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Summary 

 

Etching is a very crucial process in the fabrication of SiC microelectronic 

devices such as Schottky diodes, metal-semiconductor-field-effect-transistors 

(MESFETs), metal-oxide-semiconductor-field-effect-transistors (MOSFETs). Due to 

its exceptional chemical inertness, plasma etching is the only practical means of 

etching SiC. Plasma etching is also advantageous as it is compatible with the 

conventional complementary metal-oxide-semiconductor (CMOS) process technology. 

The plasma etching techniques studied so far include the conventional reactive ion 

etching (RIE) and high density plasma (HDP) etching such as electron cyclotron 

resonance (ECR) plasma and inductively coupled plasma (ICP). With more stringent 

requirements placed on the etch rate (depth), etching profiles, surface quality for 

advanced SiC devices, it is of great importance to understand the mechanisms and 

behaviors of SiC plasma etching, including the physical damages involved and its 

consequences on the electrical characteristics of the devices.  

In this work, the etching behaviors of n type bulk 4H-SiC was studied using RIE 

and ECR etching processes, using halogen based chemicals, with/without added 

oxygen. The etch rate, surface roughness and contamination have been measured and 

analyzed. The etching of SiC based on the ECR plasma technique has been modeled 

using an artificial neural network based on an improved training algorithm. The 

modeling results were studied and physical interpretations were given. The plasma 

etching induced electrical damage was studied using Schottky barrier diodes (SBDs) 
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as test devices. The objective of this project is to develop an optimum plasma etching 

process for the fabrication of SiC power devices, with precise etching control and 

minimum induced damage. 

Firstly, we studied the conventional RIE of SiC based on CHF3+O2 plasma. The 

etch rate, surface roughness, and surface composition analysis were studied by varying 

the O2 fraction, defined as the ratio of the oxygen flow rate against the total gas flow 

rate, R.F. power, and process pressure. It was found that the neutral radical F atom 

concentration plays a dominant role in the etching. The addition of oxygen enhances 

the etch rate by increasing the F concentration at low O2 fraction but retards the etch 

rate at high O2 fraction by diluting F concentration and forming an oxide-like layer. 

An increase in R.F. power greatly enhances the etch rate by providing higher neutral 

radical density, positive ion density, as well as impinging ion energy. As a result, both 

the reactive rate of chemical reactions attributed to F atoms and the physical ion 

bombardment are enhanced. In contrast, with increasing process pressure, despite an 

enhancement in the reaction rate of the chemical reaction, the etch rate decreases due 

to the weakening of impinging ion energy. The surface roughness is found to be 

strongly related to the D.C. self-bias, and less affected by the O2 fraction. At low D.C. 

self-bias, the etched surface becomes rougher with increasing D.C. self-bias. Auger 

Electron Spectroscopy (AES) study has related such surface roughness to the 

micromasking effect induced by Al clusters and carbon residues (C rich layer). It was 

found that these micromasks can be removed by strong ion bombardment. A threshold 

D.C. self-bias value was noted, above which no micromasking effect was present. 

From the results, a process recipe with optimized process parameters has been 

developed. It gives the highest etch rate of 35.6 nm/min and an r.m.s. surface 
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roughness of 1.65 nm, achieved with the O2 fraction, R.F. power and process pressure 

set at 20%, 200 W (1.13W/cm2), and 100 mTorr, respectively. 

Secondly, we studied the modeling of SiC ECR plasma etching using artificial 

neural network, based on the BFGS (Broyden, Fletcher, Goldfarb, and Shanno) 

optimization algorithm. The neural network training was conducted using our ECR 

etching test results. The results of the new BFGS training algorithm were compared 

with those obtained using the conventional back propagation (BP) algorithm based on 

the same feed-forward neural network (FNN) structure with different hidden neuron 

numbers, different number of iterations and various learning rates. It is shown that the 

BFGS algorithm requires less hidden neurons and less iteration to obtain the same 

training results, and it also provides much smaller cross-validation (CV) errors. The 

r.m.s. and maximum error values of CV test for the BFGS algorithm were less than 5% 

and ±10%, respectively, while the error for the training samples were even lower. 

Therefore, the FNN trained by the BFGS algorithm possesses much better 

approximation and generalization ability. It should be noted this is the first time that 

the algorithm has been used for the training of FNN in the modeling of plasma etching, 

and the SiC ECR process modeling results demonstrate that the FNN trained by the 

BFGS algorithm are fast, reliable and accurate. 

Thirdly, we studied the ECR plasma etching of SiC in SF6+O2 plasma. It was 

demonstrated that using the high density ECR plasma, an etch rate as high as 78.1 

nm/min can be achieved at 60% O2 fraction, 550 W microwave power, -200V D.C. 

bias and 4 mTorr process pressure. The etched surface is smooth, with an r.m.s. 

surface roughness of 1.48 nm and with no sign of micromasking effect. With the help 

of FNN numerical modeling trained by the BFGS algorithm, the etching behavior of 
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ECR was studied with varying process parameters which include microwave power, 

D.C. bias, process pressure and O2 fraction. The modeling results of the etch rate were 

analyzed using 3-D surface plots and 2-D contour plots, which clearly reveal the 

interaction of the various process parameters and their resultant effects on the etch rate. 

It is found that by varying O2 fraction and process pressure, optimized etch rate peaks 

can be achieved. Increasing D.C. bias and microwave power are found to result in the 

optimized etch rate peaks occurring at higher O2 fraction and process pressure, 

respectively. In addition, increasing D.C. bias or microwave power will increase the 

etch rate. However, there is saturation in the etch rate at higher D.C. bias, which 

however, does not occur at higher microwave power. Based on these modeling results, 

detailed physical interpretations of the etching process are given in terms of the 

chemical reaction of 4H-SiC with F, O, and positive ion bombardment. 

Lastly, we designed and fabricated thermal oxide field plate terminated SBDs to 

study plasma etching induced damage (PEID). In a set of carefully designed 

experiments, we deliberately separated the contribution of damages from different 

sources, i.e. chemical etching and physical sputtering. The D.C. electrical properties of 

the SBDs etched with RIE plasmas with characteristics that were mainly dominated by 

chemical etching (CE), physical sputtering (PS), and reactive ion etching (CE+PS), 

have been investigated and compared with an unetched control sample (CR). It is 

found that chemical etching results in a lower Schottky barrier height (SBH) for the 

CE sample as compared to the CR sample, which is attributed to the formation of a 

carbon-rich layer at the surface. Their ideality factor and series on-resistance, however, 

do not deviate significantly. On the other hand, the PS sample is found to have a high 

on-resistance, high ideality factor and low SBH. The deep level transient spectroscopy 

(CDLTS) characteristics of the PS sample reveal the presence of four deep-level 
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defects, which are attributed to impinging positive Ar ions bombardment induced 

damage. The observed inhomogeneity of the electrical characteristics for the CE+PS 

sample, can be modeled by two SBDs with different SBHs connected in parallel. The 

SBDs with a lower SBH and high leakage current is related to chemical etching 

induced damage, while that with a higher SBH suffers from a slight physical 

sputtering damage but has no chemical etching induced damage. Through this study, 

the effects of chemical and physical etching induced damage on the electrical 

characteristics of the SBDs have been examined, and the understanding achieved is 

important in the formulation of plasma recipes that will minimize PEID. 
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Equation Chapter 1 Section 1 

Chapter 1  

Introduction 

 

1.1 Background 

Silicon carbide (SiC) is a wide bandgap semiconductor with many excellent 

properties. For example, 4H-SiC has a much higher bandgap of 3.28 eV, high 

breakdown electric field of 3MV/cm at a doping level of 2×1015 cm-3, and higher 

thermal conductivity of 4.9 Wcm-1K-1 than the conventional semiconductor Si. In 

addition, it has a high electron saturation drift velocity of 2×107 cm/s and can also 

operate at much higher temperatures of above 400⁰C and with a high breakdown 

electric field of 2.0 ~ 2.5 MV/cm [1-3]. Despite its advantages, and the fact that SiC 

was discovered earlier than Si [4], there was no significant breakthrough in its growth 

technology until 1980’s when bulk SiC crystal was successfully grown by a seeded 

sublimation technique, which is now commonly known as the modified Lely process 

[5]. The use of this new technology enables commercial production of SiC wafers of 

consistently high quality and reasonable wafer size: from the year 2007, high quality 

4-inch SiC wafers have been commercially available [6]. 

Due to its many desirable properties, SiC has found applications in many areas, 

which include power electronics [7, 8], radio frequency and microwave transistors [9], 

radiation hard electronics [10], various sensors working in harsh and/or strong 
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irradiation environments, such as sensors for jet engines or space stations [11, 12] , 

microelectromechanical system (MEMS) [13], photoconductive switches [14]. So far, 

its application has been most successful in the area of power electronics. SiC based 

Schottky rectifiers that can offer blocking voltages and conduction currents rating up 

to [600 V, 20 A] and [1200 V, 10 A/20 A] have been successfully developed and are 

commercially available [8, 15]. With near ideal performance in high voltage switching 

operations, these rectifiers can be used in various applications, including Power Factor 

Correction (PFC) circuits in A.C.-D.C. power supplies, AC motor drives, solar 

inverters [16, 17]. Besides rectifiers, SiC has also been widely employed as the 

semiconductor for R.F./M.W. power devices, for example, metal-semiconductor-field-

effect-transistor (MESFET) that can be used in a variety of hybrid and monolithic high 

power microwave amplifiers. The R.F. power available from an impact ionization 

avalanche transit time (IMPATT) diode in SiC is about a hundred times higher than in 

Si or GaAs [9, 18]. MESFETs marketed by Cree Inc. boast a best power performance 

of 5.2 W/mm at 3.5 GHz and 63% power added efficiency (PAE) for a 0.7 µm⋅48mm 

device in a monolithic microwave IC (MMIC) [9, 19].  

It should be noted that SiC is the only compound semiconductor that can be 

thermally oxidized to form thermal oxide for use as masks in processing and device 

passivation layers, as well as high quality thermal oxide to serve as gate dielectrics. 

Thus, it is possible to fabricate all devices found in Si integrated technology using SiC, 

including high quality, stable metal-oxide-semiconductor-field-effect-transistor 

(MOSFET) transistors, such as trench U-shape MOSFETs and double-implanted 

MOSFETs [8, 15], and integrated circuits. This is an area of work that is ongoing, and 

once it is successfully developed and commercialized, will certainly propel and 

accelerate the SiC technology further for more practical applications. 
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1.2 Motivation 

During the last decade, much progress has been made in advancing SiC based 

devices and related processing technology. This progress has been driven by the need 

to develop SiC electronic devices that can operate at high power, high frequency, high 

temperature and high field regimes, beyond the operating range of conventional Si 

based devices. In the development of process technology for the fabrication of SiC 

devices, it is important to be able to pattern and etch SiC with good process control, 

reproducibility, high etch rate and high quality etched surface with minimum defects. 

However, SiC has long been well known for its hardness and chemical inertness. It has 

a Mohs hardness of 9.0, and is the second hardest material next to diamond [20] 

Indeed, due to its extreme hardness, SiC has been the material widely used in sand 

paper and as lapping and polishing abrasives [21] In microelectronic application, the 

hardness and chemical inertness of SiC allow it to operate in hostile environments. 

However, the same strengths also render the etching of SiC challenging. As SiC can 

withstand the attack of most conventional wet etching agents at room temperature [21], 

plasma etching is the only practical etching technique available [22]. To date the 

reactive ion etching (RIE) technique has been widely applied for the etching of SiC. 

[21] New plasma etching techniques that utilize high density plasma such as electron 

cyclotron resonance (ECR) plasma, inductively coupled plasma (ICP) etc, have also 

been developed to enhance the etch rate of SiC [21].  
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Fig. 1.1: Schematics of SiC power switching devices (a) thyristor, (b) MESFET, (c) 
static induction transistor, and (d) UMOSFET [24]. 

 

Despite the rapid development in SiC plasma etching technology, there is a need 

to achieve an in depth understanding of the plasma etching process and mechanism for 

SiC, and advance the technology to meet emerging process requirements. For example, 

with the development of modern and advanced SiC power devices as illustrated in Fig. 

1.1, the requirements placed on the plasma etching process have become more 

stringent and diversified. Mesa etching will require higher etch rate to achieve 

reasonable etch time but has less demand on the etch depth control. On the other hand, 

gate recess etching requires more precise etch rate control and high quality etched 

surfaces with minimum etching-induced damage, which otherwise may degrade the 
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electrical characteristics of the devices. This is especially crucial for channel or contact 

recess etching, which has a very high demand on surface quality. Towards this end, a 

detailed understanding of the etching mechanism and its effect on the quality of the 

etched surface is essential. The advance of SiC MEMS technology and the 

development of various sensors that can operate in harsh and irradiative environment 

[10-12] have also introduced new demands on the etching process of SiC, which 

include high etch rate and high aspect-ratio. 

Coupled with the need to tailor SiC etching process to meet specific 

requirements, there is also a need to improve the etching process design and control. It 

should be noted that in many SiC devices, the various SiC layers with different dopant 

types and/or doping levels do not have sufficient etching selectivity to serve as etch 

stop layer to each other [23]. Therefore, the etching process control is achieved mainly 

through having a good knowledge of the plasma etching behavior and a precise control 

of the etching time. To understand in detail the plasma etching process, it is important 

to develop a reliable, practical and robust plasma etching model that can accurately 

predict the etching characteristics, for example, the etch rate as a function of all the 

process parameters. Such a model is not only useful for process control and design, but 

it can also help in the understanding of the etching mechanisms involved and the 

interaction of different process parameters on the etching characteristics. 

1.3 Objectives 

The objective of this work is to study plasma etching of 4H-SiC for device 

fabrication using the RIE and ECR-RIE techniques. The main aims of the project 

include understanding in detail the etching characteristics and the mechanisms 
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involved, and the effects of the various process parameters such as the etchant gas 

mixture, microwave power, R.F. power, D.C. self-bias and process pressure on the 

etch rate, surface roughness and etched surface morphology. The surface damage due 

to etching will also be investigated through studying the electrical characteristics of 

4H-SiC Schottky barrier diodes fabricated that are subjected to different etching 

processes. We will also develop a model for the etching process using artificial neural 

networks to simulate and predict the etching characteristics, and understand the 

interaction of the various process parameters in the complex plasma process. This is 

important towards achieving a better process control necessary to meet different 

etching requirements in the fabrication of 4H-SiC devices. We also target to develop 

and optimize etching recipes for 4H-SiC that will give rise to higher etch rate with 

precise etch rate control and minimum etching induced damage.  

In the following, the objective of the research work is elaborated in three parts.  

1 We aim to study the reactive ion etching (RIE) of n+ type bulk 4H-SiC based 

on CHF3+O2 plasma as a function of the etchant gas composition, R.F. power 

and process pressure, and to develop an optimized working recipe. The etching 

behavior will be characterized in terms of the etch rate, etched surface 

roughness and surface atomic elements analyzed using Auger electron 

spectroscopy (AES).  

2 We target to develop a numerical model for studying the electron cyclotron 

resonance (ECR) plasma etching of 4H-SiC. A feed-forward neural network 

(FNN) trained by the BFGS (Broyden, Fletcher, Goldfarb, and Shanno) 

algorithm will be developed. Based on the FNN developed, the etching 
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behavior of 4H-SiC based on an ECR plasma will be modeled and analyzed 

with physical interpretations provided.  

3 We seek to compare and understand plasma etching induced damage (PEID) 

on 4H-SiC samples that are subjected separately either to mainly chemical 

etching, or mainly to physical etching, or to a combination of both chemical 

and physical etching processes. A batch of 4H-SiC Schottky barrier diodes 

(SBDs) will be fabricated and subjected to the above different etching 

processes. Their electrical characteristics, such as series on-resistance, 

Schottky barrier height (SBH), ideality factor, will be determined and 

correlated to the PEID involved in the different etching processes. The results 

are useful towards optimizing the RIE process to alleviate or even eliminate 

PEID. 

1.4 Major Contributions of the Thesis 

The major contributions of this thesis are summarized as follows: 

a) The reactive ion etching (RIE) of n+ type 4H-SiC based on CHF3+O2 plasma 

has been studied by varying the O2 fraction, R.F. power and process pressure. 

Oxygen is found to directly affect the F concentration and hence the etch rate. 

In addition, the formation of an oxide-like layer at high O2 fraction can result 

in a decreased etch rate. Increasing the R.F. power has been found to enhance 

the etch rate, while increasing process pressure has been shown to lead to an 

opposite effect. Very rough etched surface observed under certain RIE 

conditions and has been attributed to Al contamination arising from the etching 

chamber electrodes and C residue induced micromasking effect. This effect is 
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observed to be highly correlated to the physical ion bombardment controlled by 

the D.C. self bias. A threshold D.C. self-bias of between -320 V and -330 V is 

observed, below which the micromasking effect exists, and above which it is 

absent. In this study, an optimum etching process recipe has been developed, 

with a 20% O2 fraction, 200 W (1.13 W/cm2) R.F. power, 100 mTorr process 

pressure, and 10 sccm total feed in gas flow rate. The optimized etch rate 

achieved is 35.6 nm/min, and the etched surface is very smooth with an r.m.s. 

surface roughness of 1.65 nm. The optimized recipe has been successfully 

applied by other research students for the fabrication of high quality 4H-SiC 

based MESFETs and MOSFETs.  

b) A numerical model using a feed-forward neural network (FNN) has been 

developed to simulate ECR SF6+O2 plasma etching of 4H-SiC. The FNN was 

trained by the BFGS (Broyden, Fletcher, Goldfarb, and Shanno) optimization 

algorithm, which has been used for the first time in the area of plasma etching 

process modeling [25]. The BFGS algorithm is superior to the conventional 

back propagation (BP) algorithm, as it has resulted in much smaller errors, 

with 5 % r.m.s. error and ±10 % maximum error of cross-validation (CV) test, 

while the errors for the training samples are even lower. The simulated etch 

rates of 4H-SiC are found to be consistent with the experimental results. The 

FNN trained by the BFGS algorithm is powerful and can be used to develop 

optimized etching recipes for 4H-SiC for different applications.  

c) Using the FNN trained by the BFGS optimization algorithm, the ECR plasma 

etching of 4H-SiC with a SF6 + O2 plasma was numerically simulated. The 

results clearly revealed the relationship between the etch rate and the various 
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process parameters such as the microwave power, D.C. bias, process pressure 

and O2 fraction. In the analysis of the results, physical interpretations have 

been given to explain the plasma and etching characteristics as a function of 

the process parameters, and the roles of pure chemical reaction and physical 

ion bombardment (sputtering) on the overall etching behavior. The simulation 

results suggest that by controlling these process parameters, it is possible to 

develop optimized etching recipes for SiC that can cater for different 

applications. 

d) The ECR SF6+O2 plasma etching of n+ doped bulk 4H-SiC was studied in 

terms of the role of oxygen in the etching process. The Auger electron 

spectroscopy (AES) results suggest that chemical etching of carbon by oxygen 

is not significant even at high O2 fraction. With an increase in O2 fraction, the 

surface roughness is found to increase, due to surface oxidation and oxygen ion 

related physical ion bombardment. However, even at the highest O2 fraction, 

relatively smooth etched 4H-SiC surfaces free of Al clusters and C rich-layers 

were observed, which is attributed to the high D.C. bias applied. The highest 

etch rate that has been achieved for 4H-SiC using the ECR plasma etching is 

79.1 nm/min, under the process conditions of 550 W microwave power, -200 V 

D.C.bias, 4 mTorr process pressure, and 60% O2 fraction. 

e) Plasma etching induced damage (PEID) was studied on n type 4H-SiC using 

thermal oxide field terminated SBDs fabricated in this work as the test vehicle. 

Three plasma etching processes with characteristics dominated by chemical 

etching, physical sputtering, and their combination, were performed to 

understand the contribution of damages from the different sources. 4H-SiC 
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SBDs not subjected to etching were also fabricated for comparison. 

Capacitance-voltage (C-V), current-voltage (I-V) and deep level transient 

spectroscopy were used to assess the quality of the SBDs, and extract their key 

parameters, which include ideality factor, series on-resistance and Schottky 

barrier height (SBH). Surface damage arising from chemical etching has been 

found to lower the SBH, which in turn leads to a high leakage current. On the 

other hand, damage due to physical sputtering has resulted in a very high series 

on-resistance, a high ideality factor, and I-V characteristics that deviate from 

the thermionic emission model. As for the damage that is due to a combination 

of chemical etching and physical sputtering, inhomogeneity in electrical 

characteristics has been observed at the Schottky interface, with electrical 

characteristics that can be modeled as a pair of SBDs with different SBHs 

connected in parallel. The SBD model with a lower SBH and high leakage 

current can be attributed to the Schottky contact area that is dominant by 

chemical etching induced damage, while that with a higher SBH can be 

assigned to the Schottky contact area with the chemical etching induced 

damage being etched away by physical sputtering. 

1.5 Organization 

There are seven chapters in this dissertation, which are organized as follows: 

CHAPTER ONE The background and the motivation of the research are presented. 

The main contributions of the dissertation are summarized, and the organization of this 

dissertation is given. 
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CHAPTER TWO An introduction to monocrystalline SiC is given, including its 

crystalline structure, physical and electrical properties. Also included is an 

introduction and literature survey of plasma etching process, mechanism of plasma 

etching of SiC, neural network and its modeling of plasma etching of FNN trained by 

the BFGS optimization algorithm, and plasma etching induced damage.  

CHAPTER THREE The reactive ion etching (RIE) of n+ type bulk 4H-SiC based 

on CHF3 and O2 plasma is systematically studied by varying the various process 

parameters, which include etchant gas chemical composition, R.F. power, and process 

pressure. The etch rate and surface roughness are characterized and discussed in 

relation to the micromasking effect. Based on the study, an optimized recipe working 

for CHF3 + O2 reactive ion etching of 4H-SiC is developed. 

CHAPTER FOUR A numerical modeling of electron cyclotron resonance (ECR) 

plasma etching of 4H-SiC using artificial neural network is developed. The modeling 

results obtained are also compared and verified using experimental etching results. 

CHAPTER FIVE The ECR plasma etching of n+ type bulk 4H-SiC based on 

SF6+O2 plasma is presented. By varying the etchant gas chemical composition, the 

etching behaviors are studied in terms of the etch rate and surface roughness. An 

artificial neural network has been trained and used to model the effects of etchant 

gases chemical composition, microwave power, D.C. bias, and process pressure on the 

ECR plasma etching of 4H-SiC. Physical interpretation of the modeling results is also 

presented. 

CHAPTER SIX Plasma etching induced damage (PEID) attributed to chemical 

plasma etching, physical sputtering, and a combination of both mechanisms is studied 

using n type 4H-SiC thermal oxide field plate terminated Schottky barrier diodes 
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(SBDs). The capacitance-voltage and current-voltage characteristics of the SBDs 

fabricated and subjected to the different etching mechanisms are compared and 

discussed in relation to the damage induced. 

CHAPTER SEVEN Conclusions of the research work and recommendations for 

future work are presented. 
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Equation Chapter (Next) Section 1 

Chapter 2  

Plasma Etching of SiC – A Literature Review 

 

2.1 Introduction 

Silicon carbide (SiC) is a wide bandgap semiconductor with attractive material 

properties for microelectronic applications [26-35]. Due to its high electron saturation 

velocity, high breakdown electric field strength and high thermal conductivity, silicon 

carbide is highly suitable for high-power and high frequency power devices [36, 37]. 

The material strength and stability also render SiC a useful candidate for 

microelectromechanical systems (MEMS) technologies [38]. One of the crucial steps 

in the fabrication of SiC devices is the etching process for creation of mesa isolation 

structures, recessed gate, recessed channel. However, due to the exceptional chemical 

inertness of SiC and the strong bonding between Si and C (Si-C bond energy is 1.34 

times stronger than the Si-Si bond energy) [23], etching of SiC with good etched 

surface quality and high etch rate is a major technological challenge. Currently, 

plasma-based etching is the only practical way of etching SiC. In this chapter, 

beginning with an introduction of SiC material properties, a literature survey will be 

presented to specifically address the current plasma etching technology for SiC. 
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2.2 Mono-Crystalline Silicon Carbide 

2.2.1 Crystallographic Structure 

SiC is the only known binary compound of silicon and carbon that possesses 

one-dimensional polymorphism called polytypism. In a polytypic compound, similar 

sheets of atoms or symmetrical variants are stacked atop each other and related 

according to a symmetry operator. The differences between the polytypes only arise in 

the direction perpendicular to the sheets (along the c-axis) [39]. In SiC, each sheet 

represents a bilayer composed of one layer of Si atoms and one layer of C atoms. The 

basic unit in the SiC polytypes consists of a primarily covalently bonded (88% 

covalent and 12% ionic) tetrahedron of four C atoms with one Si atom at the centre as 

shown in Fig. 2.1. The SiC crystal is composed of these basic tetrahedron structure 

joined to each other at the corners [39]. 

 
 

Fig. 2.1: (a) The basic structure unit in SiC. (b) The structure of (a) after being 
rotated 180º around the stacking direction [39]. 
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The different stacking sequences of the SiC bilayers give rise to numerous 

polytypes of SiC, which are named according to their stacking sequence. Although as 

many as 250 or more polytypes of SiC have been reported [40], only a few of them 

(such as 4H-SiC and 6H-SiC) are commercially available and used for semiconductor 

devices. Their crystallographic structures and stacking sequences are shown in Fig. 2.2. 

The 3C-SiC, also referred to as β-SiC, is the only form of SiC with a cubic crystal 

lattice structure. The non-cubic polytypes of SiC are referred to as α-SiC. The 4H-SiC 

and 6H-SiC are two of the many possible SiC polytypes with a hexagonal crystal 

structure. Similarly, 15R-SiC is the most common of the many possible SiC polytypes 

with a rhombohedral crystal structure [39, 41]. 

 
 
 

Fig. 2.2: The crystallographic structure of some common SiC polytypes, 2H, 3C, 
4H, and 6H. [42] 
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 Si GaAs 3C-
SiC 

6H-
SiC 

4H-
SiC 

2H-
GaN 

Diamond 

Lattice 
Constant a [Å] 

5.43 5.65 4.36 3.08 3.08 3.189 3.567 

Lattice 
Constant c [Å] 

n.a. n.a. n.a. 15.12 10.08 5.185 n.a. 

Bond length [Å] 2.35 2.45 1.89 1.89 1.89 1.95 1.54 
CTE [10-6/K] 2.6 5.73 3.0 4.5  5.6 0.8 
Density [g/cm3] 2.3 5.3 3.2 3.2 3.2 6.1 3.5 
Thermal 
Conductivity λ 
[W/cm K] 

1.5 0.5 5.0 5.0 5.0 1.3 20.0 

Melting point 1420 1240 2830 2830 2830 2500 4000 
Mohs hardness   9.0 9.0 9.0  10.0 

 

Table 2.1: The physical properties of three most commonly used polytypes of SiC 
and other semiconductor materials [20]. 

 
2.2.2 Physical and Electrical Properties of SiC 

Shown in Table 2.1 are the physical properties of three most commonly studied 

polytypes of SiC and other semiconductor materials such as Si, GaAs and GaN [20]. 

The apparent anisotropic properties in different SiC polytypes are due to the stacked 

double layers of hexagonal polytypes. Owing to the different arrangements of Si and C 

atoms within the SiC crystal lattice, each SiC polytype exhibits unique properties. 

From Table 2.1, it is clear that SiC has excellent mechanical properties, which are 

second only to 2H-GaN and Diamond. For example, SiC has a shorter bond length, 

which renders it an excellent chemical stability and makes it capable to withstand 

harsh, corrosive and irradiative environments. SiC also has a very high thermal 

conductivity, which is only next to diamond, making it highly suitable for high power 

devices. SiC has a lattice constant “a” that closely matches that of 2H-GaN and their 

coefficients of thermal expansion (CTE) are close enough so that SiC can be used as a 

reliable substrate for epitaxial growth of GaN. However, due to its very high hardness  
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 Si GaAs 3C-
SiC 

6H-
SiC 

4H-
SiC 

2H-
GaN 

Diamond 

Eg [eV] 1.12 1.43 2.4 3.0 3.2 3.4 5.5 
Ec [MV/cm] 0.25 0.3 2.0 2.5 2.2 3.0 5.0 
Vsat [107cm/s] 1.0 1.0 2.5 2.0 2.0 2.5 2.7 
μn.⊥c [cm2/V s] 1350 8500 1000 500 950 400 2200 
μn.|| c [cm2/V s] n.a. n.a. n.a. 100 1150 n.a. n.a. 
μP [cm2/V s] 480 400 40 80 120 30 1600 
εr  11.9 13.0 9.7 10.0 10.0 9.5 5.0 

Table 2.2: The electrical properties of three most commonly used polytypes of 
SiC and other semiconductor materials [23]. 

 

and melt point (which are only second to diamond), together with its extraordinary 

chemical inertness, SiC has proved to be a technical challenge in its processing, 

including fabricating high quality SiC wafers, wafer polishing, ion implantation, 

etching.  

The electrical properties of these semiconductor materials are shown in Table 

2.2 [20]. The different arrangements of Si and C atoms within the SiC crystal lattice 

give each SiC polytype its unique electrical and optical properties. Even for a given 

polytype, some important electrical properties, such as carrier mobility, are anisotropic, 

i.e. they are strong functions of the crystallographic direction. In comparison with 

other materials, it is clear that SiC has several merits enable it to operate at extremely 

high temperatures, at high frequencies and to sustain high breakdown voltages with 

very low specific on-resistance. These merits include band gap, critical electric field 

and saturation velocity, whose values are only second to those of 2H-GaN and 

diamond. Compared to 2H-GaN, SiC has its own merit of being capable to form its 

own native oxide which can provide SiC devices with high quality gate dielectrics and 

passivation. Compared with 6H-SiC, 4H-SiC exhibits a higher bandgap, higher 
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mobility with minimum anisotropy, higher saturation electron velocity, comparable 

breakdown field strength, and comparable thermal conductivity. This makes 4H-SiC 

currently the best candidate for the fabrication of SiC high power microwave devices.  

2.3 Plasma Etching  

2.3.1 Fundamentals of Plasma 

Plasma is considered as the fourth state of matter, apart from solid, liquid, and 

gaseous states. In general, plasma is defined as a collection of quasi-neutral discharged 

gas that exhibits certain collective behaviors [43]. Such discharged gases usually 

contain electrons, positive and negative charged ions, neutral atoms, molecules, and 

molecular fragments. From the general definition of plasma, it is clear that plasma has 

two important properties: the quasi-neutrality and collective motion. The generation 

and sustainment of plasma need external excitation power sources, such as thermal 

sources, electric sources, and irradiation sources. 

In general, based on the degree of ionization (β), defined as the ratio of the 

electron density against the gas molecular density before discharge, plasma can be 

grouped as fully ionized plasma (β = 1), strongly ionized plasma (β ≥ 10-2), and 

weakly ionized plasma (β ≤ 10-3) [44]. On the other hand, from the status of 

thermodynamic equilibrium between different particles within plasma, plasma can also 

be categorized as thermal plasma when local thermodynamic equilibrium is achieved 

between particles of electrons, ions, and neutral particles, usually at high pressure, e.g., 

atmospheric pressure; and cold plasma when plasma system is under thermally 

nonequilibrium status, usually taking place in at low pressure. Due to the existence of 

the very chemically active neural radicals, cold plasmas, also been frequently referred 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 2  PLASMA ETCHING OF SIC – A LITERATURE REVIEW 

19 

to as glow discharge, are widely applied in the semiconductor processes, especially 

plasma etching. Hence, we will focus on discussing on glow discharge, i.e., the cold 

plasma.  

2.3.1.1 Properties and Characterization of Glow Discharge 

Glow discharge is a low-pressure, low degree of ionization (low plasma density) 

plasma state of non-local-thermodynamic-equilibrium [45]. This thermal 

nonequilibrium manipulates itself as the particles, i.e. the electrons, ions, and neutral 

particles, are significantly different in their kinetic energies, or their temperatures. 

Usually, the electron temperature in the glow discharge is much higher than the 

temperatures of ions and neutral particles.  

As a state of matter consisting of neutral particles, electrons and ions of nearly 

equal numbers of opposite charges, glow discharge has several unique properties, 

compared with the other states of matter [45].  

Firstly, one of the most important properties of plasmas is quasineutrality. The 

generation and elimination of negative charges (electrons and negative ions) are 

companied with the generation and elimination of positive charges (positive ions) of 

almost equal amount. Due to the strong Coulomb force between electrons and positive 

ions, they are distributed in such a way that the quasineutrality is maintained within a 

very small local volume. This does result in an almost space charge free inside 

plasmas. Similar to conductive metals, plasma tends to shield the external/internal 

electric field to maintain the neutrality through redistributing of electrons and ions. 

This phenomenon is known as Debye shielding. The shielding occurs in a distance 

called the Debye length. 
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Secondly, due to being subjected to the constantly impacts from the intimate and 

remote electric and magnetic fields of other particles, all the charged particles moving 

within the plasma are affected by the electric and magnetic fields from other charged 

particles such that their kinematics are termed as collective motion. Such kind of 

effects have far more important impacts on the charged particles compared to the 

individual hard collisions normally happen within normal idea neutral gases, plasmas 

are vocationally being referred as collisionless. One of the examples of the collective 

motion is plasma oscillation.  

Thirdly, plasmas can form a positively charged space charge layer at the 

interface of plasma and any solid surface, e.g., the wall of metal containment vessel 

and various solid dielectric materials. This space charge layer is referred as plasma 

sheath. Usually, plasma sheath is about a few Debye lengths thick. The forming of 

plasma sheath is due to the fact that electrons have a faster diffusion rate compared 

with ions. This results in an accumulated negatively charged solid surface and an 

internal electric field that repulses electrons inside the plasma from closing to the 

surface while attracts positively charged ions to impinge into the solid’s surface. To 

shield this electric field, a layer of positively charged space charge layer is formed, 

referred as positive ion sheath. Through controlling the energy of impinging positive 

ions, this positive ion sheath plays a critical role in introducing positive ion 

bombardment in ion enhanced plasma etching. 

Due to that the behaviors of plasmas are the collective behaviors of a large 

amount of electrons, ions, and neutral particles, these collective behaviors are usually 

being quantitatively measured with a few plasma parameters. Typical parameters 
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include plasma temperature, plasma density, degree of ionization, Debye length, and 

plasma frequency [45]. 

Firstly, the plasma temperature measured in Kelvins is an informal measure of 

the thermal kinetic energies of electrons, ions, and neutral particles of plasma. In the 

conventional glow discharge used for semiconductor plasma etching processes, 

electrons have a much higher temperature compared with ions and neutral particles, 

typically several thousand degrees Celsius. While the temperatures of ions and neutral 

particles are normally very close to ambient temperature. Plasma temperature, 

especially the electron temperature determines the degree ionization β.  

Secondly, the plasma density is another parameter to characterize the properties 

of plasmas. Plasma density is conventionally referred as the electron density, defined 

as the number of free electrons per unit volume. A highly related parameter is the 

degree of ionization β, with its definition was introduced earlier in the subsection 2.3.1. 

Normally, a high plasma density is much desirable in enhancing the efficiency and rate 

of plasma etching processes. To achieve high density plasma (HDP), with the help of 

microwave excitation power, magnetic field, various plasma techniques have been 

developed, including inductively coupled plasma (ICP), electron cyclotron resonance 

(ECR) plasma, and helicon plasma. 

Thirdly, it is already pointed out that the depths of plasma shielding and positive 

ion sheath are representing the depth of plasma that an external/internal electric field 

can penetrate into plasmas. This depth is usually being measured by Debye length λD 

[45]: 
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where kB, Te, ne, and q are Boltzmann constant, electron temperature, electron density, 

and elementary charge, respectively. From above equation, it is clear that the Debye 

length is determined by the temperature and density of electron. 

Fourthly, the parameter plasma frequency is related to plasma oscillation. When 

some electrons displace a tiny distance with respect to positive ions, a strong electric 

produced from this displacement will force these electrons to restore to their balanced 

positions. The resulting restoring Coulomb force causes the plasma electrons to 

oscillate internally at a frequency which is referred as plasma frequency. 

2.3.1.2 Glow Discharge Reactor 

The conventional glow discharge reactor applied in plasma etching process uses 

an alternating current (A.C.) external excitation power source to generate glow 

discharge. The benefits coming with using an A.C. external excitation power source 

are twofold. Firstly, electrodes of glow discharge reactor do not need to be conductive; 

and secondly, electrons can absorb sufficient energy during field oscillation to 

introduce more ionization by electron-neutral particle collisions such that plasma can 

be generated at low pressure, e.g., 1 mTorr. The glow discharge reactors used in 

plasma etching process include capacitively coupled plasma (CCP), ICP, ECR plasma, 

helicon plasma. In the following subsection, we will discuss the conventional CCP and 

ECR plasma that have been used in this work. 

1. Capacitively Coupled Plasma Reactor 

A standard capacitively coupled plasma reactor for reactive ion etching (RIE) is 

composed of a parallel plate capacitor with the lower electrode plate (the sample stage) 

driven by a 13.56 MHz radio frequency (R.F.) power supply through an impedance  
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Fig. 2.3: The schematic diagram of capacitively coupled plasma reactor [46]. 

 

matching network and coupled with a blocking capacitor. A schematic diagram is 

shown in Fig. 2.3 [46].  

The generation of glow discharge starts from the ionization of low pressure 

gases under high external electric field. The precursors of igniting of glow discharge 

are the electrons generated from random sources such as photoionization or field 

emission. Under external electric field, these precursor electrons are accelerated to 

gain enough energy to ionize the neutral molecular in the following collisions. These 

collisions produce ions, excited neutral particles, neutral molecular fragments, more 

electrons [46]:  
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Besides, electrons are generated through secondary electron emission, i.e., 

electrons being generated at the cathode electrode by impact ionization of energetic 

positive ions. This mechanism of generation of electrons becomes dominant when the 

process pressure is less than 300 mTorr [44]. On the other hand, these produced 

charged particles from collisions are neutralized through recombination of particles to 

release photons through photoemission, or to be neutralized by the electrodes and 

walls of the containment vessel [45]: 

 
Ion-ion recombination:          

Electron-ion recombination:          
A B A B
e A A

− +

− +

+ → +

+ →

　

　
 (2.3) 

The plasma is self-sustaining once a balance is established between the generation and 

neutralization of charged particles.  

In a CCP reactor, once a sustaining plasma is built-up, under R.F. excitation, 

plasma sheaths are developed at the surfaces of both grounded and R.F. power driven 

electrodes, refer to as the anode and cathode, respectively. The negative potentials of 

the two electrodes corresponding to the plasma potential are asymmetrical and related 

to the area of the electrodes. By treating these sheaths as capacitors and assuming the 

current density of the positive ions across sheaths is uniform and is equal at both 

electrodes, a relationship between the negative potential and the electrode area can be 

approximately established [45]: 
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 (2.4) 

where VA, AA, are the negative potentials corresponding to the plasma potential and 

areas of the anode, respectively, and VC, and AC are corresponding parameters to the 
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cathode. It is clearly seen that the negative potential of sheath has a reverse 

relationship with the area of the corresponding electrode. Usually, the anode is 

grounded and its area (AA) includes the anode area and the area of the grounded wall of 

the containment vessel and is much larger than the area of cathode. This translates into 

a much higher negative potential being developed at the cathode, i.e., the R.F. power 

driven electrode. 

For the cathode, due to the blocking effect of the connected blocking capacitor, 

the negative charges accumulated on the electrode at each electric cycle are preserved. 

This results in a constant negative potential, which is normally referred to as the D.C. 

self-bias. In a CCP reactor, the value of the D.C. self-bias is dependent on the plasma 

density which in turn is determined by the R.F. power and process pressure. Hence the 

D.C. self-bias is proportional to the R.F. power and inverse of the process pressure as 

follows [43]: 

 . .R F
D.C. Self -Bias

WV
P

∝  (2.5) 

where VD.C. Self-Bias, WR.F. , and P are the D.C. self-bias, R.F. power, and process 

pressure, respectively.  

2. Electron Cyclotron Resonance Plasma Reactor 

Electron cyclotron resonance (ECR) plasma reactor is an electrodeless HDP 

reactor. In a conventional configuration, an ECR is composed of a microwave power 

supply, an excitation chamber which is surrounded by one or more static magnets, and 

a process chamber. For etching process and thin film deposition, ECR plasma reactor 

usually works under low process pressure. 
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The basic mechanism of an ECR plasma reactor is the ECR effect. In a static and 

uniform magnetic field, a moving electron will be subjected to the Lorentz force and to 

circulate around the magnetic field lines in circular or helix obits with a characteristic 

cyclotron angular frequency ωce and the gyro-radius R, i.e. the radius of the circular 

orbit [47]: 
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=
 (2.6) 

where q, B, and me are the electron charge, magnetic field, and electron mass, 

respectively, and ve is the velocity of the electron. In the presence of an electric field, 

the electron is accelerated with an increased velocity perpendicular to the static 

magnetic field resulting in an outward, spiraling motion along a magnetic field line. 

When the electric field is applied from an external microwave excitation power source 

with its angular frequency ω equals to the characteristic cyclotron angular frequency 

ωce, the electron’s spiral motion is in phase with the alternating electric field and 

results in it to be resonantly accelerated with each change in polarity. This is called 

electron cyclotron resonance effect where the microwave energy is coupled to the 

natural resonant frequency of the electron gas in the presence of a static magnetic field 

[47]. This translates into a very high energy of the cyclotron electrons which results in 

a high degree of dissociation and ionization of plasmas (10-2 for ECR compared to 10-6 

for RIE) [48] through a series collisions of resonance electrons and neutral particles. 

The conditions of the excitation microwave power and the static magnetic field that 

meet the characteristic cyclotron angular frequency of Eqn. (2.6) and plasmas being 
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generated under these conditions are referred to as ECR conditions and ECR plasmas, 

respectively.  

In reality, the external excitation microwave power source usually uses the 

industrial microwave frequency of 2.45 GHz and is transmitted to the feed-in gases in 

the excitation using a waveguide, or a resonance cavity, or a coaxial applicator, and is 

coupled to the feed-in gases through a microwave transparent quartz or alumina 

window [47]. With the 2.45 GHz external source, the ECR condition is met when 

applying a static magnetic field of 875 gauss [48]. During the ECR heating of 

electrons, it is desirable to be “collisionless”. Such collisions between cyclotron 

electrons and neutral particles can cause energy lost and randomization of electron 

motion directions. In practice, this requirement is to be satisfied by keeping the 

process pressure under 20 mTorr [47].  

Due to the fact that the magnetic field supplied from magnetic coils decreases 

with the distance from the coils, ECR accelerated electrons are pushed out of the high 

magnetic field region to the process chamber under a longitudinal force due to the 

diverging magnetic field. This results in a negative potential in the direction of the 

wafer under which positive ions diffuse out of the excitation chamber to the process 

chamber through ambipolar diffusion. 

Due to the configuration of ECR plasma reactor being essentially electrodeless 

[47], the sample stage can be biased independently by connecting to an external R.F. 

or D.C power source [47]. This allows the independent control over the sheath 

potential and hence the desired etch anisotropy. It should be noted that both 

conventional CCP and ECR reactors use an R.F. power to generate self developed bias, 

i.e., the D.C. self-bias. However, for the conventional CCP reactor, the control of D.C. 
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self-bias is coupled to other parameters such as plasma density and process pressure. 

In contrast, in an ECR reactor, the control of D.C. self-bias is by the R.F. power alone 

and decoupled from other parameters. To distinguish them in this thesis, the bias 

developed in an ECR plasma process is referred to as D.C. bias while that developed 

in a RIE process is referred to as D.C. self-bias. 

2.3.2 Plasma Etching Mechanisms 

The basic plasma etching mechanism involves both physical and chemical 

processes [23]. It is well known that a variety of species can be produced in a plasma 

discharge [49], e.g., charged particles (ions and electrons), photons, and neutral 

species (radicals). Based on these species, plasma etching can proceed via a 

combination of physical and chemical mechanisms. The dominant mechanism is 

determined by the volatility of the reaction by-products and the energy of the ionized 

species. In practice, this translates into choices regarding the feed gas (inert or 

reactive), the plasma pressure and the choice of connecting the sample biasing 

electrode either to the R.F. power source or to ground [23]. These conditions result in 

different plasma etching processes which can be grouped into four categories as 

illustrated in Fig. 2.4 [50]. The first process is sputtering, which is a purely physical 

removal of the material by energetic ions of the gas molecules. The second process is 

chemical reaction etching in which electrically neutral but chemically reactive 

atoms/molecules called radicals formed in the plasma react with the substrate material 

to produce volatile species. The third process is ion enhanced energetic etching where 

energetic ions chemically activate the surface by breaking strong chemical bonds and 

removing volatile etching products and thus enhances etching reactivity. The last 

process is ion-enhanced protective etching where ion bombardment removes inhibitor 
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layers from the surface of the substrate orthogonal to the ion flux, allowing chemical 

etching to proceed [50].  

 
 

 
 

Fig. 2.4: The four basic plasma etching processes: (a) sputtering, (b) chemical 
reaction etching, (c) ion-enhanced energetic etching and (d) ion-enhanced 
protective etching [50]. 
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Reactive ion etching (RIE), whose actions is predominantly based on the last 

two categories, operates at relatively low pressures (from few mTorr to hundreds of 

mTorr) with the sample placed on the R.F. powered cathode, thus resulting in the 

production of fairly energetic ions along with the formation of reactive radicals. 

Plasma-based etching in the RIE mode generally allows for the most useful trade-offs 

between etch rates and anisotropy [23]. 

2.4 Plasma Etching Technology for Silicon Carbide 

There are several techniques available for etching SiC, including wet etching [2, 

21], hot gases etching [51], amorphization etching [52, 53], photoelectrochemical 

etching [54-56], and plasma etching. Among them, plasma etching is the most 

extensively studied, and widely and successfully applied etching technique for SiC.  

In the study of plasma etching of SiC, there are several issues that need to be 

addressed, i.e. etch rate, selectivity, uniformity, and surface quality. Due to its high 

chemical inertness, the task of achieving a controllable and predictable high etch rate 

in SiC is one of the most important. With the development of plasma etching 

technology, more new techniques have been developed to improve the etch rate, as 

summarized in Table 2.3. However, in order to achieve controllable and predictable 

etch rate, one needs to understand the etching mechanism. With the improved etch rate, 

other issues must also be considered, i.e. the selectivity, uniformity and surface quality, 

and addressing these issues remains a significant technical challenge. The progress of 

plasma etching techniques is summarized below. 
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Reactor SiC Gas Condition at highest ER ER(Å min-1) 
RIE 6H CHF3/O2 

SF6/O2 
CH4/O2 
NF3/O2 

20sccm, 200W, 0%O2 32 
410 
278 
293 

 3C 
6H, 4H 

SF6 
NF3 

150W, 80mtorr 
225mtorr, 95-110sccm, 275W 

700 
1500 

ECR 6H 
3C, 6H 
6H 
3C, 5H 
6H 

CF4/O2 
CF4/O2 
20 SF6/10 Ar 
SF6/O2 
10 Cl2/5 Ar 
10 Cl2/5 H2 
4 IBr/4 Ar 
NF3 
SF6 

5W, -100V, 17.5%O2, 50sccm 
650W, -100V, 17%O2, 50sccm 
750W, 250 R.F., 2mtorr, 30sccm 
1200W, 1mtorr, 4sccm 
1000W, 150 R.F., 1.5mtorr, 15sccm 
1000W, 150 R.F., 1.5mtorr, 15sccm 
1000W, 250 R.F., 1.5mtorr, 15sccm 
800W, 100 R.F., 1mtorr, 10sccm 
800W, 100 R.F., 1mtorr, 10sccm 

800 
700 

4500 
2500 
2500 
1000 
1100 
1600 

450 
ICP 6H 

 
 
 
6H 
4H 
6H 

Cl2Ar or/He 
Cl2/Xe 
IBr/Ar 
ICl/Ar 
NF3/O2 or Ar 
NH3 
SF6 

100 Cl2, 750W, 250 R.F., 5mtorr 
13% Cl2, 750W, 250 R.F., 5mtorr 
10% Ar, 750W, 250 R.F., 5mtorr 
66% Ar, 750W, 250 R.F., 5mtorr 
100% NF3, 750W, 250 R.F., 5mtorr 
100% NF3, 500W, 50 R.F., 2mtorr 
100% SF6, 900W, -450V, 5mtorr 

100 
260 
800 
250 

4000 
8000 
9700 

Helicon 
Plasma 

4H 30 SF6/7/5O2 25% O2, 200W, -500V,.6 mtorr 13,500 

 

Table 2.3: Published plasma etching data of SiC [21]. 

 

Generally, the plasma etching techniques being used in etching SiC can be 

divided into two categories, the conventional RIE and the high density plasma etching 

techniques, e.g., inductively coupled plasma (ICP), electron cyclotron resonance (ECR) 

plasma, helicon plasma, as shown in Table 2.3. High density plasma has several 

advantages over the conventional RIE, such as higher plasma density, decoupling of 

ion energy and ion flux, and low working pressure [21]. In addition, they usually offer 

higher etch rates and result in good surface quality. For example, by using SF6 based 

magnetically enhanced ICP, D. W. Kim et al [57] demonstrated a very high etch rate 

of 1500 nm/min for 6H-SiC. Though the conventional RIE technique may not be as 

good as the high density plasma techniques in a number of aspects, it is still quite a  
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Etching Product Boiling Points (°C)
SiCl4 57.6 
SiF4 -86 
CCl4 76.8 
CF4 -128 
CO2 -78.5 (Sublimation) 
CO -181.5 

 

Table 2.4: Boiling points of potential etch products in plasma etching of SiC using 
halogen gas plus oxygen plasma 

 

widely used etching technique due to its simpler and reliable equipment setup and 

requirements.  

The etchant gases used in etching SiC generally belong to two categories, the 

fluorine based etchant gases (e.g., CF4, CHF3, SF6, NF3.), and other halogen based 

etchant gases (e.g., Cl2,IBr, ICl, ClF4.) [58, 59]. The fluorine based etchant gases are 

normally preferred due to the fact that their plasma etching products have lower 

boiling points and are therefore more volatile, as shown in Table 2.4 [21]. Reactive ion 

etching of silicon carbide (SiC) using fluorinated gas and oxygen has been extensively 

studied [21, 23, 60, 61]. Although the detailed etching mechanism involved is still not 

yet fully understood, it is believed that both physical ion bombardment and chemical 

reactions are involved [23, 61, 62]. During plasma etching of SiC, the ions strike the 

substrate surface with sufficient energy to break the Si-C bond, and the chemical 

reactions most likely to be responsible for the removal of the Si and C atoms of SiC 

are listed below [23]: 

 1 ~ 4,mSi mF SiF m+ → =  (2.7) 

 mC mF CF+ →  (2.8) 
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 1 ~ 2nC nO CO n+ → =  (2.9) 

 m m nSiC mF nO SiF CF CO+ + → + +  (2.10) 

It is generally agreed that F is the main etchant species reacting with Si and C 

atoms, either through pure chemical reactions, or ion assisted/enhanced chemical 

reactions or both, as shown in Eqs. (2.7) and (2.8) [23, 62]. After the incident ions 

have weakened or broken the Si-C bond, F atoms react preferentially with Si atoms. 

This results in the formation of a carbon-rich layer, and its removal is thought to be an 

etch rate limiting step [63]. The removal of this carbon-rich layer can occur through 

chemical reactions with F and/or O atoms, as indicated in Eqs. (2.8) and (2.9), assisted 

by ion bombardments, i.e., ion-enhanced energetic etching, and/or ion-enhanced 

protective etching [23], or through pure physical sputtering [21, 61, 62, 64]. The effect 

of oxygen on the RIE process of SiC is very complex and will be further discussed in 

detail in the next chapter when our 4H-SiC RIE results are presented. 

The choice of mask material is crucial for any plasma etching process. Many 

materials have been chosen to act as masks in the etching of SiC, including Su8, Ti, Al, 

Ni, ITO [62, 63]. Studies have demonstrated that the crucial index of etch selectivity 

of SiC over mask changes with the etching conditions [62, 63]. For example, when the 

gas pressure was varied from 60 to 240 mTorr in a CHF3/O2 mixture RIE system, the 

etch selectivity of 4H-SiC over Ni mask was found to increase drastically from 5 to 34. 

[65] Other factors such as total gas flow rate, R.F. power, gas composition, can also 

influence the etch selectivity [65, 66]. Among all the above mentioned mask materials, 

Ni remains one of the most successful mask materials due to its very high selectivity 

[63]. However, a high stress exists at the Ni-SiC interface because of the large lattice 

mismatch between Ni and SiC and, additionally, the adhesion of Ni on SiC is in 
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general poor, especially for thick layers. This hinders the application of thick Ni masks. 

To solve this issue, in this work, we developed a dual-layer metal mask. By adding in 

a thin Ti layer between Ni and SiC, the adhesion ability of the Ni based mask has been 

greatly improved. This dual-layer mask has been widely used in this thesis.  

2.5 Neural Network and Plasma Etching Process Modeling 

Numerical modeling is very important for the plasma etching of SiC, as it can be 

used to study and understand the complex etching behavior under the interaction of 

several process parameters. Besides, it allows a precise control of the etching process 

because the etching control of SiC is very often based on the etch rate and etch time, 

instead of an etching resistive stop layer [23]. Furthermore, it can provide guidelines in 

the design of new etching recipes and help in verifying the experimental results. One 

of the most widely used numerical modeling techniques for plasma etching in the 

microelectronic industry is artificial neural network (ANN) modeling [67, 68]. 

ANN is propelled by the advance of computer science, especially the advance of 

larger scale parallel computing systems and artificial intelligence (AI). By connecting 

a vast amount of parallel and fully interconnected working units known as neurons, 

ANN can model any complex and unknown functions through “training”, by 

mimicking the behavior of human brain [69]. In the application of ANN for modeling 

of plasma etching process, the feed-forward neural network (FNN) under supervised 

training is the most suitable and has been widely used [67, 68]. In the training stage, 

the ANN gains knowledge by “learning”, which involves feeding known data, termed 

as “training sample”, to the ANN and adjusting the connection weights between 

neurons according to the training algorithms, to minimize the errors between the given 
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answers and the network outputs. A FNN with properly selected structure and suitable 

training algorithm can model the behaviors of the objectives by predicting the 

unknown behavior that does not exist in its training data with high accuracy, feasibility 

and robustness [70]. 

Most of the work reported on the modeling of plasma etching and related 

processes used FNNs trained by the conventional back-propagation (BP) algorithm [67, 

68], referred to as BPNN. The details of the BP algorithm can be found in Chapter 

four. Despite some inherent weaknesses, e.g. the need for longer training time and 

more neurons and the issue of overfitting, the BPNN algorithm has achieved great 

success in the past. It has been widely used to model the plasma etching behavior of 

different materials, including silicon dioxide [71], polysilicon [72], SiC [73], and 

others [74]. For example, Y. L. Huang et al [75] has successfully used a three-layer 

BPNN to model the plasma etching polysilicon and demonstrated that by carefully 

adjusting the hidden neuron number, a reliable plasma etching model based on a 

limited training sample size can be achieved. Also, it was demonstrated by C. D. 

Himmel et al [72] that BPNN is superior to conventional statistical techniques, i.e. the 

response surface methodology (RSM), in the modeling of polysilicon plasma etching 

process. Besides being used for the modeling of plasma etching behaviors of different 

materials, the BPNN has been successfully used in other aspects of plasma etching. 

For example, D. Stokes et al applied BPNN to construct a predictive model, to control 

in real time the etch rate and D.C. bias in the RIE etching of a GaAs/AlGaAs metal-

semiconductor-metal structure through an indirect adaptive control strategy [76]. B. 

Kim et al used it to study plasma induced charge damage on MOS devices [77], and 

model actinometry-based optical emission spectroscopy data for plasma etch process 

prediction [78]. 
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It has been clearly established that BPNN plays a very important role in 

modeling plasma etching processes. However, despite its remarkable success, it still 

has a few important drawbacks, such as long training time, more neurons, overfitting. 

In this thesis, we have proposed and developed a more advanced training algorithm, 

the Broyden, Fletcher, Goldfarb, and Shanno (BFGS) algorithm, for the modeling of 

plasma etching of 4H-SiC [25]. A detailed comparison of the BPNN and BFGS 

algorithms, and the modeling results for the plasma etching of 4H-SiC using the BFGS 

algorithm will be presented in Chapter four and five respectively. Compared with the 

BP algorithm used in a BPNN, the BFGS algorithm is a more advanced quadratic 

quasi-Newton algorithm. By utilizing a special designed rank-two correction method 

and an inexact line search scheme, BFGS algorithm has been demonstrated to have a 

much better convergence property which translates to a fast training time, less neuron 

number required, and a better immunity to overfitting. 

2.6 Plasma Etching Induced Damage 

The physical and chemical reactions involved in the plasma etching of SiC will 

inevitably induce damage on the surface of the etched samples. Several kinds of 

surface damage have been reported [23, 79], which include surface roughening, 

surface contamination by RIE residues, and lattice defects either at the surface or 

underneath it caused by physical ion bombardments. These defects can degrade the 

electrical characteristics of SiC devices and are undesirable. For example, the Schottky 

barrier height and breakdown voltage of 4H-SiC Schottky barrier diodes were noted to 

decrease arising from defects originated from enhance physical sputtering in an ICP-

RIE process when a large D.C. self bias was applied [21]. Similarly, Koo et al [80] 

reported that the effective interface state density and fixed oxide charges of ICP etched 
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MOS capacitor samples increased by 34% and 49% respectively for 4H-SiC NMOS 

capacitors and 4% and 125% respectively for 6H-SiC PMOS capacitors when 

compared with those of the control samples that were not etched. These origins of the 

physical defects which account for the degraded electrical characteristics have yet to 

be determined. It was reported that oxidation of ICP plasma etched 4H-SiC at 900 to 

1250ºC can alleviate the damage done to the etched surface and improve its electrical 

characteristics, while annealing in N2 at 1050ºC has no effect [81].  

Many researchers have reported that fluorine based plasma etching processes can 

lead to etched surfaces that are rough. By using Auger electron spectroscopy (AES), it 

has been shown that aluminum is present on the etched surface [82]. It is generally 

believed that the Al residue is due to redeposition of sputtered Al from the Al mask 

used, the Al electrodes of the plasma chamber, and/or even from the wall of chamber 

onto the etched surface. These Al clusters can render the etched surface rough during 

the etching process by the micromasking effect [21, 82]. The introduction of hydrogen 

into the plasma can inhibit the deposition of Al residues by forming volatile alane 

(AlH3) [21]. It was reported [82] that an addition of 10 percent of H2 into the plasma 

can completely remove the Al residues and prevent the micromasking effect. It was 

also found [65] that increasing the oxygen concentration (40%) in a CHF3/O2 RIE 

process can improve the surface quality by smoothing the surface and removing 

residues. As the role of oxygen in the plasma etching of SiC is still unclear [21, 23, 62], 

the mechanism by which an oxygen-rich plasma smooth etched SiC surfaces remains 

to be confirmed. The etching induced surface roughness of SiC was also studied for 

high density plasma, such as ICP [83] where it was found that the surface roughness 

has an inverse relation with the D.C. bias and is strongly dependent on the etchant gas 
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used. AES studies of etched SiC surfaces have also revealed the presence of other 

residues such as F and O [84].  

2.7 Summary 

In summary, in this chapter, we first presented some basic information of SiC, 

including its crystallographic structures for different polytypes, its physical and 

electronic properties. Then we presented the basic information on the plasma etching. 

After introducing the basic information, we presented a literature review. In this 

literature review, we firstly discussed and summarized the plasma etching techniques 

used for etching SiC, its chemical reactions, the selection of etchant gases and mask 

materials. Secondly, we introduced the numerical modeling of plasma etching based 

on artificial neural network, especially the application of feed-forward neural network 

trained by the conventional back propagation algorithm and its application in modeling 

plasma etching process. Lastly, we discussed the plasma etching induced damage on 

SiC, including the study on the plasma etching induced micromasking effect, its 

damage on the electrical properties of Schottky barrier diodes and MOS capacitors. 
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Equation Chapter (Next) Section 1 

Chapter 3  

Reactive Ion Etching of Silicon Carbide 

 

3.1 Introduction 

Reactive ion etching (RIE) is one of the most widely used processes in SiC 

based microelectronic device fabrication. It offers several advantages, which include 

the ability to etch small features with precise control and high aspect ratio, to provide 

smooth and clean etched surfaces, reasonable etch rate, environmental friendliness, 

compatibility with standard CMOS manufacturing process. On the other hand, the RIE 

process also suffers from several disadvantages. For example, in gate or channel recess 

etching or mesa etching, plasma etching process need to be stopped at the interface of 

two SiC layers of different dopant type and/or different doping level. Due to poor 

selectivity between SiC layers of different doping types and/or levels, [23, 55], there is 

no native etch-stop layer, resulting in little etch depth control. This is quite different 

compared to for Si device fabrication processes where the devices are mainly built 

through implantation instead of epitaxially grown Si layers. In addition, RIE may lead 

to surface damage, which includes surface roughening, surface contamination, and 

crystalline structure damage. [23, 79]. Under certain condition, the surface damage 

may result in the so-called micromasking effect [82], while crystalline structure 
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damage may induce enhanced leakage current and noise for SiC devices fabricated, 

such as Schottky diodes and transistors. [85]  

To precisely control the RIE process of SiC in terms of the etch rate and quality 

of the etched surface, it is crucial to understand its detailed mechanism and 

characteristics, and the damage it brings about. In this chapter, the RIE of 4H-SiC 

based on CHF3+O2 plasma is studied in terms of etch rate and etched surface 

roughness as functions of O2 fraction, R.F. power and process pressure. Since a severe 

micromasking effect was observed in our RIE process, special attention has been 

dedicated to the study of this effect. The etching induced damage has also been studied 

on Schottky contact/diode and the results will be presented in Chapter six. 

3.2 Experimental Setup 

The samples used in this work are 5×5 mm2 bulk 4H-SiC, n-doped (Nd = 

6.9×1018
 cm-3), 8º off-axis toward the 1120〈 〉  orientation, and with Si-terminated face, 

purchased from CREE Research Inc. The samples were first cleaned in acetone, 

followed by rinsing in isopropyl alcohol (IPA) and in a deionized water ultrasonic bath 

for a duration of 5 minutes each. After cleaning, the samples were blown dry with N2 

gas and dried in oven at 110°C for 30 minutes. To withstand the harsh RIE 

environment, a dual-layer metal mask consisting of 30 nm Ti followed by 300 nm Ni 

has been selected. The metal layers were deposited by electron beam evaporation. The 

patterning of the metal mask was carried out using a standard lift-off process.  

The RIE tests were performed using a CHF3+O2 plasma, with CHF3 as the 

reactive fluorinated gas and O2 as the additive. A standard R.F. powered and 

capacitively coupled parallel plate plasma reactor was used for the RIE. The schematic  
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Fig. 3.1: The schematic diagram of the RIE system used in this work. 

 

diagram of the plasma reactor is shown in Fig. 3.1. The electrodes of the reactor are 

made of Al with a diameter of 15 cm. The spacing between the upper and lower 

electrodes is 4.5 cm. The lower electrode is driven by a 13.56 MHz R.F. power source 

while the upper electrode is grounded.  

The characterization of the morphology of the etched pattern was carried out 

using a LEO 982 scanning electron microscope (SEM). The etch depth was measured 

with a Dektak3 ST stylus surface profilometer. The etched surface roughness was 

characterized using a Shimadzu SPM-9500J2 atomic force microscope (AFM), and the 

surface element analysis was performed by a JEOL JAMP 7800F Auger electron 

spectrometer (AES). 
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3.3 Selection of Mask 

The selection of mask is essential for high-quality pattern transfer in SiC 

microelectronic devices and MEMS fabrication, as such masks are required to 

withstand the harsh corrosive RIE environment and survive a long etching duration. 

Hence, the mask material must be hard enough and at the same time it should have a 

reasonably high etch rate selectivity over SiC as well as a good adhesion to SiC, 

without introducing or contributing with any contamination. Conventional mask 

material candidates for plasma etching include photoresist (PR), SiOx, SiNx, Al, Ni, Cr, 

Indium-Tin-Oxide (ITO) [62, 63]. Among them, Ni has gained great success as a hard 

mask material due to its hardness, reasonably high selectivity and minimum 

contamination [86]. However, it also has some drawbacks such as leading to high 

strain at the SiC-Ni interface attributed to lattice mismatch and variable selectivity 

under different etching conditions [65, 66]. 

In this work, Ni was used as the main mask material. Based on Ni, two mask 

structures, namely, a single Ni (100 nm) metal mask, and a dual-layer metal mask 

composed of 30 nm Ti + 300 nm Ni, were developed. A general purpose positive 

photoresist AZ1518TM (~ 1.5 µm) mask was also used to serve as comparison. The 

metal masks (Ni and Ti + Ni) were fabricated by electron beam evaporation, followed 

a standard lift-off process. The AZ1518TM positive photoresist mask was fabricated by 

using a standard photolithography process.  
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Mask Thickness Result 
Photoresist (Az 1518) ~ 1.5 µm Failed 

Ni 100 nm Failed 
Ti + Ni Ti: 30 nm 

Ni: 300 nm 
Good 

 

Table 3.1: The RIE test for selection of masks. 

 

A special RIE test that gives rise to the highest Ni etch rate was designed to 

study the suitability and durability of the various masks proposed. The conditions are 

as follows: the flow rates of CHF3 and O2 were set at 10 sccm and 2 sccm, respectively, 

the process pressure was fixed at 90 mTorr and the R.F. power at 200 W. Under these 

conditions, a large D.C. self-bias of about −340 V was developed at the substrate. The 

test duration was set to be long, of about 100 min. The RIE test results are summarized 

in Table 3.1. In Table 3.1, “Failed” refers to the situation that the mask has been 

etched away during the etching process and “Good” means that the mask has survived 

the etching process. The remaining Ni in the dual-layer metal mask at the end of the 

etching process is about 100 nm thick compared to its initial thickness of 300 nm.  

The results reveal that the conventional 1.5 µm thick AZ1518TM photoresist 

mask cannot survive the 100 min RIE test. The etch rate of AZ1518TM was found to be 

much higher than that of SiC, by about a factor of 10, consistent with previously 

reported results [86]. On the other hand, for the 100 nm thick single layer Ni mask, it 

still failed our demanding RIE test despite its hardness and high resistance to corrosive 

RIE environment. Although the dry etching selectivity of Ni over SiC may be as high 

as about 30 [86], the dry etching selectivity changes considerably under different 

etching conditions. For example, under certain circumstances such as high D.C. self-

bias, the dry etching selectivity of Ni with respect to SiC may decrease to about 5 [65]. 

Therefore, for those applications that need deep etching, a thicker Ni mask layer is  
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Fig. 3.2: The structure and the lift-off procedure for fabricating a Ti-Ni dual-
layer structure metal mask. 

 

required. However, due to a number of factors such as lattice mismatch between SiC 

and Ni, intrinsic internal stress and mismatch in the thermal expansion coefficients, a 

thicker Ni layer will lead to a high strain being developed at the SiC-Ni interface, 

rendering Ni layers thicker than 150 nm prone to peel off [86]. In this regard, adding 

an interfacial layer, such as a thin Ti layer, which has a much better adhesion to SiC, 

will relieve the interfacial strain and considerably improve the adhesion between the 

thick Ni mask and the SiC substrate. In our study, the use of a Ti (30 nm) + Ni (300 
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nm) dual-layer metal mask has successfully passed the RIE test. Another advantage of 

using such a mask structure is that the mask can be easily and completely removed 

after the RIE process by immersing it into a diluted HF solution. The structure and the 

fabrication procedure are shown in Fig. 3.2. Unless otherwise mentioned, this mask 

structure has been employed for the rest of the etching experiments in this project. 

3.4 Results and Discussion 

In the following, the RIE etching of 4H-SiC is studied in terms of the etch rate 

and r.m.s. surface roughness, as a function of the oxygen fraction, R.F. power and 

process pressure. The etched surface was analyzed with Auger electron spectroscopy 

(AES) and scanning electron microscopy (SEM). The formation of a carbon rich layer 

at the top surface and the micromasking effect will also be investigated. 

3.4.1 The Effect of the Oxygen Fraction 

In this test, RIE of 4H-SiC was studied with varying oxygen fraction, defined as 

the ratio of the O2 flow rate to the total gas flow rate (CHF3+O2), from 0 to 80%. The 

other process parameters, i.e. R.F. power, process pressure, total gas flow rate, and 

process duration, were fixed at 200 W (1.13 W/cm2), 100 mTorr, 10 sccm, and 60 

minutes, respectively. 

Fig. 3.3 shows the etch rate versus the O2 fraction. The etch rates obtained are 

repeatable within the experimental error limits that are indicated in the figure. As can 

be seen, the etch rate increases initially with increasing O2 fraction, and peaks at an O2 

fraction of 20%. Beyond that, it decreases sharply and is nearly zero at around 80% O2 

fraction. The optimum O2 fraction of 20% gives rise to a maximum etch rate of 35.6 

nm/min. This initial increase in the etch rate is attributed to the enhanced dissociation  
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Fig. 3.3: The etch rate of SiC versus O2 fraction. 

 

of C-F bonds through reacting with oxygen atoms, resulting in an increase in the 

concentration of fluorine atoms that are responsible for the etching [87, 88]:  
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As suggested by Eqn. (3.1), this enhancement is believed to be derived from two 

sources. Firstly, O atom reacts with unsaturated fluoride species (e.g. CFx) to release 

more active F atoms. Secondly, O atoms inhibit F atoms and/or fluorocarbon species 

(e.g. CFx) recombination and thus prevent the loss of F atoms.  

The increase in the O2 fraction from 20 to 40% results in a sharp decrease in the 

etch rate by about 75% from its maximum value of 35.6 nm/min to 8.9 nm/min. The 
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etch rate eventually drops to less than 1 nm/min with a further increase in O2 fraction 

to 80%. Two plausible factors are believed to account for the sharp decrease in the 

etch rate observed at higher O2 fraction. Firstly, the dilution of F concentration under 

high O2 fractions will reduce the availability of F atoms, and result in slower etch rates, 

given that the total feed gas flow rate was kept constant. Secondly, under high O2 

fraction, there may be more O atoms adsorbing on the etched surface, making it more 

“oxide-like” (SiOx). This oxide-like layer reduces the availability of Si and hence 

lowers the etch rate.  

The fluorinated etchant gases and oxygen are also frequently used for the plasma 

etching of Si, such as SF6/O2, CF4/O2, CHF3/O2. Comparing the mechanisms of 

plasma etching of Si and SiC, there are similarities and differences between them. In 

terms of similarities, F atoms are the main etchant species in the etching of Si and SiC. 

In the case of plasma etching of Si, F atoms react with Si to form volatile SiFm (Si + 

mF → SiFm, m = 1 – 4). In the case of plasma etching of SiC, likewise, F atoms play 

the main role in etching Si to form volatile SiFm. In addition, F atoms are responsible 

for etching C (C + mF → CFm, m = 1 - 4). Similar to the plasma etching of SiC, the 

role of additive gas O2 in the etching of Si is to regulate the F atom concentration. By 

reacting with fluorinated gas, it will help to release more F atoms to enhance the etch 

rate at low O2 fraction. Whereas at high O2 fraction, it will reduce the etch rate by 

diluting F atom concentration. In addition, at high O2 fraction, O atoms can also be 

chemisorbed onto the Si surface to form an oxide-like layer to block the F atoms from 

reacting with Si underneath and result in a lower etch rate. Hence, for both plasma 

etching of Si and SiC, with increasing O2 fraction, the etch rate will increase at low O2 

fraction and decrease at high O2 fraction.  
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There are differences in the plasma etching of Si and SiC. For example, the role 

of O2 in the plasma etching of Si is always indirect, i.e. O atoms do not react directly 

with Si to remove it. In contrast, in the plasma etching of SiC, O atoms are believed to 

react directly with C to form volatile COn (C +nO → COn, n = 1 – 2), especially at 

high O2 fraction. Another difference is the role of positive ion bombardment. In the 

plasma etching of Si, F atoms can quickly form a fluorinated skin (F atom adsorption) 

with a small portion of F atoms penetrating into the fluorinated layer to break 

subsurface Si-Si bonds and to free SiFm molecules. In this case, positive ion 

bombardment serves only to remove the etching products and renders it anisotropic. 

Compared with Si, SiC has a stronger Si-C bonds and is more chemically inert. Hence, 

positive ion bombardments are usually required to break the strong Si-C bonds before 

F can react with Si and C atoms. In addition, the positive ion bombardment is believed 

to play a role in remove the C rich layer being form during the etching process when 

the C etch rate is lower than that of Si. In general, due to its chemical inertness, under 

the same plasma condition, the etch rate of SiC is about two orders of magnitude lower 

than that of Si. 

It is worthy to note that the etch rate peak does not necessarily correspond to the 

point that F reaches it maximum concentration [88]. This is due to the existence of the 

oxide-like layer and the C rich layer that further complicate the process. The removal 

of the oxide-like layer is believed to be achieved through physical sputtering, while the 

removal of the C rich layer is more complicated, could be due to physical sputtering or 

plasma chemical etching with the assistance of ion bombardment, and is still under 

debate [62, 63, 89]. Hence, the etch rate is also determined by the D.C. self-bias and 

process pressure, apart from the F concentration. In this work, we have also  
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Fig. 3.4: The D.C. self-bias investigated as a function of the oxygen fraction. 

 

investigated the effects of the D.C. self-bias and chamber pressure on the etch rate, and 

the results will be presented shortly in this chapter.  

For the set of experiments with results reported in Fig. 3.3, we have also studied 

the influences of O2 fraction on the D.C.self-bias, which is a very important parameter 

that controls the etch process. As can be seen in Fig. 3.4, the D.C. self-bias, which 

directly controls the energy of the impinging ions, remains nearly constant at –334 V ± 

1.4 V with changing O2 fraction. This is not surprising since the D.C. self-bias is 

mainly determined by the applied R.F. power and the process pressure, both of which 

were maintained constant in these experiments. The high D.C. self-bias developed 

provides stable and efficient high energetic ions in the plasma for physical ion 

bombardment. It is likely that the strong physical ion bombardment breaks the Si-C  
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   (a)      (b) 

Fig. 3.5: The AFM images of the SiC surfaces of (a) unetched control sample 
(r.m.s.  surface roughness is 1.23 nm) and (b) sample etched at 20% O2 fraction 
(r.m.s. surface roughness is 1.65 nm). 

 

bonds efficiently and leaves chemically activated Si atoms and/or C atoms to be etched 

by neutral species such as F and/or O atoms. In this set of experiments, since the D.C. 

self-bias does not vary much, the change in the etch rate at different O2 fractions is 

mainly attributed to the different chemical reaction rates. As will be seen in other sets 

of experiments for the RIE of 4H-SiC using the same source gases under different R.F. 

powers and process pressures, a direct correlation between the etch rate and the D.C. 

self-bias has been observed [22]. 

Besides affecting the etch rate of 4H-SiC, changing the O2 fraction has also been 

found to have an effect on the surface roughness. Fig. 3.5 shows the AFM images 

scanned over an area of 10×10 µm2 of the unetched control SiC sample and the sample 

etched at 20% O2 fraction. The root mean square (r.m.s.) surface roughness of all the 

samples is plotted as a function of the O2 fraction in Fig. 3.6. The r.m.s. surface 

roughness of an unetched control sample of the same area is 1.23 nm. As can be seen 

from Fig. 3.6, with increasing O2 fraction from 0 to 80%, there is an increase in the  
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Fig. 3.6: The r.m.s. surface roughness of the etched surfaces versus O2 fraction 
over a scanning area of 10 × 10 μm2. 

 

 
 

Fig. 3.7: SEM picture of the pattern etched using a 20% O2 fraction. 
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r.m.s. surface roughness from 1.31 to 2.34 nm. There are several possible reasons that 

can account for the obtained roughness results. Firstly, the increase in the O2 fraction 

results in a dilution of the concentration of F atoms, which are mainly responsible for 

the chemical reactions occurring in the RIE process. This therefore weakens the 

chemical etching and contributes to a rougher surface as it has been demonstrated that 

chemical reactions during the RIE process tend to smoothen the surface [90, 91]. 

Secondly, the formation of an oxide-like layer at the surface due to the surface 

oxidation at higher O2 fraction and/or surface chemisorption, may also account for the 

rougher etched surface observed [91]. Indeed, the presence of an oxide-like layer in 

our samples has been confirmed by our AES results, and will be shown shortly.  

From Fig. 3.3 and Fig. 3.6 it can be seen that, for O2 fractions beyond 20%, the 

sharp decrease in the etch rate is accompanied by an increase in the surface roughness. 

Therefore, the optimum O2 fraction that provides a large etch rate and yet minimum 

surface roughness still remains at 20%. Fig. 3.7 shows the SEM micrograph of the 

profile of the surface etched at the optimal etching condition. As can be seen, smooth 

and anisotropic etched surface profile has been obtained, with no obvious trenching 

effect that has been frequently observed in the plasma etching of SiC [92-94]. Similar 

SEM images have also been observed for samples etched at other O2 fractions. 

To further understand the properties of the etched surface, we have performed 

AES experiments on an unetched control sample and the sample etched at the 

optimum condition of 20% O2 fraction, denoted as sample A and sample B 

respectively. The AES results are shown in Fig. 3.8. To make these results comparable, 

the relative sensitivity factors (RSFs) supplied by the equipment manufacturer were 
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Fig. 3.8: The AES spectra of the unetched control sample A and the sample B 
etched at 20% O2 fraction. 

 

used to quantify the data. The relative concentrations of the different elements are 

shown in Table 3.2. In this thesis, all Auger spectra are quantified using relative 

sensitivity factors (RSFs) as supplied by JEOL Asia, the equipment manufacturer. 

This approach is semi-quantitative but is generally adequate for comparison purposes 

and all values are rounded to the nearest 1% so they may not add up to exactly 100%. 

The AES results reveal an increase in the residual oxygen upon etching. This shows 

that an oxide-like layer can be formed even at 20% O2 fraction, possibly by surface 

oxidation or chemisorption. As stated before, this oxide-like layer can slow down the 

etch rate and may result in rougher surface for samples etched at even higher O2 

fraction. It is noted that a small amount of oxygen is also found in the unetched control 

sample, which could arise from a thin native surface oxide layer.  
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Element C N O F Al Si Ni Ti C/Si
Ratio

Relative 
sensitivity 

factor 
(RSF) 

0.128 0.158 0.371 0.954 0.309 0.137 0.485 0.351  

Sample A 38 2 6 1 - 53 - - 0.72 
Sample B 35 - 17 2 -  - 2 0.80 

 

Table 3.2: The relative concentration of elements (atom%) extracted from Fig. 
3.8 of unetched control sample, denoted as sample A, and etched sample under 20% 
O2 fraction plasma, denoted as sample B. 

 

A C rich-layer, or C residue layer, formation is frequently observed and reported 

in the reactive ion etching of SiC [23, 63, 95]. Its formation is believed to arise from 

the different etch rates of Si and C, with C having a slower etch rate compared to 

silicon [23]. This C rich-layer can act as an inhibitor layer during the RIE process and 

hence the removal of C can be the rate-limiting step in the etching of SiC [63, 95]. 

However, the mechanism by which the C rich-layer is being removed in the etching 

process is still unclear at present. It could be due to direct physical sputtering [21, 96], 

or ion assisted/enhanced plasma etching (chemical in nature) [63, 95]. Irrespective of 

the mechanism, a larger D.C. self-bias is usually favorable for the removal of C. From 

the AES results, the C/Si ratios for samples A and B are found to be 0.72 and 0.80, 

respectively. Since these ratios are quite close, we conclude that no C rich-layer, or C 

residue layer is formed for the sample etched with a 20% oxygen fraction. Similar 

results have been observed for samples etched at other oxygen fractions. The absence 

of an obvious C rich-layer in our samples may be attributed to the large D.C. self-bias 

voltage developed, which helps in the removal of C atoms. Hence no C rich-layer 
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exists to limit the etch rate, and the etch rates of our samples are determined mainly by 

chemical reactions rather than physical removal mechanisms.  

The absence of Al contamination in our samples is consistent with the smooth 

etched surface observed. Aluminum contamination has been established to lead to 

micromasking effect in the etching of SiC and is largely responsible for coarse etched 

surfaces observed [61]. From our AES results shown in Table 3.2, the etched sample 

(Sample B) is observed to be free of Al contamination. This is despite that our plasma 

reactor has a large naked Al lower electrode, which can serve as a source of Al 

contamination under physical ion bombardment. The reason for this Al-free surfaces 

in our etched samples may be that hydrogen atoms, which are derived from the 

dissociation of CHF3, react with aluminum to produce the volatile by-product alane 

(AlH3) [21, 23]. Besides, the energetic ion bombardment could also sputter Al 

contamination efficiently from the sample surface. 

3.4.2 The Effect of the R.F. Power 

In this set of experiments, RIE of 4H-SiC was studied with varying R.F. power 

from 40 to 200 W. The other process parameters, i.e. process pressure, gas 

composition, total gas flow rate, and duration, were kept constant at 100 mTorr, 20% 

O2 plus 80% CHF3, 10 sccm, and 1 hour, respectively. Fig. 3.9 shows the change in 

D.C. self-bias with varying R.F. power. With increasing R.F. power from 40 to 200 W, 

the D.C. self-bias monotonically increases from -131 to -335 V and the sheath region 

developed at the R.F. power driven electrode was observed to be expanded. With 

increasing D.C. self-bias, positive ions gain higher kinetic energy while being 

accelerated in the plasma sheath, and hence lead to a stronger ion bombardment at the 

substrate. 
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Fig. 3.9: The D.C. self-bias varies as a function of R.F. power.  

 

 

 

Fig. 3.10: The etch rate variation as a function of applied R.F. power. 
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Fig. 3.10 shows the etch rate as a function of the applied R.F. power. With 

increasing the R.F. power from 40 to 200 W, the etch rate monotonically increases by 

about four times from 10 to 41 nm/min. This is due to the fact that the plasma density 

increases accordingly and consequently translates into a higher electron density, higher 

neutral radical concentration, and higher positive ion concentration. A higher F 

concentration, which is the main etching species, will lead to enhanced chemical 

reaction with Si and C atoms. Concurrently, the ion bombardment is also intensified 

due to a higher positive ion concentration and higher D.C. self-bias. This also 

contributes to a higher etch rates as there are two major roles that the ion 

bombardment plays in an ion assisted plasma etching, i.e. pre-activate the surface by 

bombarding and breaking surface chemical bonds, e.g., the Si-C bonds (4.52 eV) [23]; 

and remove the volatile chemical reaction byproducts. There appears to be a saturation 

in the etch rate as the R.F. power increases from 160 to 200 W, which may be due to 

limitation of diffusion rates of neutral radicals and positive ions [63, 94]. 

 

 

Fig. 3.11: The surface roughness in r.m.s. changes as a function of R.F. power. 
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Fig. 3.12: The SEM pictures of the surface being etched at 160 W R.F. power (left) 
and at 200 W R.F. power (right). 

 

 
 

Fig. 3.13: The AFM surface morphology of the surface dry etched at 160 W R.F. 
power (r.m.s. surface roughness is 182.4 nm) (left) and at 200 W R.F. power 
(r.m.s. surface roughness is 1.3 nm) (right). 

 

Fig. 3.11 shows the root-mean-square (r.m.s.) surface roughness (measured over 

an area of 10×10 μm2 of the etched samples) as a function of the R.F. power. As can 

be seen, the r.m.s. surface roughness increases drastically from 2.6 to 182.4 nm with 

increasing R.F. power from 40 to 160 W. However, a further increase in the R.F. 

power to 200 W leads to a sharp decrease in the r.m.s. surface roughness to 1.3 nm. 

Fig. 3.12 and Fig. 3.13 show the SEM and AFM micrographs, respectively, of the  
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R.F. 
Power 

[W] 

Element C N O F Al Si Ni C/Si 
Ratio Relative 

sensitivity 
factor 
(RSF) 

0.128 0.158 0.371 0.954 0.309 0.137 0.485 

Unetched control 
sample (UCS) 

38 2 6 1 - 53 - 0.72 

200 35 - 18 2 - 45 - 0.8 

160 46 - 14 3 8 28 1 1.64 

120 39 - 17 9 12 21 2 1.86 

80 32 - 17 12 14 24 1 1.33 

40 39 - 15 9 11 25 1 1.56 
 

Table 3.3: The relative surface concentration of various chemical elements in 
arbitrary unit versus R.F. power. 

 

samples etched at 160 W and 200 W R.F. power. It is observed that the samples etched 

at 160 W R.F. power and below in general have noticeable spiked and blackened 

etched surfaces, a typical signature of micromasking effect. In contrast, the surface of 

the sample etched at 200 W R.F. power is totally clean and smooth, comparable to the 

unetched control sample.  

We have performed AES measurements for the etched samples and unetched 

control sample (UCS), and the elements deduced on the surfaces etched at different 

R.F. powers are shown in Table 3.3. The results clearly reveal that both Al and a C 

rich layer (SiCx) (the latter being manifested by the ratio of Si and C that is larger than 

unity) exist on the surface of the samples etched at lower R.F. power (≤ 160 W). This 

will lead to micromasking effect and hence roughened etched surface, as corroborated 

by the surface roughness, SEM and AFM micrographs shown earlier on. In contrast, 

the control sample and the sample etched at 200 W R.F. power do not suffer from the 

micromasking effect and their surfaces are relatively smooth. Therefore, we conclude 
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that the surface roughening at lower R.F. power (≤ 160 W) is attributed to 

micromasking effect arising from Al and the presence of a C rich layer. In addition, 

beside Al, in the samples with micromasking effect, we also found a small amount of 

Ni, which could come from the dual-layer metal mask.  

 
3.4.3 The Effect of the Process Pressure 

In this set of experiments, RIE of 4H-SiC test chip was studied when varying the 

process pressure from 77 to 320 mTorr. The other process parameters, i.e. R.F. power, 

gas composition, total gas flow rate, and duration, were kept constant at 200 W, 20% 

O2 plus 80% CHF3, 10 sccm, and 1 hour, respectively. 

Fig. 3.14 shows the D.C. self-bias as a function of the process pressure. It can be 

seen that with increasing process pressure from 77 to 320 mTorr, the D.C. self-bias 

drops almost linearly from  -344 to -270 V. Higher process pressure will lower the free 

electron temperature due to a shortened mean-free-path, resulting in a decrease in the 

plasma density and D.C. self-bias. This in turn will weaken the ion bombardment onto 

the substrate, in terms of ion density as well as ion translation kinetic energy. As 

shown in Fig. 3.15, an increase in the process pressure will lead to a decrease in the 

etch rate of 4H-SiC. With increasing process pressure from 77 to 320 mTorr, the etch 

rate drops by about 43.8% from 44.1 to 24.8 nm/min.  

The effect of process pressure on RIE process is well established [87]. With 

increasing process pressure, the ion density and ion energy will be reduced, while the 

neutral radical density will be increased, resulting in the etching being more chemical 

in nature [87]. However, instead of enhancing the etch rate, the etch rate drops which 

clearly demonstrates that physical ion bombardment is the rate limit factor that 

controls the overall RIE process.  
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Fig. 3.14: The dependence of the D.C. self-bias as a function of the process 
pressure. 

 

Fig. 3.15: Etch rate dependence on the process pressure. 
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Fig. 3.16 shows the r.m.s. surface roughness as a function of process pressure. It 

can be seen that with increasing process pressure from 77 to 320 mTorr, the r.m.s. 

surface roughness increases from 0.9 to 14.2 nm. A visual inspection reveals that the 

surface etched at 77 mTorr is mirror clean, similar to the unetched control sample. In 

contrast, the other samples show sign of micromasking effect on the etched surface, i.e. 

roughened blacken surface full of coarse texture. Fig. 3.17 shows the AFM surface 

morphology of the samples etched at 320 mTorr (left) and 77 mTorr (right), which 

clearly reveals the roughened surface for the sample etched at the higher process 

pressure.  

 

Fig. 3.16: Surface roughness in r.m.s. various as a function of process pressure. 
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Fig. 3.17: The AFM surface morphology of the surface being etched at 320 mTorr 
(r.m.s. surface roughness is 14.2 nm) (left) and at 77 mTorr (r.m.s. surface 
roughness is 0.84 nm) (right). 

 

Similarly, to verify the micromasking effect and its origin, we have performed 

AES surface analysis test. The results are shown in Table 3.4. Indeed the AES results 

clearly reveal the existence of both Al contaminant and C rich layer for samples etched 

at higher process pressures. However, these are not observed for the unetched control 

sample and the sample etched at 77 mTorr process pressure. This demonstrates the 

existence of micromasking effect, with its origin attributed to the Al contaminant and 

C rich layer. 

As demonstrated in Fig. 3.16, the surface roughness increases with increasing 

process pressure and hence decreasing the D.C. self-bias. In contrast, as shown in Fig. 

3.11, the surface roughness increases with the R.F. power and hence increasing the 

D.C. self-bias. It is noted that in both cases, the micromasking effect is present when 

the D.C. self-bias is less than about -320 ~ -330 V. Besides, the r.m.s. surface 

roughness is observed to increase moderately from 7.3 to 14.2 nm when the D.C. self-

bias changes from -323 to -270 V. Considering that with increasing process pressure, 

the chemical reaction is enhanced while the physical ion bombardment is actually  
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Process 
Pressure 
[mTorr] 

Element C N O F Al Si Ni C/Si
Ratio

Relative 
sensitivity 

factor 
(RSF) 

0.128 0.158 0.371 0.954 0.309 0.137 0.485 

Unetched control 
sample (UCS) 

38 2 6 1 - 53 - 0.72 

77 41 - 5 - - 54 - 0.76 
140 32 - 16 11 14 26 1 1.23 
200 26 - 23 12 17 19 3 1.37 
260 26 3 16 15 16 21 3 1.24 
320 24 2 20 13 17 20 4 1.20 

Table 3.4: The relative concentration of surface elements in arbitrary unit versus 
process pressure. 

 

weakened, the increase in surface roughness may more likely be due to the enhanced 

chemical etching. A detailed discussion of the relation between the micromasking 

effect and the D.C. self-bias is presented in the following section. 

3.4.4 The Micromasking Effect and the D.C. Self-Bias 

The micromasking effect is one of the surface morphology defects brought about 

during plasma etching process. It severely degrades the quality of the etched surface 

with observable roughened, blackened and textured surface, and thus should be 

avoided. While the root cause of micromasking effect is still under debate [23], in the 

case of SiC etch, it has been widely reported that metal contamination was found to 

exist concurrently with micromasking effect [23]. It is believed that the origin of the 

metal contaminants is due to physical sputtering of metal mask and/or uncovered 

electrode, such as Al from Al mask and/or electrode [82]. The metal particles 

redeposited onto the etching surface act as micro-size mask and thus prohibit the 

localized dry etching of the underlying layer on the surface, which reduces the local 

etch rate and makes it extremely uneven, eventually causing darkened, grass-like  
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Fig. 3.18: SEM picture of a surface that has undergone serious micromasking. 
RIE process parameters are set as 120 W R.F. power, 100 mTorr process 
pressure, 2 sccm O2, 8 sccm CHF3, and 1 hour etching duration. 

 

textured etched surface. A typical SEM picture of a surface that suffered from the 

micromasking effect is shown in Fig. 3.18. A further surface analysis test using AES 

can identify the existence of metal contamination, such as Al, as shown in Fig. 3.19.  

Similarly, Al contamination originated from Al made lower electrode can also 

cause micromasking effect in chlorinated or fluorinated plasma etching of Si [46]. In 

most cases, an addition of hydrogen gas to chlorinated or fluorinated plasma can 

remove the Al contamination and eliminate the micromasking effect by forming 

volatile product alane (AlH3) [21]. 

In our RIE tests, besides the Al contamination, a C rich layer (manifested as C/Si 

ratio larger than unity) can also be observed especially under certain circumstances 

such as low R.F. power or high process pressure when the D.C. self-bias is low. This 

has been earlier demonstrated in our AES results. It is believed that the etching of C is 

mainly controlled by physical sputtering or positive ion bombardment assisted plasma  
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Fig. 3.19: AES spectrum of RIE etched sample with micromasking effect. The 
etching condition is: R.F. power 160W, process pressure 100 mTorr, CHF3 flow 
rate 8 sccm, and O2 flow rate is 2 sccm. 

 

 
 

Fig. 3.20: The r.m.s. surface roughness in r.m.s. with error bar as a function of 
the D.C. self-bias, when either the R.F. power (■) or the process pressure (□) is 
varied. The grey shaded area demarcates experimental conditions for which no 
micromasking effect was observed.  
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etching. Under low D.C. self-bias, the C etch rate is weakened compared with that of 

Si, leading to the formation of a C rich layer. This C rich layer, which is amorphous in 

nature, may consist of a mixture of sp3 and sp2 bonded C across different areas [23]. 

Under weak positive ion bombardment, the strongly bonded sp3 areas have a much 

lower etch rate and hence act as micromask during the etching process. 

As the presence of Al contamination and C rich layer, which are the sources of 

roughened etched surfaces, are highly correlated to the D.C. self-bias, we have plotted 

the r.m.s. surface roughness as a function of the D.C. self-bias, for two sets of etching 

experiments with varying R.F. power and process pressure, respectively, as shown in 

Fig. 3.20. It can be seen from the figure that a clear threshold D.C. self-bias exists 

around -320 to -330 V, beyond which the surface is relatively smooth. Therefore, it 

can be concluded that the micromasking effect induced by Al contamination and C 

rich-layer exist only at D.C. self-bias values lower than the threshold value, whereas 

samples that were etched in conditions that provided resulted in a D.C. self-bias above 

the threshold value are free of micromasking effect.  

For Al contamination induced micromasking effect, an increase in the D.C. self-

bias at constant process pressure will enhance Al sputtering from the chuck electrode 

and introduce heavier Al contamination, which in turn causes more severe 

micromasking effect and surface roughening. However, when the D.C. self-bias is 

sufficiently high and the sputtering effect is too strong to result in the formation of Al 

clusters on the surface, then there is no Al contamination induced micromasking effect. 

Similarly, for C rich layer induced micromasking effect, increasing the D.C. self-bias 

will enhance the etch rate of C. Unless the D.C. self-bias is sufficiently high to 

overcome the strong C-C (6.2 eV) bonds, increasing the D.C. self-bias will enhance 
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the etch rate of the weakly bonded sp2 C rich area rather than the strongly bonded sp3 

C rich area. This will result in more severe micromasking effect and hence enhanced 

roughened etched surface. However, when the D.C. self-bias is higher than some 

threshold value, all C residues can be removed efficiently such that no C rich layer and 

its associated micromasking effect induced surface roughening are observed. 

Enhanced chemical reactions due to either a higher R.F. power or higher process 

pressure will only enhance the etch rate of the areas with no micromasks, whereas the 

areas with micromasks are less affected. This will result in more severe micromasking 

effect induced surface roughening provided that the D.C. self bias is not high enough 

to overcome the micromasked areas. Based on the above discussion, our surface 

roughness results can be understood as follows. For the sets of experiments with 

varying R.F. power, the initial increase in R.F. power enhances both the physical ion 

bombardment and chemical etching. Before reaching the threshold D.C. self-bias, the 

micromasking effects due to the Al contamination and C rich layer result in rougher 

etched surfaces with increasing R.F. power. However, once the threshold D.C. self-

bias is reached, all micromasks have been removed and the etched surfaces are smooth 

and free of micromasking effect. For the sets of experiments with varying process 

pressure, , the surface roughness increases with decreasing the D.C. self-bias under 

increasing process pressure in the region below the threshold D.C. self-bias, which can 

be attributed to enhanced chemical etching reaction. 

Finally, we can now indicate the most possible mechanisms responsible for the 

removal of Al and C at D.C. self-bias above the threshold value. In our case, the Al 

contaminants are most likely been etched by physical sputtering, in contrast with 

literature data which previously reported that the Al was etched away chemically by 
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deliberately introducing hydrogen gas into the plasma [21, 82] As for the removal of 

C, , it is more likely that it is etched away by physical sputtering or positive ion assist 

plasma etching instead of through a purely chemical etching.  

3.5 Summary 

In this chapter, we have studied reactive ion etching (RIE) of n+ type 4H-SiC 

based on CHF3+O2 plasma. The etch rate, surface morphology, surface roughness and 

surface elements, were studied by varying the O2 fraction, R.F. power and process 

pressure. While the F is found to play a dominant role in the plasma etching process, 

the role of O is multiple. At low O2 fractions, it enhances F concentration which in turn 

increases the etch rate, while at high O2 fractions, it dramatically lowers the etch rate 

by diluting F concentration and forming protective oxide-like surface layers by 

chemisorption. An increase in the R.F. power greatly enhances the etch rate by 

providing higher densities of the neutral radicals and the positive ions, as well as an 

increased impinging ion energy. In contrast, the etch rate decreases with increasing 

process pressure due to the weakening of impinging ion energy, despite a general 

enhancement of  the chemical reactions.  

The surface roughness is strongly affected by the D.C. self-bias but less affected 

by the O2 fraction. At low D.C. self-bias values, the etched surface becomes rougher 

with increasing the D.C. bias. Auger Electron Spectroscopy (AES) analyses have 

related such surface roughness to the micromasking effect induced by Al clusters and 

carbon residues (C rich layer). The appearance and the extent of the micromasking 

effect was affected by the positive ion bombardment, which in turn, was controlled by 

the D.C. self-bias and can be removed at high D.C. self-bias values above a threshold 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 3  REACTIVE ION ETCHING OF SILICON CARBIDE 

70 

value of between -320 and -330 V when no micromasking effect has been observed 

regardless of the value of O2 fraction and the etched surface is mirror clean, similar to 

the unetched control sample. 

In this study, apart from the understanding gained about the RIE process of 4H-

SiC, an optimum etching condition has also been deduced. It is found to occur at 20% 

O2 fraction, 200 W (1.13 W/cm2) R.F. power, 100 mTorr process pressure, and 10 

sccm total feed in gas flow rate. The optimized etch rate achieved is 35.6nm/min, and 

the etched surface is very smooth， with an r.m.s. surface roughness of 1.65 nm. 
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Equation Chapter (Next) Section 1 

Chapter 4  

Numerical Modeling of 4H-SiC Plasma Etching Based on 

Artificial Neural Network 

 

4.1 Introduction 

Plasma etching of SiC is a key process in the fabrication of SiC based devices. 

Unfortunately, it does not have a reasonably high selectivity over different dopant 

types/doping levels [55]. As a result, it suffers from a lack of a reliable etching stop 

layer for the various important etching processes such as mesa etch, recess etch, or 

trench etch. In practice the etching depth control and optimization are largely 

dependent on etch rate estimation. Hence, a detailed knowledge of the plasma etching 

behavior and its modeling are essential to achieve a better process control for the 

fabrication of SiC devices. Due to the extremely complicated non-linear plasma 

behavior [22], models that are based on plasma physics and statistics are difficult to 

derive and are not robust. In contrast, based on the advance of computer science and 

artificial intelligence, neural networks of different paradigms have been widely used in 

the semiconductor plasma etching process modeling [67, 75, 97] and real-time control 

[98, 99], as they are capable of learning complex relationships between groups of 

related parameters [100].  
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As one of the most widely used neural network paradigms, the feed-forward 

neural network (FNN) is composed of a vast number of parallel simple processing 

units (neuron) in a layered architecture [101]. In a properly trained FNN, the complex 

relationships between groups of related parameters are stored in these connected 

weights and threshold values of each processing neuron. The FNN belongs to a large 

category of supervised neural network that can be further broken down based on the 

different training algorithms, e.g. the conventional back propagation (BP) algorithm, 

generalized regression algorithm, genetic algorithm (GA). Among these algorithms, 

BP algorithm is the most extensively studied with huge success in various process 

modeling and real-time control regimes, including plasma etching process [67, 75]. 

Despite the success, as a crude gradient descent optimization algorithm, it has some 

inherent disadvantages, including non-convergence, slow convergent rate, over-fitting 

[102].  

In this chapter, a novel numerical model of FNN trained by the Broyden, 

Fletcher, Goldfarb, and Shanno (BFGS) algorithm is developed to simulate with high 

accuracy the ECR plasma etching of 4H-SiC based on SF6+O2 plasma [25]. Although 

the BFGS training algorithm has been in other fields for decreasing the training time, it 

has not been used for the modeling of plasma etching process. We have also compared 

the BFGS with the BP algorithm in terms of their approximation and generalization 

ability, which are important in the application of FNN for the simulation and control of 

SiC etching process. The first part of the chapter presents the background of the FNN 

structure and its working principles, the BFGS algorithm and the conventional BP 

algorithm. The advantages of the BFGS algorithm over the conventional BP algorithm, 

including their approximation and generalization ability, are also discussed. In the 

second part, the performances of both the BFGS and BP algorithms are extensively 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 4  NUMERICAL MODELING OF 4H-SIC PLASMA ETCHING  
BASED ON ARTIFICIAL NEURAL NETWORK 

73 

tested with our experimental etching data and the results are compared in terms of 

convergence property and r.m.s. error of cross-validation test to obtain the best FNN 

structure. In the last part, we compared the modeled etch rates with our test results, 

and obtained a very good fit between the two. 

4.2 Artificial Neural Network and Training Algorithm 

4.2.1 Network Architecture [101] 

Fig. 4.1 schematically shows a typical three-layer FNN structure used in this 

work, which has one input layer with n input nodes, one hidden layer with h neurons, 

and one output layer with m neurons. By denoting the synaptic weights between the 

input layer and hidden layer as ( )1, 2, , ; 1, 2, ,jiw j h i n= =L L  and the threshold of 

hidden neurons as ( )1, 2, ,j j hθ = L , the input signal Ij (not shown in the figure) and 

output signal Oj of the jth hidden neuron can be expressed as functions of network 

input signals ( 1,2, , )i i nx = L  as: 

 

Fig. 4.1: Network architecture of a three-layered feed-forward neural network. 
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1 expj j j j
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O f I j h
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θ
θ

= + = =
⎡ ⎤+ − +⎣ ⎦

L  (4.2) 

where ( )j j jf I θ+  is the transfer function of the jth hidden neuron. Each output in the 

network is determined by the synaptic weights between the output neuron and all 

hidden neurons, ( )1, 2, , ; 1, 2, ,ljw l m j h′ = =L L  and the bias ( )1, 2, ,l l mθ ′ = L  of the 

output neuron in the same manner, i.e. 

  

1

1 1,2, ,
1 exp
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l h

j j
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y l m
w O θ

=

= =
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∑

L  (4.3) 

 
4.2.2 Back-Propagation (BP) Algorithm [101] 

The principle of using FNN to model plasma etching is to utilize its function 

approximation ability to describe the relation between the parameters in the etching 

process. This is done by training the neural network using some samples (shown as 

input-output pairs) taken from the etching process testing, such that the input-output 

relation of the network can properly fit the given samples. The conventional training 

method uses BP algorithm to minimize the mean-squared error between the given 

outputs in the samples and the neural network outputs. The error function is usually 

taken as: 

   
21 ˆmin

2 1 1

N m
E y ylp lpp l

⎛ ⎞= −∑ ∑ ⎜ ⎟
⎝ ⎠= =W

  (4.4) 

where ( )ˆ 1, 2, , ; 1, 2, ,lpy l m p N= =L L  is the desired output in each sample, yjp is the 

corresponding ANN output, and N is the sample size. From Eqs. (4.2) and (4.3), it can 
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be seen that the input-output relation in ANN is fully determined by all the weights 

and thresholds: ( )1, 2, , ; 1, 2, ,jiw j h i n= =L L , ( )1, 2, , ; 1, 2, ,ljw l m j h′ = =L L , 

( )1, 2, ,j j hθ = L  and ( )1, 2, ,l l mθ ′ = L , which together form a weighting vector W. 

The BP algorithm uses a simple iteration formula to sequentially update W, 

starting from a random vector W0, until a stable solution is obtained. The iteration 

formula is 

   
1

d
d 0,1, 2, ,k

k

k k k

E
k

η

+

⎫Δ = − ⎪ =⎬
⎪= + Δ ⎭

LL
W

W
W W W

  (4.5) 

where η is referred to as the learning rate (LR), 
d

d k

E
W

 is the gradient vector of the error 

function with respect to the weighting vector W. By substituting Eqn. (4.2) into Eqn 

(4.3)., and then substituting the result output yl into Eqn. (4.4), the error function as 

well as the gradient vector can be explicitly expressed in terms of the weighting vector 

W. All components in the gradient vector can be analytically expressed as follows: 
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Sometimes, a momentum term α is introduced in the iteration formula Eqn. (4.5) 

to improve the convergence property, i.e. 

   
d

dk k k
k

Eη α= − + ΔW W W
W

.    (4.6) 

 
4.2.3 Approximation Ability and Generalization Ability of FNN 

The FNN possesses excellent approximation ability, as shown by Kolmogorov 

[101] that for any continuous mapping f, there must exist a three-layer neural network 

that can implement f exactly. However, owning to some limitations or difficulties in 

getting samples in practical application, only finite (or even fewer) samples can be 

used in training the network. Despite this, it is necessary that the network should still 

be precise for the input-output pairs not presented in the training samples. This 

requirement is referred to as the generalization ability of FNN, and is as important as 

the approximation ability. 

In fact, the learning of the FNN can be regarded as performing a simple fitting 

operation in a multiple input/output space, while to get the input-output pairs not 

included in the training samples can be viewed as interpolating or extrapolating on the 

fitting hyperspace. In most cases, the approximation ability and the generalization 

ability can be unified provided the structure of FNN (number of hidden neurons), the 

training sample selection and the learning algorithm are properly selected. However, in 

many cases, these two abilities are in contradiction, especially when more hidden 

neurons are adopted; and in the worst case, it may even result in the so-called “over 

fitting” phenomenon such that the FNN possesses very poor generalization ability. 

This phenomenon is mostly caused by an improper BP algorithm, as the algorithm 

shown in Eqn. (4.5) is nothing but using the steepest decent method with a constant 

step-length to solve the unconstrained optimal problem shown in Eqn. (4.4), and the 
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algorithm shown in Eqn. (4.6) can be viewed as a simplified conjugate gradient 

method also with a constant step-length. As the convergence cannot be guaranteed by 

these two simplified methods, excessive hidden neurons may have to be used to reduce 

the training error in Eqn. (4.4) to an acceptable level. 

4.2.4 BFSG Training Algorithm 

To overcome the above-mentioned drawback in using the BP learning algorithm, 

the BFGS algorithm is used in this work, which is one of the most promising methods 

for solving the unconstrained optimal problem shown in Eqn. (4.4). For an 

unconstrained optimal problem, the conventional Newton algorithm is based on a 

quadratic model from a truncated Taylor series expansion of the objective function (i.e. 

error function in the FNN training) around Wk: 

   ( ) ( ) 1
2

T T
k k k k k kE E E+ = = + +W δ δ g δ δ G δ ,  (4.7) 

where Ek(δ) is the resulting quadratic approximation at iteration k, δ=W-Wk, 

d
dk k

k

EE= ∇ =g
W

 is the gradient of the objective function, and 2
k kE= ∇G  is the 

Hessian matrix. However, one problem associated with the conventional Newton 

algorithm is that the Hessian matrix may not be positively definite and consequently 

the line search direction may not point in the direction of descending error function. 

Even if the Hessian matrix is positively definite, the calculation of the matrix is time 

consuming and hence inefficient. To cope with a more general scenario, a class of 

quasi-Newton algorithm including the BFGS algorithm has been proposed in the 

literature, in which a symmetric, positive definite matrix Bk is used to approximate the 

Hessian matrix [102]. The BFGS optimization algorithm was proposed independently 

by Broyden, Fletcher, Goldfarb, and Shanno in 1970 [102], in which a rank-two 
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correction method was used to calculate and update Bk, and to preserve Bk to be 

symmetric and positively definite. The use of an inexact line search scheme in the 

algorithm improves the computation speed and allows the algorithm to have a global 

convergence property [102]. To date, it remains the best quasi-Newton optimization 

algorithm. The BFGS algorithm generally comprises four sequential steps. In the kth 

iteration, the BFGS algorithm is as follows: 

Step 1: Set line search direction 

     1
k k k

−= −s B g     (4.8) 

Step 2: Linear search along the search direction sk, i.e. find the step-length such that 

   ( ) ( )( )
0

mink k k k kf f
α

α α
≥

+ = +W s W s   (4.9) 

In the inexact line search scheme, it is selected to satisfy the following relations 

   
( ) ( )
( )

T
k k k k k k k

T T
k k k k k

E Eα ρα

α σ

+ ≤ +

+ ≤ −

W s W g s

g W s g s
  (4.10) 

where ( )1
20,ρ ∈ , ( ),1σ ρ∈ .  

Using the line search result, the new weighting vector is updated as 

    1k k k kα+ = +W W s     (4.11) 

Step 3: Update Bk to Bk+1 by using the following rank-two correction 

   1

T T
k k k k k k

k k T T
k k k k kT+ = + −
γ γ B δ δ BB B
γ δ δ B δ

,   (4.12) 
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where  

    1

1

k k k

k k k

+

+

= −

= −

δ W W
γ g g .    (4.13) 

Step 4: Check convergence by some specified criterion. Conventionally, this criterion 

is set as the gradient of the objective function to be smaller than a given value to stop 

the iteration, i.e. 

    T
k k ε≤g g      (4.14) 

The iteration starts from letting k=0, while the initial value of components in the 

weighting vector is set randomly in the interval [0, 1], and the initial matrix B0 is a 

symmetric, positively definite matrix, where normally it is set as B0=I. The iteration 

process sequentially follows: first to calculate the search direction by Eqn. (4.8) and 

then perform the inexact line search based on Eqn. (4.10); update the weighting vector 

Wk to Wk+1 by Eqn. (4.11) and Bk to Bk+1 by Eqs. (4.13) and (4.12); after that the 

gradient gk is compared with the convergent criterion as shown in Eqn. (4.14). When 

the convergent criterion is satisfied, the training iteration ends; otherwise, set k=k+1 

and repeat the whole iteration calculation. 

Due to the better convergence property of the BFGS algorithm, the FNN will 

require less hidden neurons to reach the same training error and result in a better 

generalization ability. The detailed comparison between the BP and BFGS training 

algorithms in the modeling of plasma etching of SiC will be given in the next section.  
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4.3 Experimental Setup 

In this work, the SiC samples used for the etching tests were 5 × 5 mm2 n type 

bulk 4H-SiC wafers, silicon faced, 8° off-axis toward the 1120  orientation, with a 

doping level of 6.9×1018 cm-3. The SiC samples were cleaned using a standard RCA 

clean process. The mask used for the plasma etching test was a dual metal layer that 

consisted of 30 nm thick titanium and 300 nm thick nickel, deposited using electron 

beam evaporation and patterned using a standard lift-off process.  

The plasma-etching test was performed with a standard electron cyclotron 

resonance (ECR) plasma reactor [103]. The system is shown schematically in Fig. 4.2. 

The ECR plasma system consists of a cylindrical excitation chamber Attached 

immediately below the excitation chamber is the deposition chamber. The system is 

essentially a downstream design whereby ions produced in the excitation chamber are 

extracted into the process chamber through the diverging magnetic field. The 

excitation source is a 1.5 kW, 2.45 GHz microwave generator (AX2115) from the 

Applied Science Technology Inc. The substrate bias power supply is a 600 W, 13.56 

MHz R.F. generator (RFX-600) from Advanced Energy Inc. The microwave power is 

guided through a rectangular waveguide and introduced into the ECR magnetron 

excitation chamber through a quartz window. With currents of 120 A and 100 A for 

the upper and lower magnetic coils, respectively, a magnetic field of 875 G required 

for the ECR condition is generated in the middle of the excitation chamber. The 

divergent magnetic field configuration accelerates the plasma towards the deposition 

chamber where the substrates are located. The substrate stage is isolated from the 

grounded chamber wall and is driven by the 13.56 MHz R.F. generator. 
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Fig. 4.2: The schematic diagram of ECR plasma system. 

 

In the plasma-etching test, SF6 and O2 were used as the etchant gases. The etch 

rate was characterized with a surface stylus profilometer. The process parameters for a 

high density plasma reactor include gas flow rates, microwave power, R.F. power, D.C. 

bias, process pressure, temperature, process duration. As a standard two-level with 

center point full factorial test has shown that plasma etching behavior is highly 

nonlinear, high order experiment design models are required to simulate it more 

accurately. In this work, a four-factor and five-level standard Box-Wilson CCD was 

used for our design of experiments (DOE) [104]. To save the test budget, we focus on 

four most important process parameters (i.e. the input variables of FNN), namely, the 

microwave power, D.C. bias, process pressure, and O2 fraction defined as the ratio of 

O2 flow rate to the total gas flow rate of 10 sccm. The ranges of the parameters used 

are listed in Table 4.1. To meet the requirement of the Box-Wilson CCD, a total of 25 

tests were performed to obtain 25 samples to be used in the FNN training. The details 

of the 25 samples were listed in Table 5.2. In addition, another 25 randomly selected  
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Process Parameter Adjust Range 
Microwave Power [W] 200 ~ 1000 
D.C. Bias [V] -100 ~ -500 
Process Pressure [mTorr] 1 ~ 15 
Oxygen Fraction [%] 0 ~ 100 

Table 4.1: Process Parameters and adjustable ranges in the DOE etching process 
test. 

 

tests were also performed for the purpose of cross-validation. The output of the FNN is 

the the etch rate of 4H-SiC. 

4.4 Modeling Results and Discussion 

4.4.1 Number of Hidden Neurons 

It has been conceptually shown in the previous section that the BFGS algorithm 

based FNN has great advantages over the conventional BP algorithm based FNN. In 

this section, we will verify it using our etching test results as samples in the FNN 

training, and then compare the performance of these two algorithms. The inputs of the 

FNN are process pressure, microwave power, D.C. bias, and O2 fraction as listed in 

Table 4.1, and the output is the SiC etch rate. The comparison is performed with 

different numbers of hidden neurons and various learning rates in the BP algorithm, 

while the performance is measured by the training error (E) of the error function 

shown in Eqn. (4.4), the cross-validation (CV) test results and the existence of over-

fitting phenomenon.  

Fig. 4.3 compares the final training error with respect to the hidden neuron 

number (HNN) of FNN for both BFGS and BP algorithms, and various learning rates 

(LR) for the BP algorithm. All trainings were terminated at 1000 iterations. For the BP 
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algorithm, the momentum is set at 0.1. It is obvious that for the BFGS algorithm, the 

training error rapidly decreases from near 0.04 to less than 2×10-3 with increasing 

HNN from 1 to 5, and then almost remains constant at 1.5×10-3 with a further increase 

in the HNN up to 10. In contrast, for the conventional BP algorithm, it results in a 

training error that is almost independent of the HNN in the range of 1 to 10. In 

addition, the LR also has less impact on the training error for the BP algorithm. As LR 

changes from 0.1 to 0.3, the training error only decreases from 0.07 to 0.04 

approximately, and further increasing LR has no effect on the training error. The 

results demonstrate that the BFGS algorithm is more powerful and efficient than the 

BP algorithm in the FNN training and with less HNN needed. It can be seen from this 

result that the number of 5 hidden neurons seems a proper choice for the FNN trained 

by BFGS algorithm, whereas the HNN should be larger than 10 for using BP 

algorithm to get as smaller training error as the BFGS algorithm. 

 
 

Fig. 4.3: Training error versus HNN and LR. 
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Fig. 4.4: Training error versus number of iterations. 

 

Fig. 4.4 shows the training error with respect to the number of iterations for the 

BFGS and BP algorithms, both with 5 neurons in the hidden layer. In the BP algorithm, 

the LR is taken from 0.1 to 0.9 with the same momentum 0.1. It can be seen that the 

training error for the BFGS algorithm drops to less than 2×10-3 after 1000 iterations 

and has the fastest descent rate compared to all BP algorithms. In contrast, the BP 

algorithm with the best LR will only reach near 2×10-2 after 10000 iterations. The 

results clearly demonstrate the advantage of a super-linear convergent rate enjoyed by 

the BFGS algorithm. 

4.4.2 Cross-Validation Test 

To further compare the performance of these two training algorithms, the r.m.s. 

error obtained from the cross validation (CV) test with respect to the number of hidden 

neuron are given in Fig. 4.5 with different LRs from 0.1 to 0.9 for the BP algorithm.  
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Fig. 4.5: r.m.s. error of the CV test versus HNN. 

 

The number of iterations was set at 1000 for both training algorithms. For the BFGS 

algorithm, the r.m.s. error drops to less than 5% as the HNN is increased to 5, and a 

further increase in the HNN does not have much effect in terms of reducing the 

average error. In contrast, the best CV test result for the conventional BP algorithm 

(10 HNN and LR = 0.9) shows an r.m.s. error of 18%, which is much higher than the 

result obtained from the BFGS algorithm. The results unambiguously demonstrate that 

the BFGS algorithm has a much less CV r.m.s. error compared to the conventional BP 

algorithm. This is very important as the CV test error represents the generalization 

ability of the FNN. 

4.4.3 Over Fitting Phenomenon 

As a larger training error implies that the FNN will be inaccurate even for some 

training samples (i.e. the FNN possesses poor approximation ability), the training error 
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thus must be maintained at lower values. To reduce the training error in using the BP 

algorithm, the conventional method is to increase the number of hidden neurons and/or 

the training iterations. However, while this will enhance the approximation ability, the 

generalization ability will generally be weakened. The worst scenario is the so-called 

over-fitting phenomenon. One of the over-fitting examples is shown in Fig. 4.6, which 

is observed from the training of the BP based FNN with the network parameters HNN, 

LR, momentum, and training error restriction set at 20, 0.5, 0.1, and 1×10-5, 

respectively. It is obvious that over-fitting is a result of the manipulation of the 

degradation of generalization ability, despite the fact that the training error can reach a 

very low level of below 10-5 after a very large number of training iterations. Over 

fitting appears mainly because a large HNN brings out too many network parameters 

of synaptic weights and thresholds (a total of 121 in this case) which is much larger 

than the number of samples. In contrast, because the BFGS algorithm can very 

effectively achieve a reasonably low training error with far less hidden neurons, the 

neural network is more accurate and less prone to over-fitting. 

It can be concluded from the simulation results that the BFGS algorithm based 

FNN possesses great advantages in terms of super-linear convergence, strong 

approximation and generalization abilities, high accuracy and faster training speed 

with less prone to over-fitting. This is demonstrated Fig. 5.5 in Chapter Five in which 

the dependence of etch rate on the O2 fraction and the D.C. bias has been studied using 

the BFGS algorithm. This is a typical modeling result out of a three-layer BFGS 

algorithm based FNN with five hidden neurons, trained with 25 training samples based 

on five-level Box-Wilson CCD. With this FNN configuration, the overall r.m.s. error 

and the maximum error were well within 5% and ±10%, respectively. 
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Fig. 4.6: An example of over-fitting phenomenon. The other ECR process 
parameters are set as 10 sccm total gas flow rate, 5 mTorr process pressure, and 
500 W microwave power. 

 

 

Fig. 4.7: Comparison of etch rate of 4H-SiC as a function of O2 fraction with the 
FNN modeling result. 
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Fig. 4.7 shows the ECR test results of etch rate versus O2 fraction [105] together 

with the modeling results obtained using the BFGS algorithm based FNN. The ECR 

test parameters, i.e. microwave power, D.C. bias, process pressure, total feed-in gas 

flow rate, were set at 550 W, -200 V, 4 mTorr, and 10 sccm, respectively. The results 

clearly demonstrate that the modeled etch rates closely match our ECR test results 

with less than ±5% relative error. 

4.5 Summary 

In this chapter, a numerical modeling of ECR plasma etching of 4H-SiC using 

the FNN trained by BFGS optimization algorithm has been developed based on our 

experimental etch rate results. The modeling results are compared with the results 

coming from the same FNN and the same experimental data, but trained by 

conventional BP algorithm with different hidden neuron numbers, different number of 

iterations and various learning rates. It has been shown that the numerical modeling 

using the FNN trained by BFGS algorithm can produce better results with less error 

compared to the conventional BP algorithm. The r.m.s. and the maximum errors of CV 

testing for the BFGS algorithm are less than 5% and ±10%, respectively, while the 

errors for training samples are even lower. Therefore, it is sufficiently accurate to 

provide reliable simulation results to understand the plasma etching mechanism and 

for practical etching application. The simulated etch rates for 4H-SiC have also been 

found to be consistent with the experimental results. Therefore, the FNN trained by the 

BFGS algorithm can be used to develop optimized etching recipes for 4H-SiC for 

different applications. Using the FNN developed, we have numerically modeled ECR 

plasma etching of SiC as functions of the O2 fraction, microwave power, D.C. bias and 

process pressure. These results will be presented in Chapter Five. 
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Equation Chapter (Next) Section 1 

Chapter 5  

Electron Cyclotron Resonance Plasma Etching of SiC  

and Modeling 

 

5.1 Introduction 

With increasing demand placed on more advanced applications of SiC in power 

devices and MEMS, the requirements on etching process control, such as etch 

depth/etch rate, etch profile, and etching induced damage, are becoming more 

stringent. Hence, a precise and practical numerical modeling of the etching process is 

desirable. In addition, modeling helps in understanding the etching mechanism and 

optimizing the process parameters, while saving the testing sample budget during the 

research and development stage. Due to the extremely complicated non-linear plasma 

behavior [22], models that are based on plasma physics and statistics are difficult to 

derive and less robust. With the advance of computer based artificial intelligence such 

as artificial neural network techniques, it is possible to simulate the highly nonlinear 

and complex plasma etching behavior when precise physical equations are not known 

or too complicated to calculate. To date, neural networks of different paradigms have 

been widely used in the semiconductor plasma etching processing modeling [67, 75, 

97] and real-time control [98, 99]. As one of the most widely used neural network 

paradigms, the feed-forward neural network (FNN) is composed of a vast number of 
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parallel simple processing units (neuron) in a layered architecture. We have used the 

BFGS (Broyden, Fletcher, Goldfarb, and Shanno) optimization algorithm to train the 

FNN for the modeling of plasma etching of SiC [25], as presented in Chapter four. It 

was demonstrated that the FNN trained by the BFGS algorithm has better function 

approximation and generalization ability compared to the conventional BP algorithm, 

and thus provides more accurate modeling results.  

For the plasma etching of SiC, fluorinated gases such as SF6, CF4, NF3, plus 

various additive gases, normally O2, Ar, H2, or other fluorinated gases [23, 106] are 

widely used as etchant gases. Due to the highly reactive F atoms and the highly 

volatile etching byproducts, e.g. SiF4, CF4 [106], relatively high etch rates with 

minimum surface contamination can be readily achieved. Furthermore, by varying the 

O2 fraction (defined as the ratio of O2 flow rate to the total gas flow rate), microwave 

power, D.C. bias, and process pressure, the etching process can be tuned from pure 

isotropic chemical etching to totally anisotropic physical sputtering. Therefore, the 

etch rate, etching profile and surface morphology, can be controlled according to 

different process requirements. Despite the well developed etching process for SiC, to 

date, the mechanism of plasma etching of SiC is still under debate, especially the roles 

played by C and O2 in the etching process [21, 23, 62].  

In this chapter, we first present our ECR plasma etching results on n+ doped 4H-

SiC based on SF6+O2 plasma, with special emphasis on the role of oxygen in the 

etching mechanism. The etch rate, surface roughness, and surface contamination are 

measured and studied. In the second part of this chapter, we present the results of 

numerical modeling of ECR plasma etching of 4H-SiC with SF6+O2 plasma based on 

the FNN with five hidden neuron trained by the BFGS algorithm developed in Chapter 
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four [25]. The modeling results are presented in terms of etch rate versus O2 fraction, 

microwave power, D.C. bias and process pressure and discussed in terms of their 

physical and chemical mechanisms. The ultimate goal is to achieve an in-depth 

understanding of the complex ECR plasma etching behaviors of 4H-SiC through 

virtual means of simulation, and this knowledge will be useful in controlling real 

etching process of SiC. 

5.2 Experimental Setup 

The detailed configuration of the ECR plasma reactor used for the study and the 

sample preparation can be found in Chapter Four.  

A series of etching experiments was carried out by varying the O2 fraction from 

0 to 80%, while keeping the microwave power, D.C. bias, total gas flow rate, process 

pressure, and etching duration constant at 550 W, -200 V, 10 sccm, 4 mTorr, and 30 

minutes, respectively. The morphology of the etched pattern was characterized using a 

LEO 982 scanning electron microscope (SEM). The etch depth was measured with a 

Dektak3 ST stylus surface profilometer. The etched surface roughness was 

characterized by a Shimadzu SPM-9500J2 atomic force microscopy (AFM), and the 

surface element analysis was performed using a JEOL JAMP 7800F Auger electron 

spectrometry (AES). 

5.3 ECR Plasma Etching Test Results and Discussion 
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Fig. 5.1: The etch rate versus O2 fraction.  

 

Fig. 5.1 shows the etch rate as a function of the O2 fraction. It increases from 

46.3 to 79.1 nm/min with O2 fraction up to 60%, after which it decreases sharply to 

27.8 nm/min at an O2 fraction of 80%. The change in the etch rate is not directly 

related to physical ion bombardment as the D.C. bias was kept constant in the 

experiments. The initial increase in the etch rate is attributed to the larger O2 fraction 

that results in the releasing of more F neutral radical atoms [23]. In addition, the 

presence of a higher oxygen atomic concentration at increasing O2 fraction has been 

reported to enhance the carbon etch rate by chemical reactions to form volatile by-

products like CO and CO2 and hence increase the etch rate [23]. However, as will be 

seen in our work, the role that oxygen plays in the etching of carbon is insignificant. 

The subsequent decrease in the etch rate at larger O2 fraction is attributed to the  
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Element  C  N  O  F  Si  Al  C/Si 

Ratio Relative 
Sensitivity 

Factor (RSF) 

0.128 0.158 0.371 0.954 0.137 0.309 

Unetched 
Control 

Sample (UCS) 

 - 2 - 54 - 0.815 

0% O2 47 - 2 3 48 - 0.979 
20% O2 43 1 3 3 50 - 0.860 
40% O2  - 3 2 51 - 0.863 
60% O2 40 - 4 2 54 - 0.741 
80% O2 40 - 8 2 50 - 0.800 

 

Table 5.1: The relative concentration of surface elements in arbitrary unit. 

 

dilution of fluorine atom concentration, and the formation of an oxide-like layer as 

evidenced from the AES results as shown in Table 5.1. 

The relative concentrations of the different elements on the etched surface, as 

determined using AES, are listed in Table 5.1. Contrast to the unetched control sample, 

all the etched samples are found to have F residue, arising from the fluoride gas 

plasma used for the etching. Besides, with increasing the O2 fraction from 0 to 80%, 

the O concentration increases from about 2%, which is likely attributed to oxygen in 

the ambient, to 8%. This increase is due to the chemisorption of oxygen onto the SiC 

surface during the plasma etching process.  

Regarding the role of O2 in the etching reaction with carbon, if oxygen does 

react with carbon chemically and efficiently, especially at higher O2 fractions, then 

that should engender some silicon-rich layer due to the silicon etch rate being 

weakened by the dilution of fluorine concentration and the presence of an oxide-like 

layer. However, the results in Table 5.1 do not suggest the presence of a silicon-rich 
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layer, even at high O2 fractions. Therefore, it is suggested that O2 does not play a 

significant role in the chemical etching of carbon. It is interesting to note that in a 

similar study, F. Lanois et al [62] found the existence of a carbon-rich layer 

irrespective of the O2 flow rate (SF6 flow rate was kept constant), which is not 

observed in our case. The only notable difference between their experiments and ours 

is their much lower D.C. bias of -37V, compared to -200V used in our work. Therefore, 

it can be concluded that physical ion bombardment plays a significant role in the 

etching of carbon [21]. 

Fig. 5.2 shows the root mean square (r.m.s.) surface roughness extracted from 

the AFM scanning of etched surfaces over an area of 10×10 µm2. The results of 

oxygen surface relative concentration deduced from AES are also shown. It is seen 

that the surface roughness increases moderately from 1.07 to 1.72 nm with increasing 

the O2 fraction. A similar trend has been observed and studied [107, 108], and is 

attributed to surface oxidation [91]. The surfaces etched at lower O2 fractions (≤60%) 

are smoother than the unetched control sample with an r.m.s. roughness of 1.48 ± 0.09 

nm. This is because at high SF6 fractions, the SiC surface chemical reactions with F 

atoms dominate, which tends to smoothen the surface [96]. The increase in the oxygen 

surface relative concentration with the O2 fraction as shown Fig. 5.2 is attributed to 

chemisorption or to the residues from ion bombardment. This suggests the presence of 

an oxide-like layer when etching at high oxygen fractions.  
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Fig. 5.2: r.m.s. surface roughness and oxygen surface relative concentration 
versus O2 fraction. 

 

Fig. 5.3 and Fig. 5.4 show the AFM and SEM micrographs of the etched surface 

profile at 0% O2 fraction. Beside some defects observed at the sidewall which are due 

to the mask defects, the etched surface profile appears smooth and free of micro-trench 

effects. No spikes and blackened etched surfaces, usually induced by Al clusters [82, 

109] and/or carbon rich-layer [109], are observed. As confirmed from the AES results, 

the etched surfaces are free of metal contamination and of any carbon rich-layer, as 

indicated by the C/Si ratio. This may be attributed to the high D.C. bias used that 

prevents the formation of Al clusters at the surface. It also enhances the carbon etch 

rate and prevents the formation of a carbon rich-layer [109].  
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Fig. 5.3: A typical AFM micrograph of surface etched at 0% O2 fraction (r.m.s. 
surface roughness is 1.13 nm). 

 
 
 
 

 
 

 

Fig. 5.4: A typical surface profile SEM micrograph etched at 0% O2 fraction for 
30 minutes. 
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5.4 Modeling Results and Discussion 

5.4.1 Training Sample Set 

The modeling of ECR plasma etching of 4H-SiC is based on our physical 

etching test results. The detailed ECR plasma etching test and the sample preparation 

can be found in Chapter Four. The training samples were selected strictly based on a 

five-level Box-Wilson central composite design (CCD) (see Appendix A) [104]. Four 

ECR plasma process parameters, namely O2 fraction, microwave power, D.C. bias, 

and process pressure, were varied to study their effects on the etch rate. According to 

the five-level Box-Wilson CCD, the sample size required for a four-factor DOE is 25. 

The detailed DOE together with the FNN numerical simulation results and their 

relative errors in percentile compared with the experimental results are listed in Table 

5.2.  

By comparing the error calculated using Eqn. (4.4) for the 25 training samples 

and 25 cross-validation samples with different hidden neuron numbers (from 1 to 10), 

it has shown in Chapter four that the best strategy is to use 5 hidden neurons in the 

FNN trained by BFGS algorithm with 1000 iterations. An r.m.s. error less than 5% and 

a maximum error less than ±10% have been achieved, which are sufficiently accurate 

for providing reliable simulation results to understand the plasma etching mechanism 

and for practical etching application.  

By using the properly trained FNN, we can give different input values to the 

network to get the corresponding outputs through the input-output relation shown in 

Eqs. (4.1)-(4.3), and the simulation results are thus obtained. As the relationship 

between the etch rate and the four parameters cannot be easily presented, we will use  
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No O2 

Fraction
[%] 

Microwave 
Power 

[W] 

|D.C. 
Bias|
[V] 

Pressure
[mTorr] 

Etch Rate
[nm/min] 

Simulated 
Etch Rate 
[nm/min] 

Relative 
Error 
[%] 

1 20 400 200 5 47.6 47.92 0.67 
2 60 400 200 5 58.0 57.82 -0.31 
3 20 800 200 5 66.4 66.94 0.81 
4 60 800 200 5 108.0 108.32 0.3 
5 20 400 400 5 138.4 137.61 -0.57 
6 60 400 400 5 210.2 209.72 -0.23 
7 20 800 400 5 271.6 269.48 -0.78 
8 60 800 400 5 367.2 364.92 -0.62 
9 20 400 200 11 49.7 50.2 1.01 
10 60 400 200 11 35.9 35.94 0.11 
11 20 800 200 11 81.6 81.39 -0.26 
12 60 800 200 11 113.5 113.97 0.41 
13 20 400 400 11 196.4 194.83 -0.8 
14 60 400 400 11 177.9 177.93 0.02 
15 20 800 400 11 379.8 377.6 -0.58 
16 60 800 400 11 397.4 394.82 -0.65 
17 40 600 300 8 148.2 147.71 -0.33 
18 0 600 300 8 137.6 137.42 -0.13 
19 80 600 300 8 47.2 48.13 1.97 
20 40 200 300 8 103.2 102.97 -0.22 
21 40 1000 300 8 285.0 282.75 -0.79 
22 40 600 100 8 32.4 32.88 1.48 
23 40 600 500 8 422.3 419.47 -0.67 
24 40 600 300 2 82.5 82.07 -0.52 
25 40 600 300 14 93.6 94.26 0.71 
 

Table 5.2: Training sample set designed by five-level Box-Wilson CCD and the 
FNN numerical simulation results with their relative errors in percentile 
compared with the experimental results. 

 

3D surface plots and 2D contour plots to depict the relations between the etch rate and 

two specific parameters while keeping the other two parameters constant. The 

simulation results will be given in the following sections. 

5.4.2 Etch Rate Versus O2 Fraction and D.C. Bias 

The simulation results of the etch rates dependence on the O2 fraction and D.C. 

bias are shown in Fig. 5.5 (a) and (b) in a 3D surface plot and 2D contour plots,  
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(a) 
 

 

(b) 

Fig. 5.5: Etching rate versus oxygen fraction and D.C. bias with microwave 
power and process pressure setting at 550 W and 4 mTorr, respectively. (a) 3-D 
plot; (b) 2-D contour plot of Fig. 5.5 (a). 
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respectively. The other two process parameters, the microwave power and the process 

pressure are fixed at 550 W and 4 mTorr, respectively. As can be seen from the figure, 

at every D.C. bias, there exists an optimum O2 fraction at which the etch rate reaches a 

maximum. This maximum etch rate is also noted to be more prominent at higher D.C. 

bias values. The O2 fraction at which the maximum etch rate occurs is affected by the 

D.C. bias, and it changes from about 47.5% at -100 V to 62.5% at -500 V, as clearly 

shown in Fig. 5.6. This simulation results are consistent with our experimental results 

in this chapter [105]. 

The role of oxygen in the plasma etching of SiC is still under investigation [21, 

23, 62, 107]. Conventional explanations attribute the change in the etch rate with 

varying the O2 fraction to the effects of neutral radicals F and O. F is the main etchant 

that reacts with silicon and carbon from SiC to form volatile products SFm, and CFm 

(m=1 ~ 4). 

 

 
 

Fig. 5.6: Etching rate versus oxygen fraction at different D.C. bias values with 
microwave power and process pressure setting at 550 W and 4 mTorr, 
respectively. 

Etch Rate vs Oxygen Fraction at Different D.C. Bias

D.C. Bias Increment = -50 V

D.C. Bias = -500 V

D.C. Bias = -100 V

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 5  ELECTRON CYCLOTRON RESONANCE PLASMA ETCHING OF SIC AND MODELING 

101 

The introduction of O2 as an additive is believed to have multiple effects on the 

etching behavior [107]. Firstly, at low O2 fraction, the addition/presence of O atoms 

helps to increase the concentration of F atoms by reacting with unsaturated fluoride 

species to release F neutral radicals, while depleting those polymer-forming species 

that will reduce F concentration [23]. Therefore, initially the etch rate increases with 

the O2 fraction. However, when the O2 fraction becomes substantially large, it will 

dilute the F concentration and decrease the etch rate, assuming that the total gas flow 

rate is kept constant. In addition, the formation of an oxide-like layer at higher O2 

fractions will reduce the availability of silicon and further lower the etch rate. 

Therefore, there exists a peak in the etch rate as seen in Fig. 5.5 and Fig. 5.6, at some 

intermediate oxygen fraction levels.  

The direct role of oxygen atoms in the chemical etching of carbon, as proposed 

by some research groups, is still under debate [21, 23, 62, 107]. With the support of in-

line plasma diagnosis tests, e.g. using optical emission spectroscopy (OES), it was 

shown that there exist C-based gaseous species (e.g., CO, CO2, and COF2.) in the 

reaction chamber [110], which suggests that C in SiC can react directly with O to form 

volatile byproducts, e.g. CO and CO2 [23]. On the other hand, it was also proposed 

that C is being etched through physical sputtering [62]. Nevertheless, in either way, 

the existence of a carbon rich layer even at higher O2 fractions [23] suggests that such 

a role of oxygen, if it exists, is inefficient and insignificant. 

Our previous results [105] indicated that an oxide-like layer was formed by 

chemisorption of oxygen at the SiC surface. The oxide-like layer acts as an inhibiter 

layer and blocks F atoms from reaching the SiC surface. Hence it lowers the effective 

F available and reduces the etch rate of SiC. As this oxide-like layer is believed to be 
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etched away mainly through physical sputtering, therefore, its effectiveness in 

inhibiting the etching of SiC is affected by the applied D.C. bias. With increasing the 

D.C. bias, it is observed there is an increase in the O2 fraction at which the maximum 

etch rate is achieved, from 47.5% at -100 V to 62.5% at -500 V. As the oxide-like 

layer is sputtered under strong ion bombardment, more F atoms are able to reach the 

SiC surface. Assuming that the maximum concentration of F atoms occurs at an 

oxygen fraction beyond 62.5%, therefore we expect more F atoms to be available for 

etching at higher D.C. bias and higher oxygen fraction, as seen in the results obtained. 

The etch rate is also noted to saturate at high D.C. bias, which could be due to limited 

chemical etching species of F neutral radical, whose generation becomes the 

bottleneck of the overall etching process. The highest etch rate achieved at -500V D.C. 

bias and about 62.5% O2 fraction is about 308.2 nm/min. It should be noted that the 

high D.C. bias might bring about some undesirable effects, e.g., damaged etched 

surface, deteriorating yield, reduced selectivity of mask.  

5.4.3 Etch Rate Versus Process Pressure and Microwave Power 

Fig. 5.7 (a) and (b) show the simulation results of etch rate with respect to the 

process pressure and microwave power in 3D surface plot and 2D contour plots, 

respectively. The D.C. bias and the O2 fraction are fixed at -300 V and 60%, 

respectively. A maximum etch rate is observed as a function of process pressure at 

different levels of microwave power investigated. With an increase in the microwave 

power, the maximum etch rate increases and occurs at higher process pressure. As 

shown in  

Fig. 5.8, as the microwave power increases from 200 to 1000 W, the process 

pressure corresponding to the maximum etch rate shifts significantly from around 2.4  
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(a) 
 

 

(b) 
 

Fig. 5.7: Etch rate versus process pressure and microwave power with oxygen 
fraction and D.C. bias setting at 60% and -300 V, respectively. (a) 3-D plot; (b) 2-
D contourplot. 
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Fig. 5.8: 2D plot of etch rate versus process pressure at different microwave 
power with oxygen fraction and D.C. bias setting at 60% and -300 V. 

 

to 9 mTorr. Correspondingly, the maximum etch rate peak increases from 81.3 nm/min 

at 200 W microwave power to more than 340 nm/min at 1000 W microwave power. 

The initial increase in the etch rate with process pressure is due to an increase in 

the etchant gas concentration, which is the rate limiting factor in determining the 

overall etch rate. A maximum etch rate is reached when the limiting factor is changed 

from the etchant concentration to impinging positive ion flux and impact energy. The 

decrease in the etch rate at higher process pressure is attributed to the combined effects 

of electron temperature, neutral radical densities, positive ion energy, density and flux 

[111]. At high process pressure, the average electron temperature will drop due to the 

shorter electron mean-free-path. As a result, the electron-molecule impact ionization 

rate will decrease. Together with the increasing recombination rate of ions and the 

shortening of ion mean-free-path, both the energy and concentration of the positive 

ions will decrease. This eventually will become the rate limiting factor that reduces the 
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etch rate, despite an increase in F concentration with the process pressure because of 

the increasing overlap between elementary reaction cross sections and electron energy 

distribution functions [111].  

With increasing microwave power, the plasma density is increased and the 

higher impinging positive ion flux will result in a higher etch rate. However, as can be 

seen from the simulation results, at low process pressure, e.g. 1 mTorr, the increase in 

the etch rate with microwave power is less compared to that at higher process pressure. 

Besides, at lower process pressure the etch rate appears to be slightly saturated at 

higher microwave power. This can be explained as at low process pressure, the etchant 

availability is the limiting factor that constrains the etch rate from increasing with the 

microwave power. Under higher microwave power when a larger positive ion flux is 

generated, the etching mechanism will be more limited by the etchant concentration 

rather than the ion flux. This explains the observation that the maximum etch rate 

occurs at higher process pressures at higher microwave powers, as the pressure range 

over which the etching is limited by the etchant concentration is enlarged.  

The highest etch rate obtained here is very much suitable for applications such as 

mesa etching, etc, which require high etch rate but less etching induced damage. This 

is because the increase in the etch rate is the result of increasing neutral radicals and 

higher positive ion density and hence higher impinging ion flux. When the impinging 

positive ion energy is controlled under certain level by adjusting the bias, high etch 

rate can be achieved with controlled etching induced damage. 

5.4.4 Etch Rate Versus Microwave Power and D.C. Bias 

Shown in Fig. 5.9 (a) is the 3-D surface plot of etch rate with respect to the 

microwave power and D.C. bias, and in Fig. 5.9 (b) its contour plot. The other 
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parameters, the process pressure and the O2 fraction are set at 4 mTorr and 60%, 

respectively. This simulation results are used to examine the combined effects of 

microwave power and D.C. bias on the etch rate. It is clearly shown that both the 

microwave power and D.C. bias significantly affect the etch rate of SiC. The etch rate 

increases with the microwave power, with the rate of increase being steeper under 

higher D.C. bias values. Similarly, the etch rate also increases with the D.C. bias, with 

a steeper rate of increase being observed at higher microwave power level.  

The simulation results can be understood based on the mechanism of damage-

induced ion assisted plasma etching [23]. Positive ion bombardment plays multiple 

roles in assisting and enhancing the etching process. Firstly, it will bombard the 

surface, break the strong chemical bonds, such as Si-C and C-C bonds, amorphize the 

unprotected surface and make it more chemically active. Secondly, it will knock out 

the etching by-products and oxide-like layer formed due to the chemisorption. The 

chemical etching by the neutral species, i.e. F, is still dominant in the overall etching 

process with the assistance of positive ion bombardment. At lower D.C. bias, the 

increase in the etch rate with microwave power is quite limited. This is because even 

at larger microwave power, which results in an increase in the concentration of both 

the F atoms and positive ions, the impinging ion energy (which is mainly controlled by 

the D.C. bias) remains low. This makes the positive ion bombardment process a 

limiting factor that prevents the etch rate from increasing with the microwave power. 

Similarly, at lower microwave power, a higher D.C. bias only brings about a moderate 

increase in the etch rate. This is due to the limited availability of the neutral etchant F  
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(a) 

 

(b) 
 

Fig. 5.9: Etch rate versus D.C. bias and microwave power with oxygen fraction 
and process pressure setting at 60% and 4 mTorr, respectively: (a) 3-D plot; (b) 
2-D contour plot. 
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atoms and positive ions that limits the increase in the etch rate. However, when both 

the microwave power and D.C. bias are increased, a much stronger increase in the etch 

rate is observed.  

There is a slight saturation in the etch rate observed at larger microwave power 

with increasing D.C. bias. Similar to the results shown in Fig. 5.5, it is due to the 

limited F supply, which is now the rate limiting factor. In contrast, no saturation trend 

has been observed in the relationship between the etch rate and microwave power at 

any given D.C. bias. It is believed that with increasing microwave power, both the 

concentrations of positive ions and neutral etchant F atoms will increase and result in a 

higher etch rate. 

The highest etch rate achieved at 1000 W microwave power and -500 V D.C. 

bias is about 548.9 nm/min. This is especially useful for the etching of 

microelectromechanical systems (MEMS) or via hole formation for power electronic 

devices. It provides a highly anisotropic etching with high etch rate, which are needed 

to ensure a reasonable etching time for deep etching with a high aspect ratio, with less 

consideration for etching induced damage. 

5.5 Summary 

In this chapter, we first studied the role of oxygen in the SF6-O2 ECR plasma 

etching of n+ doped bulk 4H-SiC. The AES results suggest that the chemical etching 

of carbon by oxygen is not significant even at high O2 fraction. The surface roughness 

was found to increase with the O2 fraction, due to surface oxidation and oxygen ion 

related physical ion bombardment. However, even at the highest O2 fraction, relatively 

smooth etched 4H-SiC surfaces free of Al cluster and C rich-layer were observed, 
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which is attributed to the high D.C. bias applied. The etch rate as high as 78.1 nm/min 

with an r.m.s. surface roughness of 1.48±0.09 nm can be achieved at 60% O2 fraction, 

550 W microwave power, -200V D.C. bias and 4 mTorr process pressure.  

Secondly, ECR plasma etching of 4H-SiC with SF6+O2 plasma has been 

numerically modeled using the FNN trained by the BFGS optimization algorithm. An 

overall r.m.s. error and a maximum error of less than 5% and ±10%, respectively, have 

been achieved, which are sufficiently accurate for providing reliable simulation results 

to understand the 4H-SiC plasma etching mechanism and for practical etching 

application. The etching behavior of ECR was studied with varying process 

parameters which include microwave power, D.C. bias, process pressure and O2 

fraction. The modeling results of the etch rate were analyzed using 3-D surface plots 

and 2-D contour plots. It is found that by varying O2 fraction and process pressure, 

optimized etch rate peaks can be achieved. Increasing the D.C. bias and microwave 

power results in optimized etch rate peaks occurring at higher O2 fraction and process 

pressure, respectively, while at the same time augmenting the etch rate. However, 

there is a saturation in the etch rate at higher D.C. bias values, which however, does 

not occur at higher microwave power. The simulation results clearly demonstrated the 

relationship between the etch rate and the process parameters such as the microwave 

power, D.C. bias, process pressure and O2 fraction, and their combined effects in terms 

of the contributions of pure chemical reactions and physical ion bombardment 

(sputtering) to the overall etching behavior. The modeling results suggest that by 

controlling these process parameters, it is possible to develop optimized etching 

recipes for SiC that can cater for different applications. 
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Appendix A Box-Wilson Central Composite Design [104] 

Box-Wilson Central Composite Design (CCD) is a design of experiments (DOE) 

for fitting quadratic models of response surface methodology (RSM). A standard Box-

Wilson CCD consists of a 2k factorial design (k is the factor number) with a few center 

points and a group of 2k star points. Fig. 5.10 shows the Box-Wilson CCD with three 

factors (k=3). From Fig. 5.10, it is clear that each factor of Box-Wilson CCD has five 

levels. Hence, the total sample size for a k factors Box-Wilson CCD is 2k+2k+NC, 

where NC is the number of center points.  

In our Box-Wilson CCD for our FNN modeling of ECR plasma etching of SiC, 

there are four factors, namely, O2 fraction, microwave power, D.C. bias, and process 

pressure. Therefore, the sample size is 24+2×4+1=25. Here only one center point 

number was chosen. For a four factors (x1, x2, x3, and x4) Box-Wilson CCD, all the 

25 samples can be determined as listed in Table 5.3. 

 

 

Fig. 5.10: The Box-Wilson central composite design (CCD) with 3 variables. 
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No. x1 x2 x3 x4 No. x1 x2 x3 x4 
1 -1 -1 -1 -1 14 1 1 -1 1 
2 -1 -1 -1 1 15 1 1 1 -1 
3 -1 -1 1 -1 16 1 1 1 1 
4 -1 -1 1 1 17 -α 0 0 0 
5 -1 1 -1 -1 18 α  0 0 0 
6 -1 1 -1 1 19 0 -α 0 0 
7 -1 1 1 -1 20 0 α  0 0 
8 -1 1 1 1 21 0 0 -α 0 
9 1 -1 -1 -1 22 0 0 α  0 
10 1 -1 -1 1 23 0 0 0 -α 
11 1 -1 1 -1 24 0 0 0 α  
12 1 -1 1 1 25 0 0 0 0 
13 1 1 -1 -1      
 

Table 5.3: The list of 25 samples of a four-factor, five-level Box-Wilson CCD. 

 

In Table 5.3, “±1” represents the distance from center of the design space to a 

factorial point for a factor and “±α” represents the distance from the center of the 

design space to a star point for a factor. In order to make the design to have circular, 

spherical, or hyper-spherical symmetry, α can be determined as: 

 ( )1/4
2kα =  (5.1) 

Hence, in our Box-Wilson CCD, α = (24)1/4 = 2. The center point of our Box-Wilson 

CCD was set to the medium values of the practical adjusting range of the process 

parameters. ±α presents the lowest and highest values of the process parameters within 

the practical adjusting ranges. The process parameters corresponding to “±1”, “±α”, 

and the center point are listed in Table 5.4. 
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 O2 Fraction 
[%] 

Microwave 
Power [W] 

|D.C. Bias| 
[V] 

Process Pressure 
[mTorr] 

Center Point 40 600 300 8 
-1 20 400 200 5 
1 60 800 400 11 
-α 0 200 100 2 
α 80 1000 500 14 

Table 5.4: The list of process parameters corresponding to “±1”, “±α”, and the 
center point. 
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Equation Chapter 6 Section 1 

Chapter 6  

Study of Plasma Etching Induced Damage Using SiC 

Schottky Barrier Diode 

 

6.1 Introduction 

It is well known that reactive ion etching of SiC will in general bring about 

several kinds of damage to its etched surface. These include surface contamination, 

changing surface stoichiometry, surface dopant passivation, point defects in the lattice 

leading to amorphous surface [112]. In general, it is believed that in order to reduce 

plasma etching induced damage (PEID), the D.C. self-bias has to be lowered to reduce 

physical ion bombardment. However, the outcomes are never straightforward as there 

is no simple relationship that exists between PEID and the D.C. self-bias [113, 114]. 

To effectively reduce or even eliminate PEID, it is necessary to understand how the 

two resultant effects of the RIE process, i.e. physical sputtering and chemical etching, 

will lead to SiC damages. 

In this chapter, n type 4H-SiC Schottky barrier diodes (SBDs) are used as test 

vehicle for studying PEID. The reason for using SBDs is that their electrical 

characteristics are very sensitive to the quality of the metal-semiconductor (MS) 

interface, which in turn is determined by the damage that may result from the etching 

process. Three sets of experiments, with the samples subjected to mainly chemical 
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etching (CE), physical sputtering (PS) and their combination (CE+PS), are designed to 

understand the damages that are resulted from these processes. The electrical 

characteristics of the SBDs studied include capacitance-voltage (C-V), current-voltage 

(I-V), and deep level transient spectroscopy (DLTS). Through this study, we aim to 

understand PEID in relation to the etching plasma characteristics, and propose how it 

can be minimized through controlling the plasma process parameters. 

 

6.2 Fabrication of Schottky Barrier Diode 

The fabrication process for 4H-SiC SBDs to study PEID involves two parts, 

sample preparation and plasma etching tests.  

6.2.1 Sample Preparation 

Fig. 6.1 illustrates schematically the fabrication process for 4H-SiC SBDs. The 

SBD samples were fabricated on 5×5 mm2 chips of N doped 4H-SiC n+ substrate with 

a 10 μm thick n- epitaxial-layer. These samples were cut from 2” Si faced SiC wafers 

purchased from CREE Research. The orientation of the 4H-SiC is 8° off-axis of 

0001〈 〉  pointing towards 1120〈 〉 . The doping levels of the n- epitaxial-layer and n+ 

substrate are 2×1015 cm-3 and >1×1019 cm-3 respectively. The steps involved in the 

fabrication process are as follows: 
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Fig. 6.1: Schematic Process Flow for the Fabrication of 4H-SiC SBDs. 
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Fig. 6.1: Schematic process flow for the fabrication of 4H-SiC SBDs (continued).  
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Step Process Name Chemical Temperature Duration 

1 Degrease Acetone >50 °C 5 min 

IPA >50 °C 5 min 

2 Rinse DI Water Room Temp 5 min 

3 Piranha Clean H2SO4:H2O2=1:1 No Control 15 min 

4 Rinse DI Water Room Temp 5 min 

5 Strip Oxide HF:H2O =1:10 Room Temp 5 min 

6 Rinse DI Water Room Temp 5 min 

7 RCA SC-1 NH4OH:H2O2:H2O=1.5:1.5:5 >80 °C 15 min 

8 Rinse DI Water Room Temp 5 min 

9 Strip Oxide HF:H2O =1:10 Room Temp 5 min 

10 Rinse DI Water Room Temp 5 min 

11 RCA SC-2 HCl:H2O2:H2O=1.5:1.5:5 >80 °C 15 min 

12 Rinse DI Water Room Temp 5 min 

13 Strip Oxide HF:H2O =1:10 Room Temp 5 min 

14 Rinse DI Water Room Temp 5 min 
 

Table 6.1: Cleaning process for the 4H-SiC wafers. 

 

A. 4H-SiC chip cleaning process. The details of the cleaning process are listed in 

Table 6.1. The cleaning process consists of three steps, which are degrease, removal of 

organic contaminants and metallic contaminants. Except for the first degrease step, the 

other steps are followed by a rinse in deionized water (DI water) to remove the 

chemical residue of the previous cleaning step, a stripping of oxide layer by dipping 

into a diluted HF solution, and another rinsing in DI water to remove the HF residue.  

The first degrease step served to remove grease and other organic contaminants 

by dipping the 4H-SiC chips sequentially into hot acetone and isopropyl alcohol (IPA), 

for 5 minutes each. Following the degrease, the samples were rinsed in DI water to 
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remove organic solvent residues. To further remove organic contaminants and  organic 

solvent residues, the 4H-SiC chips were cleaned by the Piranha clean process and 

submerged into a H2SO4 and H2O2 solution. After stripping the oxide grown during the 

Piranha process and rinsing in DI water, the 4H-SiC chips were subjected to a slightly 

modified RCA (Radio Corporation of America) standard clean process. In SC-1 

(Standard Clean Step 1), the 4H-SiC chips were grown with a thin SiO2 layer of about 

1 nm thick which would be removed in the subsequent oxide stripping process. After 

stripping the oxide and rinsed in DI water, the 4H-SiC chips were subjected to SC-2 

(Standard Clean Step 2) process in which the metallic (ionic) contaminants, which 

might be partly contributed by the SC-1 process, were effectively removed. The 4H-

SiC chips were then stripped off of oxide residue, rinsed in DI water, dried with dry N2 

gas blow and baked in oven at 110°C for 40 minutes. Upon the completion of the 

above cleaning process, the 4H-SiC chips were thoroughly cleaned and ready for the 

next process step. 

B. Sacrificial oxidation and dry thermal oxidation for fabrication of field plate. 

After the cleaning process, the 4H-SiC chips were subjected to a sacrificial oxidation 

process to remove surface defects and possible contaminant residues. The SiC chips 

were thermally oxidized in pure O2 ambient at a temperature of 1150°C for 3 hours to 

obtain a thermal oxide layer of about 40 to 50 nm thick. The sacrificial oxide layer was 

subsequently removed in a diluted HF solution. To reduce the surface leakage current, 

a 50 nm high quality dry thermal oxide was grown on top to serve a field plate. It was 

grown in pure O2 ambient at a temperature of 1150°C for 3 hours and then annealed in 

pure N2 ambient at the same temperature for 1 hour.  
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C. Formation of back ohmic contact. The back metal contact of SBD consists of 

100 nm thick Pt layer, sputtered onto the backside of the 4H-SiC chips by Ar 

sputtering. Prior to the formation of back contact, the backside oxide layer, which was 

grown concurrently with the thermal field plate oxide, was carefully etched away 

using diluted HF solution while keeping the field plate oxide intact. To form good 

backside ohmic contacts, the samples were subjected to rapid thermal anneal (RTA) in 

an N2 ambient at 1100°C for 3 minutes. The formed ohmic contacts were characterized 

using a standard linear transfer length method (L-TLM). The contact resistivity of the 

samples is between 1.1×10-4 and 7.0×10-4 Ω·cm2, which is comparable to published 

data [115].  

D. Formation of front Schottky barrier contact (SBC). To open front contact 

windows, a thin layer of photoresist acting as a wet etch mask was spun onto the 

surface of field plate and patterned through a standard photolithography process. The 

front contact window was opened through wet etching of oxide using diluted HF 

solution. Following that, the photoresist mask was removed by acetone. After opening 

the front contact window, all the samples, except the one used as the control sample, 

were plasma etched under different conditions prior to forming Schottky contacts. The 

details of the plasma etching process are presented in section 6.2.2. After the plasma 

etching process, another thin photoresist layer was spun onto the front side of all 

samples including the control sample, and was patterned through standard 

photolithograph process to open windows for front contact electrode, which has a 

width of 25 µm overlapping the field plate. A dual metal layer of 30 nm Ti layer plus 

300 nm Au was deposited onto the front side of the samples using Ar sputtering, and 

pattered to form the front Schottky contact electrode through a standard lift-off process. 

The SBC electrode has a circular shape with a radius of 100 µm. 
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GAS Flow Rate 

[sccm] 
R.F. Power 

[W] 
Pressure
[mTorr] 

Temperature 
[°C] 

Deposition Rate 
[nm/min] 

SiH4 100 60 800 300 64 
N2O 30 
N2 600 

 

Table 6.2: The PECVD process parameters for the deposition of a-SiN:H. 

 

E. Formation of silicon nitride passivation layer. To protect the SBDs from 

environment moisture and to reduce surface leakage current, a hydrogenated 

amorphous silicon nitride layer (a-SiN:H) of 100 nm thick was deposited on the front 

surface using the PECVD process. The PECVD system used for the deposition of 

silicon nitride passivation layer is the Plasma Therm 790TM system and the process 

recipe is listed in Table 6.2. To improve the quality of the deposited a-SiN:H, the 

samples were in-situ annealed in vacuum at 350°C for 3 hours. The window to the 

front contact electrode was patterned through a standard lithography process and 

opened by wet etching of a-SiN:H using diluted HF solution.  

 

 
 

Fig. 6.2: Schematic diagram of SBDs fabricated in this work. 
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The schematic diagram of the final SBD device fabricated is shown in Fig. 6.2. 

6.2.2 Plasma Etching Process 

To study the effects of PEID on the electrical characteristics of n type 4H-SiC 

Schottky barrier diodes (SBDs), three plasma etching tests were designed to 

specifically address the damage due to positive ion bombardment (physical sputtering), 

chemical plasma etching and their combined effect (ion enhanced plasma etching, that 

is, CE+PS). A good understanding of the contribution of each type of etching to PEID 

will be useful towards developing 4H-SiC plasma etching processes that can maximize 

etch rate and minimize PEID.  

As shown in Fig. 6.1, the samples for the plasma etching tests were first stripped 

off the photoresist mask left from the previous process. A hard mask meant for 

subsequent plasma etching tests, consisting of an 800 nm thick Al layer, was then 

evaporated onto the front surface using Ar sputtering. The Al layer was patterned to 

open windows for plasma etching through a standard lithography process, using a 

patterned photoresist as the mask and a wet chemical etching process. The latter 

involved using an etchant solution 18H3PO4+Acetic Acid+HNO3+2H2O to attack Al 

while keeping the thermal oxide field plate intact. After removing the photoresist mask, 

the samples were ready for the plasma etching tests.  

The plasma etching tests were performed using a Plasma Theme TM PECVD 790 

series plasma reactor. The reactor has two chambers, each with one pair of identical 8 

inch upper and bottom Al electrodes which are powered by a 13.56 MHz R.F. power 

source capable of providing up to 600 W. For one chamber (the PECVD chamber), the 

R.F. power is driven to the upper electrode and the lower electrode is grounded to 

result in a low D.C. bias. For the other chamber (the RIE chamber), the R.F. power is 
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driven to the lower electrode to result in a very higher D.C. bias while the upper 

electrode is grounded.  

Three types of plasmas, based on CF4 alone, Ar alone, and CF4+Ar, were used to 

result in different etching conditions that are characterized by mainly chemical etching 

(CE), physical sputtering (PS), and their combination, (CE+PS), respectively. Ar was 

chosen as a feed gas in the etching process so that when no CF4 is used, strong 

physical sputtering can be achieved. The duration of the plasma etching for all the 

three tests was set at 30 minutes. The detailed process settings are listed in Table 6.3. 

To achieve CE, a very low D.C. self-bias is necessary to minimize the impact of 

physical ion bombardment onto the etched surface. To this end, the CE test was 

conducted in the PECVD chamber where only less than -40 V D.C. self-bias was 

developed compared to several hundred volts that is typically developed in the RIE 

chamber. The other plasma tests were conducted in the RIE chamber. To prevent 

potential contamination arising from the Al electrodes that may lead to micromasking 

effect, the electrode surfaces were covered with 8 inch Si wafers during the etching 

process. With this precaution, and due to our very small sample size (5 × 5 mm2), the  

 
  Ar Flow 

Rate 
[sccm] 

CF4 Flow 
Rate 

[sccm] 

R.F. Power 
[W] 

|D.C.Bias| 
[V] 

Pressure
[mTorr] 

Sample CE - 20 200 ≤ 40 50 
Sample PS 20 - 200 413 50 
Sample CE+PS 20 20 200 431 50 
Sample CR - - - - - 

 

Table 6.3: Plasma etching parameters setting for different test samples, namely, 
chemical etching sample (sample CE), physical sputter sample (sample PS), ion 
enhanced plasma etching sample (sample CE+PS), and unetched control sample 
(sample CR). 
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 Etch 
Rate 

[nm/min] 

r.m.s. Surface  
Roughness 

[nm]

Etched Surface Assessment 

Sample CE 0.11±0.04 9.43 Rough surface with few particles 
Sample PS 0.08±0.01 1.48 Smooth surface 
Sample CE+PS 13.7±0.93 1.72 Smooth surface 
Sample CR - 0.96 Smooth surface 

 

Table 6.4: The etch rate, r.m.s. surface roughness, and etched surface assessment 
of CE, PS, CE+PS and unetched control samples. 

 

samples were free of Al induced micromasking effect. At the end of the plasma 

etching tests, the Al masks on these samples were removed by using the same wet 

etching process that was used to define the Al mask. Together with the control sample, 

these etched samples were then ready for the next process step to form the front SBC. 

6.3 Plasma Etching Results 

The etched surfaces of the 4H-SiC subjected to different plasma etching tests 

were characterized in terms of the etch rate and r.m.s. surface roughness. The latter 

was measured by an atomic force microscope within a scan area of 10×10 µm2. In 

addition, these etched surfaces were inspected and assessed under naked eye. The 

results are listed in Table 6.4 and the AFM pictures are shown in Fig. 6.3. 

From Table 6.4, it is seen that the etch rates for CE and PS samples are 0.11 

nm/min and 0.08 nm/min respectively, which are significantly lower than that of 

CE+PS sample of 13.7 nm/min. This demonstrates that mono-crystalline 4H-SiC is too 

chemically inert to be efficiently etched through pure CE process without the 

assistance of ion bombardment. On the other hand, the very low etching efficiency, or 

the so-called sputter yield, of pure PS process has led to an even lower etch rate  
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Fig. 6.3: AFM pictures of (a) chemical plasma etched surface, (b) physical 
sputtered surface, (c) reactive ion etched surface, and (d) unetched control 
surface. 

 

compared to the CE process. In contrast, the CE+PS process which combines both CE 

and PS, greatly enhances the etch rate. Considering that the process has not been 

optimized in this study, the etch rate of 13.7 nm/min obtained for the CE+PS process 

is quite respectable.  

From the r.m.s. roughness listed in Table 6.4 and the AFM pictures shown in Fig. 

6.3, it is clear that the PS sample and CE+PS sample show a smooth etched surface 

with a slightly higher r.m.s. surface roughness compared to the unetched CR sample. 

 

(a)  (b) 

(c)  (d) 
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In contrast, the CE sample shows a much higher r.m.s. surface roughness. This result 

is consistent with our study of RIE process on SiC presented in Chapter three. At low 

D.C. bias, as in the case of CR sample, the etched surface is prone to various 

micromasking effects induced by C residues, e.g. the C rich-layer, that appear due to 

the slower etch rate of C [22]. The Al induced micromasking effect is excluded due to 

the precaution taken by covering up the metal electrodes with Si wafer. When at high 

D.C. bias, as in the case of PS and CE+PS samples, the strong ion bombardment will 

increase the etch rate of C and remove the micromask by sputtering away the C 

residues. Therefore, the PS sample and CE+PS sample are smooth and free of 

micromasking effect induced surface roughening. However, the ion bombardment 

itself can cause some damage to the chip surface, resulting in a slight increase in the 

r.m.s. surface roughness compared to the unetched CR sample.  

6.4 Electrical Modeling of 4H-SiC SBD 

In this section, we present the theoretical modeling of the electrical properties of 

4H-SiC SBD, including its current-voltage (I-V), capacitance-voltage (C-V), and 

capacitance transient (capacitance deep-level transient spectroscopy) characteristics. 

6.4.1 High Frequency Capacitance Voltage Characteristics 

For an ideal SBD, the Schottky barrier junction capacitance CD can be expressed 

as [116]:  

 ( )2 /
S S D

D
D B R b

q NC A A
W V kT q
ε ε

φ φ
≡ =

⎡ ⎤− − Δ −⎣ ⎦
 (6.1) 
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where A, εS, WD, Bφ , ND, k, T, q, and VR are the area of the SBD, permittivity of 4H-

SiC, the width of depletion region, junction build-in potential, doping concentration 

underneath the Schottky contact, Boltzmann’s constant, absolute temperature in 

Kelvin, electronic charge and reverse bias voltage respectively. bφΔ  is the image-force 

barrier lowering (or Schottky effect). In a high frequency capacitance measurement, 

CD is measured by reverse biasing the SBD with a D.C. voltage and superimposing on 

it a small high frequency sinusoidal signal. By plotting 21/ DC  versus VR, the doping 

concentration ND and SBH ( Bφ ) can be extracted. From the intercept of the 21/ DC  

versus VR curve with the x-axis, VI, the SBH ( Bφ ) can be obtained as follows,  

 ln D
B I b

C

NkT kTV
q N q

φ φ
⎛ ⎞

= + + −Δ⎜ ⎟
⎝ ⎠

 (6.2) 

where NC is the conduction band density of states, which is NC = 1.7×1019cm-3 for 4H-

SiC [117]. From the slope of 1/CD
2 versus VR curve, the doping concentration ND can 

be extracted, 

 ( )2
2

2
1/

D

S
R

N
d C

q A
dV

ε

=
⎡ ⎤
−⎢ ⎥
⎢ ⎥⎣ ⎦

 (6.3) 

The image-force barrier lowering bφΔ  can also be calculated as follows [116]: 

 
4

m
b

S

qφ
πε

Δ =
E

 (6.4) 

where Em is the electric field intensity at the surface of the semiconductor. 
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6.4.2 Current-Voltage Characteristics 

For an n type 4H-SiC SBD with light to moderate doping level and not at very 

low temperature, the dominant current transport mechanism is thermionic emission 

(TE). The TE current density J can be expressed as [116, 118]: 

 exp 1F
s

qVJ J
kTη

⎡ ⎤⎛ ⎞
= −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 (6.5) 

 ** 2 exp B
s

qJ A T
kT
φ⎛ ⎞= −⎜ ⎟

⎝ ⎠
 (6.6) 

 
* 2

**
3

4 qm kA
h

π
=  (6.7) 

where A** is the Richardson constant, which is A** = 146 Acm-2K-2 [119] for 4H-SiC. 

m*, h, η and VF are the effective electron mass, Planck’s constant, ideality factor, and 

forward bias voltage, respectively. When VF is larger than 3ηkT/q, Eqn. (6.5) is 

reduced to 

 exp F
s

qVJ J
kTη

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 (6.8) 

By plotting ln(J) versus VF, the ideality factor η can be extracted from the slope 

dVF/dln(J) as given by 

 
ln

FdVq
kT d J

η ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (6.9) 

The saturation current density JS can be deduced from the y-intercept, from which the 

SBH Bφ  can be determined, 
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** 2

lnB
S

kT A T
q J

φ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (6.10) 

When J is high enough to result in a significant potential drop across the series 

resistance RON, the forward bias VF in Eqn. (6.8) has to be replaced by VF– J RON. By 

differentiating VF in Eqn. (6.8) with respect to ln(J), we obtain: 

 
( )
( )

d
d ln

F
ON

V kTR J
J q

η
= +  (6.11) 

Therefore, RON can be extracted from the slope of the linear part of the d(VF)/d(lnJ) 

versus J curve.  

In this study, a more accurate method was used to extract the SBH Bφ . By 

substituting Eqn. (6.6) into Eqn. (6.8) and rewriting Eqn. (6.8) as [120] 

 **
2

1ln ln F
B

VJ qA
T k T

φ
η

⎛ ⎞⎛ ⎞ = − −⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (6.12) 

The SBH q, Bφ  can be extracted from the slope of the ln(J/T2) versus 1/T curve. 

Usually, this curve exhibits very high linearity such that q, φＢ  can be determined more 

accurately [120]. 

6.4.3 Capacitance Deep-Level Transient Spectroscopy  

Capacitance deep-level transient spectroscopy (CDLTS) is a characterization 

tool that utilizes the junction capacitance transient characteristics to detect deep-level 

traps inside the semiconductor. The conventional CDLTS uses a double boxcar 

approach to measure the capacitance transient signal, as was first proposed by Lang 

[121] and illustrated in Fig. 6.4 [122]. The SBD is repetitively pulsed between forward  
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Fig. 6.4: An example of transient capacitance curves with capacitance transient 
signal gated at t1, and t2. [122]. 

 

and reverse bias, while the measurement temperature scans slowly from low to high. 

Each time that the SBD is pulsed to reverse mode, the electrons that were trapped 

during the forward bias mode, are detrapped from the deep-level traps. During the 

detrapping process, the electric field in the depletion region increases and the depletion 

region width decreases, resulting in an increase in the junction capacitance with time. 

At each temperature, a transient curve can be obtained. In a standard boxcar CDLTS 

test, the transient characteristic is extracted by measuring the capacitance transient 

signal at two different times t1 and t2, as shown in Fig. 6.4. 

 

 ( ) ( )
0

0
1 exp

2
T

D e

n tC t C
N τ

⎡ ⎤⎛ ⎞−
= −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 (6.13) 
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Fig. 6.5: A typical plot of δC-T. [122] 

 
The transient capacitance can be expressed as [122] where C0 is the capacitance in the 

steady state, that is C (t = ∞), nT is the deep-level trap density occupied by electrons 

and ND is the substrate doping level. eτ  is the electron emission time constant, which 

depends on temperature as follows 

 
[ ]

2

exp ( ) /C T
e

n n

E E kT
T

τ
γ σ

−
=  (6.14) 

In the equation above EC-ET is the trap energy measured from the conduction band 

edge, and σn and γn are the electron capture cross section and electron emission 

coefficient, respectively. For 4H-SiC, γn=3.25×1021(mn/m0)cm-2s-1K-2, where mn is the 

electron density-of-states effective mass. As shown in Fig. 6.4, when the C-t 

waveforms are sampled at two different times, t=t1 and t=t2, one can determine

( ) ( )1 2C C t C tδ = − , which can be expressed as  

( ) ( ) ( )0 2 1
1 2

0
exp exp

2
T

d e e

C n t tC C t C t
N

δ
τ τ

⎡ ⎤⎛ ⎞ ⎛ ⎞− −
= − = −⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦
 (6.15) 
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By slowly scanning the measurement temperature and repetitively pulse the SBD 

between forward and reverse bias at each temperature, one can draw a plot of δC-T, as 

shown in Fig. 6.5 [122]. 

The τe corresponding to the maximum δC shown in Fig. 6.5 can be calculated as: 

 ( )
2 1

max
2 1ln /e

t t
t t

τ −
=  (6.16) 

By varying t1 and t2, one can calculate a series of τemax and plot the emission Arrhenius 

plot of ( )maxln e Tτ  versus 1/T, where T is the temperature corresponding to the CDLTS 

peak, i.e. δCmax. From its slope we can determine ( ) /C TE E k− .From its intercept on 

the axis of ( )2
maxln e Tτ , we have [ ]ln 1/ n nγ σ . If the γn is known, we can calculate σn. 

The trap density NT can be calculated as follows, 

 
/( 1)

max

0

2
1

r r
D

T
C N rN
C r

δ −

=
−

 (6.17) 

where r = t2/t1. 
 

6.5 Electrical Measurements of 4H-SiC SBDs 

The current-voltage (I-V) and capacitance-voltage (C-V) characteristics of the 

SBDs were measured in a sealed and shielded chamber vacuumed to 5 to 10 mTorr. 

The samples were mounted onto a temperature controllable sample stage (MMR 

Technologies, Inc.), which was connected to a programmable temperature controller 

K-20 (MMR Technologies, Inc.). The temperature could be varied continuously from 

room temperature to 700 K with about 0.5% accuracy. For I-V measurements, an HP 
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4156A precision semiconductor parameter analyzer with sensitivity down to fA was 

used. An HP 4284A precision LCR meter was used for high frequency C-V and 

capacitance deep-level transient spectroscopy (CDLTS) measurements. The 

capacitance was measured by superimposing a small high frequency sinusoidal signal 

to a D.C. bias voltage. The frequency and the amplitude of the high frequency 

sinusoidal signal were set at 1 MHz and 25 mV respectively. All the measurement 

equipment and temperature controllers were controlled by a computer through a 

standard IEEE 488 bus. In our study, the temperature range was set between 300 K 

and 550 K. 

6.6 Results and Discussions 

In this section, the doping level, forward and reverse bias current-voltage 

characteristics, series resistance, ideality factor of CR, PS, CE, and CE+PS samples 

are extracted from the C-V and I-V characteristics. The results are discussed in relation 

to the etching conditions that these samples were subjected to. In additional, the 

CDLTS results of these samples are presented and discussed. 

6.6.1 Doping Concentration 

Fig. 6.6 plots 1/C2 versus bias voltage measured at room temperature (300 K) for 

the SBDs subjected to different etching tests. As discussed in section 6.4, the doping 

level of the epitaxial layer underneath the Schottky contact metal can be deduced from 

the slope of the plot. From Fig. 6.6, it is clearly seen that the curves for CR, PS, CE, 

and CE+PS samples are all linear in the range of the bias voltage measured, and are 

virtually parallel to each other, which means that they have a similar doping level. 

This is not unexpected as the different etching conditions are not expected to result in  
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Fig. 6.6: The 1/C2 versus bias voltage measurement results carried out at room 
temperature (300 K). 

 

a change in the doping concentration. More than 20 SBDs per etching process were 

studied with the doping concentration of the samples deduced using Eqn. (6.3). The 

results are presented in Table 6.5 and in the box plot in Fig. 6.7. As can be seen from 

the results, the doping concentrations deduced among all the samples are comparable, 

and close to the nominal doping level of 2×1015 cm-3 quoted by Cree Research. The 

largest difference between the mean values of the different samples is about ±10%, 

which may be attributed to errors involved in determining the slopes of the curves, as 

well as doping concentration variation across the 4H-SiC wafer, from which the 

samples were cut. Hence, based on our results, we conclude that the different plasma 

etching processes have not caused any significant change to the doping level, and the 
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Fig. 6.7: The box plot of doping concentration (ND) measured at room 
temperature (300 K). The solid diamond represents the mean value of the data. 
The upper and lower edges of the boxes represent the 75% and 25% of the data 
respectively, the upper and lower solid circles represent the 95% and 5% of the 
data respectively, and the upper and lower crosses represent the maximum and 
minimum values respectively. 

 
Doping Level CR PS CE CE+PS 

Average [×1015 cm-3] 2.45 2.70 2.67 2.54 
Standard Deviation [×1015 cm-3] 0.146 0.388 0.317 0.352 
 

Table 6.5: The average doing level and its standard deviations deduced for 
samples subjected to of CR, PS, CE and CE+PS samples. The results are based 
on the measurements of about 20 SBDs. 

 

C-V measurement technique is still an effective way of determining the doping 

concentrations despite the presence of any surface damage.  

6.6.2 Forward Bias Current-Voltage Characteristics 

The forward bias I-V characteristics of the SBDs were measured in the range of 

0 to 2 V at different temperatures from 300 to 550 K. A qualitative discussion of the I-
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V results will be given in this section, whereas the quantitative analysis of the series 

resistances, ideality factors and Schottky barrier heights of these samples will be 

presented in the subsequent sections.  

Fig. 6.8 shows the I-V curves for the four samples measured at room 

temperature (300 K). The CR sample reveals a low forward bias current density of ∼1 

nA/cm2 at 0.4 V and a high turn on current density of ∼100 A/cm2 at 2.0 V. The linear 

region in the (logJ)-VF plot of the CR sample spans almost 11 orders of magnitude, 

which attests to the uniformity of the Schottky junction contact and suggests the 

dominance of the TE conduction.  

 

 

Fig. 6.8: Forward bias current-voltage characteristics of the CE, PS, CE+PS and 
CR samples. 
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Fig. 6.9: The power relationship fitting of J-VF characteristic of the PS sample 
between 0.1 to 1 V. 

 

In contrast, the PS sample exhibits a very different forward bias current 

characteristic. As seen in Fig. 6.8, its forward bias current is much lower compared to 

the other samples. For example, it only has a current density of about 10 μA/cm2 at 2.0 

V which is nearly seven orders of magnitude lower than the other samples. Its (logJ)-

VF plot also reveals poor linearity. These results indicate that the PS sample has a very 

high series resistance and the dominant conduction mechanism is no longer TE. The 

PS sample has been mainly subjected to Ar ion bombardment, which can introduce 

lattice defects that act as deep-level generation-recombination centers inside the 

semiconductor [112]. Therefore, trap-assisted tunneling, hopping or space charge 

limited current is more likely the dominant conduction mechanism [123]. Indeed, its J-

VF curve over a lower voltage range of between 0.1 to 1.0 V, where it is expected that 
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the series resistance effect has not set in, can be perfectly fitted by a power law of 

8 4.043.31 10 FJ V−= × , as shown in Fig. 6.9. Similar power laws have been observed for 

GaAs SBDs of different dopant types heavily damaged by Ar ion sputtering. It should 

be noted that such power law conduction mechanism cannot be described using any 

existing well-developed and simplified conduction models [123]. Severe damage from 

Ar physical sputtering also can cause amorphization at the surface, which leads to the 

formation of a resistive layer and accounts for the high series resistance of the PS 

sample. 

Similar to the CR sample, the CE sample also clearly exhibits a linear region in 

the forward bias (logJ)-VF plot, which suggests that the TE conduction is the dominant 

mechanism. It also has a much higher forward bias current density in the linear region. 

For example, its current density is 100 µA/cm2 at 0.4 V, compared to only 1 nA/cm2 at 

the same voltage for the CR sample. This suggests that the chemical etching has 

significantly lowered its SBH, which may be due to possible damage that include 

Fermi level pinning by the introduction of a large density of interface states [112], or 

surface polymerization [114].  

For the CE+PS sample, comparing its I-V characteristic with that of the PS 

sample, and noting that both were subjected to comparable D.C. self bias during the 

etching process, the results suggest that most of the damage in the CE+PS sample 

caused by physical sputtering during the etching process has been etched away by the 

CE process. It is noted that two linear regions exist in its (logJ)-VF plot and in between 

a clear kink can be clearly seen around 0.4 to 0.7 V. The existence of these two linear 

regions can be attributed to the presence of a pair of SBDs with different SBHs that 

are connected in parallel [124]. The first linear region at lower voltages represents the 
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turn on of one of the SBDs with a lower SBH. The kink signifies the series resistance 

limited current region that is associated with this SBD. The second linear region at 

higher voltages manifests the turn on of the other SBD with a higher SBH. This 

deviation from the ideal Schottky barrier interface can be explained in terms of defects 

such as difference in the crystal symmetry of the metal with respect to the 

semiconductor or variation in orientation at the metal–semiconductor interface, due to 

localized faceting of the interface which has been observed to create inhomogeneity in 

the SBH [125]. Other reasons attributed for this anomaly includes contamination of the 

Schottky metal, formation of mixture of different metallic phases of the Schottky 

metal with different Schottky barrier heights, dopant clustering [125]. In our case, as 

the two linear regions are only observed for the CE+PS sample, but not individually 

for the CE and PS samples, we propose that the origin is due to inhomogeneity at the 

MS interface arising from a combination of CE and PS etching. In a plasma process, 

one of the well known issues is its instability, due to internally generated electric and 

magnetic fields [45]. Random perturbations caused by the plasma instability can result 

in the plasma switching to a spatially inhomogeneous mode [126], and lead to 

inhomogeneous etching. In our RIE process, the same spatial plasma inhomogeneity 

due to the plasma instability may account for the inhomogeneity in the etching process 

for the CE+PS sample. This inhomogeneity is likely to be enhanced in the CE+PS 

sample compared to the CE and PS samples, due to a combination of the two different 

etching mechanisms involved in the plasma etching process for the CE+PS sample. 

A closer look at Fig. 6.8 reveals that the first linear region of the (logJ)-VF curve 

of the CE+PS sample almost overlaps with that of the CE sample, whereas the second 

liner region approaches that of the unetched CR sample. It is proposed that the former 

is associated with the SBD contact area where the damage due to CE is still present in  
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Fig. 6.10: The forward bias at different temperature for (a) CR sample, (b) PS 
sample, (c) CE sample, and (d) CE+PS sample. 

 

the CE+PS sample, whereas the latter is associated with the remaining SBD area 

where the damage due to CE has been sputtered away. This is consistent with the 

earlier point that the MS interface is non-homogeneous. 

Fig. 6.10 shows the forward bias I-V characteristics measured from 300 to 500 K 

with a step of 20 K. For the CR and CE samples, it can be seen that the high linearity 

in the (logJ)-VF plot is maintained throughout the studied temperature range, 

indicating that the same TE conduction mechanism at higher temperature. As for the  
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Fig. 6.11: The leakage currents versus reverse bias measured at room 
temperature (300 K). 

 

CE+PS sample, the kink in the current observed at room temperature is observed to 

soften and ultimately disappear at higher temperature. This can be explained as at 

higher temperature, the SBD with a higher SBH will dominate the current conduction 

according to an Arrhenius’s law, and hence the conduction has been reduced from that 

of two SBDs in parallel to just one SBD. In contrast, for the PS sample, the non-linear 

behavior persists throughout the range of temperature investigated. 

6.6.3 Reverse Bias Current-Voltage Characteristics 

Fig. 6.11 shows the leakage current under reverse bias from 0 to 5 V for the four 

samples measured at room temperature (300K). It is clearly seen that all the plasma 

etched samples, i.e. CE, PS, and CE+PS samples, have higher reverse bias leakage 

current compared to the unetched CR sample. In addition, the reverse bias current for 
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the CE sample almost overlaps with that of the CE+PS sample. As for the PS sample, 

it has a reverse bias current density that is in-between the unetched CR sample and the 

CE and CE+PS samples.  

The high reverse bias leakage current density of the CE sample compared to the 

CR sample may be due to its lower SBH as a result of the chemical etching, the details 

of which shall be presented in the subsection 6.6.6. The overlap of leakage current 

curves of the CE and CE+PS samples suggests that chemical etching induced damage 

dominates the reverse bias current characteristic of these samples. As for the PS 

sample, it has an excess reverse bias leakage current density compared with the CR 

sample. Considering the high defect density in the depletion region of the PS sample 

beneath the MS interface, it is postulated that the excess reverse bias leakage current is 

derived from generation current from these traps in the depletion region [123]. The CE 

and CE+PS samples’ high reverse bias leakage current is largely due to the SBH 

lowering due to chemical etching induced surface damage, including introducing 

donor-like interface states. [127] 

6.6.4 Series Resistance 

The series resistance RON can be extracted from the linear region of the J-V curve 

measured at room temperature (300 K) under strong forward bias. In the case of the 

CR, CE and CE+PS samples which exhibit clearly linear regions in the logJ-VF  plot 

and series resistance limited current at high forward bias voltages, RON can be readily 

determined. In contrast, the PS sample does not exhibit similar I-V characteristics and 

hence its series resistance is not clearly defined. For comparison, we have applied the 

same procedure to determine its RON  as for the other samples, over a voltage range of 

1.2 V to 2.0 V.  
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Fig. 6.12: The box plot of RON measured at room temperature (300 K). 

 
RON CR PS CE CE+PS 

Average [Ω-cm2] 0.0018 73.96 0.0078 0.0092 
Standard Deviation [Ω-cm2] 0.0002 11.48 0.001 0.0014 
 

Table 6.6: The mean RON and its standard deviation measured at room 
temperature (300 K). 

 

As can be seen from Fig. 6.8, all the CR, CE and CE+PS samples have similar 

series resistance limited current characteristics, which suggest that they have 

comparable RON. It is worth noting that, except for the different plasma etching 

conditions that these samples were subjected to, they were fabricated using an 

identical process. Therefore, it is reasonable to assume that the difference in their RON 

is mainly due any changes in the metal-SiC interface property brought out by the 

plasma etching. 

CTR PS CPE RIE
0.000

0.004

0.008

0.012

0.016

40

60

80

100

 

 

R
O

N
 (o

hm
-c

m
2 )

CE+PSCEPSCR

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 6  STUDY OF PLASMA ETCHING INDUCED DAMAGE USING SIC SCHOTTKY BARRIER DIODE 

143 

Fig. 6.12 shows the box plot of RON measured at room temperature (300 K) for 

the CR, PS, CE, and CE+PS samples. Their mean values and standard deviations are 

listed in Table 6.6. It can be seen from the results that the CR sample has a reasonably 

low RON of only 1.8 mΩ-cm2. In contrast, the PS sample has the highest RON of 74 Ω-

cm2, which is at least four orders of magnitude higher than the CR sample. The drastic 

increase in RON for the PS sample may be attributed to the existence of a highly 

resistive and disordered SiC surface layer caused by the Ar ion physical sputtering 

[112]. On the other hand, both the CE and CE+PS samples exhibit RON of 7.8 and 9.2 

mΩ-cm2 respectively, which are increased compared to that of the CR sample, but not 

as much as that seen for the PS sample. The increase is likely due to a change in the 

metal-SiC interface property brought about by the chemical plasma etching, including 

a change in the stoichiometry, presence of residue of etching products and even 

surface polymerization [112, 114]. It is worth noting that, from our previous study, a 

carbon rich layer was also formed under a low D.C. self-bias RIE process that was 

characterized by mainly chemical etching [22].  

6.6.5 Ideality Factor 

The ideality factor of the SBDs was extracted from the linear region of the (lnJ)-

VF curves. Fig. 6.13 shows the box plot of ideality factor measured at room 

temperature (300 K) for the CR, PS, CE, and CE+PS samples. Their mean values and 

standard deviations are listed in Table 6.7. For the CE+PS samples, because of the 

existence of two linear regions in the (lnJ)-VF plot, two ideality factors are 

correspondingly evaluated over the lower and higher bias voltage ranges, and are  
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Fig. 6.13: The box plot of ideality factor of the CR, PS, CE, and CE+PS samples 
measured at room temperature (300 K). For the CE+PS sample, two ideality 
factors are deduced, CE+PS-L and CE+PS-H, which denote the ideality factors 
measured at lower and higher bias linear regions. 

 
Ideality Factor CR PS CE CE+PS-L CE+PS-H

Average 1.22 4.09 1.19 1.21 1.33 
Standard Deviation 0.088 0.347 0.090 0.103 0.122 

 

Table 6.7: Mean and standard deviation of ideality factor of the CR, PS, CE, and 
CE+PS samples measured at room temperature (300 K). 

 

denoted as ηCE+PS-L and ηCE+PS-H, respectively. At room temperature, the mean ideality 

factors of the CR, CE and CE+PS samples are 1.22, 1.19, and 1.21 (ηCE+PS-L), 

respectively. They are close to the ideal value of 1.0, which suggests that the SBDs 

have reasonably good Schottky contact [128] and demonstrates that the dominant 

conduction mechanism of the CR, CE and CE+PS (ηCE+PS-L) samples is TE. The 

deviation from the theoretical ideality factor of 1 [118] could due to bias dependence 

of barrier height, electron tunneling through the barrier, and the carrier recombination 
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within the depletion region [118]. The ideality factor ηCE+PS-L is associated with the 

SBD where the surface damage is mainly attributed to chemical etching, similar to the 

CE sample. As the ideality factors of the CR, CE and CE+PS (ηCE+PS-L) samples are 

very close to each other, it means that the damage associated with chemical etching 

has not affected the forward bias conduction mechanism of the SBDs. The ideality 

factor ηCE+PS-H of the CE+PS sample that corresponds to the SBD with a higher SBH 

has a mean value of 1.33, which is slightly higher than ηCE+PS-L. This may be caused 

by damage induced by Ar ion physical sputtering. 

As the (lnJ)-VF curve of the PS sample is not linear and does not correspond to 

TE conduction, its ideality factor is not defined. Nevertheless, for comparison purpose, 

we have also applied the same procedure to deduce its ideality factor as for the other 

samples, over the same voltage range of 0.2 V to 0.4 V where the ideality factors of 

the other samples were determined. It is found the PS sample exhibits a very high 

apparent ideality factor of 4.09. This large deviation from the ideal value is consistent 

with our previous discussion that the dominant conduction mechanism may be due to 

trap-assisted tunneling, hopping or space charge limited current.  

6.6.6 Schottky Barrier Height 

The SBHs of the control sample and the samples subject to different plasma 

etching processes have been deduced from the C-V curves according to Eqn. (6.2). For 

inhomogeneous Schottky contact, as in the case of CE+PS sample, the SBH obtained 

from the C-V measurements represents its average over the whole contact area. The 

box plot of the SBHs is shown in Fig. 6.14 and their mean values and standard  
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Fig. 6.14: The SBH of the CR, PS, CE, and CE+PS samples measured at room 
temperature (300 K). The solid diamond represents the mean value of the data. 
The upper and lower edges of the boxes represent 75% and 25% of the data 
respectively, whereas the upper and lower solid circles represent the 95% and 5% 
of the data respectively. 

 
SBH CR PS CE CE+PS 

Average[eV] 1.28 1.00 0.85 1.03 
Standard Deviation [eV] 0.023 0.110 0.063 0.082 

 

Table 6.8: The means and the standard deviations of the CR, PS, CE and CE+PS 
samples. 

 

deviations are summarized in Table 6.8. The SBH has also been extracted from the 

slope of the ln(J/T2)-1/T curve, over the temperature range from 300 to 550 K based on 

Eqn. (6.12). For the CE+PS sample, because of the existence of two linear regions, the 

SBH has been individually evaluated at lower and higher bias voltages, and are 

denoted as SBH(CE+PS-L) and SBH(CE+PS-H), respectively. For comparison, we 

have also deduced the apparent SBH of the PS sample using the I-V result despite that 

the conduction is not strictly by thermionic emission (TE). The results are shown in 
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Fig. 6.15: The box plot of SBH of the CR, PS, CE, and CE+PS samples. The solid 
diamond represents the mean value of the data. The upper and lower edges of the 
boxes represent 75% and 25% of the data respectively, whereas the upper and 
lower solid circles represent the 95% and 5% of the data respectively. 

 
 

SBH CR PS CE CE+PS-L CE+PS-H
Average [eV] 1.22 0.46 0.71 0.76 0.92 

Standard Deviation [eV] 0.024 0.047 0.051 0.042 0.050 
 

Table 6.9: The means and standard deviations of SBH of the CR, PS, CE, and 
CE+PS samples. 

 

box plot in Fig. 6.15 and listed in Table 6.9. All these results obtained are based on the 

measurement of about 20 SBDs per each etching process.  

Comparing the SBHs extracted using the two methods, it is noticed that the 

values extracted from C-V measurements are generally slightly higher than those 

extracted from I-V measurements, except for the PS sample. It has been reported that 
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the difference in SBH deduced using the two different methods is related to the 

ideality factor, whereby a higher ideality factor will lead to a larger deviation [112]. 

This is indeed seen in our case as the PS sample has the largest apparent ideality factor 

of 4.09.  

The SBHs of the unetched CR sample are slightly higher than the reported range 

of 0.8-1.17 eV [120], which may be attributed to the presence of a high quality field 

plate thermal oxide that provides surface passivation. It has been previously reported 

that with a suitable passivation layer, the SBH can be improved by up to 30% through 

reducing surface state density [129]. The lower SBH of the CE sample compared to 

the CR sample has resulted in a higher forward and reverse bias current density. As 

pointed out earlier on, chemical etching induced SBH lowering can be attributed to 

several possible factors, e.g. Fermi level pinning by the introduction of a large density 

of interface states [112] or surface polymerization [114]. Similar results of low SBH 

and high forward bias and/or reverse bias current density have been reported for SiC 

SBDs fabricated based on mainly chemical etching using ICP at 0 V D.C. bias [81, 

113, 114]. For example, B. Li et al reported that the CF4/O2 ICP etching of 6H-SiC 

Au-SBD at 0V D.C. bias has resulted in a high leakage current of 0.1 µA at -20 V, a 

low SBH of about 0.9 eV and a high ideality factor of about 1.7 [114]. They attributed 

this to surface contamination caused by the formation of a carbon rich polymeric layer 

at the surface, arising due to the different etch rates of Si and C. Similarly, we have 

also reported in Chapter three the formation of a carbon rich-layer at low D.C. self bias 

in our RIE etching of 4H-SiC, which can lead to a rough and textured etched surface 

[22]. This carbon rich-layer may be responsible for the rough etched surface with an 

r.m.s. surface roughness of 9.43 nm, a high forward and reverse bias current density, 

and a low SBH of our CE sample. However, it should be noted that the ideality factor 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER 6  STUDY OF PLASMA ETCHING INDUCED DAMAGE USING SIC SCHOTTKY BARRIER DIODE 

149 

of our CE sample of 1.19 is comparable with the ideality factor of 1.22 of the unetched 

CR sample, and much better than the 1.7 reported by B. Li et al for their device.  The 

SBH of the PS sample deduced using I-V measurements 0.46 eV is the lowest among 

all the samples. This is manifested in the lower forward bias current and reflects the 

severe damage at the surface as a result of the physical sputtering. For the CE+PS 

sample, we shall refer to the SBD with a lower SBH as SBDL and the one with a 

higher SBH as SBDH. For SBDL, its SBH (0.76 eV) and ideality factor (1.21) are 

very close to those of the CE sample of 0.71 eV and 1.19 respectively. This suggests 

that the SBDL is attributed to the contact area, which has been effected by damage 

related to chemical etching. In contrast, the SBDH exhibits improved characteristics 

with a higher SBH. This is consistent with the earlier discussion that the SBDH 

corresponds to the contact area where the chemical etching induced surface 

damage/contamination has been removed by physical sputtering.  

6.6.7 Capacitance Deep-Level Transient Spectroscopy 

To detect and investigate deep-level defects in 4H-SiC which may arise from the 

etching, we have performed capacitance deep-level transient spectroscopy (CDLTS) 

measurements for the four samples over the temperature range from 300 to 550 K.  

Due to the limited integration time capability of the LCR meter (around 50 ms), we 

focused only on the study of deep-level traps with slower response time of 100 msec. 

In the experiments, the samples were first pulsed to 2 V for 50 sec for deep-level traps 

to capture electrons. They were then pulsed to -5 V to emit electrons, during which the 

transient capacitance was monitored with elapsing time. A standard double boxcar 

method was used with t1/t2 = 100 msec/3000 msec. 
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Fig. 6.16: The CDLTS plot of PS sample in which four trap peaks, namely T1, T2, 
T3, and T4 are identified and deconvoluted. 

 

 
 

Fig. 6.17: Arrhenius plot for traps T1, T2, T3, and T4 found in PS sample. 
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Trap 
Level 

EC-ET  
[eV] 

Capture Cross 
Section (σn) [cm2] 

Density 
[cm-3] 

Defect 
Label 

T1 0.60 6.98×10-20 3.97×1013 Z1/Z2 [130] 
T2 1.24 1.24×10-13 3.22×1014 E7 [131] 
T3 1.05 2.29×10-17 1.48×1015  
T4 1.02 5.59×10-18 9.00×1014  

 

Table 6.10: Trap level measured with respect to the conduction band edge EC-ET, 
capture cross section σn, and trap density of the traps T1, T2, T3, and T4. These 
traps are likely attributed to the known defect levels in 4H-SiC as shown in the 
last column. 

 

Out of the four samples investigated, only the PS has measurable CDLTS signal. 

As for the other CR, CE, and CE+PS samples, no CDLTS peak signal was detected. 

This can be due to the absence of deep level defects with high density in these samples, 

or due to the limitation of the system’s sensitivity.  

Fig. 6.16 shows the CDLTS results obtained for the PS sample. It can be seen 

that a very strong CDLTS peak exists, which can be deconvoluted into four transient 

peaks, denoted as T1, T2, T3 and T4, which occur at the temperatures 408.0 K, 456.2 

K, 507.2 K and 529.0 K respectively. Based on the result shown in Fig. 6.16, a series 

of Arrhenius plots can be obtained and are shown in Fig. 6.17. From these plots, the 

trap parameters, i.e. trap level measured with respect to the conduction band edge EC-

ET, capture cross section σn, and trap density, can be estimated for the four traps and 

the results are listed in Table 6.10. It worth noting that the parameters used in the 

calculation are: doping level ND = 2×1015 cm-3, electron density-of-states effective 

mass mn= 0.77m0 [3], and the coefficient γn = 2.5025×1021 cm-2s-1K-2 [3]. It is noticed 

that all the four traps have very high trap density ranging from about 4×1013 cm-3 for 

T1 to 1.5×1015 cm-3 for T3. The result suggests a severely damaged surface layer 

introduced by Ar ion physical sputtering for the PS sample.  
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6.7 Summary 

In this chapter, plasma etching induced damage (PEID) on n type 4H-SiC wafers 

was studied using SBDs fabricated that were subjected to different etching conditions. 

Three samples subjected to plasma etching conditions with distinctly different 

characteristics, namely chemical plasma etching (CE), physical sputtering (PS), and 

reactive ion etching (CE+PS), were investigated. A control sample (CR) with an 

unetched surface was also studied to serve as a reference for comparison. The 

capacitance-voltage, current-voltage and deep level transient spectroscopy 

characteristics of these SBD samples were measured and analyzed to extract useful 

parameters such as SBH, series on-resistance and ideality factor. It is found that 

chemical etching results in a lower SBH and leads to a higher leakage current for the 

SBD. However, the ideality factor and series on-resistance are not much affected 

compared to the CR sample. The lowering of the SBH due to chemical etching is 

attributed to the formation of a carbon-rich layer at the surface. In contrast, physical 

sputtering is found to lead to severe damages, resulting in a very high series on-

resistance, a very large ideality factor. The CDLTS results reveal that four deep-level 

defects with very high density exist inside the depletion layer of the SBDs. For the 

CE+PS sample, inhomogeneity has been observed at the Schottky interface, and can 

be modeled by two SBDs with different SBHs connected in parallel. The SBD with a 

lower SBH and high leakage current is associated with the chemical etching induced 

damage, while the one with a higher SBH is associated with the surface that is free of 

chemical etching induced damage. However, it still suffers from slight damage due to 

physical sputtering.  
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Equation Chapter 7 Section 1 

Chapter 7  

Conclusions and Recommendations 

 

7.1 Conclusions 

In this thesis, the etching process for n type bulk 4H-SiC have been studied 

using reactive ion etching (RIE) and electron cyclotron resonance (ECR) plasma 

etching techniques based on halogen plus oxygen plasma.  

The plasma etching of n+ type bulk 4H-SiC using the RIE process and CHF3+O2 

plasma was first studied. The etch rate, surface morphology, surface roughness and 

surface elements were studied by varying the O2 fraction, R.F. power and process 

pressure. While F is found to play a dominant role in the plasma etching process, the 

role of O is found to be multiple. At low O2 fractions, the additive oxygen enhances 

the etch rate by increasing the F concentration, while at high fractions, it dramatically 

lowers the etch rate by diluting F concentration and inducing the formation of an 

oxide-like layer by chemisorption. An increase in R.F. power greatly enhances the etch 

rate by providing higher neutral radical density, higher positive ion density, as well as 

larger impinging ion energy. In contrast, with increasing process pressure, the etch rate 

decreases due to the weakening of impinging ion energy. The surface roughness is 

affected mainly by physical ion bombardment controlled by the D.C. self-bias, and to 

a lesser extent by the O2 fraction. At low D.C. self-bias, r.m.s. surface roughness of the 
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etched surface is basically proportional with the D.C. bias. Auger electron 

spectroscopy (AES) study has related such surface roughness to the micromasking 

effect induced by Al clusters and a C rich layer on the surface. The micromasking 

effect can be removed at high D.C. self-bias. When the D.C. self-bias is higher than a 

threshold value of between -320 and -330 V, no micromasking effect has been 

observed regardless of the value of O2 fraction and the etched surface is mirror clean. 

An optimized recipe was developed in this study. It gives the highest etch rate of 35.6 

nm/min and an r.m.s. surface roughness of 1.65 nm, with the O2 fraction, R.F. power 

and process pressure set at 20%, 200 W (1.13W/cm2), and 100 mTorr respectively. In 

this study, we have gained an insight into 4H-SiC plasma etching mechanism and the 

nature of the micromasking effect and its relation with the D.C. self-bias. 

Next, we have developed a numerical model for the simulation of ECR plasma 

etching of 4H-SiC, based on a feed-forward neural network (FNN) trained by the 

BFGS (Broyden, Fletcher, Goldfarb, and Shanno) optimization algorithm using our 

experimental etch rate results. This is the first time that the algorithm has been used 

for the training of FNN in the modeling of plasma etching. To establish its 

effectiveness and superiority, the modeling results were compared with those obtained 

from the same FNN, but trained by the conventional back propagation (BP) algorithm. 

The BFGS algorithm has been found to fit the experimental etch rate results with very 

good accuracy. The r.m.s. error and maximum error of cross-validation (CV) test for 

the BFGS algorithm are less than 5% and ±10%, respectively, while the errors for the 

training samples are even lower. These values are much better compared to those 

obtained using the conventional BP algorithm, which so far has been commonly used 

for the modeling of plasma etching. The FNN trained by the BFGS algorithm 

developed in this work is able to provide reliable and accurate simulation results, 
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which are important towards the understanding of the ECR plasma etching mechanism 

and the designing of etching process recipes for practical application. It can also be 

applied to other aspects of plasma etching, such as providing real-time control, plasma 

diagnosis data analysis.  

The FNN developed in this work has been used to systematically model the ECR 

plasma etching of n+ type bulk 4H-SiC with SF6+O2 plasma. Experimental etch rate 

data that followed a five-level Box-Wilson central composite design (CCD) were used 

for the training of the FNN. The ECR plasma etch rate was studied by varying over a 

wide range the key process parameters: microwave power, D.C. bias, process pressure 

and O2 fraction. The interaction of these process parameters and their resultant effects 

on the etch rate were also analyzed and interpreted physically in terms of the ECR 

plasma etching mechanism that involves both chemical and physical etching. It is 

found that by varying the O2 fraction and process pressure, optimized etch rate peaks 

can be achieved. Increasing the D.C. bias and microwave power are found to result in 

optimized etch rate peaks occurring at higher O2 fractions and process pressures, 

respectively. In addition, increasing the D.C. bias or microwave power will also 

increase the etch rate. However, this increase is saturated at higher D.C. bias, which 

however, does not occur at higher microwave power. Hence, by controlling these 

process parameters, it is possible to develop optimized etching recipes for 4H-SiC to 

cater for various applications, such as power electronic devices, 

microelectromechanical systems (MEMS) or via hole formation, which have different 

requirements on etching anisotropy, etched structure aspect ratio, etch rate and etching 

induced damage. 
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Following the simulation of the ECR plasma etch rate, experimental ECR 

SF6+O2 plasma etching of n+ doped bulk 4H-SiC was studied in terms of the role of 

oxygen in the etching process. The chemical etching of carbon by oxygen is found to 

be insignificant even at high O2 fraction. The surface roughness is noted to increase 

with increasing O2 fraction, which is attributed to surface oxidation and oxygen ion 

related physical ion bombardment. Nevertheless, overall the surface roughness is still 

small, of about 1.7 nm, and the etched 4H-SiC surfaces are relatively smooth. This has 

been attributed to the high D.C. bias applied that avoided the formation of Al clusters 

and C rich-layer on the etched surface. The highest etch rate achieved for 4H-SiC 

using the ECR plasma etching is 79.1 nm/min, which occurs at the process conditions 

of 550 W microwave power, -200 V D.C. bias, 4 mTorr process pressure, and 60% O2 

fraction. 

The plasma etching induced damage (PEID) on n type 4H-SiC wafers was 

studied using Schottky barrier diodes (SBDs) fabricated in this work that were 

subjected to different etching conditions. Three samples etched with RIE plasmas with 

characteristics that were mainly dominated by chemical etching (CE), physical 

sputtering (PS), and reactive ion etching (CE+PS), were investigated. A control 

sample (CR) with an unetched surface was also studied to serve as a reference for 

comparison. The capacitance-voltage, current-voltage and deep level transient 

spectroscopy (CDLTS) characteristics of these SBD samples were measured and 

analyzed to extract important device parameters such as the Schottky barrier height 

(SBH), series on-resistance and ideality factor. It is found that chemical etching results 

in a lower SBH and leads to a higher leakage current for the CE sample. However, the 

ideality factor and series on-resistance are not much affected compared to the CR 

sample. The lowering of the SBH due to chemical etching is attributed to the 
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formation of a carbon-rich layer at the surface. In contrast, physical sputtering is found 

to lead to severe damages to the PS sample, resulting in a very high series on-

resistance and a very large ideality factor. The CDLTS results reveal that four deep-

level defects with very high density exist inside the depletion layer of the PS sample. 

For the CE+PS sample, inhomogeneity has been observed at the Schottky interface, 

and can be modeled by two SBDs with different SBHs connected in parallel. The SBD 

with a lower SBH and high leakage current is associated with the chemical etching 

induced damage, while the other one with a higher SBH is associated with the surface 

that is free of chemical etching induced damage. However, it still suffers from slight 

damage due to physical sputtering. This study reveals how the plasma etching 

characteristics, which comprise chemical and physical etching, have contributed to the 

PEID and its consequent effects on the electrical characteristics of the SBDs 

 

7.2 Recommendations 

There are several recommendations for future research work that can be further 

pursued.  

1. To further understand the plasma etching process, it will be important to be 

able to directly monitor the plasma characteristics through techniques such as optical 

emission spectroscopy, laser induced fluorescence and Langmuir probe. These 

techniques allow the ion density, ion energy, electron temperature, electron energy 

distribution function, plasma potential of the plasma to be measured directly and hence 

provide a useful link to understand and correlate the plasma etching process conditions 

to the PEID.  
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2. Using the artificial neural network that we have developed in this work, and 

coupled with the plasma diagnostic and monitoring tools as mentioned above, we can 

develop real time control of the plasma process. This is important given the open-loop 

nature of the RIE process which is not very robust and requires frequent tuning. Such 

an approach will lead to improvement in the etching process, such as better control of 

selectivity, uniformity, anisotropy and etch depth. 

 

3. In our study, we have used SBD as a test vehicle to study the PEID due to its 

sensitivity to the Schottky interface quality. With the development of techniques to 

deposit high quality dielectric film, another very useful test vehicle, metal-insulator-

semiconductor capacitor (MISC) can be used to study the PEID. Such studies are also 

important in view of the current development of power metal-oxide-semiconductor-

field-effect-transistor (MOSFET), and allow the understanding of the effects of PEID 

on the electrical characteristics of such devices.  

 

 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

159 

 

 

Author’s Publications 

 

Journal Papers 

 

1) J. H. Xia, Rusli, R. Gopalakrishan, S. F. Choy, C. C. Tin, J. Ahn, and S. F. Yoon, 

“Reactive ion etching induced surface damage of silicon carbide,” Materials 

Science Forum, Vol. 483 – 485, pp.765-768, 2005. 

2) J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, J. Ahn, “The role of 

oxygen in electron cyclotron resonance etching of silicon carbide,” 

Microelectronic Engineering, Vol. 83, pp. 9-11, 2006. 

3) J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, J. Ahn, S. F. Yoon, 

“Auger electron spectroscopy study of reactive ion etched silicon carbide,” 

Microelectronic Engineering, Vol. 83, pp. 12-16, 2006. 

4) J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, S. F. Yoon, J. Ahn, 

“CHF3-O2 reactive ion etching of 4H-SiC and the role of oxygen,” 

Microelectronic Engineering, Vol. 83, pp. 381-386, 2006. 

5) J.-H. Xia, Rusli, A. S. Kumta, “Feed forward neural network trained by BFGS 

algorithm for modeling plasma etching of silicon carbide,” IEEE Trans. Plasma 

Science, Vol. 38, No. 2, pp. 142-148, 2010. 

6) J.-H. Xia, Rusli, A. S. Kumta, “Modeling of silicon carbide ECR etching by 

feed-forward neural network and its physical interpretation,” IEEE Trans. 

Plasma Science, Vol. 38, No. 5, pp. 1091-1096, 2010. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



AUTHOR’S PUBLICATIONS 

160 

7) P. Zhao, Rusli, J. H, Xia, C. M. Tan, Y. Liu, C. C. Tin, S. F. Yoon, W. G. Zhu 

and J. Ahn, Study of Carbon in Thermal Oxide Formed on 4H-SiC by XPS,” 

Materials Science Forum, Vol. 483 – 485, pp. 653-656, 2005. 

8) Rusli, C.L. Zhu, P. Zhao and J. H. Xia, “Characterization of SiC MESFETs with 

Narrow Channel Layer”, Microelectronic Engineering, Vol. 83, No. 1, pp. 72-74, 

2006. 

9) A. Kumta, Rusli and J. H. Xia, “Passivation of 4H-SiC Schottky Barrier Diodes 

using Aluminum based Dielectrics,” Journal of Solid State Electronics, Vol. 53, 

No. 2, Feb. pp. 204-210, 2009. 

10) A. Kumta, Rusli and J. H. Xia, “Breakdown Phenomena of Al-based High-k 

dielectric/SiO2 stack on 4H-SiC,” Applied Physics Letters, Vol. 94, No. 23, pp. 

3505-3507, 2009. 

11) A. Kumta, Rusli and J. H. Xia, “Field-plate Terminated 4H-SiC Schottky diodes 

Using Al-based High-k Dielectrics,” IEEE Trans. Electron Devices, Vol. 56, No. 

12, pp. 2925-2934, 2009. 

  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



AUTHOR’S PUBLICATIONS 

161 

Conference Papers 

 

1) J. H. Xia, Rusli, S. F. Yoon, J. Ahn, "The role of O2 in the CHF3 Reactive Ion 

Etching of Silicon Carbide", International Conference on Materials for 

Advanced Technologies, ICMAT 2003, Singapore 2003. 

2) J. H. Xia, Rusli, R. Gopalakrishan, S. F. Choy, J. Ahn, C. C. Tin, S. F. Yoon, 

"Micromasking Effect from Aluminum and Carbon in Reactive Ion etching of 

4H-SiC", MRS-S National Conference on Advanced Materials, 2004 (Being 

awarded the second poster prize.). 

3) J. H. Xia, Rusli, R. Gopalakrishan, S. F. Choy, J. Ahn, C. C. Tin, S. F. Yoon, 

"Reactive Ion Etching Induced Surface Damage of Silicon Carbide", European 

Conference on Silicon Carbide and Related Materials 2004, Bologna, Italy 2004. 

4) J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, J. Ahn, and S. F. Yoon, 

“Auger Electron Spectroscopy Study of Reactive Ion Etched Silicon Carbide”, 

International Conference on Materials for Advanced Technologies, ICMAT 

2005, Singapore 2005 

5) J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin and J. Ahn, “The Role 

of Oxygen in Electron Cyclotron Resonance Etching of Silicon Carbide”, 

International Conference on Materials for Advanced Technologies, ICMAT 

2005, Singapore 2005. 

6) J. H. Xia, Rusli, A. S. Kumta, C. H. Ling, and L. K. Ah, “Low Frequency Noise 

of 4H-SiC Schottky Contact and Effect of Reactive Ion Etching,” International 

Conference on Silicon Carbide and Related Materials 2007 ( ICSCRM 2007), 

Otsu, Japan, October 14-19, 2007. 

7) A. Kumta, Rusli and J. H. Xia, “Field-plate terminated Pt/n-4H-SiC SBD using 

Thermal SiO2 and sputter deposited AlN Dielectric Stack,” International 

Conference on Silicon Carbide and Related Materials 2007 ( ICSCRM 2007), 

Otsu, Japan, October 14-19, 2007 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

162 

 

 

Bibliography 

 

1 S. Dimitrijev, “Silicon carbide as a Material for Mainstream Electronics,” 
Microelectronic Engineering, vol. 83, pp. 123-125, 2006. 

2 J. B. Casady and R. W. Johnson, “Status of silicon carbide as a wide-band gap 
semiconductor for high-temperature applications: A review,” Solid-State 
Electronics, vol. 39, pp 1409, 1996. 

3 Y. Goldberg, M. E. Levinshtein, S. L. Rumyantsev, M. S. Shur, editors, 
Properties of Advanced Semiconductor Materials: GaN, AIN, InN, BN, SiC, 
SiGe, John Wiley & Sons, 2001. 

4 J. C. Zolper and B. V. Shanabrook, “Scanning the special issue, special issue 
on wide bandgap semiconductor devices,” Proc. IEEE, Vol. 90, No. 6, pp 939-
941, June 2002 

5 Y. M. Tairov and V. F. Tsvetkov, “Investigation of growth processes of ingots 
of silicon carbide single crystals,” J. Crystal Growth, vol. 43, pp 209-212, 
1978. 

6 Cree Inc. Product Specification for Silicon Carbide Substrates and Epitaxy 
Cree, Inc., Durham, NC, 2007. [Online]. Available: www.cree. SiCrystal 
Silicon Carbide Product Specifications SiCrystal AG, Germany, 2008. [Online]. 
Available: www.sicrystal.com 

7 A. Agarwal, Q.-C. Zhang, A. Burk, R. Callanan, S. Mazumder, “Prospects of 
bipolar power devices in silicon carbide,” Industrial Electronics, 2008. 
(IECON 2008), 34th Annual Conference of IEEE, Orlando, FL, USA, Nov., pp. 
2879-2884, 2008. 

8 H. Matsunami “ Current SiC technology for power electronic devices beyond 
Si, “ Microelectronic Engineering,” Vol. 83, pp. 2-4, 2006. 

9 M. Östling, H.-S. Lee, M. Domeij, C.-M. Zetterling, “Silicon carbide devices 
and processes- present status and future perspective,” MIXDES 2006, pp 34-42, 
Gdynia, POLAND, June 2006. 

10 G. Bertuccioa and S. Cacciaa, “Progress in ultra-low-noise ASICs for radiation 
detectors,” Nuclear Instruments and Methods in Physics Research A, Vol. 579, 
pp. 243–246, 2007. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

163 

11 D. G. Senesky, B. Jamshidi, K. B. Cheng, and A. P. Pisano, “Harsh 
environment silicon carbide sensors for health and performance monitoring of 
aerospace systems: a review ,“ IEEE Sensors Journal, Vol. 9, No. 11, pp. 
1472-1478, November 2009. 

12 P.J. Sellina, J. Vaitkusb, “New materials for radiation hard semiconductor 
detectors,” Nuclear Instruments and Methods in Physics Research A, Vol. 557, 
pp. 479–489, 2006. 

13 A. Gupta, C. Jacob, “Selective epitaxy and lateral overgrowth of 3C-SiC on Si-
A review,” Progress in Crystal Growth and Characterization of Materials, Vol. 
51, pp. 43-49, 2005. 

14 J. S. Sullivan and J. R. Stanley, “Wide bandgap extrinsic photoconductive 
switches,” IEEE Trans. on Plasma Science, Vol. 36, No. 5, pp. 2528-2532, 
October, 2008. 

15 T. P. Chow, “High-voltage SiC and GaN power devices,” Microelectronic 
Engineering, Vol. 83, pp. 112-122, 2006. 

16 J. hornberger, A. B. Lostetter, K. J. Olejniczak, T. M. Lal, and A. Mantooth, 
“Silicon-carbide (SiC) semiconductor power electronics for extreme high-
temperature environments,” IEEE Aerospace Conference Proceedings, 2538-
2555, 2004. 

17 G. Majumdar, “Future of power semiconductors,” 35th Annual IEEE Power 
Electronics Specialists Conference, pp.10-15, Aachen, Germany, 2004. 

18 K. V. Vassilevski, A. V. Zorenko, K. Zekentes, K. Tsagaraki, E. Bano, C. Banc, 
and A. A. Lebedev, “4H-SiC IMPATT diode fabrication and testing,” 
Materials Science Forum, Vol. 389-393, pp. 1353-1359, 2002. 

19 J. W. Palmour, S. T. Sheppard, R. P. Smith, S. T. Allen, W. L. Pribble, T. J. 
Smith, Z. Ring, J. J. Sumakeris, A. W. Saxler, and J. W. Milligan, "Wide 
bandgap semiconductor devices and MMICs for RF power applications," 
International Electron Devices Meeting., pp. 17-14, 2001. 

20 C. –M. Zetterling and M. Östling, “Chapter 1 Advantages of SiC,” in Process 
Technology for Silicon Carbide Devices, ed. by C. –M. Zetterling, pp 1-12, 
Institution of Electrical Engineers, London, 2002. 

21 S. J. Pearton, “Chapter 4 Wet and dry etching of SiC,” in Process Technology 
for Silicon Carbide Devices, ed. By C. –M. Zetterling, pp 85-92, Institution of 
Electrical Engineers, London, 2002. 

22 J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, J. Ahn, S. F. Yoon, 
“Auger electron spectroscopy study of reactive ion etched silicon carbide,” 
Microelectronic Engineering, Vol. 83, pp. 12-16, 2006. 

23 P. H. Yih, V. Saxena, and A. J. Steckl, “A review of SiC reactive ion etching in 
fluorinated plasma,” Phys. Stat. Sol. (b), Vol. 202, pp.605-642, 1997. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

164 

24 J. R. Flemish, “Chapter 4 Dry etching of SiC,” in Wide Bandgap 
Semiconductors-Growth, Processing, and Applications, ed. By S. J. Peaton, 
William Andrew Publishing, Noyes 2000. 

25 J.-H. Xia, Rusli, and A. Kumta, Feedforward Neural Network Trained by 
BFGS Algorithm for Modeling Plasma Etching of Silicon Carbide,” IEEE 
Trans. Plasma Science, Vol. 38, No. 2, pp. 142-148, 2010. 

26 C. Raynaud, D. Tournier, H. Morel, D. Planson, “Comparison of high voltage 
and high temperature performances of wide bandgap semiconductors for 
vertical power devices,” Diamond & Related Materials, Vol. 19, pp. 1-6, 2010. 

27 J. Richmond, S, Leslie, B. Hull, M. Das, A. Agarwal, J. Palmour, “Roadmap 
for megawatt class power switch modules utilizing large area silicon carbide 
MOSFETs and JBS diodes,” Energy Conversion Congress and Exposition, 
2009. ECCE. IEEE, pp. 106 – 111, San Jose, CA, Sept. 2009 

28 N. G. Wrighta, A. B. Horsfalla and K. Vassilevskia, “Prospects for SiC, 
electronics and sensors,” Materials Today, Vol. 11, No. 1-2, pp. 16-21, Jan-
Feb 2008. 

29 A. Trinchia, S. Kandasamyb, W. Wlodarskib, “High temperature field effect 
hydrogen and hydrocarbon gassensors based on SiC MOS devices,” Sensors 
and Actuators B, Vol. 133, pp. 705-716, 2008. 

30 F. Zhao, M. M. Islam, P. Muzykov, A. Bolotnikov, T. S. Sudarshan, “Optically 
activated 4H-SiC p-i-n diodes for high-power applications,” IEEE Electron 
Devices Letters, Vol. 30, No. 11, pp. 1182-1184, Nov. 2009. 

31 A. V. Bolotnikov, P. G. Muzykov, A. E. Grekov, T. S. Sudarshan, 
“Improvement of 4H-SiC power p-i-n diode switching performance through 
local lifetime control using boron diffusion,” IEEE Trans. Electron Devices, 
Vol. 54, No. 6, pp. 1540-15, June 2007. 

32 P. G. Muzykov, R. M. Kennedy, Q. C. Zhang, C. Capell, A. Burk, A. Agarwal, 
and T. S. Sudarshan, “Physical phenonmena affecting performance and 
reliability of 4H-SiC bipolar junction transistors,” Microelectronics Reliability, 
Vol. 49, No. 1, pp. 32-37, Jan 2009. 

33 P. G. Muzykov, A. V. Bolotnikov, and T. S. Sudarshan, “Study of leakage 
current and breakdown issues in 4H-SiC unterminated Schottky diodes,” Solid-
State Electronics, Vol. 53, No. 1, pp. 14-17, Jan 2009. 

34 L. Cheng, S.-H. Ryu, C. Jonas, S. Dhar, R. Callanan, J. Richmond, A. K. 
Agarwal, and J. Palmour, “3300 V, 30 A 4H-SiC power DMOSFETs,” 
International Semiconductor Device Research Symposium, 2009. ISDRS '09, 
pp. 1-2, College Park, MD, USA, Dec. 2009 

35 B. Ozpineci, M. S. Chinthavali, L. M. Tolbert, A. S. Kashyap, H. A. Mantooth, 
“A 55-kW three-phase inverter with Si IGBTs and SiC Schottky diodes,” IEEE 
Trans. Industry Application, Vol. 45, No. 1, pp. 278-285, Jan-Feb. 2009. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

165 

36 M. Östling, S. –M. Koo, S. –M. Lee, E. Danielsson, M. Domeij, and C. –M. 
Zetterling, “ SiC device technology for high voltage and rf power applications,” 
Proc. 23rd International Conference on Microelectronics (MIEL 2002), Vol. 1, 
pp. 31-39, Yugoslavia, May 2002. 

37 Q. C. Zhang, A. Agarwal, A. Burk, B. Geil, and C. Scozzie, “4H–SiC  BJTs 
with current gain of 110,” Solid-State Electronics, Vol. 52, No. 7, pp. 1008-
1010, July 2008. 

38 J. M. Melzak, “Silicon carbide for RF MEMS,” 2003 IEEE MTT-S Digest, pp 
1629-1632, 2003. 

39 K. Järrendahl and R. F. Davis, “Chapter 1 Materials properties and 
characterization of SiC,” in SiC Materials and Devices, Vol. 52, ed. by Y. S. 
Park, in Semiconductors and Semimetals, ed. by R. K. Willardson and E. R. 
Weber, pp1-20, Academic Press, San Diego 1987. 

40 G. R. Fisher and P. Barnes, Phil. Mag. B, vol. 61, pp217-236, 1990. 

41 A. R. Powell and L. B. Rowland, “SiC materials – progress, status, and 
potential roadblocks,” Proc. IEEE, Vol. 90, No. 6, June 2002. 

42 G. Pensl, F. Ciobanu, T. Frank, M. Krieger, S. Reshanov, F. Schmid, and M. 
Weidner, “Chapter 1. SiC Material Properties,” in SiC Materials and Devices, 
Volume 1, ed. By M. Shur, S. Rumyantsev, and M. Levinshtein, pp. 1-42, 
World Scientific Publishing Co. Pte. Ltd., New Jersey 2006. 

43 A. J. Van Roosmalen, J. A. G. Baggerman, and S. J. H. Brader, Dry etching for 
VLSI, Plenum Press, New York 1991. 

44 P. Raizer, Gas discharge physics, Springer-Verlag, Berlin  1987. 

45 S. A. Cohen, “Chapter 3, An introduction to plasma physics for materials 
processing,” in Plasma Etching – An Introduction, Ed. by D. M. Manos and D. 
L. Flamm, pp. 185-258, Academic Press, Boston, 1989. 

46 R. J. Schutz, “Chapter 5, Reactive plasma etching,” in VLSI Technology, 2nd 
Edition, Ed. by S. M. Sze, pp. 184-232, McGraw-Hill Book Company, New 
York 1988. 

47 J. Asmussen, “Electron cyclotron resonance microwave discharges for etching 
and thin-film deposition,” J. Vac. Sci. Technol. A, Vol. 7, No. 3, pp. 883-893, 
May/June 1989. 

48 Y. J. T. Lii, “Chapter 7, Etching,” in ULSI Technology, Ed. by C. Y. Chang 
and S. M. Sze, pp. 329-370, McGraw-Hill Companies, Inc., New York 1996. 

49 H. F. Winters, J. W. Coburn, and T. J. Chuang, J. Vacuum Sci. Technol. B, Vol. 
1, pp 469, 1983.  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

166 

50 D. L. Flamm and G. K. Herb, “Chapter 1, Plasma etching technology – an 
overview,” in Plasma etching, an introduction, ed. by D. M. Manos and D. L. 
Flamm, pp 1-90, Academic Press, Inc. Boston 1989. 

51 V. Ramachandran, M. F. Brady, A. R. Smith, R. M. Feenstra, and D. W. Greve, 
“Preparation of atomically flat surfaces on silicon carbide using hydrogen 
etching,” J. Electronic Materials, Vol. 27, No. 4, pp. 28-32, 1998. 

52 D. Alok and B. J. Baliga, “Anovel method for etching trenches in silicon 
carbide,” J. of Electronics Materials, Vol. 24, No. 4, pp. 311-314, 1995. 

53 D.Alok, K. Makeshwar, and B. J. Baliga, “Residual damage effects on gate 
contacts formed on SiC surfaces etched by using the amorphization technique,” 
J. of Electronic Materials, Vol. 26, No. 3, pp. 108-113, 1997. 

54 J. S. Shor, R. M. Osgood, and A. D. Kurtz, “Photoelectrochemical conductivity 
selective etch stops for SiC,” Appl. Phys. Lett., Vol. 60, No. 8, pp. 1001-1003, 
1992. 

55 J. S. Shor, A. D. Kurtz, I. Grimberg, B. Z. Weiss, and R. M. Osgood, “Dopant-
selective etch stops in 6H and 3C SiC,” J. Appl. Phys., Vol. 81, No. 3, pp. 
1546-1551, 1997. 

56 Y. Shishkin, W. J. Choyke, and R. P. Devaty, “Photoelectrochemical etching 
of n-type 4H silicon carbide,” Journal of applied physics, Vol. 96, No. 4, pp. 
2311-2322, August 2004. 

57 D. W. Kim, H. Y. Lee, B. J. Park, H. S. Kim, S. H. Chae, Y. W. Ko, and G. Y. 
Yeom, “High rate etching of 6H-SiC in SF6-based magnetically-enhanced 
inductively coupled plasmas,” Thin Solid films, Vol. 7-8, pp. 100-104, 2004. 

58 H. Habuka, Y. Katsumi, Y. Miura, K. Tanaka, Y. Fukai, T. Fukae, Y. Gao, T. 
Kato, H. Okumura, and K. Arai, “4H silicon carbide etching using chlorine 
trifluoride gas,” Materials Science Forum, Vol. 600-603, pp. 655-658, 2009. 

59 T. Hatayama, T. Shimizu, H. Yano, Y. Uraoka, and T. Fuyuki, “Anisotropic 
etching of SiC in the mixed gas of chlorine and oxygen,” Materials Science 
Forum, Vol. 600-603, pp. 659-662, 2009. 

60 H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns, J. Appl. 
Phys. 76 (1994) 1363. 

61 W.-S. Pan, A.J. Steckl, “Etching of silicon carbide for device fabrication and 
through via-hole formation,” J. Electrochem. Soc., Vol. 137, No. 3, pp. 212-
219, 2001. 

62 F. Lanois, D. Planson, M. –L. Locatelli, P. Lassagne, C. Jaussaud, and J.-P. 
Chante, “Chemical contribution of oxygen to silicon carbide plasma etching 
kinetics in a distributed electron cyclotron resonance (DECR) reactor,” Journal 
of electronic materials, Vol. 28, No. 3, pp. 219-224, 1999. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

167 

63 P. Chabert, “Deep etching of silicon carbide for micromachining applications: 
etch rates and etch mechanisms,” J. Vacuum Sci. Tech. B, Vol. 19, No. 4, pp. 
1339-1345, July/August 2001. 

64 S. Dohmae, K. Shibahara, S. Nishino, and H. Matsunami, Jpn. J. Appl. Phys. 
24 (1985) L873. 

65 S. C. Kang and M. W. Shin, “Reactive ion etching process of 4H-SiC using the 
CHF3/O2 mixtures and a post-O2 plasma-etching process,” ,” Materials Sci. 
Forum, Vol. 339-393, pp. 949-952, 2002. 

66 J. Hong, R. J. Shul, L. Zhang, L. F. Lester, H. Cho, Y. B. Hahn, D. C. Hays, K. 
B. Jung, S. J. Pearton, C. –M. Zetterling, and M. Östling, “Plasma chemistries 
for high density plasma etching of SiC,” J. Electronic Materials, Vol. 28, No. 
3, pp. 196-201, 1999. 

67 B. Kim, K.-H. Kwon, S.-K. Kwon, J.-M. Park, S. W. Yoo, K.-S. Park, I.-K. 
You, and B.-W. Kim, “Modeling etch rate and uniformity of oxide via etching 
in a CHF3/CF4 plasma using neural networks,” Thin Solid Films, Vol. 426, pp. 
8-15, Feb. 2003. 

68 B. Kim, K. –H. Kwon, and S. –Y. Kang, “Modeling electron cyclotron 
resonance etching of Ba(Mg1/3Ta2/3)O3 files using neural networks,” Surface 
and Coatings Technology, Vol. 161, pp. 174-178, 2002. 

69 T. Munakata, Fundamentals of the new artificial intelligence : neural, 
evolutionary, fuzzy and more, 2nd ed., Springer, London 2008. 

70 M. Anthony and P. L. Bartlett, Neural network learning : theoretical 
foundations, Cambridge ; New York : 1999. 

71 Byungwhan Kim, K.-H. Kwon, S.-K. Kwon, J.-M. Park, S. W. Yoo, K.-S. Park, 
I.-K. You, and B.-W. Kim, “Modeling etch rate and uniformity of xide via 
etching in a CHF3/CF4 plasma using neural networks,” Thin Solid Files, Vol. 
426, pp. 8-15, 2003. 

72 C. D. Himmel and G. S. May, “Advantages of plasma etch modeling using 
neural networks over statistical techniques,” IEEE Trans. On Semiconductor 
manufacturing, Vol. 6, No. 2, pp. 103-110, May 1993. 

73 B. Kim and B.-T. Lee, “Effect of plasma and control parameters on SiC 
etching in a C2F6 plasma,” Plasma Chemistry and Plasma Processing, Vol. 23, 
No. 3, pp. 489-499, September 2003. 

74 B. Kim, K.-H. Kwon, S.-Y. Kang, “Modeling electron cyclotron resonance 
etching of Ba(Mg1/3Ta2/3)O3 films using neural networks,” Surface and 
Coatings technology, Vol. 161, pp. 174-178, 2002. 

75 Y. L. Huang, T. F. Edgar, D. M. Himmelblau, and I. Trachtenberg, 
“Constructing a reliable neural network model for a plasma etching process 
using limited experimental data,” IEEE Trans. Semiconductor manufacturing, 
Vol. 7, No. 3, pp 333-3, Aug. 1995. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

168 

76 D. Stokes and Gary S. May, “Indirect adaptive control of reactive ion etching 
using neural networks,” IEEE Trans on Robotics and Automation, Vol. 17, No. 
5, pp. 650-657, October 2001. 

77 B. Kim, S. H. Kwon, K. H. Kwon, S. Kang, K.-H. Baek, and J. H. Lee, “Neural 
network characterization of plasma-induced charging damage on thick oxide-
based metal-oxide-semiconductor device,” Journal of Applied Physics, Vol. 
105, No. 11, pp. 3302-3307, November 2009. 

78 B. Kim and M. Kwon, “Prediction of plasma etch process by using 
actinometry-based optical emission spectroscopy data and neural network,” 
Journal of Materials processing technology, Vol. 209, pp. 2620-2626, 2009. 

79 G. Franz, “Surface roughening of SiC and Ga-containing semiconductors in 
reactive plasma,” Materials science in semiconductor processing Vol. 2 pp. 
349-357, 1999. 

80 S.-M. Koo, S.-K. Lee, C.-M. Zetterling, and M. Östling, “Electrical 
characteristics of metal-oxide-semiconductor capacitors on plasma etch-
damaged silicon carbide,” Solid-State Electronics, Vol. 46, pp. 1375-1380, 
2002. 

81 E. Danielsson, S.-K. Lee, C.-M. Zetterling, and M. Östling, “Inductively 
coupled plasma etch damage in 4H-SiC investigated by schottky diode 
characterization,” J. of Electronic Materials, Vol. 30, No. 3, pp.247-252, 2001. 

82 A. J. Steckel and P. H. Yih, “Residue-free reactive ion etching of β-SiC in 
CHF3/O2 with H2 additive,” Appl. Phys. Lett., Vol. 60, No. 16, pp. 1966-1968, 
1992. 

83 B. Kim, K. K. Lee, and B. T. Lee, “Surface roughness of silicon carbide 
etching in a NF3 inductively couple plasma,” Vacuum, Vol. 80, pp. 343-349, 
2005. 

84 B. S. Kim, J. K. Jeong, M. Y. Um, H. J. Na, I. B. Song, and H. J. Kim, 
“Electrical properties of 4H-SiC thin films reactively ion-etched in SF6/O2 
plasma,” Materials Sci. Forum, Vol. 339-393, pp. 953-956, 2002. 

85 K. Xie, J. R. Flemish, J. H. Zhao, W. R. Buchwald, and L. Casas, “Low 
damage and residue-free dry etching of 6H-SiC using electron cyclotron 
resonance plasma, “ Appl. Phys. Lett. Vol. 67, No. 3, pp. 368-370, July, 1995. 

86 D. C. Sheridan, J. B. Casady, E. C. Ellis, R. R. Siergiej, J. D. Cressler, R. M. 
Strong, W. M. Urban, W. F. Valek, C. F. Seiler, and H. Buhay, 
“Demonstration of deep (80 µm) RIE etching of SiC for MEMS and MMIC 
applications,” Materials Sci. Forum, Vol. 338-342, pp. 1053-1056, 2000. 

87 D. L. Flamm, “Chapter 2 Introduction to plasma chemistry,” in Plasma 
Etching- An Introduction, ed. by D. M. Manos and D. L. Flamm, pp. 91-184, 
Academic Press, Boston, 1989. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

169 

88 C. J. Mogab, A. C. Adams, and D. L. Flamm, “Plasma etching of Si and SiO2-
the effect of oxygen additions to CF4 plasmas,” J. Appl. Phys., Vol. 49, No. 7, 
pp, 3796-3803, July 1978.  

89 J. Sugiura, W. –J. Lu, K. C. Cadien, and A. J. Steckl, “Reactive ion etching of 
SiC thin films using fluorinated gases,” J. Vac. Sci. Technol. B Vol. 4, No. 1, 
pp. 349-354, Jan/Feb 1986. 

90 B. Kim and B. –T. Lee, “Relationships between etch rate and roughness of 
plasma etched surface,” IEEE Trans. Plasma Science, Vol. 30, No. 5, pp. 
2074-2077, Oct. 2002. 

91 B. Kim, K. J. Choi, and B. –T. Lee, “Surface roughness of silicon carbide 
etched in a C2F6/O2 inductively coupled plasma,” J. Vac. Sci. Technol. A, Vol. 
20, No. 2, pp. 424-429, Mar/Apr 2002 

92 S.-M. Kong, K.-J. Choi, B.-T. Lee, S.-Y. Han, J.L. Lee, “Reactive ion etching 
of SiC using C2F6/O2 inductively coupled plasma,” J. Electron. Mater. Vol. 31, 
No. 3, pp. 209-213, 2002. 

93 B. Kim, S. Kim, S.-C. Ann, B.-T. Lee, “Proximity-controlled silicon carbide 
etching in inductively coupled plasma,” Thin solid films, Vol. 434, pp. 276-282, 
2003. 

94 G.F. McLane, J.R. Flemish, “High etch rates of SiC in magnetron enhanced 
SF6 plasma,” Appl. Phys. Lett., Vol. 68, No. 26, pp. 3755-3757, June 1996.  

95 P. Chabert, G. Cunge, J.-P. Booth, J. Perrin, “Reactive ion etching of silicon 
carbide in SF6 gas: detection of CF, CF2, and SiF2 etch products,” Appl. Phys. 
Lett., Vol. 79, No. 7, pp916,-918, Aug 2001. 

96 M. Imaizumi, Y. Tarui, H. Sugimoto, J. Tanimura, T. Takami, T. Ozeki, 
“Reactive ion etching in CF4 / O2 Gas mixtures for fabricating SiC devices,” 
Mater. Sci. Forum, Vol. 338/342, pp. 1057-1060, 2000. 

97 B. Kim and K. Park, “Modeling plasma etching process using a radial basis 
function network,” Microelectronic Engineering, Vol. 77, pp150-157, Feb. 
2005. 

98 J. P. Card, D. L. Sniderman, and C. Klimasauskas, “Dynamic neural control for 
a plasma etch process,” IEEE Trans. Neural Network, Vol. 8, pp883-900, Jul. 
1997. 

99 D. Stokes, and G. S. May, “Real-time control of reactive ion etching using 
neural networks,” IEEE Trans. Semiconductor Manufacturing, Vol. 13, pp 
469-480, Nov. 2000. 

100 S. J. Hong, G. S. May, “Neural network modeling of reactive ion etching using 
principal component analysis of optical emission spectroscopy data,” in 
IEEE/SEMI Advanced Semiconductor Manufacturing Conference, Boston, 
2002, pp 415-420. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

170 

101 C. Andrzej. Neural networks for optimization and signal processing, 
Chichester: Wiley 1993 

102 R. Fletcher, Practical methods of optimization, Chichester: Wiley 1987 

103 Rusli, S.F. Yoon, H. Yang, Q. Zhang, J. Ahn, Y.L. Fu, “Effect of pressure on 
the deposition of hydrogenated amorphous carbon films using the electron 
cyclotron resonance chemical vapor deposition ,” J. Vac. Sci. Technol. A, Vol. 
16, pp 572-577, Mar. 1998. 

104 D. C. Montgomery, Design and analysis of experiments, Hoboken: John Wiley, 
2005. 

105 J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, and J. Ahn, “The role 
of oxygen in electron cyclotron resonance etching of silicon carbide,” 
Microelectron. Eng., vol. 83, no. 1, pp. 9–11, Jan. 2006. 

106 P. Leerungnawarat, K. P. Lee, S. J. Pearton, F. Ren, and S. N. G. Chu, 
“Comparison of F2 plasma chemistries for deep etching of SiC,” J. Electronic 
Materials, Vol. 30, pp. 202-206, 2001. 

107 J. H. Xia, Rusli, S. F. Choy, R. Gopalakrishan, C. C. Tin, S. F. Yoon, and J. 
Ahn, “CHF3-O2 reactive ion etching of 4H-SiC and the role of oxygen,” 
Microelectronic Engineering, Vol. 83, pp381-386, Jan. 2006. 

108 B. Kim and B.-T. Lee, “Relationships between etch rate and roughness of 
plasma etched surface,” IEEE Trans. Plasma Science, Vol. 30. No.5. pp. 2074-
2077, Oct. 2002. 

109 J. H. Xia, Rusli, R. Gopalakrishnan, S. F. Choy, C. C. Tin, J. Ahn, and S. F. 
Yoon, “Reactive ion etching induced surface damage of silicon carbide,” 
Materials Science Forum, Vol. 483-485, pp. 765-768, May 2005. 

110 N. N. Dartnell, M. C. Flowers, R. Greef, J. Zhu, and A. Blackburn, “Reactive 
ion etching of silicon carbide (SixC1-x),” Vacuum, Vol. 46. No. 4, pp. 349-355, 
Apr 1995. 

111 D. M. Manos, Plasma etching: an introduction, Boston: Academic Press 1989. 

112 T. Okumura, “Chapter 6. Defects induced by metal-semiconductor contacts 
formation,” in Defects in Optoelectronic Materials, ed. by K. Wada and S. W. 
Wang, pp.205-253, Gordon and Breach Science Publishers, Australia, 2001 

113 N. O. V. Plank, L. Jiang, A. M. Gundlach, and R. Cheung, “The electrical 
characteristics of 4H-SiC Schottky diodes after inductively coupled plasma 
etching,” Journal of electronic materials, Vol. 32, No. 9, pp.964-971, 2003. 

114 B. H. Li, L. H. Cao, and J. H. Zhao, “Evaluation of damage induced by 
inductively coupled plasma etching of 6H-SiC using Au Schottky barrier 
diodes,” Applied Physics Letters, Vol. 73, No. 5, pp. 653-655, Aug. 1998. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

171 

115 M. W. Cole and P. C. Joshi, “Ohmic contacts to SiC for high power and high 
temperature device applications,” in Silicon Carbide: Materials, Processing, 
and Devices, Ed. by C. F. Zhe and J. H. Zhao, pp.203-280, Taylor & Francis, 
New York, 2004. 

116 S.M. Sze and K. K. Ng, “Chapter 3. Metal-semiconductor contacts,” in Physics 
of Semiconductor Devices, 3rd Edition, Ed. by S.M. Sze and K. K. Ng, Wiley-
Interscience, Hoboken, NJ, 2007. 

117 M. Bahowski, U. Gustafsson, U. Lindefelt, “Simulation of SiC high power 
devices,” Phys. Status. Solidi. A, Vol. 162, No. 1, pp.421-0, Nov 2001. 

118 M. S. Tyagi, “Chapter 1, Physics of Schottky barrier junctions,” in Metal-
semiconductor Schottky Barrier Junctions and Their Applications, Ed. by B. L. 
Sharma, pp.1-60, Plenum Press, New York 1984. 

119 I. T. Kimo and H. Matsunami, “Excellent reverse blocking characteristics of 
high-voltage 4H-SiC Schottky rectifiers with boron-implanted edge 
termination,” IEEE Electron Device Letters, Vol. 17, No. 3, pp. 139-141, Mar. 
1996. 

120 J. H. Zhao, K. Sheng, and R. C. Lebron-Velilla, “ Silicon carbide Schottky 
barrier diode,” in SiC Materials and Devices, Volume 1. Ed. by M. Shur, S. 
Rumyantsev, and M. Levinshtein, pp.117-162, World Scientific, New Jersey 
2006. 

121 D. V. Lang, “Deep-level transient spectroscopy: a new method to characterize 
traps in semiconductors,” J. Appl. Phys., Vol. 45, No. 7, pp. 3023-3032, July 
1974.  

122 D. K. Schroder, “Chapter 5, Defects,” in Semiconductor Material and Device 
Characterization, 2nd Edition, Ed. by D. K. Schroder, pp.267-336, John Wiley 
& Sons, Inc. New York 1998. 

123 L. L.-M. Yeh, U. –J. Xie, and P. H. Holloway, “The effect of sputter cleaning 
on Au/GaAs contacts and the role of doping,” J. Appl. Phys., Vol. 65, No. 9, pp. 
3568-3573, May 1989.  

124 M. Bhatnagar, B. J. Baliga, H. R. Kirk, and A. Rozgonyi, “ Effect of Surface 
Inhomogeneities on the Electrical Characteristics of SiC Schottky Contacts,” 
IEEE Trans Electron Devices, vol. 43, pp. 150-156, Jan. 1996. 

125 D. Defives, O. Noblanc, C. Dua, C. Brylinski, M. Barthula, V. Aubry-Fortuna, 
and F. Meyer, “Barrier Inhomogeneities and Electrical Characteristics of 
Ti/4H–SiC Schottky Rectifiers,” IEEE Trans Electron Devices, vol. 46, Nos. 3, 
pp. 449-455, Mar. 1999. 

126 Y. P. Raizer, “Chapter 9, Glow discharge instabilities and their consequences,” 
in Gas Discharge Physics, Ed. by Y. P. Raizer, pp. 214-244, Springer-Verlag, 
Berlin Heidelberg 1991. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



BIBLIOGRAPHY 

172 

127 J. M. Shannon, “Reducing the effective height of a Schottky barrier using low-
energy ion implantation,” Appl. Phys. Lett., Vol. 24, No. 8, pp. 369-372, Apr. 
1974. 

128 C. M. Zetterling, S. K. Lee, and M. Östling, “Schttky and ohmic contacts to 
SiC,” in “Process Technology for silicon carbide devices,” Chapter 6, edited 
by C. M. Zetterling, London: Institution of Electrical Engineers, pp.111-129, 
2002. 

129 A. Kumta, Rusli and J. H. Xia, “Field-plate Terminated 4H-SiC Schottky 
diodes Using Al-based High-k Dielectrics,” IEEE Transaction on Electron 
Devices, IEEE Trans. Electron Devices, Vol. 56, No. 12, pp. 2925-2934, Dec 
2009. 

130 Y. Negoro, T. Kimoto, and H. Matsunami, “Stability of deep centers in 4H-SiC 
epitaxial layers during thermal annealing,” Appl. Phys. Lett., Vol. 85, No. 10, 
pp. 1716-1718, Sept 2004. 

131 C. Hemmingsson, N. T. Son, O. Kordina, E. Janzén, and J. L. Lindström, 
“Capture cross sections of electron irradiation induced defects in 6H-SiC,” J. 
Appl. Phys., Vol. 84, No. 2, pp. 704-708, July 1998. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library


