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Abstract

The global trend towards energy conservation has driven the significant advancements of

semiconductor devices for power electronics and high-temperature electronics. While further

innovation is necessary to realize more energy-efficient technologies for a carbon-neutral

society, silicon (Si) electronics has matured and reached their inherent performance limits

determined by the material properties of Si. Therefore, it remains a crucial challenge to

achieve next-level beakthroughs in these fields beyond the framework of Si-based technology.

Silicon carbide (SiC) has been proposed as a next-generation semiconductor material

to resolve this serious problem. With a high critical electric field (∼ 2.5 MV/cm) and

a wide bandgap (3.26 eV), SiC is a great candidate for low-loss and high-voltage power

devices and high-temperature operational logic circuits, memories, and sensors. Over the

past few decades, several technical issues of SiC have been overcome through dedicated

efforts by researchers and engineers, leading to mass production and commercialization of

600–3300 V-class SiC power diodes and transistors. In addition, high-temperature devices

based on SiC have been successfully demonstrated at temperatures exceeding the limit of Si

devices. Despite the rapid revolution partially reaching social implementation, some critical

physical properties in SiC remain unclear, which blocks the full realization of the material’s

potential of SiC in device applications. Among these, the carrier transport properties in SiC

are particularly significant for the optimal design and accurate simulation of SiC devices.

Electrons and holes are transported by the electric field in a semiconductor with being

influenced by a periodic potential and scattering sources such as impurities and lattice vibra-

tion. The electric field dependence of the drift velocity of carriers can be expressed using the

slope in low-field (low-field mobility) and the saturated value in high-field region (high-field

drift velocity). These material properties directly determine the devices’ operation under

any situation, such as on-state, switching, short-circuit, and avalanche breakdown, among

others. The carrier transport properties in SiC exhibit anisotropy due to its hexagonal crys-

tal structure, and that along the c-axis (⟨0001⟩ direction) is the most important because

the current flows along this direction in typical SiC power devices. However, reports on the

low-field mobility and high-field velocity along the c-axis are exclusively limited because the

commercially available SiC(0001) wafers do not include the c-axis in their in-plane, which

makes them difficult to be measured by standard methods such as Hall effect measurements.

In this dissertation, the author systematically studied the transport phenomena of both

electrons and holes under low and high electric field while considering its anisotropy by us-

ing SiC(1120) wafers, which include the directions parallel and perpendicular to the c-axis
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in their in-plane. The fundamental database of transport properties with various param-

eters including carrier type (electrons or holes), crystal direction, electric field strength,

doping concentration, and temperature were presented, which are crucially important for

understanding what happens in the devices for any situation. In addition, the origin of

the anisotropic carrier transport in SiC was discussed based on the theoretical analysis of

anisotropic effective mass using the band structure of SiC, which should be a significant

insight into understanding physics of anisotropic semiconductor materials.

In Chapter 2, the low-field electron mobility was determined by Hall effect measurements

on n-type SiC(1120) epilayers over wide donor concentration (ND = 5× 1014–4× 1018 cm−3)

and temperature (120–600 K) ranges. The electron mobility along the c-axis was found

to be 10–20% higher than that perpendicular to the c-axis, and the highest mobility at

room temperature ever measured for SiC (1210 cm2/Vs) was obtained. The anisotropic

electron effective mass was focused on as the origin of anisotropic electron mobility, and

theoretical calculation considering the energy distribution of electrons and the conduction

band structure of SiC clarified that the anisotropy in electron mobility is quantitatively

explained only by that in effective mass. The author also estimated the electron mobility

along the c-axis by another approach using SiC(0001) wafers and discussed its validity.

In Chapter 3, the drift velocity of electrons was determined by conductance measure-

ments on n-type SiC(1120) epilayers under high electric fields up to 200 kV/cm. Velocity

saturation was observed around 100 kV/cm, with saturated drift velocities of 1.7× 107 cm/s

for both directions parallel and perpendicular to the c-axis by careful consideration of tran-

sient current and self-heating. The relaxation of velocity anisotropy at higher electric field

was qualitatively explained by the change in the energy distribution of electrons.

In Chapter 4, the low-field hole mobility was investigated by Hall effect measure-

ments on p-type SiC(1120) epilayers with various acceptor concentrations (NA = 8× 1015–

7× 1018 cm−3) and temperatures (120–600 K). Unlike electron mobility, the hole mobility

along the c-axis was 10% lower than that perpendicular to the c-axis, and empirical equa-

tions expressing the acceptor concentration and temperature dependences were determined.

The anisotropy in effective mass along each direction considering the energy distribution

of holes was calculated based on the valence band structure of SiC over the whole first

Brillouin zone, and quantitatively explained the observed anisotropy in the hole mobility.

In Chapter 5, the hole drift velocity was measured by conductance methods on p-type

SiC(1120) epilayers over a wide range of electric field (1–200 kV/cm). Saturation of hole

drift velocities was not observed even at 200 kV/cm, attributed to the low hole mobility in

SiC. The preserved anisotropy in hole drift velocity (∼10%) across the observed electric field

range was consistent with the minimal dependence of the calculated anisotropy in effective

mass on the energy distribution of holes.

In Chapter 6, the summary of this thesis and future prospects are given. The database

and understanding of the carrier transport in SiC provided in the present study contribute

the full realization of the SiC’s great potential into power and high-temperature electronics.
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Chapter 1

Introduction

1.1 Background

The invention and developments of semiconductor technology have brought a lot of revo-

lution to our lives in modern society. Since the first transistor came into the world at Bell

Laboratories in 1947 [1], semiconductor devices have become increasingly essential and cur-

rently ubiquitous in our civilization, serving as indispensable components in logic circuits,

memory devices, sensors, and optical devices, among others. The semiconductor industry

is predominantly driven by silicon (Si)-based large-scale integrated circuits, where consis-

tent improvements of devices beyond predicted performance limitations have been achieved

through innumerable technological innovations. The widespread adoption of Si-based de-

vices is primarily attributed to the relatively superior material properties, matured process

technologies, and cost efficiency, making their territory well-established and not easily pen-

etrated by other materials to this day.

Despite the remarkable progress and superiorities of Si-based electronics, certain chal-

lenges remain beyond their reach. In particular, further innovation in power electronics [2, 3]

and high-temperature electronics [4, 5] is crucial for achieving more energy-efficient tech-

nologies for a carbon-neutral future. Power electronics involves converting electrical power

forms (e.g., voltage, current, and frequency), serving as a core function of the utilization,

transmission, and storage of electrical energy within the electrical grid. Si-based systems

have played a dominant role in power electronics applications, with their technologies ma-

turing significantly over decades of dedicated effort by researchers and engineers. As a

result, the conversion efficiency is now approaching the theoretical limits determined by

the inherent material properties of Si, and approximately 10% of electrical power is lost as

Joule heat during each conversion process [6]. High-temperature electronics is required for

effective utilization of underground natural resources and geothermal energy, where the am-

bient temperatures can exceed 300◦C. However, Si-based devices are inherently incapable of

operating at such high temperatures due to the material limitations of Si. Therefore, from

the perspectives of both power electronics and high-temperature electronics, substantial
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improvements are hardly expected anymore within the framework of Si-based technolo-

gies [7, 8].

To address these challenges in both applications, wide bandgap semiconductors – such

as silicon carbide (SiC), gallium nitride (GaN), gallium oxide (Ga2O3), and diamond – have

garnered significant attention as the next-generation materials. These semiconductors are

known for their high critical electric fields for breakdown as well as wide bandgaps, as

summarized in Table 1.1 [9–26], which suggests their potential to outperform the intrinsic

limitations of Si devices. Among these materials, SiC stands out as a promising candi-

date for overcoming the barriers faced by Si-based devices due to the several remarkable

characteristics and advantages in the growth and fabrication process.

1.2 Silicon Carbide (SiC)

SiC is a IV-IV compound semiconductor material consisting of equal numbers of Si and

carbon (C) atoms. The strong chemical bonding between these atoms endows SiC with

exceptional properties, such as high physical hardness, chemical inertness, high thermal

conductivity, and distinctive electrical characteristics [11]. A wide variety of polytypes of

SiC exist, distinguished by the stacking sequence of Si-C atomic pairs [27]. Among them,

4H-SiC has emerged as the most suitable polytype for electronic device applications due to

its superior properties, including high critical electric field (2.5 MV/cm) [12], wide bandgap

(3.26 eV) [28], and high electron mobility [29]. These characteristics make 4H-SiC ideal for

high-performance and high-reliability electronic devices, particularly in applications requir-

ing high-power and high-temperature operations. In addition, such a situation promoted

the development and maturation of multiple techniques of 4H-SiC, including high-quality

crystal growth, doping control, fabrication processes, and device optimization. From these

points forward, this study focuses on 4H-SiC, and unless otherwise stated, references to

“SiC” will denote 4H-SiC. In this section, the strong points of SiC in high-power and high-

temperature electronics, and the history of research and development of SiC are explained.

1.2.1 Applications in Power Electronics

Power electronics is a technique used for converting electrical power forms according to the

application, for example, for driving the motor by AC power to create the specific torque

and speed of electric vehicles using the DC voltage of battery. A typical conversion circuit

for converting DC to AC is illustrated in Fig. 1.1(a), as an example. The backbone of an

electrical power conversion system consists of a transistor (as a switching device) and a

diode (as a rectifier). Figure 1.1 (b) and (c) show schematic illustrations of the current–

voltage (I–V ) characteristics of these switching and rectifying devices, with the drawing of

both ideal and real cases within the same figure. The power dissipation in these devices is

determined by the product of voltage and current (I ·V ), and smaller I ·V values correspond
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Table 1.1: Major material properties of Si [9, 10], SiC [11–14], GaN [15–20], Ga2O3 [21, 22],

and diamond [23–26] (data given at room temperature).

Property Si 4H-SiC GaN β-Ga2O3 Diamond

Bandgap (eV) 1.12 3.26 3.39 4.5 5.5

Critical Electric Field (MV/cm)
0.4

2.5 //c

2.5 //c 7–8∗ 10∗
at 1× 1016 cm−3 2.2 ⊥c

Electron Mobility (cm2/Vs) 1400
1200 //c,∗

1480 ⊥c 200 2400
1000 ⊥c

Saturated Drift Velocity
1.1

unknown //c

2.5 ⊥c unknown 1.5
of Electrons (× 107 cm/s) 2.2 ⊥c

Hole Mobility (cm2/Vs) 480
unknown //c

30 ⊥c unknown 2100
120 ⊥c

Saturated Drift Velocity
0.8

unknown //c

0.7 //c unknown 1.1
of Holes (× 107 cm/s) unknown ⊥c

Relative Dielectric Constant 11.9
10.3 //c

9 10–12 5.7
9.76 ⊥c

Thermal Conductivity (W/cmK) 1.5 3.3–4.9 1–2 0.3 20

* Expected Values
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Figure 1.1: (a) Circuit diagram of a DC-AC inverter to drive a three-phase induction

morter, which consists of six pairs of rectifier and switch. Current–voltage characteristics

of (b) rectifying and (c) switching devices in ideal and real cases.



1.2. Silicon Carbide (SiC) 5

to better performance of power devices. Ideally, the I ·V values are always zero since either

current or voltage is zero under both ON- and OFF-state. However, real devices exhibit a

non-zero forward voltage drop due to the on-resistance (RON) under the ON-state, and a

non-zero current due to the breakdown voltage (VBD) and leakage current under the OFF-

state, leading to power dissipation. In addition, the real devices have switching delays,

resulting in energy losses during the state transitions. Thus, to improve the performance

of power devices and make them approach that of the ideal cases, a smaller RON, a higher

VBD, and a faster switching speed are required. From these points of view, SiC-based power

devices offer considerable advantages over their Si-based counterparts.

Figure 1.2 schematically depicts the electric field distribution under reverse bias and

carrier distributions under forward bias for (a) Si and (b) SiC devices, assuming a one-sided

abrupt junction designed to have identical VBD. For simplicity, n-type Schottky barrier

diodes (SBDs) with non-punch-through structures are taken as examples. The electric

field peaks at the junction in these devices, and the breakdown voltage is determined by

integrating the triangular-shaped electric field distribution when the electric field at the

junction reaches the critical electric field (Ecrit). To achieve a higher breakdown voltage, one

can increase the thickness of the blocking layer (W ) and decrease the doping concentration

(ND). However, this approach raises the on-resistance, as it is approximately proportional

to ND/W . Thus, a fundamental trade-off relationship exists between RON and VBD though,

SiC power devices can mitigate this trade-off. The Ecrit of SiC is nearly ten times higher

than that of Si, enabling SiC devices to be designed with only one-tenth the blocking layer

thickness and 100 times the doping concentration compared to Si devices with the same

VBD, and this leads to a drastic reduction in the RON. Figure 1.2(c) depicts the calculated

trade-off relationships between RON and VBD of Si and SiC unipolar devices, the so-called

“unipolar limit” [30]. Notably, SiC devices can achieve almost 1/500th the on-resistance of

their Si counterparts at equivalent VBD, highlighting their superior performance.

The difference in the device structure, whether unipolar or bipolar, also has a significant

impact on the device performance. The electric field and carrier distribution under reverse

and forward bias are illustrated in Fig. 1.3, where (a) unipolar and (b) bipolar devices are

designed to have the same VBD using the same material. While the electric field distri-

bution remains the same due to the identical Ecrit and doping profile, the RON of bipolar

devices can be significantly reduced owing to the conductivity modulation effect [31, 32]. In

bipolar devices, both holes and electrons are injected into the lightly doped blocking layer,

resulting in a much higher carrier concentration compared to the intentional doping, and

consequently a lower on-resistance compared with unipolar devices. However, it should be

emphasized that bipolar devices generally exhibit much larger switching loss arising from

reverse recovery for diodes and tail current for insulated-gate bipolar transistors (IGBTs).

Therefore, bipolar devices are typically used in situations, where reducing on-resistance is

more critical than minimizing switching loss, such as higher voltage applications [33].

Figure 1.4 summarizes the major territories of rating voltage of unipolar and bipolar
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devices [30].
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power devices for Si and SiC [34]. Bipolar devices such as PiN diodes, bipolar junction

transistors (BJTs), IGBTs, and gate-turn-off (GTO) thyristors take possession of higher

voltage regions than unipolar devices like SBDs and metal-oxide-semiconductor field-effect

transistors (MOSFETs) for each material. The territory of SiC devices is roughly shifted

toward higher voltage compared with that of Si devices, and it is particularly noteworthy

that the voltage range of SiC unipolar devices approximately corresponds to those of Si

bipolar devices. This means that SiC unipolar devices can achieve reduced switching losses

while maintaining the same blocking voltage and on-resistance as Si bipolar devices. In

addition, SiC bipolar devices unlock the maximum blocking voltage beyond Si devices,

which is also important for ultra-high voltage applications, such as power transmission and

factory automation.

The advantages described above are common to wide bandgap semiconductors, but SiC

is particularly more attractive at the present stage due to its advanced growth and device

fabrication technologies, as well as its superior material properties. The bottlenecks for other

wide bandgap semiconductors are as follows. While GaN is also a promising material, which

has nearly identical bandgap and critical electric field strength to SiC, it is encountering

difficulties in selective doping techniques (especially p-type) [35] and large-diameter bulk

growth. In addition, the direct band structure of GaN results in a short carrier lifetime,

which prevents the realization of GaN bipolar power devices with significantly reduced RON.

Although Ga2O3 and diamond exhibit even wider bandgaps and higher critical electric

field strengths than SiC, they suffer from reliability issues in MOS devices because wider

bandgaps lead to smaller band offsets against the gate oxide materials. Moreover, there

still remain challenges in doping control; p-type doping in Ga2O3 and n-type doping in

diamond have yet to be fully established. In addition, the low thermal conductivity of

Ga2O3 also limits its potential for high-power operations. In contrast, SiC is superior in

these aspects; matured technologies including wide-range doping control of p- and n-type

by either impurity doping during epitaxial growth or ion implantation, and availability of

large-diameter wafers (8 inch at the present stage) [36]. Furthermore, it also benefits from

its material properties such as a long carrier lifetime due to its indirect band structure,

sufficiently large band offsets, and a high thermal conductivity.

1.2.2 Applications in High-Temperature Electronics

The primary motivation for developing high-temperature electronics lies in their potential

applications for monitoring and controlling systems in extreme environments, such as deep-

well drilling for underground resources, turbine engines in airplanes, and space explorers,

where the surrounding temperatures are beyond 300◦C [8]. In general, it becomes more

difficult for semiconductor devices to operate reliably at higher temperatures. This is pri-

marily due to the significant rise in leakage currents through pn junctions – key components

of device structures and isolation between devices – which become unacceptably high under



1.2. Silicon Carbide (SiC) 9

such conditions, ultimately leading to device operation failure and isolation issues. Leakage

current through a pn junction consists of generation current and diffusion current, with

the latter being proportional to the square of the intrinsic carrier concentration (ni). The

intrinsic carrier concentration is determined by the temperature (T ) and the bandgap of

material (Eg) as described in the following equation [9]:

ni =
√
NCNV exp

(
− Eg

2kBT

)
, (1.1)

where NC and NV are the effective concentrations of states in the conduction and valence

bands, respectively, while kB is the Boltzmann constant. For the case of Si, ni becomes

comparable to the intentional doping concentration when the ambient temperature exceeds

approximately 200◦C due to its relatively small bandgap (Eg = 1.12 eV), which means the

limit of operational temperature of Si-based devices. Even with silicon-on-insulator (SOI)

substrates, which employ trench etching to achieve device isolation with minimizing the area

of pn junction, the maximum operation temperature is still limited to around 300◦C [37, 38].

In contrast, the wider bandgap of SiC (Eg = 3.26 eV) results in an extremely low ni compared

to Si: approximately 1010 cm−3 for Si and 10−9 cm−3 for SiC at 30◦C, 1016 cm−3 for Si and 106

cm−3 for SiC at 300◦C. This fundamental property enables SiC-based devices to operate at

much higher temperatures, making them highly promising for high-temperature electronics

applications that exceed the limitations of silicon. In addition, it should be supplemented

that the wide bandgap of SiC provides the potential to operate under hostile environments

including radiation exposure as well as high temperatures [39, 40].

1.2.3 Progress in the Decades

Over the past 40 years, extensive research covering from crystal growth to device fabrication

has been conducted to realize the immense potential of SiC into devices [36, 41–43]. In

1978, a critical challenge in SiC crystal growth – the lack of a stoichiometric SiC liquid

phase, making melt growth of SiC impossible [44] – was resolved by development of the

seeded sublimation method (modified Lely method) [45, 46]. This innovation paved the

way for research and development in SiC bulk crystal growth, ultimately leading to high-

quality and large-diameter SiC crystals [47, 48]. In 1987, the technique of step-controlled

epitaxy, which utilizes surface steps existing on the off-axis substrate, was proposed [49,

50]. This breakthrough enabled homoepitaxial growth of high-quality SiC while preventing

the inclusion of other polytypes, leading to an indication of SiC to be adopted for power

electronics [51]. Doping control of both n-type and p-type conductivity was successfully

achieved during both epitaxial growth [52, 53] and ion implantation [54, 55], providing

greater flexibility of device design. From a perspective of development of SiC devices, 1 kV-

class SiC SBD was demonstrated in 1994 [56], which triggered extensive research work on SiC

power diodes [57–59]. Significant improvements in device structure and fabrication processes

aimed at achieving high-voltage and high-current capabilities have led to a substantial
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reduction in switching losses compared with Si PiN diodes. Regarding SiC-based transistors,

SiC junction field effect transistors (JFETs), SiC BJTs, and SiC MOSFETs have been

proposed [60–62]. In particular, innovative improvements in the SiC MOS interface quality

[63–67] and fabrication process enabled development of relatively high-performance SiC

MOSFETs [68–72], and SiC MOSFETs have emerged as the most promising switching

devices, with their RON reduced to one-twentieth of that of Si devices at the current stage.

Thanks to the advancement outlined above, 8-inch SiC substrates and 600–3300 V-class

SiC SBDs and SiC MOSFETs have been commercialized, and they have been adopted

in inverters for electric vehicles and railcar systems [73–75]. In addition, rapid progress is

being made in the development of SiC bipolar devices such as PiN diodes, IGBTs, BJTs, and

GTO thyristors [76–79]. As for high-temperature applications, SiC-based devices operating

at high temperatures above 300◦C have been demonstrated from several groups; such as

SiC MOSFETs [80, 81], SiC BJTs [82, 83], and SiC JFETs [84, 85].

1.3 Key Issues — Unclarified Material Properties in

SiC

Despite extensive research and development driven by the superiorities of SiC that have

led to the commercialization of SiC devices, the understanding of the fundamental material

properties is still not sufficient, which blocks the full realization of the material’s potential of

SiC in the device application. Among these, the carrier transport properties in SiC remain

unclear while they are crucially significant for the optimal design and accurate simulation

of SiC devices.

1.3.1 Low-Field Mobility and High-Field Drift Velocity

Electrons and holes in semiconductor materials are accelerated by the electric field (E)

in the semiconductor as shown in Fig. 1.5(a), and subsequently scattered by impurities,

defects, and phonons, resulting in an averaged drift velocity (vd) by repeating acceleration

and scattering. As depicted in Fig. 1.5(b), the averaged drift velocity is known to be

proportional to the electric field under low-field and approaches a certain value at high-field

situations in general semiconductor materials due to the stronger interaction with optical

phonons [9, 86, 87]. Therefore, the important material properties that express the drift

velocity of carriers are the slope in the low-field region (low-field mobility) and the saturated

value in the high-field region (high-field saturated velocity). In the low-field region, the drift

velocity of electrons and holes (ve,drift and vh,drift) can be given by

ve,drift = −µeE, vh,drift = µhE, (1.2)
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where µe and µh are the low-field mobilities of electrons and holes, respectively. On the

other hand, under high electric field, they are expressed as follows;

ve,drift = −ve,sat, vh,drift = vh,sat, (1.3)

where ve,sat and vh,sat are the saturated drift velocities of electrons and holes. In this paper,

the absolute values of drift velocity will be used for the simple discussion to avoid confusing

accompanied by the difference in sign between electrons and holes. Note that the transport

properties of some materials deviate from the general case shown in Fig. 1.5(b) due to

peculiar phenomena attributed to their band structure, such as Gunn effect in GaAs [88].

The low-field mobility and high-field velocity of carriers are fundamental material prop-

erties that describe how easily carriers are transported within the materials, essentially, the

material’s ability of electrical conduction. Therefore, these properties are crucially impor-

tant to understanding the device’s performance under various conditions including static

operation, switching transients, short-circuit ruggedness, and avalanche breakdown. Spe-

cific operating modes are also illustrated in Fig. 1.5, which includes (c–f) the schematic

representations of power MOSFETs and IGBTs, on behalf of unipolar and bipolar devices,

under on-state and short-circuit conditions, and (g) the band diagram of a pn junction

when impact ionization occurs. During on-state operation, low electric field regions appear

in both unipolar and bipolar devices, and electrons in unipolar devices and electrons and

holes in bipolar devices are transported by low electric fields. Thus, the low-field mobility

directly determines RON of the devices. Besides, when there is an accidental short circuit of

load, a high voltage is applied directly to the device and carriers are accelerated in the high-

field region as shown in Fig. 1.5(e) and (f), which eventually causes irreversible breakdown

of devices due to significant Joule heating and high-voltage stress [89]. Hence, the high-field

drift velocity plays a critical role in determining the short-circuit withstand time, which is

a key parameter for device reliability. In addition, high-field carrier acceleration occurs in

other cases, such as during impact ionization leading to avalanche breakdown as depicted

in Fig. 1.5(g), reverse recovery in turned-off bipolar devices [31], or carrier transport in the

short-channel MOS devices [90]. In summary, the carrier transport properties, including

low-field mobility and high-field velocity, are essential for analyzing and optimizing device

performance through understanding the spatial distributions of carrier concentration, cur-

rent density, potential, temperature, i.e., what happens in the devices.

1.3.2 Anisotropy in Carrier Transport

Over the long history of SiC research, the transport properties of electrons and holes in SiC

have been extensively studied, since it became a significant research area of interest around

30 years ago when relatively high-quality SiC crystals were successfully obtained [91–95].

However, almost all of these studies overlook a critical point: the anisotropy of carrier trans-

port in SiC. The hexagonal crystal structure of SiC shown in Fig. 1.6(a) induces anisotropic
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physical properties such as the effective mass [96–98], dielectric constant [99, 100], im-

pact ionization coefficient [12, 101, 102], and thermal conductivity [103]. Similarly, carrier

transport properties in SiC are also anisotropic, with differences between that parallel and

perpendicular to the c-axis [93, 104–107]. Among these directions, the low-field mobility and

high-field velocity along the ⟨0001⟩ (c-axis) are the most important for power device appli-

cation. This importance stems from the fact that typical SiC power devices are exclusively

fabricated on SiC(0001) wafers using a vertical configuration. In such devices, the anode,

source, and emitter are placed on the top sides while the cathode, drain, and collector are

on the bottom sides as shown in Fig. 1.6(b–d), meaning carriers primarily flow along the

vertical direction, i.e., the parallel direction to the c-axis. However, previous reports mainly

focused on the low-field mobility perpendicular to the c-axis of electrons [29, 108–110] and

holes [111–114], and there exist only a few reports on the high-field velocity of carriers even

for any direction [14, 115, 116], leaving carrier transport along the c-axis and its anisotropy

largely underexplored. This incomplete status of research can be attributed to the following

factors: (a) Commercially available wafers are predominantly SiC(0001) wafers, which do

not include the c-axis in their in-plane directions, (b) Hall effect measurement, the standard

method for mobility determination, only provides the low-field mobility of the in-plane di-

rection of samples. These situations have limited insights into the carrier transport along

the c-axis, and in order to determine the carrier transport properties parallel to the c-axis

in SiC, the two approaches below can be considered:

1. Using SiC(0001) wafers: The mobility or drift velocity along the c-axis can be de-

termined as the vertical transport properties of the samples. However, while test

samples can be easily prepared due to the availability of SiC(0001) wafers, accurate

measurement and analysis methods for this direction are yet to be established.

2. Using SiC(1120) or (1100) wafers: The mobility or drift velocity along the c-axis can

be measured as the transport properties of the in-plane direction of samples using

standard methods like Hall effect or conductance measurements. This approach offers

the additional advantage that these wafers include both directions parallel and perpen-

dicular to the c-axis. By carefully orienting the measurement structures, the transport

properties in both directions can be accurately determined, and the anisotropy can

be experimentally obtained.

The second approach, utilizing SiC(1120) wafers, appears to be particularly promising for

understanding the anisotropic carrier transport in SiC, potentially providing valuable infor-

mation for optimizing SiC device performance.

1.4 Purpose and Outline of This Thesis

Based on the background discussed above, the objective of this study is to experimentally

determine the anisotropic transport properties of both electrons and holes in SiC over a wide
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electric field range using SiC(1120) wafers. In addition, the study aims to clarify the origin of

the anisotropic low-field mobility and high-field velocity by leveraging theoretical calculation

based on the conduction and valence band structure of SiC. The research is divided into

four parts according to the carrier type and electric field strength; low-field electron mobility

(Chapter 2), high-field electron velocity (Chapter 3), low-field hole mobility (Chapter 4),

and high-field hole velocity (Chapter 5).

In Chapter 2, the author investigates the low-field electron mobility along the c-axis

by conducting Hall effect measurements on n-type SiC(1120) epilayers over wide ranges

of donor concentration and temperature. The anisotropy of low-field electron mobility is

determined, and its origin is discussed focusing on the anisotropic electron effective mass.

For the quantitative discussion, theoretical calculation is performed, taking into account

the energy distribution of electrons and the conduction band structure of SiC. Moreover,

the author attempts to estimate the electron mobility along the c-axis by another approach

using SiC(0001) wafers and evaluates its accuracy and validity.

In Chapter 3, the high-field electron velocity is determined by conductance measure-

ments on n-type SiC(1120) epilayers with various electric field strengths up to 200 kV/cm.

The study begins with the selection of measurement method suitable for the drift velocity

determination in SiC, followed by the design consideration of a bridge structure and a high-

voltage short-pulse source for the high-field measurement. The saturated drift velocities are

accurately determined by carefully accounting for the effect of transient current from para-

sitic capacitors and self-heating of structures. Furthermore, the electric field dependence of

anisotropy in electron drift velocity is also discussed, with a focus on changes in the energy

distribution of electrons under high electric fields.

In Chapter 4, the low-field hole mobility is investigated through Hall effect measurements

on p-type SiC(1120) epilayers with widely varied acceptor concentrations and temperatures.

The temperature and doping concentration dependences of hole mobility are discussed by

comparing them with those of electron mobility. Theoretical analyses are performed to

discuss the origin of anisotropy, considering the energy distribution of holes and the valence

band structure of SiC over the whole first Brillouin zone. The contribution of the anisotropy

in hole effective mass to the observed anisotropy in hole mobility is discussed based on the

theoretical calculation.

In Chapter 5, the author focuses on the high-field hole velocity, which is determined via

conductance measurements using p-type SiC(1120) epilayers over a wide range of electric

field with a maximum value of 200 kV/cm. The difference in the electric field dependence

of drift velocities between electrons and holes is discussed based on the different mobilities

and effective masses. Furthermore, the electric field dependence of anisotropy in hole drift

velocity is also discussed, with particular attention to changes in the energy distribution of

holes by high electric fields.

Finally, the author summarizes this dissertation and presents an outlook for future

research in Chapter 6.
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defelt, O. Kordina, E. Sörman, A. O. Konstantinov, B. Monemar, and E. Janzén,

Phys. Rev. B 53, 15409 (1996).

[98] N. T. Son, C. Persson, U. Lindefelt, W. M. Chen, B. K. Meyer, D. M. Hofmann, and

E. Janzén, Cyclotron resonance studies of effective masses and band structure in SiC,

Silicon Carbide – Recent Major Advances (eds. W. J. Choyke, H. Matsunami, and

G. Pensl), (Springer, 2004), p. 437.

[99] L. Patrick and W. J. Choyke, Phys. Rev. 2, 2255 (1970).

[100] S. Ninomiya and S. Adachi, Jpn. J. Appl. Phys. 33, 2479 (1994).

[101] A. O. Konstantinov, Q. Wahab, N. Nordell, and U. Lindefelt, Appl. Phys. Lett. 71,

90 (1997).

[102] T. Hatakeyama, T. Watanabe, T. Shinohe, K. Kojima, K. Arai, and N. Sano, Appl.

Phys. Lett. 85, 1380 (2004).

[103] X. Qian, P. Jiang, and R. Yang, Mater. Today Phys. 3, 70 (2017).

[104] T. Hatakeyama, T. Watanabe, M. Kushibe, K. Kojima, S. Imai, T. Suzuki, T. Shinohe,

T. Tanaka, and K. Arai, Mater. Sci. Forum 433–436, 443 (2003).

[105] M. Schadt, G. Pensl, R. P. Devaty, W. J. Choyke, R. Stein, and D. Stephani, Appl.

Phys. Lett. 65, 3120 (1994).

[106] H. Iwata, K. M. Itoh, and G. Pensl, J. Appl. Phys. 88, 1956 (2000).



22 Chapter 1. Introduction

[107] G. Bosch, J. Phys. Chem. Solids 27, 795 (1966).

[108] H. Iwata and K. M. Itoh, J. Appl. Phys. 89, 6228 (2001).

[109] S. Kagamihara, H. Matsuura, T. Hatakeyama, T. Watanabe, M. Kushibe, T. Shinohe,

and K. Arai, J. Appl. Phys. 96, 5601 (2004).

[110] H. Harima, S. Nakashima, and T. Uemura, J. Appl. Phys. 78, 1996 (1995).

[111] A. Koizumi, J. Suda, and T. Kimoto, J. Appl. Phys. 106, 013716 (2009).

[112] H. Tanaka, S. Asada, T. Kimoto, and J. Suda, J. Appl. Phys. 123, 245704 (2018).

[113] J. Pernot, S. Contreras, and J. Camassel, J. Appl. Phys. 98, 023706 (2005).

[114] A. Parisini and R. Nipoti, J. Appl. Phys. 114, 243703 (2013).

[115] V. I. Sankin and A. A. Lepneva, Semiconductors 33, 547 (1999).

[116] W. v. Muench and E. Pettenpaul, J. Appl. Phys. 48, 4823 (1977).



23

Chapter 2

Low-Field Electron Mobility

2.1 Introduction

The low-field electron mobility along the c-axis is the most important to determine the on-

resistance of SiC(0001) vertical power devices. However, previous research has been focused

on that perpendicular to the c-axis [1–4], and that parallel to the c-axis has been reported at

limited conditions with relatively higher donor concentration [5–9] as explained in Chapter

1, and consequently leading to poor understanding of its anisotropy. In this chapter, the

electron mobility along the c-axis was determined by two approaches. First, the author

attempted to estimate the electron mobility along the c-axis by analyzing the electrical

characteristics of SiC(0001) vertical Schottky diodes (SBDs). As the second approach, Hall

effect measurements on SiC(1120) samples were performed and the anisotropy in electron

mobility was discussed based on theoretical calculation focusing on the anisotropy in electron

effective mass.

2.2 Estimation of Electron Mobility by Using

Schottky Barrier Diodes

Determining the vertical mobility (i.e., the mobility along the c-axis in SiC(0001) wafers)

is not easy in general because it cannot be measured using the Hall effect measurement in

principle, which is the most widely employed method for mobility characterization. This

limitation arises from the fundamental mismatch between the current flow direction in Hall

effect measurements (in-plane direction) and that in power device operation (vertical di-

rection). One possible approach is to utilize SiC(1120) or (1100) wafers, which include the

c-axis within their in-plane orientation, as the samples for Hall effect measurement. How-

ever, such special wafers are not readily available in the market for certain semiconductor

materials including SiC due to challenges in crystal growth (while Hall effect measurements

using SiC(1120) wafers were also done in this study as explained in Section 2.3). An al-
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ternative method for accurately determining the vertical mobility offers several advantages:

the wafers with a special crystal face are not necessary and the complexity associated with

the Hall scattering factor is avoided. On the other hand, while some papers have reported

the vertical mobility obtained by using vertical Schottky barrier diodes (SBDs) [10–13],

there are still issues in the analysis, such as neglecting current spreading and ignoring the

contribution of series resistance components. Based on the above, the authors sought to

improve this method to determine the vertical mobility with the analyses using SiC(0001)

vertical SBDs with various device parameters and discussed the accuracy and validity, as

the first step to investigate the carrier transport properties parallel to the c-axis.

2.2.1 Approach of Electron Mobility Estimation

Electron mobility in an n-type semiconductor is given using the electron concentration (n),

the resistivity (ρ), and the elementary charge (e) by

µ =
1

enρ
. (2.1)

Therefore, the electron mobility can be obtained by experimentally measuring the electron

concentration and resistivity. In this section, both the electron concentration and the resis-

tivity were determined from the electrical characteristics of SiC(0001) SBDs schematically

illustrated in Fig. 2.1(a), and then the electron mobility parallel to the c-axis was estimated.

For improving the accuracy of analysis, the thicknesses of epilayer and substrate were varied

in wide ranges, as summarized in Table 2.1. The detailed procedure and experiments are

explained in the following section.

2.2.1.1 Estimation Method of Electron Concentration

Accurate determination of the electron concentration in an n-type semiconductor is difficult

in general without using Hall effect measurements. While it can be estimated from the donor

concentration (ND) and temperature (T ), the analysis is complicated because the ionization

ratio depends on these parameters. However, in the case when the donor concentration is

low enough, the donors are almost completely ionized, which means one can determine the

electron concentration from the net donor concentration. Figure 2.2(a) shows the ioniziation

ratio of N donors in n-type SiC at room temperature. The result was calculated by solving

the following charge neutrality equation considering hexagonal and cubic sites [14].

n+NA =
ND/2

1 + gD exp(
−(EC−EF)+∆ED,h

kBT
)
+

ND/2

1 + gD exp(
−(EC−EF)+∆ED,k

kBT
)
,

∆ED,i = ∆ED,i,0 − αD(ND)
1/3 (i = h, k), (2.2)

∆ED,h,0 = 61 meV, ∆ED,k,0 = 126 meV, gD = 2, αD = 3× 10−8 eVcm.
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Repi

Rsub

Rconst
(a)

dsub

depi n sub.

current

current
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Figure 2.1: (a) Schematic illustration of the vertical Ni/n-type SiC(0001) SBD fabricated

in the present study to determine the electron mobility in the n-type epilayer along the ver-

tical direction, i.e., parallel to the c-axis, based on I–V and C–V measurements with various

device parameters. Series resistance components of the SBD are also depicted, where Repi

and Rsub are the resistances of the n-type epilayer and substrate, and Rconst is the total re-

sistance of ohmic contact, probing, and the measurement system. (b) Schematic illustration

of the current flow in a vertical SBD without and with consideration of current spreading

in the epilayer, accompanied by the corresponding equations for Repi. (Reproduced from R.

Ishikawa et. al., Solid State Phenomena 360, 205 (2024).)

Table 2.1: Polishing amounts of the front and back sides, and remaining thicknesses of the

epilayer and substrate for each sample. The thicknesses were varied using CMP techniques

to enable a more precise analysis of the mobility.

Sample No.
Polishing Amount [µm] Thickness after Polishing [µm]

Front side (Epilayer) Back side (Substrate) Epilayer Substrate

S-1 0 0 45 370

S-2 10 0 35 370

S-3 23 0 22 370

S-4 30 0 15 370

S-5 40 0 5 370

S-6 30 70 15 300

S-7 30 150 15 220
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ND NA

Distance
from surface

n-type epi.

n-type sub.

Schottky 
contact
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@RT

(a)

(c)

ND=1×1014 cm-3
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1×1016 cm-3
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Figure 2.2: (a) Ionization ratio of nitrogen donors in SiC as a function of the donor

concentration (ND). (b) Depletion layer width versus the reverse voltage applied to Ni/n-

type SiC SBDs with various ND. (c) Schematic diagram of the present concept to determine

the depth profile of the net donor concentration over a 45-µm-thick epilayer by combining

polishing and C–V measurements.



2.2. Estimation of Electron Mobility by Using Schottky Barrier Diodes 27

Here, NA represents the compensating acceptor concentration, EC denotes the conduction

band minimum, EF is the Fermi level, kB is the Boltzmann constant, ∆ED,h and ∆ED,k

are the ionization energies of N donors at the hexagonal and cubic sites, respectively. Fig-

ure 2.2(a) suggests that the ionization ratio increases with decreasing the donor concentra-

tion, with donors being nearly fully ionized for ND ≤ 2× 1015 cm−3, that is, the electron

concentration is almost identical to the net donor concentration (n ≃ ND−NA). Then, the

author adopted a lightly doped n-type epitaxial layer (ND ∼ 1× 1015 cm−3) as the subject

of this study, in which case one can determine n from the net donor concentration.

The net donor concentration can be determined from a capacitance–voltage (C–V ) mea-

surement of SBD since the net donor concentration at the depletion layer edge of the Schot-

tky junction can be expressed as follows [15],

ND −NA |x=w = 2

[
qεsA

2d(1/C
2)

dV

]−1

, w =
εsA

C
, (2.3)

where x is the distance from the Schottky contact, w is the depletion layer width, εs is the

dielectric constant of semiconductor (10.32ε0 in SiC along the c-axis), and A is the area

of the Schottky contact. The depth profile of net donor concentration can be obtained

from the analysis based on C–V measurements and Eq. (2.3). Here, the depth range of the

analysis above is limited to the region near the Shottky contact, while the present approach

using Eq. (2.1) is based on the premise that the electron concentration is uniform over

the measurement region. Figure 2.2(b) shows the depletion layer width versus the reverse

voltage applied on Ni/n-type SiC SBDs. The depletion layer width becomes larger for lower

ND, and it is about 10 µm even when ND = 1× 1014 cm−3 and the applied voltage is 30 V.

This result suggests that one can obtain the net donor concentration only near the surface

of sample (∼ 10 µm) by a single C–V measurement, and this is not enough compared with

the epitaxial layer thickness of the prepared sample in our study (depi ∼ 45 µm). Then,

the author varied the thickness of epilayer by polishing samples and determined the net

donor concentration over a wide depth range by performing C–V measurements on SBDs

fabricated each sample with different depi. The schematic of the present concept is shown in

Fig. 2.2(c). It is worth noting that designing depi to be small (< 10 µm) is preferable in the

perspective to confirm a uniform profile of electron concentration in the epilayer though,

depi should be thick enough for the following analysis to ensure that the resistance of the

epilayer is greater than that of other components.

2.2.1.2 Estimation Method of Resistivity

The resistivity of epilayer (ρ) can be estimated from the series resistance (R) of the vertical

SiC SBDs. The simplest method to derive ρ from the total series resistance is to use the

equation below:

R = ρ
depi
πr2

, (2.4)
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where it is assumed that R is equal to the resistance of the cylindrical region of the epilayer

with radius r and height depi. However, there are two issues with the analysis based on

Eq. (2.4). The first one is that R should be the total of the epilayer resistance (Repi),

the substrate resistance (Rsub), and the other resistance components including probing and

measurement system (Rconst), as illustrated in Fig. 2.1(a). These components must be

carefully separated for an accurate analysis because it leads to an overestimation of ρ. The

second issue is that Eq. (2.4) assumes the current flows solely along the vertical direction

without spreading, whereas, in reality, the current spreads out in the epilayer as illustrated

in Fig. 2.1(b). Taking into account both the components of the series resistance and the

current spreading, R is expressed by the following equation [15–17].

R(r, depi, dsub) = Repi(r, depi) + Rsub(r, dsub) + Rconst (2.5)

= ρ
arctan (2depi/r)

2πr
+Rsub(r, dsub) + Rconst.

Here, Rsub was assumed to be independent on the epilayer thickness and to have a linear

relationship with dsub (Rsub ∝ dsub) for a simple analysis. The resistivity was estimated

using the following procedure based on Eq. (2.5). After extracting the substrate resistance

from SBDs with varying dsub, a fitting was performed on the total series resistance of SBDs

with different r and depi, where ρ and Rconst were obtained as fitting parameters. It should be

noted that this analysis assumes that the current flows uniformly at the Schottky interfaces

as discussed in the follow section.

2.2.2 Sample Preparation and Measurements

A SiC(0001) substrate with an n-type epilayer (ND = 1× 1015 cm−3) was prepared, and the

thicknesses of epilayer and substrate were varied by chemical-mechanical polishing (CMP),

as summarized in Table 2.1. After forming an ohmic contact on the bottom side of samples

with Ni (100 nm) followed by annealing (950◦C, 2 min, vacuum), Au (150 nm)/Al (310

nm)/Ni (130 nm)/SiC SBDs were fabricated on the top side of these samples, as illustrated

in Fig. 2.1(a). Electrode pattering was performed with a lithography and a lift-off process

and the radius of Schottky contact was varied in 100–300 µm. Both Al and Au metals

were deposited to ensure current uniformity at the Ni/SiC Schottky interface, to make the

electrodes thick enough and to protect them from natural oxidation, respectively. Using

the SBDs with various device parameters (r, depi, and dsub) prepared by this procedure, the

authors performed current–voltage (I–V ) and C–V measurements for each device.

2.2.3 Results and Analyses

2.2.3.1 Estimated Result of Electron Concentration

The net donor concentration was determined from C–V measurements on each device with

different depi, and as an example, the obtained result for sample S-1 (depi = 45 µm) is
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shown in Fig. 2.3(a). Figure 2.3(b) represents the summarized depth profile obtained from

various devices, where the net donor concentration was found to remain uniform along the

depth direction throughout the entire epilayer. By averaging these results, the electron

concentration was determined to be n ≃ ND −NA ≃ 9.7× 1014 cm−3.

2.2.3.2 Estimated Result of Resistivity

Forward I–V characteristics for SBDs fabricated on sample S-1 with different r values are

plotted in Fig. 2.4. The current decreases as r becomes smaller, indicating larger series

resistances of SBDs. Linear extrapolation was performed in the current range of 30–80 mA

for each plot and the series resistances were extracted from the slopes, as shown by solid lines

in Fig. 2.4. The same analyses were conducted on four SBDs with each device parameters,

and the results are discussed as follow. Figure 2.5(a) shows the series resistance of SBDs

(depi = 15 µm and r = 300 µm) as a function of dsub. The substrate resistance of samples

without polishing the substrate side (dsub = 370 µm) was extracted by linear extrapolation,

as shown in Fig. 2.5(a), and the results are summarized in Fig. 2.5(b) as a function of r.

Smaller Rsub for larger r is reasonable because the area where the current flows becomes

larger in the substrates. The obtained Rsub was subtracted from the total series resistance,

and the results are plotted by symbols in Fig. 2.6. Next, a fitting based on Eq. (2.5) was

performed, resulting in the fitting parameters to be ρ ≃ 6.1 Ωcm and Rconst ≃ 8.4 Ω. The

fitting results for R − Rsub vs. r relationship are depicted by the dashed lines in Fig. 2.6,

which reproduce the experimental results well.

It should be supplemented that for an accurate analysis, the current uniformity in the

Schottky contact should be carefully considered because r is an important parameter for the

resistivity analysis. In cases with thinner metal electrode compared to r as in the present

case, the current may not spread sufficiently within the metal and instead concentrate

beneath the probe point. This could make the effective area of current smaller than the

actual contact area, leading to an inaccurate analysis. Then, I–V characteristics under two

different conditions were compared: (i) with one and (ii) two probe needles placed on the

Schottky electrode, as shown in Fig. 2.7. The obtained results showed almost no dependence

on the number of needles, ensuring that the current at the interface is uniform even with

one needle, and setup with a needle was adopted for the present analysis.

2.2.4 Discussion

The validity of the analysis method of the resistivity used in the present study is discussed in

the former part of this section. Figure 2.8 shows the comparison of the resistivity determined

by three different methods: (a) ignoring both the substrate resistance Rsub and current

spreading, (b) considering Rsub and ignoring current spreading, (c) considering both Rsub

and current spreading (the present method). As can be seen, the result of (c) is more

independent of r and depi, which means the method (c) is more valid compared with others
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ND−NA=9.2×1014 cm-3

Sample S-1 
(w/o polishing)

ND−NA=9.7×1014 cm-3

(a) (b)

Figure 2.3: (a) Depth profile of the net donor concentration ND − NA determined by

a C–V measurement on a Ni/SiC SBD (depi = 45 µm, r = 300 µm). (b) Depth profile of

ND−NA from the epilayer surface obtained from the SBDs with different depi. (Reproduced

from R. Ishikawa et. al., Solid State Phenomena 360, 205 (2024).)

Sample S-1 (depi = 45 μm)

smaller r

R ~ 25 Ω
(r = 250 μm)

R ~ 105 Ω
(r = 100 μm)

R ~ 53 Ω
(r = 150 μm)

Figure 2.4: Forward I–V characteristics of Ni/n-type SiC SBDs (depi = 45 µm) with

various radii of Schottky contact (r). Different colors represent the results with different r.

The total series resistance (R) was determined from the slope of each result. (Reproduced

from R. Ishikawa et. al., Solid State Phenomena 360, 205 (2024).)
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depi = 15 μm, r = 300 μm

Rsub ~ 6.7 Ω

(a) (b)

dsub = 370 μm

Figure 2.5: (a) Series resistance of SBDs (R) as a function of substrate thickness (dsub)

for an epilayer thickness depi = 15 µm and a Schottky radius r = 300 µm. The substrate

resistance (Rsub) was extracted based on a linear approximation. (b) Obtained Rsub as a

function of r (dsub = 370 µm). (Reproduced from R. Ishikawa et. al., Solid State Phenomena

360, 205 (2024).)

exp. (depi = 45 μm)
exp. (depi = 35 μm)
exp. (depi = 21 μm)
exp. (depi = 15 μm)
fit. (depi = 45 μm)
fit. (depi = 35 μm)
fit. (depi = 21 μm)
fit. (depi = 15 μm)

R−Rsub= ρ                       + Rconst
arctan(2depi /r)

2πr

dsub = 370 μm

Figure 2.6: R−Rsub versus Schottky contact radius (r) obtained from SBDs with various

epilayer thicknesses (depi). Dashed lines in the figure show the fitting results based on

Eq. (2.5), where the fitting parameters were obtained as ρ ≃ 6.1 Ωcm and Rconst ≃ 8.4 Ω.

(Reproduced from R. Ishikawa et. al., Solid State Phenomena 360, 205 (2024).)
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r = 300 μm

r = 250 μm 2 probes

1 probe

Schottky contact

probe

Figure 2.7: Comparison of I–V characteristics of SiC SBD in cases where one and two

probe needles are placed on the Schottky contact. The number of probe needles makes little

difference in the measurement results.

ρave = 6.1 Ωcm

(a) (b) (c)

depi = 45 μm

depi = 35 μm

depi = 21 μm

depi = 15 μm

Figure 2.8: Resistivity (ρ) of the n-type epilayer versus the electrode radius (r) obtained

by three different analyses, (a) ignoring both the substrate resistance Rsub and current

spreading, (b) considering Rsub and ignoring current spreading, (c) considering both Rsub

and current spreading. (Reproduced from R. Ishikawa et. al., Solid State Phenomena 360,

205 (2024).)
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because the resistivity should be independent of these parameters. The tendency that the

variation of the resistivity increases for larger r and smaller depi can be explained by that

Repi is smaller and more easily affected by the resistance of other components.

Finally, µ// was determined from the obtained n and ρ to be µ// ∼ 1070 cm2/Vs with

an accuracy of ± 290 cm2/Vs. Although µ// obtained in this study still exhibits a large

uncertainty, the average value is slightly higher than the Hall mobility perpendicular to the

c-axis in lightly-doped samples (1020 cm2/Vs) reported previously [14]. Taking into account

that the Hall mobility is influenced by the Hall scattering factor (> 1), and by which the

Hall mobility is slightly overestimated in comparison with the drift mobility, it is suggested

that µ// is higher than µ⊥ and this anisotropy is consistent with the result of a previous

study [5]. The validity of the absolute value of obtained µ// will be discussed after showing

the result of Hall effect measurements in Section 2.3.

2.3 Electron Mobility Determined by Hall Effect

Measurement

Determining the mobility along the c-axis using SiC(0001) wafers remains challenging, even

with improvements in measurement techniques and analysis as discussed in the previous

section. As an alternative approach, the author performed Hall effect measurements on

SiC(1120) samples, which can potentially provide a systematic database of electron mo-

bility across various doping concentrations and temperatures. Additionally, this approach

allows to determine the anisotropy in electron mobility, i.e., the difference in the electron

mobilities parallel and perpendicular to the c-axis with the same condition including the

doping concentration and temperature. However, while there have been some reports on

the electron mobility parallel to the c-axis by similar approaches [5–7], the donor concentra-

tion and temperature dependences have not been thoroughly investigated, leading to poor

understanding of electron transport properties in SiC including their anisotropy. Therefore,

the objective of this section is to characterize the electron mobilities along both directions

parallel and perpendicular to the c-axis.

2.3.1 Determination Method of Anisotropic Mobility

Determination method of anisotropic mobility in SiC using SiC(1120) samples is described

in this section. The explanation begins with the principle of Hall effect measurements and

continues with the concept to investigate the mobility anisotropy.

2.3.1.1 Principle of Hall Effect Measurements

In Hall effect measurements, carrier concentration and resistivity can be obtained by com-

bining the electrical characterization with the application of a magnetic field, which leads
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to the determination of carrier mobility [15]. Figure 2.9 shows the schematic setup of Hall

effect measurement (for an n-type semiconductor), where the sample has a width (w) and

thickness (t). When current flows along the y-direction and a magnetic field (B) is applied

along the x-direction, the traveling electrons experience a Lorentz force, which deflects them

along the z-direction, generating the Hall voltage VH along the z-direction. The electron

concentration (n) can be determined from VH, as they are related to each other by the

following questions:

VH =
γHBI

ent
∴ n =

γHBI

eVHt
, (2.6)

where γH is the Hall scattering factor and I is the current. Additionally, the voltage drop

Vρ of the region with a length L, measured without applying the magnetic field, gives the

resistivity (ρ) as follows:

Vρ = ρI
L

Wt
∴ ρ =

VρWt

IL
. (2.7)

The mobility (µ) can be determined using n and ρ obtained in the above equations,

µ =
1

enρ
=

LVH

γHBWVρ

. (2.8)

Typically, the Hall scattering factor is assumed to be unity in Hall effect measurements

although it can be different from unity depending on the carrier scattering mechanism. In

this dissertation, the mobility obtained based on the assumption (γH = 1) is referred to as

“Hall electron mobility” (µH) to distinguish it from the “drift electron mobility” (µ), which

represents the true mobility of electrons. Similarly, the term “Hall electron concentration”

(nH), assuming γH = 1, is used to differentiate it from the actual “electron concentration”

(n). The relationships between µH and µ, and nH and n are given by:

µH = γHµ, nH = n/γH. (2.9)

2.3.1.2 Van der Pauw structure and Hall Bar Structure

The van der Pauw structure shown in Fig. 2.10(a) is often employed to obtain the mobility

or carrier concentration in Hall effect measurements. However, the measurements with this

structure only provide an average mobility of the in-plane direction because the current flows

in multiple directions (along both the 1–2 and 1–4 directions). This characteristic makes the

van der Pauw structure unsuitable for analyzing anisotropic in-plane mobilities, as is the case

with SiC(1120) samples, where the mobility varies depending on the direction. In contrast,

a Hall bar structure illustrated in Fig. 2.10(b) allows for the measurement of mobility along

a specific direction because the current is constrained to flow in only one direction (along

the 5-6 direction in the figure). In this setup, VH is measured across electrodes 1 and 2, or 3

and 4, while Vρ is measured by electrodes 1 and 4, or 2 and 3. For the reason above, Hall bar

structures were adopted for the present study, which enables the investigation of anisotropic

mobilily by carefully designing structures to control the current’s direction and extract the

mobility along desired axes. This approach is particularly important for materials like SiC,

where the mobility anisotropy must be accurately characterized.
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Magnetic field BVρ
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Figure 2.9: Schematic diagram of the principle of Hall effect measurement. One can obtain

the resistivity from the voltage drop Vρ and the carrier concentration from the Hall voltage

VH, and can determine the mobility from these measurements.
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current
direction

1

2
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1

2

4

3
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Figure 2.10: Two common structures for Hall effect measurement: (a) van der Pauw

structure and (b) Hall bar structure. The latter structure is appropriate when the mobility

is anisotropic because it enables the determination of mobility along a particular direction

by restricting the current flow in one direction.
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2.3.2 Design and Fabrication of Hall Bar Structures

2.3.2.1 Design of Hall Bar Structure

The author designed the Hall bar structure with specific considerations to ensure accurate

mobility measurements. The schematic of the designed Hall bar structure is depicted in

Fig. 2.11, which includes the following key definition of dimensions: the length and width

of the main bar region where VH and Vρ are measured (L1 and W ), a length between the

electrode 5 or 6 to the main bar region (L2), and a width of the connection part between

the electrode 1–4 and the bar region (L3). First, L2 should be larger than W (L2 > W )

to ensure that electrons flowing from the electrode 5 or 6 are sufficiently deflected before

reaching the connection parts near the electrodes 1–4, allowing accurate measurements of

VH. Second, L3 should be designed to be as small as possible because small L3 prevents two-

dimensional (not straight) current flow near the connection part with the electrodes 1–4,

which could otherwise lead to inaccuracies in VH and Vρ. Finally, the resistance between the

electrodes 1–4 and the bar region should be minimized to facilitate precise measurements

of electric potential and to make contact check easier. Based on these considerations,

the structure parameters were chosen as follows: L1 = 200 µm, L2 = 180 µm, L3 =

20 µm, and W = 80 µm as shown in Fig. 2.11(a), and the connection regions with the

terminals 1–4 to the bridge were designed to 200 µm-wide and heavily-doped regions were

formed by phosphorus (P) ion implantation, as illustrated in Fig. 2.11(b), to further improve

measurement accuracy.

2.3.2.2 Fabrication Process of Hall Bar Structure

Hall bar structures were fabricated on SiC(1120) n-type epitaxial layers, which were electri-

cally isolated from the n-type substrates by intermediate p-type epitaxial layers as shown in

Fig. 2.12(a) and (b). These epitaxial layers were prepared by the chemical vapor deposition

(CVD) process with nitrogen (N) and aluminum (Al) atoms introduced to achieve n- and

p-type doping during the growth. Two types of Hall bar structures were arranged side by

side on the same sample, one was oriented along the [0001] direction to measure the Hall

electron mobility parallel to the c-axis (µH,//), and the other was oriented along the [1100]

direction for that perpendicular to the c-axis (µH,⊥). These Hall bar structures were fabri-

cated on nine kinds of samples with different donor concentrations of the n-type epilayers

from 5× 1014 cm−3 to 4× 1018 cm−3. In addition, lateral SBDs were also fabricated on the

same samples to determine the net donor concentration. The detailed fabrication process

is explained using Fig. 2.13 and Fig. 2.14 as follows:

1. Epitaxial Growth

(a) Continuous growth of n-/p-type layers on SiC(1120) substrate by the CVD pro-

cess.

2. Ion Implantation
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�

ion implantation

L1=200 μm

41

32

65

L2=180 μm W=80 μm

L3=20 μm

(a) (b)

L3=20 μm

L3=20 μm

200 μm

Figure 2.11: (a) Schematic illustration and main dimensions of the designed Hall bar

structure for measuring electron mobilities, and (b) detailed structure of the connection

part of electrodes 1–4 and bar region.

p-type epitaxial layer
n-type 4H-SiC(11 0) substrate

n-type epitaxial layer

p-type epitaxial layer
n-type 4H-SiC(11 0) substrate

𝑒−

𝑒−

n-type 
epitaxial layer
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For µ// For 

(a)

(b)

[0001] direction
( c-axis)

[1 00] direction
( c-axis)

1 mm

Hall bar

SBD

(c)

Figure 2.12: (a) n-type epitaxial layer grown on an n-type SiC(1120) substrate with an

intermediate p-type epitaxial layer. (b) Hall bar structures along the [0001] and [1100]

directions for measuring the Hall electron mobility along the c-axis (µH,//) and that per-

pendicular to the c-axis (µH,⊥) fabricated on the sample. (© IOP Publishing. Reproduced

with permission from R. Ishikawa et. al., Appl. Phys. Express 14, 061005 (2021). All rights

reserved.) (c) Optical microscope image of fabricated structures including a Hall bar struc-

ture for measuring electron mobility and lateral Schottky barrier diodes (top view).
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Figure 2.13: Fabrication process flow of Hall bar structure for measuring electron mobility

and lateral Schottky barrier diode for C–V measurement (1/2).
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Figure 2.14: Fabrication process flow of Hall bar structure for measuring electron mobility

and lateral Schottky barrier diode for C–V measurement (2/2).
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(a) Deposition of SiO2 (∼ 2.4 µm) by plasma-enhanced chemical vapor deposition

(PECVD) with TEOS/O2 flow.

(b) Formation of a resist pattern by photolithography.

(c) Dry etching of SiO2 using a resist mask by capacitive-coupled plasma reactive

ion etching (CCP-RIE) with CF4/H2 flow, and resist removal using a piranha

solution.

(d) Formation of the n+ region by P ion implantation (concentration: 1 × 1020 cm−3,

thickness: 300 nm), followed by the removal of residual SiO2 with a HF solution.

(e) Activation annealing with a carbon cap (1750◦C, 20 min, under Ar flow) [18].

3. Mesa Isolation

(a) Deposition of SiO2 (∼ 3.0 µm) by PECVD with TEOS/O2 flow.

(b) Formation of a resist pattern by photolithography.

(c) Dry etching of SiO2 using a resist mask by CCP-RIE with CF4/H2 flow, followed

by resist removal using a piranha solution.

(d) Dry etching of SiC with SiO2 as a mask by inductively-coupled plasma reac-

tive ion etching (ICP-RIE) with SF6/O2/Ar flow under the following condition:

[SF6/O2/Ar: 10/20/100 sccm, ICP/Bias power: 500/100 W, pressure: 2 Pa, etch-

ing rate: 0.7 µm], and the removal of remaining SiO2 with a HF solution.

(e) Thermal oxidation (1150◦C, 40 min) and removal of generated SiO2 film (∼ 60

nm) with a HF solution to eliminate etching damage, followed by another thermal

oxidation (1150◦C, 10 min) to form a SiO2 passivation film (∼ 30 nm).

4. Ohmic Metal Formation

(a) Formation of a resist pattern by photolithography, followed by localized removal

of the SiO2 passivation film using buffered HF (BHF) with a resist mask.

(b) Ni electrode deposition (∼150 nm) and lift-off process.

(c) Contact annealing (950◦C, 2 min, vacuum).

5. Schottky Metal Formation

(a) Formation of a resist pattern by photolithography, followed by localized removal

of the SiO2 passivation film using BHF with a resist mask.

(b) Ni electrode deposition (∼150 nm) and lift-off process.

An optical microscope image of the fabricated Hall bar structure and lateral SBD is shown

in Fig. 2.12(c).

Hall effect measurements were performed on these fabricated structures with a mag-

netic field strength of 0.5 T in the temperature range from 140 K to 600 K, and the Hall

electron concentration, resistivity, and Hall electron mobility were determined for both di-

rections parallel and perpendicular to the c-axis. The current values for the measurements

were chosen properly for each donor concentration and temperature so that the measure-

ment voltages are not affected by the noise of measurement system and self-heating, where



2.3. Electron Mobility Determined by Hall Effect Measurement 41

typical values are 10 µA for ND = 5× 1014 cm−3 and 6 mA for ND = 4× 1018 cm−3 at

room temperature. In addition, the net donor concentration was determined from C–V

measurements on the lateral SBDs.

2.3.3 Electron Mobility versus Donor Concentration and

Temperature

2.3.3.1 Donor Concentration Dependence of Electron Mobility

Figure 2.15(a) shows the donor concentration dependences of the Hall electron mobilities

parallel and perpendicular to the c-axis (µH,// and µH,⊥) obtained at room temperature.

Notably, the present study determined µH,// over a wide donor concentration range, from

5× 1014 cm−3 to 4× 1018 cm−3, whereas previous reports provide values of µH,// for only

two, relatively high donor concentrations of 1 × 1017 cm−3 and 6× 1018 cm−3 [5, 8]. A

significant finding is a high µH,// of 1210 cm2/Vs was obtained for ND of 2× 1015 cm−3 at

300 K, and this value represents the highest electron mobility ever measured for SiC at room

temperature, even when considering other polytypes like 3C- and 6H-SiC [1–5, 11, 19–27].

Additionally, µH,// was 1.1–1.2 times higher than µH,⊥ at room temperature, which has

a positive impact on power device applications since the current flows along the c-axis in

typical SiC power devices fabricated on SiC(0001) wafers. Note that µH,⊥ determined in

this study is almost the same as that reported using SiC(0001) samples previously [14],

suggesting that the present measurements are reasonable and the defect concentration in

the SiC(1120) epilayers is sufficiently low to avoid defects impacting the mobility. The

results that µH,// and µH,⊥ increase with decreasing ND and approach certain values can

be explained by the underlying carrier scattering mechanism. At lower ND, the effect of

impurity scattering diminishes and that of phonon scattering becomes dominant, resulting

in a constant value of mobility. Conversely, at higher ND, impurity scattering becomes more

pronounced, which lowers the mobility.

Here, it should be noted that the donor concentration was determined by combining the

net donor concentration obtained from C-V measurements on lateral SBDs and the atom

concentrations of donor- and acceptor-type impurities obtained from secondary ion mass

spectrometry (SIMS) analysis. The results of these measurements and analyses are depicted

in Fig. 2.16(a) and (b), and the obtained results are summarized in Table 2.2, where the net

donor concentrations show good agreement with the N atom concentration. The acceptor-

type impurities concentrations were assumed to be 2 × 1014 cm−3 for the samples with ND ≥
5× 1015 cm−3 and 5× 1013 cm−3 with ND ≤ 2× 1015 cm−3, and the donor concentration was

calculated by adding the acceptor-type impurities concentrations ([Al]+[B]) to the net donor

concentration, i.e., ND ≃ (ND −NA) + [Al] + [B].

The donor concentration dependences of µH,// and µH,⊥ at several temperatures from 300

K to 600 K are shown in Fig. 2.15(b) and (c). The obtained dependences were fitted using

the following formula, which is a Caughy-Thomas-based empirical equation [28] expressing
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Figure 2.15: Donor concentration dependences of the Hall electron mobility parallel and

perpendicular to the c-axis (µH,⊥ and µH,//) at (a) room temperature and (b) several tem-

peratures from 300 K to 600 K. The red and green lines depict the fitting results expressed

by Eqs. (2.11) and (2.12). (Reproduced from R. Ishikawa et. al., Phys. Status Solidi B 260,

2300275 (2023), with the permission of Wiley.)
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Figure 2.16: Depth profiles of (a) the net donor concentration determined by C–V mea-

surements of lateral Schottky barrier diodes and (b) the N, B, and Al atom concentrations

obtained by SIMS analyses. The averaged values of them are summarized in Table 2.2.

Table 2.2: Summary of the net donor concentrations (ND − NA) obtained from C–V

measurements, and the donor- and acceptor-type impurity concentrations ([N] and [B]+[Al])

determined by SIMS analyses.

Sample No. Designed ND ND −NA (C–V ) [N] (SIMS) [B] + [Al] (SIMS)

Hn-1 8× 1014 cm−3 5.4× 1014 cm−3 – < 1× 1014 cm−3

Hn-2 2× 1015 cm−3 2.3× 1015 cm−3 – < 1× 1014 cm−3

Hn-3 5× 1015 cm−3 5.6× 1015 cm−3 ∼ 5× 1015 cm−3 ∼ 2× 1014 cm−3

Hn-4 1× 1016 cm−3 1.2× 1016 cm−3 ∼ 1× 1016 cm−3 ∼ 2× 1014 cm−3

Hn-5 3× 1016 cm−3 3.6× 1016 cm−3 ∼ 3× 1016 cm−3 –

Hn-6 1× 1017 cm−3 1.1× 1017 cm−3 1.2× 1017 cm−3 –

Hn-7 3× 1017 cm−3 3.6× 1017 cm−3 3.8× 1017 cm−3 –

Hn-8 1× 1018 cm−3 9.6× 1017 cm−3 9.3× 1017 cm−3 –

Hn-9 5× 1018 cm−3 3.2× 1018 cm−3 4.0× 1018 cm−3 –
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both donor concentration and temperature dependences:

µ =
(µmax − µmin) · (T/300 K)δ1

1 + (ND/Nref)α · (T/300 K)δ2
+ µmin · (T/300 K)δ3 , (2.10)

where µmax, µmin, Nref , α, δ1, δ2, and δ3 are fitting parameters. The fitting procedure is sep-

arated into two steps. µmax, µmin, Nref , and α were determined from the donor concentration

dependence of the mobilities at 300 K at first, and then δ1, δ2, and δ3 were determined to

reproduce the temperature dependences of them. The obtained fitting equations for µH,//

and µH,⊥ based on the systematic experimental data from 300 K to 600 K are obtained as

below;

µH,// =
(1260− 20) · (T/300 K)−3.2

1 + (ND/2.0× 1017 cm−3)0.64 · (T/300 K)−2.7
+ 20 · (T/300 K)0.3 cm2/Vs, (2.11)

µH,⊥ =
(1040− 40) · (T/300 K)−2.9

1 + (ND/2.2× 1017 cm−3)0.68 · (T/300 K)−2.5
+ 40 · (T/300 K)−0.7 cm2/Vs. (2.12)

As depicted by solid lines in Fig. 2.15, the fitting results reproduce the experimental results

well. These equations are significant for the simulation or designing of any SiC device.

2.3.3.2 Temperature Dependence of Electron Mobility

The temperature dependences of Hall electron mobilities along the both directions from 300

K to 600 K are shown in Fig. 2.17 for each ND sample. The Hall electron mobility decreases

with elevating temperature for all the ND samples, which is due to the enhanced effect of

phonon scattering. The relationship between the electron mobility (µ) and the tempera-

ture (T ) is often discussed using an equation µ ∝ T−β, where β depends on the scattering

mechanism. As depicted in Fig. 2.17, the µ–T relationship shows an approximately linear

trend in the log–log plot from 300 K to 600 K, allowing β values to be determined for both

directions and each donor concentration via linear extrapolation. It can be observed that

the β values decrease with increasing ND, which can be roughly explained by the doping-

dependent scattering mechanism. For the lightly-doped samples, the dominant scattering

process is phonon scattering because of the low concentration of impurities, and the mobility

determined by phonon scattering (µph) exhibits a negative correlation with the tempera-

ture [29, 30]. With increasing the donor concentration, the effect of the ionized impurity

scattering becomes more significant, which decreases β because the mobility determined

by the ionized impurity scattering (µim) has a positive correlation with the temperature,

opposite to that by phonon scattering. The total mobility (µ) is approximately given by

the following Matthiessen’s rule [31];

1

µ
≃ 1

µim

+
1

µph

. (2.13)

As a result, the slope in log µ–log T plot from 300 K to 600 K becomes gentler for higher

donor concentrations, which means the reduction in β values as schematically illustrated in
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Figure 2.17: Temperature dependences of the Hall electron mobilities along the directions

parallel and perpendicular to the c-axis (red and green symbols) for different donor concen-

trations (ND). Solid lines show the fitting results based on µ ∝ T−β, which indicates the

decreases of β with increasing ND. (© IOP Publishing. Partially reproduced with permis-

sion from R. Ishikawa et. al., Appl. Phys. Express 14, 061005 (2021). All rights reserved.)
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Figure 2.18(a). The obtained β parallel and perpendicular to the c-axis (β// and β⊥) are

summarized in Fig. 2.18(b) as a function of ND. β⊥ determined based on the theoretical

calculation of µH,⊥ [1] is also plotted and shows good agreement with the results of this

study. The fact that β// is somewhat larger than β⊥ is attributed to the difference in

the temperature dependence of electron effective mass, wihch will be further discussed in

Section 2.4.

2.3.3.3 Discussion

Device performance must be accurately predicted considering the anisotropic mobility, and

one of the key characteristics that should be updated is “unipolar limit” (the specific on-

resistance of the drift layer in unipolar power devices) of SiC. The on-resistance of the drift

(RON,drift) layer is given by the following equation using the thickness of drift layer (W ),

RON,drift =
W

enµ
. (2.14)

Since µ// should be used for the calculation of on-resistance because current flows along

the c-axis in SiC(0001) vertical power devices, previous predictions, which used µ⊥ due to

the limited studies on µ//, were not entirely accurate. Then, the author updated the SiC

unipolar limit using µH,// determined in this study instead of µH,⊥, and the calculated result

is shown in Fig. 2.19 and expressed as follows:

RON,drift = 5.4× 10−11V 2.22
BD Ωcm2 (VB : V unit). (2.15)

Here, VBD is the blocking voltage of device, and for this calculation, a non-punch-through

structure and the ND-dependent critical electric field were considered. As shown in Fig. 2.19,

the performance limit of SiC unipolar devices was calculated correctly with µH,//, which

reveals that the on-resistance is 20% smaller than the conventional one calculated using

µH,⊥.

2.3.4 Hall Scattering Factor and Drift Mobility

The Hall electron mobility obtained through Hall effect measurements differs from the

drift mobility due to the influence of the Hall scattering factor, as expressed by Eq. (2.9).

Thus, in order to obtain the drift mobility, the determination of Hall scattering factor is

required, which is generally complicated because it depends both on donor concentration

and temperature. In this section, with the aim of conversion of Hall electron mobility to

drift electron mobility in SiC, an estimation of the Hall scattering factor of electrons was

attempted. From the Hall electron concentration experimentally obtained by Hall effect

measurements and the calculated values of electron concentration, the Hall scattering factor

was estimated using the relationship given by Eq. (2.9).
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Figure 2.18: (a) Schematic diagram of the mobility–temperature (µ–T ) relationship in

log–log plot. While the mobility determined by phonon scattering (µph) is little influenced

by the donor concentration (ND), that by impurity scattering (µim) decreases with increasing

ND, resulting in a smaller β in the temperature range from 300 K to 600 K for the heavily-

doped sample. (b) ND dependence of β for µH,// and µH,⊥ (β// and β⊥). β⊥ calculated

based on the scattering mechanism in SiC reported by a previous study [1] is also depicted

by a dashed line.

Unipolar limit 
calculated using µ⊥
(conventional)

Unipolar limit 
calculated using µ//

(this work)

4H-SiC

Figure 2.19: Unipolar limit of SiC updated using the electron mobility along the c-axis

obtained in this study instead of using that perpendicular to the c-axis.
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2.3.4.1 Hall Scattering Factor

Hall electron concentration can be obtained using Eq. (2.6), where the thickness t plays a

crucial role in accurate determination of nH. For the determination of t, the author first

measured the thickness of n-type epilayer by scanning electron microscope (SEM) observa-

tion as shown in Fig. 2.20, which provides a visual contrast between layers with different

conduction types, enabling to identify the boundary between the n-type and p-type layers.

The measured thicknesses are summarized in Table 2.3. Since the analysis of Hall effect

measurement assumes a uniform electron concentration throughout the thickness t, it is

necessary to account for the deletion layer at the pn junction between n-type and p-type

epitaxial layers, where no electrons exist. Then, the author determined the actual t by

subtracting a calculated depletion layer thickness from the n-type epitaxial layer thickness

measured by SEM. For the calculation, the acceptor concentration of 3 × 1016 cm−3 (de-

signed value) was used for p-layers, and the depletion layer widths were estimated to be

about 1.1 µm for ND = 2× 1015 cm−3 and 10 nm for ND = 1× 1018 cm−3. Arrhenius plots

of the obtained Hall electron concentrations determined using t calculated by the above

procedure are shown by symbols in Fig. 2.21(a). The Hall electron concentration increases

with increasing temperature and approaches a constant value, indicating the saturation

temperature range of donors.

The electron concentration n was calculated using the charge neutrality equation

(Eq. (2.2)) using the values of ND and NA obtained from C–V measurements and SIMS

analyses. Here, the acceptor concentrations were assumed to be 2 × 1014 cm−3 for the sam-

ples with ND ≥ 5× 1015 cm−3 and 5× 1013 cm−3 with ND ≤ 2× 1015 cm−3 from the SIMS

analyses of acceptor-type atom concentration ([B] + [Al]), and the calculated results are

depicted by dashed lines in Fig. 2.21, which show relatively good agreement with experi-

mentally measured nH.

Finally, the Hall scattering factor for electrons was extracted from the difference between

nH and n, and the obtained results are plotted in Fig. 2.21(b) as a function of temperature.

The Hall scattering factor was observed to increase with increasing both donor concentration

and temperature, and these tendencies can be roughly understood by the change in scatter-

ing mechanism. At higher donor concentrations, the ionized impurity scattering becomes

the dominant mechanism, which provides a relatively large scattering factor (γH ≃ 1.9,

when only considering ionized impurity scattering). Besides, with elevating temperature,

the dominant phonon scattering shifts from acoustic phonon scattering (γH ≃ 1.2) to inter-

valley phonon scattering (γH ≃ 1.4) and optical phonon scattering (γH ≃ 1.8). Note that

the scattering factors described above are calculated values based on the relaxation time

(τ) reported previously for the direction perpendicular to the c-axis [1] using an equation

γH = ⟨τ 2⟩/⟨τ⟩2.
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Figure 2.20: SEM images of the samples (cross-section) before the fabrication of Hall bar

structures. The thicknesses of n-type epilayers were determined from the contrast in the

images.

Table 2.3: Summary of the thicknesses of top n-type epilayers determined by SEM obser-

vation.

Sample No. ND Designed Thickness Actual Thickness (SEM)

Hn-1 8× 1014 cm−3 12 µm 11.6 µm

Hn-2 2× 1015 cm−3 12 µm 10.9 µm

Hn-3 5× 1015 cm−3 10 µm 9.0 µm

Hn-4 1× 1016 cm−3 8 µm 7.1 µm

Hn-5 3× 1016 cm−3 8 µm 7.3 µm

Hn-6 1× 1017 cm−3 5 µm 4.5 µm

Hn-7 3× 1017 cm−3 5 µm 4.4 µm

Hn-8 1× 1018 cm−3 5 µm 5.0 µm

Hn-9 5× 1018 cm−3 5 µm 5.4 µm
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Figure 2.21: (a) Arrhenius plots of the Hall electron concentrations determined using Hall

bar structures parallel and perpendicular to the c-axis for different donor concentrations.

The dashed lines depict the calculated electron concentration from the charge neutrality

equation. (b) Hall scattering factors for electrons obtained from the present analyses as

functions of temperature.
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2.3.4.2 Drift Mobility

The Hall electron mobility was converted into the drift electron mobility using the obtained

Hall scattering factors, and the results for the directions parallel and perpendicular to the

c-axis at room temperature are shown in Fig. 2.22. The lines in Fig. 2.22 show the fitting

results based on Eq. (2.10) for T = 300 K, and fitting equations are as follows:

µ// =
(1190− 10) · (T/300 K)−3.4

1 + (ND/1.0× 1017 cm−3)0.54 · (T/300 K)−2.2
+ 10 · (T/300 K)0.8 cm2/Vs, (2.16)

µ⊥ =
(980− 30) · (T/300 K)−3.2

1 + (ND/1.2× 1017 cm−3)0.55 · (T/300 K)−1.6
+ 30 · (T/300 K)−0.2 cm2/Vs. (2.17)

In addition, the drift mobility parallel to the c-axis estimated by vertical SBDs discussed

in Section 2.2 is also plotted in Fig. 2.22, where the averaged value matches well with the

drift mobility for lightly doped samples obtained by the present analyses. This agreement

suggests that the methods using vertical SBDs and Hall effect measurements are both

reasonable and the results are accurate.

2.4 Theoretical Analysis on Origin of Mobility

Anisotropy

In this section, the electron mobility anisotropy is experimentally determined, and the

origin of mobility anisotropy is discussed based on the theoretical calculation of effective

mass anisotropy.

2.4.1 Determination of Electron Mobility Anisotropy

The ratio of drift mobility (µ///µ⊥) was determined from the ratio of resistivity (ρ⊥/ρ//)

instead of that of Hall electron mobility (µH,///µH,⊥) in order to eliminate the effect of Hall

scattering factor. This is because the resistivity ratio and Hall mobility ratio are given by

the following equations:
ρ⊥
ρ//

=
µ//

µ⊥
,

µH,//

µH,⊥
=

γH,//

γH,⊥

µ//

µ⊥
, (2.18)

where γH,// and γH,⊥ are the Hall scattering factors in the parallel and perpendicular direc-

tions to the c-axis, respectively. The obtained drift mobility ratio of electrons is shown in

Fig. 2.23. The mobility ratio is about 1.1–1.3 at 140 K, while it decreases to about 1.0–1.1

at 600 K, indicating that the drift mobility becomes more isotropic at higher temperatures.

Here, the drift mobility µ is given by:

µ =
e⟨τ⟩
m∗ , (2.19)

where ⟨τ⟩ is the averaged momentum relaxation time of electrons and m∗ is the electron

effective mass. To understand the origin of the mobility anisotropy, the author focused on
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Figure 2.22: Drift mobility of electrons at room temperature obtained from the present

analyses versus the donor concentration. The solid and dashed lines depict the fitting results

expressed by Eqs. (2.16) and (2.17). The drift mobility along the c-axis estimated in Section

2.2 using SiC vertical SBDs is also depicted, and the averaged value shows good agreement

with that obtained from the analyses based on Hall effect measurements.
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Figure 2.23: The electron mobility ratio obtained from the experimentally measured

resistivity ratio (µ///µ⊥ = ρ⊥/ρ//) as a function of the temperature. The electron effective

mass ratio (m∗
⊥/m

∗
// = 1.21) at the conduction band minimum EC [32] and that calculated

considering the energy dependence of m∗ (m∗
ave,⊥/m

∗
ave,//) are also depicted by dashed and

solid lines, respectively. While the m∗
⊥/m

∗
// at EC deviates from the observed µ ratio at high

temperatures, the calculated m∗
ave,⊥/m

∗
ave,// decreases with increasing temperature similarly

with the experimental results, indicating that the anisotropic effective mass is the main

origin of the anisotropy in the electron mobility. (Reproduced from R. Ishikawa et. al.,

Phys. Status Solidi B 260, 2300275 (2023), with the permission of Wiley.)
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the anisotropy in the electron effective mass. The electron effective masses parallel and

perpendicular to the c-axis in SiC (m∗
// and m∗

⊥) are expressed as follows:

m∗
// = m∗

ML, (2.20)

m∗
⊥ =

2m∗
MΓm

∗
MK

m∗
MΓ +m∗

MK

, (2.21)

where m∗
ML, m

∗
MΓ, and m∗

MK are the effective masses along directions from the conduction

minimum (M point) to various points in the Brillouin zone shown in Fig. 2.24(a). In

a previous study, m∗ at the bottom of the conduction band (EC) has been reported to be

m∗
ML = 0.33m0, m

∗
MΓ = 0.58m0, and m∗

MK = 0.31m0, where m0 is the electron rest mass [32].

From these values, m∗
⊥/m

∗
// at EC is calculated to be 1.21, which is depicted by the dashed

line in Fig. 2.23. While the µ ratio at 140 K is close to the m∗ ratio at EC, the deviation

from 1.21 becomes more significant at higher temperatures. This suggests that the electron

effective mass anisotropy is stronger near EC and weakens as the energy increases. Here, the

electron energy distribution shifts to the higher energy region with increasing temperature,

leading to a higher proportion of electrons with greater energy, as depicted in Fig. 2.24(b).

Therefore, for a more appropriate comparison between the mobility anisotropy and the

effective mass anisotropy, the effective mass with higher energies than EC should be taken

into account, although this is difficult to be determined experimentally.

2.4.2 Calculation Procedure of Anisotropy in Electron Effective

Mass

To understand how the values of effective masses in SiC change at higher energy regions,

and how this change influences the effective mass anisotropy, the conduction band struc-

ture (E–k dispertion) of SiC was calculated using first-principles methods, as shown in

Fig. 2.24(c). A first-principles calculation package ABINIT [33] was employed to compute

the band structure along each crystallographic axis. The calculations were based on density

functional theory (DFT) with local density approximation [34], adopting Troullier-Martins

pseudopotentials [35] without considering spin-orbit coupling. In addition to the first sub-

band, the author considered the second sub-band [36], whose band minimum is located

at 0.12 eV higher than that of the first sub-band. From the computed band structure,

the relationship between the energy and the effective mass was derived by the following

equation:
1

m∗ =
1

ℏ2
∂2E

∂k2
. (2.22)

The results of calculation for different axes are depicted in Fig. 2.24(d), which indicates

that m∗
// increases more rapidly with increasing the electron energy compared to m∗

⊥, and

it becomes larger than m∗
⊥ at energies higher than about 0.08 eV in the first sub-band. In

addition, m∗
// is more than 2.7 times heavier than m∗

⊥ in the second sub-band.
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Figure 2.24: (a) Primitive cell and wavenumber axes of SiC, where the M point is the

conduction band minimum. (b) Energy distribution of electrons in the first subband with

ND = 1.2× 1016 cm−3 at several temperatures. (c) Conduction band structures of SiC (E–k

dispersion). (d) Energy dependences of the electron effective masses along the ML, MK,

and MΓ directions in SiC, and that perpendicular to the c-axis calculated by Eq. (2.21).

(Partially reproduced from R. Ishikawa et. al., Phys. Status Solidi B 260, 2300275 (2023),

with the permission of Wiley.)
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Based on the energy dependence of the effective masses obtained in this way (shown

in Fig. 2.24(d)) and the energy distribution of electrons (shown in Fig. 2.24(b)), a one-

dimensional average effective mass (m∗
ave) along each crystallographic direction was calcu-

lated using the equation below:

1

m∗
ave

=

∑
l

∫
(1/m∗(k)) · f(El(k))dk∑

l

∫
f(El(k))dk

. (2.23)

Here, f(E) represents the energy distribution function and l corresponds to the lth sub-

band. The integration was performed over the line between the M point to the L point

in the Brillouin zone to determine m∗
ML,ave, and in the same manner, m∗

MΓ,ave and m∗
MK,ave

were calculated by the integration over the MΓ and MK lines. m∗
ave along each direction

was calculated for each temperature by this equation as shown in Fig. 2.25 as a function

of temperature, and then m∗
ave,// and m∗

ave,⊥ were determined using Eqs. (2.20) and (2.21),

respectively. As shown in Fig. 2.25, m∗
ave,// becomes larger with increasing temperature

while m∗
ave,⊥ remains nearly constant over the temperature. Note that Fig. 2.24(b) shows

the energy distribution of electrons in the first sub-band and that of the second sub-band

appears at 0.12 eV higher than EC. At 300 K, the total electron concentration in the second

sub-band is about 1% of that in the first sub-band, increasing to 12% at 600 K. Finally the

ratio of average effective mass (m∗
ave,⊥/m

∗
ave,//) was determined and is depicted by the solid

line in Fig. 2.23. m∗
ave,⊥/m

∗
ave,// decreases with elevating temperature and closely matches

the observed mobility ratio, confirming that the anisotropy in the electron mobility can

be explained quantitatively by that in average electron effective mass. Besides, the larger

increase of m∗
ave,// than m∗

ave,⊥ with increasing the temperature is probably the main reason

why β// is slightly larger than β⊥ as discussed in Section 2.3.

Figure 2.26(a) shows the donor concentration dependence of the drift mobility ratio at

room temperature. As observed, the ratio slightly decreases with increasing ND, suggesting

that the change is primarily due to alterations in the scattering mechanism rather than shifts

in the energy distribution of electrons. The reason behind this consideration is that while

the electron energy distribution changes with increasing ND, the normalized distribution

(distribution normalized by the total electron concentration in the conduction band) is

almost unchanged as illustrated in Fig. 2.26(b), indicating the calculated average effective

masses are largely unaffected by changes in the donor concentration. Therefore, the slight

decrease in µ///µ⊥ with increasing ND cannot be explained by the simple average effective

mass ratio. Figure 2.26(c) depicts the momentum relaxation of the key scattering mechanism

as a function of electron energy. While the phonon scattering is little affected by ND, the

impurity scattering becomes more pronounced as ND increases, leading to a decrease in

relaxation time, particularly for electrons with lower energy. This implies that at higher

donor concentrations, lower-energy electrons are more easily scattered, making it more

difficult for them to contribute to electrical conduction. On the other hand, high-energy

electrons, which are scattered less, play a more significant role in conduction. As a result,

the actual average effective mass ratio decreases with increasing ND, because m∗
⊥/m

∗
// is
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Figure 2.25: Averaged electron effective masses along various directions versus tempera-

ture calculated by considering the energy distribution of electrons and the energy depen-

dences of electron effective masses.
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Figure 2.26: (a) The drift mobility ratio as a function of donor concentration (ND),

where the ratio slightly decreases with increasing ND. (© IOP Publishing. Reproduced

with permission from R. Ishikawa et. al., Appl. Phys. Express 14, 061005 (2021). All rights

reserved.) (b) Normalized distribution of electrons for high and low ND. (c) Scattering time

versus the energy relationship for acoustic phonon (ac), intervalley phonon (iph), ionized

impurity (ii) scattering for various ND [1].
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smaller at the higher-energy region as shown in Fig. 2.24(d), which explains qualitatively

the ND-dependent ratio of drift mobility.

2.4.3 Comparison of Experimental and Calculated Electron

Mobilities

Based on the observation that the mobility ratio aligns well with the effective mass ratio

shown in Fig. 2.23, it is inferred that the momentum relaxation time is nearly isotropic, i.e.,

the c-axis (τ//) is almost identical to that perpendicular to the c-axis (τ⊥). Then, the author

attempted to reproduce both the electron mobilities parallel and perpendicular to the c-axis

by assuming the isotropic relaxation time. For the calculation, previously reported τ⊥ [1]

was used, along with the average electron effective masses m∗
ave,// and m∗

ave,⊥ from Fig. 2.25.

The momentum relaxation time (τ(E)) for electrons in SiC is determined by five kinds

of scattering process; ionized impurities (ii), neutral impurities (ni), acoustic phonon (ac),

intervalley phonon (iph), and polar optical phonon (pop) scattering, and expressed by the

equation below:

1

τ(E)
=

1

τii(E)
+

1

τni(E)
+

1

τac(E)
+

1

τiph(E)
+

1

τpop(E)
. (2.24)

The average momentum relaxation time ⟨τ⟩ can be calculated using the following integral:

⟨τ⟩ =
∫∞
0

τ(E)E3/2 exp(−E/kBT )dE∫∞
0

E3/2 exp(−E/kBT )dE
. (2.25)

The parameters describing the momentum relaxation time of each process have been re-

ported for µH,⊥ by a previous study [1]. Figure 2.27 shows the calculated mobility for (a)

ND = 1.2× 1016 cm−3 and (b) ND = 9.6× 1017 cm−3, in which the calculated mobilities

reproduce well the Hall mobilities experimentally obtained. The dashed lines in Fig. 2.27

represent the mobilities ascribed to each scattering mechanism, showing how various pro-

cesses contribute to the total mobility. Although the mobility calculated using this approach

is technically the “drift mobility,” the author compared it with the experimentally obtained

“Hall mobility” because the parameters of each scattering are determined by assuming the

Hall scattering factor as unity [1], and the calculated mobility can be considered to be the

Hall mobility including the Hall scattering factor.

2.5 Summary

In this chapter, the low-field electron mobility along the c-axis was determined using two

experimental approaches. A method using SiC(0001) vertical SBD was adopted as the first

approach, and the mobility along the c-axis was estimated to be 1070 cm2/Vs with an

accuracy of ± 290 cm2/Vs for the donor concentration (ND) of 1× 1015 cm−3 by taking
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Figure 2.27: Electron mobilities obtained by experiments and calculation versus tem-

perature for (a) ND = 1.2× 1016 cm−3 and (b) ND = 9.6× 1017 cm−3. The calculation of

mobilities parallel and perpendicular to the c-axis were performed based on the momentum

relaxation time reported for µ⊥ [1] (assuming τ// = τ⊥) and the averaged effective mass

determined in the present study. The dashed lines show the mobility determined by each

scattering mechanism, including ionized impurities (ii), neutral impurities (ni), acoustic

phonon (ac), intervalley phonon (iph), and polar optical phonon (pop) scatterings. (Par-

tially reproduced from R. Ishikawa et. al., Phys. Status Solidi B 260, 2300275 (2023), with

the permission of Wiley.)
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care of the current spreading and separation of resistance components. Even though the

error was relatively large, the averaged value was close to the result determined by Hall

effect measurement, which ensured the validity of the present analysis. In the second ap-

proach, the author performed Hall effect measurements on n-type SiC(1120) epilayers and

determined the electron mobility parallel and perpendicular to the c-axis over wide ranges

of donor concentration (ND = 5× 1014–4× 1018 cm−3) and temperature (120–600 K). A

high mobility of 1210 cm2/Vs was obtained for the direction parallel to the c-axis, which

is the highest value ever measured for SiC at room temperature. From the systematic ex-

perimental results, empirical equations describing the donor concentration and temperature

dependences of electron mobilities were determined. In addition, the electron mobility along

the c-axis was found to be 10–20% higher than that perpendicular to the c-axis, and the

origin of the anisotropy was discussed by focusing on the anisotropy in electron effective

mass. A comparison between the observed mobility anisotropy and effective mass reported

at the conduction band minimum suggested the necessity to take into account the energy

dependence of effective mass. Then, the theoretical calculation was performed considering

the energy distribution of electrons and the conduction band structure of SiC, and it was

clarified that the anisotropy in electron mobility is quantitatively explained by that in effec-

tive mass. Finally, the temperature dependence of the electron mobility was calculated with

assuming the relaxation time of scattering isotropic, which reproduced well the observed

mobility for the both directions.
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Chapter 3

High-Field Electron Velocity

3.1 Introduction

For a comprehensive understanding of the device performance and underlying physical phe-

nomena, the high-field drift velocity is a key parameter because high electric fields often

emerge under situations like short-circuit events and avalanche breakdown. While the high-

field drift velocity of electrons in SiC perpendicular to the c-axis has been studied previ-

ously [1, 2], there are few reports on that parallel to the c-axis, leading to poor understanding

of drift velocity anisotropy. The objective of this chapter is to experimentally determine the

high-field drift velocity of electrons along both directions parallel and perpendicular to the

c-axis. Conductance measurements on n-type SiC(1120) layers were chosen as the preferred

method, taking into account the restriction on crystal growth of SiC, and the study began

with the setup of the measurement system and the preparation of test structures. The drift

velocity of electrons was then investigated over a wide electric field strength range, and its

anisotropy was analyzed focusing on the energy distribution of electrons.

3.2 Determination Method of High-Field Carrier

Velocity

3.2.1 Conductance Measurement versus Time-of-Flight Method

To determine the high-field velocity in semiconductor materials, two primary methods are

commonly used: the time-of-flight method [3, 4] and conductance measurement [5, 6],

schematically illustrated in Fig. 3.1 and Fig. 3.2, respectively. In the time-of-flight method,

a semiconductor layer is fully depleted by applying a reverse voltage on a pn or Schottky

junction. Excess carriers are then generated in the depleted layer using a pulse laser, and

these carriers are transported to the right-side electrode in Fig. 3.1(a) under the influence

of the electric field. These transported carriers induce charges with opposite signs at the

electrode, resulting in a current flow through an external resistance. Since this current



64 Chapter 3. High-Field Electron Velocity

Time

Flight timeVOUT 

Semiconductor
(fully depleted)

VOUT

Excess
carriers

Pulse Laser

Flight length 

(a) (b)

Figure 3.1: (a) Schematic illustration of the time-of-flight method, where excess carriers

generated in a fully depleted semiconductor are transported to the opposite-side electrode,

leading to the output of a pulse voltage. (b) Typical waveform of measured voltage, where

the drift velocity vd can be obtained from the flight time t and the flight length l.
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Figure 3.2: (a) Schematic illustration of conductance measurement, i.e., high-voltage 4-

point probe measurement, with a test structure having a short and narrow bridge region.

(b) Typical measured waveforms of voltage and current when applying a pulse voltage on

the structure. (c) Top view schematic of the test structure near the bridge region with the

definition of the resistance component r and the electric field in the bridge Ebridge.
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flows until the excess carriers reach the electrode, their drift velocity can be determined

from the flight time and flight length. This method is particularly attractive because it

directly measures the drift velocity, avoiding inaccuracies such as the Hall scattering factor

encountered in Hall effect measurement. It has been successfully applied to semiconduc-

tor materials such as Si, Ge, and GaAs [6–11], where extremely low doping concentration

(typically below 1 × 1011 cm−3) allow for thick depleted layers, long flight times, and pre-

cise measurements (e.g., with a flight length of 500 µm, an applied voltage of ∼ 1000 V,

a drift velocity of ∼ 1× 107 cm/s, and a flight time of ∼ 5 ns). However, for commer-

cially available SiC wafers, the doping concentration is significantly higher compared with

the above-mentioned materials (≥ 1× 1014 cm−3), leading to a short depletion layer and a

short flight time in the picosecond range, making this method challenging to apply to SiC

at the present stage. In contrast, the conductance measurement is essentially a high-voltage

4-point probe technique as shown in Fig. 3.2, which involves a short, narrow bridge struc-

ture and a high voltage source to enable high-field measurements. There is no restriction

on the doping concentration for the conductance measurements in principle (except for the

self-heating issues), and there are several reports that applied this method on materials with

relatively high doping concentration, including SiC with ND ∼ 1017 cm−3 [1, 12–14] How-

ever, the study on high-field velocity in SiC is limited to that perpendicular to the c-axis,

leading to ambiguous database of material properties and poor understanding of transport

mechanism. Based on these considerations, the conductance measurement was adopted in

the present study to determine the high-field drift velocity in SiC.

3.2.2 Procedure and Requirement of Conductance Measurement

For the conductance measurement of electrons shown in Fig. 3.2(a), a high voltage is applied

on the two outer terminals of the 4-terminal test structure, which includes a bridge region

in the center fabricated on an n-type layer. Due to the higher resistance of the bridge region

compared to those of other parts of the structure, a large portion of the voltage is applied

to the bridge region, allowing high-field measurements. The voltage drop (Vmeas) and the

current (I) flowing through the external resistance (R) are then measured, as illustrated in

Fig. 3.2(b). Note that a pulsed voltage is used instead of a DC voltage to maintain a stable

temperature in the bridge region by reducing the self-heating effects in the structure. Using

these measured values and the dimensions of the bridge, the drift velocity of carriers (vd)

and the electric field strength in the bridge (Ebridge) can be determined as follows:

vd =
I

enwt
, (3.1)

Ebridge =
Vmeas − 2r · I

l
, (3.2)

where l, w, and t are the length, width, and thickness of the bridge, respectively. e is the

elementary charge, n is the electron concentration, and r represents the resistance between
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electrodes and bridge region shown in Fig. 3.2(c). In the present analysis, n was determined

by Hall effect measurement as described in Chapter 2, and 2r was estimated based on the

resistance between the inner two electrodes for multiple structures with different bridge

lengths. By repeating this analysis at various applied voltages, the drift velocity versus

electric field relationship can be obtained.

The essential requirements for those measurements and analyses are (i) a short and

narrow bridge structure to achieve high-field measurement, and (ii) a short-pulse high-

voltage source to suppress self-heating in the structure. The specific components were

prepared as described in the next section.

3.3 Measurement Setup and Sample Preparation

3.3.1 Design and Fabrication of Bridge Structures

Four-terminal test structures with bridge regions were fabricated on SiC(1120) n-type epi-

taxial layers, which were electrically isolated from the n-type substrates by intermediate

p-type epitaxial layers, as shown in Fig. 3.3(a). The donor concentration of the n-type

epilayer was varied within a range from 2 × 1015 cm−3 to 3× 1016 cm−3, and two types of

structures for the drift velocity along the directions parallel and perpendicular to the c-axis

were arranged side by side on the same sample. Since the samples were obtained from the

same wafers as that described in Section 2.3, detailed information such as the donor con-

centration, compensating acceptor concentration, and thickness can be found in Table 2.2

and Table 2.3. The fabrication process is nearly identical to that of the n-type Hall bar

structure described in Section 2.3; epitaxial growth was followed by ion implantation, mesa

isolation, and ohmic metal formation with appropriate masks for each process. The main

difference is the Schottky contact was not formed because the net donor concentration has

already been measured, and ohmic metals were also deposited on the p-type epitaxial layer

at the same time as the ohmic metal formation on n-type epilayers to obtain ohmic con-

tacts on p-type layers. Furthermore, the condition of inductively-coupled plasma reactive

ion etching (ICP-RIE) was slightly adjusted from that used for Hall bar fabrication to ensure

vertical sidewalls: [SF6/O2/Ar: 10/20/100 sccm, ICP/Bias power: 500/90 W, pressure: 2

Pa, etching rate: 0.7 µm]. The bridge region was designed with a length l = 2.5 − 20 µm

and width w = 10 µm, and thickness t was calculated by subtracting the depletion layer

width from the n-type epilayer thickness for each doping concentration and applied volt-

age. Figure 3.3(b) and (c) show a top-view optical microscope image near the bridge region

and a cross-sectional SEM image of the bridge region, respectively, showing the successful

formation of a narrow, short bridge structure with vertical sidewalls.
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Figure 3.3: (a) Test structures with bridge regions along the [0001] and [1100] directions

fabricated on n-type SiC(1120) epitaxial layer for measuring the electron drift velocity

parallel and perpendicular to the c-axis. These structures were arranged side by side along

with an electrode deposited on p-type epitaxial layer. (b) Optical microscope image of the

fabricated test structure (top-view) and (c) SEM image of the bridge region (cross-section).
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3.3.2 Positive High-Voltage Short-Pulse Circuit

Figure 3.4(a) shows a schematic illustration of a fabricated positive high-voltage short-pulse

circuit. The output from a positive DC high-voltage source (HK-2P, Matsusada Precision)

was converted into a pulse using a custom-made switching circuit, which includes two 1.2

kV SiC MOSFETs (IMW120R350M1H, Infineon) and a gate driver (2EDB9259T, Infineon).

The gate driver receives small signal inputs from a function generator (81160A, Agilent

Technologies) and controls the gate voltage of MOSFETs to produce a high-voltage pulse.

A DC link capacitor was placed in parallel with the high-voltage source to ensure stable

output voltage, and 15 V inputs were provided to both the low- and high-side of the gate

driver from a DC voltage source through DC/DC converters. Figure 3.4(b) shows typical

waveforms of the output voltages of the function generator (Vfg and Vfg) and the switching

circuit (Vapp), where 10 V signals from the function generator are amplified to a 100 V pulse

voltage with the pulse width of 2 µs. The switching circuit achieves a short pulse width

(minimum pulse width: 200 ns) and a flat waveform with minimal overshoot, which both

are essential for accurate conductance measurements.

3.3.3 Measurement System Assembly

A schematic illustration of the conductance measurement system used in this study is shown

in Fig. 3.5. The output from the switching circuit was connected to the test structure via a

coaxial prober, and multiple voltages are monitored by an oscilloscope (DSO9254A, Agilent

Technologies). For the measurement of Vmeas and VR = RI, a differential probe (N2790A)

and a standard 10:1 passive probe were utilized, respectively. The applied voltage was varied

from 2 V to 120 V, and R was selected in the range of 500 Ω to 2000 Ω to minimize the

effects of noise and transient current for each condition including the applied voltage, bridge

length, and donor concentration. To prevent air sparking and promote heat dissipation, the

test structures were immersed in Fluorinert during measurements. In addition, the p-layer

was connected to the ground to reduce transient currents from the depletion capacitor of

the pn junction, and a detailed discussion on the effect of this grounding setup will be done

in the following section with the experimental results of waveform measurements.

3.4 Results and Analyses

3.4.1 Voltage and Current Waveforms

Figure 3.6 shows the waveforms of Vmeas and VR = RI with ND = 5× 1015 cm−3, a direction

parallel to the c-axis, l = 10 µm, and w = 10 µm. The plots in different colors represent

the results for different applied voltages. As shown in Fig. 3.6, I approaches a constant

value around 8 mA as the electric field Ebridge increases while Vmeas increases at almost equal

intervals, which indicates the saturation of the electron drift velocity at higher electric fields.
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Figure 3.4: (a) Schematic diagram of the custom-made switching circuit for generation

of short-pulse positive high voltage and (b) typical waveforms of outputs of the function

generator and the switching circuit, where a small signal input from the function generator

is amplified to a pulsed high voltage. (c) Photograph of fabricated switching circuit with

notations of the connections with other equipment.
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Figure 3.6: Waveforms of (a) voltage drop Vmeas and (b) current I for different applied

voltages obtained for a test structure parallel to the c-axis with ND = 5× 1015 cm−3, l =

10 µm, and w = 10 µm.
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Here, Ebridge was calculated using Eq. (3.2), and the resistance component for correction

2r was estimated by the following procedure. First, the resistance between the inner two

electrodes was determined by applying low voltages (−10–10 V) to the structures with

different l, as summarized in Fig. 3.7. Since this resistance is the sum of 2r and the bridge

resistance Rbridge, and Rbridge is proportional to l, 2r was estimated from the y-axis intercept

after performing linear extrapolation, as shown in Fig. 3.7, for each donor concentration

and direction. It should be noted that this analysis assumes that 2r is independent of the

applied voltage (i.e., the electron velocity does not saturate in the 2r region).

Before moving on to the analysis of the electron velocity, it is necessary to discuss the

treatment of the transient current in this measurement. From the perspective of accuracy,

the p-type epilayer was grounded to suppress the transient current flowing from a depletion

capacitor of the pn junction to external resistance R. When a high voltage is applied on

the electrode, a reverse voltage is applied on the pn junction between the n-type and p-type

epilayers, and the extended depletion layer acts as a capacitor connected in parallel with

the bridge. If the p-layer is left floating, the transient current (i.e., holes swept from the

extended depletion layer) flows from the depletion capacitor of pn-junction to R as shown

in Fig. 3.8(a). This transient current can lead to inaccurate measurements, as the observed

current flowing in R would not be equal to the target current flowing in the bridge region. To

avoid such situations, the p-layer was connected to the ground so that the transient current

would flow directly into the ground without passing through R. Figure 3.8(b) shows the

current waveforms for both setups: with the p-layer floating and with the p-layer grounded.

Grounding the p-layer clearly reduces the transient current immediately after the turn-on,

thereby ensuring greater accuracy. This grounding configuration was therefore used in all

the measurements for the present study.

3.4.2 Electron Drift Velocity versus Electric Field Strength

The electric field and drift velocity of electrons were extracted using Eqs. (3.1) and (3.2)

for various applied voltages, with the same measurements and analyses repeated on the

structures with different l. The obtained results are summarized in Fig. 3.9, showing data

for directions parallel and perpendicular to the c-axis with ND = 5× 1015, 1× 1016, and

3× 1016 cm−3. The electron drift velocity was successfully determined over a wide range of

electric fields (1–200 kV/cm), and the result that the obtained velocities from the structures

with different l align closely indicates the reasonability of the analysis. The results show

that, for both directions, the velocity increases linearly with the electric field in the low-field

region while reaching saturation at the higher electric field.
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Figure 3.7: Bridge length (l) dependence of the resistance between the two internal elec-

trodes of the test structure, i.e., the sum of the bridge resistance (Rbridge) and the resis-

tance components 2r for the directions (a) parallel and (b) perpendicular to the c-axis

(ND = 5× 1015 cm−3 and w = 10 µm).
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Figure 3.8: (a) Schematic of the current path when the p-layer is floating and grounded,

where the transient current from the depletion capacitor of the pn junction is directly led to

the ground without going through the external resistance (R) by grounding the p-layer. (b)

Current waveforms under both conditions, where the transient current is clearly reduced by

grounding the p-layer.
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Figure 3.9: Drift velocity of electrons versus electric field strength obtained from the test

structures with different bridge lengths (l) along both directions for (a) ND = 5× 1015 cm−3,

(b) ND = 1× 1016 cm−3, and (c) ND = 3× 1016 cm−3. Solid lines depict the fitting results

based on Eq. (3.3) and the extracted parameters are summarized in Table 3.1.
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3.4.3 Saturated Drift Velocity of Electrons

The low-field mobility and the high-field saturated velocity were extracted from the vd–

Ebridge relationship. After determining the low-fleid mobility (µ) by performing linear ex-

trapolation in the low-field region (Ebridge ≤ 3× 103 V/cm), the saturated velocity (vsat)

was obtained by fitting the data using the following empirical equation [15]:

vd =
µE

[1 + (µE/vsat)α]1/α
, (3.3)

where α is a fitting parameter describing how bending the fitted curve is. The fitted curves

are plotted as solid lines in Fig. 3.9, and the obtained parameters are summarized in Ta-

ble 3.1 and Fig. 3.10 as functions of donor concentration. Note that the error bars in

Fig. 3.10 include both the fitting error and the measurement error of the bridge dimensions.

As shown in Fig. 3.10(a), the obtained mobilities by conductance measurements are con-

sistent with those by Hall effect measurements, which indicates the present measurements

and analyses are reasonable. Regarding the saturated drift velocity, lower values were ob-

served for the heavily-doped sample. However, because the saturated velocity is a material

property fundamentally determined by interactions of electrons with optical phonons, it

should theoretically be independent of the donor concentration. Therefore, approximately

a 30% decrease in the saturated velocity is therefore attributed to other factors, primarily

self-heating of the structure.

Figure 3.11 shows current waveforms under high electric fields (∼ 100 kV/cm) for lightly-

doped (ND = 5× 1015 cm−3) and heavily-doped (ND = 3× 1016 cm−3) samples. The cur-

rent remains nearly constant over time for the case of lightly-doped sample, it decreases

as time progresses for the heavily-doped case. This reduction in current is likely due to

the self-heating because higher doping concentration results in a higher current and greater

amount of Joule heating, and the stable waveform observed for donor concentration below

1× 1016 cm−3 suggests that these results are little influenced by self-heating. Then, the sat-

urated drift velocities were determined by averaging the results for the donor concentration

below 1× 1016 cm−3 to be 1.7× 107 cm/s for the both directions parallel and perpendicular

to the c-axis.

The saturated drift velocity perpendicular to the c-axis obtained in the present study

(vsat,⊥ = 1.7× 107 cm/s) is lower than the previously reported value by performing

conductance measurements on SiC(0001) samples (vsat,⊥ = 2.2× 107 cm/s with ND =

1× 1017 cm−3) [1], which is also depicted in Fig. 3.10(b). This discrepancy likely arises

from challenges in accurate conductance measurements on heavily-doped samples where

both the effects of transient current and self-heating become more pronounced. Therefore,

the results obtained for lightly-doped samples in this study are considered more reliable. On

the other hand, the theoretically calculated value of saturated velocity (1.3× 107 cm/s) [16]

is smaller than the experimental values obtained here, which may be attributed to the Hall

scattering factor or a simplified scattering model used in the calculation. Since the Hall
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Table 3.1: Extracted low-filed mobility (µ), high-field saturated velocity (vsat), and α

obtained for each direction and donor concentration (ND).

//c-axis ⊥ c-axis

ND [cm−3] µ [cm2/Vs] vsat [cm/s] α µ [cm2/Vs] vsat [cm/s] α

2× 1015 1190 1.7× 107 0.62 980 1.7× 107 0.58

5× 1015 1200 1.9× 107 0.78 1010 1.9× 107 1.02

1× 1016 1170 1.6× 107 0.87 970 1.6× 107 0.93

3× 1016 900 1.2× 107 1.24 800 1.2× 107 1.06

//c
c  

//c

//c

Conductance 

Hall effect

(a) (b)

c 

//c

Full-band 
Monte Carlo 
simulation [16]

Conductance (this work)

Affected by 
self-heating 

Conductance [1]

Figure 3.10: (a) Low-field mobility and (b) high-field saturated velocity of electrons as

functions of donor concentration, where the saturated velocities obtained in the previous

experiment [1] and calculation [16] are also depicted.

(a) (b)

ND = 5×1015 cm-3 ND = 3×1016 cm-3

Figure 3.11: Current waveforms under high electric field for different donor concentrations.

The decreasing current as time progresses for ND = 3× 1016 cm−3 indicates that the result

is affected by self-heating of the structure.
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electron concentration was employed for the analysis of conductance measurements, the ob-

tained velocities reflect the influence of the Hall scattering factor. As discussed in Section

2.3.4, the Hall scattering factor of electrons is greater than unity, which implies a potential

overestimation of the experimentally determined saturated drift velocity.

3.5 Discussion

From the analyses in the previous section, the saturated drift velocity of electrons was found

to be nearly isotropic, whereas the low-field mobility exhibits 10-20% anisotropy at room

temperature. This electric field-dependent anisotropy of electron transport properties was

further discussed by focusing on the effective mass (m∗), as both µ and vsat are expressed

using m∗ as follows [17]:

µ =
e⟨τ⟩
m∗ , (3.4)

vsat =

√
8ℏω
3πm∗ , (3.5)

where ⟨τ⟩ is the averaged momentum relaxation time of electrons and ℏω is the energy of

optical phonons. Considering the reported values of m∗ at the conduction band minimum

(m∗
⊥ = 0.40m0 and m∗

// = 0.33m0 at EC), the observed µ ratio (∼1.2) is consistent with

the m∗ ratio (∼ 1.2) while the observed vsat ratio (∼1.0) is slightly different from the

square root of the m∗ ratio (∼ 1.1). This difference can be qualitatively explained by

considering the energy dependence of the effective mass. Under high electric fields, electrons

are distributed with higher energies than at thermal equilibrium state [16], as shown in

Fig. 3.12(a). Here, as calculated in Section 2.4, the effective mass along the c-axis is lighter

than that perpendicular to the c-axis near EC, while it becomes heavier rather than that

perpendicular at higher energy region as shown again in Fig. 3.12(b). These results imply

that for the low-field mobility, electrons near EC are dominant in the electrical conduction,

meaning that 20% anisotropy in effective mass near EC directly leads to 20% anisotropy in

mobility. In contrast, for the high-field drift velocity, a greater number of electrons with

higher energy participate in conduction, where effective mass shows the opposite anisotropy,

resulting in almost isotropic drift velocity. In summary, the contracting anisotropy in low-

and high-field transport can be qualitatively explained by the energy-dependent anisotropy

of the effective mass.

3.6 Summary

In this chapter, the author determined the anisotropic drift velocity of electrons using n-

type SiC(1120) epilayers. Conductance methods were adopted for the measurements of drift

velocities in SiC since it has no restriction for the doping concentration in principle and it

is considered to be suitable for SiC, whose minimum doping concentration (∼ 1× 1014) is
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High-field [16]

(1 MV/cm, //c)

Thermal
equilibrium

Electron Effective Mass [m0]

(a) (b)

1st subband

2nd subband

Figure 3.12: (a) Electron distributions in the conduction band under thermal equilibrium

state and high electric field (1 MV/cm, //c-axis) [16]. (b) Energy dependence of electron

effective masses parallel and perpendicular to the c-axis calculated in Section 2.4.
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relatively higher than the other semiconductor such as Si and Ge. The electron velocity was

measured over a wide range of electric fields from 1 to 200 kV/cm by combining the n-type

bridge structures and a high-voltage short-pulse source. Saturation of electron drift velocity

was observed around 100 kV/cm, with saturated drift velocities of 1.7× 107 cm/s for both

directions parallel and perpendicular to the c-axis. Careful consideration of the effects of

transient current and self heating ensured the accuracy of these results. In addition, the

relaxation of velocity anisotropy at highr electric field was qualitatively explained by the

change in the energy distribution of electrons.
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Chapter 4

Low-Field Hole Mobility

4.1 Introduction

The low-field hole mobility is a crucial material property that directly determines several

characteristics of SiC devices, especially those of bipolar devices such as the carrier profile in

the blocking layer, on-resistance, switching characteristics, etc [1]. While the hole mobility

perpendicular to the c-axis has been studied extensively so far [2–5], a systematic database

of that parallel to the c-axis is not yet available to researchers and engineers in the field.

Although there exists only a single report that focused on the anisotropy in hole mobility

to the best of the author’s knowledge [6], the origin on its anisotropy is not clarified yet

mainly due to the lack of comprehensive data on the temperature and doping concentration

dependences. In this chapter, the author determined the hole mobility along the c-axis as

well as that perpendicular to the c-axis through Hall effect measurements conducted on

SiC(1120) samples. Furthermore, a theoretical analysis was performed by considering the

energy distribution of holes and the valence band structure of SiC to discuss the contribution

of the anisotropy of hole effective mass to the observed anisotropy in hole mobility.

4.2 Hole Mobility Determined by Hall Effect

Measurement

In this section, the design and process flow of Hall bar structures specifically intended for

measuring the anisotropic hole mobility will be explained. While the fundamental princi-

ple of measurement and basic design guidelines largely mirror those outlined for electron

mobility in Section 2.3, the signs of equations to determine the carrier concentration and

mobility (Eqs. (2.6) and (2.8)) should be adjusted according to the conversion of conduction

type from n-type to p-type, and the basic equations for analysis on p-type semiconductor

are given as follow [7]:

VH = −γHBI

ept
∴ p = −γHBI

eVHt
, (4.1)
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Vρ = ρI
L

Wt
∴ ρ =

VρWt

IL
(4.2)

µ =
1

epρ
= − LVH

γHBWVρ

. (4.3)

Here, p is the hole concentration, µ is the hole mobility, and the remaining parameters are

consistent with those defined in Section 2.3: VH and Vρ are the Hall voltage the voltage drop

illustrated in Fig. 2.9, L, W , and t is the length, width, and thickness of the measurement

region, B is the magnetic field, e is the elementary charge, γH is the Hall scattering factor,

and ρ is the resistivity. In a similar manner to the case of electrons, the hole mobility

and hole concentration obtained based on the assumption γH = 1 is referred as “Hall hole

mobility” (µH) and “Hall hole concentration” (pH), to distinguish them from the “drift hole

mobility” (µ) and “hole concentration” (p), respectively. The relationships between µH and

µ, and pH and p are given by:

µH = γHµ, pH = p/γH. (4.4)

This methodology forms the basis for measuring hole mobility, and the Hall bar structure

discussed in the next section was adopted for the present measurement, which facilitates

accurate determination of the anisotropic hole mobility in p-type semiconductors.

4.2.1 Design and Fabrication of Hall Bar Structures

Hall bar structures for determining hole mobility were designed with careful consideration

of factors crucial for accurate measurement, as discussed in Section 2.3. The overall design

guidelines were largely similar to those employed for electron mobility measurements, with

the primary differences being the wider bridge and the larger connection region at terminals

1–4, where they intersect with the bar region. The resistivity of the p-type SiC layer is

expected to be much higher than that of the n-type SiC layer because the hole mobility

is approximately 1/10 of the electron mobility and the ionization ratio of acceptors in p-

type SiC is also smaller compared to that of donors in n-type SiC. As a result, achieving

a sufficiently high current for accurate measurements requires applying a higher voltage

applied between terminals 5 and 6, which could exceed the maximum voltage limits of

the equipment, especially at low temperatures. In addition, the resistance between the

electrodes 1–4 and the bar region also becomes higher, which may cause inaccuracies in

measurements. To mitigate this issue, certain structural adjustments should be made so

that the resistance is low enough. Then, the structure parameters were selected as illustrated

in Fig. 4.1(a): L1 = 200 µm, L2 = 260 µm, L3 = 40 µm, and W = 160 µm, and as shown

in Fig. 4.1(b), the connection regions with the terminals 1–4 to the bridge were designed to

200 µm-wide and heavily doped regions were formed by aluminum (Al) ion implantation to

enhance measurement accuracy.

Figure 4.2 shows the schematics of fabricated Hall bar structures on SiC(1120) p-type

epitaxial layers grown on n-type substrates with intermediate n-type epitaxial layers, (a)
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L1=200 μm

41

32

65

L2=260 μm W=160 μm
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L3=40 μm

L3=40 μm

300 μm

Figure 4.1: (a) Schematic illustration and main dimensions of the designed Hall bar

structure for measuring hole mobilities, and (b) detailed structure of the connection part

of electrodes 1–4 and bar region. The design of the connection part is modified compared

with the structure for electron mobility because p-type layers exhibit higher resistivities

than n-type layers for the same doping concentration.

p-type 
epitaxial layer

n-type epitaxial layer
n-type 4H-SiC(11 0) substrate

ℎ+
ℎ+

n-type epitaxial layer
n-type 4H-SiC(11 0) substrate

p-type epitaxial layer

n-type 
epitaxial layer

[0001] direction
(//c-axis)

[1 00] direction
( c-axis)

(a)

[0001] direction
( c-axis)

[1 00] direction
( c-axis)

1 mm

Hall bar

SBD

(c)

(b)

For µ// For 

Figure 4.2: (a) p-type epitaxial layer grown on an n-type SiC(1120) substrate with an

intermediate n-type epitaxial layer. (b) Hall bar structures along the [0001] and [1100] di-

rections for measuring the Hall hole mobility along the c-axis (µH,//) and that perpendicular

to the c-axis (µH,⊥) fabricated on the sample shown in Figure (a). (Reproduced from R.

Ishikawa et. al., J. Appl. Phys. 135, 075704 (2024), with the permission of AIP Publish-

ing.) (c) Optical microscope image of fabricated structures including a Hall bar structure

for measuring hole mobility and lateral Schottky barrier diodes (top view).



82 Chapter 4. Low-Field Hole Mobility

before and (b) after the fabrication process. The p-type and n-type epitaxial layers were

prepared by introducing Al and nitrogen (N) atoms during the chemical vapor deposition

(CVD) process. Hall bar structures with different orientations were arranged side by side

on the same sample, which were aligned along the [0001] and [1100] directions to determine

the Hall hole mobility parallel and perpendicular to the c-axis (µH,// and µH,⊥), respectively.

The acceptor concentrations of the p-type epilayers were varied to have seven kinds of value

in a wide range from 8 × 1015 cm−3 to 7× 1018 cm−3. Lateral Schottky barrier diodes were

also fabricated on the same samples to measure the net acceptor concentration. The detailed

fabrication process is explained using Fig. 4.3 and Fig. 4.4 as follows:

1. Epitaxial Growth

(a) Continuous growth of p-/n-type layers on SiC(1120) substrate by the CVD pro-

cess.

2. Ion Implantation

(a) Deposition of SiO2 (∼ 2.1 µm) by plasma-enhanced chemical vapor deposition

(PECVD) with TEOS/O2 flow.

(b) Formation of a resist pattern by photolithography.

(c) Dry etching of SiO2 using a resist mask by capacitive-coupled plasma reactive

ion etching (CCP-RIE) with CF4/H2 flow, and resist removal using a piranha

solution.

(d) Formation of the p+ region by Al ion implantation (concentration: 1 × 1020 cm−3,

thickness: 200 nm), followed by the removal of residual SiO2 with a HF solution.

(e) Activation annealing with a carbon cap (1750◦C, 20 min, under Ar flow) [8].

3. Mesa Isolation

(a) Deposition of SiO2 (∼ 3.0 µm) by PECVD with TEOS/O2 flow.

(b) Formation of a resist pattern by photolithography.

(c) Dry etching of SiO2 using a resist mask by CCP-RIE, followed by resist removal

using a piranha solution.

(d) Dry etching of SiC with SiO2 as a mask by inductively-coupled plasma reac-

tive ion etching (ICP-RIE) with SF6/O2/Ar flow under the following condition:

[SF6/O2/Ar: 10/20/100 sccm, ICP/Bias power: 500/100 W, pressure: 2 Pa, etch-

ing rate: 0.7 µm], and the removal of remaining SiO2 with HF solution.

(e) Thermal oxidation (1150◦C, 30 min) and removal of generated SiO2 film (∼ 50

nm) with a HF solution to eliminate etching damage, followed by another thermal

oxidation (1150◦C, 10 min) to form a SiO2 passivation film (∼ 20 nm).

4. Ohmic Metal Formation

(a) Formation of a resist pattern by photolithography, followed by localized removal

of the SiO2 passivation film using buffered HF (BHF) with a resist mask.

(b) Al/Ti electrode deposition (150 nm/40 nm) and lift-off process.
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Figure 4.3: Fabrication process flow of Hall bar structure for measuring hole mobility and

lateral Schottky barrier diode for C–V measurement (1/2).
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Figure 4.4: Fabrication process flow of Hall bar structure for measuring hole mobility and

lateral Schottky barrier diode for C–V measurement (2/2).
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(c) Contact annealing (1000◦C, 2 min, vacuum).

5. Schottky Metal Formation

(a) Formation of a resist pattern by photolithography, followed by localized removal

of the SiO2 passivation film using BHF with a resist mask.

(b) Ni electrode deposition (∼150 nm) and lift-off process.

Figure 4.2(c) shows an optical microscope image of a Hall bar structure and a lateral SBD.

The Hall hole concentration, resistivity, and Hall hole mobility were determined for both

directions via Hall effect measurements on these fabricated structures with a magnetic field

strength of 0.5 T in the temperature range from 140 K to 600 K. So that the measurement

voltages are not affected by noise of measurement system and self-heating, the current

values for the measurements were selected properly for each acceptor concentration and

temperature, where typical values are 10 µA for NA = 8× 1015 cm−3 and 1 mA for NA =

7× 1018 cm−3 at room temperature. capacitance–voltage (C–V ) measurements of the lateral

SBDs were also performed to obtain the net acceptor concentrations of the p-layers.

4.2.2 Hole Mobility versus Acceptor Concentration and

Temperature

4.2.2.1 Acceptor Concentration Dependence of Hole Mobility

The acceptor concentration dependences of Hall hole mobilities parallel and perpendicular

to the c-axis (µH,// and µH,⊥) obtained at room temperature are shown in Figure 4.5(a). The

present study determined µH,// over a wide acceptor concentration range, from 8 × 1015 cm−3

to 7× 1018 cm−3, while there have been no reports on the absolute value of µH,//. µH,// was

found to be approximately 9–13% lower than µH,⊥ (µH,// < µH,⊥) at room temperature,

which contrasts with the behavior of electrons (the Hall electron mobility parallel to the

c-axis is higher than that perpendicular to the c-axis as mentioned in Section 2.3). Note

that µH,⊥ obtained by using SiC(1120) samples shows a slightly different trend – lower for

NA ≤ 4× 1017 cm−3 and higher for NA ≥ 4× 1017 cm−3 – compared with µH,⊥ obtained

with SiC(0001) previously [3], and this discrepancy may be attributed to differences in the

Hall scattering factor due to the different directions of the magnetic field. The tendencies

where µH,// and µH,⊥ decrease with increasing NA can be the underlying carrier scattering

mechanism in the same manner as the case of electron mobility; impurity scattering becomes

more pronounced while the effect of phonon scattering remains constant.

The acceptor concentrations of p-layers were determined by C-V measurements on lat-

eral SBDs and secondary ion mass spectrometry (SIMS) analyses. Figure 4.6(a) and (b)

show the net acceptor concentration obtained from C-V measurements and the acceptor-

and donor-type impurities (Al and N) concentrations obtained from SIMS analyses, respec-

tively. As summarized in Table 4.1, the net acceptor concentration shows good agreement

with the Al atom concentration, and N concentration was confirmed to be on the order
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Figure 4.5: Acceptor concentration dependences of the Hall hole mobilities parallel and

perpendicular to the c-axis (µH,⊥ and µH,//) at (a) room temperature and (b) several tem-

peratures from 300 K to 600 K. The red and green lines depict the fitting results expressed

by Eqs. (4.6) and (4.7). (Reproduced from R. Ishikawa et. al., J. Appl. Phys. 135, 075704

(2024), with the permission of AIP Publishing.)
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Figure 4.6: Depth profiles of (a) the net acceptor concentrations determined by C–V

measurements of lateral Schottky barrier diodes and (b) the Al and N atom concentrations

obtained by SIMS analyses. The averaged values of them are summarized in Table 4.1.

Table 4.1: Summary of the net acceptor concentrations (NA − ND) obtained from C–V

measurements, and the acceptor- and donor-type impurity concentrations ([Al] and [N])

determined by SIMS analyses.

Sample No. Designed NA NA −ND (C–V ) [Al] (SIMS) [N] (SIMS)

Hp-1 5× 1015 cm−3 8.5× 1015 cm−3 7.9× 1015 cm−3 ∼ 1× 1015 cm−3

Hp-2 1× 1016 cm−3 1.6× 1016 cm−3 1.3× 1016 cm−3 < 1× 1015 cm−3

Hp-3 3× 1016 cm−3 5.0× 1016 cm−3 4.8× 1016 cm−3 –

Hp-4 1× 1017 cm−3 1.5× 1017 cm−3 1.6× 1017 cm−3 –

Hp-5 3× 1017 cm−3 3.5× 1017 cm−3 3.9× 1017 cm−3 –

Hp-6 1× 1018 cm−3 9.6× 1017 cm−3 1.0× 1018 cm−3 –

Hp-7 5× 1018 cm−3 6.6× 1018 cm−3 6.8× 1018 cm−3 –
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of 1015 cm−3. The donor-type impurities concentrations were assumed to be 1 × 1015 cm−3

for the samples Hp-1 and 5 × 1014 cm−3 for the others, and the acceptor concentration was

calculated by adding the donor-type impurities concentrations ([N]) to the net acceptor

concentration, i.e., NA ≃ (NA −ND) + [N].

Figure 4.5(b) and (c) show the acceptor concentration dependences of µH,// and µH,⊥

at several temperatures ranging from 300 K to 600 K. The solid lines represent the fitted

curves using the following Caughy-Thomas-based empirical equation [9], expressing both

acceptor concentration and temperature dependences:

µ =
(µmax − µmin) · (T/300 K)δ1

1 + (NA/Nref)α · (T/300 K)δ2
+ µmin · (T/300 K)δ3 , (4.5)

which contains six fitting parameters; µmax, µmin, Nref , α, δ1, δ2, and δ3. The fitting pro-

cedure is carried out in two stages; first, µmax, µmin, Nref , and α were determined from the

acceptor concentration dependence of the hole mobilities at 300 K; then δ1, δ2, and δ3 were

adjusted to reproduce the temperature dependences of them. From systematic experimental

data over the temperature range from 300 K to 600 K, the fitting equations for µH,// and

µH,⊥ were derived as follows:

µH,// =
(83− 20) · (T/300 K)−2.3

1 + (NA/6.4× 1018 cm−3)0.83 · (T/300 K)−0.9
+ 20 · (T/300 K)−2.2 cm2/Vs, (4.6)

µH,⊥ =
(94− 40) · (T/300 K)−2.3

1 + (NA/6.2× 1018 cm−3)0.72 · (T/300 K)−0.9
+ 40 · (T/300 K)−2.2 cm2/Vs. (4.7)

The fitting results closely match the experimental data as illustrated by solid lines in Fig. 4.5,

and these equations covering wide ranges of acceptor and temperature are valuable for

accurate simulations and optimum designing of any SiC devices.

4.2.2.2 Temperature Dependence of Hole Mobility

Figure 4.7 depicts the Hall hole mobilities along the directions parallel and perpendicular to

the c-axis as a function of temperature for various NA values, which indicates that the Hall

mobilities and temperature exhibit an almost linear relationship in the log–log plots from

300 K to 600 K. Then, in a similar manner to the case of electrons, β defined by µ ∝ T−β

were determined via linear extrapolation for the discussion on the scattering mechanism of

holes, and the results are shown in Fig. 4.7, which indicates almost independent β of NA

dissimilarly to the β for electrons. This difference is attributed to the differing effects of

ionized impurity scattering. The change in β values with increasing doping concentration

is attributed to the change in the dominant scattering mechanism; from phonon scattering

to ionized impurity scattering, which have negative and positive correlations with the tem-

perature, respectively, as discussed in Section 2.3 with Fig. 2.18(a). Therefore, while β is

greater than 2 for both electron and hole mobilities in SiC [2, 3, 10, 11] in lightly-doped sam-

ples, it becomes smaller for higher doping concentrations. Here, the mobility determined
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Figure 4.7: Temperature dependence of the Hall hole mobilities for different acceptor

concentraions (NA). β determined by µ ∝ T−β slightly decreases with increasing NA.

(Partially reproduced from R. Ishikawa et. al., J. Appl. Phys. 135, 075704 (2024), with the

permission of AIP Publishing.)
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by the ionized impurity scattering (µii) is inversely proportional to the ionized impurity

concentraion, which is strongly dependent on the concentration of dopant (i.e., acceptor

in p-type and donor in n-type SiC epilayer) and their ionization energy. The ionization

energy of Al acceptors (∼ 200 meV) in p-type SiC is known to be larger than that of N

donors (∼ 61 meV for cubic site and ∼ 126 meV for hexagonal site) in n-type SiC [12].

The larger ionization energy leads to the lower ionized impurity concentration as shown

in Fig. 4.8(a), which depicts the calculated ionized impurity concentration for n-type and

p-type SiC with various doping concentration by solving the charge neutrality equation.

Therefore, the almost independent β of the acceptor concentration for holes, as summarized

in Fig. 4.8(b), can be explained by the larger ionization energy of Al acceptors in p-type SiC

which weakens the effect of ionized impurity scattering. The calculated β by taking into

account the ionization ratio shown in Fig. 4.8(a) and relaxation time of scattering reported

for the direction perpendicular to the c-axis [2] is also depicted in Fig. 4.8(b), which actually

reproduced the observed β well.

4.2.2.3 Discussion

In this section, the effects of anisotropic hole mobility on the device performance will be

discussed. SiC unipolar devices are typically fabricated with n-type drift layers, which

allow for lower on-resistances compared to p-type drift layers as the mobility of electrons

in SiC is approximately 10 times higher than that of holes, and the ionization ratio of

dopants in n-type layers is also higher than that of p-type layers. Consequently, the electron

mobility is more essential for the basic characteristics of SiC unipolar devices. However,

p-type regions do exist in unipolar power devices, making the hole mobility significant for

overall device performance. During switching transients of SiC power MOSFETs, holes

drift along the horizontal direction within the p-type body region, as shown in Fig. 4.9(a),

according to the changes between the accumulation and depletion states of the channel. If

the resistivity along this direction is high, the voltage distribution induced by this transient

current can activate the parasitic bipolar transistor formed by the source, body, and drift

region, resulting in unintended leakage current from the drain to the source through the

p-body. The observed anisotropy of hole mobility (µH,⊥ > µH,//) indicates the resistivity

along the horizontal direction (perpendicular to the c-axis) is smaller, which helps suppress

this leakage current. Therefore, it can be concluded that the observed anisotropy positively

impacts the performance of SiC unipolar devices.

For the application of SiC bipolar devices, the hole mobility along the c-axis becomes

as crucial as the electron mobility along the same axis. In SiC pin diodes, as depicted in

Fig. 4.9(b), the hole mobility along the c-axis directly affects the device performance such as

on-resistance and switching speed since holes are transported in blocking layers along this

direction. Although the measurement results presented in this study, the anisotropic hole

mobilities in p-type SiC, can provide valuable insight into the optimization and simulation

of SiC bipolar devices, the hole mobility in n-type layer i.e., minority carrier mobility of
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Figure 4.8: (a) Ionized acceptor concentration (N−
A ) in p-type and ionized donor con-

centration (N+
D ) in n-type SiC versus doping concentration. Lower N−

A than N+
D results

in a smaller dependence of β on doping concentration for holes. (b) Acceptor concentra-

tion (NA) dependence of β for µH,// and µH,⊥ (β// and β⊥). β⊥ calculated based on the

scattering mechanism in SiC reported by a previous study [2] is also depicted by a dashed

line. (Reproduced from R. Ishikawa et. al., J. Appl. Phys. 135, 075704 (2024), with the

permission of AIP Publishing.)
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Figure 4.9: Sectional schematic illustrations of SiC MOSFET, pin diode, and BJT.
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holes, is of greater relevance. This is because holes are transported in the lightly-doped

n-type region, where the transport mechanism may differ from those of majority carriers

due to distinct scattering processes [7]. Similarly, in bipolar junction transistors (BJTs)

illustrated in Fig. 4.9(c), the minority carrier mobility of electrons injected into the p-base

region becomes significant, which may similarly differ from the majority carrier mobility of

electrons. Since standard Hall effect measurements are inherently limited to determining

majority carrier mobilities, alternative techniques such as the time-of-flight method [13, 14]

or carrier-resolved photo Hall effect measurement [15] are necessary to accurately determine

the minority carrier mobilities.

4.2.3 Hall Scattering Factor

The Hall scattering factor γH was attempted to estimate as functions of temperature and

acceptor concentration in a similar manner to Section 2.3.4. Since both the Hall hole

concentration pH and the hole concentration p are necessary for the determination of γH as

seen in Eq. (4.4), they were carefully determined carefully by experiments and calculation,

respectively.

Hall hole concentration can be derived through Eq. (4.1), where the thickness t is a

critical parameter for precise pH determination. Then, the author performed the scanning

electron microscope (SEM) observation for the determination of t. The obtained results are

shown in Fig. 4.10, where a visual contrast between layers with different conduction types

enables identifying the boundary between the p-type and n-type layers, and the measured

thicknesses of the top p-type epilayers are summarized in Table 4.2. In addition, since there

exist no holes in the depletion layer of the pn junction, the actual t was determined by

subtracting a calculated depletion layer thickness from the p-type epitaxial layer thickness

measured by SEM. For the calculation, the donor concentration of the n-type epilayer was

assumed to be 3× 1016 cm−3 (designed value), and the depletion layer widths were estimated

to be about 0.4 µm for NA = 1× 1016 cm−3 and 10 nm for NA = 1× 1018 cm−3. Arrhenius

plots of the obtained Hall hole concentrations determined using t calculated by the above

procedure are shown by symbols in Fig. 4.11(a). The Hall hole concentration increases

with increasing temperature and approaches a constant value, indicating the saturation

temperature range of acceptors.

The hole concentration p was calculated using the following charge neutrality equation

taking into account the excited state i of acceptors [3];

p+ND =
NA

1 +

EAi>∆E∑
i

gi exp

(
EA,i −∆E − EV

kBT

) ,

EA1 = 0.22 eV, EAi = 13.6 eV × 1

ε2s i
2
(i = 2, 3, 4, ...), gi = 4i2, (4.8)
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Figure 4.10: SEM images of the samples (cross-section) before the fabrication of Hall bar

structures. The thicknesses of p-type epilayers were determined from the contrast in the

image.

Table 4.2: Summary of the thicknesses of top p-type epilayers determined by SEM obser-

vation.

Sample No. NA Designed Thickness Actual Thickness (SEM)

Hp-1 5× 1015 cm−3 10 µm 8.4 µm

Hp-2 1× 1016 cm−3 8 µm 7.6 µm

Hp-3 3× 1016 cm−3 8 µm 7.6 µm

Hp-4 1× 1017 cm−3 5 µm 4.9 µm

Hp-5 3× 1017 cm−3 5 µm 4.9 µm

Hp-6 1× 1018 cm−3 5 µm 5.0 µm

Hp-7 5× 1018 cm−3 5 µm 4.9 µm
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Figure 4.11: (a) Arrhenius plot of the Hall hole concentrations parallel and perpendicular

to the c-axis for different acceptor concentrations. The dashed lines depict the calculated

hole concentration from the charge neutrality equation. (b) Hall scattering factors for holes

obtained from the present analyses as functions of temperature.
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∆E =
e2

πεsε0LA

,
4

3
π(LA/2)

3 = 1/NA.

Here, EAi −∆E corresponds to the ionization energy of acceptors, EV is the valence band

maximum, gi is the degeneracy factor, kB is the Boltzmann constant, εs is the relative

dielectric constant of SiC (assumed to be 9.95), ε0 is the dielectric constant of vacuum,

and LA is the average distance between two adjacent ionized impurities. The compensating

donor concentrations were assumed to be 5 × 1014 cm−3 based on the SIMS analyses. The

calculated results are depicted by dashed lines in Fig. 4.11(a), which show relatively good

agreement with experimentally measured pH.

Figure 4.11(b) presents the extracted Hall scattering factors of holes derived from the

difference between pH and p with various NA and temperatures. The Hall scattering factors

of holes were observed to decrease with increasing NA and also slightly decline at elevating

temperatures, eventually falling below unity. While these dependences are opposite to those

observed for electrons discussed in Section 2.4.3, a similar tendency has been reported for the

Hall scattering factor of holes along the in-plane direction of SiC(0001) [16]. The underlying

mechanism for these phenomena has been discussed in another paper as below [3]. At higher

temperatures, an increase in the number of high-energy holes enhances the anisotropy of

the valence band structure, leading to the reduction in γH below unity. The dependence on

NA can be explained by the diminished difference in mobilities between light and heavy hole

bands due to the stronger effect of impurity scattering, resulting in the gradual decrease of

γH with increasing NA. However, it is important to note that the magnetic field directions

differ between the previous study (the ⟨0001⟩ direction) and the present one (the ⟨1100⟩
direction), which implies that the Hall scattering factors should also differ fundamentally.

Therefore, a more complicated analysis of Hall scattering factors of holes considering the

valence band structure of SiC is required for further discussion, which currently has not

been performed.

4.3 Theoretical Analysis on Origin of Mobility

Anisotropy

In this section, the hole mobility anisotropy is experimentally determined, and then the

origin of mobility anisotropy is discussed based on the theoretical calculation of effective

mass anisotropy.

4.3.1 Determination of Hole Mobility Anisotropy

The ratio of drift mobility (µ///µ⊥) was determined from the ratio of resistivity (ρ⊥/ρ//)

because the resistivity ratio is directly related to the drift mobility ratio while the Hall

mobility ratio is not always identical to the drift mobility ratio due to the influence of
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the Hall scattering factor, as discussed in Section 2.4. The drift mobility ratio of holes

experimentally obtained for several acceptor concentrations and temperatures is shown in

Fig. 4.12 by symbols, where the ratio remains nearly constant at around 0.9 across the

observed range of acceptor concentration and temperature. Similar to the case of electron,

the author focused on the anisotropy in the effective mass holes (m∗) to understand the

origin of hole mobility anisotropy because the drift hole mobility (µ) is given by the following

equation:

µ =
e⟨τ⟩
m∗ , (4.9)

where ⟨τ⟩ is the averaged momentum relaxation time of holes. The hole effective masses

at the valence band maximum (EV) have been investigated experimentally by optically-

detected cyclotron resonance (ODCR) for the both directions parallel and perpendicular to

the c-axis (m∗
// and m∗

⊥) [17]; m
∗
// = 1.75m0 and m∗

⊥ = 0.66m0, where m0 is the electron

rest mass. These reported values at EV result in the effective mass ratio m∗
⊥/m

∗
// = 0.38,

which is much lower than the observed µ ratio (∼ 0.9) in the present study as shown by

the dashed line in Fig. 4.12. Since holes have an energy distribution and the valence band

structure of SiC is non-parabolic, with holes present in not only the light hole and heavy

hole bands but also the split-off band [3], it is suggested that the actual m∗ anisotropy is

also significantly influenced by holes with higher energies than EV. This leads to a large

deviation in the m∗ ratio at EV from the experimentally obtained µ ratio. Therefore, the

determination of the m∗ anisotropy considering the energy dependence of m∗ is necessary

for a more rigorous comparison with the anisotropy of µ.

4.3.2 Calculation Procedure of Anisotropy in Hole Effective

Mass

For the consideration above, the energy dependence of hole effective mass was calculated

based on the valence band structure of SiC by the procedure below. Since the determination

of the effective mass both parallel and perpendicular to the c-axis requires m∗ along three

directions in the Brillouin zone (ΓA, ΓM, and ΓK) because m∗
// and m∗

⊥ are given by the

equations below;

m∗
// = m∗

ΓA, (4.10)

2

m∗
⊥
=

1

m∗
ΓM

+
1

m∗
ΓK

. (4.11)

Here, m∗
ΓA, m

∗
ΓM, and m∗

ΓK are the effective masses along ΓA, ΓM, and ΓK directions, re-

spectively. Each point in the Brillouin zone is illustrated in Fig. 4.13(a), and the calculated

valence band structures along ΓA, ΓM, and ΓK directions are shown in Fig. 4.13(c). These

E-k dispersions are obtained based on the dispersions in Ref. 3 computed by a first-principles

calculation package ABINIT [18] applying density functional theory (DFT) with the effect

of spin-orbit coupling. Local density approximation (LDA) [19] was employed including the
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Figure 4.12: The hole mobility ratio obtained from the experimentally measured resistivity

ratio (µ///µ⊥ = ρ⊥/ρ//) as a function of the temperature. The ratios are about 0.9 and

almost independent of the acceptor concentration and temperature. A green dashed line

depicts the hole effective mass ratio at the valence band maximum (m∗
⊥/m

∗
// = 0.38 at

EV) [17], which is almost twice lower than the mobility ratio. The temperature dependences

of the calculated effective mass ratios (m∗
ave,⊥/m

∗
ave,//) taking into account the valence band

structure along the particular directions using Eq. (4.13) and the full-band dispersion using

Eq. (4.14) [3] are also depicted by dotted and solid lines, respectively. (Reproduced from R.

Ishikawa et. al., J. Appl. Phys. 135, 075704 (2024), with the permission of AIP Publishing.)
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Figure 4.13: (a) Primitive cell and wavenumber axes of SiC, where the Γ point is the

valence band maximum. (b) Energy distribution of holes in the heavy hole band with

NA = 7.9× 1015 cm−3 at several temperatures. (c) Valence band structures of SiC (E–k

dispersion) and (d) energy dependences of the hole effective masses along the ΓA, ΓM, and

ΓK directions in SiC. (Reproduced from R. Ishikawa et. al., J. Appl. Phys. 135, 075704

(2024), with the permission of AIP Publishing.)
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effect of spin-orbit coupling with the HGH (Hartwigsen-Goedecker-Hutter) pseudopoten-

tials. [20]. It should be noted that three kinds of bands (light hole, heavy hole, and split-off

bands) were considered for the calculation, and Fig. 4.13(c) depicts one of the two almost

spin degenerate lines for each band just to avoid complexity. In addition, although the light

hole band and the split-off band are anticrossing actually [21, 22], they were regarded to be

crossing for simplicity and switched at the intersections for the ΓM and ΓK directions, and

fitted by polynomials so that the E-k dispersion becomes smoother. Based on the obtained

valence band structure, the authors determined the hole effective mass at each wavenumber

by

1

m∗ =
1

ℏ2
∂2E

∂k2
, (4.12)

where ℏ and k are the Dirac constant and the wavenumber, respectively. m∗(k) along each

direction is depicted as a function of E(k) in Fig. 4.13(d).

The authors calculated averaged effective masses (m∗
ave) based on the above-mentioned

m∗–E relationship using an approximate equation,

1

m∗
ave

=

∑
l

∫
(1/m∗(k))× f(El(k))dk∑

l

∫
f(El(k))dk

. (4.13)

Here, three bands (light hole, heavy hole, and split-off bands) were taken into account and l

represents the lth band, and f(E) is the energy distribution function of holes for each band,

as illustrated in Fig. 4.13(b). One-dimensional integration, along the line from the Γ point

to the A point in the Brillouin zone was performed to determine m∗
ave along the ΓA direction,

and similarly, integrations along ΓM and ΓK lines were conducted for m∗
ΓM,ave and m∗

ΓK,ave.

The obtained m∗
ave are shown in Fig. 4.14(a) as a function of temperature, where m∗

ave,//

and m∗
ave,⊥ determined by Eqs. (4.10) and (4.11) are also depicted, and resulting averaged

effective mass ratios are shown in Fig. 4.12 as the dotted line. The comparison reveals

that the values of the µ ratio are closer to the m∗
ave ratio rather than the m∗ ratio at EV

(m∗
⊥/m

∗
// = 0.38). However, with increasing temperature, m∗

ave ratio increases more steeply

compared to that of the experimentally obtained µ, and their temperature dependences

still differ from each other. This discrepancy indicates that the temperature dependence

of the hole mobility cannot be fully explained by the simplified averaging approach using

Eq. (4.13). Therefore, a more refined calculation is necessary to discuss the contribution of

effective mass anisotropy to the hole mobility anisotropy.

Equation (4.13) offers an approximated method for determining the averaged effective

mass along a specific direction based on several assumptions on the band structure and

carrier distribution. This approach reduces computational complexity by relying only on

the E–k dispersion along a single direction originating from Γ point, which is relatively

straightforward to extract using first-principles calculations. However, for more accurate

calculation, it is essential to account for the entire band structure within the first Brillouin
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Figure 4.14: (a) Averaged hole effective mass along each direction (m∗
ave,// and m∗

ave,⊥)

calculated using Eq. (4.13) versus temperature, where the energy distribution of holes and

the energy dependence of hole effective mass along the particular directions were taken into

account. Schematic illustration of the equi-energy lines of (b) the assumed band structure

by Eq. (4.15) and (c) the actual valence band structure of SiC. (d) Temperature dependence

of the calculated hole effective mass considering the full-band dispersion using Eq. (4.14)

[3]. (Reproduced from R. Ishikawa et. al., J. Appl. Phys. 135, 075704 (2024), with the

permission of AIP Publishing.)
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zone, which can be achieved through the following equation:

1

m∗
ave

=

∑
l

∫∫∫
BZ
(1/m∗(kx, ky, kz))× f(El(kx, ky, kz))dkxdkydkz∑

l

∫∫∫
BZ

f(El(kx, ky, kz))dkxdkydkz
. (4.14)

where l corresponds to the lth band and kx, ky, and kz are the wavevectors shown in

Fig. 4.13(a). The averaged m∗ along each direction (ΓA, ΓM, and ΓK) can be calculated

by performing a three-dimensional integration of m∗
ave along each direction over the whole

first Brillouin zone with Eq. (4.14). In contrast, the simplified equation (Eq. (4.13)) can be

derived from Eq. (4.14) under two key assumptions. The first assumption pertains to the

band structure and is expressed as:

E(kx, ky, kz) = E(kx, 0, 0) + E(0, ky, 0) + E(0, 0, kz)− 2E(0, 0, 0). (4.15)

The second one concerns the energy distribution function of carriers, which follows:

f(E) ∝ exp(−E/kBT ). (4.16)

To evaluate the validity of the band structure assumption (Eq. (4.15)) in the valence band

structure of SiC, the equi-energy lines of bands were spotlighted. Figure 4.14(b) illustrates

the schematic of the equi-energy line of the band structure in the (kx, ky) plane assumed by

Eq. (4.15), which exhibits an elliptic outline. The open circles in the figure represent the

points obtained from the first-principles calculation along specific directions. However, the

actual equi-energy surface of the valence band structure of SiC deviates significantly from

this elliptic approximation, exhibiting a more complex structure with alternating convex

and concave parts, as shown in Fig. 4.14(c) [3]. This result indicates that the assumption

described by Eq. (4.15) is not suitable for the valence band structure in SiC. Therefore, it

is not sufficient to take into account the E-k dispersions along specific directions, and the

whole first Brillouin zone should be considered for precise calculation of the averaged hole

effective mass. Previous work by the the authors’ group utilized k · p method based on the

first-principles calculation, and the valence band structure along every direction from the Γ

point in the first Brillouin zone has been determined, leading to the calculation of averaged

effective mass considering the entire first Brillouin zone [3]. It is noted that the region of E-k

dispersion far from the Γ point in the Brillouin zone has minimal impact on the calculation of

the m∗
ave because the hole concentration with such k is low enough due to the high energy of

these holes. The temperature dependences of m∗
ave,// and m∗

ave,⊥ calculated using Eq. (4.14)

are shown in Fig. 4.14(d), and the m∗
ave ratio (m∗

ave,⊥/m
∗
ave,//) is plotted as the solid line

in Fig. 4.12. The calculated m∗
ave ratio remains approximately 0.8–0.9 and exhibits little

temperature dependence. The close agreement with the experimentally obtained µ ratio

confirms that the observed anisotropy in hole mobility can be quantitatively explained by

the m∗
ave anisotropy considering the E-k dispersion over the entire first Brillouin zone.
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4.3.3 Comparison of Experimental and Calculated Hole

Mobilities

Finally, the authors attempted to theoretically reproduce the experimentally obtained Hall

hole mobilities. The calculation of the Hall mobility requires the effective mass and the mo-

mentum relaxation time (τ), which incorporates contributions from five scattering mech-

anisms – ionized impurities (ii), neutral impurities (ni), acoustic phonon (ac), nonpolar

optical phonon (nop), and polar optical phonon (pop) scattering – and the total relaxation

time is given as follows:
1

τ
=

1

τii
+

1

τni
+

1

τac
+

1

τnop
+

1

τpop
, (4.17)

In a previous report by the author’s group, the momentum relaxation times for each scat-

tering mechanism (τii, τni, τac, τnop, and τpop) were extracted as functions of the wavevector

and energy of holes. Then, the Hall hole mobility has been calculated by the relaxation

time approximation considering the E-k dispersion of the valence band of SiC, where the

magnetic field along the [0001] direction was assumed [3]. Based on these results, in this

study, the Hall hole mobilities both parallel and perpendicular to the c-axis when apply-

ing the magnetic field along the [1120] direction were calculated from the deviation of the

distribution function from equilibrium due to the electric and magnetic fields along these

directions. Note that these calculation accounted for the anisotropy of τ and different di-

rections of acceleration by the electric field were considered for the calculation of µH,// and

µH,⊥ (the [0001] and [1100] directions, respectively).

The calculated Hall hole mobilities for NA = 1.3× 1016 cm−3 and 1.0× 1018 cm−3 are

shown in Fig. 4.15, indicating good agreement of the calculated results with the experimental

ones. It is notable that the temperature dependence of the Hall mobility when applying the

magnetic field along the [1120] direction is a little different from that under the magnetic

field along the [0001] direction. This discrepancy arises from the differing temperature

dependence of the Hall scattering factor γH [3]. In addition, the ac scattering is dominant

around 300 K and the effects of the nop and pop scatterings become stronger at T ≥
400 K, leading to the steeper decrease of µH with increasing temperature even for NA =

1.0× 1018 cm−3. At a lower temperature, the ni scattering also affects µH for the higher

NA sample while the ii scattering is almost negligible over the measured temperature range

for both the samples. These results are consistent with the almost independent β of NA

discussed in Fig. 4.8.

4.4 Summary

In this chapter, the anisotropic low-field hole mobility was studied by Hall effect mea-

surements on p-type SiC(1120) epilayer over wide ranges of acceptor concentration (NA =

8× 1015–7× 1018 cm−3) and temperature (120–600 K). From the systematic experimental
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Figure 4.15: Hall Hole mobilities obtained by experiments and calculation versus tem-

perature for (a) NA = 1.3× 1016 cm−3 and (b) NA = 1.0× 1018 cm−3. The calculation of

mobilities parallel and perpendicular to the c-axis was performed based on the anistopic

momentum relaxation time and the anisotropic averaged effective mass [3]. The dashed lines

show the mobility determined by each scattering mechanism, including ionized impurities

(ii), neutral impurities (ni), acoustic phonon (ac), polar optical phonon (pop), and nonpolar

optical phonon (nop) scatterings. (Reproduced from R. Ishikawa et. al., J. Appl. Phys. 135,

075704 (2024), with the permission of AIP Publishing.)
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results, empirical equations describing the acceptor concentration and temperature depen-

dences of mobilities were determined. Unlike electron mobility, the hole mobility along

the c-axis was 10% lower than that perpendicular to the c-axis, and this anisotropy was

discussed by focusing on the anisotropic hole effective mass. Theoretical calculation was

performed by considering the energy distribution of holes and the valence band structure

of SiC revealed that the anisotropy in hole effective mass quantitatively explains the ob-

served anisotropy in the hole mobility. Note that the valence band structure over the whole

Brillouin zone was taken into account accompanied by its the complex structure. In addi-

tion, the temperature dependence of the hole mobility was successfully reproduced well for

both directions by the calculated hole mobility considering anisotropic effective mass and

relaxation time.
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Chapter 5

High-Field Hole Velocity

5.1 Introduction

As the final part of this study aimed at a thorough determination of carrier transport

properties in SiC, the high-field drift velocity of holes was focused on in this chapter. The

high-field drift velocity of holes is as essential as the parameters investigated in the previous

chapters since holes are transported in high-field regions in many situations such as during

short-circuit events and avalanche breakdown phenomena. Despite its importance, no prior

studies have reported the high-field drift velocity of holes in SiC, even along the direction

perpendicular to the c-axis. Then, experimental determination of the high-field drift velocity

of holes along both directions parallel and perpendicular to the c-axis was established as

the goal of this chapter, and conductance measurements on p-type SiC(1120) layers were

performed over a wide range of electric fields. The experimental setup and the test structures

were designed and fabricated for these measurements separately from those for electrons,

followed by the experimental results of hole drift velocity and discussion on its anisotropy.

5.2 Measurement Setup and Sample Preparation

To determine the anisotropic hole drift velocity in p-type SiC, the conductance measure-

ment described in Section 3.2 was performed on bridge structures fabricated on p-type

SiC(1120) layers. Similar to the approach used for electrons, a short and narrow p-type

bridge structure and a negative high-voltage short-pulse circuit were designed for the high-

field measurements, with the key differences being the polarity of conductivity type and the

applying voltage.

5.2.1 Design and Fabrication of Bridge Structures

Figure 5.1(a) shows a four-terminal structure with a bridge region fabricated on SiC(1120)

p-type epitaxial layers for conductance measurements to determine the drift velocity of
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Figure 5.1: (a) Test structures with bridge regions along the [0001] and [1100] directions

fabricated on p-type SiC(1120) epitaxial layer for measuring the hole drift velocity parallel

and perpendicular to the c-axis. These structures were arranged side by side along with

an electrode deposited on the n-type epitaxial layer. (b) Optical microscope image of the

fabricated test structure (top-view) and (c) SEM images of the bridge region (cross-section).
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holes. The orientation of the structures was varied to measure the hole velocities parallel

and perpendicular to the c-axis, and they were arranged side by side on the same sam-

ple. The acceptor concentration of the p-type epilayer was varied from 1 × 1016 cm−3 to

1× 1018 cm−3, and the bridge region was designed with a length l = 2.5− 20 µm and width

w = 10 µm. Since the samples used in this chapter are chips cut from the same wafers with

epitaxial layers as those described in Section 4.2.1, detailed information such as the acceptor

concentration, compensating donor concentration, and thickness can be found in Table 4.1

and Table 4.2. Note that the thickness t was obtained by subtracting the calculated de-

pletion layer width from the p-type epilayer thickness measured by the scanning electron

microscope (SEM) observation. The fabrication process is almost identical to that of the

p-type Hall bar structure described in Section 4.2, where epitaxial growth, Al-ion implan-

tation, mesa isolation, and ohmic metal formation (Al/Ti) were included while Schottky

contact formation was not performed since the net acceptor concentrations of samples have

already been known. It should be emphasized that ohmic metals (Al/Ti) were also deposited

on the part of the exposed n-type epitaxial layer after the isolation process, simultaneously

with the ohmic metal formation on the p-type epilayer to create ohmic contacts on the n-

type layer. The condition of inductively-coupled plasma reactive ion etching (ICP-RIE) to

form vertical sidewalls is [SF6/O2/Ar: 10/20/100 sccm, ICP/Bias power: 500/90 W, pres-

sure: 2 Pa, etching rate: 0.7 µm]. The top-view optical microscope image including the

bridge region of the test structure and the cross-sectional SEM image of the bridge region

are shown in Fig. 5.1(b) and (c), which ensures that a narrow, short bridge structure with

vertical sidewalls are successfully fabricated.

5.2.2 Negative High-Voltage Short-Pulse Circuit

A high-voltage short-pulse source with positive output has been established in Section 3.3,

and it might not be impossible to use for the p-type conductance measurements. However,

in the case when a positive voltage is applied to the structure p-layer/n-layer illustrated

in Fig. 5.1(a), the pn junction between the p-layer and n-layer momentarily turns on, po-

tentially leading to undesirable current flow that could interfere with measurements. In

addition, the analysis might become complicated as the current and potential distributions

may remain complex even after reaching a steady state. On the other hand, in the case of a

negative voltage, such complications are not expected and the current flowing is largely lim-

ited in the p-type layer since the pn junction is reversely biased. Consequently, a negative

high-voltage short-pulse circuit was implemented for the measurements, as schematically

illustrated in Fig. 5.2(a). The major difference from the positive pulse-voltage source is

that a negative DC high-voltage source (HK-2N, Matsusada Precision) was used, the SiC

MOSFETs (IMW120R350M1H, Infineon) were flliped so that the drain and source are

swapped, and the connection near the source terminal, DC/DC converter, and gate driver

(2EDB9259T, Infineon) was modified. The typical waveforms of the output voltages of the
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Figure 5.2: (a) Schematic diagram of custom-made switching circuit to generate short-

pulse negative high-voltage and (b) typical waveforms of outputs of the function generator

and the switching circuit, where a small signal input from the function generator is amplified

to a negative pulsed high voltage. (c) Photograph of fabricated switching circuit.
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function generator (81160A, Agilent Technologies) (Vfg and Vfg) are shown in Figure 5.2(b)

with that of the switching circuit (Vapp). The 10 V signals from the function generator

are amplified to a −100 V pulse voltage with a pulse width of 10 µs, for example. A

short pulse width (minimum pulse width: 200 ns), a flat waveform, and minimal overshoot

were achieved by making the wire shorter and optimizing the gate resistance for precise

conductance measurements.

5.2.3 Measurement System Assembly

The negative pulse voltage generated by the switching circuit was applied to the bridge struc-

ture via a coaxial prober, and the voltages were monitored by an oscilloscope (DSO9254A,

Agilent Technologies) as illustrated in Fig. 5.3. A differential probe (N2790A) and a stan-

dard 10:1 passive probe were utilized for the measurement of voltages Vmeas and VR = RI,

where R is the external resistance and I is the current, and the applied voltage was varied

from 2 V to 200 V. R was selected in the range of 300–2000 Ω to minimize the effects of noise

and transient current for each condition including the applied voltage, bridge length, and

acceptor concentration. In addition, the test structures were immersed in Fluorinert during

measurements to prevent air sparking and promote heat dissipation. Besides, the n-layer

was connected to the ground to reduce transient currents from the depletion capacitor of

the pn junction, and a detailed discussion on the effect of this grounding setup will be done

in the next section after showing the experimental results of measured waveforms. Note

that the equations to determine the drift velocity of holes (vd) and the electric field in the

bridge region (Ebridge) should be modified from the case of electron drift velocity (Eqs. (3.1)

and Eqs. (3.2)) due to the opposite sign of Vmeas and I:

vd = − I

enwt
, (5.1)

Ebridge = −Vmeas − 2r · I
l

, (5.2)

where l, w, and t are the length, width, and thickness of the bridge, respectively, e is the

elementary charge, p is the hole concentration, and r represents the resistance between

electrodes and bridge region In this analysis, p was determined by Hall effect measurement

as described in Chapter 4, and 2r was estimated based on the resistance between the inner

two electrodes for the structures with different bridge lengths.

5.3 Results and Analyses

5.3.1 Voltage and Current Waveforms

The measured waveforms of Vmeas and VR = RI are shown in Fig. 5.4, with plots in different

colors representing the results for different applied voltage, where the results for the direction
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Figure 5.4: Waveforms of (a) voltage drop Vmeas and (b) current I for different applied

voltages obtained for a test structure parallel to the c-axis with NA = 1× 1016 cm−3, l =

10 µm, and w = 10 µm.
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parallel to the c-axis, NA = 1× 1016 cm−3, l = 10 µm, and w = 10 µm are taken as

examples. Both Vmeas and I were observed to increase as the electric field Ebridge increases,

which is a different trend compared with the case of electrons where I approaches a constant

value. This result implies that the hole drift velocity does not exhibit obvious saturation

even at Ebridge = 80 kV/cm. From these waveforms, Vmeas and I were determined as the

averaged values in 4–9 µs, and then Ebridge was calculated using Eq. (5.2) after estimating

the resistance component for correction 2r in the same manner with the case of electrons

described in Section 3.4. Figure 5.5 shows the resistance between the inner two electrodes by

linear fitting in the voltage range of −20–20 V for various l, and then 2r was estimated from

the y-axis intercept after performing linear extrapolation for each acceptor concentration

and direction. Here, it should be noted that this analysis assumes that 2r is independent

of the applied voltage (i.e., the hole velocity does not saturate in the 2r region).

In the present measurements, the p-type epilayer was grounded to ensure the accuracy

by suppressing the transient current flowing from a depletion capacitor of pn junction to

external resistance R, in a similar manner to the case of electrons described in Section

3.4. The pn junction between the p-type and n-type epilayers is reversely biased when a

negative high voltage is applied on the electrode, and the depletion layer of the pn junction

is expected to perform as a capacitor connected in parallel with the bridge. The transient

current from this capacitor (i.e., electrons swept from the extended depletion layer) can

flow to R as illustrated in Fig. 5.6(a) if the n-layer is left floating. This is because the

transient current makes the observed current flowing in R different from the target current

flowing in the bridge region. With the aim of avoiding this interference, the n-layer was

grounded in order to lead the transient current directly into the ground without flowing in

R. The current waveforms for both setups: with the n-layer floating and with it the n-layer

grounded are compared in Fig. 5.6(b), where the transient current is slightly reduced and the

current waveform becomes less noisy by grounding the n-layer, especially immediately after

the turn-on, thereby ensuring a little bit greater accuracy. The configuration grounding the

n-layer was therefore used in all the measurements for the present study.

5.3.2 Hole Drift Velocity versus Electric Field Strength

Figure 5.7 shows the electric field and drift velocity of holes along directions parallel and

perpendicular to the c-axis extracted using Eqs. (5.1) and (5.2) for various applied voltages

and bridge lengths. It can be observed that the drift velocity of holes shows a nearly linear

relationship with the electric field, even in the relatively high-field region (on the order

of 10 kV/cm). Although the tendency toward saturation appears at a high electric field

around 100 kV/cm, no clear saturation occurs in the observed range of electric field (1 -

200 kV/cm). Note that the maximum electric field plotted in Fig. 5.7 is lower for more

heavily-doped samples as pronounced leakage currents affect the accurate measurements

and these results were excluded from Fig. 5.7.
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Figure 5.5: Bridge length (l) dependences of the resistance between the two internal

electrodes of the test structure, i.e., the sum of the bridge resistance (Rbridge) and the

resistance components 2r for the directions (a) parallel and (b) perpendicular to the c-axis

(NA = 1× 1016 cm−3 and w = 10 µm).
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Figure 5.6: (a) Schematic of the current path when the n-layer is floating and grounded,

where the transient current from the depletion capacitor of the pn junction is directly led to

the ground without going through the external resistance R by grounding the n-layer. (b)

Current waveforms under both conditions, where the transient current is clearly reduced by

grounding the n-layer.
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Figure 5.7: Drift velocity of holes versus electric field strength obtained from the test

structures with different bridge lengths (l) along both directions for (a) NA = 1× 1016 cm−3,

(b) NA = 3× 1016 cm−3, and (c) NA = 1× 1017 cm−3. Dashed lines depict the fitting results

obtained by linear extrapolation.
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From the obtained vd–Ebridge relationships, the low-fleid mobility (µ) was extracted by

performing linear extrapolation in the low-field region (Ebridge ≤ 1× 104 V/cm) for each

acceptor concentration and direction. The hole mobilities are summarized, alongside the

Hall hole mobilities obtained in Chapter 4 in Fig. 5.8 as a function of acceptor concentration,

where the error bars include both the fitting error and the determination error of the bridge

dimensions. The hole mobilities determined by conductance measurements are consistent

with those from Hall effect measurements, indicating that the present measurements and

analyses are reliable. Besides, it is also worth noting that the current waveforms remain

nearly flat, even in the most heavily-doped sample under the highest electric field, suggesting

minimal self-heating effects in the present measurements.

5.4 Discussion

First, the author investigated the reason why the saturation of hole drift velocity was not

observed within the measured electric field range (1–200 kV/cm), whereas the electron

drift velocity exhibited clear saturation around 100 kV/cm, as depicted again in Fig. 5.9.

The low-field mobility of holes is almost one-tenth that of electrons [1–4] as also confirmed

experimentally in this study in Chapters 2 and 4, while the saturated velocity (vsat) of holes

is expected to be approximately half that of electrons. This expectation is based on the

equation vsat =
√

8ℏω/3πm∗ [5], where the energy of optical phonons (ℏω) is identical for
both electrons and holes, but the effective mass (m∗) of holes are 3–5 times heavier than that

of electrons at room temperature, as seen from Fig. 2.25 and Fig. 4.14(d). Based on these

considerations, the electric field at which velocity saturation occurs for holes is anticipated

to shift toward higher fields – approximately five times higher – compared to the case of

electrons. This shift is likely the primary reason why velocity saturation was not observed

for holes in the measured electric field range, and rough estimation, derived by multiplying

the electron saturation field by a factor of 5, suggests that the obvious saturation of hole drift

velocity is expected to be observed around 500 kV/cm. Furthermore, velocity saturation

might be observed at lower temperatures due to the enhanced hole mobilities under such

conditions, as observed in Si [6]. Therefore, extending the measurement range to higher

electric fields and lower temperatures is required for future studies.

Figure 5.10(a) compares the hole velocities along the directions parallel and perpen-

dicular to the c-axis, which implies approximately 10% anisotropy in hole drift velocity is

maintained even at high electric fields unlike in the case of electrons. This result can be

extrapolated by the relationship between the effective mass anisotropy and the energy distri-

bution of holes. The energy distribution of holes under a high electric field (1 MV/cm, par-

allel to the c-axis) [7] is depicted in Fig. 5.10(b), along with those under thermal equilibrium

at several temperatures (300 K, 600 K, and 900 K), which indicates holes are distributed

with higher energies under both higher electric fields and elevated temperatures. As calcu-
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field relationship as a function of acceptor concentration.

@RT, //c-axis
electrons

holes

Figure 5.9: Electric field dependence of the drift velocity parallel to the c-axis of electrons

(ND = 5× 1015 cm−3) and holes (NA = 1× 1016 cm−3). The ten times lower mobility

(experimentally determined) and two times lower saturated velocity (estimated) of holes

compared with those of electrons can explain that the electric field at which saturation

occurs becomes greater and velocity saturation was not observed for holes in the measured

electric field range.
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Figure 5.10: (a) Comparison between the hole velocities along the directions parallel

and perpendicular to the c-axis obtained for the sample with NA = 1× 1016 cm−3, where

almost 10% anisotropy is preserved over the observed electric field range. (b) Hole dis-

tributions in the valence band under thermal equilibrium state at several temperatures

and high electric field (1 MV/cm, //c-axis) [7]. (c) Calculated anisotropy of hole effective

mass (m∗
ave,⊥/m

∗
ave,//) considering the energy distribution of holes under thermal equilibrium

state at several temperatures [4], which implies that the m∗
ave ratio is little influenced by

the change in the hole distribution.
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lated in Section 4.3, the averaged effective mass ratio (m∗
ave,⊥/m

∗
ave,//) – which accounts for

the energy dependence of effective mass – remains almost independent of temperature, and

the calculated ratio is shown again in Fig. 5.10(c) [4]. This independence indicates that the

energy distribution of holes has a limited effect on the anisotropy of effective mass, which

is qualitatively consistent with the observation that the anisotropy in hole velocity is inde-

pendent of the electric field strength. However, for a more accurate analysis, the average

effective mass should be recalculated based on the energy distribution of holes under various

electric fields and the valence band structure over the whole first Brillouin zone.

5.5 Summary

In this chapter, the high-field hole velocity was experimentally determined by conductance

measurements on p-type SiC(1120) epilayers over a wide range of electric fields (1–200

kV/cm). A measurement system including a negative high-voltage short-pulse source was

established for accurate measurement and analysis, and test structures consisting of nar-

row and short bridge structures with p-type conduction were fabricated as the subject of

measurements. As a result, the hole drift velocity exhibited an almost linear relationship

with the electric field in the observed range, and velocity saturation was not observed even

at a high electric field of 200 kV/cm, which was attributed to the low hole mobility in SiC.

In addition, the 10% anisotropy in hole drift velocity was preserved over the wide electric

field range (1–200 kV/cm), and this result was consistent with the minimal dependence of

effective mass anisotropy on the energy distribution of holes.
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Chapter 6

Conclusions

6.1 Summary of This Thesis

In this dissertation, the author systematically studied the transport phenomena of both

electrons and holes in SiC under low and high electric fields while considering its anisotropy

by using SiC(1120) wafers. The research was divided into four parts according to the carrier

type and electric field strength; low-field electron mobility (Chapter 2), high-field electron

velocity (Chapter 3), low-field hole mobility (Chapter 4), and high-field hole velocity (Chap-

ter 5). The fundamental database of transport properties along the c-axis was established,

which is particularly important for SiC-based power device applications. In addition, the

anisotropy of carrier transport was discussed from the measurement results for directions

parallel and perpendicular to the c-axis. Theoretical calculation, based on the conduction

and valence band structures of SiC and energy distribution of carriers, revealed that the

anisotropy in mobility and drift velocity of carriers can be explained by their anisotropic

effective mass, including the temperature and electric field dependences. The main conclu-

sions obtained by the present study are summarized as follows.

In Chapter 2, the anisotropic low-field electron mobility was investigated by using two

approaches. First, the electron mobility along the c-axis was estimated by analyses based on

capacitance–voltage (C–V ) and current–voltage (I–V ) measurements on SiC(0001) vertical

Schottky barrier diodes (SBDs). By taking care of the current spreading and separation

of resistance components, the electron mobility was obtained to be 1070 cm2/Vs with an

accuracy of ± 290 cm2/Vs for the donor concentration (ND) of 1× 1015 cm−3. Despite of the

relatively large error, the averaged value was close to the result by Hall effect measurement,

which ensured the validity of the present method. As the second approach, the author per-

formed Hall effect measurements on n-type SiC(1120) epilayers and determined the electron

mobility parallel and perpendicular to the c-axis over wide ranges of donor concentration

(ND = 5× 1014–4× 1018 cm−3) and temperature (120–600 K). A high mobility of 1210

cm2/Vs was obtained for the direction parallel to the c-axis, which is the highest value ever

measured for SiC at room temperature. From the systematic experimental results, empiri-
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cal equations describing the donor concentration and temperature dependences of electron

mobilities were determined. In addition, the electron mobility along the c-axis was found

to be 10–20% higher than that perpendicular to the c-axis, and the origin of the anisotropy

was discussed by focusing on the anisotropy in electron effective mass. A comparison be-

tween the observed mobility anisotropy and effective mass reported at the conduction band

minimum suggested the necessity to take into account the energy dependence of effective

mass. Then, a theoretical calculation was performed considering the energy distribution of

electrons and the conduction band structure of SiC, and it was clarified that the anisotropy

in electron mobility is quantitatively explained only by that in effective mass. In addi-

tion, the temperature dependence of the electron mobility was calculated by assuming the

isotropic relaxation time of scattering, which reproduced well the observed mobility for both

directions.

In Chapter 3, the author determined the anisotropic high-field drift velocity of electrons

using n-type SiC(1120) epilayers. Conductance methods were adopted since it has no re-

striction for doping concentration of samples in principle and it is considered to be suitable

for SiC, whose minimum doping concentration (∼ 1× 1014 cm−3) is relatively higher than

that of other semiconductors such as Si and Ge (≤ 1× 1011 cm−3) at the present stage. The

electron velocity was measured over a wide range of electric field from 1 to 200 kV/cm by

combining the n-type bridge structures and a high-voltage short-pulse source. Saturation

of electron drift velocity was observed around 100 kV/cm, with saturated drift velocities of

1.7× 107 cm/s for both directions parallel and perpendicular to the c-axis. Careful consider-

ation of the effects of transient current and self-heating ensured the accuracy of these results.

In additional, the relaxation of velocity anisotropy at higher electric field was qualitatively

explained by the change in the energy distribution of electrons.

In Chapter 4, the anisotropic low-field hole mobility was studied by Hall effect measure-

ments on p-type SiC(1120) epilayers with various acceptor concentrations (NA = 8× 1015–

7× 1018 cm−3) and temperatures (120–600 K). Empirical equations expressing the acceptor

concentration and temperature dependences of mobilities were determined so that the sys-

tematic experimental results are well reproduced. Unlike electron mobility, the hole mobility

along the c-axis was 10% lower than that perpendicular to the c-axis, and this anisotropy

was discussed by focusing on the anisotropic hole effective mass. Similar calculation with

the case of electrons was performed by considering the energy distribution of holes and the

valence band structure of SiC with an important difference that the E–k dispersion over

the whole Brillouin zone was taken into account accompanied by the complex structure

of the SiC valence band. Consequently, the author revealed that the anisotropy in hole

effective mass quantitatively explains the observed anisotropy in the hole mobility. Be-

sides, the temperature dependence of the hole mobility was successfully reproduced well for

both directions by the calculated hole mobility considering anisotropic effective mass and

relaxation time.

In Chapter 5, the high-field hole velocity was determined by conductance measurements
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on p-type SiC(1120) epilayers under various electric fields up to 200 kV/cm. Velocity

saturation of holes was not observed even at a high electric field of 200 kV/cm, and it was

attributed to the low hole mobility in SiC. The 10% anisotropy in hole drift velocity was

preserved across the observed electric field range, and that was consistent with the minimal

dependence of calculated effective mass anisotropy on the energy distribution of holes.

The present data on the carrier transport properties in SiC bulk crystals, including (i)

carrier type (electrons or holes), (ii) crystal direction (parallel and perpendicular to the

c-axis), (iii) electric field strength, (iv) doping concentration, and (v) temperature depen-

dences are essential for understanding what happens in the devices under any operation.

These results enable us to predict the device performance with greater accuracy and make

it easier to achieve an optimum design of SiC devices. In addition, the author believes that

the theoretical analyses on the origin of the carrier transport anisotropy focusing on the

band structure of the material can provide a deep insight into comprehensive understanding

of physics in anisotropic semiconductor materials including GaN and Ga2O3.

6.2 Future Outlook

The author has investigated the fundamental transport properties of carriers in SiC bulk

crystals and advanced the understanding of anisotropic carrier transport based on the

anisotropic band structure of SiC. Stemming from the findings of this study, the follow-

ing research topics are proposed for future exploration.

1. Determination of carrier transport properties under electric field exceed-

ing 1 MV/cm

This study experimentally determined the drift velocities of electrons and holes over

a wide electric field with a maximum value of 200 kV/cm. As the next step, expan-

sion of the electric field range of measurement up to 1 MV/cm is essential for deeper

understanding of carrier transport phenomena in SiC. The determination of drift ve-

locity under such extremely high electric fields has not yet been reported, even for

other semiconductor materials [1–11]. This limitation is primarily due to the con-

straints of the time-of-flight technique and breakdown of the materials themselves at

high fields. For materials such as Ge, Si, and GaAs, which have critical electric fields

on the order of hundreds of kV/cm [12–14], applying electric fields beyond 1 MV/cm

is fundamentally impossible. In contrast, SiC, with its high critical electric field of

approximately 2.5 MV/cm [15], offers the potential for measurements at much higher

electric fields. Furthermore, conductance techniques are not fundamentally restricted

in terms of the maximum electric field unlike time-of-flight methods, which are typi-

cally limited to a maximum electric field of around 100 kV/cm by the minimum flight

time and maximum applied voltage allowed in measurement systems. Theoretical

studies have predicted that under electric fields exceeding 1 MV/cm, carriers in SiC
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may exhibit unique transport phenomena, such as Bloch oscillations caused by the

narrow Brillouin zone of SiC along the ⟨0001⟩ direction, and these phenomena could

result in negative differential drift velocity [16–18]. However, this intriguing predic-

tion remains experimentally unverified, leaving it an open question in semiconductor

physics. To achieve accurate measurements of carrier drift velocities in this unexplored

high-field regime by conductance techniques, it is necessary to develop test structures

capable of withstanding higher blocking voltages and incorporating shorter bridge

regions. Alternatively, the design of novel test structures or the development of inno-

vative measurement techniques could provide a pathway to advancing the boundaries

of high-field carrier transport research in semiconductor materials.

2. Characterization of temperature dependence of high-field carrier transport

Although the high-field drift velocity of carriers was investigated in this study, the mea-

surement temperature is limited to room temperature at the present stage. Changes

in temperature are expected to influence the energy distribution of electrons and

holes and their interactions with optical phonons, leading to variations in high-field

drift velocity, as observed in other materials such as Si, GaAs, and heterostruc-

tures [1, 11, 19, 20]. Since power devices usually operate at elevated temperatures due

to self-heating of devices, understanding the temperature dependence of high-field drift

velocity is critical for accurate simulation. Moreover, investigating drift velocity at

both low and high temperatures would provide valuable insights into the anisotropy

discussed in this thesis, as temperature directly influences the energy distributions

of carriers. Experimental determination of temperature dependence of anisotropic

high-field drift velocity is therefore essential, both from the perspective of practical

applications and for advancing the fundamental understanding of carrier transport

physics.

3. Understanding the transport mechanism of minority carriers

The focus of this study was on the transport properties of majority carriers, namely

electrons in n-type and holes in p-type SiC. However, the minority carrier transport is

also important for device applications. For example, in SiC-based bipolar devices such

as pin diodes and insulated-gate bipolar transistors (IGBTs), the drift or diffusion of

injected minority carriers significantly impacts the device performance [21, 22]. The

transport properties of minority carriers may be different from those of majority car-

riers due to additional scattering mechanisms, including electron-hole scattering, i.e.,

interactions with majority carriers [23]. Experimental determination of anisotropic

transport properties of minority carriers using techniques such as time-of-flight mea-

surement or photo-Hall effect measurement [24–28] would greatly contribute to a com-

prehensive understanding of carrier transport in SiC.
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