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Abstract

The semiconductor industry based on Silicon (Si) electronics has provided a core in modern

society, and the rapid advances in Si technology have drastically improved our lives. To

tackle the recent worldwide environmental issues, on the other hand, further energy conser-

vation and novel functions are required for electronics, as well as higher performance. Power

electronics and high-temperature electronics play a vital role in efficiently utilizing energy

resources and electricity, the significance of which has been rapidly increasing. However,

currently available Si-based electronics has encountered the performance limit determined

by the material properties of Si, making it challenging to achieve innovative breakthroughs

in these fields.

Silicon carbide (SiC), which possesses a high critical breakdown electric field (∼
2.5MV/cm) and wide bandgap (3.26 eV), is one of the most promising semiconductor ma-

terials for low-loss and high-voltage power devices and high-temperature operational logic

transistors. Thanks to extensive research and development over the decades, SiC power

devices such as Schottky barrier diodes (SBDs) and metal-oxide-semiconductor field-effect

transistors (MOSFETs) have already been in mass production and commercialization. Re-

garding SiC-based high-temperature electronics, the successful operation of transistors and

integrated circuits (ICs) at a temperature above 300◦C has been demonstrated by several

groups. On the other hand, several technical issues still hinder further improvement in the

performance, reliability, and processing of SiC devices. Formation of ohmic contacts with

a sufficiently low contact resistivity (ρc < 10−6 Ωcm2) through a low-temperature process is

particularly important among these critical issues.

An ohmic contact is a type of metal/semiconductor junction at which current can flow in

both directions and is an essential component to connect semiconductor devices to external

circuits. In the case of SiC, the wide bandgap leads to a high energy barrier (> 1 eV) at

metal/SiC interfaces, making it difficult to form low-resistance ohmic contacts just by de-

positing an electrode metal on SiC. Hence, annealing at a very high temperature (∼ 1000◦C)

after the electrode deposition on heavily-doped SiC (doping density: Nd > 1 × 1019 cm−3)

has widely been adopted to obtain a low contact resistivity. However, the mechanism of

ohmic contact formation through the high-temperature treatment is not well understood

even now, and thus, no quantitative guidelines exist to form good ohmic contacts on SiC.

Besides, the high-temperature process has various negative impacts like surface roughing,
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metal melting, and even device performance degradation. In order to resolve these issues,

it is indispensable to clarify the fundamental properties of non-alloyed metal/heavily-doped

SiC interfaces formed without performing high-temperature sintering, that is, heavily-doped

SiC Schottky interfaces.

In this dissertation, the author systematically studies the barrier height and carrier

transport at Schottky (non-alloyed) contacts formed on heavily-doped n-type SiC. Based

on the understanding of the high-field carrier transport phenomena, namely, tunneling phe-

nomena, at metal/heavily-doped SiC Schottky interfaces, a physical model to predict the

contact resistivity at non-alloyed SiC ohmic contacts is proposed, and a design guideline for

the formation of low-resistance ohmic contacts is presented.

In Chapter 2, the barrier height at metal/heavily-doped n-type SiC Schottky interfaces

was carefully investigated through three different techniques. A method was established

to accurately determine the barrier height in heavily-doped SiC SBDs, considering elec-

tron tunneling through a very thin Schottky barrier (∼ 10 nm). A significant barrier drop

(∼ 0.2 eV) was observed in the Ni/heavily-doped SiC SBDs (Nd = 2 × 1019 cm−3), which

is quantitatively explained by image force lowering caused by a high electric field at the

Schottky interface (> MV/cm) even at zero bias. Wide-range controllability of the bar-

rier height (0.7–1.6 eV) regardless of the donor density of SiC was also demonstrated by

employing various metals for Schottky electrodes.

In Chapter 3, the author fabricated vertical SBD structures on heavily-doped n-type

SiC epitaxial layers and numerically analyzed the I–V characteristics based on the direct

tunneling (DT) model, which includes the thermionic field emission (TFE) and field emis-

sion (FE) models. It turned out that the carrier transport in heavily-doped SiC Schottky

structures (Nd > 1017 cm−3) is quantitatively described by the DT process. Investigation of

the energy where electron tunneling most frequently occurs (defined as Epeak) revealed that

the TFE transport is predominant in forward-biased heavily-doped n-type SiC SBDs (Nd:

mid-1017 cm−3–1 × 1019 cm−3), while a higher electric field under a reverse bias changes

the dominant tunneling process from TFE to FE (Nd: above mid-1018 cm−3). The Nd-

independent critical conditions regarding the electric field and the barrier thickness for the

TFE-FE transition were clarified, carefully considering the sharply changing electric field

distribution in heavily-doped SiC Schottky structures.

In Chapter 4, phosphorus ion (P+) implantation was conducted to fabricate vertical

SBD structures (1 × 1017–8 × 1019 cm−3), and the carrier transport characteristics were

compared with the Schottky contacts formed on epitaxial layers. The current density flowing

through metal/heavily P+-implanted SiC interfaces was several orders of magnitude larger

than that on epitaxial layers, even with a similar barrier height and donor density. The

enhanced tunneling current is plausibly explained by trap-assisted tunneling (TAT), which

involves electron tunneling via deep levels induced by implantation damages. The numerical

calculation of the TAT current was then performed by assuming various trap levels in the

implanted layer, and it was speculated which kind of traps dominantly contribute to the
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enhanced current observed in metal/heavily P+-implanted SiC Schottky structures.

In Chapter 5, non-alloyed Ti and Mg contacts were formed on heavily P+-implanted SiC

(4 × 1018–2 × 1020 cm−3), and the contact resistivity (ρc) was systematically investigated

through experiment and numerical calculation of the DT current. When Nd is below mid-

1019 cm−3, the measured ρc value was much lower than expected from the DT calculation,

which is qualitatively explained by the significant contribution of TAT. In a higher Nd

range above 1020 cm−3, the experimental ρc sharply decreased with increasing Nd, which is

quantitatively predictable by the numerical calculation of the DT current. An extremely low

ρc of 1–2×10−7Ωcm2 was demonstrated for non-alloyed Mg and Ti ohmic contacts without

high-temperature sintering (∼ 1000◦C) by utilizing very high-dose P+ implantation (2 ×
1020 cm−3). Through the experiment and calculation, a physics-based model considering the

contributions of DT and TAT for ρc at non-alloyed ohmic contacts was proposed. Besides,

based on the proposed model, a quantitative guideline for designing low-resistance non-

alloyed ohmic contacts on P+-implanted SiC was presented: a very low ρc (< 10−6 Ωcm2)

is achievable with a barrier height lower than about 1 eV and a donor density higher than

about 3× 1019 cm−3.

In Chapter 6, the summary of this dissertation and future prospects are given.
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Chapter 1

Introduction

1.1 Background

The term “handotai” (semiconductor) has become more familiar to ordinary citizens mainly

due to the recent “handotai busoku” (semiconductor chip shortage), especially since 2021.

The worldwide insufficient supply of semiconductor wafers and devices has significantly

affected the production of electronic hardware, home appliances, and automobiles, to name

a few. Consequently, the severe situation triggered us to appreciate how vital role the

semiconductor industry plays in a highly civilized society.

Currently, almost all semiconductor devices are fabricated with silicon (Si), owing to

the availability of large, low-priced, and high-quality single crystal wafers, a mature de-

vice fabrication process, and a deep understanding of the physical properties. Large-scale

integrated circuits (LSIs) built with complementary metal-oxide-semiconductor (CMOS)

technology are one of the most synonymous applications of Si devices. Decades of progress

in the device fabrication process have enabled highly integrated circuits (ICs), dramatically

improving the performance of computers and mobile gadgets year by year. Power electron-

ics, proposed by Newell in 1973 [1], is another important implementation of Si devices. The

function of power electronics is to control electrical power (i.e., voltage and/or frequency)

to suitable forms, which is required several times during the delivery of electricity from

power plants to our houses. The systems with a novel concept of power conversion based

on fast switching of power semiconductor devices achieved higher energy efficiency than

conventional linear regulators and rotary converters.

While Si-based devices and systems have provided us with innovative changes in the

past decades, requirements for electronics are not only performance improvements but also

further energy conservation and novel functions in modern society, which faces worldwide

environmental issues and is rapidly becoming more developed and information-oriented.

Taking power electronics, for instance, the conversion efficiency is insufficient in the currently

available Si-based system. The performance of Si power devices has been improved, boosted

by long-standing research and development, and is now approaching the theoretical limit
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determined by the material properties of Si. Despite its maturity, however, the efficiency of

Si power electronics is typically 85–95%, that is, about 10% of electrical power is wasted as

heat at each conversion stage.

From an aspect of energy resource utilization, besides, the emphasis placed on high-

temperature electronics [2, 3], which involves semiconductor devices and ICs operational

at an elevated temperature, has been increasing. When drilling deeper into the earth for

natural resource extraction and effective use of geothermal energy, for example, the under-

ground ambient temperature reaches over 300◦C. Thus, control and sensing systems must

work stably at such a high temperature. However, it is inherently difficult for Si devices to

operate at a temperature higher than 300◦C, requiring severe thermal management with an

external cooling system.

To overcome the “Si limits” and meet the needs of next-generation electronics, wide-

bandgap (WBG) semiconductor materials that possess a higher critical breakdown electric

field and a larger bandgap than Si have attracted considerable attention. Among several

WBG semiconductors like gallium nitride (GaN), gallium oxide (Ga2O3), and diamond,

silicon carbide (SiC) is widely accepted as one of the most promising materials because of

the many advantages described in the next section.

1.2 Silicon Carbide (SiC)

1.2.1 Features of SiC

SiC is a IV-IV compound semiconductor containing an equal amount of Si and carbon (C)

atoms. The chemical bonding between these atoms is very strong, giving this material

high physical and chemical stability, high thermal conductivity [4], and unique electrical

properties. Table 1.1 summarizes the major material properties of Si, 3C-SiC, 4H-SiC, and

6H-SiC [5–17]. Among quite a wide variety of polytypes, which are classified based on

the stacking sequence of Si-C pairs, 4H-SiC is a particularly suitable material for kinds of

electronic device applications because of its high electron mobility (1200 cm2/Vs) [10, 11],

high critical electric field (2.5–2.8MV/cm) [16], and wide bandgap (3.26 eV) [8]. Hereafter,

the term “SiC” represents 4H-SiC otherwise specified.

In addition to the attractive material properties, SiC has many advantages from a techni-

cal point of view. It is a good example to describe the superiority of SiC that doping density

in both n- and p-type SiC can be controlled in a vast range (1014–1019 cm−3) through epi-

taxial growth [18]. Mature ion implantation technology also enables the formation of n- and

p-type SiC regions with a very high doping density (> 1020 cm−3) [19–23]. The wide-range

controllability of doping density, which is hardly achieved in other WBG semiconductors,

is an exceptional feature to help design and fabricate various SiC electronic devices.

The author explains how SiC devices contribute to developing power electronics and

high-temperature operational ICs in the following sections.
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Table 1.1: Major material properties of Si and various polytypes of SiC (data obtained at

room temperature) [5–17].

Property Si 3C-SiC 4H-SiC 6H-SiC

Bandgap (eV) 1.12 2.36 3.26 3.02

Electron Mobility (cm2/Vs) 1450 ∼ 1000
1200 (∥ c) 100 (∥ c)

1000 (⊥ c) 450 (⊥ c)

Hole Mobility (cm2/Vs) 500 100
85 (∥ c)

100
95 (⊥ c)

Electron Saturated Drift Velocity (cm/s) 1 × 107 2× 107 2.2× 107 1.9× 107

Critical Electric Field (MV/cm)
0.4 1.4

2.5 (∥ c) 2.8 (∥ c)
∗at 1× 1016 cm−3 2.2 (⊥ c) 1.7 (⊥ c)

Relative Dielectric Constant 11.9 9.72
10.3 (∥ c) 10.0 (∥ c)

9.76 (⊥ c) 9.66 (⊥ c)
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1.2.2 Applications in Power Electronics

Figure 1.1 depicts a typical DC–AC conversion circuit (inverter) for three-phase motor con-

trol. The electrical power conversion is performed with a pair of a transistor (switching

device) and a diode (rectifier), which are the fundamental components of power semicon-

ductor devices. Schematic illustrations of the current–voltage (I–V ) characteristics of (a)

rectifiers and (b) switching devices are shown in Fig. 1.2. Ideally, power devices are expected

to have no voltage drop (no resistance, 0Ω) during the “ON”-state operation and no leakage

current (infinite resistance, ∞Ω) even with any high voltage applied in the “OFF” state.

However, real devices inevitably exhibit a finite ON-state resistance (RON) and, in the OFF

state, have a finite leakage current and breakdown voltage (VBD) at which a very sharp

current increase occurs. These non-ideal characteristics are the main cause of the static loss

in power devices. Regarding the switching operation, furthermore, it takes a finite delay in

the transition between ON and OFF states, resulting in switching loss. Consequently, the

primary requirement for power devices is to simultaneously achieve a low on-resistance, a

negligible leakage current, and fast switching under a given blocking voltage. From these

points of view, SiC power devices can exhibit significant advantages compared to Si-based

devices.

Figure 1.3(a) schematically illustrates the electric field distribution in SiC and Si devices

containing a one-sided abrupt junction (e.g., Schottky barrier diodes; SBDs) designed to

have the same blocking voltage. Under the OFF-state operation with a reverse bias applied,

a depletion region extends toward a voltage-blocking layer, and junction breakdown occurs

when the maximum electric field at the junction reaches the critical electric field (FBD).

Since the area of the triangular-shaped electric field distribution corresponds to the blocking

voltage, a thicker layer with a lower doping density (showing a milder slope in the plot) has

to be prepared to obtain a higher VBD. This fact clearly shows the trade-off relationship

between RON and VBD, that is, RON is significantly increased for power devices requiring

a higher VBD. Figure 1.3(b) shows RON–VBD plots for Si and SiC power devices calculated

with the formula [24],

RON =
4V 4

BD

ηεsµF 3
BD

, (1.1)

where η is the activation ratio of dopants (typically η = 0.85–1.00), and εs and µ are the

dielectric constant and the mobility of the semiconductor, respectively. Since SiC has about

ten times higher FBD than that of Si, it is possible to make the drift layer thickness about ten

times thinner and the doping density 100 times higher when designing a device with the same

VBD, as indicated in Fig. 1.3(a). As a result, SiC power devices can achieve a significantly

low RON (about 1/500 times lower than that for Si devices at a given VBD [25, 26]), leading

to a considerable static loss reduction.

Another important advantage of SiC power devices is fast switching by adopting a

unipolar operation. Figure 1.4 indicates the major territories of unipolar and bipolar power

devices for Si and SiC in terms of the rated blocking voltage [24]. Regarding the medium-
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Figure 1.1: Typical DC–AC conversion circuit (inverter) for three-phase motor control.

Figure 1.2: Current–voltage characteristics of (a) power diodes and (b) power switching

devices in ideal and real cases.
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Figure 1.3: (a) Electric field distribution under a reverse-biased condition (OFF-state op-

eration) in Si and SiC Schottky barrier diodes (SBDs) with the same blocking voltage. (b)

Trade-off relationship between the specific on-resistance of the drift layer and breakdown

voltage in Si and 4H-SiC(0001) unipolar devices having a non-punch-through (NPT) struc-

ture.
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Figure 1.4: Major territories of unipolar and bipolar power devices for Si and SiC as a

function of the rated blocking voltage [24].
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to high-voltage applications (e.g., VBD in several kV), Si-based bipolar devices such as PiN

diodes and insulated gate bipolar transistors (IGBTs) have been employed because they can

effectively reduce RON thanks to the conductivity modulation caused by minority carrier

injection [27] and overcome the unipolar limit given by Eq. (1.1). However, it takes a

long time to eject minority carriers from the voltage-blocking layer, and thus, these bipolar

devices inherently exhibit a slower switching speed. On the other hand, SiC can ensure

a sufficiently low RON in these VBD ranges even with unipolar devices such as SBDs and

metal-oxide-semiconductor field-effect transistors (MOSFETs), leading to considerable loss

reduction during switching operation.

Because of these superiorities, SiC has received much attention as a semiconductor mate-

rial suitable for high-voltage (several kV), low-loss, and fast-switching power devices [27–32].

Decades of intensive studies on crystal growth, material properties, and device processing

of SiC have allowed mass production and commercialization of SiC unipolar power de-

vices (SBDs and MOSFETs), achieving improved energy efficiency in real electronic sys-

tems [33–35]. Besides, bipolar operation in SiC PiN diodes, IGBTs, bipolar junction tran-

sistors (BJTs), and gate-turn-off (GTO) thyristors will be promising in ultra-high-voltage

devices (> 10 kV), and rapid progress in crucial technologies for putting them into practical

applications is ongoing [30, 32, 36, 37].

1.2.3 Applications in High-Temperature Electronics

Figure 1.5 plots the temperature dependence of the intrinsic carrier density (ni) in Si and

SiC calculated based on the formula [5],

ni =
√
NCNV exp

(
− Eg

2kBT

)
, (1.2)

where NC and NV are the effective densities of states in conduction and valence bands,

respectively, Eg is the bandgap, kB is the Boltzmann constant, and T is the absolute tem-

perature. In LSI circuits containing a huge number of transistors, electrical isolation be-

tween a device and its neighbors is usually guaranteed by the rectification of p-n junctions.

Since the reverse leakage current in p-n junctions is proportional to ni, an increased ni and

leakage current at an elevated temperature lead to isolation failure and undesirable oper-

ation. Due to the relatively small bandgap of Si (Eg = 1.12 eV), ni becomes comparable

to the intentional doping level (∼ 1015 cm−3) when the ambient temperature exceeds about

200◦C, leading to an unacceptably large leakage current. Hence, the maximum operational

temperature is limited to about 200◦C in the currently available Si-based ICs consisting of

CMOS devices. Although the operating temperature can be improved by adopting silicon-

on-insulator (SOI) substrates, in which neighbor devices are isolated by trench etching of

a thin Si layer (< 1µm), the maximum operation temperature is still limited up to 250–

300◦C [38, 39]. Thanks to the wide bandgap of SiC (Eg = 3.26 eV), on the other hand, ni
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Figure 1.5: Intrinsic carrier density in Si and SiC as a function of the reciprocal temper-

ature.
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in SiC is extremely low like 10−8 cm−3 at room temperature, which is 18 orders of magni-

tude lower than that in Si (1010 cm−3). This fact clearly shows the applicability of SiC for

high-temperature operational IC applications.

Figure 1.6 describes the major high-temperature electronics applications plotted against

the ambient temperature [3, 40, 41]. High-temperature operational ICs have a wide vari-

ety of potential applications, such as combustion furnaces, airplane turbine engines, and

aerospace exploration, as well as deep-well drilling. Regarding SiC-based high-temperature

electronics, ICs composed of SiC MOSFETs [42, 43], BJTs [44–46], and junction-field ef-

fect transistors (JFETs) [47–49] operational at a high temperature (> 300◦C) have been

demonstrated. It is notable that because of the high atomic replacement threshold energy

and radiation ionization energy [50, 51], SiC is an attractive material also in radiation-

hardened device applications (e.g., aerospace, nuclear plant, and so on), for which there are

several reports on radiation-robust device operation [52, 53]. Consequently, SiC will play a

vital role in this new, rapidly developing field of high-temperature and harsh-environment

electronics [40, 54–57].

1.3 Metal/SiC Junctions

A metal/semiconductor junction is one of the most fundamental building blocks in all semi-

conductor devices introduced above. There are two types of the junction; one is a Schottky

contact, which exhibits rectifying I–V characteristics, and the other is an ohmic contact

with a linear I–V relationship, as shown in Fig. 1.7. Energy band diagrams for these con-

tacts near the metal/n-type semiconductor junction are also illustrated in Fig. 1.7. In an

ideal situation, these two contacts are classified based on the difference between the work

functions of metal (ϕm) and semiconductor (ϕs); in the case of an n-type semiconductor,

Schottky contacts are formed when ϕm is higher than ϕs, whereas the relationship of ϕm < ϕs

leads to the ohmic contact formation. Note that the relationship between ϕm and ϕs to form

each contact is just the opposite in the case of a p-type conductivity. A Schottky contact

is a key component in SBDs and metal-semiconductor field effect transistors (MESFETs).

Besides, any semiconductor device essentially requires a low-resistance and stable ohmic

contact to be connected to an external circuit with a minimum voltage drop at the con-

tact. The following section introduces the features and research status of the two types of

metal/SiC junctions.

1.3.1 Schottky and Ohmic Contacts on SiC

Figure 1.8 depicts the energy band diagram of SiC and several metals. Because of the

relatively low electron affinity (χs = 3.8 eV) [58] and wide bandgap of SiC (Eg = 3.26 eV),

Schottky contacts are basically formed when depositing electrode metals typically used in

semiconductor devices that possess ϕm of 4–6 eV (e.g., Ti, Ni, W, Pt, and so on) [59].
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Figure 1.6: Major application fields of high-temperature operational ICs as a function of

the ambient temperature (all the pictures were taken from Adobe Stock with the Standard

License).
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Figure 1.7: Typical current–voltage characteristics of Schottky and ohmic contacts and

energy band diagrams representing each contact.
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Figure 1.8: Energy band diagram of SiC and several metals typically used in semiconductor

devices.
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Therefore, it is relatively easy to obtain good Schottky contacts on SiC. On the other hand,

the formation of ideal ohmic contacts is difficult, which is a common challenge that most

WBG semiconductor materials face.

SiC Schottky Contacts

The invention of novel techniques for SiC bulk growth (modified Lely method or seeded

sublimation method) in 1978–1981 [60, 61] and epitaxial growth (step-controlled epitaxy) in

1987 [62] accelerated the research and development of SiC devices. Following the pioneering

research, the adoption of SiC to power electronics was proposed in 1989 [63], and SiC

Schottky contacts began to be intensively studied in the early 1990s, aiming at high-voltage

rectifiers. The successful fabrication and operation of a 400V 6H-SiC SBD were reported

in 1992 [64], and a 1 kV-class 6H-SiC SBD with a low RON and 400◦C rectification was

demonstrated in 1993 [65]. Then, in 1994–1995, the world-first high-voltage SiC SBD (>

1 kV) with a further low RON by adopting 4H-polytype was demonstrated [28, 66], which is

well beyond the Si SBD’s territory and even superior to Si PiN diodes in terms of switching

loss reduction. This demonstration was a significant milestone that triggered scientists and

engineers in the field of power electronics to recognize the outstanding potential of 4H-SiC

as a power semiconductor material.

On the other hand, SiC SBDs had a serious problem related to the unacceptably large

leakage current [67, 68] that was much larger than that in conventional Si SBDs described

by the thermionic emission (TE) transport including image force lowering [69]. Although

the origin of this large leakage current had been unclear, the underlying physics to explain

this phenomenon was clarified several years later. Since it is possible to apply a very

high electric field (MV/cm order) to SiC, a Schottky barrier becomes very thin despite

the low doping density in the voltage-blocking layer, enabling carriers to tunnel through

the barrier [70, 71]. Finally, it turned out that the reverse leakage current in high-voltage

SiC SBDs can be well described by the thermionic field emission (TFE) model [72, 73],

which represents the tunneling process of thermally excited carriers [74, 75]. Interestingly,

the reverse TFE current is commonly observed in power SBDs fabricated with other WBG

semiconductors like GaN and Ga2O3 [76–78]. This discovery provided a guideline that

the leakage current can be reduced by suppressing the interface electric field, leading to

the proposal and demonstration of a junction barrier Schottky (JBS) structure [79, 80].

After the structure and process optimization, high-voltage SiC SBDs became commercially

available in 2001, and now they are implemented in a wide variety of power conversion

systems, achieving considerable loss reduction [6].

SiC Ohmic Contacts

A primary requirement for ohmic contacts is to ensure the bi-directional current flow with

a sufficiently low contact resistivity (i.e., negligibly small voltage drop at the contact).
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Here, a contact resistivity (ρc, unit: Ωcm2), which is defined as the voltage drop under a

given current density flowing, is an indicator that represents the quality of ohmic contacts.

Regarding power devices, ρc of about 10
−6Ωcm2 is usually required, and further low ρc of

10−7–10−8Ωcm2 is essential in IC applications. In the case of SiC, however, obtaining such a

low ρc is inherently difficult because the preferable relationship between ϕm and ϕs for ideal

ohmic contacts is hardly satisfied just by depositing typical electrode metals, as mentioned

above. As a result, performing high-temperature sintering (∼ 1000◦C) after the electrode

metal deposition on heavily-doped SiC (> 1019 cm−3) has become the standard process to

obtain low-resistance SiC ohmic contacts [81–84].

The history of research on SiC ohmic contacts also dates back to the early 1990s, and

the sintered (alloyed) ohmic contacts on SiC have been extensively studied so far, mainly

from the standpoint of structural analyses. Ni-based contacts annealed at 900–1000◦C

are widely adopted as ohmic electrodes for n-type SiC because they can achieve a low ρc

of about 10−6Ωcm2 [85–88]. Rutherford backscattering spectrometry (RBS) and Auger

electron spectroscopy (AES) revealed that Ni and SiC react to form nickel silicide (mainly

Ni2Si) during the anneal, whereas nickel carbide is not formed and residual carbon atoms

are accumulated near the interface [86]. As for p-type SiC, an electrode stack consisting

of Al/Ti sintered at about 1000◦C is commonly utilized for ohmic contact formation with

ρc below 10−5Ωcm2 [89–91]. Transmission electron microscopy (TEM) observation showed

the formation of Ti3SiC2 as the main phase resulting from the interfacial reaction caused

by high-temperature sintering [92, 93].

In contrast to the relatively mature process and physical understanding of Schottky

contacts formed on lightly-doped SiC, however, there remain several critical issues regarding

SiC ohmic contacts that hinder further improvement in the device performance and cost

reduction in the device fabrication, which are described in the next section.

1.3.2 Key Issues for Ohmic Contact Formation in SiC Devices

The first problem is a poor understanding of the mechanism of ohmic contact formation

through the high-temperature process. Despite continuous efforts to reveal the formation

mechanism based on the structural analyses of the alloyed metal/SiC interface, the corre-

lation between interfacial reactions and electrical characteristics is still not quantitatively

understood. Despite a high Schottky barrier (> 1.5 eV) at non-sintered (non-alloyed) Ni/n-

type SiC and Ti/p-type SiC interfaces, for instance, Ni- or Ti-based ohmic contacts on n-

or p-type SiC, respectively, can achieve a low ρc and are practically utilized, as mentioned

above. Regarding the Ni-based alloyed ohmic contacts on n-type SiC, although Ni2Si for-

mation already occurs at 600◦C, ohmic behavior is not ensured with such a low-temperature

treatment [82, 94, 95]. Besides, a non-sintered Ni2Si/SiC interface formed by directly de-

positing the silicide shows Schottky characteristics [6]. A sputtered Ti3SiC2 film does not

provide an ohmic characteristic for p-type SiC [96], as is the case for n-type SiC. Conse-
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quently, it is still unclear what critically contributes to the ohmic contact formation in the

high-temperature processes, and thus, there exist very few guidelines for the design and

formation of low-resistance ohmic contacts on SiC.

The high-temperature sintering for the ohmic contact formation also causes several nega-

tive impacts on the performance and reliability of devices [97]. Figure 1.9 depicts a schematic

illustration of a typical SiC trench MOSFET and summarizes several drawbacks related

to the high-temperature process for ohmic contact formation. Severe surface roughening

caused by interfacial reactions and segregation of melted metal at a high temperature [98]

is a critical issue that makes wire bonding to the electrode difficult. It was pointed out that

post-metallization annealing at a high temperature can degrade the quality of a SiO2/SiC

interface and MOSFET performance [99].

The ρc value obtained with the high-temperature treatment is insufficient from several

points of view. With the currently available process, ρc is typically limited down to about

1 × 10−6Ωcm2, which is not sufficiently low when SiC devices are further down-sized to

be employed in IC applications. Because of a severe unbalance of ρc between n- and p-

type ohmic contacts (i.e., much higher ρc for p-type SiC), besides, an optimum contact

material and process for simultaneous ohmic contacts on n- and p-type SiC that are useful

to make the source and body regions in MOSFETs simultaneously grounded have not yet

been established.

From these points of view, a novel fabrication process for SiC ohmic contacts that can

achieve a very low ρc (< 10−6 Ωcm2) with a low-temperature treatment (< 500–600◦C) is

strongly demanded. Although several groups have made trials to achieve a low ρc with-

out performing the high-temperature sintering [100–103], there exists no established low-

temperature process for the ohmic contact formation, and thus, such processes have not

yet been adopted in the production of SiC devices. In order to construct a design guide-

line for the low-temperature formation of ohmic contacts, understanding the fundamental

electrical characteristics at metal/heavily-doped SiC non-alloyed interfaces is indispensable.

Since a non-alloyed contact is equivalent to a “Schottky contact” in the case of SiC, as

mentioned above, the main focus should be on the characterization of heavily-doped SiC

Schottky contacts. Although intense research has been dedicated to SiC Schottky contacts

until now, they have mainly dealt with metal/lightly-doped SiC structures because high-

voltage SBDs are usually fabricated with a lightly-doped semiconductor. Therefore, no

reports investigated the interface characteristics of Schottky (non-alloyed) contacts formed

on heavily-doped SiC (> 1019 cm−3).

1.4 Purpose and Outline of This Thesis

Standing on the above background, in this study, the author put the purpose on proposing

a design guideline for low-resistance non-alloyed ohmic contacts on n-type SiC based on a
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Figure 1.9: Schematic illustration of a SiC trench MOSFET and several drawbacks of

ohmic contact formation process with high-temperature sintering.
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physical understanding of metal/heavily-doped SiC Schottky interfaces.

In Chapter 2, the author fabricates vertical SBD structures using heavily-doped n-type

SiC and systematically investigates the Schottky barrier height at metal/heavily-doped SiC

interfaces, using three different techniques. The doping density dependence of the barrier

height at metal/SiC interfaces is quantitatively discussed, and a change in the dominant

carrier transport mechanism ascribed to electron tunneling in heavily-doped SiC SBDs is

indicated. The relationship between the barrier height and metal work function is also

investigated, employing various Schottky electrode metals.

In Chapter 3, the tunneling current in a Schottky structure formed on a heavily-doped n-

type SiC epitaxial layer is numerically analyzed based on the direct tunneling (DT) model,

which comprehensively describes the thermionic field emission (TFE) and field emission

(FE) transport. By comparing the experimental and calculated I–V characteristics in a

wide range of doping density and applied voltage, the dominant carrier transport mechanism

in heavily-doped SiC SBDs is specified. A change in the dominant tunneling process (TFE

or FE) depending on the electric field is also discussed in detail.

In Chapter 4, high-dose phosphorus ion (P+) implantation is performed in the formation

of heavily-doped n-type SiC Schottky structures, and differences in electrical characteristics,

especially carrier transport mechanism, between the cases of epitaxial and ion-implanted

layers are investigated. Through the careful analysis of the net donor density, Schottky bar-

rier height, and I–V characteristics in heavily P+-implanted SiC Schottky structures, the

contribution of trap-assisted tunneling (TAT) is indicated. The deep level that dominantly

influences the carrier transport at metal/P+-implanted SiC interfaces is speculated by per-

forming the numerical calculation of the TAT current with various trap levels assumed.

In Chapter 5, the contact resistivity at non-alloyed contacts formed on heavily phospho-

rus ion implanted n-type SiC is characterized as a function of the donor density and barrier

height. The experimental characterization and numerical analysis of the contact resistivity

present a physical model to predict the contact resistivity, in which the contributions of

the DT and TAT transport are carefully considered. Furthermore, the author proposes a

design guideline for low-resistance non-alloyed ohmic contacts on SiC, regarding the barrier

height, doping density, and how to form the contact region.

Finally, the author summarizes this thesis and gives future prospects in Chapter 6.
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Chapter 2

Barrier Height at Schottky Contacts

on Heavily-Doped n-Type SiC

2.1 Introduction

A Schottky barrier height is one of the most important properties at a metal/semiconductor

interface, which determines a contact resistivity at ohmic contacts, as well as a turn-on

voltage and reverse leakage current in Schottky barrier diodes (SBDs). So far, the barrier

height at Schottky contacts formed on lightly-doped SiC has extensively been investigated

with various electrode metals and for different crystal faces [1–6]. This is because SBDs

for power device applications are usually fabricated using SiC with a low doping density,

as mentioned in Chap. 1. A noteworthy property for SiC Schottky contacts is found in

the barrier height versus metal work function plot shown in Fig. 2.1 [7]. The slope of the

plot is nearly equal to unity [8, 9], that is, nearly close to the Schottky-Mott limit [10–12],

indicating that the interface is free from Fermi-level pinning and allowing the wide-range

controllability of the barrier height. Such an exceptional interface property is advantageous

in the design and fabrication of SiC SBDs, which has never been seen in Schottky structures

on other semiconductor materials [13, 14].

In contrast to the extensive research on the barrier height in lightly-doped SiC SBDs,

there exist no reports that precisely characterize the barrier height at Schottky contacts

formed on heavily-doped SiC. This is partly because previous studies on metal/heavily-

doped SiC junctions have mainly dealt with alloyed interfaces annealed at a high tem-

perature (∼1000◦C). In this chapter, the barrier heights in n-type SiC SBDs with various

doping densities are investigated in detail via three different techniques, internal photoemis-

sion (IPE), capacitance–voltage (C–V ), and current–voltage (I–V ) measurements. Based

on the obtained results, doping density dependence of the barrier height at the metal/SiC

interface is quantitatively discussed. Employing various metals as Schottky electrodes, be-

sides, the barrier height is investigated as a function of the metal work function in a wide

range of the doping density.
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Figure 2.1: Reported barrier height as a function of the metal work function in n- and p-

type SiC Schottky structures with various electrode metals and on various crystal faces [7].
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2.2 Experiment

A schematic of the fabricated n-type SiC SBDs is depicted in Fig. 2.2. The starting material

was an n-type 4H-SiC(0001) substrate with a nitrogen (N)-doped n-type epitaxial layer

having various net donor densities (Nd = 6.8× 1015–1.8× 1019 cm−3). Note that the values

of Nd were confirmed by C–V measurement. The bottom ohmic electrode was formed

through Ni deposition onto the backside of the substrates, followed by high-temperature

sintering (950◦C, 2min). Circular-shaped Schottky electrodes with a 300–500 µm-diameter

were formed on the epilayers by depositing Ni via resistive heating evaporation. Finally,

Schottky electrodes were annealed in a vacuum at 300◦C [7].

For the fabricated SBDs, the barrier height at zero bias (ϕB) was carefully investigated

with three different methods: IPE, C–V , and I–V measurements. A detailed explanation

of the barrier height extraction procedure for each technique is given in the next section.

2.3 Barrier Height Determination

2.3.1 Internal Photoemission Measurement

IPE measurement is a powerful way to characterize the barrier height with high accu-

racy [15]. Schematics of the IPE experiment for SBDs and band diagram near a Schottky

interface under light irradiation are depicted in Fig. 2.3. The basic concept of this technique

is to excite electrons in the metal through light illumination and measure photocurrent as-

cribed to electrons gaining a higher energy than the barrier height. An apertured backside

contact or a transparent Schottky electrode (∼ 10 nm) is usually employed to allow the light

to reach a Schottky junction. The yield (Y ) of IPE at a Schottky contact is proportional

to (hν − ϕB)
2 under the light illumination with the photon energy of hν. Therefore, the

barrier height is determined from the intercept on the horizontal axis in the Y 1/2 versus hν

plot, so-called Fowler plot [16].

In this study, a Xe lamp combined with a monochromator was used as a light source.

To obtain the photon number per unit area and time (photon flux), the light intensity of

the Xe lamp was measured at various wavelengths (λ) and was normalized by the spot area

and photon energy, as shown in Fig. 2.4(a). The sharp peaks at λ = 820 and 880 nm are

bright-line spectra of the Xe lamp. The wavelength of the light was varied from 400–900 nm,

corresponding to the photon energy of 1.38–3.10 eV. By using sub-bandgap light (hν < Eg),

the light irradiated from the front side of SBDs passes through the SiC layer and is reflected

by the backside ohmic electrode, reaching the Schottky interface via multiple reflections [17],

as illustrated in Fig. 2.4(b). Since the fabricated SBDs have a thick Schottky electrode

(> 100 nm) and a backside contact covering the substrate, the multiple reflection-based

irradiation method is utilized for the IPE measurement in this study. The photocurrent

measurement was performed with no applied bias voltage, and the IPE yield was obtained as
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Figure 2.2: Schematic image of the Ni/SiC SBD fabricated on an n-type SiC epitaxial

layer.

Figure 2.3: Schematic illustration of an SBD under light illumination for the IPE mea-

surement and band diagram near the Schottky interface with an IPE process.
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Figure 2.4: (a) Photon flux of the light source (Xe lamp) measured at various wavelengths.

(b) Schematic of light illumination to Schottky contact via multiple reflections.
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the photocurrent divided by the photon flux. It is confirmed that the measured photocurrent

was linearly dependent on the area of the Schottky electrode, resulting from the uniform

illumination beneath the contact.

Figure 2.5 shows the Fowler plots of the Ni/SiC SBDs with various Nd. The plot shifts to

the lower energy side with increasing Nd, indicating barrier height lowering at the heavily-

doped SiC Schottky contacts. The barrier heights extracted from the Fowler plots are 1.65

and 1.39 eV for the most lightly-doped (7 × 1015 cm−3) and heavily-doped (2 × 1019 cm−3)

SiC SBDs, respectively.

2.3.2 Capacitance–Voltage Measurement

C–V measurement is a useful technique for characterizing electrical properties at a junction

and in bulk. The depletion layer width (w) in SBDs with an applied voltage of V is given

by [18]

w =

√
2εs(Vd − V )

eNd

, (2.1)

where e is the elementary charge, εs is the dielectric constant (10.32ε0 in SiC along the

c-axis [7]), and Vd is the built-in potential at the Schottky contact, respectively. By taking

a depletion region as a parallel plate capacitor, the static capacitance (C) of the SBD is

derived as [18]

C = εs
A

w
= A

√
εseNd

2(Vd − V )
, (2.2)

where A is the area of the Schottky contact. Based on Eq. (2.2), a 1/C2–V plot shows a

linear relationship, and Nd and Vd can be extracted from the slope and intercept on the

horizontal axis, respectively.

Considering the band diagram near a Schottky interface depicted in Fig. 2.6, the barrier

height at zero bias is expressed as [18]

ϕB = eVd +∆EFs + kBT −∆ϕ, (2.3)

where kB is the Boltzmann constant, T is the absolute temperature, ∆EFs is the energy

difference between the conduction band edge (EC) and Fermi level in the semiconductor

(EFs), and ∆ϕ is the barrier lowering by the image force effect, respectively. Therefore, the

ϕB determination further requires ∆EFs and ∆ϕ, which can be calculated with Nd and Vd

obtained from C–V measurement.

Basically, EFs is mutually dependent on the carrier density in the semiconductor. For

a non-degenerate semiconductor with a relatively low carrier density (doping density), EFs

and carrier density can analytically and individually be calculated based on the Boltzmann

approximation. In the case of high doping density, on the other hand, the Boltzmann

approximation is no longer valid, and these valuables have to be self-consistently calculated
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Figure 2.5: Square root of the photocurrent yield (arbitrary unit) as a function of the

photon energy, so-called Fowler plot, for the Ni/SiC SBDs (Nd = 7 × 1015, 3 × 1017, and

2× 1019 cm−3).
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Figure 2.6: Band diagram near a Schottky interface representing the barrier height and

its components.
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based on a numerical approach with the Fermi-Dirac statistics. In this study, EFs was

numerically calculated because Nd was varied in a quite wide range. A detailed description

of the Fermi level calculation is found in Appendix A. The barrier lowering by image force

effect (∆ϕ) is expressed as [18]

∆ϕ =

√
eFmax

4πεs
, (2.4)

where Fmax is the maximum electric field at the Schottky interface, given by [18]

Fmax =

√
2eNd(Vd − V )

εs
. (2.5)

Based on these equations, the barrier height can be determined using Vd and Nd obtained

from C–V measurement.

Figure 2.7 shows the 1/C2–V plots for the Ni/SiC SBDs with various Nd. The 1/C
2–V

curves show good linearity for each Nd. The extracted Vd increases with increasing Nd:

1.53V for 7×1015 cm−3 to 1.66V for 2×1019 cm−3. As opposed to the increase in Vd, ∆EFs

decreases with increasing Nd like 0.20 eV for 7 × 1015 cm−3 and 0.01 eV for 2 × 1019 cm−3,

respectively. As a result, the zero-field barrier height, defined as

ϕB0 = eVd +∆EFs + kBT, (2.6)

is turned out to be almost constant regardless of Nd (ϕB0 ≃ 1.7 eV). On the other hand, as

seen in Eqs. (2.4) and (2.5), the barrier height drop due to the image force effect strongly

depends on Nd: 0.03 eV for 7× 1015 cm−3 and 0.21 eV for 2× 1019 cm−3. Consequently, the

barrier height at zero bias (ϕB) determined by Eq. (2.3) decreases with increasing Nd from

1.74 eV (7× 1015 cm−3) to 1.49 eV (2× 1019 cm−3).

2.3.3 Current–Voltage Measurement — Thermionic Emission

The I–V relationship of an SBD is often expressed as [18]

J = J0

{
exp

(
eV

nkBT

)
− 1

}
, (2.7)

where J is the current density, J0 is the saturation current density, and n is the ideality

factor, respectively. In the case that the carrier transport in an SBD is dominated by the

most well-known mechanism of the thermionic emission (TE), which is the conduction of

electrons having higher energy than the barrier height, n equals unity, and J0 is expressed

as

J0 =
4MCπem

∗
e,⊥kBT

2

h3
exp

(
− ϕB

kBT

)
= A∗T 2 exp

(
− ϕB

kBT

)
, (2.8)

where h is the Planck constant, MC is the number of equivalent conduction band minima,

m∗
e,⊥ is the effective mass perpendicular to the direction in which the carriers travel, and

A∗ is the effective Richardson constant, respectively. A∗ is calculated to be 151A/cm2K2
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Figure 2.7: 1/C2–V plots of the Ni/SiC SBDs with various donor densities (Nd = 7×1015,

3 × 1017, and 2 × 1019 cm−3). The 1/C2 values are magnified by multiplying a constant

indicated in the figure for Nd = 3× 1017 and 2× 1019 cm−3.
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with Mc = 3 [4] and m∗
e,⊥ = 0.42m0 [19, 20] (m0: electron rest mass). Based on Eq. (2.8),

ϕB is determined with J0 extracted from the intercept of J–V plots under a forward bias

where n corresponds to unity.

Figure 2.8 shows the forward J–V relationships of the Ni/SiC SBDs with various Nd.

A larger current is observed in the lower voltage range (< 1V) with increasing Nd, leading

to a larger J0. Through the conventional TE-based analysis based on Eq. (2.8), in which

n and J0 are treated as parameters to reproduce the experimental data (indicated by the

dashed lines in Fig. 2.8), ϕB is determined to be 1.68 eV for the lightly-doped SiC SBDs

(Nd = 7 × 1015 cm−3) and is extracted as 0.79 eV for the heavily-doped SiC SBDs (Nd =

2× 1019 cm−3), respectively.

2.3.4 Consistency Among Three Different Techniques

Figure 2.9 plots the Nd dependence of the barrier height at zero bias (ϕB) in the Ni/SiC

SBDs obtained by IPE, C–V , and I–V measurements. For the IPE and C–V measurements,

the obtained ϕB values agree well with each other in a wide range of Nd. However, ϕB

determined from the TE-based analysis of the forward I–V characteristics sharply decreases

with increasing Nd, and the ϕB values largely deviate from those obtained from the other

techniques, especially at a higher Nd. This result suggests that the TE model no longer

describes the carrier transport in the heavily-doped SiC SBDs. Thus, the ideality factor n

was extracted from the forward I–V curves to roughly presume the dominant conduction

mechanism. As shown in Fig. 2.10, n increases for a higher Nd, and n = 2.01 is obtained

for Nd = 2 × 1019 cm−3, which is much larger than n = 1.00 for Nd = 7 × 1015 cm−3. The

deviation of n from unity implies the contribution of another carrier transport mechanism

except for TE.

Then, the depletion layer width w and the electric field at the Schottky interface Fmax in

the heavily-doped SiC Schottky structure are focused on. Figure 2.11 shows the Nd depen-

dence of w and Fmax at zero bias in the fabricated Ni/n-SiC SBDs. The symbols represent

the values calculated using the experimental Nd and Vd from the C–V measurement, and

the solid lines are fitting curves (w ∝ N
−1/2
d and Fmax ∝ N

1/2
d ). As seen in Fig. 2.11, w

significantly decreases with increasing Nd, and Fmax exhibits a sharp increase at a higher

Nd: w is 500 nm, and Fmax is less than 0.1MV/cm at zero bias for Nd = 7×1015 cm−3, while

w is 10 nm, and Fmax reaches 3.2MV/cm for Nd = 2 × 1019 cm−3 even at zero bias. It is

notable that, for a lightly-doped SiC SBD (Nd = 1× 1016 cm−3) with a high reverse voltage

applied (V ∼ −1000V), Fmax is calculated to be about 2MV/cm, under which electron

tunneling described by the thermionic field emission (TFE) model occurs, as introduced in

Chap. 1 [21, 22]. Therefore, TFE transport is plausibly dominant in the forward-biased

heavily-doped SiC SBDs.
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Figure 2.8: Forward I–V characteristics of the Ni/SiC SBDs with various donor densities

(Nd = 7× 1015–2× 1019 cm−3).

Figure 2.9: Donor density dependence of the barrier height at zero bias (ϕB) in the Ni/SiC

SBDs extracted from C–V , IPE, and I–V measurements. For the heavily-doped SiC SBDs

(Nd > 8× 1017 cm−3), the ϕB values obtained by the TE-based analysis of the forward I–V

characteristics largely deviate from those determined by C–V and IPE measurements.
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Figure 2.10: Donor density dependence of the ideality factor extracted from the forward

I–V characteristics of the Ni/SiC SBDs.

Figure 2.11: Donor density dependence of the depletion layer width and electric field at

the Schottky interface at zero bias in the Ni/SiC SBDs.
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2.3.5 Current–Voltage Measurement — Thermionic Field

Emission

The forward TFE current is given by [23]

JTFE,F = J0,TFE(V ) exp

(
eV

E0

)
, (2.9)

J0,TFE =
A∗T

√
πE00(ϕB −∆EFs − eV )

kB cosh(E00/kBT )
exp

(
−∆EFs

kBT
− ϕB −∆EFs

E0

)
, (2.10)

E00 =
eℏ
2

√
Nd

m∗εs
, E0 = E00 coth

(
E00

kBT

)
, (2.11)

where ℏ is the Dirac constant and m∗ is the effective mass along the tunneling direction,

respectively. For the heavily-doped SiC SBDs (> 1017 cm−3), ϕB was extracted through a

fitting analysis to the experimental forward I–V curves with the above formulas. In the

calculation, m∗ was set to be 0.33m0, corresponding to the effective mass at EC along the

c-axis [19], and the voltage drop due to the series resistance, which was extracted from the

experimental I–V curves, was included when plotting the calculated I–V characteristics.

Figure 2.12 shows the calculated and experimental I–V characteristics of the heavily-

doped SiC SBDs (Nd = 3×1017 and 2×1019 cm−3). The calculation of the TFE current gives

good agreement with the experimental results for each Nd. Based on the TFE-based analy-

sis, ϕB is determined as 1.63 eV for 3×1017 cm−3 and 1.52 eV for 2×1019 cm−3, respectively.

These values are consistent with those obtained by the IPE and C–V measurements.

2.4 Barrier Height vs. Donor Density

Figure 2.13 again plots the Nd dependence of the barrier height at zero bias (ϕB) in the

Ni/SiC SBDs determined by IPE measurement, C–V measurement, and TFE-based analysis

of the forward I–V characteristics. By adopting the analysis of TFE current, ϕB is consis-

tently determined from the three different methods in a wide Nd range, as seen in Fig. 2.13.

As mentioned in Sect. 2.3.2, the zero-field barrier height (ϕB0) expressed by Eq. (2.6) is

constantly obtained regardless of Nd from the C–V measurement. Since the barrier heights

extracted from IPE and I–V measurements intrinsically include the image force lowering,

the barrier height values were calculated by taking the sum of the experimental ϕB(IPE or

I–V ) and ∆ϕ calculated with Eq. (2.4), which were also confirmed to be almost constant

independent of Nd. Therefore, it is expected from Eq. (2.3) that the ϕB drop according to

the Nd increase is likely explained by the image force effect. The red dashed line in Fig. 2.13

indicates the barrier height calculated considering the Nd dependence of the image force

lowering given by Eqs. (2.4) and (2.5),

ϕB(Nd) = ϕB0[Const.]−∆ϕ(Nd). (2.12)
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Figure 2.12: Forward I–V characteristics of the Ni/SiC SBDs (Nd = 1.8 × 1019 and

2.7× 1017 cm−3) obtained from the experiment and calculation based on the TE and TFE

models.
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Figure 2.13: Barrier height at zero bias (ϕB) versus donor density in the Ni/SiC SBDs

determined by the IPE measurement, C–V measurement, and TFE-based analysis of the

forward I–V characteristics. By adopting the analysis of TFE current, ϕB is consistently

obtained from the three different methods in a wide Nd range. Besides, the ϕB values are

also in good agreement with the calculated barrier height described by ϕB0−∆ϕ, where ϕB0

is the zero-field barrier height (constant), and ∆ϕ is the image force lowering, respectively.
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Here, the constant ϕB0[Const.] is set to be 1.7 eV based on the experimental results from C–

V measurement. As seen in Fig. 2.13, the barrier height drop experimentally observed in the

heavily-doped SiC SBDs agrees well with the calculated image force lowering. Consequently,

it is clarified that the significant barrier height lowering in a heavily-doped SiC SBD is

quantitatively explained by the image force effect.

2.5 Barrier Height vs. Metal Work Function

To better understand interface properties in metal/heavily-doped SiC Schottky structures,

this section discusses the metal work function (ϕm) dependence of the barrier height in

heavily-doped SiC SBDs. In this study, Ti and Mg were chosen as Schottky electrodes in

addition to Ni, and SBDs were fabricated with epitaxially grown n-type SiC having various

Nd (10
17–1019 cm−3). The fabrication procedure is almost the same as described in Sect. 2.2,

while the bottom electrode was formed just by depositing Al, and no thermal treatment

was conducted after the Schottky electrode formation. The barrier height extraction was

performed by C–V and I–V measurements.

Figure 2.14 shows the Nd dependence of ϕB obtained by C–V measurement on the

Ni/, Ti/, and Mg/SiC SBDs. Note that C–V measurement was hardly conducted for the

Mg/SiC SBDs with Nd above mid-1018 cm−3 due to a significant tunneling current. As

seen in Fig. 2.14, the barrier height is clearly dependent on the Schottky electrode metal.

In each case, the ϕB0 value is almost constant regardless of Nd: ϕB0 ≃ 1.6 eV for the Ni

electrodes, 1.1 eV for Ti, and 0.7 eV for Mg, respectively. Furthermore, the barrier height

drop due to the image force effect is commonly observed. It should be noted that the ∆ϕ

value is dependent on the electrode metal, reflecting the difference in Vd and Fmax. Thus,

when discussing the barrier height in heavily-doped SiC SBDs as a function of the metal

work function, “the zero-field barrier height (ϕB0) at the same Nd” or “the barrier height

containing the image force effect (ϕB) under the same Fmax” has to be used for a fair and

accurate analysis excluding the ∆ϕ difference.

Figure 2.15 presents ϕB0 versus ϕm plots in the n-type SiC SBDs with Nd = 2–5 ×
1017 cm−3, 4–6 × 1018 cm−3, and 1 × 1019 cm−3. Note that the ϕB0 values given in the plot

for the Mg/SiC SBDs (Nd = 4×1018 and 1×1019 cm−3) are obtained from the analysis of the

tunneling current. The ϕm value of each electrode metal was characterized by performing

ultraviolet photoelectron spectroscopy (UPS) measurement on the deposited metal film,

which gives an electronic structure in the valence band through investigating the kinetic

energy of electrons emitted by the ultraviolet light illumination [15]. It is found that the

barrier heights in the SiC Schottky structure can be controlled in a wide range (ϕB0 = 0.7–

1.6 eV) by employing a Schottky electrode with a different ϕm. As expected from the

Nd-independent ϕB0, the slope of the ϕB0–ϕm plot, so-called S value, is independent of Nd.

The S value of 0.52–0.58 is obtained, which is much higher than that observed in Schottky
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Figure 2.14: Donor density dependence of the barrier height at zero bias (ϕB) in the Ni/,

Ti/, and Mg/SiC SBDs extracted from C–V measurement. The barrier height drop (∆ϕ) in

the heavily-doped SiC SBDs is well described by the image force lowering for each Schottky

electrode metal. The ∆ϕ values depend on the kind of electrode metal, which results from

the difference in the built-in potential (i.e., the difference in the maximum electric field at

the Schottky interface).
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Figure 2.15: Zero-field barrier height (ϕB0) versus metal work function (ϕm) in the Schot-

tky structures formed on n-type SiC epitaxial layers with various Nd. The slope of the

ϕB0–ϕm plot, so-called S value, is about 0.5–0.6, almost independent of Nd.
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contacts on other semiconductor materials such as Si, gallium arsenide (GaAs), and so

on (typically 0.1–0.2) [24]. This result indicates that the image force lowering is the only

factor that changes the barrier height when increasing the doping density. Besides, SiC

Schottky contacts are nearly free from the Fermi-level pinning irrespective of the doping

density of SiC, even though the S value is still smaller than the ideal case of unity. The

wide-range controllability of the barrier height helps the physics-based design and formation

of non-alloyed SiC ohmic contacts.

2.6 Discussion

The author again emphasizes the significance of the image force effect in metal/heavily-

doped semiconductor systems. The image force lowering is so minor that it is often neglected

in the barrier height determination procedure. Although it does not matter when a doping

density is low enough, the barrier height is significantly affected by this effect in the case of

a Schottky structure formed on a heavily-doped semiconductor in which a very high electric

field (∼ MV/cm) exists even at zero bias, as discussed above. Therefore, the zero-field

barrier height (ϕB0) and barrier height including the image force effect (ϕB) must be defined

and discussed separately for the accurate analysis of Schottky barriers at metal/heavily-

doped semiconductor interfaces.

The ϕB0 versus ϕm plot presented in Sect. 2.5 gives valuable insights into the design

and formation of SiC ohmic contacts. As is the case of lightly-doped SiC SBDs reported

previously, the barrier height at metal/heavily-doped SiC Schottky interfaces is also con-

trollable in a wide range by employing a Schottky metal with a different ϕm, that is, a lower

ϕm leads to a lower barrier height. On the other hand, it is known that, in the case of

the alloyed ohmic contacts formed on heavily-doped n-type SiC, Ni-based electrodes show

a better contact resistivity than Ti, despite the lower ϕm of Ti than Ni [25–27]. This fact

implies the necessity of the detailed characterization of the barrier height and contact resis-

tivity at metal/heavily-doped SiC interfaces, starting with the no-sintering case and then

elevating the annealing temperature, for the comprehensive understanding of the contact

resistivity reduction through the high-temperature process.

From another perspective, how the barrier height at SiC Schottky contacts changes with

a further high doping density is both scientifically and practically crucial. The bandgap nar-

rowing caused by high doping is a potential effect that can cause a barrier height change.

Persson et al. calculated the energetic band structure and doping-induced bandgap modu-

lation in n- and p-type SiC [28]. Figure 2.16 plots the energy shift of the conduction band

minimum in n-type SiC against the ionized donor density [28]. Since the EC shift leads not

only to a change in the carrier density (i.e., EFs) but also to the work function of SiC, it is

not easy to take this effect into account quantitatively in the barrier height determination.

On the other hand, a minor impact by the bandgap narrowing on the barrier height is
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Figure 2.16: Doping-induced energy shift of the conduction band minimum in n-type SiC

(bandgap narrowing) calculated by an analytical formula, whose parameters were obtained

by energetic band structure calculation, reported by Persson et al. [28].
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expected even with a higher donor density (Nd > 2× 1019 cm−3) because the energy shift is

only about 0.1 eV even with a high ionized donor density (carrier density) of 1× 1020 cm−3,

as shown in Fig. 2.16. Note that the carrier density in n-type SiC is calculated as about

3 × 1019 cm−3 when Nd = 1 × 1020 cm−3, and the ionization ratio of the donor decreases

with further increasing Nd, as shown in Appendix A. Although no significant changes in

the barrier height are expected, an experimental study on the bandgap narrowing, which

has never been conducted, is essential for a deeper understanding of the barrier height in

heavily-doped SiC Schottky structures. Since accurate determination of the bandgap mod-

ulation in several tens of meV from barrier height characterization is challenging, another

approach is required to experimentally specify the bandgap narrowing, such as investigat-

ing the doping density dependence of the carrier injection in p-n junctions and performing

optical absorption measurements on heavily-doped SiC samples.

2.7 Summary

In this chapter, the author fabricated vertical SBD structures and systematically char-

acterized the Schottky barrier height at metal/heavily-doped SiC interfaces in terms of

the dependency on the donor density of SiC and the work function of the Schottky elec-

trode. By performing the analysis of forward I–V characteristics in heavily-doped SiC SBDs

(Nd > 1017 cm−3) based on the TFE transport, which is caused by the high electric field

(∼ MV/cm) due to the high doping, the barrier heights were consistently determined with

three different techniques, IPE, C–V , and I–V measurements. The barrier height at zero

bias (ϕB) decreased with increasing Nd, and the amount of ϕB drop in the Ni/SiC SBDs was

about 0.2 eV between Nd = 7×1015 and 1×1019 cm−3, which quantitatively agreed with the

calculated image force lowering (∆ϕ = 0.18 eV). The zero-field barrier height (ϕB0), defined

as the barrier height without including the image force effect, was almost constant, inde-

pendent of Nd. With employing various Schottky electrode metals (ϕm = 3.7–5.2 eV), the

barrier height at metal/heavily-doped SiC Schottky interfaces is controllable in a wide-range

(ϕB0 = 0.7–1.6 eV), as is the case for lightly-doped SiC Schottky structures.

These fundamental barrier properties at metal/heavily-doped SiC Schottky interfaces

help to clarify the formation mechanism of alloyed ohmic contacts and design and fabricate

non-alloyed ohmic contacts.
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[5] S. K. Lee, C. M. Zetterling, and M. Östling, J. Electron. Mater. 30, 242 (2001).

[6] O. Shigiltchoff, S. Bai, R. P. Devaty, W. J. Choyke, T. Kimoto, D. Hobgood, P. G.

Neudeck, and L. M. Porter, Mater. Sci. Forum 433–436, 705 (2003).

[7] T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide Technology: Growth,

Characterization, Devices and Applications (John Wiley & Sons, 2014).

[8] S. Hara, Surf. Sci. 494, L805 (2001).

[9] T. Teraji and S. Hara, Phys. Rev. B 70, 035312 (2004).

[10] N. F. Mott, Proc. R. Soc. Lond. A 171, 27 (1939).

[11] W. Schottky, Zeitschrift für Physik 118, 539 (1942).

[12] J. Bardeen, Phys. Rev. 71, 717 (1947).

[13] A. M. Cowley and S. M. Sze, J. Appl. Phys. 36, 3212 (1965).

[14] V. Heine, Phys. Rev. 138, A1689 (1965).

[15] D. K. Schroder, Semiconductor Material and Device Characterization (John Wiley &

Sons, 3rd edition, 2005).

[16] R. H. Fowler, Phys. Rev. 38, 45 (1931).

[17] T. Maeda, M. Okada, M. Ueno, Y. Yamamoto, T. Kimoto, M. Horita, and J. Suda,

Appl. Phys. Express 10, 051002 (2017).

[18] S. M. Sze, Y. Li, and K. K. Ng, Physics of Semiconductor Devices (John Wiley & Sons,

4th edition, 2021).

[19] D. Volm, B. K. Meyer, D. M. Hofmann, W. M. Chen, N. T. Son, C. Persson, U. Linde-
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Chapter 3

Direct Tunneling Through Schottky

Contacts on Heavily-Doped n-Type

SiC

3.1 Introduction

In Chap. 2, several unique high-field phenomena in heavily-doped SiC Schottky structures

were found: significant barrier height lowering due to the image force effect and forward tun-

neling current described by the thermionic field emission (TFE) instead of thermionic emis-

sion (TE). Since Chap. 2 extensively discussed the Schottky barrier height at metal/heavily-

doped SiC interfaces, this chapter then focuses on further detailed analysis of tunneling cur-

rent in heavily-doped SiC Schottky structures. Considering reverse-biased heavily-doped

SiC Schottky barrier diodes (SBDs), for instance, the electric field should become much

higher than that under a forward bias condition. Thus, the tunneling current explained

by the field emission (FE), which is the tunneling process without thermal excitation of

carriers [1, 2], is likely observed under a reverse bias.

Although it is generally understood that tunneling of carriers is responsible for the ohmic

behavior at metal/semiconductor contacts containing a Schottky barrier, discussions on the

mechanism of ohmic-like conduction are performed qualitatively in many cases. There-

fore, systematic experiments and quantitative analyses have not been conducted regarding

the tunneling current at metal/heavily-doped SiC junctions. A profound knowledge of the

tunneling phenomena at heavily-doped SiC Schottky contacts is crucial in establishing the

design guideline for non-alloyed ohmic contacts with a low contact resistivity (ρc). Be-

sides, understanding the interface carrier transport helps clarify the formation mechanism

of alloyed (sintered) ohmic contacts on SiC.

In this chapter, vertical SiC SBDs are fabricated using heavily-doped n-type SiC epitaxial

layers with various net donor densities (Nd), and their forward and reverse current–voltage

(I–V ) characteristics are analyzed by numerical calculation of the tunneling current, which
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includes both the TFE and FE transport. Based on the calculation, changes in the dominant

tunneling process depending on the electric field are discussed in detail.

3.2 Theory of Direct Tunneling

3.2.1 Numerical Formula

The fundamental formula for the direct tunneling (DT) current from a metal to a semicon-

ductor is given as [3]

JDT =
A∗T

kB

∫
PDT(E) ln

[
exp{−(E − EFm)/kBT}+ 1

exp{−(E − EFs)/kBT}+ 1

]
dE, (3.1)

where A∗ is the effective Richardson constant (151A/cm2K2 as calculated in Chap. 2), T is

the absolute temperature, kB is the Boltzmann constant, E is the electron energy along the

tunneling direction, and EFm and EFs are the Fermi levels in the metal and semiconductor,

respectively. Note that JDT in the opposite direction (semiconductor to metal) is given just

by flipping EFm and EFs. PDT(E) is the tunneling probability and is derived by the WKB

approximation as [4]

PDT(E) = exp

[
−2

√
2m∗

ℏ

∫ xout

xin

√
U(x)− Edx

]
, (3.2)

where ℏ is the Dirac constant, m∗ is the effective mass along the tunneling direction, U(x)

is the energy potential in the depletion region in the semiconductor, and xin and xout are

the positions of the incident and transmitted electrons, respectively.

3.2.2 Thermionic Field Emission and Field Emission

As mentioned above, the DT process is often classified into two mechanisms, TFE and

FE, which describe the tunneling phenomenon with thermal carriers and cold carriers,

respectively, as depicted in Fig. 3.1(a) and (b). As schematically illustrated in Fig. 3.1(c),

the integrand in Eq. (3.1), defined as J(E), has a peak value at a certain energy. This is

because PDT(E) exponentially increases with higher energy, while the latter factor, which

comes from the Fermi-Dirac distribution function (i.e., the energy distribution of carriers),

exponentially decreases. The energy giving a peak value of the integrand (defined as Epeak)

allows us to judge the dominant tunneling process at metal/semiconductor interfaces [2].

In other words, TFE and FE are distinguished by investigating whether Epeak is higher

than or similar to the conduction band edge (EC) in the semiconductor (forward bias) or

EFm (reverse bias), even though the numerical formula Eq. (3.1) does not specify which

of TFE or FE is predominant. Based on this concept, analytical formulas to calculate

the TFE and FE current have been derived from Eq. (3.1), assuming a reasonable Epeak,
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Figure 3.1: Classification of thermionic field emission (TFE) and field emission (FE) under

(a) forward and (b) reverse biases. (c) Schematic illustration of tunneling probability, Fermi-

Dirac distribution function, and tunneling current as a function of the electron energy.
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and how the dominant tunneling process changes depending on the temperature, electric

field, and barrier height has been discussed in detail [1, 2, 5]. Although these analytical

models are beneficial, one has to be aware that they are not applicable when the dominant

tunneling process changes from TFE to FE in a finite voltage range because the TFE-

FE transition usually occurs continuously. Besides, several analytical models deal with a

uniform distribution of the electric field in a depletion region, which is valid only for the

case of lightly-doped semiconductors or gate oxides in MOS structures. With a high doping

density, however, the electric field rapidly decreases as the position becomes far from the

Schottky interface. Consequently, when varying the doping density in a vast range, applied

voltage bias, and Schottky barrier height, the conventional analytical formulas are not

applicable to metal/heavily-doped SiC systems, and it is necessary to perform the numerical

calculation based on Eq. (3.1) to analyze the DT current accurately.

3.3 Experiment and Calculation

Nitrogen (N)-doped n-type SiC epitaxial layers with various Nd (1017–1019 cm−3) on n-

type 4H-SiC(0001) substrates were prepared for the SBD fabrication. The Nd values were

determined by C–V measurement on each SBD. Ni, Ti, and Mg were chosen as Schottky

electrodes, which were deposited on the epitaxial layers via resistive heating evaporation.

The forward and reverse I–V characteristics of the fabricated SBDs were measured at room

temperature and analyzed based on Eq. (3.1).

Figure 3.2 depicts the band diagram near an n-type SiC Schottky interface for the DT

current calculation. The energy potential to calculate PDT(E) was defined as the sum of

the parabolic and image force potentials,

U(x) =
e2Nd

2εs
x2 − e2Ndw

εs
x− e2

16πεsx
, (3.3)

where e is the elementary charge, εs is the dielectric constant of SiC along the c-axis

(10.32ε0) [6], and w is the depletion layer width, respectively. The effective mass at EC

along the c-axis in SiC (0.33m0 where m0 is the electron rest mass) [7] was chosen as m∗

in Eq. (3.2) because the tunneling direction corresponds to the c-axis. In the calculation,

the zero-field barrier height (ϕB0), defined without including the image force lowering, was

varied as a parameter to calculate the DT current. Although ϕB0 is not explicitly included

in Eqs. (3.1)–(3.3), several valuables in these equations are obtained from ϕB0, like

EFm = −ϕB0, (3.4)

EFs = −ϕB0 + eV, (3.5)

eVd = ϕB0 −∆EFs − kBT. (3.6)

Here, since the calculation dealt with a very wide range of Nd, ∆EFs was numerically

calculated based on the Fermi-Dirac statistics instead of the Boltzmann approximation, as
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Figure 3.2: Band diagram near a metal/n-type SiC Schottky interface for the calculation

of direct tunneling (DT) current.
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is the case in Chap. 2. The calculation algorithm for the DT current as a function of V is

as follows:

1. The energy potential, U(x), is determined at a given voltage V applied to the Schottky

junction.

2. The minimum and maximum energies for the integration are calculated (EC and

ϕB0 − ∆ϕ, respectively, where ∆ϕ is the barrier height drop due to the image force

effect [8]). Note that ∆ϕ was obtained by investigating the peak value of U(x), which

was confirmed to be almost the same as the value calculated based on Eq. (2.4).

3. The obtained energy range is divided by a large number (e.g., N = 1000) to calculate

the Riemann integral.

4. xin, xout, and then PDT(E) are calculated for each energy.

5. The integrand of Eq. (3.1), J(E), is calculated.

6. JDT at the given V is obtained by performing the Riemann integral (i.e., taking the

sum of J(E)dE for the entire energy range).

7. The above procedures are repeated by varying V . Note that the voltage drop due to

the series resistance (Rseries) was added to V (i.e., V + RseriesJDT) when plotting the

calculated DT current.

3.4 Current–Voltage Characteristics

Figure 3.3 shows the forward and reverse I–V curves of the heavily-doped SiC SBDs (Nd =

3×1017–1×1019 cm−3) with Ti as a Schottky electrode obtained from the experiment (square

symbols) and the DT current calculation (solid lines). For each Nd, the calculated DT

current agrees well with the experimental data in a wide range of the current density (10−5–

1A/cm2) under both forward and reverse biases. Figure 3.4 plots the experimental and

calculated I–V characteristics of the n-type SiC SBDs with a similar Nd (4–6× 1018 cm−3)

fabricated by employing different Schottky electrodes of Ni, Ti, and Mg. The DT current

calculation shows good agreement with the experimental I–V curves even when another

Schottky electrode metal is employed. As expected from the work function (ϕm) difference,

the Mg/SiC SBDs exhibit the largest current with almost identical Nd because of their

lowest barrier height, while the smallest current is observed in the Ni/SiC SBDs with the

highest barrier height. Through the numerical calculation, ϕB0 values were obtained to be

about 1.6 eV (Ni), 1.0 eV (Ti), and 0.7 eV (Mg), almost independent of Nd, which were

consistent with those extracted from the C–V characteristics. Figure 3.5 plots the barrier

height at zero bias including the image force effect (ϕB) as a function of Nd for the Ni/, Ti/,

and Mg/SiC SBDs. As shown in Fig. 3.5, C–V measurement and the DT current analyses
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Figure 3.3: (a) Forward and (b) reverse I–V characteristics of the Ti/SiC SBDs fabricated

on n-type SiC epitaxial layers with various Nd (3 × 1017–1 × 1019 cm−3). The calculated

DT current well reproduces the experimental I–V curves in a vast range of Nd under both

forward and reverse biases.
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Figure 3.4: (a) Forward and (b) reverse I–V characteristics of the Ni, Ti, and Mg Schottky

structures formed on heavily-doped n-type SiC epitaxial layers with a similar Nd (4–6 ×
1018 cm−3).
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Figure 3.5: Donor density dependence of the barrier height at zero bias (ϕB) of the Ni/,

Ti/, and Mg/SiC SBDs obtained from C–V measurement and numerical analysis of the

forward and reverse DT current.
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for the forward and reverse I–V characteristics give consistent ϕB, and the ϕB drop with

increasing Nd is well described by the image force lowering, as indicated by the dashed lines.

These results ensure the validity of the analysis based on the numerical calculation of the

DT current.

3.5 Transition From Thermionic Field Emission to

Field Emission

It is generally understood that the dominant carrier transport mechanism (TE, TFE, and

FE) is almost uniquely determined with a given condition for the barrier height, temper-

ature, and “electric field” [1, 5]. This concept is often relied on to predict the leakage

current in SBDs. For instance, the reverse I–V characteristics in wide-bandgap (WBG)

semiconductor-based power SBDs are described by the TFE model, as mentioned above.

Hence, the TFE current and its dependency on the electric field, including the TE-TFE

transition, have been analyzed for SBDs fabricated with lightly-doped WBG semiconduc-

tors [5, 9]. These analyses provide a practical design criterion for WBG semiconductor-based

power SBDs (junction barrier Schottky diodes), which is how low the interface electric field

should be suppressed to avoid a considerable leakage current [10].

This section focuses on the dominant carrier transport mechanism in heavily-doped SiC

SBDs, in which a much higher electric field exists than lightly-doped SiC SBDs, and mainly

discusses the electric field-dependent TFE-FE transition.

3.5.1 Critical Electric Field

As explained in Sect. 3.2, the numerical formula of the DT current includes both the TFE

and FE transport, and they are distinguished by investigating Epeak, which is the energy

giving a peak value of J(E). The peak value of J(E) is explored to find Epeak at each V

from the calculated DT current, and Epeak−EC (forward bias) or Epeak−EFm (reverse bias)

in the Ti/heavily-doped SiC SBDs (Nd = 6× 1018 and 1× 1019 cm−3) is plotted against V

as triangular symbols in Fig. 3.6. Figure 3.6 also shows the corresponding I–V curves from

the experiment (square symbols) and calculation (solid lines). In the case of the forward

I–V characteristics, Epeak is kept higher than EC in the entire voltage range measured,

indicating that the TFE model describes the carrier transport in forward-biased heavily-

doped SiC SBDs. This result supports the validity of adopting the analytical formula of

the TFE transport to the barrier height extraction from forward I–V characteristics in

heavily-doped SiC SBDs, described in Chap. 2. Under a reverse bias, on the other hand,

Epeak rapidly decreases with a larger applied voltage and approaches EFm, reflecting the

transition of the dominant tunneling process from the TFE to FE caused by a higher

electric field.
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Figure 3.6: Energy where the electron tunneling most frequently occurs (defined as Epeak)

as a function of the applied voltage in the Ti/SiC SBDs (Nd = 1× 1019 and 6× 1018 cm−3)

under (a) forward and (b) reverse biases. The corresponding I–V characteristics (experi-

ment and DT calculation) are also shown.
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The critical electric field for the TFE-FE transition is then discussed. In this study,

the boundary energy for Epeak to judge the dominant contribution of FE is defined as

EFm + kBT (EFm + 26meV at room temperature). Since the analysis of the electric field

dependence of the tunneling current has conventionally been performed using the maximum

electric field at a Schottky interface (Fmax) [10, 11], the author first extracted Fmax at the

TFE-FE transition. As a result, the critical Fmax is dependent on Nd and obtained to be

2.5MV/cm for Nd = 1 × 1019 cm−3 and 2.1MV/cm for Nd = 6 × 1018 cm−3, respectively.

The Nd-dependent critical electric field seems inconsistent with the fact that the dominant

tunneling process is almost uniquely determined by the electric field. Therefore, the author

carefully considers which “electric field” should be used in discussing the TFE-FE transition

in the case of high doping densities.

Figure 3.7 depicts the energy potential and the electric field distribution in the depletion

region of the heavily-doped SiC SBDs (Nd = 1× 1019 and 6× 1018 cm−3) under the reverse

bias at the TFE-FE boundary (Epeak ≃ EFm). As Nd becomes high, the electric field

distribution exhibits a steeper slope, and the electric field value rapidly decreases within

a short distance. Hence, especially in the case of a high Nd, electrons having a different

energy should feel a very different electric field, sensitively depending on their energy. In

this sense, it is expected that the electric field at the energy of Epeak (defined as Fpeak)

can precisely express the “electric field for most electrons.” In fact, the electric field at the

energy of EFm, where electron tunneling mainly occurs at the TFE-FE transition, is found

to be almost identical regardless of Nd, as depicted in Fig. 3.7. Therefore, the author tries

to analyze the TFE-FE transition in heavily-doped SiC Schottky structures based on Fpeak

instead of Fmax.

Figure 3.8 compares the correlation between Epeak−EFm and (a) Fmax or (b) Fpeak in the

Ti/heavily-doped SiC SBDs (Nd = 4× 1017–1× 1019 cm−3) under a reverse bias condition.

Although the critical electric field for the TFE-FE transition (i.e., Epeak ≃ EFm) is not

uniquely determined among different doping densities when using Fmax, the Fpeak value at

the TFE-FE transition is almost identically obtained in a wide Nd range. In the case of

the Ti/n-type SiC Schottky structure with ϕB0 ≃ 1.0 eV, as a result, it is determined that

the dominant tunneling process changes from TFE to FE when Fpeak at the energy of EFm

exceeds about 1.5MV/cm, as seen in Fig. 3.8(b). Note that Fpeak-based analysis gives a

unique critical condition for the TFE-FE transition regardless of the Schottky electrode.

Figure 3.9 extracts the critical electric field for the TFE-FE transition (i.e., Fpeak at EFm)

as a function of ϕB0. It is confirmed that the TFE-FE transition occurs under a lower Fpeak

when a Schottky electrode with a lower ϕB0 is employed. Consequently, a new concept

is established to discuss the dominant tunneling mechanism and transition between TFE

and FE models regarding the electric field dependence for Schottky contacts formed on

heavily-doped semiconductors.
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Figure 3.7: Energy band diagram and electric field distribution in the depletion region

near the Ti/SiC Schottky interface (Nd = 1 × 1019 and 6 × 1018 cm−3) under the reverse

bias condition of the TFE-FE transition.
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Figure 3.8: Correlation between Epeak and (a) the maximum electric field at the Schottky

interface (Fmax) and (b) the electric field at the energy of Epeak (defined as Fpeak) in the

reverse-biased Ti/n-type SiC SBDs with various Nd (3× 1017–1× 1019 cm−3).
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Figure 3.9: Critical electric field (Fpeak) for the TFE-FE transition (i.e., Epeak ≃ EFm)

versus the zero-field barrier height (ϕB0) for the reverse-biased n-type SiC SBDs.
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3.5.2 Critical Barrier Thickness

The former section correlated the TFE-FE transition with the “electric field” in the same

manner conventionally adopted for lightly-doped semiconductors. More fundamentally, on

the other hand, tunneling phenomena should be discussed based on the barrier thickness

(or the tunneling distance) that directly determines the tunneling probability. In the case

of low doping density, for which the electric field distribution in the depletion region can be

regarded as constant (Fmax) and energy potential can be approximated as triangular-shaped

near the Schottky interface, there is a one-to-one relationship between the barrier thickness

and Fmax. This assumption is no longer valid for heavily-doped semiconductors, and the

barrier thickness has to be obtained directly from the energy potential, U(x), which is the

essential reason for the inapplicability of the Fmax-based analysis.

Since the dominant tunneling process changes from TFE to FE when a sufficiently thin

barrier thickness at EFm is ensured, the TFE-FE transition is expected to be uniquely

related to the barrier thickness at Epeak ≃ EFm. Furthermore, it is even predicted that

the critical barrier thickness can be determined irrespective of the barrier height, which

is different from the electric-field-based discussion. Figure 3.10(a) plots the Epeak values

against the barrier thickness for electrons having the energy of Epeak. The barrier thickness

at the TFE-FE transition (i.e., the barrier thickness at Epeak ≃ EFm) is obtained to be

about 5 nm for the Ti/n-type SiC Schottky structure, almost regardless of Nd. Besides,

although there is a weak ϕB0 dependence, the critical barrier thickness at EFm for the TFE-

FE transition is nearly identically determined to be about 4–7 nm for each ϕB0, as shown in

Fig. 3.10(b). Since the barrier thickness can be easily obtained from U(x) under a given bias

condition, the critical value presented above is more helpful in identifying the dominant DT

process. Considering the thermal effect on the carrier distribution, the critical condition

varies strongly depending on the temperature, which has to be carefully studied in the

future.

3.6 Discussion

The author first emphasizes the necessity of the numerical analysis for the carrier transport

characteristics in heavily-doped SiC Schottky structures, especially under a reverse bias

condition. Figure 3.11 shows the reverse I–V characteristics of the Ti/heavily-doped SiC

SBDs (Nd = 6×1018 cm−3). The symbols give the experimental data, and the pink and green

solid lines are calculated from analytical formulas for the TFE and FE models, respectively,

which are expressed as [2],

JTFE,R =
A∗T

kB

√
πE00

{
eVR +

ϕB

cosh2(E00/kBT )

}
exp

(
−ϕB

E0

)
exp

(
eVR

E ′

)
, (3.7)
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Figure 3.10: (a) Correlation between Epeak and barrier thickness at the energy of Epeak

in the reverse-biased Ti/n-type SiC SBDs with various Nd (3 × 1017–1 × 1019 cm−3). (b)

Critical barrier thickness for the TFE-FE transition (i.e., barrier thickness at EFm) as a

function of the zero-field barrier height (ϕB0) in the reverse-biased n-type SiC SBDs.
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Figure 3.11: Reverse I–V characteristics of the Ti/SiC SBDs (Nd = 6 × 1018 cm−3)

obtained from the experiment, TFE- and FE-based calculations with the analytical model,

and numerical calculation of the DT current.
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JFE,R = A∗
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kB

)2(
ϕB + eVR

ϕB

)
exp

(
− 2ϕ

3/2
B

3E00

√
ϕB + eVR

)
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E00 =
eℏ
2

√
Nd

m∗εs
, E0 = E00 coth

(
E00

kBT

)
, E ′ =

E00

(E00/kBT )− tanh(E00/kBT )
, (3.9)

where VR is the reverse bias voltage and ϕB is the barrier height including the image force

effect (ϕB0 −∆ϕ), respectively. The blue solid line shows the numerical calculation result.

As seen in Fig. 3.11, it is difficult to reproduce the experimental I–V characteristics in a

reverse-biased heavily-doped SiC SBD by the calculation assuming only one type of tun-

neling process (TFE or FE). This is due to a continuous change in the dominant tunneling

process, which is very sensitive to the following factors: doping density, barrier height, ap-

plied voltage, electric field, and measurement temperature. This aspect is significant when

calculating ρc at ohmic contacts with the analytical models of TFE and FE transport [12].

In other words, in the ρc analysis at ohmic contacts, one has to pay attention to whether

TFE or FE is valid near 0V under a given condition (e.g., doping density and barrier

height) and judge which models of TFE and FE should be adopted. Therefore, in order to

avoid ambiguity in choosing an appropriate tunneling model, it is preferable to conduct the

numerical calculation and extract ρc from the calculated JDT–V characteristics.

The author also introduces a unique tunneling phenomenon at metal/heavily-doped

p-type SiC Schottky interfaces ascribed to the complicated valence band structure in SiC,

recently reported by Kitawaki et al. [13]. Figure 3.12(a) shows the computed E–k dispersion

in the valence band of SiC along ⟨0001⟩ [14], where E is the hole energy and k is the

wavenumber, respectively. The valence band in SiC comprises three different bands: two

almost degenerated topmost bands (heavy- and light-hole bands) with the effective mass

of 1.6m0 and a split-off band located at the energy about 60meV higher than the two

bands. Notably, the effective mass of the split-off band holes is very light along the c-

axis (0.21m0), which is about one-eighth of that near the valence band edge (EV). Since

the effective mass of a carrier exponentially contributes to the tunneling probability, as

seen in Eq. (3.2), tunneling from or to the split-off band can become predominant rather

than the topmost bands, as depicted in Fig. 3.12(b). The symbols in Fig. 3.13 show the

experimental (a) forward and (b) reverse I–V characteristics of the vertical Ni/p-type SiC

SBDs fabricated on aluminum-doped SiC epitaxial layers (net acceptor density: 4×1018 and

3×1019 cm−3) grown on p-type 4H-SiC(0001) substrates [13]. Considering only the topmost

bands (black lines), the calculated DT current largely deviates from the experimental data

for each case. On the other hand, by taking account of all the bands, including the split-off

band, the experimental forward and reverse I–V curves are well reproduced by the DT

current calculation (orange solid lines). As a result, it turned out that tunneling of the

holes in the split-off band with the light effective mass (0.21m0) is the dominant conduction

mechanism in heavily-doped p-type SiC Schottky structures. Although a high Schottky

barrier is generally formed on p-type SiC due to its large work function, the contribution of
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Figure 3.12: (a) Calculated E–k dispersion of the valence band of SiC along ⟨0001⟩ [14].
(b) Schematic illustration of the hole tunneling to the split-off band having a light effective

mass (0.21m0).

Figure 3.13: (a) Forward and (b) reverse I–V characteristics of the Ni/p-SiC SBDs fab-

ricated on heavily-doped p-type SiC epitaxial layers (4× 1018 and 3× 1019 cm−3) [13]. The

calculated DT current, including the split-off band holes with m∗ = 0.21m0 (orange lines),

reproduces the experimental data (symbols) well, while the calculation only with the top-

most band holes with m∗ = 1.60m0 (black lines) does not.
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the split-off band, which makes the tunneling current larger than that expected only from

EV, can be an advantageous property toward the ρc reduction at p-type SiC ohmic contacts.

The author finally comments on the significance of investigating the temperature de-

pendence of the DT current. Section 3.5 extensively discussed a change in the dominant

tunneling process (TFE or FE) depending on the electric field or the barrier thickness that

correlates with the tunneling probability. Since the ambient temperature directly deter-

mines the energy distribution of carriers, which is the other fundamental component in

tunneling phenomena, clarifying temperature-dependent changes in the critical conditions

for the TFE-FE transition is also crucial, as several times mentioned above. Regarding

practical ohmic contacts, the temperature dependence of ρc, which is strongly influenced

by the carrier transport mechanism, is a vital electrical characteristic to discuss the barrier

height at the interface and investigate the thermal stability of the ohmic contact. Especially

for p-type SiC Schottky structures, the decreased number of thermal holes in the split-off

band should critically affect the tunneling current, which is both a scientifically and practi-

cally significant research subject. Therefore, through systematic experiment and numerical

calculation, it is indispensable to perform full modeling of the DT phenomenon concerning

the dependency on the electric field, barrier height, and temperature.

3.7 Summary

In this chapter, the DT phenomena, including both the TFE and FE, in Schottky structures

formed on heavily-doped SiC epitaxial layers were analyzed in detail with various Nd, ϕB0,

and applied voltage conditions. The forward and reverse I–V characteristics of the heavily-

doped SiC SBDs (Nd > 1017 cm−3) were well reproduced with the numerical calculation of

the DT current, which could not be reproduced for all the cases when adopting the analytical

formulas of TFE or FE, indicating the transition of the dominant tunneling process in the

heavily-doped SiC SBDs. Investigation of the energy where the electron tunneling most

frequently occurs (defined as Epeak) revealed which of the TFE or FE is predominant under

a given condition, that is, the carrier transport is dominated by TFE in forward-biased

heavily-doped SiC SBDs (Nd > 1017 cm−3), while, under a reverse bias, a higher electric field

in heavily-doped SiC SBDs (Nd above mid-1018 cm−3) leads to TFE-FE transition. Focusing

on sharply changing electric field distribution in heavily-doped SiC Schottky structures, a

novel concept to analyze the electric field-dependent TFE-FE transition, which utilizes the

electric field at the energy of Epeak (defined as Fpeak), was established. Besides, standing on

a more fundamental aspect that the tunneling probability is directly determined from the

barrier thickness, the critical condition for the TFE-FE transition at metal/heavily-doped

SiC Schottky interfaces was clarified regardless of Nd and ϕB0: the dominant tunneling

process changes from TFE to FE when the barrier thickness at EFm becomes less than

about 4–7 nm.
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A deep understanding of the tunneling phenomena at non-alloyed contacts on heavily-

doped SiC should give an essential starting point toward clarifying the mechanism of ohmic

contact formation and establishing a low-temperature fabrication process for low-resistance

SiC ohmic contacts. Furthermore, the high-field tunneling current is expected to be com-

monly observed in Schottky structures on other WBG semiconductor materials. Hence, the

present data and proposed concept will also help develop ohmic contacts on them.
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Chapter 4

Trap-Assisted Tunneling Through

Schottky Contacts on Heavily-Doped

n-Type SiC Induced by Phosphorus

Ion Implantation

4.1 Introduction

Chapter 3 revealed that the carrier transport at Schottky contacts formed on heavily-doped

SiC epitaxial layers is described by the direct tunneling (DT) model, which includes both the

thermionic field emission (TFE) and field emission (FE). As a next step from an epitaxial

layer, this chapter then investigates the carrier transport characteristics at Schottky contacts

formed on high-dose ion-implanted SiC because ohmic contacts in real devices (e.g., source

and body contacts in SiC power MOSFETs) are often formed on heavily ion-implanted SiC

with a doping density above 1019 cm−3.

To form a heavily-doped n-type SiC region, phosphorus ion (P+) implantation is gener-

ally adopted because of the high solubility limit of P atoms in SiC (∼ 1021 cm−3) [1], allowing

to achieve a higher doping density than nitrogen (N) doping through both epitaxial growth

and implantation [2, 3]. Although it is qualitatively expected that a higher doping density

in a P+-implanted region leads to a larger tunneling current, no reports quantitatively com-

pare current–voltage (I–V ) characteristics at contacts formed on heavily-doped epitaxial

and ion-implanted layers. In addition to the carrier transport characteristics, other fun-

damental electrical properties, such as the net donor density (Nd) in P+-implanted region

and the barrier height at metal/P+-implanted SiC interfaces, are also practically significant

regarding the ohmic contact formation.

In this chapter, vertical Schottky barrier diode (SBD) structures are fabricated using

P+-implanted n-type SiC with various P atom densities (NP). Then, electrical properties,

including Nd in the implanted region, the barrier height at the contact, and the carrier
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transport characteristics, are investigated in detail by comparing them with the contacts

formed on N-doped epitaxial SiC.

4.2 Experiment

The starting material was N-doped n-type SiC (N density: 5×1015 cm−3) epitaxially grown

on an n-type 4H-SiC(0001) substrate. P ions were implanted into the epitaxial layers to form

box-shaped profiles with a wide-range of NP: 1×1017, 1×1018, 5×1018, 9×1018, 3×1019, and

8× 1019 cm−3. The implant depth and temperature were 600 nm and room temperature for

NP ≤ 9× 1018 cm−3, while 200 nm and 500◦C for NP ≥ 3× 1019 cm−3. Activation annealing

in Ar ambient was conducted at 1750◦C for 20min with a surface-protective carbon cap

employed [3].

A schematic image of the fabricated vertical SBD structure is depicted in Fig. 4.1.

Prior to the SBD fabrication, sacrificial oxidation was carried out at 1300◦C for 60min to

remove the surface region in which the implantation profile was not precisely controlled

to a constant. Oxide thickness monotonically increased with a higher NP, as reported in

the literature [4], and was measured to be 74–118 nm. Ni, Ti, and Mg were deposited on

the implanted layers as Schottky electrodes via resistive heating evaporation. Nd in the

P+-implanted layers and the barrier height at the Schottky contacts were characterized by

capacitance–voltage (C–V ) measurement on the fabricated SBDs. Besides, I–V measure-

ment was performed to investigate the carrier transport mechanism at metal/P+-implanted

SiC interfaces. Vertical SBDs were also fabricated using heavily N-doped SiC epitaxial

layers with various Nd (1017–1019 cm−3) for comparison, whose data are the same as those

presented in the former chapter.

4.3 Net Donor Density and Barrier Height

The solid lines in Fig. 4.2(a) show the depth profiles of NP measured by secondary ion

mass spectrometry (SIMS). A gray color indicates the surface regions removed by sacrificial

oxidation. The successful formation of P+-implanted regions with a box-shaped profile is

confirmed in a wide range of NP. Figure 4.2(a) also plots Nd extracted from the C–V char-

acteristics of the Ni/SiC SBDs as circles. The Nd profiles are nearly identical to those for NP

up to 3×1019 cm−3. Note that C–V measurement was hardly performed due to a significant

tunneling current for 8 × 1019 cm−3. From the Nd versus NP plot shown in Fig. 4.2(b), the

activation ratio of the implanted P atoms is determined to be above 90%, even for a very

high NP of 3×1019 cm−3. Since C–V measurement is a powerful technique that can directly

and precisely determine Nd without requiring any fitting parameters, the high activation

ratio presented in this study strongly supports the successful formation of low-resistance

n-type SiC layers by P+ implantation reported based on Hall-effect measurement [2, 3, 5–7].
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Figure 4.1: Schematic image of a vertical SBD structure fabricated on P+-implanted n-

type SiC.
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Figure 4.2: (a) Depth profiles of the implanted P atom and net donor densities in the

P+-implanted region characterized by SIMS and C–V measurements, respectively. (b) Net

donor density versus implanted P atom density.



4.4. Current–Voltage Characteristics 75

Figure 4.3 shows the Nd dependence of the zero-field barrier height (ϕB0) obtained from

the C–V characteristics. Note that, as for the Mg/SiC SBDs fabricated on P+-implanted

layers, the current was too large to measure the capacitance even with a minimal bias

voltage and accurately extract ϕB0. Regardless of the kind of Schottky electrodes, ϕB0 is

constantly obtained for each Nd: ϕB0 ≃ 1.6 eV for the Ni/P+-implanted SiC contacts and

ϕB0 ≃ 1.2 eV for the Ti contacts, respectively. Besides, the ϕB0 values in the P+-implanted

SiC SBDs are almost the same as those in the epitaxial SiC SBDs, as indicated by blue

symbols in Fig. 4.3. As a result, it is revealed that there are no factors to make a change in

the barrier height only at metal/P+-implanted SiC interfaces, and discussions on the barrier

property at Schottky contacts on heavily-doped SiC epitaxial layers given in Chap. 2 are

also adoptable to the case of P+ implantation.

4.4 Current–Voltage Characteristics

Figure 4.4 shows the experimental (a) forward and (b) reverse I–V characteristics of the

Ti/n-SiC SBDs fabricated using P+-implanted SiC (Nd = 1× 1018–1× 1019 cm−3) and epi-

taxial layers (Nd = 9×1017–1×1019 cm−3). When comparing the I–V curves with a similar

Nd (9×1017 and 1×1018 cm−3, 5×1018 and 6×1018 cm−3, and 1×1019 cm−3s, respectively),

the current density in the P+-implanted SiC SBDs is larger than in the epitaxial SiC SBDs,

especially in a lower voltage range. A larger current is also observed in the P+-implanted

SiC SBDs fabricated with another Schottky electrode (Ni or Mg), as seen in the case of

mid-1018 cm−3 shown in Fig. 4.5. As for the Mg/P+-implanted SiC SBDs, the I–V curves

are found to be independent of Nd when above 5 × 1018 cm−3, indicating a tiny voltage

drop at the Schottky interface and dominant resistance components other than those at the

contacts and in the implanted layers.

The author first tried to analyze these I–V characteristics based on the DT model de-

scribed in Chap. 3. The red and blue symbols in Fig. 4.6 compare the I–V relationship in

the Ti/n-SiC SBDs fabricated with P+-implanted SiC (Nd = 5× 1018 cm−3) and epitaxially

grown SiC (Nd = 6× 1018 cm−3), respectively. As depicted by the blue solid lines, the DT

current calculated assuming ϕB0 = 1.0 eV agrees well with the I–V characteristics of the

epitaxial SiC SBD, while the same calculation hardly reproduces those in the implanted

SiC SBD, despite similar Nd and ϕB0 values. Almost identical Nd and ϕB0 values should

guarantee nearly the same thickness of the tunneling barrier and, thereby, the same tunnel-

ing probability and tunneling current. Therefore, it is considered that the DT process no

longer describes the carrier transport in the P+-implanted SiC SBDs, and the contribution

of another conduction mechanism is responsible for the enhanced current density observed.

In this sense, the author focuses on trap-assisted tunneling (TAT) through deep levels, cre-

ated by a high-energy ion bombardment during the implantation [8–11], as the dominant

conduction mechanism in the metal/P+-implanted SiC Schottky structures.
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Figure 4.3: Donor density dependence of the zero-field barrier height (ϕB0) at Ni, Ti, and

Mg Schottky contacts formed on P+-implanted SiC and N-doped SiC epitaxial layer.
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Figure 4.4: Experimental (a) forward and (b) reverse I–V characteristics of the Ti/n-SiC

SBDs fabricated with P+-implanted SiC (Nd = 1 × 1018–1 × 1019 cm−3) and N-doped SiC

epitaxial layers (Nd = 9× 1017–1× 1019 cm−3).
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Figure 4.5: Experimental I–V characteristics of the (a) Ni/ and (b) Mg/n-SiC SBDs

fabricated with P+-implanted SiC (Nd = 5 × 1018 cm−3) and N-doped SiC epitaxial layers

(Nd = 4× 1018 or 6× 1018 cm−3).
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Figure 4.6: I–V characteristics of the Ti/n-SiC SBDs fabricated with P+-implanted and

epitaxial layers with nearly identical Nd (5×1018 or 6×1018 cm−3, respectively). The square

symbols represent experimental data, and the solid lines express the calculated DT current.
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4.5 Enhanced Current by Trap-Assisted Tunneling

4.5.1 Numerical Formula

With the presence of a large amount of deep levels in the bandgap, TAT can be a dominant

carrier transport mechanism [12]. In this conduction, carriers tunnel through a Schottky

barrier via defect levels, as depicted in Fig. 4.7, through which the tunneling path is divided

into two shorter paths, resulting in an enhanced tunneling probability compared to the DT

process. The TAT probability [PTAT(E)] is derived by considering the equilibrium condition

regarding the trap occupancy as [12–14],

PTAT(E) = NTσT
P1(E)P2(E)

P1(E) + P2(E)
, (4.1)

where NT is the trap density (area density) and σT is the capture cross section of the trap

for the tunneling carrier, respectively. P1(E) and P2(E) are the tunneling probabilities for

the two paths, which are calculated by substituting xT for xin or xout in Eq. (3.2), where xT

is the intersecting position of the carrier and trap, as illustrated in Fig. 4.7. Note that the

former factor, NTσT, is interpreted as how easily or frequently a tunneling carrier encounters

a trap, and the latter factor gives the tunneling probability for a carrier passing through the

trap. The TAT current (JTAT) is calculated just by replacing the DT probability [PDT(E)]

in Eq. (3.1) with PTAT(E), that is,

JTAT =
A∗T

kB

∫
PTAT(E) ln

[
exp{−(E − EFm)/kBT}+ 1

exp{−(E − EFs)/kBT}+ 1

]
dE, (4.2)

where A∗ is the effective Richardson constant (151A/cm2K2 as calculated in Chap. 2), T is

the absolute temperature, kB is the Boltzmann constant, E is the electron energy along the

tunneling direction, and EFm and EFs are the Fermi levels in the metal and semiconductor,

respectively.

In MOS structures fabricated with defect-containing oxides (e.g., nitrided oxides), leak-

age current due to TAT is often observed under a relatively low oxide field before Fowler-

Nordheim (FN) tunneling arises [15–17]. Although analytical formulas for TAT to describe

the leakage current in the oxide have been developed [18, 19], these models treat a constant

oxide field. Thus, it is required to perform the numerical calculation based on Eq. (4.1)

when dealing with metal/heavily-doped SiC structures, as is the case for DT.

4.5.2 Calculation

As seen in Eq. (4.1), the TAT calculation has many parameters, such as NT, σT, and ET as

well as ϕB0. Although these trap parameters in ion-implanted SiC have been carefully stud-

ied based on deep-level transient spectroscopy (DLTS) measurement [10, 11], the maximum

doping density investigated was limited up to 1 × 1018 cm−3 (corresponding to the dose of

8 × 1013 cm−2). Therefore, the defect properties in an ion-implanted region formed with a
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Figure 4.7: Schematic band diagram of trap-assisted tunneling (TAT) through a Schottky

barrier.
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higher dose are still poorly understood, making it difficult to perform quantitative analysis

of the experimental I–V characteristics of the heavily P+-implanted SiC SBDs through the

numerical calculation with reasonable parameters.

In this study, the author focuses mainly on the ET dependence of the TAT current

and tries to speculate the trap levels that dominantly contribute to the TAT process at

metal/P+-implanted SiC interfaces. In the calculation, Nd was set to be 5× 1018 cm−3, and

ϕB0 values of 0.7, 1.0, and 1.6 eV were treated. Note that the energy potential was defined as

the sum of the parabolic and image force potentials, as described in Chap. 3. Regarding NT

(unit: cm−2), implantation-induced traps were assumed to be uniformly distributed in the

P+-implanted region with a volume density of a hundredth Nd (i.e., 5× 1016 cm−3). Thus,

the area density of the trap is calculated as 3×1012 cm−2, multiplying the volume density by

the implantation depth (600 nm). Since the capture cross section for the tunneling carriers is

unknown, σT was assumed to be 1×10−13 cm2. With these parameters, the TAT calculation

was performed by varying ET.

4.5.3 Speculation of Dominant Trap Levels

Figure 4.8 shows an example of the calculated (a) band diagram, (b) tunneling probability,

and (c) tunneling current as a function of the electron energy under a forward bias of 0.1V,

comparing the DT probability and DT current with those in the case of TAT through a trap

with the energy level of EC − ET = 0.3 eV, where EC is the conduction band edge in SiC.

As depicted by the red and blue solid lines, PTAT(E) is several orders of magnitude higher

than PDT(E) at a given energy. The enhanced tunneling probability in a lower energy range

allows more electrons to tunnel through the barrier, shifting Epeak (energy where the electron

tunneling most frequently occurs) to the lower energy side and leading to a larger tunneling

current, as seen in Fig. 4.8(c). Investigating the two probability components of P1(E) and

P2(E), it is found that the smaller one (i.e., the tunneling probability for a longer tunneling

path) determines the TAT probability, as displayed by the orange and yellow dashed lines in

Fig. 4.8(b). Since the barrier thickness for a longer tunneling path becomes similar to that

for the DT process in the case of too deep or shallow trap levels, moderately deep levels are

expected to contribute most effectively to the enhanced tunneling current. In this sense,

how an ET change influences the TAT current is examined to speculate the dominant trap

level.

Figure 4.9 shows (a) forward and (b) reverse I–V characteristics in n-type SiC Schottky

structures (ϕB0 = 1.0 eV) calculated based on the TAT model assuming various ET. The

calculated DT current is also displayed by the gray dashed lines. While the TAT current

is larger than the DT current in most cases, the obtained I–V curves are very different

strongly depending on the ET value. In the forward characteristics, the tunneling current

is enhanced in a wide voltage range with the contribution of relatively shallow levels (EC −
ET = 0.2–0.3 eV). In contrast, under a small forward bias (V ≲ +0.1V), the energy
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Figure 4.9: (a) Forward and (b) reverse I–V characteristics in n-type SiC Schottky struc-

tures calculated based on the TAT model assuming various ET.
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level of EC − ET ≃ 0.4 eV most largely increases the current density. With a reverse

bias applied, a larger TAT current is obtained with the contribution of deeper trap levels

when EC − ET is below 0.5 eV. On the other hand, the TAT current becomes smaller

(especially under a small bias condition) and almost equal to the DT current with deeper

traps (EC−ET > 0.5 eV). The applied-voltage-dependent changes in which trap level mainly

contributes to the enhanced tunneling current are discussed based on the ET dependence

of PTAT(E) in each bias condition.

Figure 4.10(a) again plots the forward I–V characteristics in n-type SiC Schottky struc-

tures calculated with the TAT model. First, under a small forward bias of V = +0.05V, the

tunneling path is divided into almost halves in a wide energy range when passing through

the trap level with EC − ET ≃ 0.4 eV, resulting in a high tunneling probability and large

tunneling current, as plotted in Fig. 4.10(b). As the applied forward voltage increases, on

the other hand, tunneling electrons can encounter traps located deep below EC only in a

narrow energy range, and positions where the tunneling path is divided shift toward the

interface side (i.e., a balance between P1 and P2 is broken.). Therefore, the enhancement of

the tunneling probability and current by deep trap levels (EC − ET > 0.4 eV) is limited in

a small voltage range, and relatively shallower trap levels (EC − ET = 0.2–0.3 eV) become

dominant instead, as shown in Fig. 4.10(c). As a result, it is shown that, in the case of a

forward bias condition, different trap levels play a significant role in the enhanced tunneling

current, depending on the applied voltage. The dominant trap levels under a small forward

bias are speculated to be located at the energy of EC −ET ≃ 0.4 eV, which is about half of

the Schottky barrier height (ϕB0 = 1.0 eV). Then, relatively shallow traps with the energy

level of EC−ET = 0.2–0.3 eV become predominant as the applied forward voltage increases.

Reverse I–V characteristics in n-type SiC Schottky structures calculated with the TAT

model are again indicated in Fig. 4.11(a) to discuss how different the situation is under a

reverse bias condition. Since tunneling mainly occurs at the energy above the Fermi level,

the TAT current is greatly enhanced when the tunneling path above EFm is divided into

halves. In this sense, too-deep traps with EC − ET ≳ 0.6 eV do not make the tunneling

current larger effectively, especially at a small reverse bias, as shown in Fig. 4.11(b). Under

an increased reverse bias, on the other hand, the TAT current through deep traps (typically

EC − ET = 0.6–0.7 eV) is found to be larger than that with EC − ET < 0.4 eV because the

TAT probability in the energy range below EFm is greatly enhanced by a nearly identical

distance of the two divided paths, as indicated in Fig. 4.11(c). Despite that, as is the case

of the forward bias, these very deep traps can affect the tunneling process in a limited

energy range. Therefore, the calculated TAT current with EC − ET > 0.7 eV is confirmed

to become smaller when further deep traps are assumed, even at a large reverse bias. As a

result, almost in the entire voltage range calculated, a trap level with EC − ET ≃ 0.5 eV,

which is about half of the Schottky barrier height (ϕB0 = 1.0 eV), is speculated to be the

dominant trap level also under a reverse bias condition.

The trap levels that may significantly enhance the TAT current in Schottky structures on
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Figure 4.10: (a) Forward I–V characteristics in n-type SiC Schottky structures calculated

based on the TAT model, in which the TAT current at a small or large bias is compared

for various ET. Band diagram, tunneling probability, and tunneling current as a function

of the electron energy at (b) a small forward bias (V = +0.05V) and (c) a large forward

bias (V = +0.25V).
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Figure 4.11: (a) Reverse I–V characteristics in n-type SiC Schottky structures calculated

based on the TAT model, in which the TAT current at a small or large bias is compared

for various ET. Band diagram, tunneling probability, and tunneling current as a function

of the electron energy at (b) a small reverse bias (V = −0.30V) and (c) a large reverse bias

(V = −1.0V).
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heavily P+-implanted SiC (Nd = 5× 1018 cm−3) speculated from the numerical calculation

are summarized in Table 4.1. Note that identical trap parameters (NT and σT) were assumed

in the speculation, which does not correctly deal with the actual situation.

4.6 Discussion

First, the dominant trap levels speculated above are compared with the traps experimen-

tally detected in P+-implanted SiC through DLTS measurement [11], which are summarized

in Fig. 4.12. It is considered that IN2 (ID8) and IN3 (Z1/2) centers are responsible for en-

hancing the TAT current among the reported traps. Based on the trap properties listed

in Table 4.2, on the other hand, the TAT calculation performed in this study assumed

very large values of NT and σT, even if the capture cross sections for tunneling carriers

(parameters in the calculation) and thermal process (reported ones) need not be identi-

cal. Even using such large values, however, the calculated TAT current is still smaller by

several orders of magnitude than the experimental data. As mentioned above, the maxi-

mum doping density of P+-implanted SiC investigated so far is limited up to 1× 1018 cm−3,

and thus, more kinds and amounts of traps are expected inside a higher-dose implanted

region. Therefore, it is indispensable to characterize and clarify the defect properties in

such a high-dose implanted region (> 1018 cm−3) through careful experiments, including

electrical measurement and structural analyses. Besides, it seems that several aspects have

to be considered in the TAT calculation additionally: for example, how to convert the trap

density from the volume density to area density, the energy conservation before and after

trapping, thermionic emission of carriers from traps, and so forth. It is an essential future

research subject to perform quantitative analysis and full modeling of the TAT current in

heavily P+-implanted SiC Schottky structures with various Nd and ϕB0 by addressing these

matters.

From a practical point of view, the enhanced tunneling current should be advantageous

in obtaining low-resistance ohmic contacts. Considering the significant contribution of the

traps located at the energy of EC − ET ≃ ϕB0/2 in a small bias range, a very low contact

resistivity (ρc) is expected for contacts on heavily P+-implanted SiC, as if the Schottky

barrier became about half of ϕB0. Thus, the next interest is in identifying how low ρc

can be achieved without performing high-temperature sintering and whether a ρc value is

predicted considering the contribution of TAT as well as DT, which will be extensively

discussed in the following chapter.

4.7 Summary

In this chapter, fundamental properties in metal/heavily P+-implanted SiC Schottky struc-

tures, including the net donor density (Nd), barrier height (ϕB0), and carrier transport
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Table 4.1: Trap levels that may mainly contribute to the TAT current through

metal/heavily P+-implanted SiC interfaces (Nd = 5 × 1018 cm−3) with various barrier

heights, which are speculated from the numerical calculation assuming that all the traps

have the same trap parameters (NT and σT).

Barrier height
Bias condition

Dominant trap level

ϕB0 (eV) EC − ET (eV)

0.7 forward, small (|V | ≲ 0.05V) 0.2–0.3

forward, large (|V | ≳ 0.05V) 0.2

reverse 0.3

1.0 forward, small (|V | ≲ 0.1V) 0.4

forward, large (|V | ≳ 0.1V) 0.2–0.3

reverse, small (|V | ≲ 0.4V) 0.4–0.5

reverse, large (|V | ≳ 0.4V) 0.5–0.7

1.6 forward, small (|V | ≲ 0.2V) 0.6–0.7

forward, large (|V | ≳ 0.2V) 0.3–0.5

reverse, small (|V | ≲ 0.5V) 0.7–0.8

reverse, large (|V | ≳ 0.5V) 0.8–1.0
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Figure 4.12: Major traps detected in P+-implanted SiC and their energy levels [11].
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characteristics, were investigated in detail. C–V measurement on vertical SBDs fabricated

with P+-implanted SiC with various P atom densities allowed to accurately characterize Nd

and ϕB0, revealing that above 90% of the implanted P atoms are activated as donors even

at a high Nd of 3 × 1019 cm−3, and the barrier heights at Schottky contacts on implanted

and epitaxial layers are nearly identical. The tunneling current at a metal/P+-implanted

SiC interface was larger by several orders of magnitude than that at contacts on epitaxial

layers with almost the same Nd, which is likely ascribed to the contribution of trap-assisted

tunneling (TAT) through implantation-induced deep levels. By performing the numerical

calculation of the TAT current, it was speculated which trap level dominantly contributes

to the enhanced tunneling current under various applied bias conditions. As a result, it was

indicated that trap levels located below the energy of about half of the barrier height below

the conduction band edge seem to be dominant near the zero bias condition, which may

significantly impact the ohmic contact formation.

The similarities and differences in the fundamental properties between contacts formed

on ion-implanted and epitaxial SiC are vital for discussing the ohmic contact formation

mechanism and designing low-resistance ohmic contacts.
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Chapter 5

Tunneling Phenomena-Based

Modeling of Contact Resistivity for

Non-Alloyed Ohmic Contacts on

n-Type SiC

5.1 Introduction

As introduced in Chap. 1, the currently available high-temperature process for the ohmic

contact formation has several negative impacts on device performance and reliability and

does not offer a very low contact resistivity (ρc < 10−6 Ωcm2) [1–4]. Therefore, a novel fab-

rication process for low-resistance SiC ohmic contacts with a low thermal budget is strongly

desired. So far, several trials have been made to achieve a low ρc with a low-temperature

process, basically based on high-dose ion implantation or barrier height lowering with a

low-work-function electrode metal [5–7]. However, no guidelines exist over how high doping

density and low barrier height are required to achieve a sufficiently low ρc, and even the

difference between epitaxial growth and ion implantation regarding the formation of contact

regions has not been discussed.

In Chaps. 2–4, barrier properties and high-field tunneling phenomena, including direct

tunneling (DT) and trap-assisted tunneling (TAT), at metal/heavily-doped SiC Schottky

(non-alloyed) interfaces have been clarified. The deep understanding of the fundamental

physics of the non-alloyed contacts gained in the former chapters helps to construct a model

predicting ρc at non-alloyed SiC ohmic contacts and to establish design guidelines for ρc

reduction.

In this chapter, non-alloyed contacts are formed on heavily P+-implanted SiC, and their

ρc values are systematically investigated. In the experiment, ρc is characterized by varying

the net donor density (Nd) in the implanted layers and employing various electrode metals

(i.e., various barrier heights). Besides, the experimentally obtained ρc is analyzed based on
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the numerical calculation of the tunneling current. Through the experiment and calculation,

a model to describe ρc at non-alloyed SiC ohmic contacts as a function of Nd and zero-field

barrier height (ϕB0) is proposed.

5.2 Experimental Characterization

5.2.1 Circular Transmission Line Model Structures

Figure 5.1 illustrates a schematic image of the circular transmission line model (CTLM)

structure [8] fabricated on P+-implanted SiC. This structure consists of the inner and outer

electrodes and is designed to have various gap distances between them. When measuring

the current through the inner and outer electrodes, the total resistance is composed of

the contact resistance at the two electrodes and the resistance of the semiconductor layer

between them. Since the semiconductor layer resistance is directly connected to the elec-

trode spacing, the contact resistance component is extracted by performing current–voltage

(I–V ) measurement for various electrode spacings. The CTLM structure has several advan-

tages over the conventional rectangle-shaped TLM pattern; the current flow is limited only

between the electrodes, allowing the accurate extraction of ρc with a mesa-free structure [9].

5.2.2 Sample Preparation

In the fabrication, p-type SiC epitaxial layers (net acceptor density: 2 × 1015 cm−3) on

n-type 4H-SiC(0001) substrates were prepared for the electrical isolation between the P+-

implanted n-type region and the n-type substrate. P ions were implanted into the epitaxial

layer, and about 230-nm deep box-shaped profiles were created with various P atom densities

(NP = 4.0×1018, 9.0×1018, 2.7×1019, 7.0×1019, and 2.3×1020 cm−3), as shown in Fig. 5.2.

The implantation for NP = 2.7 × 1019, 7.0 × 1019, and 2.3 × 1020 cm−3 was conducted at

500◦C. Activation annealing was performed at 1750◦C in Ar ambient, and the NP profile near

the surface was flattened by sacrificial oxidation at 1300◦C and subsequent oxide removal

with hydrogen fluoride dipping. Ti or Mg was deposited by resistive heating evaporation

as a contact metal on the P+-implanted SiC. The ϕB0 values for the Ti and Mg electrodes

correspond to about 1.0 eV and 0.7 eV, respectively, which were characterized by using a

vertical SBD structure fabricated on epitaxial layers. The thicknesses of the deposited Ti

and Mg films are about 40 nm and 300 nm, respectively. Then, Al(280 nm)/Ni(80 nm) and

Ni(120 nm) electrode stacks are subsequently formed on the Ti and Mg films, respectively, to

ensure a negligibly small parasitic resistance of the electrode metal in the direction parallel

to the interface. It should be noted that no post-metallization sintering was performed on

the electrodes. The radius of the inner electrodes (L) was 96µm, and the electrode spacing

(d) between the inner and outer electrodes was varied from 13 to 54 µm, confirmed based

on optical microscope images. I–V characteristics of the CTLM structures were measured
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Figure 5.1: Schematic image of a circular transmission line model (CTLM) structure

fabricated on P+-implanted n-type SiC.

Figure 5.2: Depth profile of the P atom density implanted into p-type SiC epilayers

obtained by SIMS measurement.
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with a four-probe configuration, which can eliminate the parasitic resistance components

in the measurement system. The ρc value was determined by extracting the resistance (R)

from the measured I–V curves with various d.

5.2.3 Current–Voltage and Resistance–Electrode Spacing

Characteristics

Figure 5.3 plots the experimental I–V curves (linear scale) at the Ti and Mg contacts.

An ohmic-like linear I–V relationship is obtained without performing high-temperature

sintering for every electrode. Concerning the NP dependence, a larger current is observed

for the sample with a higher NP (i.e., higher Nd). When comparing the Ti and Mg contacts,

the Mg electrodes show a larger current than Ti, especially when NP is lower than 3 ×
1019 cm−3, reflecting the lower ϕB0 of the Mg contacts. On the other hand, when NP

exceeds 7 × 1019 cm−3, the I–V characteristics become less dependent on ϕB0 and almost

similar. This tendency can be understood by considering the barrier thickness for tunneling

carriers at metal/heavily-doped SiC interfaces with a different ϕB0. Figure 5.4 gives the Nd

dependence of the depletion layer width (w) at zero bias roughly calculated by assuming

that the built-in potential (Vd) equals ϕB0. As seen in Fig. 5.4, w becomes less dependent on

ϕB0 with increasing Nd and is obtained to be about 4 nm or 3 nm for ϕB0 = 1.0 eV or 0.7 eV,

respectively, at Nd = 7 × 1019 cm−3. Thus, the tunneling probability becomes closer with

increasing Nd in any case where DT or TAT is dominant, leading to the ϕB0-independent

I–V characteristics obtained for a high NP.

Then, the R values were extracted from the I–V curves of the CTLM patterns with

various d. The symbols in Fig. 5.5 represent the experimental R–d plots for the (a) Ti

and (b) Mg CTLM structures with various NP. A fitting analysis of the experimental R–d

relationship was performed to determine ρc. An expression to relate R to d is given by [9],

R(d) =
Rsh

2π

[
LT

L

I0(L/LT)

I1(L/LT)
+

LT

L+ d

K0(L/LT)

K1(L/LT)
+ ln

(
1 +

d

L

)]
, (5.1)

where Rsh is the sheet resistance in the semiconductor layer beneath the contact, LT is the

transfer length, I and K are the modified Bessel functions of the first and second kinds

whose subscript (0 or 1) expresses their order, respectively. Taking Rsh and LT in Eq. (5.1)

as parameters, a numerical fitting to the experimental data was conducted, as depicted by

the dashed lines in Fig. 5.5.

Figure 5.6 shows (a) Rsh as a function of the total implant dose and (b) LT versus NP

plots. The Rsh values were consistently obtained for both the Ti and Mg CTLM structures.

Besides, a lower Rsh is obtained when the P+ implantation is performed with a higher dose,

which is consistent with the reported values in heavily P+-implanted SiC characterized

by Hall-effect measurement on Van der Pauw structures [10], as indicated by the gray

circles in Fig. 5.6(a). The LT value decreases with increasing NP and is obtained to be
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Figure 5.3: I–V characteristics (linear plots) of the Ti and Mg CTLM structures with

various NP (electrode spacing, d = 20µm).

Figure 5.4: Depletion layer width at zero bias calculated for n-type SiC Schottky structures

as a function of the donor density of SiC.
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Figure 5.5: Resistance (R) versus electrode spacing (d) of the (a) Ti and (b) Mg CTLM

structures. The symbols are experimental data, and the dashed lines depict fitting curves

based on Eq. (5.1).
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Figure 5.6: (a) Sheet resistance in the P+-implanted regions as a function of the total

implant dose. Reported data based on Hall-effect measurement (Negoro et al. [10]) are also

shown by circles. (b) Transfer length plotted against the implanted P atom density.
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0.6–20µm and 0.4–2.2µm for the Ti and Mg CTLM structures, respectively. From these

obtained parameters (Rsh and LT), the contact resistivity is determined with the formula

of ρc = RshL
2
T [9], which will be presented in Sect. 5.4.

5.3 Calculation of Contact Resistivity Based on

Direct Tunneling

For modeling the experimental ρc based on understanding the tunneling phenomena, ρc was

also determined by the DT current calculation. Although the ρc analysis has been con-

ventionally performed with the analytical formulas of the thermionic field emission (TFE)

and field emission (FE) models [11, 12], the numerical calculation of the DT current with

Eq. (3.1) was performed to consider the TFE-FE transition and accurately analyze ρc in an

entire range of Nd, as mentioned in Chap. 3. The calculation procedure for the DT-based

ρc is as follows:

1. At the given Nd and ϕB0, DT current through metal/n-type SiC is calculated based

on Eq. (3.1) in the voltage range from −0.05 to 0.05V.

2. ρc is extracted by taking the slope of the calculated JDT–V characteristics near 0V

(−0.01V ≤ V ≤ +0.01V).

3. The above calculation is repeatedly performed with various Nd and ϕB0, and the

DT-based ρc is obtained as a function of these parameters.

Figure 5.7(a) shows the calculated JDT–V curves in metal/n-type SiC Schottky struc-

tures with various Nd assuming ϕB0 = 1.0 eV. A larger current and steeper slope are

obtained with increasing Nd, indicating that ρc decreases at a higher Nd, as calculated for

various ϕB0 cases (0.4–1.1 eV) shown in Fig. 5.7(b).

5.4 Contact Resistivity Modeling

5.4.1 Contact Resistivity vs. Donor Density and Barrier Height

The Nd dependence of ρc at non-alloyed Ti and Mg contacts formed on P+-implanted SiC

is shown by symbols in Fig. 5.8. For the highest NP of 2.3 × 1020 cm−3, the Nd value is

treated as 75% of NP (i.e., Nd = 1.7 × 1020 cm−3) based on the reported activation ratio

of the implanted P atoms in SiC (60–90%) [13, 14]. Regarding the ϕB0 dependence of ρc,

a lower ρc is obtained for the Mg contacts (ϕB0 ≃ 0.7 eV) than Ti (ϕB0 ≃ 1.0 eV). As

discussed above, the difference in ρc between the Ti and Mg electrodes becomes smaller at

a higher Nd, reflecting a less ϕB0-dependent barrier thickness. As for the dependency on

Nd, ρc decreases with increasing Nd, and at a very high Nd (1.7× 1020 cm−3), an extremely
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Figure 5.7: (a) I–V characteristics calculated based on the direct tunneling (DT) model

assuming ϕB0 = 1.0 eV and varying Nd (1× 1019–8× 1019 cm−3). (b) Contact resistivity at

metal/n-type SiC interfaces calculated based on the DT model as a function of the donor

density assuming various ϕB0 (0.4–1.1 eV).
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Figure 5.8: Donor density dependence of the contact resistivity experimentally obtained

for non-alloyed Ti and Mg contacts formed on heavily P+-implanted SiC (symbols) and

calculated based on the direct tunneling (DT) model (dashed lines).
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low ρc of 1× 10−7Ωcm2 or 2× 10−7Ωcm2 is achieved for the non-alloyed Mg or Ti contact,

respectively. These values are comparable to or even lower than those obtained for the

practical Ni-based alloyed ohmic contacts formed by performing high-temperature sintering

(∼ 1000◦C).

The blue dashed lines in Fig. 5.8 present the DT-based ρc as a function of Nd calculated

assuming ϕB0 = 0.7 and 1.0 eV, corresponding to the barrier heights at the Mg and Ti

contacts, respectively. Through the comparison of ρc between the experiment and the DT-

based calculation, it is discussed how the dominant tunneling process (DT or TAT) changes

depending on Nd and how the changes have an impact on ρc in terms of the value itself

and the Nd dependence. Based on the experimental and calculated data, the Nd range

is divided into three parts: (i) Nd < low-1019 cm−3, (ii) Nd in mid-1019 cm−3, and (iii)

Nd > high-1019 cm−3. The author focuses on the basic concept of the tunneling phenomena

introduced in Chap. 3 (i.e., the tunneling current is determined as the product of the

tunneling probability and the energy distribution of carriers), and then modeling of ρc at

non-alloyed contacts on P+-implanted SiC is performed considering the contributions of DT

and TAT in each Nd range.

5.4.2 Contribution of Direct Tunneling and Trap-Assisted

Tunneling

Figure 5.9 schematically depicts the tunneling probability for DT [PDT(E)] and TAT

[PTAT(E)], the Fermi-Dirac distribution function, and the tunneling current as a function of

the electron energy in each Nd range. Note that PTAT(E) is depicted excluding the factor

NTσT in Eq. (4.1), where NT is the trap density, and σT is the capture cross section of the

trap, respectively. In other words, the schematic illustration for PTAT(E) only considers the

electrons that encounter a trap. The energy where the electron tunneling most frequently

occurs (defined as Epeak) is also indicated in Fig. 5.9 because the magnitude relationship

between Epeak and the conduction band edge (EC) or the Fermi level in the metal (EFm) is

a crucial part of the discussion.

(i) Nd < low-1019 cm−3:

In this Nd range with 1–2× 1019 cm−3 or lower, the measured ρc values are much lower

than those expected from the DT model, and a sharp decrease in ρc according to the Nd

increase having almost the same slope as the calculated ρc–Nd plots is observed. With such

a moderate or relatively high Nd, Epeak for DT and TAT near 0V are both higher than

EC or EFm (i.e., TFE regime). Since PTAT(E) is several orders of magnitude higher than

PDT(E) at a given energy, Epeak for TAT is kept lower than that for DT, resulting in a much

larger current thanks to the contribution of a more significant number of carriers through

the TAT process, as depicted in Fig. 5.9(i). The Epeak shift toward a lower energy side and

the enhanced tunneling current by TAT can be regarded as if the DT current were increased

by barrier height lowering. Based on Fig. 5.7, the experimental data for the Ti and Mg
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Figure 5.9: Schematic illustrations of how the contributions of direct tunneling (DT) and

trap-assisted tunneling (TAT) change depending on the donor density based on the tunneling

probability, Fermi-Dirac distribution function, and tunneling current in the donor density

range of (i) below low-1019 cm−3, (ii) in mid-1019 cm−3, and (iii) above high-1019 cm−3.
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contacts are similar to the DT-based ρc values calculated with ϕB0 = 0.5–0.6 eV and 0.4–

0.5 eV. These values are close to about half of the actual ϕB0, which is reasonably consistent

with the expectation regarding the dominant trap levels for the TAT current presented in

Chap. 4. These descriptions help understand why the measured ρc is much lower than the

calculated value based on DT, and the slopes in the experimental ρc–Nd plots are similar

to those from the DT-based calculation.

(ii) Nd in mid-1019 cm−3:

At a very high Nd in the mid-1019 cm−3 range, the measured ρc is still lower than the

calculated values based on DT but shows a slower decrease with increasing Nd. With

such a high Nd, Epeak for TAT shifts toward EC or EFm (i.e., FE regime), where many

carriers occupy most electronic states with the occupancy almost equal to unity. Since

the implantation-induced trap density is expected to be as high as 1/100 of Nd [15], the

carrier density near Epeak (> 1019 cm−3) should be much higher than NT, as indicated in

Fig. 5.9(ii). As a result, only a tiny number of electrons is allowed to pass through the traps,

and the TAT current becomes saturated with the limitation by NT even if the tunneling

probability becomes higher with increasing Nd. Thus, the experimental ρc has a weaker Nd

dependence in this high Nd range, while the ρc value is still lower than the DT-based one.

(iii) Nd > high-1019 cm−3:

With an extremely high Nd over high-1019 cm−3 or 1020 cm−3, the experimental and

calculated ρc become very close to each other and both sharply decrease with increasing

Nd. When making Nd that high, Epeak for TAT and DT are both located at EC or EFm,

and the probabilities for TAT and DT become very high and comparable to each other at

Epeak. In this situation, electrons can directly tunnel through the Schottky barrier with

a very high probability without passing through the trap. As a result, DT becomes even

more predominant over TAT because the DT process is irrelevant to NT. Hence, the carrier

transport in the extremely high Nd range is dominated by DT instead of TAT, leading to a

sharp decrease in ρc toward a very low value of 10−7Ωcm2.

Through the above discussions, the contributions of DT and TAT can be schematically

expressed as plotted in Fig. 5.10 by the blue and red dashed lines, respectively. As the sum

of these components, a physical model to predict ρc at non-alloyed ohmic contacts formed

on ion-implanted SiC is proposed, as given by the black solid line in Fig. 5.10. Based on this

proposed model, several guidelines for low-resistance non-alloyed ohmic contacts on SiC are

presented in the next section.

5.4.3 Design Guidelines for Non-Alloyed Ohmic Contacts on

n-Type SiC

One crucial fact is that ion implantation should be adopted rather than epitaxial growth to

form contact regions. This is not only because ion implantation can achieve a higher Nd than
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Figure 5.10: Contact resistivity modeling for non-alloyed ohmic contacts formed on P+-

implanted SiC, considering the contributions of DT (blue dashed line) and TAT (red dashed

line).



5.5. Discussion 109

epitaxial growth but also because it can effectively utilize the advantage of a significantly

large current attributed to TAT. Regarding the doping density and barrier height, a ρc value

in a low-10−6Ωcm2 range can be obtained by making Nd higher than about 3×1019 cm−3 and

ϕB0 lower than about 1.0 eV, which is qualitatively explained by the contribution of TAT.

Besides, very high-dose ion implantation (> 1020 cm−3) even makes it possible to achieve an

extremely low ρc (< 10−7 Ωcm2) without high-temperature sintering (∼ 1000◦C), which is

quantitatively predictable with the numerical calculation of the DT current. Consequently,

quantitative guidelines regarding Nd and ϕB0 to reduce ρc at non-alloyed ohmic contacts

have been suggested based on a physical model considering the contributions of DT and

TAT.

5.5 Discussion

The author has to emphasize that while the main focus of this chapter was on the for-

mation and characterization of non-alloyed ohmic contacts, it is preferable to perform a

low-temperature thermal treatment (e.g., sintering at about 500–600◦C) after the metal-

lization, from the practical point of view. This is because, in the actual device fabrication,

devices are usually exposed to heat (∼ 500–600◦C) after the metallization to deposit a di-

electric film for the metal interconnect isolation. This kind of thermal treatment may cause

changes in the electrical properties of non-alloyed (non-sintered) ohmic contacts. Therefore,

it is indispensable to investigate how the post-metallization sintering affects the ρc value,

starting with the case of non-alloyed ohmic contacts presented in this study and systemati-

cally elevating the sintering temperature. It should be noted that careful structural analyses

conventionally done in previous studies on SiC ohmic contacts [1–3] are essential in charac-

terizing sintered metal/SiC contacts. Combining the analyses of tunneling phenomena and

interfacial reactions will help to clarify how the proposed model for non-alloyed SiC ohmic

contacts should be modified, giving quite beneficial guidelines in exploring a novel fabrica-

tion process alternative to the currently available high-temperature sintering (∼ 1000◦C).

Furthermore, it will also be expected to provide critical insights into fully understanding

the formation mechanism of the conventional alloyed ohmic contacts on SiC.

In any case of non-alloyed or alloyed ohmic contacts, the barrier height reduction is

an effective way to achieve a low ρc. The ρc modeling presented in this study gives a

guideline concerning the barrier height: a ρc value can be reduced as low as 10−6Ωcm2 by

making ϕB0 lower than about 1 eV. While Ti electrodes (ϕB0 ≃ 1 eV) are promising for the

practical ohmic contacts (probably even when annealed at 500–600◦C), lower ϕB0 is more

favorable to make the ρc value as low as possible. Although just choosing an electrode

metal with a low work function (ϕm) is a simple way to reduce ϕB0, most low-ϕm metals,

including Mg, are chemically unstable with a low melting temperature, low tolerance to

oxidation, and so forth. In this perspective, the author believes that inserting an interfacial
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layer between metal and SiC is a promising alternative for barrier height reduction. An

interesting result regarding the interlayer-based ohmic contact formation was reported by

Mohammad et al. [16], in which an indium nitride (InN) film is introduced to a Ti/n-type

SiC interface, and ρc = 1.8 × 10−4 Ωcm2 is achieved without sintering. As partly pointed

out in the article [16], the requirements for a semiconductor-based interfacial layer are as

follows:

(1) The interlayer and SiC should have proper band alignment.

(2) To reduce the barrier height, the interlayer and SiC should have the same conduc-

tivity type, and the doping density in the interlayer should be as high as possible.

(3) The barrier height between the interlayer and electrode metal should also be suffi-

ciently low, ensuring an ohmic characteristic.

(4) Formation of the metal/interlayer/SiC stack is preferable to be performed at a mod-

erate temperature (500–600◦C).

In Ref. [16], TLM structures were fabricated on an n-type SiC epitaxial layer with Nd =

1 × 1019 cm−3. Thus, it is crucial to investigate further the effect of the InN film insertion

on the ohmic contact formation and ρc reduction by utilizing heavily P+-implanted SiC.

Besides, the author regards heavily-doped n-type silicon (Si) as a promising candidate to

achieve a low ρc as well, thanks to the good band alignment for the n-Si/n-SiC junction

(electron affinity of Si: 4.0 eV [17]) and mature contact formation process regarding the

metal/Si interface. Several recent trials by the author for barrier height reduction at contacts

by inserting Si interlayers are described in Appendix B. Exploration of an interfacial layer

suitable for ρc reduction and optimization of the interlayer-based ohmic contact formation

process are also critical future prospects.

From another viewpoint involved in effectively utilizing the TAT phenomenon, the au-

thor also suggests a new concept for low-resistance ohmic contacts by intentionally creating

deep levels in contact regions. Although the TAT contribution is advantageous regarding

the ρc reduction, as mentioned above, it is almost impossible to control the kind, density,

and depth profile of the implantation-induced deep levels. Thus, it may be effective to

perform ion implantation for an additional impurity atom, which forms a deep level in the

bandgap of SiC, in addition to the dopant atom implantation. Intentionally introducing

deep levels may make it easier to predict the TAT current and design ohmic contacts. In

this sense, the author focuses on the sulfur (S) impurity, which acts as a deep donor in

SiC [18, 19] and whose depth profile is controllable by ion implantation [19]. Note that the

additionally implanted atoms do not necessarily act as dopants; the point is just on forming

“deep levels.” Considering the significant contribution of TAT in the Nd range of low- to

mid-1019 cm−3, this concept may help to achieve a very low ρc without performing very

high-dose dopant implantation (∼ 1020 cm−3), which requires high-temperature implanta-

tion and, thereby, a high process cost. Several data regarding contact formation on P and

S co-implanted SiC are also presented in Appendix B. While priority should be given to

identifying the trap levels that dominantly contribute to the TAT current and quantitative
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modeling of the TAT phenomenon at metal/heavily P+-implanted SiC interfaces, the author

believes that the proposed concept will help develop the ohmic contact formation process

and reduce the device fabrication cost.

Finally, it should be mentioned how different the situation is regarding a non-alloyed

ohmic contact on p-type SiC. Recently, Kuwahara et al. carefully investigated ρc at non-

alloyed contacts formed on heavily Al+-implanted p-type SiC (implanted Al atom density:

NAl = 1×1019–5×1020 cm−3) [20]. Thanks to the contribution of the TAT and split-off band

holes with a light effective mass (0.2m0) [21], a nearly ohmic-like linear I–V relationship was

obtained, and a low ρc of 9.8×10−3Ωcm2 at NAl = 5×1020 cm−3 was achieved for Ni contacts

without performing any thermal treatment. On the other hand, Ref. [20] also reported a

severe out-diffusion of the implanted Al atoms during activation annealing (1750◦C) and

incomplete activation of the Al atoms (less than 40% when NAl > 1020 cm−3), making it

challenging to design and fabricate ohmic contacts. Besides, the Schottky barrier height at a

metal/p-type SiC interface is intrinsically high (typically higher than 1.2 eV [22]). Therefore,

a low-temperature sintering- or interlayer-based ohmic contact formation has to be relied

on for ρc reduction, which should be further studied in the future, as is the case of n-type

SiC. At the same time, based on the extensive exploration of a novel fabrication process for

n- and p-type individual ohmic contacts, establishing an optimum fabrication process for

simultaneous ohmic contacts on n- and p-type SiC is also a crucial future prospect.

5.6 Summary

This chapter systematically investigated the contact resistivity (ρc) at non-alloyed Ti and

Mg contacts formed on heavily P+-implanted SiC (Nd > 4 × 1018 cm−3) through the ex-

perimental characterization with CTLM structures and numerical calculation of the direct

tunneling (DT) current. In the Nd range below mid-1019 cm−3 (4 × 1018–7 × 1019 cm−3),

the experimental ρc was much lower than that expected from the DT model, which is qual-

itatively explained by the significant contribution of trap-assisted tunneling (TAT). At a

further higher Nd above 1020 cm−3, on the other hand, the ρc value sharply decreased with

increasing Nd in good agreement with the calculated DT-based ρc. It was demonstrated

that an extremely low ρc of 1–2 × 10−7Ωcm2 is achievable for the Mg and Ti contacts

without performing high-temperature sintering (∼ 1000◦C) by utilizing very high-dose P+

implantation (2 × 1020 cm−3). Based on the experiment and calculation, a physics-based

model for predicting ρc at non-alloyed ohmic contacts on ion-implanted SiC was proposed,

carefully considering the contributions of DT and TAT. Consequently, a design guideline

concerning the barrier height and donor density for low-resistance non-alloyed ohmic con-

tacts on n-type SiC was suggested; the zero-field barrier height (ϕB0) as low as or lower

than about 1.0 eV and Nd higher than about 3 × 1019 cm−3 allow to achieve a very low ρc

(< 10−6 Ωcm2).
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The data, model, and design guidelines regarding the non-alloyed ohmic contacts can

provide essential future prospects for establishing a novel low-temperature fabrication pro-

cess for low-resistance SiC ohmic contacts.
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Chapter 6

Conclusions

6.1 Summary of This Thesis

In this thesis, the author systematically investigated the barrier height and high-field carrier

transport phenomena in Schottky structures formed on heavily-doped n-type SiC and pro-

posed a design guideline for low-resistance non-alloyed ohmic contacts based on a physical

understanding of metal/heavily-doped SiC interfaces. The main conclusions gained in the

present study are summarized as follows.

In Chapter 2, the Schottky barrier height at a metal/heavily-doped n-type SiC in-

terface was characterized with three different techniques: internal photoemission (IPE),

capacitance–voltage (C–V ), and current–voltage (I–V ) measurements. The barrier height

at zero bias (ϕB) decreased with increasing the donor density (Nd), the difference of which

was about 0.2 eV between the Ni/SiC Schottky barrier diodes (SBDs) with Nd = 7 × 1015

and 2 × 1019 cm−3. The barrier height drop quantitatively agreed with the image force

lowering (∆ϕ = 0.18 eV) caused by a high electric field (> MV/cm) resulting from a thin

Schottky barrier (∼ 10 nm), even at zero bias. Besides, the zero-field barrier height (ϕB0),

defined without including the image force effect, was almost constant regardless of Nd. The

higher electric field also induces the forward tunneling current described by the thermionic

field emission (TFE) model, and the TFE-based analysis of the forward I–V characteris-

tics allowed a consistent barrier height with IPE and C–V measurements to be obtained.

Employing Mg, Ti, and Ni as Schottky electrodes (metal work function: ϕm = 3.7, 4.0,

and 5.2 eV, respectively) clarified that the barrier height in a metal/n-type SiC interface is

controllable in a wide range (ϕB0 ≃ 0.7–1.6 eV), irrelevant to Nd.

In Chapter 3, the author investigated the direct tunneling (DT) phenomenon in Schot-

tky structures formed on heavily-doped SiC epitaxial layers, including both the TFE and

field emission (FE) transport ascribed to tunneling of thermal and cold electrons, respec-

tively. Based on the numerical calculation of DT current, the forward and reverse I–V

characteristics of the vertical SBD structures fabricated using heavily-doped n-type SiC

epitaxial layers (Nd = 1017–1019 cm−3) were well reproduced in a very wide range of the
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current density (10−6–1A/cm2) for each Nd and ϕB0. Through the investigation of the

energy where electron tunneling most frequently occurs (defined as Epeak), it was revealed

that the TFE transport is dominant in the heavily-doped SiC SBDs (Nd > 1017 cm−3) under

a forward bias, while the dominant DT process changes from TFE to FE in reverse-biased

heavily-doped SiC SBDs (Nd: above mid-1018 cm−3), due to a higher electric field. The

critical electric field for the TFE-FE transition was uniquely determined for a given ϕB0

irrelevant to Nd by carefully considering the sharply changing electric field distribution in

heavily-doped SiC Schottky structures. From a more universal aspect, the critical thickness

of a Schottky barrier for the TFE-FE transition was given as 4–7 nm at the energy of the

Fermi level in a metal, almost regardless of both Nd and ϕB0.

In Chapter 4, Schottky structures were formed on heavily phosphorus ion (P+)-implanted

n-type SiC (P atom density: NP = 1 × 1017–8 × 1019 cm−3), and differences in electrical

properties were compared with those on epitaxial layers. C–V measurement revealed that

the implanted P atoms are almost perfectly activated as donors (activation ratio: over 90%),

even at a very high NP of 3 × 1019 cm−3. The barrier height at metal/P+-implanted SiC

interfaces was also characterized through C–V measurement, and nearly identical values

were obtained for the ion-implanted and epitaxial layers. The current density in the P+-

implanted SiC SBDs was several orders of magnitude larger than that in the epitaxial SiC

SBDs, even with a similar Nd and ϕB0, which is likely attributed to trap-assisted tunneling

(TAT) via implantation-induced deep levels. The trap levels that dominantly contribute

to the TAT process were speculated for various applied voltage conditions through the

numerical calculation of the TAT current.

In Chapter 5, the contact resistivity (ρc) at non-alloyed Ti and Mg contacts formed on

heavily P+-implanted SiC (NP = 4 × 1018–2 × 1020 cm−3) was systematically investigated

based on the experimental characterization using circular transmission line model (CTLM)

structures and numerical calculation of the DT current. The ρc value experimentally de-

termined was much lower than that expected from the DT calculation when Nd is below

mid-1019 cm−3, which is qualitatively explained by the significant contribution of TAT. In

a higher Nd range above 1020 cm−3, on the other hand, the measured ρc agreed well with

the sharply decreasing ρc calculated based on the DT model, and an extremely low ρc of 1–

2× 10−7Ωcm2 was achieved for non-alloyed Mg and Ti ohmic contacts with a very high NP

of 2×1020 cm−3. Through careful consideration regarding the contributions of DT and TAT,

ρc modeling in terms of the dependency on Nd and ϕB0 for non-alloyed ohmic contacts was

established. The proposed model provided a quantitative guideline concerning the barrier

height (ϕB0 ≤ 1 eV) and donor density (Nd ≥ 3 × 1019 cm−3) for designing low-resistance

non-alloyed ohmic contacts (ρc < 10−6 Ωcm2) formed on P+-implanted SiC.

The present data, physics-based model, and design guidelines for non-alloyed

metal/heavily-doped SiC interfaces contribute to resolving critical issues in the ohmic con-

tact formation on SiC, namely, establishing a novel fabrication process for low-resistance

ohmic contacts with a low thermal budget and clarifying the formation mechanism of alloyed
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ohmic contacts sintered at a very high temperature (∼ 1000◦C). In addition, the high-field

phenomena at the metal/heavily-doped SiC interfaces are expected to be commonly ob-

served in Schottky structures fabricated on other wide-bandgap semiconductor materials.

Thus, the author believes that the present study also leads to a deeper understanding of

the ohmic contact formation on them and helps improve their fabrication process as well.

6.2 Future Outlook

The author has clarified the fundamental properties of non-alloyed metal/heavily-doped SiC

interfaces and has demonstrated the potential applicability of a low-temperature fabrication

process for low-resistance ohmic contacts on SiC. On the other hand, research subjects to

be further studied and critical issues to be resolved still remain, as listed below.

1. Full understanding of the direct tunneling phenomena in heavily-doped n-

and p-type SiC Schottky structures

This study extensively investigated the DT current through heavily-doped n-type

SiC Schottky contacts for various Nd, ϕB0, and applied voltage (i.e., electric field).

Besides, a unique tunneling phenomenon in heavily-doped p-type SiC SBDs reported

from the author’s group [1] was also introduced, which is described by tunneling of

the split-off band holes with a light effective mass (0.2m0). At the present stage, on

the other hand, all the I–V characteristics were taken at room temperature. Since an

ambient temperature is also a critical factor that significantly influences the tunneling

process [2, 3], investigation of the temperature dependence of the I–V characteristics

of heavily-doped SiC Schottky structures is vital. Especially for the hole tunneling

through metal/heavily-doped p-type SiC interfaces, the tunneling current should be

more sensitive to the temperature because the split-off band is located at a higher

energy (about 60meV from the band edge) in the valence band in SiC [4]. Since

the tunneling process strongly correlates to ρc at ohmic contacts, the DT current in

both heavily-doped n- and p-type SiC Schottky structures should be further studied

in terms of the dependency on Nd, ϕB0, electric field, and temperature, which will give

a helpful insight into the ρc analysis for ohmic contacts.

2. Quantitative analysis of the trap-assisted tunneling current through Schot-

tky contacts formed on heavily ion-implanted SiC

Chapters 4 and 5 pointed out the contribution of TAT to explain a significantly larger

current and much lower ρc at the contacts on heavily P+-implanted SiC than those on

epitaxial layers. The author’s group recently reported an enhanced tunneling current

through metal/heavily Al+-implanted SiC interfaces [5]. However, discussions on the

TAT current remain qualitative mainly due to a poor understanding of defect prop-

erties in heavily ion-implanted SiC (> 1 × 1018 cm−3). Besides, it seems that some
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modifications are required for the numerical formula of TAT current: for instance, the

way to convert the unit of trap density from the volume density to area density, accu-

rately treating the energy conservation during the trapping/emitting process for deep

levels, considering the thermal excitation of the trapped carriers, and so on. These

aspects must be addressed for fully modeling the TAT phenomenon in metal/heavily

ion-implanted SiC interfaces and quantitatively predicting ρc at non-alloyed ohmic

contacts in a doping density range of mid-1019 cm−3.

3. Establishing a low-temperature formation process for both individual and

simultaneous ohmic contacts on n- and p-type SiC

The present study proposed a design guideline regarding ϕB0 andNd to achieve a low ρc

(< 10−6 Ωcm2) for non-alloyed ohmic contacts formed on heavily P+-implanted n-type

SiC. On the other hand, a low-temperature thermal treatment at about 500–600◦C is

performed after the metallization in the actual device fabrication process. Therefore,

a new formation process for low-resistance and stable ohmic contacts on n-type SiC

has to be explored mainly based on a metal/SiC interface and a metal/interlayer/SiC

stack sintered at a low temperature, by combining the understanding of the tunneling

phenomena (presented in this study) and analysis of interfacial reactions (extensively

conducted so far [6–8]), as in detail discussed in Chap. 5. As for p-type SiC ohmic

contacts, meanwhile, a high Schottky barrier at metal/p-type SiC contacts (typi-

cally higher than 1.2 eV [9]) makes it more difficult to obtain a sufficiently low ρc

(∼ 10−6 Ωcm2) at non-alloyed contacts [5], and the situation is expected to be almost

identical even when low-temperature sintering is performed. Besides, formation of

low-resistance simultaneous ohmic contacts on n- and p-type SiC is challenging be-

cause it is almost impossible to form a low Schottky barrier both for n- and p-type

SiC just by depositing an electrode. From these points of view, unfortunately, it

is still far from adopting a low-temperature process to practical device fabrication,

and intensive research on exploring a novel fabrication process is further required.

However, the author believes that a step-by-step pile of the physical understanding

of metal/heavily-doped SiC contacts, including both the tunneling phenomena and

interfacial reactions, should one day lead to a breakthrough in the ohmic contact

formation process.
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Appendix A

Calculation of Fermi Level and

Carrier Density

This chapter briefly introduces the calculation procedure for Fermi level and carrier density

in a semiconductor [1, 2]. Starting with the fundamental equations of statistical mechanics

in a solid-state material, the calculation based on the Boltzmann approximation, which

is valid for non-degenerate (lightly-doped) semiconductors, is explained, followed by the

case of degenerate (heavily-doped) semiconductors for which self-consistent computation is

required.

A.1 Fundamental Equations

The electron density (ne) in the conduction band is obtained by taking the integral for the

product of the density of states [N(E)] and the occupancy [F (E)],

ne =

∫ ∞

EC

N(E)F (E)dE. (A.1)

Here, N(E) is given by

N(E) =
MC

2π2

(
2m∗

dse

ℏ2

)3/2√
E − EC, (A.2)

and F (E) is the Fermi-Dirac distribution function expressed as

F (E) =
1

1 + exp

(
E − EFs

kBT

) . (A.3)

Here, ℏ is the Dirac constant, kB is the Boltzmann constant, T is the absolute temperature,

E is the electron energy, EC is the conduction band edge, MC is the number of equivalent

conduction band minima, EFs is the Fermi level in the semiconductor, and m∗
dse is the

density-of-state effective mass, respectively. m∗
dse is calculated asm∗

dse = (m∗
MLm

∗
MΓm

∗
MK)

1/3,

using the effective mass at EC along ML, MΓ, and MK directions.
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When impurity atoms are introduced to the semiconductor, the total negative charges

(electrons and ionized acceptors) and positive charges (holes and ionized donors) must be

balanced. In the case of n-type SiC with the net donor density Nd, the hole density is

extremely low (ph = n2
i /ne < 10−30 cm−3, where ni is the intrinsic carrier density). Thus,

the charge neutrality equation is expressed as

ne = N+
d . (A.4)

Here, N+
d is the ionized donor density given by

N+
d =

Nd/2

1 + 2 exp

(
EFs − Ed,h

kBT

) +
Nd/2

1 + 2 exp

(
EFs − Ed,k

kBT

) , (A.5)

where Ed,h and Ed,k are the donor levels at hexagonal (h-) and cubic (k-) sites, respectively.

Note that Eq. (A.5) assumes that the dopants equally occupy h- and k-sites.

The above equations allow computing EFs and ne with the procedure described below.

In the calculation, Nd dependence of the ionization energy of the dopants (∆Ed = EC−Ed),

∆Ed(Nd) =

{
∆Ed0 − αdN

1/3
d (∆Ed > 0)

0 (otherwise)
, (A.6)

was taken into account, where ∆Ed0 and αd are constants. The physical properties of SiC

related to the EFs and ne calculation are listed in Table A.1 [3–5].

A.2 Boltzmann Approximation

For lightly-doped semiconductors in which EFs is far from EC satisfying the relationship

EC−EFs > 2.3kBT , so-called non-degenerate semiconductors, the Boltzmann approximation

simplifies Eq. (A.3) as

FB(E) = exp

(
−E − EFs

kBT

)
. (A.7)

In this case, the integral in Eq. (A.1) can be analytically solved as

ne = 2MC

(
m∗

dsekBT

2πℏ2

)3/2

exp

(
−EC − EFs

kBT

)
= NC exp

(
−EC − EFs

kBT

)
, (A.8)

where NC is the effective density of state in the conduction band. As a result, the charge

neutrality equation is rewritten as

ne =
Nd/2

1 + 2
ne

NC

exp

(
∆Ed,h

kBT

) +
Nd/2

1 + 2
ne

NC

exp

(
∆Ed,k

kBT

) . (A.9)

The electron density is obtained by solving this equation for ne, and then, the Fermi level

is determined with ne as

∆EFs = EC − EFs = kBT ln

(
NC

ne

)
. (A.10)
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Table A.1: Physical properties of SiC used in this study to calculate the Fermi level and

electron density in n-type SiC [3–5].

MC m∗
dse (m0) ∆Ed0,h (eV) ∆Ed0,k (eV) αd,h (eV cm) αd,k (eV cm)

3 0.39 0.071 0.124 4× 10−8 4× 10−8
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A.3 Numerical Approach Based on Fermi-Dirac

Statistics

When Nd becomes higher and EFs becomes closer to EC, the Boltzmann approximation

comes to be invalid, and thus, the charge neutrality equation (A.4) has to be numerically

solved with Eqs. (A.1) and (A.5). The procedure is as follows;

1. ne is numerically calculated at a given EFs based on Eq. (A.1).

2. N+
d is obtained with the same EFs according to Eq. (A.5).

3. The difference between ne and N+
d is evaluated.

4. The above procedures are repeated by varying EFs until ne and N+
d become identical.

5. ne and EFs at the convergence are extracted.

A.4 Calculation Results

Figure A.1 compares the electron density and the Fermi level in n-type SiC calculated based

on the Boltzmann approximation and the numerical computation. Although the calculated

values agree well with each other in the case of Nd < 1 × 1017 cm−3, ne and EFs based on

the Boltzmann approximation deviate from those obtained by the numerical calculation in

the higher Nd range. Since an extensive range of Nd is treated in this study, the calculation

of ne and EFs is performed through the numerical approach.
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Figure A.1: Donor density dependence of the electron density and Fermi level in n-type

SiC calculated based on the Boltzmann approximation and numerical computation.
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Appendix B

New Process Proposal for

Low-Temperature Formation of

Ohmic Contacts on n-Type SiC

B.1 Introduction

Chapter 5 proposed a physics-based model to predict the contact resistivity (ρc) at non-

alloyed ohmic contacts on SiC, considering the contributions of direct tunneling (DT) and

trap-assisted tunneling (TAT). Based on the proposed model, the author suggested two

potential approaches toward low-resistance ohmic contacts on n-type SiC in Chap. 5: (1)

insertion of a silicon (Si) interlayer for barrier height lowering and (2) creation of sulfur

(S) deep donor levels for enhanced TAT current. In this chapter, the author’s recent trials

regarding these new processes toward the formation of low-resistance ohmic contacts are

presented.

B.2 Insertion of a Silicon Interlayer for Barrier

Height Lowering

B.2.1 Basic Concept

Chapter 5 revealed that a very low ρc (< 10−6 Ωcm2) can be achieved with a low zero-field

barrier height (ϕB0) of lower than about 1 eV. Due to the chemical and physical instability

of metals with a low work function (ϕm), the author takes interlayer insertion as a promising

pathway for lowering the barrier height [1]. According to the requirements for the interlayer

mentioned in Sect. 5.5, Si is focused on as a potential candidate for interlayer-based ohmic

contact formation. Figure B.1 depicts the energy band alignment among SiC, Si, and several

metals. Regarding the contact formation on n-type SiC, a lower energy barrier at a Si/SiC
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Figure B.1: Energy band diagram of SiC, Si, and several metals (Ti, Ni, and Pt).
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interface is expected than at Ti/SiC interfaces by heavily doping a donor into Si. Barrier

height reduction at a metal/Si interface is another crucial point, which can be achieved

through a mature fabrication process based on silicide formation by thermal treatment.

Several groups have tried to form ohmic contacts by introducing a Si interlayer and have

characterized the ρc values so far [2–5]. However, these previous reports often intended to

suppress carbon accumulation during nickel silicide formation in the standard process [6].

Besides, high-temperature post-metallization annealing (> 800◦C) was performed to reduce

ρc, and the obtained ρc values were not sufficiently low. On the other hand, the main point

of the author’s proposal is barrier height engineering by forming Si/SiC junctions, and the

Si interlayer should remain after an annealing process. Thus, the proposed concept is more

similar to that reported by Tanaka et al. [7], in which p-type polycrystalline Si is employed

as a Schottky electrode to achieve a low forward voltage drop and low leakage current in

SBDs.

In this study, the author proposes a new process as follows: (1) a metal/n-Si stack is

deposited on n-type SiC, (2) the stack is annealed (∼ 600◦C) to cause an interfacial reaction

between metal and Si, and (3) a metal/silicide/n-Si/n-SiC stack with a low barrier height is

formed. Thermal treatment with a proper condition is critical in this process, which has to

ensure the Si interlayer remains after annealing and keeps the Si/SiC interface, as mentioned

above. According to a review paper by Gambino and Colgan [8], the final state of the stack

basically depends on the thickness ratio between the metal and Si; a silicide/Si stack is

formed after thermal treatment when the Si film is thicker than the metal, while, with a

thinner Si film, the metal layer remains on silicide and Si is fully consumed. Table B.1

summarizes the formation temperature and the amount of Si consumed during the reaction

for various silicides [8]. Based on these properties, annealing conditions and the thickness

of Si and metal films have to be appropriately designed.

B.2.2 Design and Formation of Metal/Silicon/SiC Stacks

In this study, vertical Schottky barrier diodes (SBDs) were fabricated on an n-type SiC

epitaxial layer (net donor density: Nd ≃ 1× 1016 cm−3) with a Ni/n-Si stack as a Schottky

electrode to investigate the barrier height. Si was deposited on the epitaxial layer via

resistive heating evaporation by using reed-shaped small chips taken from an antimony (Sb)-

doped Si wafer with a resistivity of 0.01Ωcm (corresponding to Nd ≃ 5 × 1018 cm−3 [9]),

followed by Ni deposition on the top. Electrode patterning was performed with a lithography

and lift-off process. The Fermi level in the deposited Si is expected to be located at 0.1 eV

below the conduction band edge (EC), resulting in a work function of about 4.1 eV. Since

this value is comparable to or lower than ϕm of Ti [10], a similar or lower barrier height

is ideally expected. The thickness of the deposited Si film was 79 nm, and two different

conditions of the Ni thickness (60 and 196 nm) were prepared, intending to leave the Si

layer and entirely consume the Si layer after annealing, respectively. After the Schottky
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Table B.1: Formation temperature and amount of Si consumed during the reaction for

various silicide materials [8].

Silicide CoSi2 Pd2Si NiSi NiSi2 TiSi2

Formation temperature (◦C) 600–700 200–500 400–600 600–700 600–700

Si consumed per nm of metal (nm) 3.6 0.7 1.8 3.6 2.3
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electrode deposition, some samples were annealed at 500◦C for 2min or 600◦C for 3min

in N2 ambient, and no annealing was performed on the others. Based on Table B.1, NiSi

and NiSi2 are expected to be the main phases when the Ni/Si stack is annealed at 500◦C

and 600 ◦C, respectively. Finally, Al backside electrodes were deposited on the n-type SiC

substrate. Capacitance–voltage (C–V ) measurement was conducted on the fabricated SBDs

to extract ϕB0. Note that current–voltage (I–V ) characteristics were also investigated, and

rectification was confirmed for all the samples, indicating Schottky contact formation at the

Si/SiC interface.

B.2.3 Barrier Height Characterization

Figure B.2 plots the ϕB0 values in the SiC SBDs with Ni/Si-stack-based Schottky electrodes

formed with various annealing conditions and Ni thicknesses. In the non-sintered Si/SiC

structures, the barrier height of ϕB0 ≃ 1.3 eV is obtained, which is higher than predicted

from the work function of the Si evaporation source. Since the deposited film is expected to

be amorphous, the same donor density of Si before and after deposition is not necessarily

guaranteed. This result indicates that taking another method to deposit Si (e.g., chemical

vapor deposition) and/or performing additional doping into the Si thin film are required for

barrier height lowering.

In the sintered stacks, ϕB0 is determined as about 1.6–1.8 eV, almost regardless of the

annealing conditions and Ni thicknesses. These values agree with the reported barrier height

at nickel silicide/SiC Schottky contacts annealed at a low temperature (∼ 600◦C) [11, 12].

Therefore, it is speculated that the Si interlayer was totally consumed, and nickel silicide/SiC

interfaces were formed in every annealing condition. According to Table B.1, the thickness

of the Si film should be twice or four times thicker than Ni to make the Si interlayer

remain during the NiSi or NiSi2 reaction, respectively. Since the structure optimization is

insufficient at the present stage, exploring appropriate Ni/Si thickness ratio and annealing

conditions are essential for demonstrating a low barrier height.

B.2.4 Discussion

As seen in the former section, the ϕB0 values obtained by the present process are above 1 eV

and insufficient to achieve a very low ρc (< 10−6 Ωcm2). In order to optimize the stack struc-

ture and fabrication process, chemical and structural analyses, such as X-ray photoelectron

spectroscopy (XPS) and transmission electron microscopy (TEM), are indispensable. If a

sufficiently low barrier height can be obtained with an improved stack formation process,

low-temperature formation of low-resistance ohmic contacts may be demonstrated through

ρc characterization at contacts formed on heavily phosphorus (P)-implanted SiC. Although

there is much room to refine the proposed process, the author believes that this concept

can potentially be adopted for the practical ohmic contact formation process.
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Figure B.2: Zero-field barrier height (ϕB0) in the Ni/Si/SiC Schottky structures formed

with various annealing conditions and Ni thicknesses.
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B.3 Creation of Sulfur Deep Donor Levels for

Enhanced Trap-Assisted Tunneling

B.3.1 Basic Concept

Chapter 5 clarified that ρc is significantly reduced by the contribution of TAT, especially in

the Nd range below about 1020 cm−3. As schematically illustrated in Fig. B.3, controlling

the trap density (or deep level density, NT) is expected to greatly impact the ρc value in this

Nd range. In this sense, an intentional introduction of deep levels may be an effective way

to achieve ρc with relatively low-dose P+ implantation (Nd: below mid-1019 cm−3), which

does not require high-temperature implantation and reduces the process cost.

Since the point is forming “deep levels” in the bandgap of SiC, the author focuses on

the S impurity that acts as a deep and double donor in SiC [13, 14], as depicted in Fig. B.4.

Based on the prediction in Chap. 4, these energy levels (0.3–0.5 eV below EC) seem to

effectively enhance the TAT current. Besides, the depth profile of S atoms is controllable

in a wide density range (1 × 1017–1 × 1020 cm−3) by ion implantation [15]. As a result, S

impurities can be regarded as “intentionally formable and controllable deep levels.”

B.3.2 Design and Formation of Phosphorus and Sulfur

Co-Implanted Regions

Since S donor levels are very deep, and the solubility limit is indicated to be very low

(∼ 2 × 1018 cm−3) [15], P+ implantation is necessary to form a low-resistance implanted

region. In this study, I–V characteristics of SBDs fabricated with P-implanted SiC and P/S

co-implanted SiC are compared to investigate the effect of the additional S+ implantation.

The starting material was an n-type SiC epitaxial layer (1015 cm−3) grown on an n-type

4H-SiC(0001) substrate. P+ implantation with various P atom densities (NP) of 9.0× 1018

and 8.0×1019 cm−3 was conducted at room temperature and 500◦C, respectively, and about

200 nm-deep box-shaped implantation profiles were created. Then, S+ implantation with

the S atom density (NS) of 1×1018 cm−3 was performed at room temperature for some sam-

ples. Note that the NS value was set to be below the reported solubility limit [15]. After

the activation annealing (1750◦C, 20min, Ar ambient) and subsequent sacrificial oxidation

(1300◦C, 60min), Ti Schottky electrodes were formed on the implanted layers via resistive

heating evaporation. Backside ohmic contacts were formed by depositing Al onto the sub-

strate. The I–V characteristics of the fabricated SBDs were measured at room temperature,

and effects of the additional S+ implantation were investigated.
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Figure B.3: Schematic illustration of an NT-dependent change in the contribution of TAT

to the contact resistivity reduction.

Figure B.4: Donor levels of S impurities in SiC [13, 14].
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B.3.3 Current–Voltage Characteristics

Figure B.5 compares the I–V characteristics of the Ti/SiC SBDs fabricated with P-

implanted and P/S co-implanted samples. The current density in the P/S co-implanted sam-

ples is about 1.2 times larger than only the P-implanted ones at NP = 9× 1018 cm−3, while

the additional S+ implantation less affects the I–V curves at a higher NP of 8× 1019 cm−3.

The NP-dependent difference in how effective the P/S co-implantation for enhanced cur-

rent density seems consistent with the Nd-dependent change in the contribution of TAT

discussed in Chap. 5. Since it is reported that there is no barrier height difference between

S- and P-implanted SiC SBDs [16], it is indicated that the increased current density may

be attributed to the enhanced TAT current by the introduced S deep levels. On the other

hand, the donor density in the P/S co-implanted samples is higher by 2× 1018 cm−3, which

can also be responsible for the larger tunneling current. Consequently, the mechanism of

the enhanced current in the P/S co-implanted SiC SBDs is still controversial, and further

detailed investigation is necessary.

B.3.4 Discussion

The former section indicated the effectiveness of intentionally creating S deep levels for

enhanced TAT current based on the I–V characteristics in vertical SBDs. However, the

increase in the current density is less than twice at about Nd = 1 × 1019 cm−3, and it

is still unclear what mainly contributes to the current enhancement by the additional S

implantation. In addition, ρc characterization in P/S co-implanted samples has still not

been performed. Since it is reported that S implantation with NS higher than the solubility

limit still leads to a larger current in SBDs [16], varying NS in a wide range up to about

1020 cm−3 will be effective in further investigating the effect of S implantation. Besides, the

implantation of other impurities or even host material atoms (Si or C) can also contribute

to the enhanced TAT current if they form a deep level in the bandgap of SiC. Thus, it is

crucial to explore an implant material that can improve ρc at SiC ohmic contacts based on

previous numerical and experimental studies regarding deep levels in SiC [17]. In adopting

the new process for practical fabrication, additional-impurity-related reliability issues and

sintering-induced changes in the contact property should be carefully investigated.

B.4 Summary

In this chapter, the author proposed two new processes for the low-temperature forma-

tion of low-resistance ohmic contacts on SiC and investigated several fundamental contact

properties with these processes.

Ni/Si electrode stack-based barrier height engineering was demonstrated by controlling

Ni and Si thicknesses and varying the annealing temperature. Although the minimum
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Figure B.5: I–V characteristics of the Ti/n-type SiC SBDs fabricated with P-implanted

SiC (NP = 9 × 1018 and 8 × 1019 cm−3) and P/S co-implanted SiC (NP = 9 × 1018 and

8× 1019 cm−3 with NS = 0 or 1× 1018 cm−3).
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barrier height was ϕB0 ≃ 1.3 eV at the present stage, which is insufficient to obtain a

sufficiently low contact resistivity (< 10−6 Ωcm2), several approaches and crucial aspects to

improve the interlayer-based process were suggested.

Aiming to enhance the TAT current by intentionally introducing “deep levels,” phos-

phorus (P) and sulfur (S) co-implantation was performed in fabricating SBDs. The current

density in the P/S co-implanted SiC SBDs was about 1.2 times larger than that of only

P-implanted samples. The necessity of further investigation of the mechanism of the in-

creased current density in the SBDs, the contact resistivity value, effects of the implantation

of other material atoms, and thermal stability was pointed out for putting the process into

practice.

There is quite a large room to improve the present process. By addressing the remaining

issues, the author hopes the proposed concept and process will contribute to developing a

more cost-efficient fabrication process and encouraging the prevalence of SiC devices in

modern society.
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