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Chapter 1
Introduction

1.1 Background

Power semiconductor devices play a crucial role in the regulation and distribution of power and energy in
the world. The 21" highly-networked information society typified by information technology (IT) is
estimated to use much more electric power than the 20™ century, in all aspects such as energy flow,
information flow, and materials flow. The demand of electric power which is clean and user-friendly tends
to be proportional to the GNP (gross national product), and electric power con\}ersion from energy becomes
distinguished all over the world. The power conversion efficiency from primary energy has been already
achieved at a level of ~40 % in advanced countries such as USA and Japan. Furthermore, in the advanced
countries, the conversion efficiency is also estimated to increase( more than ever, in accordance with the .
advance in IT and the popularization of electric vehicles (EV), hybrid electric vehicles (HEV), and fuel cell
vehicles (FCV). From a Viewpoint of global environment, the total cqnversion efficiency may attain a level
of ~50 % in the middle of the 21¥ century.  Thus, power electronics as a means to control electrical energy
will show more and more increasing importance in refining and innovating the social infrastructure in the 21 B
century of full-blown electric epoch.  Up to date, power switching devices which act as a core technology of
the power electric system have been fabricated from Si semiconductor, and Si has long been the dominant
semiconductor of choice for high-power devices. Additionally, it is well recognized that the improvements
in system performance in term of éﬂiciency, size, and weight, are driven by enhancements made in power
device characteristics. Power devices used in the power electric system can be broadly classified into two

categories; power rectifiers and power switches. Recently, Si-based power devices encounter its theoretical
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limitation due to its material properties. In Si power dévices, power output under a high-frequency
operation is not so high due to power loss consisting of conduction loss and switching loss. In order to
minimize the power loss in Si power devices, there has been a concerned effort to reduce on-resistance by
increasing the device die area.  In high-frequency applications, as the die size increases, an increase in input
capacitance produces a corresponding increase in switching loss that offsets a reduction in conduction loss
achieved by a decrease in on-resistance. Thus, it is necessary to reduce the specific on-resistance to keep the
die size for small input capacitance. At the same time, to break through the vmaterial limits of Si and to
realize a drastic performance improvement needed to meet the severe requirements in the future, wide
bandgap semiconductors such as SiC, GaN, and diamond, have attracted much attention because of their
superior material properties. Thus, new functional power devices based on wide bandgap semiconductors
will be desirable, and might be expected to operate the electric power with high efficiency, instead of the Si

power devices.

1.2 Prospects of GaN Power Devices in EV Electronics

Switching gear to EV electronic applications, nowadays, some kinds of HEV, equipped with a gasoline
engine and an electric motor, start to be commercialized. In the commercialized HEV, driving energy flows
from both an engine and a battery, as shown in Fig. 1.1. In the near future, we have to develop the zero
emission vehicles, because low emission is strongly required for environmental protection. Here, an ideal
vehicle is thought to be a pure EV and/or a FCV. In the pure EV and FCV, a motor and an inverter
correspond to an engine of the present automobile. The motor performance is now superior to the inverter
performance.  As a consequence, the driving performance of HEV, EV, and FCV is limited by the inverter
performance.  Thus, the inverter performance needs to be better improved. However, there are some |
dévelopment issues of power devices for EV electronic systems; low cost, high current density (> 300 A/cmz),
high blocking voltage (~1000 V), high operation temperature (~200 °C), high efficiency from low output to

maximum output (monopolar device), and high reliability (gate oxide, sblder, etc, for 15 years). As
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described in section 1.1, Si-based power devices are rapidly approaching the theoretical limits of performance.
- Thus, we need to investigate new materials instead of Si. ' Wide bandgap semiconductors such as SiC, GaN,
~ and diamond, are most prémising for this application, because they offer several potential advantages over
Si-based power devices in fhe areas of switching (faster with lower power loss), operating temperature, and
blocking voltage. Unique material properties such as wide bandgap, high electric breakdown field, and high

saturated electron velocity give these materials their tremendous potential, as described later.

. Battery

Engine i % —
: H Inverter

Motor

Transmission

FIG. 1.1 A schematic of HEV system.

In general, GaN have Wﬁrtzite and Zincblende pofytypes. Tﬁé_-prcspecﬁve polytype for power devicés
is Wurtzite GaN, as shown in Fig. 1.2, because the bandgap of Wur’tzite- GaN is much larger than that of
Zincblende GaN Waurtzite -GaN  has recently attracted mcreasmg mterest for applications in
high-temperature and high-power electronics due to the outstandmg features as summanzed in Table 1.1
[1-4]. The first feature is a wide bandgap of 3.39 eV, which is about three times vlarger thanthat of Si.  The
wide bandgap of GaN results in a very low intrinsic carrier concentration #; of 1.9x10"° cm? that’gives

negligible junction leakage current up to 500 °C.  This allows high-temperature operation without excessive
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leakage or thermal runaway and reduces cooling reqﬁirements, as well as 4H-SiC. The second attractive
feature is a high breakdown field of 4x10° V/em, which is about one order of mégnitude larger than that of Si.
- The high breakdown field strength requires thinner drift layers for a given blocking voltage, as compared to
Si, thus reducing the specific on-resistance and storage of minority carriers. Then, iﬁ‘édditioﬁ to a decrease
in conduction loss, the associated switching loss is redﬁced,_ which enables higher switching frequency 6f the
devices and significantly reduces the size and weight in the magnetic components in power switches.
Figure 1.3 shows a plot of avalanche and punch ﬂlroug’h‘breakdown of GaN Schottky diodes calculated as a
function of doping concentration and standoff layer thickness. It can be seen that a 1 kV device is obtained
With‘ 5-pm—thiék GaN layer with a doping concentration of 4.6x10'® cm®.  The third featur‘e is a high
saturated drift Velosity'of 3.0x10” cr/s, which is about three times larger than Si.  This excellent transport
property determines the limit for high frequency operation. Thus, these material properties make GaN
suitable for high-temperature, high-power, and high-frequency electronic applications. In particular, GaN
power devices can be expected to operate with power‘ loss 6f 1/100 and to downsize 10 times smaller

compared to Si power devices.

N atom |

Ga atom

FIG 12. Unit cell of Wurzite GaN structure.
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TABLE 1.1. Comparison of semiconductor material properties at 300K.

Property Si GaAs 4H-SIiC GaN

Bandgap Eg (eV) 1.12 1.42 3.25 -3.39
Breakdown Field EB (MV/cm) 0.25 04 3.0 40

Electron Mobility 1 (cm?/V-s) 1350 6000 800 1300

Maximum Velocity vs (107 cm/s) '1 0 2.0 2.0 3.0
Thermal Conductivity y (W/cm-K) 15 0.5 49 1.3
Dielectric Constant & 118 128 = 97 9.0

CFOM= ygpvsEB2/(xepusEB?)si y 8 458 489

* CFOM : Combined Figure of Merit for high-temperature/high-power/high-frequency applications
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FIG 13. Calculated breakdown voltage as a function of ddping concentration
. and thickness of the drift region in GaN Schottky diodes.
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1.3 GaN and Related III-Nitrides for Device Applications
GaN and related [-nitride material systems (InN and AIN) have been viewed as highly promising for

optoelectromc device applications at blue and ultraviolet wavelengths [5-12]. ~ As members of the I-nitride |
family, AIN, GaN InN, and their alloys are all wide bandgap semiconductor matenals ‘and can be
crystallized in both Wurtznte and Zincblende polytypes. In particular, Wurzite GaN, AIN, and InN have
direct bandgaps of 3.39, 6.2, and 0.7-1.9 €V at room temperature, respectively. From-a viewpoint of
aveﬂable tzvide rahge of direct bandgap energies, GaN alloyed with AIN and InN spans a corltinuous range of
direct bandgap energies throughout much of ‘the visiple spectrum well into the ultraviolet wavelengths.
Thus, these Il-nitride systems become attractive for light emittihg diodes (LEDs) [5-11], laser diodes (LDS)
[12], and detectors, which are actlve in the green, blue, or ultraviolet wavelengths.

Substantial research on I-nitrides growth was initiated in early 1960s. However, they have trailed way
behind the easier-to-grow Siand GaAs semiconductors. - Nearly 30 years, Si and GaAs have been pushed 10
their theoretical limits, while [l-nitrides have ‘been just beginntng to show their prospect. The technological

spin-offs came late, because ideal substrates could not be found and consequently the grown GaN thin films

contained substantial concentration of defects and had high n-type background. In addition, even in GaN
films having relatively small background electron concentration, p-type doping could not be achieved until
1990s. Thus, in the past, the poor quality of the materials, the lack of p-type doping,' and the absence of

reliable processing procedures thwarted engineers and scientists ﬁom fabricating these useful devices.

However, the 1990s have brought significant advances in the sophlstlcatlon of growth techniques, the purity

of the chermcals used for film deposition, the controlled introduction and activation of selected impurities,
and progress in processing techniques. ~ Most of the aforementioned obstacles have been overcome, and the
optical devices have been demonstrated and 'partially'eommerc‘:ié]ized. ‘From materials science to device
engineering, Ill-nitride technologies have shown a Iate but exciting development.

The growth of GaN thin films is difficult due to the unavailability of suﬂiciently large single crystals for

use as substrate for homoepitaxial growth. Thus, up to now, heteroepitaxial growth has been a practical

12
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necessity and the choice of substrate is critical. Possible substrate materials should have low thermal
expansion and lattice mismatch with the grown crystals.  Also, they should be unaffected by the growth
chemistries such as NH; and H, at high growth temperatures around 1100 °C. Under these constraints,
sapphire (ALO3) and SiC are the most popular substrate materials used currently.  When hexagonal GaN is
grown on the (0001) basal plane of ALO;, a lattice misfit of ~13 % exists at the growth temperatures. A
high density of threading dislocations is observed in GaN layers. The residual strain is comparable to the
lattice misfit between 6H-SiC and GaN, and the result is comparable dislocation densities observed. The
materials with a close lattice match with GaN, such as LiAlO, and LiGaO,, were also used for epitaxial ,.
substrates [13,14]. However, the grown GaN lacked the desired electrical properties due to either the rough
growth or unintentional contamination from the substrates. The ideal candidate substrate is clearly a
freestanding GaN wafer. Several research groups have been investigating the growth of the bulk GaN
crystals and very thick films through various techniques such as sublimation boule-growth and hydride vapor
phase epitaxy (HVPE) growth [15-18]. However, commercially available large area GaN wafers appear to
be at least an away.

In addition to optical applications, GaN and related materials (especially AlGaN and AIN) are very
promising candidates for demanding transistor applications such as high-power, high-frequency microwave .
amplifiers and switches due to their outstanding features, as stated herein. An unique feature of Ill-nitride
materials cofnpared to SiC is the heterostructure technology.  Quantum well, modulated-doped
heterointerface, and heterojunction structure can all be made in the IlI-nitride system. Figure 1.4 shows a
typical schematic of an AlGaN/GaN heterostructure. Due to the large conduction band discontinuity, the-
electrons diffusing from the large bandgap AlGaN into the smaller bandgap GaN férm a two-dimensional
electron gas (2DEG) in the triangle quantum well at the interface. The sheet carrier density of the 2DEG is
further enhanced by the strong piezoelectric effect in GaN.  These piezoelectric coefficients of the -nitride
semiconductors with a Wurtzite polytype are about an order of magnitude higher than those of traditional
M-V semiconductors such as GaAs and InP [19].  Theory have suggested a high peak electron velocity of

13
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~3x107 crmy/s and an electron mobility of ~2000 crm®/V's in the GaN channel at room temperature at a carrier
concentration of 10" em? [20,21]. By using the 2DEG characteristics, some kinds of AlGaN/GaN high
electron mobility transistors (HEMTS) have been reported. The first AlGaN/GaN modulation-doped
field-effect transistors (MODFETS) were demonstrated by Khan ef al. in 1993 [22].  These devices showed
a tfansconductance of 23 mS/mm and 2DEG mobility of 563 cm*/Vs at 300 K. They also reported the first
microwave results with a cutoff frequency frof 11 GHz [23]. In the early stages, the MODFETs exhibited
very low transconductances and relatively poor frequency response.  This is consistent with the defect-laden
nature of the early GaN and AlGaN layers. With improvements in the materials quality, the
transconductance, and the current capacity, a number of AlGaN/GaN heterostructure FETs (HFETs) have
been reported, showing excellent device breakdown characteristics and power performance. Today,
state-of-the-art AIGaN/GaN HEMTs and amplifiers exhibit an output power density larger than 20 W/mm
[24].  Furthermore, an all implanted GaN junction FET (JFET), GaN metal-insulator-semiconductor FETs
(MISFETSs) and GaN metal-oxide-semiconductor FETs (MOSFETs) with reasonable performance have been
recently reported [25-27]. These devices potentially have advantage of hjgh-tempefature operation due to

low reverse leakage currents.

FIG 14. Conduction band structure of a modulation-doped structure.

14
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1.4 Basic Technologies for GaN Power Devices
A number of GaN-based FETs with reasonable performance have already been reported, as stated herein.

However, all the devices are a normally-on type. Electronic devices for EV power applications strongly
require normally-off and high-temperature operation in addition to a high breakdown voltage and a large
current density. At the present, any suitable devices for EV electronics have not yet been realized.
Regarding GaN-based power switching devices (capable of 300 A/em? with 1.2 KV standoff voltage) in EV
electronics, there are some possiblé device structures, including vertical power MOSFET, vertical JFET, and
vertical MOSHFETs.  In both cases, a selective-area p-type doping is considered to be a most promising
processing technology to obtain normally-off operation required for EV electronics. In particular, the GaN
MOSFET equipped with a surface inversion mode is important for high-power switching device applications
in EV electronics, because it would provide for lower leakage currents and reduce power consumption,
enabling normally-off operation with a high blocking voltage even at high temperatures. Another
advantage of MOSFETS is a larger fr over its MESFET counterpart, due to a lower capacitance between
source and gate. Figure 1.5 shows a schematic of the vertical inversion-mode GaN MOSFET. In order to
realize this device, we must develop some advanced processing technologies such as n- & p-type ,implant
doping, gate insulator, freestanding GaN substrates with high conductivity, and high-temperature/high-current
stable ohmic contacts. Also, there are some processing problems of etching methods of GaN for the
fabrication of advanced GaN-based MOSFETs, JFETs, and/or MOSHFETs.  The conventional wet etching
for the GaAs technology is generally not applicable in [II-nitride devices due to the high chemical stability of
GaN under normal conditions. Instead, the étcln'ng of GaN has been achieved with dry etching methods,
such as reactive ion-etching (RIE), or electron-cyclotron resonance (ECR) plasma etching, or inductively
coupled plasma (ICP) etching. These dry etching techniques for GaN and related II-nitride materials often
result in damage induced by ion bombardment. From this point of view, ion implantation doping and gate

insulator are believed to become more important basic technologies for advanced GaN-based MOSFETs.
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FIG 1.5. A schematic of vertical inversion-mode GaN MOSFET.

Ton implantation is generally an enable technology for selective-area doping or isolation of advanced
electror;ic devices. In particular, implantation of donors at high doses can be used to decrease source and
drain access resistance in FETs, at lower doses to create channel regions for FETs, while sequential
implantation of both acceptors and donors may be used to fabricate pn junctions. In addition, ion
implantation is a suitable technology to explore doping, compensation effects, and redistribution properties of
the potential dopant species.

Furthermore, the most important requirement for GaN MOSFET is to have a suitable gate insulzixtc’)r
deposited or grown on GaN, which gives a low interface state density. As a consequence, the surface Fermi
level must not be pinned at the insulator/GaN interface, and the charges can be acéumulaIed or inverted,
depending on the polarity of the applied voltage. Regarding gate insulators of GaN, some' preliminary
results are becoming available for AIN [28], SiO; [29], SizNy [30], and Ga,03(Gd;O5) [31].  The latter

16
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Ga,03(Gd,05) insulator has produced excellent characteristics on GaAs-based MOSFETs and now is applied
to GaN.  For all the gate insulators, the interface state densities appear well above 10" em™ at the present.
More studies are required to understand interfacial electrical and structural properties of various GaN MOS

structures.

1.5 Dissertation Goal and Scope

This dissertation has focused on the development and understandingv of basic technologies such as n- &
p-type implantation doping and gate insulators to facilitate the fabrication of advanced inversion-mode GaN
MOSFETs. The subject of this work is of interest in both the fundamental and applied fields of these basic
technologies. Several important aspects of GaN processing are investigated in this work. Emphasis will
be placed on achieving efficient n-type implant doping by a co-implantation technique, developing electrical
characterization techniques for p-type GaN, catching sight of shallower acceptor formation by p-type implant
doping, and achieving an interface state density-less than 1x10" eV'em™ at thermally oxidized GaN MOS
structures in addition to the observation of surface inversion behavior. All the work is directed towards
optimizing the fabrication techniques of GaN power MOSFETs in EV electronic applications.

Chapter 2 discusses n-type implant doping of GaN, with emphasis on a co-implantation technique based
on a site-competition effect. The activation processes of implanted dopants such as Ge, Si, and O using
high-temperature annealing with an SiO, capping layer are examined.

Chapter 3 presents electrical characterization of Mg-doped GaN. The dependence of deep Mg
acceptors on activation annealing-temperature is revealed by using current deep-level transient spectroscopy
and thermal admittance spectroscopy techniques.

Chapter 4 deals with p-type implant doping of GaN. The acceptor levels that are present in
Be-implanted GaN are investigated electrically. Also, the effect of Be+O co-implantation on the Be

acceptor levels is electrically examined.

In Chapter 5, GaN MOS characteristics with gate insulator such as SiO, and/or f-Ga,Os dielectrics are

17
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described. Additionally, gate characteristics of stacked Si0y/B-GayOs/n-GaN MOS structures are also
examined. Electrical properties of B-GaOs/p-GaN MOS diodes with n” source regions, fabricated by
thermal dry oxidation and Si+N co-implantation techniques, are also assessed.

Chapter 6 offers conclusions of the current work and an outlook for the future research.
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Chapter 2
N-Type Implant Doping of GaN

2.1 Introduction

GaN is of increasing interest for high-temperature and high-power electronic devices, as described in the
previous chapter [1,2]. Various electronic devices based on GaN-related materials have already been
reported [3-11].  For the design of electronic devices, particularly from a selective-area doping point of View?
implantation doping offers several advantages compared to doping during film growth; the concentration of
the dopants is précisely controllable in the lateral and depth distributions, and favorable elements can be
implanted with sufficiently high purity. In addition, ion implantation can be widely accepted in the
semiconductor industry. Recently, implantation doping of GalN has become a practical option in the design
of electronic devices, with selective-area doping being of particular interest.

In general, group-IV and -1l elements such as Si and Mg are promising donor and acceptor impurities for
GaN, respectively. It is theoretically expected that these elements occupying a Ga-lattice site in GaN will
have a low formation energy and will form donor or acceptor energy levels. As for implantation doping of
GaN, several n- and p-type implantation techniques have already been reported with the use of Si
[6,8,9,12-19] being the most common dopant for n-type, and Mg [8,9,12,19,20] and Ca [6,21] the main
elements implanted for p-type doping. Recent studies have indicated that annealing at high temperatures is
effective for high electrical activation of the implanted dopant atoms [14]. However, in the case of
conventional implantation, where only one kind of dopant is used, the generation of many N vacancies and
self~compensation induced by site switching may occur in the implanted region after the high-temperaturé

annealing process. Therefore, in order to suppress the generation of N vacancies, an N-rich condition

21



22 Chapter 2. N-Type Implant Doping of GaN

should be created prior to implantation of the dopant atoms, and thus the irnplantation of additional N atoms
into GaN might be expected to increase the probability of the particular dopant atoms occupying a Ga-lattice
site [22,23]. In this chapter, we propose the co-implantation technique of N and dopant atoms to achieve
high electrical activation of the dopant, and demonstrate that Ge+N and/or Si+N co-implantation into GaN
can significantly enhance the Ge and/or Si electrical activation using Ge and Si as n-type dopants for GaN.
In the previous literatures, they have not yet investigated the doping characteristics and the structural defects
found in GaN when it is co-implanted and subsequently annealed. In particular, implantation—induced
defects might limit the performance of the electronic devices. Therefore, the structural defects introduced
by the implantation should be well understood froma viewpoint of the electronic device's applications.

Positron annihilation is an established technique for studying vacancy-type defects in semiconductors
[24]. For the past few years, this technique has been used to study native defects in as-grown GaN with n-
and p-type carriers [25-28], and these studies showed that positrons can be used as an effective probe for
investigating vacancy-type defecté and vacancy complexes in GaN. We have also studied the
implantation-induced defects in GaN by means of positron annihilation, and revealed that many Ga vacancies
(Via) are introduced by implantation. In section 2.2, we have systematically investigated the Ge-doping
characteristics and structural defecfs of Ge+N co-implanted GaN in view of GaN stoichiometry, and the
results are compared to those of conventional Ge-implanted GaN [29].

Si-doping characteristics in GaN have not yet been studied by using the co-implantation technique. As
stated herein, Si is the most commonly used dopant which generates n-type conductivity in GaN. In
addition, the Si implantation is expected to enhance n-type electrical activation, because Si is much lighter
than Ge and consequently may introduce much less damage in GaN.  In section 2.3, we have systematically
investigated the Si-doping characteristics of Si+N co-implanted GaN in view of activation annealing
condition, and the results are compared to those of conventional Si-implanted GaN [30].

In order to facilitate the design of the GaN' MOSFET as shown in Fig. 1.4, especially from a

selective-area doping point of view, implantation-doping technologies are considered as being essential. In
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particular, the combination of n- and p-type implantation-doping techniques is expected to be a powerful tool
for fabricating smart electronic devices such as a power switch. However, in their doping process, high
temperature annealing (> ~1200 °C) is generally required to activate the implanted Ge and/or Si atoms, as
discussed in sections 2.2 and 2.3 [29,30], whereas activation annealing should be within the temperature
limits of 1000 - 1100 °C to achieve the p-type activation [14,31,32], as stated in chapter 4.  This difference
of annealing temperature between n- and p-type activation may be a bottleneck when both
implantation-doping techniques are simultaneously applied to the realization of their device design. In
particular, thermal stabﬂity of GaN-based materials may be a concemn in the high-temperature annealing
process for n-type doping, since the annealing temperature is much higher than the growth temperature. |
Therefore, an n-type implantation-doping technique enabled relatively low-temperature activation is more
desirable. Here, O is of particular interest as a possible alternative n-type dopant from the fact that O acts as
a background n-type impurity in undoped GaN [21,33-36]. In addition, the O implantation doping is
expected to reduce the activation annealing temperature, because O is much lighter than Ge and Si, and
consequently may introduce much less damage in GaN lattice. In section 2.4, we have systematically

investigéted the doping characteristics of O-implanted GaN from a viewpoint of annealing temperature [37].

2.2 Ge+N Co-Implantation
2.2.1 Experimental

The GaN films used in these experiments were 4um thick. They were heteroepitaxially grown on
a-plane sapphire substrates by atmospheric pressure metal-organic chemical-vapor deposition (MOCVD) at
1025 °C, with a pre-deposited 20 nm GaN butffer layer grown at 550 °C.  Hydrogen was used as the main
processing gas and also as the carrier gas for the metal-alkyls. Trimethylgallium (TMG) and ammonia,
respectively, were used as the sources of Gaand N.  The GaN films were not intentionally doped, and had a
background n-type carrier concentratibn of ~2x10"® cm and a mobility of ~500 em?/Vs, as determined by

room-temperature Hall-effect measurements. In order to perform electrical characterization of the as-grown
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GaN films, lateral dot-and-ring Schottky diodes were fabricated as follows. Pt was evaporated as Schottky

contacts, and then ohmic contacts were made by Al evaporation. The dot Pt electrode had a diameter of 500

- um, and was surrounded by a ring Al electrode with a Imm gap. The area of the ring electrode was 100

times greater than that of the dot electrode.

After growth, the GaN samples were implanted in a conventional ion implanter using pure N, and GeFs
gases as the sources of the "N and ?Ge” species, respectively.  First the N* ions were implanted’at energies
of 35, 65, and 100 keV, respectively, to place the ion peak 53, 95, and 143 nm from the surface. The Ge"
ions were then implanted at a fixed energy of 150 keV to place its peak range at the same position as that for
the N" ions implanted at 35 keV. The N and Ge implant dosages respectively were varied between 2x10"
and 3x10" cm? to enable the N/Ge ratio to change. N-implanted GaN samples were also prepared for -
reference.  All the implants were performed at nominal room temperature, with an incidence angle 7 ° away
from the normai to the surface.  After implantation, a S00-nm-thick SiO, capping layer was deposited on the
top surface of the samples by plasma-enhanced chemical-vapor deposition at 250> °C to provide an
encapsuiation cap for the subsequent implant activation annealing. All the samples were annealed on a
SiC-coated graphite susceptor at 1300 °C for 5 min in flowing H; gas at a pressure of 10 Torr. Following
the anneal step, HF (49 % concentration) was used to remove the SiO; cap, and then Al-contacts were formed
at the comers of each sample by electron-beam evaporation. |

The Schottky diodes fabricated on the as-grown GaN before implantaﬁon were tested by

room-temperature current-voltage (/-V) and capacitance-voltage (C—V)‘ techniques. Typical rectifier

“characteristics of the n-type Schottky diodes were confirmed from the /-V measurements. The carrier

profile derived from the analysis of the C-J measurements was found to be uniform in the measured depth
range below the surface. The average net ionized donor concentration (N, - N,) at room temperature was

3

measured to be ~2.5x10'® cm®. Characterization of deep level defects by a deep-level transient

spectroscopy (DLTS) technique has also been carried out over a temperature range of 85 - 480 K, using the

self-produced equipment. The steady state reverse bias and filling pulse voltages were -5 and 0 V,
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respe;:tively. The width of the filling pulse was 100 us, which ensured that even traps with very small
electron capture cross sections were completely saturated. |

The carrjer activation after implantation and subsequent annealing was characterized by
room-temperature Hall-effect measurements. The depth distribution of the implanted Ge atoms was
measured by secondary ion mass spectrometry (SIMS).  The structure of the implanted region of the GaN
samples was analyzed by cross-sectional transmission electron microscopy (XTEM). Variable energy
positron annihilation spectroscopy (VE-PAS) was employéd at room temperature to determine the depth
distribution and chemical nature of the defects in the implanted samples.

For the VE-PAS measurements, using a mono-energetic positron beam, the Doppler broadening of the
electron-positron annihilation y-rays (~511 keV) was recordéd at room temperature with a Ge detector as a
function of incident positron energy E. A spectrum was measured for each value of E.  The shape of the
Doppler broadening spectrum was characterized by the conventional low and high electron momentum
parameters S and # [38]. The momentum of an electron that a positron annihilates primarily contributes to
the Doppler broadening of the resultant annihilation y-rays. Therefore, the level of the Doppler broadening
is a measure of the momentum state of the electron that a positron annihilates. Fundamental to this
experiment is the fact that a vacancy contains only delocalized electrons, which have a low momentum, and
thus annihilation in a vacancy produces a low Doppler shlﬁ Thus high S and low # values (narrow y-rays)

are associated with the presence of vacancy-type defects. -

2.2.2 Results and Discussion

Figure 2.1 shows typical DLTS spectra at various rate windows ‘l‘1/tg measured on the fabricated Schottky
diode of the as-grown GaN. The DLTS signal is the magnitude of the difference in the diode capacitance
recorded at two delay times, #; and #, after a filling pulse. In Fig. 2.1, the DLTS signal, |C(t)) - C(1))], 1s
displayed for the rate windows /%, = 500 ps/1 ms, 4 ms/8 ms, and 8 ms/16 ms; the electron emission rates

are 1386, 173.3, and 86.6 s, respectively. The spectra reveal two dominant peaks at around 330 and 150 K,
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which are labeled E; and E,.  These peaks shift toward higher temperatures with an increase in the electron
emission rate, which indicates that both peaks are assigned to deep-level electron traps. In the temperature
range displayed in Fig. 2.1 (85 - 480 K), no other deep level could be detected with the sensitivity of ~1 fF of

our DLTS measurements.
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FIG.2.1. DLTS spectra at various rate windows for the as-grown GaN.

The thermal activation energies for electron emission from the deep levels £; and E, were determined by
an Arrhenius aﬁalysis of the electron emission rates. The analysis yields activation energies for electron
emission into conduction band.  As shown in Fig. 2.2, activation energies from the bottom of the conduction
band are calculated to be ~0.59 (£;) and ~0.25 eV (E)) from the slope of the lines fitted to the Arrhenius plots
of electron emission rates e,/7” for these beaks, respectively. These energies have not been corrected for any
temperature dependence of the electron capture cross-section. These values are in reasonable agreement
with the results previously reported in the literature [39].

The amplitude of each peak in the DLTS spectra of Fig. 2.1 relates to the concentration N, of the
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corresponding level. The N, of the deep levels E; and E; are 23x10" and 3.1x10" cm®, respectively.

Their origin of these deep levels is unknown and may be native defects present in the as-grown GaN films.
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FIG.2.2. Arrhenius plots of electron emission rate e,/T” for the as-grown GaN.

The dependence of the depth distribution of the implanted Ge atoms on the co-implanted N peak range
was investigated. The implant conditions for typical samples 1 - 4 are summarized in Table 2.1, together
with their electrical data. Here, the implahted N and Ge dosages are fixed at 1x10" cm™ That is, an N/Ge
ratio is 1 in the case of the co-implantation with N and Ge atoms. Figure 2.3 shows SIMS profiles of the
implanted Ge atoms before and after annealing at 1300 °C, together with N and Ge atomic profiles calculated
by Transport of Ions in Matter software (TRIM).  There is little Ge-redistribution caused by the annealing in
all the SIMS profiles, regardless of the implanted N peak range. The experimental peé.k position of the
implanted Ge atoms is in reasonable agreement with that of the TRIM calculations. ~ This indicates that the

implanted Ge atoms are stable in GaN even at very high processing temperatures.  This result suggests that
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long-range diffusion of the implanted Ge atoms cannot occur after annealing at 1300 °C,‘ because of the Ge
atoms being strongly bonded to the lattice. Therefore, we can say that diffusion of Ge into GaN Aﬁom an
external source is not practical and that ion implantation is the only possibility to introduce Ge into GaN for a
selective-area doping. On the other hand, the diffusion of the implanted N atoms cannot be determined
because of it being difficult to distinguish the implanted N atoms from the component N atoms of the GaN

lattice even when isotope "°N ions were implanted.

TABLE 2.1.  Implant conditions and sample characteristics

N-implant.  Ge-implant  Sheet carrier Ge activation

Sample 1x10"cm2  1x10'® cm?2  concentration (%)
(keV) (keV) (10" cm-?)
1 none 150 2.29‘ 229+
2 35 150 4.43 44.3
3 65 150 2.89 28.9
4 100 150 2.64 26.5

* These data contain many carviers generated by N vacancies.
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FIG.23. TRIM-simulated atomic profiles of implanted N (dashed line) and Ge (solid line)
and SIMS profiles of Ge implanted in GaN, as implanted ((]) and annealed (@) at 1300 °C
for samples 1-4. '

The co-implanted N peak range dependence of the Ge activation was investigated for samples 1 - 4.
Assuming that the sheet carrier concentration 7; determined by Hall-effect measurements reflects the number
of carriers generated from within a total region of the depth distribution of the implanted Ge atoms, effective
Ge activation efficiencies (ny/4g.) for samples 1 - 4 can be estimated as shown in Table 2.1.  Here, ng, is the

Ge implant dosage. - The #; is found to strongly depend on the implanted N peak range relative to the Ge
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peak one. That is, the Geractivation efficiency significantly increases with closely overlapping for the N
peak rénge with the Ge peak one, as shown inF igs. 2.3 (b), 2.3 (c),and 2.3 (d). In particular, Ge activation
efficiencies above 44 % can be achieved for sample 2, in which the N peak range is equivalently placed at the
Ge peak one. On the other hand, an increase in #; is also seen for the conventional Ge implanted sample
(sample 1), which may be related to the generation of N vacancies.  That is, there are insufficient N atoms to
maintain the GaN stoichiometry in the Ge-implanted region. Considering that the N vacancies form a
shallow donor level [40], many carriers can be generated from these N vacancies in the Ge-implanted region
for sample 1. As a result, the conventional Ge implantation seems to suppress the Ge activation all the more
after introducing the N vacancies. Probably, the effective Ge activation efficiency is roughly estimated to be
as low as 11.5 % for sample 1, considering the increase in carrier concentration caused by the generation of
many N vacancies. Therefore, the co-implantation of additional N atoms is considered to significantly
enhance the Ge activation. Thus, our proposed co-implantation method with N and dopant atoms can be
extremely effective in increasing electrical activation of the dopant. Furthermore, the long-range diffusion
of the implanted N atoms seems not to occur after implant activation annealing from the results on the
co-implanted N peak range dependence of the Ge activation.

The N/Ge ratid dependence of the Ge activation was also investigated in the Ge+N co-implantation
process. Here, the dosage of the implanted Ge atoms is fixed at 1x10" cm?, and the implanted N peak
range is also fixed (35 keV) to be equivalently placed at the Ge peak one as shown in Fig. 2.3 (b). Figure
2.4 shows room-temperature sheet carrier concentrations #; and electron mobilities z¢ as a function of N/Ge
ratio for the Ge+N co-implanted samples after annealing at 1300 °C. The Ge activation can be classified
into 3 regions in view of GaN stoiclﬁomeuy; (@) N/Ge < 0.1, (b) 0.3 <N/Ge <3, and (c) N/Ge > 10. Inthe
region (a), there are extremely insufficient N atoms available to maintain the stoichiometry of the GaN in the
implanted region.  Although the 7, is relatively high, the Ge activation is too poor owing to the generation of
many N vacancies, as typically indicated for the conventional Ge implanted sample (sample 1). In the

region (b), the #; is kept high with a relative high z4 of ~50 cm?/Vs even at a Ge dosage of 1x10" cm®  The
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Ge activation efficiencies are above 40 % under these optimum N/Ge ratio conditions. In the region (), the
ns increases and the x, significantly decreases under N-excess conditions, which may be typical
characteristics of the implantation-damage caused by the increase in the total ion mass of the implanted atoms.

Therefore, the optimum N/Ge ratio is found to be ~1 for the high Ge activation.
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FIG.2.4. Dependence of sheet carrier concentration (@) and mobility (O) upon
the N/Ge ratio for Ge+N co-implanted GaN samples after annealing at 1300 °C.

The Ge-doping characteristics were investigated in view of Ge implant dosage. Figure 2.5 shows the
room-temperature #; and g4 for the Ge+N co-implanted and subsequently.annea]ed GaN samples.as a
function of Ge dosage. Here, the N implantation was performed at 35 keV to overlép the N-implanted
region with the Ge one as shown in Fig. 2.3 (b), and the N/Ge ratio was fixed to be 1 for the optimum Ge
activation as stated above. It is found that the 7, increases monotonically with increasing Ge implant dosage

when we carried out Ge+N co-implantation, i.e. the #; is precisely controllable between 10" and 10" em?
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with respect to the Ge dosage. In particular, an enhanced Ge activation level (above 40 %) can be achieved,
even at a Ge dosage of 1x10"” cm™.  The 4, decreases gradually with increasing Ge dosage. The behavior
of the 1, seems not to be simply cohsistent with the variation seen for the #; in view of ionized impurity
scattering. The £, may be primarily dependent on the combined effect of ionized impurity scattering and
space charge scattering induced by the presence of the implantation-introduced defects. Thus, although
improved doping characteristics for Ge implantation into GaN can be successfully achieved by the Ge+N
co-implantation method, the implantation-induced defects seem to remajn in the implanted region even after
activation annealing at 1300 °C. In addition, the g, that we observed is higher than results previously
reported in the literature [12,15,20]. This indicates that Ge+N co-implantation and subsequent annealing
might improve the crystallinity of the electrically activated region, which resuits in suppressing the space
charge scattering caused by the generation of defects such as N vacancies as compared with the conventional

implantation technique.
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FIG 2.5. Sheet carrier concentration and mobility as a function of Ge implant
dosage for the Ge+N co-implanted samples after annealing at 1300 °C.
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Figures 26 (a) and 2.6 (b) respectively show XTEM images of the Ge- (sample 1) and Ge+N- (sample 2)
implanted GaN after annealing at 1300 °C. In this case, a clear difference can be seen between them. In
the conventional Ge-implanted sample, a dark band exists at around ~40 nm from the surface, as shown in
Fig. 2.6 (a). The position of this band is in good agreement with the distribution of the implanted Ge atoms,
as determined by SIMS analysis (Fig. 2.3 (a)). Therefore this dark image is considered to correspond to the
crystal damage introduced by the Ge-implantation. The width of this Idamaged layer was estimated to be
~15 om. It is likely that the damage induced by implantation cannot even be removed completely by
annealing at 1300 °C, because there are insufficient N atoms in the implanted region to achieve
stoichiometric GaN." By contrast, no dark band can be observed in the Ge+N co-implanted GaN sample
after annealing, as shown in Fig. 2.6 (b). This indicates that the damage introduced by the Ge+N
co-implantation process is entirely restored by annealing at 1300 °C under N-rich conditions. Therefore, we
can say that Ge+N co-implantation is significantly more effective in enabling the reconstruction of the
GaN-lattice in the implanted region, resulting in an improvement in the crystallinity of the electrically
activated region. In addition, the implantation-induced defects cannot be observed for the N-implanted
sample after annealing, as shown in Fig. 2.6 (¢). From this result, the co-implantation of additional N atoms
into GaN might be expected to introduce much less damage in the implanted region than the implantation of

Ge dopant atoms.

$m

FIG 2.6. XTEM micrographs of Ge-, Ge+N-, and N-implanted GaN samples with a dosage
of 1x10" cm™ after annealing at 1300 °C.
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Figure 2.7 shows the S parameter as a function of E for the Ge- (sample 1) and Ge+N- (sample 2)
implanted GaN before annealing, respectively. The results of an as-grown GaN epitaxial layer and a sample
implanted with N at 35 keV are also shown. In this case, the N and Ge dosages are fixed at 1x10" em™.
For the as-grown GaN before implantation, when positrons are implanted close to the surface with E=0 - 1
keV, the S parameter is nearly 0.445, which characterizes the defects and chemical nature of the near-surface |
region (0 - 5 nm) of the sample. At E of 5 - 50 keV, depending on the thickness of the GaN layer, the S
parameter is almost constant, which indicates that all positrons annihilate in the GaN layer. The data
measured at these energies can be taken as characteristics of the GaN layer, which have been reported to be
attributed to a negatively charged Ga-vacancy (V) of native point defects in the GaN lattice [25,26]. AtE
> 50 keV, the S parameter decreases as the annihilation starts to occur at the sapphire substrate. “For thé
as-implantéd GaN before annealing, the S parameter at E < 50 keV reflecting the characteristics of the GaN
 layer increases largely as compared with that of the as-grown sample.  This increased S parameter indicates
that the positron-electron momentum distribution is narrower than in the as-grown sample.  This narrowing
is due to positron annihilating as trapped at vacancy-type defects, where the electron density is lower and the
probability of annihilation with high-momentum core electrons is reduced. ~ Thus, this increase in S
parameter is a clear sign of vacancy-type defects introduced by the ion implantation. ~ This increased S value
is also found to depend on the total ion mass of the implanted atoms. ~ That is, the S parameter increases with
increasing the total ion mass, indicating that these S values are probably associated with the concentrations of
the Vacaﬁcy—type defects introduced by the implantation, as discussed later. In addition, the S parameter
decreases gradually with increasing £ for all the as-implanted samples. This indicates that part of the
defects introduced in the implanted region diffuses into the deeper-lying region of the GaN layer during the
implantation. This long-range diffusion of the defects may be related to-dislocations characteristic of the
heteroepitaxial GaN , caused by the lattice-mismatch between the GaN layer and the sapphire substrate (Fig.

2.8).
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FIG. 2.7. Sparameter as a function of incident positron energy for N-, Ge-, and Ge+N-
‘implanted GaN samples with a dosage of 1x1 0" cm™ before annealing at 1300 °C.

FIG 2.8. XTEM micrographs of as-grown GaN.
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Figure 2.9 shows the S and Wpargrnetefs as a function of E for the N-, Ge- (sample 1) and Ge+N-
(sample 2) implanted GaN after annealing at 1300 °C, respectively. The results of the as-grown GaN
epitaxial layer are also shown as a reference.  As for the annealed samples, a marked difference in VE-PAS
spectra can be seen between the N-implanted sample and the implanted samples) with the use of Ge. A
striking peak with a much higher S value of ~0.500 and a much lower W value of ~0.073 is detected at £ of 0
- 4 keV for both the Ge- and Ge+N-implanted samples. This indicates that the positron-electron
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FIG.2.9. Sand J¥ parameters as a function of incident positron energy for N-, Ge-, and
Ge+N-implanted GaN samples with a dosage of 1x10" cm™ after annealing at 1300 °C.
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momentum distribution is much narrower in this depth range. Probably, the narrowing is due to positrons
annihilating as trapped at new vacancy-type defects, which are obviously different from those of the
as-grown and as-implanted samples. For the N-implanted sample, however, this peak cannot be observed.
Considering that the depth range corresponding to the 0 - 4 keV range is in good agreement with the region of
the implanted Ge atoms from the SIMS profiles, this striking peak is probably associated with the electrical
activation and/or the implanted Ge atoms. In addition, at £ of 10 - 40 keV reflecting the characteristics of
the GaN layer, the increase in S parameter and the decrease in W parameter can be seen for all the annealed
samples, respectively, éompared with those of the as-implanted samples. This result suggests that the
annealing may induce the increase in size of the implantation-introduced defects rather than the increase in
concentration of them.

The number of different vacancy-type defects trapping positrons can be investigated through the linearity
between the S and W parameters [25,26,41]. If only a single type of vacancy is present, the /¥ parameter
depends linearly on the S parameter.  As for all the samples, the S and W parameters af Eof 0-30keV are
plotted in Fig. 2.10. Tt is found that all the data of the as-implanted samples fall on the same straight line
(). This indicates that the sarné vacancy-type defect is present in all the as-implanted samples, regardless
of the species of the implanted atoms such as N, Ge, and Ge+N. Thus, the different S parameters of the
as-implanted samples as shown in Fig. 2.7 reflect the variation in concentration of the vacancy-type defects
introduced by the implantation. From the slope of the dottéd line of the as-implanted samples as shown in
Fig.2.10, the characteristic AW/AS ratio of ~0.225 can be calculated, which value is the same one of the
as-grown GaN reference sample. This suggests that the implantation-induced defects in all the as-implanted
samples can be identified as the same kind of Vg, defects detected for the as-grown GaN sample. On the
other hand, as for the annealed samples, all the data at £ of 10 - 30 keV also fall on the same straight line (—),
which is different from that of the as-implanted samples. In this case, the characteristic AW/AS ratio is
~0.284, which is a little higher than that of the as-implanted samples. Thus, the same vacancy-type defects

must be present in all the annealed samples, which are different from the V¢, defects for the as-grown and
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as-implanted samples. These results suggest that the implantation-introduced Vg, defects change into
Viarelated defects with different chafacter by the annealing at 13000 °C. As stated above, the newly
observed Vg, related defects for the annealed samples are expected to have larger open volume than that of
the V5, in the as-grown and as-implanted samples, such as a divacancy, a vacancy-cluster and a
 vacancy-impurity complex [42] etc. Moreover, for both the Ge- and Ge+N-implanted samples after
annealing, the data at £ of 0 - 4 keV deviate extremely from the solid line of the annealed samples, which
behavior is obviously different from that of the N-implanted sample after annealing. This characteristic
AWIAS ratio is calculated to be ~0.353, which is much higher than those of the as-implanted and annealed
samples. Considering that the depth range cdlresponding to the 0 - 4 keV range is consistent with the
electrically activated regions as mentioned above, this significant increase in AW/AS fatio is probably
associated with the implanted Ge dopant-at;)ms occupying a Ga-lattice site in GaN. In other words,
Ge-related Vacancy-type defects with marked different rcharacter are considered to be newly created by the

implant activation annealing at 1300 °C for both the Ge- and Ge+N-implanted samples.
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FIG: 2.10. S parameter versus I parameter for N-, Ge-, and Ge+N-implanted GaN
samples with a dosage of 1x10" cm™ before and after annealing at 1300 °C,
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In summary, we have demonstrated that co-implantation with N and Ge atoms into GaN markedly
enhances the Ge electrical activation based on the site-competition effect. In particular, overlapping of the
N-implanted region with the Ge one makes the Ge activation higher. The GetN co-implantation can
achieve Ge activation efficiencies higher than 40 % at the optimum N/Ge ratio of ~1, whereas the
conventional Ge implantation seems to suppress the Ge activation 6wing to the generation of N vacancies.
TEM observations reveal that the implantation-induced damage is entirely restored by activation annealing
for the Ge+N co-implantation, in contrast to the case of the conventional Ge implantation process. However,
VE-PAS measurements revealed that markedly different vacancy-type defects are created in the electrically

activated regions by annealing in both Ge- and Ge-+N-implanted samples.

2.3 Si+N Co-Implantation
2.3.1 Experimental
The epitaxial GaN films used in these experiments weré 1 um thick. They were grown on a-plane
sapphire substrates by atmospheric pressure MOCVD at 1050 °C, on a pre-deposited 20 nm AIN buffer layer
grown at 400 °C. The GaN ﬁﬁns were not intentionally doped, and showed semi-insulating properties.
After growth, the GaN samples were implanted using pure N, and SiF, gases as the sources of the “N* and
Agi* species, respectively.  First the N' jons were implanted at energies of 35, 65, and 100 keV, respectively,
to position the jon peak 53, 95, and 143 nm from the surface. The Si" ions were then implanted at a fixed
energy of 65 keV to place its peak range at the same position as that for the N* implantéd at35keV. TheN
and Si implant dosages were varied between 1x10" and 1x10" cm® In the case of the Si+N
-co-implantation, the N/Si ratio was kept ~1 for an optimum doping, as reported in section 2.2.  Conventional
Si- and N—implanted GaN samples were also prepared for reference. All the implants were performed at
room temperature, with an incidence angle 7° off the normal surface. After implantation, a 500-nm-thick
SiO; capping layer was deposited on the top surface of the samples by radio-frequency sputtering at room

temperature to provide an encapsulation cap for the subsequent implant activation annealing. All the
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samples were annealed on a SiC-coated graphite susceptor at temperatures between 1100 and 1300 °C in
flowing H; gas at a pressure of 10 Torr. Following the anneal step, HF (49 % concentration) was used to
remove the SiO, cap, and then Al-éontacts were formed at the comers of each sample by electron-beam
evaporation. Carrier activation was characterized by room-temperature Hall-effect measurements. Hall
data of sheet carrier concentration »; and electron mobility 4 were in error by less than 1 % on these
measurements.  The depth distribution of the implanted Si atoms was measured by SIMS. The surface
morphology of the implanted region of the GaN samples was analyzed by atomic force microscopy (AFM).
Annealing behavior of defects introduced’ by Si implantation was assessed by >means of VE-PAS

measurements, using a mono-energetic positron beam.

2.3.2 Results and Discussion

The dependence of the depth distribution of the implanted Si atoms on the co-implanted N peak range
was investigated. The implant conditions for typical samples, numbered 1 - 4, are summarized in Table 2.2,
together with their electrical data. Here, the implanted N and Si dosages were fixed at 1x10" cm™®.  Figure

2.11 shows SIMS profiles of the implanted Si atoms before and after annealing at 1300 °C for 5 min, together

‘with N and Si atomic profiles calculated by TRIM. Before the annealing, the experimental peak position of

the implanted Si atoms is in reasonable agreement with that of the TRIM calculations, regardless of the

implanted N peak range. Furthermore, the implanted Si atoms are found to diffuse into a little deeper-lying

region of the GaN films by the annealing at 1300 °C, which seems to be also independent on the N implant

conditions. This annealing-induced diffusion is different from the situation of’ Ge+N co-implantation, as
reported in section 2.2. That is, this redistribution of the implanted Si atoms may occur dué to Si having
much lighter ion mass than Ge. In addition, Si atoms cannot be detected for N-implanted GaN after the
annealing by the SIMS measurements. This suggests that the diffusion of Si atoms into GaN from an SiO;
encapsulation layer cannot occur during the high-temperature annealing process and consequently that the

use of the SiO; cap does not influence the Si-doping characteristics, as discussed later. On the other hand,
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the diffusion of the implanted N atoms cannot be determined because of it being difficult to distinguish the
implanted N atoms from the component N atoms of the GaN lattice even when isotope 15N atoms were

implanted.

TABLE 2.2 Implant conditions and sample characteristics

N-implant  Si-implant  Sheet carrier Mobility
Sample 1x10'5ecm?2 1x10'5 cm2 concentration

cm?/V-s

(keV) (keV) (10% cm?) ¢ )
1 none 65 5.85 80.2
2 35 65 4.87 98.5
3 65 65 5.27 86.8
4 100 65 684 75.8

The co-implanted N peak range dependence of the Si activation was investigated for typical samples 1 - 4.
Here, the activation annealing was performéd at 1300 °C for 5 min. First, a difference of electrical
properties is found between the conventional Si-implanted samples (sample 1) and the Si+N co-implanted
sample (sample 2), as shown in Table 2.2. Sample 2 shows a lower #; and a higher £, than sample 1, in
spite of the identical Si dosage of 1x10"* em? for both samples. In particular, the high z¢ of ~100 cm*/Vs
can be achieved even at a Si dosage of 1x10"° cm? for the co-implanted sample 2 in which the N peak range ‘
is equivalently placed at the Si peak one. This reflects high quality of the GaN lattice in the co-implanted
region compared to the conventional Si-implanted one. Si activation efficiency of sample 2 is estimated to
be ~49 % from the implanted Si dosage of 1x10" cm®. As compared to sample 2, the high », seen for
sample 1 may be related to the generation of N Vacancieé besides the Si electrical activation. That is, there
are extremely insufficient N atoms available to maintain GaN stoichiometry in the conventional Si-implanted

region. Considering that the N vacancies (Vy) form a shallow donor level [40], many carriers can be
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generated from these V. As a result, the conventional Si implantaﬁon may show an increase in #; all the
more after introducing the N vacancies. In this case, the concentration of the N v;cancies generated should
be ideally equal to that of the implanted Si atoms. That is, thereﬁ”ective carn'érs from the> Si doping except
for the N vacancies may be assumed to be only half the n,. Thus, the actual Si activation efficiency is
roughly estimated to be as low as 29 % for sample 1, considering the increase in carrier concentration caused
by the generation of many N vacancies. On the other hand, in the case of the Si+N co-implanted GaN
samples (samples 2 - 4), the #; and z¢ strongly depend on the implanted N peak range relative to the Si peak
one, as shown in Table 2.2. The n; decreases and the 2 increases with closely overlapping for the N peak
range wrth the Si peak one. From our previous study of the Ge+IN co-implantation [29], as reported in
section 2.2, the distribution of the co-implanted N atoms is expected to be unchanged even after the annealing
at 1300 °C. In addition, the N-implanted GaN sample shows semi-insulating properties after the annealing.
Thus, the observed increase in hs is considered to be caused by the combined effects of Si-doping and
N-vacancy generation for the co-implanted samples (samples 3 and 4) in which the N peak range does not
completely overlap with the Si peak one. Therefore, we can say that the co-implantation of additional N
atoms significantly enhances the actual Si electrical activation when the N peak range is equivalently placed
at the Si peak one.

Here, these results on the Si+IN co-implantation are compared with our previous study on the Ge+N one.
vThe ns and g obtained for the Get+N system are lower than those for the Si+N system, under the same
condition where the N peak range overlapped with the dopant peak range. In particular, the Ge+N
co-implanted GaN samples show much lower g of 50 - 60 cm”Vs  In addition, the N peak range
dependence of #, seen for the Ge+N system is found to be just the opposite of that for the Si+N system.
That is, the n, increases with relatively low 24 with ciosely overlapping for the N peak range with the Ge peak
one for the Ge+N co-implanted GaN samples. These differences that we observed are considered to be
caused By a considerable margin of ion mass between Si and Ge; the Ge+N co-implantation process should

be inclusive of implantation-induced damage in addition to the combined effects of the Ge-doping and the
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N-vacancy generation. Conversely, the Si+N co-implantation may suppress the damage due to Si being
much lighter than Ge, as expected. Therefore, we can say right enough that the Si+N co-imp}antation
technique is a more effective method for achieving high quality n-type doped GaN by implantation, based on
an ideal site-competition effect.

The annealing-condition dependence of the Si activation was also investigated in the Si+N
co-implantation process. The implant condition was the same one as sample 2 in which the implanfed N
peak range overlaps with the Si peak one, as shown in Table 2.2.  Figure 2.12 (a) shows room-temperature
ns and 4, as a finction of annealing temperature for the Si+N co-implanted samples. Here, annealing time
was fixed at 5 min. With the rising of annealing temperature from 1100 to 1200 °C, the n; significantly
increases from 2x10" cm™ to 3x10™ cm? with high g of ~75 em*/Vs. This indicates that the Si ¢lectrical
activation starts to occur at around 1200 °C.  On the other hand,.the L significantly increases in spite of the
1; being saturated by the annealing at 1300 °C.  This behavior indicates an improvement in the crystallinity
in the electrically activated region. Therefore, the annealing at high temperatures above 1200 °C is required
to activate the implanted Si atoms in GaN.  Figure 2.12 (b) shows room-temperaturé ns and 44, as a function
of annealing time at 1300 °C for the Si+N co-implanted samples. The #, gradually increases with an
increase of annealing time, whereas the 2 significantly increases from 51 cm*/Vs to 103 cm*/Vs. This
result also suggests a significant improvement of the crystallinity under an optimum condition of GaN
stoichiometry in accordance with increasing annealing time.

Moreover, Si-doping characteristics were investigated in view of Si implant dosage.  Figure 2.13 shows
the roofn—temperature n; and 4, as a function of Si dosage for the Si+N co-implanted and subsequently
annealed GaN samples. Here, the N implantation was performed at 35 keV to overlap the N-implanted
region with the Si one as shown in Fig. 2.11 (b), and the N/Si ratio was fixed at 1 for the optimum Si
activation as stated above. The activation annealing was carried out at 1300 °C for 5min. The #, increases
monotonically with increasing Si implant dosage up to 1x10" em™? under the Si+N co-implantation process,

that is, the »; seems to be precisely controllable between 3x10" and 5x10™ cm? with respect to the Si dosage.
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An enhanced Si activation level of ~.50 % is attained in this region of the Si dosage. Therefore, improved
doping characteristics for Si implantation into GaN can be successfully achieved by the Si+N co-implantation
method. On the other hand, the He decreases gradually with increasing Si dosage in this region.  However,

the behavior of the 14 seems not to be simply consistent with the variation seen for the #; in view of ionized
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impurity scattering. The g may be primarily dependent on the combined effect of ionized impurity
scattering and space charge scattering induced by the presence of the implantation-introduced defects. In
| addition, the observed 4 is much higher than results previously reported in the literature [12,15,20,29]. This
indicates that the Si+N co-implantation and subséquent annealing might significantly improve the
crystallinity of the electrically activated region, which results in suppressing the space charge scattering
caused by the generation of defects such as N vacancies, as compared with the conventional implantation
technique. Furthermore, the #; and 4, seem to be saturated at around 1x1015 em? and 71 em*/V S,
respectively, with increasing the Si dosage above 3x10"° em™ This result suggests that the Si-doping
characteristics by the implantation technique may attain to the sélid—solubility limit of the implanted Si atoms
into GaN. This phenomenon is probably associated with the amorphous-phase tfansformation of GaN

formed by high-dose ion-hnpléntation.
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In this study, improved Si-doping characteristics have been achieved for GaN by the SitN
co-implantation where the N/Si ratio was fixed at 1. However, there seem to be numerous
implantation-induced damage and N vacancies even after the high temperature annealing process. Thus, the
N/Si ratio needs to be optimized to attain a more improvement in Si-doping characteristics and crystallinity of |
the co-implanted GaN.

Figures 2.14 (a) and 2.14 (b), respectively, show typical AFM images of the Si- (sample 1) and Si+N-
(sample 2) implanted GaN after annealing at 1300 °C for 5 min. A clear difference can be seen between
them. In the co-implanted GaN sample, a number of growth steps are clearly obsefved as shown in Fig.
2.14 (b), which surface morphology is identical with that of the as-grown GaN before implantation. That is,
the surface morphology is found to be unchanged even after the implantation and- subsequent annealing
processes for the co-implanted GaN. Here, the dark points correspond to threading dislocations. - In sharp
contrast, many white-colored islands with ~25 nm in height and ~140 nm in diameter can be seen for the
conventional Si-implanted sample, as shown in Fig. 2.14 (a). These islands were found to be mainly

composed of Ga from Auger electron spectroscopy (AES) measurements. These Ga islands in surface

FIG 2.14. AFM images of Si- and Si+N-implanted GaN samples with a Si dosage
of 1x10" cm™ after annealing at 1300 °C.  Both images are 5x5 pm’,
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region are considered to be formed in accordance with GaN dissociation caused by the high-temperature

~annealing. In partiéular, in the case of the conventional Si implantation, the Ga islands are expected to be

more easily formed owing to there being insufficient N atoms in the implanted region to achieve
stoichiometric GaN as compared to the Si+N co-implantation process. In addition, the growth steps are not
clearly seen for the Si-implanted sample, which is in reasonable agreement with the GaN dissociation in the
surface region. Thus, the Si+N co-implantation tumns out to be significantly suppressed the Ga-island
formation in view of GaN stoichiometry. Therefore, we can say that the co-implantation technique is more
effective in enabling the reconstruction of the GaN-lattice in the implanted surface region, resulting in an
improvement in the crystallinity of the electrically activated region. However, implantation-induced
micro-defects “small holes” can be seen even after the high-temperature annealing process for both Si- and
Si+N-implanted samples, as shown in Figs. 2.14 (a) and 2.14 (b). For reference, the micro-defects cannot
be observed for the N-implanted sample after annealihg, indicating that the co-implantation of additional N
atoms into GaN might be expected to introduce much less damage in the implanted region than the
implantation of Si dopant atoms. In addition, the micro-defects observed in both the Si- and
Si+N-implanted GaN are probably associated with the implantation of Si atoms and may have some kind of
relation to the defects characteristic of both the Ge- and Ge+N-implanted GaN as determined by VE-PAS
measurements, as reported in sectioh 2.2.

In order to clarify the annealing behavior of the defects introduced by Si implantation, VE-PAS
measurements, using a mono-energetic positron beam, have been applied to Si-implanted GaN samples
before and after annealing at various temperatures between 100 and 1300 °C [43]. Here, the Si* ions were
implanted into undoped GaN at 65 keV with a dosage of 8.5x10"™ cm™.  Figure 2.15 shows a SIMS profile
of the implanted Si atoms before annealiﬁg, together with a Si atomic profile calculated by TRIM. The
experimental peak position (R,) of the Si atoms is located at ~50 nm from the surface, which is in reasonable

agreement with that of the TRIM calculation. ~ Also, the peak concentration of the Si atoms is about 1x10%

3

“em”.  In the deeper lying region than the R,, however, the experimental concentration of the Si atoms is
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apparently much higher than the calculated one.  This observed tailing of the Si atoms, largely deviated from
the TRIM simulation, may be caused by a channeling effect even with an incident angle 7 © away from the
normal to the surface, because the interaction of the implanted Si* ions with GaN should be weak due to the
strong bonding of GaN materials [44]. Figure 2.16 shows the S parameter as a function of E for the
Si-implanted GaN before and after annealing, respectively. The result of the as-grown GaN epitaxial layer
is also shown. The annealing behavior of the defects in Si-implanted GaN seems to be similar with that of
the defects in Ge- and Ge+N-implanted GaN, as reported in section 2.2. That is, the annealing behavior of
the implantation-induced vacancy-type defects is classiﬁéd into 3 stages for Si-implanted GaN.  First, part of
the defects introduced in the implanted region diffuses into thé deeper-lying region of the GaN layer during
the implantation, in which the sample is estimated to be heated at about 80 °C. Second, the size of the
implantation-introduced defects increases gradually in both the implanted and deeper-lying regions with

increasing annealing temperatures. At last, Si-related vacancy-type defects with marked different characters
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are newly created in the implanted region by the annealing above 900 °C. Bearing in mind that the
electrical activation of the implanted Si atoms starts to occur after annealing at 1200 °C, these new
vacancy-type defects are found to be created even at relatively low annealing-temperatures in which the
implanted Si atoms have not yet be activated electrically. Additionally, the implantation-introduced defects

are found to be immobile under all the annealing conditions.
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FIG 2.16. S parameter as a function of incident positron energy for Si-implanted
~ GaN after annealing at various temperatures

In summary, we have demonstrated that the Si+N co-implantation into GaN and subsequent annealing at
high temperatures can enhance the actual Si electrical activation based on a site-competition effect compared

to the conventional Si implantation. In particular, overlapping of the N-implanted region with the Si one
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makes the Si activation and crystallinity higher. The sheet carrier concentration is found to be precisely
controllable between 3x10'2 cm? and 5x10™ cm? with the Si activation efficiencies of ~50%. From AF M
observations, Ga islands are found to be formed in surface region for the conventional Si-implanted GaN
after the activation annealing, whereas the island formation is significantly suppressed in the case of the Si+N
co-implantation. However, imp}antation—induced micro-defects can be seen to remain even after the

high-temperature annealing process for both Si- and Si+N-implanted samples.

2.4 O Implantation
2.4.1 Experimental

The epitaxial GaN films used in these experiments were 2.5 um thick. They were grown on a-plane
sapphire substrates by atmospheric pressure MOCVD at 1130 °C, with a pre-deposited 20 nm AIN buffer
layer grown at 420 °C. The GaN films were not intentionally doped, but had a background n-type carrier

concentration of ~5x10" ¢m?

. After growth, the GaN samples were implanted by using O, gas as the
source of the %0 species. Prior to the O" implantation, a 100-nm-thick Ni layer was deposited on the top
surface of the samples by electron-beam evaporation in order to reduce the implantation-induced damage.
Then, multiple step O" implantation was performed as follows. The O" ions were implanted at 400, 300,
250, 200, 150, and 110 keV with dosages of4.5x10‘4, 8x10", 1.2x10", 1.3x10™, 7x10"%, and 1.5x10" cm?,
respectively, to produce a mean O concentration of 2x10" em” to a depth of ~0.35 um. ~ All of the implants
were carried out at room temperature, wi’rh an incident angle 7° off the surface normal. After implantation,
the Ni layer was removed and then a 500-nm-thick SiO» capping layer was deposited on the surface by
radio-frequency sputtering at room temperature to provide an encapsulation cap for the subsequent implant
activation anneal.  All of the samples were annealed at temperatures between 1000 and 1200 °C for 5 min in
flowing N, gas. Following tbe annealing step, HF was used to remove the SiO, cap, and then In contacts

were formed at the corners of each sample. The O-doping characteristics were determined by variable

temperature Hall-effect measurements, covering the temperature range from 16 to 300 K.
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2.4.2 Results and Discussion
The depth distribution of the implanted O atoms was measured by SIMS.  Figure 2.17 shows typical

SIMS proﬁles of the implanted O atoms before and after annealing at 1100 °C, together with O atomic
profiles calculated by TRIM code. Before the activation anﬁeal, the O concentration to a depth of ~0.35 ym
is confirmed to be about 2x10" e ,asexpected. The SIMS profiles of the implanted O atoms both before
and after annealing are unchanged, in agreement with the profiles calculated by TRIM, regardless of
annealing’temperature. In other words, no measurable redistribution of the implanted O atoms is observed
by the activation anneal. In addition, no Ni atoms were detected for all of the implanted samples. This
suggests that the diffusion of Ni atoms into GaN from the Ni layer does not occur during the implantation
process and consequently that the use of the Ni layer for reducing the implantation-induced damage does not

influence the O-doping characteristics, as discussed later.
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The carrier type of the O-implanted GaN samples is confirmed to be an n-type under all of the annealing
conditions. Figure 2.18 shows room-temperature sheet carrier concentration #, and electron mobility £ as a
function of annealing temperature for the O-implanted samples. With the rise of annealing temperature:
from 1000 to 1100 °C, the n; significantly increases from 5.7x10" to 1.1x10" cm? with z of 83 - 141
cm?/Vs, respectively.  This indicates that the O electrical activation starts to occur at around 1050 °C.  On
the other hand, the s significantly increases up to 322 cm*/Vs in spite of the n, being saturated by the
annealing at 1200 °C. This behavior indicates an improvement in the crystallinity in the electrically
activated region. Therefore, we can say that annealing at 1100 °C or higher temperatures is required to
activate the implanted O atoms in GaN adequately. ThlS critical temperature is in reasonable agreement
with the previously reported value [21] and is relatively low compared to that of 1200 °C needed for the Si

implantation doping. Here, the effective activation efficiency 7,4 is defined as a ratio of the #, to the total
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dosages, assuming that all of the carriers are generated from the O donors.  The 7,is estimated to be only -
ll % for the O-implanted GaN after annealing at 1100 °C.  This value is extremely small compared to the
ﬂéjrof ~50 % in the case of the Si hnplantaﬁon doping, as reported in section 2.3.

Figure 2.19 shows typical Arrhenius plots of the #; of the O-implanted GaN samples after annealing at
1000, 1100, and 1200 °C. Al | of the Samples show carrier freeze out at low temperatures; its end -
temperature 7, shifts to higher temperatures with decreasing annealing temperature, which may be associated
with the presence of the implantation-induced damage remained even after the activation annealing. At
temperatures above T,, the n; tends to increase with the rise of temperature, regardless of annealing
temperature. This implies thermal ionization of carriers from the O donor level. This ionization level is
calculated to be ~18.3 meV from thé slope of the line fitted to the Arrhenius plots for the activated GaN

samples by 1100 and 1200 °C anneals. = This value is close to the previously reported value [21,36]. Thus,
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the O donor level is very shallow and almost 100 % of the active donors can probably be ionized at room
temperature.  In addition, a cross-sectional value obtained by extrécting from the fitted line strongly depends
on annealing temperature; the value increases tenfold by 1100 and 1200 °C anneals compared to that in the
~ case-of a 1000 °C anneal. Bearing in mind that O atoms substitutionally incorporated into N sites can act as
an O donor level [35], this value reflects the probability of the implanted O atoms occupying an N-lattice site
in GaN. Therefore, we can say that few O atoms are present at N sites after a ‘1 000 °C anneal, whereas the
occupation probability increases significantly by the annealing at 1100 and 1200 °C. However, the
O-implanted GaN displays an extremely low 7.7 in spite of the O donor level being very shallow even after
1100 and 1200 °C anneals, as stated above.  This result suggests that the majority of the implanted O atoms
is present at an interstitial site in GaN and consequently has not contributed to the formation of the O donor
level. In the meanwhile, from a practical point of view, the O" implantation doping with 1100 and 1200
anneals is probably effective in the formation of ohmic contacts to n-GaN for electronic devices regardless of
the nej being low. In addition, some co-implantation techniques based on a site-competition effect may be
required to improve the O-doping characteristics, as reported in sectioné 2;2 and 2.3 [23.29,30,32].

In summary, we have systematically investigated the dependence of the doping characteristics of the
O-implanted GaN on annealing temperature. The implanted O atoms showed no measurable redistribution
under the annealing conditions. The n-type activation of the O atoms started to occur after annealing at
1050 °C, but with a poor activation efficiency of only 1.1 %. Temperature dependence of the n revealed
that O is a shallow donor with an ionization level of ~18.3 meV after 1100 and 1200 °C anneals. These
experimental results can probably be caused by poor probability of the implanted O atoms occupying an

N-lattice site in GaN.

2.5 Conclusion

Doping characteristics of Ge+N and Si+N co-implanted GaN have been systematically investigated.

N-type regions were produced in undoped GaN films by the co-implantation and subsequent annealing with
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an SiO, encapsulation layer at high temperatures. The annealing procedures above 1300 and 1200 °C were
required to achieve an n-type activation for Ge+N and Si+N co-implanted GaN, respectively. Si activation
efficiency of ~50 % has been achieved, which value is higher than Ge activation efficiency (~44 %) even
after annealing at 1300 °C.  This is probably due to the different behaviors of implantation-induced damage
between them. Moreover, doping characteristics of O-implanted GaN have been investigated
systematically from a viewpoint of annealing temperature. The implanted O atoms became electrically

active as an n-type dopant after annealing above 1050 °C, but with a low activation efficiency of only 1.1 %o.
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1．Ion　Implantation　Doping　and　Gate　Insulators　of　GaN（GaNへのイオン注入によるドーピング　　　　　　及びゲート絶縁膜に関する研究）Chapter　1．　　lntroduction7ゐCllapter　1Introduction1．1B紐。�sround　　　Power　se�uconductor　devi�ts　play　a　crucial　role　hl　the　regulation　and　distribution　ofpower　and�pergy加血・w・・ld．乃・21�`訓y−n・伽・語漏・�o頗・n…i・砂りpi五・d　by価・�oぬ・n　tec�q・1・剖（IT）i・・薗甑・対t・．E・em・・h血・・e　el・面・p・痴・曲�p血・20“・cen�L，晶晶1御ect・．・u・h　as　en・禦且・出漁）�o頗on且oWnd噸e面s．且ow．　The　demand　of　elec面。　power　which　is　clean　and　useF田endly　tendsto　be　propordonal　to　the　GNP（grossロational　product），　and　electdc　power　convelsion　fbm　enelgyもecomesdis血guished　all　over　the　worl母．　The　power　conversion　efEciency　fbom　p血1a琢enel：gy　has　been　ahieadyachieved翫alevel　of−40％血advanced　co�o面es　such　as　USA　and　Japan．　F舳e�oor今，並並e　advancedcountries，．the．　conve偲ion　ef巨ci�pcy　is．　also，estimated．to．increase　more　than　eve二in　accor（�qce　with　the．ad＞ance辻【rr　and　the　pQPuladzation　of　electric　vehiclesσ三V），　hybrid．　electric　vehicles（HEV），．　and　fUel　cen・・h・1・・（FCV）．　F・・m・d・W鋤t・fgl・b記・n廠・�o・ゆ・t・伽・・nv…i・n・餌・i・n・y　m町・�q・1・v・1・f−50％血血・�ud田・・f血・2野cen血y・伽・脚w・・elec廿・�u・・．お・m・脇t…血・1・lec鱒・謡・n・郷而1・h・wm・・e�pdm・・e癖・・eas血g　imp・伽ce�q・e�q9�pd　i�o・v�q9止・…i副�u眺血・傭・�q血・21飢centuly　of佃一blown　ele面。　epoch．　Up　to　datp，　power　s吋tc�qg　devices　which　act　as　a　core　tec�qology　ofthe　power　electdc　3ystem　have　been　fabricated　fヒom　Si　semiconducto二and　Si　has　long　b�tn　the　dorφnar庄semiconductor　of　choice丑）r　high−power　4evices．　Addi廿onan．yl　it　is　well　recognセed　that　the�qpK）vemen�s加system　pe面�obce血te�oof．e卑cienc払sセe・�pd　wei帥轍e面vgn　by　e噸ceme臨made血powe「device　characteristics．　Power　devices　used　in　the　power　electric　system　can　be　broa（丑y　cl細sified　into｛wocategories；power　rect面ers　and　power　switches．　RecentlメSi−based　power　devices　encounter　its　theoretica17一1一8Chapter　1．　　lntroductionli�utation　due　to　its　material　properties．　Ih　Si　power　devices，　power　ouΦut　under　a　high−f｝eqμencyoperation　is　not　so　high　due　to　power　loss　consisdng　of　conduction　loss　and　switchillg　loss．　Ih　order　tomi血nize　the　power　los3　in　Si　power　devices，　there　has　bεen　a　concemed　ef〔brt　to　reduce　on−resistance．by血creas辻【9仕」e　devideφe　area・　In　high一丘equency　apPlicahons・as　the　die　s準e並creases・an　increase　hl　hΨut・即・・i�qce　p・・d・ρ・・a・・跡・・p・n醜血・・eお・．h・而t・�qg　l・ss臆t・館・お・舳・廿・n血。・nd・・ti・n　l・ss�th・姻by・dec・eお・血．・n一・e・i興ce・丘聡・iti・nece・町t・・educe血・・三面・・n一・e・i蜘cet・k・融・die　size　fbr鼻malhnput　capacitance．　At　the　same　dme，　to　break　t�qough　the　material．血nits　of　Si　and　tore四三e　a　d�o丘。　per飾�o1皿ce　improveme凱needαi　to　meet血e　severe　req血emen鱈血the魚轍e，　widebandgap　semiconducto凶such　as　SiC，．Ga：N，　and　diamond，．have　a伽cted　much．a虻en口on．because　of　theirsuperior　materlal　properdes．　Thus，　new負mctional　pow6r　devices　based　on　wide　bandgap　semiconductors刷b・d・・�qbl・，�pd�u帥t　b・．Expect瓠t・・P・・鴫止e　elec面・p・w・・舳ゆ6価・i・n・エ酪t・田・f血・Sipower．devices．L2　Prospects　of　G紐N　Power　Devices　in　EV　EIectmnics　　　Switchlng　gear　to　EV　electro�uc　applicadons，　nowadays，　some�qds　of　HEV　eq磁pped　with　a　gaso血1een帥e皿d　an　elec価。　moto勲to巨e　co�oerci血ed．　h血e　co�ogrci血ed田曲g　ene壌y且ows食om　both　an　engine　i弐nd　a　baUe隅as　shown　in　Fig．1。1。　h　the　near　f�qe，　we　have．to　develop　the　zeroemission　veh¢les，　bec�pse．　low　e�ussion　is甜ongly　req血ed鉛r　env辻Q�oen血【pmtecdon．．Here，　an　ide烈vehicle　is　thought　to　be　a　pure　EV　and／or　a　FCV　hl　the　pure　EV　ahd　FCV　a　motor　and　an　inverter・q跡・・加・dt・孤・n帥・・f血rP・e・e血飢・m・b丑・・皿・m・t・・p・面�o・ncei・n・w．・脚・・．t・血・�q・貰・・pe面�oance．　As　a　cors6quehce，血e　dh血g　I£r飴rmance　of　HEV　EV　and　FCV　is　li�uted　by　the�qve貰erper偽�oance。　Thus，止e　inve丘er　per飴�oance　needs　to　be　be仕ef　improved．　Hqweveち血ere　ae　so血ed・v・1・pm・nt　issu…fp・w・・d・樋ce・拓・EV・lec加�u・剛飢・鵬；1・w…ちh帥。�o・nt母ensi取（＞300・緬2），．�qgh　bloc�qg　vol聴e（ん1000　V），屈帥ope面on　te雌ra傭e（一200。C），雌gh　e岱ciency丘om　low　ouΦ砿to面aぬm�ooゆut（monol刃lde“ce），．　and屈gh　rehabii取（g翫e　oぬde，　soldeちetc，魚r　15　ye飢s）．曲　　8−2一Ch『［pter　t　　　lntroduction9deschbed　in　sec廿on　1．1，Si−based　power　deyices．錨e　r即idly　approac�qg血e血eore姻limiおofper飴�o即ce．Thu§，　we　need　to　inv骨甜gate　new　materials�qead　of　Si．　Wid6・bahdgap　semiconductors　such　as　SiC，　GεN，即日・nd・蹴．m・噸�u・血9や・面・即pll・ゆbec�o・止・y・脱r　sev・圃P・t・翻・伽磁…v・・Si−based　power　devi�ts血the　areas　of　switchhlg（f註ster　with　lower　power　loss），　operadng　temperahπel　andblod�qg　voltage．　Uniqμe　Inatehal　properties　such　as　wide　bandgap，　high　electric．breakdown且eld，　and　highsaturated　electK）h　velocity　give　these　materials　the辻tremendous　pote�ual，　as　described　laterヒ＼T「ansmission−］FIG　i．1　Aschema廿。　ofHEV　system．　　　　　　　　　　　　　　　マ　　　　　　　　　　　　　　　　■　　　　　■　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　「　　　　　　　　　　　　　　　　「h、9…畑・G姻h肝・W舳・・�pd多血・もlr・d・p・ゆ…．乃6：づ・g＄�S・・p・1卿・．魚・p・脚・・d・願ce・i・W面t・G姻，お・hg職血Fig，1之b・ρ�o・血・b�pdg叩・fW面・・G謡i・m・・h　l田9・・血�p甑・f恥cblende　G叫W職G四竃lr�uy蜘．．�Q9蝉rlest．蜘phc磁iQ四脚・mp・・a�q・�pd殖帥一門・ele舳・9．d・・舳・・蜘蝉色・漉…as．9白�o血・d血価1・1ユ［1−4］・乃6�q・魚謝6i・a輌d・圃dg叩・f3・39・輔・hi・蜘ゆ・6・�q・瞬6・血糊・fSi・．凸・輌d・b韻9即・fG州・el血・・中・v・塀1・w並血i�S・・c・bce舳・h・1・脚σ】o　cm弓�梶cneghgible　juncti6n　le孕kage　durrer脚P　to　50Q。c・This　aHows　high−temperatureσperation　without　e客cessive　9−3一10Chapter　1．　　lntroduction1・晦e1Q曲・圃�o珊�pd∫・e血ce・c・・1血9・eq血・m・鵬お幡nお4H−SiC．．乃・・ec・nd血�t廿・・働血・i・ah帥b・e・kd・wn且・ld・f4・106V／6m，　wh・hi・伽皿・n…d…f晦蜘d・1�r・・廿�o血t。fSi，The−high　breakdoWn　field．　s虻eng廿i　requh〕es　thinner　d丘仕layers　fbr　a　given　block血g　vo11嬉e，．as　co�r）ared　toS〜thts「educ血g　t≒e　spect丘。　onrresis町ce　and　storagr　of　m毎。盛ty　cardera　　Th『n・辻孟面dido血to．aderease・自卿皿・・d・n’・ss・止・お・�ti雄馬・吋・・�qgl・ss岬uce¢．商・h・励1・・h帥・・舗・・�q9丘・q・6n・y・f血・de磁ces�pd　si餉且�Sly「educe・血・．・血・�pd　w・i幽．晦m�M・廿・。・mp・�t軸P・w・・舗・・h…Fi騨・1・3・h・w・apl・1・f帥記�p・h・鋤m・h面�Kb・e欲d・�o・fG姻S・h・三三・c烈・姻お・脚onofdoρ血rconρen甑i？n�pd蜘do晦・・町回hρ�p加≒・晦・1kVdr樋cei・・b伽・d舳5一μm一面・kq・N　l町・踊加dgP血9・・ncen勲d・n・f4．6・1016ρm弓．価・曲d．f�q・i・ah凶s鋤謝面飾・1ゆ6f3・鉢’07　c�u・・w璋・hi・ab・曲ee伽・・1購・・�qst盟・exr・u・血幡P・質．prope質y　determhles　the圃t表）r　high　fbequency　operaUon・　ThUs，　fhese　material　proper丘es　fnake　G餌・舳1・魚・h帥伽卿加・，h帥一pw・瓢晦h一丘閃・6h・y・1・ρむ・�u・即pH・副・鵬．　h　p曲・賦G姻．power　devices　can　be　expected　to　opgrate　wlth　power　loss　of　l／100　a孕d　tq　doWns髭ze　10　times　sma皿ercompared　to　Si　power　devi（iesi．　　　　　麟一鯉一郭1：1：　　　　　　　　　・灘／還断酬嚢…議撫〜・　難・……欝�d��…一O並：　叢．箋Natom�dGa　atom’FlG　1．2．　Unit　ceU　ofWU函te　GdN甜uctu爬．．♂10一4一Chapter　1，　　lntroduction11T奪BLE　1．L　Comparison　ofs『miOonduc紋）r　material　properties　at　300K．PropertySiGaAs4H・SicGaN　　　　　　．Bandgap　Eg（eV）　　Breakdown　Field　EB（MVlcm）　Electron　Mob醒itシμ（cm2〈！・s）邸aximum　Velocity　Ds（107　cm1S）Thermal　Conductivity　X（W／c市・K）　　　　・Dielectric．Con§tantε　CFOM＝）Cεμ，DsEB31（XεμDsEB2）si1．120．2513501．Ot511．8　11．420．460002，00．5、12．8　83．253．08002．04．99．74583．394．013003．0・1．39．0489＊（FO財’（わ〃7わ加θ61刃9�oくゾ漉1磁ウわ1・乃四一彪〃四ε酒α吻旬％勧ツOW餅％勧ジセ9〃εηの〜6卿1た01‘0駕．106ハ≧、↑0与し雪＆署1・・至ぎ10・薯諾1・3　　　◎o　　　　　　　　　　　　　A．va’a．ηc”e．Bρ：・・．　　100μm．．．口・．，●・6●●●巳●…@曽・鱒■．・」・9●・・置・．閃・．・電．．＿．．i翌擢m“．・・…・一・・・・・…画’・・・…一…．．＿』点三一……一一一…「…‘“…開’門…曜闘＿．．＿．�i田．．．…………叩・・…・……．’”門’“一．”卿’．…”●’“’昌’…●”o’　　　　　　　ρロηcb・fわroωψBD1ρ1　　101き　1014　．1015　　1016　　1017　　　　　　Doping　Concentratlon．（cm声）．　F［G13．　CalcUlated　breakdown　voltage　as　a　fUnction　ofdophlg　ooncentratio11、and　thic�qess　ofthe　d面re暫on　in　GaN　Scho晦diodes．11一5一12Chapter　1．　　lntroduction1．3．GaN　an（i　Re豆紐ted　m−Nitljdes　fbr　Device　Apphcations　　　G脚d「e！説ed踊de噸烈鯛e�o、働・醐h罐三三細購p・噸9魚・，・P・・e1・伽血・d・樋。・卿liゆ・n・訂b1・・孤�S短・1・・w田・1・n幽降一12］．緬・mbers・f血・三一�u面d・励・姻・G四脚d．姻ry・　三三d岬9如．・e�u・・伽・m麟鋤d　bec妙s三五ized　in　both　W�q＝dte　Imd　Z加blerde　p6iy噴〕es．　Ll　pε面cu1鉱．Wh�utε（｝aN，　AIN，　and　IhN　have岬b噸sψ3象62副α7一’9・V卿m伽P・・蜘es鉾・廿・・取F・・m・頃・蜘・f即舳1・輌d・�o9・・f血ectb�pdg即・en・噛・・，　G姻朗・y・d唾酬Nmd囲・p�o・・6如u・・s�o9・・f．d並・Ct　bmdg如・n・噛・・伽・u帥・血m・・h・f．?・“・ibl・・pect�o．繭�q・血・廿1伽。1，t　w田，i，。曲．四三・・e皿一�u面d6・y部e�o加・・田・．蹴d・・勧幽・�u衰血9磁・d6sαED・）［5−11］，1お，，出。d，、（LD、）．［12］副detecto融h昨�tゆ血e即ee叫blue・o�外let蜘e・幽・．2　　　s・b三門・e・e�p・h6n皿一面d・・理・舳w細腰・dh・罎y1960・H・鴨・・ち血・y�q噸1磁冊yb・�qd血eeおi・�e・・一即wSi．mdG榔・e�u・・nd・…器・N・姐y30y・�o，　Si�pd嚇h伽・加・np鵬面・・theh　theQre廿cal　limits・wh丑e　m−nitddes　haveわeen　just　beg圃Pg　to　s与ow　their　prospect　The　technologica1．s刀B�oel鴫beca囎e’de副sub勲e・c・田dh・t加魚並d姻・・甲rq・・血y血・♂・�oG醐勘・con�q・d・ub曲ti飢・・nce血翫i・n・fd・免・舳d　h醐帥ル旗b・・k餌・�o己h三三・v・・血G酬脚shゆ9「el雄v・ly・m訓ba・k望・md・lec杜・n・・n¢・晦P・卿・←・P�q9・・蜘加a・h・v副聯U』1990s．　Thus，　in　the　pasちth骨poor　quali重y　of　the　materials，　the　lack　of　p−type．　d6ping，r　and　the　absence、　of「eli蜘・less�q9　P・gced　ll‘旧記6・帥・ers�od・ci・醐・m．励脚9血・・e．由r佃d・vice・Ho四eYeゆe　1990sh即eb「ou餌si帥且6舳ancer�q出・ゆh・d・脚f學・舳・ec�qqu・・1血・．P晦of血e　chemicals　used長）r　f画dq）osi亘on，　th6．cor血てln6d　t嘘oduc五〇n　an（l　acdva丘oh　of　selected　impuddes，孤dp・・96ss噸・cer・血9・ec�qq…ゴM・ま・f出・諭・em・�u…d・b晦¢1・・h凶rbee・・V・でr・m・・蹟・・pd・烈d・樋ce・�q・been　d・m・耐・翫・d血d伽i紐y6・mm，士6i並，己「F，。m�ot，跳，ci，nce　t。　d。這ceengineerjng，　m−nitdde　tec�qologies海ave　sho�oalate　but　exci�Sg　deve16pme釦：．　　乃・即・舳・fG訓三三・i面・皿・d・…血・二三晦．qf・面・i・血lyl�r・・血gle　c醐・．魚・．use．お・ub甑・舳・m・・pi函母鋤・w出・皿us・叩t・n・�rh・t・…p三三三三hおb・�p・p・a・廿・組　12−6一Chapter　1．　　lntroduction13necessi妙and血e　choi�tof　sub勲e　is・ch廿。烈．　Possible　sUb…舩te酬e翻s　should　have　low　the�oalexpansion　and　lat匠�t�usmatch　with　the　grown　crystals．、　Also，　they　should　be　unaf【もcted　by　the　grov就hchemi面es　such　as　NH3　and　H2翫high　grow出tempera加r6s鍵omd　l　l　OO。C．　Under　these　con甜｛血s，聞PPhh・e（A1203）and　SiC　ale　the　most　pQPular　substrate　materials　used　c�oendyl　Wb�phexagonal　G自N　isgro�oon　the（0001）ba副plane　of　A1203，　a　la項ce　rnisfit　of〜13％e＞d…憩at　the　growth　tempemtures．　Ahgh　density　of　threadjng　disl�ta匠ons　is　observed　in　GaN　layers．　The　residual　strain　is　comparable　to　thelattice　misfit　between　6H−SiC　and　G州，　and　the　result　is　oompaτable　dislocation　densities　observed．　Thematerials　with　a　close　latdce　match　wi1h　GaN，　such　as　LiAJO乏and　LiGaO2，　wele　also　used　R）r　epi伯）dal．substrates［13，14］．　Howeveろthe　grown（｝aN　lacked　the　deshied　electrical　pK）perties　due　to　either　the　roughgrowth　or　un血ten丘。副oontam�qぬon倉om　the　sub舘ates．　The　ideal　candidate　s亘b舘ate　is　clearly　a丘ee・�q・�q9G函．w狼・s・v・梱・e・縦・hg・叩・�q・加・n�q・瓢9�qgth・創・w出・f血・b曲（拍Ncrys圃s　and　very　thick　fi�qsゆough　vadous　techniques　such　as　subUrrlahon　boule−growth　and　hydride　vaporp�qe鋤y鯉恥。舳［15−18］．Howeve蔦co�oerci烈1蜘lable　l�re田ea　G姻w曲脚pe鑓tobe　at　least　an　aw眠　　In　addition　to　op丘cal　apphcations，　GaN　and　related　materials（especially　AIGaN　and　AIN）are　verypro�using　candidates貴）r　demandhlg　t�osistor　apphca廿ons　such　as　high−poweちhiεh−fヒequency�ucrowav6．anlph丘e】s　and　switches　due　to　theh・outs�q（五ng　fヒatしres，　as　stated　here�q・　An　unique　fヒature　of　III−nitdde甑・翻・c・面面t・Sic捻血・h就・…�q・価・tec�q・1・倒．　Q�o加m　w・1，血・d司厩・dd・鉾dheterointer飴ce，　and　heter（加nc廿on翫ruc加re　can　an　be　made　in　the　m−nitdde　system　FigUre　1．4　shows　atypical　schematic　of　an　AIGaN／Ga：N　heterostructure．　Due　to　the　la�re　conduction　band　discon血uit第the．elec惣or旧di廊�qg丘om血e　large　bandgap　A【GaN　i血。血e団n烈ler　bandgap　GaN鉛�oa榊od�qensio囲electK）n　gas（2DEG）血the　tdangle．　q�otum　weU　at　the　hlter飴ce．　The　sheρt　ca�uer　d6nsity　of　the　2DEG　is負］�uher　enhanced　by　the…虻rong　piezoelectdc　ef艶ct　in　GaN．　These　piezoelectric　coefHcients　ofthe　m−r直tridese�uconductoB　v轍h　a　W面te　p（）ly膿are　alx）ut　an　order　of　magnitude　hi£her�qthose　of　tradidonal皿1−Vse�uconductols　such　as　GaAs　and　IhP［19］．　The61y　have　suggested　a　high　peak　electron　velocity　of13一7一14Chapter　f，　　lntroduction〜3x107　cm／s　and　an　electron　mob丑i取of〜2000　cm2〈zs　in　the　GaN　ch�oel　at　room　tempera加re　at　a　carrier．・・nce甑i・n・f　lq17　cm6［2・・211・B畑9血・2DEG・�q・…曲・・…m・．�qd・・個（洲／G姻ゆelec廿on　mob皿ty．．ｦistors（HEML）have　been　repoπed．　The　fkst　AIGaN／GaN．modula丘on−dopedfield−ef梵ct　transistors（MODFE聡）were　demonstrated　by　Khanθぬ∠i111993［22］．　These　de〜d�ts　showed・麟・・nd・・�qce・f23　mS／�o�pd　2pEGm・bii取・f563・m2配・訂300　K凸・y烈…e卿・d血・触microwave　results　with　a　cutoff倉equency万of　l　l　GHz［23］．　h　the　early　stages，　the　MODFE聡exhibitedvery　low　transconductances　and　relaUvely　poor　fbequency　resporBe．　Tlis　iS　consisterにwith　the　defヒct−laden・・描・gf血・�SG・N・nd！M（並N　l・y・聡・覇血�qP・・v・m・崩h血・m・副・q曲壌血・幡conduc伽ce，　and止e　curre血。騨i以an�ober　of　AlG酬GaN　hetems�qc卿e　FE聡（HFE騰）h訓ebeen　repo貢ed，．showing　excelent　device　breakdown　c�qacte面cs鋤d　Ix）wer　per飴�oance．　Tbday，s倣e−o舳e一酬G姻／G州田M聡�pd�opli丘eB　e血bit�pou騨騨r　de�R取1�rer血�p20　W�o［24］．Furthermore，　an　all　implar岐ed　GaN　junction　FET（JFET），　GaN　metal−hlsulato卜se�uconductor　FETS（MSFE尭）�p“G姻me圃軍。網e日se血conducto「FE聴（MOSFE馳）舳・eas・nゐ1・即一eh即・been・ecently・ep・姻［25−27］．　Th・・e　d・“ce・p・t・n曲h即・記・�p箆・・fh帥蜘鉾・謝・・P・・鋤・n　d・e　t・10w　reVerSe　leakage　C�o・e血S．AIGaN　　　　　　　　　　　　　　　十十琶：＝る二四ず轟土品目暑△Ec．GaN　　　　　　　　　　　　　　　Ec一量層旧’一“一一幽門一一’一腫EF　　　　　　”2DεGFIG　1．4．　Conduc丘011　band　structure　ofamodulation−doped…紅ucture．　14−8一Chapter　1，　　lhtroduction151．4B紐sic　Technologies　ibr．　GaN　Power　DI?ｖｉｃｅ?　　An�o憶・fGaN−b測FE聴舳・eお・曲1・p・面�o�pceh即・誼eadybeen・ep・賃・¢．as甑・dh6・e血．Howeve蔦面出e　devices膿茸no�oa皿y−on　type．　El�t廿onic　devices免r　EV　power　applic翫ions血onglyreq面re　no�o烈ly−off　and　high適emperature　ope漉on　in　addihon　to　a　high．　breakdown　vol囎e　and　a　l雛ge6皿・血．d弧i以At血・p・e・e宿町・曲1・d・両ce・鉛・EV・lec廿・菰・・�q・n・t　y・t　been・e血・d．Regardhlg　GaN−based　power　switching　devi�ts（capable　of　300　A／c�uwith　1．2　kV　standoff　voltage）in　EVelectK）nics，　there　are　some　possible　device訂ruρtures，　including　ver口cal　power　MOSFE冗verdcal　JFE冗andver匠cal　MOSHFE聴．　hl　both　cases，　a　selective−area　p一句pe　doping　is　considered　to　be　a　mo戚promisingprocessing　tec�qo16gy　to　ob面n　no�o蛆y−o任oper葡on　req唾ed魚r　EV　elec柱onic＆In　pa�ucul既the　GaNMOSFET　equipped　with　a　su出ace　inveおion　mode　is　imp6rゆt　fbr　high−power　s嚇麓hlng　device　applications．in　EV　electronics，　because　it　would　provide　fbr　lower　leakage　curr皐nts　and　reduce　power　consumpUor』en曲1血g　no�o烈ly−o任ol£ladom舳ahi帥bloc�qg　vol囎e　eve餓hi帥tempera加es．　Ano出eradvantage　of　MOSFE聡is　a　laIger万over　its　MESFET　counterpa式，　due　to　a　lower　capacitεmce　betweensource　3nd　gate．　Figure　1．5　shows　a　schematic　ofthe　ver口cal　h〕version−mode　GaN　MOSFET，　In　order　tore烈ize血s　device，　we　mu鏡develop　some　advanced　process血g　tec�qoIogies　shch　as　n一＆p一句pe加pIantdop辻【g，　gate　hユsulator，　f｝ees�qding　GaN　sUbstrates　with　high　conductivit第and　high・temperature韻gh−c�oentstab1早ohmic◎ontacts．　Also，　there　are　some　pmcessing　problems　of　etching　methods　of　GaN　fbr　the魚bricadon　of　advanced　GaN．based　MOSFE馳，　JFE聴，　and／or　MOSHFE腿．　The　conven廿onal　wet　etching允・血・G曲tec�q・1・倒1・g・n・・烈ly・6t・pPh・ぬ1・血HI一面d・d・vice・血・t・血・h帥・h6�u・田・励晦・fGaN　under　no�oal　condi廿orB．　In飢e鴫the　etc�qg　6f　GaN　has　been　achieved　with　dry　etc�qg　methods，suchおreachve　ion−etc�qg（晒），　or　elec柱on−cyclo柱on　reso�oce（ECR）pl�oetc�qg，　o由duc廿velyco叩led　plasmaσCP）et¢hing．　These　d琢etcl血g　tec�qiquesおr　GaN　and．related皿一nitdde　materials　o食en「es曲ご晦e�qduced＃y　ionbombπ血e血F「om血s画of蝋i嘩pl脚・nd・p血9�pd　g翫・辻sulator　are　believed　to　beoome　more　impor田nt　basiρtec�qologies魚r　advanced　G臼N−based　MOSFE聡．15一9一16Chaptpr　1・　　mtroduction‘‘fafe’ηs乙「’afO〆，　　　　　　4Gate　　iSourceSource，．．撫胞　　　　．・ぎ：．歯…・．．歳　．5亭撫購三．．．　ざ．．v「@　瞳蛭剛魁n＋繹灘騨曲鑓鐵・騨n＋・’■o國嗣■．峯x≧｛邑’1T・．．・…�dP−basei’GaN7宙ifま@　　　　　　n「c§i・・…ゆ・W鰯7γpe〃わP’aηf　Doρ’η9∬一…・戟gP・7γpe’mρ’aηωoρ’η9”一一…E・f譜面eesfaη‘伽g　Sψs側e”Drain耳IG　1．5．　A　schema丘。　6fverdcal　inversion−mode　GaN　MOSFET　　　Ion　impl飢1倣ion　is　genera】ly　an　enable　tec�qology　fbr　selecdve−area　dophlg．or　isoladon　6f　advanced．　　　　　セelectronic　devices．　hl　particula1〜hnplan1加on　of　donors　atれigh．doses　can　be　used　to　decrease　source　anddrain　access　resi蜘ce　in　FETも，　at　lower　doses　to　create　chanhel　rggions　fbr　FETも，　while　sequentialhnplantation　of　both　accgPtors　and　donors　may　be　used奴）f乞bricate　pn　junctions・In　ad母ition・ion�qplantahon　is　a　sui1戯）le　technology　to　explo如e　doping・compensahon　ef驚cts・and　r『distdbudon　properties．　ofthe　potential　dopant　species．　　　F・就h・�o・・e，th・m・就imp・曲lt・eq・血・m・nt癒・GaNMOSFE：困i・t・h即・a・ui励i・g飢・�q・u1翫6・deposited　or　grown　on　GaN，　which　gives　a　Iow　inter魚ce　state　densi取．　As　a　con白equence，　the　sur飴ce　Femlilevel　must　not　be　pinned　at　the　irおulatoザGaN　interfa¢e，　and　the　ch�res　can　be　accumulated　or　inverted，dependjng　on　the　polarity　of　the　applied　voltage．　Regarding　gate　insulatoB　of　GaN，　some．preliminaryresults　are　b6coming　available　fbr　AIN［28］，　SiO2［29］，　Si3：N4［30］，　and　Ga203（Gd203）［31］．　The　latter　16−10一Chapter　1．　　lntroduction17働03（Gd203）insulator　has　pmduced　excelent　characteristics　on　GaAs−based　MOSFE聡and　now　is　q》phedt。．G州．．F。，齢，　g樋，血皿鋤。rs，止，�q。血・甑・d…i廿・・三三w・1池・v・101’Cm2紬・p・e・e血More　5血dies　are　requ廿ed　to　undersねnd�qe血cial　el�ttdcal　and　s�qctural　proper匠es　of　vadous　GaN　MOSstrUC�qes．1．5Dissertation　Go劉l　and　Scope　　This　disse伽on　has角cused　on　the　development　and　under曲n（hng　of　basic　tec�qologies　such　as　n一＆P一卵・�qpl姻・ndqp血9�pdg翫・血ゆrst・魚・丑i励・励d・加・n・f・晦ed�q・欝i・一d・G姻MOSFE脳．　The醐ect　of　this　work　is　of　interest　in　both　the　ftmdalnen囲and　appHed且elds　of　these　basictec�qologies．　Several　impor旋mt　a＄pects　of（ihN　pro�tssjng　are　h】vestigated　lh面s　work．　Emphasis　wnlbe　plac母d　on　achiev辻吐g　ef五cient　n一嚥�qplal並dophlg　by　a　co一�qplanta直on　technique，　develoP血g　electdcalcharacterization　techniques食）r　p−type　GaN，　catching　sight　of　shallower　acceptor　fb�oation　by　p−type　impIantdop血g，　and　achieving　an　i血er農ace甑e　densi取・less．血an　l　x　I　OIl　eV−Icm2・翫血e�o副ly　oxidized　GaN　MOSstructures　in　addition　to　the　observation　of　su�u益ce　hlversion　behavior　A皿the　work　is　directed　towardsopt�q�qg　the　fabhcadon　techniques　of　GaN　power　MOSFE聴in　EV　e16ctronic　applica丘ons．　　Chapter　2　discusses　n4ype加plant　doping　of　GaN，　with　emphasis　on　a　oo一�qplantation　technique戸asedon　a　site−competidon　ef［ヒct　The　ac廿va丘on　processes　of�qplanted．　dopants　such　as　Ge，　Si，　and　O　usinghigh6temperature　amlealh：1g　with　an　SiO2　cε勾pp血g　layer　are　exam血ed．・　　Chapter　3　presents．　elec面cal　charactgrizadon　of　Mg−doped　G漬N．　The　dependen6e　of　deep　Mg．acceptors　on　activa匠on　annea1血g岐emperatu士e　is　revealed　by　usin自。�oent　deep−level　transient町）ec往oscopyand　thermal　admit血ce　spectrgscopy　techniques・　　Chapter　4　deals　with　p一競）e　implant　doP辻【g　of　GaN．　The　acceptor　levels　that　are　presOnt加Be一�qpl韻・d　G州錨・血・・甜蜘・le面・曲N…止・’・驚・t・f　B凶・貸impl�p伽・n・n止・B・acceptor　levels　is．electdcally　exan血1ed．　　Ih　Chapter　5，　GaN　MOS　characteh甜cs　with　gate�qulator　such　as　SiO2　and／orβ一Ga203　dielectdcs　are．　17−11一18Chapter　1．　　lntroductiondesc曲ed．　Addidonally；gate　charactehsdcs　of蜘ked　SiO2／β一Ga20yn−GaN　MOS　stmctures�pe　alsoexamined。　Electrical　pK）per匠es　ofβ一Ga20かGaN　MOS　diodes　with　n＋sour�tregior憾，魚brigated　by血e�o創dly　oxi（セhon　and　Si十N　co一�qplan励on　tec�qiques，謎e烈so　assesse己　Chapter　60f琵rs　conclusions　ofthe　current　work　and　an　gu廿ook丘）r　the　fhture�rseal℃h．Refbrences［1］H．Morkog，　S．　Stdte，　G　B．　Gao，　M．E．　Lin，　B．　Sverdlo防and　M．　Bums，　J．　Appl．　Phys．76，1363（1994）．［2］TPChow　and　R』［ya浮，肥EE　Trans．　Electron　Devi�ts　41，1481（1994）．［3］Z．Z．　Bandi6，　P　M．　BridgeちEC．　Pique髄e，　T　C．　McGil，　R　P「Vaudo，　V：M．　Ohanse，　and工MRed輌ng，Appl．　Phys．　Lett．74，1266（1998）．［4】R．Gaska　J．　wぬng，　A．　osin呂ky，　Q．　chen，　M．　A．　KhalちA。0．　Orlo鳩GL．　snideちand　M．s・shur，　ApP1・−Phys．　LetL　72，707（1998）．［5］RAmano，　M．　Kito，　K　Hi�oatsu，　and工Ak翻ki，　Jpn．　J．　Appl．　Phy＆28，　L2112（1989）．［6］1．Akasaki，　H．　Amano，　M　Kito，　and　K．　Hhalna蛤u，　J．　Lumin．48μ9，666（1991）．［7］S．Nak�ou砥TMukai，．md　M．　Senoh，Jpn．　J．　App1．　Phy＆30，　LI998（1991）．［8］S．Nakamur恥T，　Mukai，　and　M　Senoh，　AppL　Phy鼠LetL　62，2390（1993）．［9］S．Nakamur灸TMukai，　and　M．　Senoh，　Appl．　Phys．　Le就．64，1687（1994）．［10］B．GoIdenberg，　J．　D．　Zook，　and　R　Uinle蔦App1．　Phys．　Letし62，381（1993）．［11］凡J．Molnar，　R．　Singhr　and　T　D．　Mou漁kas，　Appl．　Phy＆LetL　66，268（1995）．［12］S．Nakamura，　M．　Senoh，　S．　Nagahama　N．　Iwasa，　T　Yねmad亀TMatsushi砥H．　Kiyo�q，　and　YSug�qoto，　Jpn．　J．　Appl．　Phys．35，　L74（1996）．［13］E．S．　Hel�q阻Z．　LiHen圃一Wbbeゆ．　N　E．　Buch�o，　MRS　hltemet工Nitride　S�picond．　Res．2，30（1997）．［14］PK�og，　A．　Sa虹eちX．　ZhImg，　D．　W烈keちR．　Lavado，｛md　M　Razaghi，　Appl．　Phys．　Le紘69，2116（1996）．［15］VA．　Sukhoveyev；VA．　IvlantsovJ．　P　N迅d血a，　A．1．　BabanhちA．　Y　Polyakov；A．　V　Govorkov；NB．18−12一Chapter　1．　　lntroduction19Smlmo稀MGM皿lvi（蜘i，�pd　V：Dmi面e鷲MRS　Int�pet　J．　N面de　Semicon己Res．5S1，　W6．6（2000）．［16］A．Ca鏡aldir直，　A．　Cava皿�q，　L　Pol�ptζC．　Diaz−Gue臓and　J．Piqueras，　J．Phys．：Condens．　Ma賃er　14，13095（2002）．［17］WG6伝L．　T　Romano，　J．　Wl烈keろNMJohnson，　and　R．　J．　MolnaちAppl．　Phys．　Le賃．72，1214（1998）．［18］C．Wbtzel，　D．刃b�q，　B．　K　Meyeら．K．　Pressel，　S．　Msso恥ENMo�qo柄and　P　G　Balano又Appl．　Phys．Le紘65，1033（1994）．［19］PM．　Asbeck，　E　T　Y叫S．　S．　Lau，　G　J．　SuU瓢J．　M．　Vim　Hove，　and　J．　Redv面g，　Electron．　Letし33，1230（1997）．［20］J．D．　AlbrechちRPWang，　P　P　Ruden，　M　Farahmand，　and　K．　E　Brennan，工Appl．　Phys．83，4777（1998）．［21］B．E．　Fou伝LEEastman，　U．　V：Bhap�sand　M．　S．　Shur，　Appl．　Phys．　Lett　70，2849（1997）．［22］M．A．　Khan，　A．　R．　Bhat�q，　J．：N．　Kuz�ua，　D．　T　OIson，　Appl．　P取ys．　Le廿．63，1214（1993）．［23］M．A．　Khan，　J．　N　Ku加a，　D。　T　OIson，　W　Sch砥J．　B�o，　and　M　S．　Shur，　AppL　Phys．　Le焦65，1121（1994）．［24］H．McD．　Hobgood，“Sihoon　Carbide　Crys観and　Sub甑e艶。�qology：ASurvey　ofRecent　Advancesりう，Presented　at　10血Ihtema紅onal　Con飴rence　on　S丑ioon　Carbide　and　Related　Materials，　Proceedings，正yon，France，2003．［25］J．C．　ZolpeちRJ．　Shul，　A．　G　Baca，　R　G　W丑son，　S．　J．　Pearton，　and　R　A．　Sta11，　Appl．　Phys．Lett．58，2273（1996）．［26］S．C．　B�q，　Elec往ochem．　Soc．　Proc．95・・21，136（1995）．［27］ERen．　M．　Hong，　S．　N　G　Ch馬M．　A．　M飢。聡，　M．　J。　Sch�o阻A．　G　Bac亀S．　J．　Pe飢on，　md　C．　R．Abemaih）もAppL　Phys．　Lett．73，3893（1999）．［28］H．Ka噸，　M．　H蹴EN�qura，　and　S．�qanag亀Elec住on　Le杭．34，592（1998）．［29］H．C．　CaseメJちGGFo�o�q，　R．　G　AUeメB．　P　KeIleろand　S．　P　Denbaars，　Appl．　Phys．　Le賃．68，1850（1996）．19−13一20Chapter　1．　　lntroduction［30］S．A川1�qmarεm，　T　Egawa，　H．　Ishikawa，　T　Jinibo，　and　M．　Umeno，　Appl．　Phys．　Lett．73，809（1998）．［31］ERen，　M．　Hong，　S．　N　G　Ch“MA』M蹴，　M工Sch�o飢ABac亀S．工Pe頒。嬉即d　C．　RAbemath第Appl．　Phys．　Lett　73，3893（1998）　20−14一Chapter　2．　N−Type　lmplant　Doping　of　GaN21Chapter　2N−Type　Impl紐nt　Doping．盾?　G段N2．11ntroduction　　鉱Nis　of　increお並g　i飢ere就魚r　hi幽�ppe�較e　and　high−power　elec往onic　devices，　as　deschbed　h血eprevious　chapter［1，2］．　Various　electronic　devices　based　on　GaN−related　matedals．have　already　beenreporte母［3−11］．　For　the　design　of　elec曲onic　devices，　pardculady　fbom　a　selective。area　doping　pohlt　ofviewlimplan1痴on　doping　of琵rs　several　advantε喀es　compared　to　doP元ng　duri皿g　f山m　growth；the　concenhia廿on　of‘the　dopants　is　precisely　controUable血the　lateral　and　deがh　di面butionsゴand　f自vorable　elements　can　be�qplanted　with　suf且ciently　high　purity．　haddidon，　ion�qplan槍tion　can　be　widely　accepted　辻L　thesemiconductor　indu舘y．　Recendy，�qplantadon．doping　of　GaN　has　become　a　practical　option　hl　the　design・f・lec廿・�u・d・樋�t・，舳・ele・サve一�pead・P血gb・血9・fp副・曲�q・・e就・　・　　hgeneral，　group−IV　and』eleme鵬such　as　Si　and　Mgρre　pro�using　donor　and　acc叩tor　impu血ies魚rGaN，　respectively．　It　is　theoreticany　expected　that　these　elements　occμpying　a　Ga−lat虚ce　site　hl　GaN　w丑lhave　a　lOw魚�ohon　energy　and　wiU魚�odonor　or　a�t叩tor　energy　levels．　As允r�qplan励on　doP�qg　ofGaN，　several　n−and　p−type�qplantaUon　techniques　have　ahready　been　reported　with　the　use　of　Si［6，8，9，12−19］b・血9血・m・鏡。・�o・nd・剛魚・聯・，�pd珂9［8，9，12，19，2伽dC・［6，21］血・m血elemer鵬jmplanted魚r　p−type　dop並g．　Recellt「唐狽浮р奄?ｓ　have　hdicated　that　annealing　at　high　tempera加res　isef驚cti＞e　fbr　h塊h　electdcal　acdvation　of　the　implar瞳ed　dopant　atoms［14］．　However，　in　the　case　ofconvendonal　implantation，　where　or旺y　one�qd　of　dopant　is　used，　the　genera丘on　of　many　N　vacancies　andself二〇〇mpensaUon　induced　by　site　switc�qg　may　occur　in　the　implanted　region　aft信r　the　hi帥イemperatureanneahng　Process．　Therefbre，�qorder　to　sし堕press血e　gene曲on　of　N　vacancies，　an　N−rich　condidon21一15一22Chapter　2，　N−Type　Implant　Doping　of　GaNshould　be　created　prior　to　implanta廿on　of　the　dopant　atoms，　and　thus　the　im：planta丘on　of　addi廿ona1　N　atomsinto　GaN　might　be　expected　to　hlcrease　the　probabihty　ofthe　particular　dopant　atoms　occupyhlg　a　Ga−latdcesite［22，23］．　hl　this　ch臼pter，　we　propose　the　co−implanta廿on　tec�qque　bf　N　and　dopant　atoms　to　achievehigh　ele面。烈achv甜on　of出e　dop賦and　d�po血e伽G針N�pd／or　Si斗N　co」implan励on　i血。　GaNcan　signiacantly　ehhance　the　Ge　and／or　Si　elec面cal　activa亘on　using　Ge　and　Si　as　n−type　dopants　fbr　GaN．In　the　previous・hteratし跡es，　they　have　not　yet　investigε辻ed　the　doping　chalacteris廿cs．　and　the　structural　defbctsfbund　in　GaN　when　it　i呂co一�qpla随ed　and　subsequendy�oealed．　hl　p面cular，�qplan面on−indu�tdde色。おmighd�qit　the　peゆ�oance　of止e　el旦。症。�uρdevices．　There魚re，’the　s�qct�ol　de免。魯i血oducedby　the�qplantation　should　be　weU　understood丘oln　a　viewpoir齢fthe　electronic　device’s　applications．　　Positron　annihilahon　is　an　es白bhshed　techr江que　f〜）r　sUldying　vacancy一競）e　defbcts辻【semiconductors［24］．For　the　past　f6w　years，血iS　technique　has　been　used　to　study　nadve　d曾fヒctS　in　as−grown　GaN　with　n−and　p−type　carriers［25−28］，　and　these　studies　showed　that　positrons　can．　be　used　as　an　ef琵ctive　probe　fbrinves丘gadng　vacancy一砂pe．　de飴cts　Imd　vacancy　complexes�qGaN．　We　have　also　studied　the�qplanta口on−induced¢efbcts　in　GaN　by　means　ofpositron　ann丑血adon，　and　revealed　that　many　Ga　vacancies（聡∂are�qoduced　by　implantationl　In　section　2．2，　we　have　systemaUca皿y　illve甜gated　the　Ge−dopingcharacte曲cs　and鏡ruc圃de飴。給of　Ge＋N　co一�qpla血ed　GaN　in　view　of　GaN鏡oichiome卸，｛md　theresults　are　compared　to　those　ofconver庄ional　Ge一�qplanted　GaN［29］．　　Si−dophlg　charactedstics　h1（沁l　have　not　yet　been　studied　by　us血g　the　co一�qPlanladon　technique．　Ass倣ed　here瓜Si　is血e　mo就co�oo皿y　used　do即剛ch　gene�郭　n一卿e　conduc輌血G州．　haddido曲e　Si盆1plan�qon　is　expected　to　e曲ce　n一三e　elec翻ac舳。醐。邸e　Si　is�och　li幽erthan　Ge　and　corEequently　may　introduce　much　less　damage　in　GaN．　In　secti6n　2．3，　we　have　systemadca11yh・・訊ig翫・d血・Si−d・P血9・�qt・d・廿…fSi姻ρ・一�qP1飢・d　GaN�q“・w．・f�t翻・n．・�o・曲9condition，　and　the　results　are　compared　to　those　ofoonventional　Si一�qplanted　GaN［30］．　　In　order　to　fac丑itate　the　design　of　th『GaN　MOSFET　as　sho�oin　Fig．1．4，　e町）ecially　fbom　aselective−area　doping　point　of　view，　implan圃on−doping　tec�qologies錨e　oo丞ide�慧　as　being　esse�uaL　h　22．一16一Chapter　2　　N−Type　lmplant　Doping　of　GaN23par匠cular，　the　combination　ofn−and　p−type　implanta丘on−doping　techniques　is　expected　to　be　a　powerfUl　too1最）rfabricadng　smart　electmnic　devices　such　as　a　power　switdL　However，血their　doping　pK）cess，11ightem卿血e�oe血g（〉一1200。C）is　gener田y　req血ed　to�t廿v加e血e�qpl謝Ge副or　Si脚s，　asdiscussed�qsecdons　2．2　and　23　［29，30］，　whereas　activa丘on　annealhlg　should　be　wit�qthe　tempemturelhllits　of　1000−11000C　to　achieve　the　p6type　ac廿vadon［14，31ρ2］・．as．　stated�qchapter　4・・　This　d鵬renceof　anneal血g　temperature　between　n−a血d　p−type　activation　may　be　a　botdeneck　v》hen　bothimplan励onrdoP辻1g　techniques　are　s�qu11舳eously　apPHed　to　the　reali田don　of　theiエdevice　design・　InP面・甑血・副醐i取・fG舳測m翻・蜘b・a・・nce曲血・h頭イ・mp・剛・�o・曲9．process　ibr　n−type　doping，　sh�hce　the　annea血1g　tempel珈re　is　much　higher　than　the　grovvth　temperature．There鉛re，　an　n一鵬implan鋤on−doP血g　tec�qique　enabk対rel由vely　low伽pe伽e　acdv雄on　is　moredeshable．　Here，　O　is　ofpar丘cular�qerest　as　a　possible　altemative　n−type　dopant　fk）m　the魚（沈that　O　acts　asabackgromd　n−type�qpudty　in　undoped　daN［21，33−36］．　h　addidon，血e　O�qplantation　doping　is・やect的t・・educe血e　a面・加・n�oea�q9．t・即・�求E・bec�o・Oi・m・・h　li幽・・蜘G・�pd　Si・�pd・…θq・・血y働血�慧・�tm・・hless・�q昭・�q（�`N　1ぬce．　h・ec廿・n　2．4，　w・h即・・y・t・m加・烈ly�q・面9諭血・d・P血9・�q・t・曲…fO一�qpl磁鉛（ぬN丘・m・“・wp・�q・謡曲gt・mp・・a庶・［3刀・2．2Ge＋：N　Co−lmpl加伽ion2．2．1Expehment劉1　　　　　　　　　　　　　　　　　　　　　　　　・　　The　GaN　f�qs　used血these　exper�qents　were　4μn1・thick．　They　were　heteroepitaxゴa皿y　grown　on撫plane　sapphhle　sUb舘ates　by　almo顕）heric　pressure　metak）rganic　chemica1−vapor　deposidon（MOCVD）at1025．C，舳・p・e−d・鱒・d20�o（｝Nb漁・晦・・餌・�o翫5501C・Hy血・9・nwお聡・d舳・m血process血g　gおand訓so．』鎚血e　c面el　gas角r血e卑e面一爵ls．　T�qe血ylgaUi�o（TMG）and�omo�u亀respectively；were　used　as　the　sources　of　Ga　and　N．　The　GaN　fihns　were　not�qentionaUy　doped，　and　had　ab。、k脚d　n一加e　c面，，。。n�t。励5・・f辺・1・16　cm6　and・m・biH取・f−5・6・m2／V・，おd…曲・d　by．room4empera加re　H〜面一e廊t　measureme血s．　Ih　order　to　I£r偽�oelec面cal　char韻e血ahon　of止e　as−gro�o23一17一24Chapter　2、　N一丁ype　lmplant　Dopmg　of　GaNGaN且�qs，　lateraI　dot−and−ring　Schottky　diodes　were　fhbricated．as　f〜）llows．　Pt　was　evaporated　as　Scho貫kycon孟ac�Q，　gnd　then　ohmic　contacts　were　made　by　Al　evaporatio耳　The　dot　Pt　electrode　had　a（五ameter　of　500脚，�pdwas　s皿omd副by　a血g周elec柱ωe舳al�og即．丘e�p銀．of血e血g　elec仕ode　was　l　OOt�qes　greater　than　that　ofthe　dot　electrode．　　　A丘er　growth，　the　GaN　samples　were　impIanted．in　a　conventional　ion�qpla皿er　ushlg　pure　N2　and　GeF49認・・as止…�pce・・f血e14呼諭d72G・‡・peci・・，・e・¢・ti・・ly　F廿飢血・N＋i・mw・・e�qP1血・d翫・n・壇・・・f35，65，�od　100　k・V・e・pecd・・1防t。　place出，　i。n麟53，95，�pd　l43油丘・m血・漁・．：［h・Ge＋ions　were　then�qplar眈ed　at　a　fi）くed　energy　of　150　keV　to　place　its　peak　range　at　the　same　position　as　that長）rthe　N←ions�qplanted　at　35　keV　The　N　and．　Ge　implant　dosages　re呂pec丘vely　were　varied．　between　2x1013and　3x1015　cm2　to　enable　the　N／Ge　ratio　to　change．　N一�qplanted　GaN　samples　were　also　p即ared　fbrre免rence．　All血e　implanおwere　per飾�oed翫no価room　tempera加re，　v舳a血incidence　angle　7。away丘om血e　nolm副to血e曲e．　A食er�qplan伽。恥a500一�o一面ck　SiO2　capp血g　l町er　wお伽sited　on　thetop　sur蝕ce　of　the　samples　by　plasma−enhanced　che�ucal−vapor　deposition　at　250。C　to　provide　an．encapsuladon　cap　fbr　the　subsequent�qplant　acdvadon　annea血19・　All　the　sarnples　were　annealed　on　a．SiC−coated　graphite　susceptor　at　l　300。C　fbr　5　rnin．in　flowtng　H2　gas　at　a　pres膿of　10πR）rL　Follo輌ngthe　ame田step，　HF（49％concen甑ion）was　u〜ed　to　remove血e　SiO2　cap，　and曲n　Al−co血。おwere允�oedat　the　comers　of　each　sample　by　electron−beam　evaporadon．　　’　　　The　Schottky　diodes　fabricated　on　the　as−grown　GaN　befbre�qplanta匠on　were　tested　byroom−temperature．currer比一voltage（みのand　capacitance−voltag6（C一のtechr丘ques．　Typical　rectifiercharacterisdcs　of　the　n−type　Schottky　diodes　were　confilmed加m　theみ7　measuremer随s．　The　carrierprofile　derived　fヒom　the　analysis　of　the　C−7measurements　was丘）und　to　be　ur丘R）�oin　the　measured　depth　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　なrange　below　the　su血ce．　The．　average　net　ionized　don6r　ooncentration（晶一凡）at　room　temperature　wasmeasured．to　be〜2。5xlO16　c血弓．　Character也ation　of　deep　level　defbcts　by　a　degp−level　transierにspectroscopy（DL］「S）technique　has　also　been　ca�ued　out　over　a　temperature　range　of　85−480　K，　using　thesel套produced　equipmer庄．　The　steady　s�較everse　bias　and　fU�qg　pulse　voltageg　were−5　and　O　V；24一18一Chabter　2．　N−Type　lmplant　Doping　of　GaN25respective1）孔　The　width　of　the飢ing　pulse　was　100μs，　which　ensured　that　even　t【aps　with　veW　smallelectron　capture　cross　sections　were　completely　saturated．　　The　carrier　activa丘on　after　implantation・and　subsequent　amea�qg　was　characterized　byroom−temperature　Hall−ef〔ヒct　measurements．　The　depth（五面budon　of　the　implar庄ed　Ge　atoms　wasmeasured　by　second町y　ion　mass　spectromet塀（SIMS）．↑he　i黄ructure　of　the�qplanted　region　of　the　GaNsamples　was　anal）尼ed　by　cross−secdonal　t�osmission　elec往on�ucroscopy（XTEM）．　Vi自dable　energypositron　am丑血a匠on…胆ectK）scopy（VE−PAS）was　employed　at　mom　temperature　to　dete�oine　the　depthdis面budon　a耳d　chemical　na加re　ofthe　defヒαs　in　the�qPlanted　samples・　　For　the　VE−pAS　measulemen的，　using　a　mono−enelge廿。　positron　beam，　the　Doppler　broadenlng　of　theelectron−positron　ann丑五la匠onγ一rays（〜511　keV）was　recorded　at　room　temperature　with　a．　Ge　detector郎a血ncdon　of　incider虻positron　enel：gy　E．　A　spec蜘m　was　measured丘）r　each　value　of　E．　The　shape　of　theDoppler　bmadenlng…漕�ttru亡n　was　characterized．　bシthe　conven丘onal　low　and　high　eledtron　rnomentumparameters　3　and〃7［38］．　The　mo孟entum　of　an　electron　that　a　positron　annhlates　p血1arily　con頃butes　tothe　Doppler　broadening　of　the　resultant　ann丑1ila丘onγ一lays．．Therefbre，　the　level　of　the　Doppler　broade血gis　a　measure　of　the　moment�o5覚ate　of　the　electron　that　a　positron　ann丑皿ates．　Fundame漁1　to　this・xμ�q・皿i・止・魚・t肱・v聯・y・・n�q・・町d・lo・烈岬elec幡・而chhave　a　lowmomen1�o・�pdthus　ann丑lilation　h　a　vacancy　produces　a　low　Doppler　sh俄．　Thus　high　8　and　low〃F　values（narrowγ一rays）are　associated　with　the　presence　ofvacancy−type　defbcts．2．2．2Results訊nd　Discussion　　Figure　2．1　shows　typical　DLTS　spectra　at　various　rate　windows’幽measured　on　the　fabricated　Schot　kydi（対e　of血eお一即。�oG姻．．　The　DU「S　sゆ烈is血e　m響丘加de　of止e雌rence　in血e　diode　c即aci甑cerecorded　at　two　delay　t�qes，’1　andな，　after　a．　fi皿hg　pulse．　In　Fig．2．1，　the　DLTS　signal，｝C8〃一CωL　isdisplayed　fbr　the　rate　windows’泌＝500μs／1　ms，4m訂8　ms，　and　8　ms／16ms；the　electron　emission　rates跡・1386，173．3，�pd86．←s−1，・e聯・廿・・ly皿・卵ec廿・・ev・副伽・d・m血卿・曲翫�p・皿d　330�pd　150　K25一19一o26Chapter　2，　N−Type　lmplant　Doping　of　GaN而・h�p・1油・1磁1and島．　n・・e　p眺・蹟丘t・咽比gh・・t�pP・凱加・・w価・n血・・伽・�q血e　elec紅・nen五ssion　rate・which　indicates　that　both　peaks　are　assigned　to　deep−leYel　electron　traps・　In　the　te甲peraturerange　displayed　in　Fig．2．1（85−480　K），　no　other　degp　level　could　be　de重ected　with　the　sensi廿vity　of〜l　fF　ofour　DLrS　meas�p�pe血．　　　0．5　L　O．4eo5　0．3⊆．⊆Pの　0．2のトー10，10　　　0．0．f70ηεジノ『20ηξジ’0．5／7，4／8，8／ブ6　　　　　　　　　　　　　　　　　　　E1　　　　　毒　〃E2ぎ、美／，　層80180　　　　　　280　　　　　　380　　　Temperature（K）・．480FIG2・■DロS隅・伽面・u・戯・・血d・w・紅土・響・�o．G剛・　　The　t琢e�oal　acdvation　ene噛es　fbr　electron　emission　fk｝m　the　deep　levels　E1ヒand、凸were　dete�oined　byan　Arthenius　analysis　of　the　electron　emission　rates．　The　analysis　yieIds　acdvation　ene壇es　fbr　eIectron・�ussi・n�q・・6・d・・d・nb�pd・趣・h・�o血Fig．2．2，・・丘・ぬ・n・n・噛・・�qm血・b・賃・m・f血…ρ山・ゆband　are　calculated　to　be〜0．59（E1）and〜0．25　eV（E2）fbm　the　slope　ofthe�qes五廿ed　to　the　A血henius　plotsofelectron　emission　ratesθ，／72　fbr　these　peaks，　resp6ctivel）へ　These　ene匁es　have　not　been¢orrected我）r　anytempera加re　dependence　of　the　61ect�In　capture　cross−section．　These　values．are　in　reasonable　agreementwi止the　results　1）revi（♪usly　reported　h1血e　lite臓加re［39］．　　The・amphtude　of　each　peak　in　the　DLrS耳pect【a　of　Fig．2．1　relates　to　the　goncentration八弓of　the　26−20一Chapter　2．　N−Type　lmplant　Doping　of　GaN27correspond�qg　level。　Theハ弓of　the　deep　levels　EI　and五12　are．2．3x1015　and　3．1x1014　cm’3，　respecdvely：Theh・origin　oflhese　deep　levels　is　un�qown　and　may　be　nadve　def6cts　present　in　lhe　as−gro�oGaN　f�q．　　100　匙も10−1湿ヒげ10’2皿Ωζ1α3⊆．9．沼104幽歪山　　10−5E1：0．59eV　　：2．3x1015cm’3N　El　　　　　　E2：0．25eV　　　　　　NE2＝3・1x1014cm’3　　　　　　　　　2．0　　　　　4．0　　　　　6．0　　　　　8．0　　　　　　　　　　　　　　　1000ズ「（K−1）FIG　2．2．　A血henius　plots　ofelectron　emission　rateθガfbr　the　as−grown　GaN．　　The　dgpendence　of　the　dgpth　di…並b面on　of　the�qplanted　Ge　atoms　on　the　co−implanted　N　peak　rangew蜘・・訊ig鳳n・e�qpl血融廿・噛・騨i・烈・町pl・・1−4a・・�o飽・d曲b！e　2・1・toge血e「舳血・丘・lec三三H・・e，血・ゆ圃N�pdG・d・・購・・雄・飲・d紅lk1・’5cm旦伽ir，�pN／G・ratio　is　l　in　the　case’盾?　the　co−implanta丘on　with　N　and　Ge　atoms．　Figure　2．3　shows　SIMS　profHes　of　theimplanted　Ge　atoms　befbre　and　af�eer　anneahng　at　1300。C，　together　with　N　and　Ge　atomic　profiles　calculatedbyT�oP・貫・fl・曲M韻er　s・飾肛・（�oD・乃・f・i・五血e　Ge−r曲・面b嘩oncaused．ヤy止e�oe曲9血aU　the　SIM：S　profUes，　regardless　of　the　hl耳）1εmted　N　peak　range・　The　experimental　peak　position　of　the．�qpl血6箇日G・鉦・m・i・血・α旧・n曲1・響eem・皿面面・f止・�p・烈・ul翫i・鵬・m・血di・軍・・血舳・�qplanted　Ge　atoms　are…虻able　in　GaN　even　at　very　high　processing　temperauπes．　This　result　suggests　that　27−21一28Chapter　2．　N−Type　lmplant　Dopmg　of　GaN1・ng−r�p9・di魅i・n・f血・�qpl狙・d　G・加・m・c・�o・t・・6礎姐・・�o・血9翫1300。C，悦・�o・・f血・G・atoms　being　strongly　b6nded　to　the　la柱ice．　ThereR）re，　we　can『ay　that　dif釦sion　of　Ge　illto　GaN．fbom　anextemal　source　is　not　practical　and　that　ion　implantaUon　is　the　only　possib皿hy　to　introducg　Ge　into　GaN丘）r　aselecdve−area　doP血9．　On　the　other　hand，　the　difR】sion　of　the�qPlar睦ed　N　atoms　car010t　be．detem血｝ed靡、�o。。fitb・盃gd伍・皿t亡・．?三頭・h止・蜘1磁・dM・m・丘・m血・。・mp・n・煎N翫・m・・f血・（�`Nlatti�teven　when　isotope　l5N、ions　were�qplar虻ed．．．ピTABLE　2．1．�qpl繊condi廿orβ，and�ople　charac胎細csSampleN−implant．1x1015　cm−2　　（kgV）Ge−implantlx1015　cm−2　　（keV）Sheet　carrierCOnCentratiOn（1α4cm’2）Ge　activation　　　（％）1234none35651001501501501502．294．432．892．6422．9★44．328．926．5＊刀�s526編oooη醗加η耀yoαF7r∫ε摺9εηε露罐6〃ツ1Vvα【三〇卯。‘a∫．28一22一Chapter　2．　N−Type　lmplant　Doping　of　GaN29）�D∈ε⊆o霜」の⊆Φo⊆ooZσo2．01．0　02．0．1．0　02．．01．0　02．01．00Ge−TRIM　　　　（a）Sample　1ロas−implanted●1300。C，5min｝　『（b）Sample　28臥N−TRIM覧、・．　　　　　　ロas−implanted（c）Sampleき解N−TRIM　　　　！潤@　〆　，’ρノ．1洩＼_：潔ピ醜　　　　　　　　　　　＼（d）Sample　4N−TRIMロas−implantedロ　　　　　　　一一@　　　ノ鱒@　　％一　一…”軸”一鱒�j●1300。C　5min門　　　　　　　＼、、　　　’@　　　　　　　　　　　o�d@　　　　　　　　　　　、軸050100　　　150　　　200　　Depth（nm）250　　300HG　23．�o一s�qul漁mic圃es　of�qplanted　N（酬1�qe）and　Ge（solid　line）and　SMS　profiles　ofGe　implanted　hl　GaN，　as　tmplanted（□）and　annealed（●）at　l　300。C丑）r’samples　l−4．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロ　　職ec�Spl�pt・d　N　peak�o9・d・p・nd・nce・f血・ge　acd・翫i・n　w曲・・甜9圃％r・�opl・・1−4・Assuming　th菰the　sheet．モ∞uer　concen圃onη、　dete�oined　by　Hall−ef驚ct　measurements　re刊ects　the　numberof　caniers　generated　fbom　within　a　total　region　ofthe　depth　di面bution　ofthe　implanted　Ge　atoms，　ef陀ctiveGe　activation　e伍ciencies（η抑G。）fbr　samples　l−4can　be　estimated　as　shown　in　Tbb】e　2．1．　Here，ηGθis　theGe　implant　dosage．．Theη∫is魚und　to　strongly　depend　on　the�qplanted　N　pgak�oge　rela丘ve　to　the　Ge29一23一30．Chapter　2．　N−Type　lmplant　Doping　of　GaNpeak　one．　That　is，　the　Ge　activa口on　efHciency　sig�uficantly　hlcreases　with　closely　overlapphlg丘）r　the　Npeak　range　with　the　Ge　peak　one，　as　shown短Figs．2．3（b），2．3（c），　and　2．3（d），　In　particulaろGe　activa口on・岱・i・n・iゆ・V・瑠％・�pb・�t�q・v曲rsampl・2・�qw雌・出血・N麟・angβi・eq面・烈・皿ypl・・ぬ出・Ge　peak　one．　On　the　other　hand，　an　hlcrease　inη5　is　also　seen丑）r　the◎onventional　Ge　implar直ed　sa卑ple（…�ople　1），　which　may　be　related　to　the　generation　ofN　vacancies．　That　is，　there　are　insu岱cient　N　atqms　tom血�q血・G姻、鏡・i・h・m・ゆ止・Ge一ゆ1翻・eき・n・C・mid・血9血ゆ・N…諭・i・曲�o・sh瓠low　donor　level［40］，　many　carriers　can　be　gene�嚇章om　these　N　vacancies　in　the　Ge一�qpl謎貰ed　regionR）rsample　1．　As　a　resu1ちthe　conven丘onal　Ge�qplahtation　seems　to帥press　the　Ge　activa丘on　a皿the　morea：匠er血roducing　the　N　vacancies．　Probably；the　ef驚ctive　Ge．activadon　ef且ciency　is　roug坦y　estimated　to　beas　lowお11．5％R）r…�ople　1，00nsid骨ring　the　increase　h　carrier　concentr翫ion　caused　by　the　generation　ofmany　N　vacanρies．　There且）re，　the　co−implanta旺on　of　additional　N　atoms．　is¢onsidered　to　sign置candy・血�pce血・．G・a・噸・n恥・礎．P・gP・・ed。・一�qplぬ・n　m・血・d舳N�pd．d・�S翫・m・c�pb・e）血emely　ef陀ctive　in　increas�qg　elec憤。烈acdv翫ion　of　the　dopant　R血he�oore，　th610ng−range　di跳ionof　the�qplanted　N　atoms　sepms　not　to　occur　aft弔r�qpla11t　activatio耳amea�qg　fbom　the　results　on　theco一�qplanted　N　peak　range　dependence　ofthe　Ge　activation．　　The　N／Ge　ratio　dependence　of　the　Ge　ac廿vation　was　also　illve甜gated　ill　the　Ge＋N　co一加plantationP・・cess・H・・e，血・d・・昭・・f出・�qpl血・d　G・翫・�oi・倣・d嘩1・1・15　cm2脚血・�qbl謝N伊欲range　is　also　f走xed（35　keV）to　be　equivalently　placed　at　the　Ge　peak　one　as　shown　hl　Fig．2．3（b）．　Figure2．4shows　room−temperature　sheet　canier　concentra丘orBη、　and　electron　mobihtiesμ〜as　a　ftmc亘on　of　N／Gerado　f〜）r　the　Ge＋N．　co−implanted　samples　a丘er　annea�qg　at　1300。C．　The　Ge　activadon　can　be　classifiedinto　3　regions　in　view　of　GaN　stoichiomet！y；（a）N／Ge＜0．1，（b）0．3＜N／Ge＜3，　and（c）N／Ge＞10．　Ih　theregion（a），　there　are巳）婬remely�qsuf匠cier虻Natoms　available　to　maintain　the　stoichiome貸y　of　the　GaN　in　th号irnplanted　region．．Although　theη、　is　relatively　higk」the　Ge　activaUon　is　too　poor　owing　to　the　genera：巨on　ofmany　N　vacaロcies，　as　typically　indicated　fbr　the　conventional　Ge　irnplanted　sample（sample　1）．　Ih　the・egi・n（b），止・・、i・k・pt�q帥舳・・el鋤・・門下・f−50・m2／V・ev・n翫・G・d・�r・・f1・1015　cず・職・．30一24一Chapter　2．　N−Type　Implant　Doping　of　GaN31Ge　ac廿v鋤on　e岱ciencies�pe伽ve　40％mder血ese　opt�q�oN／Ge　r鋤。　conddo旙．　h血e　re錘on（c），血eη，increases　and出e擁sig�uicanUy　decreases　under　N−excess　condi丘ons，　v》hich　may　be　typicalcharacteristics　ofthe�qplanta丘on−damage　caused　by　the　increase　in　the　total　ion　mass　ofthe�qplanted　atoms．1恥αe魚re，血e　opdm�oN／Ge面。　is加d　to�s一1鉛r血e　h帥Ge　ac丘v寵on　匙．8・of巳6．o．萎重§4・05・奎2・08鳶　oおGe　　i　　　　　　ミlmρ1aηfafloηi　　　　　　i　　，ρ、　　　　　　ミ　　　　　　　　ノ　　　も　　　　　　ミ　　　　　　　ノ　　　　　　　　　　　i／　＼．一へ・ノー一一一V…\・’　N／煮5−o・こ＝ぎ〆　　　　　　i　　　＜．・●．．．．〜　　　NIGe＝1．0　・、＿一＿．V＿．．＿＿，1＿＿●、．　．　　〆　　　　　　　N／Ge＝ao　　　　　　l1Ge＝α。幅α1．∵勧　　　　　　i　　　　　　　　　　　　　　　　　　　　NIGe＝10．0　　　　　　…←」即今く＿塑今．幽1013　　　　　　　1014　　　　　　　1015　　　　　　　1016　　　　　　　　　　　　N−atom　　　lmplantation　Dosage（cm−2）．100　　貧．　　≧　　岩　　ε50　＞　　些　　石　　o　　Σ　1015Ge−atom10170HG　2．4．　Dependence　ofsh�tt　ca�uer　oonGen紅ation（●）and　mobiH重y（○）uponthe　N／Ge　rado　fbr　Ge十IN　c6−implanted　G州samples　after　annea�qg　at　l　300。C．　　The　Ge−doping　chamcteristics　were　hwe…虹gated　in　view　of　Ge　implant　dosage．　Figure　25　shows　the・oom疇tempe餓tu「eη・anсﾊ・R’「the　Ge＋N　co．implanted　and　subsequendy�p皿e烈ed　gaN　samples．as　a�qcdon　of　Ge　dosage。　Here，血e：N　implan�qon　wasかer飾imed翫35　keV　to　overlap　the：N一�qplantedre錘on舳the　Ge　oneおshown血Fig．2．3（b），　and血e　N／Ge　rぬ。　was飯ed　to　l£1魚r血e　op�q�oGeacd・加・nas甑・d伽・・．　lt　i・魚md伽止・ゆ・・ease・m・n・t・�u・訓y舳血・・e碑g　d・�q蜘d・・嬉・when　we　ca�ued　out　Ge十N　co−implanta匠on，　i．e．　theη、　is　precisely　controllable　be伽een　l　O13　and　l　O15　cm2　31−25一32Chapter　2，　N−Type　lmplant　Doping　of　GaNwith　respect　to　the　Ge　dosage．　Ih　particulaちan　enhanced　Ge　activadon　level（above　40％）can　be　achieved，・v・・翫・G・d・・鰭・qfl・1015　cm2．職・魚dec・eお・・四d前頭血温・・eas血g　G・d・脚舳・h翻・・of　theμseems　not　to　be　s�qply　consister症with　the　variation　seen　fbr　th年η5　hl　view　of　ionized�qpuritysc煎e血g．　Theμmay　be　p血1adly　dependen　on　the　combined　e驚ct　of　io�uzed�qp面ty　sρ誠e血g　andspace　cha�r；e　scatte血g　hlduced　by　the　presence　of　the�qplantation一血oduced　defヒcts．　Thus，　although�qprov6d　doping　charactedsdcs餅Ge　ilhplan励on　into　G姻can　be　success鮒y　achieved　by　the　Ge＋Nco−implantaUon　metho（L　the�qplanta亘on−induced　defヒcts　seem　to　remajn喚the�qplar曲ed　region　even　afteracdva丘on　annealhg　at　13000C・　In　addi亘on，．theμ〜that　we　observed　is　higher　t巨an　results　previouslyrepqrted　hl　the　hterature［12，15，20］．　This　indicates　that　Ge＋IN　co一�qplantaほon　and　subsequent　annea�qgmight辻nprove　the　crys鳳匠�uty　of　the　electdcally　acdvated　regio耳which　results血supPresshlg　the　spacecharge　scε疵te血g　caused　by　the　generahon　of　defヒcts　such　as　N　vacancies　as　comp雄ed　with　the　convendona1�qplantation　technique．¢∈εニ．9駕お⊆Φo⊂oo　．9ヒ0らΦΦ二の1016101510141013　　　　　　　　　　　　　　　　　　　　　　　　　　　　○■・覧　　　　　　　　　　　　　　100％activation　．・・’”●　　　　　　　　　　　　　　　　　　　　　　　　　．■・o　　　　　　　　　　　　　　　　　　　　＼／　　　　　　　　　　　　　　　　　！／！　　　　　　←｛、、〆　　　　　　　　　　　レ・’�_ゆ　　　　　　　　　　　　　　　　　　　　ゆも　　も、ロ＼　　．…”●瓦．．｝　　　　もも〆”．　・一ぴ＝百‡．．。．．50040030020010010131014　　　1α5Ge　Dosage（cm−2）101βO貧≧匙9．≧7輩。ΣFIG　2．5．　Sheet　carrier　concentra口on　and　mob皿ty　as　a　fUnction　of　Ge　implantdosage　fbr　the　Ge＋N　co−implanted　samples　aRer　annea�qg　at　l　300。C．32−26二Chapter　2，　N−Type　Implant　Doping　of　GaN33　　Figures　2．6（a）and　2．6（b）resp�tUvely　show　XTEM�qages　ofthe　Ge一（sarnple　1）and　Ge＋N一（sample　2）�qpl血ed　GaN　a仕er　anne頭ng　at　1300。C．　In面s　c眠，　a　clear（門脈eren�tcan　be　seen　between血em．　h1血eoonve�uo酬Ge一�qpl�p　ed�ople，　a（�qk　band　e蕊甑ound・40�o丘om血e　s面�te，　as　shown　hFig．2。6（a）．　The　position　ofthis　band　is　in　good　agreement　with　the　di面bu口on　ofthe　implanted　Ge　atoms，as　determ血ed　by　SIM［S　analysis（Fig．2．3（の）．　Therefbre血is（�qk　j］mage　is　considered　to　correspond　to　thecrystal　damage辻虻roduced　by　the　Ge−implantation．　The　width　of　this　damaged　layer　was　esdmated　to　be−15�o．It　is　l血ely血t止e　�q鰭e�q欲1ced　by�qpl醐on　c�oot　even加removed　co即letely　byannea丘ng　at　1300。C，　because　there　are　insuf匠cient　N　atoms　hl　the�qplanted　region　to　achievestoichiomehic　GaN．’By　contrast，　no　da士k　band　can　be　observed　ill　the　Ge＋N　co一�qplanted　GaN　sample諭er�oe血g，おsho�o血Fig．2．6（b）．　T団s血温。盛es肱the（�q璽e�qroduc瓠by止e　G針N　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　rco−implantation　process　is　entilrely　restored　by　annealhlg　at　1300。C　under　N−rich　conditions．　There我）re，　wecan　say　that　Ge＋N　oo一�qplantation　is　significandy　more　ef匝ctive　in　enabhng　the　reconstruction　of　theG自N−latUce　in　the　implanted　region，　result量ng　in　an�qprovement　in　the　clystal�qity　of　the　electricaHyactivated　region．丘1　addition，　the　implantation−induced　defヒcts　cannot　be　observed　R）r　the　N一�qplantedsample　after　anneahng，　as　shown　hl　Fig．2．6（c）．　From　this　resulちthe　co−implan伯tion　of　additional：N　atomsinto　GaN�ug卸t　be　expected　to　ir血oduce　much　less　damage　in　the　implanted　region　than　the　implan励on　ofGe　dopant　atoms．醤　　　　　　　，富，　　　　　く覗　・　、　　　　　　　　　　　　’　　　　　　嚇謎鷺、門門鑓、　　�`詩HG　2．6．）（rEM　micrographs　of　Ge一，　Ge＋N一，　and　N−1mplanted　GaN　samples　with　a　dosageof　lx1015　cm�`丘er　anneahng　at　1300。C．33一27一34Chaptgr　2，　N−Type　lmplant　Doping　of　GaN　　Fi£ure　2．7　shows　the　8　pa�oeter　as　a　ftmction　ofβfbr　the　Ge一．（sample」）and　Ge＋N一（s�ople　2）�qpl血・d　GaN　b・お・e�o・訊血9，・e・pec廿・・1γ血・・e曲・f�pお一理・�oG・N・pi�q烈1寄・・�pd耳sampl・�qpl�pt瓠舳N．滋35　k・V�p・烈…h・�o．　h面・c鵬血・N副G・d・�r・・�p・個翫1・1015　cm2・For　the　as−grown　GaN　be飴re　implaIIねdo鶏when　posi廿orB　are�qpla血ed　close　to　the　s�ua�t嚇th　E＝0−1kev；the　8　pararneter　is　nearly　O．445，　v面ch　charactert乙es　the　defヒcts　and　chemical　natしre　of　the　near・sur毎cere錘on（0−5�o）of止e�ople．　At．E　of　5−50　keV；del�o（�qg　o紬e血。�qess　of血e酬1即e軸e　8pa�oeter　is　a�qlost　constant，　which　indicates　that　aU　positrons　am丑血ate　hl　the　GaN　layer　The　datameasured　at　these　ene類es　can　be　taken　as　characteristics　of　the　GaN　layeちwhich　have　been　reported　to　bea血ibuted　to　a　nega：匠vely　charged　Ga．vacancy（聡。）of　na口ve．po血t　defヒ。嘘hl　the　G自N　latUce［25，26］．　At　E＞50keV血e　8　p�oeter　decreasesお血e翻1ぬon麟to　occ皿舳e　s叩p�qe　sub甑e．’For血eas一�qpl血・母G姻加魚・e�o曲9，血・8P�o・t・・磁E＜50�sV・e且ec血9曲・�q・t・諭…f血・G姻layer　increases　largely　as　compared　with　that　ofthe　as−grown　salnple．　Tb置s　increased　8　pa�oeter　h1（五cates止ゆ・脚・i柱・n−elec廿・nm6m・・t�o醐b磁・n　i・�o・w・・血�p坤・お一即・�o�opb盟一・血9i・d・・t・P・・i億・n御翻a血9お�QPP・d翫・�t・n・y一嚇d・免・題，　whα・血e　el�t跡・n　d・嚇i・1・鴨r�pdth・probabihty　of　an�uhilation　with　high・momentum　core　electrons．旨is．　reduced．．Thus，　this　increase　in　5「paralneter　is　a　clear　sign　of　vacancy」type　defbcts　introduced　by　the　ion�qplantation・　This　tncreased∫valueis副so飴und　to　depend　on　the　to捻l　ion　mas串of血e�qplanted　atoms．　That　is，　the　8　p�oneter　increases　v舳血・・e曲9血・t・圃ig・mお・1並d・�q9三三・・e8�S・・郷・bゆly麗…i翫・d脂血・。・ncen�Qi・ns　ofthe　vacancy−type　de｛ヒcts面oduced　by　the�qpkm�qon，　as磁scussed　l翫er　h　addiUo恥血e　8　parameterdec・eお・・即・d副y而曲・・eお血9画舳g　as一�qpl姻�opl・・m・．血出・翫・・甑脚・f血・d・魚・鰺溢廿・・沁ced�qth・血pl血・d・e頷・n三三・・�q�I・deep・卜1動9・e錘・n・f出・GaN　l即・・d曲9血・�qpl�p�q・賎脚・16・騨9・di血i・n・f血・d・螂m磯・e1蜘t・・di・1・・舳・�q・t・hヂ・・f血・h，t，，。，pi困記G州，・�o・d　by止・1葡ce一�u・甑・h　b・榊een血・G・N　l即・・’O曲即P�q・甜b・甑・（Fig2．8）．34一28一Chapter　2，　N−Type　lmpbnt　Doping　of　GaN35　　　Mean　lmplantation　Depth　of　Positrons（μm）0　　0．1　　0．5　　1．0　　　　2．0　　　3．0　　40　　50　　0．520　　0．500勉0・480ゆ蓬・．46・£の　0．440　　0420　　0．400　　　のの　　…　　…　　…　　…　　…　　●　　…　　≡●●●o　　…．＿．…ロas−grown《　as−N−1110as−Ge−111●　as−Ge＋N−111　　　■　　　　　　　　　　　　薗■　　　　　■　　■　　　　　　　　　　　　o■■i’盟％写d＿．．．．＿＿．．勲2惚．．．＿．．．．．．．．．．．．Vb。幽　圏　圏　■　■　幽　曽　6　．　■　・　…　　　　　　．01020　　　30　　　40　　　50　Positron　Energy（keV）6070FIG　2．7．3parameter　as　a�qction　ofincident　positron　ene�ry　R）r：N一，　Ge一，　and　Ge十N−hnplanted　GaN　samples　wi仕1　a　dosage　of　l　x　l　O15　cm⊇befb�rannea�qg　at　l　300。C．剛胆〜　論難講季蝿器騒鱗HG　2．8．　XTEM　micrographs　ofas−grown　GaN．　35−29一36Chapter　2。　N−Type　lmplant　Dopihg　of　GaN　　Fi騨・29・�qw・血・∫副恥脚・t・聡蹴�q・ゆ・f謡曲・N一・Ge一（�oP1・1）副G叶N一（・�opl・2）．�qpl血・d　G叙諭・・�o・曲9飢1300．C・・e・pecd・・1γn・・e・皿t・・f牛e　as一餌。即GaNepitaxial　layer皐re　also　shown　as　a　refヒrence．　As　R）掌the　annealed　samples，　a　mafked　d憾erence　ill　VE−PASspectra　can　be　se6n　between　the　N−implar窪ed　sample　and　the�qPlanted　sampleミwi‡h　the　use　of　6e・As曲gpe泳舳a�ochゆer　Mue　of−0．500　and　a　much　lower〃v烈ue　of一り．073　is　detect幽Eof　O−4keV　fbr　both　the　Ge−and　Ge十N−implanted　samples．　This　indicates　thal　the　positron−e16ctron　　　Mean　lmplantation　Depth　of　Positrons（μm）0　　0．1．　0．5　　1．0　　　　2．0　　　3．0　　4．0　　5．0　皿ΦE歪ユの0．5200．5000．4800．4600．4400。420　　0．100　£ΦE頸0．0908≧　　0．0800．070i●…三GeG∂イe’afed　deわ。’　o…’●”●’”卿’●……o’鱒●”●●……　　Oas−grown．　i　　　　　　　　　　　　　　　▲　N−111＋anneal・　…．、　．．　．　　　．　　．OGe−111＋anneal　　　　　　　　　　　　　　　　　　●Ge＋N−1／1＋anneaIl…1　　・　VGa●　●　8　●　　　　　　　　　　　　　　　　　　　　■　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■　●　　　　　　　　　　　　　　　唇　　　　　　　●　　　　　　　　　　　　　　　　　　　　　　　　　　　　●　　匿　●　　　　　　　　　　　　　　　■　8　●　■　o　■　卿　●　　・　…　　　　　　　．　o　．　胴　●　・　，，i　　　　s。ρρ励の　　　　コ　　　　　　　　ロロロコココ　リコ　コココ　コロロコココココロののロココロロリロリコココロロロ　　　　　ロロロロコ　ノmρ1∂所edi尺・gめ・S。ρρ万1囎　　o　　　　　　　　　・・●9■●昌．●●．●●●・05●9・o・．・・・…　．顧●●9．・・5・．．・9，・●…　　　　　　　　　　　　　　　　　　　　　　　　　　　v6。，■　　　　　　　　・i．．iρ餓礁“鰭乱．o■■●隔●●●■●●●9●■●o・．8・…　　■　　　　　　　　　0　　　　10　』　20．　　30　　　40　　　50・　　60　　　70　　　　　　　　　　　　　　　　　　　　Positron　Energy（keV）HG　2．9．8and〃F垂≠窒≠高?ｔｅｒｓ　as　a　fbnc亘on　ofhcident　positron　energy　fbr　N一，　Ge一，　andGe＋N一�qplanted　Ga：N　samples　with　a　dosage　of　l　xlO15　cm囎2　after　annea避ng　at　l　300。C．　36−30一Chapter　2．　N−Type　lmplant　Doping　of　GaN37momentum　distrib�uon　is　much　narrower　in血is　dgpth　range．　Probabl）〜the　naτrov両ng　is　due　to　positronsハanllihila口ng　as　t【qpped　at　hew　vacancy−type　defbcts，　which　are　obviously　d撚erent　fbom　those　of　theas−grown．and　as−implanted　samples．　For　the　N一＃口plar岐ed　sample，　howeveろ血is　peak　cannotりe　observed。considering　that　the　depth�oge　correspondhlg　to　the　o−4kev　range　is　in　good　agreement　with　the　region　oftheゆplanted　Ge　atoms　fbom　the　SIMS　pro且1es，　this並dng　peak　is　pfobably　associated　with　the　el�ttdcalactivation　and／or　the�qplanted　Ge　atoms．　hl　addition，　at　E　of　l　O−40　keV　reflec血g　the　characteristics　ofthe　GaN　laye蔦the　increase　in　S　parameter　and　the　declease　in　W　pa�oeter　can　be　seen長）r　al　the�oealedsarnples，　respec廿velメ　bompared　with　those　of　the　as−implanted　sarnples．　This　result　suggests　that　theanneaHng　may　induce　the　increase　in　size　of　the　implanta匠on一血roduced　defヒcts面her　than　the　hlcrease　inconcentration　ofthem．　　The　n�o1£r　of面ヒre血va�oc義血e　de艶。魯脚p�qg　posi廿ons　can　be�qe甜g就ed血ou帥止e　l並e鋤between　the　3　and〃7　pa�oete聡．［25，26，41］．　If　only　a　single競）e　of　vacancy　is　present，　the月7　parameterdepends　lhlearly　on　theεpa�oete二　As　fbr　an　the　samples，　the　3　and〃F　parameters　at　E　of　O−30　keV　areplotted　hl　Fig．2．10．　It　is　f〜）und　that　a皿the　data　of　the　as一鶴）lanted　samples　fa皿on　the　salne　s圃ght�qe（一一一一）．　This血dicates　that廿1e　same　vacancy−t）τ）e　defヒct　is　present辻【aU　the　as一画面larIted　sarnples，　regaIrdlessof　the…ミpecies　of　the　implanted　atoms　such　as　N，．Ge，　and　Ge＋N．　Thus，　the　dif免rent　8　pa�oeters　of　theas一�qplar虻ed　samples　as　shown辻L　Fig．2．7　reHect　the．vahation�qconcentradon　of　the　vacancy−typg　defヒcts�qlroduced　by　the　implantation．　From　the　slope　of　the　dotted　hne　of　the　as−implar誌ed　sarゆles　as　shown　hlFig2・10・止e　ch訂acteds丘。△階�q60f〜α22P　c�pbe　c烈。田帥e¢whc与v烈ue　is止e　s町e　one　ofやeas−grown　GaN　ref6rence　sample．　This　suggests　that　the�qplantation一呑duced　defbcts　in　a皿the　as一辻nplanted�opl・・c�pb・id・血丘油倉・・�o・�qd　o柵・de螂detected鉛「血e鞠。�oG州s�ople・gn血eother　hand，　as　fbr　the　ann6aled　samples，　a皿the　data　at　E　of　10−30keV　also魚皿on　the　s�oe　straight�qe（汁う，whidl　is　dif〔brent　fbom　that　of　the　as−implanted　samples．　In仕亘s　case，　the　characteristic∠〃7Z∬ra匠。　is〜0．284，．v面ch　is　a　litde　higher　than　that　of　the　as一辻nplanted　sarnples．　Thus，　the　same　vacancy一画）e　defbcts．mu…虻be　present　hl　aU　the　annealed　samples，　which　are　dif距rent　fh）m　the臨defヒcts　R）τthe　as−grown　and37一31一38Chapter　2．　N−Type　lmplant　Doping　of　GaNお一�qpl磁・d・�opl・・．　n・・e・e・二軸．・ug9・・t曲血・�qpl�p励・n一品・duced臨d・免・魯・�q9・�q・．聡グre1翫ed　de魚。魯三三erent　ch�octer　by血e�oe�qg翫13000。C．趣蜘瓠池ove，血e　neMyobse灼ed臨一rel測de色。魯魚r血e　ame鋼samples�pe　e和ect磁to　h躍e　l聖er　open　vol�oe血an肱of血・臨血血eas一即・�o�pd．ｨ一�qpl磁瓠・�ppl・・，・u・hお・磁・�t�p・メav・・�p、y℃1醜，　md。vacancy・�qpuhty　complex［42］etc．　Moreove鳴fbr　bdh　the　6e−and　Ge＋N一�qplanted　sarnples誼er�o・記血9・血・�S翫E・fO−4k・Vd・vi翫ee血・m・ly．丘・m曲・・hdl血・・f恥・�o・烈・d�oP1・・，剛・hbehavior　is　obviously　dif免rent　fbom　that　of　the　N−implanted　sample　after　amea�qg．　This　characteristic△卿△∫ratio　is　calculated．to　be−0．353，　which．is　much　higher　than　those　of　the　as。�qplanted　and　annealedsamples．　Conside血g　that．　the　depth　range　correspondhlg　to　the　O−4keV　range　is　consistent　with　theelecthcally　activated　regions　as　mendoned　above，　this　significant　increase「奄氏｢〃7△8　raUo　is　probablyassociated　with　the　implabted　Ge　dopant・atoms　occupying盆Ga−latUce　site　ih　GaN．　h　other　words，Ge−rel翫・d…�p・跡・d・色・魯舳m誼・d醗・e血・�q・tg・�p・。・�rid・・ed　t・b・n・司y・・e厳・d　by血・�qplant　activaUon　ame記血g　at　1300。C　fbr　both　the　Ge−and　Ge＋IN−implanted�oples．．0．1．0．0お0．090だ．∈歪80．0800．070　　’　　　　　　　．　＊　as−grown　　　　　　　　　　　　　△　as＿N＿111　　　　　　・’　　　　　　O　as−Ge−111　　　　　　　　　・．．、　　口　as−Ge＋N−1／1　、111十anneal　　　、�d　　　　　　　　　　　　　�d、as・9「own，　as・111▲　N＿111＋anneal　　　　、、●Ge−111＋anneal　　へ，＼．・．f・・N−111・・meai．ｹぐ国．　　　　　　　acガγ鋤畷＼＼　　　　　　　　　　　　　　　　　　’、、｝50，4000。430　　　0．460　　0．490　　　　SParameter0．520HG　2．10．1回目a�oeter　versus研pa�oeter　fbr　N一，　Ge一，　and　Ge＋N一�qplanted　Ga：Ns�oples　wi重h　a　dosage　of　lx1015cm．2　befbre　alld　a丘er�oea�qg　at　1300。C。38一32一Chapter　2．　N−Type　lmplant　Doping　of　GaN39�qs�o町we　h即e　demo�閣ed伽co一�qpl�p�qon舳MGe宏。螂�qo　G姻m誼e田yenhances　the　Ge　electrical　activadon　based　on　th6　site−oomped廿on　ef驚ct，　In　pardculaちoverlapping　of　theN一期目lar庄ed　region　with　the　Ge　one　makes　the　Ge　activadon　higher　The　Ge＋N　co一�qplantation　canachieve　Ge　activation　ef且ciehcies　higher　than　40％at　the　opt�qum　N／Ge　ratio　of〜1，　whereas　thecohv�pional　Ge�qplan伽on　seems　to　suppress　the　Ge　activぬon　owing　to　the　gener頗on　of　N　vacancies．TEM．observadons　reveal　that　the　implantation−induced　damage　is　endrely　restored、by　activa丘on　annealing最）rthe　Ge＋N　co一�qplantatior』in　contrast　to　the　case　ofthe　conve面onal　Ge�qplahtation　process．　Howeve蔦VE−PAS　measuremen的revealed肱、　matkedly　dif飴rent　vacancy−type　defヒcts　are　created　in　the　electrica皿yacdvated　regions　by　anneah：ng　hl　bo車Ge−and　Ge＋IN−implar鵬d　samples．噛2．3Si＋N　Co−1mpl紐ntation2．3．1Expehmental、　　　The　epita）dal　GaN　fnfns　used　hl　these　expe血1ents　Were　1．μm　thick．　They　were　gro�oon　a．plane．s即p�qe�pb曲tesby烈mosphedcpress∬e　MOCVD組1050。C，　on　apre−deposit磁20�o細N　b岬erl町ergrown　at　400．。C．　The　GaN　fUms　were　not．�qtentiona皿y　doped，　and　showed　semi−insuladng　properties．．A負er　grow肛the　GaN　samples　were�qplanted　ushlg　pure　N2　and　SiF4　gases　as　the　sources　of　the　1智and28Si＋、peci・、，，e、pec廿。，1γF魔血・N卜i…w・・e�qpl韻・d翫・n・・暫…f35，65，�pd　100　k・V・e・pec愈・・1払to　position　the　ion　peak　53，95，　and　l　43　nm　fヒom　the　sur負ace．　The　Si＋ions　were　then�qpla血ted　at　a丘xedenergy　of　65　keV　toかlace　its　peak　range　at　the　same　position　as　that　f）r　the　Nl�qplanted　at　35　keV　The　Nand　Si�qpIar直dosages　were　vaded　b銃Ween　lx1013　and　lx1016　cm2．　In血e　case　of　the　Si十N・go一�qplan伽on，　the：N／Si　r雄。　was　kept〜1カ日　an　opdmum　doping，　as　repo宜ed血s�ttion　2．2．　Conve皿ionalSi一�od　N一�qp脚G姻鵬pl・・w・・e組・・P・ep飢・d．魚r　r6免・ence・細面・�qpl齢w・・e　p・面�o・d．翫room　tempera加re，舳an血cidenc6　angle　7。　o任the　no�o烈s曲ce．　A仕er　implan倣ion，　a　500一皿【一面ckSiO2　capphlg　layer　was　deposited　on　the　top　sur£ace　of　the　samples　by　ra（翠。−fヒequency　sputtering．at　roomtempe皿ture　to　p！℃vid6　an　encapsulation　cap　fbr　the　subsequent�qplant　ac廿vation　annea�q9．　AH　the39一33一’40Chapter　2．　N−Type　lmplant　Doping　of　GaNsamples　were　annealed　on　a　SiC−coated　g即hite　susceptor　at　tempera山res　between　1100　and　13000C　inflow童ng　H2　gas　at　a　pressure　of　l　O　Tbrr．　FoUowing　the　anneal　stgp，　HF（49％concer血a口on）was　used　toremove血e　SiO2　cap，　and　then　Al−con�釜Dwere魚�oed翫the．comers　of　each�ople　by　elec廿on−beamevapora口on．　Ca�uer　activation　was　characterized　by　room4empela加re｝｛aU−ef驚ct　measuremer臨．　Ha皿data　of　sheet　ca�uer　concentra怠onη，　and　electron　mobihty隆were　in　error　by　less．than　1％on　these．．meas一・鵬・．乃・d叩四面b面・n　gf．由・蜘1飢・d　Si翫・m・was　m・�oゆy　SMS・血・・慮�t・mo荘）hology　of　the　implanted∫egion　ofthe　GaN　samples　was　analyzed　by　ato�ud）rce�ucroscopy（AFM）．Annealhlg　behavior　of　de色cts�qtroduced　by　Si　h：nplanta口on　was　assessed　by　means　of　VE−PASmeasurements，　usjng　a　mono−energedc　positron　l）eam．2．3．2Results劉nd　Discussion　　　The　dependehce　of　the　depth　di…血ibutioh　of　the�qplar賦ed　Si　atoms　on　the　co−implanted　N　peak　rangewお血ve虹自磁ed．　ne　impl謡con面do四三ic瓠田mples，．n�ober瓠1」4，錨e　l�oma血ed血恥le　2．2，・・9・血・圃血・辻・lec面・曲凱H・・e・血・聯1血・dN�pd　Si　d・・磐・・肥・e三三1・1015　cm2・Fi騨・2。11shows　SIMS　profile吊ofthe�qplanted　Si　atoms　beR）re　and　after　annea�qg　at　1300。C　fbr　5　r�u恥together舳N�pdSi緬。　pro且les　c副c皿ated　by�o．　Be鉛re血e�o曲g，血e　ex蜘en切peゆsihon　of血e�qpl�pt鉗Si雄omsis血reおonable響eeme皿曲of血e�oc烈。蜘reg�p田essof血e�qpl・nt・d　N碑・k・ang・・F舳・�o・・e，中鋤P1血磁Si1鉦・�o脚魚md　t・d触�q・ah廿1・de・p・卜1脚9regioh　ofthe　GaN　f聾1ns　by　the�oeaHng　at　l　300。C，　which　seems　to　be　also　hldependent　on　the　N　implantconditions．　This　ahneζ恥g−induced（藍f�qion　is　dif〔ヒr6nt　fヒom　the　situation　of　Ge＋N　co−implantaUon，　asreported　in　sec丘on　2．2．　That　is，　this　redistribution　of　the．�qplanted　Si　atoms　may　occur　due　to　Si　havingmuch　hghter　ion　mass　than　Ge．　hl　additior』．Si　atoms　camot　be　detected我）r　N一�qplanted　GaN　a負er　theannea�qg　by　the　SIMS　measurements．　This　suggests　that　the　dif�qion　of　Si　atoms�q［o　GaN魚）卑an　SiO2encapsulaUon　layer　canpot　occur　du血g　the　high辻emperature　annealh19　Process　and　cQnsequently　that　the．use　of　the　SiO2　cap　does　not　hlfluence　th6　Si−doping　characteris毎cs，　as　discussed　late虹　　On　the　other　hand，　40−34一■　　　　　　　　　　　　　　　　　　　　　　　　　’Chapter　2．　N−Type　lmplant　Doping　of　GaN41廿le　dif比sion　of　the辻nplar睦ed　N　atoms　cannot　be　determined　because　6f　it　be辻【g　difHcult　to　distirlguish　theimplanted　N　atoms　fbom　the　component　N　atoms　of　the　GaN　la賃ice　even　when　isotope　l5N　atoms　were�qPlanted．TABLE　22　　hr唖）lant　conditions　and　sample．cha鷹teds直cs　　　　　　　N−implant　Si−implant　Sheet　carrier　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　MobilitySamPle　l　x1015　cm幽2　1x1015　crh’2　concentratioh　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（cm2〈1・S）　　　　　　　　（keV）．　　　（keV）　　　（1014　cm−2）12．34none3565100656565655．8与4．875．276．8480．298．586．875．8　　』・。・一�qpl頗・dNp・泳・�p9・d・p・nd・nceρ£血・Si3・d・細・n界曲噸9三曲・卵・烈蜘1・・1−4・Here，血e　acdvadon　a�oe曲g　was　per飴�oed副300。C％r　5　min．　Firsちadif驚rence　of　elec血。烈properties　is　f〜）und　between　the　conven丘onal　Si一乖口planted　sarnples（sarnple　1）and　the　Si『＋脳「co一�qplantedsample（sample　2），　as．　shown　hl　T自ble　2．2．　Sa血ple　2　shows　a　lowerη∫and　a　higherμ2　than　s�ople　1，　in・pit・・f止・id・血i・烈Si　d・駝・・f　1文10’5　cm�`・b・融�opl・・．1・画・賦血・�q幽を・f−100・m2〈1・can　be　achieved　even　at　a　Si　dosage　of　l　x　1015　cm2　fbr　the　co−implanted　sample　2　in　which　the　N　peak　rangeis　equivalently　placed　at　the　Si　peak　one．　This　reflec‡s　high　quahty　of　the　GaN　lattice　in　the　co−implar庄edregion　colnpared　to　the　conven丘onal　Si一町nplanted　one．　Si　acdva口on　ef且ciencyρf　salnple　2　is　est�qated　tobe−49％fbom　the　implanted　Si　dosage　of　l　x1015　cm2．．　As　compared　to　sample　2，　the　hiεhη、　seen　fbrsample　l　may　be　related　to　the　geheradon　of：N　vacancies　besides電he　Si　electrical　actiマadon．　That　is，　thereare　extremely　insu岱cier虻Natoms　available　to　main�qGaN　stoichiometry　in　the　conventional　Si−implantedregion．　Conside血g　th窃盗e　N　va（沿ncies（�給寐oash訓ow　donor　Ievel［40］，　many　ca�uers　can　be41一35一42Chapter　2．　N−Type　lmplant　Doping　of　GaN．旨i垢�D∈080甲》＝o鴇詣＝oo＝ooz．．■孚ω1．81．20，6　01．8t20．6　01．81．20．6　01．81．20．60Si−TRIM（65keV）　　　・《a》sample　1　　　　　　．．．．・・・…Si−SIMS（as−implanted）Si−SIMS（annealed）Si−TR禦（65k・V）．@《b》samめ1・2　　’ρ　’・7・一一・Si・SllVIS（as・implanted）　　　　　　、、4．一・N−TRIM（35隊eV》』、Si−SIMS（annealed》’Si−TRIM（65keV）　　　　（c》s3mple　3　　　　　　　．・・・・・…Si−S置MS（as−implanted）　　　　　　　　N−TRIM（65keV》　　　　　　　　／．一し＼、　　　　　／レ〉ごSi−SIM＄（・meal・d）　　　　ノ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　セ　　　，”　　　　　　　　　　　　　　　　　　　　　　　　　　覧　　　’　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　、　　　ゆ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ヘ　　ノ　　　　　　　　　　　　　　　　　　　　　　　　　　　　も！ρ　　　　　　　　　．　　　　　　　　　　、’　Si−TRIM（65keV）　r．　　（d）sampie4．∫　　　　　　　．．．．．．…Si−SIMS（as・implanted．）．．　　　　　　　　　　　／Si−SIMS（annealed》　　　　　　　　　ガ　　N−TRIM（10qkeV）　　　　　　　　　　　　！1’ノー隔＼、、　　　　　　　　　　　　’　　　　　　　　　　　　　　　　、　　　　　　　　　　　　　　　　　　　　　し＼　　　　　　　／　　　　　　　　　　　　　　　　　＼　　　　，’ρノ．4　　　　　　　　　　　　　　　　　　　　　　　　　＼、，一〆’ノ@　　　　　　　　　　　�_0100．　　　　　200　　Depth（nm》300FIG　2．11．　TRIM二simulated　atomic　pro∬les　of　i卑planted　N（（鎚hed　line）�pdSi（・・lid　li・・）即d　SIMS　pr面1…fSi�qpi�pt的i・G姻・お�qpl�pt副（［コ）and　annealed（●）at　l　3000C　fbr　samples　l−4．42一36一Chapter　2．　N−Type　lmplant　Doping　of　GaN439・n・�嚇丘・m．o・・e臨A・a・e聖血ec・�o・血・n記Si�qpl�p励・n�oy・h・w�p血・rease血細面・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ガm・・e緯・・�q・d・・�q9出・N・�t・n・i・・．h曲・お・，血e　c・nce噸i・nqf血・N・�t・n・i・・g・n・・翫・4・h・皿db6　id鈎Uy　equal．to　that　of　the　implanted　Si　atoms．　That　is，　the　ef驚cdve　ca�uers　f士om　the　Si　doping　except釦r血eNvac�pcies　m留悦おs�oed　to　be　o皿y　h烈f血eη3．　Thus，血e　ac圃Si　acdv翫ion．　e伍ciency　isroug坦y　e…誼mated　to　be　as　low　as　29％fbr　sample　l，◎onsider童ng　the　increase　in　carrier．concent田tion　causedby　th696neration　of　many　N　vacancies．　On　the　other　hand，　in　the　case　of　the　Si十N　co一�qplar慮ed　GaNsamples（samples　2−4），　theη5　andμstrongly　dgpen40n　the　implanted　N　peak　range　relative　to　the　Si　peak．one，　as　shown　in肱1）le　2．2。　The．η3　decreases　and　theμ血creases．　with　closely　overlapping　fbr　the　N　peak�o9・知解6Si鰍・n・・F・・m．・叩e“…頭y・f・出・G針N。・一�qpl�p励・n［29］・お・ep・丘曲sectiOn　22，　the　di血b面on　ofthe　co−impla血ed　N　atoms　is　expected　to　be　unchanged　even　after　the　annealillgat　1300。C．　In　ad（hdo蟻血e　N一�qp1血ed　GaN�ople　shows　se�u一in副adng　pmpe丘ies　aaer　the　a�oealing．Thus，　the　observed　increase　in恥is　considered　to　be　cau＄ed　by　the　combined　ef驚cts　of　Si−doping　andN−vacancy　generation　f〜）r　the◎o−implanted　3amples（samples　3　and　4）血which　the　N　peak　range　does　notcomp16tely　overlap　wlth　the　Si　peak　one．　There最）re，　we　can　say　tbat　the　coヲimplantation　of　ad（五donal　N．atoms　significandy　enhances　the　actual　Si　el�ttdcal　activa�Sn　when・the．：N　peak　rangβ．is　equivaler詫ly　placedat　the　Si　peak　one．　　Here，　these　results　on　lhe　Si＋N　co−impla旦taUon　are　compared　with　our　previous　study　on　the　Ge＋N　one．Theη、　andμ〜obtained最）r　the　Ge＋N　system　are　lowef　than　those　fbr　the　Si十N　system，　under　the　samer・n�In曲・・e血・N幽k�o9・・v・脚圓舳血・南P�otp・盛�o9・・hp面・細意・G針Nco一篇nplanted　GaN　samples　show　much　lowerμ20f　50−60　cm2／Vs　In　addition，　the　N　peak　rangedependence　ofη，　se6n　fbhhe　Ge＋N　sy…難m　is飴und　to・be　just　the　oPPqsite　of　that食）r　the　Si＋N　system・That　is，　theη、　increases　with　tela丘vely　lowμ，　with　closely　overlapphlg　fbr　the　N　peak　range　with　the　Ge　peakone　fbr　the　Ge＋N　oo−implanted　Ga：N　sa卑ples．　These　dif飴rences　that　we　observed　are　considered　to　becaused　by　a　considerable　margin　of　ion　mass　between　Si　and　Ge；the　Ge十N　ooL�qplantation　process　shouldbe　inclusive　of　impla耳tation−induced　damage　in　addition　to　the　combined　ef梵cts　of　the　Ge・・doping　and　the43一37一44Chapter　2．　N−Typdmplant　Doping　of　GaNN−vacancy　generadon．　Convelsel払the　Si＋N　co−implantadon�oy　supp郵ess　the　damage　due　to　Si　beingmu・h　H蜘・・血�pG・，認・やect的．　n・・e鉛・e，　w・�p爵帥・n・u帥甑血・Si曲・一�q脚励・ntec�qque　is　a　more　ef［ヒctive　method表）r　aρhieving　high　qUaHty　n−type　doped　GaN　by　implanta匠on，　based　onan　ideal　site−compeUtion　efIヒct．　　丘・�o・血9−c・n磁d・nd・圓・nce・f血・Si�td・血・n　wお烈・・�q・甜9翫・d毎雌Si＋Nco−h：nplanta匠on　process．．she　implar岐con（五tion　was　the　same　one　as�ople　2　in　v面ch　the．�qplanted　Npeak　range　overlaps　with．@the　Si　peak　one，　as　shown　in　Tヨble　2．2．　Figure　2．12（a）shows　roomイempera加re・調μas　a�q・ti・n・f・mea�qgt・m卿�q・魚・血・Si梱・・一�qpl血・d�oP1…耳・・e・�o・曲9�q・wa6　fix6d　at　5　min．　With　the　rising　of　annealing　temperature　fk）m　1100　to　12000C，　theη5　signi且cantly�q・・ease・食・m　2・1・’2　cm2・・3・1・’4　cm舗曲幽・fツ75呵κ・h・血車・厩・・楓血・Si．・le面・副・・ti・雄・n麟t・・cc曲a・皿d　l200．c・．6・血・・血・・瞬血・μ・i騨・血ly血�p・お・・血・pit・・f血・η，being　saturated　by　the�oea�qg　at　1300。C．　This　behavior　hldicate＄an�qpmvement　in　the　c琢staHir丘ty�q血eele面・囲y・・d・翫・d・e浮…n・・e拓・e・止・・m曲9翻帥ゆ卿餅・・伽・・1200．C　i・・eq血・dt。ac幅，血・�qpl血・d　Si翫・m・hG酬．　Fi騨・2．12Φ）・h・w・m・m4・m卿加6脚d岬・�q・廿・nof　annealing　time飢1300。C角r　the　Si十N　co一�qplanted�oples．　Theη3　gradually．incr6ases　v舳an血。，ease。f、m，三三g　t�q・，曲・・e舳・μ・i鱒・�pdy並・・ease・丘・m　51・m2配・t・103・m2〈1・。．n丘・・e・皿t誕…ug9・鏡・．・・i蝉・�p�qP・・v・m・血・f血・．EW・圃�q砂und・・an・P�q�o・・n曲n・f　GaNstoichiometry　in　accordance　wiψincreasing　almea�qg　t�qe．　　M・・e・v・ろSi−drP血9・h�o…緬・・w・・e�q・・廿9翫・d血・i・w・fSi�qpl血d・・鰭αFi騨2・13　sho珊sthe　room−temperatureη、　andμas　a血nction　of　Si．dosage　lbr　the　Si十N　co−implanted　and　subsequenαy・m・烈・aG姻・碑1・・．　H・・e，止・N�qpl・n伽i・・wお鉾�q�o・d翫35k・Vt・・v・蜘血・N一�qpl血・dregion　with　the　Si　one　as　shown　hl　Fig．2．11（b），　and．the　N／Si　ratio　was　fixed．at　l貴）r　the　optimuIn　Siactiva：don　as　stated　above．　The　activation　anneahng　was　ca］�ued　out　at　1300。C　fbr　5　min．　The刀5血creasesm。n。t面、副ly舳h・・eas�qg　Si�qpl血d・・鰭卿t・1・1015　cm�`・d・・血・Si姻・・一�qpl・n倣i・n　p・・cess，甑i、，th，。、　seem・t・b・p・eci・ely・・血・1圃・b・榊een3・10’2　and　5・10萱4　cm輸血・e・pectt・血・Si　d・�r・・44一38一Chapter　2，　N−Type　lmplant　Doping　of　GaN45ぐ1α6注ε1015歪81014お’≡10138ぢ10122の1011（a》ロー一・一一一・一　…←　　．．．．ロド．〆・’〆’　　．／〆．…’〆・…　レ5min1100　　　　　　　1200　　　　　　　1300　　　　　　　　　　　　　　　　　　りAmealing　Temperature（C》ρ1α6　旦　（b）．窪10158．蚕詫10149＄お1013　　　　100120100？y80き　　　暮60二　　僧40豆　　　020．＝0←口・・一・・’層’”層9’　　　　刀’’’”“’…．’　．．・・○●’・・開レ．口1300。C　101　　　　　　102Annealing　Time（s》　120100す80き　　　　≡…60；　　　　溜40云　　　　0　20＝　　0103FIG　2．12．　Sheet　ca�uer　concen旋虹on（●）and　mobihty（□）as　a　fhnction　of（a）amea�qg　ternpe臓ture　and（b）annea�qg　t�qe　fbr　Si＋N　co−hnplanted　GaNsamples．翌撃狽?　Si　and　N　dosages　of　l　xlO15　cm2．An　ehhanced　Si　acdvahon　level　of〜50％is　at�qed　in　this　region　of　the　Si　dosage．　ThereR）re，辻np∬）veddophlg　characteristics　f〜）r　Si　irr甲lantadon血。（｝aN（油be　successfUHy　achieved　by　the　Si＋N　co一�qPlantationmethod．　On　the　other　hand，　theμdecreas6s　gradμa：Uy　with　increasing　Si　dosage　in　this　region．　Howeve募the　beha誘or　of　theμ，　seems　not　to・be．simply　consistent　with　the　variation　seen　R）r　theη、　in　view　of　ior直zed45一39一46Chapter　2．　N−Type　lmplant　Doping　of　GaN�qpuri取sc雄e血g．　Theμm竃y　be　pr�qahly　depe翠4en　on　the　combined　ef陀ct　of　io血ed．impudty・c煎・血9鋤d・p・・ec�q9・脚・e血9�q・加ced　by血・p・e・en・r・f血・加pl�pゆ炬�q・d・・副d・魚・砥haddition，　the　observedμis　much　higher　than　r6sults　previously　reported　in　the　lite士a虹πe［12，15，20，29］．　This舳・翫・・．止舳・Si咽・・一�qpl�p励・一d・μb・閃・・血・mゆ9�u幽・ig面6鵬�qP・q・・血・crys謝hnity　of血e　elect直cally　acdvated　region，　which　results　hl　supPressing　the　space　charge　scatte加9cおed　by　the　gene曲on　of¢efbcts　such　as　N　vacanciesl　as　compared　with　the　oonvenUor齪implantationtec蜘αF舳，�o。・e，血，。、鋤d魚・eem　t・b・田鰍・d誕一d　1・10’5．・m�`d　71・m2κ・，respectively；with　increasing　the　Si　dosage　above　3x1015　cm塗．　This．result　s�rgests　that　the　Si−dopingcharacteristics　by　the�qplantation　techr匪que　may　at面n　to　the　soHd−solubiUty�qt　ofthe�qplanted　Si　atoms．血・（姻・m・ph・n・m・摯・n　i・p・・b・bly麗…i翫・d輌帥・�o9Φh・u・一phお・溢釦�oぬ・n・f圃f〜）rrned　by　high−dose　i6n一�qplantation．ぐ1016∈ε6．101559101・・婁§1・13釜の1012q　1ツ沁ation　　　陛1’←．’　　　〆／　　�d∠／〆’隔A〜　　　　’τ｝・一…｛］10121013　　　　　1014　　　　　1015　　　　　1016　　　Si　Dosag俘（cm口2）250　　ゑ200．9　　≧150圭　　9　　　あ100溜　　蓋50睾01017FIG　2．13．　Sheet　ca�uer　concen紅a廿on（●）and　mobihty（□）as葺fbnction　of　Si�qplant　dosage　fbr　the　Si＋N　oo−implanted　samples　a丘er　anneaH血g　at　BOO　oC46一40一Chapter　2．　N−Type　lmplant　Doping　of　GaN47　　In　this…蛇ud払　improved　Si−dopillg　characteristics　have　been　achieved　fbr　GaN　by　the　Si＋：Nco−implan励on　whαe血e　MSi面。　wお倣ed飢1．　Howev凱血ere　seem　to　be　n�oerous�qplan励on−induced　damage　and　N　vacancies　even　a負er　the　high　temperature　anneahng　process．　Thus，　theN／Si　ra丘。　needs　to　be　opt�qized　to　at面n　a　Inore�qprovement　in　Si−doping　chaぬcterisdcs　and　c塀stal�qity　ofthe　co一�qplanted　GaN．　　Figures　2．14（a）and　2．14（b），　re…pecdvel払show　typical　AFM　images　of　the　Si一（salnple　1）and　Si＋N一（sarnple　2）implanted　GaN　after　amea�qg　at　l　300。C　fbr　5　mjn．　A　clear　dif驚rence　can　be　seen　between止em．　h血e　co−impl飢ed（強N�ople，　a　n�o1£r　of即。軸前eps飢e　cle飢ly　obsewed　as　shown血Fig．2．14（b），v面ch　su出ace　morphology　is　identical　with伽ofthe　as−grown　GaN　beibre　implanta丘on。　That　is，山es面ace　molphology　is　fblmd　to　be　unc�qged　even　a位er止e�qplan伽on　and　subsequ�p：amealingprocesses　fbr　the　co一�qplanted　GaN，　Here，　the　dafk　points　corre串pond　t6　threading　dislocadons．　In　shaΦco血潮，　many醐te−colored　is1舳舳一251�o血hei蜘and−140�ohd�oeter　can　be　seen魚r　theconventional　Si一�qplanted　sample，　as　shown　in　Fig．2．14（a）．　These　islands　were　fbund　to　be　ma血ycomposed　of　Ga丘om　A�rer　elec柱on　specせoscopy（AES）measuremen�s．　These　Ga　islands　in　s面ace．．議翻．’購i・．灘議FIG　2．14．　AFM　hnages　of　Si−and　Si十N−hnplanted　GεN　sarnples而th　a　Si　dosageof　lx1015　cm�`fter　annea�qg　at　l　300。C．　Both�qages　are　5x5μm2．　47−41一48Chapter　2．　N−Type　lmplant　Doping　of　GaN．region　are　considered　to　be飴�oed　in　accor（拍hce　wi血GaN　dissoci面on　causαi　by　the　hi帥4empera加reannea�qg．　hl　particulaちh｝the　case　of　the　conVentional　Si�qplantation，　the　Ga　islands　are　expected　to　bemore　eas丑y愈）�oed　owing　to　there　beinεinsuf且cient　N　atoms　in　the．　implanted　region　to　achievestoichiomβtric　GaN　as　compared　to　the　Sl十N　oo一�qplan倣ion　process．　In　addidon，　the　growth　steps　are　not・1・πly・een魚・血・Si一�qpl繊・d　sampl・，　wh・h　i・血・聯・曲1・響eem・血．舳血・G州diss・・i鋤・n血判・sur食ace　region．　Thus，　the　Si十N　co−implantation　tums　oりt　to　be　significandy　suppressed　the　Ga．island魚�o鋤。曲view　of　GaN就oichiome噂．　There魚re，　we（沿n町画血e◎o−implan囲on　tec�qique　is　moreef飴ctive　in　enabhng　lhe　r�ton舘ucUon　of　the　GaN−la面ce　h曲e�qplaI並ed　sulfa�tregion，　resul血g　in　an�qprovement　in　the　crysta11�qty　of　the　elec面caUy　acdvated　region．　However，�qp1｛m励on−induced・micro−defbcts“sma皿holes”can　be　seen　even　after　the　high，｛emperature　anneahng　process　fbr　both．Si−andSi十N一�qplanted　samples，　as　shown　in　Figs．2．14（a）and　2．14（b）．　For　re角rence；the�ucro−de魚cts　c�ootbe　observed愈）r　the　N一�qplanted　sample　after　ameahng，　indica血g　that　the　co．implanta匠on　of　additional：N翫・鵬�q・G姻．�u幽be　ex伊…d・・�q・血ce　mμ・h　less．と�q梁・励・�qpl血・d・e浮・n　t�q血e�qplantaUon　of　Si　dopant　atoms．　In　addition，　the　micro−d6fヒcts　gbserved　in　both　the　Si−andSi姻」�qpl韻・d　GaN謎・p・・励ly麗…i飢・d舳血・�qpl・n励・P・fSi翫・ms　and鰐h即…m・�qd・frelation　to　the　defヒcts　chaIacterisdc　of　both　the　Ge−and　Ge＋N−implanted　GaN　as　determhled　by　VE−PASmeasurements，　as　reported　in　secdon　2．2．　　In　order　to　clahfy　the　ameaUng　behavior　of　th6　de色cts　i1血oduced　by　Si�qplan励。恥VE−PASmeasu，em・n稔，　us�q9・血・n・一en・�r・廿・p・・血・n　b・�o，　h叡・b�t・・pPH・d　t・Si一�qpl血・d　G・N・ampl・・b・鉛・e�pd瞬・・�o・血ga・頒・u・t・m岡a即・・b・憎・nlO伽d1300。C［43］．　H・・e，血・Si古i・n・“に・e�qpl�pt副�q・md・P的G曲65　k・V吋曲d・�r・・f8．5・1014　cm2．　Fi即・2．15・h・w・aSIMS　p・・釦・・f血・卿1血・dSi翫・m・b・癒・ea�o・曲9，t・9・血・・舳・Si宏・�u・p・・負1ec副批ゆy�o・血・expe�qen囲peakposition（邸）of血e　Si翫。�qs　is　loc帥ed翫一50�o丘om血e　st面�te，　w雌ch　is血reおon油le鰹eem・繭三門・f血・�o・母・ul翫i・且N…出・p・誼・・ncen血垣・ngf血・Si翫・m・i・門下1・1♂ocm−3．　hl　the　deeper　lying　region　than　th飾弓，　howeveらthe　exper�qental　conce1並ration　of　the　Si　atoms　is48−42一Chapter　2、　N−Type’lmplant　Doping　of　GaN49apparendy　much　higher　than　the　calculated　one．　This　observed　tai�qg　ofthe　Si　atoms，　la；gely　deviated丘om血e�os�q蜘脚麟ac瞬elhge驚cteven蜘血cide飢�pgle7。禰om血enormal　to重he�qace，　because　the�qeraction　ofthe　implanted　Si＋ions　with　GaN　should　be　weak　due　to　thestl℃ng　bonding　of　GaN．materials［44］．　Figure　2．16　shows　the　8　parameter　as　a　fhnction　of　E　R）r　theSi−implanted　GaN　befbre　and　a：飾er　annealing，　re＄pectively　The　result　of　the　as−grown　GaN　gpitaxial　layeris　alSo　shown．　The　annea�qg　b6havior　of　the　defヒcts　in串i−h：nplanted　GaN　seeロ1s　to　be　sim丑ar　with　that　ofthe　defヒcts　in　Ge−and　Ge＋N−implanted　GaN，　as　reported　in　section　22．．That　is，　the�oea�qg　behavior　ofthe�qplantation−hlduced　vacancy−type　defヒ。頓is　classi丘ed　hto．3　stages　fbr　Si−implanted　GaN．　First，　part　ofthe　defヒcts　hltroduced血the�qplanted　region　difa】ses　h】to　the　de皐peトly垣g　region　of　the　GaN　layer　du血gthe�qPlan励on，　in　which　the　salnple　is　est�qated　to　be　heated　at献）out　800C．　Second，　the　sセ£of　theirnplantation一辻血roduced　defbcts　increases　gradua皿y　in　both　the恥）1ε丘並ed　and　deeper』1y血g　regions　wi止increasing　annea丘ng　tempelatures．　At　la鈍Si−related　vacancy−type　defヒcts　with　ma亡ked（五f龍rent　characters1021　℃．10・。ε．萎1019至毎1018200・1017あ1016Si＋：65keV，　a5x1014cm’2S川〃Sdafa7R川〃da伯P．100．20．4　　　0．6　　　0．8Depth（μm）1．0HG　2．15．�o舳ed翫。�uc　pro創es　of醐ed　Si�pd　S四S　pro皿eof　Si旗）lan団Gaト「befbre　a血nea�q9．49一43一50Chapter　2，　N−Type　lmplant　Doping　of　GaN錨enewly　created　in　the　implanted　region　by　the　anneaHng　above．900　QC．　Bea血g　hl　mhld　that　the・lec翻�td・的・n・f止・�qplぬ螂i瓠・�o麟め・cc副・・�o曲9翫i200℃・血rse孕ewvacancy一匹ype．defbcts　are貴）ねnd　to　be　created　even　at．　relatively　low　amealing�fempe藍田res　in　which　the�qpl醐Si翫・鵬�q鎚・ty・t悦�t廿・謝・lec劇y　Ad曲翻ゆ・�qpl漁・n一�qωucedde趣跡e丘）und　to　be�qmobie　mder　all　lhe　anne血1g　condi丘ons．Mea・lmpl・・t・ti・・D・pth・f　P・sitめns．（μm）　　　』0　　　　0．1　　　0．3　．0．5　0．7　　1．0　　10．5．1　　0．50　　0．49　20．48Φ∈歪0．47£　　0．46の　．0．45　　．0．44　　0．43oF∵ii面　　　　　ヨi畿．i．　｛×as−grown●as−implantedA100。Cx300。C＋500。C◆700。C国900。C△1100。C�G120Q。C◇1300。CSb．．　　　　　　　　　　0　　　5　　　10　　15　　20　　25　　30　　　　　　　　　　　　　　Positron　Energy（keV）HG　2．163P蜘6t・・お・�q・廿・n・f血・id・血P・・i仕・n・n・町拓・Si一�q劇・dGaN　a丘er　annea�qg　at　vadous　tempelatures匝s�o賜we　h即e　demo�轄剏憩　Si姻co一�qpl繊ion�qo　G翻d　s曲seque血�oe麺h蜘・・騨・・脚　e血・ac圃Si・lec面・肱ti・血・nbお・d・na・h・℃・mpゆ・n・館�I即　dto　the　conventional　Si�qplantation．．hn　particular，　overlapP辻Lg　of　the　N一�qplanted　region　with　the　Si　one　50−44一Chapter　2，　N−Type　lmplant　Doping　of　GaN．51makes血e　Si　ac廿va丘on　and　c！y曲1�qity　higheL　The　sheet　ca�uer　concen廿a怠on　is　fb�od　to　be　precisely、。舳。ll池1，加伽een．3。1012　cm2、nd　5。1014　cm2舳1戟C　Si�ttiv鋤。n，伍・i・n・i…f�k50％．　Fmm　AFMobservadons，　Ga　islands　ale　fbund　to　be　fb�oed　h　surεace　region　fbr　the　oonventiqnal　Si−implanted　GaNafter　the　ac廿vadon　annea1血91　whereas　the　island鴨fbrmaUon　is　significar庄1y　supPressed　in　the　case　ofthe　Si＋N・・一�qpl�p�q・焦H・w・v・垣mpl�p励・n舳ced�uαD−d・色・稔・�pb・・een　t・・em血・v・n狙・・血・1五gh｛emperature　amealing　process丘）r　both　Si−and　Si＋N一�qplanted�oples．2．401mpl紐nt紐tion2．4．1Expehmental　　The　epi面dal　G臼N　filrns　used　hl　these　exper童ments　were　2．5μm　thick　They　were　grown　on　a−piane．sapp�qe　sUb曲tes　by　a�qosphedc　pres皿e　MOCVD翫1130。C，吋血apreゼeposit（姐20�oAIN　b曲1ayer　grown　at　420。C．　The　GaN　f皿ms　were　not　hltentionany　doped，　but　had　a　background　n−type　ca�uerconcer宜radon　of〜5x1015　cm6．　A丘er　growth，　the　GaN．唐≠高垂撃?ｓ　were�qplanted　by　using　O2　gas　as　the・・掘�t・f血e160＋@eci・・．　Ph・・t・血e　O＋�qpl�p面・恥・100一�o一血・kNi　l町・・wおd・p・・it・母・n血・t・psur農ace　of　the　samples　by　electK）n−beaml　evapora丘on血r　order　to．reduce血e卑plan1痴on一二duced　damage・Then，．　multiple就ep　O＋implan励on　was　per飴�oed　as魚Uows．　The　O＋ions　were�qplanted翫400，300，250，200，150，�pd110k，V吋血α。�r，、・f4。5・1014，8・1013，1．2・1014，1．3・1014，7・1013，�pd　1．5・1014　cm2，・e・p�td・・i第t・P…加�t・m・�p0・・nce�梶En・f2・1019　cmβt・ad・p血・f−0．35μm．細bf血・�qpl・nおw・・ec面・母・甑一t・m卿轍・，ゆ�p血6id・血�pgl・7．．・舳・・磁ace　n・�o烈・岨・・�qpl�p倣i・恥血・Ni　l町・r　was　rem・v瓠�pd血・n・500一�o一品・k　SiO・c即P血91・y・・was　d・p・・it・d・n出・・曲ce　by・a磁・一面・q・・n・y・p応・血9翫…mt・mp・舳・t・P・・雨de　an　e・・細踊・n・・p魚・血・・ub・eq・・皿�qpl餓activation　ameal．　AU　ofthe　samples　were　annealed．≠煤@temperatures　between　1000　and　1200。C長）r　5　min血且ov血g　N2　gas．　F6nowing　the　anneahng　step，　HF　was　used　to　remove　the　SiO2　cap，　and　then　Ih　con�Qct忘were鉛�o（対孤座e　oome熔of　each　sample．　The　O−do脚g　ch趾acted就ics　were　dete血ined　by　v謡able．t・mp・・a餅・H面一e垂ct　m・お・・em・鵬・・v・血9血・t・mp・伽e�o9・丘・m　1φt・300　K・51一45一52Chapter　2，　N−Type　lmplant．Doping　of　GaN2．4．2Resuks紐nd　Discussion．　　乃・d・p血d・恒b面・n・f血・�qpl飢・d　O舳w−as圃by　SIMS・Fi騨・2・17・h・w噸・副SIMS　pro且les　of　the�qpl血ed　O　atoms　be鉛re　and　a匠er　ameaHng飢1100。C，　toge血er　v舳Oatomicprofiles　calculated　by　TRIM　code．．　Befbre　the　a（＝tivation　anneal，1he　O　concer庄ra：口on　to　a　depth　of刈0．35μmiき¢onf�qed　to　be　about　2x1019　cni6，　as　expected．　The　SIM［S　profUes・of廿le辻nplal埴ed　O　atoms　both　befbre�pd狙er�oe曲g錨e蜘ged，噸me繭軸e　pro佃es　c副c皿翫団．　by�o，　reg鍵dless　ofa�oea�qg　temperature．　In　other　words，　no　mea�oble　redist曲udon　of　the　implar庄ed　O　atoms　is　observedby　the　activation　ameal．　had（蔽tion，　no：Ni　atoms　were　detected　fbr　aH．of　the　h：nplanted…�qples．　Thissuggests　that　the　dif眺ion．　of　Ni　atoms　into　GaN　fbom重he　Ni　layer　does　not　occur　du血g　the　implantadonprocess　and　consequendy　that　the　use　ofthe　Ni　layer　fbr　reducing　the　implan鋤on−hlduced　damage　does　not朔u・nce血・g−d・P�q9・h�ot・d・d・・，　as　d・cussed1蹴1020�D∈101990冨歪1018芒§8101701016　　　　　　　　♂び　　　　　　　　　　　　　　　　　　　　　　　ノ　’　　．　／400ke　ン’，｝・・勉〆；？｛∴≒’塾・・、　ノ　　　ロ　　　　ノ　　　　　　　　　　　ロ　ノ　　　　　　　ロ　　　　　　　ロ　　　　　　　　ロノ／・，・冷00keV　ヨ　　　　ロ　　　　し　　　　　　ロ　　　　　　　　　ロ　　　ロ　　　　　　　　　　　　　　　　ロ！　　・　覧　　�`250keVσ　　　　　　　　　　　　　　　　　　　　　　　　　　　●　　　　　　　　し　　　　　　　ロ　　　　　　　　　　ロ　　　コ　　　　　　　　　　　　　　　　　ロ　　　　　ロ　　　　　　し　　　　　　　　　し　　　1�`・200kふ！・　　　　　覧　　　　　　覧　　　　　　　　　　．　　　ロ　　　　　　　　　　　　　　　　　コ　　　　　ロ　　　　　　コ　　　　　　　　　ロ　　　　　　　　　　　　　訂50key　・　�j110k』v一刑M　　　　巳　　　　　　　　　　　　　　　　　　　．　　　　　ロ　　　　　　ロ　　　　　　　　　　　　　　　・　　　　　　　　　　　　　　　　　8　　　　　ロ　　　　　　　　　　　　　　　　　コ　　　　し　　　　し　　　　　　‘　　　　．　　　　■　　　　■　　　　　　　　　　　　　　　　　　　．　　　　　　■　　　　　　　　　　　　　　　　　噛　　〇a　ealed　as・implant思dca’c己〃afed．（total》0．00．20．4　　0．6Depth（μm）0．8．1．0HG　2．17．�o一s�q曲�uc　promes　of蜘1�pted　O�pd　SMS　pro佃es・fO�qpl蹴d�q（｝aN，．as−hnplal並ed（騒）・nd�o・訓・d（○）翫11006C・　　　　　　　　　　　　　　　　　　　　Σ52一46一Chapter　2　　N−Type　lmplant　Doping　of　GaN53　The　carrier　type　of　the　O一辻npla血ed　GaN　salnples　is　cbrft�oed　t6　be｛m　n一智pe　mder蛆of　the�oealingconddons．　Fi騨e　2．18s�qws　mom−t�p卿�qe　sheet　ca�uer　conce血1虹onη，　and　ele（血on　mob晦魚as　a�qcd6n　ofε�oe曲g　teml£m加re餅the　O−impl�pted�oples．　W血也e　dse　of�oea�qg　tempera加e・丘om　1000　to　l　l　OO。C，　theη、　significandy　increases　fbom　5．7x1011　to　1．1xlO13　cm2　withμ〜of　83。141．cぜ／Vsうre隅（ガvely　　This�qdicates　that　the　O　electdcal　acdvation　s倣ts　to　occur　at　around　l　O500C．　Onthe　other　hand，　theμ〜significantly　increases　up』to　322　cm2〈1s　hl　spite　of　theη、　behlg　saturaεed　by　the�oeahng　at　l　200。C．　This　behavior　indicates　an　improvement　in　the　cワ副�qty　hl　the　electricallyacdv調「�S乃e「e魚「e・we　c�os町回�oe曲9瑛110q．C　o「h些e「tempe「a伽es　is「eq�閣oactivate　the　impla耐ed　O　atoms　in　GaN　adequately　This　critical　temperature　is　in　reasonable　agreementwith　the　previously　repo茸ed　value【21］and　is　relatively　low　compared　to　that　of　1200。C　needed　fbr　the　Si�qplantadon　doP血9．　〕日［ere，　the　ef琵。廿ve　activation　ef且ciency殉・is　defhed　as　a面。　of　theη∫to血e　to戯・ぐ∈1014ε　　£1013£　じ81012　50お1011’壽9、101・　＄あ＜開・…oO○○O・・…　レ1000　　　．1100　　　　1200　　　　　　　　　　　　　　　りAnnealing　Te叩peraturO《C）400窃　　．き300暮　　　｝200i養　　　皇100ぎ　　　砦。品FIG　2．18．　Sheet　ca�uer　concent藺on（○）and　mobihty（■）as　a　fUncdonofanne副�qg　temperature　fbr　O−hnplanted　GaN　samples．53一47一54Chapter　2，　N−Type　lmplant　Doping　of　GaNdo3ages，　assuming　that　an　of　the　ca�uers　are　generated丘om　the　O　donors。　Theηげ．is　e…寛imated　to　be　onlyl．1％飴・血・0一�qpl血・d　G・N誼・・�q・血9翫1100・C．伽・v烈・・i・e血・m・ly・m飢・・mp班・d　t・血・ηげof〜50％�qthe　case　ofthe　Si�qplar［ta鉦on　dopin9，　as　reported血sec廿on　2・3・　　Figure　2．19　shows　typical．　A�uh6nius　plots　of　theη，　of　the　O−implanted　GaN　samples　after　amea�qg　atlOOO，1100，�pd　1200・C．　Al。f血・蜘1es　sh・w・�u6・丘eez・・血．翫1・w　t・m卿加・・；iお．・ndtelnperature乃shif捻to　higher　temperatures　with　decrea3ing　anneahng　ternpera加re，　which　may　be　associatedwith　the　presence　of　the　implantatiQn・induced　damage　remained　even　aaer　the　activaUon　annealing・Attemperatures　above　7と，　theη、　tends　to　hcrease　with　the　rise　of　tempera加re，　regardless　of　anneaHngtemperature．　This　impHes　themlal　ionizahon　of　ca�uers　fヒom　the　O　donor　level．　This　ior屹ation　level　is・訊・三三・・b・一18・3卑・V倉・甲血・・1・P・・f血・血・翻t・止・�qh・�u・・pl・幅．魚・血e　ac廿v翫ed　G州sarnples　by　l　l　OO　and　l　2000C　anneals．　This　value　is　close　to　the　previously　repo丘ed　value［21，36】・　Thus・¢　　∈9　　⊆　　o　場　　邸　　L　一　　⊆　　�@　　o　　＝　　o　o　　レ　．2　　＝　o　ぢ惹£　の10141013101210111010　　　　Temperature（K》300150　100　　　　　　　50　　　　1100C．△E＝．18．3meV　　砥△△△△△．△△△　　　　oOoo　O　o　O　　　ロ1200C△E＝18．3meV　　　ロ1000C△E＝22コ9meV　　　　□05　10　　15　　2010001T（K日1》25R【G2．19．　A廿henius　plots　of　sheet　ca�uer　concen並1don　fbr　Q一面planted　GaNsarnples　a丘er　annea血lg　at　l　ooQ，　l　l　oo，　and　1200。c・　54−48一Chapter　2．　N−Type　lmplant　Doping　of　GaN55血・Od・n・・1・v・li・v町・圃・w�pd血・歳100％・f止・a・廿・・d・n・お・御mb曲b・i・晶晶…mt・mp・紺・・h・d面・恥・ρ・・ss−se面・皿・烈…b�q瓠by・漁・血9倉・舳・且賃・d�q・曲ngly　d・p・nd合on�oeahng　temperature；the　value　increases　tenibld　by　1100　and　1200。C　anneals　compared　to　that　in　th夢casβρf　a　1000。C　ameal．　Bea亘ng　in　n血d　that　O　atoms…3ubs紅tutionally　hlco4）o旧ted　hlt6　N　sites　can毎ct　asan　O　donor　level［35］，　this　value　reflec的the　probabiHty　of　the　implanted　O　atoms　occup）4ロg　an　N−lattice　sitein　GaN．　Therefbre，　we　can　say　that髭w　O　atoms　are　present　at　N　sites　a丘er　a　I　OOO。C　anneal，　whereas　theoccupation　probabiHty　hlcreases　signtほcantly　by　the　amealhユg　at　l　100　and　l200。C．　HoweveろtheO一�qplar並ed　GaN　displays　an　ex咋mely　lowηげin鐘）lte　of　the　O　donor　level　being　vely　shallow　even　after1100　and　1200。C　ameals，　as　stated．　above．　This　result　sugge…虻s　that　the　m勾ority　ofthe　implanted　O　atoms．is　pese血翫an　i鵬面劇site血（｝aN　and　co聡eque血1y　has　not　con面b磁ed　to　the釦�o翫ion　of止e　O　donorlevel．　In　the　meanwhile，　fヒom　a　practical　point　of　view；the　O＋�qplan励oh　dophlg　with　1100　and　1200・�o・烈・i・p・・b油ly・舵・ti・・血血・魚�oぬ・n・f6hmic　c・n穣・鱈t・n−GaN魚・ele伽�u・d・頑ce・・eg飢αess・f血・紛b・血gl・w　I・・ddi甑・・m・。・一�qpl・n倣i・ntec�qq…bas・姐・n・・ite−c・即・d亘・n・焼・tm帥・required　to�q1）rove　the　O−doP辻1g　characteds廿cs，　as　re】≒orted　hl　secdons　2．2　and　2．3［2329，30，32］．hs�o賜we�qe　sy舳。烈Iy血ve蜘出e　dependence　of血e　dop血g　ch飢acted甜cs　of血eO二imp1飢・d　G姻・n・m・曲g　t・mp・m描・．：m・�qpl飢・d鰍・�o曲・醐・・m・蹴・bl・・edi面b面・nunder　the�oea�qg　conditions．　The　n−type　activa匠on　of　the　O　atoms麟ed　to　occur　after　an：neahng　atlO500C，　but　with　a　poor　acdva丘on　efEciency　of　only　1。1％．　Tbmperature　de亘endence　of　theη3　revealedthat　O　is　a．shallow　donor　with　an　ionization　level　of〜18．3　meV　after　l　l　OO　and　1200。C　anneals．　These・xp・血・姻・e・曲・�pP・・b加ly　b・c瑚by　pro「p「ob蜘of血e�qpl岬9翫oms　occup脚g　anN．lattice　site　in　GaN．2．5Condusion　　Doping　characterisdcs　of　Ge＋N　and　Si＋N　co一�qplanted　GaN　have　beell　systemadcaUy　investigated．　　　　　　　　　　　　　　　　　　　　　　　　　　oN−type　regions　were　pm母u�td�qundoped　G臼N且�qs　by　the　co−implantadon　and　subsequer虻annea恥g　with55一49一56chapter　2・　N−Type　lmplant　Doping　of　GaN白nSiO2　encap謡aUon　layer　at　high　temperatures．　The　anneahng　procedures　above　1300　and　1200。C　were・eq血・d　t・a・�q・v・血n一三e　acd・血・面G針N・nd　Si州・・一�qpl血瓠G姻，・e・圓・・1γSi�td・鋤・ne伍ciency　of〜50％has　been　achieved，　which　value　is　hig紅er　thaρGe　actiYation　ef五ciency（〜44％）evenafter　annea1�qg　at　13000C．　This　is　probably　due　to　the（憾erent　behavio蟻…of　hr畦）lantation−tnduced　darnagebetween　them．　Moreoveちdoping　characteri甜cs　of　O−implanted　GaN　have　been　inves匠gatedsystema丘cany　fヒom　a　viev嘆）oirにof　annea�qg　temper飢ure．　The　impla血ed　O　atoms　became　electricallyactive　as　anh−type　dopant　after　annealillg　above　l　O50。C，　but　with　a　low　ac丘vation　e伍ci�pcy　of　only　1．1％．Refbrences［1］H．Morkog，　S．　Stdte；GB．Gao，　M．　E．　Lin，　B．　Sveldlo柄and　M．　Bums，　J．　Appl．　Phys．76，1363（1994）．［2］TPChow　and　R．　Tyagi，　IEEE　Trans．　Electron　Devi�ts　41，1481（1994）．［3］M．A．　Khan，　J．：N．　Kuzni亀A．　R．　Bhat田rai，　and　D　TI　OIson，　Appl．　Phys．　Le廿．62，1786（1993）．［4］S．CBinari，　L　B．　Rowland，　W　Kluppa　G　Kehle篇KDoveBpike，　and　D．　K　GaskiU∴Electron．　Le賃．30，1248（1994）．［5］M．A．　Khan，　A．　Bhat�q，　J．　N．　Kuznia，　and　D．　T　OIson，　Appl．　Phys．　Letし63，1214（1993）．［6］J．C．　ZolpeろR．　J．　Shull　A．　G　Baca，　R　G　Wison，　S．　J．　Pearton，　and　R．　A．　Sta11，　Appl．　Phys．　Lett．68，2273（1996）．［7］ERe醐．　Hong，　S．　N．　G　Ch“M．　A．　Mac聡，　M．　J．　Sch�o皿A．　Bac鉱S．　J．　Pe頒。脚d　C．　R．Abemath第Appl．　Phys．　LetL　73，3893（1998）．［8］A．PZhang，　J．　W　Jo�qson，　E　Ren，　J．　Har』A．　Y　Polyako柄NB．　Sm�qo柄A．　V　Govolko称J．．MRedwing，　K．　P　Lee，　and　S．　J．　Pearton，　Appl．　Phys．　Lett．78，823（2001）．［9】A．PZhang，　G　Dang，　E　Ren，　J．　Han，　A．　Y　Polyako防NB．　Smlmov；A．　V　Govorkov；丁．　M．　Redwing，　H．Cho，　and　S．　J．　Pearton，　Appl．　Phys．　Lett．76，3816（2000）．［10］J．Kirn，　R．　Mehandr馬B．　Luo，豆Renβ．　P　G且a，　A．　H．　Onsdne，　C．　R．　Abe�ot�sS．　J．　Pearton，　and　YIrokawa，　Appl．　Phys．　Lett．80，4555（2002）．56一50一Chapter　2．　N−Type　lmplant　Doping　of　GaN57［11］エK�q，RM・h鱒』B・L…ER・鶏B・PGil亀AHO鳳並・・CRAb・m晦S・J・P・頒・n・�pdYIrokawa，　Appl．　Phys．　Lett。81，372（2002）．［12］S．J．　Pearton，　C．　B．　Vi臼血h，　J．　C．　Zolper，　C．　Y瓢i　and　R　A．　Stall，　Appl．　Phys．　Letし67，1435（1995）．［13］J．C．　Zolper，　H．　H．丁毎J．　S。　Wmiams，　J．　Zou，　D．　J．　H　Cockayne，　S．　J．　Pea質or」M．　H　Crawfbrd，　and　R．E�qhcek，　Jr，　Apウ1．　Phys．　L£tL　70，2729（1997）．［14】X．A．　Cao，　C．　R。　AbernathメR．　K．　Singh，　S．　J．　Pe飢ton，　M．　Fu，　V　SalvepalH，　J．　A．　Se�qar，　J．　C．　ZolpeろD．J．RiegeちJ．　Har』TJ．　D�oond，　R　J。　Shul，　and　R。　G　Wilsor』Appl．　Phys．　LetL　73，229（1998）．［15］C．J．　Ei血g，　P　A．（�qdowski，　R．　D．　Dupuis，　H．　Hsia，　Z∴飴ng，　D．　BechelもH．　Kuo，　G　E．　S田�q鉱and　M．、Feng，　Appl．　Phys．　LetL　73，3875（1998）．［16］J．A．　FeHows，　Y．　K．　Yeo，　R，　L．　Hengehold，　and　D．　K．　Johnstone，　Appl．　Phys．　Letし80，1930（2002）．［17］J．K．　Sheu，　C．工Tun，　M．　S．丁面，　C．　C．　L�t，　G　C．　Chi，　S．　J．　Ch｛mg，　and　Y　K．　Su，　J．　Appl．　Phys．91，1845（2002）．［18］J．K．　Sheu，　M．　L．　Lee，　L．　S．　Y6h，　C．　J．　Kao，　C．　J．　T�q，　M　G　Cher」GC．　Chi，　S．　J．　Chang，　Y　K．　Su，　and　C．TLee，　Appl．　Phys．　Lett．81，4263（2002）．［19］D．GKenちM．　E．　Ovefberg，　and　S．　J．　Pearton，　J．　AppL　Phys．90，3750（2002）。［20］J．S．　Chan，　N．　W．　Chemg，　L　Schloss，　E．　Jones，　W　S．　Wbng，　N．　Newm繊X．　Liu，　E　R　W6be蔦A．Gassman，　and　M．　D．　RUbir�dAppl．　Phys工e廿．68，2702（1996）．［21］J．C．　Zolper，　R　G　WIsor』S．　J．　Pearton，　and　R　A．　Stall，　Appl．　Phys．　LetL　68，1945（1996）．［22］H．Kobayashi　Imd　W．　H．（玉bson，　Appl．　Phys．　Le杖．74，2355（1999）．［23］Y：Nakano，　R．　K。　Malhan，　T　Kachi，　and　H．　T�qo，　J．　Appl．　Phys．89，5961（2001）．［24］RKmuse−Rehber窪and　H．　S．　Leipner，　in　Poぶ加。η．4ηη謝Zo〃。η’ηSθ雁ooηぬ。渉ρ1雪’1）¢舜。’∫∫編ノθ3（Sp丘ngeFVbrlag，　Berl辻1，1999）．［25］KSaadnen，　T　Laine，　S．　Kuima，　J．　Niss且a，　P｝laut（蓼arvi，　L　Dobr榔ld，　J．　M　Baranowski，　K．　Pa�qa，　KStepr直ewski，　M．　W句dak，　A．　Wysmolek，　T　Suski，　M．　Leszczynski，1．　Grzegoly，　and　S．　Porowski，　Phys．　RevLett．79，3030（1997）．57一与1一58Chapter　2，　N−Type　lmρlant　Doping　of　GaN［26］KSaarinen，　P　Seppala，　J．　Oila，　P　Haut（jar顧，　C．　Corbel，0．　Brioちand　R．　L　Aulombard，　Appl．　Phys．Lett．73，3253（1998）．［27］J．、0丑亀VRanld，　J．　Kivi（垣a，　K．　Saa血en，　P　Haut（オarvi，　J．　Likonen，　J．　M．　Baranowski，　K．　Pakula，　TSuski，　M．　Leszc那ki，｛md　I．　Grzego堪Phys．　Rev　B　63，45205（2001）．［28］A．uedono，　s．　E　chichibu，　z．　Q．　cher�dM．　sumiya　R．　Suzuld，　T　ohdaira，　T　Mikado，　Tl　Mukai，　and　s．Nakamura，　J．　Appl．　Phys．90，181（2001）．［29］YNakano，　T　Kachi，　andπL　Jimbo，　Jpn．　J．　Appl．　Phys．41，2522（2002）．［30］YNakano　and　T　Jimbo，　J．　Appl．　Phys．92，3815（2002）．［31］YNakano　and　T　Jimbo，　Appl．　Phys．　LetL　81，3990（2002）．［32］YNakano，　T　Kachi，　and　T　J�qbo，　Appl．　Phys．　LetL　82，2082（2003）．［33】D．KGaskil，・N　Bottka，　and　M．　C．　Lir�dAppl．　Phys．　Lett．28，1449（1986）．［34］B−CChung　and　M．　Gershenzon，　J．　Appl．　Phys．72，651（1992）．［35］H．Sato．工M�qmi，　E．　Yamada，　M．　Ish五，　and　S．　Takata，　J．　Appl．　Phys．75，1405（1994）．［361W：J．　Moore，　J．　A．　Freitas　Jr，　G　C．　B．　Braga，　R．　J．　Molnar，　S．　K．　Lee，　K．　Y　Lee，　and　I．　J．　Song，　Appl．Phys．　Lett．79，2570（2001），［37］YNak｛mo，　T　Kachi，　Imd　T　J�qbo，　J．　V』c．　Sci．騰。�qol．　B　21，2602−2604（2003）．［38］PHaut（オarvi　and　C．　Corbe1，　h　Po5’施〃助86加03α獲y（ヅ5b1泌，　edited　by　A．　Dupasquier　and　A．　P　M皿s，JL（10S　Press，　Arnster（�q，1995）．［39］W：G6tz，　N　M．　Johnson，　H．　Amano，　and　I．　Aka曲d，　Appl．　Phys．　Le猛．65，463（1994）．［40］PBoguslawski，　E．　L　Briggs，　and　J．　Bemholc，　Phys．　Rev．　B　51，17255（1995）．［41］U．Myler　and　P　J．　Simpson，　Phys．　Rev　B　56，14303（1997）．［42］J．Neugebauer　and　C．　G〜�qde　WaUe，　App王．　Phys．　Lett．69，503（1996）．［43］A．Uedono　and　Y　Nakano，（unpubhshed）．［44］μ’vα‘θoo配珊〃ηたα孟∫o鰐with　O．　EWu　and　A．　Uedono．　58−52一

