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Abstract

During the past several decades, microelectromechanical systems (MEMS) have attracted

much attention and have had major impacts on vast fields. A large number of MEMS

devices have been utilized in many environments, and the use in harsh environments char-

acterized as locations of high temperature, high pressure, strong radiation, and corrosive

environments have come to be required. An increasing demand for MEMS that can operate

in harsh environments stimulated the search for new structural materials. The promising

candidates of the material for harsh-environment MEMS are wide bandgap semiconductors,

e.g., silicon carbide (SiC) and group-III nitrides such as gallium nitride (GaN), because of

their superior mechanical strength and chemical inertness in harsh environments. Electrical

properties of wide bandgap semiconductors are excellent as well, leading to high-temperature

operation of semiconductor-based sensor devices such as photodetectors. The combination

of excellent electrical and mechanical properties offers many opportunities for using the

wide bandgap semiconductors as a material for integrated sensor systems of MEMS and

semiconductor devices in applications featuring harsh environments. On the other hand,

the utilization of wide bandgap semiconductors can also introduce new functions in MEMS.

The wide bandgap semiconductors have excellent functionalities, e.g., visible-range trans-

parency which is one of the unique characteristics of the wide bandgap semiconductors,

enabling to realize novel optical MEMS devices. Moreover, by combining such novel op-

tical MEMS with wide-bandgap-semiconductor sensor devices, high functional and high

performance ”smart” devices can be realized.

However, there are few investigations on this field. To realize the integrated smart

sensors and the monolithically integrated sensor systems operating up to high temperature,

it is necessary to investigate the material properties of constituent materials up to high

temperature, fabrication process of microstructures in wide bandgap semiconductors, and

device fabrication and characterization of wide-bandgap-semiconductor MEMS and sensors.

In this thesis, three main topics are extensively investigated: 1) determination of the optical

properties of SiC, GaN, and AlN from room temperature (RT) to very high temperature,

2) investigation on SiC micromachining process and fabrication of all-single-crystalline SiC

MEMS devices, and 3) investigation on high-temperature operation of SiC pn photodiodes.

In Chapters 2 and 3, temperature dependence of the optical properties of SiC, GaN,

and aluminum nitride (AlN) up to high temperature is described. In Chapter 2, the author
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determines the thermo-optic coefficients, i.e., the temperature dependence of the refrac-

tive indices, of SiC, GaN, and AlN up to 500◦C over a wide spectral range from infrared

(1700 nm) to ultraviolet near the bandgaps of those materials (392 nm for SiC, 367 nm for

GaN, and 217 nm for AlN), toward realizing wide-bandgap-semiconductor-based tunable

optical filters. The author also carries out optical simulation of a GaN-based tunable fil-

ter at RT and 500◦C by using the refractive indices and the thermo-optic coefficients of

GaN and AlN obtained in this study, demonstrating that the modulation of the transparent

wavelength of the filter is suitable for tunable filter application. In Chapter 3, determi-

nation of temperature dependence of the absorption coefficient of SiC for device design of

SiC photodetectors at high temperature is presented. The temperature dependence of the

absorption coefficient of SiC is determined precisely in wide range of wavelength based on

the optical transmission measurement.

In Chapter 4, fabrication process of SiC MEMS devices and demonstration of all-single-

crystalline SiC MEMS devices are presented. The author describes the device design of SiC

MEMS and fabrication process including reactive ion etching process of for device patterning

and photoelectrochemical (PEC) and electrochemical (EC) etching processes for doping-

type selective etching, which can realize sacrificial-layer process. Suspended SiC bridge

structures using PEC etching are fabricated. The bridge has a sub-micron gap between

the bridge and the bottom. The width w, the length l, and the thickness d of the bridges

are 4-10 µm, 50-200 µm, and 100 nm, respectively. Electrostatic actuation of the bridge is

demonstrated by applying bias voltage of 20 V. SiC cantilever structures are also fabricated

with EC etching, and resonance characteristics of fabricated devices are investigated. The

dimensions of the cantilevers are w = 15 µm, l = 80-140 µm, and d = 900 nm. The SiC

cantilever shows extremely high quality factor about 230,000, demonstrating the advantage

of all-single-crystalline SiC MEMS devices, leading to high-sensitivity sensors.

In Chapter 5, high-temperature operation of SiC pn photodiodes is investigated. This

chapter includes two parts: 1) detailed study on the temperature dependence of the photo-

response and 2) investigation on the electrical characteristics of fabricated pn photodiodes

up to 600◦C. For the investigations, the author fabricates mesa-type 4H-SiC pn photodiodes

with the device area from 0.09 to 4 mm2. In the first part, the author demonstrates that

the device shows small temperature dependence at certain wavelength illumination and that

the targeted wavelength can be adjusted on the same device by controlling the reverse-bias

voltage. In the second part, the author shows the origin of the reverse leakage current of

fabricated devices and reduction of the leakage current by inventing the surface passivation

process. By employing the passivation process of dry thermal oxidation followed by nitric

oxide annealing, which is utilized to reduce interface trap density for SiC metal-oxide-

semiconductor field-effect transistors, the leakage current of SiC pn diodes is significantly

reduced by a factor of 20, compared with conventional surface passivation. Finally, the

author successfully demonstrates the operation of the photodiode up to 500◦C.

In Chapter 6, conclusions of this study and suggestions for future work are presented.
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Chapter 1

Introduction

1.1 Background

Over the past several decades, science and technology have been explosively developed. The

great success of the semiconductor industry has contributed to this advance. Following the

invention of the transistor effect led by Shockley, Bardeen, and Brattain at Bell Labs in

1947 [1, 2], semiconductor devices have been growing in performance and spread on vast

amount of fields. Currently, semiconductor devices are used in computers, communications

equipment, home electronics, and all electric devices. Semiconductor industry has been a

core part in evolution of the society, economics and our daily life.

One of the most important milestones in semiconductor industry is the invention of

integrated circuits (IC). Kilby at Texas Instruments demonstrated the first IC on a piece

of germanium (Ge) in 1958 [3]. At the same time, Noyce at Fairchild introduced planer

technology, wiring individual devices such as transistors, capacitors, and resistors together

on silicon (Si) wafer surface [4]. This planer technology on a Si wafer is still employed today.

Following these inventions of IC technology, the IC industry has been growing mainly based

on ”miniaturization” which enables to integrate larger amount of devices on a single chip.

Miniaturization of devices can enhance the performance of IC devices, i.e., processing large

information, storing large amount of memories, and high-speed communication with smaller

space and lower energy consumption.

On the other hand, integrating other functional components should lead to the new

aspect of the technology. In recent years, microelectromechanical systems (MEMS) have

attracted much attention to realize novel functional small devices. MEMS are integrated of

miniaturized mechanical and electrical components. The combination use of these compo-

nents creates new application of miniaturized devices and gives high functionality to electric

devices. The MEMS technology should become a key role of our society.

The MEMS field has emerged on the coattails of the IC industry. MEMS constituted

mostly mechanical types of devices with at least one or more of their dimensions in the micro-

meter range. These microscopic mechanical devices, e.g., beams, cantilevers, gears, and
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membranes, have been fabricated by using the materials and processes of microelectronics.

Si substrates are selectively etched to leave behind the desired geometry. The term ”micro-

machining” has come into use to name the fabrication processes of miniaturized mechanical

structures, which are essentially three-dimensional. Although micromachining is rather dif-

ferent from planer IC microstructuring, the general feature of defining a structure utilizing

the photolithographic technology remains. Therefore, MEMS have attracted much atten-

tion as integrated components of miniaturized mechanical structures with microelectronics,

mainly for sensing and actuating applications. This integration can make the system faster,

more reliable, cheaper, and capable of incorporating more complex functions [5]. Nowadays,

MEMS have been utilized in a large number of fields such as information and communica-

tion technology, automotive and electronics industry, and even medical and biotechnology

applications.

1.2 Current Status of MEMS

The first impetus for the use of single-crystalline Si as a micromechanical element in MEMS

can be traced to the discovery of its large piezoresistance. Pfann proposed a Si piezoresistive

sensors for the measurement of stress, strain, and pressure in 1961 [6]. As early as 1962,

Tufte and coworkers made a thin Si piezoresistive diaphragm for pressure sensors using a

combination of wet isotropic etching, dry etching, and oxidation [7]. To achieve better sen-

sitivity and stability than possible with piezoresistive pressure sensors, capacitive pressure

sensors were first demonstrated by Angell around 1977 [8]. In addition, Si accelerometers

were reported in 1979 [9].

Following these passive microsensor devices, innovative micromachined structures began

to be explored. Mehregany and colleagues, in 1987, demonstrated miniaturized gears and

motors [10], which led to the concept of microscopic actuators on a Si substrate. Subse-

quently, microactuator devices, e.g., micromotors [11, 12] and comb-drive actuators [13],

were demonstrated. Inkjet nozzle arrays were produced by IBM [14–16]. An integrated

gas chromatograph system on a Si substrate was demonstrated in 1979 [17]. This applica-

tion would lead to micro total analytical systems on a chip (µTAS). Optical MEMS (e.g.,

optical switches [18–20] and scanning micromirrors [21]), rf-MEMS for high-speed wireless

communication [22, 23], and power MEMS devices [24] are also very attractive applications

of MEMS.

Although the MEMS micromachining technology has emerged from the microstructur-

ing for IC electronics, the micromachining technology came to be different. While IC

fabrication processes are essentially planer and the depth of structuring is generally be-

low 1 µm, the structures of microsystems are essentially three-dimensional. In addition,

microsystems need a great variety of structures which determine the performance and the

functions of microsystems. Therefore, manifold micromachining methods have been devel-
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oped. Anisotropic etching, which etches materials with directional preferences, is the most

common method for microstructuring [25–27]. As shown in Fig. 1.1, this method can fab-

ricate microstructures which are defined by the slow etching planes. Anisotropic etching

for Si MEMS typically performed using potassium hydroxide (KOH) solution. Another

micromachining technology, surface micromachining [28–30] uses a sacrificial layer as shown

in Fig. 1.2. The structural layer remains and is set free when the sacrificial layer is re-

moved. The sacrificial layer is typically silicon oxide, which can be removed by a hydrogen

fluoride (HF) solution. Combining these micromachining technologies and other micro-

machining methods, e.g., lithographie galvanoformung und abformung (LIGA) process [31],

anodic bonding [32], and deep dry etching with high aspect ratio [33], with standard IC

microstructuring processes, a great variety of MEMS structures have been realized.

Materials typically used for MEMS devices are shown in Table 1.1. Although various

materials such as Si, sapphire, polymers, and ceramics are used for microsystems, the most

common material for MEMS technology is Si, which is mostly used in microelectronics

industry. Si is cost-effective, easy to fabricate MEMS devices, and also reasonably durable

and elastic. The combined use of mechanical structures and electronic devices of Si has

been applied toward the development of a vast variety of miniaturized sensor and actuator

applications.

A large number of MEMS devices have been utilized in many environments, and a

demand for MEMS that can operate in harsh environments characterized as locations of

high temperature, high pressure, strong radiation, and corrosive environments has emerged.

MEMS devices operating in harsh environments are required in many applications such as

automobile, aerospace, nuclear, and chemical industries. However, Si cannot be used as a

both structural and electrical material of MEMS devices operating in harsh environments

because of its characteristic limitations. Si cannot work as electronic devices over 250◦C [34]

and it loses yield strength at 500◦C [35, 36]. Si is also attacked by corrosive environments.

Therefore, an increasing demand for MEMS that can operate at harsh environments stim-

ulated the search for alternatives to Si. The promising candidates of the material for

harsh-environment MEMS are wide bandgap semiconductors, e.g., silicon carbide (SiC)

and group-III nitrides such as gallium nitride (GaN), because of their superior electrical

properties, mechanical strength, and chemical inertness in harsh environments [37–39].

1.3 Wide-Bandgap-Semiconductor MEMS and

Sensors

1.3.1 Properties of Wide Bandgap Semiconductors

The wide bandgap semiconductors, i.e., SiC and group-III nitrides, exhibit excellent

mechanical and electrical properties such as high hardness and Young’s modulus, low intrin-
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(a) {100}

(b) {110}

Figure 1.1: Schematic drawings of the anisotropic etching in (a){100}- and (b){110}-
oriented Si [40].
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Figure 1.2: Schematic drawings of basic process steps in surface micromachining [40].
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Table 1.1: Properties of selected materials typically used for MEMS at 300 K [40].

Properties Si SiO2 Si3N4

92%
GaAs Polyimide PMMA

Al2O3

Relative
11.7 3.9 4-8 9 13.1 – –

permittivity (εr)

Breakdown field
0.3 5-10 5-10 11.6 0.35 1.5-3 0.17

(V/cm × 106)

Electron

mobility 1500 – – – 8800 – –

(cm2/V·s)
Hole mobility

400 – – – 400 – –
(cm2/V·s)
Bandgap (eV) 1.12 8-9 – – 1.42 – –

Young’s
160 73 323 275 75 2.5 3

modulus (GPa)

Yield/fracture
7 8.4 14 15.4 3 0.23 0.06

strength (GPa)

Poisson’s ratio 0.22 0.17 0.25 0.31 0.31 0.34 –

Density (g/cm3) 2.4 2.2 3.1 3.62 5.3 1.42 1.3

Coefficient of

thermal expansion 2.6 0.55 2.8 6.57 5.9 20 70

(10−6/K)

Thermal conductivity
157 1.4 19 36 46 0.12 0.2

(W/m·K)

Specific heat
0.7 1.0 0.7 0.8 0.35 1.09 1.5

(J/g·K)

Melting
1415 1700 1800 1800 1237 380 90

temperature (◦C)
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sic carrier density, and a high breakdown electric field. Brief explanations of the properties

of these materials are described in this section. Some basic properties of the materials are

listed in Table 1.2.

1.3.1.1 Silicon Carbide

SiC is a group IV–IV compound semiconductor composed of tetrahedrally bonded Si and

carbon (C) atoms, which can crystalize in more than 200 different structures with the same

stoichiometry, crystal structures of which are called polytypes. The polytypes are commonly

identified using the Ramsdell notation [41]. Polytypes can be described as the number of

Si–C bilayers in the unit cell and the type of crystal structure, i.e., C for cubic and H for

hexagonal. 3C, 4H, and 6H polytypes are most relevant for SiC applications. Schematic

structures of 3C-, 4H-, and 6H-SiC are shown in Fig. 1.3. All polytypes of SiC are highly

resistant to chemical corrosion.

The elastic constants of 3C-, 4H-, and 6H-SiC can be found in several reports [42–45].

The Young’s modulus of SiC ranges between 380 and 700 GPa depending on the polytype

and measurement method [39]. These values are shown to be 2-4 times higher than that of Si

(190 GPa [46]). For the hardness, Mohs hardness is roughly 9, Knoop hardness was reported

to be 2480 kg/mm [46] for 3C-SiC, and microhardness for 6H-SiC is 25 GPa [47]. The

temperature dependence of the Young’s modulus was determined to be about -0.02 GPa/K

for 3C- and hexagonal polycrystalline SiC up to 1000◦C [48, 49]. The yield strength is

predicted as 0.3 GPa even at 1000◦C while the yield strength of Si was reported to be

0.05 GPa at 500◦C [50].

In terms of the electrical properties, 4H- and 6H-SiC are commonly used for SiC elec-

tronic devices because of the availability of high quality crystals. The bandgaps of 4H- and

6H-SiC are 3.26 and 3.02 eV at room temperature (RT), respectively. Compared with that

of Si, the values are 3 times higher so that the low intrinsic carrier density is obtained in

SiC. This feature makes it possible to operate SiC electronic devices and sensors at high

temperatures above 500◦C. The low intrinsic carrier density also gives a far reduced reverse

leakage current in SiC pn junction, providing extremely low dark current in SiC photo-

detectors. The breakdown electric field of 3 MV/cm is 10 times higher than that of Si,

allowing the high blocking voltage at a reverse-connected pn junction. This junction can

be used to obtain electrical isolation in SiC MEMS devices.

Apart from the use for MEMS and sensor devices, SiC is promising material for power

semiconductor devices because of its large breakdown electric field. The breakthrough of

”step-controlled epitaxy” has made it possible to grow a high-quality epitaxial layer without

any inclusions on a SiC substrate [51, 52]. Both n-type and p-type doping can be controlled

in a wide range from 1014 to 1019 cm−3, and selective conductivity control can be also

available by employing ion implantation technique. Thus there have been many reports on

SiC power devices such as Schottky barrier diodes [53–55]. Switching devices such as metal-

oxide-semiconductor field-effect transistors [56–59] and bipolar junction transistors [60–62]
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Table 1.2: Properties of SiC, GaN, and AlN at 300 K [39, 40, 63–69]. Note that GaN and

AlN listed in this table are wurtzite (2H).

Properties Si 3C-SiC 4H-SiC 6H-SiC GaN AlN

Relative
11.7 9.72

9.66
8.9 8.5

permittivity (εr) (⊥c axis)

Breakdown field
0.3 ∼1 3-5 3-5 ∼3.3 5

(V/cm × 106)

Electron

mobility 1500 1000 1000 450 1500 300

(cm2/V·s)
Hole mobility

400 100 120 90 200 14
(cm2/V·s)
Bandgap (eV) 1.12 2.36 3.26 3.02 3.39 6.2

Young’s
160 380-700 250-330 308-339

modulus (GPa)

Yield/fracture
7 – – 21 – 16

strength (GPa)

Poisson’s ratio 0.22 – 0.21 – 0.23 0.287

Density (g/cm3) 2.4 3.21 6.15 3.23

Coefficient of

thermal expansion 2.6 3.8 – 4.3 3.17 5.3

(10−6/K) (⊥c axis) (⊥c axis) (⊥c axis)

Thermal conductivity
157 490 130 285

(W/m·K)

Specific heat
0.7 0.69 0.49 0.6

(J/g·K)

Melting
1415

∼2800 2500 2750

temperature (◦C) (at 35 atm) (at 100 atm)
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Figure 1.3: Stacking orders along [0001] (c-axis) for 3C-, 4H-, and 6H-SiC. Open and

filled circles represent Si and C atoms, respectively.
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have been also extensively investigated with SiC.

1.3.1.2 Group-III Nitrides

Group-III nitrides, i.e., GaN, aluminum nitride (AlN), and indium nitride (InN), are III–V

compound semiconductors composed of tetrahedrally bonded cation and anion atoms. All

three binaries and their alloys crystallize in both hexagonal (2H, or wurtzite) and cubic (3C,

or zincblende) structures. Schematic structure of a wurtzite crystal is shown in Fig. 1.4.

Mechanical properties of group-III nitrides, especially GaN and AlN, are excellent as

well as these of SiC. The elastic constants of GaN [70–72] and AlN [72, 73] have been

reported. The microhardness was reported to be 10.2-12 and 14 GPa for GaN and AlN,

respectively [64, 74]. Although these values are about 2 times lower than those of SiC, these

are comparable to that of Si (9 GPa [64]), and the microhardness of GaN at 1000◦C has

been reported to be around 3 GPa, which is much larger than that of Si (0.5 GPa) [74].

The Young’s modulus of GaN was reported to be 250-330 GPa [64–66], and that of AlN

was 308-339 GPa [68, 69]. Moreover, group-III nitrides, in particular AlN, exhibit excellent

piezoelectric properties [75].

Group-III nitrides are also strongly investigated as a material of optoelectronic and power

switching devices. High-quality GaN epitaxial growth with low-temperature AlN buffer

layers was invented in 1986 [76], and p-type doping for GaN was realized by the invention

of low-energy electron beam irradiation in 1989 [77]. Following these inventions, group-III-

nitride-based optoelectronic devices such as light emitting diodes [78–81] and laser diodes

[82, 83], devices which can be operated at the spectral range from the green to the ultra-

violet region, have been reported. Power switching devices such as high-electron-mobility

transistors made of group-III nitrides have been investigated as well [84–86].

1.3.2 Advantages of Wide Bandgap Semiconductors for MEMS

and Sensor Applications

The main advantages of the wide bandgap semiconductors include the extremely high me-

chanical, thermal, and chemical stability, advantages of which enable MEMS devices to work

in harsh environments. In addition, higher Young’s modulus of the wide bandgap semicon-

ductor should achieve higher frequencies and higher quality factors in resonant MEMS

devices at the same geometrical dimensions in comparison with Si. The high Young’s mod-

ulus can also realize MEMS devices which can better maintain a linear relationship between

applied load and induced deformation.

Electrical properties of the wide bandgap semiconductors are excellent as well. SiC and

group-III nitrides have also attracted much attention as a material for electronic devices and

have been intensively investigated [87–90]. The large bandgap of these materials should

lead to high-temperature operation of semiconductor devices, including sensors such as gas

and photo detectors. The combination of excellent electrical and mechanical properties
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Figure 1.4: Stacking orders along [0001] (c-axis) for 2H-III-N (III: Al, Ga, In). Open and

filled circles represent III and N atoms, respectively.
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offers many opportunities for using the wide bandgap semiconductors as a material for

integrated sensor systems of MEMS and semiconductor devices in applications featuring

harsh environments.

On the other hand, the utilization of wide bandgap semiconductors can introduce new

functions for microsystems. The wide bandgap semiconductors have excellent functionali-

ties, such as piezoresistivity which particularly favors group-III nitrides, as well as superior

material properties. Despite some of these functions can be realized with functional ceram-

ics such as lead zirconate titanate (PZT) for piezoelectric applications, the high structural

quality and the dimensional control up to the monolayer level for group-III nitrides favor

their application. Visible-range transparency, which is one of the unique characteristics of

the wide bandgap semiconductors, enables to realize novel optical MEMS devices when they

are used as dielectric materials for optical lenses, filters, and photonic crystals. For example,

the transparent wavelength of an optical band-pass filter with a monolithically-integrated

microheater can be controlled by varying the refractive index through the thermo-optic

effect, i.e., the temperature dependence of the refractive index. When such tunable filters

are fabricated using wide bandgap semiconductors, the operating wavelength regions can be

expanded from infrared to the visible and ultraviolet regions because of their large bandgap.

Moreover, by combining such novel optical MEMS with wide-bandgap-semiconductor

MEMS and sensor devices, high functional and high performance smart devices can be

realized. For example, I propose the combination of a tunable optical filter and a wide-

bandgap-semiconductor-based photodiode. The combination can realize a very small

spectrometer. A schematic drawing of the micro spectrometer is shown in Fig. 1.5 uti-

lizing SiC as a material for the photodiode and GaN for the tunable filter. A wide range of

operating temperatures of wide-bandgap-semiconductor-based photodiodes allows a wide-

temperature-range modulation resulting in a wide range of tunable wavelengths.

1.3.3 Key Issues in Wide-Bandgap-Semiconductor MEMS and

Sensors

As described in the previous sections, the wide bandgap semiconductors have superior

characteristics compared with Si so that harsh-environment MEMS can be realized using

these materials, in particular SiC. In 1992, Tong and coworkers reported suspended 3C-SiC

diaphragms fabricated with Si micromachining techniques [91]. MEMS devices such as

resonators [92], comb drives [93] and micromotors [94] made with 3C- or polycrystalline

SiC thin films on a Si substrate were demonstrated. These SiC films possess many

advantages compared with Si. However, single-crystalline SiC free of structural defects,

i.e., homoepitaxially-grown 4H- and 6H-SiC, is expected to lead to far superior device per-

formance. MEMS devices with high-quality single-crystalline SiC is expected to extend

the range of applicability to harsh-environment MEMS. Furthermore, the other constituent

components of SiC film MEMS devices, e.g., substrates and spacer layers, are commonly
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(a) Bird’s-eye view

(b) Top view of device part

Figure 1.5: Schematic drawing of a proposed very small spectrometer which is the com-

bination of a tunable optical filter and a wide-bandgap-semiconductor-based photodiode.

GaN is used for a material of the tunable filter and SiC is used for the photodiode in this

drawing. SiC pn junction is also utilized to meaqsure the device temperature. In addi-

tion, a platinum (Pt) resistive heater is formed to elevate the device temperature for the

modulation of the transparent wavelength.



14 Chapter 1. Introduction

fabricated with conventional structural materials such as Si and silicon oxides. Even if SiC

films can resist harsh environmental conditions, the actual range of operating conditions is

restricted by the limitations of the conventional materials. Therefore, MEMS devices which

consist of entirely single-crystalline SiC should be investigated. However, it is difficult to

fabricate devices composed entirely of SiC due to its chemical inertness and mechanical

hardness. One of microfabrication processes, dry reactive ion etching (RIE) of SiC has been

investigated, and some MEMS devices such as piezoresistive accelerometers were demon-

strated [95]. RIE process, however, does not have selectivity which is necessary for the

fabrication of complex structures. SiC micromachining processes should be investigated to

realize all-single-crystalline SiC MEMS devices.

As for wide-bandgap-semiconductor sensors, gas sensors [96] and ultraviolet photo-

detectors [97–100] fabricated with SiC were reported. Focusing on photodetectors, several

groups have extensively investigated with various wide bandgap semiconductors as described

in a review [101]. In the case of 6H-SiC, Edmond and coworkers reported high quantum

efficiency of pn photodiodes up to 350◦C [99, 100]. However, there have been no detailed

studies on the temperature dependence of the photoresponse of SiC pn photodiodes. Small

temperature dependence of the photoresponse should be required in order to operate the

devices in a wide range of temperatures, at which only wide-bandgap-semiconductor-based

devices can work. Furthermore, there has been few detail studies about high temperature

operation of SiC electronic devices up to extremely high temperature. For example, to

operate SiC pn junction devices properly at high temperature, it is necessary to understand

the electrical characteristics of SiC pn junction at high temperature. It should be noted

that knowledge of the high-temperature electronics of SiC pn junction is also important

for all-single-crystalline SiC MEMS devices which employ SiC pn junctions as electrical

isolation layers.

In addition, to utilize wide bandgap semiconductors for microsystems with high

functionality and high performance, the material properties of the wide bandgap semi-

conductors should be revealed. However, the knowledge available at the present time is not

enough. For example, as proposed in the previous section, wide bandgap semiconductors

can be used for tunable optical filters utilizing the thermo-optic effect. Although the

refractive indices and their temperature dependence of SiC, GaN, and AlN are essential,

investigations of the thermo-optic effect of these materials are very limited. In photo-

detectors made of SiC, the temperature dependence of the absorption coefficient of the

constituent material is crucial to design the devices operating up to high temperature while

there are few reports about that of SiC.

To realize high functional and high performance smart devices made of wide bandgap

semiconductors, these issues must be solved.
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1.4 Outline of This Thesis

In this thesis, 1) determination of the optical properties of SiC, GaN, and AlN from RT to

very high temperature, 2) investigation of SiC micromachining process and fabrication of all-

single-crystalline SiC MEMS devices, and 3) investigation of high-temperature operation of

SiC pn photodiodes, are performed toward the realization of integrated smart sensors made

of wide bandgap semiconductors.

In Chapters 2 and 3, temperature dependence of the optical properties of SiC, GaN,

and AlN up to high temperature is described. In Chapter 2, The thermo-optic coeffi-

cients, i.e., the temperature dependence of the refractive indices, of SiC, GaN, and AlN are

determined up to 500◦C toward realizing wide-bandgap-semiconductor-based tunable opti-

cal filters. Optical simulation of a GaN-based tunable band-pass filter at RT and 500◦C are

also carried out by using the refractive indices and the thermo-optic coefficients of GaN and

AlN obtained in this study. In Chapter 3, determination of temperature dependence of the

absorption coefficient of SiC for device design of SiC photodetectors at high temperature is

presented.

In Chapter 4, fabrication process of SiC MEMS devices and demonstration of all-single-

crystalline SiC MEMS devices are presented. I describe the device design of SiC MEMS and

fabrication processes including RIE process for device patterning and photoelectrochemical

and electrochemical etching processes for doping-type selective etching which can realizes

the sacrificial-layer process. Suspended SiC bridge structures using photoelectrochemical

etching are fabricated and electrostatic actuation of the device is demonstrated. In addi-

tion, SiC cantilever structures are fabricated with electrochemical etching and resonance

characteristics of fabricated devices are investigated.

In Chapter 5, investigations for high-temperature operation of SiC pn photodiodes are

presented. This chapter includes two parts: 1) detailed study of the temperature dependence

of the photoresponse and 2) investigation of the electrical characteristics of fabricated pn

photodiodes up to 600◦C to operate the devices properly at such high temperature. In the

first part, I demonstrate that the device showed small temperature dependence at certain

wavelength illumination, and I propose that the targeted wavelength can be adjusted on

the same device by controlling the reverse-bias voltage. In the second part, the origin of the

reverse leakage current of fabricated devices and reduction of the leakage current inventing

the surface passivation process are presented. I evaluate the photoresponse of the fabricated

device for various wavelengths up to 500◦C.

In Chapter 6, conclusions of this study and suggestions for future work are presented.
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3612 (1990).

[27] F. Rudolf and J. Bergqvist, Microelectron. Eng. 15, 399 (1991).

[28] R. T Howe, J. Vac. Sci. Technol. B6, 1809 (1988).

[29] H. Guckel, J. J. Sniegowski, T. R. Christenson, S. Mohney, and T. F. Kelly, Sens.

Actuators 20, 117 (1989).

[30] L. -S. Fan, Y. -C. Tai, and R. S. Muller, IEEE Trans. Electron Devices 35, 724 (1988).

[31] E. W. Becker, W. Ehrfeld, P. Hagmann, A. Maner, and D. Münchmeyer, Micro-

electron. Eng. 4, 35 (1986).

[32] G. Wallis and D. I. Pomerantz, J. Appl. Phys. 40, 3946 (1969).
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Chapter 2

Determination of Thermo-Optic

Coefficients of SiC, GaN, and AlN for

Tunable Filter Application

2.1 Introduction

For the proper design of optoelectronic devices, knowledge of the refractive index of con-

stituent materials is required. The refractive index of any material depends on temperature.

This effect, known as the thermo-optic effect, should be considered for devices operating in a

wide temperature range. For example, since the junction temperature of a laser diode (LD)

is well above room temperature (RT) under operating conditions [1], failure to consider the

thermo-optic effect results in a suboptimal LD waveguide design.

Wide bandgap semiconductors, silicon carbide (SiC), gallium nitride (GaN), and alu-

minum nitride (AlN), have attracted much attention as materials for optoelectronic

devices, such as light emitters and photodetectors, in a spectral range from the visible to the

ultraviolet (UV) region [2–7]. To design wide-bandgap-semiconductor-based optoelectronic

devices properly, the temperature dependences of the refractive indices of these materials

should be revealed. Wide bandgap semiconductors also have superior thermal stability and

are capable of operation at very high temperature. For example, the operation of SiC UV

photodiodes up to 350◦C has been demonstrated [6], and it was reported that GaN-based

photodiodes are capable of operation at temperatures much higher than 400◦C [7], owing to

their large bandgap. Therefore, investigation of the refractive indices of SiC, GaN, and AlN

and their temperature dependence is necessary to design such high-temperature devices.

On the other hand, the thermo-optic effect can be used to actively modulate device

characteristics by changing temperature. For example, the transparent wavelength of an

optical band-pass filter with a monolithically-integrated microheater can be controlled by

varying the refractive index through the thermo-optic effect. Such devices as tunable filters

for the infrared (IR) region have been fabricated using silicon [8], and when tunable filters are
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fabricated using SiC, GaN, or AlN, the operating wavelength region can be expanded from

the IR to the visible and UV regions because of their large bandgap. By combining such an

optical filter with a wide-bandgap-semiconductor-based photodiode, a very small spectro-

meter can be realized. A wide range of operating temperature of the photodiodes allows a

wide-temperature-range modulation resulting in a wide range of tunable wavelengths.

Although the refractive indices and their temperature dependence of SiC, GaN, and

AlN are essential, investigations of the thermo-optic effect of these materials are very

limited. Della Corte and coworkers reported the thermo-optic coefficient given by ∂n/∂T ,

where n is the refractive index and T is the temperature, of 6H-SiC at a wavelength of

1.5 µm [9]. And Riza and colleagues reported the thermo-optic coefficient of 6H-SiC at

a wavelength of 1.55 µm [10]. Although these works are very useful for applications of

optical telecommunication, the wavelength range should be extended to the visible and UV

regions for the applications which are mentioned above. For group-III nitride, Tisch and co-

workers measured the refractive indices of GaN and aluminum gallium nitride (AlxGa1−xN)

by spectroscopic ellipsometry (SE) from RT to 300◦C [11]. Although the data of the

refractive index up to 300◦C are adequate for LD design, the data set should be extended to

higher temperatures. In addition, the optical anisotropy of GaN and AlN inherent in their

crystal structure (wurtzite) should be considered. Tisch and coworkers did not consider the

anisotropy in their work.

In this chapter, I have determined the thermo-optic coefficients of 4H-SiC, GaN, and

AlN by optical interference measurements employing a vertical-incidence configuration to

evaluate the ordinary refractive index (light propagation along the c-axis). The temperature

range of the measurements is from RT to about 500◦C. The wavelength range is from the

IR region (1700 nm) to near the band edge of each material. Recently, wide bandgap

semiconductors have been regarded as dielectrics for the IR region, because two-photon

absorption is suppressed owing to its large bandgap. The importance of this phenomenon

is pronounced in the case of photonic crystals [12]. Thus it is also important to know the

thermo-optic coefficients in the IR region as well as the visible and UV regions.

2.2 Theoretical Model

The dispersion of the refractive index in a semiconductor at the transparent region can be

described by the interaction between external photons and electrons inside a semiconductor.

One of the simplest models of the refractive index dispersion is the single oscillator model

proposed by Wemple and DiDomenico [13]. This model considers an effective oscillator at

certain energy, in other words, the energy dispersion of extinction coefficient k(E) of the

material is assumed to be a delta function at energy Ep:

k(E) =
πEd

2δ(E − Ep)
(2.1)



2.2. Theoretical Model 25

where Ed is the strength of an effective oscillator at energy Ep. Introducing this equation

into the Kramers-Kronig relations, we obtain the energy dispersion of the refractive index

n(E):

n(E)2 − 1 =
EpEd

E2
p − E2

. (2.2)

From the single oscillator model shown in Eq. (2.2), the temperature dependence of the

refractive index near the band-edge region can be deduced. The following equation can be

given by changing Eq. (2.2):

n(E)2 = 1 +
Ed

Ep − E2/Ep

. (2.3)

Assuming the near-band-edge region, i.e., E ∼ Ep, Eq. (2.3) can be changed as follow:

n(E)2 ∼ 1 +
Ed

Ep − E
. (2.4)

Changing the temperature, the bandgap Eg of the material will change, and therefore the

energy of an effective oscillator Ep will change similar to the bandgap. As a result, the

dispersion of the refractive index will be shifted by the change of Ep which is caused by

changing the temperature. In other words, the dispersion of the refractive index will be

shifted by the change of the bandgap with a change in a temperature ∂Eg/∂T .

Replacing B ≡ Ed/Ep and C ≡ hc/Ep where c is the velocity of light and h is Planck’s

constant and employing a constant A which represents other factors for the refractive index,

we can obtain the following equation from Eq. (2.2):

n(λ)2 = A +
Bλ2

λ2 − C2
(2.5)

where λ is the light wavelength. This equation is known as the Sellmeier equation, which

is based on an empirical relationship [14, 15]. This equation can be expanded as follow by

assuming multiple oscillators:

n(λ)2 = A +
k∑

j=1

Bjλ
2

λ2 − C2
j

. (2.6)

The thermo-optic coefficient ∂n/∂T can be given by differentiating the Sellmeier equa-

tion shown in Eq.(2.6) with respect to the temperature T :

∂n

∂T
= − 1

2n

k∑

j=1

Bjλ
2

λ2 − C2
j

1

Ep,j

(
1 +

2C2
j

λ2 − C2
j

)
∂Ep,j

∂T
. (2.7)

Assuming long wavelength λ ∼ ∞, the thermo-optic coefficient at the long-wavelength

region can be expressed as
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∂n

∂T
∼ − 1

2n

k∑

j=1

Bj

Ep,j

∂Ep,j

∂T
. (2.8)

2.3 Experimental Procedure

Fig. 2.1 shows a schematic layout of the experimental setup for the measurement of the

refractive index and its temperature dependence. Thin-film reflection interference spectrum

was measured with a vertical-incidence configuration to determine the ordinary refractive

index of the sample. A specular reflection probe (Ocean Optics QR450-7-XSR), which is

a bundle comprising one optical fiber for light collection and six surrounding optical fibers

for illumination, was used for the interference measurement. The optical fibers consisted of

a pure silica core and fluorine-doped silica cladding. The light source was a combination

of a deuterium lamp and a halogen lamp (Hamamatsu Photonics L10290). Three differ-

ent spectrometers, which are based on a charge-coupled device (CCD), were employed to

measure reflection spectra of the UV, visible, and IR regions (UV, Ocean Optics USB4000

with grating No. 5; visible, Ocean Optics USB4000 with grating No. 3; IR, Hamamatsu

Photonics C9913GC). The entire range of measurement wavelengths was from 200 to

1700 nm. The wavelength errors determined from the line spectrum of mercury were less

than 0.2 nm for the UV region, 0.5 nm for the visible region, and 0.8 nm for the IR region.

The measurement was performed at RT and elevated temperatures up to about 500◦C

utilizing a small hotplate. To perform high-temperature measurements with high uniformity

and accuracy, the sample was set into a small self-made copper chamber with a 0.43-mm-

thick sapphire window. The temperature of the copper chamber and that of the inside

(atmosphere) of the chamber were measured by using type-K thermocouples (pairs of

chromel and alumel). The temperature of the sample was between these two tempera-

tures. The difference between these temperatures was confirmed to be less than 3◦C even at

512◦C, ensuring a good temperature uniformity within the measured sample. The error of

type-K thermocouples used in this study (T. M. Electronics KA02) was ±0.25 %, and the

error of the thermometer (Yokogawa Meters and Instruments TX1003) was ±(0.2 %+1◦C).

Consequently, total error at 500◦C was ±3.25◦C, which was small enough for this study.

The reflection interference spectrum was measured in air. The reference of the reflectance

was an aluminum-coated plane mirror. The distance between the sample and the reflection

probe was about 20 mm. The refractive index dispersion curve was calculated from the peak

and valley wavelengths of the interference with the layer thickness. Thin-film interference

with vertical incidence is described as 2n(λ)t = mλ, where λ is the wavelength of incident

light, t is the thickness of the thin film, and m is the order of interference, as described

in Appendix A. The refractive index of a substrate does not affect the calculation as long

as the dispersion of the reflectance at the thin film/substrate interface is small enough. A
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Figure 2.1: Schematic layout of experimental setup used for temperature-dependent

interference spectrum measurement.
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numerical simulation was performed, and the result confirmed that the effect of the substrate

can be ignored for all samples in this study. Photoabsorption of the samples was ignored

because the measurement wavelength was longer than the band-edge wavelength of each

sample.

For elevated temperatures, the change of the layer thickness caused by the thermal

expansion of both epitaxial layers and substrates was taken into account. The employed

parameters [16–19] are summarized in Table 2.1. Since the strain state of epilayers depends

on many factors, there should be an error in estimation of thickness change with tempera-

ture. However, even if the effect of the thermal expansion is ignored, difference in calculated

thermo-optic coefficients is only 7 %. The error of thickness change therefore should have

minor effect, i.e., much smaller than 7 %.

2.4 Sample Preparation

Thin-film interference spectra were measured to determine the dispersions of the refractive

index of the samples. For the measurement, thin-film materials with uniform thickness are

necessary. The samples used in this study are summarized in Table 2.2.

2.4.1 SiC

Commercially available single-crystalline 4H-SiC (0001) with 8◦-off toward the [11-20]

direction was used in this study. To realize thin-film interference measurement of 4H-SiC, a

membrane structure of 4H-SiC was fabricated. The fabrication of the SiC membrane struc-

ture for pressure sensor application utilizing photoelectrochemical etching as a deep-etching

method has been reported [20]. However, this conventional method is not suitable in this

study because a membrane with high thickness uniformity, which is required for thin-film

interference measurement, cannot be obtained. In this study, the doping-type selectivity of

photoelectrochemical etching of SiC was utilized to fabricate such membrane structure.

Fabrication process of the membrane structure of 4H-SiC is shown in Fig. 2.2. Only

n-type SiC was etched by this photoelectrochemical etching [21]. The detail of photo-

electrochemical etching of SiC is described in Chapter 4. An n-type 4H-SiC substrate with

a p-type 4H-SiC epitaxial layer was used for the fabrication. The doping concentration of

the p-type epitaxial layer was 2.5 × 1016 cm−3. Reactive ion etching was carried out from

the backside [(0001̄) face] to roughly remove the n-type SiC substrate, following which only

the n-type SiC substrate was etched by photoelectrochemical etching. As a result, the p-

type epitaxial layer remained as a membrane. Since the membrane was very fragile, it was

impossible to measure the thickness by cross-sectional scanning electron microscopy (SEM)

observation. The thickness of the SiC membrane was determined by fitting the obtained

dispersion of the refractive index of SiC at RT to the reported data [22]. The determined

thickness is 4.84 µm. This is a reasonable value since an estimated thickness of the p-type
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Table 2.1: Parameters used in this study.

Thermal expansion, Thermal expansion, Poisson’s ratio

a-axis (K−1) c-axis (K−1)

GaN 5.59× 10−6 a) 3.17× 10−6 a) 0.23 c)

AlN 4.2× 10−6 a) 5.3× 10−6 a) 0.287 a)

sapphire 7.5× 10−6 b)

6H-SiC 4.3× 10−6 a)

4H-SiC 4.06× 10−6 d)

a) Ref. 16, b) Ref. 17, c) Ref. 18, d) Ref. 19

Table 2.2: Samples used in this study.

SiC (4H) GaN AlN

Thickness 4.84 µm 5.18 µm 9.23 µm

Substrate Nothing (Air) Sapphire 6H-SiC
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Figure 2.2: Fabrication process of an SiC membrane structure with uniform thickness by

using photoelectrochemical (PEC) etching. Reactive ion etching is carried out from the

backside to roughly remove the n-type SiC substrate, following which only the n-type SiC

substrate is etched by PEC etching. As a result, the p-type epitaxial layer remains as a

membrane.
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epitaxial layer from its growth condition is 5 µm± 10 %.

2.4.2 GaN and AlN

In group-III nitrides, GaN and AlN, thin-film samples with uniform thickness are easily

obtained by the heteroepitaxial growth. In this study, a commercially available GaN

layer grown on a (0001)-oriented sapphire substrate by metal-organic vapor phase epitaxy

(MOVPE) and an AlN layer grown on a (0001)-oriented 6H-SiC substrate by hydride vapor

phase epitaxy (HVPE) were used. The thicknesses of the GaN and AlN layers are 5.18 and

9.23 µm, respectively. The thickness of the samples was determined by cross-sectional SEM

using a magnification calibration standard (Geller Microanalytical Laboratory MRS-3). The

uncertainty of the thickness measurement was less than 2 %.

2.5 Temperature Dependence of Refractive Index

2.5.1 SiC

Fig. 2.3(a) shows the measured dispersion curves of the refractive index of 4H-SiC at 26,

250, and 502◦C in the wavelength range from 392 to 1700 nm. The data near 1400 nm

were not obtained because of the absorption of optical fibers used in this study. At RT,

the measured curve of SiC fairly agreed with the reported dispersion curve [22]. Especially

in the near-band-edge region, as shown in the inset of Fig. 2.3(a), the dispersion curve of

the refractive index of SiC shifted to longer wavelength with increasing temperature. As a

result, the refractive index increases with increasing temperature at a certain wavelength.

In Fig. 2.3(a), solid curves represent curve fits using the second-order Sellmeier equation

[Eq. (2.6) with k = 2]. A good fitting was obtained at the wavelength region from near the

band edge to 1000 nm. Since a good fitting was not obtained by the first-order Sellmeier

equation, the second-order equation used to express the refractive index dispersion. The

fitting parameters of the Sellmeier equation for the refractive index of SiC are listed in

Table 2.3.

The refractive indices of 4H-SiC at 400, 450, 600, 800, and 1500 nm are plotted in

Fig. 2.3(b) as a function of temperature. The refractive index increases almost linearly with

increasing temperature up to 500◦C, except for the near-band-edge region below 410 nm.

It suggests that the thermo-optic coefficient of 4H-SiC can be calculated from the slope of

the relation between the refractive index and the temperature in this temperature range

except for the near-band-edge region.

The refractive index of 4H-SiC at RT after elevating temperature to 502◦C was also

measured and the result fairly agreed with the data at RT before heating, suggesting that

SiC is thermally stable up to about 500◦C and thus SiC can be used in such temperature

range.



32 Chapter 2. Determination of Thermo-Optic Coefficients of SiC, GaN, and AlN

 2.6

 2.7

 2.8

 400  600  800  1000  1200  1400  1600

R
e

fr
a

c
ti
v
e

 i
n

d
e

x

Wavelength (nm)

4H-SiC. t = 4.84 µm

26°C

250°C

502°C

 2.7

 2.8

 400  450  500

Eg at RT

(a) Dispersions of refractive index

 2.6

 2.7

 2.8

 0  100  200  300  400  500  600

R
e
fr

a
c
ti
v
e
 i
n
d
e
x

Temperature (°C)

4H-SiC. t = 4.84 µm

λ = 400 nm

λ = 450 nm

λ = 600 nm

λ = 800 nm

λ = 1500 nm

(b) Refractive indices as a function of temperature

Figure 2.3: (a) Dispersions of refractive index of 4H-SiC at room temperature and elevated

temperatures. Solid curves represent curve fits to the Sellmeier equation [Eq. (2.6) with

k = 2]. Inset shows the dispersion curves near the bandgap. (b) Refractive indices of 4H-

SiC as a function of temperature at 400, 450, 500, 800, and 1500 nm. Solid lines are linear

fits.
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Table 2.3: Best-fit parameters of the second-order Sellmeier equation [Eq. (2.6) with k = 2]

for refractive index of 4H-SiC at room temperature and elevated temperatures. The deduced

refractive index of SiC from the Sellmeier equation with these parameters fairly agreed with

measured data at the wavelength range from near the band edge to 1000 nm. Note that

parameters A, B1, and B2 are dimensionless, while C1 and C2 are in nanometer units.

Temperature (◦C) A B1 C1 (nm) B2 C2 (nm)

26 4.667× 10−4 2.852 111.0 3.740 177.0

100 5.349× 10−4 3.131 108.5 3.475 182.5

150 5.184× 10−4 2.944 109.4 3.672 179.8

200 5.676× 10−4 3.029 108.2 3.598 182.2

250 3.292× 10−4 2.028 111.5 4.606 170.8

300 3.143× 10−4 1.707 112.0 4.941 167.9

349 3.014× 10−4 1.736 111.1 4.925 169.2

400 6.720× 10−4 3.438 102.7 3.244 193.9

450 2.430× 10−4 1.089 110.7 5.597 165.6

502 4.639× 10−4 2.747 105.6 3.955 185.1
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2.5.2 GaN

Fig. 2.4(a) shows the measured dispersion curves of the refractive index of GaN at 24, 251,

and 506◦C in the wavelength range from 367 to 1700 nm. At RT, the measured curve of GaN

fairly agreed with the reported dispersion curve [23, 24]. Closing to the band-edge region

[shown in the insets of Fig. 2.4(a)], the change in the refractive index of GaN was relatively

sharp compared with SiC [shown in the insets of Fig. 2.3(a)]. This result is related to the

difference between the direct and indirect bandgaps. Similar to SiC, the dispersion curve

of the refractive index of GaN shifted to longer wavelength with increasing temperature

especially at the near-band-edge region, resulting in the increase of the refractive index at

a certain wavelength. In Fig. 2.4(a), solid curves represent curve fits using the second-order

Sellmeier equation. A good fitting was obtained at the wavelength region from near the

band edge to 1000 nm. The fitting parameters of the Sellmeier equation for the refractive

index of GaN are listed in Table 2.4.

The refractive indices of GaN at 380, 400, 500, 700, and 1500 nm are plotted in

Fig. 2.4(b) as a function of temperature. The refractive index increases almost linearly with

increasing temperature up to 500◦C, except for the near-band-edge region below 420 nm.

The thermo-optic coefficient of GaN can be calculated from the slope in this temperature

range as well as that of SiC.

After elevating temperature, the refractive index of GaN at RT was measured again and

the measured data was in good agreement with the data at RT before heating, confirming

that GaN is thermally stable up to about 500◦C.

2.5.3 AlN

Fig. 2.5(a) shows the measured dispersion curves of the refractive index of AlN at 24, 253,

and 512◦C in the wavelength range from 217 to 1700 nm. At RT, the measured curves of

AlN fairly agreed with the reported dispersion curve [25]. The change in the refractive index

of AlN by closing to the band edge, as shown in the insets of Fig. 2.5(a), was relatively sharp

as well as that of GaN, compared with SiC. The dispersion curve of the refractive index of

AlN shifted to longer wavelength with increasing temperature especially at the near-band-

edge region, resulting in the increase of the refractive index at a certain wavelength. In

Fig. 2.5(a), solid curves depict curve fits using the second-order Sellmeier equation. A good

fitting was obtained at the wavelength region from near the band edge to 1000 nm. The

fitting parameters of the Sellmeier equation for the refractive index of AlN are listed in

Table 2.5. After elevating temperature, the refractive index of AlN at RT was measured

again and the measured data was in good agreement with the data at RT before heating,

confirming that AlN is thermally stable up to about 500◦C.

The refractive indices of AlN at 220, 250, 300, 500, and 1500 nm are plotted in Fig. 2.5(b)

as a function of temperature. The refractive index increases almost linearly with increasing

temperature up to 500◦C, except for the near-band-edge region below 230 nm. The thermo-
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Figure 2.4: (a) Dispersions of refractive index of GaN on a sapphire substrate at room

temperature and elevated temperatures. Solid curves represent curve fits to the Sellmeier

equation [Eq. (2.6) with k = 2]. Inset shows the dispersion curves near the bandgap.

(b) Refractive indices of GaN as a function of temperature at 380, 400, 500, 700, and

1500 nm. Solid lines are linear fits.
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Table 2.4: Best-fit parameters of the second-order Sellmeier equation [Eq. (2.6) with k = 2]

for refractive index of GaN on a sapphire substrate at room temperature and elevated

temperatures. The deduced refractive index of GaN from the Sellmeier equation with these

parameters fairly agreed with measured data at the wavelength range from near the band

edge to 1000 nm. Note that parameters A, B1, and B2 are dimensionless, while C1 and C2

are in nanometer units.

Temperature (◦C) A B1 C1 (nm) B2 C2 (nm)

24 2.880 2.260 225.4 0.06424 355.7

52 2.950 2.200 228.1 0.06286 357.1

101 2.574 2.566 213.6 0.08023 357.2

150 2.698 2.456 218.2 0.07992 359.4

201 2.574 2.588 214.9 0.08202 362.1

253 2.460 2.713 211.9 0.08345 364.9

299 2.278 2.900 206.5 0.09018 366.7

350 2.369 2.823 209.5 0.09256 369.1

400 2.393 2.817 211.5 0.08908 372.9

450 2.903 2.360 234.8 0.05284 382.7

506 2.177 3.054 207.3 0.09448 379.1
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Table 2.5: Best-fit parameters of the second-order Sellmeier equation [Eq. (2.6) with

k = 2] for refractive index of AlN on an SiC substrate at room temperature and elevated

temperatures. The deduced refractive index of AlN from the Sellmeier equation with these

parameters fairly agreed with measured data at the wavelength range from near the band

edge to 1000 nm. Note that parameters A, B1, and B2 are dimensionless, while C1 and C2

are in nanometer units.

Temperature (◦C) A B1 C1 (nm) B2 C2 (nm)

24 0.1153 3.210 95.89 0.7400 180.5

51 0.5586 2.835 105.1 0.6732 181.8

101 0.1288 3.220 96.78 0.7223 181.7

152 0.07858 3.271 95.91 0.7260 182.3

200 1.021 2.507 117.6 0.5538 186.2

251 0.4656 2.994 105.371 0.6270 185.8

300 0.3141 3.124 102.1 0.6531 186.2

350 0.3621 3.103 103.5 0.6324 187.5

401 0.04695 3.417 98.79 0.6402 188.5

450 0.2930 3.215 103.9 0.6018 190.1

498 0.2028 3.333 103.5 0.5799 191.7

512 0.1702 3.373 103.4 0.5732 192.2
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optic coefficient of AlN can be calculated from the slope in this temperature range as well

as that of SiC and GaN.

2.5.4 Thermo-Optic Coefficients of SiC, GaN, and AlN

Fig. 2.6 shows the thermo-optic coefficients for 4H-SiC, GaN, and AlN obtained in this

study. At 450 nm, the thermo-optic coefficients of 4H-SiC, GaN, and AlN were determined

to be 7.8× 10−5, 1.6× 10−4, and 3.6× 10−5 K−1, respectively. The reported thermo-optic

coefficients of 6H-SiC at a single wavelength of about 1.5 µm [9, 10] and the thermo-optic

coefficient of GaN reported by Tisch and coworkers [11] are also plotted in Fig. 2.6. In the

case of SiC, both of the reported values agree with the value determined in this work. The

reported value of GaN, however, is larger than the experimental data in this study over the

entire wavelength range. The discrepancy is probably attributed to the fact that Tisch et al.

have not separated the ordinary (no) and extraordinary (ne) indices in their measurements,

while only the ordinary index has been evaluated in this study. Assuming that the data in

both reports are accurate, it can be deduced that the thermo-optic coefficient ∂ne/∂T is

larger than ∂no/∂T in GaN.

For the temperature range from RT and 500◦C and the wavelength ranges from 420,

450, and 250 to 1700 nm for SiC, GaN, and AlN, respectively, experimental polynomial fits

of the thermo-optic coefficients were obtained as follows:

∂n/∂T (λ)SiC = 4.611× 103λ−3 − 1.446× 101λ−2

+ 2.933× 10−2λ−1 + 3.423× 10−5 (for 420-1700 nm), (2.9)

∂n/∂T (λ)GaN = 3.800× 104λ−3 − 1.308× 102λ−2

+ 1.634× 10−1λ−1 − 2.957× 10−6 (for 450-1700 nm), (2.10)

∂n/∂T (λ)AlN = 3.519× 103λ−3 − 1.656× 101λ−2

+ 2.997× 10−2λ−1 − 1.154× 10−5 (for 250-1700 nm). (2.11)

The thermo-optic coefficient of different-thickness GaN, i.e., 10.6-µm-thick GaN, was

also evaluated from near the band edge to 1000 nm. The result fairly agreed with that of

5.18-µm-thick GaN within 5 % error, implying an accurate and precise determination of the

thermo-optic coefficient.

It is noted that the thermo-optic coefficients of GaN and AlN increased sharply as the

wavelength approached the band edge, while the change in the thermo-optic coefficient of

SiC was relatively gradual.
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Figure 2.6: Thermo-optic coefficients of 4H-SiC, GaN, and AlN compared with reported

data from Della Corte et al. (Ref. a) [9] and Riza et al. (Ref. b) [10] for 6H-SiC and Tisch

et al. (Ref. c) for GaN [11]. Solid curves are polynomial fits of the thermo-optic coefficients

of SiC, GaN and AlN from near the band edge (420, 450, and 250 nm for SiC, GaN, and

AlN, respectively) to 1700 nm expressed in Eqs. (2.9), (2.10), and (2.11), respectively.
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2.5.5 Discussion

At the near-band-edge region, the dispersion curves of the refractive index of SiC, GaN,

and AlN were shifted to longer wavelength with increasing temperature. It is cause by the

decrease of the bandgap of each material as indicated in Eq. (2.4). Nepal and coworkers

reported the temperature dependence of the bandgap of GaN and AlN grown on sapphire

substrates [26]. Based on this report, the redshifts at the band edge from 24 to 500◦C are

estimated to be 34 and 18 nm for GaN and AlN, respectively. For GaN, the shift of the

dispersion curve of 32 nm, as shown in the inset of Fig. 2.4(a), is in good agreement with the

result of Ref. 26. On the other hand, Fig. 2.5(a) depicts that the shift of the dispersion curve

of AlN is 12 nm between 24 and 512◦C, while the redshifts at the band edge is calculated

to be 18 nm. The difference suggests different values of the built-in strain in AlN layers

grown on different substrates. The AlN samples used in this study were grown on 6H-SiC,

while sapphire substrates were used in Ref. 26.

As for SiC, the redshift from 26 to 500◦C is estimated to be 23 nm at the band edge by

the bandgap decrease [16]. As shown in the inset of Fig. 2.3(a), the shift of the dispersion

curve of SiC was 43 nm, which is significantly larger than the estimated value. This dis-

agreement is caused by the optical transition of SiC, i.e., indirect transition with phonon

assistance. Dispersion of the refractive index near the band edge is determined by the

interband transition, thus the temperature dependence of the refractive index dispersion

of SiC is affected by the temperature effect on the phonon assistance. The temperature

dependence of optical absorption in SiC is discussed in Chapter 3. The measurement in

that chapter depicts that the dispersion curve of the absorption coefficient of SiC shifted to

longer wavelength with increasing temperature and that the shift is larger than the redshift

of the bandgap.

At the long-wavelength region, the thermo-optic coefficient is given by Eq. (2.8). Since

the temperature dependence of Ep given by the obtained fitting parameter C of the Sellmeier

equation is uncertain, ∂Ep/∂T is assumed to be the same as the temperature dependence

of the bandgap ∂Eg/∂T for each material. In SiC, the average thermo-optic coefficient of

each temperature is deduced to be 4.4 × 10−5 K−1 from Eq. (2.8) with parameters listed

in Table 2.3. ∂Eg/∂T of 4H-SiC have been employed to be −2.8 × 10−4 eV/K [16]. Note

that ∂Eg/∂T is assumed to be constant in this temperature range. In GaN and AlN, the

average thermo-optic coefficients are deduced to be 6.2 × 10−5 K−1 and 8.4 × 10−5 K−1,

respectively, employing parameters listed in Tables 2.4 and 2.5. ∂Eg/∂TGaN = −6.0 ×
10−4 eV/K and ∂Eg/∂TAlN = −9.6× 10−4 eV/K [26] are employed for the deduction. The

deduced thermo-optic coefficients of SiC and GaN at the long-wavelength region have fairly

agreed with experimental data at 1700 nm, while that of AlN is significantly different from

the experimental result. It is probably caused by the difference in the band edge. Since the

Sellmeier equation is based on the oscillation at the band edge, the deduction should be

inaccurate at the far-band-edge region. Larger bandgap of AlN (6.2 eV at RT) compared
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with SiC and GaN (3.2 and 3.4 eV at RT, respectively) causes the failed deduction at the

long-wavelength region.

At the near-band-edge region, the thermo-optic coefficients of GaN and AlN increased

sharply as the wavelength approached the band edge. The change in the thermo-optic

coefficient of SiC was, however, relatively gradual. In this region, the main origin of the

thermo-optic coefficient is the redshift of the bandgap with increasing temperature. As

mentioned above, the dispersion of the refractive index of SiC is much smaller than those of

GaN and AlN, resulting in a small change in the thermo-optic coefficient with the change

in wavelength.

The devices based on the thermo-optic effect, such as tunable filters, require a large

thermo-optic coefficient. It can be realized using GaN, AlN, and AlGaN near the band

edge. It is noted that the band edge of AlGaN can be tuned by adjusting the composition

of AlGaN. On the other hand, SiC is more useful than GaN for the thermo-optic devices

operated in a wide range of wavelengths because of the small dispersion of its thermo-optic

coefficient.

2.6 Optical Simulation of GaN-Based Tunable Filters

2.6.1 Temperature Dependence of Transparent Wavelength

The temperature dependence of the transparent wavelength of band-pass filters based on

Fabry-Pérot etalon can be deduce from the thermo-optic coefficient of a constituent material.

As described in Appendix A, The phase difference δ between each succeeding reflection of

a thin-film optical resonator with a vertical-incident configuration is

δ =
4πnd

λ
(2.12)

where n is the refractive index of the constituent material, d is the thickness of the thin-film

resonator, and λ is the wavelength of incident light.

Differentiating this equation with respect to the temperature T ,

∂δ

∂T
=

4πd

λ

(
∂n

∂T
− n

λ

∂λ

∂T
+ αn

)
(2.13)

where α is the coefficient of thermal expansion (∂d/∂T = αt). Considering the interference

of the thin film at a certain order m, δ can be considered as a constant value, i.e., ∂δ/∂T = 0,

and thus the following equation can be obtained:

∂λ

∂T
=

λ

n

∂n

∂T
+ αλ. (2.14)

The amount of shift of the transparent wavelength of a tunable filter can be estimated with

Eq. (2.14). It is noted that this estimation is rough since ∂λ/∂T is varied with changing
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the wavelength especially at the near-band-edge region, where the thermo-optic coefficient

∂n/∂T sharply changes with changing the wavelength.

2.6.2 Simulation Details

The transmittance of a GaN-based optical band-pass filter was calculated at different tem-

peratures, i.e., RT (21◦C) and 500◦C. The simulation was carried out with optical thin-film

calculation software (Software Spectra TFCalc). Fig. 2.7 shows a schematic drawing of

an optical filter used by the simulation. GaN was used as a resonator dielectric. To de-

sign the center of the transparent wavelength to 405.5 nm at RT, the thickness of the

GaN resonator was determined to be 455 nm. AlxGa1−xN/GaN distributed Bragg reflec-

tors (DBRs) were also used at the both side of the GaN resonator in order to enhance

the finesse of the filter. AlxGa1−xN/GaN DBR can be formed simultaneously with a GaN

dielectric by heteroepitaxial growth of group-III nitrides. The DBRs consisted of the 50-pair

of 42.77-nm-thickness Al0.34Ga0.66N and 40.62-nm-thickness GaN.

In the previous section, the refractive indices and the thermo-optic coefficients of GaN

and AlN have been determined. However, the refractive index of AlxGa1−xN for each

temperature are required for the calculation. To interpolate the temperature dependence of

AlxGa1−xN, the following procedure is employed. By comparing the curves of the thermo-

optic coefficients of GaN and AlN in Fig. 2.6, the curve moves to the shorter wavelength and

also moves to the smaller value from GaN to AlN. The blueshift corresponds to difference

of the bandgaps of GaN and AlN. To estimate the curve for AlxGa1−xN, the curve of GaN

was shifted to shorter wavelength corresponding to the difference of the bandgaps of GaN

and AlxGa1−xN. Brunner and coworkers have extensively studied the refractive index of

AlxGa1−xN at RT [27]. I utilized their data as the refractive index of AlxGa1−xN at RT.

2.6.3 Simulation Results

The simulation results of the transmittance spectrum are shown in Fig. 2.8. The width

of pass band was about 0.1 nm. The redshift of the transparent wavelength from RT to

500◦C was calculated to be about 9 nm, which is much larger than the width of pass band.

Although temperature dependence of transmittance spectrum depends on the structures of

filters, the simulation results show that temperature-controlled tunable optical filters are

possible in GaN systems with high performance and high tunability for applications which

require high resolution, e.g., Raman spectroscopy.

2.6.4 Discussion

The estimated shift of the transparent wavelength from Eq. (2.14) between RT and 500◦C

is 15 nm. Since the wavelength used in this simulation is near the band edge of GaN, this
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Figure 2.7: Schematic drawing of GaN tunable band-pass filter used in the simulation.

AlxGa1−xN/GaN distributed Bragg reflectors (DBRs) are also used at the both side of the

GaN resonator in order to enhance the finesse of the filter.
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Figure 2.8: Simulation results of the transmittance of GaN tunable band-pass filter. The

transparent wavelength of the filter is shifted to longer wavelength with about 9 nm, which

is much larger than the width of pass band (∼ 0.1 nm).
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estimated value is larger than the simulation result. However, these results are in rough

agreement, suggesting that the simulation have been carried out precisely.

It is noted that the curve shapes of the transmittance spectrums at RT and 500◦C were

slightly different in Fig. 2.8. It is probably caused by the difference of reflection charac-

teristics of AlGaN/GaN DBRs at these temperatures. It suggests that the temperature

dependence of constituent DBRs of a filter should be also considered for precise design of

optical tunable filers.

2.7 Summary

I measured the temperature dependence of the refractive indices of 4H-SiC, GaN, and AlN

from RT to 500◦C over a wide spectral range from 1700 nm to near the bandgaps of each

material. The thermo-optic coefficients for the ordinary refractive indices of 4H-SiC, GaN,

and AlN were accurately determined over a wide temperature range. The results obtained

thus far are useful for the design of GaN-based optoelectronic devices as well as SiC- and

GaN-based wavelength-tunable band-pass filters and photonic crystals that actively utilize

the thermo-optic effect operating from IR to UV regions.

A GaN-based optical band-pass filter simulation was also conducted at different tempera-

tures by utilizing the determined thermo-optic coefficients of GaN and AlN. The simulation

has demonstrated that the modulation of the transparent wavelength of a filter can be

suitable for tunable filter application.

In the future, extraordinary index measurements will be needed for complete character-

ization of thermo-optic coefficients. The determination for AlGaN will also be needed for

the design of GaN-based devices. Eventually, wide-bandgap-semiconductor tunable filters

should be realized.
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Chapter 3

Determination of Absorption

Coefficients of SiC for

High-Temperature Photodetector

Design

3.1 Introduction

Ultraviolet sensors which can operate in a wide temperature range, e.g., from room tem-

perature (RT) to 500◦C, are required for harsh-environment sensing applications. A silicon

carbide (SiC) pn photodiode is one of promising candidates for such sensors. There are some

reports on SiC photodiodes operating at elevated temperature [1–4]. However, the photo-

diodes showed strong temperature dependence of photoresponse. In many applications,

operating temperature varies. In the case, the knowledge of the temperature dependence of

photoresponse is strongly required to assure precise sensing.

The temperature dependence of the photoresponse is mainly determined by the change of

the optical absorption coefficient of the constituent material. Knowledge of the temperature

dependence of the absorption coefficient is therefore necessary to design high-performance

photodiodes properly. However, investigations of the absorption coefficients of SiC are very

limited. Groth and Kauer have investigated the absorption coefficient of 6H-SiC between RT

and 1500◦C up to about 100 cm−1 [5], and Pikhtin and Yas’kov have reported the data of 6H-

SiC between -178 and 300◦C up to about 60 cm−1 [6]. Although these studies are very useful

because they have investigated the fundamental absorption edge of 6H-SiC, the data in

shorter wavelength range are required to design photodetectors made of SiC. The absorption

coefficient of 4H-SiC, which is mainly investigated as the material for SiC semiconductor

devices, is also important while these report did not target. Another group reported the

absorption coefficient of 3C-, 4H-, and 6H-SiC from about 300 to 390 nm [7]. Their work

revealed the data in the wide range of wavelengths. However, they reported the data at only
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RT. To design high-temperature SiC pn photodiodes, it is necessary to reveal the absorption

coefficient of SiC at high temperature in the wide wavelength range, especially shorter

wavelength regions. In this chapter, I have determined the optical absorption coefficients

of 4H- and 6H-SiC from RT up to 300◦C by transmission measurement.

3.2 Theoretical Model

Optical absorption can be described as the optical transition at the fundamental absorption

edge. Optical absorption coefficient α is

α = −dI

dx
· 1

I
(3.1)

where x is the position from the surface of incidence and I is the light intensity at x. −dI/dx

means the decay rate of the intensity per unit time, and it can be described as the product

of transition probability W and photon energy hν. I is given by the Poynting vector, hence

it is proportional to the square of the frequency of the light ν. α is therefore expressed as

the following equation:

α ∝ W/hν. (3.2)

In SiC, a photon can excite an electron from the valence band to the conduction band

with the assistance of a phonon because of the indirect bandgap. The transition probability

can be given by this equation [8]:

W =
4π2

h

∑

kkkc,kkkv

∣∣∣∣∣
∑

i

〈f |Hep|i〉〈i|HeR|0〉
Ei0 − hν

∣∣∣∣∣
2

δ(Ec(kkkc)− Ev(kkkv)− hν ± Ep). (3.3)

|0〉 represents the initial state of the transition, |f〉 is the final state, and |i〉 is the

intermediate state. This transition step involves the electron–photon interaction HeR and

the electron–phonon interaction Hep.

The photon energy dependence of W can be obtained by summing over the delta func-

tion in Eq. (3.3). By converting the summations over kkkc and kkkv to integrations over the

conduction and valence band energies Ec and Ev, respectively, and assuming that the bands

are parabolic and three-dimensional, this equation can be expressed as

W ∝ (hν ± Ep − Eg)
2 (3.4)

where Ep is the phonon energy and Eg is the bandgap. Every indirect energy gap gives rise

to two absorption edges for each phonon, at Eg−Ep corresponds to phonon absorption and

Eg + Ep to phonon emission.

From Eqs. (3.2) and (3.4), the change of the absorption coefficient by changing the

temperature is caused by the change of the bandgap. In other words, the bandgap of the
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material is changed by changing the temperature, following which the dispersion of the

absorption coefficient is shifted by the change of the band edge.

However, there is another temperature effect on the absorption coefficient of SiC. The

electron–phonon matrix element 〈f |Hep|i〉 in Eq. (3.3) is proportional to Np and Np + 1

for phonon absorption and emission, respectively, where Np phonon occupation number

expressed as

Np ∝ 1/[exp(Ep/kT )− 1] (3.5)

where k is the Boltzmann constant and T is the temperature. Obviously, Np will change

by changing the temperature.

Combining Eqs. (3.2), (3.4), and (3.5), the absorption coefficient can be described as

following equation with a fitting parameter A:

α =
A

hν

[
(hν − Eg + Ep)

2

exp(Ep/kT )− 1
+

(hν − Eg − Ep)
2

1− exp(−Ep/kT )

]
. (3.6)

In addition, free exciton formation with absorption and emission of the corresponding

phonons should be considered at the fundamental absorption edge [6]. Optical absorption

of excitons by indirect transition can be expressed as [9]

αexciton =
B

hν


(hν − Egx + Ep)

1
2

exp(Ep/kT )− 1
+

(hν − Egx − Ep)
1
2

1− exp(−Ep/kT )


 (3.7)

where Egx is the exciton gap (Egx = Eg − Eex : Eex is the exciton binding energy) and B

is the fitting parameter. Therefore, the absorption coefficient of SiC can be determined by

summing Eqs. (3.6) and (3.7) for each phonon which assists the transition.

3.3 Experimental Procedure

The absorption coefficients of SiC were determined by making measurements with the trans-

mitted light propagating parallel to the c-axis. The transmission measurement was carried

out using a spectrophotometer (Shimadzu UV-3100). Fig. 3.1 shows a schematic diagram of

the measurement instrument [10]. As shown in Fig. 3.1, two beam branches, the reference

branch and the sample branch, were used for the measurement. By taking the ratio of the

two beams at each wavelength, the effect of the fluctuations in the deuterium and halogen

light sources can be eliminated.

The measurement was carried out at RT and elevated temperature up to 300◦C utilizing

a self-made sample holder with a small ceramic heater. Fig. 3.2 shows a schematic drawing

of the setup to make the absorption measurement at elevated temperatures. To perform

high-temperature measurement with high uniformity and accuracy, the sample was set into a

small copper chamber with 0.5-mm-thick sapphire windows. The temperature of the copper
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D2 : Deuterium Lamp

WI : Halogen Lamp

F : Filter

G1 - G6 : Gratings

S1 - S3 : Slits

W1 - W3 : Windows

CH : Chopper

M1 - M13 : Mirrors

Ref : Reference branch

Sam : Sample branch

PM : Photomultiplier

PbS : PbS Cell

Figure 3.1: Schematic diagram of a spectrophotometer (Shimadzu UV-3100) used to make

the transmission measurement [10].
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Figure 3.2: Schematic drawing of the setup to make the absorption measurement at

elevated temperatures. A small copper chamber enables to carry out the high-temperature

measurement with high uniformity and accuracy.
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chamber and that of the inside (atmosphere) of the chamber were measured using type-K

thermocouples (pairs of chromel and alumel). The temperature of the sample should be

between these two temperatures. The difference between these temperatures was confirmed

to be less than 3◦C even at 300◦C, ensuring a good temperature uniformity within the

measured sample. The error of type-K thermocouples used in this study (T. M. Electronics

KA02) was ±0.25 %, and the error of the thermometer (Yokogawa Meters and Instruments

TX1003) was ±(0.2 % + 1◦C). Consequently, total error at 300◦C was ±2.35◦C, which was

small enough for this study.

The transmittance spectrum was measured in air. To avoid the effect of the incident

reflection and scattering at the surface and reflection at the sapphire windows of a copper

chamber, transmittance of two samples with different thickness were measured. The absorp-

tion coefficient can be calculated using the following equation as described in Appendix B:

α =
1

d2 − d1

ln
(

T1

T2

)
(3.8)

where α is the absorption coefficient, d1 and d2 are the thickness of each sample, and T1

and T2 are measured transmittance values.

In the calculation, change of the layer thickness caused by the thermal expansion was

taken into account. The thermal expansion coefficients of 4H- and 6H-SiC paralleled to the

c-axis are 4.06× 10−6 K−1 [11] and 4.7× 10−6 K−1 [12], respectively.

3.4 Sample Preparation

The samples used in this study were commercially available single crystalline semi-insulating

4H- and 6H-SiC (0001) on-axis substrates. To obtain samples with various thicknesses,

mechanical polishing from the backside [(0001̄) face] was carried out. The thickness of the

samples was determined by a digimatic indicator (Mitutoyo ID-C112X). In this study, 4H-

SiC samples with thickness of 109 and 181 µm and 6H-SiC samples with thickness of 154

and 202 µm were prepared. The samples are summarized in Table 3.1.

3.5 Temperature Dependence of Absorption

Coefficients of SiC

3.5.1 4H-SiC

Fig. 3.3 shows the measured dispersion curve of the absorption coefficient of 4H-SiC at 26,

100, 200, and 300◦C. The reported data at RT [7] fairly agreed with measured data. The

dispersion curve shifted to longer wavelength with increasing temperature. As a result, at a

fixed wavelength, the absorption coefficient increased. As described in Section 3.2, this shift

is mainly caused by the change of the bandgap by changing the temperature. However, the
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Table 3.1: Samples used in this study.

4H-SiC 6H-SiC

Thickness No. 1 109 µm 154 µm

Thickness No. 2 181 µm 202 µm

Thermal expansion,
4.06× 10−6 K−1 a) 4.7× 10−6 K−1 b)

c-axis

a) Ref. 11, b) Ref. 12
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Figure 3.3: Absorption spectra of 4H-SiC at room temperature and elevated temperatures.

Solid curves show deduced dispersions from Eqs. (3.6) and (3.7) with the best-fit parameters

listed in Table 3.2.
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dispersion shift at 300 cm−1 was −5.8 × 10−4 eV/K while the change of the bandgap was

−2.8 × 10−4 eV/K between 26 and 300◦C [12]. The comparison of the absorption spectra

of 4H-SiC at RT, at 300◦C, and at RT with −77 meV shift, i.e., the bandgap decrease

of 4H-SiC from RT to 300◦C, is shown in Fig. 3.4. As shown in Fig. 3.4, the absorption

spectrum of 4H-SiC at 300◦C is larger than the estimated data from the data at RT with the

bandgap decrease. This disagreement suggests that the change of the phonon occupation by

changing the temperature significantly affects the temperature dependence of the absorption

coefficient of 4H-SiC.

3.5.2 6H-SiC

Fig. 3.5 shows the measured dispersion curve of the absorption coefficient of 6H-SiC at 26,

100, 200, and 300◦C. The dispersion curves agreed with reported data of the fundamental

absorption edge [5–7]. Similar to 4H-SiC, the dispersion curve shifted to longer wavelength

with increasing temperature, and the dispersion shift (−5.9× 10−4 eV/K at 300 cm−1) did

not agree with the change of the bandgap (−3.0× 10−4 eV/K between 26 and 300◦C [12]).

The comparison of the absorption spectra of 6H-SiC at RT, at 300◦C, and at RT with

−82 meV shift, which is the bandgap decrease of 6H-SiC from RT to 300◦C, is shown in

Fig. 3.6. Similar to the result of 4H-SiC shown in Fig. 3.4, the absorption spectrum of

6H-SiC at 300◦C is larger than the estimated data from the data at RT with the bandgap

decrease. This result suggests that the temperature dependence of the absorption coefficient

of 6H-SiC is also effectively affected by the change of the phonon occupation.

3.5.3 Discussion

As shown in Figs. 3.4 and 3.6, the absorption coefficients of both 4H- and 6H-SiC at elevated

temperatures are larger than those estimated by the data at RT and the bandgap decrease.

These results suggest that the temperature dependence of the absorption coefficient of both

4H- and 6H-SiC is affected by the change of the phonon occupation. As described in

Eq. (3.5), the phonon occupation number Np increases with increasing temperature. The

increase of Np enhances the absorption coefficient of SiC, resulting in the larger absorption

coefficient at elevated temperatures.

The report shows that fundamental absorption edge of 6H-SiC at RT and elevated

temperatures shows phonon interaction of TA-, LA-, and TO-mode as shown in Fig. 3.7 [6].

Hence curve fitting to the measured data was carried out using Eqs. (3.6) and (3.7) with

TA-, LA-, and TO-mode phonons. The energy of TA-, LA-, and TO-mode phonons are 46.7,

76.9, and 95.0 meV for 4H-SiC [13], and those of 6H-SiC are 46.3, 77.0, and 94.7 meV [14].

The results of the fitting are shown in Figs. 3.3 and 3.5 as solid curves. The best-fit

parameters of the fitting are listed in Tables 3.2 and 3.3 for 4H- and 6H-SiC, respectively.

The bandgap Eg and the exciton gap Egx of 4H- and 6H-SiC used for the fitting at each
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Figure 3.4: Absorption spectra of 4H-SiC. Filled circles show the absorption spectrum at

room temperature (RT), open circles show that at RT with −77 meV shift, which is the

decrease of the bandgap of 4H-SiC from RT to 300◦C, and open squares show the absorption

spectrum at 300◦C. The absorption spectrum at 300◦C is larger than the estimated data

from the data at RT with the bandgap decrease.
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Figure 3.5: Absorption spectra of 6H-SiC at room temperature and elevated temperatures.

Solid curves show deduced dispersions from Eqs. (3.6) and (3.7) with the best-fit parameters

listed in Table 3.3.
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room temperature (RT), open circles show that at RT with −82 meV shift, which is the

decrease of the bandgap of 6H-SiC from RT to 300◦C, and open squares show the absorption

spectrum at 300◦C. The absorption spectrum at 300◦C is larger than the estimated data

from the data at RT with the bandgap decrease.

Figure 3.7: Fundamental absorption edge of 6H-SiC at various temperature. 1) −178◦C,

2) −63◦C, 3) 22◦C, 4) 67◦C, 5) 120◦C, 6) 167◦C, 7) 217◦C, and 8) 300◦C [6].
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Table 3.2: Best-fit parameters of Eqs. (3.6) and (3.7) for the absorption coefficient of 4H-

SiC with TA-, LA-, and TO-mode phonons (Ep = 46.7, 76.9, and 95.0 meV, respectively).

The fitting is carried out with the equation which is determined by summing Eqs. (3.6) and

(3.7) for each phonon. Note that parameter A of each phonon is in eV−1 · cm−1, while B is in

eV0.5 · cm−1. Eg and Egx are the bandgap and the exciton gap of 4H-SiC, respectively [12],

both of which are fixed in the fitting.

T (◦C)
Ep = 46.7 meV Ep = 76.9 meV Ep = 95.0 meV

Eg (eV) Egx (eV)
A B A B A B

26 2500 50 3000 80 14000 150 (3.256) (3.229)

100 2500 50 3000 80 15000 190 (3.238) (3.211)

200 2500 60 3000 90 16000 250 (3.210) (3.183)

300 2500 60 3000 90 16500 300 (3.178) (3.151)

Table 3.3: Best-fit parameters of Eqs. (3.6) and (3.7) for the absorption coefficient of 6H-

SiC with TA-, LA-, and TO-mode phonons (Ep = 46.3, 77.0, and 94.7 meV, respectively).

The fitting is carried out with the equation which is determined by summing Eqs. (3.6) and

(3.7) for each phonon. Note that parameter A of each phonon is in eV−1 · cm−1, while B is in

eV0.5 · cm−1. Eg and Egx are the bandgap and the exciton gap of 6H-SiC, respectively [12],

both of which are fixed in the fitting.

T (◦C)
Ep = 46.3 meV Ep = 77.0 meV Ep = 94.7 meV

Eg (eV) Egx (eV)
A B A B A B

26 2000 150 9000 200 11000 250 (3.011) (2.984)

100 2000 160 9000 210 11000 260 (2.993) (2.966)

200 2000 180 9000 230 11000 280 (2.963) (2.936)

300 2000 200 9000 250 11000 300 (2.930) (2.903)



60 Chapter 3. Absorption Coefficients of SiC for Photodetector Design

temperature are also listed in Tables 3.2 and 3.3 [12]. Measured data were fairly fitted at

elevated temperatures as well as at RT, suggesting that the absorption coefficients of both

4H- and 6H-SiC can be deduced with TA-, LA-, and TO-mode-phonon interactions in this

temperature range and wavelength range. It is noted that a good fitting of the absorption

coefficients of both 4H- and 6H-SiC could not be obtained by considering only interband

transition, i.e., employing only Eq. (3.6), especially at the fundamental absorption edge. It

suggests that the absorption spectrum of SiC at fundamental absorption edge is determined

by exciton transitions, which suggestion agrees with the report [6].

As listed in Tables 3.2 and 3.3, the fitting parameters of Eqs. (3.6) and (3.7) were

weakly temperature-dependent, indicating that the electron–phonon interaction for each

phonon slightly changes by changing the temperature.

The measured data in this study, however, does not satisfy to utilize for SiC photo-

detector design. 4H-SiC photodetectors, for example, are used at shorter wavelength, around

300 nm because of the higher quantum efficiency [15]. At shorter wavelength region, optical

absorption caused by direct transition will be occurred. Therefore the absorption coefficient

of SiC at that region cannot be predicted precisely from the current data. To determine the

temperature dependence of the absorption coefficient of SiC at shorter wavelength region,

thinner samples should be used for the transmission measurement because of the larger

absorption coefficient.

3.6 Summary

In this chapter, I determined the temperature dependence of the absorption coefficient of

4H- and 6H-SiC between RT and 300◦C up to about 400 cm−1 (4H-SiC) and 500 cm−1

(6H-SiC). Redshift of the absorption edge at elevated temperature was observed. This red-

shift is mainly caused by the bandgap decrease with increasing temperature. Temperature

dependence of the phonon occupation number is also significant to explain the tempera-

ture dependence of the absorption coefficient of SiC. Employing TA-, LA-, and TO-mode

phonons, the measured data were fairly fitted with the theoretical equation.

Although the measured data is not enough to design SiC photodetectors, this study

demonstrated that the temperature dependence of the absorption coefficient of SiC can be

determined precisely in a wide range of wavelengths with the transmission measurement. In

the future, the data at the shorter-wavelength region should be determined by measuring

thinner samples, and the design of SiC photodetector can be realized.
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Chapter 4

Fabrication of Single-Crystalline SiC

MEMS Structures for

Harsh-Environment Operation

4.1 Introduction

Microelectromechanical systems (MEMS) have attracted much attention as integrated com-

ponents of miniaturized mechanical structures with microelectronics, mainly for sensing and

actuating applications. A large number of sensors and actuators are utilized in many envi-

ronments, and a demand has emerged, demand which is the usage in harsh environments

characterized as locations of high temperature, high pressure, strong radiation, and corro-

sive environments. MEMS devices operating in harsh environments are required in many

applications such as automobile, aerospace, nuclear, and chemical industries. However,

silicon (Si), the most conventional material employed in MEMS devices [1], cannot be used

as a structural material of MEMS devices operated in harsh environments because of its

characteristic limitations. Therefore, materials which can stand up with harsh environments

are required for such MEMS applications.

Silicon carbide (SiC) is one of the most promising structural materials of MEMS

devices in harsh environment because of its superior characteristics. SiC has large bandgap

which enables the MEMS devices to be used in high temperature, high power, and strongly

radiative environments. SiC is also mechanically strong, having large Young’s modulus and

large yield strength even in a high temperature environment. Furthermore, SiC has great

inertness to most corrosive chemicals. Consequently, there have been various studies on

SiC-based MEMS devices for operating in harsh environments [2–4].

In the most of the studies about SiC MEMS, SiC films which are amorphous [5], poly-

crystalline [6, 7], or relatively high-defect-density heteroepitaxial layers (3C-SiC) grown on

Si substrates [8] were utilized. These SiC films convey many advantages compared with

Si. However, single-crystalline SiC free of structural defects is expected to convey far su-
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perior device performance. MEMS devices with high-quality single-crystalline SiC should

extend the range of applicability of harsh-environment MEMS. Furthermore, the other con-

stituent components of thin-film SiC MEMS devices, e.g., substrates and spacer layers, are

commonly fabricated with conventional structural materials. Even if SiC films can resist

harsh environmental conditions, the actual range of operating conditions is restricted by the

limitations of the conventional materials. To operate under more extreme environments that

only SiC can withstand, the MEMS devices should be composed entirely of single-crystalline

SiC, i.e., homoepitaxial SiC layers on SiC substrates.

Although all-single-crystalline SiC MEMS have great potentials as described above, it is

difficult to fabricate devices composed entirely of SiC because of its chemical inertness and

mechanical hardness. Okojie and coworkers reported piezoresistive pressure sensors entirely

composed of bulk single-crystalline 6H-SiC [9]. The device was free from the mismatch of

thermal expansion coefficient between a substrate and a membrane, and could be operated

up to 500◦C. However, there have been no reports of all-single-crystalline SiC MEMS

devices with electrostatic actuation which requires the devices to have suspended plates

or beams with sub-micron-scale separation from the substrate. In addition, mechanical

characteristics, e.g., resonance characteristics, of all-single-crystalline SiC MEMS devices

have not been investigated in detail.

In this chapter, I have fabricated all-single-crystalline SiC suspended structures by utiliz-

ing photoelectrochemical (PEC) and electrochemical (EC) etching, these which have doping-

sensitive selectivity. Electrostatic actuation of fabricated double-clamped bridge structures

has been demonstrated in this study. I have also evaluated resonance characteristics of

fabricated single-clamped cantilever structures to demonstrate the advantage of all-single-

crystalline SiC MEMS devices.

4.2 Single-Crystalline SiC Bridge/Cantilever

Structure

4.2.1 Design of Structure

In this study, I have fabricated bridge (double-clamped beam) and cantilever (single-

clamped beam) structures using single-crystalline 4H-SiC. To design 4H-SiC bridge struc-

ture for demonstrating electrostatic actuation properly, structural analysis of the structures

was carried out with the finite element method (FEM) using CoventorWare 2010 software.

The structure used in this simulation is shown in Fig. 4.1. Only the bridge structure was

allowed to move and the bridge was fixed at the anchors. The length of the bridge was

50 µm, the width was 2 and 5 µm, the thickness was 100, 300, and 500 nm, and the gap

between the bridge and the bottom was 600 nm. Applying the voltage between the bridge

and the bottom, the bridge was deformed by the Coulomb force.
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Figure 4.1: Structure model of the SiC bridge structure used for the structural analysis

of electrostatic actuation. The dimensions of the bridge are defined as the length (parallel

to y-axis), the width (parallel to x-axis), and the thickness (parallel to z-axis). Only the

bridge structure is allowed to move and the bridge is fixed at the anchors.
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The relationship between maximum displacement and the applied voltage was calculated

with FEM simulation. In this simulation, the material properties of SiC were employed as

follows: the density of SiC was 3.22 g/cm3 and the Young’s modulus was 448 GPa [10].

The result is shown in Fig. 4.2. As shown in Fig. 4.2, the displacement of the bridge

increased with increasing applied voltage. From the simple parallel-plate model as described

in Appendix C, the stability limit of the displacement can be expressed as

δ = h/3 (4.1)

where δ is the displacement and h is the distance between two plates. Employing this

stability limit for the electrostatic actuation of this bridge structure, the bridge is pulled

in to the bottom when the displacement becomes over 200 nm. The sharp increase of the

displacement of the bridge over 200 µm shown in Fig. 4.2 indicates this stability limit. When

the displacement reaches the stability limit, the applied voltage is given by this equation:

Vp =

(
256d3h3E

27ε0l4

) 1
2

(4.2)

where d is the thickness of the bridge, l is the length, E is the Young’s modulus of the

material, and ε0 is the vacuum permittivity. As shown in Fig. 4.2, the applied voltage at

the displacement of the stability limit (200 nm) increases with increasing the thickness of

the bridge. The applied voltage is roughly proportional to d1.4, which is in good agreement

with d1.5 derived from Eq. (4.2). On the other hand, from Eq. (4.2), the applied voltage at

the displacement of the stability limit does not depend on the width of the bridge while the

displacement is slightly changed by changing the width from the simulation, especially in

high-voltage region. This is probably caused by the difference between the simple parallel

plate structure and the double-clamped bridge structure. However, the width dependence

is small and negligible in the low-voltage region as shown in Fig. 4.2. This simulation result

properly depicts the electrostatic actuation of SiC bridge structure.

From the simulation result, SiC bridge structure with the length of 50 µm, the width of

5 µm, the thickness of 100 nm, and the distance of 600 nm from the bottom can be electro-

statically actuated properly by applying the voltage under 10 V. To operate with moderate

operating voltage, the electrostatic-actuating SiC bridge structure should be designed with

such dimensions.

As for the resonant frequency, the following equation gives the n-th resonant frequency

of flexural vibration of suspended beam structure as described in Appendix C:

fn = Xn
d

2πl2

√
E

ρ
(4.3)

where Xn is the coefficient determined by the structure and the order of the resonance, and ρ

is the density of the material. For the double-clamped bridge and single-clamped cantilever

structures, X1 is 6.459 and 1.015, respectively. Employing the dimensions of l = 100 µm



4.2. Single-Crystalline SiC Bridge/Cantilever Structure 67

-400

-300

-200

-100

 0

 0  10  20  30  40  50  60

D
is

p
la

c
e

m
e

n
t 

(n
m

)

Voltage (V)

d = 100 nm, w = 2 µm

d = 300 nm, w = 2 µm

d = 500 nm, w = 2 µm

d = 100 nm, w = 5 µm

d = 300 nm, w = 5 µm

d = 500 nm, w = 5 µm

Figure 4.2: FEM simulation result of the displacement of the SiC bridge structure as a

function of applied voltage. The length of the bridge is 50 µm, the width is 2 µm (filled

symbols) and 5 µm (open), and the thickness is 100 nm (circle symbols), 300 nm (square),

and 500 nm (triangle). The gap between the bridge and the bottom is 600 nm.
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and d = 900 nm, first-mode resonant frequencies of SiC MEMS structures are derived to be

1.09 MHz for the double-clamped bridge and 171 kHz for the single-clamped cantilever.

4.2.2 Fabrication Process

To fabricate suspended beam structure of the length of 50-100 µm and sub-micron-thickness

as described above, device patterning and sacrificial-layer etching are necessary. Device

pattern formation with transferring photolithographically formed pattern can be realized

utilizing dry etching process. In SiC, reactive ion etching (RIE) has been employed for

fabricating SiC electronic devices and thus SiC MEMS pattern also can be formed by this

process.

On the other hand, sacrificial-layer etching in all-single-crystalline SiC MEMS fabrica-

tion is difficult. Typical sacrificial-layer process, for example, deposition of poly-SiC on

a substrate with an insulating sacrificial layer such as silicon dioxide (SiO2) followed by

sacrificial etching, cannot be employed for all-single-crystalline SiC MEMS fabrication.

Only a targeted layer should be etched in stacked structure entirely composed of SiC. There

are fundamental studies on PEC etching, a doping-sensitive selective wet etching under

illumination with above-band-gap light [11–13]. Etching selectivity in doping type of SiC can

lead to sacrificial-layer etching of all-single-crystalline SiC structure since SiC pn-stacking

structure can be easily formed by homoepitaxial growth or ion implantation. And there is

another possible SiC etching process which can realize sacrificial-layer etching. EC etching

of p-type SiC has been reported recently [14, 15]. This EC etching of SiC is also expected

to have doping-type selectivity as well as PEC etching.

4.3 Etching Processes for SiC MEMS Fabrication

4.3.1 Reactive Ion Etching

RIE is a key process in the semiconductor industry. As well as electronic devices, micro-

structures are commonly formed by this technology. RIE involves the generation of chemi-

cally reactive ions which are accelerated by an electric field toward a target substrate. The

reactive ions are generated by the collision of molecules in a plasma-state reactant gas. The

cloud of energetic electrons is excited by an RF electric field. In RIE, ion motion toward

the substrate is almost vertical thus RIE has vertical anisotropy. This vertical anisotropy

contributes to transferring photolithographically formed pattern to the target substrate.

RIE process for SiC has been investigated since 1980’s [16]. Reactant gases commonly

used for RIE of SiC are fluorine-based [e.g., tetrafluoromethane (CF4) and sulfur hexa-

fluoride (SF6)] and chlorine-based [e.g., chlorine (Cl2) and silicon tetrachloride (SiCl4)] gases.

The improvement in the etching rate of SiC by mixing oxygen gas (O2) with a reactant gas

was reported [17]. High-rate etching of SiC up to 2.7 µm/min was demonstrated using
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SF6 + O2 mixture gas [18]. Device patterns of thin-film SiC MEMS devices have been

formed by RIE [6, 7], as well as SiC semiconductor devices such as mesa-type pn diodes [19].

4.3.2 Photoelectrochemical Etching

PEC etching is an electrochemical etching of SiC. This includes two reactions, oxidation

and dissolution. The oxidation reaction of PEC etching of SiC can be described as following

chemical equations:

SiC + 4H2O + 8h+ → SiO2 + CO2 + 8H+, (4.4)

or, SiC + 2H2O + 4h+ → SiO + CO + 4H+. (4.5)

As shown in these equations, hole carriers (h+) are required for the reaction. In PEC

etching, these holes are supplied by generating hole-electron pairs with light absorption.

Illuminating ultraviolet (UV) light above bandgap energy (3.23 eV for 4H-SiC), the light

is absorbed into SiC and carriers are generated. The dissolution reaction is caused by the

etchant of PEC etching. Hydrogen fluoride (HF) or potassium hydroxide (KOH) solutions

are typically used for the etchant.

PEC etching of SiC has selectivity between doping types, i.e., p-type and n-type. N-

type SiC is selectively removed by PEC etching. This selectivity is caused by the difference

of band bending at p-type and n-type SiC/electrolyte interface. The mechanism of the

selectivity is shown in Fig. 4.3. These figures show the band structures of p-type and

n-type SiC. Illuminating above bandgap light, carriers are generated in the space-charge

regions of both p-type and n-type SiC. Generated holes in p-type SiC are drifted into the

SiC while those in n-type SiC are drifted into the electrolyte. PEC etching is occurred

only in n-type SiC because the PEC etching reaction requires hole carriers as indicated in

Eqs. (4.4) and (4.5).

The etching rate of PEC etching can be deduced from the current density of the electro-

chemical reaction by utilizing Faraday’s laws of electrolysis. For the reaction represented

by Eq. (4.4), the required number of hole carriers to oxidize SiC is given by

Nh+ =
3.21V

40
× 8 (4.6)

where Nh+ is in mole units, V is the volume of SiC, 3.21 g/cm3 represents the SiC density,

40 is the molecular mass of SiC. The current flowed in the reaction can be expressed as

I =
Nh+eNA

t
(4.7)

where e is the elementary charge, NA is the Avogadro constant, and t is the etching time.

The etching rate v can be expressed with the etching depth d and the etching time, i.e.,
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(a) p-type SiC

(b) n-type SiC

Figure 4.3: Band structures of (a) p-type and (b) n-type SiC at the interface of electrolyte.

Illuminating above bandgap light, carriers are generated. Generated holes in p-type SiC

are drifted into the SiC while those in n-type SiC are drifted into the electrolyte. Photo-

electrochemical (PEC) etching is occurred only in n-type SiC because the PEC etching

reaction requires hole carriers.
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v =
d

t
=

V

St
(4.8)

where S is the etching area. Since the current density J is given by I/S, the etching rate

can be obtained as follow:

v = 9.7J (4.9)

where v is in nm/min and J is in mA/cm2. The etching rate of SiC represented by Eq. (4.5)

can be obtained in the same manner, i.e.,

v = 19.4J. (4.10)

PEC etching of SiC in this study was carried out with the setup shown in Fig. 4.4. A

sample was fixed in the setup with silicone resin. The sample and platinum (Pt) counter

electrode were soaked in etchant and connected to a sourcemeter (Keithley Instruments

2400). For the PEC etching, no bias was applied between the sample and the counter

electrode, hence the sourcemeter was used as an ammeter. A xenon (Xe) lamp (Asahi

Spectra MAX-301) was used for illuminating UV light to generate hole-electron pairs in the

sample. The PEC etching was performed at elevated temperature around 70◦C to enhance

the chemical reaction of the dissolution of silicon oxide.

Fig. 4.5 shows the etching rate of the SiC with PEC etching as a function of the current

density. Sample a is n-type 4H-SiC with doping concentration of 3× 1016 cm−3 and sample

b is n-type 6H-SiC with doping concentration of 2 × 1018 cm−3. Solid lines are deduced

etching rate of chemical reactions of Eqs. (4.4) and (4.5) from Faraday’s laws of electrolysis.

The etching rate of PEC etching of SiC agreed with deduced value from Eq. (4.4), suggesting

that the oxidation reaction which occurred in the PEC etching of SiC can be represented

by Eq. (4.4). As depicted in Fig. 4.5, the etching rate of sample a is larger than that of

sample b. It is caused by the difference in the width of the space-charge region formed at

the SiC/electrolyte interface. Sample a has a space-charge region of larger width because

of the lower doping concentration, resulting in the larger amount of generated carriers with

the same illumination. PEC etching of p-type SiC was also carried out, resulting in that

p-type SiC was not etched.

4.3.3 Electrochemical Etching

EC etching of SiC without UV illumination is also able to decompose SiC. Applying bias

voltage between the semiconductor and the counter electrode soaked in an electrolyte,

carriers existed within the semiconductor are drifted to the electrolyte. As shown in

Eqs. (4.4) and (4.5), hole carriers are required to electrochemically oxidize SiC. In p-type

SiC, a lot of holes are existed as majority carriers while n-type SiC has much small amount
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Figure 4.4: Schematic layout of experimental setup used for photoelectrochemical (PEC)

and electrochemical (EC) etching. For EC etching, the xenon (Xe) lamp is not used.
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Figure 4.5: Etching rate of photoelectrochemical (PEC) etching as a function of current

density. Sample a is n-type 4H-SiC with doping concentration of 3× 1016 cm−3 and sample

b is n-type 6H-SiC with doping concentration of 2× 1018 cm−3. Solid lines depict deduced

etching rate from Faraday’s laws of electrolysis with chemical reactions of Eqs. (4.4) and

(4.5). The etching rate of PEC etching of SiC agreed with deduced value from Eq. (4.4).
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of holes. As a result, EC etching of SiC has doping-type selectivity. In other words, this

etching removes only p-type SiC.

EC etching of SiC in this study was carried out with the setup shown in Fig. 4.4 without

UV illumination. For the EC etching, applying bias between the sample and the counter

electrode was performed by the sourcemeter under constant-current conditions. Current

direction was determined to utilize SiC as an anode. EC etching was performed at elevated

temperature around 70◦C to enhance the chemical reaction of the dissolution of silicon

oxide.

The etching rate of EC etching of SiC is shown in Fig. 4.6 as a function of the current

density. Sample A is p-type 4H-SiC with doping concentration of 2.0× 1017 cm−3, sample

B is that with doping concentration of 6.8 × 1015 cm−3, and sample C corresponds to p-

type 4H-SiC substrates etched from the backside (0001̄). Solid lines represent the deduced

etching rate from Faraday’s laws of electrolysis. As shown in Fig. 4.6, the etching rate of

EC etching of SiC agreed with deduced value from Eq. (4.4). It suggests that the oxidation

reaction which occurs in the EC etching of SiC can be represented by Eq. (4.4). EC etching

of n-type SiC was also carried out, resulting in that n-type SiC was not etched.

The etching rate of EC etching can be enhanced easily by increasing the current density

while enhancing that of PEC etching requires larger illumination intensity. On the other

hand, EC etching of SiC only removes p-type SiC contrary to PEC etching, which removes

only n-type SiC. It suggests that combining PEC and EC etching can improve the flexibility

of the design of all-single-crystalline SiC MEMS because both n-type and p-type SiC can

be used as a sacrificial layer.

4.4 Fabrication of Electrostatic-Actuated SiC Bridges

Structures Using Photoelectrochemical Etching

In this section, I have fabricated all-single-crystalline SiC suspended bridge structures by

using PEC etching. Electrostatic actuation of the bridges has been also demonstrated.

4.4.1 Device Structure

Fig. 4.7 shows a schematic illustration of the suspended SiC bridge structure. A thin SiC

bridge is suspended on a SiC substrate. The bridge is actuated by applying a voltage

between the bridge and the substrate. To actuate with a moderate voltage, the gap size

between the bridge and the substrate should be submicron as described in Section 4.2.1.

A 700-nm gap was employed for the bridge fabrication. The thickness of the bridge was

determined to be 100 nm as derived from Section 4.2.1. The width and the length of a

bridge are commonly 1-10 µm and 100-1000 µm, respectively. In this study, the width of 4

or 10 µm and the length of 50-200 µm were employed for the dimensions of the fabricated
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Figure 4.6: Etching rate of electrochemical (EC) etching as a function of current density.

Sample A is p-type 4H-SiC with doping concentration of 2.0 × 1017 cm−3, sample B is

that with doping concentration of 6.8 × 1015 cm−3, and sample C is p-type 4H-SiC etched

from the backside (0001̄). Solid lines depict deduced etching rate from Faraday’s laws of

electrolysis with chemical reactions of Eqs. (4.4) and (4.5). The etching rate of EC etching

of SiC agreed with deduced value from Eq. (4.4).

Figure 4.7: Schematic drawing of a single-crystalline SiC bridge (double-clamped beam)

structure. Electrostatic actuation can be realized by applying bias voltage between the

bridge and the bottom.
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bridge structure.

Instead of conventional sacrificial-layer etching, doping-type selective PEC etching was

employed. An n-type SiC was utilized as a sacrificial layer of surface micromachining in

PEC etching. It is noted that a reverse connected pn junction in a p–n–p structure provides

the electrical isolation. A p–n–p structure can block both positive and negative voltages.

SiC pn junctions can easily block over 30 V because of the large breakdown field (around

3 MV/cm) of a high-quality homoepitaxial 4H-SiC layer [20].

4.4.2 Device Fabrication

Fig. 4.8 shows the fabrication process of the SiC bridge structures. Commercially available

p-type 4H-SiC (0001) 8◦ off-axis substrates with a 12-µm-thick aluminum (Al)-doped p-type

homoepitaxial layer were prepared. This epilayer was grown by chemical vapor deposition

(CVD) with a doping concentration of 6 × 1015 cm−3. Then multiple nitrogen ion (N+)

implantation (100-650 keV) was carried out to form a buried n-type layer with a depth of 100

to 800 nm. Subsequently, multiple aluminum ion (Al+) implantation (20 and 50 keV) was

carried out to assure p-type conductivity for a 100-nm-thick surface layer. The box profile

of the ion implantation is shown in Fig. 4.9. After ion implantations, thermal annealing was

conducted to activate implanted dopants at 1700◦C for 30 min in argon (Ar) atmosphere.

Finally, p–n–p structure was successfully formed as shown in Fig. 4.8(a).

After forming the p–n–p structure, RIE with CF4 and O2 gases was carried out to form

a line and space pattern with a depth of about 500 nm [Fig. 4.8(b)]. This pattern was also

used as a window to access the buried n-type layer. Next, contacts were formed by nickel

(Ni) metal deposition and then thermal treatment was performed to obtain ohmic contacts

at 950◦C for 10 min in Ar atmosphere [Fig. 4.8(c)].

Then PEC etching was carried out to obtain suspended bridges at 70◦C in a 0.1 wt. %

KOH solution [Fig. 4.8(d)]. A 300 W xenon lamp was used for PEC etching and the

irradiation power density was 440 mW/cm2. The PEC etching caused lateral (undercut)

etching to remove an n-type layer under a surface p-type layer. As a result, a surface p-type

layer became to a suspended layer as schematically illustrated in Fig. 4.8(e).

A bird’s-eye-view scanning electron microscope (SEM) image of the sidewall of the bridge

after PEC etching is shown in Fig. 4.10. The top and bottom p-type layers were not etched

and remained as structural layers. The buried n-type layer was etched; however, it remained

as a porous layer. As a result, the top p-type layer was not released and not suspended.

A porous layer formed by PEC etching can be removed by thermal oxidation. The

surface area of the porous layer is much larger than that of a bulk layer, suggesting that the

oxidization rate of a porous layer was much faster and a porous layer can be entirely oxidized

with keeping a top layer. 1150◦C 1 h thermal oxidization was therefore carried out after

PEC etching, following which generated SiO2 was removed by an HF solution. Fig. 4.11

shows a bird’s-eye-view SEM image of the sidewall of the bridge after thermal oxidization
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Figure 4.8: Fabrication process of electrostatic-actuating all-single-crystalline SiC bridge

structures.
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Figure 4.9: Box profile of ion implantation utilized for the fabrication of all-single-

crystalline SiC bridge structures. Nitrogen ions (N+) are used to form n-type SiC from

the depth of 100 nm to 800 nm and aluminum ions (Al+) are used to form p-type SiC

between the surface and the depth of 100 nm.

Figure 4.10: Bird’s-eye-view scanning electron microscope (SEM) image of the sidewall

of the bridge after photoelectrochemical etching. Top and bottom p-type layers were not

etched and remained as structural layers. A buried n-type layer remained as a porous layer

while it was expected to be removed as a sacrificial layer.



4.4. Fabrication of Electrostatic-Actuated SiC Bridge Using PEC Etching 79

Figure 4.11: Bird’s-eye-view scanning electron microscope (SEM) image of the sidewall

of the bridge after photoelectrochemical etching followed by oxidization (1150◦C, 1 h) and

subsequent HF release. The porous n-type layer was successfully removed.
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followed by SiO2 removal. The porous n-type layer was removed and the top p-type layer

was released from the bottom p-type layer. Fig. 4.12 shows a SEM image of a fabricated

4-µm-wide bridge array. Suspended p-type SiC bridges were successfully fabricated.

4.4.3 Electrostatic Actuation of Fabricated Devices

To applying bias voltage between the bridge and the bottom, ohmic contact electrodes were

formed. Titanium (Ti), aluminum (Al), and Ni were deposited in this sequence on both

bridge and bottom layers. Increasing the applied voltage between the fabricated bridges

and the bottom, electrostatic actuations of the bridges were observed at 10-20 V under an

optical microscope. Fig. 4.13 shows the current-voltage characteristics of the fabricated SiC

bridge structure with electrostatic actuation. The leakage current with applying voltage at

20 V was 251 µA, which was slightly leaked, as shown in Fig. 4.13. This small leakage was

probably caused by leaky spots under top electrodes. On the other hand, applying negative

voltage, the leakage current sharply increased below −13 V and was 3.5 mA at −20 V. This

large leakage was caused by the breakdown of the top p-type SiC and buried n-type SiC

junction. The high doping concentrations of both layers caused the low breakdown voltage

of this pn junction.

4.4.4 Discussion

Porous layer formation was occurred just under the top p-type layer, suggesting that the

formation was caused by the reduction of the current density of PEC etching in the n-type

SiC. Light absorption of the top p-type layer resulted in this reduction. In case of Si, Smith

and Collins reported porous Si formation mechanisms by anodic oxidation [21] and this

report describes that low current density of anodic oxidation causes the formation of porous

Si.

FEM structural analysis of electrostatic bridge actuation was carried out on the same

design of the fabricated bridges (width: 4 µm, length: 100 µm, thickness: 100 nm, gap

between the bridge and the bottom: 700 nm) by using CoventorWare 2008 software. In

this simulation, the material properties of SiC were employed as follows: the density of SiC

was 3.22 g/cm3 and the Young’s modulus was 448 GPa [10]. The result of the simulation is

that bridges can be sufficiently deformed at 2 V, which is much smaller than the actuating

voltage of the fabricated bridges. The difference is probably caused by the residuals of

the n-type SiC layer. As illustrated in Fig. 4.14, if there is residual of n-type SiC under a

bridge, the length of the deformable bridge is shortened. Shorter bridge length causes the

bridge to be less deformable, in other words, it causes the increase of the applied voltage

for electrostatic actuation. The wide variety of actuating voltage also suggests that residual

n-type SiC exists randomly underneath the p-type SiC bridges.
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Figure 4.12: Bird’s-eye-view scanning electron microscope (SEM) image of the fabricated

single-crystalline SiC bridge structure.
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Figure 4.13: Current-voltage characteristics of the fabricated SiC bridge structure

applying the voltage with electrostatic actuation. The leakage current under positive-bias

condition is very small while it sharply increases below −13 V.
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Figure 4.14: Schematic drawing of the deformable length of the bridge as designed and

fabricated. The length of the deformable bridge becomes shorter than that as designed

because of residual n-type SiC.
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4.5 Fabrication of High-Quality-Factor SiC

Cantilever Structures Using Electrochemical

Etching

Although all-single-crystalline SiC bridge structure was successfully fabricated as described

in the previous section, sacrificial n-type SiC layer was not fully removed because the

illumination of PEC was weakened by the photoabsorption at the top p-type layer. To

avoid this effect and to fabricate suspended structure properly, I employed EC etching of

SiC without illumination and fabricated suspended cantilever structure entirely composed

of single-crystalline SiC.

4.5.1 Device Structure

Fig. 4.15 shows a schematic illustration of single-crystalline SiC cantilever structure. A thin

SiC cantilever is suspended on a SiC substrate. The width and the length of the cantilever

are 15 µm and 80-140 µm, respectively. The thickness of the cantilever is 900 nm. The

gap between the cantilever and the substrate is larger than 10 µm to evaluate resonance

characteristics with optical method. A p-type SiC is utilized as a sacrificial layer in EC

etching of SiC. By applying a positive voltage to the SiC in an electrolyte, holes are supplied

only at the interface between the p-type SiC and the solution, so that only p-type SiC is

oxidized and etched.

4.5.2 Device Fabrication

Fig. 4.16 shows the fabrication process of single-crystalline 4H-SiC cantilevers. As shown

in Fig. 4.16(a), a 1-µm-thick n-type layer was grown on a p-type 4H-SiC (0001) 8◦ off-axis

substrate by CVD. The doping concentration of the n-type SiC layer was 4.5× 1018 cm−3.

Following n–p stack formation, the n-type SiC was etched by RIE using CF4 and O2 gases.

RIE was performed until the p-type SiC was exposed to the surface [Fig. 4.8(b)]. After

the cantilever patterning, metal deposition (Ti/Al/Ni) to the backside of the substrate was

carried out, following which thermal treatment was performed to obtain ohmic contacts at

1000◦C for 2 min in Ar atmosphere [Fig. 4.16(c)].

Then EC etching was carried out to obtain suspended cantilevers at 80◦C in a 5.4 wt. %

KOH solution by applying a constant current to the p-type SiC for 12 min [Fig. 4.16(d)]. The

current density at the interface between the SiC and the KOH solution was 3.3 mA/mm2.

Under these conditions, the side-etching width of the substrate was about 35 µm and the

etched depth was about 18 µm. As a result, the surface n-type SiC layer became a suspended

layer as shown in Fig. 4.16(e).

The p-type sacrificial layer was selectively etched by EC etching. However, the p-type

SiC just under the n-type SiC cantilevers was not completely etched and was formed to
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Figure 4.15: Schematic drawing of a single-crystalline SiC cantilever (single-clamped

beam) structure. The width and the length of a bridge are 15 µm and 80-140 µm,

respectively.
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Figure 4.16: Fabrication process of all-single-crystalline SiC cantilever structures.
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porous SiC. To remove the porous SiC layer, thermal oxidation was performed for 2.5 h at

1150◦C followed by SiO2 removal using an HF solution. As a result, the porous SiC was

completely removed. It is noted that the thickness of the SiC cantilevers was decreased from

1 µm to about 900 nm after the thermal oxidation and SiO2 removal, suggesting that the

cantilever layer was also slightly oxidized. A bird’s-eye-view SEM image of the fabricated

all-single-crystalline SiC cantilever is shown in Fig. 4.17.

4.5.3 Resonance Characteristics

The resonance characteristics of the fabricated cantilevers were measured by illuminating

a laser light onto the center of the free-standing part of the cantilevers and detecting the

reflected light with a laser Doppler vibrometer (DENSHIGIKEN Vibroducer V1002). To

excite a vibration in fabricated cantilevers, the samples were mounted on a piezoceramic

(lead zirconium titanate, PZT) actuator. Applying a sinusoidal voltage to the PZT actuator,

the cantilevers were vibrated. The frequency range is below 1.5 MHz, which is limited by the

actuation of PZT. The cantilevers were placed in a vacuum chamber with a small window,

which allowed optical access to the sample. The pressure in the chamber was 1.5 mTorr.

The resonant frequency and the quality factor of the cantilevers were not varied by

changing the amplitude of the sinusoidal voltage between 0.2 and 20 mVRMS. It suggests

that the resonance characteristics responded linearly to the amplitude of the applied voltage

in this region. For the following measurement, the amplitude of the sinusoidal voltage was

employed as 1 mVRMS.

Fig. 4.18 shows the first-mode resonant spectrum of the 100-µm-length 4H-SiC canti-

lever. The full-width at half-maximum (FWHM) of this 4H-SiC cantilever was 0.64 Hz. The

quality (Q) factor was calculated as Q = f/∆f , where f is the resonant frequency and ∆f is

the FWHM. Q-factor of the fabricated SiC cantilever was 230,000. Resonance characteristics

of fabricated SiC cantilevers with different dimensions were also measured, and Q-factors of

around 200,000 were obtained in all SiC cantilevers. Enderling and colleagues reported the

resonance characteristics of 3C-SiC cantilevers fabricated on a Si substrate and Q-factor of

the 3C-SiC cantilevers with the similar dimensions in vacuum condition was determined to

be 14,755 [22]. Q-factor of the fabricated all-single-crystalline 4H-SiC cantilevers was more

than 10 times larger than that of reported 3C-SiC cantilevers fabricated on a Si substrate.

It is noted that the Q-factors of fabricated all-single-crystalline SiC cantilevers are much

larger than the reported value of single crystalline Si cantilever with similar dimensions

(∼5,000) [23].

Fig. 4.19 shows the resonant frequencies of 4H-SiC cantilevers of various lengths. The

first- and second-mode resonant frequencies are shown with filled circle and square sym-

bols, respectively. Numerical simulations of the resonance characteristics of these cantilevers

were also carried out using the FEM. In this simulation, the material properties of SiC were

employed as follows: the density of SiC was 3.22 g/cm3 and the Young’s modulus was
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Figure 4.17: Bird’s-eye-view scanning electron microscope (SEM) image of the fabricated

single-crystalline SiC cantilever structure.
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Figure 4.18: Resonance characteristics of the fabricated SiC cantilever. L and f are
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448 GPa [10]. The simulation results are shown in Fig. 4.19 with open symbols. Both

first- and second-mode experimental resonant frequencies fairly agreed with the simula-

tion results. The differences between experimental resonant frequencies and the simulation

results are only 2.76 % in average.

4.5.4 Discussion

Significantly large Q-factor was obtained from the fabricated cantilevers constituted entirely

4H-SiC. This shows that the energy dissipation of 4H-SiC cantilevers is much smaller than

that of conventional 3C-SiC cantilevers. The energy dissipation characteristics in vibra-

tional microactuators are categorized as internal friction, support loss, and air damping as

discussed by Hosaka [24]. In case of the internal friction, defects in crystals of constituent

materials are one of the sources of internal friction and the defects can lead to energy dissi-

pation. In 3C-SiC cantilevers, 3C-SiC films have a large number of defects such as stacking

faults and dislocations because they are heteroepitaxially grown on a Si substrate with a

large lattice mismatch (20 %). On the other hand, 4H-SiC cantilevers are fabricated on a

4H-SiC substrate. Homoepitaxially-grown 4H-SiC films have significantly lower amount of

defects than 3C-SiC films, resulting in the much lower internal friction in 4H-SiC cantilevers.

As for the support loss, this loss is generated from the friction between connected sur-

faces. Since 3C-SiC cantilevers are fabricated on a Si substrate, which is a different material

from the cantilevers, the support loss cannot be neglected in 3C-SiC cantilevers. In case of

4H-SiC cantilevers, the devices entirely consist of 4H-SiC, leading to the significantly small

support loss in the cantilevers. Furthermore, Q-factor of the fabricated 4H-SiC cantilevers

is independent of cantilever length, suggesting that 4H-SiC cantilevers are not influenced

by the support loss.

It has been reported that air damping under 1 mTorr vacuum condition is negligible in

resonators with a Q-factor of less than 10,000 [23]. It suggests that air damping may not

be negligible for the fabricated SiC cantilevers because of the high Q-factor of 200,000. To

completely eliminate the air damping effect, measuring the resonance characteristics under

much higher vacuum conditions should be necessary.

4.6 Summary

In this chapter, suspended bridge and cantilever structure of all-single-crystalline 4H-SiC

were fabricated. From the numerical simulation of the FEM analysis, SiC bridge structure

with sub-micron air gap between the bridges and the bottom is required to electrostatically

actuate the bridges with a moderate operating voltage. To fabricate such suspended struc-

ture, it can be useful to employ the combination of patterning of devices with RIE and

sacrificing an n-type or p-type SiC layer with PEC or EC etching. PEC and EC etching

of SiC showed selectivity in doping type, where n-type SiC is removed by PEC and p-type
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SiC by EC.

A suspended bridge structure of all-single-crystalline SiC was fabricated utilizing PEC

etching. Although a sacrificial n-type SiC layer was not removed by PEC etching and

remained as porous SiC, the porous SiC layer was removed by utilizing thermal oxidation

followed by SiO2 removal by an HF solution, resulting in the successful fabrication of the

bridge structure entirely composed of 4H-SiC. Electrostatic actuation of the fabricated

bridges was also demonstrated.

I also fabricated single-crystalline 4H-SiC cantilevers on a 4H-SiC substrate by EC etch-

ing without UV illumination. The cantilever structure was successfully fabricated. The

maximum Q-factor of the 4H-SiC cantilevers was 230,000, which was more than 10 times

higher than that of conventional 3C-SiC cantilevers fabricated on a Si substrate.

Although the fabrication process of 4H-SiC MEMS is more difficult than that of 3C-

SiC/Si MEMS, their very high Q-factor makes 4H-SiC MEMS very attractive for high-

sensitivity sensors. Furthermore, all-single-crystalline SiC MEMS devices can be combined

with SiC high temperature electronic devices. This combination can realize integrated

sensor systems operating in harsh environments. In the future, the improvement of etching

condition and the device design for the PEC and EC etching should lead to the realization

of complex micromechanical structures entirely composed of single-crystalline SiC and of

the integration of SiC MEMS and semiconductor devices.
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Chapter 5

High-Temperature Operation of SiC

pn Photodiodes

5.1 Introduction

High-temperature smart sensors are needed in various fields such as automotive engines,

power instrumentation, and space exploration. One of the most promising materials for

integrated sensor systems of microelectromechanical systems (MEMS) and electronic

devices for high-temperature applications is silicon carbide (SiC). SiC is an attractive struc-

tural material for applications of MEMS which operates at high temperature because of its

superior material properties [1–5]. To realize integrated MEMS systems, electronic devices

such as transistors, diodes, and discrete sensors, which can operate at high temperature,

are required. The large bandgap of SiC should lead to high-temperature operation in SiC

electronic devices at more than 500◦C [6, 7].

SiC electronic devices operated in high-temperature environments have been investi-

gated, such as field-effect transistors [8–10], diodes [11], and gas sensors [12]. In this

study, I focused on a SiC pn photodiode, which can be used for an ultraviolet (UV)

photodetector operating in a wide range of temperature [room temperature (RT) to

500◦C]. High-temperature UV photodetectors can be used as flame detectors for combustion

control within automotive engines. So far, several groups have reported 6H-SiC pn photo-

diodes [13–16], and Edmond and coworkers reported high quantum efficiency (around 70-

85 % at 270 nm illumination) of 6H-SiC pn photodiodes up to 350◦C [15, 16].

However, there have been no detailed studies on the temperature dependence of the

photoresponse of SiC pn photodiodes. One of the requirements for high-temperature sen-

sors operating in such a wide range of temperature is small temperature dependence of the

photoresponse. For example, sensors with temperature-independent response are desirable

in environments where the temperature changes sharply. To reduce the temperature depen-

dence of the photoresponse, it is necessary to understand the origin of the dependence in

pn photodiodes. Another issue is that the reports did not utilize the full potential of SiC.
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As mentioned above, SiC photodiodes should work at more than 500◦C. Although Cambell

and Chang reported photovoltaic operation of a 6H-SiC photodiode at 800 K (527◦C) [13],

the output voltage of the photodiode at 800 K was significantly low and the report involves

no detailed study about high-temperature operation. To operate SiC pn photodiodes prop-

erly at high temperature, it is necessary to understand the high-temperature electronics

of SiC pn junction. In other words, electrical characteristics of SiC pn junction at high

temperature should be revealed.

In this chapter, I have fabricated 4H-SiC pn photodiodes and investigated the electrical

characteristics of the devices from RT to elevated temperature in detail. The temperature

dependence of the photoresponse was measured between RT and 300◦C for various wave-

lengths (280-365 nm) as a function of reverse-bias voltage. I have demonstrated that the

device shows small temperature dependence at certain wavelength illumination, and I have

proposed that the targeted wavelength can be adjusted on the same device by controlling

the reverse-bias voltage. Furthermore, the electrical characteristics of fabricated pn photo-

diodes up to 600◦C have been investigated to operate the devices properly at such high

temperature. Employing new device passivation technique, the reverse leakage current has

been significantly reduced at elevated temperatures and I have measured the photoresponse

of the fabricated device for various wavelengths up to 500◦C.

5.2 Temperature-Independent Photoresponse in SiC

pn Photodiodes

5.2.1 Device Fabrication Process

Fig. 5.1 shows a schematic structure of a fabricated SiC pn photodiode. Single-crystalline

n-type 4H-SiC (0001) 8◦ off-axis substrates were used in this study. A nitrogen (N)-doped

n-type epitaxial layer of 10 µm thickness was grown on the substrate. A heavily aluminum

(Al)-doped p-type epitaxial layer of 470 nm thickness was subsequently grown to form

p+–n junction. The doping concentrations of n-type and p-type epitaxial layers were 5 ×
1015 and 1 × 1018 cm−3, respectively. Mesa structure was fabricated by using reactive

ion etching (RIE) with tetrafluoromethane (CF4) and oxygen (O2) gases [17]. The depth

of fabricated mesa structure was 1 µm. The etching mask of this RIE process was silicon

dioxide (SiO2) formed by plasma-enhanced chemical vapor deposition. Diodes with different

mesa dimensions from 0.3× 0.3 to 2× 2 mm2 were fabricated. The surface was passivated

with a 30-nm-thick oxide formed by dry thermal oxidation at 1150◦C for 3 h. The contact

to the top p-type epitaxial layer was formed by depositing titanium (Ti), Al, and nickel

(Ni) in this sequence, following which the contact to the n-type SiC substrate was formed

with Ni. The top contact consisted of a simple frame along the edge of the mesa. Thermal

treatment was performed at 1000◦C for 2 min in argon (Ar) atmosphere to obtain ohmic
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Figure 5.1: Schematic structure of a fabricated 4H-SiC pn photodiode. The doping con-

centration of the n-type epitaxial layer was 5× 1015 cm−3 and that of the p-type epitaxial

layer was 1× 1018 cm−3.
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contacts.

5.2.2 Measurement Setup

The electrical characteristics of the fabricated devices were measured as a function of

temperature. The temperature was changed from 24 to 300◦C. The measurements were

performed under dark and UV illuminated conditions. Optical responsivity measurements

were carried out using a 300 W xenon lamp (Asahi Spectra MAX-301) with band pass filters

(Asahi Spectra LX series) to illuminate UV light of specific wavelength. The wavelength

was changed from 280 to 365 nm. The full width at half maximum of band pass filters was

10 nm.

5.2.3 Temperature Dependence of Photoresponse

Under the dark condition, the current-voltage (I–V ) characteristics of 0.5 × 0.5 mm2 SiC

pn photodiode is shown in Fig. 5.2. The I–V characteristics of the SiC pn photodiode

yield ideality factors of 1.85-1.95 from 24 to 300◦C. The leakage current under the −150-

V-bias condition was 65 pA at 24◦C and 5.3 nA at 300◦C. The leakage current was much

smaller than the generated photocurrent (0.3-5.3 µA) in this study. Fig. 5.3 depicts the

I–V characteristics of 0.5× 0.5 mm2 SiC pn photodiode at 300◦C under dark and 300 nm

UV illumination.

The photoresponse and external quantum efficiency (EQE) of a fabricated device as

determined by measuring the short-circuit current are shown in Fig. 5.4. The photoresponse

was obtained in amperes per watt from the measured photocurrent of the device and the

intensity of the illumination. The external quantum efficiency is determined by the following

simple equation:

EQE = 1240× R

λ
(5.1)

where R is the responsivity (in A/W) and λ is the wavelength of the incident light (in

nm). The external quantum efficiency over 40 % was obtained for wavelengths of 280-

310 nm. The photoresponse increased with increasing temperature. On the other hand,

the temperature dependence became smaller for shorter wavelength, and the photoresponse

was nearly temperature independent at 280 nm.

5.2.4 Temperature-Independent Photoresponse by Applying

Reverse-Bias Voltage

Fig. 5.5 shows the photoresponse of a fabricated device under (a) 50- and (b) 150-V-reverse-

biased conditions. With increasing reverse-bias voltage, the wavelength of the temperature-

independent photoresponse was significantly changed. The tunable wavelength range was
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Figure 5.2: I–V characteristics of the fabricated SiC pn photodiode under a dark condition

from room temperature to 300◦C. The shape of the device is 0.5 × 0.5 mm2 square. The

reverse-bias characteristics at 100◦C are failed to be measured.
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Figure 5.3: I–V characteristics of the fabricated device (0.5 × 0.5 mm2-square mesa) at

300◦C under dark and illuminated (300 nm) conditions. The dark leakage current is less

than 5.5 nA even at −150 V.
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Figure 5.4: Photoresponse and quantum efficiency of the fabricated device as determined

by measuring the short-circuit current from 24 to 300◦C. The photoresponse increases with

increasing temperature, while the temperature dependence of the photoresponse is very

small under illumination of 280 nm.
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Figure 5.5: Photoresponse of the fabricated device under reverse-biased conditions

[(a)−50 V, (b)−150 V bias] from 24 to 300◦C. The wavelength of temperature-independent

photoresponse becomes longer with increasing applied reverse-bias voltage.
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280-300 nm in this device when the reverse-bias voltage from 0 to 150 V was applied.

A higher voltage was required for the temperature-independent photoresponse at longer

wavelength illumination.

5.2.5 Photoresponse Simulation

Numerical simulation of the photoresponse of 4H-SiC pn photodiodes under reverse-biased

conditions at various temperatures was performed. In this simulation, the photocurrent

of a device was calculated as a one-dimensional model shown in Fig. 5.6. When light get

into this pn junction, electron–hole pairs are generated within the semiconductor because of

light absorption. Generated carriers within the space-charge region are drifted by the electric

field and become photocurrent, and generated carriers outside the space-charge region are

diffused randomly. Some of these reached the space-charge region and become photocurrent.

It is noted that there are recombination centers at surface and epilayer/substrate interface.

Some carriers are trapped and recombine at the centers. The total photocurrent consists of

the drift current generated in the space-charge region and the diffusion currents generated

in the p- and n-type epitaxial layers. The drift current is given by the number of photons

absorbed within the space-charge region, and the diffusion current can be deduced from the

continuity equation [18].

Absorption coefficients of 4H-SiC at elevated temperatures were estimated from the

result obtained in Chapter 3. Summing Eqs. (3.6) and (3.7) for each phonon, i.e., TA-,

LA-, and TO-mode phonons, with the fitting parameters listed in Table 3.2, the absorption

coefficients of 4H-SiC at each temperature were calculated. Although the wavelength range

of the absorption coefficient measurement performed in Chapter 3 is not enough for this

simulation, the absorption coefficient of 4H-SiC can be moderately estimated because the

dominant optical transition of 4H-SiC is the same in the wavelength range of this simulation,

i.e., M–Γ transition [19].

The parameters used for the simulation were as follows: the diffusion lengths of holes

and electrons were 4 and 0.3 µm, the diffusion constants of holes and electrons at RT were

3 and 23 cm2/s, respectively, and the surface recombination velocity was 104 cm/s. The

temperature dependence of these parameters was ignored in the simulation.

The device structure used for the simulation is the same p+–n–n+ structure as shown

in Fig. 5.1. The simulation results are shown in Fig. 5.7. The simulation showed that the

photoresponse under zero bias condition was almost temperature independent at 280 nm

and the wavelength of the temperature-independent photoresponse increased with increasing

reverse-bias voltage. The wavelengths of the temperature-independent photoresponse at

−50 and −150 V were 292 and 301 nm, which fairly reproduced the experimental results.

The simulation with a different device structure was also carried out. Fig. 5.8 shows the

calculated photoresponse of a 4H-SiC pn photodiode where the doping concentration of the

n-type epilayer is reduced from 5 × 1015 to 1 × 1015 cm−3. The photoresponse under zero
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Figure 5.6: Cross-sectional schematics of a pn photodiode. When light get in, carriers

are generated and carriers within the space-charge region are drifted by the electric field

and become photocurrent. Generated carriers outside the space-charge region are diffused

randomly and some of these reached the space-charge region and become photocurrent.

There are recombination centers at surface and epilayer/substrate interface. Some carriers

are trapped and recombine at the center. The total photocurrent consists of the drift current

and the diffusion currents.
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Figure 5.7: Simulation results of the photoresponse of the fabricated device under various

reverse-bias conditions [(a) 0 V, (b) −50 V, (c) −150 V bias] from 24 to 300◦C. The wave-

length of temperature-independent photoresponse became longer with increasing applied

reverse-bias voltage. The simulation fairly reproduces the experimental results.
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Figure 5.8: Simulation results of the photoresponse of the device with a different struc-

ture (the doping concentration of n-type epitaxial layer was reduced to be 1× 1015 cm−3).

The simulation was carried out under various reverse-bias conditions [(a) 0 V, (b) −50 V,

(c) −150 V bias] from 24 to 300◦C. The tunable wavelength range was expanded from that

of the fabricated device because the width of the space-charge region became larger at same

reverse-bias voltage.
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bias condition was almost temperature independent at 280 nm and the wavelength of the

temperature-independent photoresponse increased with increasing reverse-bias voltage as

well as the results of the original device. The wavelengths of the temperature-independent

photoresponse under -50 and -150 V were 304 and 308 nm, which were longer than those

of the original device.

5.2.6 Discussion

The temperature dependence of the photocurrent is mainly determined by the change in

the optical absorption coefficients with temperature. The absorption coefficient at a fixed

wavelength increases with increasing temperature due to the decrease of the bandgap. The

increase of the absorption coefficient results in two phenomena. The first factor is the

change in the distribution of the photon absorption inside pn photodiodes. With increasing

absorption coefficient, the number of carriers generated near the surface increases and the

number of carriers generated in the deep region decreases. Since the total photocurrent of pn

photodiodes consists of the drift current due to carriers generated within the space-charge

region and the diffusion currents due to carriers generated outside the space-charge region,

impacts of change in the distribution of generated carriers on the photoresponse are strongly

influenced by the location of the space-charge region. The second factor is the increase of

the surface recombination due to the increase of photogenerated carriers at the surface with

increasing absorption coefficient, which has a negative impact on the photoresponse. The

temperature dependence of the photoresponse determined by these two phenomena can be

cancelled out at a certain wavelength (280 nm at zero bias in this case), because the impact

on the photoresponse from the first factor can be positive for a certain wavelength. The

wavelength at which a temperature-independent photoresponse is obtained can be modified

by changing the device structure, i.e., thicknesses and doping concentrations of epitaxial

layers.

Without changing the device structure, the width of the space-charge region can be mod-

ulated by applying a reverse-bias voltage. Thus, the wavelength at which the photoresponse

is almost temperature independent can be tuned by controlling the reverse-bias voltage.

As shown in Fig. 5.5, the wavelength of the temperature-independent photoresponse was

successfully changed with increasing reverse-bias voltage. The space-charge region of this

device is located from 0.47 to 1.3 µm depth at zero bias, and from 0.44 to 6.3 µm at 150 V

bias. Under 280 nm illumination (the penetration depth for this light is 1.5 µm at RT), the

temperature dependence of the photoresponse was cancelled at zero bias. And under 300 nm

illumination, at which the penetration depth is 3.2 µm at RT, the width of the space-charge

region was modulated enough to cancel the temperature dependence of the photoresponse

by applying the reverse-bias voltage of 150 V.

The wavelengths of the temperature-independent photocurrent from the simulation

fairly agreed with those from the measured data, supporting the proposed mechanism
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of temperature-independent photoresponse of SiC pn photodiode described above. How-

ever, the photoresponse value of experimental data did not precisely agree with that of

the deduced data because 1) roughly-estimated temperature dependence of the absorption

coefficient was used and 2) the temperature dependences of the diffusion lengths of minority

carriers and surface recombination velocity were ignored in this simulation. Measurements

of those physical parameters are very important to design a device with high accuracy.

From the simulation results of the different device structure, results which are shown in

Fig. 5.8, the tunable wavelength range can be expanded by using an n-type epitaxial layer

with lower concentration because the width of the space-charge region becomes larger at

the same reverse-bias voltage.

5.3 Electrical Characteristics of SiC pn Photodiodes

up to 600◦C

5.3.1 Device Fabrication Process

Device structure fabricated for this investigation is almost the same as the schematic shown

in Fig. 5.1. Dimensionwise, there are two differences from Fig. 5.1. The thickness of the

top p-type epitaxial layer is 440 nm, and the mesa height is 1.5 µm. These changes have

been caused by employing slightly different wafers and RIE condition.

In terms of passivation process, I have employed two different processes for surface

passivation. The first one is ordinary dry thermal oxidation process at 1300◦C for 40 min.

This process formed 40-nm-thickness oxide at the surface. The second one is dry thermal

oxidation with the same condition followed by nitric oxide (NO) annealing at 1250◦C for 1 h.

This passivation process has been carried out to try reducing the reverse leakage current of

fabricated devices.

5.3.2 Measurement Setup

The electrical characteristics of the fabricated devices were measured from RT up to 600◦C.

The measurements were performed in a vacuum chamber with a small window, which allows

to illuminate UV light to the sample. I–V characteristics of SiC pn junction were measured

under dark condition. Optical responsivity measurements were carried out using a 300 W

xenon lamp with band pass filters. The wavelength range was between 260 and 390 nm.

5.3.3 Current–Voltage Characteristics of SiC pn Junction

Fig. 5.9 shows the I–V characteristics of a fabricated SiC pn diode (passivated with dry

thermal oxidation) under a dark condition from RT to 600◦C. The shape of the device

is 847-µm-diameter circle. As shown in the forward-bias characteristics [Fig. 5.9(a)], the
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Figure 5.9: I–V characteristics of the fabricated SiC pn diode (passivated with dry thermal

oxidation) under a dark condition from room temperature to 600◦C. The shape of the

device is 847-µm-diameter circle. The leakage currents at 24 and 100◦C were below the

measurement limit of the setup.



5.3. Electrical Characteristics of SiC pn Photodiodes up to 600◦C 107

device worked as a diode up to 600◦C. The forward I–V characteristics shifted to lower

voltage with increasing temperature. It is caused by the decrease of the diffusion potential

of the pn junction. From Fig. 5.9(a), the slope of the forward current consisted of two

components. The ideality factor n of the recombination current component which is two

(n = 2) at RT was determined to be 2.01. By subtracting this recombination current

component from the experimental data, forward current with an n of 1.01 could be obtained.

This forward current was the diffusion current component. From the current intercept of

the line with n = 1, the ideal leakage current of the device can be deduced. At RT, the

ideal leakage current was determined to be 8.5 × 10−49 A for this device. In the same

manner, the ideality factor of the recombination and diffusion current component at 600◦C

were 1.45 and 1.0, respectively. The ideal leakage current at 600◦C was determined to be

1.5×10−11 A. The obtained ideality factors and ideal leakage currents at each temperature

are listed in Table 5.1. The ideality factor of recombination current component decreased

with increasing temperature. It is caused by the increase of the diffusion current component

at lower voltage region, resulting in that recombination current component could not be

separated from diffusion current component.

The reverse-bias characteristics at 24 and 100◦C were almost the same because the

leakage currents at these temperature were below the measurement limit of the setup1. It

is noted that the I–V characteristics of this device up to 300◦C are different from Fig. 5.2

because the surface passivation was carried out with cleaner oxidation equipment for the

device. With increasing temperature, the leakage current increased exponentially. Arrhenius

plot of the reverse leakage current at −100 V bias is shown in Fig. 5.10. The activation

energy of the leakage current was 1.1 eV. Fig. 5.11 shows the leakage current of fabricated

SiC pn diodes (passivated with dry thermal oxidation) at 400, 500, and 600◦C as a function

of perimeter at −100 V. As shown in Fig. 5.11, the leakage current is proportional to the

perimeter.

Employing the passivation with dry thermal oxidation followed by NO annealing, the I–

V characteristics of the fabricated SiC pn diode resulted in Fig. 5.12. The device geometry

was same as a device of Fig. 5.9. From the forward characteristics shown in Fig. 5.12(a), the

I–V curve shifted to lower voltage with increasing temperature as well as those of the device

with the conventional dry-thermal-oxidation passivation. The ”ledges” were appeared in the

I–V curves, hence the ideality factors could not be obtained.

Similar to the device passivated with only dry thermal oxidation, the leakage current was

under the measurement limit at low temperature and increased significantly with increasing

temperature. As shown in Figs. 5.9 and 5.12, the leakage current was reduced by a factor of

20, compared with only dry thermal oxidation, suggesting that the leakage current caused

at the perimeter significantly reduced by the passivation of dry thermal oxidation followed

by NO annealing. Arrhenius plot of the reverse leakage current at −100 V bias is shown

1The leakage current caused by the measurement setup at 200 V was around 10 pA at RT
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Table 5.1: Ideality factors and ideal leakage current of the fabricated SiC pn diode (847-

µm-diameter circle-shape mesa, passivated with dry thermal oxidation) under a dark con-

dition up to 600◦C. The ideality factor of the recombination current component (Rec.) of

which is two (n = 2) and that of the diffusion current component (Diff.) of which is one

(n = 1) are shown. The ideal leakage currents were determined from the current intercept

of the line with n = 1. The measured leakage currents under a −100-V-bias condition are

also listed at each temperature. Note that the measured leakage currents below 200◦C are

not precise since these values are affected by the measurement limit of the setup.

T (◦C)
Idealty factor

Ideal leakage current (A)
Measured leakage current (A)

Rec. Diff. (−100 V bias)

24 2.01 1.01 8.5× 10−49 (1.5× 10−12)

100 2.01 1.01 2.1× 10−37 (6.1× 10−12)

200 1.9 0.98 5.5× 10−29 (4.9× 10−11)

300 1.8 1.02 8.2× 10−22 8.7× 10−10

400 1.73 1.03 2.5× 10−17 1.2× 10−8

500 1.6 1.01 4.0× 10−14 1.1× 10−7

600 1.45 1.0 1.5× 10−11 9.5× 10−7
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Figure 5.10: Arrhenius plot of the leakage current at -100 V of the SiC pn diode (847-µm-

diameter circle-shape mesa, passivated with dry thermal oxidation). Excepting the data

below 200◦C, which are below the measurement limit of the setup, the activation energy is

1.1 eV.
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Figure 5.11: Perimeter dependence of the leakage current at -100 V of the SiC pn diodes

(passivated with dry thermal oxidation) at (a) 500 and 600◦C and (b) 400 and 500◦C. The

leakage current is proportional to the perimeter up to 600◦C, suggesting that the origin of

the leakage current is related to the leakage at the perimeter.
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Figure 5.12: I–V characteristics of the fabricated SiC pn diode (passivated with dry

thermal oxidation followed by NO annealing) under a dark condition from room temperature

to 600◦C. The shape of the device is 847-µm-diameter circle. The leakage currents at 24,

100, and 200◦C were below the measurement limit of the setup.
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in Fig. 5.13. The activation energy of the leakage current was 2.0 eV. Fig. 5.14 shows the

leakage current of fabricated SiC pn diodes (passivated with dry thermal oxidation and NO

annealing) at 400 and 500◦C as a function of perimeter at −100 V bias, indicating that the

leakage current is proportional to the perimeter.

5.3.4 Photoresponse

The photoresponse of the SiC pn photodiode passivated with dry thermal oxidation

followed by NO annealing as a function of incident wavelength is shown in Fig. 5.15. The

photoresponse was determined by measuring the short-circuit current from 24 to 500◦C.

The external quantum efficiency over 40 % was obtained for wavelengths of 280-365 nm

at 500◦C. The device successfully worked as a photodetector up to 500◦C. As shown in

Fig. 5.15, the photoresponse for longer wavelength illuminations increased with increasing

temperature, while that for shorter wavelength decreased. Temperature-independent pho-

toresponse was not obtained for any wavelength in the whole range of temperature between

24 and 500◦C. On the other hand, the temperature dependence of the photoresponse was

small at 270 and 280 nm illuminations between 24 and 300◦C, and at 320 nm illumina-

tion between 300 and 500◦C. Note that the photoresponse at 600◦C could not be obtained

because the device was broken at this temperature.

5.3.5 Discussion

Reverse leakage current of a mesa-type pn diode consists of some components. The first

component is the diffusion current in the neutral region, i.e., the ideal leakage current.

However, the diffusion current of SiC pn diodes under reverse-bias condition is very small

as listed in Table 5.1 because of the large bandgap. Comparing to the obtained reverse

leakage current of fabricated diodes, the contribution from this component is negligible.

The second component is the generation current in the space-charge region. The generation

current could be divided into bulk and perimeter generation component. As shown in

Fig. 5.11, the leakage current is proportional to the perimeter. It suggests that the origin

of the leakage current is related to the leakage at the perimeter. The intercept of the

plot in Fig. 5.11 is almost zero, suggesting that the bulk generation process is negligible.

The activation energy of the leakage current shown in Fig. 5.10 was 1.1 eV. The leakage

current caused by carrier generation has the activation energy of Eg/2 where Eg is the

bandgap of the material, i.e., Eg/2 = 1.6 eV for 4H-SiC. Since the activation energy of the

experimentally obtained leakage current roughly agreed with Eg/2, the origin of the leakage

current should be the carrier generation at the perimeter.

In order to reduce the reverse leakage current of SiC pn diodes, the leakage at the

perimeter should be eliminated. Although surface passivation process could reduce the

leakage at the perimeter, the devices shown in Figs. 5.9 and 5.11, which were already
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Figure 5.13: Arrhenius plot of the leakage current at -100 V of the SiC pn diode (847-

µm-diameter circle-shape mesa, passivated with dry thermal oxidation followed by NO

annealing). Excepting the data below 300◦C, which are below the measurement limit of the

setup, the activation energy is 2.0 eV.
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(passivated with dry thermal oxidation followed by NO annealing) as determined by meas-

uring the short-circuit current from 24 to 500◦C. The device successfully work as a photo-

detector up to 500◦C.
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passivated with dry thermal oxidization, had considerable reverse-bias leakage. On the other

hand, it has been reported that nitridation process after forming SiO2 layer, i.e., annealing in

nitrous oxide (N2O) or NO, shows lower interface trap density, process which has attracted

much attention to improve the performance of SiC MOSFETs [20]. In other words, this

process also can be employed to reduce the leakage current at the surface (perimeter) of SiC

pn diodes. As shown in Fig. 5.12, which depicts the I–V characteristics of a SiC pn diode

with dry thermal oxidation followed by NO annealing passivation, the leakage current was

significantly reduced even at high temperature up to 600◦C from the result of the device

with the conventional passivation. The activation energy of the leakage current shown in

Fig. 5.10 was 2.0 eV, suggesting that the generation current component was significantly

reduced. This result should lead to high-temperature operation of SiC pn photodiodes.

The ledges were appeared in forward I–V curves of the SiC pn diode with dry thermal

oxidation and NO annealing passivation as shown in Fig. 5.12(a). It suggests that parasitic

diodes are formed in the device. Since forward I–V curves of a SiC pn diode with conven-

tional surface passivation shown in Fig. 5.9(a) didn’t have ledges, the parasitic diodes are

probably caused by the NO annealing. Although the device with dry thermal oxidation

followed by NO annealing passivation causes the ledges in the forward characteristics, the

passivation method is usable for enhancing the performance of SiC pn photodiodes because

pn photodiodes are typically utilized under reverse-bias conditions.

As shown in Fig. 5.14, the leakage current of the fabricated devices passivated by dry

thermal oxidation and NO annealing was proportional to the perimeter, suggesting that the

leakage current still occurred at the perimeter. The leakage current may be reduced further

by optimizing passivation condition.

As shown in Fig. 5.15, the fabricated SiC pn photodiode with dry thermal oxidation

followed by NO annealing passivation successfully worked as a photodiode up to 500◦C.

With increasing temperature, the absorption coefficient of SiC increases, leading to the

increase of the number of absorbed photon and generated carrier at longer wavelength

region. As a result, the photoresponse increased with increasing temperature as described in

Section 5.2.6. On the other hand, in shorter wavelength region, the photoresponse decreased

with increasing temperature. The absorption coefficient increase causes the increase of the

number of photon absorbed near the surface, resulting in the increase of the carrier which

recombines at the surface. It induces the negative impact to the photoresponse, and causes

the decrease of the photoresponse when the impact becomes large enough.

It is noted that the reliability of the device with dry thermal oxidation and subsequent

NO annealing passivation more than 500◦C is worse than that of the device with conven-

tional passivation. A larger amount of the device were broken at 500 and 600◦C comparing

to that of the conventional device and the photoresponse at 600◦C could not be obtained.

Optimization of the passivation condition is necessary to enhance the reliability at such

temperature.
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5.4 Summary

In this chapter, 4H-SiC pn photodiodes were fabricated and the electrical characteristics of

dark and UV-illuminated conditions were investigated between RT and high temperature.

From RT to 300◦C, the temperature-independent photoresponse was obtained for targeted-

wavelength illumination at zero bias. By applying the reverse-bias voltage up to 150 V,

the wavelength of the temperature-independent photoresponse was successfully tuned to

longer wavelength on the same device. Simulation of the photoresponse under reverse-biased

conditions at various temperatures was performed, and the simulation fairly represented the

experimental results. I propose that controlling the reverse-bias voltage is an effective way

of achieving a temperature-independent photoresponse at targeted wavelengths in addition

to optimizing the device structure design.

I also investigated the electrical characteristics of SiC pn photodiodes up to 600◦C.

The reverse leakage current of fabricated mesa-type SiC pn diodes originated from the

leakage at the perimeter of the devices. Utilizing the passivation process of dry thermal

oxidation followed by NO annealing, which is utilized to reduce interface trap density for

SiC MOSFETs, the leakage current of SiC pn diodes was significantly reduced. Finally, the

photodetector operation of the fabricated device up to 500◦C was successfully demonstrated.

Surface passivation with thermal oxidation and subsequent nitridation can realize high-

temperature operation of SiC pn photodiodes with low dark current.
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Chapter 6

Conclusions

6.1 Conclusions

Fundamental study on wide-bandgap-semiconductor microelectromechanical systems

(MEMS) and photodetectors has been conducted in the present study to realize high func-

tional and high performance integrated smart sensors. In this thesis, three main topics

have been extensively investigated: 1) determination of the optical properties of silicon

carbide (SiC), gallium nitride (GaN), and aluminum nitride (AlN) from room temperature

(RT) to very high temperature (Chapters 2 and 3), 2) investigation of SiC micromachining

process and fabrication of MEMS structures made of entirely single-crystalline SiC (Chapter

4), and 3) investigation of high-temperature operation of SiC pn photodiodes (Chapter 5).

The main conclusions obtained in this study can be summarized as follows.

In Chapter 2, the temperature dependence of the refractive indices of 4H-SiC, GaN,

and AlN from RT to 500◦C were investigated to realize tunable filters which utilizes the

thermo-optic effect. The refractive indices of 4H-SiC, GaN, and AlN were measured over

a wide spectral range from infrared (1700 nm) to ultraviolet (UV) near the bandgaps of

those materials (392 nm for SiC, 367 nm for GaN, and 217 nm for AlN). The thermo-optic

coefficients for the ordinary refractive indices of these materials were accurately determined

over a wide temperature range. These thermo-optic coefficients can be expressed as experi-

mental polynomial fits in the wavelength range. At 450 nm, the thermo-optic coefficients of

4H-SiC, GaN, and AlN were determined to be 7.8× 10−5, 1.6× 10−4, and 3.6× 10−5 K−1,

respectively. Since the devices based on the thermo-optic effect, e.g., tunable filters, require

a large thermo-optic coefficient, GaN is the most suitable material for such devices.

Optical simulation of a band-pass filter based on GaN was also conducted at different

temperatures by utilizing the determined thermo-optic coefficients in this study. The red-

shift of the transparent wavelength from RT to 500◦C was calculated to be approximately

9 nm, which is much larger than the width of the pass band (∼ 0.1 nm). The simulation has

demonstrated that the modulation of the transparent wavelength of a GaN-based optical

filter can be attained to tunable filter application.
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The results obtained thus far are useful for the design of GaN-based optoelectronic

devices as well as SiC- and GaN-based wavelength-tunable band-pass filters and photonic

crystals in the spectrum range from the infrared to UV regions that actively utilize the

thermo-optic effect.

In Chapter 3, the temperature dependence of the absorption coefficients of 4H- and

6H-SiC between RT and 300◦C were determined to design SiC photodetectors operating

at high temperature. The absorption coefficient was determined at each temperature up

to about 400 cm−1 (4H-SiC) and 500 cm−1 (6H-SiC). Redshift of the absorption edge at

elevated temperature was observed, redshift which is caused by the decrease of the bandgap

with increasing temperature. Temperature dependence of the phonon occupation number

is also significant to explain the temperature dependence of the absorption coefficient of

SiC. Employing TA-, LA-, and TO-mode phonons, the measured data were fairly fitted

with the theoretical equation. Although the measured wavelength range was not enough

to design SiC photodetectors, this study demonstrated that the temperature dependence of

the absorption coefficient of SiC could be determined precisely in wide range of wavelength

by the transmission measurement.

In Chapter 4, suspended bridge and cantilever structures of all-single-crystalline 4H-SiC

were fabricated. From the numerical simulation using the finite element method (FEM),

An SiC bridge structure with a sub-micron air gap between the bridges and the bottom is

required to electrostatically actuate the bridges with a moderate operating voltage below

10 V. To fabricate such a suspended structure, I employed the combination use of patterning

of devices with reactive ion etching (RIE) and sacrificing an n-type or p-type SiC layer with

photoelectrochemical (PEC) or electrochemical (EC) etching, respectively. PEC and EC

etching of SiC showed selectivity in doping-type, where n-type SiC is removed by PEC and

p-type SiC by EC.

A suspended bridge structure of all-single-crystalline SiC was fabricated by utilizing

PEC etching. Fabricated bridge structure has the widths of 4 and 10 µm, the lengths of

50-200 µm, and the thickness of 100 nm. The gap between the bridge and the bottom is

700 nm. Although a sacrificial n-type SiC layer was not completely removed by PEC etching

and remained as porous SiC, the porous-SiC layer was removed by utilizing thermal oxida-

tion and subsequent SiO2 removal by HF solution, resulting in the successful fabrication of

the bridge structure entirely composed of 4H-SiC. Electrostatic actuation of the fabricated

bridges was also demonstrated by applying the voltage of 20 V.

I also fabricated single-crystalline 4H-SiC cantilevers on a 4H-SiC substrate by EC etch-

ing with no illumination. The cantilever structure was successfully fabricated. The width

and the lengths of the cantilevers are 15 µm and 80-140 µm, respectively. The thickness of

the cantilever is 900 nm. The maximum quality (Q) factor of the 4H-SiC cantilevers was

230,000, which was more than 10 times higher than that of conventional 3C-SiC cantilevers

fabricated on an Si substrate. Resonance characteristics of fabricated SiC cantilevers with

different dimensions were also measured, and Q-factor of about 200,000 was obtained in all
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SiC cantilevers. It is noted that the Q-factors of fabricated all-single-crystalline SiC canti-

levers are much larger than the reported value of single-crystalline silicon cantilever with

similar dimensions (∼5,000). This very high Q-factor makes 4H-SiC MEMS very attractive

for high-sensitivity sensors.

In Chapter 5, 4H-SiC pn photodiodes were fabricated and the electrical characteristics of

dark and UV-illuminated conditions were investigated between RT and high temperature.

From RT to 300◦C, the photoresponse of fabricated SiC pn photodiodes was varied by the

temperature, while the temperature-independent photoresponse was obtained under 280-

nm-illuminated condition at zero bias. By applying the reverse-bias voltage up to 150 V, the

wavelength of the temperature-independent photoresponse was tuned to a longer wavelength

on the same device. Simulation of the photoresponse under reverse-biased conditions at

various temperatures was performed, and the simulation fairly represented the experimental

results. I have proposed that controlling the reverse-bias voltage is an effective way of

achieving a temperature-independent photoresponse at targeted wavelengths in addition to

optimizing the device structure design.

The electrical characteristics of SiC pn photodiodes up to 600◦C were also investigated.

To operate the devices at such high temperature, the reverse leakage current should be

reduced. This study has clarified that the reverse leakage current of fabricated mesa-type

SiC pn diodes mainly originate from the leakage at the perimeter of the devices up to

600◦C. By utilizing the passivation process of dry thermal oxidation followed by nitric

oxide (NO) annealing, which is utilized to reduce interface trap density for SiC metal-oxide-

semiconductor field-effect transistors, the leakage current of SiC pn diodes was significantly

reduced by a factor of 20, compared with conventional surface passivation. Finally, I suc-

cessfully demonstrated the photodiode operation up to 500◦C. Surface passivation with

thermal oxidation and nitridation can realize high-temperature operation of SiC pn photo-

diodes with low dark current.

6.2 Future Outlook

Through this study, several bases for wide-bandgap-semiconductor integrated smart sensors

have been established. Integrated smart sensors such as micro-scale spectrometer made

of wide-bandgap-semiconductor thermo-optic tunable optical filters and high-temperature

photodetectors can be realized. Monolithically integrated SiC sensor systems operating up

to high temperature involving MEMS, electronic sensors, and circuits are as well. However,

several issues still remain to be solved for realization of the integrated smart sensors.

• Fabrication of wide-bandgap-semiconductor tunable filters:

The thermo-optic coefficients of wide bandgap semiconductors have been precisely

determined, and the usefulness of a GaN-based tunable filter has been demonstrated

by optical simulation using determined thermo-optic coefficients. However, tunable
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filter devices based on wide bandgap semiconductors are not fabricated yet. From

the optical simulation of a GaN-based tunable filter, this device can be used for the

application which needs high resolution in wavelength. In other words, distributed

Bragg reflectors (DBRs) should be formed at both side of the tunable filter to narrow

the pass band of the filter. Such narrow pass band can be achieved by utilizing DBRs

which have large difference in refractive index of the composed layer materials. A

large number of stacked-layer pairs also contribute to narrowing the pass band.

For GaN-based filters, DBRs can be formed by epitaxial growth of aluminum

gallium nitride (AlGaN) and GaN. Although high-aluminum-composition [1] and

many-layer-pair [2] AlGaN/GaN DBRs were reported, it is difficult to obtain

AlGaN/GaN DBRs which can realize such high resolution in GaN-based band-pass

filters. One of the promising solutions is the employment of the growth method of

molecular beam epitaxy (MBE), which can grow group-III nitrides at relatively low

temperature, expected to realize large number of stacked layer pairs. Low-temperature

growth of group-III nitrides conducted by MBE lead to reducing crack formation since

an effect of the mismatch of the thermal expansion is relatively small.

Furthermore, such GaN-based tunable filters should be formed on a wide-bandgap-

semiconductor photodetector to realize a micro-scale UV spectrometer proposed in

this study. SiC is one of the most attractive candidates for the material of the photo-

detector because epitaxial growth of group-III nitrides on SiC substrates with MBE

has been extensively investigated [3, 4].

• Determination of the temperature dependence of the optical absorption

coefficient of SiC in short-wavelength region:

Although this study has precisely determined the temperature dependence of the

optical absorption coefficient of SiC in a wide range of wavelengths, the data at shorter

wavelength should be determined to design high-temperature operation of SiC photo-

diodes precisely. As shown in Chapter 5, SiC photodiodes will be typically used at

such wavelengths to obtain higher quantum efficiency.

The optical absorption coefficients in the short-wavelength region can be deter-

mined by the transmission measurement with thinner samples. To fabricate such thin

samples, deep etching process with RIE can be utilized. Doping-type selective etch-

ing processes by PEC and EC etching, described in Chapter 4, are also attractive

for such fabrication. A specific-doping-type epitaxial layer, i.e., p-type SiC for PEC

etching and n-type SiC for EC, can remain as a high-uniform-thickness thin membrane

structure by these etching processes.

• High-temperature operation of all-single-crystalline SiC MEMS devices:

Suspended bridge and cantilever structures composed entirely of single-crystalline 4H-

SiC have been successfully fabricated by employing doping-type selective etching of
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PEC and EC etching processes, and electrostatic actuation of the bridge has been

demonstrated. However, the operation of the devices in harsh environments has not

been demonstrated yet. All-single-crystalline SiC MEMS devices are expected to

operate in harsh environments such as high-temperature ambience, and furthermore,

the devices can be combined with SiC high-temperature semiconductor devices. This

combination leads to realize integrated systems operating in high-temperature envi-

ronments. Therefore, high-temperature operation of all-single-crystalline SiC MEMS

devices should be investigated.

One of the most important issues is the lack of the knowledge of the mechanical

properties of 4H- and 6H-SiC, which are used for all-single-crystalline SiC MEMS

devices, especially at high temperature. Mechanical properties such as the Young’s

modulus can be determined by evaluating electrostatically actuated MEMS structures

[5, 6]. Since electrostatic actuation of the all-single-crystalline SiC MEMS device has

been demonstrated, the mechanical properties of the SiC can be revealed. It should

lead to the precise design all-single-crystalline SiC MEMS devices and realization of

the high-temperature operation.

Achieving these challenges, high-functional and high-performance integrated smart

sensors made of wide bandgap semiconductors should be realized in the future.
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Appendix A

Calculation of Refractive Index from

Thin-Film Interference Measurement

The refractive index of thin-film materials can be determined by the interference measure-

ment. A thin-film medium formed on a substrate can work as Fabry-Pérot etalon as shown

in Fig. A.1. The optical path length difference ∆L of the reflected light can be described as

∆L = n(AB + BC)− n0AD

= 2nd cos θ (A.1)

where n is the refractive index of the medium, n0 is the refractive index of air, d is the

thickness of the medium, and θ is the angle of refraction. The phase difference δ between

each succeeding reflection is

δ =
2π∆L

λ
=

4πnd cos θ

λ
(A.2)

where λ is the wavelength of incident light.

The complex amplitude of each reflected light is given by Xi:

X1 = r1Ai, X2 = t1t
′
1r
′
2Aie

iδ, X3 = t1t
′
1r
′
1r
′2
2 Aie

iδ, · · · (A.3)

The complex amplitude of incident light is given by Ai. r1 and t1 are the reflection and

transmission coefficient of light propagating from air to the medium, respectively. r′1 and t′1
are the reflection and transmission coefficient of light propagating from the medium to air,

respectively. The reflection coefficients of light propagating from the medium to substrate

and the opposite are given by r2 and r′2, respectively. Assuming r1 = −r′1, r2 = −r′2, and

r2
1 + t1t

′
1 = 1 (lossless mirror), the total complex amplitude of reflected light Ar can be

described as

Ar =
∞∑

i

Xi =
r1 − r2e

iδ

1− r1r2eiδ
Ai. (A.4)
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Figure A.1: Schematic drawing of thin-film interference. A thin-film medium is formed

on a substrate. The light is transmitted or reflected at an interface. The air–medium

and medium–substrate boundaries work as two parallel highly reflecting mirrors, and the

medium become one-dimensional optical resonator, or Fabry-Pérot etalon.
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The reflectance given by Ir/Ii, where Ir is the intensity of the reflected light and Ii is

the intensity of the incident light, is expressed as the following equation:

Ir

Ii

=
ArA

∗
r

AiA∗
i

=
r2
1 + r2

2 + 2r1r2 cos δ

1 + r2
1r

2
2 + 2r1r2 cos δ

. (A.5)

A∗
r and A∗

i are the complex conjugate of Ar and Ai, respectively.

The reflectance will take maximal values at cos δ = 1 for r1r2 > 0 and at cos δ = −1

for r1r2 < 0. The reflection coefficient can be given by the Fresnel equations. Assuming

a vertical-incidence configuration (θ0 = θ = 0) and n0 = 1, following equations can be

derived [1]:

r1 =





(1− n)/(1 + n) (TE polarization)

(n− 1)/(n + 1) (TM polarization)
(A.6)

r2 =





(n− ns)/(n + ns) (TE polarization)

(ns − n)/(ns + n) (TM polarization)
(A.7)

where ns is the refractive index of the substrate. For both TE and TM polarization, r1r2 will

be positive when n < ns. Introducing cos δ = 1 or −1 into Eq. (A.2) with a vertical-incident

configuration (θ = 0), following equations can be obtained:

λpeak,m =





2nd/m for n < ns

4nd/(2m− 1) for n > ns

(A.8)

where m is the order of interference (m = 1, 2, 3, . . . ) and λpeak,m is the peak wavelength

of the interference. Similar to the maximum values, the reflectance given by Eq. (A.5) will

take minimal values at cos δ = −1 for r1r2 > 0 and at cos δ = 1 for r1r2 < 0. Therefore the

valley wavelength λvalley,m of the interference can be expressed as follow:

λvalley,m =





4nd/(2m− 1) for n < ns

2nd/m for n > ns

. (A.9)

Utilizing Eqs. (A.8) and (A.9), the refractive index of the medium can be calculated

from the peak and valley wavelengths of the interference with the layer thickness.
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Appendix B

Calculation of Optical Absorption

from Transmission Measurement

Optical absorption spectra of materials can be determined by transmission measurement.

When light is absorbed in passing through a medium which has parallel surface with a

vertical-incidence configuration as shown in Fig. B.1, the optical absorption coefficient α of

the medium is given by [1]

It = Ii exp(−αd) (B.1)

where It is the intensity of transmitted light, Ii is the intensity of incident light, and d is

the thickness of the medium. The transmittance T is given by

T =
It

Ii

= exp(−αd). (B.2)

In the transmission measurement, the transmitted light is weakened by several factors,

e.g., reflection and scattering at the surface. Especially, the reflection at the surface cannot

be negligible when the surface is perfectly smooth. The reflectance R at the surface is given

by [1]

R =
(

n− n0

n + n0

)2

(B.3)

where n and n0 are the refractive index of the medium and air, respectively. Considering a

medium which is mirror polished on both sides, the reflection described in Eq. (B.3) will be

occurred at both surfaces. Therefore, the transmittance of the medium can be expressed as

T = (1−R)2 exp(−αd). (B.4)

To avoid the effect of the reflection and scattering at the surface on transmission meas-

urement, measuring two or more samples with different thicknesses can be utilized. Since

the optical loss of the reflection and scattering at the surface for each sample is same, the

absorption coefficient of the medium can be determined by measuring the transmittance T1
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Figure B.1: Schematic drawing of optical transmission of a medium with parallel surface.

The light is transmitted from a surface to the other. Ii is the intensity of incident light, It

is the intensity of transmitted light, and d is the thickness of the medium.
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of the sample with thickness d1 and the transmittance T2 of the sample with thickness d2

as follows:

T1

T2

=
(1−R)2 exp(−αd1)

(1−R)2 exp(−αd2)

= exp[−α(d1 − d2)]. (B.5)

The absorption coefficient α is

α =
1

d2 − d1

ln
(

T1

T2

)
. (B.6)
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Appendix C

Mechanical Modeling of MEMS

C.1 Electrostatic Deformation of Suspended Bridge

Structure

Electrostatic deformation of a double-clamped bridge structure can be approximated as a

simple parallel-plate model in mass-spring system represented in Fig. C.1. The spring force

Fm caused by the deformation of a bridge can be expressed as

Fm = kδ (C.1)

where k is the spring constant and δ is the displacement. The Coulomb force Fe between

two parallel plates is given by [1]

Fe =
ε0V

2S

2(h− δ)2
(C.2)

where ε0 is the vacuum permittivity, V is the applied voltage, S is the area of a plate, and

h is the distance between two plates. When Fm and Fe are equivalent, the parallel planes

are steady-state with a certain displacement. Considering Fm = Fe, the following equation

is obtained:

V 2 =
2k

ε0S
δ(h− δ)2. (C.3)

From Eq. (C.3), V 2 can be plotted as a function of δ as shown in Fig. C.2. In Fig. C.2, the

displacement is normalized by the distance between two plates h and the square of applied

voltage is normalized by a constant C = 2kh3/ε0S. Since δ < h, V 2 should be less than the

value of the maximal at δ = h/3. In other words, the parallel-plate model become unstable

applying larger voltage than the voltage of δ = h/3. This maximum safe-operating voltage

can be expressed as

Vp =

(
8

27

kh3

ε0S

) 1
2

. (C.4)
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Figure C.1: Schematic drawing of electrostatic deformation in simple parallel-plate model

considered as mass-spring system. The displacement δ of a movable plate (upper plate in

this figure) at steady state is determined by the equilibrium between the spring force Fm

and the Coulomb force Fe.
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Figure C.2: Relation between the square of applied voltage V and the displacement δ of

simple parallel-plate model. The displacement is normalized by the distance between two

plates h and the square of applied voltage is normalized by a constant C = 2kh3/ε0S. Since

δ < h, V 2 should be less than V 2
p .
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Now the flexural deformation of beam structures should be discussed. The deformation

of the beam structure is governed by the following equation [1]:

ρA
∂2u

∂t2
− µ

∂2u

∂y2
+

∂2

∂y2

(
EI

∂2u

∂y2

)
= f(y, t) (C.5)

where ρ is the beam density, A is the cross-sectional area of the beam, u is the displacement

of the beam, t is the time, µ is the tension in the beam, y is the axial coordinate, E is the

Young’s modulus, I is the cross-sectional area moment of inertia, and f(y, t) is the load on

the beam.

The steady-state deflection (∂u/∂t = 0) of double-clamped bridge structures with uni-

form load as represented in Fig. C.3 can be expressed as

EI
∂4u

∂y4
= −p (C.6)

where p is the applied uniform load per length unit. Note that we assume µ = 0, i.e.,

neglecting the effects of tension in the bridge. As shown in Fig. C.3, both ends of the bridge

at y = 0 and y = l are fixed, where l is the length of the bridge. The appropriate boundary

conditions are

u(0) =
∂u

∂y
(0) =

∂u

∂y
(l/2) =

∂u

∂y
(l) = u(l) = 0. (C.7)

Integrating Eq. (C.6), the following equation can be obtained:

u(y) = − 1

24

p

EI
y4 +

c0

6
y3 +

c1

2
y2 + c2y + c3. (C.8)

u(y) can be expressed as follow by applying the boundary conditions:

u(y) = − pl4

24EI

(
y

l

)2 (
y

l
− 1

)2

. (C.9)

The displacement of the beam at the center, i.e., δ = −u(l/2) is

δ =
pl4

384EI
. (C.10)

The cross-sectional area moment of inertia I for rectangle cross section can be expressed

as [2]

I =
wd3

12
(C.11)

where w is the width and d is the thickness of the bridge. Therefore δ can be given by

δ =
pl4

32Ewd3
. (C.12)
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Figure C.3: Schematic drawing of double-clamped bridge with uniform load. The length,

width, and thickness of the bridge are l, w, and d, respectively. P is the uniform load on

the bridge.
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Considering electrostatic deformation of the bridge, the applied load on the bridge P = pl

is equivalent to the Coulomb force as expressed in Eq. (C.2). Introducing Fe into Eq. (C.12),

the following equation can be obtained:

δ =
1

64

ε0l
4

d3(h− δ)2E
V 2. (C.13)

When the displacement is the stability limit δ = h/3, the applied voltage is given by this

equation:

Vp =

(
256d3h3E

27ε0l4

) 1
2

. (C.14)

C.2 Flexural Vibration of Beam Structure

Flexural Vibration of beam structures can be derived from Eq. (C.5). Assuming µ = 0 and

f(y, t) = 0, Eq. (C.5) can be written as

EI
∂4u

∂y4
= −ρA

∂2u

∂t2
. (C.15)

Assuming harmonic time dependence for the displacement, i.e., u(y, t) = u(y) exp(−jωt),

the following differential equation should be satisfied:

∂4u(y)

∂y4
=

ρA

EI
ω2u(y). (C.16)

Furthermore, assuming spatial dependence of the form u(y) = exp(κy), the solutions will

be κ = ±β,±jβ where

β =
(

ρA

EI

) 1
4

ω
1
2 . (C.17)

Hence, the general solution in the term of real functions only will have the form

u(y) = C1 cos(βy) + C2 sin(βy) + C3 cosh(βy) + C4 sinh(βy). (C.18)

The boundary conditions for the double-clamped bridge structure are

u(0) =
∂u

∂y
(0) =

∂u

∂y
(l) = u(l) = 0, (C.19)

suggesting that C1 = −C3, C2 = −C4, and β should satisfy the following condition:

cos(βnl) cosh(βnl)− 1 = 0. (C.20)

The solutions of βn can be obtained numerically, with βnl = 4.730, 7.853, 10.996, 14.137, . . .

Note that βnl = 0 is discarded since this solution is trivial. The corresponding frequencies,

i.e., the resonant frequencies are given by



136 Appendix C. Mechanical Modeling of MEMS

fn =
ωn

2π
=

β2
n

2π

√
EI

ρA
= Xn

d

2πl2

√
E

ρ
(C.21)

where Xn = (βnl)
2/
√

12.

As for single-clamped cantilever structures, the boundary conditions are

u(0) =
∂u

∂y
(0) =

∂2u

∂y2
(l) =

∂3u

∂y3
(l) = 0, (C.22)

resulting in C1 = −C3 and C2 = −C4 in Eq. (C.18), and β should satisfy the following

condition:

cos(βnl) cosh(βnl) + 1 = 0. (C.23)

From the condition, the solutions βnl = 1.875, 4.694, 7.855, 10.996, . . . for single-clamped

cantilever structures can be derived. We can obtain the resonant frequencies of a cantilever

structure by introducing these solutions into Eq. (C.21).
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