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Abstract

In this thesis, effects of interface charges on the electrical characteristics of aluminum gallium nitride
on gallium nitride (A1GalN/GaN) heterojunction field-effect transistors (HFETs) have been studied to
improve their performance. Owing to the superior properties of IlI-nitride semiconductor materials,
GaN-based HFETs have attracted much attention as high frequency and high power devices which
surpass the performance of conventional silicon (Si) power devices. One of the distinct features in
[I-nitride semiconductors from other conventional materials is their strong polarization effect, which
yields the high density of the two dimensional electron gas (2DEG) without the intentional impurity
doping at the heterojunctions, providing the large current density and the low sheet resistance. In
addition, introduction of the metal-insulator-semiconductor (MIS) gate structures, which mitigate the
gate leakage current degrading the performance of the devices with the conventional Schottky gate
structures, offer the tolerance for the large gate-voltage swing and thereby enable the large current

density even in the devices with the normally-off operations.

Meanwhile, control of the sheet carrier density and the threshold voltage requires the precise
polarization engineering. The inadequate control of the polarization charges at the heterointerfaces
leads to the undesired increase of the parasitic resistance, and thus limits the performance of the
devices. As for the MIS gate structures, the instability in the transfer characteristics such as the
threshold voltage shift or the hysteresis is often observed, which would be attributed to the charges
at the MIS interfaces and/or in the insulators. The interface charges have profound effects on
the performance of the GaN-based HFETS, and thus the control of such interface charges through
designing and fabricating the devices is critical to improve the performance of the AlGaN/GaN
HFETs. In this thesis, the effects of the interface charges on the performance of the AIGaN/GaN
HFETs were investigated, from which the technical directions to control the interface charges were

derived for the improvement in the device performance.

In Chapter 2, the effects of the polarization charges at the heterojunction on the electrical charac-
teristics, particularly the parasitic resistance in the AIGaN/GaN HFETs, are described. An InAlGaN
capping layer, the polarization of which was balanced with that of the underlying AlGaN barrier
layer, prevented the generation of the depletion layer at the InAlGaN/AlGaN heterojunction, which
resulted in the reduction of the contact resistance. The value of the extracted parasitic resistance at
the InAlGaN/AlGaN heterojunction was 7.8 X 10~° Qcm?, which was one-fifth as low as that of the
resistance at the GaN/AlGaN heterojunction.
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In Chapter 3, AlIGaN/GaN HFETs on Si substrates exhibiting high power together with a high
gain for high frequency applications are demonstrated. Effects of the field plates on the device
performance were characterized through extraction of device parameters. Too long field plates cause
the large variation in the output impedance at the high input power, which leads to the output mismatch
limiting the output power. Suppression of the variation by the improved design of the field plate
was confirmed by device simulation. The fabricated AlGaN/GaN HFET on Si with the optimized
field plates exhibits an output power of 203 W together with a linear gain of 16.9 dB at the operation
frequency of 2.5 GHz, which is comparable with the performance of HFETs on SiC substrates.

In Chapter 4, effects of the device fabrication processes (dry etching, annealing and nitrogen
incorporation) on the MIS interfaces were investigated to find the direction to achieve the stable
MIS structures by characterizing the Al,O3/AlGaN/GaN MIS heterojunction diodes. Increase of
the interface state density especially around 0.4 eV below the conduction band edge of AlGaN was
observed in the MIS diode fabricated on the dry etched AlGaN surface, indicating generation of
nitrogen vacancy by the dry-etching process. The post-deposition annealing in O, atmosphere at
750 °C caused the threshold voltage shift of +4 V with the reduction of the positive charges in the
Al O3 insulators by 6 x 10'2 cm™2, which would be attributed to reduction of the oxygen vacancy in
the insulators. Nitrogen incorporation into Al,O3 enhanced the tolerance to the electron injection,
preventing the threshold voltage shift caused by applying the high positive bias to the gate electrodes.
The threshold voltage shift was reduced from 0.6 to 0.2 V at the electric field in the insulators of
2 MV/cm.

In Chapter 5, normally-oftf AlIGaN/GaN MIS-HFETs on Si substrates with the stable gate char-
acteristics were demonstrated. The MIS-HFETs fabricated by the device-process flow based on the
results described in Chapter 4 exhibited the suppressed threshold voltage shift and hysteresis in the
transfer characteristics at gate voltage up to 10 V. The stable gate characteristics enabled application
of the high positive bias to the gate, which results in the fast switching operation of the fabricated
MIS-HFETs with the gate width of 100 mm measured at the off-state drain voltage of 400 V, on-state
drain current of 10 A, and in the inductive load condition. The switching time of 4 ns and 8 ns for
turn-on and turn-off, respectively, was confirmed, which is fast enough to use practical MHz-class
switching applications.

Chapter 6 concludes this thesis, summarizing the achievements in this study. Remaining issues

and future work for further improvements are also described.
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Chapter 1

Introduction

1.1 Background

Recent progress in the information and communication technologies, such as the wide spread of
smart devices and the development of the Internet of Things (IoT), have caused explosive increase in
mobile data traffic [1]. Everything is connected to the network, and the information derived from those
things yields the convenience and creates new values in our lives. In such a situation, demands for
the efficiency and immediacy in the information collection have tremendously been growing. Since
the larger capacity and wider bandwidth of the data transmission are required to meet the demands,
high-frequency devices supporting the data transmission need to be enhanced in the power capability
and the operation frequency. Meanwhile, transmitting, processing, and storing such enormous data
are accompanied by the huge consumption of the electrical power. From the viewpoint of the
global environmental sustainability, the international community has been required urgent actions
for reduction of the greenhouse-gas emission including the energy saving [2]. It is hence crucially
important to improve the efficiency in the high-frequency devices for data transmission and power

devices for power conversion.

To date, silicon (Si)-based devices have dominantly been used for both high frequency and power
conversion applications. Their performance has been improved steadily over the last several decades
owing to the highly sophisticated processing technologies. However, the performance is approaching
to the theoretical limit originating from the material properties and thus faces a difficulty in satisfying
the continuous requirement for the further improvement. Then the wide bandgap semiconductors such
as gallium nitride (GaN) and silicon carbide (SiC) have emerged as the next generation materials for
the high-frequency and high-power devices because of their superior material properties. Figure 1.1
shows the potential applications of the wide bandgap semiconductors categorized by the operating
frequency and the handling power capacity [3]. In particular, GaN has much attention as high-

frequency and high-speed devices owing to the high mobility and the high saturated drift velocity.
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Figure 1.1: Potential applications of the wide gap semiconductors [3].
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1.2 III-Nitride Semiconductors

1.2.1 Properties of III-Nitride Semiconductors

The IlI-nitride semiconductors dealt with in this thesis are GaN, aluminum nitride (AIN), indium
nitride (InN), and their ternary or quaternary alloys. These compound semiconductors and alloys,
composed of the group III elements of gallium (Ga), aluminum (Al) or indium (In), and the group V
element of nitrogen (N), can crystallize in three different structures, that is wurtzite, zinc-blende, and
rock-salt. Among these structures, the thermodynamically stable structure under ambient conditions
is wurtzite [4]. The IlI-nitride semiconductors with the wurtzite structure have direct bandgaps,
ranging from 0.7 to 6.2 eV [5-9]. Figure 1.2 shows the bandgap energy plotted as a function of the
basal-plane lattice constant for the III-nitride semiconductors. The material properties including the
bandgap energy and lattice constants can be designed and controlled by changing the composition
of the ternary or quaternary alloys, which is one of the most important features of the IIl-nitride
semiconductors. Because of such wide controllability in the bandgap energy and accordingly in the
emission wavelength, III-nitride semiconductors have first been developed for optical applications.
Since the GaN-based blue-violet laser diodes as well as blue and green light-emitting diodes (LEDs)
were commercialized in the mid-1990s [10-12], the GaN-based optical devices have been widely

used around the world and they are indispensable in our lives at present.

Besides the optical applications, III-nitride semiconductors have attracted much attention as the
emerging electronic devices for high-frequency and high-power applications owing to their superior
physical properties. The major physical properties of GaN are shown in Table 1.1, together with
those of Si, GaAs, and 4H-SiC for comparison [13—-19]. Since the II-nitride semiconductors are
composed of Ga, Al, or/and In with N the atomic radius of which is small, the atomic bonds between
the anion and the cation are strong and the lattice constants are thereby smaller than the conventional
semiconductors. This strength of the atomic bonds results in the robustness in the thermal, chemical,
and mechanical points of view. For example, the bandgap energy of GaN is as large as 3.39 eV at
room temperature and the breakdown field is over 3 X 10% V/cm, about ten times larger than Si and
GaAs [20]. Although the electron mobility of GaN is smaller than that of GaAs, the saturated drift
velocity is 2.7 X 107 cm/s which is 30 % larger than that of GaAs [21].

To predict and compare the ultimate performance of devices fabricated with different materials,
several figures of merit have been proposed. Table 1.2 summarizes such figures of merit for GaN, Si,
GaAs, and 4H-SiC, where each value is normalized by that of Si. Johnson’s figure of merit (JFOM)
related to the high-frequency and high-power capability of devices is defined by the following
equation [22]:

2.2

Esv
JFOM = jﬂsa‘, (1.1
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Table 1.1: Physical properties of GaN, Si, GaAs, and 4H-SiC [13-19].

GaN Si GaAs 4H-SiC
Bandgap E, [eV] 342 1.12 1.42 3.26
Electron mobility u  [em?/(V-s)] 1400 1500 8500 1200
Breakdown field Eg  [V/em] 33%x10° 3.0x10° 4.0x10° 3.0x10°
Saturation drift velocity Vsat  [cm/s] 2.7x107 1.0x107 2.0x107 2.2x10’
Relative dielectric constant & 8.9 11.9 12.8 9.7
Thermal conductivity k  [W/(cm-K)] 1.3 1.5 0.5 4.9

Table 1.2: Figures of merit for GaN, Si, GaAs, and 4H-SiC. Each value is normalized by that of Si.

GaN Si GaAs 4H-SiC
JFOM 68 1 6 41
KFOM 2 I 05 5
BFOM 929 1 14 652
BHFOM 113 1 10 80
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where Ep and vy, are the breakdown field and the saturated drift velocity. Keyes’s figure of merit
(KFOM) was proposed from the viewpoint of the thermal limitation in the high-speed switching
operations and defined by [23]

KFOM = & |05

, (1.2)

TEs
where «, &, and c are the thermal conductivity, the permittivity, and the speed of light in vacuum,
respectively. Baliga’s figures of merit for power devices in low-frequency (BFOM) and high-
frequency (BHFFOM) applications are related to the conductive loss and the switching loss in the
switching operations, and given by [24,25]

BFOM = g,uE;, (1.3)
BHFFOM = uE2, (1.4)

where u is the mobility. The thermal conductivity of III-nitride semiconductors are in the same order
as that of Si, while the saturated drift velocity is higher than Si and thus the KFOM is still higher
than Si. Moreover, the IlI-nitride semiconductors exhibit other figures of merit higher than Si and
GaAs by orders of magnitude, indicating their great potential for high-frequency and high-power

applications.

1.2.2 Polarization Effects

In addition to the superior physical properties of III-nitride semiconductors, the polarization effect
is their distinct feature compared with other conventional semiconductors. Under the atmospheric
pressure, the stable structure of III-nitride semiconductors is wurtzite, a hexagonal crystal structure
defined by the edge length a of the basal hexagon, the height ¢ of the hexagonal prism, and internal
parameter u defined as the anion-cation bond length along the [0001] axis in units of ¢, as shown
in Fig. 1.3. Due to the large difference in the electronegativity between the group III atom and
the nitrogen atom, the atomic bond in the IlI-nitride semiconductor has large ionicity, causing the
polarization from the negatively-charged nitrogen atom to the positively-charged group III atom. If
the tetrahedron composing the wurtzite structure is ideal, all components of the polarization caused
by pairs of atoms cancel one another out. However, when the atom is displaced with an external

stress, the resultant polarization emerges externally, which is called the piezoelectric polarization.
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O Nitrogen atom

Figure 1.3: Schematic drawing of the crystal structure of IIl-nitride semiconductors with wurtzite
structures and polarization vectors.
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The piezoelectric polarization in the wurtzite structure is given by [26]

g.x.x
PN [0 0 0 0 e5 0\
Pl=l0 0 0 e5s 0 0 i“, (1.5)
P, e31 e es 0 0 Off 7F

Szx

Exy

where P;, e;; and g;; represent the polarization, the piezoelectric coeflicient and strain, respectively.
In general, the heteroepitaxial layers grown along the [0001] direction undergo the biaxial in-plane
stress due to the differences of lattice constants and thermal expansion coefficeints. In this case,

Ey; = E;x = &xy = 0 can be assumed and Eq. (1.5) is thus reduced to
P, = e31(exx + 8yy) + €338;;. (1.6)

The in-plane (&,,, €,,) and out-of-plane (&,;) strains are given by

a—ap
Exx = Eyy = P (1.7)
0

Cc — (o
£ = o (1.8)

Here, ag and ¢( represent the relaxed (equilibrium) in-plane and out-of-plane lattice constants, while

a and c represent the strained ones. The relationship between stress and strain is expressed as

Txx Ci Cn Gz 0 O 0 Exx
ow| [Co i s 0 0 0 |lay
Oz | _ Cs Ciz3 G335 O 0 0 &;; , (1.9)
Oxy 0 0 0 C44 0 0 Exy
ol 10 0 0 0 cu 0 |le

o) \O 0 0 0 0 Sreflg,

where o0y, C;; and &;; represent stress, the elastic coefliceints and strain, respectively. In case that
only a biaxial stress is present, the stress related to the [0001] direction (z-direction) is negligible and

0y, = Oy; = 0z = 0. Then, from Eq. (1.9), the following equation is obtained:

Ci3

Ez= =
33

(Exx + &yy)- (1.10)
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Substituting Eq. (1.10) into Eq. (1.6) result in

P =2(es - %ess)sxx. (1.11)
33

The piezoelectric polarization thus emerges depending on the strain along the [0001] axis induced

by the in-plane stress.

While the lattice constant ratio c¢p/ag and the internal parameter u for the ideal wurzite are
\/% ~ 1.633 and 0.375, the actual IlI-nitride crystals exhibit the smaller cy/ag and the larger u
in equilibrium as summarized in Table. 1.3 [27-30]. These discrepancies indicate that the actual
[I-nitride crystals are compressed along the [0001] axis and/or streched along the in-plane directions
even in equilibrium, causing the resultant polarization along the [0001] direction. Induced without
the external stress, this polarization is called the spontaneous polarization. The values of the
spontaneous polarization of AIN, GaN, and InN are reported as —0.081, —0.029, and —0.032 C/m?,
respectively [27], approximately ten times lager than those of other III-V semiconductors [31, 32].
The sum of the spontaneous and piezoelectric polarization charges emerge at the heterojunctions in

III-nitride semiconductors.

1.3 III-Nitride Heterojunction Field-Effect Transistors (HFETS)

Owing to the strong polarization effect at the heterojunctions in III-nitride semiconductors, a high
density of the sheet carriers what is called a two-dimensional electron gas (2DEG) is induced at the
heterointerface even without the intentional impurity doping. The device utilizing the sheet carriers
as the channel is the heterojunction field-effect transistor (HFET), the schematic cross section of
which is shown in Fig. 1.4. Owing to large conduction band discontinuity and large polarization
charges, the density of the induced 2DEG exceeds 10'3 cm™2 [33]. In addition, since the mobile
carriers and the polarization charges are spatially separated, the ionized impurity scattering is almost
eliminated, which results in the higher mobility at the heterointerface than that in the bulk. As a
result of these high carrier density and high mobility, AlIGaN/GaN HFETs with the Al contents of
around 0.2 are expected to exhibit the high drain current density and the low parasitic resistance at
the high operation frequency.

After the first observation of the 2DEG with a carrier density of 1 x 10! cm™ and a mobility
of 800 cm?/(V-s) at room temperature in the AIGaN/GaN heterojunction was reported in 1991 [34],
the first AlGaN/GaN HFET was demonstrated in 1993 [35]. Since then, the AlIGaN/GaN HFETs
have extensively been investigated for high-frequency applications owing to their material properties
suitable for the high speed operation such as the high mobility and high saturated drift velocity [36—
41]. By downscaling of the gate length to 20 nm, GaN based HFETs with a maximum current gain
cutoff frequency (ft) of 454 GHz and that with a maximum power gain cutoff frequency ( fyax) of
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Table 1.3: Structural parameters for AIN, GaN and InN [27-30].

AIN

GaN

InN

ap [A]
co [A]
co/ao

Ug

3.111
4.981
1.601
0.380

3.189
5.185
1.626
0.376

3.548
5.760
1.623
0.377
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Figure 1.4: (a) Schematic cross section of an AlGaN/GaN HFET and (b) Schematic band diagram of
an AlGaN/GaN HFET under the gate region.
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582 GHz were demonstrated [42,43]. As for the large signal performance, introduction of Si,N
passivation and adoption of a field plate had significant impacts on increasing the output power
density [44—46]. Combining these technologies, the power density as high as 40 W/mm at 4 GHz
was reported [47].

At present, AlIGaN/GaN HFETs mainly fabricated on SiC substrates, taking advantage of better
crystal quality of GaN on SiC and high thermal conductivity of SiC, have been put into practical
use for the power amplifiers used in the cellular base stations and satellite communication systems.
As for the high-frequency applications, further improvement in the operation frequency is required
for the future communication systems. Shortening the gate length is effective to achieve the higher
frequency operation, which requires simultaneous thinning of the barrier layers to avoid the short
channel effect. However, thinning the barrier layers results in the decrease of sheet carrier density
leading to the increased parasitic resistance, and thus thin barrier layers with more polarization
charges are required. Thus control of the polarization charge at the heterostrucutre is important to
improve the device performance.

Meanwhile, AlIGaN/GaN HFETs for high-power switching applications have also extensively been
investigated [48—51]. Since the cost-effectiveness is especially required for these applications, the
progress in the crystal-growth technology of GaN on Si substrates has greatly promoted the research in
this field [52—-54]. The normally-off operations of the devices for high-power switching applications
are strongly required from the viewpoint of the safe system operation. Among the various structures
designed to achieve the normally-off operations, metal-insulator-semiconductor (MIS) gate structures
have attracted much attention, since they reduce the gate leakage current and enable the wider gate-
voltage-swing, which is indispensable for fast switching operation [55]. The MIS gate structure is
required also for the HFETs for high-frequency applications which suffer from severe gate leakage
current, leading to the reduction of the gain and the efficiency [56]. However, the instability of the
gate characteristics, such as the threshold voltage shift and hysteresis in the transfer characteristics,
is often observed in the MIS gate structures [57], which would be attributed to the interface charges
at the MIS interface. To achieve practical AIGaN/GaN MIS-HFETs, this instability is the technical

issues to be solved.

1.4 Outline of Thesis

Since the performance of the AlIGaN/GaN HFETs is profoundly affected by the interface charges
such as the polarization charges at the heterointerface and the charges at the MIS interface, it is
critically important to control those interface charges through designing and fabricating the devices
for improvement in the performance of the AIGaN/GaN HFETs. Inadequate control of those interface
charges causes the undesired characteristics such as the increase of the parasitic resistance at the

heterointerface and the unstable operation in the devices with the MIS gate structures, as summarized
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in the Fig. 1.5.

Intensive investigation on controlling the polarization charges in AlIGaN/GaN heterostructures
was carried out around 2000, enabling control of sheet carrier density of AIGaN/GaN HFETs by
changing Al mole fractions and thickness of AlGaN barrier layers [33,58,59]. These studies however
has focused on control of sheet carrier density and there still remain technical issues caused by the
polarization charges such as generation of depletion layer at the heterointerface which increases
parasitic resistance [60].

As for the Al1GaN/GaN MIS-HFETs, one of the most critical issues in A1GaN/GaN MIS-HFETs
is the instability of the gate characteristics caused by the interface charges at the MIS interfacesa as
described in Section 1.3. Since the first AIGaN/GaN MIS-HFET using a SiO, gate insulator was
demonstrated [61], various kinds of insulators such as SiN, [62,63], Al,O3 [64,65] and HfO [66]
have been investigated as a gate insulator, leading to successful reduction of gate leakage current. In
addition, it has been reported that radical treatment with nitrogen plasma prior to insulator deposition
effectively removes surface contaminations and native oxides on AlGaN and GaN surfaces, leading
to reduction of interface state density at MIS interfaces [67, 68]. Despite these intensive studies on
GaN-based MIS interfaces, AlGaN/GaN MIS-HFETs with sufficiently stable gate characteristics to
be applied to practical use have not been achieved at present. Since the methodology to control
interface charges has not established, it is necessary to clarify their origins and effects induced by the
fabrication processes.

In this thesis, effects of the interface charges on the electrical characteristics of AlGaN/GaN HFETs
were investigated to obtain the technical direction to control the interface charges and thereby improve
the performance in the AlIGaN/GaN HFETs. The outline of this thesis is summarized in Fig. 1.6.

Chapter 2 describes effects of the polarization charges at the heterojunctions on the parasitic
resistance in the AIGaN/GaN HFETs. Importance of the polarization engineering is discussed and
thereby reduction of the source resistance is demonstrated.

Chapter 3 presents improvement of the device performance in AlIGaN/GaN HFETs in terms of the
output power and linear gain based on the analysis of the effects of the field plates. The optimized
design of the field plate successfully suppresses the undesired variation in the parasitic capacitance
and thus the output impedance, resulting in the high output power with high gain.

Chapter 4 describes effects of the device fabrication processes on the Al,O3/AlGaN MIS interface
properties by characterizing the C-V characteristics of the Al,O3/AlGaN/GaN MIS heterojunciton
diodes, from which the technical direction is derived to achieve the MIS structures exhibiting the
stable characteristics mandatory for application of the MIS devices to the practical use.

Chapter 5 presents normally-off AlGaN/GaN MIS-HFETs with stable gate characteristics exhibit-
ing the fast switching performance. Owing to the improved fabrication process based on the results
described in Chapter 4, the stability of the gate characteristics was maintained up to the gate voltage

of 10 V, high enough to use the devices for practical applications.
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Figure 1.5: Technical issues on control of the interface charges treated in this thesis, that is
(a) polarization charges at the heterointerface and (b) charges at the MIS interface.
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The present work is summarized in Chapter 6, including remaining issues and the future work for
improving the performance of the AlIGaN/GaN HFETs.
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Chapter 2

Polarization Engineering in III-Nitride

Heterostructures

2.1 Introduction

One of the most notable features in the III-nitride semiconductors is the polarization effects. The
wurtzite [II-nitride crystals lack the center of inversion symmetry, exhibiting piezoelectric effects
along the [0001] axis [1]. Piezoelectric coefficients in III-nitride semiconductors are almost an
order of magnitude larger than in other conventional III-V semiconductors [1,2]. The spontaneous
and strain-induced piezoelectric polarization charges strongly affect the device operations. In the
devices with the heterojuncitons such as heterojunciton field-effect transistors (HFETs) where the
heterointerface and strain are present, the two-dimensional electron gase (2DEG) with the sheet
carrier density of 10! cm=2 or higher is achieved at the heterojunctions without intentional impurity
doping. The mobile carrier in the 2DEG is spatially separated from the polarization charges, leading
to high mobility. This sheet carriers with a high density together with high mobility makes these
materials attractive for high power RF amplifiers [3,4], low noise amplifiers [5, 6] and high power
switches [7].

On the other hand, such strong effects of the polarization charges on the device performance
must be taken into consideration in the designing of the heterostructures. For instance, to control
the threshold voltage of HFETS, precise control of the polarization at the heterojunction between
the barrier and channel layers are required. In addition, since the polarization is dependent on the
polarity of the crystal, undesired effects on the device performance, such as increase of parasitic
resistance at the heterojunctions due to the depletion induced by the polarization charges, occurs
depending on a layer sequence in the heterostructures [8]. Although there are several reports on
the control of the sheet carrier density by designing the barrier layers [9-11], the drawbacks due to
the polarization charges have rarely been reported. In this chapter, the effects of the polarization
charges at the heterojuncitons on the electric characteristics, particularly the parasitic resistance, are

examined and its improvement by the polarization engineering is described.
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2.2 Polarization in III-Nitride Heterostructures

As described in Chapter 1, in the absentce of external fields, the total macroscopic polarization P
of a Ill-nitride semiconductor is the sum of the spontaneous polarization Psp and the piezoelectric

polarization Ppg given by
P = PSP + PPE. (21)

While the microscopic polarization within an identical crystal is shielded from the outside, at an
abrupt heterointerface of the Ill-nitride semiconductors the polarization varies within a bilayer,
causing a polarization sheet charge. The sheet charge density o induced at the heterointerface in a

single heterostructure is defined by

o = pupper _ Plower (22)

= (Pgp™" + Pp ) = (Psp™™" + Py, (23)

where the superscripts upper and lower refer to the upper and lower layer, respectively [9]. If the
polarization induced sheet charge density is positive, free electron will compensate the polarization
induced charge, resulting in the formation of 2DEG. Conversely, if the polarization induced charge
is negative, free electron will recede from the heteointerface and thus depletion will occur at the

interface.

Here, a polarization induced sheet charge density at InA1GaN/GaN heterointerface is calculated.
In this case, the bottom layer (GaN) is assumed to be relaxed and thus piezoelectric polarization of

bottom layer in Eq. (2.3) is neglected. The spontaneous polarization of In,Al,Ga;_,_,N is given by

Pérll,AlGaN(x, y) = ngl‘,N + yP‘S%N +(1-x- y)PSGlfN, 2.4)
where Pé‘ll,N, PSA;N, and PSGlfN are spontaneous polarization of InN, AIN, and GaN, respectively. The

piezoelectric polarization is given by

Ci3(x, y)

PRGN (x, y) = 2(e31(x, y) — megz(x, Y))Exxs (2.5)
a(x,y) — aS™N
Exx = TNO’ (2-6)
0

where ¢;;(x, y) and C;;(x, y) is the piezoelectric coefficient and the elastic coefficient, agaN and a(x, y)

represent the in-plane lattice constant of GaN and In,Al,Ga;_,_yN. Derivation of this equation is
described in Sec. 1.2.2. Each coefficient in Egs. (2.5) and (2.6) is derived from the linear interpolation

of the values of each material summarized in Tab. 2.1 [12-16]. As a result, the sheet charge density
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Table 2.1: Lattice constant, spontaneous polarization, the piezoelectric coefficient, and the elastic
coefficient for AIN, GaN and InN [12-17].

AIN GaN InN
Lattice constant ap  [A] 3.111  3.189 3.548
Spontaneous polarization Pgp [C/m?] -0.081 -0.029 -0.032

Piezoelectric coefficient e3; [C/m?] -0.60 -049 -0.57
ess [C/m?] 146 073 097

Elastic coeflicient Ci3 [GPa] 99 106 121
C3z  [GPa] 389 398 182
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induced at an In,Al,Ga;_,_yN/GaN heterojunction is given by
O'( X, y) — PérllelGaN + P}I)rllaAlGaN _ PglfN- (27)

In case that o(x, y) is positive, free electrons compensate this sheet charge at the heterojunction,

generating the 2DEG. The maximum 2DEG density induced by the sheet charge is expected to be

o(ry) _

ns(x,y) = i )qep + Er — AE¢), (2.8)

where d is thickness of an In,Al,Ga;_,_,N layer, & and gy are relative dielectric constant of
In,Al,Ga;_,_, and permittivity, g¢, is Schottky barrier height of a gate contact, Ef is the Fermi
level with respect to the GaN conduction band edge, and AEc is the conduction discontinuity at
the In,Al,Ga;_,_,N/GaN heterojunction [18]. Calculated sheet carrier densities for A1GaN/GaN
heterojunctions with various AlGaN thickness as a function of Al mole fraction in AlGaN layers are
shown in Fig. 2.1, indicating that the sheet carrier density can be controlled by both Al mole fraction
and thickness of AlGaN layers.

2.3 Effects of Polarization Charges on Electrical Characteristics

One of the technical obstacles for the improvement of the AlGaN/GaN HFETs is the high parasitic
resistance including high ohmic contact resistance, which should decrease the saturation current
and seriously limit the performance of the AIGaN/GaN HFETs [19-21]. The recessed-gate structure
commonly used in the GaAs-based FETs, where highly conductive capping layers are placed between
the channel layer and the ohmic contacts to form a recess around the gate, is expected to reduce such
parasitic resistance, mainly dominated by the resistance referred to as the source resistance [22,23].
Applying this technique to the AlIGaN/GaN HFETs, however, raises difficult problems to reduce the
source resistance. Because of the cracks in relatively thick and highly Si-doped AlGaN films, the
reduction of the source resistance using the AlGaN capping layer has been limited. On the other
hand, highly doped n-type GaN capping layers suffer from the electron depletion caused by the
internal electric field due to the difference of the polarization between the n-type GaN and AlGaN,
which results in the increase of the source resistance [8]. Thus, the polarization engineering by using
InAlGaN alloy capping layers was investigated to reduce the source resistance in the recessed-gate
AlGaN/GaN HFETs. The design of the polarization in InAlGaN and the analysis of the parasitic
resistance in the InAlGaN/AlGaN/GaN heterostructures are described.
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2.3.1 Polarization Engineering by InAlGaN Quaternary Alloy

The requirements for the InAlGaN capping layers to solve the above-mentioned issues are (1) to be
lattice matched with GaN serving enough thickness, (2) to have equal or larger polarization than that
of the underlying AlGaN barrier layer to eliminate the interfacial depletion and (3) to have larger
bandgap than the underlying AlGaN barrier layer to reduce the potential barrier. The lattice constant

of the In,Al,Ga;_,_,N is given by

AmAIGaN = XamN + Yaain + (1 — x — y)agan, (2.9)

where amN, aaiN, and agyn are lattice constants of InN, AIN and GaN, respectively [24-30]. The
lattice-matching condition is given in case y = 4.7x assuming that apaigan is equal to agan.

The polarization of In,Al,Ga;_,_yN is given by the sum of the spontaneous polarization and the
piezoelectric polarization expressed by Eqgs. (2.4) and (2.5). Fig. 2.2 shows the calculated total
polarization of lattice matched InAlGaN layer as a function of the indium composition and that of
the Alp26Gag 74N layer. As seen in the figure, InAlGaN layer with more than 8 % In composition
(37 % Al composition) gives larger polarization than the Al 26Gag 74N barrier layer.

The bandgap of In,Al,Ga;_,_,N is given by
EQNON = xEPN 4 yERN + (1 = x = )EJ™ = bax(1 = x) = bary(1 - y), (2.10)

where EénN, EéMN and EgaN represent the bandgap of InN, AIN and GaN, respectively [31-33], by,
and ba) represent the bowing parameters for InGaN and AlGaN, respectively. Fig. 2.3 shows the
calculated bandgap as a function of the indium composition for the lattice-matching condition. In
the calculation, the bowing parameter of 1.0 eV was used for AIGaN [34], while several values were
used for InGaN since the reported values ranged from 1.0 to 4.5 eV [35-37]. In case the bowing
parameter is 1.0 €V, more than 8 % In composition is required to obtain larger bandgap than that of
the Alp26Gag 74N barrier layer. The required minimum indium composition increases if the actual
bowing parameter is larger than 1.0 eV. Considering the above three conditions, targeted compositions
of the lattice-matched InAlGaN layers as the capping layers were set as the indium composition of

8 % and the aluminum composition of 37 %.

2.3.2 Crystal Growth and Device Fabrication

A 2.5 pm-thick undoped GaN channel layer, a 25nm-thick n-type Aly,6Gag 74N barrier layer
(Ng=4x10'® cm™3) and a 50 nm-thick n-type Ing 09 Alp.32Gag 50N capping layer (Ng = 9% 108 cm™3)
were grown in order on the sapphire (0001) substrates by the metalorganic chemical vapor depostion
(MOCVD). Trimethylgallium (TMG), trimethylaluminium (TMA) and trimethylindium (TMI) were

used as the precursors of group-III material and ammonia was used as the nitrogen source. The
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compositions of the grown InAlGaN layers were estimated by both the electron-probe microanalysis
and Rutherford backscattering.

Figures 2.4 and 2.5 show the w-26 X-ray diffraction spectra of InAlGaN/GaN heterostrucutures
with various composition and the reciprocal space map of the Ing g9 Al 32Gag 50N/GaN heterostruc-
ture, respectively. The thickness of InAlGaN layer of each sample was approximately 150 nm.
The Ing g9Alg32Gag s9N/GaN structure exhibits a single peak at the same diffraction angle of GaN
(36.4°), which indicates that the grown InAlGaN layer is lattice-matched with the underlying GaN
layer. The bandgap of InAlGaN layer measured by cathodeluminescence was 3.46 eV. Thus, the
bowing parameter for InGaN was calculated to be relative large value of 2.3 eV.

The schematic cross section and the cross sectional transmission electron microscope (TEM)
images of the fabricated device is shown in Figs. 2.6 and Fig. 2.7, respectively. The sheet resistance
(rsn) of the HFET with the InAlGaN capping layer is 400 Q/[]. The recessed structure was formed
on the epitaxial wafer by the inductively coupled plasma (ICP) dry etching, followed by device
isolation using selective oxidation [38]. After Ti/Al alloy ohmic electrodes formation, Pd-Si gate
electrode was formed in the recessed area by evaporation and lift-off [6]. The gate length (L) and
the gate-source spacing (Lgg) were 1 and 4 um, respectively. The width of the recessed area was 5
pm. The measured drain current-voltage characteristics of the fabricated HFET with the InAlGaN
capping layer are shown in Fig. 2.8. Relatively low source resistance (Rs) of 4.8 Qmm and on-state

resistance (R,,) of 11.6 Qmm were obtained.

2.3.3 Analysis of Parasitic Resistance

To analyze in detail the resistive components in the fabricated HFETS, the contact resistance and
the sheet resistance were measured by the transfer-length method (TLM) for both recessed and
non-recessed structures as shown in Fig. 2.9. The measured sheet resistance and specific contact
resistance are denoted as ry, and p. for the non-recessed structure, rgy2 and pc ,,,; for the recessed
structure. Table 2.2 summarizes the results. Typical values for HFETs with the conventional GaN
capping layers are also listed in Table 2.2 for comparison.

As for the contact resistance between the Ti/Al ohmic electrodes and the capping layer (p.), a
low value of 1.0 x 107® Qcm? was obtained on the InAlGaN capping layer. This reduction of p.
might suggest the larger electron affinity of InAlGaN than that of GaN. Furthermore, the actual
specific contact resistance to the 2DEG (pc ,;) of the HFET with the InAlGaN capping layer was
4.7x 107> Qcm?, which was one third as low as that of the HFET with the conventional GaN capping
layer. The suppression of the depletion at the heterojunction interface should lead to effective
lowering of the hetero barrier height, resulting in the low contact resistance. The expected band
structure is shown in Fig. 2.10, comparing with that of the HFET with the conventional GaN capping
layer.

To confirm the reduction of the parasitic resistance at the heterojunction, the measured parasitic
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Figure 2.7: Cross-sectional TEM image of the fabricated HFET.
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Figure 2.9: (a) Non-recessed and (b) recessed structures for the TLM measurements.
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Table 2.2: Measured sheet resistance and specific contact resistance for the non-recessed structure
(rsh and p.) and for the recessed structure (rsn2 and P¢ e )-

Capping layer InAlGaN GaN
h i f
Sheet res1stancF: 0 . ran [Q/00] 400 130
the whole epitaxial layer
Specific contact re@stance e [O sz] 10x10-6 3.2% 10-6
to a capping layer
Sheet resistance of 2DEG rep [Q/U] 550 450

Specific contact resistance
to 2DEG

P opg [Qem?] 4.7x107° 1.4x 1074
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Figure 2.10: Expected band diagram of the HFET with InAlGaN and GaN capping layers.
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resistance was analyzed by using the two layer model shown in Fig. 2.11, enabling the separation of
the parasitic resistive elements of a FET with a capping layer [39]. In this model, the total resistance

between point A and B is given by

2 2 .

Rugy = 0702 1 2rsnirshe + (ryy + 1) Cosh kL + (rsn1 + rsh2)pck sinh kL
total = -
T et + e Tshl + Tsh2 k sinh kL ’

k = /w (2.12)
£h

In these equations, rg, and rgpp represent the sheet resistance of the capping layer and the 2DEG,

2.11)

where

respectively, L represents the length between the edge of the electrode and that of the recessed area,
and py, is the parasitic resistance at the heterojunction. Actual contact resistance (Rya1) is expressed

with the measured p (ora1 and rgpp in Table 2.2 by the following equation:

Rtotal = Vpc 2DEG Fsh2. (213)

The sheet resistance of the capping layer (rgn1) is calculated with the measured rgpp and rg, by the

following equation:

Vsh2Tsh

. (2.14)
Vsh2 — Ish

Fsh1 =
By using Eq. (2.11), (2.13) and (2.14), Rital, *sh1 and pn shown in Fig. 2.11 were calculated.
The calculated resistance are summarized in Table 2.3. Compared with the GaN capping layer, the
InAlGaN capping layer enables lower p by a factor of one fifth. The presented sheet resistance
of the InAlGaN capping layer (about 1470 Q/[J) is more than 8 times higher than that of the GaN
capping layer (about 180 Q/[J). This implies that further reduction of Ry, is expected by reducing
the resistivity of InAlGaN, which could be realized by optimization of the growth condition. If the
sheet resistance of the InAlGaN capping layer is reduced to the same level with the GaN capping
layer, the source resistance of 0.9 Qmm could be achieved, which is one third as low as the source
resistance of the conventional GaN capping layer. Since the measured bowing parameter is larger,
resulting in smaller bandgap than expected, more incorporation of In and Al to increase bandgap of

InAlGaN would further reduce the hetero barrier and the source resistance.

2.4 Summary

In this chapter, effects of the polarization charges on the performance of GaN-base devices. To reduce

source resistance in AlGaN/GaN heterostructures, introduction of capping layers using InAlGaN
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Figure 2.11: Equivalent circuit model of the capping layer and the channel regions of an HFET.

Table 2.3: Calculated values of the actual contact resistance (Rya1), the sheet resistance of the capping
layer (rsn1) and the parasitic contact resistance at the heterojunction (o).

Capping layer InAlGaN GaN

Contact resistance
to 2DEG

Sheet resistance of
capping layers

Parasitic resistance
at the heterojunction

Rtotal [Q mm] 1.6 2.5
rsh1 [Q/C] 1470 180

pn[Qem?]  7.8x107% 4.1x107
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quaternary alloys was demonstrated. The composition of the InAlGaN alloys was designed to be
lattice-matched with GaN to serve enough thickness, and to have close band gap and total polarization
as compared with an underlying AlGaN barrier layer so that electron depletion and a potential barrier
were eliminated at the InAlGaN/AlGaN interfaces. Detailed analysis of source resistance revealed
that parasitic resistance at the InAlGaN/AlGaN interfaces was 7.8 x 107% Qcm?, which was one-fifth
as low as at the conventional GaN/AlGaN interfaces. Thus, use of the InAlGaN quaternary alloys
as a capping layer for AlGaN/GaN HFETs is promising technique to reduce the source resistance

enabling improved device performance.
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Chapter 3

AlGaN/GaN HFETs for High Frequency
Applications

3.1 Introduction

AlGaN/GaN heterojunction field effect transistors (HFETs) have been widely investigated for high
frequency and high power applications owing to the superior material properties such as the high
saturated electron velocity and the high breakdown voltage [1-6]. In the development of the Al-
GalN/GaN HFETs for microwave power applications, one of the most critical issues to be overcome
was the transient decrease of a drain current or/and the increase of the on-state resistance observed
after applying high drain voltage referred to as “current collapse” [7-11]. Since the current collapse
has severely limited the performance of the AIGaN/GaN HFETs, it should be suppressed for the
practical applications. Among the various approaches to suppress the current collapse, one of the
most effective ones is the adoption of the field plates, the additional electrodes formed on a dielectric
layer at the drain side of the AlGaN/GaN HFETs [12-16]. The relief of the electric field crowding at
the drain side of gate edge by the field plates results in the suppression of the carrier trapping effect
causing current collapse as well as the increase of the breakdown voltage [17, 18].

At present, AlIGaN/GaN microwave power transistors on SiC substrates have been commercialized
taking advantage of better lattice matching of SiC to GaN and the high thermal conductivity of SiC
[20]. Although use of SiC substrates for the GaN-based transistors is promising, the high cost and the
small wafer size are potential obstacle for the wide spread use in the future. Recent progress of the
epitaxial growth of GaN on cost-effective Si substrates in a large diameter is expected to overcome
the issue [21-24]. However, the high frequency performance of GaN transistors on Si is not yet
satisfactory in terms of the output power and the gain as compared with those on SiC [25-27].

In this chapter, the effects of the field plates on the high frequency performance was investigated
to achieve the AIGaN/GaN HFETs on Si substrates exhibiting high power together with high gain.
The design of the field plate structure using the device parameters extracted from the small signal

characteristics based on the equivalent circuit is described.
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3.2 High Power, High Gain AlIGaN/GaN HFETs

3.2.1 Structure of AlIGaN/GaN HFETs with Field Plates

The schematic cross section and the scanning electron microscope (SEM) image of the AlIGaN/GaN
HFET with the filed plates are shown in Figs. 3.1 and 3.2, respectively. AIGaN/GaN heterostructures
were grown on highly resistive Si substrates by metal-organic chemical vapor deposition (MOCVD).
Owing to the optimized growth conditions, the high mobility of 1900 cm?/(V-s) as well as the low
sheet resistance of 340 /L] was achieved. Ti/Al was used as ohmic contacts for the source and the
drain, while Ni/Au was used for the gate electrode. Field plates connected to the source electrodes
were placed over the SiN passivation [28,29]. Electroplated Au layers were formed as a part of
the interconnections. The gate length (Ly) and the gate-drain spacing (Lgq) were 0.6 and 3.0 um,
respectively. The length between the drain side of the gate edge and the edge of the field plate is
defined as the field plate length (Lgp).

The fabricated device typically exhibits the maximum drain current and the on-state resistance of
850 mA/mm and 4.0 Q-mm, respectively. Figure 3.3 shows the pulsed current-voltage (/-V) charac-
teristics of the fabricated AlIGaN/GaN HFET. The off-state stress for the pulsed /-V measurements
was given by the biasing condition with the gate-source voltage (Vgs) of -5 V and the drain-source
voltage (Vgs) of 50 V. The I-V curves with and without the off-state stress are identical, indicating

that the device does not suffer from current collapse.

3.2.2 Design of Field Plates

Prior to the detailed designing of the field plates, large signal performance of the fabricated Al-
GaN/GaN HFETs were characterized by load-pull measurement at 2.5 GHz to examine the effect
of the field plate. In this measurement, the ends of the field plate was placed in the middle of the
gate-drain spacing (Lgp, = 1.5 um), which was expected to reduce the maximum electric field around
the gate at best [15,30]. Figure 3.4 shows the measured power characteristics of the HFETs with and
without field plates. It is seen that the field plate increases the gain at low input power. The maximum
output power, however, is not much increased because of the gradual reduction of the gain at the
increased input power as seen in Fig. 3.4, even though the output matching is adjusted to serve the
highest output power. The output impedance of the fabricated HFETs with and without field plates
at various drain voltages is shown in Fig. 3.5, where it is found that the variation is significant for the
device with the field plate. Increasing the input power leads to the larger swing of the drain voltage.
Thus, the observed variation of the output impedance by the introduction of the field plate results in
the increase of the matching loss at the output side for higher input power. Consequently, the gain is
gradually reduced for the increased input power as shown in Fig. 3.4. Thus, the suppression of the

change of the output impedance should be critical to attain high maximum output power maintaining
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Figure 3.1: Schematic cross section of the fabricated AlIGaN/GaN HFET.
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Figure 3.2: Cross sectional SEM image of the fabricated AlIGaN/GaN HFET.
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Figure 3.3: Pulsed 7-V characteristics of the fabricated AlGaN/GaN HFET with and without the
off-state stress.
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Figure 3.4: Power characteristics of the AlGaN/GaN HFETs with 1.5 um field plates and without
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Figure 3.5: Change of the output impedance ($,,) for the variation of the drain voltage (V). Dotted
line represents the variation for the device with the field plate length (Lgp) of 1.5 um,
while solid line represents that for the device without the field plate.
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the high gain.

To clarify the reason for the variation of the output impedance, S-parameter measurements were
performed and the device parameters were analyzed by using the equivalent circuit shown in Fig. 3.6.
Besides the conventional gate-to-source capacitance (Cgs) and the drain-to-source capacitance (Cgys),
the additional capacitance are added onto the conventional equivalent circuit to describe the effects
of the field plates in this model, which are denoted as Cgs_f, and Cys_fp, respectively. Based on this
circuit model, the device parameters were extracted for the various bias conditions from the measured
S-parameters [31,32].

Figures 3.7 and 3.8 show the extracted gate-to-drain capacitance (Cgq) and the total source-to-
drain capacitance (Cys + Cqys_fp) as a function of the drain voltage for the various field plate lengths,
respectively. The Cgq, which acts as a feedback capacitance, is reduced by the field plates regardless
their lengths, supporting the experimentally observed increase of the gain at the low input power.
The source-to-drain capacitance varies dramatically at higher drain voltage in the HFETs with longer
field plates. It is found that the variation can be suppressed by shortening the field plates down to
0.6 um. It is also noted that the Cys in Fig. 3.8 without field plates (Lg, = O um) is less than 40 fF
up to 60 V of the drain voltage. The values are not changed for the variation of the drain voltages
and the values are far smaller than the extracted Cys_f, originated from the field plates. Thus, the
variation of the source-to-drain capacitance can be the origin of the above-mentioned change of the
output impedance so that the variation of the output impedance can be suppressed by shortening the
field plates.

The change of the output impedance by the variation of the drain bias was measured for the HFETSs
with shorter field plate length as shown in Fig. 3.9. The change is suppressed by shortening the field
plate length down to 0.6 um from the conventional one with the length of 1.5 um as seen in the
figure. The suppression of the change should help to increase the output power of the HFETs while
maintaining the high linear gain.

Figure 3.10 shows the measured and simulated values of the maximum output power (Pp,x) and the
linear gain for the HFETSs with the gate width of 0.8 mm plotted as a function of L¢,. The simulation
was carried out by using the commercially available EEHEMT large signal model with the device
parameters shown in Fig. 3.6. In Fig. 3.10, symbols represent the experimental values, while dashed
lines represent the simulated ones. The output power where the gain deviates from the linear gain
by 3 dB, referred to as P3qg, is defined as the maximum output power. The experimental values well
agree with the simulated ones, where the 0.6 um of the field plate length is the optimum to achieve

both the high gain and the high output power.
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Figure 3.6: Equivalent circuit model used for the extraction of the device parameters of the Al-
GaN/GaN HFET.
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represents the variation for the device with the Lg, of 1.5 um.
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3.3 Performance of Fabricated AlIGaN/GaN HFETs

To demonstrate the higher absolute output power with the high gain for practical applications, the
power measurements of the AlIGaN/GaN HFET with the gate width of 48 mm were performed.
Figure 3.11 shows an experimentally obtained output power and a gain together with power-added
efficiency (PAE) of the fabricated AIGaN/GaN HFET on a Si substrate with the field plate length of
0.6 um. Here, the PAE is given by the following equation:

Pout — P;
PAE = -2 10 (3.1
Ppc
POth 1
= 1-—), (3.2)

where Py, and P, represent the input and output power, Ppc represents the supplied DC power, and
Gy is a gain. A maximum output power of 203 W and a linear gain of 16.9 dB were achieved at
2.5 GHz. High drain voltage of 50 V can be applied, which helps to attain the high output power.
High PAE of 64 % was confirmed, which is attributed to less reduced gain even at a high input power
due to the short field plate length since PAE is related to a gain as derived from Eq. (3.2).

3.4 Discussion

Figure 3.12 shows the maximum output power of the fabricated AlGaN/GaN HFET with gate width
of 48 mm measured for various drain voltages. Since the output power is still increased up to 50 V,
further increase of an output power is expected by increasing breakdown voltage while providing

sufficient thermal managements. Power consumption of HFETs is denoted by
P = Ppc + Pin — Pout. (3.3)
Substituting Eq. (3.1) into Eq. (3.4) results in
P = Ppc(1 — PAE). (3.4)

Since this power consumption is converted into heat, high PAE associated with high gain is important
in terms of thermal managements. A device with lower PAE requires more severe heat dissipation
design such as thinning substrates and enlargement of heat sink to avoid device destruction, which
makes device fabrication more complicate.

In measurement of power performance, a matching condition for achieving high output power
and that for achieving high efficiency are generally different, rather in a trade-off relation. Since
this difference originates in the on-state resistance of HFETs, it is important to reduce the on-

state resistance to achieve a high output power together with high efficiency [33]. For instance,
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Figure 3.11: Power chacteristics of the fabricated AlGaN/GaN HFET with the gate width of 48 mm.
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intoroduction of InAlGaN capping layer would be effective for reduction of the on-state resistance
Combining the adequate design of field plates, which leads to high power with high efficiency, and

reduction of on-state resistance will enable further improvement in the power performance.

3.5 Summary

High output power with high linear gain at 2.5 GHz by AlGaN/GaN HFETs on Si have been
demonstrated. The field plates, which reduce the feedback capacitance, were designed using the
device parameters extracted from the small signal RF performance. In general, length of a field plate
is a half of gate-drain spacing, which is most effective to relieve an electric field crowding at a gate
edge, whereas it was experimentally found that such long field plates caused significant change of
output impedance by variation of drain voltage, resulting in reduction of a maximum output power.
The equivalent circuit analysis revealed that change of drain-source capacitance caused the change
of the output impedance which could be suppressed by shortening the field plates. The fabricated
HFETs with field plate length of 0.6 um shorter than the conventional length exhibited the high
output power of 203 W with high linear gain of 16.9 dB at 2.5 GHz. The presented AlIGaN/GaN
HFETs have demonstrated the highest linear gain among the reported 100 W-class GaN-based power
amplifiers on Si, demonstrating that they would lower the system cost and make the system smaller
with the reduced number of the power amplifier stages. Thus, the presented HFETSs are promising
for various microwave applications including cellular base stations taking advantages of the superior

performance.
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Chapter 4

Interface Properties in Al,O3/AlGaN/GaN

Metal-Insulator-Semiconductor Diodes

4.1 Introduction

AlGaN/GaN heterojunction field-effect transistors (HFETSs) are promising for power switching appli-
cations, owing to the superior properties of GaN based materials [1-3]. From a fail-safe viewpoint,
such applications require normally-off operations of the AlIGaN/GaN HFETs, mainly achieved by the
design of the gate structures. Among the various gate structures proposed [4—7], a metal-insulator-
semiconductor (MIS) gate should be the most promising since the introduction of gate insulators
effectively reduces the gate leakage current and enhances the gate-voltage-swing, which is indispens-
able for such applications [8—13]. Among the various insulators, Al,O3 is one of the most suitable
choices because of its large dielectric constant, high breakdown electric field and large offset of the
conduction band energy between Al,O3 and GaN [14—-16]. The atomic layer deposition (ALD) is
widely used to form Al,O3, which is advantageous due to its good controllability of thickness with

good uniformity.

However, the interfaces between AlGaN/GaN heterostructures and Al,O3 insulators have never
been stable enough to use GaN-based MIS transistors for practical applications because of lack of
good thermal oxide as in Si device. In addition, fabrication processes such as dry etching additionally
affect the interfaces, causing an undesired hysteresis in transfer characteristics which needs to be

solved for practical use.

In this chapter, effects of device fabrication processes on the MIS interface properties were
investigated for the purpose of achieving technical directions to obtain the stable MIS interfaces.
The interface states at the Al;O3/AlGaN MIS interfaces and fixed charges in Al,O3 insulators were
characterized by analyzing the C-V characteristics of the Al,O3/AlGaN/GaN MIS heterojunction

diodes.
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4.2 Characterization Method of AlGaN/GaN MIS

Heterostructures

Characterization of the Al,O3/AlGaN MIS interface properties, including the extraction of the charge
density in the insulators and interface state density at the MIS interfaces, were carried out by fitting
calculated C-V curves with experimental ones. The calculations were performed by numerically
solving the Poisson equation, taking account of the polarization charges at the AlGaN/GaN het-
erointerfaces, the interface state charges at the Al,O3/AlGaN MIS interfaces and fixed charges in
the AlL,O3 films [17-19]. Figure 4.1 shows the calculated C-V curves for Al,O3/AlGaN/GaN MIS
diodes composed of 30-nm-thick Al,O3 films and 45-nm-thick AlGaN layers, illustrating that each
kind of charges has different effects on C-V curves. In this figure, increase of negative charges or
reduction of positive charges is assumed, leading to a shift of C-V curves in a positive direction. In
the opposite case, C-V curves shift in a negative direction. Among these charges, the polarization
charges alter only the first step of the C-V curve corresponding to the threshold voltage (Vin) as
shown in Fig. 4.1 (a), while the fixed charges in the Al,O3 films shift the whole curve as shown
in Fig. 4.1 (b). The acceptor-type states at the Al,O3/AlGaN interfaces produce negative charges
by capturing electrons, mainly exhibiting less steeper slope of the second step in the C-V curve
corresponding the trapped electron density with sweeping gate voltage as shown in Fig. 4.1 (c).
Although the deep acceptor-type states with long emission time constants remain negatively charged
even under a large reverse bias and act as negative fixed charges [18], the effect is indistinguishable
from the effect of the pure fixed charges in the Al,O3 films. Sum of these negative fixed charges
and the fixed charges in the Al,O3 films are therefore considered as the effective fixed charges in this

study.

4.3 Charge Engineering at MIS Interfaces during Device

Fabrication Processes

4.3.1 Effects of Dry Etching Process

To achieve normally-off operations together with low on-state resistanc in AIGaN/GaN HFETs, a
combination of the MIS and recessed gate structures is promising. The recessed gate structures,
where AlGaN barrier layers are thinned selectively under the gate electrodes, are generally formed
by dry etching [5,20]. Several reports, however, have pointed out that a dry etching process induces
deteriorative damage on the GaN and AlGaN surfaces [21-24]. Although such damage should affect
the MIS interfaces formed on the dry-etched surfaces, there have been only a few reports on the
characterization of the MIS intrerface properties formed on the dry-etched GaN and AlGaN surfaces.

Hence the effects of the dry etching process on the MIS interfaces was investigated.
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Figure 4.1: Schematic illustration about effects of (a) polarization charges at the heterointerfaces, (b)
fixed charges in Al,O3, and (c) interface state charges at the Al,O3/AlGaN MIS interfaces
on the C-V characteristics of Al,0O3/AlGaN/GaN MIS heterojunction diodes. Dashed
lines represent the calculated C-V curves without interface charges (ideal curves), while
solid lines represent ones with taking each charge into account.
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Two types of the Al,O3/AlGaN/GaN MIS heterojunction diodes shown in Fig. 4.2 were used to
examine the effect of the dry etching. Although both structures have the same AlGaN thickness
of 5 nm, the MIS structures were formed on dry etched surfaces in one diode (Fig. 4.2(b)) while
on as-grown surfaces in the other (Fig. 4.2(a)). The Aly,GapgN/GaN heterostuctures were grown
on Si substrates by metal organic chemical vapor deposition (MOCVD) using the optimized growth
conditions to obtain high-quality epitaxial heterostructures on Si substrates [25]. The thickness of
AlGaN layers for the diodes with and without dry etching process were 45 and 5 nm, respectively.
Then, the 45-nm-thick AlGaN layer was thinned down to 5 nm by Cl,-based inductively coupled
plasma (ICP) etching. The AlGaN layer thickness was thus 5 nm in both devices, which is expected
to attain normally-off operations. 20-nm-thick Al,O3 films were then deposited on both structures
by the ALD at the substrate temperature of 300 °C. In the ALD process, trimethylaluminum (TMA)
was used as the Al precursor and oxygen plasma was used as the oxidant. After insulator deposition,

cathode (Ti/Al) and anode electrodes (Ni/Au) were formed by electron beam evaporation.

Figure 4.3 shows the C-V characteristics of the fabricated Al,O3/AlGaN/GaN MIS diodes with
and without dry etching on the AlGaN surfaces. The C-V measurements were carried out at room
temperature (RT) at a measurement frequency of 100 kHz, and anode bias was swept from 8 to -2
V. The MIS diodes fabricated on AlGaN/GaN heterostructures generally show C-V curves with two
steps, which correspond to the capacitance of insulators and the series capacitance of insulators and
AlGaN layers [26,27]. In contrast, C-V curves in Fig. 4.3 show one step, which is attributed to the
thin AlGaN layers designed to attain normally-off operations. In this case, the value of the series
capacitance becomes almost the same as that of the capacitance of the insulator and thus the C-V
curve shows one step. In addition, the Fermi level crosses the interface state level near a threshold
voltage in MIS heterojunction diodes with such thin AlGaN barrier layers as shown in Fig. 4.4 (a),
which enables the extraction of the information on the interface states from the slope of C-V curves
near the threshold voltage. This is in contrast to the C-V curves of MIS heterojunction diodes with
thick AlGaN layers, the slopes in which no longer reflect the interface states because the Fermi
level is far below the valence band maximum of AlGaN at the Al,O3/AlGaN interfaces around the
threshold voltage as shown in Fig. 4.4 (b). The MIS diode without dry etching exhibits a steeper
slope of the C-V curve near the threshold voltage as shown in Fig. 4.3, indicating lower trap density
at the Al,O3/AlGaN interfaces.

To examine the MIS interface properties in detail, the C-V characteristics of both diodes were
measured at various frequencies. Figure 4.5 compares the C-V characteristics of both diodes with
and without dry etching measured at the frequency varying from 10 Hz to 100 kHz. Here, a larger
dispersion is observed in the MIS diode with dry etching, which should be a reflection of the poorer
interface quality [Fig. 4.5 (b)]. In addition, a ledge is observed in the C-V curve measured at low
frequencies near the threshold voltage. Since interface states with long emission time constants

can respond to a measurement signal at the low frequency, the measured capacitance contains more
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Figure 4.2: Al,03/AlGaN/GaN MIS heterojunction diodes fabricated (a) without and (b) with a dry
etching process.
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accurate information about deep interface states. The observed ledge thus indicates the existence of
relatively deep traps besides continuous states at the MIS interface.

To estimate the interface states quantitatively, the interface state density was then evaluated by fitting
a calculated C-V curve with an experimental one. Figure 4.6 shows a comparison of the calculated
and experimental C-V curves of both MIS diodes with and without dry etching. The calculated
curves well agree with the experimental ones. Extracted interface-state-density distributions, that is,
the interface state distributions assumed in the C-V curve calculations, are shown in Fig. 4.7. The
distributions are based on the disorder-induced gap state model assuming donor-like states below the
charge neutrality level and acceptor-like states above it [28]. The best fitting result reveals that dry
etching increased interface state density especially around 0.4 eV below the conduction band edge of
AlGaN. Since the energy level corresponds to the reported values [29-31], this increase is probably
related to nitrogen vacancy near the AlGaN surfaces, which would be induced by reaction between

highly active Cl-based radicals and nitrogen atoms near the AlGaN surfaces.

4.3.2 Effects of Annealing Process

Control of Vi, of Al,O3 based GaN-MIS devices toward normally-off operations is one of the most
critical issues to be solved, the values of which tend to be lower than the designed ones presumably
due to the presence of positive fixed charges at the MIS interfaces or/and in the Al,Os3 films [32,33].
While several groups have reported the effects of the post-deposition annealing (PDA) on the fixed
charges in Al,O3/GaN MIS diodes [34-36], understanding about effects on Al,O3/AlGaN/GaN MIS
heterostructures is required to achieve practical GaN-based MIS-HFETs. For this purpose, effects
of the PDA on Vi, of AlGaN/GaN MIS heterojunction diodes with the ALD-Al,O3 insulators using
H,O vapor and O, plasma as the oxidants were investigated.

Figure 4.8 shows the schematic cross section of the fabricated Al,O3/AlGaN/GaN MIS het-
erojunction diodes. AlGaN/GaN heterostructures were grown on Si substrates by metal-organic
chemical vapor deposition (MOCVD). 30-nm-thick Al,O3 films were deposited on the AIGaN/GaN
heterostructures by ALD at 300 °C, using TMA as the aluminum source, H,O vapor and O, plasma
(p-0Oy) as the oxidants. To investigate the effects of the PDA, some samples were annealed at 750 °C
in an mixture of O, and N, atmosphere for a period of 90 or 180 min. Ti/Al and Ni/Au electrodes
were formed for cathode and anode contacts, respectively. Circular MIS diodes with a diameter of
200 um were fabricated for the C-V measurements. The anode-cathode spacing was 5 um.

Figure 4.9 shows the measured C-V characteristics of the fabricated AlIGaN/GaN MIS diodes with
(a) HyO-Al,O3 and (b) p-O,-Al,03 annealed for different periods. The calculated C-V curves are
also plotted with solid lines in Fig. 4.9, in good accordance with the measured ones. Ideal curves
calculated without any interface state charges nor fixed charges in the Al,O3 films are also shown
as references. The extracted fixed charge densities and polarization charge densities plotted as a

function of the annealing time are shown in Fig. 4.10. Without annealing, the HO-Al,O3 contains
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with and without dry etching.
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Figure 4.8: Schematic cross section of the fabricated Al,O3/AlGaN/GaN MIS heterojunction diodes.
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Figure 4.9: C-V characteristics of the MIS-diodes with (a) HyO-Al,O3 and (b) p-O;-Al,03 for
various annealing time. Symbols represent measured curves, while solid lines represent
calculated ones.
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the higher density of positive fixed charges (6.2 x 10!2 cm~2) than the p-0,-Al,03 (1.3 x 10'2 cm™2),
which results in the lower Vi, of the MIS-diode with the H,O-Al,03. According to the fist-principles
study of Al,Os, point defects related to the oxygen deficiency in Al,O3, such as oxygen vacancies and
aluminum dangling bonds, exhibit positively charged states [37,38]. The H,O oxidant provides lower
reactivity than the p-O, oxidant in the ALD process [39—41], which causes the oxygen deficiency
leading to the higher density of the positive fixed charges.

By applying the PDA with the annealing time of 90 min, the C-V curve of the HO-Al,03 exhibits
parallel shift of +4.0 V as shown in Fig. 4.9 (a), corresponding to the reduction of the positive fixed
charge density from 6.2 x 10'% t0 2.2 x 10!! cm™2. The reduction is probably due to the compensation
for the oxygen deficiency with the annealing process in the O, atmosphere. In contrast, the fixed
charge density in the p-O,-Al,O3 does not change by the PDA, which results in the small Vi, shift, as
shown in Fig. 4.9 (b). This insensitivity to the PDA in O, atmosphere should originate from the less
deficient situation of oxygen in the as-deposited p-O,-Al,O3. The second step of the C-V curve shifts
in the negative direction with its slope getting steeper by the PDA, indicating the reduction of the MIS
interface state density. The extracted interface state density in the p-O,-Al,O3/AlGaN MIS interface
with the PDA ranged from 9 x 10'' to 2 x 10'' cm™2 eV~! near the conduction band edge, which
is less than a quarter of that in the as-deposited p-O;-Al,O3/AlGaN MIS interface. The frequency
dispersion in the C-V characteristics was observed only in the p-O,-Al,O3-MIS diode without the
PDA, which should support this tendency. The increase of capacitance value by the PDA at the gate
voltage over 5 V corresponds to the decrease of the Al,O3 thickness from 32 nm to 30 nm confirmed
through the transmission electron microscope analysis. Instead of the reduction in the fixed charge
density in Al,O3, the reduction in the polarization charge density from 3.6 x 10'? t0 2.5 x 10'? cm™2
yielded the Vi, shift of +2.0 V in the p-O,-Al,03 MIS-diodes by the PDA with the longer annealing
time of 180 min. Because the p-O,-Al,03/AlGaN MIS interface was exposed to the highly reactive
p-O; at the beginning of the Al,O3 deposition, oxidation of the AlGaN surface should be more
promoted as compared with the H,O oxidant as reported in the Al,O3/GaN MIS interface [42].
The excessive oxygen atoms substitute for the nitrogen sites in AlGaN while forming deep electron
traps [43], which can reduce the sheet carrier density at the AlIGaN/GaN interface [44]. Hence the
author believes that the reduction of the polarization charge density in the p-O,-Al,O3 MIS diode
reflects the reduced sheet carrier density in this manner. Assuming that all the reduction of the sheet
carrier density is attributed to electron capturing by the deep traps, the trap density is 1.1 x 10'> cm=2,
which is almost comparable to the previously reported value [45]. Further investigation is required

to confirm the validity of this speculation.

4.3.3 Effects of Nitrogen Incorporation into Al,O;

To obtain the stable MIS interface properties, improvement in the properties of insulator is of

vital importance. Several reports have pointed out the relations between traps in Al,O3 films and
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instabilities in Vi, [46—48], mentioning the importance of reducing traps in Al,O3 films as well as
interface state density at MIS interfaces. As for reduction of traps in Al,O3 films, it has been reported
that nitrogen incorporation into Al,Os is effective to reduce the number of electron traps in the Al;O3
gate insulators of Si and SiC MISFET [49,50]. Thus effects of the nitrogen incorporation into Al;O3

on AlGaN/GaN heterostructures were investigated to examine its validity in GaN based MIS devices.

The structures of the fabricated MIS diodes are basically same as FIg. 4.8 except that nitrogen
is incorporated into the Al,O3 films. The nitrogen incorporated Al,Oj3 is hereinafter referred to as
AION (Aluminum OxyNitride). AIGaN/GaN heterostructures grown on Si substrates were used in
this study. 30-nm-thick AION films were deposited on the AIGaN/GaN heterostructures by ALD at
300 °C. Incorporation of nitrogen into Al,O3 films was performed by combining deposition of Al,O3
and AIN. The precursors were TMA and O, plasma for Al,O3, while TMA and NH3 plasma were
used for AIN. The nitrogen content in the deposited AION films was 10 %, which was confirmed by
X-ray photoelectron spectroscopy (XPS).

Figure 4.11 compares the C-V characteristics of the fabricated MIS diodes with AION and Al,O3
gate insulators, where the calculated C-V curves are also plotted with solid lines. The AION MIS
diodes exhibit steeper slope at the second step in the measured C-V curve than the Al,O3 MIS diodes,
indicating lower interface state density at the MIS interfaces. The extracted interface state density
at the AION/AlGaN MIS interfaces was 8 ~ 9 x10'! cm™2 eV ~! near the conduction band edge of
AlGaN, which was one-sixth as low as at the Al,O3/AlGaN MIS interfaces. It has been reported that
radical treatment using nitrogen plasma prior to insulator deposition is effective for removing surface
contaminations and premature native oxides [46,51]. Thus, the NH3 plasma used for incorporating
nitrogen should be effective for pretreatment on the AlGaN surfaces, leading to the lower interface

state density.

Figure 4.12 shows the value of the threshold voltage shift in the C-V characteristics as a function
of the maximum gate voltage. The threshold voltage shift is effectively suppressed in AION MIS
diodes, indicating that AION has higher immunity against electron injection than Al,O3. Charge
density contributing to the threshold voltage shift is 3 x 10! cm™2 for AION at the maximux gate
voltage of 6 V, which is less than a half of Al,O3 (8 X 10" cm™2). According to the results of
first-principle calculations, O-vacancies in Al,O3 generate a defect level, which can be eliminated by
incorporation of nitrogen [52]. The reduction of negative charges in AION after applying positive gate
voltage should be attributed to the reduced defect level as compared with Al,O3. The incorporation
of nitrogen into Al,Os3 is thus promising to obtain stable gate characteristics of GaN-based MIS

devices.
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4.4 Discussion

As described in this chapter, device fabrication processes affect the charges at the MIS interfaces
and in the Al,Os3 films. Here, effects of such charges on the Vi, is described in detail. The Vi, of an
AlGaN/GaN MIS-HFET is given by the following equation [53]:

Tox IA1GaN
Vih = ¢ — AEC — ¢F — (— + O AlGaN/GaN
Eox EAlGaN
lOX tOX tOX
——(gNsurf — OAIGaN) — —¢ (Nit + Noxintf + _Nox,bulk) , 4.1)
0X €ox 2

where ¢y, is the metal barrier height, AE¢ is the total offset of conduction band edge at Al,O3/AlGaN
and AlGaN/GaN, and ¢r is energy difference between the conduction band edge and the Fermi level
in the GaN bulk; 7 is the thickness, € is the permittivity, and the subscripts ox and AlGaN refer to the
Al O3 and AlGaN layer, respectively; oaican/Gan and o aiGan are the total polarization sheet charges
at an AIGaN/GaN interface and at an AlGaN surface; Nyt is a surface donor density at the AlGaN
surface, Nj; represents the net charge density of Al,O3/AlGaN interface traps below the Fermi level,
Nox.intt and Nox puik are the fixed charge density of near interface traps and bulk traps in the Al,O3
film, respectively.

The last term in Eq. (4.1) represents charges at MIS interfaces and in an insulator. Nj; should
be eliminated to achieve the stable gate characteristics because of their unstable properties, while
there’s room for consideration about negative charges in an insulator since negative charges can
shift threshold voltage in a positive direction and they are thus beneficial in terms of normally-off
operations as far as the charges are stable. Furthermore, reduction of surface donor density is great
potential to achieve high threshold voltage offered by large negative sheet charge originate from
polarization of AlGaN, although the existence of the surface donor is still in debate [54]. While the
surface donor is believed to be formed already during growth of the heterostructures, reduction of
its density by pretreatment of insulator deposition, deposition of insulators or/and post-deposition
annealing would enable the GaN-based MIS-HFETs with the normally-off operations or even much

higher threshold voltage.

4.5 Summary

Effects of the device fabrication processes, including dry-etching, post-deposition annealing, and
incorporation of nitrogen into Al,O3, on the Al,O3/AlGaN MIS interface properties have been
investigated by analyzing C-V characteristics of Al,O3/AlGaN/GaN MIS heterojunction diodes the
Al,O3 insulators of which were deposited by atomic layer deposition (ALD).

The dry-etching process increased an interface state density from the middle of 10'?to 10> cm™2eV~!,

especially around 0.4 eV below the conduction band edge of AlGaN, which would be related to the
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nitrogen vacancies. The dry-etching process would induce the desorption of nitrogen atoms from the
AlGaN surface, hence the process should be avoided to obtain the stable MIS interface properties.
The post-deposition annealing (PDA) at 750 °C in O, atmosphere reduced the positive fixed
charges in the Al,O3 films or/and Al,O3/AlGaN MIS interfaces, which causes the positive shift in
threshold voltage. Dependency of the reduction on an oxidant used in deposition of Al,O3 implied
that an origin of the positive fixed charges were oxygen deficiency in Al,O3. The PDA leading to the
positive shift in threshold voltage is advantageous for achieving the normally-off operations.
Nitrogen incorporation into Al,O3 films was performed by NH3-plasma during the ALD process.
AION (N incorporate Al,O3) with N composition of 10 % significantly suppressed the threshold
voltage shift in the C-V curves. The negative charge density in the AION insulators contributed to
the threshold voltage shift was estimated at 3 x 10'! cm~2 for gate voltage of 6 V, which was a half
as low as that in the Al,Os3 insulators, implying reduction of electron traps in the insulators. The

nitrogen incorporation into Al,O3 is thus promising for achieving the stable gate characteristics.
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Chapter 5

AlGaN/GaN MIS-HFETs for Power
Switching Applications

5.1 Introduction

AlGaN/GaN heterojunction field-effect transistors (HFETS) are very promising for power switching
applications owing to their potential for high speed switching that would make the switching system far
compact. The metal-insulator-semiconductor (MIS) gate structure is favorable for such applications
because introduction of the gate insulators over the heterostructures can reduce the gate leakage
current while serving normally-off operations, which enables large gate-voltage swing leading to fast
switching operations. However, such fast switching operations by satisfactorily high current and high
voltage MIS-gate GaN transistors have never reported presumably due to the instability of the gate
characteristics [1,2]. As described in Chapter 4, device fabrication processes affect the stability of
the gate characteristics in the MIS-gate devices. Combining the appropriate processes will enable
the fabrication of the AIGaN/GaN MIS-HFETs with the stable gate characteristics.

In this chapter, a normally-off AlGaN/GaN MIS-HFET on a Si substrate with high current and high
voltage capability exhibiting the stable gate characteristics is demonstrated. Based on the results in
Chapter 4, a novel fabrication process flow is proposed to achieve stable gate characteristics, including
aprocess to form recessed gate structures, deposition of gate insulators, and post deposition annealing.
The resultant device performance such as stable gate characteristics and fast switching operations
exhibited by the fabricated AlIGaN/GaN MIS-HFETs is described.

5.2 Normally-off AlGaN/GaN MIS-HFETs

5.2.1 Device Structure

The schematic cross section of the fabricated AlGaN/GaN MIS-HFET is illustrated in Fig. 5.1. The
AION gate insulators, which is nitrogen incorporated Al, O3, suppress the threshold voltage shifts and
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Figure 5.1: Schematic cross section of the fabricated AlGaN/GaN MIS-HFET.
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reduce hysteresis in the transfer characteristics as described in Chapter 4. The recessed gate structures
are introduced to reduce the parasitic resistance while achieving the normally-off operations. Since
the sheet carrier density at the AlGaN/GaN heterojunction depends on the AIGaN thickness, thinning
the AlGaN layer is required to obtain the normally-off operations. The on-state resistance, however,
increases with the reduction of the sheet carrier density in access regions in the conventional planar
structures [3—5]. The recessed gate structures, where the AlGaN layer is thinned only under the gate
electrodes, are thus effective to break this trade-off. To avoid introducing processing damage into the

MIS interfaces, a regrowth technique was adopted to form the structures.

5.2.2 Device Fabrication Process

The fabrication process flow of the presented AlIGaN/GaN MIS-HFETs is shown in Fig. 5.2. The
Alp,Gap gN/GaN heterostructure was epitaxially grown on a Si substrate by MOCVD. After the
AlGaN layer was removed selectively in gate regions by ICP dry etching, 5-nm-thick AlGaN layers
were regrown over the grooved structures of the AlGaN/GaN epitaxial layers by MOCVD. This
process enables fabrication of the recessed gate structures without introducing the processing damage
deteriorative for the MIS interface characteristics described in Chapter 4. In addition, this regrowth
process provides more precise control of the AlGaN layer than the conventional dry etching process,
resulting in the good reproducibility of the threshold voltage [6]. A 30-nm-thick AION insulator was
then deposited by ALD, nitrogen composition of which was 10 %. The post depostion annealing
(PDA) was carried out in oxygen atmosphere at 750 °C for 180 min. As described in Chapter 4, this
PDA process causes the positive shift of the threshold voltage, ensuring the normally-off operations
of the fabricated AlGaN/GaN MIS-HFETs. Ti/Al for source and drain electrodes, and Ni/Au for
gate electrodes were formed by electron beam evaporation. Figure 5.3 shows a cross-sectional
transmission electron microscopic (TEM) image of the fabricated AIGaN/GaN MIS-HFET. A gate
length and gate-drain spacing are designed to be 2 and 10um, respectively, to achieve breakdown
voltage over 600 V. A top-view photograph of the fabricated MIS-HFET with the gate width of
100 mm is shown in Fig. 5.4. The above-mentioned fabrication process has enough reporducibility

to fabricate such large devices with the chip size of 2.3 mm X 2.3 mm.

5.3 Performance of Fabricated MIS-HFETs

Figure 5.5 shows the transfer characteristics of the fabricated AION/AlGaN/GaN MIS-HFETs with
the gate width of 0.1 mm measured for various maximum gate voltages. The MIS-HFETs exhibited
the normally-off operations, the threshold voltage Vi, of which was 1.4 V. In addition, the V4, is not
changed even by increasing gate voltage up to 10 V. This stable Vi, should be attributed to AION gate

insulators, enabling application of high gate voltage leading to high speed on-state switching.
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Figure 5.2: Fabrication-process flow of the AlIGaN/GaN MIS-HFETSs using AION gate insulator.
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Figure 5.3: Cross-sectional TEM image of the fabricated AION/AlGaN/GaN MIS-HFET.
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Figure 5.4: Top-view photograph of the fabricated AION/AlIGaN/GaN MIS-HFET with the gate
width of 100 mm.
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Figure 5.5: Transfer characteristics of the AION/AlGaN/GaN MIS-HFETs for various maximum gate
voltages.
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To confirm switching performance with high current and high voltage, the AION/AIGaN/GaN
MIS-HFETs with the gate width of 100 mm were characterized. Figure 5.6 shows the gate current-
voltage (Igs-Ves) characteristics of the fabricated MIS-HFET. The gate leakage current is as low
as 1 uA at the gate voltage of 15 V, indicating that the fabricated device has enough high gate
breakdown voltage for the measurement of switching performance. The on-state and off-state drain
current-voltage (/4s-Vys) characteristics are shown in Figs. 5.7 and 5.8, respectively. The maximum
drain current reaches 25 A at the Vg of 10 V. The obtained on-state resistance (Rop) is as low as
270 mQ that is reduced by 84 % by introducing the recessed gate structures as compared with the
conventional planar devices. The off-state leakage current is successfully reduced by the process
optimization and the breakdown voltage reaches 730 V.

The switching characteristics were measured for the 25 A / 730 V devices with an off-state drain
voltage of 400 V, an on-state drain current of 10 A, and an inductive load by using the test circuit the
schematic diagram of which is shown in Fig. 5.9. The devices were packaged in the surface-mount
packages to minimize parasitic inductance. Figure 5.10 shows the measured switching characteristics
at gate voltage of 10 V, where very fast switching operations with both turn-on and turn-off transition
time as short as a few nanoseconds were experimentally confirmed. The measured switching speed
(dV/dt) for the turn-on and turn-off transisions are 151 V/ns and 154 V/ns, respectively. Here, the
switching speed is defined as the drain voltage change during the time it takes to fall from 90 to
10 % or to rise from 10 to 90 % of the maximum drain voltage. High current density thanks to the
material properties of GaN enables a shrink of device size for a certain rated current as compared
with conventional Si devices, leading to reduction of parasitic capacitance and thus shortening of
switching time. These values are sufficiently fast for practical use in power conversion systems

operating in a MHz range.

5.4 Discussion

The fabricated AION/AIGaN/GaN MIS-HFETs exhibited the stable threshold voltage for increasing
gate voltage up to 10 V, which enables shortening of switching time for turn-on transitions. Figure 5.11
shows switching time for turn-on, that is the sum of delay time and transition time, as a function of
gate voltage. The switching time is reduced from 8 to 4 ns by increasing the gate voltage from 5 to
10 V.
The delay time for turn-on (z4) is given by
ta = Ro(Cas + Cog) In Ves (5.1)
d= d)In =———, .
g\~gs g Vgs — Vi
where R, is external gate resistance, Cgs and Cgq are gate-source and gate-drain parasitic capacitance,

Vin and Vg are threshold voltage and applied gate voltage [7]. Substituting the measured Vi, results
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Figure 5.6: Gate current-voltage characteristics of the fabricated AION/AlGaN/GaN MIS-HFET with
the gate width of 100 mm.
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Figure 5.8: Off-state drain current-voltage characteristics of the fabricated AION/AlGaN/GaN MIS-
HFET measured at the gate voltate (Vys) of 0 V.
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Figure 5.9: Schematic test circuit diagram for the measurement of the switching characteristics.
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Figure 5.10: Switching waveform of (a) turn-on and (b) turn-off transitions exhibited by the fabricated

AION/AIGaN/GaN MIS-HFET.
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in 55 % reduction of delay time for the increasing Vs from 5 to 10 V, which agrees well with the
experimentally observed reduction of switching time. Since two gate capacitances (Cys and Cgq)
are charged by a gate current caused by applying gate voltage to the external gate resistance in this
period, the delay time is reduced by increasing the gate voltage. Meanwhile, the transition time for
turn-on is given by

Cys + (1 + ngg)ng

ty = VoD, 5.2
r Io & gV DD (5.2)

where Ip and Vpp are on-state drain current and off-state drain voltage, g, is transconductance of the
devices, and Cy;s is source-drain parasitic capacitance [7]. Equation (5.2) indicates that the transition
time is independent of gate voltage. Thus, the fast switching operations exhibited by the fabricated
AION/A1GaN/GaN MIS-HFETs resulted from the shortening of delay time by applying high gate
voltage. To achieve further faster switching operations, reduction of parasitic capacitance (Cgs, Cgd,

and Cys,) is required.

5.5 Summary

In this chapter, the normally-off AlIGaN/GaN MIS-HFETs on Si substrates with high-current and
high-voltage capability exhibiting the stable gate characteristics were demonstrated. The AION gate
insulators with the nitrogen composition of 10 $ and formation of the recessed gate structures using
the regrowth process contribute suppression of the threshold voltage shift and the hysterisis in the
transfer characteristics. The O, annealing performed at 750 °C after deposition of AION shifts V;, in
the positive direction, resulting in the normally-off operations. The fabricated devices are almost free
from the threshold voltage shift and the hysteresis in the transfer characteristics, ensuring applicable
gate voltage as high as 10 V. The experimentally confirmed switching speed for off-state drain voltage
of 400 V and on-state drain current of 10 A with an inductive load is very fast with dV/dr of 151 V/ns
and 154 V/ns for turn-on and turn-off transitions, respectively. In particular, the switching time for
the turn-on transitions are reduced from 8 to 4 ns by increasing gate voltage from 5 to 10 V, taking
advantage of the stable gate characteristics of the fabricated MIS-HFETs. The achieved switching
performance indicates that the presented AION/AIGaN/GaN MIS-HFETs are very promising for

practical power switching applications.
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Chapter 6

Conclusions

6.1 Conclusions

In this thesis, effects of the interfacial charges, such as the polarization charges at the heterojunctions
and the charges at MIS interfaces of Ill-nitride semiconductors, on the device performance were
investigated to improve the performance of the AlGaN/GaN HFETs.

In Chapter 2, effects of the polarization charges at the heterojunctions of the Ill-nitride semi-
conductors on the device performance were described. The polarization charge is one of the most
important features in the III-nitride semiconductors, which provides a high density of 2DEG with
a high mobility, at the heterointerface, for example, at the AIGaN/GaN interface. Meanwhile, the
polarization charge at the GaN/AlGaN interface caused the depletion at the interface, which led
to the increase of the parasitic resistance in AlGaN/GaN HFETs with a GaN capping layer. The
InAlGaN quaternary capping layer was proposed to suppress the depletion at the interface between
the capping layer and the barrier layer. The composition of the InAlGaN layer was designed to be
lattice matched with GaN serving enough thickness and to have equal or larger polarization than that
of the underlying AlGaN barrier layer. The InAlGaN layer with designed compositions was grown on
AlGaN/GaN heterostructures by MOCVD. The resultant parasitic resistance at the InAlGaN/AlGaN
heterojunciton was 7.8 X 107 Qcm?, which was one-fifth as low as in the GaN/AlGaN interface.

In Chapter 3, improvement of the output power together with a higher gain in the AIGaN/GaN
HFETs on the Si substrates for high frequency applications was demonstrated. So far, high frequency
performance of AlIGaN/GaN HFETs on Si substrates are not yet satisfactory in terms of an output
power and a gain as compared with HFETs on SiC substrates, partly because of poorer crystal quality
of GaN on Si, limiting operating voltage. To improve the device performance of the HFETs on
Si, effects of the field plates on the device performance was investigated. In general, field plates
are introduced to enhance breakdown voltage by relieving electric field crowding and their ends are
designed to be placed in the middle of gate-drain spacing. This study revealed that such a long field
plate caused significant variation of the output impedance by the change of the drain voltage and

thus limited the maximum output power. The small-signal equivalent circuit analysis revealed that
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the variation of the drain-source capacitance caused that of the output impedance, which could be
suppressed by shortening the field plate. The fabricated AlIGaN/GaN HFET on the Si substrate with
a field-plate length of 0.6 ym and gate width of 48 mm exhibited an output power of 203 W together
with a linear gain of 16.9 dB at 2.5 GHz, which was high enough to be practically applied to power

amplifiers for the cellular base stations.

In Chapter 4, effects of the device fabrication processes, such as dry-etching, deposition of insula-
tors, and post-deposition annealing, on the Al,O3/AlGaN MIS interface properties were investigated
by analyzing the C-V characteristics of the Al;O3/AlGaN/GaN MIS heterojunction diodes. Al,O3
was deposited by Atomic Layer Deposition (ALD), using TMA as a precursor and O,-plasma and
H,O0 as oxidant. The interface state density was increased from the middle of 10! to 103 cm=2 eV~!
by the dry-etching process especially around 0.4 eV below the conduction band edge, which would
be attributed to a trap related to N-vacancy on the underlying AlGaN surface. The N-vacancy is
generated possibly with dissociation of nitrogen from the AlGaN surface while producing volatile
N-based products during dry-etching process. The threshold voltage shift in the positive direction
was caused by post-deposition annealing in the oxygen atmosphere at 750°C due to reduction of
the positive charges at the MIS interface or/and in the Al,O3 films. The reduction of the positive
charges was more significant in Al,O3 deposited using H>O oxidant (6 x 10'> cm~2) than O,-plasma
(almost no change was observed), implying that the positive charges are related to oxygen deficiency
in Al,O3. AION was deposited by incorporating nitrogen into Al,O3 by NHs-plasma during the
ALD process. AION with nitrogen composition of 10 % exhibited the suppressed threshold voltage
shift of 0.2 V at the anode bias of 6 V as compared with Al,O3 (0.6 V). The captured electron density
of AION was estimated 3 x 10'! cm~2, which is less than half of Al,O3, indicating of reduction
in electron trap density in accordance with the reported result of first-principle calculation. These
results are instructive for designing threshold voltage of AlIGaN/GaN MIS-HFET and achieve the

stable gate characteristics.

In Chapter 5, AlGaN/GaN MIS-HFETs on Si substrates with stable gate characteristics were
demonstrated. The fabrication process was based on the results described in Chapter 4, including the
formation of the recessed gate structures with the barrier layer regrowth, the adoption of the AION
(nitrogen incorporated Al,O3) as the gate insulator, and the post-deposition annealing in the oxygen
atmosphere. The structure of the fabricated MIS-HFET was AION 30 nm/Aly 2Gag gN 50 nm/GaN/Si,
and thickness of AlGaN layer under gate electrode was 5 nm. N composition in an AION insulator
was 10 %. The fabricated AlIGaN/GaN MIS-HFETs exhibited normally-off operation with threshold
voltage of 1.4 V, to which the gate voltage as high as 10 V was applicable without causing the
hysteresis and the threshold voltage shift. The switching measurement at the off-state drain voltage
of 400 V and the on-state drain current of 10 A with an inductive load was carried out using the
fabricated AION/Al1GaN/GaN MIS-HFET with gate width of 100 mm which exhibited a maximum

drain current of 25 A and off-state breakdown voltage of 730 V. The experimentally confirmed
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switching speed was 151 and 154 V/ns for turn-on and turn-off transitions. The turn-on time was
reduced from 8 to 4 ns by increasing the gate voltage from 5 to 10 V, taking advantage of the stable
gate characteristics. The achieved switching speed and turn-on time were fast enough for MHz-class

switching applications.

6.2 For Future Work

This thesis has shed light on the effects of the interface charges on the device characteristics,
particularly the parasitic resistance at the heterojunctions and threshold voltage of the AIGaN/GaN
MIS-HFETs to improve the device performance. In this section, the author would like to refer to the
remaining issues together with the suggestions for the future work to achieve further improvement in
the performance of AlGaN/GaN HFETs.

In terms of the high frequency applications, the following items should help to achieve further

improvement of the device performance.

* Although reduction of the parasitic resistance by balancing the polarization charges at the het-
erojunctions between the capping layer and barrier layer was achieved, the improvement in the
high frequency performance of AlGaN/GaN HFETs has not been demonstrated. Introduction
of the InAlGaN capping layer to the AIGaN/GaN HFETs with the source field plates will

exhibit higher gain with higher efficiency owing to the reduced source resistance.

* Applying the lattice-matched InAlGaN alloy to a barrier layer instead of a capping layer of the
GaN-based HFETSs can produce higher density of sheet carriers than the conventional AlGaN
barrier layer without causing deteriorating cracks in the barrier layers, which should increase

the drain current and thereby the output power.

As for the power switching applications, the following items should be clarified to put the GaN-

based MIS devices into practical use.

* The MIS-HFETs proposed in this thesis exhibit a practical switching speed for MHz-class
switching applications, whereas their on-state resistance is relatively high and the channel
resistance has turned out to be dominant. Since the low on-state resistance is required to attain
the highly efficient operations, effects of the MIS interface properties on the channel resistance

should be investigated to reduce it.

* Although the presented MIS-HFETs exhibit the stable threshold voltage even after the contin-
uous switching operations, the long-term reliability has not been characterized. There have
been no reports on effects of the GaN MIS interface charges on such reliability, which should

be investigated to implement the GaN-based MIS devices.
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Finally, the author believes further progress of the material and device technology should realize

the comfort and convenient society together with sustainability.
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