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Abstract

In this thesis, deep levels in gallium nitride (GaN) and silicon carbide (SiC) are studied to

unleash the full potential of GaN and SiC vertical power devices. Through the vigorous

research and development for a long time, the performance of silicon (Si) power devices,

which have been commonly used, is approaching the theoretical limit determined from the

material properties of Si and it is difficult to dramatically improve the device performance.

Wide bandgap semiconductor GaN and SiC have excellent physical properties as power

devices such as high critical electric field and are promising candidates as a beyond-Si

material for high-performance power devices which have high blocking voltage with low

energy loss.

On the other hand, compared with Si, GaN and SiC are immature in crystal growth

technology and device process technology, and contain various kinds of point defects which

act as deep levels in the bandgap. Deep levels in semiconductors, which are localized

electronic states, have impacts on the device performance. To unleash the full potential of

GaN and SiC power devices, deep levels in GaN and SiC have to be precisely controlled

as in Si devices. To deepen the understanding of deep levels, it is important to accurately

quantify densities of deep levels and to elucidate physical properties of deep levels.

Lightly Si-doped n-type GaN layers on n+-type GaN substrates which are used as

drift layers have been generally grown by the metalorganic-vapor-phase epitaxy (MOVPE)

method. In MOVPE-grown GaN homoepitaxial layers, the carbon impurity from the Ga

source [(CH3)3Ga] substitutes at the nitrogen site (CN). CN acts as a deep acceptor and

compensates the Si donor. The donor compensation makes it difficult to control a net donor

density in the case of the incorporated carbon concentration ([C]) close to the Si donor one.

Such a strong compensation also causes the decrease of the electron mobility due to the

impurity scattering. Therefore, reduction and control of [C] in MOVPE-grown GaN layers

is one of the most important issues for GaN vertical power device development.

To fabricate high-performance devices, control of point defects induced during device

processes which form deep levels is also important. The point defects have density distri-

bution in the depth direction. Depth profiles of density make it difficult to characterize

process-induced deep levels.

In this thesis, the author proposes methods based on the capacitance transient spec-

troscopy technology for accurately quantify densities of a dominant deep level CN(0/−)
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introduced during crystal growth in n-type GaN homoepitaxial layers and depth profiles

of density of deep levels introduced during device processes in SiC homoepitaxial layers.

The CN(0/−) in n-type GaN layers is detected as the hole trap H1 (EV + 0.9 eV). As

process-induced deep levels in SiC layers, the Z1/2 center (EC − 0.64 eV) and EH3 center

(EC − 0.74 eV) generated during reactive ion etching (RIE) are investigated. The Z1/2

center and EH3 center originate from carbon vacancy [VC(0/2−)] and interstitial carbon

related defect, respectively. The author also discuses the physical properties of the CN(0/−)

in n-type GaN layers and the generation mechanism of contrasting carbon related defects

induced during RIE in SiC layers with the proposed methods.

In Chapter 2, the principle of the capacitance transient spectroscopy is explained. In

the capacitance transient spectroscopy, deep levels are detected as carrier traps in semi-

conductor. As the spectroscopy technique, deep-level transient spectroscopy (DLTS) and

isothermal capacitance transient spectroscopy (ICTS) are described.

In Chapter 3, the author proposes a method to measure the density of hole trap H1 in

n-type GaN with current-injection ICTS for a p+-n junction diode (PND). The proposed

method considers both the depth profile of the injected holes and the quick carrier recom-

bination via the hole traps near the depletion layer edge immediately after a reverse bias

is applied. The reverse bias voltage dependence of the current-injection ICTS spectrum in-

dicates that an accurate hole trap density, as well as the hole diffusion length and electron

capture cross-section of the hole trap, can be determined.

In Chapter 4, the photoionization cross-section of the hole trap H1 under sub-bandgap-

light illumination (390 nm) is investigated. Characterization of the photoionization cross-

section enables prediction of the effect of light illumination on the device characteristics

and leads to a further understanding of the physical properties of the hole trap H1. There

are two photoexcitation processes; (a) photoexcitation of a hole from the conduction band

(C.B.) to the hole trap H1 (C−
N to C0

N) and (b) photoexcitation of a hole from the hole

trap H1 to the valence band (V.B.) (C0
N to C−

N). Here, the ratio of photoionization cross-

sections σo
n/σ

o
p(390 nm) of 3.0, which enables to calculate hole occupancy ratio fT at the

trap under each measurement condition, is determined with current-injection ICTS and

sub-bandgap-light (sub-Eg-light)-excited ICTS for a PND.

In Chapter 5, the author proposes methods to measure the density of hole trap H1 in n-

type GaN layers with sub-Eg-light-excited ICTS for a Schottky barrier diode (SBD). In the

proposed methods, SBDs, which are fabricated with an easy metal deposition process, can

be used. To quantify the density of hole trap H1 in n-type GaN layers, the hole occupancy

ratio fT has to be corrected on the measured density in sub-Eg-light-excited ICTS. The

hole occupancy ratio under 390 nm light illumination is determined using the ratio of

photoexcitation rates, which is determined in Chapter 4, and the sum of photoexcitation

rates. The three ways to extract the sum are described in this chapter. Moreover, the three

methods can be combined with the dual-color method, in which the capacitance transient

due to not only hole thermal excitation but also photoexcitation from the hole-occupied H1
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trap to the V.B. by a long-wavelength light illumination is measured and it makes shortened

the measurement time. Easy, accurate, and quick methods to quantify the density of hole

trap H1 in n-type GaN layers are demonstrated.

In Chapter 6, nature of the hole trap H1 in n-type GaN layers is investigated. It is

important to study the nature of the hole trap H1 as well as to measure the density. In this

study, quantitative relationship between carbon concentration and density of hole trap H1,

electron capture cross-section of the hole trap H1, and dependence of the photoionization

cross-section ratio σo
n/σ

o
p of the hole trap H1 on photon energy (hν) are investigated. The

density of hole trap H1 is investigated in MOVPE-grown n-type GaN homoepitaxial layers

with [C] from 1015 cm−3 to 1017 cm−3 and in quartz-free hydride-vapor-phase epitaxy (QF-

HVPE)-grown n-type GaN homoepitaxial layers with [C] from 1014 cm−3 to 1015 cm−3. In

the n-type GaN homoepitaxial layers, the density of hole trap H1 is almost equal to [C] and

it is suggested that almost all the incorporated carbon atoms form CN defect in n-type GaN

layers. The electron capture cross-section of the hole trap H1 σn = 3×10−21 cm2 is obtained.

The investigated σo
n/σ

o
p(hν) in the photon energy range from 2.6 eV to 3.2 eV is reasonably

explained from the theoretical model of the photoionization cross-section calculated with

reported configuration coordinate diagram of CN(0/−).

In Chapter 7, a method to investigate depth profiles of defects is proposed. The method

has the high depth resolution and the high resolution in the carrier trap density. Thus,

steep depth profiles of defects can be extracted with the method. The depth profiles of the

electron traps generated during the RIE process in n-type SiC layers and n-type GaN layers

are extracted. As the extracted depth profiles, exponential function is assumed. The author

discusses the defect generation mechanism. In RIE-etched SiC, the Z1/2 center and EH3

center, which originate from VC(0/2−) and Ci-related defect, respectively, are generated

and are localized near the etched surface (< 1 µm) due to ion bombardment. In the deeper

region (∼ 3 µm), annihilation of VC defects generated during crystal growth and carbon

atoms kicked-out from the etched region and/or etched surface is investigated.

In Chapter 8, conclusions of this study and suggestions for future work are described.
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1

Chapter 1

Introduction

1.1 Background

In these days, electricity has been widely used and efficient use of electricity plays a major

role in achieving carbon neutrality. Reduction of energy loss in semiconductor power devices,

which are used as switch or rectifier for power conversion in power electronics, is one of

the most effective ways for achieving the reduction of energy consumption. Silicon (Si) is

the most commonly used semiconductor for semiconductor power devices, which has been

extensively investigated and optimized for low-loss and low-cost devices.

Figure 1.1 shows a distribution of electric field for an n-type Schottky barrier diode

(SBD) as an example of unipolar device. When the critical electric field Ecr, which is

defined as the maximum electric field in a semiconductor device at the ideal breakdown, is

applied for the junction, the maximum width of depletion layer wmax is given by:

wmax =
εsε0Ecr

eNd

, (1.1)

where εs is the permittivity of the semiconductor, ε0 is the vacuum permittivity, e the

elementary charge, and Nd the donor density of the semiconductor. The breakdown voltage

VB is represented as the area of triangle shown in Fig. 1.1, and is described as:

VB =
Ecrwmax

2

=
εsε0E

2
cr

2eNd

. (1.2)

The Nd and the thickness of drift layer are parameters to adjust VB of unipolar devices.

On the other hand, the drift layer behaves as a resistor under forward bias condition.

Nd directly influences on-resistance of the drift layer, which determines on-state loss. In

unipolar devices with a non-punch-through structure, the specific on-resistance of the drift

layer Rdrift sp is given as a product of resistivity of the drift layer ρdrift = 1/(enµ), where n

is free carrier concentration and µ is carrier mobility, and thickness of the drift layer, which
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is equal to wmax. From Eqs. 1.1 and 1.2, the specific on-resistance of the drift layer Rdriftsp

can be calculated by the following equation:

Rdrift sp = ρdriftwmax

≃ 4V 2
B

εsε0µE3
cr

. (1.3)

In Eq. 1.3, it is assumed that the donor is completely ionized, i.e., n = Nd. When resistance

of the drift layer is the dominant component of the on-resistance, i.e., other components

such as contact resistance and channel resistance can be negligible, Rdrift sp indicates the

unipolar limit, which is the the lower limit of resistance determined from the intrinsic

physical properties µ and Ecr of a semiconductor material in a unipolar device with a certain

breakdown voltage VB. Note that µ and Ecr depend on the donor density. Figure 1.2 [1]

shows the trade-off relationship between the specific on-resistance of a drift layer Ron sp and

the breakdown voltage VB. The unipolar limit of Si [2] is shown in Fig. 1.2 as the black solid

line. Si devices are approaching the unipolar limit of Si through the continuous research and

development. Therefore, although Si devices are approaching the unipolar limit of Si, Si

unipolar power devices have high on-resistance with high breakdown voltage due to low Nd

and large wmax by comparing with the specific on-resistance required for practical use (e.g.,

1 mΩcm2 for kV-class power devices). To exceed the unipolar limit, bipolar devices such as

insulated gate bipolar transistor (IGBT) have been used as Si power devices. On-resistance

of bipolar devices can be kept low even in voltage-blocking layers, which corresponds to drift

layers in unipolar devices, with low Nd thanks to the conductivity modulation. However,

bipolar devices have high switching loss and low switching speed.

1.2 Wide Bandgap Semiconductors for Power

Devices with High Energy Efficiency

1.2.1 Wide Bandgap Semiconductors

As an approach to dramatically improve the performance of semiconductor power devices,

wide bandgap semiconductors has attracted much attention. Wide bandgap semiconduc-

tors have a larger bandgap than Si, and have excellent physical properties as semiconductor

power device materials such as the high breakdown electric field and low intrinsic carrier

density. Among them, gallium nitride (GaN) and silicon carbide (SiC) are promising can-

didates as semiconductor materials which are superior to Si for use in power devises [2–8].

GaN and SiC, which are wide bandgap semiconductors, have a critical electric field (height

of the triangle in Fig. 1.1) about 10 times that of Si [9, 10]. Therefore, as shown in Fig. 1.1,

considering a GaN or SiC Schottky barrier diode with a simple non-punch-through structure

which has the same breakdown voltage (area of the triangle in Fig. 1.1) as a Si Schottky
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Figure 1.2: Relationship between specific on-resistance and breakdown voltage for Si

(black solid line), GaN (red broken line), and SiC (blue broken line) unipolar devices with

a non-punch-through structure [1].
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barrier diode, the thickness of drift layer (base of the triangle in Fig. 1.1) can be reduced

by about 1/10 and the doping density of drift layer (slope of the triangle in Fig. 1.1) can

be increased by about 100 times. As a result, the specific on-resistance of the drift layer

can be dramatically reduced to a few hundredth. This makes it possible to replace Si bipo-

lar power devices with GaN or SiC unipolar power devices in the high breakdown voltage

region [11]. Unipolar devices can operate at higher frequency and with lower switching

loss than bipolar devices, enabling high-speed switching operation and miniaturization of

peripheral passive components. In addition, since the intrinsic carrier density in GaN and

SiC is orders of magnitude smaller than that in Si, GaN or SiC power device can operate

even at high temperatures. This makes it possible to simplify the cooling equipment.

1.2.2 GaN Power Devices

GaN, which has a direct bandgap of 3.42 eV, has been widely used as a material for optical

devices such as blue, green, or ultraviolet light-emitting diodes (LEDs) and laser diodes

(LDs) due to the availability of the alloys and heterostructures of other group-III nitrides,

such as indium nitride (InN) and aluminum nitride (AlN) [12–17]. GaN has been also used

as a material for electronic devices such as high electron mobility transistors (HEMTs), in

which a high-density and high-mobility two-dimensional electron gas (2DEG) induced at an

AlGaN/GaN heterostructure is used as the carrier of channel [18–22].In the 1980s, the dawn

of research and development of GaN, freestanding substrate was not available. Therefore,

these GaN-based devices have been fabricated on foreign substrates such as sapphire, Si and

SiC [12–14, 18, 20–24]. As GaN power devices, HEMTs fabricated on Si substrates have

been widely used [20, 22].Further, in radio frequency (RF) transistors for communication

base stations that are require high-power and high-frequency operation, HEMTs fabricated

on SiC substrates have been used [21, 23, 24]. On the other hand, a lot of crystal defects such

as threading dislocations (TDs) are induced in heteroepitaxial grown GaN layers, which are

grown on foreign substrates. In addition, HEMT has a lateral device structure, in which a

current path is in the in-plane direction. In a lateral device structure, an increase of the

breakdown voltage is directly linked to the increase in the device area. From the above,

HEMT has been used for devices with relatively low breakdown voltage (several hundreds

V class).

In recent years, along with research and development aimed LDs with long lifetimes,

high quality freestanding GaN substrates have become available [25]. Thus, it has become

possible to fabricate devices using homoepitaxial grown GaN layers on GaN substrates.

In comparison with heteroepitaxial grown GaN layers on foreign substrates, homoepitax-

ial grown GaN layers have significantly less crystal defects such as TDs. In addition, in

homoepitaxial grown GaN layers on conductive GaN substrates, it has become possible

to adopt a vertical device structure having a current path in the film thickness direction.

Therefore, the studies on GaN vertical power devices, in which the full potential of GaN
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can be unleashed, have been actively reported [3–6, 9, 26, 27].

1.2.3 SiC Power Devices

4H-SiC, which has a indirect bandgap of 3.26 eV, has been studied as a material for semi-

conductor power devices [2, 7, 8, 28]. Through extensive studies in the last two decades,

SiC has basic technologies required for device fabrication, such as growth of large-diameter

bulk wafers and high-quality epitaxial layers and wide range doping control of both n-

and p-type conductivity via either in situ doping or ion implantation [28–37]. SiC SBDs

and metal-oxide-semiconductor field effect transistors (MOSFETs) have been commercially

available and put into practical use for kV-class power devices. In recent years, to max-

imize the potential of SiC power devices, especially for the improvement of MOS channel

mobility, research on the reduction and control of the interface state of the MOS interface

has been actively studied [11, 38–40]. In addition, SiC has a long carrier lifetime due to

its indirect band structure, i.e., has advantage for development of ultrahigh-voltage bipolar

power devices [41–44]. Study of SiC bipolar power devices has been carried out as power

devices with blocking voltage higher than several kV used in power systems.

1.3 Deep Levels in Semiconductors

1.3.1 Deep Levels

An actual semiconductor crystal contains various kinds of defects such as planar defects

(stacking faults), line defects (dislocations), and point defects. In particular, point defects

can play an important role in the electrical and optical properties of semiconductor crystals,

which are sensitive to the crystal structure of semiconductors. Point defects are classified

into three types: intrinsic point defects, impurity atoms, and complexes of these. Intrinsic

point defects are composed of disorders of the ordered arrangement of the constituent atoms

of a semiconductor crystal, such as vacancies, self-interstitials, and antisite defects. Impurity

atoms are atoms other than the constituent atoms of a semiconductor crystal incorporated

into the crystal, such as interstitials and substitutional atoms.

A part of point defects disturbs the periodicity of the potential in a semiconductor crys-

tal, resulting in the formation of localized electronic states (energy levels) in the bandgap.

Some point defects have multiple energy levels in the bandgap, with the charge state chang-

ing depending on the position of the Fermi level in the bandgap of the semiconductor.

A point defect which form ”shallow level”, whose energy levels is close to the conduction

band (C.B.) minimum EC or valence band (V.B.) maximum EV so that the energy levels

are sufficiently ionized at a certain temperature [e.g. room temperature (RT)], may be

intentionally introduced into semiconductor crystals as a dopant. In various semiconductor

materials, shallow levels at RT whose energy position ET is located at several kBT below EC
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or above EV have been studied to control n-type or p-type conductivity, respectively. On

the other hand, energy levels that are not ionized at a certain temperature are called ”deep

levels” as opposed to ”shallow levels”. Deep levels have properties as carrier traps, gener-

ation / recombination centers, and unintentional donors / acceptors, and can electrically

and optically affect the properties of semiconductor crystals and device operation.

In the point of view as a carrie trap, a deep level is classified into an electron trap and

a hole trap. When a deep level acts an electron trap, an electron is captured from the

C.B. to the deep level in the empty state or thermal excited from the deep level in the

electron-occupied state to the C.B. In the same way, when a deep level acts a hole trap, a

hole is captured from the V.B. to the deep level in the empty state or thermal excited from

the deep level in the hole-occupied state to the V.B. A carrier trap near a junction, which

is the active region of device, may lead hysteresis in the device operation due to a change

in electrical charge of the carrier trap with the carrier occupancy state.

When a deep level acts as a generation center, electrons and holes are thermally excited

from the deep level to the C.B. and V.B, respectively. An increase of generation center

density leads to an increase in junction leakage current. When a deep level acts as a

recombination center, electrons and holes are captured from the C.B. and V.B. to the deep

level, respectively. Recombination canters reduce carrier lifetimes. Thus, in bipolar devices,

precise control of recombination center density is required to control a carrier lifetime. For

example, in Si, it has been reported that Au (EV + 0.56 eV) and Pt (EV + 0.42 eV), which

form levels near the midgap, act as recombination centers [45–47].

Deep levels can acts as unintentional donors and acceptors. A deep level which has

negative charge in the electron-occupied state [e.g. (0/−), (−/2−)] is called an acceptor-

like type. An acceptor-like type deep level in an n-type layer and a p-type layer can act

as a compensating acceptor and a residual acceptor, respectively. A deep level which has

positive charge in the hole-occupied state [e.g. (+/0), (2+/+)] is called a donor-like type.

A donor-like type deep level in an n-type layer and a p-type layer can act as a residual donor

and a compensating donor, respectively. In drift layers, residual donors and acceptors which

are ionized in the depletion layer lead a decrease of blocking voltage. When residual donors

and acceptors which are located near shallow levels, conductivity of the semiconductor

unintentionally increases. Compensating donors and acceptors lead a unintentional decrease

of conductivity of the semiconductor. These unintentional donors and acceptors can also

act as scattering centers and reduce a carrier mobility.

Compared with Si, GaN and SiC are immature in crystal growth technology and device

process technology, and contain more point defects. To maximize the potential of GaN and

SiC power devices, it is necessary to elucidate an origin and generation mechanism of deep

levels and precisely control through detailed and systematic studies on deep levels.
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1.3.2 Present Understanding of Deep Levels in GaN and Key

Issues

One of the most important parts of GaN vertical power devices is the drift layer, which con-

sists a lightly n-type GaN layer. Precise control of doping as well as high electron mobility

(low compensation) are needed. Typical net donor density and thickness are 1016 cm−3 and

5-10 µm for 1200 V-class devices and 1015 cm−3 and 20-35 µm for 3300 V-class devices [9, 48].

In GaN, the Si atom substituting on the Ga site (SiGa) acts as a shallow donor [EC− (0.02-

0.03) eV] [49–52] and Si-doped GaN layers have been used as n-type layers. As a growth

method for drift layers, the metalorganic vapor phase epitaxy method (MOVPE method),

which has a proven track record in fabrication of LEDs, has been used [3–6, 9, 12, 26, 27].

In the MOVPE method, carbon atoms are incorporated into the films from the methyl

ligand of the trimehylgallium [(CH3)3Ga] used as a Ga source [48]. From first-principles

calculations, it has been reported that the C atom substituting on the N site (CN) acts as

a deep acceptor in the n-type GaN layers [CN(0/−): EV + 0.9 eV] [53, 54]. Reducing and

controlling the density of deep acceptors, which compensate donors, is important.

To optimize growth conditions as well as to modify growth apparatus, it is necessary

to know the carbon acceptor density in n-type GaN layers. When the concentration of

the carbon impurity is high (> 1016 cm−3), it is possible to accurately quantify the carbon

concentration by the secondary ion mass spectrometry (SIMS). However, recent vigorous

research [48, 55] has reduced the incorporation of carbon and the carbon concentration

is approaching to the SIMS detection limit (around 1016 cm−3). It is reported that the

carbon acceptor is detected as the yellow luminescence (YL) band in hydride-vaper-phase

epitaxy (HVPE)-grown GaN layers on sapphire substrates and the carbon acceptor density is

estimated by using photoluminescence (PL) [56]. Reshchikov et al. showed that the carbon

concentration obtained by SIMS agreed with the carbon acceptor density obtained by PL

in GaN sample with the carbon concentration of former half of 1015 cm−3. For control of

low net donor density in n-type GaN layers, a method for electrically sensitively quantifying

the carbon acceptor density rather than the carbon concentration is essential. Considering

industrial applications, it is also required to quickly quantify with simple devices.

It has been reported that the carbon acceptor CN(0/−) in n-type GaN layers can be

detected as a hole trap H1 (EV + 0.9 eV) [53, 57–63]. Capacitance transient spectroscopy

is widely used to detect carrier traps in semiconductors [64–66]. The details about the

capacitive transient spectroscopy are described in Chapter 2, carrier traps are detected by

measuring the transient change in the junction capacitance due to the change in the charge

state of carrier traps in the depletion layer. To detect hole traps, which are minority carrier

traps in an n-type layer, it is necessary to supply holes to the n-type layer and change

the state of hole trap from empty to hole-occupied. As methods to detect minority carrier

traps, the current-injection method and the above-Eg-light-irradiation method are used.

Here, for simplicity, the detection of hole traps in an n-type layer is described as minority
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carrier traps. In the current-injection method, by applying a forward bias voltage to a p+-n

junction, holes are injected from the p+-type layer to the n-type layer and the holes are

captured to hole traps. However, in the current-injection method, it is necessary to form

a mesa structure to clarify the junction area and grow the p+-type layer which supplies

holes. Thus, it is difficult to fabricate a p+-n junction mesa diode for the evaluation of hole

traps in the n-type layer. In the above-Eg-light-illumination method, a p+-n junction or a

n-type Schottky junction is used. By irradiation light having photon energy higher than

the bandgap, electron−hole pairs are generated. The holes diffuse into the depletion layer

and captured to hole traps. In the above-Eg-light-illumination method, a Schottky barrier

diode which can be easily fabricated with deposition of Schottky electrodes on the surface of

n-type layer can be used. However, since GaN has a direct bandgap, the penetration length

of above-Eg-light and the diffusion length of holes in n-type layers are short (< 1 µm).

Thus, it is difficult to supply holes to hole traps in the depletion layer extending under the

electrode, whose diameter is several hundred µm. For this reason, it is difficult to accurately

quantify trap densities.

Therefore, in this study, the sub-Eg-light-excited method, in which minority carrier

traps can be detected with a Schottky barrier diode, is focused. In the sub-Eg-light-excited

method, the junction is illuminated with sub-Eg-light and holes are photoexcited from the

C.B. to the hole traps. When the surface of epitaxial layer is illuminated with sub-Eg-light,

the sub-Eg-light is hardly absorbed in a GaN epitaxial layer and conductive GaN substrate

[67]. Thus, multiple reflections between the surface Schottky electrodes and backside ohmic

electrodes occur and hole traps in the depletion layer even under the Schottky electrodes

can be photoexcited spatially and uniformly. On the other hand, it is difficult to estimate

the hole occupancy ratio of a hole trap, which is the ratio of hole-occupied hole trap to

hole trap during light illumination. Thus, reports on application of the sub-Eg-light-excited

method have been limited [57]. In this study, methods to measure the density of hole trap

H1 in n-type GaN layers by correcting the hole occupancy of the hole trap H1 during sub-Eg

light illumination are proposed. The proposed methods are useful technique as a monitoring

tool of GaN device process. Using the proposed methods, physical properties of the hole

trap H1 (CN) in n-type GaN layers are successfully elucidated. The methods are useful for

measuring the density of not only the hole trap H1 in n-type GaN layers but also other

minority carrier traps.

1.3.3 Present Understanding of Deep Levels in SiC and Key

Issues

Research and development of SiC as a power device material is more advanced than that

of GaN, and the origin and density control method of the dominant deep level introduced

during crystal growth have been clarified. In particular, since the Z1/2 center is the dominant

recombination center, systematic and detailed studies have been conducted on its properties
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and density control [28, 68–71].

On the other hand, a deep level induced during device processes is difficult to evaluate

due to the wide variety of defect candidates that depend on a device process and its con-

dition. The depth direction of the defect density also makes it difficult to evaluate device

process-induced defects. Thus, many of them have not been clarified about the origins and

generation mechanisms. To maximize the performance of SiC power devices, it is necessary

to control deep levels induced during device processes and it is important to elucidate each

origin and generation and annihilation mechanisms, characterize physical properties, and

quantify the depth profiles of defect density.

In this study, depth profiles of process-induced defect density are focused. In previous

studies, the double-correlation method [72] has been used to measure depth profiles carrier

trap densities [73–78]. In the double-correlation method, the narrowed detection area of

carrier traps is changed in the depth direction and the average trap density in each nar-

rowed detection area is obtained. The double-correlation method is a useful method when

depth profiles of carrier trap density have relatively loose shape. On the other hand, the

double-correlation method has a trade-off relationship between the spatial resolution in the

depth direction and the resolution in carrier trap density to be detected. Therefore, it is

difficult to accurately quantify steep depth profiles of carrier trap density. In this study,

the author proposed a measurement method of depth profiles of carrier trap density which

overcomes the trade-off relationship in the conventional double-correlation method. Fur-

thermore, depth profiles of carrier trap density of deep levels induced during reactive ion

etching (RIE), in which process damage is expected to be localized near the etched sur-

face, was accurately quantified and the generation mechanism of the RIE-induced defects

is discussed.

1.4 Aim of This Study and Outline of This Thesis

1.4.1 Aim of This Study

As mentioned in Section 1.3, control of deep levels in GaN and SiC is important to maximize

the potential of GaN and SiC power devices. In this thesis, the aims were as follows towards

the control of the dominant deep level induced during crystal growth in GaN and the control

of the deep levels generated during device processes in SiC.

• Development of accurate, easy and quick quantification methods for the density of

hole trap H1 in n-type GaN

• Elucidation of the physical properties of hole trap H1 in n-type GaN

• Development of a quantitative method for the depth profiles of carrier trap density

with the high depth resolution and the resolution in the carrier trap density
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• Quantification of depth profiles of density and elucidation of generation mechanism

of carrier trap induced during reactive ion etching in SiC

1.4.2 Outline

In Chapter 2, methods for characterization of deep levels in semiconductors are explained.

In this study, Deep levels in GaN and SiC are investigated with the capacitance transient

spectroscopy. In the capacitance transient spectroscopy, deep levels are detected as carrier

traps in the depletion layer of junctions.

In Chapter 3, a method for measurement of density of the hole trap H1 in n-type

GaN with a p+-n junction is proposed. Using a GaN mesa p+-n junction diode, current-

injection method, in which holes are injected from p+-layer to n-layer, is performed to

detect the hole trap H1 in n-type GaN. The measured density of hole trap H1 in the

current-injection method depends on device structure and measurement conditions due

to the effects of injected hole density distribution in n-type layer and the quick carrier

recombination via hole-occupied hole traps near the depletion layer edge. In the proposed

method, the measured density of hole trap H1 is corrected to the true density by considering

the two effects.

In Chapter 4, the photoionization cross-section of the hole trap H1 for sub-Eg-light is

investigated. In sub-bandgap (Eg)-light-excited method with Schottky junctions for mea-

surement of the density of hole trap H1 discussed in Chapter 5, correction of the hole

occupancy ratio of the hole trap H1 under sub-Eg-light illumination is needed. In Chapter

4, the ratio of photoionization cross-sections of electron to hole for a sub-Eg-light, which

enables calculation of the hole occupancy ratio under arbitrary measurement conditions, is

extracted.

In Chapter 5, methods for measurement of the density of hole trap H1 in n-type GaN with

the Schottky junction are demonstrated. In the proposed methods, measurement conditions

(temperature, optical power, or optical pulse width) are modulated and the true density

of hole trap H1 is extracted from the measured density of that. Then, the hole occupancy

ratio of the hole trap H1 under sub-Eg-light illumination is calculated by using the ratio

of photoionization cross-sections determined in Chapter 4. Furthermore, the dual-color

sub-Eg-light-excited method, in which capacitance transients with quick photoexcitation

of holes from hole traps to the valence band by longer-wavelength light illumination are

measured, is proposed and it makes measurement time shortened.

In Chapter 6, nature of the hole trap H1 in n-type GaN is investigated. Deep levels in

MOVPE-grown n-type GaN layers and quartz-free (QF) HVPE-grown n-type GaN layers

are investigated. Then, the densities of hole trap H1 in the n-type GaN layers are measured

with the proposed methods in Chapter 5, and the quantitative comparison between the

carbon concentration and density of hole trap H1 in the MOVPE-grown GaN layers and

QF-HVPE-grown GaN layers is obtained. The electron capture cross-section of the hole trap
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H1 is extracted. The dependence of the ratio of photoionization cross-sections on photon

energy is investigated.

In Chapter 7, a method for measurement of depth profiles of process-induced defects

is proposed. Compering with the double-correlation method, the trade-off relationship

between the depth resolution and resolution in the carrier trap density is overcame in the

proposed method. Using the method, depth profiles of defects generated during reactive

ion etching (RIE) in SiC are investigated. From the analysis of the depth profiles, the

generation mechanism of RIE-induced defects is described.

In Chapter 8, conclusions of this study and suggestions for future work are described.
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Chapter 2

Detection Methods for Deep Levels in

Semiconductors

2.1 Introduction

In this chapter, measurement methods to characterize deep levels in semiconductors are

explained. To characterize deep levels in semiconductors, the capacitance transient spec-

troscopy technology has been used. In the capacitance transient spectroscopy, deep levels

are detected as carrier traps. For simplicity, measurement methods of deep levels in an

n-type semiconductor are described in this chapter.

2.2 Principles of Capacitance Transient Spectroscopy

for Majority Carrier Traps

In the capacitance transient spectroscopy, the change of charge state of carrier trap (empty

or carrier occupied state) is detected as the change of capacitance. Figure 2.1(a) shows the

pulse sequence for detection of electron traps in an n-type semiconductor with a Schottky

junction. The band diagrams of the Schottky junction applied a measurement bias volt-

age UR, which is typically a reverse bias voltage, at a certain temperature in the thermal

equilibrium state is shown in Fig. 2.1(b). The electron traps in the neutral region are in

electron-occupied state at the certain temperature. On the other hand, the electron traps

in the depletion layer are empty state. Then, a filling pulse bias voltage UP which is hold

UP > UR is applied to the junction to reduce the depletion layer width [Fig. 2.1(c)]. The

electron traps in the region changed from the depletion layer to the neutral region by ap-

plying UP capture electrons and become in an electron-occupied state. After interruption

of the filling pulse bias voltage UP and applying the measurement bias voltage UR, the de-

pletion layer is extended [Fig. 2.1(d)]. Then, the electrons captured into the electron traps

which change from empty to the electron-occupied state by applying the filling pulse signal
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are thermal excited to the C.B. [Fig. 2.1(e)]. For simplicity, here, it is assumed that all

electron traps in the depletion layer become the electron-occupied state during the filling

pulse period and the captured electron is thermally emitted from each electron trap to the

C.B. in the depletion layer. Immediately after the interruption of the filling pulse signal

[Fig. 2.1(d)], in the depletion layer, the electron traps are in the electron-occupied state and

the net donor density is smaller than that in the thermally equilibrium state at UR. During

the measurement period [Fig. 2.1(e)], in the depletion layer, the electron traps return from

the electron-occupied state to empty state and the net donor density also return. Here,

an acceptor-like type electron trap is assumed. The time evolution of net donor density

Nd,net(t), where t is time from application of the measurement bias voltage, is given as:

Nd,net(t) = Nd −NTfT(t). (2.1)

Here, Nd is the donor density and NT is the electron trap density. It is assumed that Nd

and NT have a uniform distribution in the depth direction. fT(t) is the electron occupancy

ratio. Then, the capacitance transient of the junction CR(t) is given as:

CR(t) =

√
eεsε0(Nd −NTfT(t))

2(Vd − UR)

= CR

√
1− NTfT(t)

Nd

where,CR ≡ CR(∞) =

√
eεsε0Nd

2(Vd − UR)
. (2.2)

Here, eVd is the diffusion potential. Nd ≫ NT is assumed and an approximation of McLaugh-

lin expansion
√
1− x ≃ 1− x/2 is applied, Eq. 2.2 can be descried as:

CR(t) ≃ CR

(
1− NTfT(t)

2Nd

)
. (2.3)

CR(0) is smaller than CR because the electron traps in the depletion layer are in the electron-

occupied state at t = 0 s. As shown in Eq. 2.3, the capacitance transient CR(t) reflects

the time evolution of the electron occupancy ratio. Considering the principle of detailed

balance, the processes of electron capture from the C.B. to an electron trap and of electron

thermal excitation from the electron trap to the C.B. are not independent of each other.

The electron capture rate nCn and electron thermal excitation rate en satisfy the following

differential equation for electron occupancy ratio fT:

dfT
dt

= −fTen + (1− fT)nCn. (2.4)

Here, Cn is the electron capture coefficient, which is the product of the thermal velocity of

electron vth,n and the electron capture cross-section σn. Assuming fT(0) = 1 as the initial

condition for the differential equation of Eq. 2.4, i.e., the electron traps in the depletion
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layer are in the electron-occupied state at t = 0 s, the electron occupancy ratio fT(t) is

given as:

fT(t) =
nCn

nCn + en
+

en
nCn + en

exp

(
− t

1/(nCn + en)

)
. (2.5)

Assuming the electron concentration n = 0 cm−3 in the depletion layer, Eq. 2.5 can be

described as:

fT(t) = exp

(
− t

1/en

)
. (2.6)

Considering Eqs. 2.3 and 2.6, CR(t) has the same time constant as the time constant of

electron thermal excitation 1/en. In the thermal equilibrium state, i.e., dfT/dt = 0 in Eq.

2.4, assuming the Fermi-Dirac distribution function as the electron occupancy ratio fT, en

is given as:

en =
σnvth,nNC

g
exp

(
−EC − ET

kBT

)
. (2.7)

Here, NC is the effective density of state of C.B, g is the degeneracy, and kB is the Boltzmann

constant. When the temperature dependence of the electron capture cross-section σn can be

negligible, the energy level ET and the electron capture cross-section σn are obtained from

the slop and intercept of the Arrhenius plot of en/T
2, respectively. The energy level ET

and the electron capture cross-section σn are important physical properties of deep levels

which act as electron traps. The capacitance change due to electron thermal excitation

from electron traps to the C.B. ∆C is given as:

∆C = CR − CR(0)

=
CRNT

2Nd

. (2.8)

Thus, the electron trap density NT is obtained from measurement of ∆C:

NT = 2
∆C

CR

Nd. (2.9)

Note that, in a precise sense, 2∆C/CR ×Nd in Eq. 2.9 is not the true electron trap density

NT but the averaged electron trap density in the entire depletion layer ÑT. The details

are described in Sec. 2.3. As mentioned above, in the capacitance transient spectroscopy,

the energy level ET, the capture cross-section σ, and trap density NT are obtained from

measurement of the capacitance transient with application of the filling pulse signal.

Semiconductor materials have some deep levels in the bandgap. To separately detect

deep levels in capacitance transients, deep-level transient spectroscopy (DLTS) [1] and

isothermal capacitance transient spectroscopy (ICTS) [2] have been widely used. The mea-

surement principle of DLTS and ICTS are explained in Sec. 2.2.1 and Sec. 2.2.2,respectively.
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2.2.1 Deep-level Transient Spectroscopy (DLTS)

The principle of deep-level transient spectroscopy (DLTS) [1], which is a very powerful

method to separately detect deep levels, is explained in this section.Figure 2.2 shows the

illustration of measurement principle of DLTS with a Schottky barrier diode. Here, two

deep levels which act electron traps (trap X: ∆ET,X = 0.3 eV, trap Y: ∆ET,Y = 1 eV) in an

n-type material are assumed. The electron capture cross-sections are set to 1×10−16 cm2

for both trap X and trap Y.

As mentioned in Sec. 2.2, the capacitance transient during measurement period reflects

electron thermal excitation from electron traps to the C.B. in the depletion layer. The time

constant of electron thermal excitation 1/en is strongly temperature- and energy-position-

dependent as shown in Fig. 2.2(d). In DLTS, capacitance transients in a time window

(Tw = tB− tA) are measured at various temperatures. In Fig. 2.2, the time window Tw is set

to 200 ms. At temperature where the time constants of electron thermal excitation of trap

X and trap Y are sufficiently longer than the time window, i.e., 1/en,X,Y ≪ tB (T ∼ 150 K

in Fig. 2.2), capacitance is almost constant in the measurement period (tA ≦ t < tB). Ele-

vating temperature, the time constant of electron thermal excitation 1/en,X,Y dramatically

decreases. At temperature where the time constant of electron thermal excitation of trap Y

is sufficiently longer than the time window and that of trap X is almost the same as the time

window, i.e., 1/en,Y ≪ 1/en,X ∼ tB (T ∼ 300 K in Fig. 2.2), capacitance transient occurs

due to the electron thermal excitation from the trap X to the C.B. At temperature where

the time constant of electron thermal excitation of trap Y is sufficiently longer than the time

window and that of trap X is sufficiently shorter the time window, i.e., 1/en,Y ≪ tB ≪ 1/en,X

(T ∼ 400 K in Fig. 2.2), capacitance is almost constant in the measurement period again.

At temperature where the time constant of electron thermal excitation of trap Y is almost

the same as the time window, i.e., 1/en,Y ∼ tB ≪ 1/en,X (T ∼ 550 K in Fig. 2.2), capaci-

tance transient occurs due to the electron thermal excitation from the trap Y to the C.B.

At temperature where the time constants of electron thermal excitation of trap X and trap

Y are sufficiently shorter than the time window, i.e., tB ≪ 1/en,X,Y (T ∼ 700 K in Fig. 2.2),

capacitance is almost constant in the measurement period again.

By plotting the temperature on the horizontal axis and the capacitance change ∆C in

the time window on the vertical axis, the trap X and trap Y can be represented as separate

peaks as shown in Fig. 2.2(c). Each peak intensity is equal to the capacitance change ∆C

due to electron thermal excitation from each trap. At a DLTS peak position, which is the

temperature where the DLTS signal is equal to the peak intensity, the time window Tw

reflects the time constant of electron thermal excitation 1/en. Thus, from a DLTS spectrum

with a time window, the capacitance change ∆C and time constant of electron thermal

excitation at a temperature 1/en can be obtained for each electron trap.

To extract the electron capture cross-section σn and trap energy∆ET = EC−ET from the

electron thermal excitation rate en in Eq. 2.7, temperature dependence of en is investigated
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Figure 2.2: Illustration of measurement principle of deep-level transient spectroscopy

(DLTS) with n-type Schottky barrier diode. Two electron traps [trap X: ∆ET,X = 0.5 eV,

trap Y: ∆ET,Y = 1 eV] in n-type material are assumed and how to separately detect the two

electron traps is described. The electron capture cross-sections are set to 1×10−16 cm2 for

both trap X and trap Y. (a) band diagrams of the Schottky barrier diode under application

of measurement bias voltage UR at t = tB. (b) pulse sequence and capacitance change

of the Schottky barrier diode with the filling pulse signal. (c) DLTS spectrum for the

Schottky barrier diode. (d) temperature dependence of the time constant of electron thermal

excitation form electron traps to the C.B.
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in DLTS. At a DLTS peak position, the time window reflects the time constant of electron

thermal excitation 1/en and varying the time window, the temperature dependence of en

can be obtained in DLTS. Figure 2.3(a) shows DLTS spectra with the time window Tw of

20 ms, 200 ms, and 2 s. From the DLTS peak position, the temperature dependence of 1/en

are obtained as shown in Fig. 2.3(b). Considering Eq. 2.7, the energy level ET and the

electron capture cross-section σn are obtained from the slop and intercept of the Arrhenius

plot of en/T
2, respectively.

2.2.2 Isothermal Capacitance Transient Spectroscopy (ICTS)

Isothermal capacitance transient spectroscopy (ICTS) [2] is the other spectroscopy tech-

nology for the capacitance transient. The principles of ICTS is explained in this section.

In ICTS measurement, capacitance transients at a certain temperature are measured. Fig-

ure 2.4 shows the illustration of measurement principle of ICTS with the Schottky barrier

diode as shown in Fig. 2.2. The trap parameters are also the same as assumed for the

explanation of the DLTS measurement principle.

At a certain temperature, when the time constants of electron thermal excitation of trap

X and trap Y are sufficiently longer than the time window, i.e., tB ≪ 1/en,X,Y (tB ∼ 10−4 s

in Fig. 2.4), capacitance is almost constant in the measurement period (tA ≦ t < tB). By

increasing the width of time window Tw, capacitance transients with longer time constant

can be measured. When the time constants of electron thermal excitation of trap Y is

sufficiently longer than the time window and that of trap X is almost the same as the time

window, i.e., 1/en,X ∼ tB ≪ 1/en,Y (tB ∼ 5×10−2 s in Fig. 2.4), capacitance transient occurs

due to the electron thermal excitation from the trap X to the C.B. When the time constants

of electron thermal excitation of trap Y is sufficiently longer than the time window and that

of trap X is sufficiently shorter than the time window, i.e., 1/en,X ≪ tB ≪ 1/en,Y (tB ∼ 5 s

in Fig. 2.4), capacitance is almost constant again.

By plotting the time window on the horizontal axis and the capacitance change ∆C in

the time window on the vertical axis, the trap X can be represented as a peak as shown

in Fig. 2.4(c). Each peak intensity is equal to the capacitance change ∆C due to electron

thermal excitation from each trap. At an ICTS peak position, which is the time window Tw,

reflects the time constant of electron thermal excitation 1/en. Thus, from a ICTS spectrum

at a certain temperature, the capacitance change ∆C and time constant of electron thermal

excitation at a temperature 1/en can be obtained for each electron trap.

To extract the electron capture cross-section σn and trap energy ∆ET = EC − ET

from the electron thermal excitation rate en in Eq. 2.7, temperature dependence of en is

investigated in ICTS. At a ICTS peak position, the time window reflects the time constant

of electron thermal excitation 1/en and elevating temperature, the temperature dependence

of en can be obtained in ICTS. Figure 2.5(a) shows ICTS spectra at temperature from 250 K

to 600 K. From the DLTS peak position, the temperature dependence of 1/en are obtained
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assumed two electron traps (c) ICTS spectrum for the Schottky barrier diode. (d) temper-

ature dependence of the time constant of electron thermal excitation form electron traps to

the C.B.
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as shown in Fig. 2.5(b). Considering Eq. 2.7, the energy level ET and the electron capture

cross-section σn are obtained from the slop and intercept of the Arrhenius plot of en/T
2,

respectively.

2.3 Density of Deep Levels in Capacitance Transient

Spectroscopy

When an n-type SBD is used to investigate electron traps with DLTS or ICTS measurements,

the electron trap density calculated from the DLTS or ICTS peak height (ÑT) has the

following relationship with the depth profile of the actual trap density NT(x) [3, 4].

ÑT = 2
∆C

CR

Nd,net

=
2

w2
R

∫ xend

xstart

xNT(x)[f(x, 0)− f(x,∞)] dx. (2.10)

f(x, t), where t is time from application of the measurement bias voltage, is the time evolu-

tion of the depth profile of the electron occupancy ratio of the electron traps. The electron

traps in xstart < x ≦ xend can be detected. In Eq. 7.1, the following assumptions are

typically made: (1) ∆C is small compared with CR and (2) Nd,net is a function that varies

slowly in the range of xstart < x ≦ xend. In this study, the following assumption is also

made: (3) each electron trap in xstart < x ≦ xend emits one electron during the measure-

ment period, which is sufficiently longer than the time constant of electron thermal emission

from the electron trap to the conduction band (τn), i.e., f(x, 0) = 1 and f(x,∞) = 0 in

xstart < x ≦ xend. ÑT obtained from Eq. 7.1 is not equal to the actual trap density NT and

is the averaged trap density in the entire depletion layer when the measurement bias volt-

age is applied. Considering that electrons in the conduction band are captured by electron

traps in the depletion layer under application of the measurement bias voltage, f(x, t) can

be approximated as follows [3, 4]:

f(x, t) = f(x, 0)−
[
f(x, 0)− n(x,w)σnvth,n

en + n(x,w)σnvth,n

](
1− exp

[
− t

1/(en + n(x,w)σnvth,n)

])
⋍

{
exp

(
− t

1/en

)
, xstart < x ≦ w − λ

1 , w − λ < x ≦ w.
(2.11)

Here, en = 1/τn is the thermal emission rate of electrons from the electron traps to the

conduction band, w is the depletion layer width, and vth,n is the electron thermal velocity.

n(x,w) is the free carrier concentration, assuming that [4, 5]:

n(x) =

{
Nd,net(w)exp

(
− (w−x)2

2LD(w)2

)
, 0 < x ≦ w

Nd,net(x) , w ≦ x.
(2.12)
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Here, LD(w) =
√

(εskBT )/(n(w,w)e2) is the Debye length, εs is the static permittivity and

the static permittivity of 4H-SiC in the direction parallel to the c axis ε
||
s = 10.3ε0, where ε0

is the vacuum permittivity. kB is the Boltzmann constant. In Eq. 2.12, it is assumed that

the donor is completely ionized. In Eq. 6.4, w− λ is the depth where the trap energy level

crosses the bulk Fermi level, i.e., the trap energy level in the depletion layer of w−λ < x ≦ w

is below the Fermi level in the neutral region, and f(w − λ,∞) = 0.5. λ is given as [5]:

λ(w) = LD(w)

√
2ln

(
Nd,net(w)σnvth,n

en

)
. (2.13)

In wR − λ(wR) < x ≦ wR, the electron traps emit very few electrons because the trap

energy level is located below the quasi-Fermi level. This phenomenon is called the lambda

effect [4–8]. It is noted that the magnitude of the lambda effect depends on etn and σn of

the electron trap and n, which is assumed to be equal to Nd,net in this study. In this study,

λ(wP) and λ(wR) are considered to be equal [λ = λ(wP) = λ(wR)]. Considering the lambda

effect, Eq. 7.1 can be approximated as:

ÑT = 2
∆C

CR

Nd,net

=
2

w2
R

∫ xend

xstart

xNT(x) dx. (2.14)

In 0 < x ≦ xstart, the electron traps do not capture electrons during the filling pulse period

and the electron traps can not be detected during the measurement period. When the

lambda effect during the filling pulse period is considered, xstart is given as:

xstart =

{
0 , 0 < wP ≦ λ(wP)

wP − λ(wP) , λ(wP) < wP.
(2.15)

When the depth profile of an electron trap density has a constant distribution, i.e.,

NT(x) = NT, the dependence of the averaged trap density on the depletion layer width

ÑT(wR) is influenced by the lambda effect. ÑT(wR) calculated from Eq. 2.14 using NT(x) =

NT is shown in Fig. 2.6(a). Here, the two depletion layer widths, the small depletion layer

wR1 and the large depletion layer wR2, are considered to explain the lambda effect on

ÑT(wR). Figure 2.6(b) and Fig. 2.6(c) show band diagrams of an SBD with an assumed

depth profile of trap density during the filling pulse period (upper side) and the measurement

period (lower side) with UR of UR1 and UR2 (UP > UR1 > UR2), respectively. The depletion

layer widths during the measurement period with UR1 and UR2 are set to wR1 and wR2,

respectively. For simplicity, xstart is set to wP − λ in Fig. 2.6. Figure 2.6(b) shows that

when the depletion layer width is small, the width of the no-electron-capture region and

the width of the no-electron-emission region, where the electron traps can not be detected

by capacitance transient spectroscopy, can not be negligible with respect to the width of

the detection region. Therefore, the averaged trap density ÑT is strongly underestimated

compared to the true trap density NT. On the other hand, as shown in Fig. 2.6(c), when the
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depletion layer width is large, the width of the no-electron-capture region and the width of

the no-electron-emission region can be negligible with respect to the width of the detection

region. Therefore, the lambda effect can be negligible in the averaged trap density ÑT.

ÑT(wR), where the trap density is constant in the depth direction, increases with increasing

wR and ÑT(wR) is asymptotic to NT as shown in Fig. 2.6(a).

It is typically assumed that carrier traps are uniformly distributed in as-grown materials

[6, 9] or that the carrier trap density is constant in the detection region (wP−λ < x ≦ wR−λ)

in the case of carrier traps generated during device processes or electron irradiation [10–14].

2.4 Principles of Capacitance Transient Spectroscopy

for Minority Carrier Traps

In Sec. 2.2, detection methods for majority carrier traps are explained. In the capacitance

transient spectroscopy, to detect carrier traps, the state of the carrier traps should change

from empty state to carrier-occupied state by application of filling pulse signal In the meth-

ods DLTS and ICTS for detection of majority carrier traps, electrical pulse, which makes

the depletion layer width small, is used as the filling pulse signal.

On the other hand, for detection of minority carrier trap, it is necessary minority carriers

which have extremely low concentration in a semiconductor material in thermal equilibrium

to occupy minority carrier traps. As methods for detection of minority carrier traps, current-

injection method [1, 4, 15–18], above-Eg-light-illumination method [18–22], and sub-Eg-

light-excited method [4, 22–25] have been used. For simplicity, measurement methods of

hole traps in an n-type semiconductor are described. Figure 2.7 shows schematic cross-

sections of devices in MCTS: (a) current-injection method, (b) above-Eg-light-illumination

method, and (c) sub-Eg-light-excited method.

• current-injection method: In current-injection method, a p+-n junction is used

and a current pulse is used as the filling pulse signal. By applying a forward bias

voltage to the p+-n junction, holes are injected from the p+-type layer to the n-type

layer. The injected holes are captured in hole traps in n-type layer and the hole traps

become in the hole-occupied state.

• above-Eg-light-illumination method: In above-Eg-light-illumination method, a

p+-n junction or n-type Schottky junction is used and an above-Eg-light pulse is used

as the filling pulse signal. By illumination of above-Eg-light to the device surface,

electron-hole pairs are generated near the surface around the junction. The generated

holes drift into the depletion layer and are captured in hole traps in n-type layer.

• sub-Eg-light-excited method:] In sub-Eg-light-excited method, a p+-n junction or

n-type Schottky junction is used and a sub-Eg-light pulse is used as the filling pulse

signal. When sub-Eg-light is illuminated to the device surface, holes are photoexcited
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from the C.B. to hole traps due to the light which penetrates into the n-type layer.

Then, the hole traps become in the hole-occupied state.

These methods are collectively called minority carrier transient spectroscopy (MCTS). The

way to separately detection of minority carrier traps are the same in that of majority carrier

traps, i.e., temperature scan (DLTS) or time scan (ICTS). The minority carrier occupancy

ratio of minority carrier traps is strongly temperature-dependent (Chapter 5). Thus, ICTS

is more suitable than DLTS for characterization of minority carrier traps.
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Chapter 3

Measurement Method for Density of

Hole Trap H1 in n-Type GaN with

p+-n Junction

3.1 Introduction

In this chapter, the author proposes a method to accurate qualify densities of the hole trap

H1 in n-type GaN layers with p+-n junction. In current-injection ICTS, a forward bias

voltage is applied to the p+-n junction as a filling pulse. Hole traps in n-type GaN layers

capture the injected holes, and then a measurement bias voltage (reverse bias voltage) is

applied to measure the capacitance transient due to the hole thermal excitation from the

traps to the V.B.

The spatial distribution of the injected hole concentration corresponds to the exponential

decay with diffusion length (Ldiff) [1]. Only a limited region of the hole traps becomes in hole-

occupied state; thus, a small reverse bias voltage is typically utilized as the measurement

bias voltage to keep the depletion layer width within the occupied region. Previous studies

on hole trap H1 in n-type GaN have typically used such a measurement condition; however,

systematic data have not been discussed. In this study, the reverse bias voltage dependence

of the current-injected ICTS spectra is presented and the limited occupation region is clearly

shown.

The author also considers another effect: the quick carrier recombination via hole traps

near the depletion layer edge immediately after the application of a reverse bias. As a result

of the quick recombination, hole traps near the depletion layer edge are already empty and

do not contribute to the peak in the current-injection ICTS spectrum; thus, the density of

hole traps calculated from ICTS peak intensities ÑT can be underestimated. This effect is

significant when the hole thermal excitation from a hole trap is slow.

The dependence of the measured density of hole trap H1 ÑT on the depletion layer width

wR is investigated. Considering the effects of distribution of injected hole concentration in
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n-type GaN layers (effect A) and the quick carrier recombination via hole traps near the

depletion layer edge immediately after the application of a reverse bias (effect B) on ÑT(wR),

the true density of hole trap H1 NT is extracted.

3.2 Experiments

The sample used in this study was a GaN on GaN mesa p+-n diode (PND). The PND

comprised a MOVPE-grown 0.1-µm-thick p++-GaN/0.5-µm-thick p+-GaN/5-µm-thick n-

GaN structure on an HVPE-grown n+-type GaN substrate. The Mg concentrations of

the p++- and p+-type GaN were obtained via secondary ion mass spectrometry (SIMS)

as 1×1020 cm−3 and 5×1019 cm−3, respectively. The Si and C concentrations of the n-

type GaN were obtained via SIMS as 3×1016 cm−3 and 3×1015 cm−3, respectively. The

net donor density was obtained via capacitance-voltage (C − V ) measurement as Nd,net =

2.3×1016 cm−3. The author also confirmed the uniform distribution of Nd,net via C − V

depth profiling. The mesa structure was formed via inductively coupled plasma reactive ion

etching. The height and diameter of the mesa were 1 and 520 µm, respectively. The anode

and cathode electrodes were formed via deposition of Ni/Au on the top and Ti/Al/Ni on

the back side, respectively. Current-injection ICTS was performed at temperatures ranging

from 300 K to 370 K. The forward bias voltage and the pulse width of the filling pulse were

fixed to UP = 3.5 V and tP = 100 ms, respectively. UR was varied from 1 V to −50 V.

3.3 Current-injection ICTS for p+-n Junction

Figure 3.1 shows the current-injection ICTS spectrum with UR = −5 V at 300 K. One

positive peak and one negative peak correspond to a majority carrier trap (electron trap) and

a minority carrier trap (hole trap), respectively. The electron trap E3 (ET = EC − 0.62 eV,

σn = 3 × 10−14 cm2) and hole trap H1 (ET = EV + 0.85 eV, σp = 5 × 10−15 cm2) in the

n-type GaN layer are observed. The energy levels ET and capture cross-sections σ indicated

by the Arrhenius plot of ln(τT 2) versus reciprocal temperature shown in Fig. 3.2 agree well

with the reported values for the electron trap E3 and hole trap H1 [2].

3.4 Depletion Layer Edge Correction Factor on

Measured Density of Hole Trap H1 in

Current-injection ICTS

Current-injection ICTS with various reverse bias voltages was performed. According to the

peak intensities of the electron trap E3 and hole trap H1 in the ICTS spectra obtained with

different UR values ranging from 1 V to −50 V at 300 K, the values of the averaged density
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of trap ÑT were determined as:

ÑT = 2
∆C

CR

Nd,net, (3.1)

The author confirmed that ÑT/Nd,net was small enough for applying Eq. (3.1). The results

are shown in Fig. 3.3(a) and Fig. 3.3(b), where the horizontal axis indicates the steady-state

depletion width at each UR.

Although the n-type GaN layer was uniformly doped, ÑT of the electron trap E3 in-

creased with the depletion width (w), as shown in Fig. 3.3(a). The dependence of ÑT on

the depletion width is explained by the lambda effect. The lambda effect can be corrected

as follows [3]. When UR is applied, the electron trap E3 near the edge of the depletion layer

do not emit electrons. The width of the non-emission region (λ) is determined as the width

where the energy level is below the Fermi level in the neutral region of the depletion layer:

λ =

√
2εs (EF − ET)

e2Nd,net

= LD

√
2ln

(
Nd,netCn

en

)
. (3.2)

Here, εs is the dielectric constant of GaN (εs = 10.4ε0 [4], where ε0 is the vacuum dielectric

constant), EF is the Fermi level, e is an elementary charge, LD =
√

εskBT/ne2 (where kB

is the Boltzmann constant, T is the temperature, and n is the free carrier concentration,

assuming that n = Nd,net) is the Debye length, en is the thermal emission rate of electrons

from electron traps to the conduction band, and Cn is the capture coefficient of electrons.

Cn is given by the product of the electron thermal velocity (vth,n) and the electron capture

cross section (σn): Cn = vth,nσn. Considering the lambda length, ÑT of the electron trap

E3 is given as:

ÑT = NT

(
1− λ

w

)2

. (3.3)

Here, NT is the true density of the electron trap E3. The curve obtained by fitting Eq. (3.3)

to the experimental results indicated by the dashed line in Fig. 3.3(a). According to the

fitting curve, λ = 207 nm and NT = 4.3× 1015 cm−3 were obtained for the electron trap E3

in the n-type GaN layer. From the energy level of the electron trap E3, λ was calculated to

be 173 nm. The good agreement indicates the uniform distribution of the electron trap E3

in the n-type GaN epitaxial layer.

Next, the hole trap H1 is discussed. Figure 3.3(b) shows the w dependence of the

averaged density of hole trap H1 (ÑT) at 300 K. As shown, with the increasing depletion

layer width, ÑT increases up to a width of 700 nm and decreases thereafter.
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3.4.1 Diffusion of Holes into n-Type GaN

The decrease of ÑT for large w (> 700 nm) is explained by the spatial distribution of the

hole occupancy ratio during the filling period. Here, x is defined as the distance from

the p+-n junction. Figure 3.4(a) shows the calculated spatial distributions of the electron

concentration [n(x)] and hole concentration [p(x)] when the filling pulse is applied at 300 K.

A bias voltage of 3.1 V was used in this calculation, as the applied voltage (UP = 3.5 V) was

reduced by the series resistance. Figure 3.4(b) shows the spatial distribution of the electron

capture rate [n(x)Cn] and that of the hole capture rate [p(x)Cp]. The thermal emission rate

of holes from deep levels near the valence band maximum to the valence band (et) is also

shown in Fig. 3.4(b). As with the electrons, the capture coefficient of holes (Cp) is given

by the product of the thermal velocity of the holes (vth,p) and the capture cross section of

the holes (σp): Cp = σpvth,p. The hole occupancy ratio of deep levels near the valence band

maximum [fT(x, t)] in the steady state of the filling pulse period, i.e., the initial state of

the measurement period (t = 0 s), is given by:

fT(x, 0) =
p(x)Cp

ep + p(x)Cp + n(x)Cn

. (3.4)

as plotted in Fig. 3.4(c). The position at which fT(x, 0) becomes half of the value at the

p+-n junction is defined as:

λP = Ldiff ln

(
pnCp

et +Nd,netCn

)
+ wn,P. (3.5)

Here, wn,P is the depletion layer width during the filling period, and pn is the hole concen-

tration at x = wn,P. When w is small, all deep levels near the valence band maximum in

the depletion region are initially occupied, and the constant ÑT is obtained. When w > λP,

deep levels near the valence band maximum in the depletion layer located at x > λP are

empty, and a smaller ÑT is obtained. Considering fT(x, 0), ÑT is given as:

ÑT =

{
NT , w ≤ λP

NT

(
λP

w

)2
, w > λP,

(3.6)

where NT is the true density of hole trap H1. When the applied measurement bias is small

enough (w ≤ λP), ÑT = NT. The red dashed line in Fig. 3.3(b) represents the curve

calculated using Eq. (3.6). From the curve fitting, NTλ
2
P = 1.5 nm−1 was obtained. NT

and λP could not be extracted separately.

3.4.2 Quick Carrier Recombination via Hole Trap H1 near

Depletion Layer Edge

As shown in Fig. 3.3(b), even in the case of a small w (<700 nm), i.e., a small reverse bias

voltage, ÑT exhibits strong dependence on w. This dependence is explained by the quick
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Figure 3.4: Spatial distributions of (a) the concentrations of electrons [n(x)] and holes

[p(x)]; (b) the capture rates of electrons [n(x)Cn] and holes [p(x)Cp] and the hole thermal

excitation rate (et); and (c) the hole occupancy ratio of the hole trap H1 [fT(x, 0)] during

the steady state of the filling pulse period (forward bias is 3 V).
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carrier recombination via the deep levels near the valence band maximum near the depletion

layer edge immediately after the application of the reverse bias. Figure 3.5(a) shows n(x),

and Fig. 3.5(b) shows n(x)Cn and et with the reverse bias voltage of −5 V. The trailing off

of the electron concentration near the depletion layer edge results in carrier recombination

via the hole traps; i.e., the filled hole traps become unoccupied with the following time

constant (τ):

τ(x) =
1

et + n(x)Cn

. (3.7)

Owing to the spatial distribution of n(x), τ also has a spatial distribution [τ(x)], which is

plotted in Fig. 3.5(c). The temporal evolution of the hole occupancy ratio [fT(x, t)] is given

as:

fT = fT(x, 0)exp

(
− t

τ(x)

)
. (3.8)

Figure 3.5(d) shows fT(x, t) calculated using Eq. (3.8). When the position at which

fT(x, 1/e
t) is half of the value at the p+-n junction is defined as x = w−λR, λR is given as:

λR = LD

√
2ln

(
Nd,netCn

etln2

)
. (3.9)

Deep levels in the region of w − λR < x ≤ w do not contribute to the peak in the current-

injection ICTS spectrum determined from the thermal emission. Considering fT(x, t), ÑT

at small w (w < λP) is given as:

NT = NT

(
1− λR

w

)2

. (3.10)

Therefore, ÑT is underestimated with the small w. The blue dashed line in Fig. 3.3(b)

represents the curve calculated using Eq. (3.10). From the curve fitting, λR = 136 nm and

NT = 2.3 × 1015 cm−3 were obtained. Using the true density of trap, the aforementioned

λP can be extracted from the product NTλ
2
P, and λP = 801 nm was obtained.

3.4.3 Discussion

These results demonstrate that the analysis of ÑT must consider the effects of both the

spatial distribution of the hole occupancy ratio during a filling period in the case of a

large w and the quick carrier recombination via the deep levels near the depletion layer

edge immediately after the application of a reverse bias in the case of a small w. For this

analysis method, it is necessary that λP is large enough to measure the apparent density

of deep level characterized by only the quick carrier recombination [Eq. (3.10)], as in the

case of this study. According to previous reports, it is possible that the hole trap H1 is

associated with VGa-related and/or C-related (CN) defects, which act as a compensation



3.4. Depletion Layer Edge Correction Factor in Current-injection ICTS 43

c
o

n
s
ta

n
t

/ 
c
m

-3
R

a
te

 /
 s

-1
H

o
le

 o
c
c
u

p
a

n
c
y
 r

a
ti
o

Distance from p-+n junction / nm

c
o

n
c
e

n
tr

a
ti
o

n
C

a
rr

ie
r 

T
im

e
/ 
s

w
R
(−5 V)

(a)

(b)

(c)

e-1

0.5e-1

(d)

109

1012

1015

1018

0

1.0

2.0
3.0

4.0

5.0

100

103

106

10-6

10-3

100

103

0

0.5

1.0

0 200 400 600 800 1000

et = 27 ks-1

1/et = 37 s

T = 300 K

U
R
 = −5 V

U
P
 = 3.1 V

n(x)
N
d,net

 = 2.3×1016 cm-3

n(x)C
n

1/(N
d,net

C
n
) = 25 µs

λ
R
 = 136 nm

w
R
(−5 V) = 640 nm

L
D
 = 25 nm

t = 0 s

t = 1/et

t = 2/et

t = 0.5/et

t = 0.2/et

t = 5/et

t = 1/(N
d,net

C
n
)

/ 
1

0
1

6
 c

m
-3

c
o

n
c
e

n
tr

a
ti
o

n
C

a
rr

ie
r 

Figure 3.5: Spatial distributions of (a) the concentrations of electrons [n(x)]; (b) the

capture rates of electrons [n(x)Cn] and the hole thermal excitation rate (et); (c) the time

constant; and (d) the temporal evolution of the hole occupancy ratio [fT(x, t)] of the hole

trap H1 under the measurement bias of −5V.
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acceptor [2, 5–14]. The NT obtained in this study via our proposed analysis method shows

excellent agreement with the C concentration of [C]= 3 × 1015 cm−3 in the n-type layer

obtained via SIMS. This result suggests that the hole trap H1 is mainly associated with

CN defects in our epitaxial layer. Our group discovered that the electron trap E3 acts as

compensation acceptors via a combination of Hall-effect and DLTS measurements [28]. In

the present study, the difference between the Si concentration ([Si]= 3 × 1016 cm−3) and

Nd,net = 2.3 × 1016 cm−3 (7 × 1015 cm−3) agrees well with the sum of the densities of

electron trap E3 (NT = 4.3× 1015 cm−3) and hole trap H1 (NT = 2.3× 1015 cm−3). Finally,

other properties obtained from λR and λP are discussed. Using the obtained λR, the electron

capture cross section of the hole trap H1 was determined as σn = 7×10−20 cm2 via Eq. (3.9).

Polyakov et al. obtained σn = 1.4× 10−22 cm2 via direct observation of the recombination

process at the hole trap H1 at a low temperature (T = 85 K) [15]. Furthermore, using the

λP and σn obtained in this study, Ldiff = 112 nm was obtained from Eq. (3.5).

3.5 Temperature Dependence of Measured Density

of Hole Trap H1 in Current-injection ICTS

Figure 3.6 shows the current-injection ICTS spectra in the temperature range from 300 K

to 370 K at UR = −5 V. The thermal excitation rate of carrier from traps increases with

elevating temperature, the peak positions of electron trap E3 and hole trap H1 are shifted

to the left. The peak intensity of electron trap E3 does not depend on temperature. On

the other hand, the peak intensity of hole trap H1 increases with elevating temperature.

This result suggests that the measured density of hole trap H1 depends on measurement

temperature in current-injection method. In this section, the dependence of the measured

density of hole trap H1 on temperature is investigated.

The dependences of the measured density of hole trap H1 ÑT on depletion layer width

at 300 K (blue open circles), 340 K (green open circles), 370 K (red open circles) are shown

in Fig. 3.7. The circle symbols denote the experimental data. The measured densities

of hole trap H1 at the same UR increase with elevating temperature. Curve fitting was

performed for the experimental data at T = 340 K and 370 K as the same way shown in

Fig. 3.3(b). The black solid lines denote the fitting curves under the consideration of the

true hole occupancy ratio at t = 1/et shown in Fig. 3.5(d). In the curve fitting, λR and λP

at each temperature were used as the fitting parameters. The density of hole trap H1 is set

to 2.3×1015 cm−3 obtained from the analysis at 300 K [Fig. 3.3(b)]. The calculation results

are also shown in Fig. 3.7 as the color solid lines (effect A) and the color broken lines (effect

B).

λR decreases with elevating temperature and the magnitude of underestimation in ÑR

by effect B decreases. Figure 3.8 shows the depth profiles of hole thermal excitation rate et

(orange solid line) and electron capture rate nCn (blue solid line) at (a) 300 K, (b) 340 K,
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and (c) 370 K under UR of −5 V. et increases and nCn decreases with elevating temperature.

Thus, λR, which is determined tha balance between et and n(x)Cn near the depletion layer

edge, decreases with elevating temperature. The details of dependence of λR on temperature

is discussed in Sec. 5.5 and Sec. 6.3.

λP increases with elevating temperature and the magnitude of underestimation in ÑR

by effect A decreases, i.e. hole traps far from the p+-n junction become able to capture the

injected holes. Figure 3.9 shows the depth profiles of hole thermal excitation rate et (orange

solid line) and electron capture rate nCn (blue solid line) and hole capture rate pCP (red

solid line) at (a) 300 K, (b) 340 K, and (c) 370 K under a forward bias voltage of 3.5 V.

pCp(wn,P) decreases with elevating temperature. On the other hand, Ldiff increases with

elevating temperature as shown in Fig. 3.10. Temperature decrease of Ldiff is discussed later.

Temperature dependence of pCp in the neutral region is suppressed due to a decrease of

pCp(wn,P) and increase of Ldiff in the measurement conditions. λP increases with elevating

temperature mainly due to a decrease of nCn.

Temperature dependence of Ldiff is given as [16, 17]:

Ldiff =

√
kBT

e
µτ ∼ L0

√
exp

(
− Ea

kBT

)
. (3.11)

Here, τ is a life time, L0 is a scaring factor. In this model, it is assumed that the temperature

dependence of Ldiff mainly reflects the temperature dependence of carrier mobility µ. In the

case of GaN, the polar optical phonon scattering acts as a dominant scattering mechanism

[18] at 300 K to 370 K, and Ea corresponds to an energy of transverse optical (TO) phonon

in GaN. From the curve fitting base on Eq. 3.11, L0 of 481 nm and Ea of 74 meV are

obtained. Considering the TO phonon energies of E1 mode (69 meV) and A1 mode (66 meV)

in GaN [19], the temperature dependence of Ldiff is reasonably explained.

3.6 Summary

An analysis method for the accurate estimation of density of the hole trap H1 (EV+0.85 eV)

in n-type GaN via current-injection ICTS is proposed. The proposed method considers

both the hole occupation during a filling (current injection) period and the quick carrier

recombination via the deep levels near the depletion layer edge immediately after a reverse

bias is applied. The reverse bias voltage dependence of the current-injection ICTS spectrum

indicates that an accurate density of hole trap, as well as the hole diffusion length and

electron capture cross-section of the hole traps, can be determined.
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Chapter 4

Photoionization Cross-section of Hole

Trap H1 under Sub-bandgap-light

Illumination

4.1 Introduction

In this chapter, the photoionization of CN under sub-bandgap-light illumination (390 nm)

is investigated with the ICTS technique. Characterization of the photoionization cross-

section of a deep level σo enables prediction of the effect of light illumination on the device

characteristics and leads to a further understanding of the physical properties of the deep

level. For example, the ratio of photoionization cross-section of electron to that of hole σo
n/σ

o
p

of 0.158 for the Cr-level (EV+0.886 eV), which is shown to correspond to the Cr3+ or Cr2+

state, in GaAs has been revealed under sub-bandgap-light illumination (1.06 µm) [1]. It

makes possible to estimate the hole occupancy ratio for the Cr-level under light illumination.

Thus, the density of Cr-level in n-type GaAs layers can be obtained from optical DLTS [1].

It has been reported that the CN(0/−) is detected as the hole trap H1 in n-type GaN

layers [2–9]. First, the density of hole trap H1 (NT) was accurately determined with the

current-injection ICTS for a p+-n junction diode using a proposed method in Chapter 3.

Second, sub-Eg-light ICTS measurements were performed for a p+-n junction diode to

obtain the steady-state hole occupancy ratio (fT) of the hole trap H1 under illumination.

The hole trap H1 is photoexcited in two processes as shown in Fig. 4.1; (a) photoexcitation

of an electron at the hole trap H1 to the C.B. (C−
N to C0

N), which means that photoexcitation

of a hole from the C.B. to the hole trap H1, and (b) photoexcitation of a hole at the hole

trap H1 to the V.B. (C0
N to C−

N) fT is determined under the competition between these

two photoexcitation processes and the thermal excitation process. The ratio of the electron

photoionization cross-section σo
n to the hole photoexcitation cross-section σo

p of the hole trap

H1 σo
p/σ

o
n) was extracted by analysis of the dependence of fT on temperature T .
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4.2 Experiments

The GaN p+-n junction diode used in this study was comprised of a MOVPE-grown 0.1-

µm-thick p++-type GaN/0.5-µm-thick p+-type GaN/3-µm-thick n-type GaN structure on a

hydride vapor phase epitaxy (HVPE)-grown n+-type GaN substrate. The Mg concentrations

of the p++- and p+-type GaN were obtained via secondary ion mass spectroscopy (SIMS)

to be 1 × 1020 cm−3 and 3 × 1019 cm−3, respectively. The depth profiles of dopants and

impurities are shown in Fig. 4.2. The Si concentration ([Si]) of the n-type GaN was obtained

via SIMS to be 3.0 × 1016 cm−3. A uniform distribution of [Si] was also confirmed from

the SIMS depth profiles. The carbon concentration of the n-type GaN was obtained via

raster change mode SIMS [10] to be 2 × 1015 cm−3. The p+-n junction was assumed to be

a one-side abrupt junction. The net donor density Nd,net of 2.8× 1016 cm−3 obtained from

capacitance-voltage measurement is consistent with the SIMS result. The mesa structure

was formed via inductively coupled plasma reactive ion etching to define the area of p+-n

junction. The height and diameter of the mesa structure are 1 µm and 520 µm, respectively.

Anode and cathode electrodes were formed via deposition of Ni/Au on the top and Ti/Al/Ni

on the back side, respectively.

4.3 Sub-bandgap-light-excited ICTS for p+-n

Junction

The ICTS technique [11] was adopted; current-injection ICTS and sub-Eg-light ICTS were

performed for the GaN p+-n junction diode in the temperature range from 300 K to 340 K.

A UP of 3.5 V and a pulse width of tP = 100 ms were utilized as the filling pulse in current-

injection ICTS. UR was varied from 0 V to −15 V. A wavelength of λ = 390 nm (full width

at half maximum of ca. 10 nm) was employed in sub-Eg-light ICTS. LEDs were used as the

light source with a photon flux density of 1020 s−1cm−2 at illuminated surface. UR was also

varied from 0 V to −15 V for sub-Eg-light ICTS measurements. The optical pulse widths

of toP = 1 s to 10 s used in this study were sufficiently long for the capacitance change

during light illumination to be sufficiently saturated. Current-injection ICTS and sub-Eg-

light ICTS spectra for the same GaN p+-n junction diode are shown in Fig. 4.3. From

Arrhenius plots of ln(τpT
2), where τp is the time constant of hole thermal excitation, versus

the reciprocal temperature, it was confirmed that the hole trap H1 (ET = EV + 0.85 eV,

hole capture cross-section σp of 3 × 10−14 cm2) is detected in current-injection ICTS and

sub-Eg-light ICTS spectra (Fig. 4.3).
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4.4 Photoionization Cross-section Extracted from

Hole Occupancy Ratio of Hole Trap H1 under

Sub-bandgap-light Illumination

By considering the rate equation under sub-Eg-light illumination for a sufficiently long time,

fT is given as,

fT =
eon

eon + eon + et
. (4.1)

Here, et is the hole thermal excitation rate from the deep level to the valence band and can be

determined from each ICTS spectrum using et = 1/τp, where τp is the time constant of hole

thermal excitation form the hole trap H1 to the V.B. eon and eop are the hole photoexcitation

rate from the conduction band to a deep level and the hole photoexcitation rate from a deep

level to the valence band, respectively. The hole photoexcitation rates are the product of

the photoionized cross section σo and net photon flux in the material Φ, i.e., eon = σo
nΦ and

eop = σo
pΦ. It is difficult to accurately determine Φ for sub-Eg-light due to multiple internal

reflections [12]. Therefore, it is also difficult to obtain σo
n and σo

p, even if eon and eon are

extracted from experimental data. On the other hand, the ratio σo
p/σ

o
n, which is independent

of Φ, is unique physical property value for the deep level and wavelength of illumination

light. When et is sufficiently smaller than eop + eon, then fT ∼= eon/(e
o
n + eop) = 1/(1 + σo

p/σ
o
n)

holds and σo
n/σ

o
p can be extracted from fT which is independent of temperature. Martin

et al. used this relationship and reported σo
n/σ

o
p = 0.188 for the Cr-level (EV + 0.886 eV)

in a p-type GaAs layer under excitation from a Nd-YAG laser light (1.06 µm) [1]. They

determined fT by a comparison of NT and fTNT obtained from current-injection DLTS)

and sub-Eg-light DLTS for a GaAs p-n+ junction diode. As discussed later, the relationship

(et ≪ eon+eop) was determined to be difficult to hold in the case of the hole trap H1 in GaN.

fT is dependent on measurement conditions such as the light illumination and measurement

temperature; therefore, eon and eop were extracted from an analysis based on Eq. (4.1) for

the dependence of fT on et, i.e., on the temperature.

4.4.1 Comparison between Measured Densities of Hole Trap H1

Obtained by Current-injection ICTS and

Sub-bandgap-light-excited ICTS

Figure 4.4 shows the dependence of the measured density of hole trap H1 on the depletion

layer width as square symbols and triangle symbols obtained from the current-injection

ICTS and the sub-Eg-light ICTS, respectively. When the density of deep level is uniformly

distributed in an n-type layer, the measured density of deep level (ÑT) is given as:

ÑT = 2
∆C

CR

Nd,net. (4.2)
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Here, CR is the steady-state capacitance of the junction under UR and ∆C is the peak

intensity in the ICTS spectrum. In Fig. 4.4, ÑT obtained from the current-injection ICTS

and sub-Eg-light ICTS spectra increases with increasing the depletion layer width (w),

which reflects the depletion layer edge effect [1, 13]. Near the depletion layer edge, even if a

deep level changes to a hole-occupied state under application of an electrical or optical filling

pulse, the deep level can return to the unoccupied state immediately after the application of

the electrical or optical filling pulse due to quick carrier recombination via the electrons near

the depletion layer edge [13]. Therefore, deep levels near the depletion layer edge do not

contribute to the ICTS peaks. The width of the region where quick carrier recombination is

dominant (λR) is determined by the competition between et and the electron capture rate

(nCn), which is given as [13]:

λR = LD

√
2ln

(
Nd,netCn

epln2

)
. (4.3)

λR reflects the band bending near the depletion layer edge and is independent of UR. Consid-

ering the depletion layer edge effect, the relationship between ÑT andNT in current-injection

ICTS is given as,

ÑT = 2
∆C

CR

Nd,net

= FNT. (4.4)

Here, F is the term of the depletion layer edge correction and given as [13]:

F =

(
1− λR

w

)2

. (4.5)

It was confirmed that the hole trap H1 in the depletion layer were completely filled by holes

under application of UP [13], i.e., the hole trap H1 changes to the hole-occupied state from

the p+-n junction to the deep region (> 1 µm), despite the hole diffusion length in n-type

GaN of 101 nm to 102 nm [14–16] because the electron capture cross section of the hole

trap H1 (10−22 cm2 to 10−21 cm2 [13, 17, 18]) is sufficiently smaller than the hole capture

cross section (10−14 cm2 to 10−13 cm2 [13, 17, 18]). In sub-Eg-light ICTS, the relationship

between ÑT and NT is expressed as:

ÑT = 2
∆C

CR

Nd,net

= fTFNT. (4.6)

Fitting curves of ÑT using Eqs. (4.4)-(4.6) to the measured density of hole trap H1 obtained

from the current-injection ICTS and sub-Eg-light ICTS are shown as solid lines in Fig. 4.4.

λR of 110 nm obtained from the current-injection ICTS data is very close to λR of 107 nm

obtained from the sub-Eg-light ICTS data. This result is reasonable because it is expected

that the impact of the depletion layer edge effect in current-injection ICTS is identical to
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that in sub-Eg-light ICTS. Considering the depletion layer edge correction for the measured

density of hole trap H1 obtained from the current-injection ICTS data, NT of 1.8×1015 cm−3

was obtained. This is in agreement with [C] of 2 × 1015 cm−3 in the n-type GaN epilayer

obtained from SIMS measurement. In the same way, fTNT of 1.3× 1015 cm−3 was obtained

from the sub-Eg-light ICTS data. By comparing NT and fTNT, an fT(300 K) of 0.75

was obtained. It should be noted that this value is not universal, but is dependent on

measurement conditions such as the light intensity and measurement temperature.

4.4.2 Temperature Dependence of Hole Occupancy Ratio

In the same way, fT was extracted in the temperature range from 300 K to 340 K with the

same light intensity. The photoexcitation rates can be assumed to be independent of tem-

perature because of the small temperature range (40 K). Thus, fT reflects the dependence of

et on the temperature, which is directly obtained from the ICTS measurement. Figure 4.5

shows the dependence of fT on et as circle symbols. fT decreases with an increase in et,

i.e., elevation of the temperature.

4.4.3 Discussion

A fitting curve of Eq. (4.1) using eon+eop and eon/e
o
p as fitting parameters is shown as a black

solid line in Fig. 4.5. According to the fitting curve, eon + eop = 1.3 s−1 and eon/e
o
p = 3.0 were

extracted for the hole trap H1 under illumination with light of λ = 390 nm. eon/e
o
p = σo

n/σ
o
p

is a physical property value for a trap under illumination light with a wavelength and is

independent of Φ. In Fig. 4.5, the calculation curves of Eq. (4.1) for eon/e
o
p of 2, 3, and 4

with eon + eop = 1.3 s−1 are shown as colored dashed lines. Figure 4.5 shows the measured

points are between the curves with eon/e
o
p of 2 and 3, and close to the curve with eon/e

o
p

of 3, which suggests that the fitting result of eon/e
o
p = σo

n/σ
o
p = 3.0 is reasonable. Under

conditions when the hole thermal excitation can be negligible, i.e., at low temperature, the

hole occupancy ratio becomes saturated and is determined by σo
n/σ

o
p. Under illumination of

light with λ = 390 nm, fT of the hole trap H1 approaches 0.75 at low temperature. When

et is equal to eon + eop, fT becomes half the value at low temperature. The validity of the

extracted eon/e
o
p of 3.0 and eon+eop of 1.3 s

−1 can thus be again confirmed from this viewpoint.

4.5 Summary

In this chapter, the CN(0/−) was detected as the hole trap H1 in n-type GaN with current-

injection ICTS and sub-Eg-light ICTS for p+-n junction diode. From comparison of the

measured densities of hole trap H11 in the current-injection ICTS and sub-Eg-light ICTS

data, the dependence of the hole occupancy ratio under sub-Eg-light illumination (390 nm)

on the hole thermal excitation rate et. The ratio σo
n/σ

o
p of the CN(0/−) in n-type GaN
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was determined as 3.0 from the analysis of the dependence of σo
n/σ

o
p on et. To understand

the electronic state considering the configuration coordination of CN(0/-), it is important

to investigate the dependence of σo
n/σ

o
p on the photon energy hν, which is discussed in

Chapter 6.
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Chapter 5

Measurement Methods for Density of

Hole Trap H1 in n-Type GaN with

Schottky Junction

5.1 Introduction

To obtain the density of hole trap H1 with sub-Eg-light-excited ICTS, it is necessary to

estimate the hole occupancy ratio under sub-Eg-light illumination, which is given as:

fT =
σo
nΦ

[σn(hν) + σp(hν)]Φ+ et(T )

[
1− exp

(
−
top
τ op

)]
. (5.1)

Here, top is the width of the optical filling pulse. τ op = {[σn(hν)+σp(hν)]Φ+et(T )}−1 is time

constant during filling pulse To estimate the hole occupancy ratio, the hole photoexcitation

rate from the C.B. to the hole trap H1 eon = σo
nΦ, the hole photoexcitation rate from the

hole trap H1 to the V.B. eop = σo
pΦ, and the hole thermal excitation rate from the hole trap

H1 to the V.B. et are needed.

In Chapter 4, the ratio of photoexcitation rates from the hole trap H1 to the C.B. to

that from the V.B. to the H1 trap (eon/e
o
p) was determined under a sub-Eg-light illumination

(390 nm). The hole thermal excitation rate et from the V.B. to the H1 trap can be directly

obtained from a peak of hole trap H1 in each sub-Eg-light-excited ICTS spectrum. In the

methods proposed in this chapter, measurement conditions during the filling pulse period

are modulated and the sum of the photoexcitation rates eon + eop is extracted under each

measurement condition. Using the sum eon + eop and the ratio eon/e
o
p = 3.0 for λ = 390 nm

determined in Chapter 4, the eon and eop are separately determined under each measurement

condition. In the first method, temperature is modulated with sufficiently long toP under

same light illumination condition (temperature change method). In the second method,

optical power is modulated with sufficiently long toP under same temperature (optical-power

change method). In the third method, the width of the optical filling pulse is modulated
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under same light illumination condition and temperature (optical-filling-pulse-width change

method).

5.2 Experiments

A Ni/n-type GaN Schottky barrier diode which comprised a MOVPE-grown 3-µm-thick

n-GaN homoepitaxial layer on an HVPE-grown n+-type GaN substrate was fabricated.

The depth profiles of dopant (Si) and impurities (H, C, O) are shown in Fig. 5.1. The Si

concentration ([Si]) of the n-type GaN layer was obtained via SIMS as 3.0×1016 cm−3. The

author also confirmed the uniform distribution of [Si] via SIMS depth profiles. [C] of the

n-type GaN layer was obtained via raster change mode SIMS [1] as 2×1015 cm−3. The n-

type GaN layer has the same growth condition of the n-type GaN layer of the p+-n junction

diode used in Chapter 4. The Schottky and ohmic electrodes were formed via deposition of

Ni with thickness of 200 nm on the top and Ti/Al/Ti/Au on the back side, respectively. A

typically diameter of Schottky electrodes is 400 µm. From capacitance-voltage measurement

for the SBD, the net donor density Nd,net of 2.8×1016 cm−3 was obtained. This value is

good agreement with [Si] − [C]. It was confirmed that the distributions of Nd,net and [Si]

were uniform in the depth direction.

Sub-Eg-light-excited ICTS were performed for the GaN SBD at temperature ranging

from 300 K to 370 K in temperature change method (described in Sec. 5.6.1) and at 300 K

in optical power change method (described in Sec. 5.6.2) and optical filling pulse width

change method (described in Sec. 5.6.3). A wavelength of λ = 390 nm (full width at half

maximum of ca. 10 nm) was employed as excitation light. The light source is 61 LEDs

connected in series. The absolute maximum rating for DC forward current of the LEDs is

20 mA. To obtain the depletion layer edge correction factor F , measurement bias voltage

UR was varied from 0 V to −10 V. Figure 5.2 shows the capacitance change of the SBD at

measurement bias voltage UR = −5 V and T = 300 K with illumination of the light. Other

than the optical filling pulse width change method, as shown in Fig. 5.2, optical filling pulse

width toP was chosen to be sufficiently long the capacitance change during light illumination

to be saturated (toP ≫ τ oP) as illustrated in Fig. 5.2. In optical power change method,

Φ was controlled by the number of LEDs and a drive current of each LED (ILED). Φ was

monitored as the photocurrent due to internal photoemission of the SBD at UR = 0 V, which

is proportional to Φ. Figure 5.3 shows the relationship between ILED and photocurrent. In

optical power change method, the optical power is changed in the range shown in Fig. 5.3.

In temperature change method and optical filling pulse width change method, ILED for 61

LEDs was set to 15 mA. Then, irradiated photon flux was 7×1020 cm−2s−1. Then, the net

photon flux which contributes for the photoexcitation of the H1 trap is defined as Φ0.
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To adjust optical power, which is monitored as the photocurrent, the number of LEDs and

the drive current of LEDs are changed. When the drive current of 61 LEDs is 15 mA,

irradiated photon flux is 7×1020 cm−2s−1.
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5.3 Sub-bandgap-light-excited ICTS for GaN

Schottky Junction

Figure 5.4 shows a sub-Eg-light-excited ICTS spectrum of the GaN SBD under a typical

measurement condition (T = 300 K, UR = −5 V, Φ = Φ0) and the insertion shows the

Arrhenius plot of ln(τpT
2) versus the reciprocal temperature with the assumption that the

hole capture cross-section (σp) is independent of temperature. In Fig. 5.4, the H1 trap

(ET = EV + 0.87 eV, σp = 7×10−14 cm2) is detected. These values agree well with the

reported values for the H1 trap [2–9].

5.4 Uniform Photoexcitation of Hole Trap H1 in

In-plane Direction

Figure 5.5 shows penetration lengths of above-Eg-light and sub-Eg-light in conductivity GaN

substrates (open symbols [10, 11]) and semi-insulating (SI)-GaN substrate [12]. A pene-

tration length of sub-Eg-light is several millimeters for a conductivity GaN substrate [11],

thus multiple reflects between the Schottky and ohmic electrodes occurs and the depletion

layer under the Schottky electrode can be spatially uniformly irradiated by sub-Eg-light

even the Schottky electrode is thick. It was reported that internal photoemission current

due to sub-Eg-light is independent of Schottky electrode size [13]. The sub-Eg-light-excited

ICTS was performed at UR = −5 V and T = 300 K for several GaN Schottky barrier

diodes on the same epilayer with different Schottky electrode diameters. Figure 5.6 shows

the dependence of the measured density of hole trap H1 fTFNT on the Schottky electrode

diameter d in an n-type GaN on n+-type GaN substrate [Fig. 5.7(a)]. Using a peak intensity

of sub-Eg-light-excited ICTS spectrum ∆C, the measured density of hole trap H1 fTFNT

is calculated as:

ÑT = 2
∆C

CR

Nd,net

= fTFNT. (5.2)

It was confirmed that the measured density of hole trap H1 ÑT is independent of the

Schottky electrode size in the diameter of ranging from 300 µm to 1200 µm. This result

suggests that multiple internal reflection occurs between the surface Schottky electrode

and the backside ohmic electrode and despite being under the shadow of the Schottky

electrode, the depletion layer is spatially uniformly illuminated as shown in Fig. 5.7(a), i.e.

the depletion layer and the region where hole traps coincide.

It is noted that the spatially uniform photoexcitation of hole trap does not occur when

a Fe-doped SI-GaN substrate is utilized because of the short penetration length of sub-Eg-

light [12]. Figure 5.8 shows the dependence of the measured density of hole trap H1 fTFNT
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on the Schottky electrode diameter in an n-type GaN on SI-type GaN substrate [Fig. 5.7(b)].

In Fig. 5.8, the measured density of hole trap H1 fTFNT decreases with increasing the

Schottky electrode diameter. It was confirmed this spatially ununiform photoexcitation of

the hole trap H1 in n-type GaN layers on Fe-doped SI GaN substrate. Here, it is assumed

that the region where the hole traps are photoexcited is limited to vicinity of the Schottky

electrode edge. Then, the measured density of hole trap H1 ÑT is given as:

ÑT = AfTFNT

=
ad− a2

(d/2)2
. (5.3)

Here, A is an area correction factor and a is a width of the region where the hole traps

are photoexcited near the Schottky electrode edge. Curve fitting with the calculated ÑT(d)

(black solid line in Fig. 5.8) to the measured ÑT(d) (open circles in Fig. 5.8) was performed

with the fitting parameters a and fTFNT in Eq. 5.3. From the curve fitting, a = 42 nm

and fTFNT = 9.1 × 1014 cm−3 were estimated. To accurately quantify fTFNT in n-type

GaN layers on SI-GaN substrates, it is necessary to measure fTFNT(d) with small Schottky

diameters (∼ 2a).

The photoconductivity of substrate is important for the spatially uniform photoexci-

tation of deep level using sub-Eg-light unless a Schottky barrier diode is irradiated from

backside or a semi-transparent Schottky electrode is utilized. In this study, the Schottky

electrode diameter of 400 µm was employed for n-type GaN Schttoky diodes on n+-type

GaN substrates.

5.5 Depletion Layer Edge Correction Factor on

Measured Density of Hole Trap H1 in

Sub-bandgap-light-excited ICTS

Under each measurement condition, sub-Eg-light-excited ICTS with various UR was per-

formed for the GaN SBD and remove the effect of the depletion layer edge correction factor

F on the measured density of hole trap H1. The depletion layer edge correction factor F is

given as [7, 14]:

F =

(
1− λR

w

)2

. (5.4)

Here, wR is the depletion layer width when measurement vias voltage UR is applied. λR is

the width of the region where the quick carrier recombination via the hole trap H1 in the

depletion layer near the depletion layer edge is dominant. Under sufficient long filling pulse

width and sufficient strong photon flux, λR is given as [7]:

λR = LD

√
2ln

(
Nd,netCn

epln2

)
. (5.5)
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Here, LD =
√

(εskBT )/(ne2) is the Debye length. εs = 10.4ε0 is the dielectric constant of

GaN [15] where ε0 is the vacuum dielectric constant, kB is the Boltzmann constant, n is the

free carrier concentration, assuming that n = Nd,net, and e is an elementary charge. Cn is

the electron capture coefficient and is the product of electron capture cross-section σn and

electron thermal velocity vth,n.

In Fig. 5.9, the dependence of the measured density of hole trap H1 ÑT = fTFNT on

the depletion layer width wR is shown. Curve fitting with the calculated ÑT(wR) (black

solid line in Fig. 5.9) to the measured ÑT(wR) (open circles in Fig. 5.9), which is calculated

from the ICTS peak intensities of the hole trap H1 using Eq. 5.2, was performed with the

fitting parameters fTNT and λR in Eqs. 5.2 and 5.4. From the curve fitting, λR = 110 nm

and the density of hole occupied hole trap H1 during filling pulse period fTNT = 1.8 ×
1015 cm−3 were obtained for the standard measurement condition (T = 300 K, Φ = Φ0).

The same experiments and analyzes as above were performed by changing the measurement

temperature, optical power, or optical filling pulse width and λR was investigated under each

measurement condition. In Fig. 5.10, the dependence of λR on (a) hole thermal excitation

rate, which means temperature dependence, (b) optical power, and (c) optical filling pulse

width are shown as the open circles. As shown in Fig. 5.10, λR decreases with elevating

temperature but is almost independent of optical power and independent of optical filling

pulse width. These results are reasonably explained by considering Eq. 5.5. To obtain

accurate density of hole occupied hole trap H1 fTNT, in temperature change method, λR

should be measured at each temperature. On the other hand, in optical power change

method and optical filling pules width change method, evaluation of λR is required a certain

condition. In this study, to obtain fTNT under each measurement condition, F which was

obtained by using λR in Fig. 5.10 was used.

5.5.1 Electron Capture of Hole Trap H1 near Depletion Layer

Edge during Optical Filling Pulse

When an SBD is used to investigate carrier traps with DLTS or ICTS measurements, the

carrier trap density calculated from the DLTS or ICTS peak intensity (ÑT) has the following

relationship with the actual trap density NT(x) [14, 16]:

ÑT = 2
∆C

CR

Nd,net

=
2

w2
R

∫ xend

xstart

xNT(x) [fT(x, 0)− fT(x,∞)] dx, (5.6)

fT(x, t), where x is distance from the junction and t is time from application of the mea-

surement bias voltage, is the time evolution of the depth profile of the carrier occupancy

ratio of the deep levels. In the case of sub-Eg-light-excited ICTS to detect deep levels near

the valence band maximum on an n-type SBD, fT(x, t) indicates the time evolution of the

depth profile of the hole occupancy ratio of the deep levels. In this study, it is assumed
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that the net donor density Nd,net and density of deep level have no distribution in the depth

direction. In Fig. 5.11, band diagrams of an n-type Schottky barrier diode in sub-Eg-light-

excited ICTS are shown (a) during optical filling pulse, (b) immediately after optical filling

pulse cutoff, and (c) during measurement period. When a bias voltage is applied for the

Schottky junction, electrons exist in the conduction band near the depletion layer. The

depth profile of electron concentration can be assumed as [14, 17]:

n =

{
Nd,net(w)exp

[
− (w−x)2

2LD(w)2

]
, 0 nm < x < w

Nd,net(x) , w ≤ x,
(5.7)

Here, w is the depletion layer width. In Eq. (5.7), it is assumed that the donor is completely

ionized. Figure 20 shows depth profile of (a) electron concentration, (b) rates, (c) time

constant, and (d) hole occupancy ratio in the case of the n-type SBD GaN used in this

study at T = 300 K and UR = −5 V calculated using the extracted parameters. The

trailing off of the electron concentration shown in Fig. 5.12(a) results in the quick carrier

recombination via deep levels near the depletion layer edge, i.e., hole occupied deep levels

capture electrons in the conduction band during optical filling pulse period [Fig. 5.11(a)] and

immediately after optical filling pulse cutoff [Fig. 5.11(b)]. In the depletion layer, whether

the quick carrier recombination is dominant or not depends on the relationship between eon,

eop, e
t, and nCn(Cn = σnvth,n is the electron capture coefficient, where σn is the electron

capture cross-section and vth,n is the thermal electron velocity) as shown in Fig. 5.12(b).

The hole occupancy ratio which electron capture is taken in account is given as:

fT(x, t) =
eon

eon + eop + et + n(x,w)Cn

(
1− exp

(
− toP
τ op (x,w)

))
exp

(
− t

τp(x,w)

)
= fT(x, 0)exp

(
−t

τp(x,w)

)
, (5.8)

where τ op (x,w) ≡ 1/(eon + eop + et + n(x,w)Cn) and τp(x,w) ≡ 1/(et + n(x,w)Cn). Even

though spatially uniformly excitation occurs, the hole occupancy ratio has distribution in

the depth direction due to the electron capture rate nCn when a measured bias voltage is

applied as shown in Fig. 5.12(d). In the depletion layer far from the edge, i.e., n(x,w) ≃ 0,

Eq. 5.8 can be approximated as Eq. 6.4. In sub-Eg-light-excited ICTS spectra, deep levels

with τp(x,w) = 1/et are detected as ICTS peaks as shown in Fig. 5.4. Thus, to measure

a density of deep level near the valence band maximum, it should be considered the depth

profile of the hole occupancy ratio during the optical filling pulse period fT(x, 0) and the

depth profile of the decay during the measurement period exp[−t/τp(x,w)]. As show in

Fig. 5.12(d) by the violet broken line, when the position at which fT(x, 0)− fT(w, 0) is half

of the value at the Schottky junction [fT(0, 0)− fT(w, 0)] is defined as x = w− λo
P, λ

o
P with

sufficiently long toP is given as:

λo
P ≃ LD

√
2ln

(
Nd,netCn

eon + eop + et
[1 + C]

)
, (5.9)
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denote the depth profiles of the electron capture rate, hole thermal excitation to the V.B.
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where C ≡ 2(eon + eop + et)/(Nd,netCn). When Nd,netCn is sufficiently larger than eon, i.e.,

fT(x, 0) can be considered equal to 0 in the neutral region, the term of C can be negligible.

Then, n(w − λo
P, w)Cn is equal to eon + eop + et as shown in Fig. 5.12(b). In this study,

λo
P under the standard measurement condition (T = 300 K, Φ = Φ0, t

o
P = 3 s) of 80 nm

was estimated from calculation using the extracted parameters. λo
P can not be directly

measured in the standard sub-Eg-light-excited ICTS with measurement sequencies such as

the sequence shown in Fig. 5.13 because λo
P is smaller than λR in the measurements.

To conform λo
P, sub-Eg-light-excited ICTS with a measurement sequence shown in

Fig. 5.14 was performed. In this measurement, during filling pulse period, electrical pulse

and optical pulse are applied at the same time. In Fig. 5.15, band diagrams of an n-type

Schottky barrier diode in sub-Eg-light-excited ICTS with the filling pulses are shown (a)

during filling pulses (electrical pulse and optical pulse), (b) during measurement period.

During filling pulse period, the hole traps in 0 nm < x ≤ wP − λo
P can be photoexcited

[Fig. 5.15(a)] and the hole occupied deep levels are detectable during measurement period

[Fig. 5.15(b)]. wP is the depletion layer width during filling pulse period. Figure 5.16 shows

the calculation depth profile of the hole occupancy ratio of the hole trap H1 assuming a

measurement condition based on the standard one (T = 300 K, Φ = Φ0, UR = −5 V) and

filling pulse bias voltage UP = −1 V. When wP − λo
P < wR − λR is held, the quick carrier

recombination immediately after light cutoff does not occur because in 0 < x ≤ wP − λo
P,

existence of electrons in the conduction band can be negligible during the measurement

period as shown in Fig. 5.15(b). When wR−λR ≤ wP−λo
P is held, the quick carrier recom-

bination immediately after light cutoff occurs. Thus, the measured density of deep level is

given as:

ÑT = fTFNT,

F =


(
1− λR

wR

)2

, wP − λo
P < wR − λR

(wP−λo
P)

2

w2
R

, wR − λR ≤ wP − λo
P.

(5.10)

Fig. 5.17 shows the dependence of measured density of hole trap H1 on the depletion

layer width with the filling pulse bias voltage UP = −1 V (violet open circles) and UP = 0 V

(blue open circles). The black solid line denotes the dependence of the measured density

of hole trap H1 on the depletion layer width considering the quick carrier recombination

immediately after light cutoff and λR = 110 nm and fTNT = 1.8× 1015 cm−3 were used for

calculation. The violet and blue solid lines denote the calculation curves using λo
P = 80 nm

and fTNT = 1.8× 1015 cm−3 for UP = −1 V and UP = 0 V, respectively. The experimental

data is in a good agreement with the calculation curves without curve fitting. It is confirmed

that λo
P = 80 nm under the standard measurement condition is reasonable.
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5.5.2 Quick Carrier Recombination via Hole Trap H1 near

Depletion Layer Edge

As show in Fig. 5.12(d) by the black solid line, when the position at which fT(x, 1/e
t) is

half of the value at the Schottky junction [fT(0, 1/e
t)] is defined as x = w− λR, λR is given

as:

λR ≃ LD

√
2ln

(
Nd,netCn[1 + A− B]

etln2

)
, (5.11)

where A ≡ et/(eon+eop+et) and B ≡ (toPe
t)/(exp((toP)/(1/(e

o
n+eop+et)))−1). To obtain Eq.

5.11, an approximation of McLaughlin expansion ln(1 + y) ≃ y is applied and Nd,netCn ≪ et

is assumed, i.e.,

fT(x, 1/e
t) =

{
fT(0, 1/e

t) , 0 nm < x ≤ wR − λR

0 , wR − λR < x.
(5.12)

As shown in Eq. 5.8, during the measurement period, the hole occupancy ratio which has

distribution in the depth direction at t = 0 s [violet broken line in Fig. 5.12(d)] decays

with the time constant which has distribution in the depth direction [black solid line in

Fig. 5.12(c)]. Thus, λR depends on not only time constant during measurement period

τp(x,w) but also hole occupancy ratio during optical filling pulse period fT(x, 0). The term

A in Eq. 5.11 indicates the effect of the dependence of fT(x, 0) on optical power. When

eon and eop is sufficiently larger than et, the term A in Eq. 5.11 can be negligible. The

term B in Eq. 5.11 indicates the effect of fT(x, 0) on optical filling pulse width. When

toP is sufficiently long than 1/(eon + eop + et), the term B in Eq. 5.11 can be negligible.

Therefore, when Φ is sufficiently strong and toP is sufficiently long as in the case of the

standard measurement condition, the terms A and B in Eq. 5.11 can be negligible and Eq.

5.11 can be approximated as Eq. 5.5. Then, as shown in Fig. 5.12(b), n(w − λR, w)Cn is

equal to etln2.

In sub-Eg-light-excited ICTS, deep levels which has time constant of 1/et can be con-

tribute to the ICTS peak and can be detectable. Considering the quick carrier recombination

via hole traps near the depletion layer edge and assuming fT(x,∞) = 0, the depth profile

of the hole occupancy ratio can be described as the Eq. 5.6 and the measured density of

deep level given as:

ÑT =
2

w2
R

∫ xend

xstart

xNT [fT(x, 0)− 0] dx

= fTFNT , (5.13)

where fT ≡ fT(0, 0). In sub-Eg-light-excited ICTS, it can be assumed that xstart = 0 nm

and xend = wR − λR. Then, F is given as:

F =

(
1− λR

wR

)2

. (5.14)
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The effect of distribution in the depth direction of hole occupancy ratio due to the quick

carrier recombination on the measured density of deep level ÑT can be described as the

depletion layer edge correction factor F . ÑT asymptotes to fTNT with increasing the

depletion layer width, as shown in Fig. 5.9, and from the experimental data of ÑT(wR),

fTNT and λR can be extracted.

5.5.3 Discussion

Figure 5.18 shows dependences of the depth profile of the hole occupancy ratio at t = 1/et

on (a) temperature, (b) optical power, and (c) optical filling pulse width. The blue solid

lines in Figure 5.18(a)-(c) are calculated using extracted parameters (eon + eop = 3.8 s−1 and

et = 2.7 × 10−2 s−1) under the standard measurement condition (T = 300 K, Φ = Φ0,

toP = 3 s, UR = −5 V). Based on Eq. 5.11, each dependence of λR is calculated and

shown in 5.11(a)-7(c) as black broken lines. As shown in Fig. 5.18(a), the hole occupancy

ratio fT(0, 1/e
t) and λR decrease with elevating temperature, i.e., increasing hole thermal

excitation rate et. As shown in Eqs. 5.8, hole occupancy ratio decreases with increasing et.

Temperature dependence of λR is mainly due to et. It can be understood from shift of the

cross point of etln2 and nCn in Fig. 5.12(b).

The dependence of λR on the optical power is due to quick carrier recombination via the

hole trap near the depletion layer edge during optical filling pulse period and is described

as the term A in Eq. 5.11. Under the standard measurement condition, the effect of term

A in Eq. 5.11 on λR is sufficiently small and can be negligible (A = 7 × 10−3 under the

standard measurement condition). When optical power decreases, eon+eop decreases and the

cross point of eon + eop + et and nCn becomes close to the cross point of etln2 and nCn, i.e.,

λo
P increases and becomes close to λR. Under small Φ with sufficiently long toP, the term A

in Eq. 5.11 asymptotes to unity (ex. A = 0.6 for eon + eop = 1.9 × 10−3 s−1). However, the

dependence of λR on optical power is small as shown in Fig. 5.10(b) and Figure 5.18(b).

Therefore, λR can be considered sufficiently independent of Φ in this study.

The dependence of λR on the optical filling pulse width is described as the term B

in Eq. 5.11. When the condition shown in Eq. 5.12 is held, the effect of the term B

can be negligible. Under our typical measurement condition (eon + eop = 3.8 s−1 and et =

2.7×10−2 s−1 at 300 K), the effect of term B on λR is extremely small and can be negligible

(B = 9 × 10−7 for toP = 3 s and B = 7 × 10−3 for toP = 1 ms). Thus, in this study, λR can

be considered independent of toP as shown in Fig. 5.10(c).
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Figure 5.18: Depth profiles of the hole occupancy ratio in (a) temperature change method,

(b) optical power change method, and (c) optical filling pulse width change method when

measurement bias voltage of –5 V is applied at the time is equal to the reverse of the thermal

excitation rate. In Fig. 5.18(a), blue, green, yellow, and red solid lines denote the depth

profiles at T = 300 K, 320 K, 340 K, and 360 K, respectively. In Fig. 5.18(b), blue, green,

yellow, and red solid lines denote the depth profiles at Φ = Φ0, 0.05Φ0, 0.01Φ0, and 0.005Φ0,

respectively. In Fig. 5.18(c), blue, green, yellow, and red solid lines denote the depth profiles

at toP = 3 s, 0.5 s, 0.2 s, and 0.05 s, respectively.
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5.6 Quantification of Density of Hole Trap H1 with

Schottky Junction

5.6.1 Temperature Change Method

In the same way for the p+-n junction diode (Chapter 4), it is possible to extract eon + eop
from the analysis of temperature dependence of fTNT. Eq. 6.4 is expressed as a function

of T as follows with sufficiently long toP:

fT(T ) =
eon

eon + eop + et(T )
. (5.15)

Sub-Eg-light-excited ICTS with various UR and T was performed for the GaN SBD. Figure

8 shows the ICTS spectra under UR = −5 V in the temperature range from 300 K to

370 K. The position of peak of the hole trap H1, which is equal to the time constant of hole

thermal excitation τp(T ) = 1/et(T ), shifts to left with elevating temperature due to decrease

of τp(T ). The intensity of peak of the hole trap H1 decreases with elevating temperature due

to the temperature dependence of a product of the depletion layer edge correction factor F

and hole occupancy ratio fT. F was investigated at each temperature from sub-Eg-light-

excited ICTS with various UR and the dependence of the density of hole occupied hole trap

H1 fTNT on the temperature was obtained.

Figure 5.19 shows the dependence of the density of hole occupied hole trap H1 fTNT

on the hole thermal excitation rate et obtained sub-Eg-light-excited ICTS as the diamond

symbols. fTNT decreases with elevating temperature reflecting increasing of et. Considering

Eq. 5.15, when et is equal to eon+eop, fT becomes half the value of fT in which et is negligible.

Thus, eon+eop can be extracted from the dependence of fTNT on et, as shown in Fig. 5.19. In

practice, a curve fitting using Eq. 5.15 was performed to improve accuracy. In Fig. 5.19, the

fitting result of Eq. 5.15 using eonNT and eon+ eop as fitting parameters is shown as the black

solid line. According to the fitting curve, eonNT = 6.5× 1015 s−1cm−3 and eon + eop = 3.7 s−1

were extracted at Φ = Φ0. Using e
o
n/e

o
p = 3.0 obtained from the result of p+-n junction diode

[Kanegae-2021] and eon + eop = 3.7 s−1, eon = 2.7 s−1 and eop = 0.9 s−1 were separated. From

Eq. 5.15, fT is calculated at each temperature. By correcting fT, NT of 2.3 × 1015 cm−3

was obtained and is shown as the black broken line in Fig. 5.19. This result is reasonable

via compering [C] of 2 × 1015 cm−3 in the n-type GaN layer.

5.6.2 Optical-Power Change Method

Eq. 6.4 is expressed as a function of Φ as follows with sufficiently long toP:

fT(Φ) =
σo
nΦ

(σo
n + σo

p)Φ+ et
. (5.16)

In Eq. 5.16, when (σo
n+σo

p)Φ = eon+eop is equal to et, fT(Φ) becomes equal to a half value of

fT which is under eon+ eop ≫ et. Thus, eon+ eop can be also extracted from the dependence of
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Figure 5.19: Dependence of the hole-occupied H1 trap density on the hole thermal exci-

tation rate. The open diamonds denote the experimental data. The black line shows the

fitting curve using Eq. (6). From the curve fitting, the sum of photoexcitation rates of 3.7

s−1 and the H1 trap density of 2.3×1015 cm−3 were extracted.
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fT on Φ. For the Schottky barrier diode, sub-Eg-light-excited ICTS various Φ at UR = −5 V

and T = 300 K was performed. The sub-Eg-light-excited ICTS spectra with various Φ are

shown in Fig. 5.20. Optical power was adjusted by changing ILED and the number of LEDs

and monitored as photocurrent in the range shown in Fig. 5.3. In Fig. 5.20, the position of

peak of the hole trap H1 is constant and the peak intensity of the hole trap H1 increases

with increasing Φ. To obtain the dependence of the density of hole occupied hole trap H1

on Φ, estimation of the depletion layer edge correction factor F is required. λR in Eq. (4)

depends on Φ (see the Appendix). However, as shown in Fig. 5.10(b), the dependence can

be negligible in measurement conditions in this study. In this study, the error when λR is

regarded as constant is less than 1% on F . Using λR = 110 nm [Fig. 5.10 (b)], the depletion

layer edge correction factor F of 0.62 was calculated and the density of hole occupied hole

trap H1 fTNT was obtained.

The dependence of the density of hole occupied hole trap H1 fTNT on Φ was obtained

and is shown in Fig. 5.21 as the diamond symbols. fTNT increases with increasing Φ. When

Φ is sufficiently large, fTNT approaches the same value in Fig. 5.19 at 300 K. The black

solid line in Fig. 5.21 is a result of curve fitting using Eq. 5.16. Considering Eq. 5.16,

when the hole occupancy ratio fT becomes a half the value of fT at high optical power,

eon + eop is equal to et and based on this point, optical power is converted to eon + eop in the

horizontal axis in Fig. 5.21. As shown in Fig. 5.21, eon+eop = et = 2.7×10−2 s−1 is extracted

when fTNT becomes equal to half the value of the saturated value (1.8× 1015 cm−3). Using

eon/e
o
p = 3.0, the dependence of fT on Φ is calculated. By correcting fT, NT = 2.3×1015 cm−3

was obtained and is shown as the black broken line in Fig. 5.21. This value is in a good

agreement with that obtained from the above method.

5.6.3 Optical-filling-pulse-width Change Method

Form Eq. 6.4, the hole occupancy ratio during the sub-Eg-light illumination is given as:

fT(t
o
P) = fT

(
1− exp

(
− toP
τ oP

))
. (5.17)

eon + eop is extracted from the time constant of exponential curve τ oP = (eon + eop + et)−1

in Eq. 5.17. Sub-Eg-light-excited ICTS with varying toP was performed for the SBD at

T = 300 K. Figure 5.22(a) shows the measurement sequence to investigate the dependence

of the density of hole occupied hole trap H1 fTNT on the optical filling pulse width toP.

Before the optical filling pulse, a bias filling pulse (UP = 0.5 V, tP = 100 ms) was applied to

the Schottky junction to set fT = 0. The effect of parasite ICTS due to the application of UP

was eliminated by comparing ICTS which has the same measurement sequence without only

light illumination [Fig. 5.22 (b)]. Figure 5.23 shows the ICTS spectra with the measurement

sequences shown in Fig. 5.22(a) and Fig. 5.22(b). In the parasite ICTS spectrum (violet

solid line and black solid line in Fig. 5.23), the deep level E3 [6, 18–22], which originates from

the substitution of Fe atoms at Ga sites [22], is detected and additional deep levels were not
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detected in the ICTS spectra. The energy position ET = EC−0.61 eV and electron capture

cross-section σn = 4 × 10−15 cm2 was obtained from DLTS measurement (not shown) and

the density of deep level E3 of 6.9 × 1013 cm−3 was obtained in this epilayer. To analysis

fT(t
o
P)NT of the hole trap H1, the difference between of ICTS spectra with measurement

sequences (a) and (b) were obtained for each toP The difference ICTS spectra with various

toP are shown in Fig. 5.24. In Fig. 5.24, the peak position of the hole trap H1 is constant

and the peak intensity of the hole trap H1 increases with increasing toP. To obtain the

dependence of the density of hole occupied hole trap H1 on toP, estimation of the depletion

layer edge correction factor F is required. As shown in Fig. 5.10 (c), λR is independent of

toP. Thus, using λR = 110 nm [Fig. 5.10 (c)], the depletion layer edge correction factor F of

0.60 was calculated and the density of hole occupied hole trap H1 fTNT was obtained.

The dependence of the density of hole occupied hole trap H1 fTNT on the optical filling

pulse width toP is shown in Fig. 5.25 as the diamond symbols. fT(t
o
P)NT increases with

increasing toP. When toP is sufficiently long, fT(t
o
P)NT approaches the same value of fTNT

in Fig. 5.19 at 300 K. Considering Eq. 5.17, when toP is equal to τ oP, the hole occupancy

ratio becomes to be {1 − exp(−1)} × fT, where toP is sufficiently long. Therefore, from

the exponential curve, eon + eop can be extracted. To improve accuracy, a curve fitting was

performed and the fitting result of Eq. 5.17 using eonNT and eon + eop as fitting parameters is

shown as the black solid line in Fig. 5.25. According to the fitting curve, eon + eop = 4.1 s−1

and eonNT = 7.0 × 1015 s−1cm−3 were extracted. Using eon/e
o
p = 3.0 and eon + eop = 4.1 s−1,

eon = 3.1 s−1 and eop = 1.0 s−1 were separated. From Eq. 5.17, fT(t
o
P) is calculated at each

toP. By correcting fT(t
o
P), NT of 2.3 × 1015 cm−3 was obtained and is shown as the black

broken line in Fig. 5.25. This result is reasonable via compering NT obtained from the

temperature change method and [C] in the n-type GaN layer.

5.6.4 Discussion

Figure 5.26 shows the dependences of fT (violet solid line), F (black broken line) at

UR = –5 V, and fTF (UR = −5 V) (violet broken line) on the hole thermal excitation

rate calculated from the extracted parameters in the measurement conditions. In the tem-

perature range from 300 K to 370 K, et is change from 10−2 s−1 to 101 s−1. Thus, in this

study, Φ was adjusted so that eon + eop became 100 s−1. The temperature dependence of

the measured density of hole trap H1 fTFNT reflects the temperature dependences of not

only fT but also F due to λR [Fig. 5.10(a)]. Thus, in temperature change method, sub-

Eg-light-excited ICTS with various UR at each temperature must be required and coupled

with changing the temperature, it leads long measurement time to obtain accurate density

of hole trap H1. To reduce the number of measurements for estimating fT, the following

two methods, optical power change method and optical filling pulse width change method,

are proposed.

Figure 5.27 shows the dependences of fT (violet solid line), F (black broken line) at
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Figure 5.24: Sub-Eg-light-excited ICTS spectra in the optical pulse width change method.

The measurement bias voltage and temperature were set to –5 V and 300 K. The illustrated

sub-Eg-light-excited ICTS spectra in Fig. 5.24 is the difference of sub-Eg-light-excited ICTS

spectra in the double electrical pulse with optical pulse measurement and without optical

pulse measurement at each optical pulse width as shown in Fig. 15 (top = 5 ms).
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Figure 5.25: Dependence of the hole-occupied H1 trap density on the optical filling pulse

width. The open diamonds denote the experimental data. The black line shows the fitting

curve using Eq. (8). Considering Eq. (8), when the hole occupancy ratio becomes half

the value at long optical filling pulse width, the time constant during optical filling pulse

width is equal to the optical pulse width. From the curve fitting, the H1 trap density of

2.3×1015 cm−3 were extracted.
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UR = −5 V, and fTF (UR = −5 V) (violet broken line) on the sum of photoexcitation rates,

which is proportional to Φ, calculated from the extracted parameters in the measurement

conditions. As shown in Fig. 5.27, the depletion layer edge correction factor F is almost

independent of Φ. Therefore, in optical power change method, sub-Eg-light-excited ICTS

with various UR is required under one optical power condition and this leads reduction of

the number of measurements. It is noted that decrease of Φ leads increase of toP, where the

capacitance change during light illumination to be saturated, due to increase of τ oP. This

means measurement time for one sub-Eg-light-excited ICTS scan becomes longer. However,

even if the increase of toP is considered, the total measurement time in optical power change

method is shortened compared to that in temperature change method. On the other hands,

strong Φ leads to elevating temperature and saturation of fT(Φ). In this study, Φ was

adjusted to avoid the elevating temperature during filling pulse period and to investigate

the change of fT with respect to Φ, i.e., eon + eop was changed to be close to et.

Figure 5.28 shows the dependences of fT (violet solid line), F (black broken line) at

UR = −5 V, and fTF (UR = −5 V) (violet broken line) on the optical filling pulse width

calculated from the extracted parameters in the measurement conditions. As shown in

Fig. 5.28, the depletion layer edge correction factor F is almost independent of toP. Therefore,

in optical pulse width change method, sub-Eg-light-excited ICTS with various UR is required

under one optical filling pulse width condition and this leads reduction of the number of

measurements. Even if the additional ICTS measurement to eliminate the effect of parasite

ICTS is considered, the total measurement time in optical filling pulse width change method

is shortened compared to that in temperature change method. In the optical filling pulse

width change method, strong Φ leads to elevating temperature and weak Φ leads to long

τ oP, which means long toP is needed for saturation of the hole occupancy ratio, i.e., long

measurement time is needed. In this study, Φ was adjusted so that eon + eop became 100 s−1,

which is sufficiently larger than et at 300 K.

5.7 Quick and Quantitative Method for Density of

Hole Trap H1 with Schottky Junction

5.7.1 Dual-color Sub-Eg-light-excited Method

Compared with the temperature change method, the optical power change method and

optical filling pulse width change method can reduce the number of measurements. In

the three methods, the ratio of hole traps to hole-occupied state hole traps under sub-Eg-

light illumination (hole occupancy ratio) is obtained by modulating measurement conditions

during optical filling pulse period in sub-Eg-light-excited ICTS. In standard sub-Eg-light-

excited ICTS, hole traps are detected as the capacitance transient due to hole thermal

excitation from the hole traps to the V.B. The hole trap H1 in GaN has long time constant
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of hole thermal excitation at 300 K (τp = 1/et ∼ 30 s) and it makes lengthen measurement

time in one sub-Eg-light-excited ICTS scan.

To be shortened the measurement time, the measurement period was focused, in which

the hole is excited from a hole trap to the V.B., and propose a quick method for the

measurement of density of hole trap H1 NT in n-type GaN using dual-color sub-ET-light-

excited ICTS. Figure 5.29(a) shows the pulse sequence in dual-color sub-Eg-light-excited

ICTS. In dual-color method, shorter-wavelength light is illuminated as the filling pulse to

cause the hole trap H1 to become a hole-occupied state. This is the same as the stan-

dard sub-ET-light-excited method. On the other hand, in dual-color sub-Eg-light-excited

ICTS, a longer-wavelength light is illuminated during the measurement period as shown in

Fig. 5.29(a). By illumination of the longer-wavelength light, the hole traps which become

hole-occupied state during the filling pulse period [Fig. 5.29(c)] are detected as the capac-

itance transient due to hole thermal excitation and photoexcitation from the hole traps to

the V.B [Fig. 5.29(d)]. Compared with thermal excitation, photoexcitation is much faster,

which results in a significant reduction of the measurement time.

5.7.2 Experiments

The same n-type Schottky barrier diodes in Sec. 5.6 was used. Dual-color sub-Eg-light-

excited ICTS measurements were performed at 300 K. Measurement bias voltage UR was

varied from 0 V to −10 V. As the shorter-wavelength light source, 390 nm LEDs (hν =

3.18 eV, which is the same LEDs used in Sec. 5.6, were used. It was shown that no dominant

deep levels near the valence band maximum other than the hole trap H1 were detected, and

NT was 2.3×1015 cm−3 and the hole trap H1 was mainly associated with CN in the epilayer.

The photon energy of longer-wavelength light should be higher than the minimum hole

photoexcitation energy from the C0
N to the V.B. [1.02 eV [23]] so that holes can be photoex-

cited from the hole traps to the V.B as shown in Fig. 5.30. At the same time, the photon

energy of longer-wavelength light should be lower than the minimum hole photoexcitation

energy from the C.B. to the CN− [2.60 eV [24]] so that holes can not be photoexcited from

the C.B. to the hole traps as shown in Fig. 5.30. In this study, 660 nm LEDs (hν = 1.88 eV)

were used as the longer-wavelength light source. The switching time between the UV light

and red light was around 10 µs, which is much shorter than the measurement time. The

irradiated photon flux densities of both the UV light and red light were around 1020 cm−2s−1

at the sample surface.

5.7.3 Dual-color sub-Eg-light-excited ICTS for GaN Schottky

Junction

The capacitance transients of standard sub-Eg-light ICTS and dual-color-sub-Eg-light ICTS

measurements are illustrated in Fig. 5.29(a). Sub-Eg-light ICTS is performed at constant
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temperature T and constant reverse bias voltage UR. The filling pulse width is 3−5 s. The

hole trap H1 in the depletion layer becomes a hole-occupied state by the shorter-wavelength

light illumination, and the junction capacitance increases and is saturated within 1−2 s.

The shorter-wavelength light illumination is interrupted, and a hole is then excited from the

hole-occupied hole trap H1 to the V.B. at a hole excitation rate (ep), and the capacitance

decays at τp during the measurement period. In the standard method, the hole is only

thermally excited at the hole thermal excitation rate et, and the capacitance transient

is shown in Fig. 5.29(a) as the black solid line. On the other hand, in the dual-color

method, longer-wavelength light is illuminated during the measurement period. The holes

are thermally and optically excited and the capacitance transient is shown as the red solid

line in Fig. 5.29(a). In the dual-color method, ep is the sum of et and the photoexcitation

rate (eop) and τp of the dual-color method is shorter than that of the standard method.

The standard sub-Eg-light ICTS spectrum and the dual-color-sub-Eg-light ICTS spec-

trum at the standard measurement condition [T = 300 K, UR = −5 V, Φ(390nm) = Φ0] are

shown as black and red solid lines in Fig. 5.31, respectively. The hole trap H1 (EV+0.87 eV)

is detected as a peak with 1/ep = 1/et of 37 s by the standard method. In the dual-color

method, only the peak with 1/ep = 1/(et + eop) of 1.0 s is detected and this peak is con-

sidered to be that which corresponds to the capacitance transient due to the photo and

thermal excitation of holes from the hole trap H1 because the peak intensity in the dual-

color method is same as the peak intensity of the hole trap H1 in the standard method,

and no additional peak is detected in the dual-color method. In fact, the peak intensity in

dual-color method is slightly larger than that in standard method. The reason is discussed

in Sec. 5.7.5. Comparing 1/ep in the two peaks reveals that 1/ep in the dual-color method is

around 30 times shorter than that in the standard method, and this enables quick detection

of the hole trap H1 at 300 K.

5.7.4 Condition of Longer-wavelength Light Illumination

By adjusting light intensity of the longer-wavelength light, the hole photoexcitation rate

from the hole trap to the V.B. during the measurement period can be controlled and the

time constant of capacitance transient during measurement period can be shortened, i.e.,

the measurement time in one ICTS scan can be shortened.

The optical power dependence of hole excitation rate is shown in Fig. 5.32. At an optical

power of 0, which is a condition in the standard method, an etp of 0.03 s−1 is obtained. The

photoexcitation rate from the deep level to the valence band is defined as the product of

the hole photoionization cross section (σo
p) and the photon flux (Φ). The hole excitation

rate in Fig. 5.32 is proportional to an optical power of 1.88 eV light, which indicates that

the photoexcitation is dominant. In the dual-color method, the time constant for hole

excitation can be controlled by the optical power. A larger optical power gives a shorter

measurement time. On the other hand, an increase of temperature during light illumination
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is not negligible in the case of high optical power. In this study, an optical power at a hole

excitation rate around 1 s−1 was used so that the increase in temperature was negligible.

5.7.5 Depletion Layer Edge Correction in Dual-color Method

In standard sub-Eg-light-excited ICTS, the width of region where the quick carrier recom-

bination via the hole trap H1 in the depletion layer during the measurement period λR

depends on the electron capture rate nCn and the thermal hole excitation rate et. On the

other hand, the width of region where the quick carrier recombination via the hole trap

H1 in the depletion layer during the measurement period in dual-color sub-Eg-light-excited

ICTS λo
R depends on nCn, e

t, and the hole photoexcitation rate to the V.B. by illumination

of longer-wavelength light. Figure 5.33 shows calculated depth profiles from the Schottky

barrier junction of (a) rates, (b) time constant, and (c) hole occupancy ratio of the H1

trap during the measurement period in dual-color sub-Eg-light-excited ICTS. In the calcu-

lation, the measurement condition of the dual-color sub-Eg-light-excited ICTS spectrum in

Fig. 5.31 plotted as the violet solid line was assumed, i.e., T = 300 K, Φ(390nm) = Φ0,

UR = −5 V, τp = 1/[et+eop(660nm)] = 1.0 s. In Fig. 5.33(a), the black, orange, and red solid

lines denote the depth profiles of nCn, e
t, and sum of et and eop(660nm), respectively. In

Fig. 5.33(b), the black and red solid lines denote the depth profiles of time constant during

the measurement period in standard sub-Eg-light-excited ICTS and dual-color sub-Eg-light-

excited ICTS, respectively. In Fig. 5.33(c), the black and red solid lines denote the depth

profiles of the hole occupancy ratio of the hole trap H1 during the measurement period

in standard sub-Eg-light-excited ICTS [t = 1/et] and dual-color sub-Eg-light-excited ICTS

(t = 1/[et + eop(660nm)]) respectively. In the same way as λR, when the position at which

fT(x, τp) is half of the value at the Schottky junction [fT(0, τp)] is defined as x = w − λo
R,

λo
R is given as: junction [fT(0, 1/e

t)] is defined as x = w − λR, λR is given as:

λo
R ≃ LD

√
2ln

(
Nd,netCn[1 + A′ − B′]

[et + eop(660nm)]ln2

)
, (5.18)

where A′ ≡ [et + eop(660nm)]/(eon(390nm) + eop(390nm) + et) and B′ ≡ (toP[e
t +

eop(660nm)])/(exp((toP)/(1/(e
o
n(390nm) + eop(390nm) + et))) − 1). When Φ is sufficiently

strong and toP is sufficiently long as in the case of the standard measurement condition, A′

and B′ in Eq. 5.18 can be negligible and as shown in Fig. 5.33(a), n(w − λo
R, w)Cn is equal

to [et + eop(660nm)]ln2. Compared to the case of sub-Eg-light-excited ICTS, in the case of

dual-color sub-Eg-light-excited ICTS, the hole photoexcitation to the V.B. exists and the

sum of hole excitation rate to the V.B. increases in the depletion layer. Thus, the width

of region where the hole excitation from the hole traps to the V.B. is dominant increases,

i.e., λo
R < λR holds. As shown in Fig. 5.33, under the standard measurement condition

with τp = 1/[et + eop(660nm)] = 1.0 s, λo
R = 92 nm is estimated and λo

R is smaller than

λR = 106 nm.



106 Chapter 5. Sub-Eg-light-excited Method to Measure Density of Hole Trap H1

0 100 200 300 400 500 600
0

0.1

0.2

0.3

0.4

0.5

Distance from junction / nm

H
o

le
 o

c
c
u

p
a

n
c
y
 r

a
ti
o

R
a

te
 /
 s

-1
T

im
e

 c
o

n
s
ta

n
t 
/ 
s

t = (et)-1

et + e
p

o(660 nm)

et

nC
n

λ
1
 = 390 nm

U
R
 = －5 V

T = 300 K

(et)-1

[et + e
p

o(660 nm)]-1

(a)

(b)

(c)

w
R
(U

R
 = －5 V) = 491 nm

λ
R
 = 110 nm

10-4
10-3
10-2
10-1
100
101
102
103

10-3
10-2
10-1
100
101
102
103
104

λ
2
 = 660 nm

Standard method

Dual-color method

λ
R

o = 92 nm

t = [et + e
p

o(660 nm)]-1

Standard method

Dual-color method

Figure 5.33: Depth profiles from an Schottky barrier junction of (a) rates, (b) time

constant, and (c) hole occupancy ratio of the H1 trap when measurement bias voltage of

–5 V is applied in dual-color method. In Fig. 5.33(a), the orange and black solid lines

denote the depth profiles of the hole thermal excitation rate and the electron capture rate,

respectively. The red solid line denotes the sum of photoexcitation rate to the V.B. (660 nm)
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Figure 5.34 shows the dependence of the measured density of hole trap H1 fTFNT on

the depletion layer width under the standard measurement condition with τp = 1/[et +

eop(660nm)] = 1.0 s. In Fig. 5.34, the open red circles denote the experimental data and the

red solid line denotes the fitting curve. From the dependence of fTFNT on the depletion

layer width, fTNT = 1.8 × 1015 cm−3 and λo
R = 90 nm were obtained. The density of

hole-occupied hole trap H1 fTNT obtained with dual-color sub-Eg-light-excited ICTS is in

a good agreement with that obtained with standard sub-Eg-light-excited ICTS shown in

Fig. 5.9 and this result is reasonable because the measurement condition during filling pulse

period is same. The extracted λo
R = 90 nm is in a good agreement with the calculated λo

R of

92 nm. From the analysis, the depletion layer edge correction factor F = 0.67 at UR = −5 V

in dual-color method is obtained.

5.7.6 Quick Quantification of Density of Hole Trap H1 with

Dual-color Sub-Eg-light-excited Method

To determine the density of hole trap H1 with the dual-color sub-Eg-light-excited ICTS,

the optical power change method (see Sec. 5.6.2) was performed. Dual-color sub-Eg-light-

excited ICTS spectra under different optical power of UV light (390 nm) are shown in

Fig. 5.35 as the violet broken lines. In the same way as the optical power change method in

sub-Eg-light-excited ICTS, the depletion layer edge correction factor F and the hole occu-

pancy ratio under UV light (390 nm) illumination fT were corrected. From the dependence

fo the measured density of hole trap H1 fTTNT on the depletion layer width w under the

standard measurement condition [T = 300 K, Φ(390nm) = Φ0] as shown in Fig. 5.34, the

depletion layer edge correction factor F = 0.67 at UR = −5 V is obtained. Dual-color sub-

Eg-light-excited ICTS measurements were performed with varying optical power (Φ(390nm))

at T = 300 K and UR = −5 V. Using the depletion layer edge correction factor F = 0.67,

the measured densities of hole trap H1 in dual-color sub-Eg-light-excited ICTS with varying

optical power at UR = −5 V were corrected to the density of hole-occupied hole trap H1.

The dependence of the density of hole trap H1 fTNT on the sum of photoexcitation rates

eon + eop is shown in Fig. 5.36. From the dependence of fTNT on eon + eop, the hole occupancy

ratio under UV light (390 nm) illumination fT = 0.74 at T = 300 K and Φ(390nm) = Φ0

was obtained. By correcting fT, the density of hole trap H1 NT = 2.3 × 1015 cm−3 was

extracted. This value is in a good agreement with those obtained from the above methods.

5.8 Summary

In this section, three measurement methods of density of the hole trap H1 in n-type GaN

layer by sub-Eg-light-excited ICTS with Schottky junction were proposed. In the methods,

sum of the photoexcitation ratios eon + eop is extracted under each measurement condition

and using the ratio eon/e
o
p(390 nm), eon and eop are separately obtained. Using measured et
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and extracted eon and eop, the hole occupancy ratio at the trap under light illumination is

calculated and correcting the hole occupancy ratio, it was shown that the accurate density

of hole trap H1 can be measured using any of the three proposed methods. In particular,

in the optical power and optical filling pulse width change methods, sub-Eg-light-excited

ICTS with various UR may be performed under an optical measurement condition, and

it is not necessary to change temperature, so that the measurement time can be reduced

as compared with the temperature change method. Moreover, the three methods can be

combined with the dual-color method and it makes shortened the measurement time. The

proposed methods are useful tool for monitoring the CN deep acceptor density in n-type GaN

epilayers with various growth methods or conditions. Compared with the proposed methods

(temperature change, optical-power change, or optical-pulse-width change method), the

quick measurement method reduces the measurement time by one order of magnitude in

dual-color method.
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Chapter 6

Nature of Hole Trap H1 in n-Type

GaN

6.1 Introduction

In this Chapter, nature of the hole trap H1 in n-type GaN layers is investigated. It is

important to study the nature of the hole trap H1 as well as to measure the density. In this

study, quantitative relationship between carbon concentration and density of hole trap H1,

electron capture cross-section of the hole trap H1, and dependence of the photoionization

cross-section ratio of the hole trap H1 on photon energy are discussed.

6.2 Comparison between Density of Hole Trap H1

and Carbon Concentration in n-Type GaN layers

6.2.1 Deep Levels in Quartz-free Hydride-vapor-phase Epitaxy

Grown n-Type GaN

A drift layer, which is applied with a high reverse bias voltage, is important for such power

devices. In vertical power devices, a lightly doped thick layer with a low trap density is

required for the drift layer and MOVPE-grown GaN layers on GaN freestanding substrates

are commonly used for that purpose [1–6]. Such MOVPE-grown GaN layers contain carbon

(C) impurities from the gas source (trimethylgallium), and it is known that carbon impurity

substitutions at the nitrogen site (CN) act as a dominant deep acceptor in n-type GaN

layers [6–8]. Thus, a low carbon concentration is required in order to obtain lightly doped

n-type drift layers. However, in the MOVPE method, low carbon concentration growth

conditions result in low growth rates (∼3 µm/h) [6]. When considering power device mass

production, this trade-off is a potential obstacle to the application of the MOVPE method.

On the other hand, the hydride-vapor-phase epitaxy (HVPE) method has an extremely
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high growth rate of over 100 µm/h and involves the use of carbon-free raw materials [9, 10],

which makes it possible to significantly reduce the carbon concentrations in comparison

with the MOVPE method. However, the high background donor concentrations originating

from residual silicon (Si) and oxygen (O) from a quartz-made reactor have made it difficult

to apply the HVPE method to the growth of low-doped drift layers [11, 12].

In the quartz-free-HVPE (QF-HVPE) method, which was recently developed by Fujikura

et al. [10], the residual Si and O donor concentrations were significantly reduced to the

detection limits of secondary ion mass spectrometry (SIMS) by removing all of the quartz

parts from the high-temperature region of the HVPE system. Additionally, lightly doped

GaN layers on the order of the net donor density (Nd,net = Nd − Na) of 1015 cm−3 were

realized [10]. Thus, due to its lightly doping control in addition to its high growth rate and

low carbon concentration, the QF-HVPE method can be seen as an attractive contender for

GaN on GaN epitaxy growth required by vertical power devices. Furthermore, although it

is known that deep levels have a negative impact on device performance, there have been no

reports regarding deep levels in QF-HVPE-grown GaN layers. Accordingly, in this study,

both electron and hole traps in the QF-HVPE-grown homoepitaxial n-type GaN layers were

investigated.

In this study, five QF-HVPE-grown n-type GaN layers on HVPE-grown n+-type GaN

substrates (Samples A-E) were characterized. These homoepitaxial n-type GaN layers were

grown under different conditions. The oxygen concentration ([O]) and [C] were measured

by the SIMS raster change mode, which has much lower detection limits compared to

conventional SIMS. The Si concentration ([Si]) is controlled on the order of 1015 cm−3 and

was confirmed to be uniformly distributed via the SIMS depth profile mode. As a result

of the quartz parts removal, [O] is under 5×1014 cm−3, which is the detection limit of

[O] when the SIMS raster change mode is used. The SIMS raster change mode provides

an accurate way to determine and remove contribution of background atom to the signal

because secondary ion intensities and matrix ion intensities can be analyzed at the same

location of the sample by changing the primary beam raster size during a profile [13].

By optimizing the growth conditions and the HVPE system, [C] is reduced to 1015 cm−3

or less. The minimum value of [C] is 3.9×1014 cm−3. Since the HVPE-method is essen-

tially carbon-free because of the use of carbon-free raw materials, the detected residual

carbon might come from several carbon parts used in our equipment. To characterize the

QF-HVPE-grown GaN layers, Schottky and ohmic contacts were formed by Ni depositions

on the top and Ti/Al/Ti/Au depositions on the backside, respectively. The author then

performed deep-level transient spectroscopy (DLTS) [14] and isothermal capacitance tran-

sient spectroscopy (ICTS) [15]. In these scans, the voltage-bias pulse, which is a forward

bias voltage (UP) of 0.5V with a pulse width (tp) of 0.1 s, was used for the electron trap

measurements. A 390 nm sub-Eg-light pulse with a pulse width (top) of 2-5 s was utilized

for the hole trap measurements. In this study, DLTS and ICTS spectra of Sample A are

shown as representatives.
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First, DLTS and ICTS scans were performed to characterize electron traps. In Fig. 6.1(a)

and Fig. 6.1(b), the DLTS and ICTS spectra of Sample A are shown, respectively, and

three electron traps are detected. In Fig. 6.2(a), the Arrhenius plots of the electron traps

are shown. Two of them are E1 (EC − 0.22 eV) and E3 (EC − 0.60 eV) traps, which were

detected in the MOVPE-grown homoepitaxial n-type GaN layers [16]. The other trap is EX

(EC − 0.71 eV), which was detected in the conventional HVPE-grown GaN layers [17, 18].

In conventional HVPE-grown GaN layers, an additional electron trap (EC − 1 eV) was

detected [16]. As shown in Fig. 6.1(b), no other deeper traps are detected. Among the

three electron traps, the E3 trap is dominant. However, the E3 trap density (NT,E3) is

one order of magnitude smaller than Nd,net. DLTS and ICTS scans were performed for the

other samples as well, but no other electron traps were detected. The E1, E3, and EX trap

densities (NT,E1, NT,E3, and NT,EX) are shown in Table I.

Second, sub-Eg-light DLTS and sub-Eg-light ICTS scans were performed to characterize

hole traps. Figure 6.3(a) and Fig. 6.3(b) show the sub-Eg-light-excited DLTS and ICTS

spectra of Sample A, revealing the eight hole traps. In Fig. 6.2(b), the Arrhenius plots of

the hole traps are shown. Three of these are H1 (EV+0.87 eV), H2 (EV+0.38 eV), and H3

(EV+0.38 eV) traps, which were also detected in the MOVPE-grown n-type GaN layers [16].

The others are HX (EV + 0.44 eV), HY (EV + 0.55 eV), HZ (EV + 0.66 eV), H5, and H6

traps, which were detected in the conventional HVPE-grown n-type GaN layers [18, 19].

Of these eight hole traps, the H1 trap is detected predominantly. The H1 trap density

(NT,H1) was determined by the method proposed by our group and is almost equal to [C].

The sub-Eg-light-excited DLTS and ICTS scans were performed for the other samples, but

no other hole traps were discovered.

NT,E1, NT,E3, and NT,H1 in Sample A were compared with those in a GaN layer grown by

a MOVPEmethod with a low residual carbon growth condition (LC-MOVPE) in which [C] is

2×1015 cm−3. NT,E1 and NT,E3 values in Sample A were 1.2×1013 cm−3 and 2.2×1014 cm−3,

respectively, and comparable with those of the LC-MOVPE-grown GaN layer. On the other

hand, NT,H1 was 7.7×1014 cm−3 and much smaller than that of the LC-MOVPE-grown GaN

layer (2.3×1015 cm−3). This reflects the reduction of [C].

According to the previous reports, the H1 trap has been ascribed to gallium vacancy

(VGa) related defects [16, 19–22] or C related defects [CN (0/−)] [7, 16, 23–28] which act

as deep acceptors. In this study, NT,H1 was determined by a method that considers the

depletion layer edge correction and the hole occupancy ratio under the sub-Eg-light-excited

illumination. [C] was accurately measured by the raster change mode SIMS. Figure 6.4

shows the relationship between [C] and NT,H1. In Fig. 6.4, NT,H1 is almost equal to [C] over

a wide range, which clearly indicates that the H1 trap is associated with CN (0/−) in our

QF-HVPE-grown GaN layers.

The QF-HVPE-grown GaN layers have the low trap densities, among which the H1 trap

[CN (0/−)] is dominant. Thus, the author simply assumed that traps (acceptors) other than

the H1 did not contribute to Nd,net. In Fig. 6.5, the relationship between Nd,net obtained
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by the C − V measurement and [Si] − [C] is plotted. Nd,net is almost equal to [Si] − [C]

over a wide range, which clearly indicates that when Nd,net is in the range of 1015 cm−3, the

other traps or impurities other than the H1 trap are negligible. In the QF-HVPE-grown

GaN layers, the major deep acceptor is considered to be CN (0/−). In QF-HVPE-grown

GaN, [C] is already much smaller than the smallest [C] in MOVPEgrown GaN layers and

it is expected that a further reduction of [C] could be achieved by replacing the HVPE

components with those with a higher purity and increasing the purity of the gases. In the

QF-HVPE method, Nd,net can be well controlled on the order of 1015 cm−3 and this allows

fabrication of over 3 kV-class GaN on GaN vertical power devices. This shows that the

QF-HVPE method is a promising technique for drift layer growth of GaN.

6.2.2 Discussion

For some MOVPE-grown n-type GaN layers with different [C], the optical power change

method combined with the dual-color method was performed. Figure 6.6 shows the relation-

ship between the H1 trap density determined from the sub-Eg-light-excited ICTS and the

carbon concentration determined from SIMS as black open circles. Considering the result

in QF-HVPE-grown n-type GaN layers (black closed diamonds) together, the quantitative

1 on 1 relationship between the carbon concentration and the CN accentor density is ob-

served in the carbon density range from 1014 cm−3 to 1017 cm−3. This result suggests that

the almost all incorporated carbon atoms substitute at the nitrogen site in the n-type GaN

layers regardless of the growth methods and growth conditions. Considering the formation

energy diagrams of incorporated carbon atoms as shown in Fig. 6.7 [29], it can be seen

that an incorporated carbon atom easily form CN. The result shown in Fig. 6.6 supports

the theoretical predictions. Fig. 6.8 shows the relationship between the net donor density

(Nd,net = Nd − Na) and the difference between silicon concentration and density of hole

trap H1 ([Si] - NT) in the n-type GaN layers. As shown in Fig. 6.8, the net donor density

is almost equal to the difference between [Si] and density of hole trap H1 in each n-type

GaN layer. This result suggests that the dominant compensation acceptor corresponds to

the CN(0/−) in the n-type GaN layers used in this study.

6.3 Electron Capture Cross-section of Hole Trap H1

6.3.1 Experiments

In this study, the electron capture cross-section σn of the hole trap H1 was obtained using

sub-Eg-light-excited ICTS with a measurement sequence shown in Fig. 6.9. In the sub-Eg-

light-excited ICTS with the measurement sequence shown in Fig. 6.9, dual filling pulse is

applied: the first filling pulse is an optical pulse to photoexcite the hole traps and second

filling pulse is an electrical pulse for the hole-occupied hole traps to capture electrons in
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Figure 6.7: Formation energy versus Fermi level for substitutional CGa, CN, and interstitial

Ci configurations in GaN [29]. (a) Ga-rich conditions. (b) N-rich conditions.
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the conduction band. In Fig. 6.10, band diagrams of an n-type Schottky barrier diode in

sub-Eg-light-excited ICTS with the dual filling pulse are shown (a) during first filling pulse

(optical pulse), (b) during second filling pulse (electrical pulse), and (c) during measurement

period. Figure 6.11 shows the calculation depth profile of the hole occupancy ratio of the

H1 trap assuming a measurement condition based on our standard one (T = 300 K, Φ = Φ0,

UR = −5 V). The effect of parasite ICTS was also removed in the same way as the optical

filling pulse width change method. The first filling pulse width is sufficiently long (toP = 3 s)

and during the first filling pulse period, UP1 = −5 V was applied. Then, hole traps in

0 nm < x ≦ wR − λo
P become the hole-occupied state with the ratio of fT [Fig. 6.10(a)

and violet solid line in Fig. 6.11]. During the second filling pulse period, bias voltage

UP2 = 0 V was applied and the light was cut off. Then, the hole-occupied hole taps in

wP2 − λP2 < x ≦ wR − λo
P can capture electrons in the conduction band [Fig. 6.10(b)],

i.e., the hole occupancy ratio decreases in wP2 − λP2 < x ≦ wR − λo
P (black broken line

in Fig. 6.11). wP2 is the depletion layer width when UP2 is applied and λP2 is the width

where the electron capture is dominant in the depletion layer edge when UP2 is applied.

Thus, during the measurement period [Fig. 6.10(c) and black solid line in Fig. 6.11], the

hole-occupied hole traps in 0 nm < x ≦ wP2 − λP2, which are photoexcited during the

first optical filling pulse, and in wP2 − λP2 < x ≦ wR − λo
P, which do not capture the

electrons in the conduction band during the second electrical filling pulse, are detectable.

The hole occupancy ratio at t = 0 s in wP2 − λP2 < x ≦ wR − λo
P depends on the second

filling pulse width tP2, i.e., by modulating tP2, the electron capture coefficient Cn can be

obtained and σn can be extracted. In Fig. 6.11, the depth profile of the hole occupancy

ratio with tP2 = 1/Nd,netCn is shown. As show in Fig. 6.11 by the black broken line, when

the position at which fT(x, 0) − fT(wP2, 0) is half of the value at the Schottky junction

[fT(0, 0)− fT(wP2, 0)] is defined as x = wP2 − λP2(tP2), λP2(tP2) is given as:

λP2(tP2) = LD

√√√√√2ln

 tP2

1/(Nd,netCn)

ln2− ln
[
exp

(
− tP2

1/et

)
+ exp

(
− tP2

1/(Nd,netCn)

)]
− tP2

1/et

. (6.1)

Then, the measured hole trap density is given as:

ÑT = fTFNT,

where, F ≡ Dexp

(
− tP2
1/(Nd,netCn)

)
+ Eexp

(
− tP2
1/et

)
,

D ≡
(
1− λR

wR

)2
x2
2 − x2

1

x2
2

,

E ≡
(
1− λR

wR

)2
x2
1

x2
2

,

x1 ≡ wP2 − λP2(1/(Nd,netCn)), and x2 ≡ wR − λR. (6.2)

In Eq. 6.2, fTDNT and fTENT indicate the hole-occupied hole trap densities in wP2−λP2 <

x ≦ wR − λo
P and in 0 nm < x ≦ wP2 − λP2, respectively.
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6.3.2 Results and Discussion

Figure 6.12 shows the dependence of the measured density of hole trap H1 in the sub-

Eg-light-excited ICTS with dual filling pulse on the second electrical filling pulse width. In

Fig. 6.12, the open circles denote the experimental data. As shown in Fig. 6.12, ÑT is almost

equal to fTDNTe
( − 1)+ fTENT at tP2 = 1/Nd,netCn when Nd,netCn is much larger than et,

thus from the position at tP2 = 1/Nd,netCn, σn can be extracted. To improve accuracy, for the

experimental data, a curve fitting was performed based on Eq. 6.2 using fTDNT + fTENT

and σn as the parameters. The calculation result is shown in Fig. 6.12 as the black solid line.

From the curve fitting, fTDNT + fTENT of 1.0×1015 cm−3 and σn of 3×10−21 cm2 were

extracted. This result is reasonable because fTDNT + fTENT = 1.0× 1015 cm−3 indicates

fTNT = 1.7×1015 cm−3 and this value is almost equal to the hole-occupied H1 trap density

of 1.8×1015 cm−3 under the standard measurement condition (T = 300 K, Φ = Φ0, t
o
P = 3 s).

The electron capture cross-section σn can be also extracted from Cn = σnvth,n in λR. λR is

given as:

λR = LD

√
2ln

(
Nd,netCn

epln2

)
. (6.3)

In this study, λR of 110 nm was obtained under the standard measurement condition (Chap-

ter 5) and σn of 2×10−21 cm2 was extracted by using Eq. 6.3 [Cn = σnvth,n in Eq. 6.3]

and this result is reasonable comparing to σn of 3×10−21 cm2, which was extracted from

Fig. 6.12. These values are in good agreement with the reported value by Polyakov et al. σn

= 1.4×10−22 cm2 [30], σn = 7×10−20 cm2 [31], and by Kato et al. σn = 3×10−21 cm2 [32].

In this study, σn of 3×10−21 cm2 was used to calculate the hole occupancy ratio at 300 K.

Figure 6.13 shows the dependence of electron and hole capture cross-sections of hole trap

H1 on temperature. The electron capture cross-section σn is extracted from λR(T ) discussed

in Sec. 5.5.3. The hole capture cross-section is extracted from et investigated in Sec. 5.6.1

by assuming that the temperature dependence of trap energy can be negligible. The hole

capture cross-section σp is almost independent of temperature (σp = 7×10−16 cm2). On the

other hand, the electron capture cross-section decreases with elevating temperature. Similar

behavior was observed for the hole capture cross-sections of Cu, Cr, and Fe levels in p-type

GaAs [33].

6.4 Dependence of Photoionization Cross-section of

Hole Trap H1 on Photon Energy

In metalorganic vapor phase epitaxy (MOVPE)-grown n-type GaN layers, (1) the hole trap

H1 (EV + 0.87 eV) was detected as a dominant minority carrier trap [16] and (2) its origin

is most likely the residual carbon from metalorganic source [(CH3)3Ga] substituting at the

nitrogen site [CN (0/−)] [7, 16, 29]. Understanding the physical properties of hole trap
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H1 is very important to predict the impact on device characteristics. In this chapter, the

author investigate photon energy (hν) dependence of σo
n/σ

o
p. The author found that the

obtained dependence can be well explained by using the reported configuration coordinate

(CC) diagram for CN (based on ab-initio calculation [7, 29, 34]).

6.4.1 Experiments

The Schottky barrier diode comprised a MOVPE-grown 3-µm-thick n-GaN on an HVPE-

grown n+-type GaN substrate. The SBD is the same as that used in Chapter 5. The silicon

concentration of the n-type GaN was obtained via depth profile mode SIMS as 3×1016 cm−3.

The oxygen and carbon concentrations of the n-type GaN were obtained via raster change

mode SIMS [13] as < 3×1014 cm−3 (under detection limit) and 2×1015 cm−3, respectively.

The author also confirmed the uniform distributions of Si concentration via SIMS depth

profile. The Schottky and Ohmic electrodes were formed via deposition of Ni on the top

and Ti/Al/Ti/Au on the back side, respectively. The diameter of Schottky electrode was

400 µm.

Sub-Eg-light-excited ICTS were performed with various hν (2.6 eV to 3.2 eV) under

temperature ranging from 300 K to 370 K. The light source is LEDs. The optical pulse width

(tP) was utilized so that the junction capacitance was saturated as under each measurement

condition. Reverse bias voltage (UR) was varied from 0 V to −10 V. The density of hole trap

H1 (NT) of 2.3×1015 cm−3 was determined in the n-type GaN by sub-Eg-light-excited ICTS

with the proposed analysis method, showing a good agreement with a C concentration of

2×1015 cm−3 by SIMS. Thus, the hole trap H1 is manly associated with CN (0/−) in the

n-type GaN layer.

6.4.2 Results and Discussion

During sub-Eg-light irradiation, the electron photoexcitation (excitation), hole photoion-

ization (quenching), and hole thermal emission occur for hole traps in the depletion layer

in n-type semiconductors. A photoionization ratio of the hole trap under sub-Eg-light irra-

diation of the hole trap (fT < 1) is calculated taking account of a competition among the

electron photoexcitation rate (eon = σo
nΦ, Φ: incident photon flux), hole photoionization rate

(eop = σo
pΦ), and hole thermal emission rate (et) and is given as

fT =
eon

eon + eop + et
. (6.4)

The measured H1 trap density is a product of fT, F and NT. F is the depletion layer edge

correction factor due to the quick carrier recombination via hole trap near the depletion

layer edge and can be extracted from sub-Eg-light-excited ICTS with various UR. NT of

2.3×1015 cm−3 in the n-type GaN layer was determined in Chapter 5. Thus, fT can be

extracted from sub-Eg-light-excited ICTS under each irradiation condition. The author
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performed sub-Eg-light ICTS with various temperature and the temperature dependence of

et = 1/τ tp (τ tp: time constant of hole thermal emission obtained from sub-Eg-light-excited

ICTS peak) and fT were obtained. The author performed a curve fitting for fT(e
t) by

using Eq. 6.4 and fitting parameters of eon and eop were extracted. Although σo
n and σo

p can

not be obtained because accurate measurement of Φ is difficult, the author experimentally

determined σo
n/σ

o
p(= eon/e

o
p) which is a physical property of CN. The dependence of σo

n/σ
o
p

on hν is shown in Fig. 6.14. σo
n/σ

o
p increases with increasing hν. The photoionization energy

(Eo
n) of CN is 2.95 eV [29]. It can be explained by considering a large magnitude of the

Frank-Condon (FC) shift for CN [7, 29, 34]. For such deep levels, the Lucovsky model of

photoionization cross-section in combination with the semiclassical approximation for the

FC factor is considered and σo
n/σ

o
p(hν) is given as [35]

σo
n/σ

o
p(hν) = A×

∫ +∞
0

dx

[
E

an+1
2

k

(Ek+Eo
n−Dn)2bn

exp

(
− (hν−Ek−Eo

n)
2

2Dnεcoth
(

ε
2kB

T
)
)]

∫ +∞
0

dx

[
E

ap+1
2

k

(Ek+Eo
p−Dp)

2bp exp

(
− (hν−Ek−Eo

p)
2

2Dpεcoth
(

ε
2kB

T
)
)] (6.5)

Here, A is a scaring factor, D is magnitude of FC shift, Eo is photoionization energy, ε

is effective (average) phonon energy. a is 0 (for allowed transition) or 1 (for forbidden

transition). b is 0 (for Dirac-type potential) or 1 (for Coulomb-type potential). The sub-

characters of n and p are correspond to electron and hole photoionization, respectively. In

this study, the author used Dn of 400 meV [34], Dp of 550 meV [34], Eo
n of 2.88 eV [34],

Eo
p of 1.57 eV [34], and ε of 50 meV [36]. Dirac-type potential (b = 1) was assumed for

CN. The configuration coordinate (CC) diagram of CN(0/−) at T = 0 K [34] is shown in

Fig. 6.15. The orbital of CN is p-like [29] and the orbital of near conduction band minimum

is s-like. However, the high energy state of conduction band has p-like orbital. Thus, the

transition of electron photoexcitation from CN to the conduction band changes an allowed

transition to forbidden transition gradually and an also changes from 0 to 1 gradually. In

the same way, the valence band maximum has p-like orbital, but the deep energy state of

valence band has s-like state and ap changes from 1 to 0 gradually. It should also be noted

that the orbital of the CN state, which is the localized electrical state, is not a complete

p-orbital and contains other orbitals. For simplicity, here, an of 0 and ap of 1 are assumed

and the dependence of the photoionization cross-section ratio σo
n/σ

o
p on photon energy (hν)

is calculated. Curve fitting was performed for the experimental data σo
n/σ

o
p(hν) based on

Eq. 6.5. The fitting parameter is only the scaring factor A and the shape of σo
n/σ

o
p(hν) is

determined from the CC diagram as shown in Fig. 6.15. The calculated result σo
n/σ

o
p(hν) is

shown in Fig. 6.14 as the black solid line. The calculated result is in good agreement with

the experimental one. Form the analysis, photoionization cross-sections σo
n(hν) and σo

p(hν)

shown in Fig. 6.16 as the blue solid line and green solid line are successfully extracted,

respectively.
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6.5 Summary

Using the proposed method, quantitative 1 on 1 relationship between the carbon concen-

tration and the carbon acceptor density in n-type GaN layer is obtained and the it is shown

that the dominant donor compensating acceptor is the carbon acceptor in the donor density

range from 1015 cm−3 to 1018 cm−3 (carbon density range from 1014 cm−3 to 1017 cm−3).

This result suggests that the almost all incorporated carbon atoms substitute at the nitro-

gen site in the n-type GaN layers regardless of the growth methods and growth conditions.

The proposed methods are useful tool for monitoring the CN deep acceptor density in n-type

GaN epilayers with various growth methods or conditions.

The hν dependence of σo
n/σ

o
p for the H1 trap is experimentally determined. The pho-

toionization of H1 trap with hν below can be reasonably explained by the reported CC

diagram of CN(0/−).
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F. Calle, J. M. G. Tijero, J. L. Sánchez-Rojas, B. Beaumont, P. Lorenzini, and

P. Gibart, Phys. Rev. B 55, 4689 (1997).

[21] J. Neugebauer and C. G. V. d. Walle, Appl. Phys. Lett. 69, 503 (1996).

[22] A. Y. Polyakov, I.-H. Lee, N. B. Smirnov, A. V. Govorkov, E. A. Kozhukhova, and

S. J. Pearton, J. Appl. Phys. 109, 123701 (2011).

[23] R. Armitage, W. Hong, Q. Yang, H. Feick, J. Gebauer, E. R. Weber, S. Hautakangas,

and K. Saarinen, Appl. Phys. Lett. 82, 3457 (2003).

[24] A. Armstrong, A. R. Arehart, D. Green, U. K. Mishra, J. S. Speck, and S. A. Ringel,

J. Appl. Phys. 98, 053704 (2005).

[25] Y. Tokuda, Y. Yamada, T. Shibata, S. Yamaguchi, H. Ueda, T. Uesugi, and T. Kachi,

Phys. St. Solidi C 8, 2239 (2011).

[26] U. Honda, Y. Yamada, Y. Tokuda, and K. Shiojima, Jpn. J. Appl. Phys. 51, 04DF04

(2012).

[27] T. Tanaka, N. Kaneda, T. Mishima, Y. Kihara, T. Aoki, and K. Shiojima, Jpn. J.

Appl. Phys. 54, 041002 (2015).



138 Chapter 6. Nature of Hole Trap H1 in n-Type GaN

[28] T. Tanaka, K. Shiojima, T. Mishima, and Y. Tokuda, Jpn. J. Appl. Phys. 55, 061101

(2016).

[29] J. L. Lyons, A. Janotti, and C. G. V. d. Walle, Phys. Rev. B 89, 035204 (2014).

[30] A. Y. Polyakov, N. B. Smirnov, E. B. Yakimov, S. A. Tarelkin, A. V. Turutin, I. V.

Shemerov, S. J. Pearton, K.-B. Bae, and I.-H. Lee, J. Alloys Compd. 686, 1044 (2016).

[31] K. Kanegae, M. Horita, T. Kimoto, and J. Suda, Appl. Phys. Express 11, 071002

(2018).

[32] M. Kato, T. Asada, T. Maeda, K. Ito, K. Tomita, T. Narita, and T. Kachi, J. Appl.

Phys. 129, 115701 (2021).

[33] D. V. Lang and R. A. Logan, J. Electronic Materials 4, 1053 (1975).

[34] D. Wickramaratne, C. E. Dreyer, B. Monserrat, J. X. Shen, J. L. Lyons, A. Alkauskas,

and C. G. V. d. Walle, Appl. Phys. Lett. 113, 192106 (2018).

[35] A. Chantre, G. Vincent, and D. Bois, Phys. Rev. B 23, 5335 (1981).
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Chapter 7

Depth Profiles of Density of Deep

Levels Induced by Device Processes

in SiC

7.1 Introduction

Reactive ion etching (RIE) is an essential process for fabrication of SiC and GaN devices to

form mesa and trench structures. However, lattice damage produced by ion bombardment

is a concern for the development of the devices. For example, a reduction of barrier height

and degradation in the forward characteristics due to RIE damage in 4H-SiC SBDs have

been reported [1]. Carrier traps generated during the RIE process, unlike those created

during ion implantation processes [2–4], are localized near the etched surface (< 1 µm) and

may have steep depth profiles.

In the DLTS [5] and ICTS [6] techniques, which are generally employed to characterize

deep levels that act as carrier traps, it is typically assumed that the carrier trap density in

a detection region is constant [7, 8]. In contrast, the double-correlation method [9] has been

employed [4, 10–14] when a carrier trap density shows a spatial distribution in the depth

direction. However, the double-correlation method has a trade-off relationship between the

depth resolution and the resolution in the carrier trap density due to the measurement

principle Therefore, it is difficult to investigate a steep depth profile, such as in the case of

carrier traps induced during RIE processes. Reports on detailed depth profiles of carrier

traps generated during RIE processes in SiC and GaN have been limited [14, 15].

In this chapter, the author proposes a method to measure depth profiles of carrier trap

density with both the high depth resolution and the high resolution in the carrier trap

density, i.e., the proposed method enables to measure steep depth profiles. In the proposed

method, ICTS measurement with various measurement bias voltages for RIE-etched samples

are performed and the ICTS data are analyzed assuming appropriate shapes of the depth

profiles. Using the method, the depth profiles of the electron traps generated during the
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RIE process in n-type SiC are extracted and the generation mechanisms of the electron

traps are discussed. The method are applied for also RIE-induced defects in n-type GaN.

7.2 Theoretical and Experimental Approaches

When an n-type SBD is used to investigate electron traps with DLTS or ICTS measurements,

the electron trap density calculated from the DLTS or ICTS peak height (ÑT) has the

following relationship with the depth profile of the actual trap density ÑT(x), where x is

the distance from the Schottky junction [16, 17]:

ÑT = 2
∆C

CR

Nd,net

=
2

w2
R

∫ xend

xstart

xNT(x) [f(x, 0)− f(x,∞)] dx, (7.1)

where ∆C and CR are the DLTS or ICTS peak intensity of the electron trap and the steady-

state capacitance, respectively. In this study, the capacitance transient Fourier spectroscopy

technique was employed [18] and the b1 coefficient was used as ∆C. Nd,net is the net donor

density, and wR is the depletion layer width when a measurement bias voltage (UR) is ap-

plied for the Schottky junction. xstart denotes the start depth of the detection region, which

is determined from the condition of the filling pulse in capacitance transient spectroscopy.

xend denotes the end depth of the detection region, which is determined from the UR in

capacitance transient spectroscopy. f(x, t), where t is time from application of the mea-

surement bias voltage, is the time evolution of the depth profile of the electron occupancy

ratio of the electron traps. The electron traps in xstart < x ≤ xend can be detected. In

Eq. (7.1), the following assumptions are typically made: (1) ∆C is small compared with

CR and (2) Nd,net is a function that varies slowly in the range of xstart < x ≤ xend. In this

study, the following assumption is also made: (3) each electron trap in xstart < x ≤ xend

emits one electron during the measurement period, which is sufficiently longer than the

time constant of electron thermal emission from the electron trap to the conduction band

(τn), i.e., f(x, 0) = 1 and f(x,∞) = 0 in xstart < x ≤ xend. ÑT obtained from Eq. (7.1)

is not equal to the actual trap density NT and is the averaged trap density in the entire

depletion layer when the measurement bias voltage is applied. Considering that electrons in

the conduction band are captured by electron traps in the depletion layer under application

of the measurement bias voltage, f(x, t) can be approximated as follows [16, 17]:

f(x, t) = f(x, 0)−
[
f(x, 0)− n(x,w)σnvth,n

en + n(x,w)σnvth,n

](
1− exp

[
− t

1/(en + n(x,w)σnvth,n

])
≃

{
exp

(
− t

1/en

)
, xstart < x ≤ w − λ

1 , w − λ < x ≤ w.
(7.2)

Here, en = 1/τn is the thermal emission rate of electrons from the electron traps to the

conduction band, w is the depletion layer width, and vth,n is the electron thermal velocity.
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n(x,w) is the free carrier concentration, assuming that [17, 19]:

n =

{
Nd,net(w)exp

[
− (w−x)2

2LD(w)2

]
, 0 nm < x < w

Nd,net(x) , w ≤ x,
(7.3)

where, LD(w) =
√

εskBT/n(w,w)e2 is the Debye length, εs is the static permittivity and

the static permittivity of 4H-SiC in the direction parallel to the c axis ε
||
s = 10.3ε0, where

ε0 is the vacuum permittivity. ε
||
s is obtained using the Lyddane-Sachs-Teller relation [20],

where the optical permittivity of 4H-SiC in the direction parallel to the c axis (varepsilon
||
∞)

is 6.78 ε0 [21], and the optical-phonon angular frequencies of the A1T mode and the A1L

mode (ω
||
T,L) are 783 cm−1 and 964.2 cm−1, respectively [21]. kB is the Boltzmann constant.

In Eq. (7.3), it is assumed that the donor is completely ionized. In Eq. (7.2), w − λ is the

depth where the trap energy level crosses the bulk Fermi level, i.e., the trap energy level in

the depletion layer of w − λ < x ≤ w is below the Fermi level in the neutral region, and

f(w − λ,∞) = 0.5. λ is given as [19]:

λ(w) = LD

√
2ln

(
Nd,net(w)σnvth,n

en

)
. (7.4)

In wR − λ(wR) < x ≤ wR, the electron traps emit very few electrons because the trap

energy level is located below the quasi-Fermi level. This phenomenon is called the lambda

effect [7, 10, 17, 19, 22]. It is noted that the magnitude of the lambda effect depends on etn
and σn of the electron trap and n, which is assumed to be equal to Nd,net in this study. In

this study, λ(wP) and λ(wR) are considered to be equal [λ = λ(wP) = λ(wR)]. Here, wP is

the depletion layer width when the filing pulse bias voltage (UP) is applied to the Schottky

junction. xend is given as xend = wR − λ. Considering the lambda effect, Eq. (7.1) can be

approximated as:

ÑT = 2
∆C

CR

Nd,net

=
2

w2
R

∫ wR−λ

xstart

xNT(x)dx. (7.5)

In 0 < x ≤ xstart, the electron traps do not capture electrons during the filling pulse period

and the electron traps can not be detected during the measurement period. When the

lambda effect during the filling pulse period is considered, xstart is given as:

xstart =

{
0 , wP ≤ λ

wP − λ , λ < wP.
(7.6)

Assuming that the depth profile of an electron trap density generated during an RIE

process has a distribution that decays exponentially from the etched surface in the depth

direction [15], NT(x) can be described as an equation based on:

NT(x) = NT(0)exp
(
−x

L

)
. (7.7)
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Here, L is defined as the depth of carrier trap generation, and NT(0) is the carrier trap

density at the etched surface. The depth profile of an electron trap density is shown as

a black solid line in Fig. 7.1(a). The dependence of the averaged trap density on the

depletion layer width calculated from Eqs. (7.5) and (7.7) is also shown as a black broken

line in Fig. 7.1(a). Figure 7.1(b) and Fig. 7.1(c) show band diagrams of an SBD with an

assumed depth profile of trap density during the filling pulse period (upper side) and the

measurement period (lower side) with UR of UR1 and UR2 (UP > UR1 > UR2), respectively.

The depletion layer widths during the measurement period with UR1 and UR2 are set to wR1

and wR2, respectively. For simplicity, xstart is set to wP − λ in Fig. 7.1.

In the case of a carrier trap generated during an RIE process, not only the lambda effect

but also the steep depth profile localized near the etched surface should be considered with

respect to the dependence of the averaged trap density on the depletion layer width. When

xend − xstart = (wR − λ) − (wP − λ), which is the width of the detection region, is smaller

than or approximately the same length as λ [e.g. wR = wR1 in Fig. 7.1(b)], ÑT(wR) is

strongly affected by the lambda effect. The electron traps in the depletion layer during

the measurement period are then localized near the etched surface. Therefore, ÑT(wR)

is also strongly affected by the steep depth profile of the electron trap density. When

(wR − λ) − (wP − λ) is much larger than λ [e.g. wR = wR2 in Fig. 7.1(c)], the lambda

effect on ÑT(wR) becomes small because the number of electron trap in the no-electron-

emission region, which is far from the etched surface as shown in Fig. 7.1(c), is negligible

with respect to that in the detection region. As a consequence of NT(x), the averaged trap

density ÑT(wR) then decreases with increasing wR.

ÑT(wR) is determined in the competition between the lambda effect and the depth profile

of the electron tarp density. Figure 7.1(a) shows that in this case with the surface-localized

NT(x), ÑT(wR) has a maximum value at wR = 1.8 µm. It is crucial to appropriately

determine the conditions for the filling pulse and the measurement pulse by considering the

shape of the depth profile, the properties of the electron traps to be evaluated, and the

structure of the SBD, such as the doping concentration of the epilayer and the Schottky

barrier height.

7.3 Experiments

N-doped n-type 4H-SiC (0001) epilayers were used as a starting material for defect charac-

terization. Inductively coupled plasma (ICP)-RIE was performed for 5 min under a typical

condition [SF6: 10 sccm, O2: 20 sccm, Ar: 100 sccm, ICP power: 900 W, bias power:

100 W, pressure: 2 Pa, etching rate: 0.6 umum/min], which resulted in the removal of a

3.0 umum thick layer. After the RIE process, all samples were cleaned in the RCA cleaning

process [23]. To detect carrier traps generated during the RIE process with the capacitance

transient spectroscopy technique, Ni was deposited on the etched surfaces as Schottky con-
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Figure 7.1: Representative example for the approach of the proposed method. (a) Expo-

nential depth profile of an electron trap density [NT(x) = NT(0)exp(−x/L); black solid line]

and the dependence of the averaged trap density on the depletion layer width calculated

from Eq. (7.5) [ÑT(wR); black broken line]. Band diagrams of an SBD during the filling

pulse period (upper side) and the measurement period (lower side) with measurement bias

voltages of (b) UR1 and (c) UR2 (UR1 > UR2).
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tacts by using vacuum evaporation. The diameters of the Schottky electrodes were 1.5 mm.

Aluminum was employed for backside ohmic contacts. The Nd,net of 1×1015 cm−3 was

determined from capacitance-voltage (C−V ) measurements of the SBD using the epilayer.

For the RIE-etched sample, ICTS measurement was performed at 300 K to investigate

electron traps. In the ICTS measurement, a typical filling pulse bias voltage UP and filling

pulse width (tP) were 1.5 V and 200 ms, respectively. The ICTS measurement was performed

with various measurement bias voltages from 0 V to −50 V. The detection limit of ÑT in the

samples was 2×1011 cm−3 using ∆C/CR = 10−4 [24]. To determine the energy positions of

electron traps (∆ET = EC −ET), DLTS measurements were performed in the temperature

(T ) range from 200 K to 380 K with UP = 1.5 V and tP = 200 ms. The measurement period

widths were set to 20.5 ms, 205 ms and 2.05 s, and a measurement bias voltage of −5 V

was used in the DLTS measurement. To investigate electron traps that exist before the

RIE process, ICTS and DLTS measurements were also performed for a Ni/n-type SiC SBD

using the as-grown sample. Considering low electric field strength at the Schottky interface

(< 1 MV/cm), interface states do not affect DLTS and ICTS measurements in this study.

In the measurement principle, depth profiles can be extracted from either the DLTS

or ICTS measurement with the proposed method. Here, the ICTS technique was selected

because of the following two perspectives. From an experimental point of view, measurement

with various bias voltages is required with this method. Therefore, it is difficult to apply the

DLTS technique for this method. From an analytical point of view, to eliminate the impact

of the lambda effect dependence on the temperature [7, 10, 17, 19, 22] and the steady-state

capacitance CR from the obtained trap density, the ICTS technique is more suitable for this

method. In this study, constant-voltage ICTS mode was used. On the other hand, when

the measured carrier trap density ÑT is as high as the net donor density Nd,net, constant-

capacitance ICTS mode is useful to extract depth profiles of carrier trap density with the

proposed method.

7.4 Result and Discussion

7.4.1 Deep Levels Detected in RIE-etched SiC

Figure 7.2 shows ICTS spectra of (a) the as-grown sample and (b) the RIE-etched sample.

In the as-grown sample, the Z1/2 center (EC − 0.64 eV) [2, 25, 26] was detected and the

Z1/2 center density of 4.3×1011 cm−3 was obtained from the ICTS data with consideration

of the lambda effect. After the RIE process, the EH3 center (EC − 0.74 eV) [12, 27–29]

emerged while the Z1/2 center was also observed. Figure 7.3 shows Arrhenius plots of

ln(τnT
2) versus the reciprocal temperature with the assumption that the electron capture

cross-section (σn) is independent of temperature, where τn is the time constant for electron

emission from an electron trap to the conduction band. The energy positions and electron

capture cross-sections of the electron traps are summarized in Table I. The Z1/2 center,
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RIE-etched n-type 4H-SiC. The experimental ICTS spectra are indicated with open circles.
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which originates from carbon vacancies (VC), has been observed in as-grown 4H-SiC layers

[13, 25, 26, 30, 31]. The EH3 center has been reported to be generated by electron or proton

irradiation [12, 27–29, 32], ion implantation [4], or the RIE process [14]. The origin of the

EH3 center is considered to be carbon interstitial (Ci)-related defects because the EH3 center

was generated after irradiation with low energy electron (116 keV) [12, 29], by which only

carbon atoms may be displaced [33]. The analysis based on the diffusion-limited theory for

the annealing behavior of EH3 center also suggested that the EH3 center is Ci-related [30].

In this study, the author focused on these two contrasting electron traps.

7.4.2 Condition of Filling Pulse Bias Voltage

To investigate the depth profiles of the electron traps generated during the RIE process,

xstart in Eq. (7.5), which is the start depth of the detection region as shown in Fig. 7.1,

must be sufficiently small because the etching damage should be localized near the etched

surface. ICTS measurement was thus performed at 300 K and at UR = −5 V with various

filling pulse bias voltages to select an appropriate filling pulse condition.

Figure 7.4(a) shows the dependence of wP−λ on the filling pulse bias voltage for the Z1/2

(blue circles) and EH3 (red squares) centers in the RIE-etched sample. An electron trap with

small ∆ET shows a tendency to have a small lambda length due to its high thermal emission

rate of electrons from the electron traps to the conduction band at a certain temperature.

The filling pulse bias voltage that satisfies the condition of wP − λ = 0 nm is higher in the

case of the Z1/2 center than the EH3 center, which is consistent with λ of the Z1/2 center

being shorter, e.g., λ is 6.7×102 nm for the Z1/2 center and 7.5×102 nm for the EH3 center

with UP = 0 V. Figure 7.4(b) shows the dependence of ÑT on the filling pulse bias voltage.

The vertical axis in Fig. 7.4(b) is normalized with respect to ÑT obtained with UP = 2 V.

The start depth of the detection region xstart decreases with increasing filling pulse bias

voltage. Therefore, the detection region width [xend − xstart = (wR − λ) − xstart] increases

with increasing the filling pulse bias voltage. ÑT also increases because the electron traps

localized near the etched surface, which have a high density, become detectable. It should

be noted that the dependence of the normalized ÑT on the filling pulse bias voltage reflects

the actual depth profiles of each electron trap density. In Fig. 7.4(b), the normalized ÑT

becomes saturated at unity when the filling pulse bias voltage is higher than the filling pulse

bias voltage that satisfies the condition of wP − λ = 0 nm. This result suggests that the

trap energy level becomes lower than the quasi-Fermi level within the entire depletion layer

during the filling pulse period. Therefore, electrons can be captured by the electron traps

even near the Schottky interface during the filling pulse period.

On the other hand, an electron trap with an energy level located above the quasi-Fermi

level in the depletion layer can be observed during the measurement period [34]. The

barrier height of the SBD on the RIE-etched sample obtained from the C−V measurement

is 1.5 eV, which is larger than the trap energy depth for the electron traps detected in
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this study, and these trap energy levels are located above the quasi-Fermi level, except for

the no-electron-emission region during the measurement period. Analysis was performed

assuming that xstart is 0 nm when a filling pulse bias voltage of 1.5 V was employed and

each electron trap in 0 nm < x ≤ wR−λ emits one electron during the measurement period.

7.4.3 Depth Profiles of Density of Deep Levels

It is preferable to satisfy the condition of xstart = 0 nm for obtaining the depth profile

of the electron trap density near the etched surface. On the other hand, an increase in

xstart = wP − λ allows only the depth profile of the electron trap density in the deeper

region to be extracted. Extraction of a common depth profile of the electron trap density

from the dependency of several averaged trap densities in the depletion layer width with

various xstart can yield a depth profile with both a high-density distribution near the etched

surface and a low-density distribution in the deeper region.

Figure 7.5 (red open squares) shows the dependence of the averaged EH3 center density

on the depletion layer width in the RIE-etched sample obtained from ICTS measurement

at 300 K with (a) UP = 1.5 V, (b) UP = 0 V, and (c) UP = −4 V with various UR from

0 V to –50 V. Schematic cross-sections of the SBD during the filling pulse period (upper

side) and the measurement period (lower side) with filling pulse voltages of (d) 1.5 V, (e)

0 V, and (f) −4 V are also shown. When UP = 1.5 V is applied for the Schottky junction

[Fig. 7.5(a)], the EH3 center in 0 nm < x ≤ wR − λ is detected in the ICTS measurement.

For UP = 0 V [Fig. 7.5(b)] and −4 V [Fig. 7.5(c)], xstart = wP − λ for the EH3 center is

3.6×102 nm and 1.6 µm, respectively. When ÑT is compared at the same wR, the averaged

EH3 center density decreases with decreasing the filling pulse bias voltage because 1) the

ratio of the detection region to the lambda length becomes small [Figs. 5(d)-(f)] and the

impact of the lambda effect becomes large and 2) the EH3 center is localized near the etched

surface.

The detected EH3 center in Fig. 7.5(c) is located in the deeper region (x > 1.6 µm).

The depth profile of the EH3 center density in the deeper region can not be described from

the depth profile of the single exponential in Eq. (2), which corresponds to that near the

etched surface. In this study, the depth profile of the EH3 center density is assumed to be

a double exponential with a small generation depth L1 and a large generation depth L2:

NT(x) = NT1(0)exp

(
− x

L1

)
+NT2(0)exp

(
− x

L2

)
. (7.8)

The exponential term with L1 corresponds to the depth profile of the EH3 center density

near the etched surface, which indicates a non-channeling component. The exponential

term with L2 corresponds to the depth profile of the EH3 center density in the deeper

region, which indicates a channeling component. It is noted that the depth profiles can

be reproduced to some extent by assuming the dual Pearson distribution function [35],

which is often used in the case of ion implantation (not shown). However, the dual Pearson
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Figure 7.5: Dependence of the averaged trap density obtained from ICTS measurements

at 300 K for the EH3 center in the RIE-etched sample on the depletion layer width with

filling pulse voltages of (a) 1.5 V, (b) 0 V, and (c) –4 V. The open squares denote the

averaged EH3 center densities calculated from the ICTS peaks. The black broken lines

are fitting curves based on Eq. (7.8). The extracted depth profiles are shown as red solid

lines. The depth profiles in undetectable regions are shown by gray solid lines. Schematic

cross-sections of an SBD during the filling pulse period (upper side) and the measurement

period (lower side) with filling pulse bias voltages of (d) 1.5 V, (e) 0 V, and (f) –4 V.
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distribution function needs much more parameters. Thus, the authors considered that the

present double exponential function is a reasonable approximation.

The common depth profile of the EH3 center density was extracted from the three

different dependencies of the averaged EH3 center density on the depletion layer width with

different xstart shown in Figs. 5(a), 5(b), and 5(c), where xstart is 0 nm, 3.6×102 nm, and

1.6 umum, respectively. In the ICTS measurement, the maximum value of xend is 7.0 umum

for the EH3 center when UR = −50 V. Each ÑT(wR) was calculated using the common

NT(x) in Eq. (3), i.e., the parameters NT1(0), NT2(0), L1, and L2 are the same each other

in Figs. 5(a), 5(b), and 5(c). Curve fitting with the calculated ÑT(wR) [black broken lines

in Figs. 5(a)-(c)] to the measured ÑT(wR) [red squares in Figs. 5(a)-(c)] was performed

with the common fitting parameters, which are NT1(0), NT2(0), L1, and L2 in Eq. (3). The

fitting parameters for the calculation are shown in Fig. 7.5. The extracted depth profile

of the EH3 center density is plotted in Figs. 5(a)-(c) as red solid lines. When UP = 0 V

and UP = −4 V are respectively applied, the EH3 center for 0 nm < x ≤ 3.6 × 102 nm

and 0 nm < x ≤ 1.6 µm can not be detected. The extracted depth profile of the EH3

center density in the no-electron-capture region is shown as gray solid lines in Figs. 5(b)

and 5(c). Although the EH3 center generated during the RIE process is localized near the

etched surface (x < 1 µm), the EH3 center also exists in the deeper region (x > 2 µm),

where the density is low [NT(x) < 1012 cm−3]. The existence of the EH3 center in the deeper

region is confirmed to be valid from the ICTS measurement at UP = −4 V [Fig. 7.5(c)],

in which the EH3 center is not detected near the etched surface (0 nm < x ≤ 1.6 µm).

The EH3 center may be carbon-interstitial (Ci) atoms [12, 29]. It is considered that the

EH3 centers generated during the RIE process originate from carbon atoms ejected from

the etched region and accumulated in the SiC epilayer.

Figure 7.6 (blue open circles) shows the dependence of the averaged Z1/2 center density

on the depletion layer width in the RIE-etched sample obtained from ICTS measurement

at 300 K with (a) UP = 1.5 V, (b) UP = 0 V, and (c) UP = −4 V. In the same way

as that for the EH3 center in Fig. 7.5, the depth profile of the Z1/2 center density in the

RIE-etched sample was extracted and is shown as blue solid lines in Fig. 7.6. xstart in Eq.

(1) for the Z1/2 center is 0 nm, 4.4×102 nm, and 1.7 µm with UP of 1.5 V [Fig. 7.6(a)], 0 V

[Fig. 7.6(b)], and −4 V [Fig. 7.6(c)], respectively. The maximum value of xend is 7.1 µm

for the Z1/2 center when UR of −50 V was used in the ICTS measurement. As the depth

profile of the Z1/2 center density, a double exponential with a constant term is assumed.

NT(x) = NT1(0)exp

(
− x

L1

)
−NT2(0)exp

(
− x

L2

)
+NT,as−grown. (7.9)

The two exponential terms and the constant term correspond to the Z1/2 center generated

during the RIE process and that existing before the RIE process, respectively, the fitting

parameters of which are shown in Fig. 7.6. In the RIE-etched sample, a constant term

NT,as−grown of 5.6×1011 cm−3 is obtained and is almost identical to the Z1/2 center density

in the as-grown sample of 4.3×1011 cm−3.
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Figure 7.6: Dependence of the averaged trap density obtained from ICTS measurements

at 300 K for the Z1/2 center in the RIE-etched sample on the depletion layer width with

filling pulse voltages of (a) 1.5 V, (b) 0 V, and (c) –4 V. The open circles denote the averaged

Z1/2 center densities calculated from the ICTS peaks. The black broken lines are the fitting

curves based on Eq. (7.9). The extracted depth profiles are shown as blue solid lines. The

depth profiles in undetectable regions are shown by gray solid lines.
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7.4.4 Discussion

The extracted depth profiles of the Z1/2 center density (blue solid line) and the EH3 center

density (red solid line) are shown in Fig. 7.7. The blue and black broken lines denote the

second exponential term, which has a larger generation depth L2, and NT,as−grown in the

depth profile of the Z1/2 center density, respectively. Near the etched surface (x < 800 nm),

the first exponential term, which has a smaller generation depth L1, is dominant in the depth

profiles of both the Z1/2 center density and the EH3 center density. L1 of the Z1/2 center

(1.4×102 nm) is almost identical to that of the EH3 center (1.4×102 nm), which suggests

that the Z1/2 center (VC) is generated near the surface by high-energy ion bombardment

during the RIE process and the EH3 center (Ci) is generated by the carbon atoms ejected to

the deeper region by the ion bombardment. In the deeper region (x ≈ 1 µm), the Z1/2 center

density is lower than NT,as−grown. On the other hand, consideration of the EH3 center in

the deeper region (x > 1 µm) reveals that the second exponential term, which has a larger

generation depth L2, becomes dominant in the depth profile of the EH3 center density. L2

of the EH3 center (1.0 µm) is very similar to that of the Z1/2 center (9.8×102 nm). This

result suggests that in the deeper region (x > 1 µm), 1) few VC defects (the Z1/2 center)

are generated by ion bombardment during the RIE process and 2) pair annihilation of VC

defects, that are present before the RIE process, and ejected carbon atoms, of which the

depth profile is similar to that of the EH3 center (Ci) density, occurs.

Depth profiles of (a) the Z1/2 and (b) EH3 center densities extracted by the proposed

method (color solid lines) and obtained using the double-correlation method (black solid

lines) [9, 11] are shown in Fig. 7.8. In the double-correlation method, a depth profile of

the electron trap density can be obtained without assuming a shape of the depth profile

using the following steps: (1) the detection region (wP − λ < x ≤ wR − λ) is adjusted to be

small using an appropriate filling pulse bias voltage and an appropriate measurement bias

voltage, (2) it is assumed that the trap density in the small detection region is constant,

and (3) the averaged trap density obtained from the ICTS peak is corrected with respect to

the lambda effect during both the filling pulse period and the measurement period. In the

double-correlation method, when the depletion layer width is small and the detection region

is close to the etched surface, where the depth profile shows a sharp drop, the difference

of filling pulse bias voltages was chosen to be small so that a high spatial resolution is

held. On the other hand, when the depletion layer width is large and the detection region

is deeper, where the trap density is low, the difference of filling pulse bias voltages was

chosen to be large so that a high density resolution is achieved. Figure 8 shows that the

depth profiles of the Z1/2 and EH3 center densities extracted from the dependence of ÑT

on the depletion layer width are consistent with those determined by the double-correlation

method in the density range larger than 1011 cm−3. The double-correlation method has a

trade-off relationship between the depth resolution and resolution in the trap density due to

the measurement principle. However, with the proposed method, the trade-off relationship
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is relieved and a reasonable depth profile of trap density can be extracted by measurement

and analysis of the dependence of ÑT on the depletion layer width when an appropriate

function shape for the depth profile is assumed.

7.5 Application for RIE-induced defects in n-type

GaN

The proposed method was applied to RIE-induces defects in n-type GaN. Si-doped n-type

GaN epilayers on n+-type GaN substrate were used as a starting material. [Si] is 7 ×
1015 cm−3. ICP-RIE was performed under a typical condition [ICP power: 200 W, bias

power: 40 W], which resulted in the removal of a 200 nm thick layer. Ni was deposited

on the etched surfaces as Schottky contacts by using vacuum evaporation. Aluminum was

employed for backside ohmic contacts. For the RIE-etched sample and as-grown sample,

DLTS measurements were performed in the temperature range from 75 K to 350 K with UP

= 1.5 V and tP = 20.5 ms, and various measurement bias voltages from 0 V to −10 V.

Figure 7.9 shows the DLTS spectra at UR = −2 V of as-grown GaN (blue solid line)

and RIE-etched GaN (red solid line). In as-grown GaN, the electron traps E1 (ET =

EC − 0.26 eV, σn = 2 × 10−15 cm2) and E3 (ET = EC − 0.59 eV, σn = 5 × 10−15 cm2)

are detected. In RIE-etched GaN, in addition to the electron traps E1 and E3, electron

traps ER1 (ET = EC − 0.59 eV, σn = 1 × 10−13 cm2) and ER2 (ET = EC − 0.14 eV,

σn = 1× 10−17 cm2) are detected.

In Fig. 7.10, dependences of detected density of the electron traps in the DLTS mea-

surements on the depletion layer width are shown as the blue open for as-grown GaN

circles and red closed circles for RIE-etched GaN. In the same way as the RIE-induced

defects in SiC, depth profiles of defect density are extracted from the analysis of ÑT(wR).

In the analysis, a constant depth profile [NT(x) = NT] and an exponential depth profile

[NT(x) = NT(0)exp(−x/L)] are assumed for defects in as-grown GaN and defects induced

during the RIE process, respectively. The calculated dependences of detected density of

electron traps ÑT on the depletion layer width wR and extracted depth profiles of defect

density are shown in Fig. 7.10 as the color solid lines and the color broken lines, respectively.

As shown in Fig. 7.10, the electron traps ER1 and ER2, which are detected in only RIE-

etched GaN [Fig. 7.9], have a single exponential depth profile[ER1: NT(0) = 4.6×1015 cm−3

and L = 14 nm, ER2: NT(0) = 3.9 × 1014 cm−3 and L = 13 nm] and localized near the

etched surface (< 500 nm). The electron traps ER1 and ER2 may be assigned to the elec-

tron trap EE3 (ET = EC − 0.59 eV, σn = 1 × 10−13 cm2) and EE1 (ET = EC − 0.59 eV,

σn = 1 × 10−13 cm2), which are detected in GaN after 2 MeV electron beam irradia-

tion [36],respectively. The electron trap ER1 may correspond to the electron trap EDL1

(ET = EC − 0.60 eV, L = 8 nm), which is detected GaN after RIE process [15]. In the as-

grown GaN, the electron trap E1 has a constant depth profile (NT = 1.4× 1012 cm−3). The
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extracted depth profile of density of electron trap E1 in the RIE-etched GaN has a constant

component (NT = 3.5×1011 cm−3) and an exponential component [NT(0) = 3.4×1013 cm−3

and L = 62 nm]. Therefore, it is seemed that the electron trap E1 is a point defect gener-

ated during both crystal growth process and RIE process. On the other hand, the electron

trap E3 has a constant depth profile in both the as-grown GaN (NT = 5.6×1013 cm−3) and

RIE-etched GaN (NT = 4.4×1013 cm−3). This result is reasonable because the electron trap

E3 in MOVPE-grown GaN originates from the substitution of Fe atoms at Ga sites [37].

The electron trap E3 detected in this study corresponds to FeGa induced during the crystal

growth. For detail discussion, more detailed experimentation and analysis are required as

in the case of RIE-induced defects in SiC described above (Sec. 7.4).

7.6 Summary

In this chapter, the depth profiles of electron traps generated in n-type 4H-SiC during the

RIE process were investigated. In the RIE-etched samples, two electron traps, the Z1/2

and EH3 centers, were detected in ICTS measurements at 300 K. Depth profiles of trap

density can be extracted with the proposed method from the dependence of the averaged

trap density on the depletion layer width. When a function based on an exponential is

assumed as the depth profile, electron trap densities near the etched surface of 1014 to

1015 cm−3 and the depth of electron trap generation at 140 nm were obtained with the

proposed method using the ICTS technique for the RIE-etched sample. The electron traps

generated during the RIE process were confirmed to be localized near the etched surface

(x ≤ 1 µm). A comparison of the extracted depth profile of the Z1/2 center density to that of

the EH3 center density in the deeper region (x > 1 µm) suggested that the pair annihilation

of carbon vacancy defects and carbon atoms ejected by ion bombardment during the RIE

process occurs. The proposed method is useful to investigate the depth profile of carrier

trap density when the carrier trap has a large depth direction distribution.
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[9] H. Lefèvre and M. Schulz, Appl. Phys. 12, 45 (1977).

[10] Y. Zohta and M. O. Watanabe, J. Appl. Phys. 53, 1809 (1982).

[11] A. Usami, Y. Tokuda, M. Katayama, S. Kaneshima, and T. Wada, J. Phys. D: Appl.

Phys. 19, 1079 (1986).

[12] K. Danno and T. Kimoto, J. Appl. Phys. 100, 113728 (2006).

[13] L. Storasta, H. Tsuchida, T. Miyazawa, and T. Ohshima, J. Appl. Phys. 103, 013705

(2008).

[14] K. Kawahara, M. Krieger, J. Suda, and T. Kimoto, J. Appl. Phys. 108, 023706 (2010).

[15] S. Yamada, M. Omori, H. Sakurai, O. Y, R. Kamimura, T. Hashizume, J. Suda, and

T. Kachi, Appl. Phys. Express 13, 016505 (2020).

[16] D. Pons and S. Makram-Ebeid, J. de Physique 40, 1161 (1979).

[17] G. M. Martin, A. Mitonneau, D. Pons, A. Mircea, and D. W. Woodard, J. Phys. C:

Solid St. Physics 13, 3855 (1980).

[18] S. Weiss and R. Kassing, Solid-State Electronics 31, 1733 (1988).

[19] S. D. Brotherton, Solid-State Electronics 26, 987 (1983).

[20] R. H. Lyddane, R. G. Sachs, and E. Teller, Phys. Rev. 59, 673 (1941).

[21] H. Harima, S. Nakamura, and T. Uemura, J. Appl. Phys. 78, 1996 (1995).

[22] C. T. Sah and V. G. K. Reddi, IEEE Trans. Electron Device 11, 345 (1964).

[23] W. Kern, J. The Electrochemical Society 137, 1887 (1990).

[24] P. Blood and J. W. Orton, The Electrical Characterization of Semiconductors: Major-

ity Carriers and Electron States.

[25] T. Kimoto, A. Itoh, H. Matsunami, S. Sridhara, L. L. Clemen, R. P. Devaty, W. J.

Choyke, T. Dalibor, C. Peppermüller, and G. Pensl, Appl. Phys. Lett. 67, 2833 (1995).

[26] J. Zhang, L. Storasta, J. P. Bergman, N. T. Son, and E. Janzén, J. Appl. Phys. 93,

4708 (2003).



160 Chapter 7. Depth Profiles of Deep Levels

[27] C. Hemmingsson, N. T. Son, O. Kordina, J. P. Bergman, E. Janzén, J. L. Lindström,

S. Savage, and N. Nordell, J. Appl. Phys. 81, 6155 (1997).

[28] G. Alfieri, E. V. Monakhov, B. G. Svensson, and A. Hallén, J. Appl. Phys. 98, 113524

(2005).

[29] G. Alfieri and A. Mihaila, J. Phys.: Condensed Matter 32, 465703 (2020).

[30] N. T. Son, X. T. Trinh, L. S. Løvlie, B. G. Svensson, K. Kawahara, J. Suda, T. Kimoto,

T. Umeda, J. Isoya, T. Makino, T. Thshima, and E. Janzén, Phys. Rev. Lett. 109,

187603 (2012).

[31] K. Kawahara, X. T. Trinh, N. T. Son, E. Janzén, J. Suda, and T. Kimoto, Appl. Phys.

Lett. 102, 112106 (2013).

[32] L. Storasta, J. P. Bergman, E. Janzén, A. Henry, and J. Lu, J. Appl. Phys. 96, 4909

(2004).

[33] H. J. v. Bardeleben, J. L. Cantin, L. Henry, and M. F. Barthe, Phys. Rev. B 62, 10841

(2000).

[34] S. A. Reshanov, G. Pensl, K. Danno, T. Kimoto, S. Hishiki, T. Oshima, H. Itoh, F. Yan,

R. P. Devaty, and W. J. Choyke, J. Appl. Phys. 102, 113702 (2007).

[35] A. F. Tasch, H. Shin, C. Park, J. Alvis, and S. Novak, J. The Electrochemical Society

136, 810 (1989).

[36] M. Horita, T. Narita, T. Kachi, and J. Suda, Appl. Phys. Express 118, 012106 (2021).

[37] M. Horita, T. Narita, T. Kachi, and J. Suda, Appl. Phys. Express 13, 071007 (2020).



161

Chapter 8

Conclusions

8.1 Conclusions

In this thesis, the author aim to control the deep level in wide bandgap semiconductor GaN

and SiC for improving the performance of power devices, and the deep level in the GaN

layer introduced during crystal growth and the SiC layer introduced by the device process.

The author established a precise quantification method for the deep level inside and clarified

the physical properties of the deep level. The major conclusions obtained in this study are

summarized as follows.

In Chapter 3, a method to measure the density of hole trap H1 in n-type GaN with

p+-n junction was proposed. In the proposed method, it is considerd both the spatial

distribution of the injected holes and the quick carrier recombination via the hole traps

near the depletion layer edge immediately after a reverse bias is applied. The reverse bias

voltage dependence of the current-injection ICTS spectrum indicates that an accurate hole

trap density, as well as the hole diffusion length and electron capture cross-section of the

hole trap, can be determined.

In Chapter 4, the ratio of photoionization cross-sections of the hole trap H1 under sub-

Eg-light illumination (390 nm) was determined.Current-injection ICTS and sub-Eg-light-

excited ICTS were performed for a PND and hole occupancy ratio fT under 390 nm light

illumination was investigated. From the analysis of fT based on the rate equation of hole

trap H1 during light illumination, the ratio σo
n/σ

o
p of 3.0 was extracted for 390 nm light

illumination.

In Chapter 5, three methods to quantify the density of hole trap H1 in n-type GaN

layers with Schottky junction were proposed. To quantify the density of hole trap H1 in

n-type GaN layers, hole occupancy ratio fT has to be corrected on the measured density in

sub-Eg-light-excited ICTS. The hole occupancy ratio under 390 nm light illumination was

determined using the ratio of photoexcitation rates, which was determined in Chapter 4,

and the sum of photoexcitation rates. To obtain the sum, measurement conditions during

optical filling pulse (UV light illumination) period were modulated: temperature, optical
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intensity, or optical-filling-pulse-width. Moreover, the three methods can be combined with

the dual-color method, in which the capacitance transient due to not only hole thermal

excitation but also photoexcitation from the hole-occupied H1 trap to the V.B. by a long-

wavelength light illumination is measured and it makes shortened the measurement time.

Easy, accurate, and quick methods to quantify the density of hole trap H1 in n-type GaN

layers were demonstrated.

In Chapter 6, nature of the hole trap H1 in n-type GaN layers was investigated: quan-

titative relationship between carbon concentration and density of hole trap H1, electron

capture cross-section of the hole trap H1, and dependence of the photoionization cross-

section ratio σo
n/σ

o
p of the hole trap H1 on photon energy hν. In the density range from

1014 cm−3 to 1017 cm−3, the density of hole trap H1 [CN(0/−)] was almost equal to the

carbon concentration in n-type GaN layers regardless growth methods and conditions. This

result suggests that almost all incorporated carbon atoms substitutes at N sites in n-type

GaN layers. The electron capture cross-section of the hole trap H1 σn of 3×10−21 cm2 was

obtained. The investigated σo
n/σ

o
p(hν) in the photon energy range from 2.6 eV to 3.2 eV

was reasonably explained from the theoretical model of the photoionization cross-section

calculated with reported CC diagram of CN(0/−).

In Chapter 7, a method to investigate depth profiles of defects was proposed. The

method has the high depth resolution and the high resolution in the carrier trap density.

Extraction of steep depth profiles of defects induced during RIE processes in SiC and GaN

layers was demonstrated with the proposed method. From the analysis of extracted depth

profiles, generation mechanism of the RIE-induced defects was discussed. In RIE-etched

SiC, the Z1/2 center (EC − 0.64 eV) and EH3 center (EC − 0.74 eV), which originate from

VC(0/2−) and Ci-related defect, respectively, were localized near the etched surface (<

1 µm) due to ion bombardment. In the deeper region (∼ 3 µm), annihilation of VC defects

generated during crystal growth and carbon atoms kicked-out from the etched region and/or

etched surface was investigated.

8.2 Future Work

The author studied quantitative methods and nature of deep levels in GaN and SiC from

various aspects in this thesis. However, there remain several issues to be solved, and there

have emerged several goals to be accomplished in the future.

• Methods to measure depth profiles of the density of hole trap H1 in n-type

GaN: The devised method for quantifying the density of hole trap H1 in the n-type

GaN layer assumes that the density is uniform in the depth direction. It is necessary

to devise and demonstrate a general case where the density (carbon concentration)

of the hole trap H1 has a distribution in the depth direction in combination with a

method for quantifying the density of deep level having a distribution in the depth
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direction.

• CN donor in n-type GaN: Nitrogen site carbon in GaN is predicted from first-

principles calculations to form donor level CN(0/+) (EV+0.3 eV) [1] near the valence

band and is detected by capacitive transient spectroscopy [2, 3]. It is believed to be

the origin of the hole trap H3 [3]. It is necessary to apply the method of quantifying

the density of hole trap H1 to determine the density of hole trap H3, and compare it

with the carbon concentration, for example, to clarify its origin.

• Ga vacancy-related defect in n-type GaN: It is suggested that there are relatively

high density deep acceptor levels in the n-type GaN layer with an effective donor

density of 5×1016 cm−3 or more, in addition to nitrogen site carbon [4]. Its origin is

thought to be a Ga vacancy-related defect that forms a deep level on the valence band

side. It is necessary to apply the hole trap density quantification method devised in

this study to detect and quantitatively study it.

• Measuring depth profiles of other device process-induced defects in SiC: In

this study, the author quantified the density distribution and considered the generation

mechanism of reactive ion etching-induced defects in SiC. The method for quantifying

the density of deep level with a steep depth direction distribution proposed in this

study is also effective for quantifying the density distribution of other device process-

induced defects, and quantitative study is required.
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