machine (M2M) communications.
Consequently, it will be difficult to accommodate the data traffic only in the frequency
band used in existing wireless communications: less than 6.0 GHz.

Therefore, a millimeter-wave band of 30-300 GHz is expected for the 5th-
generation mobile communication system (5G), as a new frequency band. Also, in
recent years, high-frequency wireless communications using the W band (75-110 GHz)
are drawing increasing interest, both as a way to temporarily set up high-capacity
communications for responding to disasters (Fig. 1-2 (a)), and also as a way to bring
communications to remote areas where optic cables are difficult to install (Fig. 1-2 (b)).
Compared to today's mobile phones using frequency range of 0.8-2.0 GHz, the W band
is more than 50 times as broad with 50 times the speed, meaning it is well suited to
these high-capacity wireless communications.

clady
Rt i

Optic network

Optic network

(a) Respond to disasters (b) Bring communications to remote areas

Fig. 1-2. High-frequency wireless communications using W band.

However, when using a millimeter-wave band for high-capacity wireless
communications, it will be necessary to solve issues such as insufficient communication
distance and the degradation in the atmosphere. Particularly, in the wireless backhaul of
mobile communications (Fig. 1-3) where the W band and/or the E band (60-90 GHz)
will be used, it is necessary to achieve a communication distance of 10 km and a data
rate of 10-20 Ghit/s as the target performance for replacement of the conventional optic
cables. To increase distance and capacity, it will be necessary to expand the frequency
bandwidth that can be amplified while simultaneously supporting modulation methods



that can transmit more information within the same frequency bandwidth, and a strong
requirement is to have less distortion when the signal is amplified. Another objective is
keeping in check the energy consumption of the communication systems that
accompanies greater distances and capacities, and improved energy efficiency in the
power amplifiers. In order to transmit wireless signals over a distance of 10 km in 5G,
the transmission antenna needs a power amplifier capable of a high output on the order
of several watts. However, the output power of existing power amplifiers for a
millimeter-wave band using GaAs or Si-based devices is limited around 0.1 W due to
their operating voltage.

— Fronthaul
Smal 1
s
Small cell
Small cell R H
RRH BBU: Baseband Unit

RRH: Remote Radio Head

Fig. 1-3. Wireless backhaul of mobile communications.

1.1.2. High-frequency devices

High-frequency devices used for power amplifiers have developed according to each
demand such as high-gain, low-noise, high-output, and high-efficiency performance.
There are two types of device structure: bipolar junction transistors (BJTs) and
field-effect transistors (FETs). In the case of FETs, the structures are divided into
metal-semiconductor (MES), p-n junction, metal-oxide-semiconductor (MOS) FETSs,
and high electron mobility transistors (HEMTS), as shown in Fig. 1-4. In high-frequency
applications, MOSFETs and HEMTs are desirable to obtain high-gain performance due
to the high mobility of the two-dimensional channel. In particular, HEMTs using



heterostructures of compound semiconductors such as GaAs, InP, and GaN-based
materials, are widely used as high-frequency devices applied in the information and
communications field, due to the excellent high-speed and low-noise performance.
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Fig. 1-4. Schematic cross-sectional view of FETs for high-frequency applications.

1.2. High electron mobility transistors (HEMTS)

This section describes HEMTs as the background of this thesis focusing on
insulated-gate structures for HEMTSs, from invention to commercial production.

The electron transport phenomenon in the semiconductor superlattice was first
discussed by Esaki et al. in 1969, and Dingle et al. found that the in-plane mobility was
dramatically increased by the modulation-doped AlGaAs/GaAs superlattice structures.?)
The transistor that can control this outstanding electronic transport phenomenon by the
electric field effect is HEMT. This concept was proposed by Mimura et al. in 1980 with
two-dimensional electron gas (2DEG) induced by the interface of the AlGaAs/GaAs
single heterojunction.” These days, HEMTs are widely used as high-frequency devices
applied in the information and communications field, in applications such as satellite
broadcast receivers, mobile phones, and millimeter-wave radars for automobiles, due to
the excellent high-speed and low-noise performance. In addition, HEMTs are also used



in radio telescopes for discovering unknown interstellar molecules. This has contributed
to progress in basic science. Owing to these achievements, Dr. Mimura, inventor of
HEMT, was honored with the 33rd Kyoto Prize (Advanced Technology Division),
sponsored by the Inamori Foundation, in 2017.

1.2.1. Concept of HEMT

During the initial development of the HEMT in 1979, Dr. Mimura participated in
research on the GaAs MOSFET for two years.” The MOSFET is widely known as an
indispensable device for large-scale integrations (LSIs), and the purpose of his study
was to explore the possibility of LSIs with GaAs MOSFETSs. His aim in particular was
to reduce the electronic states at the oxide/GaAs interface to achieve an electron
accumulation in the GaAs layer. Various methods were applied to reduce the electronic
states at the oxide/GaAs interface, but it was difficult to observe the electron
accumulation. Concerned about GaAs MOSFET, he became interested in the
“modulation-doped heterojunction superlattices” reported by R. Dingle et al.? In this
structure, donor-doped AIlGaAs layers and non-doped GaAs layers are stacked
alternately, and electrons accumulate in the non-doped GaAs layer between the n-type
AlGaAs layers.

From this phenomenon, he conceived the idea of the HEMT in July 1979.*% The
concept of HEMT s field-effect control of the high-mobility electron in selectively
doped GaAs/n-AlGaAs heterostructures. Figure 1-5 shows the band diagram of the
HEMT.? If we regard the depleted n-type AlGaAs layer as a gate insulator film such as
silicon dioxide (SiO,), the device concept of the HEMT is structurally similar to the
MOSFETs. At the same time, the Schottky barrier junction used to deplete the n-type
AlGaAs layer has the function of the gate electrode in GaAs MESFETSs. Therefore, we
can understand that the concept of HEMT was based on the principle of GaAs MESFET
and MOSFET (Fig. 1-6).
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Fig. 1-5. Band diagram of HEMT proposed by Dr. Mimura (Reproduced from ref. 3,
with the permission of IOP publishing).
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Fig. 1-6. Concept of HEMT based on principle of GaAs MESFET and MOSFET.



1.2.2. Development of fabrication process for HEMTs

The HEMT began to show potential as a high-frequency device soon after its first
fabrication. However, there were serious issues to achieve precise control of device
dimensions.? In the HEMT, an extremely thin AlGaAs layer existed under the gate
electrode, and the thickness of this layer had to be controlled to obtain stable threshold
voltage. However, AlGaAs is chemically unstable compared with GaAs because of the
presence of aluminum (Al). Thus, aluminum oxide (Al,O3) was easily generated at the
surface of the AlGaAs layer due to exposure to the air. As a result, the effective
thickness of the AlGaAs layer was reduced by oxidation.

To resolve this issue, Dr. Mimura developed process technologies using a GaAs cap
layer on the AlGaAs layer and reactive ion etching to remove this before gate electrode
formation. The advantage of this technology was surface protection for the AlGaAs
layer from exposure to the air. Thus, the thickness of the AlGaAs layer could be
precisely controlled, the same as after crystal growth. This technology enabled the
HEMTs to be fabricated with uniform characteristics and good repeatability for mass
production.

1.2.3. Commercialization of HEMTSs

The commercialization of HEMTSs started at the IEEE International Solid-State Circuits
Conference (ISSCC) held in 1983.” A researcher associated with the National Radio
Astronomy Observatory in the United States showed an interest in the presentation on
HEMT low-noise amplifiers for application to satellite communications in the
microwave band, because the noise characteristics of HEMT in a low-temperature
environment had the potential to replace existing parametric amplifiers or GaAs
MESFET amplifiers. Taking this opportunity, low-noise amplifiers for radio telescopes
became the first target of the application of HEMTs. The HEMT amplifiers were
installed at the Nobeyama Radio Observatory of the National Astronomical Observatory
of Japan in 1985, and contributed to the discovery of an unknown hydrocarbon
molecule in a dark nebula.?

The use of HEMTSs began to become widespread in 1987 when they came to replace
the conventional GaAs MESFETs as low-noise amplifiers in converters for satellite
broadcast receivers. HEMTs enabled parabolic antennas to be downsized to less than
half the size of the conventional ones and contributed to the explosive growth of
satellite broadcasting in Japan, Europe, and elsewhere. Figure 1-7 shows the progress in



noise figures of GaAs HEMTs and MESFETs at 12 GHz satellite broadcasting
frequency.” Noise figures for Si MOSFETs and BJTs at different frequencies are plotted
for reference. In 1983, there was no significant difference in performance between
GaAs HEMTs and MESFETs. However, as HEMTs began to be evaluated by users, the
progress in low-noise technology accelerated following user feedback. As a result, the
noise figure of HEMTs was reduced to approximately 0.3 dB and the downsizing effect
in parabolic antennas used for receiving satellite broadcasts reached its limit, leading to
the expansion of satellite broadcasting.
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Fig. 1-7. Progress in noise figures of GaAs HEMTs and MESFETs at 12 GHz.”

Another feature of HEMTs is their ability to be applied in various kinds of
compound semiconductors as mentioned in 1.1.2. In addition to the conventional GaAs
HEMTSs, the research and development of ultra-high-frequency HEMTs using InP and
high-efficiency/high-power HEMTs using GaN is progressing. It is expected that
InP-based HEMTs will be applied to high-speed downloaders and image sensing used in
security checks. GaN-based HEMTs are already used in wireless base stations and
contribute to power savings and downsizing in the 4th-generation mobile
communication system (4G), instead of conventional GaAs HEMTs.1%



1.3. High-frequency GaN HEMTs

As described above, HEMTs using GaN-based materials have realized excellent power
characteristics, and will be indispensable for the next generation of power amplifiers in
wireless communication systems and radar systems. For example, in mobile phone base
stations and WiIMAX using a frequency range of 1-2 GHz, 100 W-class power
amplifiers are necessary to achieve adequate communication distance and data rate.
However, in the case of conventional GaAs MESFETs and Si MOSFETSs, the output
power is less than 100 W with one chip. Therefore, two or more chips are necessary for
the 100 W-class power amplifiers by parallel distribution. On the other hand, the output
power of GaN HEMTs is more than 100 W with one chip. As a result, parallel
distribution and synthetic circuits are unnecessary. Thus, small and high-efficiency
power amplifiers can be achieved with GaN HEMTSs.

1.3.1. GaN-based materials

Table 1-1 shows a comparison in the physical properties of the semiconductor materials
used in high-frequency devices. GaN has a bandgap three times wider than Si and GaAs.
Owing to its wide band gap, GaN exhibits stable operation even at high temperatures.
Thus, the cooling system can be minimized in power amplifiers. Furthermore, the
breakdown electric field of GaN is larger than 3 MV/cm, which is approximately one
order of magnitude higher than that of Si and GaAs, meaning it is well suited to
high-power applications. In addition, the electron mobility and electron velocity are
very important for high-frequency devices. Electron mobility is defined as:

v=uk, 1-1)

where v, 1, and E are electron velocity, electron mobility, and electric field, respectively.
However, the electron velocity is not determined by only electron mobility. S. C. Jain et
al. reported the relationship between electron velocity and the electric field of
semiconductor materials calculated by Monte Carlo simulations.™” The peak velocity
and saturation velocity of GaN are 3 x 10’ cm/s and 1.5 x 107 cm/s, respectively. Both
values are higher than those of Si and GaAs.

Furthermore, Johnson’s figure of merit shows the potential of semiconductor
materials for high-frequency devices.*? It is defined as:
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where V,, and fy are the maximum allowable applied voltage and cutoff frequency,
respectively. Figure 1-8 shows Johnson’s figure of merit of each semiconductor material.
The fr of GaN is one order of magnitude larger than that of GaAs at the same Vy,. Thus,
GaN-based materials are desirable for power amplifiers used in high-frequency and
high-power applications.

Table. 1-1. Comparison in physics properties of semiconductor materials.

Si GaAs SiC GaN
Bandgap (eV) 1.1 1.4 3.2 3.6
Breakdown electric field (MV/cm) 0.3 0.4 3.0 3.0
Thermal conductivity (W/cmK) 1.5 0.5 4.9 1.5
Carrier concentration (/cm?) ~1012 ~10" ~10" ~10"
Electron mobility (cm?/Vs) 1300 8000 600 2000

Electron saturation velocity (cm/s) 1.0 x 10" 1.3 x 10" 2.0 x 107 2.7 x 107

10



10

GaAs MESFET

10° » \' 2
SiMOSFET
10 /
SiBJT InP
SiGe 3

2
1 10 10 10
fr (GHz)

Vm (V)

3

Fig. 1-8. Johnson’s figure of merit of each semiconductor materials.

1.3.2. GaN-based HEMTs

One of the primary advantages of GaN-based HEMTs is the 2DEG generated at the
interface of heterostructures such as AlIGaN/GaN and InAIN/GaN. Figure 1-9 shows the
typical structure and band diagram of the AIGaN/GaN heterostructure. When AlGaN is
grown on the GaN layer, the high-density/high-mobility electron channel is generated at
the AlGaN/GaN interface due to the spontaneous and piezoelectric polarization.
Generally, those GaN and AlGaN layers are grown without doping. Thus, the electron
mobility is higher than that of SiC MOSFETSs because of the suppression in the impurity
scattering at the AlGaN/GaN interface. At the same time, the typical electron density is
over 1 x 10® cm™, which is approximately one order of magnitude higher than that of
Si MOSFETs. These characteristics are well suited for power amplifiers.

Furthermore, it is known that GaN HEMTs using In-based barrier layers such as
INAIN and InAlGaN are promising, because of their high spontaneous polarization and
high band offset at the conduction band, for enhancing 2DEG density.** *¥ In fact,
Makiyama et al. demonstrated an output power density of 4.5 W/mm at 94 GHz in GaN
HEMTSs using InAIGaN barrier layers as shown in Fig. 1-10.® These characteristics are

1



desirable for 5G communication systems where the W band (75-110 GHz) and the E
band (60-90 GHz) frequency ranges are expected to be used for the wireless backhaul
of mobile communications.
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Fig. 1-9. Typical structure and band diagram of the AIGaN/GaN heterostructure.
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Fig. 1-10. Comparison in performance of GaN HEMT power amplifiers.
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1.4. Insulated-gate structures for high-frequency GaN HEMTs

In next-generation wireless communications, including 5G, high-efficiency and
high-linearity power amplifiers are required in wireless base stations. However, power
amplifiers using Schottky-gate (SG) GaN HEMTs suffer from reduced gain and
efficiency with increasing input radio frequency (RF) power due to significant gate
leakage current caused by a large input swing that may drive the devices deep into the
forward bias regime. Such high leakage currents seriously affect the operation stability
and large signal linearity of power amplifiers. Insulated-gate structures are very effective
in overcoming problems related to SG structures. In fact, Kanamura et al. demonstrated
that gate leakage current of AlGaN/GaN HEMTs was sufficiently reduced by a
SiN-based insulated-gate structure even under high input power operations, as shown in
Fig. 1-11.1®

1.0
Gate 08 |
E SG-HEMT
0.6 [
<
£
n-GaN o 04T
----------------- ? -- - ow - -
i-GaN 2DEG 0 \
Buffer | 1 1 1 1
S.1.-SiC -10 -5 0 5 10 15 20
Pin (dBm)

Fig. 1-11. Reduction in gate leakage current of AlIGaN/GaN HEMTs using SiN-based
insulated-gate structures.®

Among the various kinds of insulators that have been applied in insulated-gate
structures for GaN HEMTS, the candidates are limited because of the wide bandgap of
GaN-based materials.!” In the case of Si- and GaAs-based devices, the bandgap of SiN
is enough to block the electrons and holes at the conduction band and valence band,
respectively. However, in the case of AlIGaN/GaN HEMTSs, the band offsets between
SiN and AlGaN are less than 1 eV, as shown in Fig. 1-12. Thus, the higher forward gate

13



bias induces the higher gate leakage current due to the Fowler—Nordheim tunneling
process, leading to electron injection. This causes degradation of performance and
reliability.

Furthermore, in the case of INAIN/GaN HEMTSs, an insulated-gate structure is
indispensable. As mentioned in 1.3.2, GaN HEMTs using In-based barrier layers such as
InAIN and InAlGaN are promising because of their high spontaneous polarization and
high band offset at the conduction band, for enhancing 2DEG density. However, the
large gate leakage current in InAIN/GaN HEMTs often limits their operation.
Furthermore, in the case of INAIN/GaN HEMTSs, the band offsets between insulator and
barrier layer are smaller than that of AIGaN/GaN HEMTs.

AE:=0.6~0.7 eV

Fig. 1-12. Band offsets between SisN4 and AlGaN.

Figure 1-13 shows the relationship between the bandgap and the dielectric constant
of insulators. Although the bandgap of SiO, is highest in Fig. 1-13, the dielectric
constant is very low (less than 5). If we use low-dielectric-constant materials for the
gate insulator, the transconductance (gm) of metal-insulator-semiconductor
(MIS)-HEMTs will be decreased, and this causes RF performance degradations. On the
other hand, the bandgaps of high-dielectric-constant materials such as HfO, and ZrO,,
are less than 6 eV. This value is insufficient as the barrier for GaN-based materials, as
shown in Fig. 1-12. In this regard, Al,O3 is a good candidate for the gate insulator film
used in GaN-based devices due to the wide bandgap and relatively high dielectric
constant. In fact, Z. H. Liu et al. demonstrated the improved RF performances of
0.25um  GaN metal-oxide-semiconductor ~ (MOS)-HEMTs using  8nm
atomic-layer-deposited (ALD) Al,O; films for low-noise amplifiers.*®
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Fig. 1-13. Relationship between bandgap and dielectric constant of insulators.

1.5. Issues for insulated-gate GaN HEMTs

Power amplifiers using SG GaN HEMTs are already used in wireless base stations and
contribute to power savings and downsizing. However, MIS-HEMTs and MOS-HEMTs
using insulated-gate structures have not yet been used in mass production, because of
the insufficient operation stability due to the electronic states at the
insulator/semiconductor interface. As well as with GaN-based materials, it is also
difficult to control the insulator/semiconductor interface when using other compound
semiconductor materials. As mentioned in 1.2, Dr. Mimura, inventor of HEMT, gave up
the development of GaAs MOSFETSs because of the electronic states at the oxide/GaAs
interfaces. Up to now, while various kinds of insulators have been applied to improve
the performance and operation stability of insulated-gate structures for GaN HEMTS ,
several problems remain unsolved.'”

1.5.1. Instability of threshold voltage

The most serious problem is threshold voltage (Vi) instability, as shown in Fig. 1-14. It
is considered that the Vy, shift occurred due to an electron trap at the insulator/barrier
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(AlGaN or InAIN) interface during a positive gate-voltage (Vqs) sweep, and this causes
degradation in operation stability.!® Therefore, the Vi, shift is one of the critical issues
to be solved for high-frequency and high-power applications. Several papers report that
different bias conditions induce varying degrees of Vy, shift in insulated-gate HEMTSs.
Lu et al. reported that the higher positive gate bias of the insulated-gate HEMTSs induces
larger Vi, shift toward the forward bias direction.? There are two possible mechanisms
for this issue. Under a high positive gate bias, the Fowler—Nordheim tunneling process
enhances the gate leakage current, as mentioned in 1.4. In this case, electrons injected
into trap levels in insulators cause excess negative charges, resulting in the Vi, shift
toward the positive bias direction. The high positive gate bias also supplies electrons to
electronic states at the insulator/barrier interface, and the acceptor-type states produce
negative charges when they trap electrons. Due to the long associated time constant for
electron emission even at room temperature, electrons captured at deeper interface states
remain trapped for the entire duration of gate sweeping toward the negative bias
direction.?” This also causes the Vi, shift toward the positive bias direction in the lgs—Vgs
characteristics, as shown in Fig. 1-14.

700
600 _Threshqld voltage shift (4Vi)
T 500 | |
€ 400
< [ Reverse
E 300 ¢ :
@ Forward:
~ 200 | '
100 ¢ Vas =10 V
0 1 ) 1 '
8 6 4 -2 0 2 4

Vgs (V)

Fig. 1-14. Vi, shift of insulated-gate GaN HEMTSs due to positive gate bias.

1.5.2. Degradation of current linearity at forward gate bias

Another problem of insulated-gate structures is an unexpected degradation of current
linearity.?® Although a dynamic range of input-signal sweeping is one of the advantages
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of insulated-gate GaN HEMTSs, the sudden current saturation at the forward gate bias
was reported, as shown in Fig. 1-15.222% It is likely that a high density of electronic
states at the insulator/barrier interface, in particular near the conduction band edge,
screens the gate electric field and causes limited control of the surface potential of the
barrier layer. This prevents further increase in the 2DEG density, leading to pronounced
current saturation at the forward gate bias. Such degradation of current linearity can be
responsible for gain loss and degradation of large-signal linearity in power amplifiers.

Fig. 1-15. Sudden current saturation at forward bias of insulated-gate GaN HEMTs
(Reproduced from ref. 22, copyright 2017 by the Japan Society of Applied Physics).

1.5.3. Current collapse

Current collapse is one of the critical issues for operation stability, because it causes RF
performance degradation, due to the decrease in the drain current under operation.
Figure 1-16 shows the pulsed l4s—Vys characteristics of AlGaN/GaN HEMTs. A
significant current decrease is observed under the off-state quiescent bias with a high
drain voltage (Vgsq = -3 V and Vgsq = 20 V). In addition, this quiescent bias made gate
control of the current very difficult, indicating that the pronounced current collapse
behavior was due to the surface charging and the potential pinning at the AlGaN surface,
particularly in the gate-to-drain access region. According to the widely accepted “virtual
gate” model,*” as shown in Fig. 17, a high off-state drain bias voltage induces electron
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trapping at the surface states of the barrier layer via a tunneling injection at the gate
edge on the drain side. Subsequently, surface charges deplete the underlying 2DEG and
increase the drain resistance, leading to current collapse. Current collapse is strongly
dependent on the drain voltage during the off-state stress.?>?® On the basis of the gate
injection and surface-hopping model,?”? electron conduction via trap-to-trap hopping
can be promoted with an increasing drain voltage. Consequently, this may lead to the
widening of the “virtual gate” from the gate edge up to some further distance on the
gate-to-drain access region.?®

B L

0 5 10 15 20
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Fig. 1-16. Current collapse of AIGaN/GaN HEMTs.
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Fig. 1-17. Schematic illustration of virtual gate model for current collapse.
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1.6. Objective

As discussed above, GaN HEMTs have enormous potential as high-frequency devices
used in power amplifiers. In addition, insulated-gate structures are effective for
improving the performance of GaN HEMTSs in RF applications. Especially, Al,O3 is a
good candidate for gate insulator film of GaN HEMTs due to the wide bandgap and
relatively high dielectric constant. However, several problems remain unsolved, such as
an instability of the Vi, a steep decrease in gm at the forward gate bias, and severe
current collapse.

In this thesis, to improve the performance and the operation stability of GaN
HEMTs using Al,Oz-based insulated-gate structures, the electrical properties are
characterized by focusing on fabrication processes such as an ALD, post-deposition and
post-metallization annealing (PMA), and methods of interface control are proposed.

1.7. Outline

The rest of this thesis is organized as follows.

Chapter 2 explains the basics of the physical properties of GaN and related
heterostructures. The spontaneous and piezoelectric polarizations at the AlGaN/GaN
heterostructure and the generation mechanism of the 2DEG are described.

Chapter 3 introduces the origin and effects of the electronic states induced at the
interface between insulators and GaN-based materials. Furthermore, the evaluation
methods of the interface states are explained, focusing on the capacitance—voltage (C-
V) characteristics of the MOS structures.

Chapter 4 investigates the mechanism for Vi, shift of AIGaN/GaN MOS-HEMTs
when using ALD-Al,O; for the gate insulator films. As an oxidant source for
ALD-AI,03, H,O vapor and O, plasma were compared, focusing on AI(OH) residues
in ALD-AI,O3 and GaN oxidation at the Al,Os/GaN interface. The oxidant source was
controlled for ALD-AIl,O3, and a hybrid-Al,O3 structure (lower H,O vapor-Al,Oz/upper
O, plasma-Al,03) was proposed to reduce the Vy, shift and the gate leakage current.

Chapter 5 discusses the effect of oxidant sources on the performance of INAIN/GaN
MOS-HEMTs. Surface-oxide-control for the InAIN barrier layer was proposed to
reduce the gate leakage current and the current collapse of INAIN/GaN MOS-HEMTSs by
focusing on In,O3, which has narrow bandgap and chemically unstable properties,
compared with Al,Os.

Chapter 6 investigates the DC characteristics and operation stability of
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Al,O3/INAIN/GaN MOS-HEMTs by focusing on the PMA process to control the defect
levels in Al,O3 and the electronic states at the Al,O3/INAIN interface. The relationship
between the 1-V characteristics (the transconductance linearity, the subthreshold slope,
and the current collapse) and the electronic states at the Al,Os/InAIN interface were
evaluated by photo-assisted C-V measurements. Furthermore, TEM analysis of the
Al,O3/InAlN structures was conducted to reveal the bond disorder at the Al,O3/InAIN
interface by focusing on the relaxation of dangling bonds and/or point defects. Finally,
the reduction in the oxygen-related defects in Al,O3 and the electronic states at the
Al,O5/INAIN interface were demonstrated by optimized PMA, which led to improved
gate controllability and operation stability for the Al,O3/INAIN/GaN MOS-HEMTSs.
Chapter 7 summarizes the results presented in this thesis.
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Chapter 2

Physical properties of GaN and related heterostructures

2.1. Basic properties of 111-N semiconductor materials
2.1.1. Crystal structures

I11-N semiconductors have a hexagonal wurtzite structure due to the strong ionicity of
the chemical bonds between cation and anion atoms in the crystals. In the case of the
wurtzite structure, the cation and anion atoms align in the same direction (vertically, in
this case) as shown in Fig. 2-1 (a), while they align rotating by 60 degrees in the
zincblend structure (b). Such symmetrical configurations with the ionic alignment lead
to characteristic polarization effects. Furthermore, the wurtzite structure is
thermodynamically favorable and easy to produce (for all binary, ternary, and
quaternary alloys).” Thus, a wurtzite structure is generally used in GaN-based devices,
including high electron mobility transistors (HEMTS).

(a) wuetzite structure (b) zincblend structure
60 °

Fig. 2-1. Schematic illustrations of (a) wurtzite and (b) zincblend crystal structures.

23



Figure 2-2 shows the definition of lattice constant and orientations in the hexagonal
wurtzite crystal. As shown in this figure, the c-axis direction [0001] is the same as that
of the strong ionicity. Therefore, the polarization characteristics are generated along the
c-axis. Thus, the c-plane (0001), oriented perpendicular to the c-axis, is called the “polar
plane.” On the other hand, the a-plane (11-20) and m-plane (1-100) do not have the
polarization effects because of the atom configurations. Indeed, GaN HEMTs are
generally fabricated on the c-plane of GaN-based materials. This feature will be
discussed later in this chapter.

Furthermore, the lattice constants of the wurtzite crystal are defined as a and c, as
shown in Fig. 2-3. Each lattice constant depends on the ionicity in the crystal. Table 2-1
summarizes the lattice parameters and bandgap of wurtzite AIN, GaN, and InN.?

A

c-axis
[0001]

-pl 10-12
/c-plane (0001) -plane ( )

, va

m-plane a-plane
(1-100) (11-20)

Fig. 2-2. Schematic illustrations of wurtzite crystal and its direction and orientations.
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Fig. 2-3. Definition of lattice constants of wurtzite crystal.

Table 2-1. Lattice parameters and bandgap of wurtzite AIN, GaN, and InN.?

AIN GaN InN
Lattice constant a (A) 3.112 3.189 3.545
Lattice constant ¢ (A) 4.982 5.185 5.703
Bandgap at RT (eV) 6.25 3.51 0.78
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2.1.2. Epitaxial growth of 111-N semiconductors

Epitaxial growth of I11-N semiconductors is generally performed on foreign substrates
such as Si, SiC, and sapphire due to the lack of commercial bulk substrates. In this case,
a strong lattice mismatch is observed between I11-Ns and substrates, as shown in Table
2-2, which of course has profound consequences for material growth and characteristics.
As shown in Fig. 2-4, heteroepitaxial growth can occur basically in three ways. I11-Ns
grow lattice-mismatched with the substrate inducing either pseudomorphic or relaxed
conditions. In strained structures (pseudomorphic), in-plane deformation (biaxial)
occurs and the layer is either compressed or tensed. In this case, defects such as
mosaicity, disorientation with respect to the growth axis, heterostructure curvature, and
inhomogeneities can eventually appear.® Some of the most important structural defects
that occur in I11-Ns growth are related with relaxation and dislocation formation. The
relaxation can be correlated to the loss of biaxial deformation, with respect to the
strained accommaodation of the crystal lattice of the grown layer. It can be evaluated by
the relaxation coefficient defined as:

R= a(layer)—aop(substrate)
B ao(layer)—ap(substrate)

, (2-1)

where the subindex 0 is related to the layer in its state of no deformation. The degree of
relaxation will be zero when the layer is fully strained and 1 when the layer is
completely relaxed (absence of biaxial strain).

Dislocations are linear defects occurring during material growth and that propagate
into the material and are due to displacement of atoms in the lattice. In fact, relaxation
of materials can occur via dislocation formation. Edge-type and screw-type dislocation
may be the origin depending on the mechanism of formation.
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Table 2-2. Lattice parameters of available substrates for 111-Ns growth and lattice
mismatch with GaN. Values for GaN are a=3.189 A andc=5.185 A.

Substrate a(A) c(A) Aacganlasup (%)
SiC 3.081 5.039 3.5
Sapphire 4.758 12.991 16.1

Si (111) 3.840 5.438 -17.0

Lattice-matched Pseudomorphic Relaxed

Fig. 2-4. Schematic illustrations for types of heteroepitaxial growth.
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2.2. AlGaN/GaN heterojunction
2.2.1. Alloys and heterojunctions using I11-N semiconductors

I1I-N semiconductors also enable us to realize various types of Il1I-N alloys having
different bandgap and lattice constant. The ternary I11-N, AxB:xN, can be carefully
engineered in respect to composition. The behavior of the lattice parameter a and
bandgap E4 with the change of composition can be described by Vegard’s law:

a(AxB1xN) = zap + (1 — x)ap (2-2)
EgaBi N =TEg A + (1 —2)Egp + bx(l — ), (2-3)

where b is the bowing parameter and x is the molar fraction of A. Figure 2-5 shows the
relationship between lattice constant and bandgap for GaN, AIN, InN, and their alloys.
With a bandgap between 0.78 eV and 6.25 eV and lattice parameter a from 3.112 A to
3.545 A, the AlGaN alloys offer broad engineering possibilities. INAIN has an
additional unique feature for HEMTs. When the In composition ratio is 17%, the lattice
constant of Ing17Algg3N in accordance with that of GaN is prepared on the c-plane of
the GaN layer. Besides that, the large conduction-band offset at the InAIN/GaN
interface can be a big advantage for HEMT applications.

AlGaN is an alloy of AIN and GaN. AlGaN/GaN heterojunctions are the most
popular application for HEMTSs, as shown in 1.3.2. Comparing with the InAIN/GaN
system, AlGaN and GaN have no lattice-matching selections, resulting in
tensile-straining in the AIGaN/GaN heterostructures. This feature leads to polarization
effects, which will be explained in the next section.
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Fig. 2-5. Relationship between lattice constant and bandgap for GaN, AIN, InN, and
their alloys.

2.2.2. Polarization effects in 111-N heterojunctions

As shown in Fig. 2-2, 111-N semiconductors grown on the c-plane lead to “spontaneous
polarization” due to the symmetric configuration of cations and anions in the c-axis
direction. Ambacher et al.” calculated the spontaneous polarization charge densities Psp
for GaN, AIN, and InN are

GaN: Py, = -1.8 x 10% /cm?,
AIN: Py, = -5.1 x 10" /em?,
InN: Pg, = -2.0 x 10" /cm?,

The polarization charges are induced both on the c-plane and the opposite c-plane, as
shown in Fig. 2-6. At the (0001) Ga-face surface, the negative charges are induced by
the cation atoms, Ga, Al, and In, resulting in the internal electric field in the [000-1]
direction. At the (000-1) N-face surface, on the other hand, the internal electric field
shows the [0001] direction.
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Fig. 2-6. Spontaneous polarization and internal electric fields in I11-N semiconductors.

In addition to spontaneous polarization, the lattice strain and compression due to the
lattice-mismatched junction lead to “piezoelectric polarization.” Let us consider this
polarization effect in the AIGaN/GaN heterojunction. As schematically shown in Fig.
2-7, the AlGaN layer that has a smaller lattice constant a than that of GaN is strained in
the horizontal direction so that it cancels the lattice-constant difference. Consequently,
the compression of the AlGaN in the vertical (c-axis) direction leads to an increase in
the internal electric field due to the piezoelectric polarization. As shown in Fig. 2-7, in
the heterojunction grown on the (0001) orientation, the piezoelectric field shows the
[000-1] direction, which is the same as that of the spontaneous polarization. Therefore,
by either spontaneous or piezoelectric polarization, or by both, the potential of the
heterojunction is bent downward, leading to accumulation of the two-dimensional
electron gas (2DEG).

[l P AIGaN

T [0001] lattice mismatched

@ Psp GaN

(a)

<« tensed —>

]

@ Psp @ Pee AlGaN compressed
T [0001] +0 feeessesmsrrrmrsrsrsrsrsrsrsrererees 4

(b)

Fig. 2-7. Piezoelectric polarization in I11-N heterostructures.



2.2.3. Two-dimensional electron gas induced at 111-N heterointerfaces

Figure 2-8 shows the band diagram of the AlIGaN/GaN heterojunction at equilibrium. As
mentioned above, the band bent downward by the internal electric fields create the
potential quantum well at the AlGaN/GaN interface. As a result, 2DEG with high
electron density is induced at the heterointerface. The electron mobility of such 2DEG is
not affected by the impurity scattering because those internal electric fields are induced
even in un-doped I11-N systems. Note that the origin of 2DEG has not been cleared yet,
but is under discussion. I1I-N electron devices utilizing such 2DEG are called as
HEMTs or heterojunction-field-effect transistors.
Ibbetson et al. proposed the following equation for the calculation 2DEG density:

qns = opz(l —ter/t), (2-4)

where ng, opz, tcr, and t are 2DEG density, polarization-induced charge at AlIGaN/GaN
interface, the critical thickness, and the thickness of AlGaN layer, respectively.”

[0001]
47

internal electric field
(Psp + Ppe)

Ec _—
\ 2DEG

AlGaN

: polarization charge
H (+o)

Fig. 2-8. Conduction-band diagram of AlGaN/GaN heterostructure.
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Table 2-3 shows the polarization charge density and the conduction-band offsets
reported for the AIGaN/GaN and InAIN/GaN heterostructures.® 4P, is the spontaneous
polarization charge density difference between the barrier and channel layers. Pyt IS
the total polarization charge density at the heterointerface as described using 4Py and
the piezoelectric polarization charge density Peg,

Protal = APo — Pee. (2-5)

When the Al composition ratio is 20% in the AlGaN/GaN heterostructure, the resulting
Pt is 1.18 x 10 cm™, which is one order of magnitude higher than the inversion
carrier densities at Si and SiC MOS interfaces. Using Ing17Alpg3N as a barrier layer of
HEMTSs, the lattice-matched InAIN/GaN heterojunction shows Ppe of zero. However,
higher Pgsp of INAIN gives the positive 4P, with density two times higher compared with
that of AlGaN, resulting in Py, 0f 2.73 x 10" cm™. The larger conduction-band offset
at the InAIN/GaN interface is also expected to suppress the gate leakage current under a
forward gate bias.

Table 2-3. Polarization effect parameters and conduction-band offset of 111-N
heterostructures.®

APy (cm?) APee (cm?) AP (cm?)  AE: (eV)
Alo2GaosN/GaN 6.50 x 10" 532 x 10" 1.18 x 10" 0.30
Ing.17AlossN/GaN 2.73 x 10" 0 2.73 x 10" 0.68

In the case of the AlGaN/GaN heterojunction, the Psp is proportional to the Al
composition ratio of AlGaN, leading to higher-density 2DEG. The typical Al
composition ratio of AlGaN, which is usually used for HEMTs, is around 20-35%,
resulting in 2DEG density of around 10" cm™. Fig. 2-9 shows the relationship between
the 2DEG density and the thickness of AlGaN with an Al composition ratio of 34%.>
Ideally, 2DEG density increases with the AlIGaN thickness due to the increase of Ppe. In
a real case, the lattice strain can be relaxed with the thicker growth of AlGaN, resulting
in the saturation of the 2DEG density. Furthermore, the thinner AlGaN also relaxes the
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compression of itself, leading to decrease of Ppe. As a consequence, when the resulting
APy is zero, the heterojunction system does not create the 2DEG channel. In the
AlGaN/GaN heterostructure, therefore, 2DEG density can be modulated utilizing the Al
composition ratio and the thickness of the AlIGaN barrier layer.
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Fig. 2-9. Relationship between the 2DEG density and the thickness of AlGaN with the
Al composition ratio of 34%.”
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Chapter 3

Basics on insulated-gate structures and characterization of
insulator/semiconductor interface

3.1. Introduction

To develop insulated-gate structures applicable to practical GaN-based devices, the
characterization of metal-insulator-semiconductor (MIS) or metal-oxide-semiconductor
(MOS) interface properties have become of utmost importance for understanding the
underlying physics and chemistry required for circumventing problematic issues.
Although different insulator materials have been used in GaN-based devices, including
high electron mobility transistors (HEMTSs), the resulting insulator/I11-N semiconductor
interfacial properties are still not fully understood.

Thus, this chapter introduces the origins and effects of the electronic states induced
at the interface between insulators and GaN-based materials. Furthermore, the
evaluation methods of the interface states are described, focusing on the capacitance—
voltage (C-V) characteristics of the MOS structures.

3.2. Origin of surface and interface states
3.2.1. Fermi level pinning

The basic idea about band alignment at the metal-semiconductor (M-S) interface is to
align the bands naturally with each other, keeping the energy distance of each band from
the vacuum level unchanged at the interface. This is the well-known Mott-Schottky
limit. In reality, however, as shown in Fig. 3-1, there is a strong tendency for the metal
Fermi level to align with a characteristic energy position of the semiconductor Eg. This
makes the value of Schottky barrier heights (SBH) independent or weakly dependent on
the metal work function. This phenomenon is called “Fermi level pinning.” How
strongly the barrier height ¢g depends on the metal work function ¢ is usually
expressed phenomenologically in terms of the interface index S defined by:

_ don
- d@‘ﬂ’l'

(3-1)
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Using S, SBH can be expressed as:
05 = S(dm — xs) + (1 = 5)(Ec — Eu), (3-2)

where ys is the electron affinity of the semiconductor. S=1 corresponds to the
Mott-Schottky limit and S=0 corresponds to the completely pinned limit (Bardeen
limit).

Extensive studies on semiconductor surfaces and interfaces carried out in the last
10-30 years have revealed that Fermi level pinning also exists on free surfaces, at
insulator-semiconductor (I-S) interfaces and heterojunction (S-S) interfaces. In order to
explain the origin of Fermi level pinning, several models were proposed.

Fig. 3-1. Schematic illustration of Fermi level pinning due to surface states.

3.2.2. Charge neutrality level

Hasegawa et al. stressed that M-S, S-S, and I-S interfaces are closely connected through
the so-called charge neutrality level (CNL), which can be defined as the boundary
energy at which states in the gap state continuum change from a donor-type to
acceptor-type character with increasing energy.” In a one-dimensional model of a
semiconductor, this boundary energy is the branch point energy of the complex band
structure, and it lies at the midgap.? In a three-dimensional crystal, the energy position
of CNL can be determined as the zero point of the cell-averaged real-space Green’s
function,? as the average hybrid orbital energy position in the tight-binding theory of
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the bands,” as the midgap point of the dielectric energy gap (dielectric midgap),® or as
the empirical tight-binding branch point energy.”

The roles of the CNL at the interface are as follow: (1) the reference energy for band
lineup at the S-S interface; (2) the Fermi level pinning point at the M-S interface in the
Bardeen limit; and (3) the Fermi level pinning point at the I-S interface. Thus, it is an
energy reference point of fundamental importance for interfaces.

3.2.3. Metal-induced gap state model

In 1965, V. Heine proposed that the evanescent tails of the wave functions in metals
effectively serve interface states and pin the Fermi level, as shown in Fig. 3-2.” Tersoff
later called these types of states the metal-induced gap states (MIGS), and showed the
way to calculate the position of the CNL of these states as the pinning point.? Fermi
level pinning by MIGS is schematically shown in Fig. 3-3 (a). It should be noted that
this model applies only to the pinning at the M-S interface and the pinning should be
intrinsic.

leakage of wave function

semiconductor

Fig. 3-2. Schematic illustration of MIGS model.

3.2.4. Disorder-induced gap state model
In 1986, Hasegawa and Ohno proposed a disorder-induced gap state (DIGS) model, in

which the disorder of bonds near the interface, caused by the interface formation
process, produces an interface state continuum due to incomplete separation of bonding
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and anti-bonding states.” The Fermi level pinning mechanism is similar to that of the
MIGS model, as shown in Fig 3-3 (a). However, the origin of the states is different and
the pinning in the DIGS model is an intrinsic one. Additionally, the DIGS model applies
not only to the M-S interface but also to the free surfaces and the I-S interfaces as well
as to defective S-S interfaces. The primary difference between the MIGS and the DIGS
model is that Fermi level pinning may be avoided or inevitable. In the MIGS model, the
pinning is intrinsic; due to the simultaneous occurrence of extrinsic defects, the S value
can decrease but the pinning does not disappear. On the other hand, in the DIGS model,
pinning disappears and the Schottky-Mott limit can be realized if the interface disorder
is removed by improving the interface formation process. Teraji and Hara found that the
S value could be changed from 0.22 to 0.99 in SiC, and a Schottky-Mott extreme of S =
0.99 realized by changing the interface formation process.” Furthermore, Hasegawa et
al. conducted a pulse electrochemical process that can form an oxide-free interface
without process damage to form metallic dots. As a result, it is possible to get S = 0.4 in
GaAs and InP, which are relatively pinning materials with S =~ 0.1, and get S = 1 when

the dot size is small.”™®

(a) MIGS or DIGS model (b) Unified defect model
1 pinning point

@ pinning @

Z point =

donor acceptor
Ecno E E

State continuum Discrete defect levels

Fig. 3-3. Fermi level pinning mechanisms for (a) MIGS or DIGS, and (b) Unified defect
model.



3.2.5. Unified defect model

As another model of extrinsic pinning, Spicer et al. proposed a unified defect model in
which near-interface discreet levels on the semiconductor side due to processing
induced native defects serve as the pinning states, as shown in Fig. 3-3 (b).}? The
unified defect model applies not only to the M-S interface but also to the free surface
and I-S interface. This model is a persuasive model but it does not give the
experimentally observed pinning positions.

3.2.6. Border trap model

To explain the instability of MOS structures using GaAs, InP, and InGaAs, a border trap
(BT) model was proposed.’” This model assumes defect levels inside the gate insulator,
as shown in Fig. 3-4 (a). In this case, BTs have long time constants as they interact with
the conduction band electrons via tunneling, leading to large frequency dispersion of C—
V characteristics even at accumulation bias, as shown in Fig. 3-5.2%% The DIGS model,
as schematically shown in Figure 3-4 (b), can well explain frequency dispersion at
accumulation bias. ¥ In this model, it is assumed that the disordered region at the
semiconductor surface includes defects, dangling bonds and lattice displacement
(disorder in bond lengths and angles), thereby producing electronic states with density
distributions in both energy and space. When interface states have space distribution,
electron capture/emission processes also include tunneling effects. Recently, Galatage et
al. reported a comparison of the BT and DIGS models by fitting both models to
experimental data.® Although both models suggested that frequency dispersion was
caused by high-density electronic states within 0.8 nm from the crystalline
semiconductor surface, they claimed that the experimental capacitance frequency
dispersion in accumulation can be well explained by the DIGS model. This led them to
conclude that frequency dispersion is indeed due primarily to DIGSs in the
semiconductor side. Moreover, since the C-V frequency dispersion in InGaAs MOS
structures has been observed for a variety of dielectrics, including Al,O3; HfO,; ZrO,;
LaAIlO; and HfAIOQ, it is unlikely that the same BT would have almost the same energy
from the InGaAs conduction band edge can be consistently reproduced using different
dielectric materials. Furthermore, Choi et al. theoretically predicted that the oxygen
vacancies in the Al,O3 films act as BTs that lead to the leakage current in Al,O3/GaN
MOS structures.'® Defect levels in insulator films, BTs in insulator films near the I-S
interface, and acceptor-type interface states at the I-S interface are involved in the
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threshold voltage shift (AVy,) mechanism in GaN MOS-HEMTs.*” Higher forward gate
bias induces a higher gate leakage current, probably via the Fowler—-Nordheim tunneling

process, leading to electron injection to traps and interface states. This causes instability
of Vi, in GaN MOS-HEMTS, as described in 1.5.1.

insulator semiconductor

_ Ecc)x
border tra ,
e P tunneling process
Ec
__________ EF
X
Ey
interface state insulator,+”
,I
semiconductor
(a) (b)

Fig. 3-4. Schematic illustrations of (a) border trap and (b) disorder-induced gap state
model (Reproduced from ref. 17, with the permission of 10P publishing).
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Fig. 3-5. C-V characteristics as function of frequency of (a) HfO, and (b) Al,O3 on
n-InGaAs (Reproduced from ref. 15, with the permission of AIP publishing).



3. 3. Characterization of interface states for insulated-gate GaN HEMTs

To obtain stable Vi, and gate controllability of insulated-gate GaN HEMTS, it is very
important to characterize the electronic states at the insulator/barrier interface. From the
viewpoint of device application, it is desirable to evaluate interface state properties
using an actual HEMT structure with a very thin barrier layer (less than 30 nm) such as
AlGaN or InAIN. However, in comparison with a conventional insulated-gate structure
using a single semiconductor layer, it is very difficult to characterize the
insulator/barrier interface. Insulated-gate HEMTs have two interfaces: insulator/barrier
and barrier/GaN. This makes the potential modulation rather complicated because the
applied field is divided into three parts: insulator, barrier, and GaN layers.

Accordingly, this section presents the characterization of electronic states at the
insulator/barrier interface, particularly focusing on Al,O3s/AlGaN/GaN structures. To
understand the basic behavior of interface states in MOS-HEMTs, C-V characteristics
are calculated by a numerical solver of the one-dimensional Poisson equation.'®
Furthermore, interface states near the midgap are characterized by photo-assisted C-V
technique.?* 2V

3.3.1. Capacitance-voltage characteristics of MOS-HEMTs

Figure 3-6 (a) shows the calculated C-V characteristics of Al,O3/AlGaN/GaN structures
assuming physical parameters summarized in Table 3-1. As shown in Fig. 3-6 (), the
ideal C-V curve shows a two-step capacitance change, which is the characteristic
feature of the MOS-HEMT structure having two interfaces.’® The nearly flat
capacitance Crora. around zero bias indicates that 2DEG accumulates at the
AlGaN/GaN interface. When we apply the positive gate bias, electrons start to distribute
in the AlGaN layer, leading to an increase of capacitance to the insulator capacitance
Caizo3. The two broken lines show an example of the C-V calculation assuming the two
typical interface state density (Dj) distributions, Dj;; and Dig, shown in Fig. 3-6 (b). In
the Dy distributions, the CNL (Ecni) is a branch point for acceptor- and donor-like
interface states having a U-shaped distribution, which is in accordance with the DIGS
model, as explained in 3.2.4. Dj; distributions assumed in the calculation are expressed

by:
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D"HJ(E) = Dno exp

s

(|E — Ey|

0A,0D

| ] (3-3)

where Ega and np are the curvature of the acceptor-like Di* branch, Egp and np are the
curvature of donor-like D> branch, respectively, and Dig is the minimum density at
Ecne. Additionally, we also took into account time constants for electron emission from
the interface states using the Shockley-Read-Hall (SRH) statistics. Time constant z as a
function of the trap energy level E+ can be calculated using the following equation:

Lo (E(. -E, )
= exp -
ON_ v \xr ) (3-4)

where k, T, and o are the Boltzmann constant, temperature, and the capture cross section
of the interface states, and N¢ and v are the effective density of states in the conduction
band of the AlGaN and the thermal velocity of electrons, respectively. For example, in
the case of AlGaN with an Al composition of 30% (E4 = 4.0 eV), the time constant for
electron emission to the conduction band is estimated to be in the 10'°-10° s range for
near-midgap states at room temperature (RT) and even at 200°C, as shown in Fig. 3-7.20
In this case, the charge condition of such deeper states cannot be changed by bias
sweeping in a standard C-V measurement. In addition, due to the exponentially
increased time constants, only some electrons can be emitted from the interface states
during the measurement duration, which is determined by the emission efficiency (7).
Using the actual C—V measurement time (tyeas), the 7. is given by:

-
Ne =1 —exp(—M). (3-5)

T

In the calculation, the resulting charge Qj; in the interface states at each gate bias can
be estimated using 7., Dj; distributions, and the following equation:

0, =af, D/[1-fi(1=n)=nsaE=qf, D[ f;(1=n)+nf]dE . (36)
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where f, and f are the Fermi-Dirac function at the start bias and at each bias,
respectively. In Fig. 3-6 (b), Etm is the deepest energy of the state that can respond
during tmess- Etm Can also be described by using SRH statistics as follows:
E, = len((TN(.vt”“,”.\). 3-7)
Assuming that ¢ is 1 x 10™° cm? and tyess is 100 s, Etm Was estimated to be 0.8 eV from
the conduction-band edge in the Al,O3/AlGaN system. This means, therefore, that only
25% or less of the interface states can be detected while the others are in “frozen states”
that cannot de-trap electrons during C—-V sweeping at RT. As shown in Fig. 3-6 (a), the
interface states led to on-set voltage shifts toward the positive direction and stretch-out
of C-V curves in the positive bias range. This is due to the change of the interface state
charge within the “effective states” when the Fermi level Ef is moving between the
conduction-band edge Ec to Erm, as shown in Fig. 3-8 (b). In the negative bias range, in
contrast, only parallel voltage shifts were observed. As shown in Fig. 3-8 (c), when E¢
moves down toward the valence-band edge Ey at the Al,O3/AlGaN interface, the
“frozen states” in the energy range of Etm to Ey cannot change their electron occupation
rate because their corresponding time constants are longer than the sweeping time of
100 s. Because the interface charge density is not a function of the gate bias during the
negative bias sweep, the interface states do not cause the stretch-out behavior. It follows,

therefore, that the detection of the interface states using the standard C—V measurement
in the negative bias region is difficult.
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Fig. 3-6. (a) Calculated C-V characteristics of Al,O3/AlGaN/GaN structures. (b)
Al,O3/AlGaN interface density distributions assumed in calculation.



Table 3-1. Parameters assumed in C-V calculation.

Parameter name

Value

Bandgap (eV)

Permittivity

Effective mass of electron

Effective mass of hole
Doping density (cm™)
Band offset (eV)

Surface barrier height (eV)
2DEG density (cm™)

Ecn (eV)

Dio (cm™eV™)

Eoa

na

Eop

no
e} (sz)

fmeas

3.4 (GaN)
4.0 (AlGaN)
6.7 (Al203)

9.5 (GaN)
9.25 (AlGaN)
8.5 (Al203)

0.2 (GaN)
0.23 (AlGaN)

0.8 (GaN, AlGaN)
10" (GaN, AlGaN)

0.384 (AlGaN/GaN)
2.2 (Al:Os/AIGaN)

4.5 (Ni/Al2O3)
1.0 x 10"
Ec-1.9

1.0 x 10"

1.252119 (D)
0.722911 (Di)

2

1.383921 (Dit1)
0.799007 (Dit2)

2

107"® (Al.Os/AlGaN)
100

Alg3Gao 7N

Et (eV)

4 I

10°% 10° 10°

10 10" 10%

7 (s)

Fig. 3-7. Emission time constant 7 at Alp3Gag 7N bandgap as function of trap energy Er,
which is based on the Shockley-Read-Hall static model.?%
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3.3.2. Photo-assisted C-V measurement

To evaluate near-midgap electronic states at the insulator/barrier interface in
insulated-gate GaN HEMTS, a photo-assisted C-V technique was developed by Mizue et
al.? Figure 3-9 (a) shows schematic illustrations of the photoionization effects of
interface states under a monochromatic light with energy less than the bandgap of GaN.
First, under dark condition, a forward gate voltage high enough to observe the insulator
capacitance is applied. At this state, almost all interface traps are filled with electrons
under a nearly flat band condition. Then, the gate bias is swept toward a value more
negative than the threshold voltage. After reaching a sufficiently negative gate bias, a
monochromatic light with photon energy of 4v; is illuminated on the sample surface.
Consequently, we are effectively inducing photo-assisted electron emission from the
interface states within the energy range corresponding to the photon energy range, as
schematically shown in Fig. 3-9 (a). After switching the light off, we restarted the
voltage sweep toward OV under dark condition. As shown in Fig. 3-9 (b), we can
observe the C-V curve shift toward the reverse bias direction, corresponding to the
change in the interface state charge Qi (4v1). Using different photon energies, we can
induce a systematic C-V shift according to the photon energy, as shown in Fig. 3-9 (b).
The AVy, between two photon energies corresponds to the interface charge difference,
AQi, in the energy range Ahv shown in Fig. 3-9 (c). The state density can be simply
estimated using the observed AVy, in the following equation:

Con AV,
Di:(E=EAVG)= I()IAI._N'I’ (3'8)

where CrotaL IS the total capacitance of Al,O3; and AlGaN, and Eayc is the average
interface energy schematically shown in Fig. 3-9 (c).

It should be emphasized that the present method uses incident photons with energies
less than the bandgap of GaN. On the other hand, some groups have reported
photo-assisted C-V characterization of MIS- and MOS-HEMTs using a light source
with photon energies larger than the GaN bandgap.?®2® In this case, holes are generated
and accumulated at the oxide/AlGaN and AlGaN/GaN interfaces. In addition, the
interaction of holes with the interface states, especially at reverse bias, has to be
considered. This makes the charge dynamics in MOS-HEMTs complicated and the
evaluation of interface states very difficult. Matys et al. proposed a simulation method



for the photo-assisted C-V characteristics, taking into account the electron-hole
generation and the recombination processes, as well as the hole capture process at the
interface states.?* 2% Comparing their calculation results to the experimental data, they
were able to estimate the state density distribution at the Al,O3/AlGaN interface near the
valence-band maximum of AlGaN.
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Fig. 3-9. Schematic illustration of (a) photo-assisted electron emission at Al,O3s/AlGaN
interface, (b) photo-assisted C—V characteristics, and (c) interface state charge and
energy range corresponding to AVy, in photo-assisted C-V curves.
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3.4. Conclusion

This chapter described the origin and effects of the electronic states induced at the
interface between insulators and GaN-based materials. The evaluation methods of the
interface states were explained, focusing on the C-V characteristics of the MOS
structures. In the case of wide bandgap semiconductors, not all the interface states can
emit electrons due to the longer time constants compared to the actual C-V
measurement time. Thus, photo-assisted C—V measurement is necessary to characterize
the interface states near the midgap of GaN-based MOS-HEMTs. This technique is
demonstrated for AlIGaN and InAIN/GaN MOS-HEMTs in chapters 4 and 6,
respectively.
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Chapter 4

Reduction in threshold voltage shift of AlGaN/GaN MOS-HEMTs by
controlling oxidant source for ALD-AI,O;

4.1. Introduction

As described above, GaN high electron mobility transistors (HEMTs) have
demonstrated good performance in high power applications, such as power amplifiers in
wireless base stations and rader systems.? The primary requirement for high power
devices is a low gate leakage current for high power operation and high reliability. Over
the past few years, several groups have attempted to suppress the gate leakage current
using metal-insulator-semiconductor (MIS), and/or metal-oxide-semiconductor (MOS)
structures. Among the various insulator films that have been employed in AlGaN/GaN
MOS-HEMTs, Al,O3 is one of the most attractive ones because of its wide band gap
(~7.0eV), high dielectric constant (~9.0), and high breakdown voltage
(~10 MV/cm).*® Furthermore, the AlO; films must be kept thin to suppress the
degradation of radio frequency (RF) performance due to the decrease in
transconductance (gm). Thus, the atomic layer deposited (ALD)-Al,Os is desirable for
AlGaN/GaN MOS-HEMTs in terms of controllability for Al,O3 thickness. On the other
hand, threshold voltage (Vi) shift of AlGaN/GaN MOS-HEMTs was reported when
using ALD-AIL,Os.”® It is considered that the Vi, shift occurred due to an electron trap
in AIGaN/GaN MOS-HEMTs during a positive gate-voltage (Vgs) sweep, and this
causes the degradation in operation stability. Therefore, the Vi, shift is one of the critical
issues to be solved for power applications. However, the mechanism has not been yet
confirmed. One of the possible origins for the Vi, shift is impurities such as OH residues
[AI(OH),] that are attributed to the oxidant source remaining in ALD-AIl,O3, and they
may function as electron traps. On the other hand, several studies have reported that the
nonstoichiometric gallium oxide (GaOy) functions as electron traps at the Al,O3/GaN
interface.”

In this chapter, we have investigated the mechanism for the Vg, shift of
Al,O3/AlGaN/GaN MOS-HEMTs by focusing on Al(OH)x in ALD-AI,O3 and GaN
oxidation at the Al,O3/GaN interface. Furthermore, we demonstrated the reductions in
the Vi, shift and the gate leakage current by controlling the oxidant sources for the ALD
method.
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4.2. Experimental Procedure

We have fabricated AlGaN/GaN MOS-HEMTs as shown in Fig. 4-1.1% The gate length,
gate width, and gate-drain length were 1, 50, and 10 um, respectively. A 40-nm-thick
Al,O; film was deposited on the AIGaN/GaN HEMT epitaxial structure
(n-GaN/n-AlGaN/GaN/buffer/substrate) by using the ALD method at 350°C.
Trimethylaluminum (TMA) was used as the aluminum source, and O, plasma and H,O
vapor were used as the oxidant sources to investigate the GaN oxidation at the

Al,05/GaN interface. Al,O3 films were formed by the following reactions:'" *?
2A|(CH3)3 + 40, — Al,O3 + 2C0O, + 4CH,4 + H,0, (4-1)
2A|(CH3)3 + 3H,0 — Al,O3 + 6CHa. (4-2)

After deposition, post-deposition annealing (PDA) in N, atmosphere was performed
to decrease the amount of AI(OH)x for 1 min at 700°C and 800°C. Annealing
temperatures were determined by H,O thermal desorption spectroscopy (TDS) of the
as-deposited ALD-Al,O3 due to following Al(OH), dehydration. "

2AIOH — Al,0O3 + H,0. (4-3)

Gate
Source Drain

Al, O, (40 nm)

n-GaN (5 nm, N, =2 X 10'8 cm3)

n-Alg,Gag gN (20 nm, Ny = 2 X 1018 cm9)

i-GaN (1 pm) 2DEG
Buffer

Substrate

Fig. 4-1. Schematic cross-sectional view of AlGaN/GaN MOS-HEMTSs used in this
work (Reproduced from ref. 10, copyright 2013 by the Japan Society of Applied
Physics).
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X-ray photoelectron spectroscopy (XPS) was used to analyze the AI(OH)y in
ALD-AIl,O3, and the GaN oxidation at the Al,O3/GaN interface by using those test
pieces for analysis that had the same  structure as  devices
(Al,O3/n-GaN/n-AlGaN/GaN/buffer/substrate). Furthermore, the depth of GaN
oxidation was estimated from the oxygen-concentration (O-concentration) of GaN layer
that was evaluated by the chemical composition analysis. To prevent the GaN surface
from exposed to the air, we removed the Al,O3 films in XPS chamber by argon ion
sputtering.

After device fabrication, Vg, shift was evaluated by capacitance—voltage (C-V)
measurement at 100 kHz. The gate bias was swept from forward (-20 to 10 V) to reverse
(10 to -20 V) in the dark, and the Vi, shift was estimated from the hysteresis width. After
that, the trap level which determines the Vi, shift was evaluated by photo-assisted C-V
measurement to investigate the effect of captured electrons as shown in Fig. 4-2.1% The
Vin shift (AVy) with light irradiation was estimated from the comparison of the C-V
curves between before (dark) and after light condition (light). Light irradiation was
conducted by halogen lamp which has broadband wavelength (380-900 nm). Negative
Vgs of -20 VV was applied for 10 minutes under light irradiation, and the Vg was swept
from -20 V to 10V at 100 kHz. To estimate the trap level from the conduction band
edge (Ec), the photon energy was changed from 1.38 to 3.26 eV by using a band pass
filter. Furthermore, the drain-to-source current versus gate-to-source voltage (lgs—Vgs)
and the gate-current versus gate-to-source voltage (l—Vgs) characteristics were
measured at the drain-to-source voltage (Vgs) of 10 V. The Vg was swept from forward
(-20 to 10 V) to reverse (10 to -20 V) in the dark, and the Vy, shift was estimated from
the hysteresis of l4s—Vgs curves.
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irradiation. (b) Schematic illustrations for photo-ionization of captured electrons under
light irradiation (Reproduced from ref. 10, copyright 2013 by the Japan Society of
Applied Physics).

4.3. Results and Discussion
4.3.1. Mechanism for Vi, shift of Al,Oz/AlGaN/GaN MOS-HEMTs

The relationship between the oxidant source and the Vi, shift is shown in Fig. 4-3.*® The
Vi shift of O, plasma-Al,O3 was larger than that of H,O vapor-Al,O3. By increasing
PDA temperature, the Vy, shift could be reduced for both oxidant sources. To investigate
the mechanism of the Vy, shift, we measured the Al(OH), concentration in ALD-AIl,O3
by XPS. Figure 4-4 shows the O 1s spectrum of the as-deposited Al,O3.*® Sapphire was
used as a standard reference sample. The O 1s spectrum of ALD-AIl,O3 was different
from an ideal Al,O3 spectrum due to AI(OH), residues. Furthermore, H,O thermal
desorption due to Al(OH), dehydration was observed in ALD-AIl,O3 as shown in Fig.
4-5." Thus, Figures 4-4 and 4-5 indicate that AI(OH), was formed in ALD-AlO3 for
both oxidant source cases.
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Fig. 4-3. Variation in Vy, shift with oxidant source and PDA temperature. Upper right
inset shows the C-V profile to estimate Vi, shift (Reproduced from ref. 18, with the
permission of CS-MANTECH).
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Fig. 4-4. O 1s spectrum of as-deposited H,O vapor and O, plasma-Al,O3; measured by
XPS (Reproduced from ref. 18, with the permission of CS-MANTECH).
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Fig. 4-5. H,O thermal desorption spectrum of as-deposited H,O vapor and O,
plasma-Al,O3 measured by TDS (Reproduced from ref. 18, with the permission of
CS-MANTECH).

Figure 4-6 shows the effect of PDA on the Vi shift and the AI(OH)y
concentration,'® which was calculated by waveform analysis of separating the O 1s
spectrum into Al,Os (530.7 eV) and Al(OH)y (531.33 V). We found that the AI(OH),
concentration was decreased by increasing PDA temperature. It was confirmed that the
Vi shift was reduced corresponding to decreasing the AI(OH)x concentration,
suggesting that the Vy, shift was attributed to AI(OH)y in ALD-AI,O3. On the other hand,
the Vy, shift of O, plasma-Al,O3; was larger than that of H,O vapor-Al,O3 at the same
Al(OH), concentration. Moreover, the difference in the Vy, shift was remarkable at low
Al(OH), concentrations when PDA was applied at 800°C. Therefore, another origin of
the Vi, shift, in addition to AI(OH)y effect, should be considered, focusing on the effect
of the oxidant source. A possible hypothesis is that GaN oxidation at the Al,03/GaN
interface was promoted by O, plasma because of its high reactivity.
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Fig. 4-6. AI(OH)x concentration dependence on Vy, shift for H,O vapor and O,
plasma-Al,O3;. PDA temperature was varied (Reproduced from ref. 18, with the
permission of CS-MANTECH).

To verify the effect of the oxidant source on GaN oxidation at the Al,O3/GaN
interface, we measured Ga 3d spectrum on very thin 2-nm-thick ALD-AIl,O3 deposited
on GaN. 800°C PDA was applied after Al,O3; deposition. GaOy concentration was
calculated by waveform analysis of separating the Ga 3d spectrum into GaN (19.7 eV)
and GaOy (20.8 eV).2 Figure 4-7 shows the Ga 3d spectrum at the Al,O3/GaN
interface.’® The Ga 3d spectrum of O, plasma-Al,O; was shifted to higher binding
energy relative to H,O vapor-Al,Os. Figure 4-8 shows the GaOy concentrations for H,O
vapor and O, plasma, respectively.'® From these results, it was confirmed that the GaOx
concentration of O, plasma-Al,O3; was higher than that of H,O vapor-Al,Os, as we had
expected.
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Fig. 4-7. Ga 3d spectrum at Al,O3/GaN interface for H,O vapor and O, plasma-Al,O3
measured by XPS. 800°C PDA was applied in this figure case (Reproduced from ref. 18,
with the permission of CS-MANTECH).

100

800°C RTA

80 [

60 |

40 |

GaOx concentration [%]

20

02 plasma H20 vapor
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800°C PDA was applied in this figure case (Reproduced from ref. 18, with the
permission of CS-MANTECH).



Furthermore, the depth of GaN oxidation was estimated from the
oxygen-concentration (O-concentration) of GaN layer that was evaluated by the
chemical composition analysis. To prevent the GaN surface from exposed to the air, we
removed the Al,O3 films in XPS chamber by argon ion sputtering. Figure 4-9 shows the
depth profile of GaN oxidation at the Al,O4/GaN interface.'® O, plasma-Al,O; had
larger oxygen-concentration than H,O vapor-Al,O3 at each depth. So, it was confirmed
that GaN oxidation was promoted by O, plasma, and its depth extended about 4 nm
from the Al,O3/GaN interface. We believe that active oxygen, such as radicals and ions,
which were generated by O, plasma, accelerated the GaN oxidation at the Al,O3/GaN
interface because of its high reactivity. These results indicate that GaN oxidation at the
Al,O3/GaN interface also caused the Vi, shift, in addition to AI(OH)x in ALD-AI,0s.
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Fig. 4-9. Depth profile of GaN oxidation at Al,O3/GaN interface for O, plasma-Al,O;
and H,0 vapor-Al,03 measured by XPS (Reproduced from ref. 10, copyright 2013 by
the Japan Society of Applied Physics).

To investigate the effect of GaN oxidation at the Al,Os/GaN interface on the lgs—Vgs
characteristics, we have fabricated two kinds of AlIGaN/GaN MOS-HEMTs using H,O
vapor and O, plasma-Al,O3 for the gate insulator films as shown in Fig. 4-1. Focusing
on the electron trap at the Al,O3/GaN interface, we applied 800°C PDA to reduce the
amount of AI(OH)y in ALD-AI,Os. Figure 4-10 shows the 14s—Vgs curves, which were
measured at the Vg of 10 V.*® The gate bias was swept from forward (-20 to 10 V) to
reverse (10 to -20 V) in the dark, and the Vi, shift was estimated from the hysteresis of
las—Vgs curves. When PDA temperature was varied, it was confirmed that AlGaN/GaN
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MOS-HEMT with H,O vapor-Al,03, which was applied 800°C PDA showed the
smallest Vi, shift. This trend was in agreement with the results of C—V measurement as
shown in Fig. 4-6. On the other hand, as shown in Fig. 4-10, Vi which was defined
from the forward sweep curve of O, plasma-Al,O; was larger than that of H,O
vapor-Al,03;. We have already reported that the reversible change in Vi, was caused by
the captured electrons in the deep level, which might exist at the Al,O3/GaN interface,
and the captured electrons could be released to the 2DEG due to negative gate bias
stress.? Therefore, if electrons were captured in the oxidized GaN layer at the
Al,O3/GaN interface, it was concerned that Vy, shifted positive value from the veritable
Vth-

800°C RTA
600 [ — O:plasma_forward
------ Q2 plasma_reverse
500 | —— H:0 vapor_forward

------ H20 vapor_reverse

Vas =10V

Vgs [V]

Fig. 4-10. lgs—Vgs curves for AlGaN/GaN MOS-HEMTs using H,O vapor and O,
plasma-Al,O3; for gate insulator films. 800°C PDA was applied in this figure case
(Reproduced from ref. 18, with the permission of CS-MANTECH).

Then, to investigate the effect of captured electrons at the Al,O3/GaN interface on
the Vy, shift, we evaluated the trap level of AlGaN/GaN MOS-HEMTs by photo-assisted
C-V measurement. Figures 4-11 (a) and (b) show the C-V curves of AlGaN/GaN
MOS-HEMTs when using O, plasma and H,O vapor, respectively.’” The Vi, shift with
light irradiation was estimated from the comparison of the C-V curves between the dark
and the light condition. In this case, the photon energy was applied at 3.26 eV without a
band pass filter. As shown in Fig. 4-11, the Vy, shift of O, plasma-Al,O3 was larger than
that of H,O vapor-Al,O3. From these results, it is considered that the Vi, shift with light
irradiation occurred due to the electron trap in the oxidized-GaN layer at the Al,O3/GaN
interface which was confirmed by XPS measurement, when using O, plasma.
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Fig. 4-11. C-V curves of AlGaN/GaN MOS-HEMTs obtained before and after light
irradiation when using (a) O, plasma-Al,O3; and (b) H,O vapor-Al,O3. Photon energy
was applied at 3.26 eV (Reproduced from ref. 10, copyright 2013 by the Japan Society
of Applied Physics).

To estimate the trap level from the conduction band edge, we changed the photon
energy from 1.38 to 3.26 eV by using a band pass filter. Figure 4-12 shows the
relationship between the wavelength and the Vy, shift.® As shown in Fig. 4-12, the Vi,
shift with light irradiation of O, plasma-Al,O3; was larger than that of H,O vapor-Al,O3
at each wavelength between 380 and 480 nm. Therefore, it is considered that the deep
trap sites which were located around 2.58-3.26 eV from the conduction band edge were
attributed to GaN oxidation due to O, plasma. Moreover, according to previous studies,
21-28) yacancy-type defects such as nitrogen vacancy (Vy) and gallium vacancy (Ve) are
located around 0.24 and 2.62 eV from the conduction band edge, respectively.
Furthermore, oxygen at a nitrogen site (On) and its complex with Vg, (Vea-On) are
located around 0.5 and 2.3-3.3 eV from the conduction band edge, respectively. So, the
deep trap sites due to GaN oxidation when using O, plasma were possibly attributed to
vacancy-type defects such as Vg, and Ve,-On.
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Fig. 4-12. Relationship between wavelength and Vi, shift of AIGaN/GaN MOS-HEMT
measured by photo-assisted C-V measurement (Reproduced from ref. 10, copyright
2013 by the Japan Society of Applied Physics).

Figure 4-13 shows our proposed mechanism for the Vy, shift due to GaN oxidation
when using O, plasma.® We clarified in our study that GaN oxidation was promoted by
O, plasma, and oxidized-GaN layer was formed at the Al,O3/GaN interface.
Furthermore, we confirmed that the Vi, shift with light irradiation occurred when the
photon energy was applied at 2.58-3.26 eV. From these results, it is considered that the
deep trap sites were generated in oxidized-GaN layer because of plasma-induced
damages, and this caused the Vi, shift when using O, plasma. Consequently, it is
indispensable to suppress GaN oxidation at the Al,O3/GaN interface when using O;
plasma. On the other hands, H,O vapor-Al,O3 has more leaky characteristics than O,
plasma-Al,O; because of a lower dielectric constant and mass density.?’ Y Therefore,
we proposed novel hybrid-Al,Oj structure for the gate insulator.

qutured electron

Oxidized-GaN layer hv,:2.58~3.26eV De:_ep trap
L F;

oG Light [T a2 s

el Electron -
n-AlGaN
Fig. 4-13. Schematic cross-sectional view of proposed mechanism for Vy shift of

AlGaN/GaN MOS-HEMT due to GaN oxidation when using O, plasma-Al,O3
(Reproduced from ref. 10, copyright 2013 by the Japan Society of Applied Physics).
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4.3.2. Reduction in Vy, shift and gate leakage current with hybrid-Al,Oj3 structure

To reduce the Vi, shift and the gate leakage current of AIGaN/GaN MOS-HEMTSs, we
applied hybrid-Al,O3 structure (lower H,O vapor-Al,Os/upper O, plasma-Al,O3) as
shown in Fig. 4-14.1Y The concept of this structure is reducing the Vi, shift due to GaN
oxidation that was extended by about 4 nm from the Al,O3/GaN interface when using
O, plasma. So, we inserted a 5 nm-thick H,O vapor-Al,O3; between GaN and O,
plasma-Al,O3;. To compare the DC characteristics with the conventional structure, the
total thickness of ALD-AIl,O3; was fixed at 40 nm. Other fabrication processes were the
same as those for the conventional structure.

H,O vapor-Al,O,
Gate
Source Drain

O, plasma-Al,O,
n-GaN

n-AlGaN

Buffer
Substrate

Fig. 4-14. Schematic cross-sectional view of AlGaN/GaN MOS-HEMTs using
hybrid-Al,O3 structure (Reproduced from ref. 10, copyright 2013 by the Japan Society
of Applied Physics).

After the device fabrication, 1gs—Vgs and Ig—Vgs characteristics were measured at the
Vgs of 10 V. The Vg was swept from forward (-20 to 10 V) to reverse (10 to -20 V) in
the dark, and the Vi, shift was estimated from the hysteresis of 14s—Vgs curves. Figures
4-15 show lgs—Vgs (a) and Ig—Vgs (b) characteristics of AIGaN/GaN MOS-HEMTs when
using O, plasma-Al,0s, H,O vapor-Al,Os, and hybrid-Al,03.'? As shown in Fig. 4-15
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(@), the Vi, shift of O, plasma-Al,O3 was larger than that of H,O vapor-Al,O3. This trend
was in agreement with the results of photo-assisted C-V measurement as shown in Figs.
4-11 and 4-12. On the other hand, by applying hybrid-Al,Oj3 structure, the Vy, shift was
successfully reduced to 0.25 V, same as H,O vapor-Al,Os. Therefore, it was revealed
that suppressing GaN oxidation at the Al,O3/GaN interface by controlling the initial
oxidant source is effective to reduce the Vy, shift when using O, plasma. Furthermore, as
shown in Fig. 4-15 (b), the gate leakage current of hybrid-Al,O; was 3 orders of
magnitude lower than that of H,O vapor-Al,O3 at Vg of 20 V. Thus, in addition to the
reduction in the Vy, shift, the gate leakage current was successfully reduced to the same

as O, plasma-Al,O3 by applying hybrid-Al,O3 structure.
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Fig. 4-15. (a) lgs—Vgs and (b) 15—V characteristics of AlIGaN/GaN MOS-HEMTSs using
0O, plasma-Al,03, H,O vapor-Al,O3, and hybrid-Al,O3; (Reproduced from ref. 10,

copyright 2013 by the Japan Society of Applied Physics).



4.4. Conclusion

We have investigated the Vg shift of AlGaN/GaN MOS-HEMTs when using
ALD-AIl,O3 for the gate insulator films. As an oxidant source for ALD-AI,O3, H,O
vapor and O, plasma were compared, focusing on the Vy, shift, which was evaluated by
C-V hysteresis. As a result, we found that both Al(OH) residues in ALD-AIl,O3; and
GaN oxidation layer at the Al,O3/GaN interface affected the Vi, shift. By increasing
PDA temperature, the AI(OH), concentration could be decreased, suppressing the Vi,
shift. On the other hand, GaN oxidation layer at the Al,O3/GaN interface was promoted
by O, plasma and the Vg shift of O, plasma-Al,O; was larger than that of H,O
vapor-Al,;Os. In addition, photo-assisted C-V measurement revealed that the deep trap
sites which were located around 2.58-3.26 eV from the conduction band edge were
generated in the oxidized-GaN layer at the Al,O3/GaN interface due to plasma-induced
damages, and this caused the Vi, shift when using O, plasma. From the lgs—Vgs
characteristics, we confirmed that AlGaN/GaN MOS-HEMT with H,O vapor-Al,QO3,
which was annealed at high temperature, showed the smallest Vg, shift. However, H,O
vapor-Al,O3; has more leaky characteristics than O, plasma-Al,O3; because of a lower
dielectric constant and mass density. Thus, we controlled the oxidant source, and
demonstrated the reductions in the Vy, shift and the gate leakage current by applying
hybrid-Al,O3 structure (lower H,O vapor-Al,Oz/upper O, plasma-Al,O3) for
AlGaN/GaN MOS-HEMTs. The obtained results indicate that the controlling the
oxidant source is key role in improving performance and operation stability of
AlGaN/GaN MOS-HEMTSs using ALD-AI,Os.
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Chapter 5

Effect of surface-oxide-control for InNAIN barrier layers on gate leakage
current and current collapse of INAIN/GaN MOS-HEMTs

5.1. Introduction

As already discussed previously in this thesis, GaN high electron mobility transistors
(HEMTs) have performed quite well in high power applications, such as power
amplifiers in wireless base stations, radar systems and millimeter-wave
communications.™® The primary requirement for power amplifiers is a large drain
current for achieving a high level of power and efficiency. Especially, GaN-HEMTs
using an InAIN electron-supplying layer are promising because of their high
spontaneous polarization for enhancing two-dimensional electron gas (2DEG).”
However, a large gate leakage current of INAIN/GaN HEMTs often limits their
operation. Several methods have been reported to reduce the gate leakage current using
metal-oxide-semiconductor (MOS) structures by the thermal oxidation and plasma
treatment of oxygen.” ® The oxide on the surface of INAIN (surface-oxide) is comprised
of aluminum oxide (Al,O3) and indium oxide (In,03).” However, the bandgap of 1n,05
(~3.4 eV) is lower than that of Al,O3 (~7.0 eV). Therefore, the amount of In,03 for the
surface-oxide must be decreased to reduce the gate leakage current of InAIN/GaN
MOS-HEMTSs. In this chapter, we proposed water (H,O) vapor oxidation to decrease
In,O; for the surface-oxide by focusing on the intermediate hydroxide, and
demonstrated a reduction in the gate leakage current and current collapse of InAIN/GaN
MOS-HEMTs using H,O vapor.



5.2. Experimental Procedure

We have fabricated two kinds of 0.1 um gate-length InAIN/GaN MOS-HEMTs using O,
plasma and H,O vapor as oxidant sources as shown in Fig. 5-1.29 The gate area was
selectively oxidized under a vacuum before metallization at 300°C using an
atomic-layer-deposition chamber. A 2-nm-thick surface-oxide was formed by the

following reactions:

4M + 30, — 2M,0;,,
(M: Metal) (5.1)

2M + 6H,O0 — 2M(OH)3 + 3H,,
2M(OH); — M,03 + 3H,0. (5.2)

The thickness of surface-oxide was measured by high-angle annular dark field
(HAADF) scanning Transmission Electron Microscope (STEM) as shown in Fig. 5-2.1%
The chemical structure of the surface-oxide was evaluated by X-ray photoelectron
spectroscopy (XPS). After device fabrication, the drain-to-source current versus
gate-to-source voltage (lss—Vgs) and the gate current versus gate-to-source voltage (Ig—
Vgs) characteristics were measured at a drain-to-source voltage (Vgs) of 5 V. The current
collapse was evaluated by decreasing the I4s due to pinched-off bias stress (Vg = -3V,
Vgs = 20 V) from pulsed lgs—Vgs characteristics. The pulse width and their separation
were 1 us and 1 ms, respectively. The ratio of Igs with bias stress to Igs without bias

stress was quantified at a Vg5 of 5 V.
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Fig. 5-1. Schematic cross-sectional view of INAIN/GaN MOS-HEMTSs used in this work

(Reproduced from ref. 10, with the permission of Jon Wiley and Sons).

(a) Oz plasma (b) H20 vapor

Fig. 5-2. HAADF STEM image of surface-oxide when using (a) O, plasma and (b) H,O

vapor (Reproduced from ref. 10, with the permission of Jon Wiley and Sons).

5.3 Results and Discussion

Figure 5-3 shows Oxygen (O) 1s spectrum of the surface-oxide when using O, plasma
(a) and H,0 vapor (b) measured by XPS.*® We have conducted a waveform analysis by
separating the O 1s spectrum into Al,O3; and In,O3 to calculate their ratio. As shown in
these figures, the ratio of Al,O3 to In,03 when using H,O vapor was larger than that of
O, plasma due to the decrease in In,O3. Then, we focused on the thermal stability of
intermediate hydroxide of the H,O vapor oxidation. According to previous studies,*"*?
aluminium hydroxide [AlI(OH)y] is thermally stable because it changes into Al,O3 at

300°C by the following dehydration reaction:
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2A|(OH)3 — Al,O3 + 3H,0. (53)

On the other hand, indium hydroxide [In(OH)y] is thermally unstable because it
desorbs at 150°C. So, it is suggested that Al,O; was selectively increased when using
300°C H,0 vapor because of In(OH), desorption. Conversely, it is difficult to decrease
In,O3 when using O, plasma even at the same temperature as H,O vapor, because

In(OH) is not formed on the surface of INAIN by the O, plasma oxidation as shown in

equation 5.1.
(a) Oz plasma (b) H20 vapor s
jg | Al2O03/In203 E;
2 F
-a a
8 g
£ =

537 535 533 531 529 527 537 535 533 531 529 527
Binding energy (eV) Binding energy (eV)

Fig. 5-3. O 1s spectrum of surface-oxide when using (a) O, plasma and (b) H,O vapor
measured by XPS (Reproduced from ref. 10, with the permission of Jon Wiley and
Sons).

To investigate the effect of decreasing In O3 for the surface-oxide on the gate
leakage current of INAIN/GaN MOS-HEMTs, we measured the lg—Vgs and 1g—Vgs
characteristics of InAIN/GaN MOS-HEMTs using O, plasma and H,O vapor.
INAIN/GaN HEMTSs (without oxide) were used as a reference. As shown in Fig. 5-4, the
gate leakage current of InAIN/GaN MOS-HEMTs was reduced by both oxidant
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sources.” However, the gate leakage when using H,O vapor was one order of
magnitude lower than that of O, plasma. This means that decreasing In,O3 for the
surface-oxide is effective in reducing the gate leakage current when using H,O vapor, as

we had expected.

10'
Vds = 5 V

E 10 [ las
2 w/o oxide
2 102k .
5 o
5 i e—
g qof N~ Voo N
- H:0 vapor - “‘--,}{_

10_7 1 1 1

-6 -4 -2 0 2

Fig. 5-4. l4s—Vgs and 14—V s characteristics of INAIN/GaN MOS-HEMTs (Reproduced
from ref. 10, with the permission of Jon Wiley and Sons).

After that, we evaluated the current collapse of INAIN/GaN MOS-HEMTs. Figure
5-5 shows the pulsed 14—V characteristics of INAIN/GaN HEMT (a), and InAIN/GaN
MOS-HEMTs when using O plasma (b) and H,O vapor (c).2? The current collapse was
quantified by the ratio of Iy with bias stress to lg4s without bias stress at the Vgs of 5 V. As
shown in these figures, the current collapse was successfully reduced when using H,O
vapor which decreased In,O3 for the surface-oxide. Therefore, it is assumed that the
electron trap in the surface-oxide was reduced by changing the oxidant source from O,

plasma to H,O vapor due to the decrease in In,0s.
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Fig. 5-5. Current collapse of (a) INAIN/GaN HEMT, and InAIN/GaN MOS-HEMTs
when using (b) O, plasma and (c) H,O vapor (Reproduced from ref. 10, with the

permission of Jon Wiley and Sons).

Then, we used a transmission-line-model (TLM) method to evaluate the electron
trap in the surface-oxide. The passivation films were not deposited by focusing on the
surface-oxide. As shown in Fig. 5-6, the sheet resistance (Rsy) will increase if the
electron is captured in the surface-oxide.!® On the other hand, the captured electron is
released and Rg, will return to the initial value if the amount of photon energy that is
applied corresponds to the trap levels. So, we measured Ry, before and after light
irradiation using a halogen lamp which has broadband wavelength (380-900 nm), and

evaluated the electron trap by focusing on the decrease in Rgh.
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Fig. 5-6. Schematic cross-sectional view of TLM pattern used in evaluation for electron

trap (Reproduced from ref. 10, with the permission of Jon Wiley and Sons).

Figure 5-7 shows a comparison of Rg, obtained before and after light irradiation
when using O, plasma and H,0 vapor.’® The level of photon energy was 1.38-3.26 eV.
As shown in Fig. 5-7, the Ry, of O, plasma was larger than that of H,O vapor under the
dark condition. However, the values were almost the same under the light condition,
because the decrease in Rs, was drastic when using O, plasma. It is suggested that a
number of electron traps exist in the surface-oxide when using O, plasma. According to
previous studies,™* *¥ the major trap sites in Al,O5 and 1n,03 are the oxygen vacancies
and their trap levels are located at around 2.45 and 1.6-2.0 eV from the conduction band
edge, respectively. These values corresponded with the photon energy used in our
experiment. So, the trap sites in the surface-oxide were possibly attributed to the oxygen
vacancies. Furthermore, the Gibbs free energy of In,03 (-198.6 kcal/mol) is larger than
that of Al,O3 (-377.9 kcal/mol).® So, In,O3 is unstable compared with Al,O3, and an
electron trap such as an oxygen vacancy is easily generated in In,0s.*® For this reason,
surface-oxide-control with H,O vapor is effective in reducing the electron trap due to

the decrease in In,O3, and so the current collapse could be reduced.

74



350
hv:1.38~3.26 eV

1 Dark
300 m Light

250 ‘ ‘
200 .

Oz plasma H:20 vapor

Rsh (Q/00)

Fig. 5-7. Comparison of Ry, obtained before and after light irradiation when using O,
plasma and H,O vapor. The level of photon energy was 1.38-3.26 eV (Reproduced from

ref. 10, with the permission of Jon Wiley and Sons).

Figure 5-8 shows our proposed mechanism for surface-oxide control of InAIN/GaN
MOS-HEMTs.2? Figure 5-8 (a) shows the situation when O, plasma is used. In this case,
the ratio of Al,O3 to In,O3 for the surface-oxide is small due to the increase in In,03, S0
the gate leakage current could not be effectively reduced because the bandgap of the
surface-oxide is narrow. Furthermore, an electron trap such as an oxygen vacancy is
easily generated in In,O3, so the Iy is decreased by the current collapse. On the other
hand, as shown in Fig. 5-8 (b), the ratio of Al,O3; to In,O3 could be increased when
using H,O vapor due to the decrease in In,Os. So, the gate leakage current and current
collapse are successfully reduced when using H,O vapor. Therefore, decreasing In,03
for the surface-oxide has a key role in reducing the gate leakage current and current
collapse of INAIN/GaN MOS-HEMTs.
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Fig. 5-8. Schematic cross-sectional view of proposed mechanism for
surface-oxide-control of InAIN/GaN MOS-HEMTs when using (a) O, plasma and (b)
H,0 vapor (Reproduced from ref. 10, with the permission of Jon Wiley and Sons).

5.4. Conclusion

We have investigated the effect of oxidant sources on the performance of InAIN/GaN
MOS-HEMTs. We clarified that the surface-oxide of InAIN is comprised of Al,O3 and
In,O3 when using conventional O, plasma, and In,O3 causes the gate leakage current
and current collapse of InAIN/GaN MOS-HEMTs due to its narrow bandgap and
electron traps such as oxygen vacancies. Then, we proposed H,O vapor oxidation to
decrease In,0;3 for the surface-oxide by focusing on the thermal stability of intermediate
hydroxide. Al(OH)y is thermally stable because it changes into Al,O3 at 300°C. On the

other hands, In(OH) is thermally unstable because it desorbs at 150°C. Therefore,
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Al,O3; was selectively increased when using 300°C H,O vapor because of In(OH)x
desorption, and the gate leakage current and current collapse were successfully reduced
due to the decrease in In,O3;. We concluded from these results that a key role in
improving the performance of INAIN/GaN MOS-HEMTs is decreasing In,O3 for the

surface-oxide.
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Chapter 6

Improved performance and operation stability of Al,Os/INAIN/GaN
MOS-HEMTSs with post-metallization annealing process

6.1. Introduction

As described above, GaN-based high electron mobility transistors (HEMTSs) have been
making steady progress in high-frequency and high-power applications, such as radio
frequency (RF) amplifiers in wireless base stations and radar systems.” An electron
saturation velocity as high as 2 x 10" cm/s and a high two-dimensional electron gas
(2DEG) density of over 1 x 10" cm?, which originate from spontaneous and
piezoelectric polarization fields as well as from a large conduction band offset, are
well-suited for power amplifiers. It is known that GaN HEMTs using In-based barrier
layers such as InAIN and InAlGaN are promising because of their high spontaneous
polarization and high band offset at the conduction band, for enhancing 2DEG density.>
? In fact, Makiyama et al.® demonstrated an output power density of 3 W/mm at 96
GHz in GaN HEMTs using InAlGaN barrier layers. These are desirable for the fifth
generation (5G) communication system where the W band (75-110 GHz) and the E
band (60-90 GHz) frequency ranges are expected to be used for the wireless backhaul
of mobile communications. However, a large gate leakage current of InAIN/GaN
HEMTs often limits their operations.® Appropriately, metal-oxide-semiconductor
(MOS) structures are suitable for addressing the leakage current issue and therefore
improving the performance of INAIN/GaN HEMTs.”*

Among the various kinds of insulators that have been applied to achieve excellent
performance of INAIN/GaN MOS-HEMTSs, Al,O3; has been one of the most attractive
because of its wide bandgap (~7.0eV), high dielectric constant (~9.0), and high
breakdown voltage (~10 MV/cm). To obtain stable performance and reliability for
Al,O3/INAIN/GaN MOS-HEMTSs, a low-state-density at the Al,Oz/InAIN interface is
absolutely required similar to AlGaN/GaN MOS-HEMTs.2**"  However,
Al,O3/InAIN/GaN MOS-HEMTSs are still suffering from unexpected issues such as an
instability of the threshold voltage (Vi,), a steep decrease in transconductance (gn) at
forward gate bias and severe current collapse which is a temporary reduction of the
drain current under high power operation. Especially, in the case of millimeter-wave
applications including W-band and E-band, the current collapse increases with short
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gate-length (less than 200 nm) due to a high electric field at the gate edge.* *®

In this chapter, we evaluated the DC characteristics and operation stability of
Al,O3/INAIN/GaN MOS-HEMTs using ALD-AIl,O3 by focusing on post-metallization
annealing (PMA) process to control defect levels in Al,O5* and electronic states at the
Al,O3/InAIN interface.?* 2!

6.2. Device fabrication

We fabricated INAIN/GaN MOS-HEMTSs as shown in Fig. 6-1.2 The gate length, gate
width, and gate-drain length were 0.5, 50, and 10 pm, respectively. Al,O3 films with a
nominal thickness of 20 nm were deposited on the InAIN/GaN HEMT epitaxial
structures (InAIN/AIN/GaN/buffer/substrate) by using an atomic-layer-deposition
(ALD) method at 300°C. Trimethylaluminum (TMA) and O, plasma were used as
precursors for ALD. After the Al,O3; deposition, we patterned Ni/Au bilayer gate
electrode and carried out PMA in air at 300°C for 12 hours. To improve the defect level
in Al,O3 and electronic states at the Al,O3/InAIN interface, we had carried out various
kinds of control processes including post-deposition and post-metallization annealing by
changing atmosphere, temperature and time. At present, the best result was obtained
under the PMA in air at 300°C for 12 hours. According to Kaneki et al.,® the annealing
process has an effect on reducing the state densities at the Al,O3/GaN interface,
probably due to the relaxation of dangling bonds and/or point defects at the GaN surface
(Al,O3/GaN interface). In addition, there is a possibility that such a relaxation of
dangling bonds and defects is enhanced by the long-time annealing process.
Furthermore, it is also expected that annealing in air (air-annealing) enhances the
passivation of dangling bonds including the oxygen vacancies in the oxide films.2%
Thus, we used long-time PMA in air for ALD-AI,Os.
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Fig. 6-1. Schematic cross-sectional view of INAIN/GaN MOS-HEMTs used in this work
(Reproduced from ref. 22, copyright 2017 by the Japan Society of Applied Physics).

6.3. Results and Discussion
6.3.1. DC characteristics of Al,Os/InAIN/GaN MOS-HEMTs

Figure 6-2 shows the drain-to-source current versus drain-to-source voltage (lgs—Vgs)
characteristics of InAIN/GaN MOS-HEMTs without (a) and with PMA (b).?? The
gate-to-source voltage (Vgs) was varied from -5 to 2V with a 1V step. We confirmed
that the l4s—Vys Characteristics were improved by PMA with a maximum drain current
(Imax) of 1140 mA/mm and an on-state resistance (Ron) of 5.3 Q.mm at a Vg of 2 V.
These characteristics are relatively well behaved compared with previous reports. %
After PMA, we also confirmed the decrease in sheet resistance (Rg,) around 12% from
the transmission-line-model (TLM) measurement. Thus, it is likely that the
improvement of I« and Ron with PMA was attributed to the decrease in Rg,, probably
due to the increase in the 2DEG density. A possible mechanism for the decrease in Ry
will be discussed later.
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Fig. 6-2. l4s—Vgs characteristics of INAIN/GaN MOS-HEMTs (a) without and (b) with
PMA (Reproduced from ref. 22, copyright 2017 by the Japan Society of Applied
Physics).

Figure 6-3 (a) shows the lg—Vys and gm—Vgs characteristics of InAIN/GaN
MOS-HEMTs measured at a Vg of 15 V.22 It was confirmed that the Vi, was shifted to
the reverse bias direction after PMA. This is dominantly due to the increase in the
2DEG density and the reduction of defect levels in Al,O3. In addition, we observed
improvement of gn, linearity (the wider range of constant gn,) after PMA. We calculated
the subthreshold slope of InAIN/GaN MOS-HEMTs from the log scale lgs—Vgs
characteristics as shown in Fig. 6-3 (b). A high value of subthreshold slope was obtained
before PMA. It is likely that various kinds of defects such as dangling bonds, point
defects and oxidized-InAIN,? resulted in high state density at the Al,O4/InAIN interface
before PMA. On the other hand, the subthreshold slope was significantly decreased,
down to 75 mV/dec with PMA. These results indicate that the interface properties of
INAIN/GaN MOS-HEMTSs were improved by PMA process.
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Fig. 6-3. (a) lgs—Vgs and gm—Vgs Characteristics of INAIN/GaN MOS-HEMTSs without and
with PMA. (b) Log scale lgs—Vgs characteristics of INAIN/GaN MOS-HEMTs without
and with PMA (Reproduced from ref. 22, copyright 2017 by the Japan Society of
Applied Physics).

Figures 6-4 (a) and (b) show the potential profile of the Al,O3/INAIN/GaN
structures®? as calculated by using the numerical solver of the one-dimensional Poisson
equation designed by Miczek et al.>® We calculated the surface potential (Vs) of InAIN
by changing the Vg to understand the gate controllability of INAIN/GaN MOS-HEMTSs.
Vs was defined as follows:

Vs = Ec —Er. (6-1)

where Ec and Ef are the energy at the conduction band minimum and the Fermi level,
respectively. We assumed two types of interface state density distributions Dj; (E) at the
AlL,Os/InAIN interface, as shown in Fig. 6-4 (c).?? In the case of high Dy, the Vs was
poorly controlled with changing the Vg from 0 to 5V. The Vs change (AVs) was
estimated to be 0.3eV. On the other hand, the Vs controllability was significantly
improved by the reduction in state densities at the Al,O3/InAIN interface (AVs = 1.3 eV
between Vg = 0 and 5V). Therefore, it is considered that the improvement of gm
linearity and subthreshold slope was attributed to the decrease in state densities at the
Al,O3/InAIN interface with PMA.

83



1014

— | ) Vgs = +5V | (c) acceptor
2 > high Dy state
~§ T high Dy —~ 10™ —_—
® > e —
] 0 o donor
e =3 % 10"2 state
5 = d
t £ o
3 £ ] E“ 10 low Dy
o Y 4 Al F i =
& low Dit E Ecn E
0o 10 20 30 40 0 10 20 30 40 10% . '
5 4 3 2 A 0
Depth (nm) Depth (nm) Energy from Ec (eV)

Fig. 6-4. Potential profile of Al,O3/INAIN/GaN structures at (a) Vgs = 0V and (b) Vgs =
+5 V. (c) Interface state density distributions used in calculation (Reproduced from ref.
22, copyright 2017 by the Japan Society of Applied Physics).

6.3.2. Characterization of ALD-Al,O3

Subsequently, we evaluated the defects in ALD-AIl,O3; before and after annealing by
using cathodoluminescence (CL). In the metal oxides, nonstoichiometry and point
defects, such as impurity, vacancy, and interstitial, are generally presented. According to
Jonnard et al.?® the defects related to oxygen vacancies such as F* center (oxygen
vacancy having trapped one electron) and F center (oxygen vacancy having trapped two
electrons) are mainly analyzed by CL. In our experiment, we used blanket ALD-Al,O3
deposited on quartz substrate by focusing on the oxygen vacancies in the Al,O3 films.
Figure 6-5 shows CL spectra of ALD-Al,O; before and after annealing.?? To clarify the
effect of air-annealing, we also evaluated N, annealing for ALD-AIl,O3 as a reference.
The condition of N, annealing such as temperature and time (except for atmosphere)
was the same as air-annealing (300°C for 12 hours). The 330 and 420 nm peaks were
attributed to F* and F centers, respectively. After air-annealing, both peaks were
significantly decreased, indicating the reduction in oxygen vacancies in ALD-AI,Os.
This behavior was not observed when using N, annealing. Considering these results,
there is a possibility that air-annealing enhances the relaxation and the passivation of
dangling bonds in ALD-AI,O3 including the oxygen vacancies.
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Fig. 6-5. Cathodeluminescence of ALD-AIl,O3 before and after annealing (Reproduced
from ref. 22, copyright 2017 by the Japan Society of Applied Physics).

Table 6-1?2 shows the mass density and film stress of ALD-AIl,O3 as evaluated
using the Rutherford backscattering spectrometry (RBS) and thin film stress
measurement.?” % We confirmed that the mass density of ALD-AI,O3 before and after
N, annealing was close to that of the previous study which used O, plasma as an
oxidant source for ALD.? The increase in mass density with N, annealing was less than
4%. On the other hand, the mass density significantly increased, up to 3.3 g/lcm® with
air-annealing, probably due to the reduction in oxygen vacancies and the relaxation of
dangling bonds in ALD-AIl,Os. It was also confirmed the shrinkage of ALD-AI,O3
around 10% from the ellipsometry measurement taken after air-annealing. As shown in
Table 6-1, we confirmed that the ALD-Al,O; without annealing had tensile stress
similar to reported values by Azize et al.*” and Joglekar et al.>Y On the other hand, the
air-annealing process increased tensile stress significantly. Krautheim et al.?® reported
that the tensile stress of ALD-AIl,O3 was increased by annealing, and the main reason
for this behavior is the volume reduction with increase in mass density. Thus, it is
considered that the increase in tensile stress of our ALD-Al,O3; can be attributed to the
shrinkage as a result of the densification through air-annealing.
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Table 6-1. Mass density and film stress of ALD-AI,O3 before and after annealing
(Reproduced from ref. 22, copyright 2017 by the Japan Society of Applied Physics).

Mass density (g/cm?) Tensile stress (MPa)
before anneal 29 403
N:; annealed 3.0 415
air-annealed 3.3 455

Figure 6-6 shows the polarization vectors and the schematic energy band diagrams
of the Al,O5/INAIN/GaN structures before and after air-annealing.?? According to Jeon
et al.,*® when the tensile stress is applied to the electron-supplying layer in GaN
HEMTSs, the piezoelectric polarization (Ppg) is enhanced. The Ppe increases the electric
field in the electron-supplying layer because the direction of the Ppg is the same as that
of the spontaneous polarizations (Psp). Therefore, as the tensile stress was applied to the
INAIN electron-supplying layer by air-annealing, the 2DEG density increased at the
INAIN/GaN interface, as shown in Fig. 6-6 (b). We assumed Ppg in the InAIN
electron-supplying layer after air-annealing as -3.5x10° C/cm? by using tensile strain
value of 2%. The conduction-band offsets between Al,Os/InAIN, InAIN/AIN and
AIN/GaN were 0.9, 0.5, and 1.5 eV, respectively.?>*® In view of this behavior, the Ppe

applied by air-annealed ALD-AI,O;3 attribute to the decrease in Rg, with PMA in our
experiment.
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Fig. 6-6. (a) Polarization vectors and (b) schematic energy band diagrams of
Al,O3/InAIN/GaN structures obtained before and after air-annealing (Reproduced from
ref. 22, copyright 2017 by the Japan Society of Applied Physics).



6.3.3. Operation stability of Al,O3/InNAIN/GaN MOS-HEMTs

We then investigated the operation stability of Al,O3/INAIN/GaN MOS-HEMTs with
PMA. Figure 6-7 shows the leakage characteristics of INAIN/GaN MOS-HEMTs
without and with PMA.?? We confirmed that the gate leakage current was slightly
suppressed by PMA process. Choi et al.'® theoretically predicted that the oxygen
vacancies in the Al,O3 films act as border traps, and they lead to the leakage current in
Al,0O3/GaN MOS structures. Therefore, the suppression in the gate leakage current
would relate to the reduction in the oxygen vacancies in ALD-AI,O3; with PMA.

102
10% T
€ 100 [
< . wlo PMA
108 R
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102 . .
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Fig. 6-7. Leakage characteristics of INAIN/GaN MOS-HEMTs without and with PMA
(Reproduced from ref. 22, copyright 2017 by the Japan Society of Applied Physics).

Figure 6-8 shows the Vi, shift (AVy) as a function of the maximum forward bias
voltage (Vme).2? In our experiment, the Vi, was determined at lgs = 1 pA/mm from the
log scale 14s—Vgs curves, and the Ve was changed from 2 to 10 V. As shown in Fig. 6-8,
the AVy, was increased by increasing the Ve for both samples. On the other hand, the
AV, after PMA was smaller than that of before PMA, at the same Ve Defect levels in
insulator films, border traps in insulator films near the insulator/(Al)GaN interfaces, and
acceptor-type interface states at the insulator/(Al)GaN interface are involved in the AVy,
mechanism in GaN MOS-HEMTs.” The higher forward gate bias induces the higher
gate leakage current probably due to the Fowler—Nordheim tunneling process, leading
to electron injection to traps and interface states mentioned above. Thus, the decrease in
AVy, also attributed to the reduction in those traps and states with PMA.
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Fig. 6-8. AVy, of INAIN/GaN MOS-HEMTs as a function of Ve (Reproduced from ref.
22, copyright 2017 by the Japan Society of Applied Physics).

Then, we measured pulsed |-V characteristics of Al,O3/INAIN/GaN MOS-HEMTSs to
evaluate the current collapse. The current collapse is one of the critical issues for
operation stability, because it causes RF performance degradations, due to the decrease
in the drain current under operation. According to the widely accepted “virtual gate”
model,*® a high off-state drain bias voltage induces electron trapping at the surface
states of the barrier layer via a tunneling injection at the gate edge on the drain side.
Subsequently, surface charges deplete the underlying 2DEG and increase the drain
resistance, leading to current collapse. Figure 6-9 shows the pulsed lgs—Vgs
characteristics of Al,Os/INAIN/GaN MOS-HEMTs without (a) and with PMA (b),
measured at a Vg of 0 and 2 V. In this case, the pulse width and their separation were
1 us and 1 ms, respectively. For the MOS-HEMT without PMA, a significant current
decrease was observed under the off-state quiescent bias with a high drain voltage (Vgsq
= -7V and Vgsq = 20 V). In addition, this quiescent bias made the gate control of the
current very difficult, indicating that the pronounced current collapse behavior was due
to the surface charging and the potential pinning at the InAIN surface, particularly in the
gate-to-drain access region. On the other hand, the PMA process effectively mitigated
the current collapse effects, as shown in Fig. 6-9 (b).
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Fig. 6-9. Pulsed l4s—Vys characteristics of Al,O3/INAIN/GaN MOS-HEMTs (a) without
and (b) with PMA.

The current collapse was then evaluated by the R, increase after applying a
pinched-off bias stress (Ron With bias stress/Ron without bias stress) at a Vgs of 2 V. The
Ron increase as a function of the quiescent drain bias (Vysq) is shown in Fig. 6-10. In the
sample without PMA, a significant R,y increase was observed with increasing Vysq. The
current collapse is strongly dependent on the drain voltage during the off-state stress.*
%) On the basis of the gate injection and surface-hopping model,®" *® electron
conduction via trap-to-trap hopping can be promoted with an increasing drain voltage.
Consequently, this may lead to the widening of the “virtual gate” from the gate edge
until some further distance on the gate-to-drain access region.®® Thus, it is likely that
various kinds of defects such as dangling bonds and point defects resulted in high state
densities at the Al,O3/InAIN interface before PMA. On the other hand, the Ry, increase
was suppressed with PMA, indicating the interface properties of the Al,O3/INAIN/GaN
MOS-HEMTs were improved by PMA process. These pulsed |-V characteristics are
relatively well behaved compared with previous reports.’: 2 49 Cico et al.*” also
observed a similar reduction in the current collapse for Al,O3/INAIN/GaN MOS-HEMTs
by forming gas annealing (N, was 90% and H, was 10%) at 700°C. They demonstrated
that deep level states such as vacancy-type defects were removed by forming gas
annealing at the Al,Os/INAIN interface, because a significant reduction in the C-V
hysteresis was observed due to ultraviolet light irradiation (2.58-3.88 eV) after forming
gas annealing.
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Fig. 6-10. Comparison of Ry, increase as a function of Quiescent drain bias.

6.3.4. Al,Os/InAIN interface characterization

To evaluate the Al,Os/InAIN interface properties, we carried out photo-assisted C-V
measurements on the Al,O3/InAIN/GaN MOS-HEMTs with a photon energy (4v) from
1.38 to 2.58 eV. We used MOS diodes fabricated on the same Al,O3/InNAIN/GaN
heterostructures. Figure 6-11 shows schematic illustrations of the photo-assisted
electron emission at the Al,OzInAIN interface (a) and photo-assisted C—V characteristics
(b), before and after the illumination. First, the gate voltage was swept from 0 to -20 V
at 100 kHz under a dark condition. Then, the gate voltage was kept at -20 V' and the
monochromatic light was illuminated on the sample surface for 60 s. Consequently, we
observed the photo-assisted electron emission from the interface states with the energy
range corresponding to the photon energy range. After the illumination, the C-V
sweeping was restarted toward 0 V under a dark condition. When the sample surface is
illuminated with a higher photon energy, a larger amount of photo-assisted electron
emission causes larger Vy, shifts in the C-V curves. The parallel C-V shift toward the
reverse bias direction indicates that the interface states at the Al,Os/InAIN act as fixed
charges in this bias range.***? Figure 6-12 shows the photo-assisted C—V characteristics
of the Al,O3/InAIN/GaN MOS-HEMTs without (a) and with PMA (b). In the sample
without PMA, we observed clearer Vi, shift than for the sample with PMA. The Vy, shift



before PMA was enlarged with increasing a photon energy, as shown in Fig. 6-12 (a),
indicated high-density electronic states near midgap at the Al,O3/InAIN interface before
PMA. On the other hand, interface states were effectively reduced after PMA,
contributing to the reduction in the current collapse of the AIl,Os/InAIN/GaN

MQOS-HEMTs.
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Fig. 6-11. Schematic illustrations of (a) photo-assisted electron emission at Al,O3/INAIN
interface and (b) photo-assisted C-V characteristics.
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Fig. 6-12. Photo-assisted C-V characteristics of Al,O3/INAIN/GaN MOS-HEMTs (a)
without and (b) with PMA.
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Figures 6-13 (a) and (b) show the transmission electron microscope (TEM) images
of the Al,O3/InAIN structures without and with PMA. For both images, periodic lattice
points are clearly observed in the InAIN layer. By analyzing the periodicity of the lattice
point pattern, a relative lattice constant of InAIN along c-axis at the Al,Os/INAIN
interface was estimated, as indicated by the dotted lines in Figs. 6-13 (a) and (b). The
relative lattice constant with respect to the ideal lattice constant of Ingi7AlygsN
(0.5105 nm) are plotted in Fig. 6-13 (c). A significant variation of the lattice constants
was observed for the sample without PMA, indicating the disorder in the atomic
bonding configuration at the Al,O3/InAIN interface. At an actual semiconductor surface,
the termination of crystalline periodicity causes a peculiar bond configuration that
includes dangling bonds and dimer bonds. In addition, the surface involves vacancies,
adatoms and natural oxides. Such surface irregularity induces lattice disorder in bond
lengths and angles. For example, Xue et al.*®) theoretically calculated the effect of Ga
vacancies on the bond disorder at the Ga-polar GaN (0001) surface. They demonstrated
that the electron transfer from the Ga-dangling bond to the N-dangling bond of a second
layer N atom induced the downward relaxation of the neighboring Ga atom by 0.39 A
along c-axis. For the Al,Os/InAIN sample without PMA (as-deposited sample), the bond
disorder at the InAIN surface remained almost unchanged even after the Al,Os
deposition, leading to the pronounced variation of the lattice constants, as shown in Fig.
6-13 (c). It is likely that such bond disorder is responsible for the high-density electronic
states at the Al,Os/InAIN interface.** 4

As shown in Fig. 6-13 (c), the sample with PMA showed a relatively flat
distribution of the lattice constants, indicating that the PMA process is effective for the
termination of the dangling bonds with O atoms and relaxation of the surface defects.
This could improve the bond termination and the bonding order configuration at the
Al,O3/INAIN interface, and the resulting reduction of the interface states was
responsible for the improvement of the gate controllability and the operation stability, as
shown in above. In fact, Zywietz et al.*® predicted from theoretical calculations that the
termination of Ga dangling bonds by O atoms effectively reduced the density of states
(surface states) within the bandgap.
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6.4. Conclusion

We evaluated the DC characteristics and operation stability of Al,O3/INAIN/GaN
MOS-HEMTs by focusing on PMA process to control the defect levels in Al,O3 and the
electronic states at the Al,Os/InAIN interface. We clarified that the transconductance
linearity, the subthreshold slope and the current collapse were improved by PMA,
indicating the reduction in electronic states at the Al,O3/InAIN interface, which were
evaluated by photo-assisted C-V measurements. Before PMA, high-density electronic
states near midgap existed at the Al,O3/INnAIN interface, and these interface states were
effectively reduced after PMA. Furthermore, TEM analysis of the Al,Os/InAIN
structures revealed that the bond disorder at the Al,O3/INAIN interface was significantly
recovered after PMA. It is considered that PMA process is effective in enhancing the
relaxation of dangling bonds and/or point defects at the AIl,O3/INAIN interface.
Consequently, the interface state densities were effectively reduced, leading to the
improved gate controllability and operation stability for the Al,Os/INAIN/GaN
MOS-HEMTs. The obtained results indicate that the present PMA process is promising
for improving performance and operation stability of Al,O3/INAIN/GaN MOS-HEMTSs.
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Chapter 7

Conclusion

This thesis aimed at the characterization and control of electronic states in Al,O3-based
insulated-gate structures by focusing on fabrication processes, to improve the
performance and the operation stability of GaN metal-oxide-semiconductor high
electron mobility transistors (MOS-HEMTS).

Chapter 1 started with the introduction of the requirement for next generation
wireless communication systems represented by the 5th-generation mobile
communication system (5G). GaN-based HEMTs have enormous potential as
high-frequency devices used in power amplifiers for wireless base stations. In addition,
insulated-gate structures are effective for improving the performance of GaN HEMTs.
However, several problems remain unsolved, such as the instability of the threshold
voltage (Vin), a steep decrease in transconductance (gm) at the forward gate bias, and
severe current collapse.

Chapter 2 explained the physical properties of I1I-N semiconductors and their
heterostructures, followed by the generation mechanism of two-dimensional electron
gas (2DEG). In the case of AlGaN/GaN HEMTs, a high-density and high-mobility
electron channel could be generated at the undoped-AlGaN/GaN interface due to
spontaneous and piezoelectric polarization, without the impurity scattering. This
characteristic is well suited for power amplifiers used in high-frequency applications.

Chapter 3 discussed the origin and effects of the electronic states induced at the
interface between insulators and GaN-based materials. The evaluation methods of the
interface states were explained, focusing on the capacitance-voltage (C-V)
characteristics of the MOS structures. In the case of wide bandgap semiconductors, not
all the interface states can emit electrons due to the longer time constants compared to
the actual C-V measurement time. Thus, photo-assisted C—V measurement is necessary
to characterize the interface states near the midgap of GaN-based MOS-HEMTs.

Chapter 4 introduced the experimental results obtained for this thesis. The
mechanism for Vg, shift of AlGaN/GaN MOS-HEMTs was investigated when using
atomic-layer-deposited (ALD)-Al,O3 for the gate insulator films. As an oxidant source
for ALD-AI,03, H,O vapor and O, plasma were compared, and it was found that both
Al(OH), residues in ALD-AI,O3 and GaN oxidation layer at the Al,O3/GaN interface
affected the Vi, shift. By increasing the temperature of post-deposition annealing (PDA),
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the AI(OH)x concentration could be decreased, suppressing the Vy, shift. On the other
hand, the GaN oxidation layer at the Al,03/GaN interface was promoted by O, plasma
and the Vi, shift of O, plasma-Al,O3; was larger than that of H,O vapor-Al,Os.
Furthermore, it was clarified that the deep trap sites located around 2.58-3.26 eV from
the conduction band edge were generated in the oxidized-GaN layer at the Al,O3/GaN
interface due to plasma-induced damage, and this caused the Vi, shift when using O,
plasma. Therefore, the oxidant source was controlled, and the reductions in the Vg, shift
and the gate leakage current was demonstrated by applying a hybrid-Al,O3 structure
(lower H,0 vapor-Al,Oz/upper O, plasma-Al,03) for AIGaN/GaN MOS-HEMTSs.

Chapter 5 discussed the effect of oxidant sources on the performance of InNAIN/GaN
MOS-HEMTs, by focusing on the surface-oxide of InAIN barrier layers. It was clarified
that the surface oxide comprises Al,O3 and In,O3 when using O, plasma oxidation, and
In,O3 causes gate leakage and current collapse of INAIN/GaN MOS-HEMTSs due to its
narrow bandgap and electron traps such as oxygen vacancies. Then, the H,O vapor
oxidation was applied to decrease In,O3 for the surface-oxide by focusing on the
thermal stability of intermediate hydroxide, and demonstrated a reduction in gate
leakage current and current collapse of INAIN/GaN MOS-HEMTs with H,O vapor.

Chapter 6 investigated the DC characteristics and operation stability of
Al,O3/INAIN/GaN MOS-HEMTs by focusing on the post-metallization annealing
(PMA) process to control the defect levels in Al,O3 and the electronic states at the
Al,O3/INAIN interface. It was clarified that the transconductance linearity, the
subthreshold slope, and the current collapse were improved by PMA, indicating a
reduction in electronic states at the Al,Os/INAIN interface, which were evaluated by
photo-assisted C-V measurements. Before PMA, high-density near-midgap electronic
states existed at the Al,Os/InAIN interface, and these interface states were effectively
reduced after PMA. Furthermore, TEM analysis of the Al,O3/InAIN structures revealed
that the bond disorder at the Al,Os/INAIN interface was significantly recovered after
PMA. It is considered that PMA process is effective in enhancing the relaxation of
dangling bonds and/or point defects at the Al,Os/INAIN interface. Consequently, the
interface state densities were effectively reduced, leading to improved gate
controllability and operation stability for the Al,O3/INAIN/GaN MOS-HEMTSs.

The results presented in this thesis indicate that the proposed interface controlling
processes represented by optimized oxidant sources, PDA, and PMA are promising for
improving performance and operation stability for GaN HEMTs using Al,O3-based
insulated-gate structures, which have enormous potential as high-frequency devices
used in next generation wireless communications.
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