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Chapter 1

Introduction

1.1 Background

In recent years, the technological innovation in the field of information technology
has been remarkable. The spread of information devices such as personal computers,
the expansion of the role of the Internet and the spread of satellite broadcasting are
progressing rapidly. However, there are several problems in the field of information

technology.

1.1.1 Volume of mobile communication traffic

The volume of communication traffic has been increasing worldwide with the rapid
spread of smartphones in recent years. The global volume of communication traffic
is expected to reach 30x 108 bytes/month in 2020 as shown in Figure 1.1. Increases

in communication facilities, speed, and capacity are thus required.

35
30
25
20
15
10

5

Exabyte/month

2015 2016 2017 2018 2019 2020

Figure 1.1. Predicted global volume of mobile communication.

The frequency band used for mobile communication in Japan is 700 MHz—2 GHz.
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However, 5 GHz will be used in future [1]. Increasing the communication frequency
can increase the speed and capacity of mobile communications. However, a dis-
advantage of using a high frequency in long-distance communication is the large
degradation in the atmosphere. In addition, obstacles such as buildings adversely
affect mobile communications. To solve these problems, it is necessary to improve
the power of communication amplifiers used in base stations.

There is another problem in backhaul, that is, the intermediate links between base
stations. The frequency band used for backhaul is extremely high, 40 to 50 GHz.
In addition, the frequency band used for backhaul depends on that used for mobile

communication.

1.1.2 Radars

Radars are used for weather observation, ships, automobiles, and so forth. The
frequency band used for radars is around 10 GHz. In addition, the output power of

radar is extremely high, 1 to 100 kW.

=~

Millimeter wave

( N .J)))

.V
—

Figure 1.2. Millimeter-wave radars are used in automobiles.

The size of radars for automobiles is expected to decrease in future. The minia-
turization of radars is an essential task because automobiles have fuel consumption
and space constraints. In addition, it is necessary to use a high frequency to improve

the accuracy of radars for automobiles as shown in Figure 1.2.

1.1.3  Wireless communication as an alternative to optical communication

Optical fiber communication is extremely fast, and its noise is small because it is

a form of wired communication. However, if optical fibers are disconnected owing
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to disasters or for other reasons, it seriously affects the communication network. In
fact, 1.9 million fixed communication lines and 29000 mobile communication lines

were damaged by the Great East Japan Earthquake in 2011.

»}\ Wireless communication
NG

[ [
EEE
[ [

Optical fiber

Figure 1.3. Wireless communications can be used when optical fibers are broken.

Wireless communication is useful in such cases as shown in Figure 1.3, and its
equipment is convenient to move and install. In addition, a simple base station is
extremely important in areas where the installation of optical fibers is difficult. The
cost and time required to install communication networks with wireless networks
can be reduced to less than those with optical fibers. For such base stations, minia-
turization and high output power are required. The frequency band range of 30 to
300 GHz can be used for wireless communication. However, 1-W-class high-output-
power amplifiers are required for transmission over a distance of a km order using

the millimeter-wave band.

1.2 Benefits of Using Gallium Nitride (GaN)

Some currently used applications are shown in Figure 1.4. Most high-frequency /high-
power applications are operated using vacuum tube amplifiers, not semiconductors.
However, the power consumed by vacuum tube amplifiers is considerable since the
vacuum tube constantly emits electrons in vacuum. Therefore, it is possible to
downsize amplifiers and reduce their power consumption by replacing the vacuum
tube with semiconductor devices.

A comparison of the properties of different semiconductor materials is shown in
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Figure 1.4. Output power and operating frequency of some applications.

Table 1.1. Gallium nitride (GaN) has a threefold wider band gap, a tenfold higher
breakdown electric field, and a twofold higher saturation velocity than Si. Owing to
its wide band gap, GaN exhibits stable operation even at high temperatures thus, a
simpler cooling system can be employed in amplifiers using GaN transistors. Also,
the size of passive components including reactance can be miniaturized because
GaN-based devices can be switched at higher frequencies than Si-based devices.
Furthermore, the dielectric breakdown electric fields of GaN and SiC are about 10
times larger than those of Si and GaAs. Owing to this property, it is possible to

miniaturize amplifiers.

Si GaAs 4H-SiC  GaN
Bandgap (eV) 1.1 1.4 3.2 3.4
Breakdown electric field (MV /cm) 0.3 0.4 3 3
Thermal conductivity (W /cmK) 1.3 0.5 5 1.3
Electron mobility (cm?V—!s™1) 1450 8500 950 2000

Electron saturation velocity (cm/s) 1x 107 1.3 x107 2x 107 2.7 x 107

Table 1.1. Basic physical properties of various semiconductor materials.

In addition, the electron mobility and electron velocity are very important for
high-radio-frequency (RF) applications. Electron mobility is defined as:

v=pkE, (1.1)

where v, pu, and E are electron velocity, electron mobility, and electric field, respec-

tively. However, the electron velocity is not determined only by electron mobility.
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Monte Carlo simulations of electron velocity versus electric field for GaN have been
reported [2]. The results of these simulations are shown in Figure 1.5. Results for
GaAs, Si, and SiC are also shown for comparison. The peak velocity in GaN is
close to 3 x 107 cm/s and the saturation velocity is 1.5 x 107 cm/s. Both values are

considerably higher than those for Si and GaAs.

Electron velocity (cm/s)

0 | |

0 1 2 3
Electric Field ( x 10°V/cm)

Figure 1.5. Electron drift velocity as a function of electric field for Si, GaAs, SiC,
and GaN at 300 K [2].

Johnson’s figure of merit is a measure of the suitability of a semiconductor material
for high-frequency power transistor applications and requirements [3]. It is defined
as:

Epuv,

Vinfr = or

(1.2)

where V,,, and fp are the maximum allowable applied voltage and cutoff frequency,
respectively. Figure 1.6 shows Johnson’s figure of merit of each semiconductor ma-

terial. The figure shows that GaN is highly suitable for high-power RF applications.
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Figure 1.6. Johnson’s figure of merit of Si, GaAs, SiC, and GaN.

1.3 GaN-based High Electron Mobility Transistors (HEMTs)

One of the main advantages of GaN is the two-dimensional electron gas (2DEG)
generated at the interface of heterostructures such as AlGaN/GaN and InAIN/GaN.
The carrier densities of the 2DEG are 1 x 10" cm™2 at the AlGaN/GaN interface
and 2 x 10" cm~2 at the InAIN/GaN interface. In addition, the electron mobility
is 2000 cm?V~1s™1 at both interfaces.

For GaN-based transistors, great effort has been devoted to improving the device
performance and operation stability /reliability. In particular, AlGaN/GaN high-
electron-mobility transistors (HEMTs) have been making steady progress in terms
of high-frequency and high-power performance [4-10]. Figure 1.7 shows a schematic
illustration of an AlGaN/GaN HEMT.

By using GaN HEMTs with breakdown voltages of up to 600 V, highly
efficient high-frequency switching systems with a compact size have been demon-
strated [8,10,11]. By downscaling the gate length to the sub-100-nm regime in
conjunction with state-of-the-art technologies, Shinohara and co-workers have
recently achievedultrahigh-speed operation with record-high maximum current gain

cutoff frequency (fr) of 454 GHz with accompanying power gain cutoff frequency
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Gate

Figure 1.7. Schematic illustration of AlGaN/GaN HEMT.
(fmaz) of 444 GHz on a 20 nm gate HEMT [4,12]. Figure 1.8 shows off-state
breakdown voltage (BV,sy) versus current gain fr for GaN-based HEMTs.
It is desirable for fifth-generation (5G) communication systems that the W-band
(75-110 GHz) and E-band (60-90 GHz) frequency ranges are used for the wireless
backhaul.
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Figure 1.8. Off-state breakdown voltage versus current gain cutoff frequency for
GaN-based HEMTs [13].

1.4 Merits of Metal-Insulator-Semiconductor (MIS) Structure

For reduced power consumption as well as failure protection, normally-off operation

is highly preferred, particularly for power switching devices. Obviously, normally-off
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devices require a positive gate voltage to be turned on, which leads to extremely
high leakage current levels in Schottky gate (SG) devices. Thus, a metal-insulator-
semiconductor (MIS) gate is necessary for normally-off power switching transistors

as shown in Figure 1.9. For RF applications, 5G wireless systems also require higher

Insulator Gate
/

2DEG.

Substrate

Figure 1.9. Schematic illustration of AlIGaN/GaN MIS HEMT.

efficiency and linearity for RF power transistors. Power amplifiers using SG GaN
HEMTs suffer from reduced gain and efficiency with increasing input RF power
owing to significant gate leakage currents caused by a large input swing that may
drive devices deep into the forward bias regime as shown in Figure 1.10. Such high
leakage currents seriously affect the operation stability and large-signal linearity of
power amplifiers [14]. Moreover, a suitable surface passivation scheme is necessary

for the stable and reliable operation of power devices.

leakage current leakage current
2DEG 2DEG
GaN GaN

\

AlGaN Insulator | 5oN
(a) (b)

Figure 1.10. Schematic illustration of band diagrams of AlGaN/GaN HEMTs with
(a) Schottky and (b) MIS gate structures.

An MIS structure is very effective for overcoming such problems related to the SG
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structure. For example, a gate-stack technology based on the principles of interface
engineering, barrier-layer engineering, and the gate dielectric technique has been
employed in normally-off GaN HEMTs for power switching devices [8, 10, 15, 16].
For RF devices, Kanamura et al. demonstrated that the gate leakage current was
sufficiently controlled in an AlGaN/GaN MIS-HEMT even under high-input-power
operation [14]. Thus, MIS-HEMTSs can accommodate a wider input signal sweep
than Schottky-gate, resulting in a higher maximum output power. In addition, the
MIS structure is necessary for InAIN/GaN HEMTs. GaN HEMTSs using an InAIN
electron-supplying layer are promising for enhancing 2DEG density because of their
high spontaneous polarization and high band offset at the conduction band [17]. In
fact, Makiyama et al. demonstrated an output power density of 3 W/mm at 96 GHz
in a GaN HEMT using quaternary InAlGaN barrier layers [18]. However, the large
gate leakage current in InAIN/GaN HEMTSs often limits their operation. The MIS
structure is suitable for addressing the leakage current issue and therefore increasing

the performance of InAIN/GaN HEMTs.

1.5 Several Issues of GaN-based HEMTs

1.5.1 Reliability issues of the MIS structure

Since the quality of the semiconductor/insulator interface significantly affects the
transistor performance, a chemically stable MIS structure with low interface state
density should be developed for practical device application [15,19,20]. In this re-
gard, various insulators have been applied to achieve GaN MIS HEMTs with excel-
lent performance. However, several problems remain unsolved [20]. The instability
of the threshold voltage (Vppr) is one of the most serious problems. Some groups
have reported that a Vpp shift appears under different gate bias conditions in MIS-
HEMTSs [21-24], as shown in Figure 1.11 [24]. The charging state of the interface
traps varies with the gate bias, and excess interface charges, particularly at deeper
electronic states, are responsible for such Vg fluctuation.

Another problem is the unexpected degradation of current linearity in GaN-based
MIS HEMTs. Although the dynamic range of input signal sweeping is one of the

advantages of MIS HEMTSs, some groups have reported sudden current saturation
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Figure 1.11.
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Comparison of gate-stress induced Vry drift of AlGalN/GaN MIS-

HEMTsS for different dielectrics with different insulators and AlGaN thicknesses. [24]

at a forward bias [25,26] as shown in Figure 1.12.

r saturation

Figure 1.12. Illustration of Ip saturation behavior at forward bias.

It is likely that a high density of electronic states at the insulator/barrier interface,

particularly near the conduction band edge, screens the gate electric field and reduces

the control of the surface potential of the barrier layer. This prevents a further

increase in the 2DEG density, leading to pronounced current saturation at a forward

gate bias. Such degradation of the current linearity may be responsible for gain loss

and the degradation of large-signal linearity in power amplifiers.
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1.5.2  Current collapse

Another major concern is the current collapse phenomenon, which is a temporary
reduction of the drain current following the application of a high voltage and/or
high power, in both on- and off-state operations [27,28]. Nishiguchi et al. reported
that the drain-source voltage (Vpg) enhances current collapse as shown in Figure
1.13 [29]. Figure 1.13 shows that the saturation drain current is decreased and the

on-resistance is increased after applying off-stress.

700 —— ————

g Vg=0V 4

600 | -

i o 1

= 500 ..°' no stress E

£ a . ]

3 400 i S .

- o .

£300F 1
A C [ ]

= R :

200 e .

100 | after off-stress f

e (Ve=-5V,Vp=10V) ]

0 L ISR T TR SRR N S S Y SR SR

0 2 4 6 8 10
Vps(V)

Figure 1.13. Current collapse of A1GalN/GaN Schottky HEMTs [29].

According to the most widely accepted “virtual gate” model proposed by Vetury
et al. [28], current collapse is mainly due to surface charging at part of the gate
drain (GD) access region close to the gate edge. On the basis of the gate injection
and surface hopping model [30, 31] illustrated in Figure 1.14, electron conduction
via trap-to-trap hopping can be promoted by increasing the drain voltage.

Consequently, this may lead to the widening of the virtual gate from the gate
edge to a further inside the GD access region. Using Kelvin probe force microscopy,
several groups have reported the changes in the surface potential of AlGaN due to
surface trap occupancy in the GD access region after applying an off-bias stress
to AlGaN/GaN HEMTs [32-36]. In addition, it has recently been demonstrated

that trapping can extend as far as a distance of 100 nm order from the drain-side
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tunneling Surface Hopping
injection '\

S

tunnel and thermal
emission

AlGaN Surface Drain

Figure 1.14. Gate injection and surface hopping model.

gate edge [35,36]. However, there have been few reports on the effects of spatially
induced surface charging on the current—voltage (I-V) characteristics of AlGaN/GaN
HEMTs.

1.6 Purpose of this Work

As discussed in Section 1.3, AlIGaN/GaN HEMTSs have enormous potential for high-
power RF applications. In addition, the MIS structure is very effective for improving
their performance as described in Section 1.4. However, several problems remain
unsolved, as described in Section 1.5.1, as well as the problems discussed in Section
1.5.2.

The purpose of this work is to evaluate the effect of interface states on the electrical
characteristics of AlGaN/GaN HEMTs. In addition, a method of evaluating the
length of the surface charging area and a process to decrease the density of interface

states are proposed.

1.7 Outline

This thesis includes six chapters.

In Chapter 2, the physical properties of GaN, such as its crystal structure, are
introduced. The spontaneous and piezoelectric polarizations at the AlGaN/GaN
heterostructure and the generation mechanism of the 2DEG-induced polarization
effect are also introduced. Furthermore, the electrical conduction properties of GaN

and an AlGaN/GaN heterointerface are described.
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In Chapter 3, the interface states are explained, and their models and their ef-
fects on electrical characteristics are described. Finally, the process to decrease the
interface state density that our group is researching is introduced.

In Chapter 4, the fabrication process and DC basic characteristics of Schottky
AlGaN/GaN HEMTSs are discussed. In addition, the current collapse due to negative
gate stress is described. It is probable that surface states at the AlGaN surface cause
the current collapse.

In Chapter 5, the current linearity and operation stability of AlGaN/GaN MOS
HEMT'Ss are discussed. The relationship between these characteristics and the inter-
face states is investigated in this work.

In Chapter 6, the present work is summarized and a conclusion is given.
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Chapter 2

Physical properties of GalN

2.1 Basic Properties of IlI-N Semiconductor Materials

2.1.1 Crystal Structure

ITI-N semiconductors i.e GaN, AlGaN can be crystallized in either hexagonal
(wurtzite, see Figure 2.1(a)) or cubic (zincblende, Figure 2.1(b)) structure depend-
ing on the substrate symmetry and growth conditions. In the wurtzite structure,
the cation and anion atoms align in the same direction (vertically, in this case).
Such symmetrical configuration with the ionic alignment leads to characteristic
polarization effects. Furthermore GaN wurtzite crystal structure has a wider
bandgap than the zinc-blend structure. Therefore for the fabrication of power
devices, GaN wurtzite is often used. Moreover it should be noted that GaN-based
HEMTSs are mainly fabricated on the c-plane of GaN wurtzite.

c-axis
[0001]

Ga

(a) (b)

Figure 2.1. Schematic illustration of (a)wurtzite and (b) zinc-blend crystal of GaN.
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This is because the wurtzite III-N do not have inversion symmetry along the c-axis
and thus the strong ionicity results in a large polarization along the [0001] crystal
direction (see Figure 2.2(a)). This feature will be discussed in more detail in the
next section. On the other hand, a- and m- plane of GaN wrutzite (see Figure
2.2 (b) and (c)) are very important for vertical type GaN devices, because in such

devices drain current flows through the a- and m-plane.

c-plane (0001)

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

Q@ L e
P )Y -

(@) (b) (c)

Figure 2.2. Schematic illustration of each plane of wurtzite structure.

2.2 The state of the art of Growth Method and Quality of GaN Crystal

Due to the lack of the native substrates GaN-based devices were developed so far
on heterogeneous substrates such SiC or Sapphire. Furthermore, it should be noted
that it’s difficult to produce high-purity layers of GaN by MOCVD due to the pres-
ence of residual carbon impurities in the range 10 to 10'” cm™ 3 [1-4]. However,
very recently Fujikura et al. [5] developed quartz-free hydride-vapor-phase epitaxy
(HVPE) method (see Figure 2.3). By using this method the authors were able to
obtain highly pure GaN grown on freestand GaN substrates with extremely low
residual impurities concentration. In particular the Si concentration was below the
detection limit of SIMS measurement, and less than 5 x 104 cm™3. The O and C
concentrations were below their relevant detection limits, and less than the mid-

10" cm™3 region. In addition, the high-purity layer grown by quartz-free HVPE
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showed an insulating nature in the absence of a dopant.

| M HC, H,

s e

Figure 2.3. Schematic drawing of the HVPE system.

Therefore quartz-free HVPE method appears to be an effective method for the

fabrication of the native GaN substrates and in consequence power devices.

2.3 AlGaN/GaN heterojunction

2.3.1 Alloys and heterojunctions Using IlI-N Semiconductors

ITI-N semiconductors also enable us to realize various types of III-N alloys having
different bandgap and lattice constant. Figure 2.4 shows the relationship between
lattice constant and bandgap for GaN, AIN, InN, and their alloys. InAIN has an
additional unique feature for HEMTs. When the In composition ratio is 13 %, the
lattice constant a of Ing 13Alg7sN in accordance with that of GaN can be prepared
on the c-plane of GaN layer. Besides that, the large conduction-band offset at the
InAIN/GaN interface has a big merit for the HEMT application.

AlGaN is an alloy of AIN and GaN. The AlGaN/GaN heterojunction are the
most popular application for the HEMTs as was shown in the previous chapter.
Comparing with the InAIN/GaN system, AlGaN and GaN have no lattice-matching
selections, resulting in the tensile-straining in the AlGaN/GaN heterostructures.
This feature leads to the polarization effects which will be explained in the next

section.

2.3.2 Polarization effects in IlI-N heterojunctions

As shown in Figure 2.1, III-Ns grown on the c-plane leads to the “spontaneous”
polarization due to the symmetric configuration of cations and anions in the c-axis
direction. Ambacher et al. [9] reported the following spontaneous polarization charge

densities:
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Figure 2.4. Lattice constant vs. bandgap relations for GaN, AIN, and InN [6-8].

GaN:Pg, = —1.8 x 1013 /em?,

AIN:Pg, = —5.1 x 1013 /em?,

InN:Pg, = —2.0 x 1013 /em?.

The polarization charges are induced both on the c-plane and the opposite c-plane,
as shown in Figure 2.5(a) and (b). In the case of the (0001) Ga-face surface crystal
(see Figure 2.5(a)), the negative charges are induced by the cation atoms, Ga, Al. As
a consequence, the spontaneous polarization field is oriented in the [0001] direction
(see Figure 2.5(a)). On the other hand, in the case of the (000-1) N-face surface,
the spontaneous polarization field shows the [0001] direction (see Figure 2.5(b)).

T [0001] Ga-face T [000-1] N-face

(0001) (000-1)

spontaneous
polarization field

spontaneous
polarization field

Figure 2.5. Directions of the spontaneous polarization field in (a) Ga-face and (b)
N-face A1GalN/GaN heterostructure.
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T [0001] Ga-face I [000-1] N-face
(0001) (000-1)
piezoelectric Pee
polarization field AlGaN
(Ppe) tensile strain
-G
Psp
(a) (b)
T [0001] Ga-face I [000-1] N-face
(0001) (000-1)
AlGaN
compressive
strain
-G

Psp

(d)

Figure 2.6. Directions of the piezoelectric polarization field in Ga-face (a and c) and
N-face (b and d).

In addition to the spontaneous polarization, the lattice strain and compression
due to the lattice-mismatched junction induces the piezoelectric polarization. Let
us consider this polarization effect in the AlGaN/GaN heterojunction. The most
important difference between spontaneous and piezoelectric polarization is that the
spontaneous polarization is independent the strain while piezoelectric polarization is
strain induced. Ambacher et al. [9] have investigated the directions of piezoelectric
polarization field for Ga-face, N-face strained, unstrained AlGaN/GaN heterostruc-
ture as shown in Figure 2.6. As can be see from this figure piezoelectric and sponta-
neous polarization field is parallel in the case of tensile strain (see Figure 2.6(a) and
(b)) and anti parallel in the case of compressively strain AlGaN layer (see Figure
2.6(c) and (d)). Finally it should be mentioned that due to the polarization charges
both spontaneous and piezoelectric, the potential of the heterojunction is bended

downward, and in consequence 2DEG is induced.
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2.3.3 2DEG induced at llI-N heterointerfaces

Figure 2.7 shows the band diagram of the AlGaN/GaN heterojunction at equilib-
rium state. As was mentioned before, the band bended downward by the internal
electric fields that create the potential quantum well at the AlIGaN/GaN interface.
As a result, the 2DEG with the high electron density is induced at the heterointer-
face. The electron mobility of such 2DEG is not affected by the impurity scattering
because the internal electric fields are induced even in un-doped III-N systems. Note
that the origin of 2DEG has not been cleared yet. The III-N electron devices utliz-
ing such 2DEG are known as “heterojunction-fieled-effect transistors (HFETSs)” or

“high-electron-mobility transistors (HEMTSs)”.

[0001]

<

total polarization field
(PsptPpee)
—_—

Figure 2.7. Schematic illustration of the conduction-band diagram of AlGaN/GaN
heterostructure.

Ibbetson et al. proposed the following equation for the calculation 2DEG density
[10]:

qns = opz(1 —ter/t), (2.1)

where ng, opz, togr, and t are 2DEG density, polarization-induced charge at Al-
GaN/GaN interface, the critical thickness, and thickness of AlGaN layer, respec-
tively [9].
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The spontaneous polarization of AlGaN is calculated as follows:
Pop @ = PiYa + PN (1 - a), (2.2)

where Péf‘fDN and PgﬂN are spontaneous polarization of AIN and GaN, respectively.
The difference between spontaneous polarization of AlyGa;_«N and GaN APgp is
calculated as follows:

APgsp = Py — pGsN. (2.3)

In order to obtain APgp, it is necessary first calculated lattice constants. The

lattice constant of AlGaN can be calculated as follows:
AL Gay N = QANT + agan (1 — ), (2.4)

where a 4;y and age N are a-lattice constants of AIN and GaN, respectively.
The elastic constant of AlGaN is calculated as follows:

Chs(at,Gar—oN) = Crzcainy® + Cigigany (1 — @), (2.5)
Cs3(at,Gar_oN) = Cszcainy® + Cagaany (1 — @), (2.6)

where '3 330418,Gan) are elastic constants of AIN and GaN, respectively.
The piezoelectric constant of AlGaN is calculated as follows:

€13(Al,Gar_oN) = €13(AIN)T + e13(cany (1 — ), (2.7)

€33(AlyGai_eN) = €33(AIN)T + e33(GaN)(1 - 117)7 (2-8)

where €13 33(41N,Gan) are piezoelectric constants of AIN and GaN, respectively.
Using equation 2.2-2.8, the piezoelectric polarization charge can be calculated as
follows:

PAZIGalsz _

AGaN — AQAl,Gai_.N
PE =2(— ——)(

C13(A11Ga1_1N)) (2.9)

€31(Al,Ga;_,N) — €33(Al,Ga;_,N)
AAl,Gar_ o N B T Cs3(A1,Ga0 - o N)

The total polarization sheet charge density is defined by:
Pootar = Ppg =" + APsp. (2.10)

For the Al composition equal to 20 %, Pipta is 1.13 x 10" em™2, which is one
order of magnitude higher than the inversion carrier densities at Si and SiC MOS
interfaces.

Using Ing 17Alp g3N as a barrier layer of HEMTSs, the lattice-matched InAIN/GaN

heterojunction shows the Ppp of zero. However, the higher Pgp of the InAIN gives
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ng(GPa) Clg(GPZ) 633(011172) e31(Cm*2)
GaN 415 832 0.65P —0.33P
AIN 3732 1082 1.55¢ —0.58¢

aRef. [11], PRef. [12], “Ref. [13]

Table 2.1. Piezoelectric and elastic constant of GalN and AIN.

the positive APy two times higher than in AlGaN, i.e. Py =2.73 x 1013 cm™2.
The larger conduction-band offset at the InAIN/GaN interface is also expected to
suppress the gate leakage current under a forward gate bias. Kuzmik also mentioned
that the piezoelectric polarization of the InGaN channel layer may realize the much
more higher-density 2DEG and the higher band offset as compared with other T1I-N

heterostructures [14].

12»' T T T T T
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> 6f
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0 10 20 30

AlGaN thickness ( nm)

Figure 2.8. Calculated the 2DEG sheet carrier density as a function of Aly0Gag.goN
barrier thickness.

In the case of the AlGaN/GaN heterojunction, the Pgp is proportional to the Al
composition ration of AlGaN. The typical Al composition ratio of AlGaN which is
usually used for the HEMTs is around 20-30 %, resulting in the 2DEG density of
around 10'3 cm 2. Figure 2.8 shows the relationship between the 2DEG density and
the thickness of AlGaN with the Al composition ratio of 20 %. Ideally, the 2DEG
density increases with the AIGaN thickness due to the increase of Ppg. In the real

case, the lattice strain can be relaxed with the thicker growth of AlGaN, resulting in
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the saturation of the 2DEG density. Furthermore, the thinner AlGaN also relaxes
the compression of itself, leading to decrease of Ppp. As a consequence, when AP
is zero, the heterojunction system does not create the 2DEG channel. Therefore in
the case of the AlGaN/GaN heterostructure, the 2DEG density can be modulated

by the Al composition ration and the thickness of AlGaN barrier layer.
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Chapter 3

Electronic States at Interface or
Surface of Semiconductor

3.1 Introduction

Nowdays, Metal/Semiconductor(M-S), Semiconductor/Semiconductor(S-S), and
Insulator/Semiconductor(I-S) interfaces are basic components of semiconductor
devices. It is extremely important to control the properties of such interfaces,
because they strongly influence the performance of semiconductor devices.
Therefore the purpose of this chapter is to review the present status of the various
approaches to understand the Interface states. First a brief survey of the models on

Fermi level pinning is presented.

3.2 Fermi level Pinning and it's Origin

The basic idea about band alignment at 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-know Mott-Schottky limit. However,
in reality a strong tendency of the metal Fermi level aligning with a characteristic
energy position, Ey (see Figure 3.1), of the semiconductor exists, making the value of
Schottky barrier heights (SBH) independent or weakly dependent on the metal work
function. This is so-called “Fermi level pinning”. How strongly the barrier height ¢p,
depends on the metal work function, ¢,,, is usually expressed phenomenologically

in terms of the interface index S defined by:

_ dp

S_dgbm'

(3.1)

Using S, SBH can be expressed as:
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Figure 3.1. Schematic illustration of the Fermi level pinning due to surface states.

¢ = S(Pm — Xs) + (1 = S)(Ec — Ey) (3.2)

where xs is the electron affinity of 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 recent
10-30 years have revealed that Fermi level pinning also exists on free surface, at I-S
interfaces and S-S interfaces. In order to explain the origin of Fermi level pinning
several models were proposed. In the next sections we will describe all of them

briefly.

3.3 Charge neutrality level

Hasegawa et al. [2] stressed that M-S, S-S and I-S interfaces are closely connected
with both other 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 [1], 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 Green’ s function [1], as the average hybrid orbital energy
position in the tight binding theory of the bands [2], as the midgap point of the
dielectric energy gap (dielectric midgap) [3], or as the empirical tight-binding branch-
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point energy [4].

The roles of the CNL at the interface are the following: (1) the reference energy
for band line-up 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. .

3.4 Metal-induced gap state model (MIGS)

In 1965, V. Heine [5] proposed that the evanescent tails of the wave functions in
metals effectively serves interface states and pin the Fermi level (see Figure 3.2).
Tersoff [1] later called this type of states as 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 Figure 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 an intrinsic.

leakage of wave function

semiconductor

Figure 3.2. Schematic illustration of the MIGS model.

3.5 Disorder-Induced Gap State Model (DIGS)

On the other hand, Hasegawa and Ohno proposed a disorder induced gap state
(DIGS) model, in which the disorder of bonds near the interface, caused by the in-
terface formation process, produces an interface state continuum due to incomplete
separation of bonding and anti-bonding states [2]. The Fermi level pinning mecha-

nism is similar to that of the MIGS model as shown in Figure 3.3(a). However, the
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MIGS or DIGS Unified Defect
Model Model (UDM)
Pinning
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Figure 3.3. Fermi level pinning mechanisms (a) for the MIGS and DIGS models, and
(b) for the Unified Defect Model (UDM).

origin of the states is different and that the pining 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 the Fermi
level pinning may be avoided or inevitable. In the MIGS model, the pinning is
intrinsic one, i.e. 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
Schottky-Mott extreme of S=0.99 by changing the interface formation process [6].
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 [7-9].
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3.6 Unified defect model (UDM)

As another model of extrinsic pinning, Spicer et al. [10] proposed a unified defect
model (UDM) in which near-interface discreet levels on the semiconductor side due
to processing induced native defects serve as the pinning states as shown in Figure
3.3(b). The UDM model applies not only to the M-S interface but also to the free
surface and I-S interface. The UDM model is a persuasive model but it dose not

give the experimentally observed pinning positions.

3.7 Influence of interface states at the insulator/GaN interface on the

capacitance-voltage behavior of insulator/GaN MOS structures

As was mentioned before, interface states at the I-S interface has serious implications
for the performance of GaN based devices. Therefore in the following chapters,
we will discuss the influence of the interface states on the GaN MIS structure.
Furthermore, we demonstrate a novel method for the control of the interface state

densities which was developed in our group in 2017.

3.7.1 Theoretical approach for the simulation of the GaN based MOS C-V character-
istics

In this chapter, we introduced the theoretical framework for the modeling of the
GaN based MOS C-V characteristics.

During the calculation, two types of the energetic distribution of electronic state
density at the Insulator/Semiconductor interface were assumed. One type of D;(F)
is a U-shaped distribution in accordance with the DIGS model with donor-like states
below the charge neutrality level Eonr and acceptor-like states above it (see Figure
3.4(a)). The density of the states reaches the minimum, denoted Djy, at Eonr,
and the full formula for Dy (E) is

|E — Ecni|

DitP(B) = Digespl(-—
0A,0D

)" 4P] (3.3)

where FEga, na, Eop, and np describe the curvature of the acceptorlike branch
(Ecnp < E < E¢) and the donorlike one (Ey < E < Ecnp), respectively.

The other kind of Dj(E) is a narrow Gaussian curve describing defect discrete
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states (see Figure 3.4(b)),

E — EA,D 2
FWHM ] (34)

where Dt e is the maximum density, E4 p is the energetic location of the level,

D4 (E) = Dit maz exp|—4log 2(

it Discrete

and FWHM is the full width at half maximum of the Gaussian curve. In GaN, the
donorlike discrete state at Ep = Eo - 0.37 ¢V, which is probably related to the
N-vacancy defect [11,12], and the acceptorlike state at E4 = Ey + 1.0 eV, which is
related to the Ga vacancy [13,14].

D (E)
Dit (E)

A
m
v

m

(a) (b)

Figure 3.4. Schematic illustration of (a) continuous and (b) discrete level of interface
states.

Under the assumption that all interface states are in the thermal equilibrium with
the semiconductor, the charge in the interface traps is determined by the Fermi-Dirac
distribution f(E):

1

14 exp(E;fc)

f(E) (3.5)

where k is the Boltzmann constant, T is temperature, and E¢ is the conduction

band minimum.

The occupied acceptor-like states produce negative charges, and unoccupied
donor-like states produce positive charges. The charge in the interface traps can be
expressed using the following formula:

Qu=aq [ DEE)L-fEE—q [ DME)(E)E, (3.6)

Eyv Eyv
where ¢ is the elementary charge, Ey is the valence band maximum, Dilt) and Dﬁ

are the density of donor-like and acceptor-like states.
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However, eq. 3.6 should be modified in order to consider the slow electron emission
from the deep interface traps [15]. Due to the wide bandgap of GaN and AlGaN;, the
time constant of electron emission from the deep interface states reaches very large
values. For example, Figure 3.5 shows the calculated time constant 7 as a function
of the trap energy E according to the following Shockley-Read-Hall equation:

1 Ec—FE

T = Novo exp( T ). (3.7)

where N¢, v, and o are the effective density of states in the conduction band, the

thermal velocity of electrons, and the capture cross section of the trap, respectively.

102 ' '
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: c =1e-16 cm? 1
1071 RT 1
10-10

0 02 04 06 08 1.0
E.-E (eV)

Figure 3.5. Time constant of electron emission from the interface traps to the con-
duction band.

As can be see from Figure 3.5, for E = Ec — 0.7 eV, 7 is approximately equal to
100 s. On the other hand, for E = Ec — 1.6 eV (midgap of GaN), 7 is estimated to
be several years at room temperature. This means that only a limited number of the
interface states can be detected during the standard C-V measurements. Therefore
it is necessary to take this effect to accurately simulate C-V characteristics of GaN
based MIS structure. In this order, first we introduced the parameter 7., which
describes efficiency emission of electrons from the trap at energy E. Based on the
SRH model, 7. can be calculated as follows:

E—-F
ne = 1 — exp|—tNevo exp(TC)}. (3.8)
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where t is the measurement time. Figure 3.6 shows the calculated 7. as a function

of E. It should be noted that the n.(FE) is a step like function at RT.
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Figure 3.6. Calculated 7, vs trap energy at room temperature and 500K.

Using Equation 3.8 and assuming that the interface states were in equilibrium at
zero gate bias and the negative Vi was then applied, the charge in the interface

traps should be expressed by

Ec
Qit:q o DQ(E)[l_fO(l_ne)_nef]dE
Ec
i D (E)[fo(1 = ne) + nefIdE, (3.9)

where fy and f are the Fermi-Dirac function at zero bias and at the negative bias

in question, respectively.

3.8 Theoretical C-V curves of the Al,O3/GaN structure

In order to understand C-V behavior of the MOS Insulator/GaN structures, we
carried out the theoretical calculations of C-V curves based on solving a Poisson’s
equation. Among the various high-k gate dielectrics used for GaN MIS-HEMTs,
AlyO3 is the most commonly applied so far and is one of the most attractive can-
didates owing to its large bandgap, high dielectric constant and high breakdown
field. It should be noted that Hashizume et al. [16] first proposed Al;Os3 as the gate
insulator for GaN MIS-HEMT. Therefore, for the calculations, we chose AloO3 with

the bandgap 7 eV as an insulator.
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We assumed that in the AlsOg3 layer the Poisson’s equation becomes the Laplace’s
equation:
d*V
— = 0. 3.10
T2 (3.10)
Furthermore, we assumed that in AlGaN and GaN layers the Poisson’s equation
takes the following form:
d*V q

= — Np — 3.11
dz? Eoésem( p=n), (3-11)

where ¢ > 0 is the elementary charge, ¢g is the vacuum permittivity, €gep, is the
relative permittivity of a semiconductor, n is the electron density and Np is the
concentration of fully ionized donor dopants.

The above equations 3.10-3.11 were solved self-consistently using the finite element

SOR method with the following boundary conditions:

e Dirichlet type boundary conditions at the contacts.

e Neumann type boundary conditions at the AlpO3/GaN interface determined
by the density of the interface state charge (Q;¢). In particular, the boundary
conditions at the AloO3/GaN interface are expressed as:

dV dv
sem 7 |sem ins 7 lins — Wi i A2
€o€ dl‘| €o€ dr | Qt+Qf (3 )

where €5 is the insulator (AlpO3) dielectric constant; @ and @Q g, are the sheet
density of the interface trap charge (given by Equation 3.9) and interface fixed
charge, respectively.

The solution of model equations are the in-depth distributions V(x) and n(z). The
solution was obtained for the bias Vi and Vg + Ve, where V4 is the amplitude of
the AC signal. On this basis, we calculated the total charge in the whole structure
for these biases, i.e., Q(Vi) and Q (Ve + Vac) and finally the differential capacitance

C using the following formula:
Q(Va) — Q(Vg + Vac)

C= . 3.13
Vo (3.13)

Figure 3.7(a) shows the exemplary band diagrams of the AloO3/n-GaN structure,

which were calculated using D;(E) from Figure 3.7(b). As can be see from Figure
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Figure 3.7. (a)Calculated potential distribution of Al;O3/n-GaN MOS diode and
(b)interface states distributions used in calculation. F;,, is the deepest energy of the
state which can respond during the C-V sweeping time.

3.7(a) with the increasing D, the band bending increases because interface state

charge become more negative as shown in Figure 3.7(b).

3.8.1 Impact of continuous interface states on the C-V curves

In this section, we study the effect of the continuous interface states on the C-V
curves of the AlaO3/GaN structure. Figure 3.8 shows theoretical C-V curves of
the AloO3/GaN calculated for D;;p = 0, 102, and 3 x 1012 eV~lem™2 using the
parameters show in Table 3.1. All the calculated curves exhibited typical behavior
which is observed in the experimental C-V curves of the AlaO3/GaN structures [20],
i.e. with the increasing interface state density, C-V curves shifts toward positive
gate voltage and become more stretch out, as shown in Figure 3.8.

It is obvious that such behavior is due to the (i) change of the interface state charge
when the Fermi level Er is moving between conduction band edge Ec and FEyp,
level (the deepest energy of the state which can respond during the C-V sweeping
time, see Figure 3.7(b)) and (ii) “frozen states” (distributed between Ey and Eyp,)
which behave like a fixed charge, i.e. they cannot de-trap electrons during the C-V

sweeping at room temperature.
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Figure 3.8. Theoretical C-V curves calculated for a Al;O3/GaN MOS diode.

Table 3.1. Parameters used in the calculations. mg is the mass of a free electron, q
is the elementary charge.

Parameter name Symbol (unit) Numerical value (material or interface)
Effective mass of electron Me /Mo 0.20 (GaN)
Relative permittivity € 9.5 (GaN)
9.0 (ALO3)
Donor concentration Np (ecm™3) 5 x 1016
Surface barrier height ¢s (eV) 3.4 (Ni/Al,O3) [17]
Charge neutrality level Ecnt Ec - 1.3 eV (Al;O3/GaN) [18]
Capture cross section o (cm?) 1 x 10716 [19]
of interface states
C-V Measurement duration t(s) 100

3.8.2 Effect of discrete interface states on the C-V curves

In this section we discuss the influence of the discrete interface states on the C-V
curves of the AloO3/GaN structure. Figure 3.9(a) shows theoretical C-V curves of
the AlpO3/GaN structure calculated assuming the discrete level (shown in Figure
3.9(b)) and parameters from Table 3.1.

As one can see from Figure 3.9(a) acceptor-type discrete level acts like a fixed
charge at the AloO3/GaN interface and mainly shift the C-V curve toward a more
positive voltages. On the other hand, donor-type discrete level has negligible impact
on the C-V curves. It should be noted that such behavior is quite different from
that observed in the case of the continuous interface states (see Figure 3.8). This

can be explained as follows. Namely as can be see from Figure 3.9(b) the discrete
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trap is located relatively deep at £ — E¢ ~ 0.5 eV (around Ej, level). Due to
that acceptor-like states are almost fully negative ionized during the C-V sweeping
time and thus they have significant impact on the C-V curves. On the other hand,
donor-like states are almost neutral during the C-V sweeping time and therefore

they have negligible effect on the C-V curves.
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Figure 3.9. (a)Theoretical C-V curves of the Al;O3/GaN structure calculated for the
discrete level from (b).

3.9 Special Case of Interface States distributed both in energy and

space

The frequency dispersion at accumulation bias is a commonly observed feature in
the experimental capacitancevoltage (CV) characteristics of MOS structures using
GaAs, InP and InGaAs [21-27], as shown in Figure 3.10. To explain this instability
behavior, the border trap (BT) model was proposed [29]. This model assumes defect
levels inside the gate insulator, as shown in Figure 3.11(a). In this case, BTs have
long time constants as they interact with the conduction band electrons via tunnel-
ing, leading to large frequency dispersion even at accumulation bias [32,33]. The
disorder-induced gap state (DIGS) model [2,30], as schematically shown in Figure
3.11(b), can well explain frequency dispersion at accumulation bias. In this model, it
is assumed that disordered region at the semiconductor surface includes defects, dan-

gling bonds and lattice displacement (disorder in bond lengths and angles), thereby
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Figure 3.10. C-V characteristics as a function of frequency of (a)HfO; and (b)Al,O3
on n-InGaAs [28].

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. [27] 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 elec-
tronic 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 disorder induced gap states in the semiconductor side.
Moreover, since the C-V frequency dispersion in InGaAs MOS structures has been
observed for a variety of dielectrics including AloO3, HfO9, ZrO9, LaAlO, HfAIO, etc,
it is unlikely that the same BT would have almost the same energy from the In-
GaAs conduction band edge can be consistently reproduced using different dielectric
materials.

On the other hand, GaN MIS structures are more stable than other materials such
as GaAs. Figure 3.12 shows an AlyO3/n-GaN MOS structure prepared by ALD [12].
We used a homo-epitaxial Si-doped GaN layer with a thickness of 4 ym grown on an
nt-GaN substrate with a relatively low dislocation density (< 3 x 10% cm™2). The

donor density is 6.2 x 106 cm™3, which was determined by a C-V method using a
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Figure 3.11. Schematic illustrations of (a)border trap (BT) model and (b) disorder-
induced gap state (DIGS) model [30,31].

Schottky diode. After the pre-treatment of the n-GaN surface in a 30%-HF solution
for 1min, the AloO3 layer with a nominal thickness of 30 nm was deposited on the
n-GaN surface using an ALD system (SUGA-SAL1500) at 350 °C. In the deposi-
tion process, water vapor and trimethylaluminum were introduced into a reactor in
alternate pulse forms. Each precursor was injected into the reactor for 15 ms, and
the purging time was set to 5 s. In this case, the deposition rate is 0.11nm/cycle,
indicating the formation of AlyOs3 in a layer-by-layer fashion. For some samples, a
post-deposition annealing was carried out in Ng for 30 min at 400 °C. A circular
Ni/Au (=20/50 nm) with a diameter of 200 ym was deposited on the AlyO3 surface
as a gate electrode. From an ellipsometry measurement, the refractive index of the
ALD AlyO3 was estimated to be 1.60 — 1.65, which is close to the values reported for
the amorphous AlyO3 films prepared by sputtering and ALD methods [34,35]. Fig-
ure 3.13 shows a crosssectional transmission electron microscope (TEM) image of the
as-deposited AlO3/GaN interface fabricated on the GaN substrate. The sample has
an abrupt and flat interface, indicating low-energy and layer-by-layer characteristics
resulting from the ALD process. There is no detectable transition layer like native
oxide of GaN at the AlpO3/GaN interface. In addition, AlyOg is amorphous and
remained unchanged, i.e., no phase transformation even after post-deposition an-

nealing process in the temperature range of 300 - 500 °C. This is consistent with the
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Figure 3.12. Schematic illustration of the Al;O3/n-GaN MOS structure fabricated on
the GalN substrate.

fact that the phase transformation of AlyOj3 films from amorphous to crystalline hap-

pens at temperature of 800 °C or higher. Figure 3.14 shows the room-temperature

_MOCVDn-GaN

10 nm

Figure 3.13. Schematic illustration of the Al,O3/n-GaN MOS structure fabricated on
the GalN substrate.

(RT) C-V characteristics of the as-deposited AloO3/n-GaN/n"-GaN diode (without
annealing) in a wide measurement frequency range of 1 Hz to 1 MHz. The sample
showed a significant frequency dispersion at reverse bias. By lowering the frequency
of the ac measurement signal, deeper interface states are expected to respond ac-

cordingly to an ac signal. This allows more of the states to follow the ac frequency
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and thereby contribute an additional component to the measured capacitance. Sim-
ilar frequency dispersions in C-V characteristics were reported for SiO/GaN and
AlyO3/GaN structures [36-38]. In addition, bump-like C-V curves at low frequen-
cies indicate the existence of a discrete level with relatively high density at the GaN

surface. Furthermore, it should be noted that Figure 3.14 doesn’t show frequency
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Figure 3.14. Room-temperature (RT) C-V characteristics of MOS diodes fabricated
on the GaNlN substrate without annealing.

dispersion at accumulation bias. It indicates that the AloO3 layer is relatively good
quality, i.e. dose not exhibit the border traps/interface states near the AloO3/GaN

interface.

3.9.1 Conclusion

In this chapter, the history of the model of electric states at metal-semiconductor
and insulator—semiconductor interface was described. In particular, we focused on
the two fundamental models of interface states, i.e. MIGS and DIGS model.

We explained the primary difference between these two models and we showed why
the MIGS model cannot be applied to the Insulator/III-N interfaces. Furthermore,
we introduced theoretical approach for the simulations of the GaN based MOS C-V
curves. In addition, we performed systematic calculations and analysis of theoretical

C-V curve from AlyO3/GaN structures assuming different distribution of interface
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states at the AloO3/GaN interface.
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Chapter 4

Evaluation of surface charging at
AlGaNN surface using a dual-gate
structure

4.1 Background

In “Introduction”, the background of this chapter was described. However, in this
chapter, the background is rewritten more precisely.

There are several remaining stability issues impeding the widespread deployment
of GaN-based devices. One of the major concern is the current collapse phenomenon
which is the temporary reduction of drain current following the application of high
voltage and/or high power at both on- and off-state operations [1,2]. According to
the most widely accepted “virtual gate” model proposed by Vetury et al. [2], cur-
rent collapse is mainly due to surface charging at a portion of the gate-drain (G-D)
access region immediately close to the gate edge. On the basis of the gate injec-
tion and surface hopping model [3,4] illustrated in Figure 4.1, electron conduction
via trap-to-trap hopping can be promoted with the application of increasing drain
voltage. Consequently, this may lead to the widening of the “virtual gate” from
the gate edge until some further distance on the G-D access region. Using Kelvin
probe force microscopy, several groups reported the changes in surface potential of
AlGaN due to surface trap occupancy in the G-D access region after applying an
off-bias stress to the AlGaN/GaN HEMTs [6-10]. In addition, it has recently been
demonstrated that trapping can extend as far as several hundred nanometers from
the drain-side gate edge [9,10]. However, there have been few reports on the effects

of spatially induced surface charging on the current-voltage (I — V') characteristics

of AlGaN/GaN HEMTs.
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Figure 4.1. Gate injection and surface hopping model [5].

Accordingly in one of our previous works [11], we investigated the effect of local
bias stress on access regions of AlGaN/GaN HEMTSs using a dual-gate structure. In
this present communication, using the similar dual-gate architecture, we extend our
investigation to the effect of pulsed bias stress on the I — V' characteristics under
which power devices in power inverter circuits are normally subjected to. The dual-
gate structure enables us to characterize the effects on the I — V' characteristics
of AlGaN/GaN HEMTs of spatially induced surface charging on the access region
from the gate edges to the drain and source electrodes. We also probe the possibility
that surface charging immediately adjacent to the gate may also lead to threshold

voltage (V) shift.

4.2 Device structure and fabrication process

Figure 4.2 shows a schematic illustration of a dual-gate AlGaN/GaN HEMT used
in this study. The gate length (Lg) and width (Wg) are 1.0 and 60 pm, respec-
tively. The G1-G2 inter-gate distance is 0.5 pm. We used an Aly25Gag 7sn/GaN
heterostructure grown on a sapphire substrate by metal-organic chemical vapor de-
position. The thicknesses of GaN and AlGaN layers are 2 ym and 25 nm, re-
spectively. Typical values of the carrier concentration and the sheet resistance are
9.0 x 102ecm~2 and 470 Q/sq, respectively. The device isolation was carried out by

reactive ion-beam etching assisted with electron-cyclotron-resonance plasma using
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a gas mixture of CHy/Hgo/Ar/Ny. As drain and source electrodes, Ti/Al/Ti/Au
(=30/50/20/100 nm) metal stack was deposited, followed by rapid thermal anneal-
ing (RTA) at 800 °C for 1 min. Finally, Ni/Au (=30/50 nm) bilayer was deposited
to form the Schottky gates. No surface passivation was employed in the dual-gate

HEMTs.

Gate1 Gate2

WG = 60 |J,m / /
)/Source Drain
Lg=1.0 pm
< =

2.5 pm

Sapphire

Figure 4.2. Dual-gate A1GaN/GalN HEMT structure.

2DEG~

The I —V characteristics were measured using an Agilent B1500A precision semi-
conductor device parameter analyzer. For investigating the effect of pulsed voltage
stress on the DC I — V characteristics, Agilent E5250A low-leakage switch main-
frame was employed for switching the semiconductor pulse generator unit (SPGU)
and the source measure unit (SMU) signals of the B1500A semiconductor device
parameter analyzer. Band diagram simulations were performed using a SILVACO

ATLAS 2D finite element simulator.

4.3 Results and discussions

4.3.1 Typical |-V characteristics of dual-gate HEMTs

Figure 4.3 shows the typical drain I — V' and transfer characteristics of the dual-
gate AlGaN/GaN HEMT driven using either G1 and G2. During each measurement,
while one gate was used for the driving the device, the other gate was kept floating.
Both gates satisfactorily control the drain current. As shown in Figure 4.3(b), we
observed equal values of Vg for G1- and G2-gate driving operations. On the other
hand, higher values of drain current and transconductance were obtained when the

device was driven using G1. As shown in Figure 4.2, the effective length of the G-S
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access region for G1 operation is less than that for G2 operation. This relationship
leads to a smaller parasitic source access resistance for G1 operation [12,13], resulting

in the observed higher values of drain current and transconductance.
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Figure 4.3. Dual-gate A1GaN/GalN HEMT structure.

4.3.2 Pulse measurements of Ip-Vp characteristics

Next, driving the device using G1, conventional pulsed I — V' measurements were
performed using three quiescent bias (QB) points, namely: QBo = (Vpsqo. Vasqo)
= (0V,0V),QB1 = (Vpsq1, Vasqi) = (0V, -5V), QB2 = (Vpsq2,Vasqz) = (10 V,
-5 V). The QB1 and QB2 points applied off-stress bias without and with the drain
voltage, respectively, to the device. The pulse width is 5 us while the pulse period
is 500 us for these measurements giving a duty cycle of 1%. Figure 4.4 compares
the pulsed I — V' curves obtained using these three QB points. The Ip — Vpg curve
obtained using QB0 can be considered as the equilibrium or un-stressed Ip — Vpg
curve and therefore can serve as the reference I — V' curve. At quiescent bias point
QB1, a relatively high electric field is concentrated at both gate edges, resulting in
surface charging on both the G-D and G-S access regions. Accordingly, this increased
the drain and source access resistances, and induced the drain current reduction, as
shown in Figure 4.4. For quiescent bias point QB2, while the G-S region is similarly

stressed as in QB1, the G-D region is subjected to a more severe stress due to the

(wwy/sw) wb



4.3 Results and discussions 63

positive drain voltage. This higher bias stress on the G-D region can lead to the
larger drain access resistance, resulting in the significant increase in Ron evident
in Figure 4.4. These results indicate that the off-state pulse stress clearly induces

"current collapse” due to the surface charging at the access region [14,15].
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Figure 4.4. Pulsed ] -V curves obtained using three quiescent bias (QB) points under
the G1 drive.

To imitate a typical voltage stress under which devices in power switching circuits
are normally subjected to, we applied a voltage stress consisting of pulsed Vasstress
train alternating between -5V (pinch-off state) and -2V (on-state) on a particular
gate simultaneously with a constant drain voltage Vpsgtress Of 15 V for 10 s, as
illustrated in Figure 4.5. Immediately after applying the pulsed stress to one of the
gates, with Vgg = -2 V applied on the other gate, the resulting after stress DC
I'p — Vpg curve was measured by sweeping the drain to source voltage from 0 to 20
V. Agilent E5250A low-leakage switch mainframe was employed for switching from

the stress mode to the measurement mode.

4.3.3 G2-stress/Gl-drive scheme and Gl-stress/G2-drive scheme

For this particular experiment, we performed two sets of “stressed” Ip—Vpg mea-
surements, namely: (1) G2-stress/Gl-drive scheme, where G2 was used for stressing
the device while G1 was used for the following driving the device, and (2) G1-
stress/G2-drive scheme, where G1 was used for stressing the device while G2 was

used for driving the device, as shown in Figures 4.6(a) and 4.7(a). Figures 4.6(b)
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Figure 4.5. Pulsed gate voltage stress applied simultaneously with a constant drain
VOItage VDSstress-

and 4.7(c) compare the results of these two sets of measurements. It should be
emphasized that these measurement schemes differ in what region (G-D or G-S ac-
cess region) is stressed. Stressing the device using G2 (scheme 1) promotes surface
charging near G2. In this case, due to the device layout, the increment in access re-
sistances is effectively confined on the drain side of driving gate G1, as schematically
indicated by the inset of Fig. 5(b). Therefore, G2 stress effectively only increased
Ron and have no effect on the saturation drain current (Ipgg). On the other hand,
G1 stress promotes the increase of a source access resistance when the device is
driven by the G2 gate. This resulted in the observed significant decrease in Ipgg, as
shown in Figure 4.7(c).

Following the same configuration as in the Gl-stress/G2-drive scheme, we then
examined the change in transfer characteristics. As seen in Fig. 6, the Vpp shifts
towards the positive voltage direction upon increasing the Vpgsiress. Lhere is a
possibility that the observed Vg shift can occur due to surface charging near the
G2 edge on the source side (G1 side). It is likely that stressing G1 induced surface
charging on the access region as far as 0.5 pm from the G1 edge reaching the G2
edge. This extent of surface charging due to bias stress is not remote, for instance,
as demonstrated in Refs. [9] and [10]. To shed a light on this, we then carried out a
2D potential simulation using the SILVACO ATLAS 2D finite element simulator. In
this case, we assumed negative surface charges with densities ranging from 1 x 102

to 1 x 10" ¢cm™2 uniformly distributed on the AlGaN surface between G1 and G2.
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Figure 4.6. (a) Schematic illustration of G2-stress/G1-drive scheme and (b) Ips-Vps
curves before and after the pulsed voltage stress for G2-stress/G1 drive.
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Figure 4.7. (a) Schematic illustration of G1-stress/G2-drive scheme and (b) Ips-Vps
curves before and after the pulsed voltage stress for G1l-stress/G2-drive.

For calculation, we used structural and size parameters in consistent with those
shown in Figure 4.2. We calculated under the “simulation line” as shown in Figure
4.9(a). In addition, an Al composition of 0.25 in AlGaN, a two-dimensional electron
gas (2DEG) density of 9 x 10'? em-2, a conduction band offset of 0.36 eV and a
Schottky barrier height of 1.4 eV were also used in the calculation.

Figure 4.9(b) shows 2D potential distribution near the G2 edge on the source side
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Figure 4.8. Schematic illustration of Gl-stress/G2-drive scheme and (b) transfer
characteristics before and after the pulsed stress for the G1-stress/G2-drive scheme.

(G1 side). These negative surface charges mimic the role of the trapped electrons
on the AlGaN surface due to G1 stress in the physical experiment. It is clearly seen
that surface negative charges with a density of 5 x 102 cm ™2 modulate the potential
distribution in the AlGaN barrier layer near the G2 edge, extending as far as under
the G2 itself. The influence of such negative surface charges on the AlGaN/GaN
energy band diagram profile is probed along two cutlines, line A and line B illustrated
in Figure 4.9(b). As expected and presented in Figure 4.9(c), the negative surface
charges have no significant effect on the band diagram profile of the AlGaN/GaN
heterostructure along cutline A which is 30 nm away from the G2 edge. This is,
in fact, the same with the energy band diagram of a Schottky junction under zero
bias. Interestingly, however, along cutline B, the potential profile near the surface
of the AlGaN barrier layer is apparently bended and lifted up in a manner shown
in Figure 4.9(d). Consequently, this may lead to a decreased 2DEG concentration
in this region and eventually shifting of the Vg towards positive voltage direction.
In fact, the calculation showed a 2DEG density of 7.5 x 10" ¢cm™2 along line A,
which is smaller than 9.0 x 10'? cm~2 along line B. This result also lends credence
to the earlier supposition that surface charging can extend as far as 0.5 pm from
the stressing gate edge. From the calculation, we found that no significant potential

modulation occurred at the G2 edge when assuming values of surface charge density
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less than 2 x 102 cm™2. As expected, on the other hand, the higher density of
surface charges induces more pronounced potential modulation in the AlGaN layer.
Our recent work [16] showed electronic states with densities ranging from 1 x 10'2 to
3 x 1012 em =2 at Al,O3/AlGaN interfaces near the conduction band edge. Since it
is expected that unpassivated AlGaN surfaces (present case) have the higher surface
state densities than the passivated surface, the surface charge density of 5 x 102
em ™2 used in the calculation indicates a possible density of electronic states on

unpassivated AlGaN surfaces.
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Figure 4.9. (a)Indicate the “simulation line” at the dual-gate A1GaN/GaN HEMT.
(b)Calculated 2D potential distribution near the G2 edge on the source (G1) side.
Band diagram of the A1GaN/GaNN heterostructure along (c) cutline A and (d) cutline
B.
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In the G2-stress/G1-drive scheme corresponding to the Ipg—Vpg curves in Figure
4.6(b), on the other hand, no Vi shift was observed. The electric field on the gate
edge of the source side is much lower than that on the drain side. Thus stressing G2
induced a weak extension of surface charging on the source side, as schematically
shown in Figure 4.6(a). Therefore, the surface charging region is sufficiently far from
the G1 edges, leading to no Vg shift during G1 drive operation after the G2 stress.
The calculation indicates that no significant potential modulation occurs when the
surface charging region is 50 nm far from the gate edge, even though the surface

charge density is 5 x 1012 cm™2 or higher.

4.4 Conclusion

In summary, we have evaluated off-bias-stress spatially induced surface charging
effects using a dual-gate HEMT structure. Pulsed voltage stress on the G-D access
region leads only to increase in Ron of the device. On the other hand, pulsed
voltage stress on the G-S region leads not only to increase in Ron but also to
decrease in Ipgg. In the case of the Gl-stress/G2-drive operation, we observed a
clear Vpp shift towards the positive voltage direction upon increasing the Vpgstress-
The 2D potential simulation indicated that surface negative charges induced by the
G1 stress modulate the potential distribution in the AlGaN barrier layer near the G2
edge where the potential near the surface of the AlGaN barrier layer are apparently
bended and lifted. Consequently, this may lead to a decreased 2DEG concentration
in this region and eventually shifting of the Vg towards positive voltage direction.
It was also found that such surface charging can extend as far as 0.5 ym from the
stressing gate edge. For accrual device technology, we will have to investigate effects
of a surface passivation [17] and/or a field plate structures [18,19] on surface charging

region at the AlGaN surface.
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Chapter 5

Current linearity and operation
stability in GaN MIS HEMT's

5.1 Background

The background of this chapter was already described in “Introduction”. However,
the background of this chapter is described here more precisely.

Various kinds of insulator materials have been applied to improve the performance
of GaN-based MIS HEMTS, several problems remain unsolved [1]. The most serious
problem is the threshold voltage (V) instability, as schematically shown in Figure
5.1(a). Several papers reported that different bias conditions induce varying degrees
of Vg shift in MIS HEMTs [2-7]. Lu et al. [2] and Johnson et al. [5] reported that
higher positive gate biasing of the MIS HEMT's induces larger Vg shift toward the
forward bias direction. There are two possible mechanisms for this issue. Under
a high positive gate bias, the Fowler-Nordheim (FN) tunneling mechanism can en-
hance the gate leakage current. In this case, electrons injected into trap levels in
insulators cause excess negative charges, resulting in the Vg shift toward the pos-
itive bias direction. The high positive gate bias also supplies electrons to electronic
states at the insulator/barrier (AlGaN or InAlN) interface, and the acceptor-type
states produce negative charges when they trap electrons. Due to the long associ-
ated time constant for electron emission even at RT, electrons captured at deeper
interface states remain trapped during the entire duration of gate sweeping toward
the negative bias direction [1,8]. This also causes the Vrp shift toward the positive
bias direction in the Ip — V(s characteristics, as schematically shown in Figure 5.1(a).

Another problem is an unexpected degradation of current linearity in GaN-based

MIS HEMTs. Although a dynamic range of input signal sweeping is one of advan-
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Figure 5.1. Schematic illustration of the Al;O3/Aly 24Gag.7¢N/GaN MOS HEMT struc-

ture.

tages in MIS HEMTSs, some groups reported on the sudden current saturation at

forward bias [9, 10], as shown in Figure 5.1(b). 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 a limited control of surface
potential of the barrier layer. This prevents further increase in the 2DEG density,
leading to pronounced current saturation at forward gate bias. Such degradation
of current linearity can be responsible for gain loss and degradation of large signal
linearity in power amplifiers.

Accordingly, this paper presents DC characterization of AlGaN/GaN MOS
HEMTs using AlsOgs focusing on the impact of interface states on current linearity

and operation stability. To control electronic states at the AloO3/AlGaN interface,

MOS HEMTs were subjected to a bias annealing under air atmosphere.

5.2 Device Fabrication Processes

Figure 5.2 schematically shows the MOS-HEMT device studied in this work.
Alp24Gag76N/GaN heterostructure grown on SiC substrate by metal organic
chemical vapor deposition (MOCVD) was used as the starting wafer. The 2DEG
density and mobility of the AlGaN/GaN heterostructure were 9.0 x 1012 cm=2
and 1740 cm?V~1s~! respectively. Ti/Al/Ti/Au (= 20/50/20/50 nm) source and

drain electrodes were deposited on the AlGaN surface, followed by ohmic annealing
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at 830 °C for 1 min in No ambient. As a surface protection layer during ohmic
annealing, a 20-nm-thick SiN film was deposited to prevent damage to the AlGaN
surface [11]. After the ohmic metallization process, the SiN film was removed
using a buffered HF solution. An AlyO3 layer with a nominal thickness of 30 nm
was then deposited on the AlGaN surface using an atomic layer deposition (ALD)
system (SUGA-SAL1500) at 300 °C. In the deposition process, water vapor and
trimethylaluminum were introduced into a reactor in alternate pulse forms. Each
precursor was injected into the reactor for 15 ms, and the purging time was set to
5 s. In this case, the deposition rate is 0.11 nm/cycle, facilitating the formation of
Al>O3 in a layer-by-layer fashion. Finally, the device fabrication was completed by
electron beam evaporation of Ni/Au bilayer and subsequent lift-off process to form
the gate electrode. The gate length, gate width, and gate-drain distance were 5,
100, and 10 pm, respectively.

Gate
TilAl/Ti/Au Ni/Au

W, =100 pm

GaN : 900 nm

Figure 5.2. Schematic illustration of the Al;O3/Aly 24Gag7¢N/GaN MOS HEMT struc-
ture.

5.3 Extremely Decreased Electronic States at AlO3/n-GaN Interface

by Reverse-Bias Annealing

The process of our group to decrease the interface state density is proposed in
this section. To improve the interface properties of GaN MIS structures, we have

carried out various kinds of control processes including post-deposition and post-
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metallization annealing processes. As described in Ref. [12], Al;O3/GaN/n"-GaN
MOS diodes described in chapter 3.9 were applied a standard post-deposition an-
nealing at 400-700 °C in Ny for 30 min. It was effective in decreasing state densi-
ties at the AlpO3/GaN interface. Even in this case, the interface state density of
5 x 10" em™'eV~! or higher remained, indicating that the post-deposition annealing
is insufficient for controlling interface states.

However, we then found that the “reverse-bias annealing” in air, at 300 °C, and
under reverse voltage (-10 V) is more effective in achieving excellent C-V charac-

teristics with negligible frequency dispersion , as shown in Figure 5.3(a). The C-V
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Figure 5.3. (a)Room-temperature (RT) C-V characteristics of MOS diodes fabricated
on the GaN substrate with reverse-bias annealing and (b)interface state density (D)
distributions determined by applying the Terman method to 1-MHz C-V results for
Al,O3/GalN/n*T-GaN.

curves of the bias-annealed sample are very close to the calculated curve (broken
line) with no such bump-like behavior in a very wide frequency range of 1 Hz - 1
MHz. There is a difference of flat-band voltage (Vpp) between samples without
and with the reverse-bias annealing. Again, on the one hand, the annealed sample
exhibited a Vpp very close to the calculated value; while, on the other hand, the
as-deposited sample showed a Vg shift toward the negative bias direction, probably
due to excess positive charges arising from donor-type interface states and /or defect

levels in the bulk AlyOs. As mentioned below, the bias-annealing process decreased
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such states and levels, resulting in the Vgp recovery to the expected value.

Figure 5.3(b) shows the interface state density distributions of AlyO3/GaN in-
terfaces determined by applying the Terman method to 1 MHz CV results for the
AlsO3/n-GaN/nt-GaN structure. Note that the time constant of electron emission
is extremely long at RT for interface states with deep energies relative to the con-
duction band edge. We thus plotted the evaluated data within the range Ec - 0.8
eV in Figure 5.3(b). The as-deposited sample exhibited relatively high state densi-
ties in the range of 1012 cm~2eV~!. In addition, a peak corresponding to a density
of 2 x 102 em™2eV~! appeared at around Ec - 0.6 eV, probably arising from a
discrete trap related to the nitrogen-vacancy defects [13-15]. After post-deposition
annealing at 400 °C, the interface state density was decreased. Even in this case,
however, the state densities of 5 x 10 cm™2eV~! or higher remained. On the other
hand, the reverse-bias annealing in air at 300 °C for 3 h resulted in a significant
reduction in state density. In fact, the reverse-bias-annealed sample showed a state
density below the detection limit (< 1 x 10! cm=2eV~1) except for those energies
near the conduction band edge, corresponding to nearly ideal C-V curves without
frequency dispersion as shown in Figure 5.3(a).

Figure 5.4 shows the C-V characteristics measured at 200 °C for the AlyO3/n-
GaN/n"-GaN structure with the reverse-bias annealing. For high temperature C-V
measurements, it is expected that deeper interface states can respond both to bias
sweeping and ac signal modulation, causing changes in C-V characteristics compared
with those measured at RT. In fact, Matocha et al., [16,17] Ooyama et al., [18] and
Long et al. [19] reported significant stretch-out of C-V curves, bump-like C-V behav-
ior, and enhanced frequency dispersion for SiO2/GaN and Al;O3/GaN structures
at measurement temperatures from 175 to 300 °C. Such unstable C-V behavior at
high temperatures indicates that relatively high-density interface states can cause
operation instability in GaN-based MOSFETSs. In our reverse-bias annealed sam-
ple, however, the high-temperature C-V behavior remained almost unchanged, as
compared with the RT C-V curves shown in Figure 5.4. In particular, negligible
frequency dispersion and the same C-V slope were observed even at high tempera-

ture of 200 °C. These results indicate that the present process applied on a MOS



76 Chapter 5 Current linearity and operation stability in GalN MIS HEMTSs

300 7T T
" AloO3s/n-GaN/n+-GaN

~Al203: 30 nm /“

- reverse-bias
~annealed (300°C)

N
(9)]
o

N
o
o

-
o
o

experiment
-1 Hz ~1MHz

Capacitance (nF/cmz)
o
o

measured
at 200°C

(&)}
o

lJlI|IllilllltlllIlJIlLIJlJlJ

B 1 I 1 1 1 I 1 L 1 | Il 1 1 I 1 1 1
2 -8 -4 0 4
Gate voltage (V)

(o 2]

Figure 5.4. C-V characteristics measured at 200 °C of MOS diodes fabricated on the
Gal substrate with reverse-bias annealing.

structure on a high quality and low dislocation density GaN layer realizes a stable
MOS structure with low interface state densities. In this work, we expect that the
desirable effects of the reverse-bias annealing can be extended to AlGaN/GaN MOS
HEMTSs, thereby giving an alternative method in pushing the performance of these

devices when applied in high power and high frequency applications.

5.4 Results and Discussion

5.4.1 I —V characteristics and gate controllability of AIGaN/GaN MOS-HEMTs

Typical Ip—Vp characteristics of MOS-HEMT's without and with the bias annealing
are shown in Figure 5.5. Both devices showed relatively good Ip — Vp behavior at
low Vi bias. For the MOS-HEMT without annealing, however, suppressed increase
in Ip was observed at the gate bias higher than 0 V. On the other hand, the MOS-
HEMT with the bias annealing showed good gate control of Ip even at forward gate
bias, as shown in Figure 5.5(b).

The transfer characteristics of MOS-HEMT's without and with the bias annealing
are shown in Figure 5.6(a). For comparison, their transfer curves as a function

of gate overdrive voltage (Vi — V) are replotted in Figure 5.6(b). The bias-
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Figure 5.5. Ip — Vp characteristics of Al,O3/AlGaN/GaN MOS HEMTs (a) without
and (b) with the bias annealing.
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Figure 5.6. (a) Transfer characteristics of Al;O3/AlGaN/GaN MOS HEMTs without
and with the bias annealing process. (b) The data were replotted with respect to

Va-Vin.

annealing process effectively improved the current linearity, particulary in forward
bias, resulting in a broader g,, plateau and increased maximum drain current. This
effect is important for the MOS-HEMT in terms of the input dynamic range at
forward bias. We then calculated the subthreshold slope of MOS-HEMTs from
the semi-log scale Ip — Vi characteristics shown in Figure 5.7. A high value of
subthreshold slope of 148 mV /dec was obtained before the bias annealing. After bias

annealing, the subthreshold slope was decreased down to 112 mV /dec. In addition,
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Figure 5.7. Logarithmic transfer curves and gate leakage current of MOS-HEMTs.

the Vg change and significant decrease in gate leakage current were observed in the
MOS-HEMT after the bias annealing, as shown in Figure 5.7. A possible mechanism
for these will be discussed later.

To investigate interface properties of the AloO3/AlGaN gate structures, C' — V
characterization was performed on MOS diodes fabricated on the same AlGaN/GaN
heterostructures. A circular gate with a diameter of 200 um was prepared for the
MOS diodes. C' — V' curves obtained using a signal frequency of 1 MHz at RT are
shown in Figure 5.8(a). Both diodes without and with the bias annealing showed the
two-step behavior typically observed in HEMT MOS structures [8,20]. The first step
at reverse bias indicates the depletion of 2DEG at the AlGaN/GaN interface. The
following capacitance plateau corresponds to the equivalent capacitance of AlsOsg
and AlGaN layers connected in series. At forward bias, the nearly flat band condition
of the AlGaN layer can lead to the electron spillover from the AlGaN/GaN to
Al,O3/AlGaN interfaces [20]. Consequently, the effective capacitance approaches
that of the insulator capacitance.

To evaluate the effects of interface states on the C' — V' characteristics, one-
dimensional simulation including self-consistent Poisson-Schrodinger calculations
was carried out for the AlaO3/AlGaN/GaN structure, taking into account a state
density distribution [D;:(E)] consisting of acceptor- and donor-like states separated

by the charge neutrality level Fong, [21-23], as schematically shown in Figure 5.8(b).
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Figure 5.8. (a) C-V characteristics of the Al,03/AlGaN/GaN MOS diodes. The solid
line indicates calculated curves. (b) Schematic illustration of interface state density
(Dit) distribution used for calculation. (c) Dj; distributions determined by the fitting
of C-V curves.

Along the insulator-semiconductor interface, the crystalline periodicity of the semi-
conductor is terminated. In addition, disorder in atomic-bond arrangement can be
induced at the semiconductor surface. In this case, the separation of conduction
and valence bands becomes insufficient, resulting in the penetration of bonding and
anti-bonding states into the forbidden band (bandgap) from valence and conduction
bands, respectively [24,25]. Therefore, the charging character of interface states also

reflects those of valence and conduction bands. Namely, a negative charge appears
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in the conduction band if a state is occupied by an electron (acceptor-like char-
acter), while valence band state is positively charged when unoccupied (donor-like
character). Thus, it can be assumed that the interface state continuum consists of
a mixture of acceptor-like and donor-like states, as schematically shown in Figure
5.8(b), and their branch point act as the Ecny,. This model is often used as a density
distribution of interface states [26-28].

For the calculation, we assumed an arbitrary D;; distribution using the following

equations [21]:

EF—-F A
Dita = Djyo exp [(E—CNL) } ) (5-1)
0A
E, — E\"P
Ditp = Dy exp [(C%;) } ) (5~2)
0D

where Djyo is the minimum state density. Ep and n define the curvature of the
Dj; distribution, as shown in Figure 5.8(b). In addition, we can estimate electron

emission time constant 7(F) from interface states to the conduction band using

Shockley-Read-Hall (SRH) statistics:

1 Er
Fy=———— — .
T< ) vraoraNe P <k3T) 7 (5 3)

where vrg, o7, No, and Ep are electron thermal velocity, capture cross section of
interface states, density of state at the conduction band, and interface state energy,
respectively. From 7(F) and the experimental C-V measurement time (tpeqs), we

calculated the effective emission coefficient D.7(F) of interface states:

Dur(E) = 1 — exp {_ tT”ZE)} | (5.4)

Figure 5.9 shows the calculated D.p(F) at RT using tpeqs = 100s and 0 = 1 X
1071%cm? [21]. According to Eq. (5.3), 7(E) of interface states near midgap or
deeper are too large at RT, resulting in Dep(E) = 0. This means that electrons once
captured at such deep interface states remain trapped even when large negative bias
is applied to the gate electrode. It is estimated from Figure 5.9 that interface states

at energies below Ec — 0.8 eV behave like “frozen states”. By considering Dp(FE)
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and Fermi-Dirac occupation function, we obtained interface state charges (ionized
state density) at a given gate voltage Viz. Then we calculated C' — V' curve based
on the potential and electron density distributions by numerically solving Poisson-
Schrédinger equations, and compared experimental and calculated C'— V' curves. If
we observed the discrepancy between them, then the D;; distribution was modified
and the recalculation was repeatedly carried out. Physical parameters used in the

calculation are summarized in Table 5.1.
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Figure 5.9. Calculated D.7(E) using tyeas = 100s, s = 1 x 10716 cm~? and t(E) obtained
from Eq. (4).

Table 5.1. Parameters used in the calculations. mg is the mass of a free electron, q
is the elementary charge, and AlGaN denotes Alp24Gag.76N.

Parameter name Symbol (unit) Numerical value (material or interface)
Bandgap at RT Eq (eV) 3.4 (GaN) [29]
3.89 (AlGaN) [29,30]
7.0 (AlxO3) [32]

Effective mass of electron Me /Mo 0.20 (GaN)

0.23 (AlGaN)
Relative permittivity 5 9.5 (GaN)

9.2 (A10424Ga0.76N)

9.0 (AlyO3)
Band offset AE¢c (eV) 0.34 (AlGaN/GaN) [29]
Surface barrier height ¢s (eV) 3.4 (Ni/AlyO3) [31]
Polarization induced sheet charge  ng (q/cm?) 8 x 10'2 (AlGaN/GaN)
Charge neutrality level Eonte Ec - 1.3 eV (Al;03/AlGaN) [23]
Capture cross section o (cm?) 1 x 10716 [21]

of interface states
C-V Measurement duration t(s) 100
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Using the Dj; distributions shown in Figure 5.8(c), the calculation well reproduced
the experimental C' — V' data, as indicated by solid lines in Figure 5.8(a). As
described above, only the acceptor-like traps in the energy range indicated by solid
lines in Figure 5.8(c) can change their charge state accordingly with the gate voltage
sweep at RT. Note, in addition, that it is difficult to evaluate the state density
distribution at energies above Ec—0.2 eV from C'—V measurements using frequency
of 1 MHz, because electron trapping/detrapping processes at such shallow interface
states can respond to the measurement AC signal and accordingly give an inaccurate
estimate of capacitance. Therefore, state densities at the energies above Fo — 0.2
eV were not considered for the present C' — V' calculation.

As shown in Figure 5.8(c), the Al;O3/AlGaN interface without annealing showed
high interface state densities of over 1 x 1013 em=2eV~!. The bias annealing process
effectively decreased the state densities, leading to the steeper C'—V slope in forward
bias shown in Figure 5.8(a). The calculated Vg corresponding to the first step in
the C' — V curve was -7.5 V, very close to that of the MOS-HEMT subjected to
bias annealing, as shown in Figure 5.8(a). On the other hand, the sample without
the annealing showed a Vg shift toward the negative bias direction, probably due
to excess positive charges arising from donor-type interface states and/or defect
levels in the bulk AloO3. When a fixed charge of +1.2 x 10'3 cm™? was assumed in
the AloOg3 layer or at the AloO3/AlGaN interface, the calculation reproduced the
experimental C' — V result for the HEMT without annealing, as shown in Figure
5.8(a). A possible candidate for a defect level in AlaO3 is an oxygen-vacancy related
defect [33,34]. The bias-annealing process decreased such levels, resulting in the
Virpg recovery toward the expected value. Zhou et al. [35] also reported similar Vg
recovery with a post-deposition annealing in AloO3/AlGaN/GaN MOS-HEMTs. As
shown in Figure 5.7, in addition, we observed decrease in gate leakage current in
the MOS-HEMT after the bias annealing. For the GaN-based MIS-HEMTs using
AlyO3, SiNy and AlTiO, it has been reported that the Poole-Frenkel (PF) emission
conduction was dominant for gate leakage current [36-39]. Similarly to the Vg
recovery behavior, there is a possibility the reduction of leakage current arises from

decrease in defect levels in the AloO3 layer, contributing to the suppression of the
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PF hopping conduction.
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Figure 5.10. (a) Band diagram of the Al,03/AlGalN/GaN structure. Vg indicates the
AlGaN surface potential. (b) Calculated Vg as a function of Vg — Vryy with assuming
D;; distributions shown in Figure 5.8. (c) Calculated 2DEG densities as a function of
Vg — Vru for the MOS-HEMTSs without and with the bias annealing.

The C' — V analysis showed that the bias annealing process effectively decreased
state densities at the AloO3/AlGaN interface, leading to the improvement of current
linearity, as shown in Figure 5.6. To gain a better insight into the relationship
between interface states and gate controllability of the MOS-HEMT, we calculated
surface potential (Vg) of AlGaN shown in Figure 5.10(a) and the 2DEG density as
a function of gate overdrive, taking into account D;; distributions obtained from
the C'— V analysis [Figure 5.8(c)]. For the 2DEG density calculation, we used the
following equation [40,41]:
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T
2D EGdensity; = mﬂng In[1+exp ((E; — Ey)/(ksT))], (5.5)

where me is the effective electron mass, kp is Boltzman’s constant, T is the temper-
ature, and 7 indicates the iy, discrete excited level at the AlGaN/GaN interface.

Figure 5.10(b) shows the calculated Vg as a function of gate overdrive for the MOS-
HEMTs without and with the bias annealing. In the gate bias range up to 10 V, both
devices showed the same Vg change. This gate voltage corresponds to ¢Vg = 0.8 eV.
As mentioned above, interface states at energies below E—0.8 eV are considered to
be “frozen states”, i.e., negligible effect on the Vg control. Beyond Vg — Vg = 10V,
acceptor states shown in Figure 5.8(c) are active accordingly with the gate voltage
sweeping, and the ionized acceptor charges screen the gate electric field. Thus high-
density states prevent Vg modulation (poor potential control) for the MOS-HEMT
without the bias annealing. Such Vg behavior is directly related to the control of
the 2DEG density, as shown in Figure 5.10(c). The limited increase in the 2DEG
density with Vi is clearly observed for the MOS-HEMT without the bias annealing.
On the other hand, the MOS-HEMT with annealing shows relatively good control
of 2DEG by V. The calculated results shown in Figure 5.10(c) are similar to the
measured Ip — Vi curves of MOS-HEMTSs shown in Figure 5.6(b), indicating that
the effective reduction of interface states is responsible for the improved linearity in
MOS-HEMT with bias annealing.

It should be mentioned that some papers reported poor current linearity in MIS-
type AlGaN/GaN HEMTs. To investigate current linearity behavior, we tried to
plot the full width at half maxima (FWHM) of g,, — Vi profiles as a function of
the equivalent oxide thickness (EOT) including insulator and AlGaN barrier lay-
ers. Figure 5.11 shows comparison of FWHM of g, for AlGaN/GaN MIS-HMETs
using SiOq [42-44], Al,Os [35,45-48], SiN [9, 10,49, 50], HfO, [51,52], AIN [53],
GagO3 [54] and TiO2 [55] dielectric materials. Our data are also included in Figure
5.11. It is expected that the FWHM of g, increases with EOT, and experimental
data generally showed this tendency. However, there is a wide scattering of data,
indicating that interface properties of insulator/AlGaN structures are not depen-

dent on the insulator material used but on the bond disorder and/or surface defects
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on the AlGaN surface, probably related to fabrication process conditions including
deposition methods [1,56-58]. The broken line is a guide to the eye for the better
results reported [44,46,50]. Our device with the bias annealing showed high FWHM
value, demonstrating excellent current linearity in our AlGaN/GaN MOS-HEMT.
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Figure 5.11. Plots of FWHM in the gm spectrum as a function of the equivalent

oxide thickness (EOT) including insulator and AlGaN barrier layers for AlGaN/GaN
MIS-HEMTSs. The numbers indicate literatures cited.

o

5.4.2 Operation Stability of AIGaN/GaN MOS-HEMTs

To evaluate operation stability of the MOS-HEMT, the Vpp shift after applying
forward bias stress was also investigated. For fair comparison, the equivalent stress
bias with respect to Vo — Vg was applied to the MOS-HEMT's without and with the
bias annealing (Vg — Vg = 23V), as shown in Figure 5.12. The gate stress time was
10 s, while keeping Vp = 15V. Then the Ip — Vs characteristics were measured from
Vo = 0V toward the negative bias direction, as shown in Figure 5.12. The broken
lines indicate the transfer curves without the stress bias. We observed Vg shift
toward the forward bias direction after applying the stress bias for both devices,
similar to those reported for AlGaN/GaN MIS-HEMTs [2,3]. It is likely due to
electron injection into traps in AlaO3 and/or states at the AlyO3/AlGaN interface,

producing negative charges. It was found from the C'—V analysis as described above
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that the bias annealing process effectively reduced both interface states and bulk
traps in AlyOs, thereby mitigating the Vg shift even after applying the forward

bias stress in bias-annealed device, as shown in Figure 5.12.
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Figure 5.12. Transfer characteristics before and after the forward bias stress for the
MOS-HEMTSs without and with the bias annealing.
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Figure 5.13. Transfer characteristics measured at RT and 100 °C for the MOS-
HEMTSs (a) without and (b) with the bias annealing.

We then measured the transfer characteristics of the devices at a higher tempera-
ture of 100 °C. As shown in Figure 5.13, both devices showed about 30% reduction

in g, and decreased maximum drain current, as compared with those measured at
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RT. This is consistent with the results reported by Husna et al. [59] and Suria et
al. [60], and mainly due to the reduction of electron mobility attributed to optical
phonon scattering at high temperatures [61,62]. As shown in Figure 5.13(a), the
MOS-HEMT without the annealing showed a deeper Vg at 100 °C. Husna et al. [59]
and Yang et al. [63] reported similar Vg shift at high temperature, and pointed out
a possibility that some of donor-like defect levels such as oxygen vacancies in AlsOg
can detrap larger number of electrons at elevated temperatures, resulting in excess
positive charges driving the Vg toward the negative bias direction. According to
the SRH statistics, in addition, deeper interface states can emit electrons to the con-
duction band at higher temperatures, relatively increasing the number of positive
charges at the AloO3/AlGaN interface. High densities of states for the MOS-HEMT
without the annealing, as shown in Figure 5.8(c), enhance this charging effect. On
the other hand, the Vg of the MOS-HEMT with the bias annealing remained un-
changed even at 100 °C, as shown in Figure 5.13(b), probably due to the reduction

of defect levels in AlsO3 and interface states.

5.5 Conclusions

To improve current linearity and operation stability, bias annealing in air at 300 °C
was applied to AlGaN/GaN MOS-HEMTSs using AloO3 as gate oxide. The device
without annealing showed a sudden current saturation at forward bias. On the other
hand, the MOS HEMT with the annealing showed improved current linearity, re-
sulting in the increase in the maximum drain current. Lower subthreshold slope was
also observed after the bias annealing. From the precise C-V analysis on the MOS
diode fabricated on the AlGaN/GaN heterostructure, it was found that the bias
annealing effectively reduced the state density at the AloO3/AlGaN interface. This
led to efficient modulation of the AlGaN surface potential closely to the conduction
band edge, resulting in good gate control of 2DEG density even at forward bias.
In addition, the MOS HEMT with the annealing showed smaller threshold voltage
shift after applying forward bias stress. For the device without annealing, the Vg
measured at 100 °C was much deeper than that at RT. On the other hand, such
temperature-dependent change in the Vg was not observed for the MOS-HEMT

with the annealing. We therefore demonstrated that bias annealing in air is effec-
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tive in improving current linearity and operation stability of Al,Os/AlGaN/GaN
MOS-HEMTs.
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Chapter 6

Conclusion

This thesis aimed at the evaluation the effect of interface states on the electronic
characterization of AlGaN/GaN HEMTs and to control the interface state density
at AloO3/AlGaN or AlyO3/GaN interfaces.

Chapter 1 started with the introduction of wireless mobile communication systems
which are widely used all over the world. GaN and related materials are attractive
for the application to the semiconductor devices owing to their superior physical
properties. In addition, GaN-related High Electron Mobility Transistors (HEMTS)
are very attractive for such devices. However, it is rather difficult to characterize and
control electronic states, in particular, at the insulator/semiconductor interfaces in
the insulated-gate GaN transistors because of their wide bandgap and complicated
structure having two (or more) interfaces.

Chapter 2 explained the physical properties of III-N semiconductors and their het-
erostructures, followed by the generation of two-dimensional electron gas (2DEG).
2DEG is generated by spontaneous and piezoelectric polarization charges. Such po-
larization charges were calculated from some constants of GaN and AIN. Finally,
2DEG density vs AlGaN thickness was calculated.

Chapter 3 discussed basic theories on the electronic states at the Semiconductor
surface and Insulator/Semiconductor interface. The models of “Metal-Induced-Gap-
State (MIGS)” and “Disorder-Induced-Gap-State (DIGS)” were described. In addi-
tion, the equations from DIGS model to calculate interface state density distributions
were described. To evaluate the effect of interface sates on potential distribution and
C-V characteristics of AlpO3/GaN MOS diodes. Finally, “reverse-bias annealing”
to control the interface state density was proposed.

Chapter 4 introduced the experimental results obtained for this thesis. The dual-
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gate AlGaN/GaN HEMTs were fabricated to evaluate the surface charging area. In
G2-stress/G1-drive scheme, the Vg was shifted toward forward bias direction. To
shed a light this phenomenon, the two-dimensional simulation was carried out. The
2D potential simulation indicated that surface negative charges induced by the G1
stress modulate the potential distribution in the AlGaN barrier layer near the G2
edge where the potential near the surface of the AlGaN barrier layer are apparently
bended and lifted. Consequently, this may lead to a decreased 2DEG concentration
in this region and eventually shifting of the Vg towards positive voltage direction.
It was also found that such surface charging can extend as far as 0.5 ym from the
stressing gate edge.

Chapter 5 investigated the relationship between the interface state densities and
the electrical properties of the AloO3/AlGaN/GaN MOS HEMTs. The “reverse-bias
annealing” was also applied to the MOS HEMTSs for reducing the AloO3/AlGaN
interface. The device without annealing showed a sudden current saturation at
forward bias. On the other hand, the MOS HEMT with the annealing showed im-
proved current linearity, resulting in the increase in the maximum drain current.
Lower subthreshold slope was also observed after the bias annealing. From the pre-
cise C-V analysis on the MOS diode fabricated on the AlIGaN/GaN heterostructure,
it was found that the bias annealing effectively reduced the state density at the
Al,O3/AlGaN interface. This led to efficient modulation of the AlGaN surface po-
tential closely to the conduction band edge, resulting in good gate control of 2DEG
density even at forward bias. In addition, the MOS HEMT with the annealing
showed smaller threshold voltage shift after applying forward bias stress. For the
device without annealing, the Vg measured at 100 °C was much deeper than that
at RT. On the other hand, such temperature-dependent change in the Vppy was
not observed for the MOS-HEMT with the annealing. We therefore demonstrated
that bias annealing in air is effective in improving current linearity and operation

stability of AloO3/AlGaN/GaN MOS-HEMTs.
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