[2R2 sz

LAV

2 HF—F U Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

A study on AlGaN/GaN HEMT gate stacks for threshold voltage control
and leakage current suppression

0o:00@O),

oooooo:0o0o0ooo,

0000:00102700,

00000 :20160 60 3001,

ooooo:0ooo,
0o00:0000,0000,000,0000,00 00

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J 0 102700,

Conferred date:2016/6/30,

Degree Type:Course doctor,

Examiner:,,,,

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

Doctoral Thesis

A study on AlGaN/GaN HEMT gate stacks for

threshold voltage control and leakage current suppression

June 2016

Jiangning Chen

Supervisor: Associate Prof. Kuniyuki Kakushima

Co-supervisor: Prof. Kazuo Tsutsui

A dissertation submitted to
Department of Electronics and Applied Physics,
Interdisciplinary Graduate School of Science and Engineering,

Tokyo Institute of Technology



Abstract

AlGaN/GaN high-electron-mobility-transistor (HEMT) has been receiving much
attention for high efficient power converter devices owing to its high electron mobility of
over 1000 cm?/Vs and high breakdown field. Recent epitaxial growth of nitride based
layers has enabled AlGaN/GaN growth on Si substrates with appropriate stress relaxation
buffer layers, which enables mass production on a large size wafer over 12 inches, so that
high performance devices can be realized at relatively low cost. However, there are still
some issues to overcome both in substrate quality and device process and reliability. One
of the issues is that the devices operate with normally on characteristics, which is due to
the piezoelectric and spontaneous polarization of the AlIGaN/GaN devices, and should be
avoided in terms of fail-safe operation. On the other hand, large gate leakage current due
to Schottky gate configuration limits the overdrive voltage of the devices, limiting the on-
current. The thesis experimentally demonstrates the advantages of poly-Si gate electrodes
and La>03 gate dielectrics for shifting the threshold voltage to positive direction and for
suppressing the gate leakage current.

B doped poly-Si was obtained with BF2ion implantation into an intrinsic poly-Si layer
for gate electrode material. As there were less reaction between poly-Si and the AlGaN
surface, the devices revealed high process temperature endurance with suppressed gate
leakage current. By tuning the BF2ion implantation conditions, the threshold voltage was
found to be controlled depending on the distribution of F atoms in AlGaN layer. Excess
F ions near the AlGaN/GaN interface showed degraded mobility due to enhanced
diffusion of F atoms at the interface, which suggests the distribution of F atom profile in
the AlGaN layer should be tailored. The poly-Si gated AlGaN/GaN HEMTs revealed high

reliability against stress voltage application test over conventional Schottky gate ones.



For La203 gate dielectrics, the threshold voltage was found to shift to positive direction
with higher temperature annealing. The phenomena were attributed the presence of
negative fixed charges at the interface layer, reactively created between the La2O3 and
AlGaN layers during the thermal processes. Moreover, an increase in capacitance with
annealing was observed owing to the crystallization of the La2Os film, which exhibit a
dielectric constant of 27 when annealed over 500 °C. With this high k-value and the
negative charges, La2Os gate dielectrics have attractive physical properties to relax the
trade-off performance between capacitance density and threshold voltage for AlGaN/GaN
HEMT.

Finally, we investigate the prospects of poly-Si gate with La>O3 gate dielectrics base
on the obtained experimental results. Device structures including thickness and annealing
conditions for normally-oft operation based on F ion distributions in the AlGaN layer

with negative charges at the interface of lanthanum oxide and AlGaN layer are proposed.
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Chapter 1: Introduction

Power devices based on wide bandpgap semiconductors such as SiC and GaN are
promising as candidates for small size and low loss electronic converters with high power
conversion efficiency. In particular, AlGaN/GaN high-electron-mobility-transistor
(HEMT) devices are being in the development of high power and high-frequency
applications due to high electron carrier concentration at the hetero-interface. However,
there are still some issues that need to be addressed before the technology will replace
existing Si technologies. In this chapter, the introduction of power devices and its trend
to high conversion efficiency has been described and the status of GaN based device
developments is reviewed. Moreover, the advantages of AlGaN/GaN HEMT, both
electrical as well as process point of views are summarized. Also, the current issues for
the devices are stated. Based on the backgrounds, the purpose and the structure of the

thesis are stated.

1.1 Power devices for high power conversion efficiency

At present, lots of attention is paid toward renewable energy and maximize the usage
of the energy efficiency for the next few decades because of the world’s urgent
requirements in the energy saving and the environment protection. Energy consumption
can be categorized in mainly four aspects; residential, commercial, transportation, and
industrial in today’s modern society. All the activities consume various kinds of energy
in our daily life like as heat generation, light and so on. In terms of primary energy

consumption, about 40% of primary energy is used for electricity generation. Therefore,



energy saving is increasingly dependent upon the efficient and reliable electrical power

management for generation, storage, transportation and conversion.

Power electronic converters are used to convert and control electrical energy in power
systems, which plays an important role in the development of modern industry. Figure
1.1 shows the power consumption of FY2005 in Japan. About 29% of the electric power
is consumed as home power supply, and 57% of the electrical power are consumed as
motor drive system, most of which are used in fan and pumping. If the variable frequency
drivers operated by high efficient power converters are implemented, 20%~30% of the

energy consumption can be saved.

999 b kWh amount of 799 b KWh (20% decreased)
saving ,

I

57%

14%

Figure 1.1 Power consumption in Japan can be reduced with high efficient converters.

Power electronic technology is widely used in electric power conversion. In most
automation and process control systems, required to convert electrical energy from one
form into another by power conversion, such as voltage, current, frequency and phase.

These power conversions are called converters or inverters.

Inverters are able to control various types of electric motors by converting the
frequency of the AC power supply. The power consumption such as home appliances vary
by time to time, inverters should be controlled depending on the required power to be

supplied. An essential feature of an ideal power conversion is that it should not produce



any energy loss. Therefore, more high efficiency energy conversion is expected in most

electrical power systems.
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Figure 1.2 Various application areas of power electronics, where high-efficiency

switching devices are used [1.1]

Figure 1.2 shows various application areas of power electronics, where high-efficiency
switching devices are used in power systems and power conversion [1.1]. Power
electronics are being used over a wide power range, with ratings from milliwatts up to
gigawatts. As shown in the above figure, depending on the required power capacity and
operating frequency, different types of power semiconductor devices are being used for
different power electronics application field. At the low power fields (less than 1kW),

MOSFET power devices are commonly used to convert electrical energy as a switching



power supply element for portable communication devices, electronic systems (audio,
video, and controllers) and personal computer systems. The trend of this application field
is toward higher switching frequencies and lower operating voltage. Low cost and can be
mass produced are the main factors for the development and commercialization of
technological innovation. In the 1kW-1MW power field, IGBTs-based power converters
are being used for household appliances, electric vehicles (EVs)/hybrid electric vehicles
(HEVs), motors and power supply transforms. Most power converters in the high power
field (greater than IMW power range) are used (GTO) turn-off thyristor type devices to
convert electrical energy such as HVDC transmission systems, machines and railways

[1.1].

The requirements for these power electronics are low power loss under high-switching-
frequency operation. Therefore, the requirements for power switching devices are lower
resistance in the on state (conducting) and higher blocking voltage in the off state (forward
or reverse blocking). Passive component such as transformers, inductors and capacitors,
which temporarily store energy within the converters system [1.2]. Higher frequency

operation enables smaller passive component.

1.2 Status of GaN based device development

Semiconductor material properties strongly affect the device performances. Table 1.1
shows a summary of some physical properties of semiconductor substrates. High electron
mobility and high electron velocity are desired for higher frequency operation. The high
breakdown field is suitable for devices operate at higher voltage with low leakage current

as they improve the power efficiency of devices in the power supply system. Most of the



power loss is wasted as heat generation. To retain the efficiency for the converters, heat
dissipation systems have to be implemented to the devices with high thermal conductivity
[1.3]. In addition, wide bandgap materials with high thermal conductivity are important

parameters for improved device's cooling ability and small size.

Table 1.1 Semiconductor material property and features [1.4]

Material property Device Improved performance System
property advantages
High breakdown |High voltage |Power density, gamn, Larger bandwidth,
field efficiency and output smaller number of
High doping | mmpedance dies and less
ENergy
usage
High thermal High Small die size and Easier system
conductivity temperature more output power/die | cooling
Wideband gap
High electron High High £; High system
velocity frequency High frex frequency

Si device is the main semiconductor material of high power switching devices for a
long time such as the metal-oxide-semiconductor field effect transistor (MOSFET), gate
turn-off thyristor (GTO) and insulated gate bipolar transistor (IGBT). However, the
physical properties silicon material limit the device operations. In recent years, the
development of wide bandgap semiconductor device has increased in small size and high

efficiency power device, owing to their superior material properties.
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Table 1.2 Physical properties of various semiconductor materials [1.5-1.8]

Si | SiC(4H) | GaN
Band gap (eV) 1.12 3.2 3.4
Electron Mobility (cm2/Vs) 1500 900 2100
Saturated Velocity (cm/s) 1x107 | 2.2x107 2.7x107
Breakdown Field (V/cm) 3x105| 2.5x108 3x106
Thermal Conductivity (W/cmK) 1.5 4.9 ; 2.3 )

GaN and SiC wide band gap semiconductors are attractive for next generation power
electronics. Compared to Si, GaN and SiC have advantages in breakdown field and
thermal conductivity, especially GaN has high electron mobility, which are expected to
replace Si technology in high power and high frequency applications. SiC is a compound
semiconductors by combining silicon and carbon. It has a high bonding energy, which is
a stable crystalline structure compared to silicon. In addition, SiC has a high breakdown
filed, which about 10 times than that of silicon. Therefore, SiC devices are widely used
for high power applications than 1200 volts. On the other hand, although breakdown
voltage of GaN devices lower than that of SiC devices, GaN devices are suited for high
frequency applications. Recently, a technology of hetero-epitaxial growth of GaN on
silicon (111) substrate has been accomplished, so that the wafer diameters up to 8 or 12
inches can be utilized, which helps to reduce the production cost. GaN devices will
dominate in the 600 volt- 1200 volt range application with high power conversion high

frequency applications, such as in switching power supply.
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As given in Table 1.2, the material properties of SiC and GaN have desirable device
features for high power application. Specifically, GaN has high electron mobility 2100
cm?/Vs and high saturation electron velocity about 2.7 X 10’cm/s , which contributes to
higher current density for high frequency switching devices. GaN exhibits about 10 times
higher breakdown field than silicon, which leads to low on resistance. Moreover, GaN
has a wide bandgap of 3.4eV and high thermal conductivity, high thermal conductivity
material can greatly help to dissipate heat during high power operation, increase the

power output.

As a result, these material properties are suitable for power electronics applications
[1.9]. GaN device can be operated at high speed switching with low lost, small size and

high efficiency compared to silicon device.

1.3 Advantages of AlGaN/GaN HEMT

The main advantage of GaN over SiC channel is the ability to form heterostructures
with other group II-V compounds. The most prevalent HEMT structure is the
AlGaN/GaN HEMT. AlGaN/GaN HEMT structures have lots of advantages over other
wide bandgap semiconductors, owing to high mobility over 1000 cm?/Vs. This high
mobility can be achieved by using two dimensional electron gas (2DEG) by strains at
AlGaN and GaN interface. In addition, AIGaN and GaN both have high breakdown
voltage about 10 times higher than that of silicon, so that AlGaN/GaN HEMT is emerging

as a promising candidate for future high power and high frequency applications.

In this thesis, HEMTs were fabricated on wafers with an undoped Alo.25Gao.7sN layer

on GaN layers epitaxially grown on Si (111) wafers.
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1.4 Challenges of AIGaN/GaN HEMT

AlGaN/GaN HEMT structures have been strong candidates for high power appliances

with low power consumption [1.10-1.11]. High-density-2DEG are accumulated at the

interface between AlGaN layer and GaN layer by spontaneous and piezoelectric

polarization effects, which makes it possible to realize a low on-state resistance and faster

switching speed for the transistor characteristics [1.12]. However, there are still some

issues that need to be addressed before this technology will replace existing Si

technologies. There are some limitations associated with AlGaN/GaN structures as shown

in Figurel.3.

AlGaN barrier

+ Gate leakage

+ Diode turn-on

+ Charge frapping,
threshold shift

+ Inverse piezoelectric
effect

Schottky gate

* Reverse leakage

* Normally-on device
+ Forward turn-on

High electric field
* Edge leakage

* Charge injection
» Limits breakdown

Final passivation
+ Parasitic breakdown

<

First passivation
+ On-resistance
+ Dynamic behaviour

GaN and buffer layers

+ Punch-through breakdown
+ Vertical leakage/breakdown
+ Dynamic behaviour

\ High electric field
» Charge injection

+ Limits breakdown

Figure 1.3 Issues of AlGaN/GaN HEMT [1.13]

In power electronics applications, AlGaN/GaN HEMT is considered as an electronic
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component, which usually requires normally-off characteristics for a switch-mode power
device. However, AlGaN/GaN HEMTs usually exhibit normally-on operation with a
negative threshold voltage typically around -4 V, resulting in increased circuit complexity
and standby power consumption [1.14]. Normally-off AIGaN/GaN HEMT in which no
current flows at no gate bias is strongly required for fail-safe operation [1.15]. The
threshold voltage can be modified through the device fabrication, which depend on the

Schottky barrier height, carrier concentration and the thickness of AlGaN layer.

Gate recess technique is a common fabrication technique to obtain normally-off
characteristics. This technique is used to reduce the AlGaN barrier layer thickness under
the gate region by using etching methods. The reduction in the AlGaN thickness by gate
recess process can decrease the 2DEG density, so that with a deep enough gate-recess
etching, the threshold voltage can be shifted to a positive value and normally-off

characteristics can be obtained. The schematic diagram as shown in Figure 1.4.

S 1 D
G

AlGaN Recess etched

T T T 0G|
GaN
Buffer layer
Substrate

Figure 1.4 Recess-gate structure of AlGaN/GaN HEMT
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Wet etching has some advantages of low cost and low damage to the wafer. However,
wet etching techniques for AlGaN/GaN HEMT structure are still lacking. Therefore, dry
etching has been used for the recess gate process in the fabrication process of AlGaN/GaN
HEMTs [1.16-1.22]. However, dry etching will introduce damages and associated defects
to the AlGaN layer, which will affect the device performance. In addition, the uniformity
in the recess etching depth and consequently the uniformity in the threshold voltage,
which will result in large leakage current. Therefore, insertion of the gate insulator to

recover the leakage current for recess gate structure is necessary.

Buffer layer

Substrate

(a) p-type AlGaN layer on the AlIGaN/GaN structure
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Gate i-AlGaN
Ohmic | p-AlGaN 4 i-GaN

Energy [eV]

(b) Band diagram of the GIT under a gate bias of 0V [1.24]

Figure 1.5 P-type cap structure and band diagram

Another method to modify the threshold voltage of AlIGaN/GaN HEMT technique is
using p-type GaN layer capping on the AlGaN/GaN structure to lift up the potential of
the channel [1.23-1.24]. The structure and band diagram are shown in Figure 1.5(a) and
(b). The structure is called gate injection transistor (GIT). The structure utilizes hole
injection from p-type gate to the interface of AIGaN/GaN compensate 2DEG electrons
and thereby obtain normally-off characteristics. However, this structure increases the

forward gate voltage [1.25-1.26].

Fluoride implantation treatment is a method to obtain positive threshold voltage

through modifies the energy bandgap [1.27-1.31]. The potential in the AlGaN barrier can

16



be effectively raised due to the fluorine ions have a strong electronegativity and which

are negative charge [1.27-21.28]. The band diagrams are shown in Figure 1.6.

(a) Conventional AlGaN/GaN HEMT

F ions

9
=)
a

I

Y

(b) E-mode HEMT with CF4 plasma treatment

Figure 1.6 Conduction band schematic diagrams [1.31]
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The fluorine ions are incorporated into the AlGaN barrier by CF4 plasma treatment,
these negatively charged fluorine ions will cause an upward bending of the conduction
band in the AlGaN layer [1.29-1.30]. Unfortunately, some fluorine ions as impurities

into the channel result in mobility degradation.

Another issue for AlIGaN/GaN is gate leakage current, which increases losses in the
devices and limits the performance of the devices. Defect states play an integral role in
gate leakage through a trap-based tunneling mechanism [1.32], the current leakage
through the buffer layer above the substrate deteriorates the pinch-off characteristics [1.1].
As a solution for gate leakage, an insulating layer with wide bandgap and high dielectric
constant is promising for the AlIGaN/GaN structure. Prevalent gate dielectrics have been
investigated, such as SiO2 [1.33-1.36], SiN [1.37-1.38], HfO2 [1.39-1.40] and Al203
[1.41-1.43]. The results show that an insulated gate structure is extremely effective for
leakage current suppression. High dielectric constant materials show a low interface state
density as an insulating layer for AlGaN/GaN MISHFET. Also, it is reported that
reliability can be improved with the use of gate dielectrics owing to the suppression of
nitrogen vacancies. On the contrary, the introduction of an insulating layer results in the
shift in the threshold voltage and increase in interface trap density, which impact the
stability of voltage that turn on AlGaN/GaN HEMT. Therefore, further examination such
as materials and the fabrication process selection is necessary to relax the trade-off

performance for AlIGaN/GaN HEMT.
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1.5 Purpose and structure of this thesis

The purpose of this study is to implement new materials which can shift the threshold
voltage and reduce the gate leakage current. For this purpose, poly-Si is selected as gate
electrode materials, which has endurance against high process temperature. The material
also has high compatibility with CMOS process. Moreover, La20Os is selected as a new
gate dielectric material for AlGaN/GaN HEMTs, as it possesses a high dielectric constant.

The interface reaction upon annealing temperature is characterized.

In the next chapter, the fundamental physics that lie in the AIGaN/GaN HEMT are
summarized. The basic structure of the devices, the effect of polarization by

heteroepitaxial growth and the formation of two dimensional gas (2DEG) are explained.

In chapter 3, the AlIGaN/GaN substrates used in this study are described. Also, detailed
processes for HEMT fabrication including cleaning, isolation, metallization and gate
dielectric formations are summarized. Also, the characterization methods of the

fabricated HEMT devices are stated.

In chapter 4, boron doped poly-Si gate electrodes are introduced for AlGaN/GaN HEMT
and its process compatibility is discussed. The BF2+ ion implantation energy dependent
threshold voltage tuning was confirmed, suggesting the feasibility to achieve normally-
off HEMT devices. A large suppression in the gate leakage current as well as high
reliability against stress test was performed. The issues related to the doping including
mobility degradation accompanied by enhanced diffusion of F ions, the sheet resistivity
of poly-Si gate electrodes are discussed.
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In chapter 5, introduction of lanthanum oxide gate dielectrics and its device
performances are described. The threshold voltage was reported to shift to positive
direction with thermal treatment, due to interface reaction between the lanthanum oxide
and the AlGaN layer. The interface was found to contain negative fixed charges and the
density increases with temperature. The gate leakage current was reported to be
suppressed by orders of magnitudes at both off and of states, indicating larger overdrive

can be applied.

In chapter 6, the prospects for normally-off AlGaN/GaN HEMT devices with reduced
gate leakage currents are described. Device structures, including thickness and annealing
conditions for normally-oft operation based on F ion distributions in the AlGaN layer

with negative charges at the interface of lanthanum oxide and AlGaN layer are proposed.

Finally, chapter 7 concludes the thesis and future remarks are stated.
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Chapter 2: Fundamentals of AlGaN/GaN
HEMT

In this chapter, the fundamental physics that lie in the AlGaN/GaN HEMT are
summarized. The basic structure of the devices, the effect of polarization by

heteroepitaxial growth and the formation of two dimensional gas (2DEG) are explained.

2.1 Properties of AlGaN/GaN HEMT
2.1.1 HEMT

HEMT exhibits high carrier mobility on a hetero structure with different band gap

materials as like AlGaAs/GaAs structure and A1GaN/GaN structure.
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| G
n*AlGaAs

Undoped AlGaAs

Undoped GaAs 2PEC GaAs

gate

GaAs Semi-insulating substrate
ndoped

n-ALGai,As Al Ga, As

(@) (b)

Figure 2.1 (a) An example of a nAlGaAs/GaAs HEMT structure and (b) its energy band

profile
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The first HEMT that a kind of field effect transistor using the heterojunction of a highly
doped n-type AlGaAs thin layer and the undoped GaAs layer was invented by Takashi
Mimura in 1979 [2.1, 2.2]. The formation of a quasi-triangular potential well at the hetero-
interface between AlGaAs and GaAs due to two different band gap materials. The
electrons supplied by donors in the n-type AlGaAs can from the higher band gap of
AlGaAs layer move into the GaAs potential well, formed two dimensional electron gas
(2DEG) [2.3]. The schematic structure of AlGaAs/GaAs HEMT and the band diagram as
shown in Figure 2.1 (a) and (b). A thin intrinsic AlGaAs layer known as spacer layer is
introduced between n-type AlGaAs layer and undoped GaAs layer, it makes electrons are
spatially separated from ionized donors, the ionized impurity scattering is considerably
reduced and leads to an increase in the mobility [2.4]. The HEMT is originally used for
high speed and low noise applications because of high mobility and less electron

collisions.

2.1.2 AlGaN/GaN structure

S G D

Barrier layer AlGaN

2DEG
Channel layer GaN

Nucleation buffer layer (GaN,AlGaN or AIN)

Substrate

Figure 2.2 Basic structure of an AlIGaN/GaN HEMT structure
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AlGaN/GaN HEMT is a heterostructure field effect transistor for high voltage and high
frequency operation since the first report in 1991 [2.5, 2.6]. The schematic cross-section
of a general AIGaN/GaN HEMT structure is shown in Figure 2.2. Two different bandgap
materials AIGaN/GaN layer is grown on substrate through buffer layer. While an AlGaN
layer grown on a GaN layer polarization effect occurs due to internal spontaneous
polarization and external piezoelectric polarization. Polarization field induced positive
charge is present at the bottom of AlGaN layer, these positive charges can cause an
accumulation of 2DEG electrons at the interface of AlIGaN/GaN heterostructure. High
2DEG density up to 10'3 cm can be obtained in the AlIGaN/GaN heterostructure without
any doping [2.7-2.11], which is more than five times larger as compared to AlGaAs/GaAs
structure. Therefore, high mobility about two thousand was realized in AlGaN/GaN

HEMT, which a strong advantage for high frequency operation.

AlGaN has a higher bandgap than that of GaN, a potential well formation at the
heterostructure of AlGaN/GaN and electrons will accumulate underneath the hetero
interface to form a sharper quantum well due to polarization effect, as shown in Figure
2.3. AlGaN layer is used as a barrier layer for AIGaN/GaN HEMT. This barrier layer is
mostly intrinsic layer, which means impurity scattering is non-existent, results in high
mobility. The AlGaN layer thickness or Al content of AlGaN may affect 2DEG density at

the interface. That will discuss in detail in a subsequent section.
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Figure 2.3. Band gap profile of AlGaN/GaN HEMT

GaN growth techniques need to fulfill the requirements of low defect density and
smooth morphology, which will affect device performance [2.12]. Defects are responsible
for the mobility reduction due to defect scattering. Moreover, high defect density will
affect piezoelectric polarization effects and then decrease 2DEG carrier concentration.
Dislocations is the path for leakage current [2.13] and impact on performance reliability
in the AlIGaN/GaN HEMT devices [2.14]. Therefore, reduce defect density in growing
GaN films is a non-negligible factor. The crystallinity and properties of GaN strongly
depend on the growth techniques. Recently, GaN growth techniques have been developed,
including MOVPE (metal organic vapor phase epitaxy), MBE (molecular beam epitaxy)

and HVPE (hydride vapor phase epitaxy).

Growth of high quality and freestanding GaN substrate technology is a challenge due
to high melt temperature and immature growth technique. GaN epitaxially grown on
foreign substrates need consider lattice mismatch and thermal mismatch between GaN

and substrate materials. Different lattice constant will induce tensile strain or compressive
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strain when a film is grown on foreign substrate. Thermal mismatch is usually expressed
by thermal expansion coefficient and it describes the size change of films with a change
in temperature after growth. Difference in CTE (coefficient of thermal expansion)
between film and substrate also can cause strain. Strain in the film not only influence the
surface morphology, band gap energy and phonon frequency, but also induce defects such
as dislocation [2.15]. There is a high defect density in the range of 10’-10'° cm™ for GaN
based device and then influence the device on the optical and electrical properties. In
general, there are three main types of substrate used for the growth AlGaN/GaN HEMT
structure such as silicon carbide [2.16, 2.17], sapphire [2.18,2.19, 2.20] and silicon [2.21].
The lattice constant of SiC is very close to that of GaN, which is about 3%. In addition,
SiC substrate has a high thermal conductivity about 5 W/cm-K and that is highly
beneficial for heat dissipation in the device. However, SiC substrate is very expensive
and has large crystallographic defect density. Although sapphire substrate exhibits a large
lattice mismatch of 15% with GaN and a small thermal conductivity 0.42 W/cm-K at
300K. It is still the most commonly used substrate for GaN growth because of low cost
and high quality. Si is a potential substrate due to excellent availability of large diameters
at low lost and acceptable thermal conductivity [2.22]. However, large lattice mismatch
and large CTE between GaN and Si leads to the formation of cracks in the films. To
compensate large mismatch between GaN and the substrate, nucleation buffer layers are
introduced between channel layer GaN and substrate [2.23]. This intermediate layer AIN
(on SiC and sapphire), AlGaN (on SiC and sapphire) and GaN (on sapphire) layer have

been suggested.
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2.2 Polarization effects

Substrate Substrate

Figure 2.4 GaN crystal structure of wurtzite Ga-face and N-face [2.24]

GaN is a III-V compound material with wurtzite crystal structure. GaN is composed of
Ga atoms with a large ionic radius and N atoms with a small ionic radius with mixed
covalent ionic bonds. There are two distinct faces, Ga-face and N-face, which are
respectively corresponding to the (0001) and (0001 ) crystalline faces. Crystal structure

of wurtzite Ga-face and N-face GaN as shows as Figure 2.4 [2.24].

Unlike AlGaAs/GaAs HEMT, AlGaN/GaN HEMT does not require doped top layer
due to AlGaN and GaN are polar materials. 2DEG are induced in the AlGaN/GaN HEMT
by nature polarization effect including spontaneous polarization and piezoelectric
polarization. Due to an intrinsic asymmetry of the bonding in the equilibrium wurtzite

crystal structure, it exhibits a spontaneous polarization field along the hexagonal c-axis
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in the wurtzite lattice. The spontaneous polarization can cause electric filed up to
3MV/cm in the AlGaN and GaN crystals. The spontaneous polarization is directed from
the nitrogen atomic layer to the gallium atomic layer [2.25]. Piezoelectric polarization by
strain induced due to the lattice mismatch between different composition materials.

Piezoelectric polarization in the direction of the c-axis can be given by

Ppe = 2220 (es1—ess 213) ) Eq. (2.2.1)

ao 33

a and ao is the lattice constant of different materials at equilibrium. Furthermore, e31, €33
are the piezoelectric coefficients and Ci3, C33 are the elastic constants of the material
[2.26]. The piezoelectric polarization can cause an additional electric fields about
2MV/cm in the AlIGaN/GaN HEMT. Therefore, strong electric fields about SMV/cm
caused by polarization effect in the AlGaN/GaN crystals structure, which produce high
sheet charge density about 6 X102~ 2 X 10*cm™ at the interface between AlGaN layer

and GaN layer [2.24] .
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Figure 2.5 (a) Polarization induced charge and direction of the spontaneous and
piezoelectric polarization in Ga-face and strain between AlGaN and GaN (b) band
diagram of A1GaN/GaN heterostructure and formation of 2DEG at the interface between

AlGaN and GaN
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When AlGaN is grown on top of GaN heterostructure and the AlGaN layer under
tensile strain, piezoelectric polarization will increase and the spontaneous and
piezoelectric polarization have the same direction. The polarization induced sheet charge
is positive, which is present at the bottom of AlGaN layer. Polarization sheet charge

density can be defined by

o = P(top) — P(bottom)

= Pse(top) + Pre(top)} — {Pss(bottom) + Pec(bottom)} Eq.(22.2)

Positive charges will be largely compensated by electrons, these electrons will form a
high concentration of 2DEG at the interface of AlGaN/GaN heterostructure [2.24, 2.26],

as shown in Figure 2.5 (a) and (b).

2.3 Formation of 2DEG

Unlike AlGaAs/GaAs HEMT, electrons forming 2DEG are supplied from the
modulation-doped n-type AlGaAs layer. The 2DEG is formed in AIGaN/GaN HEMT
even if AlGaN layer without intentional doping, it has been suggested that the source of
2DEG electrons come from the donor-like surface states. A surface donor model was
proposed by J. P. Ibbetson in 2000, it assumes surface donors as the origin of 2DEG
electrons and explains mechanism of 2DEG formation. He pointed out that space charge
in the AlIGaN/GaN HEMT structure include five types, negative charges in the 2DEG,
polarization charges (+ o pz and - o pz), charges in the AlGaN layer due to doping (+ o
AlGaN), charge due to ionized surface states ( o surface) and buffer charge ( o busfer) [2.27].
For an undoped AlGaN layer, o aican = 0. Polarization charge is exactly zero due to

polarization dipole formation. Furthermore, it assumes that the Fermi level lies close to
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the GaN conduction band edge and setting o buffer = 0 [2.27]. Thus, the source of 2DEG

electrons are surface states, as shown in Figure 2.6.
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Figure 2.6 Schematic conduction band diagram and charge distribution for an

AlGaN/GaN HEMT
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It assume that the surface states below the conduction band edge of AlGaN layer is
donor-like at energy Ep, which is neutral when occupied and positive when emptied. If
the surface state below the Fermi level and this distance is sufficiently deep, no 2DEG
electrons generated at the interface. With the increase of the barrier layer thickness until
the donor energy reach the Fermi level, called critical thickness, electrons can transfer to
the conduction band states due to strong polarization induced electrical field, more and
more donor states to be emptied, leaving behind positive charge and thereby forming a

high 2DEG density [2.27], as shown in Figure 2.7.

emptied
surface
donors

g
partially
filled
surface suface
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Figure 2.7 Schematic band diagram illustrating the surface donor model
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The Al mole fraction of AlGaN layer can also affect 2DEG density, 2DEG density can
increase with increasing the Al mole fraction due to larger bandgap, larger conduction
band discontinuity and enhanced polarization effect [2.28]. Further increase in the AlGaN
thickness and the Al mole fraction will cause decrease in 2DEG carrier density and
deterioration of mobility, it is reasonable that strain relaxation in the AlGaN layer [2.26],

as shown in Figure 2.8 [2.27].

.
.

Strain
relaxation -

2DEG density [10" cm?]
[+

0 50 100 150 200 250
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Figure 2.7 Room temperature 2DEG density measured as a function of Alo34Gao.64N

barrier thickness [2.27]

Donors-like surface states are the source of 2DEG electrons, these positive charge are
compensated by polarization induced negative charges at the top of AlGaN layer. It has
been suggested that native donors-like defects might be nitrogen vacancies or oxygen

impurities [2.29-2.33]. SiN passivation layer can increase 2DEG density in AIGaN/GaN
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HEMT due to reduced surface barrier after passivation [2.29]. SiN passivation induced
positive charges are neutralized by polarization induced negative charges at the interface
between SiN layer and AlGaN barrier layer. Therefore, the surface barrier height

decreases [2.34].
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