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ABSTRACT 


This thesis consists of three main parts, starting with the use of improved-

nitridation processes to grow acceptable quality gate oxides on silicon carbide (SiC) 

[1]–[7], to the comprehensive investigation of basic electron-hole generation process in 

4H SiC-based metal–oxide–semiconductor (MOS) capacitors [8], [9], and concluding 

with the experimental demonstration and analysis of nonvolatile characteristics of 4H 

SiC-based memory devices [10]–[15]. In the first part of the thesis, two improved 

versions of nitridation techniques have been introduced to alleviate oxide-growth rate 

and toxicity problems. Using a combination of nitridation and oxidation processes, a 

sandwich technique (nitridation–oxidation–nitridation) has been proposed and verified 

to solve the lengthy and expensive oxide-growing process in direct nitric oxide (NO) 

gas [1]. The nitrogen source from the toxic-NO gas has been replaced by using a non

toxic nitrous oxide (N2O) gas. The best combination of process parameters in this gas is 

oxide-growing temperature at 1300oC with 10% N2O [2], [3]. The quality of nitrided 

gate oxides obtained by this technique is lower than the sandwich technique [6], [13]. 

Using 4H SiC-based MOS with nitrided gate oxides grown by either of the above-

mentioned nitridation techniques, the fundamentals of electron-hole generation have 

been investigated using high-temperature capacitance–transient measurements. The 

contributions of carrier generation, occurring at room temperature, in the bulk and at the 

SiC–SiO2 interface are evaluated and compared using a newly developed method [8], 

[9]. The effective bulk-generation rates are approximately equal for both types of 

nitrided oxides, whereas the effective surface-generation rates have been shown to 

exhibit very strong dependencies on the methods of producing the nitrided gate oxide. 

Based on analysis, the prevailing generation component in a SiC-based MOS capacitor 

with nitrided gate oxide is at SiC–SiO2 interface located below the gate. Utilizing the 

understanding of electron-hole generation in SiC, the nonvolatile characteristics of 

memory device fabricated on SiC have been explored. The potential of developing a 

SiC-based one-transistor one-capacitor (1T/1C) nonvolatile-dynamic memory (NDM) 

has been analyzed using SiC-based MOS capacitors as storage elements or test 

structures. Three possible leakage mechanisms have been evaluated [10]–[16]: (1) 

leakage via MOS capacitor dielectric, (2) leakage due to electron-hole generation in a 

ii 



depleted MOS capacitor, and (3) junction leakage due to generation current occurred at 

a reverse-biased pn junction surrounding the drain region of a select metal–oxide– 

semiconductor field–effect–transistor (MOSFET). Among them, leakage through 

capacitor oxide remains an important factor that could affect the nonvolatile property in 

the proposed device, whereas others leakage mechanisms are insignificant. Based on the 

overall results, the potential of developing a SiC-based 1T/1C NDM is encouraging. 
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1.1 SIGNIFICANCE OF THE RESEARCH  
Silicon carbide (SiC) was initially discovered by Jöns Jacob Berzelius in 1824 

[1]. It is a IVB-IVB semiconductor, which has been identified as one of the emerging 

wide bandgap semiconductors that can revolutionize electronic devices. Even 

Shockley, convinced by its unmet electrical and physical properties compared to Si, 

predicted in 1950s that SiC would replace Si in the near future [2]. 
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Fig.1.1: A basic structural unit of SiC [3]. 

 

 

The basic structural unit of a SiC is shown in Fig. 1.1 with tetrahedrally bonded 

Si–C. It forms over 170 polytypes [4], which means the chemical contents of the 

polytypes are the same and only the stacking sequence of the tetrahedrally bonded Si–

C bilayers changes along the c-axis of the lattice. Generally they can either be 

classified into zinc-blend [or cubic (C)], wurtzite [or hexagonal (H)] (Fig. 1.2), or 

combination of those structures. The greater the wurtzite (hexagonal) component is, the 
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larger the bandgap. A more common and convenient way to differentiate these 

polytypes is by Ramsdell notation [5], which consists of a number followed by a letter. 

The number represents the number of bilayers in stacking sequence, whereas the letter 

represents crystal structure. About 95% of all publications on SiC research are about 

the three main polytypes: 3C, 4H, and 6H [6].              

Fig. 1.2: Side and top view along the stacking direction of a cubic and a hexagonal type 

of SiC [1]. 
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SiC with its large bandgap, high breakdown field, comparable thermal 

conductivity to copper, high saturation electron velocity, tremendously low intrinsic 

carrier concentration, just to name a few properties, has provided much attention to 

researchers and manufacturers.  These superb properties have been reviewed and edited 

by Harris [5], Goldberg et al. [6], Neudeck [7], and Choyke and Pensl [8]. These 

impressive properties able to fill the needs unmet by other semiconductors, such as Si, 

in high-temperature, high-frequency, high-power, and nonvolatile-memory applications 

[9]–[16]. The revolution in SiC stems primarily from the exploitation of the unique 

properties offered by SiC compared to Si, GaN, and GaAs and these properties have 

been summarized in Table 1.1. 

One of the excellent properties of this wide-bandgap material (for example the 

bandgap, Eg, is 3.26 eV in 4H SiC [6], [7]) is low intrinsic-carrier concentration (ni) at 
-3room temperature (ni~10-7 cm  in 4H SiC [6], [7]). According to the first-order 

Shockley-Read-Hall theory [17], [18], the generation rate is proportional to ni. So the 

carrier-generation rate in SiC is many orders of magnitude lower than in Si. With this 

extremely low carrier-generation rate, it should be possible to reduce the leakage 

current of reverse-biased pn junctions to insignificant levels that enable unique 

applications. One of these applications relates to the development of nonvolatile-

dynamic memories (NDMs). The nonvolatile nature of the device is attributed to the 

intrinsic character of the material that is SiC, while the dynamic nature of the device is 

referred to fast data accessibility based on the device structure. Gardner et al. [14], Xie 

et al. [15], and Wang et al. [16] proposed 6H– and 4H–SiC memory elements, where 

the potential well for storing charge was created by npn structures. The reported 

charge-retention times at room temperature, which were extrapolated from high-

temperature measurements, were ~1014 s (~106 years) and ~43 years in npn structures 

fabricated on 6H and 4H SiC. They also found that the generation rate depended very 

strongly on the quality of the surface passivation at the junction terminations. The 

reason being was poor quality of the passivating SiC–SiO2 interface, in particular, the 

existence of large density of defects related to carbon accumulation at the interface (the 

surface passivation oxides were thermally grown by wet or dry oxidation). As a 

consequence, the generation assisted by these defects or leakage through the gate oxide 
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were so high that no charge retention data have been reported for metal–oxide– 

semiconductor (MOS) capacitors on SiC.  

TABLE 1.1 

Comparison of the properties for selected important semiconductors at 300 K [6], [7]. 

ELECTRICAL & 
PHYSICAL PROPERTY Si GaN GaAs 

4H 

SiC 

6H 3C 

Bandgap (eV) 1.12 3.39 1.42 3.26 3.02 2.39 

Relative dielectric constant 11.9 9.0 13.1 9.7 9.7 9.7 

Intrinsic carrier 
concentration 1010 ~10-5 1.8×106 ~10-7 ~10-5 ~10-1 

(cm-3) 

Breakdown field (MV/cm) 
@ ND = 1017 cm-3 0.6 5 0.6 3.0 3.2 >1.5 

Saturated electron velocity 
(107cm/s) 1.0 2.7 1.2 2.0 2.0 2.5 

Electron mobility (cm2/V-
s) 
@ ND = 1016 cm-3 

1200 900 6500 
800A 

800B 

60A 

400B 750A 

Hole mobility (cm2/V-s) 
@ NA = 1016 cm-3 420 150 320 115 90 40 

Thermal conductivity 
(W/cm-K) 1.5 1.3 0.5 3 - 5 3 - 5 3 – 5 

Melting Point (K) 1690 2773 1510 ~310 
0 ~3100 ~3100 

TECHNOLOGICAL 
PROPERTY 

Native oxide Yes No No Yes 

Complementary device Yes No No Possible 

A: parallel to c-axis 
B: perpendicular to c-axis 
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Even though the npn structures exhibited nonvolatile characteristics in 4H– and 

6H–SiC, the complexity of the fabrication processes and low packing density are 

serious disadvantages [19]. Theoretically, these problems can be surmounted by a 

MOS structure on SiC, in which the charge can be retained in a potential well created 

by surface band bending due to application of gate voltage. Practically, this conceptual 

idea was hindered by the imperfection of SiC–SiO2 interface due to carbon-related 

problems. 

Before investigating the potential of SiC as the substrate of MOS capacitors used 

as the storage elements in NDMs, it was essential to conduct a detailed examination on 

the characteristics of carriers under non-equilibrium condition. This fundamental 

investigation, based on electron-hole generation using MOS capacitors as test 

structures, enables important parameters (such as surface-generation constant and 

generation time constant) that are required for semiconductor-device design, including 

NDMs to be obtained. 

In order to conduct the above-mentioned investigations, MOS capacitors on SiC 

with decent SiC–SiO2 interfaces quality are needed. Significant improvement in the 

quality of SiC–SiO2 interfaces have been achieved by nitridation processes. Among 

these processes, thermal oxide directly grown in nitric oxides (NO) gas produces the 

best quality of SiC–SiO2 interfaces. This has enabled successful demonstrations of 

acceptable metal–oxide–semiconductor field–effect transistor (MOSFET) [20] and 

MOS characteristics [21]. However, gate oxides directly grown in NO have two 

drawbacks: (1) slow growth rate and (2) the gas is toxic. These issues are addressed 

and two novel nitridation techniques are presented in this thesis to alleviate these 

problems. After enabling the effective fabrication of MOS capacitors on SiC, they are 

used as test structures to investigate the characteristics of carriers under non-

equilibrium condition. Based on the thorough examination and understanding of the 

characteristics of carriers at non-equilibrium conditions, SiC-based MOS capacitors are 

further used to investigate nonvolatile characteristics of a proposed one-transistor one-

capacitor (1T/1C) nonvolatile-dynamic memory. The following section presents the 

objectives of this research and provides the outline of this thesis.  
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1.2 	 RESEARCH OBJECTIVES AND THESIS OUTLINE 
There are three main aims of this research. 

(1) 	 To improve the currently available nitridation processes and produce device 

quality SiC–SiO2 interface in MOS capacitors. 

It is generally accepted that nitrided gate oxides on SiC directly grown in nitric 

oxide (NO) gas provide the best quality of interface and oxide. However, there are two 

drawbacks using this nitridation process: (a) the growth rate of oxide is slow and (b) 

the nitrogen source – that is NO gas – for nitridation purposes is extremely toxic. 

Chapter 2 of this thesis addresses these issues. Two novel techniques are presented and 

investigated in detail in order to solve the above-mentioned problems. The first 

problem is tackled by a novel nitridation process named sandwich technique, using a 

combination processes of a short period of direct NO grown, followed by the main 

oxidation in dry oxygen, and finally ending with a direct NO growth (nitridation– 

oxidation–nitridation). The second novel nitridation technique, called high-temperature 

diluted N2O method, addressed the toxicity issue.  

(2) 	 To employ SiC-based MOS capacitors with nitrided gate oxides grown by the 

newly developed techniques for the investigation of electron-hole generation 

process. 

Without a good SiC–SiO2 interface, this investigation cannot be carried out. 

Having developed the two novel nitridation techniques in Chapter 2, they can be used 

to fabricate MOS capacitors on SiC as test structures to examine the generation 

process. Chapter 3 presents high-temperature capacitance−transient measurements and 

Zerbst plots [22]–[24] to determine the effective surface-generation and bulk-

generation rates in SiC passivated by nitrided oxides. The Zerbst plot is widely used for 

the characterization of MOS capacitors on silicon, utilizing straightforward 

capacitance−transient measurements at room temperature. In the case of SiC, the 

generation rates are so low that the capacitance−transient measurements have to be 

performed at high temperatures (250oC-355oC). To estimate the generation rates at 
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room temperature, it is necessary to use an extrapolation technique. This issue and a 

suggested solution are considered in this chapter. From the analyses, parameters such 

as surface-generation constant and generation time constant at room temperature can be 

estimated, as these are important parameters for semiconductor-device design, 

(including nonvolatile-dynamic memories) for substrate and semiconductor–oxide 

interface quality determination.  

(3) To investigate the nonvolatile characteristics of SiC-based memories.  

Based on the findings in Chapter 3, the extremely slow effective-generation rate 

in MOS capacitors on SiC encouraged a systematic investigation of nonvolatile 

characteristics of SiC-based memories. The potential of 4H SiC to fabricate a 

functional next generation nonvolatile memory is presented in Chapter 4. The proposed 

device is a 1T/1C nonvolatile-dynamic memory (NDM), in which the structure and the 

principles are similar to a contemporary Si-based 1T/1C dynamic random-access 

memory (DRAM). The types of leakage applicable to SiC-based NDMs are identified 

and the importance of these leakages that could affect the nonvolatile characteristics of 

the device is investigated in Chapter 4. Among the possible leakage paths, three of 

them are being examined and the others will be considered in future work. The three 

leakage mechanisms are: (1) leakage via a MOS capacitor dielectric, (2) leakage due to 

carrier generation in a depleted MOS capacitor, and (3) leakage due to carrier 

generation in the reverse-biased pn junction of a select metal–oxide–semiconductor 

field–effect transistor (MOSFET). MOS capacitors fabricated on SiC with nitrided 

oxide–semiconductor interfaces are used in the investigation either as memory 

elements themselves or as test structures to determine the junction leakage in select 

MOSFETs. The relaxation time of the carriers, corresponding to charge-retention time 

of a storage element is also estimated from these results.  

Finally, conclusions and recommendations for future work are presented in 

Chapter 5. 
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2.1 INTRODUCTION 
 

The advances of metal–oxide–semiconductor (MOS) devices on SiC are 

propelled by the remarkable development of commercial-grade SiC substrates and 

epitaxial growth techniques [1]–[5]. However, these advances were hindered by the 

imperfection of SiC–SiO2 interface and by the low quality of oxides that were 

thermally grown in wet or dry atmosphere on SiC. For many years researchers have 

been focused on investigation of the origin of defects that cause the unacceptable 

oxides and SiC–SiO2 interface quality, and then trying to improve their quality.  

 

The origin of high SiC–SiO2 interface-trap density (Dit) was at first thought to 

relate to Si- or C-dangling bonds at SiC–SiO2 interface [6]. These traps are believed to 
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be similar to the well-known paramagnetic Pb centres of Si-dangling bonds in Si–SiO2 

system that can be passivated by annealing in hydrogen ambient [7]. However in SiC–

SiO2 system, the hydrogen passivation of the interface has mixed effects in reducing 

the density of interface traps. In some cases, annealing in hydrogen induced positive-

charge states in the oxide [8]–[11]. One hypothesis even suggested that hydrogen 

annealed SiC–SiO2 interface might generate interface traps caused by the breakage of 

existing interfacial bonds [12].  

 

Afanas’ev and co-workers [9] proved that Si- or C-dangling bonds are not the 

prevailing factor contributing to the high interface-trap density in SiC–SiO2 system. 

They suggested that intrinsic carbon that originated from two sources, carbon from 

surface of the substrate prior to oxidation (this source can be eliminated by UV-ozone 

cleaning) [13] and carbon generated at the interface during oxidation, are deleterious to 

the SiC–SiO2 interface and oxides quality.  According to their experimental results, 

obtained from the study of MOS capacitors on different SiC polytypes with thermally 

grown dry oxides, the high distribution of interface traps in SiC is mainly due to the 

excess of carbon accumulated at the interface. This carbon is graphite-like and/or sp2-

bonded clusters. The energy level of graphite-like carbon is continuously distributed in 

the entire SiC bandgap and the energy level of sp2-bonded carbon clusters is 

exclusively situated at the lower part of the bandgap. This ‘carbon-cluster model’ (Fig. 

2.1) is a widely accepted hypothesis that pinpointed the dominant sources contributing 

to low quality of as-oxidized SiC–SiO2 interface. Other researchers using various 

spectroscopy techniques also detected abundance of carbon and carbon related 

compounds at and near as-oxidized SiC–SiO2 interface supporting the ‘carbon-cluster 

model’ [14]–[19]. 

 

In order to improve the quality of the gate oxide and its SiC–SiO2 interface, 

residual carbon in the oxide and accumulated carbon clusters at the SiC–SiO2 interface 

need to be eliminated or reduced as much as possible. A generally accepted technique 

to achieve this is by nitridation process and MOS structures with nitrided gate oxides 

have proven to have acceptable electrical properties. In this process, oxidation or post-

oxidation annealing is conducted in a nitrogen-containing atmosphere that has two 

beneficial effects – enhanced removal of carbon and passivation of silicon dangling 
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bonds [23]. The most effective gases in achieving these effects have been nitric oxide 

(NO) and nitrous oxide (N2O). 
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Fig. 2.1: Illustration of “Carbon Cluster Model” for interface states at SiC–SiO2 MOS 

structures. The interface states are composed of graphite-like carbon 

(providing a continuous distribution of states) and sp2-bonded carbon clusters 

with a bandgap depending on the size of the clusters (shown for the case of a 

bandgap equal to 3 eV). IPE, PST, and absorption are internal photoemission 

of electron, photon stimulated electron tunneling, and absorption techniques 1  

[9], [20]. 
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1  The principles of these techniques are given in the following references: [21], [22]. 



This chapter concentrates on nitrided gate oxides on SiC and an overview of 

these oxides is initially presented. Then, two novel nitridation techniques are 

introduced and investigated to overcome two problems associated with the currently 

available nitridation methods: (1) slow growth rate of directly grown nitrided gate 

oxides in NO and (2) toxicity of NO gas. Finally, the properties of nitrided gate oxides 

produced by these two novel techniques are compared. With these improved versions 

of nitrided gate oxides on SiC, MOS capacitors are fabricated and used as test 

structures, in the subsequent chapters, to investigate the characteristics of non-

equilibrium charge. 

 

 

2.2 AN OVERVIEW OF NITRIDED GATE OXIDES 
 

According to the ‘nitridation model’ proposed by Jamet et al. [23], nitrogen 

serves two purposes: creation of strong Si≡N bonds that passivate interface traps due to 

dangling and strained bonds and removal of carbon and other complex silicon-

oxycarbon compounds from the oxide and SiC–SiO2 interface. McDonald et al. [24] 

concluded, by comparing the mismatch between SiC–Si3N4 and SiC–SiO2 systems, that 

incorporation of nitrogen during oxidation or post oxidation can reduce stress between 

SiC and oxide. The former system shows lower mismatch, indicating less stress than 

the other one. Some researchers even speculated possible passivation of carbon atoms 

and carbon clusters by nitrogen and shifts of interface-trap levels from the upper half of 

the bandgap to just above the top of the valence band [25], [26]. However this postulate 

is questionable, using x-ray photoemission spectroscopy (XPS) technique, Li et al. [17] 

and Jamet and Dimitrijev [19] have demonstrated that nitrogen-assisted carbon 

removal occurs in nitridation process, instead of carbon passivation.  

 

 

2.2.1 Growth of Nitrided Gate Oxides 
 

The quality of oxides on SiC, and the beneficial effects on the near interface 

properties, has been steadily improving as more is discovered about the growth kinetics 

and interface reactions. Early attempts to nitride the oxide by annealing in N2O were 

2-4 



not very successful, resulting in a deterioration of electrical properties [27], [28]. 

However more recently, the use of NO and different N2O processes have produced a 

significant improvement in both the bulk oxide and SiC–SiO2 interface quality. Table 

2.1 summarizes the historical evolution of the nitridation process. 

 

It was found by a number of research groups that annealing of dry oxides in NO 

reduces SiC–SiO2 interface-trap density and improves oxide reliability, while similar 

annealing in N2O has a deleterious effect. These early results were performed on thin 

oxides on bulk SiC without epi-layers [29], [30]. On the other hand, direct growth of 

the oxide in N2O has proven beneficial as N2O breaks down into O2, N2 and NO at the 

oxidation temperature [31], [32], particularly above 1130oC [33]. It has been proposed 

that in an N2O ambient, there exist two competing processes: oxidation via O2 

producing carbon buildup and nitridation via NO assisting in carbon removal [19], 

[23]. The optimum oxidation process appears to occur when the kinetics for carbon 

removal are just sufficient to keep pace with carbon generation which is linked to the 

oxidation rate. The best results on SiC–SiO2 interface quality and oxide reliability to 

date have been from direct oxide growth in NO, both for 6H–SiC [34] and 4H–SiC 

[23]. Due to the very slow growth rate of the oxide in NO (5 hours at 1175oC to grow 

16 nm), there is sufficient time for the nitrogen to remove excess carbon. This slow 

growth rate and the toxic nature of NO means the process may not be desirable for 

industrial use. If NO presence during the oxide growth is desirable, then the question is 

what minimum level is required for efficient nitridation of the interface and carbon 

removal. Fortunately, dilution of N2O in nitrogen (10% N2O–90% N2 at 1175oC) to 

achieve the desired amount of NO has been found to produce relatively good oxide 

reliability that is comparable to oxide produced from NO  [23]. Figure 2.2 compares 

the linear growth rate constants for oxide growth in 100% NO and N2O, with the 

calculated activation energies of 3.0 eV and 2.8 eV respectively [23].  
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TABLE 2.1  

Historical comparison of various nitridation techniques and their effects on electrical 

properties 

Process Effect on oxide quality  References 

Annealing in N2O Deterioration of electrical properties.  [27], [28] 

Annealing in NO    
(thin oxides, no 
epi layer) 

Improvement in electrical properties.  [29], [30] 

Pre-oxidation 
treatment in 
ammonia (NH3) 

Enhancement in reliability  [35] 

Direct growth in 
N2O 

Improvement in electrical properties. 

 

 [31], [32] 

Direct growth in 
NO 

Shown as the best process in terms of 
interfacial properties and oxide 
reliability. 

 6H-SiC: [34] 

4H-SiC: [23] 

Diluted N2O 
(<1200oC) 

Good oxide reliability that is 
comparable to direct NO grown  

 [23] 

High-temperature 
growth in N2O 
(1300oC) 

Reduced interface states and increase 
field-effect mobility. 

 [36], [37] 

 

Jet vapour 
deposition (JVD) 

Reduced interface-trap density in 
upper half of bandgap. Reduce sub-
oxides and dangling bonds at 
interface. 

 [38] 

Nitrogen radical 
treatment 

Improved field-effect mobility and 
reduced threshold voltage in 4H– and 
6H–SiC based MOSFETs 

 [39], [40] 

Annealing in 
diluted NO 

Improvement in electrical properties.  [41] 
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Fig. 2.2:  Arrhenius plots of linear oxide growth in NO (•) and N2O (□) and the 

extracted activation energies [23]. 

 
 
 
 

Besides NO and N2O annealed or grown oxides, pre-oxidation treatment in 

ammonia (NH3) is also claimed to enhance the reliability of oxides grown in wet 

atmosphere [35]. However, NH3 is not a favorable alternative oxidizer as it is a toxic 

gas. Some researchers even claimed that NH3 nitrided oxides might suffer from 

hydrogen-related electron trapping problems [42], [43].  

 

As well as conventional thermal oxide growth, a number of other methods have 

provided workable gate oxides on SiC. Jet vapor deposition (JVD) of oxide-nitride-

oxide stacks on an ultra-thin nitride layer produced an improvement of interface 

properties and evidence of nitrogen at the interface [38]. Interface-trap densities near 

the 4H–SiC conduction-band edge were reduced to below 1012 cm-2eV-1 using JVD 

technique. In another case, dry oxides were exposed to nitrogen radicals generated by 

remote plasma and the resulting electron mobility in metal–oxide–semiconductor field–

effect transistors (MOSFETs) are improved [39]. 
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After discussing the evolution of nitrided gate oxide growing techniques, 

directly grown gate oxides in NO produces the best SiC–SiO2 interface and oxide 

quality. However using this nitridation technique, two problems have been identified: 

(1) slow growth rate and (2) toxicity of the gas. To overcome the low growth rate of 

oxide directly grown in NO, the so-called ‘sandwich process’ was proposed, consisting 

of an initial growth period in NO followed by the main growth in dry oxygen, and then 

completed with an NO anneal. Another problem of NO gas as the nitrogen source to 

grow nitrided oxides is the toxicity of the gas that can be alleviated by growing nitrided 

oxides in diluted N2O (10% N2O–90% N2 at 1175oC), as proposed by Jamet et al. [23]. 

However, the method has not been optimized. Therefore, the optimization of diluted 

N2O is systematically investigated up to temperatures as high as 1300oC. This high-

temperature (1300oC) diluted N2O growing technique may solve the problem of 

toxicity from NO gas. These two novel gate-oxide nitridation techniques are 

systematically investigated and presented in details in Sections 2.3 and 2.4. 

 
 
 
2.2.2 Physical Characterization 
 

With the vastly different growth kinetics of thermal oxides on SiC compared to 

Si, it is important to determine the amount of nitrogen and its distribution relative to 

the oxide–semiconductor interface. In the Si case, Si≡N bonds passivate the Si-

dangling bonds. Figure 2.3 compares the secondary ion mass spectroscopy (SIMS) 

profiles of nitrogen and oxygen through the oxide–semiconductor interface of both Si 

and SiC samples nitrided in NO.  The nitrogen distribution relative to the interface is 

exactly the same in both cases, but the percentage of N in SiC is greatly reduced [44]. 
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The percentage of N incorporated in the SiC–SiO2 interface using NO and N2O 

as nitrogen sources have been investigated using SIMS and x-ray photoemission 

spectroscopy (XPS) [19]. Figure 2.4 shows that the intensities of nitrogen peak at the 

SiC–SiO2 interface measured by SIMS of NO grown/annealed oxides are slightly 

higher than of N2O grown/anneal oxides at 1100oC. Based on XPS measurements and 

calculations, there is approximately 1.4% of nitrogen at the SiC–SiO2 interface 

annealed or grown in NO, whereas the concentration of nitrogen at the SiC–SiO2 

interface annealed or grown in N2O is approximately 1.2%.  
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Fig. 2.4: Nitrogen SIMS profiles through NO nitrided (black triangle), NO grown 

(dotted line), N2O nitrided (white circle), and N2O grown (line) oxides 

grown on 4H SiC. All the nitrided oxides were grown or annealed at 1175oC. 

(The depth scale was established from the sputtering rate, calculated from 

the sputtering time corresponding to 50% of oxygen intensity – labeled as “0 

nm”; the oxide thickness was measured from the accumulation capacitance 

of corresponding MOS capacitor.) [19]. 

 
 
 

Besides the question of nitrogen concentration that appears at the SiC–SiO2 

interface another interesting question is how does nitrogen passivate SiC–SiO2 

interface.  Using XPS measurements, an insight into the chemical structure and 

composition of the nitrided bulk oxide and SiC–SiO2 interface can be gained.  Figure 

2.5 compares XPS spectra for Si 2p at the SiC–SiO2 interface of argon and NO 

annealed dry oxides on 4H–SiC samples [17].  The argon-annealed sample has a 

broader and more complex peak than the NO-annealed sample. A similar difference 

was also seen in the oxygen and carbon peaks. This indicates that NO annealing of the 

oxide creates a cleaner SiC–SiO2 interface, with lower amounts of sub-oxides, 

compared to annealing in an inert gas such as argon. There is also evidence that Si≡N 

bonding occurs at the SiC–SiO2 interface in NO annealed oxides on SiC, as 
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demonstrated in Fig. 2.6 that shows the N 1s peak at binding energy of 397.8 eV. This 

is very close to the energy of the Si≡N bonding obtained from silicon nitride thin film. 

Using the same measurement technique, Jamet and Dimitrijev [19] also successfully 

detected the Si≡N bonds at the NO- or N2O-annealed or grown SiC–SiO2 interface. 

 

 

 

 

ig. 2.5: (a) Si 2p XPS spectrum at the NO-annealed SiC–SiO2 interface. (b) Si 2p XPS 
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Fig. 2.6: N 1s XPS spectrum at the SiC–SiO2 interface of NO-annealed sample, N-1 is 
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annealed in N O and NO [23]. Figure 2.7 shows that the density of structural 

defects, related to C–C graphitization and complex oxycarbon compounds, near and at 

the SiC–SiO  interface is significantly reduced in NO- and N O-anneal oxides 

compared to argon-annealed oxides. Carbon–nitrogen (C–N) bonds are detected in 

those nitrided oxides, indicating existence of a carbon-removal mechanism. Finally it 

produces a ‘cleaner’ SiC–SiO  interface (with lower carbon-related compounds).  
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Fig. 2.7:  Normalized intensities of C 1s XPS spectra components for (a) argon-, (b) 

NO-, and (c) N2O-annealed SiC–SiO2 interface of oxides grown at 1100°C  
 
 
 
 

2-13 



Another physical effect of nitridation is smoothening of the SiC–SiO2 interface, 

as shown in the atomic force microscope (AFM) images of Fig. 2.8. Removal of the 

oxide annealed in Ar and NO on SiC without epi-layers revealed a significantly 

smoother SiC surface in the NO-nitrided case, with a root-mean-square roughness of 

0.12 nm compared to 1.36 nm for the Ar-anneal sample [44]. This is thought to be due 

to the carbon removal assisted by nitrogen after annealing in NO that reduced 

formation of carbon clusters at the SiC–SiO2 interface. 

 

 

 
Fig. 2.8:  Typical AFM images of (a) argon-annealed and (b) NO-annealed samples 

after etching back the oxide to the SiC surface (without epilayers). The root-

mean-square surface roughness for (a) is 1.36 nm and for (b) is 0.12 nm [44]. 
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2.2.3 Electrical Characterization 

Having discussed the physical effects of nitridation on the SiC–SiO2 interface, 

the benefits of nitridation to the electrical properties of the oxide and its interface with 

SiC is now reviewed.  

It is generally accepted that amphoteric interface traps are distributed 

continuously throughout the wide bandgap of SiC, with acceptor-like interface traps 

located mostly in the upper part of the bandgap and donor-like interface traps located 

in the rest of the bandgap. This implies that the structural defects at the SiC–SiO2 

interface can capture either a hole or an electron, depending on the location of the 

Fermi level at the surface. An interface trap is considered a donor if it can be either 

neutral or positive (by donating an electron), whereas an acceptor-like interface trap 

can be either neutral or negative (by accepting an electron). The distributions of 

acceptor- and donor-like interface traps in the bandgap are separated by a neutrality 

level (En) as shown in ‘carbon-cluster model’ (cf. Fig. 2.1) and this level is 

approximately 3.5 eV below the SiO2 conduction band edge.  

 

A significant reduction of interface-trap density (Dit) is observed by using 

nitrided oxide on n-type SiC compared to oxides grown in dry and wet atmosphere. On 

the other hand, Dit is marginally improved in nitrided oxides on p-type SiC, as shown 

in Fig 2.9, measured by conductance and hi–lo C–V techniques [45]. The improvement 

in both types of SiC is attributed to the passivation of strong Si≡N at the interface and 

removal of carbon at and near interface that is assisted by nitrogen.  

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 

 
 

 

 

 

Fig. 2.9: Interface-trap distributions measured at 200oC by conductance technique: (a) P-

type, (b) N-type and by hi–lo C–V technique at 25oC: (c) P-type and (d) N-type 

[45]. 
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Figure 2.10 shows original results, obtained during the work on this thesis. 

They also demonstrate the positive effects of nitridation on both n- and p-type 3C SiC–

SiO2 interface: a considerable reduction of Dit, both close to the conduction and close 

to the valance bands of 3C SiC.  

 

Fig. 2.10: Interface-trap density (Dit) as a function of energy for n- and p-type Si-face 

3C SiC with NO-nitrided oxides directly grown in NO at 1175oC and dry 

oxides grown in oxygen at 1120oC on (001)-plane 3C SiC 1. 

 

 

 
 

                                                 
1 MOS capacitors as test structures were fabricated on 5-µm thick, n-type Si-faced 3C–SiC epilayer with 
doping level of 9.5×1016 cm-3. The epilayer was deposited by chemical vapor deposition technique at 
1600°C in a hot wall reactor with 3C substrates rotation using silane and propane as growth precursors 
[46]. The 3C–SiC substrates are produced by Hoya Advanced Semiconductor Technologies, Japan [47]. 
All the 3C–SiC substrate were deposited with a epilayer and were pre-cleaned in ozone prior to standard 
Radio Corporation of America (RCA) cleaning and subsequent oxide growth. 
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As far as the influence of polytypes of SiC on SiC–SiO2 interface traps is 

concerned, Schörner and co-workers [48] stressed that interface traps energetically 

pinned at 2.9 eV above valence band edge (EV) (Fig. 2.11) exist in all SiC polytpes 

(4H, 6H, and 15R). As the different polytypes have different bandgaps, the energy 

level of traps with respect to the bandgap means they are electrically active in some 

polytypes but not in others [48]. For instance, traps with energies just below the 

conduction band (EC) of 4H SiC are not active in the case of 6H and 15R SiC as the 

high density of traps are placed above their conduction-band edge. 

 

 

 

 

Fig. 2.11: Scheme of the postulated distribution of interface defects at the SiC–SiO2 

interface for 4H, 6H, and 15R SiC [48]. 
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Various studies have linked certain physical defects to the energy location of 

traps in the bandgap. For instance, traps in the lower half of the bandgap, in 4H SiC, 

are thought to be linked to sp2-carbon clusters [49]. Also, the high interface-trap 

density, close to the conduction-band edge, is believed to be attributed to the near-

interface traps (NITs) situated approximately 0.50 eV from the bottom of conduction-

band edge in 4H SiC, and this traps are responsible for the poor inversion layer 

mobility in lateral MOSFETs [20].  

 
 

Figure 2.12 presents Dit results of MOS capacitors with direct NO-grown gate 

oxides on (001) 3C- and a-plane [or (1120)] 4H SiC 1, obtained during the work on this 

thesis. They demonstrate that Dit close to the valence band in both polytypes is 

comparable, whereas the Dit close to the conduction-band edge is significantly 

different. This is because the bandgap in 3C SiC is smaller (2.36 eV) than in 4H SiC 

(3.26 eV) [50], hence the conduction band of 3C SiC is located well below the region 

of high trap density (pinned at 2.9 eV above valance-band edge as postulated by 

Schörner et al. [48]). This high trap density region coincides with the near-interface 

trap (NIT) that is located at approximately 0.50 eV below the conduction band of 4H 

SiC (cf. Fig. 2.1) [9], [20] and for 3C SiC its conduction-band edge is well below this 

high-density traps region.  The origin of NITs is probably from O-deficiency-related 

defects located in the oxide near the SiC–SiO2 interface [20]. 
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1 The a-plane substrates were purchased from CREE Inc. of USA and the epilayers were prepared by 
Institute of Crystal Growth in Berlin, Germany. 



 
Fig. 2.12: Interface-trap density, Dit, as a function of energy for identically 

processed 3C (001)–/4H (11-20)–SiC MOS capacitors. The thickness for 

both oxides is 20 nm. 

 

 

 

 

 

Besides reducing Dit, NO-nitridation is also capable of reducing the near 

interface traps. These traps have very slow response time. This observation is shown in 

the results acquired by the slow-trap profiling technique use to measure traps with slow 

response times [45], [51]. Figure 2.13 compares wet and NO-nitrided oxides, with the 

wet oxide having a band of slow traps at around 0.2 eV below the 4H–SiC conduction 

band as evidenced by a broad-, slow-response peak at 0 V, while in the nitrided case 

these are not evident [45]. 
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(a) 

 
 
 

(b) 

 
 
 
 

Fig. 2.13: Slow-trap profiles of (a) N2-annealed wet oxide and (b) NO-annealed dry 

oxide on 4H SiC. The slow-response peak around 0 V in (a) is due to near-

interface traps located at 0.2 eV below the conduction-band edge. Dst is the 

near-interface trap density or sometimes called slow-trap density [45]. 
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Many studies have shown that nitrided gate oxides produce superior MOSFET 

characteristics, such as lower on resistance as a consequence of improved channel 

mobility, higher gate-breakdown voltages, and more practical threshold voltages [37], 

[52]–[55]. Another major benefit of an improved interface and oxide quality through 

nitridation is the improvement of oxide reliability and long-term stability of devices. Li 

et al. [56] demonstrated a dramatic improvement in the immunity of NO-nitrided 

oxides to high-field stress and high-temperature negative-bias stress compared to inert 

gas annealed oxides. N2O nitridation was shown to produce similar benefits [23]. 

Figure 2.14 compares the flatband voltage shift (∆VFB) of a dry oxide to that of oxides 

grown or annealed in N2O of various dilutions. An oxide grown in 10% N2O at 1175oC 

was shown to have the best immunity to high-field stress. 

 

 
 
2.3 

onstrate a 

SiC–SiO

behavior i

answered. To answer this question, this section investigates the morphology of the 

SiC–SiO2 interface and relates it to the electrical characteristics of MOS capacitors. 

Based on the results of this analysis, an efficient sandwich 

(nitridation−oxidation−nitridation) process is proposed and verified. With this 

sandwich process, the SiC–SiO2 interface and the oxide quality is improved without the 

eed for lengthy and expensive direct growth in NO. 

GROWTH OF NITRIDED GATE OXIDES BY 
SANDWICH PROCESS – A SOLUTION TO 
SLOW GROWTH RATE 

Gate oxides annealed in NO exhibit an improvement in electrical properties 

[57], and it has also been reported that gate oxides directly grown in NO dem

higher reliability and lower Dit [29]. The reason for the inferior electrical properties of 

NO annealed gate oxides compared to gate oxides directly grown in NO is still not 

clear, especially as there are no observable differences in chemical structures at the 

2 interface measured by XPS spectra for oxides prepared by either technique 

[19]. Even though directly grown oxides in NO produce high quality oxides, its growth 

rate is slow. Prior to solving this growth-rate issue, the question of dissimilar electrical 

n nitrided oxides either annealed in NO or directly grown in NO needs to be 

n
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Wafer Description 

 

2.3.1 Experimental Details 
2.3.1.1 

Metal–oxide–semiconductor (MOS) capacitors as test structures were 

fabricated on Si-faced, n-type 4H–SiC wafers with 3-µm thick epilayers [doping level 

of (0.7-18.5)×10  cm ], oriented 8  off (0001) direction that were purchased from 

CREE Research Inc. (USA). 

 

 

o

O2. Then, the subsequent wafer-

leaning processes were followed the standard Radio Corporation of America (RCA) 

leaning procedure. Kern and Puotinen [58] developed the RCA cleaning procedure 

sted of two stages, which termed 

d in a high-pH alkaline mixture 

I water (H2O) (0.5:1:4)], at 70oC for 10 

minute

 wafers were rinsed in DI water bath for 5 minutes before 

roceeded to SC-2. The SC-2 consisted of a mixture of hydrochloric acid (HCl), H2O2, 

nd DI water (1:1:4). The wafers were then soaked in the mixture for 10 minutes at 

bath. The SC-2 cleaning process 

was ab

16 -3 o

2.3.1.2 Wafer Cleaning Procedures 
The following description of wafer-cleaning procedures has been widely used 

in SiC [17], [19], [23], [25], [31]. All chemicals used in wet-cleaning procedures were 

in very-large-scale-integration (VLSI) grade. The wafers were first soaked in a mixture 

of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) (4:1) at 90 C for 15 minutes to 

remove any heavy metals resident on the surface. After that, the wafers were rinsed in a 

deionized (DI) water bath for 5 minutes before they were dipped in 10% hydrofluoric 

acid (HF) for 1 minute to etch off any remaining Si

c

c

initially to clean silicon wafers. This procedure consi

as SC-1 and SC-2. In SC-1, the wafers were soake

[ammonium hydroxide (NH4OH), H2O2, and D

s. There are three purposes of SC-1: (1) to remove organic substances on the 

SiC-wafers surfaces due to wet-oxidation effect, (2) to expose the surfaces so that any 

trace metals can be desorbed, and (3) to enable hydrous oxide film to form and dissolve 

continuously. After SC-1, the

p

a

70oC, followed by a 5-minute rinsed in the DI water 

le to dissolve alkali ions, water-insoluble hydroxide compounds, and any 
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residual trace metals that was unable to desorbe by SC-1. Immediately prior to 

oxidation, the wafers were dipped in 1% HF for 1 min. 

 

 

2.3.1.3 MOS Capacitors Fabrication Procedures 
 Four sets of gate oxides were grown in a standard horizontal quartz furnace at 

1175oC by the following processes: (1) 3-hours dry oxidation [labeled as ‘O2’], (2) 1.5-

hours dry oxidation followed by 1-hour NO annealing [labeled as ‘O2, NO’], (3) the 

sandwich process: 30-min NO nitridation, followed by 1.5-hours dry oxidation and 1-

hour NO annealing [labeled as ‘NO, O2, NO’], and (4) direct growth in NO for 5 hours 

[labeled as ‘NO’]. The flow rate of all gases was kept constant at 1 standard liter per 

minute. After the oxide growth, the samples were cooled down to 800oC in high-purity 

N2 at approximately 5oC/min. Subsequently, 200-nm thick aluminum was thermally 

evaporated on the oxides to form gate electrodes. The areas for the MOS capacitors 

were defined by photolithography. The square-area of a MOS capacitor is 1.35×105 

µm2 and the layout is shown in Fig. 2.15. Finally, a large-area aluminum back contact 

was thermally evaporated on the n+ substrate. Post-metallization annealing was not 

performed so as to avoid masking the effects of the investigated oxides.   

 
 367.42 µm 

 
 
 
 
 
 

 
 

 
 

 
Fig. 2.15: Layout of mask used in photolithography to define area of MOS capacitors. 

 
 

 

 

 

 

100 µm

100 µm

367.42 µm
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/s and sweep 

nge from LCR meter. The setting 

f the equipm gate-oxide thicknesses (Table 2.2) were 

etermined from ing relative dielectric constant of 3.9. 

y m C–V from the ideal 

F C–V

   

2.3.1.4 MOS Capacitor Characterization 
(a) Electrical Characterization 
 The MOS capacitors were characterized by high-frequency (100 kHz) 

capacitance–voltage (HF C–V) measurements, with sweep rate of 0.1 V

ra

o

d

B

H

 

w

T

p

 5 V to –5 V, using a computer-controlled HP4284A 

ent is shown in Fig. 2.16. The 

 accumulation capacitances, us

easuring the flatband-voltage shift (∆VFB(ideal-dark)) of the HF 

 curve, the effective-oxide charge (Qeff) was obtained by 

G

dark)FB(idealox
eff q A

VC
Q −∆

=  

 is the oxide capacitance, q is the electronic charge, and 

ge and the ideal HF C–V

 that is based on the methods described by Schroder [59]. 

   (2.1) 

here Cox AG is the gate area. 

he flatband volta  curve were calculated using a pre-written 

rogram



 

 

                
 
Fig. 2.16: Setting of equipment used in the measurements of high-frequency 

capacitance–voltage and capacitance–transient. (1) HP4284A LCR meter, 

(2) room-temperature probe station, (3) computer-control system, (4) 

high-temperature probe station, (5) protective shield, (6) vibration-free 

table, (7) vacuum inlet, (8) probes, and (9) sample. 
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TABLE 2.2 

Summary information of four types of gate oxides 

 

Process  
Unit 

O2 O2, NO NO, O2, NO NO 

Oxide thickness, tox  nm 26.7 19.3 13.2 13.4 

Doping concentration C, 
ND (×1016) 

cm-3 0.9 2 1 0.8 

∆VFB (ideal-dark) V 0.35 -0.30 -0.10 -0.19 

Total near-interface trap 
density (×1011) 

cm-2 10.05 7.21 1.30 1.28 

Effective oxide charge 
(×1011) 

cm-2 -2.82 3.38 1.61 3.00 

Surface microroughness nm 0.5778 0.1937 0.1335 0.1322 
 

C: this parameter was acquired by maximum-minimum MOS capacitance method [59]. 

 

 

The Dit was measured by conductance technique at 250oC. This technique, 

proposed by Nicollian and Goetzberger [60], measures the equivalent parallel 

conductance, Gp, of a MOS capacitor as a function of frequency, f, (f=ω/2π) at a fixed 

bias.  The conductance, resulting from capture and emission of carriers by the interface 

traps, is plotted against ln(ω) and the maximum of the conductance change is 

proportional to Dit. Taking into account that the interface traps are continuously 

distributed in energy through out the bandgap and the influence of surface-potential 

fluctuations, the following equation is solved according to the reference in Nicollian 

and Brews [61] 

 

( )[ 1
sD

fp

p
it q −









= σf

ω
G

D ]     (2.2a) 

 
where  
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In Eq. (2.2b), η, σs, and τpeak are variance of band bending, standard deviation of band 

bending caused by surface fluctuations, time constant at peak value of (Gp/ω)fp, 

respectively. The parameter ξp is equaled to the product of ω and τpeak. By neglecting 

the influence of surface fluctuation, Eq. (2.2b) can be approximated to a fixed value of 

0.4 [62]. However, this simplified assumption would underestimate the calculated Dit 

value by nearly a factor of 3. 

 

Due to the wide bandgap of SiC, the SiC–SiO2 interface traps that are 

energetically located far from both band edges cannot be detected by conventional 

interface characterization methods performed at room temperature. This is because the 

response times of the deep SiC–SiO2 interface traps increase exponentially with energy 

from the band edge so that they cannot follow the changes in the applied signal. The 

interface traps located beyond 0.6 eV from the band edges are apparently inactive at 

room temperature [8]. This situation is similar to the electrical behavior of the Si–SiO2 

interface at low temperature (77 K) [64], implying that the techniques used for 

characterizing Si–SiO2 interfaces at room temperature have to be used at high 

temperatures for characterizing SiC–SiO2 interfaces. At high temperatures, for example 

at 250oC, the response times of interface traps are shortened, allowing the measurable 

interface traps range to be widened [63]. Even though the measurable range is widened, 

it is still impossible to activate the interface traps that reside around the middle of 

bandgap. A profile of interface-trap density as a function of energy is obtained by 

varying the bias voltage and only a small portion of the bandgap, ranging from 0.20 eV 

to 0.60 eV away from the band edges, is covered using the conductance technique. 

  

 Besides high-temperature conductance measurements to acquire Dit, room-

temperature photo-CV technique is also employed to find the total interface-trap 

density per unit area (Nit). Initially, the C–V curve is measured in a light-tight room-

temperature condition by sweeping the voltage from accumulation to deep depletion. 

Then, the while MOS capacitor is biased in deep depletion and is illuminated by ultra-

violet (UV) light, which generates minority carriers in excess of the thermal-
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equilibrium concentration depending on the quality of SiC–SiO2 interface. Immediately 

after switching off the light, positive-bias sweep (in n-type MOS capacitor) is initiated. 

In the depletion region, minority carriers are retained at interface traps due to its deep 

energy level in the bandgap. When the traps start to capture majority carriers, an 

‘interface-state ledge’ is observed. There should be a considerable voltage shift from 

the initial C–V curve that is measured in the dark environment for samples with high 

interface-trap density, as observed in Fig. 2.17 [65]. From the voltage shift of the ledge 

to HF C–V curve measured at dark condition, the Nit is calculated by 

 
Nit = (Cox│voltage shift│) / q   (2.3) 
 
 

 The near-interface trap density was obtained using a slow-trap profiler [51]. 

This technique directly measures the current due to the electron trapping or releasing 

from the traps by stepping the gate voltage in small increments [51]. A positive-voltage 

step causes a positive displacement current spike, which in absence of a leakage 

current produces a positive current even at negative gate voltages. Similarly, negative-

voltage step causes a negative displacement current spike. These current spikes occur 

even without near-interface traps, however, they are typically shorter than 30 ms. 

Current that lasts well beyond the expected RC constant of the circuit is due to the 

near-interface trapping mechanisms. In this work, the MOS capacitor was biased in 

deep depletion for 20 s under illumination of UV. The exposure of UV light to the 

capacitor accelerates generation of electrons and empties the interface traps. After that, 

the voltage is stepped to set the capacitor in accumulation and the transient current, 

representing the accumulated electrons are trapped into the near-interface traps, is 

measured. The total charge (obtained by integration of the current) was then divided by 

the unit electronic charge (1.602×10-19 C) and by the gate area to obtain the total near-

interface trap density per unit area (NIT in cm-2). 

 



 

Fig. 2.17:  HF C–V curves for a MOS capacitor on 4H SiC using room-temperature 

photo–CV technique, with oxide grown in wet oxidation is having a 

considerable huge ‘interface-state ledge’ [65]; indicating a high Dit in 

the sample. 

 

(b) Physical Characterization 
 The microroughness of SiC–SiO2 interface was evaluated by a non-contact type 

AFM (JSPM-4200, JEOL) after removing the oxide in a 10% HF solution. The root-

mean-square roughness of the SiC surface (after the oxide removal) was used for the 

comparisons and the investigated area was 1.5 µm × 1.5 µm. The operation principle of 

AFM is described in Appendix A.  

 

 SiC–SiO2 interface and near-interface oxide chemical structures and 

compositions were examined by XPS and its principle of operation is given in 

Appendix B. The measurements were performed using a Perkin Elmer PHI model 560 

system, which is equipped with a monochromated Mg Kα source and a hemispherical 

electron analyzer. Ar sputtering was used to slowly remove (2.7 nm/min) the SiO2 
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layer. After each sputtering step, the XPS spectra were measured by multiple scanning 

(or detail scanning) in the binding energy ranges of interest with pass energy of 50 eV. 

The core-level spectra for Si 2p, O 1s, C 1s, and N 1s were recorded. The 

concentrations of these four elements were calculated by taking into account their 

sensitivity factors and the area below the measured curves. The successive sputtering 

and data acquisition enable depth profiles of Si, O, C, and N to be obtained. From the 

distribution curves, the SiC–SiO2 interface was identified and defined as a point where 

oxygen and silicon distribution lines cross each other [17]. In order to distinguish the 

chemical bond structure, deconvolution of the XPS spectra (Si 2p, O 1s, C 1s, and N 

1s) was performed. Using a pre-written program, the original XPS spectra was 

deconvolated by fitting the spectra according to Gaussian distribution function. By 

fixing a common full width half max (FWHM) of the distribution, a peak position and 

its intensity were obtained. The numbers of Gaussian distribution that can be fitted into 

a spectrum were determined, based on an index called coefficient of determination, 

after repeatedly fitted and compared with 1, 2, 3, and/or 4 possible Gaussian 

distributions. Linear background removal was carried out prior to the curve fitting, and 

all spectra were charge compensated to Si–C bond at 100.1 eV to account for surface 

charging. The concentration of each chemical bond structure was then calculated from 

the area below the deconvoluted curve by taking into account of the sensitivity factor 

of the element. One of the possible uncertainties using this method is hard to 

differential low-concentration chemical species with noise level, such as nitrogen-

related species in this work. Therefore, this analysis method needs to be complemented 

with others physical characterization techniques, such as SIMS, to counter verify the 

existence of a suspicious element.  

 

 The depth profile of the four principal elements – Si, O, C, and N from the 

oxide to the SiC–SiO2 interface was investigated by a ‘Cameca ims5f’ SIMS, using 

low energy (1.48 keV) Cs+ ion bombardment and the secondary species in the form of 

M+Cs clusters were acquired. The intensity of N located at SiC–SiO2 interface was also 

acquired. The principles of SIMS are presented in Appendix C. 

 

 The materials properties and some measured parameters for the fabricated gate 

oxides with different processes are summarized in Table 2.2.  



 
2.3.2 Results and Discussion 
2.3.2.1 Electrical Characterization 

Figure 2.18 shows typical HF C–V curves for the three different nitrided oxides 

on n-type 4H SiC. All oxides recorded an above-inversion constant-capacitance level 

when sweeping the voltage from deep-depletion to accumulation after illumination 

with UV light and no noticeable “interface-states ledge” was recorded. This indicates 

that the interface-trap densities are low [8], [65], [66]. This conclusion is confirmed by 

Dit results measured using conductance technique at 250oC (Fig. 2.19). The Dits located 

0.30-0.60 eV below the conduction band for oxides grown by the sandwich process and 

by direct NO are comparable, whereas the oxide grown without the initial nitridation 

(‘O2, NO’) has shown the highest Dit among the three nitrided oxides.  
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Fig. 2.19: Energy distribution of 4H Sic-Si02 interface-trap density (Dit) obtained 

from conductance measurements at 250°C for four different gate oxides. 

Using slow-trap projiler, total near-interface trap density of the three different 

nitrided oxides is obtained and shown in Table 2.2. The total near-interface trap density 

of oxide grown without the initial nitridation ('02, NO') is about 450% higher than the 

other two nitrided oxides. 

Additional supporting information shows that the oxide grown with initial 

nitridation ('NO, 0 2 ,  NO') has the smallest negative-voltage shift (AVFB (i&al-&rk)), 

indicating that the effective positive oxide charge is the lowest. These results 

demonstrate that the initial nitridation step plays an important role. 
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2.3.2.2 Physical Characterization 
The surface microroughness of a SiC wafer (with epitaxial layer), immediately 

after cleaning but prior to native oxide growth, was 0.0928 nm. This microroughness 

was used as a baseline to compare with surface microroughnesses of SiC wafers after 

underwent different oxide-growing processes. Figure 2.20 shows topography images of 

the three nitrided oxides measured by AFM. The main effect of the initial nitridation 

has been linked to improvements in surface microroughness (Table 2.2). A comparable 

surface microroughness result has been demonstrated in oxides grown by sandwich 

process (‘NO, O2, NO’) and by direct NO process (‘NO’). The oxide that has been 

grown by sandwich process (‘NO, O2, NO’) exhibits a 30% decrease in the surface 

microroughness, compared to oxide grown without the initial nitridation step (‘O2, 

NO’). Without the initial nitridation step, the subsequent NO annealing could only 

reduce the surface microroughness to a certain point, but not to the level achieved by 

direct growth in NO. It can be assumed that the structure of the initial SiC–SiO2 

interface is very important and that it determines the microroughness of the final SiC–

SiO2 interface. The initial nitridation is capable of smoothening the interface by 

removing any accumulated carbon. Therefore, building on this smooth surface, a well-

arranged oxide network is established during the subsequent oxidation stages. The NO-

grown and sandwich-processed oxides are having smoother interface and 

demonstrating lower Dit compared to NO-annealed oxides (Fig. 2.19). These 

observations are in agreement with the work done by Fukuda et al. [67] who 

investigated the relationship between off-angle (0001) in 6H–SiC or 4H–SiC, interface 

roughness, and Dit. They found that steeper the off-angle in both substrates, rougher the 

SiC–SiO2 interface, hence higher the Dit.   

 
 
 
 
 
 
 
 
 
 
 

 



(a) 

 
(b) 

 
(c) 

 
 

Fig. 2.20: Topography images from AFM for SiC surface after gate oxides grown by 

(a) O2, NO, (b) NO, and (c) sandwich processes. The root-mean-square 

height represents the microroughness of the surface for the respective 

images are 0.1937, 0.1322, and 0.1335 nm. 
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The purpose of NO annealing after the oxidation is to passivate the SiC–SiO2 

interface by forming N≡Si bonds and removal of carbon clusters by nitrogen [23]. In 

this work, the dual function of nitridation effects has also been observed using XPS 

(Fig. 2.21). In all the three nitrided oxides, the depth profile of N≡Si bond (Fig. 2.21) 

shows a maximum peak close to the SiC–SiO2 interface with atomic percentage of 

~2.5%. The N≡Si bond that has been detected in all the three nitrided SiC–SiO2 

interfaces has binding energy of 397.7 eV in N 1s spectrum; this energy is very close to 

the energy of the Si≡N bonding in silicon nitride. This observation is in agreement with 

the results obtained by SIMS (Fig. 2.22), showing a piling-up of nitrogen at the SiC–

SiO2 interface in which the intensities of all the three nitrided oxides are comparable. 

However, the amount of nitrogen accumulated at the interface was not calculated 

because there was no calibrated nitrogen-reference sample available.   

The effect of nitrogen-assisted carbon removal process, in the form of 

electrically inactive N–C bond can be observed using XPS depth-profile 

measurements. Figure 2.21 clearly presents this profile with N–C peak located far 

away from the SiC–SiO2 interface of all the three nitrided oxides. This indicates that 

the accumulated carbon clusters at the SiC–SiO2 interface are being removed. In all the 

three nitrided oxides, carbon-related C–C bond is detected but no trace of the 

deleterious oxycarbon complex (C–SixOy) is being observed. This oxycarbon complex 

is a common compound in Ar-anneal SiC–SiO2 interface that have adverse effect on 

the quality of SiC–SiO2 interface and oxide [17], [19], [23]. Among the nitrided 

interfaces, the concentrations of C–C bond detected in sandwich-processed and in NO-

grown interface (~4 at %) are lower than the concentration in NO-anneal interface 

(~4.6 at %). This indicates that the accumulated carbon clusters at NO-anneal interface 

is relatively higher than at sandwich-processed and at NO-grown interface. According 

to the work done by Jamet and Dimitrijev [19], similar chemical structures are reported 

in NO-annealed and in NO-grown SiC–SiO2 interface but without any quantitative 

results. In this work, the author has identified and deduced the chemical structures as 

well as the atomic percent of the C–C bonds in NO-anneal and in NO-grown interface. 

The low atomic percent of carbon clusters at NO-grown and at sandwich-processed 

SiC–SiO2 interfaces is a possible cause of a smooth interface (Fig. 2.20) and a low Dit 

(Fig. 2.19). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.21:  Depth profiles, measured by XPS, of N–C, N≡Si, and C–C bonds in gate 

nitrided oxides grown in: (a) O2, NO, (b) NO, and (c) sandwich 

processes. 
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Fig. 2.22: SIMS depth profiles for oxide grown ‘O2, NO’ (dash line), sandwich 

process (solid line), and ‘NO’ (dotted line) 1175oC. The time scale was 

normalized by the time at the intersection between Si and O profiles, and 

the interface was indicated as ‘1.0’. 

 

 

 

Based on the results presented, the roles of the initial and the final nitridation in 

the proposed sandwich process can be summarized as follows. The initial nitridation 

smoothens and passivates the SiC–SiO2 interface, helping to avoid formation of 

pronounced oxide islands at the very beginning of the oxide growth. The nitrogen 

incorporated during the initial nitridation step can be removed during the main oxide 

growth in dry O2 (needed for a faster growth of thicker oxides). The final nitridation is 

for SiC–SiO2 interface passivation by creating N≡Si bonds. 
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Knowing that the quality of nitrided gate oxides grown by sandwich process 

and direct NO process is comparable, the issue of slow growth rate faced by the later 

process can be solved using the sandwich process. Figure 2.23 compares the oxide 

thicknesses obtained by the two processes (at 1175oC) as a function of total oxidation 

time. The initial nitridation (30 min) and annealing (1 hour) times in the sandwich 

process is fixed and the only variable time is the main oxidation step at dry 

atmosphere. To grow equivalent oxide thickness, the time taken in the sandwich 

process is shorter than in direct NO growth process.  

Fig. 2.23:  Comparison of oxide thickness as a function of oxidation time of nitrided 

oxides grown in direct-NO and sandwich processes. The initial nitridation 

(30 min) and annealing (1 hour) times in sandwich process is fixed and the 

only variable time is during dry oxidation. The lines guide the eye. 
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2.4 GROWTH OF NITRIDED GATE OXIDES IN HIGH-
TEMPERATURE DILUTED NITROUS OXIDE 
(N2O) GAS – A SOLUTION TO TOXICITY OF 
NITRIC OXIDE (NO) GAS 

Nitrous oxide (N2O) can be used as an alternative gas for nitridation, and it 

would be a preferred gas for use in industry due to its non-toxic property [19], [23], 

[36]. Identical chemical structures at SiC–SiO2 interface for gate oxides grown in either 

NO or N2O ambients were found by XPS analysis [19]. This is because N2O can 

dissociate into NO (15%), O2 (25.7%), and N2 (59.3%) at temperatures higher than 

1130oC based on a 5-step decomposition chemistry model proposed by Gutpa et al. 

[33]: 

The initial decomposition step of N2O is 

N2O  N2 + O     (2.4a) 

The atomic oxygen reacts further with N2O according to the following steps: 

N2O + O  2NO     (2.4b) 

N2O + O  N2 + O2     (2.4c) 

In additional to these reactions, the other important reactions are 

NO + O  NO2     (2.4d) 

NO2 + O  NO + O2     (2.4e) 

These are the main chemical reactions that occur in the decomposition of N2O and they 

are temperature and flow rate dependent [33], [68].   

 

The initial results on gate oxides annealed in 100% N2O were not encouraging 

as the Dit and near-interface trap density were increased [29], [51]. Xu et al. [32] 

reported a decrease in Dit and an increase in oxide reliability for gate oxides directly 

grown in 100% N2O on 6H SiC, compared to the gate oxides annealed in N2O. This 

was also observed in 4H SiC [23]. Further improvement in the gate oxide reliability 

was demonstrated by Jamet et al. [23] with oxide grown in diluted N2O (10% N2O–

90% N2) at 1175oC. They suggested that the rates of carbon accumulation (due to 

oxidation) and carbon removal (due to nitridation) are closer in diluted N2O (10% 

N2O–90% N2) and produced nitrided gate oxides with an improvement in oxide 
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reliability and SiC–SiO2 interface-trap density, compared to nitrided gate oxides 

produced by non-diluted and to 20%-diluted N2O.  

 

Besides the concentration, any optimization of N2O-based nitridation process 

should include the oxide growth temperature [23], [27], [28]. It has been shown by 

Lipkin et al. [36] that the temperature is a critical process parameter, reducing Dit and 

increasing the effective surface channel mobility for gate oxides directly grown in 

100% N2O at temperatures as high as 1300oC. These results open an avenue to further 

investigate the quality of SiC–SiO2 interface by growing gate oxides in diluted N2O at 

high temperature (1300oC). In this section, a systematic electrical and physical 

characterization of gate oxides grown in diluted N2O at 1300oC on 4H SiC are 

performed. The aim of these analyses is to provide a better understanding of the 

influence of these parameters on the quality of SiC–SiO2 interface and to suggest a 

possible solution to avoid using the toxic-NO gas. 

 

 

2.4.1 Experimental Details 
MOS capacitors were fabricated on Si-faced, n-type 4H–SiC wafers with 3-µm 

thick epilayers [doping level of (0.7-1.85) × 1016 cm-3], oriented 8o off (0001) direction 

that were purchased from CREE Research Inc. The detailed cleaning procedure applied 

prior to oxidation is described in Section 2.3.1.2. The oxides were separately grown in 

N2O, diluted in high-purity N2 to different concentrations (100%, 10%, and 0.5%) at 

1300oC using a standard horizontal furnace. The oxidation times were adjusted so to 

obtain oxides thicknesses of about 20 nm. After that, the samples were cooled down to 

800oC in high-purity N2 at approximately 5oC/min. Subsequently, metallization and 

photolithography processes are performed as described in Section 2.3.1.3. For 

comparison, capacitors with gate oxide directly grown in 100% N2O at 1175oC 

(considered as a lower temperature process) were also fabricated. Table 2.3 

summarizes some of the measured parameters and material properties. 
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Table 2.3 

Summary information of different type of N2O-nitrided gate oxides. 

 

 N2O concentration (%) 

 
Unit

100 100 10 0.5 

Growth temperature  oC 1175 1300 1300 1300 

Oxide thickness, tox  nm 18.5 23.0 15.1 14.3 

Doping concentration, ND (×1016) cm-3 1.6 0.7 1.8 1.2 

∆VFB(ideal-dark)  V 0.76 0.30 0.10 0.36 

Effective oxide charge (×1011) cm-2 7.89 2.70 1.39 5.30 

Total near-interface trap density 
(×1012) 

cm-2 1.24 1.15 0.50 1.19 

Surface microroughness  nm 0.2517 0.2578 0.1989 0.2591 

 
 
 
 
 

2.4.2 Results and Discussions 
2.4.2.1 Electrical Characterization 

Figure 2.24 shows typical HF C–V curves for oxides grown in three different 

N2O concentrations (100%, 10%, and 0.5%) at 1300oC. For gate oxides grown in 10% 

N2O, the HF C–V measured in dark environment reveals the smallest positive flatband-

voltage shift [∆VFB (ideal-dark)] (Table 2.3). This indicates that the effective-oxide charge, 

Qeff, calculated by the method described in Section 2.3.1.4, is the lowest for the case of 

the sample grown in 10% N2O.  

 

To obtain a quantitative measurement of the total near-interface trap density, 

the following method was used. The sample was biased in deep depletion (VG = -4 V) 

for 20 s under illumination of UV. After that, the voltage was stepped to set the 
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capacitor in accumulation (VG = 1.5 V) and the transient current was measured. 

Subsequent extraction of total near-interface trap density per unit area is presented in 

Section 2.3.1.4. Based on the measurement results (Table 2.3), the total near-interface 

trap density for the oxide grown in 10% N2O is the lowest (~1011 cm-2). 

 

The results obtained by the conductance technique are shown in Fig. 2.25, 

which demonstrates that the higher oxide growth temperatures result in lower Dit. 

Among the oxides grown at 1300oC, 10%–N2O grown oxide demonstrates the largest 

reduction in Dit. 

 
 
 
 
 

 
 

Fig. 2.24: Typical high frequency C–V measurements for gate oxides grown in 

different N2O concentrations. 
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Fig. 2.25: Comparison of interface-trap densities (Dits) for different gate oxides 

measured at 250oC by conductance technique. 

 
 
2.4.2.2 Physical Characterization 

Figures 2.26(a)-(c) present the depth profiles of N–C, N≡Si, and Si–X (this 

structure will be explained later) bonds for oxides grown in 100%, 10%, and 0.5% N2O 

at 1300oC. The peak of N–C bond distribution for the oxide grown in 10% N2O is 

located at the furthest point from the SiC–SiO2 interface, which indicates that carbon 

clusters are successfully removed from the SiC–SiO2 interface by nitrogen. In support 

of this argument, we found that the intensity of C–C bond [Figs. 2.27(a)-(c)], extracted 

from C 1s spectra measured at the interface, is the lowest for the oxides grown in 10% 

N2O. In addition to the nitrogen-assisted carbon removal by creating N–C bonds, the 

10%–N2O grown oxide also exhibits the highest atomic percentage (2 at.%) of N≡Si 

bonds, and its peak is the closest to the SiC–SiO2 interface [Fig. 2.26(b)]. This piling 

up of nitrogen, associated with N≡Si bonds, demonstrates that passivation of SiC–SiO2 

interface traps occur. 
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Fig. 2.26:  Depth profiles of N–C, N≡Si, and Si–X bonds distribution in gate oxides 

grown in three different N2O concentrations measured by XPS: (a) 100% 

N2O, (b) 10% N2O, and (c) 0.5% N2O.  
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Fig. 2.27: C 1s spectra recorded at the SiC–SiO2 interface of gate oxides grown in three 

different N2O concentrations measured by XPS: (a) 100% N2O, (b) 10% 

N2O, and (c) 0.5% N2O. 
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As far as the effect of growth temperature is concerned, SIMS shows a twofold 

increase in nitrogen intensity at the SiC–SiO2 interface when the temperature is 

increased from 1175oC to 1300oC (for oxide grown in 100% N2O) (Fig. 2.28). This 

result is in agreement with the work of De Meo et al. [27], [28] work, that there was 

about 30% more nitrogen at the SiC–SiO2 interface for a sample oxidized at 1150oC, 

compared to a sample oxidized at 1050oC in N2O on 3C SiC. A similar observation can 

be obtained by comparing the atomic percentage of N≡Si bonds (detected by XPS) for 

10%–N2O oxide grown at 1300oC in this work with 1175oC in the work conducted by 

Jamet et al. [23]. There is a factor of 1.6 increases in N≡Si bonds for the oxide grown 

at 1300oC, compared to the oxide grown at 1175oC. Therefore, high temperature 

growth enhances the incorporation of nitrogen at the interface and further promotes the 

dual function of nitrogen as suggested in the ‘nitridation model’ [23].  

 

 
Fig. 2.28: SIMS depth profiles for oxide grown in 100% (dash line), 10% (solid line), 

and 0.5% (dotted line) N2O at 1300oC, and 100% N2O at 1175oC (black 

triangle). The time scale was normalized by the time at the intersection 

between Si and O profiles, and the interface was indicated as ‘1.0’. 
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After investigating the chemical bonding at the SiC–SiO2 interface, XPS was 

again used to examine the chemical bonds at near-interface oxide and to relate these 

bonds to the defects in the near-interface region. For all the samples, XPS detected a 

peak located at 101 eV in Si 2p spectra [Fig. 2.29(a): oxide grown in 0.5% N2O] and its 

occurrence confirmed by a peak located at 529.6 eV in the O 1s spectrum [Fig. 

2.30(b)]. This structure is identified as an oxygen vacancy, situated at 529.8 eV in O 1s 

spectrum, by Wang and Zhang [69]. Other researchers proposed a –O–H bond located 

at 529.7 eV in O 1s spectrum [70]. From the analysis in this paper, we cannot 

distinguish between these structures, therefore we consider both possibilities: (1) 

oxygen vacancy (O3≡Si•), and (2) O3≡Si–OH bonds. We use the symbol Si–X to label 

these structures.  It is believed that these structures are similar to oxygen vacancies and 

distorted SiO2 network in Si–SiO2 system, which contributes to near-interface traps 

[71]. This remark is supported by the XPS results in Figs. 2.26(a)-(c), showing that the 

oxide directly grown in 10% N2O at 1300oC recorded the lowest atomic percentage of 

these structures (Si–X) and its total near-interface trap density is also the lowest (Table 

2.3).  
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Fig. 2.29:  XPS spectra for (a) Si 2p, and (b) O 1s measured in bulk oxide grown in 

0.5% N2O. 
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 Surface microroughness for oxides grown in different N2O concentrations has 

been measured (Table 2.3) to investigate whether the microroughness can be reduced 

by manipulation of the N2O concentrations (temperature variations from 1175oC to 

1300oC do not have significant impact on the surface microroughness). Topography 

images [Figs. 2.30(a)-(c)] reveal that the surface microroughness for oxides grown in 

100%, 10%, and 0.5% N2O at 1300oC is 0.2578, 0.1989, and 0.2591 nm, respectively. 

The smoothest surface is obtained by the growth in 10% N2O. These AFM results can 

relate to the previously described XPS observations. The surface microroughness can 

be related to a disordered and strained interface region, caused by accumulation of 

carbon and other complex oxycarbon during oxidation [17], [19].  By adjusting the 

N2O concentration to an optimum level (in this case 10%), the carbon accumulation 

and carbon removal rate are the closest, so the carbon clustering at the SiC–SiO2 

interface is reduced. This has caused the reduction of the surface microroughness. 

Building up from this less disordered/strained surface, a better arrangement of near-

interface oxide network [with fewer Si–X bond as shown in Figs. 2.26(a)-(c)] is 

established.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
(a) 

 
(b) 

 
(c) 

 
Fig. 2.30: Topography images from AFM for gate oxides grown in three different 

concentrations: (a) 100% N2O, (b) 10% N2O, and (c) 0.5% N2O, with 

surface microroughness of 0.2578, 0.1989, and 0.2591 nm, respectively. 
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2.5 COMPARISON OF NITRIDED GATE OXIDES 
GROWN BY SANDWICH AND BY HIGH-
TEMPERATURE DILUTED N2O PROCESSES 

Two types of acceptable quality nitrided gate oxides have been demonstrated in 

the previous sections: (1) gate oxides grown by sandwich process (NO, O2, NO) at 

1175oC and (2) gate oxides grown in high-temperature (1300oC) diluted N2O (10% 

N2O–90% N2). Hereafter, for simplicity, the former and latter nitrided gate oxides are 

referred as NO and 10%-N2O oxides. In this section, the electrical properties are 

compared between these nitrided gate oxides so that the best quality nitrided gate oxide 

can be used in the investigation of electron-hole generation and retention time of non-

equilibrium charge in MOS capacitors on SiC in subsequent chapters. 

 

MOS capacitors were fabricated on Si-faced, n- and p-type 4H–SiC wafers with 

3-µm thick epilayers [doping level of (0.7-1.5) × 1016 cm-3], oriented 8o off (0001) 

direction that were purchased from CREE Research Inc. The detailed cleaning 

procedure and oxidation is described in Sections 2.3.1.2, 2.3.1.3, and 2.4.1. 

 

Figure 2.31 shows the HF C–V measurements conducted at room temperature 

of MOS capacitors with the two nitrided gate oxides. It can be seen that the slopes of 

C–V curves, measured from near depletion to strong inversion states, of the NO grown 

oxide are steeper, compared to the slopes of C–V curves of 10%-N2O oxide (high-

temperature diluted N2O process). This indicates that the Dit in the former oxide is 

lower than the latter oxide. Quantitative measures of the densities of the interface traps, 

located between 0.22 eV and 0.60 eV below the bottom of the conduction band, were 

obtained by the conductance technique at 250oC (523 K) and the results are shown in 

Fig. 2.32. Included in Fig. 2.32 is the Dit distribution for oxides grown in dry oxygen at 

1300oC. It is clearly seen that nitridation reduces Dit both in the lower and upper parts 

of the SiC bandgap, and the improvement is particularly pronounced in the case of NO 

oxide growth which are associated with the presence of carbon clusters [9]. 
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Fig. 2.31:   Typical high frequency C–V measurements for MOS capacitors on n- and 

p-type 4H SiC with oxides grown in different processes.  
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Fig. 2.32: Energy distribution of 4H SiC–SiO2 interface trap obtained from 

conductance measurements at 250oC on samples with oxides grown at 

1300°C in dry O2 ( ) or 10%N2O/90%N2 ( ), and at 1175 °C in 

sandwich process (NO, O2, NO) ( ). 

 
 
 

In order to evaluate the impact of nitridation from different nitrogen sources on 

the near SiC–SiO2 interface traps, HF C–V curves are measured and analyzed at low 

temperature [72]. Flatband voltage (VFB) values observed at various temperatures when 

the voltage is swept from accumulation to depletion in n-type samples with dry (O), 

10%-N2O ( ), and NO (∆) oxides are shown in Fig. 2.33. It is seen that with 

decreasing temperature, the HF C–V curves of dry and 10%-N2O oxide samples 

gradually shift towards higher positive gate voltages, indicating trapping of electrons at 

the interface. In contrast, virtually no such effect is observed in the sample with NO-

nitrided oxide, suggesting absence of near-interface traps.  

 

2-54 



 

 

Fig. 2.33:  Temperature dependence of the flatband voltage in n-type 4H–SiC MOS 

capacitors with oxides grown at 1300°C in dry O2 (O) or in 10%-N2O ( ), 

and at 1175°C in NO (sandwich process) (∆). The VFB values were taken 

when sweeping the voltage from accumulation to depletion; lines guide the 

eye.  
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The flatband-voltage shift (∆VFB) of the HF C–V curve measured from 

accumulation to depletion at 77 K with respect to that at 300 K is shown in Fig. 2.34 as 

a function of the maximum applied electric field in accumulation for the n-type 

samples of the three types of oxides. By multiplying the voltage shift with Cox/q, the 

density of electron or hole (depending of the conductivity of the substrate) that can be 

filled from the band edge and then trapped at near interface is deduced. This is a 

reversible process. Heating the sample back to 300 K, the HF C-V curves are returned 

to their initial room-temperature condition [70]. Again, in the samples with dry (O) and 

10% N2O ( ) grown oxides, more and more electrons are trapped with increasing 

electric field. Their equivalent density exceeds 3x1012 e/cm2. However, in the NO (∆) 

oxide the shift of the HF C–V curve remains approximately 15 times smaller. This 

difference cannot be explained by the change in occupancy of the interface traps with 

decreasing temperature (the Gray-Brown shift), but suggests the presence of near-

interface traps.  

 

The oxide breakdown strength of samples with dry O2 (O), NO (∆), and 10%-

N2O ( ) oxides is compared using a time-zero dielectric breakdown test. The oxides 

forward-breakdown field were evaluated by measuring current with respect to ramping 

of gate voltage until an instantaneously increase in current is observed (Fig. 2.35). The 

electric-field strength of NO-grown oxide (9.6 MV/cm) is approximately 20% higher 

than of 10%-N2O grown oxide (8.2 MV/cm). This strength is affected by the quality of 

oxide and of SiC–SiO2 interface. As previously shown, NO-processed oxides are 

having smoother interface [Figs. 2.20(c) and 2.30(b)], lower Dit (Fig. 2.32), and better 

arrangement of near-interface oxide network [referring to Fig. 2.26(b), virtually no Si–

X bond in XPS Si 2p spectra is observed in NO oxides, whereas a considerable amount 

is being detected in 10% N2O oxides] than in 10% N2O-processed oxides. 
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Fig. 2.34: Shift of the flatband voltage (∆VFB) observed when lowering the temperature 

from 300 to 77 K in n-type 4H-SiC MOS capacitors with ~20-nm thick 

oxides grown at 1300°C in dry O2 (O) or in 10% N2O ( ), and at 1175 °C in 

NO (sandwich process) (∆) as a function of maximum accumulation electric 

field strength. The VFB values were taken when sweeping the voltage from 

accumulation to depletion. 
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Fig. 2.35: Comparison of current density, J, as a function of electric field in n-type 

4H–SiC MOS capacitors with oxides grown at 1300°C in dry O2 (O) or in 

10% N2O ( ), and at 1175 °C in NO (sandwich process) (∆). 

 
 

Based on the results presented, nitride oxides using different nitrogen sources 

and processes have different SiC–SiO2 interface and near-interface oxide behavior. The 

different efficiency of NO and 10% N2O in reducing the SiC–SiO2 interface-trap and 

near-interface trap densities may be related to the formation of additional oxidizing 

species, e.g., O2, during thermal decomposition of N2O (Eq. 2.4). This would result in 

enhanced oxidation of SiC as compared to the case of NO. It is likely that the enhanced 

carbon supply from the oxidizing SiC and oxide defect formation will counter the 

beneficial action of NO released by N2O decomposition, ultimately yielding a higher 

defect density. 

 

 

2.6 SUMMARY 
In this chapter the nitrided gate oxides on SiC have been reviewed. In the 

review, physical and electrical characteristics have been surveyed to show the effects 
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of nitridation. Based on the review, oxides directly grown in NO produced high quality 

SiC–SiO2 interface and oxides. However, nitridation using NO as nitrogen source has 

two disadvantages: (1) slow growth rate and (2) the NO gas is not a preferred gas for 

use in industry due to its toxicity.  

 

 The first issue has been overcome by using a novel oxide growing technique – 

sandwich process (nitridation–oxidation–nitridation). The quality of oxide and SiC–

SiO2 interface produced by this technique is comparable to those grown in direct NO. 

Prior to the successful development of this process, the reasons for inferior electrical 

properties of NO annealed oxides, compared to oxides directly grown in NO, were 

analyzed and interface roughness was identified as the key contributor. By adding an 

initial nitridation step, the electrical and physical properties of the MOS capacitors with 

this oxide have been improved. Based on the physical and electrical characterization 

results, the sandwich process was proposed and verified, so that growing oxide using 

lengthy and expensive direct growth in NO can be avoided.  

 

The second issue, related to using toxic-NO gas as nitrogen source, has also 

been addressed. Nitrided gate oxides have been grown in diluted N2O at high 

temperature (1300oC) to avoid using this toxic gas. The electrical characterizations 

have shown that the oxide grown in 10% N2O at 1300oC demonstrated the largest 

improvement in the quality of SiC–SiO2 interface, with the lowest Dit, total near-

interface trap density, and effective oxide charge, compared to oxides grown in 0.5% 

and 100% N2O. These results have been supported by physical characterizations, 

revealing that 10%–N2O oxide has the lowest carbon accumulation at the interface, the 

smoothest interface, and the lowest density of near-interface oxide defects. These 

effects have been explained by nitrogen-assisted carbon removal from the interface. So 

instead of NO gas, dilution of N2O gas (10% N2O–90% N2 at 1300oC) can be used as 

an alternative nitridation source to grow nitrided gate oxides on SiC. However, the 

quality of these nitrided gate oxides remains lower than the nitrided gate oxides 

prepared by the sandwich process.  
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3.1 INTRODUCTION 
In silicon carbide, the carrier-generation rate is extremely low at room 

temperature. This is because SiC is a wide bandgap material (Eg=3.26 eV in 4H SiC 

[1]) with very low intrinsic-carrier concentration, ni (ni=10-7 cm-3 in 4H SiC [1]). Based 

on the Shockley-Read-Hall (SRH) theory [2], [3], the generation rate is proportional to 

ni, so the generation rate in SiC should be many orders of magnitude lower than in Si 

[1], [4]. With this low generation rate, it should be possible to minimize the leakage 

current of reverse-biased pn junctions to levels that enable unique applications. One of 

these applications relates to the development of nonvolatile-dynamic memories 

(NDMs), which have combining functions of a Si-based dynamic random-access 

memory (DRAM) and a Flash Memory. Characterizing an nonvolatile memory cell, 

based on an npn structure in 6H SiC, Wang et al. [5] concluded that surface generation 
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at the junction terminations increased the carrier-generation rate well above the value 

that would be expected in the bulk of a high-quality SiC substrate.  

 

In this chapter, high-temperature capacitance−transient measurements and 

Zerbst plots are used to determine the effective surface-generation and bulk-generation 

rates in SiC passivated by nitrided oxides. The Zerbst plot is widely used for 

characterization of MOS capacitors on silicon, utilizing straightforward 

capacitance−transient measurements at room temperature. In the case of SiC, the 

generation rates are so low that the capacitance−transient measurements have to be 

performed at high temperatures. To estimate the generation rates at room temperature, 

it is necessary to use an extrapolation technique. This issue and a suggested solution 

are considered in Section 3.3 of this chapter. This section also presents and analyses 

the results for MOS capacitors with gate oxides obtained by two different techniques 

that have been previously examined in Chapter 2: the sandwich technique using 

combination of NO and O2 gases, and direct growth in diluted N2O (10% N2O–90% 

N2) gas at high temperature (1300oC). These are the best NO-based and N2O-based 

nitridation techniques, according to surface-roughness measurements (see Chapter 2), 

reliability investigations [6], and the values of interface-trap densities (see Chapter 2). 

The effective surface-generation rates are compared to the typical value in Si and to the 

simultaneously-determined bulk-generation rates, in order to draw conclusions about 

the interface quality obtained by these two nitridation techniques. After investigating 

the influence of nitridation processes on the effective generation rate, the effect of 

substrate conductivity (n- and p-type 4H SiC) is to be examined in detail. Prior to this, 

it is instructive to review pertinent concepts of generation-recombination. Using the 

well-developed knowledge of generation-recombination in Si, the same concepts can 

be utilized in SiC. Section 3.2 presents a review of generation-recombination processes 

that includes explanation of generation-recombination theory and characterization of 

the processes mathematically. 
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3.2 A REVIEW OF GENERATION-RECOMBINATION 
PROCESSES 

Before proceeding to a detailed description of electron-hole generation in MOS 

capacitors on SiC, it is essential to understand the concept of generation-recombination 

(G–R) processes. The G–R theories are well established in Si and they can be 

employed in SiC. In the first part of this section, the definition and explanation of 

generation and recombination are presented. The derivation of mathematical models, 

describing the characteristics of G–R is given in the second part of this section. The 

well-known Shockley-Read-Hall (SRH) model, which has been successfully employed 

in explaining a wide variety of phenomena in many semiconductors and semiconductor 

devices, are included in this part. This classic model is later being used to describe G–

R processes occurring in the bulk and surface of semiconductors. The generation-

recombination processes take place in bulk and surface semiconductors are 

characterized by transition-time constant (i.e. either generation-time constant, τg, or 

recombination-time constant, τr) and surface-transition constant (i.e. either surface-

generation constant, sg, or surface-recombination constant, sr) constant, respectively. In 

literature [5], [7]–[9], different terminologies are used to describe these parameters. In 

the following sections, the introduction of transition-time and surface-transition 

constants in SiC is explained. The experimental values of these parameters, for both Si 

and SiC, are presented in the last part of this section. 

 

 

3.2.1 Generation-Recombination Processes 
In thermal equilibrium, the carrier-generation rate is equal to the carrier-

recombination rate in a semiconductor, causing the net transition rate (net transition 

rate = recombination rate - generation rate) of carrier to be equal to zero, and the mass-

action law is followed [7] 
2
i00 npn =      (3.1) 

where n0 and p0 are the electron and hole concentrations at thermal equilibrium, 

respectively. When the semiconductor is perturbed from its thermal-equilibrium 

condition, the number of carriers inside the semiconductor is altered. If carriers are 
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recombined by reverse bias in a depletion region, either in a pn junction or in a MOS 

capacitor, n0p0 « ni
2, the generation process dominates to restore the number of carrier 

to its thermal-equilibrium condition. On the other hand, if an excess of carriers is 

created, either by exposure of light or by injection of carrier, n0p0 » ni
2, the 

recombination process dominates to remove the additional carriers to restore the 

equilibrium condition. This process in the semiconductor to retain its equilibrium 

condition after the perturbations are removed is collectively termed as generation-

recombination (G–R). Eventually, when equilibrium condition is achieved, the 

generation and recombination rates are balanced and the net transition rate of the 

carriers must be zero. 

 

Generally, transition of carriers (electrons or holes) between conduction and 

valence bands is involved in the process resorting or maintaining thermal equilibrium 

in a semiconductor. The transition of these carriers can occur either through direct 

band-to-band transition or indirect transitions via a G–R center (it can be band-to-

center or center-to-center transitions) whose energy level, ET, is located within the 

bandgap [8]. In the following review, the generation process (the generation rate is 

dominant causing the net transition rate to be negative) is used as an example to 

explain the types of carrier transitions. The transitions of electron-hole pairs due to 

generation are clearly visualized in Fig. 3.1. Any of the generation processes can be 

reversed to eliminate carriers by recombination processes. As shown in Fig. 3.1, the 

electron-hole pairs can be generated either by absorbing phonons (thermal) or by 

photons (light), or even by interacting with another carrier such as in the impact 

ionization (the reverse of this process is called Auger recombination) [8]. At the end of 

each process, the total momentum and energy of the system needs to be conserved.  

 

Direct band-to-band transitions of a thermal generation process is happens most 

likely in direct-bandgap semiconductors [Fig. 3.1(a)] and the thermal-generation rate of 

this process is directly proportional to ni
2 [7]. Knowing that SiC is an indirect- [9] and 

wide-bandgap semiconductor with extremely low intrinsic-carrier concentration (for 

4H SiC ni is equal to 1.6×10-7 cm-3) at room temperature (see Table 1.1), ni
2 is so small 

for 4H SiC that the thermal-generation rate can be neglected. So, the generation of 

carriers at room temperature by this type of transition is impossible to happen in SiC.  
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Fig. 3.1: Energy-band diagrams visualization of generation processes. Hole and 

electron are represented by open and filled circles. The types of generation 

processes are (a) thermally or optically band-to-band transition, (b) band-to-

band transition due to impact ionization, (c) thermally or optically indirect 

band-to-center transition via G–R center located at ET, and (d) thermally 

indirect center-to-center transition. 
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Exposure to light can also generate electron-hole pairs via band-to-band 

transition [Fig. 3.1(a)]. The photon energy must be large enough so that the photons 

have sufficient energy to break the covalent bonds and to release electrons from the 

bonds, leaving behind holes. Therefore, the energy of the input light must be higher 

than the bandgap of the semiconductor in order for the photogeneration to take place. 

In SiC, ultra-violet (UV) light is employed to enable photogeneration, because the 

photon energy of UV light is higher than the bandgap of SiC. One of the applications 

of photogeneration in SiC is for measurement of the total interface-trap density by a 

technique called room-temperature photo capacitance–voltage [10], [11]. In addition 

to thermally and optically induced band-to-band generations, impact ionization [Fig. 

3.1(b)] can also generate electron-hole pairs. It usually occurs at high-electric field 

regions of devices where a highly energetic carrier collides with the crystal lattice and 

generates an electron-hole pair, simultaneously releasing energy. This phenomenon is 

commonly known as avalanche breakdown in pn junctions.  

 

 For indirect-bandgap semiconductors, such as Si, the dominant transitions of 

carriers are by indirect generation via G–R centers. These centers are having discrete 

energy levels within the bandgap and are the result of crystal imperfections 

(dislocations, precipitates, vacancies, or interstitials), which may be due to introduction 

of impurities and dopants into the bulk of the semiconductor. There are two types of 

indirect generation via G–R centers, namely band-to-center and center-to-center. As 

shown in Fig. 3.1(c), there are two possible ways of a band-to-center generation.  

Firstly, an electron is emitted from the valence band and captured by a G–R center, 

subsequently, the electron is being emitted from the center to the conduction band [Fig. 

3.1(c)(i)]. So, the G–R center acts as a ‘third party’ or intermediary for a two-step 

process. Alternatively, the generation process can be seen from this perspective: 

Initially an electron is captured by a G–R center and the electron is then emitted into 

the conduction band, simultaneously a hole is emitted from the same G–R center to the 

valence band [Fig. 3.1(c)(ii)] [8], [12]. These two possible ways of a two-step 

generation processes can be activated either by photon or by a phonon, as visualized in 

Fig. 3.1(c).  
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Comparing direct band-to-band generation to indirect generation via G–R 

center, the latter is a dominant generation process in most of the semiconductors, 

including SiC. Given the importance of this type of generation process, a question 

arises – where is the optimum location of a G–R center within a bandgap in order for 

an efficient two-step generation process to happen? Logically, the highest probability 

for the generation event to take place is at midgap where the probabilities of the two 

steps are equal. This is widely accepted [8], [12] and can be mathematically supported, 

which is shown in the following section.  

 

Center-to-center transition is another type of indirect generation, as shown in 

Fig. 3.1(d). This type of generation is thermally induced and involves more than one 

G–R centers, located at different energy levels, so the carriers can ‘hop’ and tunnel 

throughout the bandgap to complete its transition [13]. This type of generation process 

is too complicated to handle within this thesis. 

 

 G–R centers can also be considered as traps. When a G–R center acts as a trap, 

the carrier is captured and re-emitted back to its original band. In this trapping process, 

only a band (either conduction or valence bands) and a G–R center are involved. 

Comparatively, in an indirect band-to-center generation process both the conduction 

and the valence bands, as well as a G–R center participate to complete the generation 

process. Whether a defect with the energy level within the bandgap acts as a trap or a 

G–R center, it depends on the location of its energy level. Generally, it is considered as 

a G–R center when its energy level lies near the midgap, whereas it is treated as a trap 

when its energy level is located near the band edges [8], [12]. 

 

 

3.2.2 Mathematical Descriptions of Generation-
Recombination  

This section reviews the mathematical model for carrier transitions via G–R 

centers, known as Shockley-Read-Hall G–R model or, in short, SRH model. 

Sometimes this model is referred to as the SRH statistics [2], [8], [14], [15], but this is 

misrepresentative according to Sah [13]. As in the analysis of carrier-transition 
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mechanism, it is actually deriving the kinetics of carrier (electrons or holes) capture 

and emission processes via a G–R center under an arbitrary steady-state condition. 

Therefore, it is more appropriate to call it SRH G–R kinetics [13], [16].  

 

In this section, the derivation and examination of the SRH model is based on 

indirect band-to-center transitions of carriers via a single-level G–R center. These 

transition mechanisms can be found in two different regions in a semiconductor device, 

that is in: (1) the bulk of semiconductor and (2) the surface of semiconductor (this 

region refers to the interface of semiconductor–dielectric).  

 

 

3.2.2.1 Bulk Generation-Recombination 
 In practice, a semiconductor may contain more than one energy level of G–R 

centers but only a single-level G–R center, located near the midgap, is prevailing and 

dominating indirect band-to-center G–R processes (at least for the case of generation 

process) [8], [15]–[18]. Using mathematical characterization methods, the time rate of 

change in carrier concentrations (∂n/∂t and ∂p/∂t) of generation and recombination 

processes via a G–R center under a steady-state condition can be established and this is 

the basis of deriving the classic SRH model. To establish the SRH model, the 

probability of a carrier existing at a G–R center and the position of the center within 

the bandgap are taken into consideration. In this part, the focus is on the derivation and 

examination of indirect band-to-center thermal generation-recombination processes via 

a single-level G–R center that occurs in the bulk of a non-degenerate semiconductor. 

 

 The carrier transitions, via a single-level G–R center, are visualized by energy-

band diagrams in Fig. 3.2. This figure shows the details of carrier-capture and emission 

processes, indicated by the direction of the arrows, through a single-level G–R center 

that has an energy level located at ET with a total density of NT (the unit is in number of 

G–R centers per cm3). The center is only able to accommodate one carrier, either a hole 

or an electron, at a time. When an electron is filled, the number of G–R centers per cm3 

is nT. Alternatively, when it is empty (or filled by a hole), the number of G–R centers 

per cm3 is pT. The total density of G–R centers, NT, is the sum of nT and pT. 
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Fig. 3.2: Possible band-to-center carrier transitions between a single-level G–R center 

and the energy bands. Arrows indicate the direction of carrier transition. Open 

and filled circles are electron and hole, respectively [8]. 
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Four possible transitions of carriers are illustrated in Fig. 3.2. The four 

fundamental processes consist of electron/hole capture/emission via a single-level G–R 

center. In order to recombine a pair of electron and hole, two capture processes are 

needed. Firstly, an electron from the conduction band is captured by an empty G–R 

center [Fig. 3.2(a)]. Then a hole from the valence band is captured by the filled center 

and now the center is considered empty as shown in Fig. 3.2(c), indicated by the solid-

line arrow. It can also be considered that the electron in the filled center is emitted to 

the valence band, leaving behind an empty center, as shown by the dashed-line arrow 

in Fig. 3.2(c). The recombination cycles are repeated until equilibrium condition is 

reached. The rest of the two fundamental processes are important for electron-hole pair 

generation processes. They are involving emissions of an electron and a hole. An 

electron in a filled G–R center is being emitted to conduction band [Fig. 3.2(b)], 

leaving behind an empty center. Soon after that, a hole from the empty center is 

emitted to the valence band leaving behind a filled center. This transition of a carrier is 

shown in Fig. 3.2(d), indicated by the solid-line arrow. Alternatively, the hole-emission 

process can be seen as an electron being emitted from the valence band and captured 

by the center [dashed line in Fig. 3.2(d)]. The cycle is then repeated to reach the 

equilibrium condition. 

 

The rates of change of carrier concentrations for each distinct fundamental 

process can be derived. The rates of change of carrier concentration by processes (a) 

and (c) are directly proportional to the carrier concentration and to the availability of an 

empty G–R center. Since the concentration of carriers (n or p) is diminishing during the 

capture process, a negative process-rate proportionality constant, c, is introduced into 

the model. The model is then given by 

npc
t
n

Tn
(a)

−=
∂
∂  for electron-capture process (a) (3.2a) 

pnc
t
p

Tp
(c)

−=
∂
∂  for hole-capture process (c)  (3.2b) 
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where the subscripts n and p are indicating the type of carriers. In short, cn and cp are 

termed as electron- and hole-capture coefficients (cm3/s), respectively. These 

coefficients are determined by thermal velocity, vth, and capture cross section, σ, of the 

carrier and they are strictly applicable to non-degenerate semiconductors. 

nthn σν=c      (3.3a) 

pthp σν=c      (3.3b) 

The term σ is a measure of how close a carrier has to come to a G–R center to be 

captured [16]. The capture cross sections vary over a wide range, which is commonly 

observed in Si. For example, a coulombic attractive G–R center may be as high as 10-12 

cm2, whereas a coulombic repulsive G–R center can be as low as 10-18 cm2. In between 

of these values is the neutral G–R center that is in the order of 10-15 cm2 [19]. The 

above models in Eq. (3.2) can also be derived by the collision theory of mechanics or 

by the rate law of chemistry [8].   

 

 In the process of a carrier emission via a single-level G–R center, the rate of 

change of carrier concentration is directly proportional to the concentration of filled G–

R centers and to the concentration of empty majority-carrier band states (that is the 

conduction band for electron-emission process). The deficit of carriers in the band 

states will encourage the generation process to restore the equilibrium condition. 

During emission processes, the carrier concentration is increasing. Hence, a positive 

process-rate proportionality constant, e, is introduced into the model and this constant 

is termed emission coefficient or emission rate with the unit of number of carriers per 

second. For a non-degenerate semiconductor, the number of majority-carrier band 

states are empty is constant. These states can be incorporated into e as a constant. The 

rates related to the fundamental processes (b) and (d) of Fig. 3.2 are given by 

Tn
(b)

ne
t
n

=
∂
∂   for electron-emission process (b) (3.4a) 

Tp
(d)

pe
t
p

=
∂
∂   for hole-emission process (d)  (3.4b) 

where the en and ep are the emission coefficients or emission rates of electrons and 

holes, respectively.  
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During the generation-recombination processes, n, p, and pT are all functions of 

t. To establish the G–R models, one must first understand the time rate of change of 

electron (n) and hole (p) concentrations in a G–R center. The time rate of change of 

electron transfer via a single-level G–R center, involving the annihilation and creation 

of electrons by capture and emission processes are shown in the fundamental processes 

(a) and (b) of Fig. 3.2, respectively. These influence the electron concentration in a 

system. On the other hand, the concentration of holes is affected by the fundamental 

processes (c) and (d). Obviously, one can write the net rate of change of electron and 

hole concentrations due to G–R processes, ∂n/∂t│G-R and ∂p/∂t│G-R, respectively by  

(b)(a)RG t
n

t
n

t
n

∂
∂

+
∂
∂

=
∂
∂

−

   (3.5a) 

(d)(c)RG t
p

t
p

t
p

∂
∂

+
∂
∂

=
∂
∂

−

   (3.5b) 

Substituting Eqs. (3.2) and (3.4) into Eq. (3.5), the net electron- and hole-transition 

rates, un and up, are obtained 

TnTn
RG

n nenpc
t
nu +−=
∂
∂

≡
−

,   (3.6a) 

TpTp
RG

p pepnc
t
pu +−=
∂
∂

≡
−

.   (3.6b) 

 

 To relate the capture (c) and emission coefficients (e), the principle of detailed 

balance is invoked into Eq. (3.6) to establish a simpler form of this equation. This 

principle is valid under equilibrium conditions and basically means that each 

fundamental process and its inverse must self-balance independently of any other 

process that may be occurring inside a semiconductor [8]. Consequently, the net 

electron- and hole-transition rates are equal to zero [Eq. (3.6)=0]. So, the emission 

coefficients of electrons and holes that are evaluated under the equilibrium condition 

are given by 

1n0
T0

0T0n0
n0 nc

n
npc

e ==    (3.7a) 

1p0
T0

0T00p
p0 pc

p
pnc

e ==    (3.7b) 
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where the subscript ‘0’ indicates the equilibrium condition and n1 and p1 are the 

computable constants, given by 

0
T0

T
0

T0

0TT

0T

00T
1 1 n

n
N

n
n

nN
n

np
n 








−=







 −
==   (3.8a) 

0
0T

T
0

T0

T0T

T0

0T0
1 1 p

p
N

p
p

pN
p

pn
p 








−=







 −
==   (3.8b) 

On the right-hand side of Eqs. (3.8a) and (3.8b), the first terms inside the parentheses 

describe the energy level and the type (acceptor or donor like) of the G–R center. 

Assuming that the degeneracy factor is taken to be unity and it has been incorporated 

into ET, the terms are now equal to 1+exp(ET-EF)/kT and 1+exp(EF-ET)/kT, 

respectively. By substituting these terms and incorporating n0=niexp(EF-Ei)/kT and 

p0=niexp(Ei-EF)/kT, respectively, into Eqs. (3.8a) and (3.8b) (in those terms, EF and Ei 

is the Fermi and intrinsic Fermi levels), simplified forms for n1 and p1 are obtained 

 kTEEnn /)exp( iTi1 −=    (3.9a) 

kTEEnp /)exp( Tii1 −=    (3.9b) 

 

Under non-equilibrium condition, the capture and emission coefficients are 

approximately equal to those evaluated under the equilibrium condition and also it is 

reasonable to assume that the n1 and p1 are obeying the mass-action law, that is 

n1p1=ni
2 [8], [16]. So,  

      1nn0n ncee =≈     (3.10a) 

      1ppp0 pcee =≈      (3.10b) 

The right-hand side of Eq. (3.10) is collectively termed as capture rate (cnn or cpp). It 

has the unit of number of carrier per unit volume per second.  

 

 The emission coefficients, en and ep, are eliminated by substituting Eq. (3.10) 

into Eq. (3.6) and the net electron- and hole-transition rates are  

    )( 1TTnn nnnpcu −=    (3.11a) 

    )( 1TTpp pppncu −=    (3.11b) 
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Since majority of the devices are operated and analyzed under steady-state 

condition, the derivation of more usable mathematical models is now shifted from 

equilibrium to steady-state conditions. In both equilibrium and steady-state conditions, 

the average values of all macroscopic observable within a system are constant with 

time, that is dn/dt, dp/dt, dnT/dt, etc. are all zero. Under the equilibrium condition, the 

static situation is maintained by the self-balancing of each fundamental process and its 

inverse process, whereas under a steady-state condition the macroscopic observable are 

held constant by balancing effect of distinctly different processes [8]. The differences 

of the two conditions are clearly illustrated in Fig. 3.3. 

 

The G–R center occupation is changed when an electron or a hole is captured or 

emitted. Under steady-state condition, there is no net change in G–R center occupancy. 

This corresponds to dnT/dt=0. So, the rate of change of the center is given by 

0
d

d
pn

T =−= uu
t

n .    (3.12a) 

Equating the right-hand sides of Eqs. (3.11a) and (3.11b), and by substituting pT=NT-

nT, the term nT is obtained as 

 
)()( 1p1n

1TpTn
T ppcnnc

pNcnNc
n

+++

+
=     (3.13) 

 

Next, substituting Eq. (3.13) into Eq. (3.11) and employing n1p1=ni
2, the net 

steady-state transition rate, U, is obtained 

)(1)(1
1

Tn
1

Tp

2
i

pn

pp
Nc

nn
Nc

nnpuuU
+++

−
==≡   (3.14) 

The terms 1/cpNT and 1/cnNT have units of time (seconds), so they can be considered as 

time constants and are named as hole and electron minority-carrier lifetimes, τp and τn, 

respectively, so 

TthpTp
p

11
NNc νσ

τ ==    (3.15a) 

TthnTn
n

11
NNc νσ

τ == .   (3.15b) 
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 (b) Steady-state

n, nT, and p inside ∆x are held 
constant by the balancing effect 
of distinctly different processes.
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Fig. 3.3:  Conceptualization of activities inside a small ∆x section of a semiconductor 

under (a) equilibrium and (b) steady-state conditions. Open and filled circles 

are electron and hole, respectively [8]. 
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The minority-carrier lifetime is an important parameter to describe the effectiveness of 

a generation or a recombination process. This lifetime is influenced by the 

characteristic of G–R centers, including the capture cross section, the thermal velocity 

and the centers’ density. The physical meaning of the minority-carrier lifetime is well 

established: it is the average time an excess minority carrier can survive in a sea of 

majority carriers [8]. 

 

  Incorporating Eqs. (3.9) and (3.15) into Eq. (3.14), the well-known classic SRH 

model is established 

    ( ) 0

2
i

iT
in

iT
ip

2
i

expexp τττ

nnp

kT
EEnp

kT
EEnn

nnp −
=















 −−

++













 −

+

−
=U    (3.16) 

where τ0 is defined as the transition-time constant. The net steady-state transition rate, 

U, is proportional to np-ni
2 and it is a measure of the deviation from equilibrium. If 

there is a deficit of n and p (n and p→0), net generation is dominating and U is 

negative. Conversely, when there is an excess of n and p, net recombination is 

prevailing and U is positive, whereas at equilibrium, U is zero. Plotting a graph based 

on Eq. (3.16), the dependence of U on the location of G–R center is more pronounced 

in a generation process than in a recombination process (Fig. 3.4). 

 

According to some literatures [8], [16], [18], Eq. (3.16) has be drastically 

simplified in two specialized steady-state conditions by just assuming that the midgap-

G–R center (ET=Ei) is the most effective one. The two conditions are: (1) under low-

level injection condition in which the changes of carrier concentrations are less than the 

majority concentration under equilibrium condition and (2) at G–R center inside 

depletion region when the concentrations of carriers are negligible compared to the net 

doping concentrations. The following paragraphs explain the suitability of using the 

above-mentioned assumption in the two conditions. 

 

Without deriving in detail, the simplified result of Eq. (3.16) for the first 

condition, by assuming that the most effective G–R center is at ET=Ei, is given by 
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Fig. 3.4: Net bulk-recombination rate (solid curve) and net bulk-generation rate 

(dashed curve) as functions of the difference between the energy of G–R 

center, ET, and the intrinsic Fermi level, Ei. The curves are normalized to the 

rates for ET=Ei and have been drawn using Eq. (3.16) of an n-type Si (a) and 

an n-type 4H SiC (b). The parameters used to obtain the curves are stated in 

the figures.  
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pτ
p∆    for n-type semiconductor  (3.17a) 

U= 

 

nτ
n∆    for p-type semiconductor  (3.17b) 

where ∆n and ∆p is the deviation of electron and hole concentrations from the 

equilibrium condition (∆n=n-n0 and ∆p=p-p0). Under low-level injection condition, 

carriers are injected to cause excess of carrier concentration. As a result, the 

recombination process is required to restore the equilibrium condition. So, U is 

showing positive sign and specifically, in this case, it can be termed as net bulk-

recombination rate and it has the unit of cm-3 s-1. As shown in Fig. 3.4, the G–R center 

at midgap is not the only centers that contribute to the maximum net bulk-

recombination rate. If ET is too far away from midgap and approaches either the 

conduction-band or the valence-band edge, the G–R center is acting as a trap and 

significantly reduce the effectiveness of recombination process. Therefore, the net 

bulk-recombination rate in Eq. (3.16) could not be simplified by just assuming that the 

most effective G–R center is at the midgap, unless it is definitely sure that an impurity, 

acting as a G–R center, incorporates into the bulk is located at midgap. In this 

condition, the net bulk recombination rate should be written as 

rτ
p∆    for n-type semiconductor  (3.18a) 

U= 

 

rτ
n∆    for p-type semiconductor  (3.18b) 

with 
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                                             for n-type semiconductor              (3.19a) 
τr= 
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                                             for p-type semiconductor              (3.19b) 

where τr is defined as the recombination-time constant. 
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 In the second specialized steady-state condition, a device is in reverse biased 

and the carrier concentrations in G–R depletion region of the device is negligible (n 

and p→0). Eq. (3.16) is simplified to 

       ( ) g
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=U  (3.20)  

with 
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 −

≡
kT

EE
kT

EE
g

iT
n

iT
p expexp τττ    (3.21) 

where τg is defined as the generation-time constant. Since the carrier concentrations in 

the system are depleted, net generation process [which has a negative sign in Eq. 

(3.18)] is initiated to restore the equilibrium condition. By dropping the negative sign 

in the equation, the U designated in this case is specifically called net bulk-generation 

rate, having the unit of cm-3 s-1. Based on Eq. (3.20), it is clear that a material with as 

wide bandgap as SiC should have a lower net bulk-generation rate, since the intrinsic-

carrier concentration (ni) is many orders lower than Si. 

 

According to Eq. (3.20), U is determined by the intrinsic-carrier concentration 

and the generation-time constant. The generation-time constant is related to the 

minority-carrier lifetimes and to the location of ET with respect to Ei within the 

bandgap. Plotting U with respect to ET, as shown in Fig. 3.5, a sharp peak is observed. 

If the energy level of the G–R center is located at the peak, then both the exponential 

terms of the generation-time constant [Eq. (3.20)] are employed to determine the value 

of U. This peak could shift within a few kT from the midgap (Ei), as demonstrated in 

Fig. 3.5, due to the disparity of the minority-carrier lifetimes. Even though there is a 

shift from the midgap, it is still reasonable to assume that the most effective ET is 

located near midgap. Alternatively if the energy levels of the G–R centers are not close 

to the peak, then one of the two exponential terms would dominate.  
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Fig. 3.5: Net bulk-generation rate as a function of the difference between the energy of 

G–R center, ET, and the intrinsic Fermi level, Ei. The curves have been 

analyses using Eq. (3.20) of an n- or p-type 4H SiC. Curves 1 and 2 have been 

constructed using τp=τn (or σp=σn) and τp»τn (or σp«σn), respectively.  

 
 

3.2.2.2  Surface Generation-Recombination 
 In addition to bulk generation-recombination, surface generation-recombination 

(Fig. 3.6) also happens in semiconductor devices. Surface transition of carriers via 

band-to-center interactions is reviewed in this part. The major differences between bulk 

and surface G–R are as follows [8]. The surface G–R events take place at a 

semiconductor surface via interaction with interfacial traps, whereas the bulk G–R 

events occur in the bulk of semiconductor via interaction with bulk G–R center. 

Interface traps are arranged in two-dimensional surface instead of a three-dimensional 

volume. So, the unit for interface-trap density (Dit) and bulk G–R center density are  

cm-2 eV-1 and cm-3, respectively. In addition to that, interface trap levels are 
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continuously distributed within the bandgap, whereas the energy levels of bulk G–R 

centers are discretely located within the bandgap. 
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Fig. 3.6:  Generation-recombination at a semiconductor surface via transitions to and 

from interfacial traps. (a) Electron and hole capture leading to carrier 

recombination. (b) Electron and hole emission leading to carrier generation. 

Open and filled circles are electron and hole, respectively [8]. 
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The derivation of net steady-state transition rate associated with surface 

transition of carrier via a single-level interface trap is similar to the rate associated with 

the transition occurring in the bulk. Except, one needs to remember that the unit of the 

total number of interface trap, Nit, is in cm-2 for a single-level interface trap, whereas 

the unit of bulk G–R center is in cm-3. Consequently, the terms 1/cpNit and 1/cnNit [see 

Eq. (3.15) applied to bulk-transition rate] do not have the units of time in surface 

generation-recombination. So, they are not time constants. Instead, the denominators of 

the terms have the units of a velocity (cm/s). Therefore, cpNit≡sp and cnNit≡sn where sp 

and sn are typically termed surface-transition velocity of hole and electron, 

respectively. The physical meaning of the surface-transition velocity is how fast the 

carrier is flowing into or out of the surface [8].  

 

The net surface-transition rate, US, in a single-level interface trap is given by 

it
n1sp1s

2
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=    (3.22a) 
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−
=     (3.22c) 

where 

sn=σnsνthNit     (3.23a) 

sp=σpsνthNit     (3.23b) 

The subscript ‘s’ in all terms shows that they are evaluated at the surface of a 

semiconductor. Nit is the total interface-trap density (cm-2) at a single level. Analogous 

to the bulk, the term (nsps-ni
2) is a measure of the deviation from equilibrium and the 

terms Nit, cps, and cns are the characteristics of the interface traps that act as G–R 

centers [20]. 

 

Knowing that interface traps are continuously distributed within a bandgap, the 

carriers transition via a single-level interface trap is in less practical interest. A more 

useful net steady-state transition rate is associated with multi-level continuum of 
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interface trap. The net rate due to multi-level of interface trap, Us, can be obtained by 

integrating a single-level net steady-state transition rate over the whole bandgap, which 

is [8], [16] 
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U   (3.24) 

where Dit(E) is the interface-trap density with respect to an energy level, E (Ev≤E≤Ec).  

 

 Analogous to the bulk generation-recombination, there are two specialized 

steady-state conditions required further consideration. One of the conditions is under 

low-level injection where the energy bands are flat at the semiconductor surface. Under 

these conditions, analyzing an n-type semiconductor and introducing ns=ns0+∆ns, 

ps=ps0+∆ps, and ∆ns=∆ps«ns0 into Eq. (3.24), the numerator and denominator are 

approximated to ns0∆ps and [1+(ns0+n1s)/cps+p1s/cns], respectively. Eq. (3.24) is 

simplified to 
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where ∆ps and ∆ns is the deviation of hole and electron concentrations at 

semiconductor surface from equilibrium values. By introducing ns0=ND (ND is the 

donor concentration), n1s=exp[ET-Ei], and p1s=exp[-(ET-Ei)], the denominator of Eq. 

(3.25) can be rewritten into 
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Figure 3.7 illustrates the denominator of Eq. (3.25) versus (ET-Ei)/kT for an n-type Si 

and 4H SiC. The denominator is approximated to 1 over a wide range away from the 

midgap (∆E). Over that range, assuming that the interface-trap density at midgap and 

the capture coefficient are approximately constant, the simplified Eq. (3.24) is given by 

Us=[cpsDit(∆E)]∆ps=sp∆ps=sr∆ps.    (3.27) 

where sr is defined as the surface-recombination constant. An analogous result is 

obtained for a p-type semiconductor. In this specific case, since recombination process 
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is dominant as shown by the positive sign of sp and sn, the Us in this case is specially 

known as net surface-recombination rate with the unit of cm-2s-1.  

 
Fig. 3.7: [1+(n1s/ ns0)+(cps p1/ cns ns0)] versus (ET-Ei)/kT of Si and 4H SiC. The 

parameters used to obtained the curves, based on Eq. (3.26), are: ni=1.6×10-7 

cm-3 for 4H SiC and 1×1010 cm-3 for Si, ND=1×1016 cm-3, cps=cns, and 

interface-trap density are the same for both Si and 4H SiC. 

 

In another situation when a surface is depleted due to reverse bias, ns and ps are 

approaching zero, Eq. (3.24) can also be simplified to 
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∫
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Eq. (3.28) is having a negative sign, indicating that the depleted surface is lacking of 

carriers. Hence, net surface generation is dominant to restore the equilibrium condition. 

In this situation, sg is specifically termed surface-generation constant and having the 

unit of cm/s. When the negative sign in Eq. (3.23) is dropped, the Us is called net 

surface-generation rate, having the unit of cm-2s-1. In analogy with the bulk-generation 

condition, as shown in Fig. 3.5, the integral term in Eq. (3.28b) is also highly peaked 

with respect to ET (Fig. 3.8) and the sharp peak is located near midgap. Given that the 

interface traps are continuously distributed within the bandgap, the ET located at the 

peak of sg would dominate the surface-generation process, by assuming that the 

interface-trap density and capture cross section are constant near midgap range [8]. 

The Eq. (3.28b), which evaluate near midgap, could be further simplified to  

 
Fig. 3.8: The curves are obtained from Eq. 3.29 for an n- or p-type 4H SiC. Curve 1 is 

the result of cns=cps, whereas curve 2 is shifted a few kT from the midgap with 

cps≠cns (cns=100cps). The rest of the parameters are stated in the figure. 
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igiitnspss 2
π nsnkTDccU −=






−=    (3.30) 

with 

 

itnspsg 2
π kTDccs =  

     itthnp2
π kTDνσσ= .   (3.31) 

 

 

 

3.2.2.3  Historical Data of Transition-Time and Surface-
Transition Constants 

In this section, the historical data of electron/hole minority-carrier lifetimes (τn, 

τp) and generation-time constant (τg), describing the generation-recombination 

processes in the bulk of semiconductors, is presented. Analogously, surface-

recombination velocity of electron or hole (sn, sp) and surface-generation constant (sg), 

characterizing the generation-recombination processes in the surface of 

semiconductors, are also summarized. They are important parameters for designing 

semiconductor devices and for examining the quality of bulk materials. These 

parameters are sensitive to the quality of semiconductor substrate, the quality of 

semiconductor–dielectric interface, and the measurement methods.  

 

Numerous measurement methods have been developed to acquire these 

parameters. Discrepancies of measurement values normally happen when different 

methods are used to measure the same semiconductor or device structure. As explained 

by Schroder [15], this is a common phenomenon because it is rather difficult to 

measure properties of carrier within a material compared to the material itself. No 

comprehensive explanation of the methods is given in this thesis, but a list of 

measurement methods is provided for the completeness of this part. Most of the listed 

methods are commonly used to measure these parameters in Si substrate and Si-based 

devices. With some modifications, some of the methods can be employed in SiC.  
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 The above-mentioned parameters can be measured directly or indirectly, using 

methods based on either generation or recombination process. Based on the generation 

process, these parameters can be electrically extracted by gate-controlled diode or 

pulsed MOS capacitor methods. One of the extraction methods in the latter technique is 

by Zerbst plot. This method will be described in detail in the following section. 

Alternatively, these parameters can also be acquired from recombination process either 

by optical or electrical measurement methods. Photoconductor decay, short-circuit 

current–open-circuit voltage decay, photoluminescence decay, surface photovoltage, 

steady-state short-circuit current, free carrier absorption, and electron beam induced 

current are methods that are categorized as optical measurements. Electrical 

measurement techniques include diode current-voltage, reverse recovery, open-circuit 

voltage decay, pulsed MOS capacitor, short-circuit current decay, and conductivity 

modulation methods [15], [21], [22]. MOS capacitor, metal–oxide–semiconductor 

field-effect transistor (MOSFET), pn junction, or bulk substrate are commonly used as 

test structure for the above-mentioned methods. 

 

 Since there is a wide range of measurement methods for acquiring these 

parameters, a single universal value cannot be quoted in this review. Therefore, it is 

worthwhile to indicate a range of the values. Table 3.1 compares the respective 

parameters in Si, GaN, 4H SiC, and 6H SiC measured at 300 K with different 

measurement methods. Although it is not a comprehensive compilation, the range of 

values provided is good enough to serve as a guide in this research.  
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TABLE 3.1 

Ranges of values of electron minority-carrier lifetime (τn), hole minority-carrier 

lifetime (τp), generation-time constant (τg), surface-recombination velocity of electron 

and hole (sn and sp), and surface-generation constant (sg) measured at 300 K in Si, 

GaN, 4H SiC, and 6H SiC. 

 

Parameter Unit GaN Si 4H SiC 6H SiC Measurement 
Method D 

τg NA 
10-4-10-2 

[8], [15] 
NA NA 

Pulsed MOS 
Capacitor 

 (Generation) 

τn 
10-9 

[9] 
NA 

Diode Current–
Voltage 

(Recombination) 

10-7 

[9] 

10-7 

[9] 

Diode Current–
Voltage 

(Recombination) 
τp 

s 
10-9 

[35] 

10-6-10-4 

[8], [15] 

10-6 

[9] 
NA 

Photoluminescence 
Decay 

(Recombination) 

sg NA NA 
Pulsed MOS 
Capacitor 

 (Generation) 

sn 
103-105 

[9] 

104-105 

[9] 

sp 

cm/s 
104 

[36] 

10-1-100 

[15], [22] 

103-105 

[9] 

104-105 

[9] 

Diode Current–
Voltage 

(Recombination) 

  

(NA: to the author’s knowledge, no reported value available) 
D: the transition processes (generation or recombination) employed in the measurement 

is indicated in the parentheses. 
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3.3 GENERATION PROCESS IN SiC-BASED MOS 
CAPACITORS 

3.3.1 Estimating Effective Bulk-Generation and Surface-
Generation Rates In SiC 

When a MOS capacitor is pulsed from accumulation into deep depletion, the 

recombination rate is reduced to insignificant levels due to the depletion (or absence) 

of carriers (n0p0 « ni
2) that would recombine with each other. As the generation 

mechanisms continue to act, the generated minority carriers are being collected at the 

semiconductor surface. This is the process that will ultimately create the inversion 

layer at the semiconductor surface with the carrier density that corresponds to the 

equilibrium condition.  The rate of increase of the carrier density in the inversion layer, 

dNI/dt, can be defined as the effective generation rate. Although this rate is in the units 

of cm-2s-1, it involves the contributions of the bulk generation (in the bulk of the 

depletion layer) as well as the surface generation as explained in Section 3.2. In fact, 

four different generation components can be identified [15]: (1) generation in the bulk 

of the depletion layer, (2) surface generation in the depletion layer under the gate, (3) 

lateral surface generation (outside the gate area), and (4) quasi-neutral bulk generation 

that is related to back-surface generation, as shown in Fig. 3.9. The usual model for the 

effective generation rate can be written as [15] 

'
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+++

−
=
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ι .  (3.32) 

 

The first term in Eq. (3.32) models the generation in the bulk of the depletion 

layer, where ni is the intrinsic-carrier concentration, Winv is the depletion-layer width at 

thermal equilibrium when the inversion layer is fully formed, W is the actual (variable) 

depletion-layer width, and τG is the related parameter. The parameter τG is usually 

called the generation lifetime [15], but this name can wrongly suggest that the time 

needed to create the inversion layer (due to the bulk generation) is in the same order of 

magnitude as τG [23]. In SiC, τG can be shorter than in Si (shorter than a microsecond), 

yet the time needed to create the inversion layer may still be longer than a billion of 

years. 
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Fig. 3.9: Possible thermal generation components of a deep-depletion n-type MOS 

capacitor showing a cross-sectional view of the capacitor in (a) [15] and an 

energy-band diagram in (b). The numbers are the related thermal generation 

components explained in the text. W, EFM, EF, EC, EV, EFN, Ei, and ET are the 

depletion-layer width, metal–gate Fermi level, n-type SiC Fermi level, 

bottom of the conduction band, top of the valence band, quasi-Fermi level of 

electron, intrinsic-Fermi level, and energy level of the generation-

recombination center, respectively. 
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According to the SRH model [Eq. (3.16)], the net bulk-generation rate, U, (in 

the units of cm-3s-1) can be expressed as ni/τg where the τg is defined as the generation-

time constant in the previous section. This time constant is related to minority-carrier 

lifetimes and the location of ET with respect to Ei [Eq. (3.22)] and the minority-carrier 

lifetimes effect by the concentration of G–R center, NT, as given in Eq. (3.15). In SiC, 

the NT is higher, compared to Si. Therefore, it is not surprising that SiC can have a 

shorter minority-carrier lifetime (and also shorter generation-time constant) than Si. 

The bulk-generation term ni/τG is modified in Eq. (3.32) by multiplying it by W-Winv, so 

that (1): the rate is expressed per unit area (cm-2s-1) rather then per unit volume, and (2) 

the rate decays to zero as the thermal equilibrium is approached.  Because of these 

changes, the parameter τG is not equivalent to τg, but nonetheless, its value remains 

close to the value of τg.  

 

The second term in Eq. (3.32) models the surface generation in the depletion 

layer under the gate, where sG is the related parameter. This parameter is frequently 

called surface-generation velocity [23], but this terminology is inappropriate and 

should not be used for the same reasons based on generation-lifetime concept. 

According to the SRH model, the net surface-generation rate (in the units of cm-2s-1) 

that is evaluated near midgap is equal to sgni [Eq. (3.28)], where sg is the surface-

generation constant. The parameter sG is not identical to sg because it has to ensure that 

the effective surface generation approaches zero as the thermal equilibrium is 

approached. Nonetheless, the value of sG is close to the surface-generation velocity, sg, 

in the area of interest  (away from the thermal equilibrium).  

 

The third term in Eq. (3.32) models the surface generation outside the gate area 

(lateral surface generation), where AG is the area under the gate, AS is the area of the 

depletion layer surrounding the gate at the surface of the semiconductor, and sG’ is the 

related parameter. Using large-area capacitors, the factor AS/AG can be made small 

enough so that this term can be neglected. This approach is different from the approach 

by Pan et al. [24] who used capacitors with different perimeters to determine high-

temperature surface-generation rate at the gate perimeters.  
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The fourth term in Eq. (3.32) models the quasi-neutral bulk generation, related 

to the back-surface generation, where Dp is the diffusion coefficient of minority 

carriers, L’p is either the diffusion length or the wafer thickness (whichever is smaller), 

and ND is the doping level. Given that the intrinsic-carrier concentration is very small in 

SiC, ni
2 is so small that this term can also be neglected.  

 

After these considerations, Eq. (3.32) can be simplified to 
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        (3.33) 

where the first term is the effective bulk-generation rate (GB) and the second term is the 

effective surface-generation rate (GS), with the generation-time constant (τg) and the 

surface-generation constant (sg) as the related parameters.  

 

 Generally, there are two methods to extract τg and sg values in Si using depleted 

MOS capacitors, namely transient and steady-state methods [15], [21]. In this work, 

capacitance transient method is used to extract these parameters and it is described in 

the following paragraphs.  

 

 Given that the depletion-layer width changes when minority carriers are 

generated at the inversion layer, Zerbst established a relation between the change of 

depletion layer width and the change in inversion carrier density with time, dNI/dt, [the 

inversion carrier density is directly proportional to capacitance at a specific time by 

C(t)=qNI(t)/VG], which is shown in the following equation [25]: 
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where ND(W) is the donor density at position W (for n-type SiC), W is the depletion-

layer width, εo is the permittivity of oxide, Cox is the gate-oxide capacitance, and Cinv is 

the capacitance at inversion level. 

 

Assuming that the doping concentration is uniform throughout the substrate, the 

capacitance (C) is related to W as [15] 
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Combining Eqs. (3.33), (3.34), and (3.35), the relationship between the decay 

of depletion-layer width, W, (that is represented by the increase of capacitance) and 

minority-carrier lifetime as well as surface-generation velocity are given by  

 

Do

goxiinv

ginvD

oxi 2
1

2
Nε

sCn
C

C
CN

Cn
+







 −










τ
  for n-type SiC   (3.36a) 

( )
t

CC
d

2
oxd

− = 
 

Ao

goxiinv

ginvA

oxi 2
1

2
Nε

sCn
C

C
CN
Cn

+






 −










τ
  for p-type SiC   (3.36b) 

where NA and ND are the acceptor and donor densities, respectively. 

 

The change of measured capacitance, C, can be presented as the well-known 

Zerbst plot using Eq. (3.36), -d(Cox/C)2/dt versus Cinv/C-1 [15], [21]. The physical 

meaning of these axes in the Zerbst plot are: the axis of -d(Cox/C)2/dt is proportional to 

the changes of inversion-carrier density and the axis of Cinv/C-1 is proportional to the 

changes of depletion-layer width. The Zerbst plot has a linear region in the middle, 

with a curved portion near the origin when the device approaches equilibrium and a 

curved portion at the other end is due to field-enhanced emission from dielectric–

semiconductor interface and/or bulk traps [26], [27]. The first term in Eq. (3.33) 

depends on the depletion-layer width, so its parameter (τg) can be extracted from the 

slope of the linear part of the Zerbst plot. The second term in Eq. (3.33) is independent 

of W, so its parameter (sg) can be extracted from the intercept of the extrapolated 

straight line on the vertical axis.  

 

The use of Zerbst plot is well documented for the case of silicon. A problem in 

SiC is that the generation rates are so low that no capacitance change can be measured 

at room temperature. This problem can be solved by measurements at high 

temperatures, but the parameters τg and sg in Eq. (3.33) that can be obtained from the 

Zerbst plots, are clearly high-temperature values. Therefore, it is necessary to establish 

the temperature dependencies of τg and sg, in order to enable extrapolations to room 

temperature.  
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Given that the parameter of the bulk-generation process, τG, is close to the 

generation-time constant, τg [Eq. (3.21)], its temperature dependence can be 

established from the following equations:  
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                                for G–R center located at the peak of the distribution 

                                curve, U versus (ET-Ei)/kT, as shown in Fig. 3.5. 
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The above equations are the combination of Eqs. (3.3) and (3.15). In those equations, 

σn,p is the capture cross section of hole or electron, νth is the thermal velocity, and NT is 

the concentration of generation-recombination centers evaluated near midgap. The 

capture cross section is most often described by the power law, σn,p α T -γ, where γ≅2 to 

5 in Si and Ge [28]. In addition to that a stronger temperature dependence for σn,p [σn,p 

α exp(-∆E/kT)] was also reported [15], [28]. In this study, the σn,p is assumed to be an 

Arrhenius-type equation:  







 ∆−

=
kT

Eσ expApn,         (3.38) 

where kT is the thermal energy, A is a constant, and ∆E is the process activation 

energy. The thermal velocity, νth, is also temperature dependent,  

        *th
3
m
kTv =        (3.39) 

where m* is the effective carrier mass. Assuming that k, m*, ∆E, and NT are 

temperature independent, τg for the two conditions in Eq. (3.37) can be generalized as 







 ∆−

=

kT
ET 1

g
expB

1τ       (3.40) 
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where B, k, and ∆E1 are constants. Based on Eq. (3.40), the high-temperature values for 

τg should be plotted as -ln(τgT1/2) versus 1/kT to enable the extrapolation of τg to room 

temperature.  

 

Analogously, the equation for the surface-generation constant [Eq. (3.31)] can 

be used to determine the temperature dependence of sg 

itthnpg 2
π kTDs νσσ=    (3.41) 

where Dit is the interface-trap density evaluates near the midgap and assuming that it is 

temperature independent. Substituting Eqs. (3.38) and (3.39) into Eq. (3.41), the 

temperature dependence of sg is obtained as 







 ∆−

=
kT

ETs 25.1
g expC    (3.42) 

The parameters C, Dit, and ∆E2 are constants. Therefore, the high-temperature values 

for sg can be plotted as ln(sg/T1.5) versus 1/kT to enable the extrapolation of sg to room 

temperature. The expressions in Eqs. (3.40) and (3.42) are fundamental to the use of 

SiC for nonvolatile memories. 

 
 
 
3.3.2 Experimental Details 
 

MOS capacitors were fabricated on Si-faced, n- and p-type 4H–SiC wafers with 

3-µm thick epilayers [doping level of (0.7-1.85) × 1016 cm-3], oriented 8o off (0001) 

direction that were purchased from CREE Research Inc. The detailed cleaning 

procedure applied prior to oxidation has been described in Section 2.3.1.2. The nitrided 

gate oxides were separately grown by sandwich process at 1175oC (labeled as ‘NO’) 

and in 10% N2O at 1300oC (labeled as ‘10% N2O’), as described in Section 2.3.1.3 and 

2.4.1, respectively. After that, the samples were cooled down to 800oC in high-purity 

N2 at approximately 5oC/min. Subsequent metallization and photolithography 

processes have been described in Section 2.3.1.3. Figure 3.10 shows three of the MOS-

capacitor layouts that were used for the investigation in this chapter. All of the 

capacitors had the same gate area, AG=1.35×105 µm2. The AG was 200 times larger than 
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the estimated surface area of the depletion layer at the perimeter of the gate (AS). This 

enabled the third term in Eq. (3.32), as discussed in Section 3.3.1, to be neglected.  in Eq. (3.32), as discussed in Section 3.3.1, to be neglected.  
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Fig. 3.10:   Layout of masks used in photolithography to define area of MOS capacitors 

and there are named as (a) unshielded square capacitors, (b) finger-shaped 

capacitors, and (c) shielded square capacitors, respectively. 

Fig. 3.10:   Layout of masks used in photolithography to define area of MOS capacitors 

and there are named as (a) unshielded square capacitors, (b) finger-shaped 

capacitors, and (c) shielded square capacitors, respectively. 
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The MOS capacitors were characterized by high-frequency (100 kHz) 

capacitance–voltage (HF C–V) measurements, with sweep rate of 0.1 V/s and sweep 

range from 5 V to -5 V, using a computer-controlled HP4284A LCR meter. The gate-

oxide thicknesses, determined from the accumulation capacitances, were 27 nm and 24 

nm for the 10%-N2O and the NO oxides, respectively. The HF C–V curves were 

measured at different temperatures (ranging from 300 K to 630 K) and the flatband-

voltage shifts from the ideal curve (∆VFB) were determined for both types of oxides 

(Fig. 3.11). The ideal C–V curve was obtained by the method described in Section 

2.3.1.4(a). There were no significant dependencies of the flatband-voltage shifts on 

temperature for either type of oxide, indicating good stability of these oxides at high 

temperatures. 

Fig. 3.11: Comparison of flatband-voltage shift (∆VFB) measured at different 

temperatures for gate oxides grown in 10% N2O ( ) and NO ( ). 
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In order to obtain the capacitance–transient (C–t) measurements, the MOS 

capacitors were heated at different high temperatures ranging from 523 K to 628 K, so 

that the generation process is accelerated. At these temperatures, the capacitor is 

initially biased at accumulation and then instantly stepped to a reverse-bias voltage 

corresponding to deep depletion. A computer-controlled HP4284A LCR meter 

recorded the capacitance changes from deep-depletion level (Cdd) to inversion (Cinv) 

level with time, at a constant gate voltage (VG=-5 V, corresponding to the surface 

potential, ϕs, =-4.20 eV for n-type MOS capacitors and VG=3 V, corresponding to the 

ϕs=4.50 eV for p-type MOS capacitors). The Cdd and Cinv were theoretically calculated 

from the HF C–V curves [15] and matched to the measured deep-depletion and 

accumulation levels. All the measurements were performed in dark environment to 

eliminate the possible contribution from photon generation and the analysis of each 

type of oxide is made on different capacitor with a single measurement. Prior to 

transforming high-temperature C–t data to Zerbst plots, the raw data were first 

smoothened using Kernel Smoothening Method [29]. After that, the generation-time 

constant and the surface-generation constant were extracted. 

 

 

3.3.3 Generation-Time Constant and Surface-
Generation Constant in Different Nitrided Gate 
Oxides on N-type SiC MOS Capacitors 

The results of the high-temperature C–t measurements are presented in Fig. 

3.12 for both types of nitrided oxides on 4H SiC. Typical Zerbst plots, obtained from 

these data, are shown in Fig. 3.13. The curved parts near the origins follow the usual 

pattern observed in Si when the capacitance approaches its equilibrium level (Cinv). 

The far-end parts of the plots, that are due to the field-enhanced emission from SiC–

SiO2 interface traps [26], [27], show strong increases that are similar to the behavior 

observed by Neudeck et al. [30] for dry oxides on 6H SiC. The increases are significant 

in comparison to a typical plot in Si samples [21], indicating that the SiC–SiO2 

interface-trap density is much higher in SiC. The middle parts of the Zerbst plots, 

needed for the extraction of generation-time constant, τg, and surface-generation 

constant, sg, are relatively linear.  
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Fig. 3.12: High temperature C–t measurements for (a) 10%-N2O grown oxide and (b)  

NO grown oxide. 
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Fig. 3.13: Zerbst plots constructed using C–t measurement acquired at 628.15 K 

(355oC) for oxides grown in (a) 10% N2O and (b) NO. 
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The extracted values for τg and sg are presented in Figs. 3.14 and 3.15, 

respectively. The plots in Figs. 3.14 and 3.15 are prepared according to the temperature 

dependencies of Eqs. (3.40) and (3.42), to enable extrapolations to room temperature. 

The coefficients of determination, r2, are provided for each plot to indicate how well 

the regression model describes the data [31].  

 
 

Fig. 3.14: The generation-time constant, τg, as a function of temperature for non-

shielded n- and shielded p-type 4H–SiC based MOS capacitors with gate 

oxides grown in 10% N2O and in NO. The coefficients of determination, 

r2, of each plot are shown. 
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Fig. 3.15:  The surface-generation constant, sg, as a function of temperature for non-

shielded n- and shielded p-type 4H–SiC based MOS capacitors with 

oxides grown in 10% N2O and in NO. The coefficients of determination, 

r2, of each plot are shown. 
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Table 3.2 presents the estimated room-temperature values for τg and the 

effective bulk-generation rate, GB, by using ni=1.6×10-7 cm-3 [1] and W-

Winv=9.364×10-6 cm. The values for τg and GB are comparable for both types of oxides, 

which is an expected result given that τg relates to the quality of the SiC substrate and 

is not a parameter that should depend on the gate-oxide processing.  

 
 

TABLE  3.2 
 

Estimated room temperature values of τg, sg, GB, and GS extracted from N-type MOS 

capacitors with different nitrided gate oxides 

Parameter    Unit 10% N2O NO 

Generation-time constant, τg s 10-6 10-6 

Surface-generation constant, sg  cm/s 104 103 

Effective bulk-generation rate, GB s-1cm-2 10-7 10-7 

Effective surface-generation rate, GS s-1cm-2 10-3 10-4 

 
 
 

The estimated room-temperature values for sg are also presented in Table 3.2. 

The value for the NO grown oxide (~103 cm/s) is lower than for the 10%-N2O grown 

oxide (~104 cm/s). According to Eq. (3.31), sg is directly related to the SiC–SiO2 

interface-trap density, Dit, near midgap. The HF C–V measurements conducted at room 

temperature (Fig. 2.32) show differences in the slopes of the C–V curves that can be 

related to the SiC–SiO2 interface-trap density. It can be seen that the C–V curves of the 

NO grown oxide are steeper, indicating a lower Dit, in agreement with the lower sg 

value. Quantitative measures of the densities of the SiC–SiO2 interface traps, located 

between 0.22 eV and 0.60 eV below the bottom of the conduction band, were obtained 

by the conductance technique measured at 523 K and the results are shown in Fig. 

2.33.  The lower SiC–SiO2 interface-trap density in this energy range, observed for the 

case of NO oxides, also indicates a lower density of the SiC–SiO2 interface traps near 

midgap. The Dit value near midgap cannot be measured using the conductance 

technique, so we assume that the Dit distribution near midgap follows the same trend 
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shown in Fig. 2.33. This assumption is based on a two-dimensional numerical 

simulation model done by Linewih et al. [32].    

 

It should be noted that the value of sg~103 cm/s, obtained with the oxide grown 

in NO, is still considerably higher than the typical surface-generation constant in MOS 

capacitors on silicon (usually about 10-1-100 cm/s [15], refer to Table 3.1). This is due 

to the fact that the interface-trap density at nitrided SiC–SiO2 interfaces is still higher 

than at a high-quality Si–SiO2 interface. The higher interface-trap density in MOS 

capacitors on SiC also relates to the observed steep increase at the end part of the 

Zerbst plot that is caused by the field-enhanced emission from the interface traps. 

Nonetheless, when the sg values of the nitrided oxides are used to calculate the 

effective surface-generation rates, GS, the following results are obtained: ~10-4 s-1cm-2 

for the NO grown oxide and ~10-3 s-1cm-2 for the 10%-N2O grown oxide (Table 3.2). In 

comparison to the effective bulk-generation rate (GB), the effective surface-generation 

rates of both nitrided oxides are higher, indicating that the surface generation is 

dominant in SiC based MOS capacitors. Based on current and previous (Chapter 2) 

investigations, the passivation of SiC–SiO2 interface by NO-nitridation is better than 

by 10% N2O-nitridation.  

 

 

 

3.3.4 Comparison of Generation-Time Constant and 
Surface-Generation Constant in N- and P-Type 
MOS Capacitors on SiC 

Figure 3.16 shows typical HF C–V curves of n- and p-type MOS capacitors on 

4H SiC with oxides grown by NO using the sandwich process. A constant capacitance, 

well above theoretical inversion level at the reverse-bias region of the HF C–V curve, is 

observed in both capacitors when measuring from deep-depletion to accumulation after 

illumination with UV light. This steady-state capacitance indicates that minority 

carriers are generated at maximum density and are retained in the potential well created 

by surface band bending of 4H SiC due to the application of reverse bias. The HF C–V 

curves also show the commonly observed “interface-state ledge” [10], [11], [33] in p-
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type MOS capacitors that is not observed in n-type MOS capacitors. This implies that 

the 4H SiC–SiO2 interface-trap density (Dit) is higher in lower half of the bandgap. 

Further investigations on Dit using conductance technique (measured at 250oC) also 

lead to the same conclusion (see Fig. 2.33). These results are in agreement with the Dit 

results measured by hi-lo C–V technique [34]. 

 

Another significant difference in p-type MOS capacitors is the surface potential 

when there is no applied gate voltage to the capacitor (VG=0 V in the HF C–V curve 

measured from accumulation to deep-depletion at dark condition of Fig. 3.16). For p-

type MOS capacitor at VG=0 V, the HF C–V curve is in the inversion region (threshold 

voltage=-0.1 V). This indicates that minority carriers (electrons) exist at the 

semiconductor surface together with ionized immobile acceptors (negatively charged) 

that are situated in the depletion layer. In contrast, n-type MOS capacitors at VG=0 V 

are 0.20 V below flatband voltage (VFB), suggesting that the MOS capacitors are in the 

depletion region. 

 
Fig. 3.16:   Typical HF C–V measurements of MOS capacitors on n- and p-type 4H SiC 

acquired at dark conditions and after illumination with UV light for 20 s. 

Arrows indicate sweeping direction. 
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Figure 3.17 presents the C–t results measured at 20oC with a constant 3-V gate 

voltage applied on p-type MOS capacitors using equal-area MOS capacitors (area, 

AG=1.35×105 µm2) with different perimeters (P). The increase of capacitance from Cdd 

to Cinv in finger-shaped MOS capacitors (P=4400 µm) is faster than in square-shaped 

MOS capacitors (P=1469.7 µm) (see Fig. 3.10 for the shape of MOS capacitors). This 

perimeter effect is not observed in n-type MOS capacitors. The difference in n- and p-

type capacitors on the perimeter effect can be explained as follows. 

 

 
Fig. 3.17:  Room temperature measurements of C–t for equal-area unshielded MOS 

capacitors on p-type 4H SiC with different perimeter (P): P of finger-shaped 

and square capacitors is 4400 and 1469.7 µm, respectively, and equal-area 

shielded MOS capacitors on p-type 4H SiC. 
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Figure 3.18 illustrates the cross-sectional view of a typical MOS capacitor and 

energy-band diagrams (for n- and p-type SiC) along the line A–A’ at the SiC surface. 

At reverse-bias n-type MOS capacitors [Fig. 3.18(b)], inverted holes are thermally 

generated and confined to the potential well at semiconductor surface that is created by 

the bias. Outside the MOS capacitor area where there is no applied voltage, only 

immobile ionized donors appear at the semiconductor surface (refer to the HF C–V 

curves in Fig. 3.16, at VG=0 V the n-type capacitors are in the depletion region). So, the 

minority carriers (holes) are purely generated via SiC–SiO2 interface traps as there are 

no supply of the minority carriers from the perimeter of capacitors. However for 

reverse-biased p-type MOS capacitors, areas outside the capacitors are in the inversion 

region (Fig. 3.16). The minority carriers (electrons) from the perimeter of the capacitor 

can easily flow into the potential well that is created by the reverse biased, as shown in 

Fig. 3.18(c).  Hence, there are two sources of electron contributing to the increase of 

electron concentration in the p-type MOS capacitors: (1) supply of electrons from the 

perimeter of capacitor which is the dominant source and (2) thermal generation of 

electrons via interface traps which is a secondary source.  

 

 In order to remove the supply of electrons from the perimeter of p-type MOS 

capacitors, a negatively biased (-5 V) shielding ring surrounding the capacitors was 

used. The shielding ring and the capacitor are separated by a 15-µm gap. When 

applying a -5 V (which is -2.46 V above VFB) to the ring, the semiconductor surface 

below the applied voltage is accumulated with majority carriers (holes). Thus, the 

lateral supply of electrons to the capacitor is prevented. Using this setup, the C–t 

measurements at 20oC, labeled as ‘square-shielded capacitor’ in Fig. 3.17, show a 

significant reduction in time for the capacitance increase from Cdd to Cinv, compared to 

the other two samples labeled as ‘finger-shaped capacitor’ and ‘square capacitor’. 
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Fig. 3.18: (a) Cross-sectional view of a MOS capacitor. The energy-band diagrams of 

(b) n- and (c) p-type MOS capacitors at reverse biased along semiconductor 

surface, indicated as A–A’ in (a), illustrated the perimeter effect.  
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When the lateral in-flow of electrons into the reversed biased p-type capacitor 

is removed, the effective generation rate of the samples can be measured by high-

temperature capacitance–transient  (HT C–t) measurements using MOS capacitors that 

are having AG=1.35×105 µm2 and P=1469.7 µm. Typical HT C–t measurements of n- 

and p-type SiC-based MOS capacitors with thermally NO-grown nitrided gate oxides 

(using the sandwich process) are shown in Fig. 3.19. The constant reverse-bias applied 

to the n- and p-type MOS capacitors are -5 V (surface potential of -4.20 eV) and 3 V 

(surface potential of 4.50 eV), respectively. From HT C–t measurements, the effective 

generation rates for each temperature are extracted. Figures 3.13 and 3.14 show the 

results for the high-temperature generation-time constant (τg) and surface-generation 

constant (sg) values acquired from the p-type MOS capacitors with negatively biased 

shielding ring. The coefficient of determination, r2, is provided for each plot to indicate 

how well the regression model describes the data [31].  

 

The estimated room temperature value of generation-time constant, τg, 

extracted from unshielded n- and shielded p-type MOS capacitors present in Table 3.3. 

The estimated τg from the latter samples is approximately an order of magnitude lower 

than of the estimated generation-time constant obtained from n-type samples. This 

difference can be explained as follow: the τg is inversely proportional to the amount of 

generation-recombination centers available near midgap [Eq. (3.37)], assuming that the 

capture cross section of minority carriers and the thermal velocity are comparable for 

both electrons and holes. In order to produce p-type wafer, n-type wafer is used and 

over compensated with a p-type dopant. Although the majority-carrier concentration of 

the final p- and n-type wafers are comparable, the total concentration of doping atoms 

is greater in p-type wafers. These doping atoms create bulk defects in the p-type wafers 

and serve as generation-recombination centers for bulk generation. Consequently, the 

generation-time constant in p-type wafers is lower than in n-type wafers.  
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Fig. 3.19: Typical high temperature C–t measurements of (a) unshielded n-type MOS 

capacitors and (b) shielded p-type MOS capacitors. 

 

 

3-50 



 

 

 

 

TABLE 3.3 
 

Summary information of NO-nitrided gate oxides grown by the sandwich process and 

fabricated on N- and P-type 4H SiC. 

 

 

Type of Capacitors 
Parameter Unit 

N-Type 4H SiC P-Type 4H SiC 

  Square-
Unshielded 
Capacitor 

Square-
Shielded 
Capacitor 

Oxide thickness, tox  nm 32 38.5 

Doping concentration (×1016) cm-3 0.8 1.0 

Flatband voltage, VFB V 0.20 -2.54 

Generation-time constant at room 
temperature, τg  

s 10-6 10-7 

Surface-generation constant at 
room temperature, sg 

cm s-1 ~103 ~104 

Effective bulk generation rate at 
room temperature, GB E 

s-1 cm-2 ~10-7 ~10-5 

Effective surface generation rate 
at room temperature, GS 

s-1 cm-2 ~10-4 ~10-3 

E: the effective depletion-layer width, W-Winv, used in the calculations is 9.4×10-5 cm. 
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3.4  SUMMARY 
The electron-hole generation in an n-type MOS capacitor with oxides either 

grown in NO or 10% N2O on 4H SiC by high-temperature capacitance–transient 

measurements has been investigated. The contributions of carrier generation in the bulk 

and at the SiC–SiO2 interface are evaluated and compared. While the effective bulk-

generation rates are approximately equal for both types of nitrided oxides, the effective 

surface-generation rates show very strong dependencies on the type of oxide and the 

associated interface-trap densities. The dominant component of generation in this 

system is at the SiC–SiO2 interface situated below the gate.  

 

In the second part of this chapter, electron-hole generation in MOS capacitors on 

p-type 4H SiC with thermally NO-grown gate oxides by the sandwich process have 

been experimentally investigated and compared with MOS capacitors on n-type 4H 

SiC. The reason of fast capacitance changes from the deep-depletion capacitance to the 

inversion capacitance in p-type MOS capacitors compared to n-type MOS capacitors 

has been identified: supply of minority carriers from the perimeter of the capacitors 

contributes to the fast creation of the inversion layer. A negatively biased shielding 

ring has been employed to eliminate the lateral supply of minority carriers (electrons) 

and to enable measurement of the generation-time constant and surface-generation 

constant.  

 

 

REFERENCES 
 

[1] P.G. Neudeck, “SiC Technology,” in The VLSI Handbook, W. K. Chen Ed., New 

York: CRC and IEEE Press, 2000, pp. 6-1 – 6-32. 

 

[2] W. Shockley and W.T. Read Jr., “Statistics of recombinations of holes and 

electron,” Phys. Rev., vol. 87, pp. 835-842, 1952. 

 

[3] R.N. Hall, “Electron-hole recombination in germanium,” Phys. Rev., vol. 87, p. 

387, 1952. 

3-52 



 

[4] J.B. Casady and R.W. Johnson, “Status of silicon carbide (SiC) as a wide-

bandgap semiconductor for high-temperature applications: A review,” Solid-

State Electron., vol 39, pp. 1409-1422, 1996. 

 

[5] Y. Wang, J.A. Cooper, Jr., M.R. Melloch, S.T. Sheppard, J.W. Palmour, and 

L.A. Lipkin, “Experimental characterization of electron-hole generation in 

silicon carbide,” J. Electron. Mater., vol. 25, pp. 899-907, 1996. 

 

[6] P. Jamet, S. Dimitrijev, and P. Tanner, “Effects of nitridation in gate oxides 

grown on 4H–SiC,” J. Appl. Phys., vol. 90, pp. 5058-5063, 2001. 

 

[7] K.W. Ng, Complete guide to semiconductor devices, New York: Wiley and 

IEEE Press, 2002. pp. 612-618. 

 

[8] R.F. Pierret, “Advanced semiconductor fundamentals,” in Modular series on 

solid-state devices, G.W. Neudeck and R.F. Pierret Eds., Reading: Addison-

Wesley, 1987, pp.139-175.  

 

[9] Y. Goldberg, M. Levinshtein, and S. Rumyantsev, “Silicon carbide (SiC),” in 

Properties of advanced semiconductor materials – GaN, AlN, InN, BN, SiC, 

SiGe, M.E. Levinshtein, S.L. Rumyantsev, and M. S. Shur Eds., Wiley: New 

York, 2001, pp. 93-148. 

 

[10] J.A. Cooper, Jr., “Advances in SiC MOS technology,” Phys. Stat. Sol. (a), vol. 

162, 305-320, 1997. 

 

[11] H. Yano, F. Katafuchi, T. Kimoto, and H. Matsunami, “Effects of wet 

oxidation/anneal on interface properties of thermally oxidized SiO2/SiC MOS 

system and MOSFET’s,” IEEE Trans. Electron Dev., vol. 46, 504-510, 1999. 

 

3-53 



[12] D.K. Schroder, “Advanced MOS devices,” in Modular series on solid state 

devices, G. W. Neudeck and R. F. Pierret, Eds. Reading: Addison-Wesley, 1987, 

pp. 26-37.  

 

[13] C.T. Sah, Fundamentals of solid-sate electronics, Singapore: World Scientific, 

1991, pp. 270-290. 

 

[14] J.S. Blakemore, “Semiconductor statistics,” in International series of 

monographs on Semiconductor, H. K. Henisch Ed., Oxford: Pergamon Press, 

1962, pp. 117-249. 

 

[15] D.K. Schroder, Semiconductor material device characterization, New York: 

Wiley, 1998, pp. 269-336, 316, 421-508. 

 

[16] A.S. Grove, Physics and technology of semiconductor devices, New York: 

Wiley, 1967, pp. 117-146, 301-302. 

 

[17] S.M. Sze, Physics of semiconductor devices, 2nd ed., New York: Wiley, 1981, 

pp. 35-38. 

 

[18] R.S. Muller and T.I. Kamins, Device electronics for integrated circuits, New 

York: Wiley, 1986, pp. 221-231. 

 

[19] G.N. Maracas and D.K. Schroder, “Electrical characterization of semiconductor 

materials and devices,” in Characterization of semiconductor materials – 

Principles and methods, Vol. 1, G. E. McGuire Ed., New Jersey: Noyes, 1989, 

pp. 10-15. 

 

[20] D.J. Fitzgerald and A.S. Grove, “Surface recombination in semiconductors,” 

Surf. Sci., vol. 9, pp. 347-369, 1968. 

 

[21] E.H. Nicollian and J.R. Brews, MOS (Metal Oxide Semiconductor) Physics and 

Technology, New York: Wiley, 1982. pp 409-420. 

3-54 



 

[22] J.S. Kang and D.K. Schroder, “The pulsed MIS capacitor,” Phys. Stat. Sol. (a), 

vol. 89, pp. 13-43, 1985. 

 

[23] S. Dimitrijev, “The SiC–SiO2 interface: A unique advantage of SiC as a wide 

energy-gap material,” Mater. Sci. Forum, vol. 457-460, pp. 1269-1274, 2004. 

 

[24] J.N. Pan, J.A. Cooper, Jr., and M.R. Melloch, “Extremely long capacitance 

transients in 6H–SiC metal–oxide–semiconductor capacitors,” J. Appl. Phys., 

vol. 78, pp. 572-574, 1995.  

 

[25] M. Zerbst, “Relaxation effects at semiconductor–insulator interfaces,” (in 

German), Z. Angew. Phys., vol. 22, pp. 30-33, 1996. 

 

[26] P.U. Calzolari, S. Graffi, and C. Morandi, “Field-enhanced carrier generation in 

MOS capacitors,” Solid-State Electron., vol. 17, pp. 1001-1011, 1974. 

 

[27] K.S. Rabbani, “Investigations on field enhanced generation in semiconductors,” 

Solid-State Electron., vol. 30, pp. 607-613, 1987. 

 

[28] V.L. Bonch-Bruevich and E.G. Landsberg, “Recombination mechanisms,” phys. 

stat. sol., vol. 29, pp. 9-43, 1968. 

 

[29] _______, Reference Manual, Transforms & Regressions – Exact graphs for 

exact science, SigmaPlot 4.0 for Windows, 1997, pp. 6-31 – 6-33.  

 

[30] P. Neudeck, S. Kang, J. Petit, and M. Tabib-Azar, “Measurement of n-type dry 

thermally oxidized 6H–SiC metal–oxide–semiconductor diodes by quasistatic 

and high frequency capacitance versus voltage and capacitance transient 

techniques,” J. Appl. Phys., vol. 75, pp. 7949-7953, 1994. 

 

[31] W. Mendenhall and T. Sincich, Statistics for engineering and the sciences, San 

Francisco: Dellen Publi., 1992, pp. 446-451. 

3-55 



3-56 

 

[32] H. Linewih, S. Dimitrijev, and K.Y. Cheong, “Channel-carrier mobility 

parameters for 4H SiC MOSFETs,” Microelectron. and Reliab., vol. 43, pp. 

405-411, 2003. 

 

[33] A. Goetzberger and J.C. Irvin, “Low-temperature hysteresis effects in metal–

oxide–silicon capacitors caused by surface-state trapping,” IEEE Trans. Electron 

Dev., vol. ED-15, pp. 1009-1014, 1968. 

 

[34] P. Jamet, S. Dimitrijev, and P. Tanner, “Passivation of the oxide–4H SiC 

interface,” Mater. Sci. Forum, vol. 389-393, pp. 973-976, 2002. 

 

[35] Z. P. Guan, J. Z. Li, G. Y. Zhang, S. X. Jin, and X. M. Ding, “Minority electron 

mobility in a p-n GaN photodetector,” Semicond. Sci. Technol., vol. 15, pp. 51-

54, 2000. 

 

[36] R. Aleksiejúnas, M. Súdzius, T. Malinaukas, J. Vaitkus, K. Jarasiúnas, and S. 

Sakai, “Determination of free carrier bipolar diffusion coefficient and surface 

recombination velocity of undoped GaN epilayers,” Appl. Phys. Lett., vol. 83, 

pp. 1157-1159, 2003. 

 

 



  CHAPTER 4 
Nonvolatile Characteristics of 

SiC-Based Memories  
 

 
4.1      INTRODUCTION   • 4-1 
4.2      AN OVERVIEW OF SEMICONDUCTOR MEMORIES   • 4-3 
           4.2.1      Types of Semiconductor Memories   • 4-3    
                        4.2.1.1      Volatile Memory   • 4-3       
                              4.2.1.2      Nonvolatile Memory   • 4-4      
                              4.2.1.3      Comparison of Various Semiconductor Memory Technologies   • 4-9  
            4.2.2      Fundamental Operation of Contemporary Semiconductor Memories   • 4-11 
                        4.2.2.1      Flash Memory - A Nonvolatile Memory   • 4-11  
                              4.2.2.2      1T/1C DRAM - A Volatile Memory   • 4-15 
4.3 INVESTIGATION OF LEAKAGE MECHANISMS IN A SiC-BASED 1T/1C 

NONVOLATILE-DYNAMIC MEMORY (NDM)   • 4-21 
           4.3.1      Types of Leakage Mechanisms   • 4-21 
             4.3.2      Advantages of SiC as 1T/1C NDM Substrate   • 4-23 
             4.3.3      Examination of Leakage via a MOS capacitor Dielectric   • 4-26 
                        4.3.3.1      Experimental Details   • 4-27 
                              4.3.3.2      Results and Discussions   • 4-32 
           4.3.4      Examination of Leakage Due to Electron-Hole Generation   • 4-36 
                        4.3.4.1     Generation Process in a Depletion Region of a MOS Capacitor   • 4-36 
                              4.3.4.2     Generation Process in a Reverse-Biased pn Junction of a Select MOSFET   • 4-41 
4.4      SUMMARY   • 4-42 
           REFERENCES   • 4-44 
 
 

 

 

 

4.1 INTRODUCTION 
The demand for nonvolatile-semiconductor memory in the global market is 

increasing (Fig. 4.1), mainly due to the growing number of portable (mobile), compact, 

and light-weigh electronic equipment/appliances, such as handheld devices and mobile 

computers [1], [2]. Nonvolatile-semiconductor memory, having the ability to retain 

stored information for longer than 108 s (or 10 years) at temperatures as high as 80oC 

even without power supplied, is the main requirement for a permanent or semi-

permanent storage medium in the above-mentioned devices/systems.  
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Fig. 4.1: Growth curves for different technology drivers [3]. 

 

Conventional silicon-based nonvolatile-semiconductor memories only associate 

with read-only-memory (ROM) elements. These devices can only withstand limited 

(about 106–107) charging/discharging cycles, with too long charging/discharging times 

to allow their use for random-access memory (RAM) applications [2], [4]–[7]. RAMs 

such as dynamic RAM (DRAM) use MOS capacitor as storage element. They respond 

very quickly (nanoseconds) during charging/discharging cycles, but they are volatile 

and need refreshing (every tens of millisecond) in order to maintain the stored data. 

This is a disadvantage for portable, light-weight, and low power consumption gadgets. 

As a result, many researchers are motivated to find ways and means to develop a next 

generation nonvolatile memory. SiC has superb properties [such as low intrinsic carrier 

concentration (see Chapter 1) and extremely low generation rate (see Chapter 3)] and 

able to fabricate acceptable quality of MOS capacitors on it (see Chapter 2), 

theoretically enabling nonvolatile-dynamic memories (NDMs) — memory elements 

with access characteristics of silicon RAMs and with retention characteristics of silicon 

read-only memories (ROMs) ― to be made. Using SiC, the nonvolatile property could 

be achieved. While using Si-based DRAM structure, the fast data accessibility 

characteristics are obtainable. With the combination of SiC and DRAM structure, a 

novel nonvolatile memory device called NDM is proposed.  
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The proposed SiC-based NDMs could have similar structure and operation 

mechanisms to the Si-based one-transistor one-capacitor (1T/1C) DRAM.  Given that 

the volatile characteristics of Si-based DRAMs are due to several severe leakage paths, 

the identification and examination of these leakage mechanisms in SiC-based 1T/1C 

NDMs is necessary. Prior to this investigation, an overview of semiconductor 

memories is presented. Then, the possible leakage mechanisms in the SiC-based 1T/1C 

NDMs, as the next generation nonvolatile memories, are suggested and the advantages 

of SiC as the substrate for this development are revealed. Using MOS capacitors as 

storage elements or test structures, three leakage paths in a proposed SiC-based 1T/1C 

NDM are systematically investigated. They are the leakages via the MOS capacitor 

dielectric and via the generation of electron-hole in both reverse-bias pn junction of the 

select MOSFET and the depleted region of the MOS capacitor.  

 

 

 
4.2 AN OVERVIEW OF SEMICONDUCTOR 

MEMORIES 
This section starts with a review of the types of semiconductor memories. Then, 

the fundamental operations of the two most globally marketed memories are presented. 

They are Si-based Flash Memory (a nonvolatile memory) and 1T/1C DRAM (a volatile 

memory). 

 

4.2.1 Types of Semiconductor memories 
Data in the form of binary digit (bit), 1 or 0, are stored and manipulated in logic 

devices called memories. They are two-dimensional arrays of storage elements, 

controlled either by a bipolar transistor or a MOSFET. Since the first semiconductor 

memory was successfully used in computers in 1969 [8], great interest has been given 

to this device due to its faster access time, higher packing density, and less power 

consumption than non-semiconductor based memories, such as magnetic-based 

memories. Generally, semiconductor memories can be divided into two broad 

categories: (1) volatile and (2) nonvolatile.  
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4.2.1.1 Volatile Memory 
 According to its name, volatile memory does not retain charge after the power 

supply is switched off. The main representative of this type of memory is random-

access-memory (RAM), whereby it is able to randomly retrieve information without 

starting from the beginning. In RAMs, the logic information is stored either by setting 

up the logic state of a bistable flip-flop such as in a static random-access memory 

(SRAM), or through the charging of a capacitor as in dynamic random-access memory 

(DRAM). In both cases, the data is lost once the power is disconnected [9]. Besides 

this, the data in DRAM does disappear even if power is continuously supplied. To 

overcome this problem, an extra operation called refreshing is needed to maintain the 

storage information.  

 

DRAM has been the technology driver for Very and Ultra Large-Scale 

Integrated technology in the last century and has been the most commonly 

manufactured semiconductor-memory device, in terms of bits shipped, owing to its 

capability of fast writing and reading data, high packing density (gigabit), and low cost 

per bit [3]. Due to the nature of volatile memory, it is not convenient to use in portable 

computation equipment. Several approaches are used to solve this problem, such as 

battery backup, magnetic memory backup, and nonvolatile-semiconductor memory to 

maintain the storage data when the power is off. However, the first two approaches 

have their adverse effects: battery backup is limited by its shelf life and it is not 

reliable, whereas magnetic memory backup is too complicated. In addition to that both 

approaches consume relatively high power. Consequently, the best choice to retain 

data, without losing them when the power is switched off, is by nonvolatile-

semiconductor memory. In the subsequent text, the term nonvolatile semiconductor 

memory and nonvolatile memory are used interchangeably. 

 

 

4.2.1.2 Nonvolatile Memory 
Nonvolatile memory enables data to be retained even when the power is 

interrupted. The data storage mode is either permanent or reprogrammable, depending 

on the technology, and it is normally referred to as Read-Only-Memory (ROM) that is 
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fabricated on silicon. Since the first appearance of ROM in 1967, this device has 

evolved rapidly into many different forms [10]. Depending on the usage and the 

flexibility to manipulate storage data, ROM can be sub-classified into four groups: (1) 

programmable ROM (PROM), (2) erasable or ultra-violet erasable programmable 

ROM (EPROM or UV-EPROM), (3) electrically erasable programmable ROM 

(EEPROM or E2PROM), and (4) Flash EEPROM or simply termed as Flash Memory. 

 

PROM can only be programmed or written once and cannot be reprogrammed. 

In order to erase and reprogram or modify the data, two types of upgraded PROM were 

invented, depending on the erasing and reprogramming techniques. EPROM stores its 

data by injecting and trapping hot electrons into a floating polysilicon gate (as shown 

in the energy-band diagram in Fig. 4.2) and the data is erased by ultra-violet light [9]. 

EEPROM uses different technologies, namely metal–nitride–oxide–semiconductor 

(MNOS), silicon–oxide–nitride–oxide–semiconductor (SONOS), floating-gate 

tunneling oxide (FLOTOX), or textured polysilicon technologies to increase the 

efficiency of retaining charges [9], [11]–[15]. The most commonly used technology is 

FLOTOX that utilizes Fowler-Nordheim tunneling during charging (programming) and 

discharging (erasing) stage. The charging and discharging operations of FLOTOX 

transistor are illustrated in a self-explanatory manner by the energy-band diagrams in 

Fig. 4.3. 
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Fig. 4.2: Energy-band diagram of an EPROM device after charging (programming) [9]. 
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Fig. 4.3: EEPROM based on FLOTOX technology. (a) Cross section with tunnel oxide. 

(b) Equilibrium energy-band diagram. (c) Conduction band with +VG 

programming mode. (d) Storage mode. (e) Erase mode with –VG [12]. 
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The erasing time of EEPROMs is long because of byte-by-byte erasure 

operation. Therefore, a further improvement of this type of memory was invented to 

perform bulk-erasing operation. This memory device is named Flash EEPROM or 

simply called Flash Memory. Currently, Flash Memory is considered as one of the 

most popular nonvolatile memory owing to its hybrid characteristics of fast-access of 

RAM and of nonvolatile characteristics of ROM. Thus, it has a myriad of applications 

such as in personal data assistants (PDA), compact flash cards, digital cameras, and 

MP3 audio recorders, just to name a few.  

 

In addition to Flash Memory, there are two types of nonvolatile memory that 

have been invented namely battery-backed SRAM and ferroelectric RAM (FeRAM). 

The former uses a battery as a backup source to power a volatile SRAM, turning it into 

a nonvolatile memory when the main power is switched off. The latter consists of a 

ferroelectric capacitor fabricated from pervoskite-structured materials, either strontium 

bismuth tantalate (SBT), lead zirconate titanate (PZT), lead titanate (PbTiO3), 

strontium bismuth titanate, barium strontium titanate (BST), or barium magnesium 

flouride (BaMgF4) hybrids on Si substrate. The operation of FeRAM is based on 

polarization of crystal that creates hysteresis (as illustrated in Fig. 4.4). The lattice 

displacements of atoms induce a polarization of the crystal under an external electric 

field and it remains polarized after the field is removed.  The polarization can be 

reversed by opposite polarity field [8], [14]–[18]. These two types of memories are not 

commonly used in electronic systems and devices, compared to Flash Memory. 

 

Besides the above-mentioned nonvolatile memory technologies, there are a few 

types of emerging technologies that are under development or still in conceptual phase 

[19]. For completeness of this section, a brief introduction of these emerging 

technologies, i.e. magnetoresistive RAM, phase change RAM, single electron memory, 

and molecular memory, are presented.  
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(a) 

(b) 

(c) 

 

 

Fig. 4.4:  (a) Schematic illustrations for the ferroelectric memory. (b) When positive 

voltage is applied to the gate, positive charges appear near the silicon 

surface, which indicates an n-type inversion layer. (c) A negative applied 

voltage induces negative charges at the silicon surface [8]. 
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The memory mechanism of magnetoresistive RAMs (MRAMs) is based on the 

magnetoresistive effects in magnetic materials and these materials can undergo a 

resistance change when an external magnetic field is applied [20]. The applied 

magnetic field causes the magnetic materials to be magnetized into two possible 

magnetic states, and these states correspond to the storage data. In this memory device, 

the data is read by measuring the resistance changes in the cell compared to a 

reference. Included in the MRAM technology family are giant magnetoresistance RAM 

(GMRAM) and magnetic tunnel junction RAM (MTJRAM) [13], [19]–[21]. 

 

 Phase change memory, also called ovonic unified memory (OUM), is based on 

rapid reversible phase change effect in some materials under the influence of electric 

current pulses from a MOSFET [13], [22], [23]. Using the reversible structural phase 

change properties in a thin-film material such as chalcogenides, the logical states can 

be identified by the crystallinity of the thin-film material. For example, the logic-1 and 

0 states are represented by crystalline- versus amorphous-phase states of the material 

that affect the resistance in the cell. By measuring the change of resistance, the data 

could be read.  

 

 Finally, the two types of emerging-research memory devices, namely single 

electron memory [24]–[29] and molecular memory [30] that cannot be categorized in 

nonvolatile memory at this stage as researches are still in the infant stage and they have 

only demonstrated volatile characteristics. According to the 2001 International 

Technology Roadmap for Semiconductors (ITRS) [31], the prospect of these memory 

technologies to become nonvolatile is promising. 

 

 
 
4.2.1.3  Comparison of Various Semiconductor Memory 

Technologies  
Each and every type of semiconductor-memory technology, whether volatile or 

nonvolatile, has its own advantages and disadvantages. Table 4.1 summarizes and 

compares the technologies of some semiconductor memories, namely six-transistor 
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GMRAM (6T-GMRAM), battery-backed SRAM, EEPROM, Flash Memory, FeRAM, 

and DRAM.  

 

TABLE 4.1 

Summary of comparison between semiconductor-memory technologies [21]. 

 

Technology of Semiconductor Memory Property 

6T-
GMRAM

Battery-
Backed 
SRAM 

EEPROM Flash 
EEPROM

FeRAM DRAM 

Nonvolatile Yes Yes Yes Yes Yes No 

Endurance 
(cycles) 

Unlimited Unlimited 104-105 105-106 <1013 Unlimited 

Cell size (λ2) >200 120-200 30-80 4-10 Not 
scalable 

8-12 

Write: 
  Access time 
  (ns) 

 

10-20 

 

5-15 

 

106-107 

 

104-105 

 

50-100 

 

30-70 

  Voltage (V) 1.8-5 1.8-5 12-18 10-12 3.3-5 1.8-5 

 

  

 

Although battery-backed SRAM is a nonvolatile memory, its battery lifetime 

limits its application. So it is not a preferred choice as a nonvolatile memory device. 

Moreover, relatively large cell size (it is approximately 15-25 times larger than the cell 

of DRAM) of battery-backed SRAM limits the usage in compact and light-weight 

applications. By using EEPROM and/or Flash Memory the problem of cell size can be 

solved, however they are having limited number of operation cycles (writing and 

erasing) (104-106), large operation voltage (approximately 6 times larger than DRAM), 

and slow operation time (104-106 ns) [13], [21], [32], [33]. The operation time (50-100 

ns) is tremendously improved by ferroelectric technology, but this technology still 

needs to overcome three major challenges: (1) contamination during deposition of 

ferroelectric thin film on Si, (2) degradation of operation cycles (<1013), and (3) 
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unscalable cell size [21]. The first-two problems can be out performed by GMRAM 

technology, providing an unlimited number of operation cycles with relatively fast 

operation time (10-20 ns). But the major hinder of GMR technology is the scaling 

limitation of cell size [21]. The cell size of a 6T-GMRAM is approximately 20 times 

larger than of a DRAM. All the listed nonvolatile memory technologies are having 

some imperfections either in operation cycles, in time, in voltage, or/and in cell size. 

According to the comparison made in Table 4.1, these imperfections are avoidable by 

DRAM technology. But due to its volatile characteristics, DRAM is not suitable for 

portable, light-weight, power-saving devices, which require reliable nonvolatile 

memory as a storage element. If the volatile nature of a Si-based DRAM were solved, 

it would be a preferred choice for nonvolatile applications. 

 

 

 

4.2.2  Fundamental Operation of Contemporary 
Semiconductor Memories 

The fundamental operations of a Si-based Flash Memory and a Si-based one-

transistor one-capacitor (1T/1C) DRAM, which represent the contemporary nonvolatile 

and volatile memories, are presented in this section. The selection of these 

representative devices is because they currently dominate the global memory market in 

terms of volume production. An overview of the memory mechanisms in these devices 

is presented in the following sections.   

 

 

 

4.2.2.1  Flash Memory – A Nonvolatile Memory  
Since the invention of the Flash Memory in 1984, it has undergone several 

stages of improvement and now it is the most volume-produced nonvolatile memory. 

One of the standard commercial Flash Memories is using Intel EPROM Tunnel Oxide 

(ETOX) structure (Fig. 4.5) or sometime termed as FLOTOX (see section 4.2.1.2) [9], 

[34], [35]. The basic structure of this device consists of a MOSFET with a modified 

gate-stacking structure that encompasses a floating gate (FG) and a control gate (CG) 
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embedded in a dielectric material such as SiO2. A gate in the MOSFET is used to 

modulate the flow of electrons between the source and the drain. The embedded and 

isolated FG, sitting in between the CG and the channel, is the storage element of the 

device. The following paragraphs explain writing (programming or charging) and 

erasing (discharging) operations in an ETOX-structured Flash Memory fabricated on a 

p-type Si substrate [35]. 
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Fig. 4.5:  ETOX structure of Flash memory cell. (a) Writing operation and (b) erase 

operation [34]. 

 

 

 

The programming- or erasing characteristics of the device are determined by 

electron transport in or out of the floating gate (FG). These operations can be 

represented by a plot of the electron energy as a function of vertical distance from CG 

to channel near the drain region of the MOSFET, as in Fig. 4.6. The typical energy 

barrier of SiO2 is approximately 3.2 eV with respect to the low-energy electron in Si 

channel, the FG, and the CG. The first SiO2 energy barrier between the FG and the 

channel prohibits electrons leaking from the channel into the FG, whereas the second 

energy barrier (between the FG and the CG) prevents the electrons reaching the CG. 
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Fig. 4.6:   Plots of electron energy as a function of vertical distance from select gate to 

channel. (a) Writing/programming operation and (b) erasing operation [35]. 
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In order to store the charge in the FG during a writing operation [Figs 4.5(a) 

and 4.6(a)], a large positive drain and control gate biases are applied to get a large 

electric field (because it is an n-channel MOSFET). With this field, electrons are drawn 

from the source to the drain regions and a portion of the electrons that are accelerated 

under high-electric field gain sufficient kinetic energy to surmount the 3.2-eV energy 

barrier of SiO2 and reach the FG. These energetic electrons induced by high electric 

field are referred to as hot electrons and this process is known as channel-hot-electron 

(CHE) injection. Once the electrons overcome the energy barrier, the kinetic energy of 

electrons is rapidly reduced due to the interactions with the vibrating atomic lattice and 

with other electrons. The thermalized electrons are then settled down and stored in the 

FG. These extra-stored electrons are screening the device channel from the control-gate 

electric field. As a consequent, a higher ‘turn-on’ control-gate voltage (VG) and a larger 

threshold voltage (VT) of the MOSFET are observed (Fig. 4.7).   

 

 

VT (Programmed)VT (Erased) 

Low current:
Memory is

programmed

High current:
Memory is

erased

Sense Memory State

Gate Voltage

Drain Current

Memory 
Window

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7: Current–voltage characteristic (transfer characteristic) of a Flash Memory in 

the erased and programmed state, showing the VT shift and the memory 

window [35]. 
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The memory is erased when the stored electrons from the FG are removed. This 

is achieved by applying a large negative control-gate voltage so that the channel is 

turned off [Fig. 4.5(a)]. As shown in Fig. 4.6(b), the slope of energy barrier between 

the CG and the source is increased due to this electric field, causing the top of the 

barrier to become thinner. The high electric field imposed to the electrons, resided in 

the FG, provides sufficient kinetic energy for the electrons to tunnel through the top-

thinned part of the energy barrier and to reach the source region of the MOSFET. This 

high-field-assisted tunneling process is known as Fowler-Nordheim (FN) tunneling. 

Upon reaching the source, the electrons are thermalized and settled down. Hence, the 

VT is restored to its original value. Figure 4.7 shows a typical transfer characteristic of 

the mentioned Flash Memory after writing/programming and erasing operations with 

the shift of VT. This shift is known as ‘memory window’. Therefore, the determination 

of a memory state in an actual device is by measuring current in a MOSFET when a 

control-gate bias is applied within the memory window. 

 
 
4.2.2.2 1T/1C DRAM – A Volatile Memory 

The binary data in a DRAM is stored in a MOS capacitor. It is called dynamic 

because the storage charge leaks away even with continuously supplied power. 

Therefore, the storage element must be refreshed at periodical intervals. Despite this 

drawback, the advantages of high packing density and low cost per bit have promoted 

DRAM to the most widely used semiconductor memories in commercial applications. 

The first generation of a Si-based DRAM, manufactured in 1970, consisted of a three-

transistor (3T) and one-capacitor (1C) cell or abbreviated as 3T/1C. Then, significant 

developments have resulted in the transformation of 3T/1C into one-transistor one-

capacitor (1T/1C) design (Fig. 4.8). Dennard [36], in 1966, had proposed the earliest 

design of 1T/1C-DRAM. This 1T/1C-DRAM structure has paved the way to current 

high-density and fast-access DRAM [9], [36]. The evolutionary developments of 

DRAMs have been well reviewed by Sharma [9], Rideout [37], and Dennard [38]. 

 

The basic structure of a Si-based 1T/1C DRAM cell composes of a select 

MOSFET, either an n-channel or a p-channel, and a MOS capacitor. For the purpose of 

explanation, the following description of 1T/1C DRAM operation is using an n-
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channel MOSFET integrated with a MOS capacitor as shown in Fig. 4.8. This planar-

structural design of the select MOSFET has two-n+ regions, acting as source and drain. 

The source is connected to a Bit line (BL) (or a Column Line) of the memory array and 

the drain is extended to the outside of the MOS capacitor. Between the source and 

drain, a channel can be formed by inverting the carrier by applying a reverse-bias to the 

gate of the select MOSFET. This gate is specially defined as transfer gate and it is 

connected to a Word Line (WL) (or a Row Line) of the memory array. There is another 

gate called the storage gate that is connected to the MOS capacitor acting as a storage 

element. In order to confine the charge from spreading, a p+-channel stop surrounds the 

perimeter of the device.  

 

 

ROW LINE (or WORD LINE)

SELECT TRANSISTOR

STORAGE 
CAPACITOR

COLUMN LINE (or BIT LINE)

Fig. 4.8: Circuit representation and cross-sectional view of a one-transistor one-

capacitor (1T/1C) DRAM [36]. 

 

 

To further reduce the size of the device, the n+-drain region is omitted in the 

later planar structure [Fig. 4.9(a)]. The contact of the storage gate is placed sufficiently 
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close to the contact of the transfer gate so that a continuous inversion layer can be 

formed between them. In order to enable higher storage density and packing density, 

this two-dimensional planar structure is then further improved by using three-

dimensional trench-capacitor and stacked-capacitor cells [Figs 4.9(b)-(c)]. The trench-

capacitor cell increases the capacitance (which corresponds to the charge storage) by 

increasing the depth of the trench while maintaining the surface area of the silicon 

occupied by the cell. In contrast, the stacked-capacitor cell is capable of reducing the 

cell size without losing the storage capacity by stacking the storage capacitor on top of 

the select MOSFET.  
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Fig. 4.9:  Comparison amongst (a) planar, (b) trench, and (c) stacked capacitor cells 

(shaded areas indicate the storage capacitors) [9]. 
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In the subsequent paragraphs, fundamental operations of a 1T/1C DRAM are 

explained by using the simplest two-dimensional planar structure that has been 

presented in Fig 4.9(a). The descriptions of the operations are partially adapted from a 

reference by Schroder [7]. The descriptions of the operations are based on a p-type Si 

material, however the basic principles can also be applied to n-type substrate. Figures 

4.10(a)-(f) are enclosed to facilitate the explanation of the operations. 

 

Charging and discharging a MOS capacitor in a DRAM cell is achieved by 

manipulating the surface-band bending of the semiconductor due to gate voltage 

application. A potential well is created due to surface-band bending and charges can be 

retained in or emptied from the potential well. The mechanism of introducing charge in 

the storage capacitor is termed writing data. In this case, the p-type substrate is 

grounded and the storage gate of the MOS capacitor is biased to 5 V to achieve a 

strong-inversion mode in the capacitor. In order to write a binary 1 to the MOS 

capacitor, a 5 V is applied to BL (at n+ source) and simultaneously the WL (at transfer 

gate) is pulsed ‘high’ by applying 5 V. Therefore, a channel in the transfer region is 

created. Since the threshold voltage of Si-based MOSFET is about 1 V, thus the access 

transistor is turn on by the pulse. Although both transfer and storage gates are now at 5 

V, actually after taking into consideration of the voltage drop across the oxide, they are 

less than 5 V. As a result, any charge in both gates can flow into the n+ source and the 

mode of the capacitor is changed from strong-inversion to deep-depletion. When the 

pulse of the transfer-gate (or WL) is returned to 0 V, the empty potential well under the 

storage gate is representing a binary 1 [Fig. 4.10(c)]. 
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Fig. 4.10:  A basic 1T/1C DRAM operations, showing (a) a stored logic 1 and (d) a 

stored logic 0. The writing of logic 1 is shown in (b) and (c), and the 

writing of logic 0 is shown in (e) and (f) [7]. 
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 To write a binary 0, the BL is reduced to 0 V so that the surface potential is 

approximately equal to a diode built-in voltage, Vbi [Fig. 4.10(e)]. Then, the transfer 

(WL) and storage gates are again pulsed ‘high’ to 5 V. The select transistor is turn on, 

enabling electrons from n+ source flowing to and filling up the potential wells under 

both transfer and storage gates. This is possible as the potential in these wells is less 

than n+ source [Fig. 4.10(e)]. As the select transistor is turn off, by pulsing the transfer 

gate (WL) to 0 V, a charge packet located under the MOS capacitor storage gate is 

created [Fig. 4.10(f)]. At this 0 stage, the MOS capacitor is inverted to an equilibrium 

state. In short, the logical states (1 or 0) of a cell are depending on the BL (at n+ source) 

voltage during a writing stage. 

 

 

4.3  INVESTIAGTION OF LEAKAGE MECHANISMS 
IN A SiC-BASED 1T/1C NONVOLATILE–
DYNAMIC MEMORY (NDM) 

4.3.1  Types of Leakage Mechanisms  
The possible leakage mechanisms in the proposed SiC-based 1T/1C NDMs are 

similar to the Si-based 1T/1C DRAMs as their device structures are the same, except 

that the substrates are different. Therefore, the well-investigated leakage mechanisms 

in Si-based 1T/1C DRAM are used as references in this section to identify and describe 

the leakage in SiC-based 1T/1C NDM. The potential leakage mechanisms, causing 

unintentionally change of logical states in the memory, consist of six different paths. 

They are [7], [9], [39]: (1) leakage through the dielectric of the storage MOS capacitor, 

(2) electron-hole generation in the depleted region of the storage MOS capacitor, (3) 

junction leakage due to electron-hole generation in the depletion layer surrounding the 

drain region of the select MOSFET, (4) leakage through the select MOSFET due to its 

subthreshold current, (5) tunneling current through the gate dielectric of the select 

MOSFET, and (6) band-to-band tunneling at the edge of the select MOSFET [or 

commonly termed as gate-induced drain leakage (GIDL)]. These leakage paths are 

illustrated in Fig. 4.11, which shows the proposed SiC-based 1T/1C NDM cell 

consisting of a select p-channel MOSFET integrated with a SiC-based MOS capacitor.  
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Fig. 4.11: Various possible leakage mechanisms in a proposed SiC-based 1T/1C NDM 

cell: (1) leakage through capacitor dielectric, (2) electron-hole generation in 

a depleted region of capacitor, (3) junction leakage, (4) tunnel current 

through gate dielectric of select transistor, and (5) leakage through select 

transistor subthreshold current. Gate induced drain leakage (GIDL) is not 

illustrated. The numbers I and II indicate generation of electron-hole from 

SiC–SiO2 interface and from bulk of a depletion layer in the SiC, 

respectively. The capacitor is made of metal–oxide–semiconductor (MOS) 

or metal–dielectric–metal (MOM). If MOM is used, mechanism (2) would 

not happen. 
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The effects of the leakage mechanisms can be resolved by adding extra 

circuitry in Si-based DRAMs, so that data refreshing operation can be carried out. In 

the refreshing operation, data is retrieved and the same data is rewritten in periodical 

intervals before the data is completely lost or changed. The time interval between the 

refresh cycles is called refresh time and a typical refresh time in currently available 

DRAM technology is 64 ms [3]. This extra circuitry incurs additional process steps and 

limits packing density of the memory. The effects of leakage in a Si-based DRAM can 

be alleviated by the refreshing technology, but its volatile characteristics still persist. 

This is because all the data would be missing once the power is terminated. 

Undoubtedly, if a memory device fabricated on SiC could have acceptable low 

leakage, then the refreshing operation could be omitted. This statement needs to be 

supported by experimental results. Therefore, three of the leakage mechanisms will be 

investigated using SiC-based MOS capacitors as storage elements or test structures. In 

Sections 4.3.3 and 4.3.4, the leakage through SiC-based MOS capacitor dielectric 

[leakage mechanism (1)] and leakages due to electron-hole generation [leakage 

mechanism (2) and (3)] will be systematically examined. 

 

 

4.3.2   Advantages of SiC as 1T/1C NDM Substrate  
SiC exhibits unique material properties (see Section 1.2), having four promising 

features to enable it to be considered as the next generation nonvolatile memory 

material, namely (1) large bandgap (Eg) with extremely low intrinsic-carrier 

concentration, ni, (2) ability to withstand harsh environment, such as at high 

temperature, (3) ability to thermally grow native oxide (SiO2) on SiC as dielectric, and 

(4) the developed planar technology in Si can be used with little modification in SiC.  

 

Since there are numerous polytypes of SiC, the review of the advantages of SiC 

as nonvolatile-dynamic memory (NDM) substrate is only focused on the most popular 

and most widely reported polytypes. They are 3C, 4H, and 6H SiC [40]. The bandgaps 

of these polytypes are 2.39, 3.26 and 3.02 eV, respectively (cf. Table 1.1). These 

values are 2 to 3 times, depending on the polytypes, larger than the Si (1.12 eV). The 

larger the bandgap, the lower the ni should be. For example, ni for 4H SiC is in the 
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order of 10-7 cm-3 at room temperature. It is approximately 17 orders of magnitude 

lower than in Si. Given that the rate of thermal generation of minority carriers is 

proportional to ni (according to the first approximation of the SRH model) (see Chapter 

3), the thermal generation rate in 4H SiC should be 17 orders of magnitude longer than 

in Si. Theoretically, the thermal generation rate at room temperature is negligible. 

Thus, the unintentional change of logical states due to thermal-generation process 

should be insignificant in a SiC-based MOS capacitor and MOSFET.  

 

The applicability of SiC for harsh environment applications, such as high 

temperature, has long been recognized. As shown in Table 1.1, the melting point of 

SiC is approximately 2 times higher than Si or GaAs, indicating that the stability of this 

material at high temperature is better than Si and GaAs. Consequently, it encourages 

the use of this material for high power devices and high temperature sensors [41]–[48]. 

Recently, Li et al. [49] reported a Flash-Memory-like structure on 6H SiC as a 

nonvolatile memory that is able to withstand temperatures as high as 200oC. 

 

The remaining two features are related to device-fabrication technology. It is 

possible to grow thermally stable silicon dioxide layer on SiC with the commercially 

available equipment from standard Si planar technology. Although different dielectrics 

can be deposited on SiC, the performance of thermally grown SiO2 on SiC is still the 

best amongst the studied dielectrics [50]. Unlike other wide bandgap materials, SiC is 

the only material that can oxidize thermally to form SiO2. The mechanism of thermal 

oxidation in SiC still follows Deal-Grove general relationship of linear-parabolic law. 

However, SiC oxidation is anisotropic [51], [52] and its oxidation rates of all SiC 

polytypes are much slower than in Si. There are three factors affecting the rate: 

terminal face of SiC, crystal orientation [51], [52], and oxidation ambient (see Chapter 

2). Oxidation technology seems to play a major role in determining the quality of the 

SiC–SiO2 interface (see Chapter 2) and subsequently affecting the charge-retention 

time of a memory device.  

 

Researchers from Purdue University have successfully developed and patented 

a SiC bipolar-based nonvolatile memory [53]–[56], which consisted of a bipolar 

transistor as a switch to control charges and a pn junction diode as a storage element. In 
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this npn structure on 6H SiC, as shown in Fig. 4.12, Gardner et al. [53] reported 

charge-retention time at room temperature (extrapolated from high-temperature 

measurements) of ~1014 s (~3×106 years). In that study, the length of charge-retention 

time was reduced to ~106 s by using dry SiO2 as terminal-junction passivation layer 

compared to using wet oxidized passivation layer. The authors concluded that the 

effect of surface passivation at the surrounding devices plays a major role. Later, Wang 

et al. [55], using the same npn structure but fabricated on 4H SiC, reported charge-

retention time in the range of 6.6×108 s (21 years) – 1.3×109 s (43 years). In 

comparison, the charge-retention time for device fabricated from 4H SiC is shorter than 

from 6H SiC. Wang et al.  [55] have attributed this effect to the quality of substrate 

or/and epilayer. There are a few disadvantages using bipolar structure as storage 

elements, namely, low packing density [7] and high power consumption, 

approximately 2-3 times more power is consumed in a bipolar structure than in a MOS 

structure [57]. 
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Fig. 4.12: Schematic cross section of a SiC npn charge storage capacitor [53], [55]. 

 

 

Based on the studies in Si, the problems in bipolar structure as nonvolatile 

memory can be solved using MOS capacitor, such as in the structure of a Si-based 
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1T/1C DRAM. In the case of MOS capacitor as storage element, the charge is stored in 

a potential well created by surface-band bending due to applied gate voltage. Cooper et 

al. [56] and Agarwal et al. [58] reported this conceptual idea, however, this idea was 

not supported by experimental results. Up to now there has been no report on 

experimental results of non-equilibrium charge retention characteristics in MOS 

capacitors. This is probably because of difficulty to find a process to obtain an 

acceptable quality of SiC–SiO2 interface that prevents the charge leakage through the 

oxide. Recently, high-quality SiC–SiO2 interface, with acceptable level of SiC–SiO2 

interface-trap density was reported using nitridation process [49], [59]. In addition to 

that, Chapter 2 presented and discussed two novel nitridation techniques that can 

effectively produce an acceptable quality of SiC–SiO2 interface. Utilizing these 

technologies, the nonvolatile-memory characteristics of MOS capacitor on SiC are 

achievable.  

 

 
4.3.3   Examination of Leakage Via A MOS capacitor 

Dielectric 
Theoretically, the dielectric in a MOS capacitor is acting as an insulating film to 

prevent current conduction. Practically, there is a small amount of current that flows 

through this film at high gate voltage. When the gate voltage increases beyond the 

dielectric breakdown voltage, it becomes extremely conductive. A charged capacitor 

can be discharged if current conducts through dielectric. Therefore, leakage through 

this path is strongly depending on the properties of the dielectric. The leakage current 

through the gate oxide can be many orders of magnitude lower than the current 

corresponding to the flow of one electron per second, so it is practically impossible to 

measure it directly. In this section, a novel measurement technique called floating-gate 

technique is used to characterize the loss of non-equilibrium charge due to ultra-low 

gate-oxide leakage of MOS capacitors on both n-type and p-type 4H SiC substrates. 

This technique utilizes capacitance–voltage (C–V) measurements to characterize the 

relaxation of non-equilibrium capacitance due to charge leakage in floating-gate metal–

oxide–semiconductor capacitors. The C–V measurements are performed at elevated 

temperatures and the results are extrapolated to room temperature. 
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4.3.3.1 Experimental Details 
The fabrication procedures of MOS capacitors on either n- or p-type 4H SiC 

with nitrided gate oxides as memory storage elements have been described in Sections 

2.3.1 and 2.4.1. Two types of nitrided gate oxides were grown on the 4H SiC by the 

sandwich technique (the oxides were labeled as NO) and by the high-temperature 

diluted N2O (the oxides were labeled as 10% N2O). Dry gate oxides were used to 

compare with the nitrided-gate oxides (the oxides were labeled as O2). The gate-oxides 

thicknesses were in the range of 30-38 nm. The analysis of each type of oxide is made 

on different capacitor with a single measurement and this practice was followed 

through out the whole experimental work reported in the chapter. The following 

paragraphs describe experimental details using n-type MOS capacitors. 

 

Due to extremely slow thermal generation in SiC, even at temperatures as high as 

300oC, UV light was used to generate minority carriers. To set an MOS capacitor in the 

inversion state, the gate was biased so that the minority carriers generated by the UV 

light are attracted to the semiconductor surface. Capacitance–transient (C–t) 

measurements were used to detect the changes at the semiconductor surface by a 

computer controlled HP4284A LCR meter. Being a source of external carrier 

generation, the UV light leads to a capacitance increase that is well above the 

theoretical inversion level if the light intensity is sufficient. This is illustrated in Fig. 

4.13 for the case of a MOS capacitor on n-type 4H SiC. The deep-depletion and 

inversion levels indicated on the figure have been determined by a standard method 

described in Section 3.3.2.  

 

An increase in high-frequency (HF) capacitance is directly related to a 

corresponding decrease in the depletion layer width (Wd). The energy-band diagrams in 

Fig. 4.14 illustrate the changes of the depletion layer width of n-type MOS capacitors 

in (a) deep depletion, (b) above-inversion, and (c) equilibrium state of strong inversion. 

For as long as the capacitance increases from the deep-depletion to above-inversion 

levels, the depletion-layer width continues to decrease because the positive charge of 

the donor ions in the depletion layer is replaced by increasing density of minority 

holes. The capacitance increase saturates at a certain level that corresponds to equal 
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rates of external hole generation (the thermal-generation rate is negligible) and hole 

removal by recombination, emission into the substrate, and/or gate-oxide leakage.  

 

 

 
Fig. 4.13:  A capacitance–transient plot for an n-type MOS capacitor, measured at 

300oC, as an illustration of the floating-gate technique. 
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Fig. 4.14:  Energy-band diagrams of an n-type MOS capacitor biased in inversion at 

different conditions: (a) deep depletion (a non-equilibrium condition), (b) 

above inversion with UV light exposure (a steady-state non-equilibrium 

condition), and (c) inversion (the thermal-equilibrium condition). The 

depletion-layer width, Wd, relates to the HF capacitance. 
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Once this steady-state capacitance level is reached, the UV light is turned off to 

remove the source of external carrier generation. As the carrier-recombination rate is 

no longer balanced by the external-generation rate, excess minority carriers are 

recombined and the capacitance drops toward the inversion level. As Fig. 4.13 shows, 

the capacitance can remain at the strong-inversion level if the thermal generation is 

strong enough to compensate for any loss of holes due to leakage through the gate 

oxide — just as is the case in silicon. The thermal generation and the oxide leakage are 

two competing mechanisms because the thermal generation works to maintain the 

equilibrium state in the semiconductor, whereas the oxide leakage works toward 

establishing equilibrium condition across the MOS capacitor (between the gate 

electrode and the semiconductor). If the oxide leakage current is too high, or the 

thermal generation is too low (such as in SiC at room temperature which have been 

demonstrated in Chapter 3), the loss of holes due to oxide leakage would not be 

compensated and the capacitance decay would cross the inversion level. This 

observation has been demonstrated using dry oxide on 4H SiC, as shown in Fig. 4.15. 

 

 
Fig. 4.15: Capacitance–transient (C–t) plots at different temperatures measured by 

MOS capacitors on n-type 4H SiC with dry gate oxides.  
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The described procedure of setting the MOS capacitor in strong inversion has been 

used to just prepare the structure for the beginning of the ultra-low leakage 

measurements. The aim is to start measuring the leakage from a well-defined reference 

point, which correspond to a thermal-equilibrium condition in the semiconductor but 

sets a non-equilibrium condition across the gate oxide — the capacitor is charged to the 

level of strong inversion. Therefore the leakage measurements begin at the point when 

the gate is set in floating mode by disconnecting the probe that connects the gate 

voltage.  

 

Once set in floating mode, the leakage through the oxide removes both holes from 

the semiconductor and electrons from the metal electrode. This leads to a reduction in 

voltage across the oxide, but importantly, there is no need to generate new holes in 

order to maintain the equilibrium state in the semiconductor. Therefore, the gate-oxide 

leakage leads to a continuous reduction in the inversion-layer charge, as it works 

toward discharging the capacitor to remove the voltage difference between the gate and 

the semiconductor surface. As is well established, capacitance measurements of a fully 

discharged capacitor show the deep-depletion capacitance. This is because no holes can 

be generated to respond to the inversion-level voltage, so the surface is depleted to 

provide positive charge from the donor ions in the depletion layer. The important 

question here is what happens if a capacitance measurement, with the inversion-level 

gate voltage, is taken before the capacitor is fully discharged. The answer to this 

question is that the depletion layer is extended by the applied voltage to provide 

positive-donor ions that would compensate any holes that leaked away from the 

inversion layer. Therefore, the capacitance will be reduced below the inversion level, 

but for as long as there are some excess holes in the inversion layer, the capacitance 

will remain higher than the deep-depletion level.  

 

The experimental results shown in Fig. 4.13 illustrate the capacitance reduction 

due to oxide leakage of a charged capacitor with floating gate. The capacitance 

measurements were performed by simply reconnecting the gate electrode to the 

original inversion-level voltage for a short time, needed to record the HF capacitance 

measurement. After the measurement is completed, the gate electrode is disconnected 

again until the next measurement.  
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It was found that the capacitance decay from the inversion toward the deep-

depletion levels could be approximated by the following exponential equation  















 −∆+=
τ
tCCC expinv ,   (4.1) 

where C is the variable capacitance, t is the time, ∆C is the difference between the 

inversion and the deep-depletion capacitance levels (∆C = Cinv – Cdd), and τ is the time 

constant. This time constant represents the capacitance-relaxation time at the specific 

measurement temperature. Assuming exponential dependence of the relaxation time on 

temperature,  

     





−= Α

kT
EexpDτ ,   (4.2) 

where D is a constant and EA is the process activation energy, the room-temperature 

value of the τ and the EA can be estimated from corresponding Arrhenius plot. If this 

leakage path were dominant, τ would be equal to charge-retention time.  

 

 

4.3.3.2 Results and Discussions 
MOS capacitors with NO-nitrided gate oxides on both n-type and p-type 4H SiC 

were used in the experiment. The measurements were performed at temperatures 

ranging from 265oC to 330oC.  The MOS capacitors were initially biased in 

accumulation and then instantaneously stepped to the set inversion-level voltage (VG=  

-5 V and VG=3 V for the MOS capacitors on n-type and p-type substrates, 

respectively).  

 

The measurements on the p-type substrate were performed in two ways: (1) 

without any shielding and (2) with a shielding ring biased at –5 V. It has been observed 

that the surface of p-type 4H SiC, surrounding a MOS capacitor, can be inverted even 

when the gate is grounded (thermal equilibrium) (see Section 3.3.4). Consequently, any 

in-flow of minority electrons from the perimeter into the inversion layer under the gate 

would influence the measured relaxation time. This supply of electrons would act to 

replace some of the electrons lost by the gate oxide leakage, leading to longer 

relaxation times and impression of lower gate-oxide leakage (Table 4.2). To remove 
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this possible supply of electrons, measurements were also performed with capacitors 

having shielding rings that were biased at –5 V.  

 

 

TABLE 4.2 

Estimated relaxation time, τ, at room temperature measured by the floating-gate 

technique in MOS capacitors on n- and p-type 4H SiC with thermally grown NO-

nitrided gate oxides by the sandwich technique. 

 

N-Type MOS Capacitor P-type MOS Capacitor 

No Shielding Ring No Shielding Ring With shielding Ring 

8×1012 s 2×1013 s 3×1012 s 

 

 

 

Figure 4.16 shows typical capacitance-transient measurements obtained with 

capacitors on n-type (Fig. 4a) and p-type substrates for the case of shielded MOS 

capacitors (Fig. 4b). The symbols are the experimental data whereas the lines show the 

fitting by Eq. (4.1). The relaxation times that provide the best fit are shown in Fig. 

4.17. From the Arrhenius plots, shown in Fig. 4.17, room-temperature values were 

extracted and they are shown in Table 4.2.  

 

As can be seen, the relaxation times for non-shielded capacitors on p-type 

substrate were longer compared to the shielded capacitors. This result shows that the 

effect of electron supply from the capacitor perimeter does exist. Comparing the results 

of shielded capacitors on p-type substrate to n-type substrate, the relaxation times are 

somewhat longer for the capacitors on n-type substrate. This can easily be explained by 

somewhat inferior quality of the oxides on p-type substrate. Importantly, the relaxation 

times in either case are extremely long, which points out to extremely low leakage 

currents.  
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Fig. 4.16:  High temperature C–t plots at different temperatures measured with MOS 

capacitors on (a) n-type and (b) p-type 4H SiC substrates. The symbols are 

the measured data and the solid lines are the best fitting by Eq. (4.1). 
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Fig. 4.16:  High temperature C–t plots at different temperatures measured by Probe 

Lifting and Lowering Technique using MOS capacitors on n-type 4H SiC 

with nitrided gate oxides grown by the sandwich technique. Gate oxides 

thicknesses were ranging from 25-35 nm. 

Fig. 4.17:    Arrhenius plots of relaxation time, τ, as a function of temperature measured 

in MOS capacitors on n- and p-type 4H SiC with nitrided gate oxides grown 

by the sandwich technique. The coefficients of determination, r2, of each 

plot are shown. 
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4.3.4  Examination of Leakage due to Electron-Hole 
Generation  

Electron-hole generation, occurring in two separate depletion regions of the 

proposed SiC-based 1T/1C NDM, may unintentionally change the pre-set logical states 

of the memory. The two distinct depletion regions are: (1) in the MOS capacitor, acting 

as a storage element (if MOS capacitor is used) and (2) in the reverse-biased pn 

junction surrounding the drain region of the select MOSFET. The seriousness of these 

leakages in the proposed SiC-based 1T/1C NDM, attributed to electron-hole 

generation, will be systematically examined using 4H SiC-based MOS capacitors with 

nitrided gate oxides as test structures. 

 

 

4.3.4.1  Generation Process in a Depletion Region of a MOS 
Capacitor 

The effect of electron-hole generation, in the depletion region of a MOS 

capacitor, on the unintentional change of logical states is examined in this section. The 

gate oxide thicknesses utilized in this investigation were ranging from 30 to 38 nm. 

Typical high-frequency (100 kHz) capacitance–voltage (HF C–V) curves of n- and p-

type MOS capacitors, measured in dark with a computer-controlled HP4284A LCR 

meter, are shown in Fig. 3.16. The curves show that the capacitors are in deep-

depletion mode for reverse gate voltages, because the thermal-generation rate of the 

minority carriers is very low and the inversion layer cannot be formed during the 

measurements. 

 

To obtain information on how long it would take for the inversion-layer to be 

created, the gate voltage is stepped from accumulation-gate voltage to a set reverse-

gate voltage and the capacitance is measured in time (this is similar to the capacitance–

transient measurements conducted in Section 3.3.2). As electron-hole pairs are 

generated, the electrons move to the neutral substrate whereas the holes are collected at 

the semiconductor–oxide interface, forming gradually the inversion layer. Any increase 

in the inversion-layer charge is accompanied by the equivalent decrease in the 

depletion-layer charge, given that the gate voltage is fixed. A decrease in the depletion-
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layer charge corresponds to a decrease in the depletion-layer width, and consequently, 

to a measurable increase in the capacitance. When the inversion layer is fully formed, 

the capacitance reaches the inversion-layer level.  

 

The capacitance–transient (C–t) measurements were performed at both room 

and high temperatures (100 to 320oC) at VG=-5 V (this is equivalent to surface potential 

of ϕs=-4.20 eV) in n-type MOS capacitors and at VG=3 V (this is equivalent to ϕs=4.50 

eV) in p-type MOS capacitors. The deep-depletion capacitance (Cdd) and inversion 

capacitance (Cinv) values were calculated from the theoretical HF C–V curve and 

matched to the measured deep-depletion and accumulation levels as mentioned in 

Section 3.3.2. Typical C–t curves of n- and p-type MOS capacitors with nitrided-gate 

oxides are shown in Figs. 3.12 and 3.19. The room-temperature carrier generation was 

so slow that no increase above the deep-depletion capacitance was observed. At higher 

temperatures, however, the capacitance increases are measurable. Assuming 

exponential increases from Cdd to Cinv, 















 −∆−=
τ
tCCC expinv ,   (4.3) 

where ∆C = Cinv – Cdd and the corresponding time constant (τ) could be extracted from 

the measured C–t curves at different temperatures. These time constants represent the 

capacitance relaxation times at the specific measurement temperatures. Assuming 

exponential dependence of the relaxation time on temperature, the room-temperature 

value of the relaxation time can be obtained from Arrhenius plot based on Eq. (4.2).  

 

Figure 4.18 presents the Arrhenius plots of the relaxation times, τ, measured at 

a constant applied gate voltage (VG=-5 V and surface potential of –4.20 eV) of MOS 

capacitors with two types of nitrided gate oxides on n-type 4H SiC. There is a 

significant difference between the estimated τ (at room temperature) of the two nitrided 

oxides. The estimated τ at room temperature of oxides grown in 10%-N2O (~109 years) 

is approximately an order of magnitude shorter than in NO (~1010 years). This result is 

related to the quality of the SiC–SiO2 interface and the surface-generation rate, which 

has been comprehensively discussed in Chapters 2 and 3. Importantly, the τ in either 

nitrided oxides are long enough to consider that electron-hole generation in the 
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depleted region of MOS capacitors as negligible. After examining the effect of 

different nitrided-gate oxides on the relaxation time, the relaxation time in p-type MOS 

capacitors with NO-nitrided gate oxide grown by the sandwich technique will be 

presented in the subsequent paragraphs.  

 
Fig. 4.18: A comparison of relaxation time (τ) as a function of temperature of two 

different nitrided gate oxides grown on n-type 4H SiC. The nitrided gate 

oxides labeled as NO was grown by the sandwich technique, whereas the 

10% N2O was grown by the high-temperature diluted N2O technique. The 

surface potential for all measurements is -4.20 eV. The coefficients of 

determination, r2, of each plot are shown. 
 

 

Figure 4.19 reveals the Arrhenius plots of τ extracted at high temperatures with 

p-type MOS capacitors, measured with and without shielding ring surrounding the 

capacitors. The purpose of having a shielding ring has been explained in Section 3.3.4. 
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The accompanying coefficients of determination, r2, show how well the regression 

model describes the data. It is estimated that the τ at room temperature of an 

unshielded p-type MOS capacitor is approximately 8 orders of magnitude lower than of 

the capacitor with negatively-biased shielding ring (Table 4.3). This demonstrates that 

lateral supply of electron to the unshielded p-type MOS capacitors contributes to the 

fast increases of capacitance from deep-depletion to inversion levels. A detail 

discussion of the behavior of shielded and unshielded p-type MOS capacitors has been 

presented in Section 3.3.4. 

 

Fig. 4.19: Comparison of relaxation times (τ) as a function of temperature in an 

Arrhenius-type plot measured by MOS capacitors on n- and p-type 4H SiC 

with NO-nitrided gate oxides grown by the sandwich technique. The 

coefficients of determination, r2, of each plot are shown. 
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TABLE 4.3 

Estimated relaxation time, τ, at room temperature deduced from leakage due to 

electron-hole generation in a depletion region of MOS capacitors on n- and p-type 4H 

SiC with thermally grown NO-nitrided gate oxides by the sandwich technique. 

 

N-Type MOS Capacitor P-type MOS Capacitor 

No Shielding Ring No Shielding Ring With shielding Ring 

1×1017 s 2×108 s 1×1016 s 

 

 

In comparison, the estimated τ at room temperature of a shielded p-type MOS 

capacitor is approximately an order of magnitude shorter than that of an n-type MOS 

capacitor (Table 4.3). As discussed in Section 3.3.1, the increase of carrier density in 

an inversion layer is affected by the surface and bulk generations. The characteristics 

of these generations are given by surface-generation constant, sg, and by generation 

time constant, τg, respectively. These two sources of generation directly affect the 

increment of capacitance from deep-depletion to inversion levels. The reason for short 

τ in a p-type MOS capacitor is attributed to doping-related bulk defects. Although the 

relaxation time of p-type MOS capacitors is shorter than of n-type, the relaxation times 

in both n- and p-type MOS capacitors are long enough to consider the electron-hole 

generation in depleted regions of the capacitors as insignificant. Hence, the 

unintentional change of logical state from deep-depletion level (which represents a 

logic 1 state in a memory device) to inversion level which represents a logic 0 state in a 

memory device) should take extremely long time to happen. If the MOS capacitor itself 

is used as a memory element, the generation in the depletion layer of the capacitor 

would dominate, so the relaxation time would be close to the charge-retention time. 

However, if the electron-hole generation is limited to the depletion layer of a select 

transistor, where the junction leakage is prevailing, much longer charge-retention times 

are possible. The following section investigates the effect of this junction leakage, due 

to the generation current, on the charge-retention time using 4H SiC-based MOS 

capacitors as test structures.  
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4.3.4.2  Generation Process in a Reverse-Biased pn 

Junction of a Select MOSFET 
This section examines the effect of thermal-generation current in a reverse-

biased pn junction surrounding the drain region of a select MOSFET. To conduct this 

investigation, 4H SiC-based MOS capacitors acting as test structures are used.  

 

The Si-based 1C/1T DRAM cell consists of a memory capacitor and a select 

MOSFET that supplies and controls the stored charge in the capacitor (Fig. 4.9). The 

capacitor can be either metal–dielectric–metal or metal–oxide–semiconductor (MOS). 

When the capacitor is charged, the drain–body pn junction is reverse-biased, with a 

depletion layer surrounding the junction [57]. Electron-hole pairs are generated in the 

depletion layer, either in the bulk and/or at the semiconductor–oxide interface (labeled 

as I and II in Fig. 4.8). The generated electron-hole pairs are then separated, as they are 

attracted to the opposite-polarity charge in the capacitor and in the bulk contact. 

Therefore, a generation current is established that discharges the capacitor. This type of 

charge loss is identified as one of the leakage mechanisms that cause the volatile nature 

of Si-based DRAMs. In fact, if a metal–dielectric–metal capacitor with negligible 

leakage through the dielectric were used, the generation current would be the dominant 

leakage mechanism. According to the first order of Shockley-Read-Hall model [60], 

the generation rate is related to the intrinsic-carrier concentration (ni). Given that ni in 

4H SiC is about 1.6×10-7 cm-3 (cf. Table 1.1), which is approximately 17 orders of 

magnitude lower than in Si, the generation rate in 4H SiC should be many orders of 

magnitude lower than in Si. Therefore, the above-mentioned discharge mechanism 

could be practically eliminated using 4H SiC as the material for the select MOSFET. 

The time needed to discharge a non-leaky metal–dielectric–metal capacitor via the 

generation current of the select transistor can be related to the relaxation time, τ, of a 

test MOS capacitor. Assuming similar doping levels and biasing, linear scaling of the 

areas and the capacitor charge leads to the following relationship between the charge-

retention and the capacitor-relaxation times: 

τ










∆
∆

=
MOSFETrtest

testDRAM
ret AVC

AQ
t     (4.4) 
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where, tret is the charge-retention time of a SiC-based 1C/1T NDM cell (as determined 

by the generation current in the select MOSFET), ∆QDRAM is the stored charge in the 

capacitor of the cell (typically, 20 fC in a Si-based 1T/1C DRAM [3], [61]), Vr is the 

drain–to–body reverse bias created by the charged memory capacitor, AMOSFET is the 

surface area of the drain–to–bulk depletion layer, Atest is the area of the test structure 

(MOS capacitor), ∆Ctest is the difference in capacitance between Cdd and Cinv and τ is 

the relaxation time of the test-MOS capacitor. 

 

 As described in Section 4.3.4.1, the estimated relaxation time, τ, of the 

measured n- and p-type (with shielding ring) MOS capacitors, with area Atest=1.35×105 

µm2, were 1017 s and 1016 s, respectively. Assuming that the carrier concentrations in 

the p+ drain and n substrate are 1018 cm-3 and 1016 cm-3, respectively; the calculated 

built-in voltage for the pn junction is 2.5 V, and the resulting depletion width of n- and 

p-type substrates are 0.31 µm and 0.32 µm at a reverse-biased voltage,Vr,=5.2 V and 

5.5 V, respectively. The lateral depletion width is assumed to be identical to the 

vertical depletion width [62], so, for a 1-µm2 p+ drain, the AMOSFET is approximately 

1.67 µm2 for both n and p-type substrates. Using the room temperature value of τ and 

∆Ctest=9.9 pF (for n-type SiC) and 7.2 pF (for p-type SiC), the calculated charge-

retention time, tret, for n- and p-type substrates are in the orders of 1019 s and 1018 s, 

respectively. This demonstrates that a Si-based 1C/1T DRAM cell will be practically 

nonvolatile when the select MOSFET is implemented into 4H SiC and a non-leaky 

metal–dielectric–metal capacitor is used.  

 

4.4  SUMMARY 
The potential for developing a 1T/1C nonvolatile-dynamic memory (NDM) on 

4H SiC has been experimentally investigated in this chapter. The investigations were 

concentrated on three possible leakage paths that could interfere with the nonvolatile 

characteristics of the proposed device. Metal–oxide–semiconductor (MOS) capacitors 

fabricated on 4H SiC with nitrided oxide–semiconductor interfaces were used in the 

investigation, either as memory elements themselves or as test structures to determine 

the junction leakage in select MOSFETs, which is connected to the memory elements. 

Charge leakage through gate oxide has been identified as a main technological issue for 
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the development of the memory elements. Using nitrided SiC–SiO2 interface, this 

problem can be minimized. Leakages due to electron-hole generation in depletion 

regions of both the MOS capacitor and of the reverse-biased pn junction surrounding 

the drain region of a select MOSFET, do not have significant effect on the nonvolatile 

characteristics of the proposed device. Table 4.4 summarizes the relaxation times of the 

three possible leakage paths. The leakage via the capacitor oxide remains a critical 

issue for the development of the memory. 

 

 

 

TABLE 4.4 

Comparison of the estimated relaxation times at room temperature deduced from 

different leakage paths in MOS capacitors on n- and p-type 4H SiC with thermally 

grown NO-nitrided gate oxides by the sandwich technique. 

Relaxation time, τ (s) 
Leakage Path 

N-type 4H SiC P-type 4H SiC F 

Leakage via capacitor oxide 8×1012 3×1012 

Leakage due to electron-hole 
generation in a depletion region of 
a MOS capacitor 

1×1017 1×1016 

Leakage due to electron-hole 
generation in a reverse-biased pn 
junction of a select MOSFET 

1×1019 2×1018 

 

F : a positive voltage is applied to the surrounding of the capacitors (MOS capacitor 
with shielding ring). 
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5.1 CONCLUSIONS 
This study has made significant contributions to a better understanding of the 

characteristics of non-equilibrium charge in MOS capacitors on SiC. The investigations 

started with the development of two novel nitridation processes to enable acceptable 

high-quality gate oxides to be grown on SiC. Employing these nitrided gate oxides in 

SiC-based MOS capacitors, the fundamental of thermal-generation of electron-hole 

pairs was investigated. After understanding this process and establishing a technique to 

extract important parameters from the process, the potential of this material for 

nonvolatile-dynamic-memory (NDM) application was explored. The following 

paragraphs summarize the important conclusions that have been reached as a result of 

this research.  

 

In Chapter 2, the importance of the initial nitridation has been addressed. The 

reasons for inferior electrical properties of NO annealed oxides, compared to oxides 

directly grown in NO, were analyzed and interface roughness was identified as a key 

contributor. In order to avoid growing oxide using lengthy and expensive direct growth 

in NO, a sandwich technique (nitridation–oxidation–nitridation) was proposed and 

verified. To address the issue of using toxic-NO gas as nitrogen source, the use of non-

toxic-N2O gas was investigated. The electrical characterizations have shown that the 

oxide grown in 10% N2O at 1300oC demonstrated the largest improvement in the 

quality of SiC–SiO2 interface, with the lowest interface-trap density, near-interface trap 

density, and effective oxide charge, compared to oxides grown in 0.5% and 100% N2O. 

These results are supported by the physical characterizations, revealing that 10%–N2O 
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oxide has the lowest carbon accumulation at the SiC–SiO2 interface, the smoothest 

interface, and the lowest density of near-interface oxide defects. These effects have 

been explained by nitrogen-assisted carbon removal from the interface. Compared to 

the nitrided gate oxides grown by the two novel techniques, the quality of sandwich-

fabricated nitrided-gate oxides was better. 

  

Using the effective nitridation techniques, gate oxides on SiC were grown and 

appropriate MOS capacitors were used for the investigations of generation and 

recombination of electron-hole in Chapter 3. High-temperature capacitance–transient 

measurements were used to determine and compare the contributions of carrier 

generation in the bulk and at the SiC–SiO2 interface of MOS capacitors with the 

sandwich-processed and with the high-temperature diluted N2O-processed gate oxides. 

The parameters characterizing the generation processes in the bulk and at the surface 

were generation time constant and surface-generation constant, respectively. A 

technique has been developed to estimate room temperature values of these parameters. 

Using the room-temperature values, effective bulk- and surface-generation rates were 

estimated. The effective bulk-generation rates at room temperature were comparable in 

both types of nitrided-gate oxides in the MOS capacitors, whereas the effective 

surface-generation rate at room temperature was much lower in the sandwich-

processed nitrided-gate oxides. The effective surface-generation rate demonstrated a 

strong dependency on the type of gate oxide, which was associated with SiC–SiO2 

interface-trap density, and this component dominated the generation process in a SiC-

based MOS capacitor. In the subsequent section of this chapter, effective-generation 

rates of n- and p-type MOS capacitors on 4H SiC with sandwich-processed nitrided-

gate oxides were compared and analyzed. The reason for higher effective-generation 

rate in p-type MOS capacitors than in n-type MOS capacitors was identified as the 

lateral supply of minority carriers to the capacitors. Using a negatively biased shielding 

ring, this problem was circumvented, enabling the effective-generation rate to be 

measured and compared to n-type MOS capacitors. Both the effective bulk- and 

surface generation rates were still higher in p-type MOS capacitors than in n-type MOS 

capacitors. Lower quality of substrate and SiC–SiO2 interface was attributed to these 

observations. The investigations carried out in this chapter fulfilled the second 

objective of the research. 
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In order to utilize the extraordinary slow effective-generation rate in MOS 

capacitors on SiC with nitrided gate oxides, Chapter 4 investigated the possibility of 

using this material as the substrate for a nonvolatile-dynamic memory (NDM). The 

structure and the concept of the proposed NDM is similar to Si-based 1T/1C DRAM. 

Three possible leakage mechanisms, which could adversely affect the nonvolatile 

characteristics of the SiC-based memory, were systematically investigated using SiC-

based MOS capacitors as either memory-storage elements or test structures. The charge 

leakage through the gate oxide was identified as the main technological issue for the 

development of SiC MOS capacitors as memory elements. Using nitrided SiC–SiO2 

interface, this problem is minimized. The second possible leakage path was related to 

the unintentional change of logical states due to thermal-generation in a depleted MOS 

capacitor. The times for this changes, which corresponded to the time for the 

capacitance increase from deep-depletion to inversion levels, were extremely long. The 

third possible leakage path was due to junction leakage in a reverse-bias pn junction 

surrounding the drain region of the select MOSFET and connected to a capacitor. 

Using SiC-based MOS capacitors as test structures, it was estimated that the time for 

the generation current to discharge a typical metal–dielectric–metal or MOS capacitor 

was also extremely long. Among the three leakage mechanisms, leakage via the 

capacitor oxide remains a crucial factor for the development of the proposed device. 

Hence, the third objective of this research has been accomplished. 

 

 

5.2 SUGGESTIONS FOR FUTURE WORK 
In this thesis, the fundamental research of non-equilibrium conditions using 

MOS capacitors on SiC has been performed. According to the results presented in this 

thesis, the use of SiC as the material for nonvolatile memory applications is very 

promising. In order to make further progress in this direction, some outstanding items 

and issues, listed below, need to be further investigated. 

 

1) As discussed in Chapter 2, the SiC–SiO2 interface-trap density (Dit) is 

higher at the lower half of the bandgap. Although nitridation processes can 

reduce Dit, it is still high compared to the upper half of the bandgap. The Dit 
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in the lower half of the bandgap is believed to be due to carbon clusters 

accumulated at the interface. One suggestion for lowering Dit located at the 

lower half of the bandgap is to grow gate oxides with nitridation process 

and simultaneously illuminating with ultra-violet (UV) light on the SiC. It 

has been demonstrated that by using preoxidation UV–ozone cleaning, the 

accumulated carbon clusters can be dissociated [1]. By combining 

nitridation process with UV illumination during oxide-growing process, 

some carbon clusters generated during oxidation process could be broken 

down into smaller carbon compounds by the UV light. Simultaneously, the 

nitrogen from the nitridation process can more effectively remove the 

smaller carbon compound. 

 

2) The perimeter effect of p-type MOS capacitors on SiC with nitrided gate 

oxides needs to be addressed. This effect is due to constant supply of 

minority carriers to the capacitor, as the surrounding of the capacitor is 

inverted even though no voltage is applied to it (see Section 3.3.4). This 

effect has complicated the investigation of nonvolatile characteristics and 

will affect the design of a memory device. Besides using a shielding ring to 

alleviate this problem, the method mentioned in (1) for further reduction of 

Dit would minimize the negative shift of flatband and threshold voltages, 

and therefore minimize this effect. 

 

3) The thickness of gate oxides used in this research was more than 25 nm. It 

is essential to investigate the quality of ultra-thin nitrided-gate oxides, 

which are thinner than 10 nm. In Si, ultra-thin gate oxides are the trend of 

current Complementary–Metal–Oxide–Semiconductor (CMOS) and DRAM 

technologies and the same trend would be followed in the development of 

SiC-based MOS devices.  

 

4) The nonvolatile characteristics of SiC-based memory need further 

investigation. This includes examination of the remaining three possible 

leakage mechanisms: (1) leakage through a select MOSFET due to its 

subthreshold current, (2) tunneling current through gate dielectric of the 
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select MOSFET, and (3) band-to-band tunneling at the edge of the select 

MOSFET [or commonly termed as gate-induced drain leakage (GIDL)]. 

These leakage paths could be investigated using SiC-based MOSFETs as 

test structures. In addition, structural design of an integrated SiC-based 

1T/1C NDM arrays could also be carried out. 
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APPENDIX A  
 

 
Principles of Atomic Force Microscopy (AFM) 
 

AFM is one of the scanning-probe techniques used to investigate surface of a 

sample by progressively scanning the probe, with a sharp tip at the end, across the 

surface and the tiny forces appearing between the probe and the surface is measured. 

The force, can be either van der Waals, resonant exchange, electrostatic, or magnetic 

interactions [1], is then transformed into two- or three-dimensional images that 

represent the topography of the investigated surface with lateral and vertical resolution 

in nanometer scale or less. The nature of the sample (including the cleanliness of the 

sample surface), the gap between the probe and the sample, and the geometry of the 

probe are factors that can influence the forces [2].  

 

 The principle of AFM is illustrated in Fig. A.1 [1]. An AFM consists of a sharp 

tip fixed to a flexible cantilever, which in turn is attached to piezoelectric drivers for X, 

Y, and Z movements. At a given point over the sample, two interactions may take 

place in atomic level: either repel or attract atom clusters of the tip and push it away, or 

pull it towards the surface. The vertical motion is then sensed by observing the 

deflection of a narrow laser beam that is reflected from the back of the cantilever. By 

scanning continuously over the sample surface, a map of surface topography is 

obtained. An AFM can operate in three modes: (1) non-contact mode functions by 

sensing van der Waals attractive forces between surface and tip that held above the 

surface; this mode is used in this work, (2) contact mode measuring the forces by 

scanning the surface with a tip on the sample surface, and (3) tapping mode is the 

hybrid of the two modes.  
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Fig. A.1:  Principles of the atomic force microscope (AFM), showing (a) the laser 

reflection technique for measuring cantilever deflection and (b) a cluster of 

atoms on the tip sensing van der Waals force near surface [1]. 

 

 

REFERENCES 
[1] W.R. Runyan and T.J. Shaffner, Semiconductor measurement and 

instrumentation. 2nd ed., New York: McGraw-Hill, 1997, pp.379-400. 

 

[2] D.K. Schroder, Semiconductor material and device characterization. New York: 

Wiley, 1998, pp. 710-714.  

 A-2



APPENDIX B  
 

 
Principles of X-ray Photoelectron Spectroscopy (XPS) 
 

XPS also known as electron spectroscopy for chemical analysis (ESCA) that is 

based on the photoelectric effect discovered by Hertz in 1887 for identifying elemental 

and chemical species at the surface of a sample. All elements, except hydrogen and 

helium, can be detected using a conventional XPS [1]. A very good spectrometer is 

needed to detect these two elements. XPS has emerged as the most popular surface-

analytical technique owing to three inherent properties [2]: (1) it is applicable to any 

vacuum-compatible solid, either conductor or insulator, (2) it is the most quantitative 

method that enables to detect elemental species as low as 0.1 atom %, and (3) it 

provides significant chemical information given by the ‘binding-energy shift’.  

 

 Surface analysis by XPS is accomplished by irradiating a sample with 

monoenergetic soft x-ray and energy of electron that has been emitted from any orbital 

is analyzed [Fig. B.1(a)].  Photoemission only occurs for x-ray energy exceeding the 

binding energy of electron. The two commonly used x-rays are Mg Kα (1253.6 eV) and 

Al Kα (1486.6 eV). These photons have limited penetrating power in a solid (1-10 µm 

depth), so only atoms in and near the surface region can be analyzed. Consequently, 

electrons are emitted by photoelectric effect and their kinetic energy (KE) is given by 

[2] 

KE = hν - BE - Φs    (B-1) 

where hν, BE, and Φs are the photo energy of primary x-ray, binding energy of atomic 

orbital from which electron originated, and work function of spectrometer, 

respectively. The BE is the energy difference between initial and final states of 

photoelectron after leaving the atom. So there is a series of KE of emitted electrons due 

to different probability (or cross-section) and location of final states. Because each 

element has a unique set of binding energies, XPS can use to identify and determine 

the concentration of the elements in the surface. XPS can also be used to identify 
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chemical state (oxidation state) of the sample surface by determining the variations of 

the elemental binding energies caused by the difference in chemical potential.  
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Fig. B.1:  Schematic diagram of (a) the photoelectric process and (b) the Auger process 

[2]. 
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Besides the photoelectrons emitted from core electrons in the photoelectric 

process, there are additional three processes that contribute to an XPS spectrum [2]: (1) 

Auger emission, (2) photoemission of the valence electrons, and (3) inelastic losses. 

Auger electrons may be emitted due to relaxation of the excited atoms remaining after 

photoemission. This Auger emission occurs approximately 10-14 s after the 

photoelectric event. In the Auger process [Fig. B.1(b)], an outer electron falls into the 

inner orbital vacancy and a second electron is simultaneously emitted, carrying off the 

excess energy. Photoemission of the valence electrons produces valence lines or bands 

of low intensity at low binding energy region of the spectrum between the Fermi level 

and the binding energy of about 10-15 eV. Inelastic losses line, located at the higher 

binding energy than the photoelectron line with much lower intensity, is commonly 

observed when energy is lost by interaction of photoelectron and other electrons in the 

surface.  

 

 As mentioned above, one of the advantages of XPS is the capability of 

measuring elements as low as 0.1 atom %. The atomic concentration of an element x 

(Cx) is expressed as [2] 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∑i

i

i

x

x
x S

I
S
IC /     (B-2) 

where Ix and Sx are photoelectron peak area and photoelectron elemental sensitivity 

factor (ASF), respectively. The peak area is determined by linear base-line method that 

is operated in a pre-written program installed in the XPS machine, whereas the ASF is 

determined experimentally from the electron spectrometer that has been used. 
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APPENDIX C  
 

 
Principles of Secondary Ion Mass Spectroscopy (SIMS) 
 

SIMS is a surface-sensitive technique to find out the compositional information 

about surface and near-surface layers of a solid material. The compositional 

information is acquired by progressively removing or sputtering of surface layers and 

ions are collected and analyzed by a mass spectrometer. In general, this is a powerful 

and sensitive [with detectable limit of part-per-million (ppm) to part-per-billion (ppb)] 

surface analysis technique that enables microanalysis of elements ranging from 

hydrogen to uranium.  

 

The principles of SIMS are as follows [1]. As illustrated in Fig. C.1, when a 

surface is bombarded with ions (that is generated from an ion gun) in the energy range 

of several keV, the energetic primary ions are collided and imparted to the atoms in the 

first few atomic layers of the surface. Some of these atoms acquire enough energy to 

escape from surface of the sample with a small amount of them being ionized. SIMS 

involves the collection and mass analysis of these secondary ions by a secondary ion 

detector or a mass spectrometer. The yield of a secondary ion varies strongly in 

different samples or matrix; this is called matrix effect.  

 

The primary ion chosen for analysis influences the yield of secondary ions 

sputtered from a surface. Cesium and oxygen are the two commonly used primary ion 

beams. The former is used when the enhancement of electronegative ion species is 

needed, whereas the latter is chosen when electropositive species are of interest. In this 

work cesium is used. Another core component of SIMS is the mass spectrometer as the 

analyzer, and it comes in three types: magnetic sector, quadrupole, and time of flight 

(TOF). Magnetic sector analyzer has the advantage of very high mass resolution and 

transmission. Quadrupole analyzer, that is used in this work, are compact and easy to 

use but their resolution and transmission capabilities are lower than TOF or magnetic 
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sectors analyzer. TOF, a relatively new development, offers high-count rates and high 

mass resolution [2].  
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Fig. C.1: Schematic diagram of a sputtering process. 

 

 

 

Depending on the analyzed material, SIMS has been developed into two 

specific regimes namely dynamic SIMS (DSIMS) and static SIMS (SSIMS). SSIMS is 

used primarily for organic material analysis that uses relatively low primary ion beam 

current to prevent damage or rupture of long-range molecular chains in the analyzed 

surface. Whereas, DSIMS is suitable for analyzing inorganic materials as it has 

relatively high primary-ion currents (microamps) to give high erosion rates and high 

yield of secondary ions. This type of SIMS is employed in this work. In order to 

appreciate the capability of DSIMS, a summary of some characteristics of DSIMS 

compared to XPS as an alternative surface analysis technique is shown in Table C.1 

[2], [3]. 
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TABLE C.1 

Comparison of the characteristics of XPS and Dynamic SIMS. 

 

Technique XPS Dynamic SIMS 

Principle: 

     Excitation 

     Emission 

     Analysis 

 

Photons 

Electrons 

Energy 

 

Ions 

Ions 

Mass 

Basic Information 
Elements, 
Chemical, 
Bonding 

Elements, 
Isotopes 

Typical Depth of Information  2 nm 10 nm 

Lateral Resolution 1 mm – 10 µm 0.5 µm – 0.05 µm 

Sensitivity (atomic fractions) 10-3 – 10-2 10-6

Elements Not Detected H, He - 

 

, 
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