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Abstract 

In the recent years, SiC has become a popular material for power semiconductor devices, 

after decades long dominance of Si. SiC metal‒oxide‒semiconductor field-effect transistors 

(MOSFETs) are now commercially available and performing beyond the theoretical limits of 

Si MOSFETs, however, they are still far from the theoretical limits of SiC. One of the major 

issues in the commercial SiC MOSFETs is the low channel-carrier mobility, which is attributed 

to the high density of defects at or near the SiC/SiO2 interface. Consequently, it is necessary to 

characterize the SiC/SiO2 interface appropriately for the future development of SiC power 

devices. 

This thesis begins with a critical review of conventional characterization techniques for 

SiC metal‒oxide‒semiconductor (MOS) devices, which are directly adapted from techniques 

developed for Si. To address the challenges in characterizing SiC/SiO2 interface, a new 

characterization technique is proposed, which measures the effect of near-interface traps 

(NITs) in the strong-accumulation region of N-type SiC MOS capacitors. The technique 

measures the current through a SiC MOS capacitor in strong-accumulation and compares it to 

the trap-free current. With this technique, an active defect with energy levels localized between 

0.13 eV to 0.23 eV, above the bottom of conduction band, is identified. As the effect of NITs 

is observed only at high frequencies, it is expected to be located very close to the SiC/SiO2 

interface. To further investigate the effect of high temperature and positive bias stress on the 

identified NITs, the MOS capacitors are measured at high temperatures with positive bias 

stress. No significant difference is observed between measurements performed before and after 

high temperature bias stress. This led to the conclusion that the temperature independent 

tunneling is responsible for the trapping and de-trapping of channel electrons to and from the 

NITs. For the first time in this work we have demonstrated the NITs with response time in tens 

of ns. A detailed explanation of trapping/de-trapping mechanism of NITs, localized in energy, 
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is also presented in this thesis. The developed technique is further used to perform a 

comparative analysis of NITs in as-grown and nitrided gate oxides. The density of NITs in 

nitrided gate oxide is localized in energy whereas it tends to decrease with increasing energy 

levels in as-grown gate oxide. It is experimentally shown that the nitridation helps to eliminate 

NITs further away from the SiC/SiO2 interface. 
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1.1 Background and motivation 

Power semiconductor devices have been developed around silicon (Si) for the last 70 

years and these power devices have transformed the power electronics industry [1]. However, 

the development in silicon technology has reached saturation and many experts believe that 

silicon is unable to address future challenges, especially in terms of physical size reduction, 

high-temperature operation and better efficiency [2]. Also, it would not be an exaggeration to 

say that the silicon-based power devices have nearly reached the physical limits [3]. This calls 

for the development of new semiconductor materials to address the future challenges raised by 

power semiconductor industry.   

In the 1980’s, it was found that the on-resistance of the drift region for a given blocking 

voltage capability is inversely proportional to the bulk carrier mobility and inversely 

proportional to the third power of the semiconductor energy bandgap [4]. Consequently, silicon 

carbide (SiC), gallium nitride (GaN) and diamond attracted much attention for being wide-

bandgap semiconductors. SiC gained more popularity over other wide-bandgap semiconductor 

materials because with minor alterations, Si process technology could be applied to SiC. Innate 

oxide of SiC is silicon dioxide (SiO2); as a result of high temperature and presence of oxygen 

(O2), SiC oxidizes at the surface to form SiO2 as insulation layer. Driven by these motivational 

factors, the SiC MOSFETs are now commercially available, performing beyond the theoretical 

limits of Si-based MOSFETs in terms of on-resistance and blocking voltage. 

1.2 Current status and challenges 

For a long time, SiC MOSFETs could not be commercialised due to the poor quality of 

SiC/SiO2 interface. Eventually the nitridation of the SiC/SiO2 interface helped significantly to 

improve the electrical properties of the interface [5–6]. The mobility observed after nitridation 

is still far from the theoretical limits of SiC but it has reached the acceptable levels for 
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commercialisation and further developments are going on. Currently SiC MOSFETs are 

commercially available from CREE, Infineon technologies, ROHM semiconductor, 

STMicroelectronics, TT electronics, and others.   

Significant advances in the performance of SiC MOSFETs are still possible, particularly 

due to the low channel-carrier mobility that is commonly reported. Improving the performance 

of SiC power devices ultimately relies on further development of processes for gate oxide 

growth and surface passivation to improve the SiC/SiO2 interface. If the SiC/SiO2 interface 

quality is further enhanced, SiC MOSFET performance can approach theoretical limits of SiC. 

The ability to properly characterise and evaluate the SiC/SiO2 interface, in relation to the 

electrically active defects that dominate the channel-carrier mobility and the channel resistance 

in SiC MOSFETs, is an integral part of these developments. While SiO2 is native to both SiC 

and Si, the oxide-semiconductor interface properties are very much different. Still, most of the 

characterisation techniques are directly taken from the Si MOS technology to characterise the 

SiC/SiO2 interface [7]. In the conventional characterisation techniques, the SiC/SiO2 interface 

quality is typically characterised by the interface trap density. 

The interface trap density (Dit) which is energetically located very close to the conduction 

band of SiC is of greatest interest to the SiC research community because reduction in Dit has 

resulted in increased channel-carrier mobility. However, several reports have shown that this 

correlation between Dit and channel-carrier mobility in SiC MOSFETs, is not universally 

supported [8–10]. The reported anomalies could well be due to the fact that the Si MOS 

interface characterisation techniques were developed to evaluate the Dit spatially located at the 

semiconductor-oxide interface, with energy levels close to the Si midgap. Based on the 

understanding that the Fermi level enters the conduction band in a MOSFET inversion channel, 

due to the quantum confinement of the channel electrons, the near-interface traps (NITs) 
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energetically aligned to the SiC conduction band are directly responsible for the severe 

channel-carrier mobility degradation in SiC MOSFETs [11–15]. Furthermore, there may be 

other factors specific to the SiC/SiO2 interface that degrade the channel-carrier mobility in SiC 

MOSFETs and the conventional characterisation techniques are unable to detect these factors. 

Due to these inconsistencies it is important to better understand the electrically active defects 

in SiC MOS systems and their characterisation techniques. This thesis highlights the factors to 

be considered while characterizing the SiC/SiO2 interface and presents a new characterization 

technique which is specifically designed for SiC MOS devices. 

1.3 Thesis outline 

This thesis is dedicated to enhancing the understanding of the factors that degrade the 

inversion layer electron transport and hinder the channel-carrier mobility in SiC MOSFETs. A 

new characterisation technique is developed after identifying the dominant defects which 

affects the channel-carrier mobility in SiC MOSFETs. To avoid the difficulties posed in 

MOSFET fabrication, SiC MOS capacitors are used in this thesis. A brief outline of the thesis 

chapters is given in the following paragraphs. 

In Chapter 2, the existing characterisation techniques are reviewed. In the first part of 

the chapter commonly used electrical characterization techniques and a critical overview of 

their use for characterization of SiC MOS structures, especially in terms of the energy and 

spatial position of the near-interface traps, are presented. In the second part of the chapter some 

recently proposed characterization techniques are presented, which are specifically designed 

for the SiC MOS structures. This chapter is written as a critical review and submitted for 

publication in Microelectronics Reliability titled as “Electrical Characterization of SiC MOS 

Capacitors: A Critical Review”. 
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In Chapter 3, a new measurement method is presented, which was used for direct 

experimental demonstration of active defects in the strong-accumulation region of N-type 4H-

SiC MOS capacitors. The identified near-interface traps are spatially localized above the 

bottom of conduction band.  The density of near-interface traps (NITs) is calculated and the 

energy position of the NITs is also given in this chapter. This chapter is published as a journal 

paper in IEEE Journal of the Electron Devices Society titled as “Direct Measurement of Active 

Near-Interface Traps in the Strong-Accumulation Region of 4H-SiC MOS Capacitors”. 

In Chapter 4, the identified NITs are investigated further at higher temperatures. It was 

concluded that the effect of measured NITs is due to the tunnelling of electrons to/from the 

NITs aligned to the conduction band as there was no further effect of temperature is observed 

in the measurements performed at higher temperatures. This chapter is published as a journal 

paper in Material Science Forum titled as “A temperature Independent Effect of Near-Interface 

Traps in 4H-SiC MOS Capacitors”. 

In Chapter 5, a detailed trapping and de-trapping mechanism is presented, and the 

response time of the NITs is also calculated. This chapter is published as a journal paper in 

IEEE Transaction of Electron Devices titled as “Energy-Localized Near-Interface Traps Active 

in Strong-Accumulation Region of 4H-SiC MOS Capacitors”. 

In Chapter 6, the developed characterisation technique is implemented on different 

oxide types. A comparative analysis of near-interface traps in as-grown and nitrided gate oxide 

samples is presented in this chapter. This chapter is accepted for publication as a journal paper 

in Material Science Forum titled as “A Comparison of Active Near-interface Traps in Nitrided 

and As-Grown Gate Oxides by the Direct Measurement Technique”. 

Finally, key findings of the thesis, with recommendations for the future work, are 

summarised in the Chapter 7. 
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1.4 Original research contributions 

This thesis makes the following original research contributions: 

• After critically analyzing the conventional characterization methods, most of which 

were directly adapted from the Si/SiO2 interface to SiC/SiO2 interface, it is concluded 

that the SiC/SiO2 interface has distinct properties than the Si/SiO2 interface. Therefore, 

special care is required while characterizing the SiC/SiO2 interface. The analysis 

showed that the electrically active near-interface traps, which are responsible for the 

trapping of inversion layer electrons, are located above the bottom of conduction band. 

• A new characterization technique is proposed which measures electrically active 

defects in the strong-accumulation region of N-type 4H-SiC MOS capacitors.  

• The identified defect is localized in energy and spatially located very close to the 

SiC/SiO2 interface. The localized effect of NITs is not commonly reported in the 

literature. A new method of calculating the density of NITs is also introduced and the 

density calculated in this work is in good agreement with the density values reported in 

the past.  

• It is experimentally confirmed that the active NITs aligned to the conduction band are 

able to trap and release the mobile electrons via thermally independent tunnelling. 

• For the first time in this work, trap response time in tens of ns is reported. 

• The direct measurement technique is used to do the comparative analysis of different 

gate oxide samples which shows that the nitrided gate oxide performance is better at 

higher frequencies as compared to as-grown gate oxide. 
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2.1 Introduction 

Silicon carbide (SiC) has become most promising material in the recent past after decades 

of silicon dominance in the power semiconductor market. SiC exhibits superior material 

properties in comparison to Si, but the commercial SiC power devices are still far from the 

theoretical limits of SiC.  

The electrical characteristics of all metal oxide semiconductor (MOS) based devices are 

strongly influenced by the physical and electrical properties of the gate dielectric layer and the 

semiconductor-oxide interface. Oxidation of the semiconductor substrate gives rise to 

electrically active defects due to the inhomogeneity of the crystal lattice at the surface of the 

semiconductor. A number of these defects are located at or near the semiconductor oxide 

interface [1-3]. Given their very close proximity to the free carriers in the semiconductor, they 

can effectively trap and release mobile holes and electrons. The defects which can trap/release 

holes and electrons due to thermal emission are known as interface traps, whereas the defects 

trapping/releasing holes and electrons through tunnelling are referred to as near-interface traps. 

A high density of interface and near-interface traps is known to adversely affect the operation 

of MOSFETs, including an inefficient modulation of the inversion channel, because of the 

associated interface trapped charge, and a degradation of the effective channel-carrier mobility 

in the inversion channel, due to the trapping of mobile charge carriers. Consequently, methods 

capable of quantifying the interface trap density and the corresponding energy position of the 

electrically active defects are crucial for the development of high-quality semiconductor-oxide 

interfaces to facilitate practical applications of MOS structures.  

For a long time now, the device quality interfaces are obtained by thermally oxidation of 

silicon.  Because of this, the electrical characterization techniques for semiconductor-oxide 

interface are mostly based on the properties of the Si/SiO2 interface. In Si devices the most 
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dominant traps are the interface traps, which are energetically located in the band gap, below 

the conduction band (EC) edge. The conventional characterisation techniques developed for Si 

MOSFETs, based on capacitance–voltage and conductance–voltage measurements of 

MOSFETs and MOS capacitors, are used in resolving electrically active defects with energy 

levels that correspond to gate biases in the depletion region of operation [4-7]. Researchers 

have adopted these techniques for characterization of the SiC–SiO2 interface. However, it is 

important to correctly evaluate the SiC–SiO2 interface in terms of the electrically active defects 

that dominate the channel-carrier mobility in SiC MOSFETs. This is required for the further 

development of passivation processes to improve the electrical characteristics of these devices. 

In the case of SiC devices, the energy levels of these defects are found to be inconsistent with 

the factors that degrade the channel-carrier mobility in SiC MOSFETs. Based on the 

understanding that the Fermi level is aligned to the conduction band in a MOSFET inversion 

channel, due to the quantum confinement of the channel electrons, the near-interface traps 

(NITs) energetically aligned to the SiC conduction band are directly responsible for the severe 

channel-carrier mobility degradation in SiC MOSFETs [8-12]. 

In this chapter we will review the existing characterisation techniques and explain the 

need for special care when characterising the SiC–SiO2 interface. In the first part of the chapter 

we will present commonly used electrical characterization techniques and a critical overview 

of their use for characterization of SiC MOS structures, especially in terms of the energy and 

spatial position of the near-interface traps. In the second part of the chapter some recently 

proposed characterization techniques will be presented, which are specifically designed for the 

SiC MOS structures.   

2.2 Problem with the Si based characterization methods 
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Interface traps are assumed to be spatially located at the semiconductor-oxide interface 

where they can readily exchange charge with majority carriers from either the bottom of the 

conduction band or the top of the valance band by thermal emission and carrier capture [13]. 

Energetically, these traps form a continuum of energy levels residing within the semiconductor 

bandgap [14–16]. Donor-like traps are positively charged when empty and electrically neutral 

when occupied and are generally considered to be energetically located in the lower half of the 

bandgap. In contrast, acceptor-like trap states are electrically neutral when un-occupied and 

negatively charged when they are occupied and are usually located in the upper-half of the 

bandgap. These properties are illustrated in Fig. 2.1 for an N-type MOS capacitor, where the 

majority carriers are electrons. 

2.2.1 Trap characterization methods 

There are many different methods developed over the years, which are extensively used 

to characterise the interface traps in Si based devices. Some of these methods are: high 

frequency C–V (Terman) method [16], quasi-static C–V method [17–18], high-low frequency 

C–V method [19], C–s method [20], AC conductance method [14, 21], and Hill–Coleman 

method [22]. The conductance method is regarded as one of the most accurate, reliable, and 

sensitive technique to evaluate the properties of the MOS interface. This method was initially 

developed by Nicollian and Goetzberger [14, 21], based on the parallel conductance 

 

 

Figure 2.1 Energy band diagram of an 

N-type MOS capacitor in accumulation, 

illustrating the interface trap occupancy. 

All traps below the Fermi-level (EF) are 

essentially occupied by electrons from the 

conduction band (EC). The unoccupied 

traps are located above the EF. Here, the 

trapped charge is either neutral or negative 

depending on the trap type and occupancy. 
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expressions derived by Lehovec [15, 23]. The conductance method not only determines 

interface trap density in the depletion region but also examines the full frequency dispersion of 

the MOS capacitance rather than just the high- and low-frequency aspects. It also permits the 

measurement of capture cross sections as well providing information about surface potential 

fluctuations [24].  

These techniques have been widely used in the research community to characterise the 

SiC devices as well. However, there are issues with the Si-based interpretation of the results 

obtained using these techniques with SiC devices. We will illustrate the key issue by an 

example where the conductance method has been used to obtain the interface state density of 

SiC devices [25]. According to the obtained results, shown in Fig. 2.2, the interface trap density 

exponentially increases toward the conduction band edge in as-oxidized 4H– and 6H–SiC n-

type MOS capacitors [25–26]. However, the calculation of the capture cross section, for the 

 

Figure 2.2 Typical interface trap distribution in as-oxidized 4H–SiC (open symbols) and 

6H–SiC (closed symbols) obtained by C–V (triangles) and G–V (circles and squares) 

admittance measurements on N- and P-type MOS capacitors. The lower-half of the bandgap 

shows measurements on P-type SiC and upper-half of the bandgap shows measurements on 

N-type SiC. The data points were taken from [25]. 
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energy levels close to the conduction band and the energy levels close to the midgap, shows 

inconsistencies. A detailed explanation of this issue is presented in the next section. 

2.2.2 The capture cross section  

The capture cross section (σ) defines the average physically active area of a defect centre. 

If a free electron is found in the vicinity of the defect area it will have a very high probability 

of capture [27]. The capture cross section can be calculated by trap response time defined by 

classical Shockley-Read-Hall (SRH) statistics [28–29]. For N-type substrates, the trap response 

time between conduction band electrons and interface traps can be defined as [29]: 

 
𝜏𝑒 =

exp [
(𝐸𝐶 −𝐸𝑇)

𝑘𝑇
]

𝜎𝜗𝑡ℎ𝑁𝐶
 

(2.1) 

where Ec is the bottom of the conduction band, ET in the energy position of the trap, σ is the 

trap capture cross section, th the thermal velocity of electrons and, NC is the effective density 

of states in the conduction band. Assuming 𝜏𝑒 = 10μs, 𝜗𝑡ℎ = 2 × 105m/s, and 𝑁𝐶 =

1.7 × 1019cm−3, the capture cross section that corresponds to EC – ET = 0.2 eV is 𝜎 =

6.4 × 10−19cm2. This implies that the capture cross section is thousands of times smaller cross 

section than the size of an atom for the case of traps with energy levels of 0.2 eV below EC. 

Clearly the physical existence of such traps is not realistic. On the other hand, the calculated 

cross section for EC – ET = 1.2 eV is 𝜎 = 3.2mm2. Again, the physical size of the trap (bigger 

than the size of MOS capacitors) is not realistic. 

The fact that the SRH theory predicts physically impossible cross sections for traps with 

energy positions shown in Fig. 2.2 indicates that the response times of these traps are not 

governed by thermal emission alone. This indicates that tunnelling has to be involved in the 

processes of carrier capture and release/emission [30–32]. Since the tunneling and SRH 

16



processes occur in series, the overall trap response time is effectively increased, therefore 

making it realistically possible for shallow interface states to respond to practical measurement 

frequencies.  

Unlike the Si/SiO2 interface, the SiC/SiO2 interface inherits a transitional layer as SiOxCy, 

due to the released carbon during the oxidation process [33–34]. As shown in Fig. 2.3, the traps 

appear near the SiC/SiO2 interface and the carrier electrons tunnel to/from these states very 

quickly. This means that the electrical characteristics of the SiC–SiO2 interface significantly 

deviate from the model developed for the well-known Si–SiO2 interface which describes the 

behaviour of interface traps governed by the thermally activated transport process only. 

2.3 Impact of near-interface traps on performance and reliability of SiC 

devices 

The near-interface traps are responsible for both performance degradation due to reduced 

channel-carrier mobility and reliability issues due to threshold-voltage instability. The near-

interface traps located very close to the SiC/SiO2 with quick response times can degrade the 

channel-carrier mobility whereas the traps further away from the interface are responsible for 

 

Figure 2.3 Graphical representation of near-interface trapped charge in SiC/SiO2 

interface. 
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the threshold voltage instability in the SiC devices. The measurement methods for threshold 

voltage instability in SiC MOSFETs is recently reviewed by Puschkarsky et al. [35]. 

2.3.1 Degradation of channel-carrier mobility  

The channel-carrier mobility remains one of the most highly reported figures of merit for 

the performance of SiC power MOSFETs to date. However, this parameter does not provide 

comprehensive details of the electron transport process in the inversion layer and can be subject 

to misinterpretation. The peak channel-carrier mobility is commonly acquired from the highest 

transconductance (gm = ∂ID/∂VG) that is extracted from the steepest part of the measured 

MOSFET ID – VG transfer characteristic using the following equation [36]: 

 𝜇𝑐ℎ =
𝐿(𝜕𝐼𝐷/𝜕𝑉𝐺)

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
  (2.2) 

In eq. (2.2), L/W is the geometric length to width ratio of the channel, Cox is the gate-oxide 

capacitance, VDS is the drain to source voltage, and VG is the applied gate voltage. The drain 

current, 𝐼𝐷, is proportional to the density of electrons in the channel, 𝑛𝑖𝑛𝑣, which is typically 

determined by the charge sheet model, 

 𝑛𝑖𝑛𝑣 = 𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑇)/𝑞            (2.3) 

where VT is the threshold voltage and q is the unit electron charge. In state-of-the-art silicon 

MOSFETs, where the effects of interface traps are generally considered negligible, eq. (2.3) 

can accurately estimate ninv as a function of VG and accordingly, μch is approximately equal to 

the actual electron mobility in the inversion channel. However, in SiC–SiO2 interfaces, where 

the density of near-interface traps is relatively high, ninv can be much lower than predicted from 

eq. (2.3). Consequently, the channel-carrier mobility extracted from the transfer characteristics 
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of SiC MOSFETs can lead to misleading information on the inversion layer electron transport 

properties if it is assumed to be equal to the actual electron mobility in the channel [37]. On 

the contrary, Hall measurements can be used to independently resolve the free electron density 

and the electron mobility in the inversion layer, irrespective of the interface trap density [38]. 

Saks et al. [37–38] initially demonstrated the effects of charge trapping on the electron transport 

in SiC inversion layers using the Hall effect technique. These experiments revealed that the Hall 

mobility in gated SiC structures is much larger than the channel-carrier mobility extracted from the SiC 

MOSFET transconductance data and that the free electron concentration is much smaller than the 

expected number of inversion layer electrons predicted by eq. (2.3). This indicates that the electron 

trapping at the SiC–SiO2 interfacial region severely affects these devices. The free electron densities 

(nfree) obtained from these Hall measurements for 4H– and 6H–SiC MOS devices fabricated by 

conventional oxidation processes are shown in Fig. 2.4 [37]. The maximum theoretical inversion 

electron concentration in the absence of electron trapping is given by Δntotal (proportional to Cox/q), to 

 

Figure 2.4 The change in the free electron density per volt change in the gate voltage 

(Δnfree) obtained from Hall measurements in as-oxidized 4H– and 6H–SiC MOS devices. 

The significant discrepancy between the experimental and maximum theoretical value of 

Δnfree even at high gate voltage highlights the severity of inversion layer electron trapping 

in 4H–SiC devices. Data points are taken from [37]. 
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avoid discrepancies obtaining a well-defined value for VT, is compared to the experimentally derived 

free electron change per volt change in the gate voltage Δnfree (proportional to ∂nfree / ∂VG) as a function 

of the applied gate voltage. For the 6H–SiC device it is shown that Δnfree approaches the theoretical 

value when VG is well beyond threshold. In contrast, Δnfree in the 4H–SiC device remains well below 

theory, even under strong-inversion conditions. At the highest gate voltage, it has been estimated that a 

substantial fraction (~80%) of inversion layer electrons are trapped and cannot contribute to the 

conductance in the channel of 4H–SiC MOSFETs. It has also been reported that a large fraction (~50%) 

of inversion electrons remain trapped even after state-of-the-art gate oxide nitridation [39–41]. 

Moreover, it has been shown that the severity of electron trapping in 4H–SiC inversion layers continues 

to increase with the applied gate voltage above threshold and does not appear to saturate [39–41]. These 

Hall measurements therefore suggest that the transconductance and channel-carrier mobility in 4H–SiC 

MOSFETs is in fact dominated by the substantial reduction of the free electron concentration in the 

inversion channel under strong-inversion conditions unlike the scattering mechanisms that dominate 

the channel-carrier mobility in modern Si MOSFETs, which is comparatively high. 

2.4 Characterisation of SiC MOS devices in strong-

inversion/accumulation  

Despite compelling experimental Hall results, the SiC/SiO2 interface is still routinely 

evaluated by obtaining the density of NITs near EC from conventional MOS conductance 

measurements of N-type MOS capacitors in depletion.  

2.4.1 NITs with energy levels below EC 

The density of electrons attracted to the SiC surface by the gate voltage is 𝑛𝑖𝑛𝑣 =

𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑇0)/𝑞. For an ideal case of NNIT = 0, the density of free inversion-layer electrons 

(𝑛𝑖𝑛𝑣−𝑓𝑟𝑒𝑒) will be equal to 𝑛𝑖𝑛𝑣 as shown by solid grey line in the Fig. 2.5. The NITs with 

energy levels below the conduction band trap the attracted electrons and increase the threshold 
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voltage from VT0 to VT. This trapping requires two step process: (1) the electron capture by the 

interface traps, and (2) electron tunnelling to NITs [30–32]. 

2.4.2 NITs with energy levels above EC 

 

Figure 2.5 A graphical representation of the effects of NITs, energetically located in 

depletion and strong inversion, on the electron density in 4H–SiC inversion layers. The 

theoretical inversion electron density in the absence of carrier trapping is modelled by solid 

grey line where NNIT represents the number of near-interface traps. For practical devices, the 

extracted threshold voltage (VT) is offset from the ideal (VT0) by the immobile charge trapped 

in NITs located in depletion. The theoretical relationship between the inversion electron 

density and the gate voltage is retained beyond threshold if carrier trapping is only limited 

to energy levels corresponding to depletion as shown by dashed black line. However, if 

carrier trapping also continues to occur in strong-inversion (the solid black line), the 

inversion electron density can be significantly reduced. This scenario is representative of 

the behaviour that is commonly observed in 4H–SiC inversion layers by the Hall-effect 

measurements. 
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For NNIT = 0 and VG > VT, the 𝑛𝑖𝑛𝑣−𝑓𝑟𝑒𝑒 = 𝑛𝑖𝑛𝑣 = 𝐶𝑜𝑥(𝑉𝐺 − 𝑉𝑇)/𝑞 which is represented 

by black dashed line in the Fig. 2.5. Due to the quantum confinement effect in strong-inversion, 

the Fermi level (EF) appears above the bottom of conduction band edge [42]. The NITs with 

energy levels above the bottom of EC can trap the electrons, attracted to the surface, by 

tunnelling [9, 11]. This reduces the density of free electrons (𝑛𝑖𝑛𝑣−𝑓𝑟𝑒𝑒) that make the drain-

to-source current. In effect, this reduces the average mobility of all attracted electrons to 𝜇𝑛 =

(𝑛𝑖𝑛𝑣−𝑓𝑟𝑒𝑒 𝑛𝑖𝑛𝑣⁄ )𝜇𝑛0. 

2.4.3 Quantum confinement effect 

According to classical semiconductor physics, which assumes non-degenerate 

conditions, the Fermi level corresponding to strong inversion is located very close to but at 

least a few kT below the conduction band edge of the semiconductor band-gap [43]. However, 

the channel is subject to degeneracy under normal operating conditions due to the application 

of high gate biases. This leads to surface quantization and quantum-confinement of channel 

carriers in a MOSFET in strong inversion which positions the Fermi level inside the conduction 

band [42, 44–46].  

Quantum confinement effects are pronounced in the channel of MOSFETs because of 

the very high electric fields and, consequently, can induce band-bending strong enough that 

electrons become confined to a narrow potential well close to the semiconductor surface and 

their energy is then quantized in the direction normal to the surface [42, 44–46]. This is often 

referred to as a 2-diamensional electron gas (2-DEG). The quantum confinement of carriers to 

a potential well that restricts the carrier motion in two dimensions is characterized by quantized 

two-dimensional energy subbands inside the conduction band [42, 44–47], as illustrated in 

Fig. 2.6. The channel electrons do not appear in the two-dimensional subbands until the surface 

energy bending is so strong that the Fermi level appears well above EC. 
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Inversion layer subband structures and quantized energy levels in N-type hexagonal SiC 

polytypes have been determined by Pennington and Goldsman [48]. Physical models and 

simulations to quantify quantum confinement effects on 4H-SiC MOSFET conduction-band 

trap occupancy, employing the density gradient formalism and density functional theory, have 

been investigated by Potbhare et al. [49–50]. They have shown excellent comparison to 

experimentally measured MOSFETs with significant differences observed in trap occupancy 

compared to classical methods and have demonstrated that quantum confinement effects should 

be considered while evaluating trap distributions. Considering that the quantum confinement 

effect sets the Fermi level in strong-inversion well above EC, the electrons from the inversion 

layer should be able to directly communicate with near-interface traps whose levels are aligned 

to the conduction band by tunneling. 

2.5 Characterization methods for the strong-accumulation region of SiC 

MOS capacitors 

Since it is very convenient to fabricate MOS capacitors rather than MOS Hall structures 

or complete MOSFETs for evaluation of the SiC–SiO2 interface, MOS capacitors are 

 

Figure 2.6 Illustration of the quantum well and the formation of the two-dimensional 

subbands in a strongly inverted semiconductor surface. The Fermi level (EF) appears above 

the bottom of the first energy subband (E0) and well above EC (the bottom of the triangular 

potential well) [42]. 
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commonly used to investigate NITs. The surface region of an N-type MOS capacitor, biased 

well into accumulation, is equivalent to the N-channel MOSFET in strong-inversion. 

Haasmann et al. [9], for the first time, used G–V method to demonstrate the existence of near-

interface traps located above the bottom of conduction band. The non-zero conductance in 

strong-accumulation, observed at 10 kHz, is shown in Fig. 2.7 [9]. Haasmann et al. claimed 

that the measured non- zero AC conductance in accumulation indicates the presence of near-

interface traps aligned to the conduction band. To verify their claim, they performed DC 

conductance measurement which turned out to be very small, close to the measurement noise. 

They also performed measurements at higher temperatures and observed no temperature 

dependence of the measured conductance. This suggests that the AC conductance was not due 

to the oxide leakage or thermal emission but was caused due the presence of near-interface 

traps. As shown in the Fig. 2.7, the Fermi level crosses the bottom of conduction band in strong-

 

Figure 2.7 Conductance–voltage characteristics of an N-type 4H–SiC MOS capacitor 

measured at 10 kHz and 25° C. The effects of near-interface traps energetically aligned to the 

conduction band. The Fermi level is above EC edge due to the effect of quantum confinement. 

The non-zero conductance in the strong-accumulation is the result of trapping caused by NITs 

energetically aligned to the conduction band. Data points are taken from [9]. 
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accumulation due to the quantum confinement effect. The NITs aligned to the conduction band 

are now in communication with the channel electrons resulting in non-zero conductance [9]. 

Khosa et al. [12] also observed non-zero conductance in strong-accumulation at room 

temperature and concluded that it is caused by the near-interface traps located above the bottom 

of conduction band. In Fig. 2.8, the conductance measured at different frequencies with 9.5 V 

bias voltage shows that the conductance increases with frequency in strong-accumulation [12]. 

Zhang et al. [51], performed the C–V and G–V measurements in accumulation and observed 

non-zero conductance; however, they did not consider the quantum confinement effect while 

calculating the energy position of the NITs. Presence of near-interface traps above the bottom 

of conduction band was also reported by Tilak et al. [39–40]. They used conventional C–V 

method and Hall effect measurement to calculate the density and energy position of NITs. 

Another technique, proposed by Moghadam et al. [11], identified NITs above the conduction 

band edge by measuring transient current through SiC MOS capacitor as shown in the Fig. 2.9. 

In this technique, the SiC MOS capacitor was biased in strong-accumulation for 30 s and then 

the bias voltage was stepped high enough to place the Fermi level above the conduction band 

 

Figure 2.8 Conductance with respect to frequency at 9.5 V gate voltage in SiC MOS 

capacitor. Data points are taken from [12]. 
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edge. A transient current was measured due to the tunnelling of electrons to NITs located above 

the conduction band edge [11]. 

The conventional C–V and G–V measurements, performed by LCR meters, compares 

the measured current and voltage values to predefined models for capacitance and conductance. 

These models assume that the measured current is a perfect sinusoid with amplitude and phase 

that correspond to the equivalent capacitance and conductance values in the model. This makes 

the measured data sensitive to calibration of the LCR meter. To address these issues a direct 

measurement technique proposed by Pande et al. [52], showed that the measured current (iC) 

through the SiC MOS capacitor is unable to follow the trap-free current (iC-meas) at higher 

frequencies. As mentioned earlier the LCR meter assumes a perfect sinusoid current through 

the device under test, so a distorted shape of the sinusoid can influence the C–V and G–V 

measurements. In the direct measurement technique, a sinusoidal voltage signal, with different 

bias voltages and frequencies, is applied to the SiC MOS capacitor through an external resistor. 

The corresponding measured current thought the MOS capacitor is then compared with the 

trap-free current to observe any discrepancies. The trap-free current is calculated from trap-

free voltage across the MOS capacitor from the following equations [52]: 

Figure 2.9 The transient current measured through a SiC MOS capacitor after holding 

the bias voltage at 5 V for 30 s and stepping it up to 20 V. Data points are taken from [11]. 

26



 𝑣𝐶(𝑡) = 𝑒𝑥𝑝 (−
𝑡

𝑅𝐶
) [𝐴0 +

1

𝑅𝐶
∫ 𝑣𝐼𝑁(𝑡𝑆)𝑒𝑥𝑝 (

𝑡𝑆
𝑅𝐶

)𝑑𝑡𝑆

𝑡

0

]  (2.4) 

In the eq. 2.4, vIN is the measured input voltage, which is numerically integrated, tS is the time 

interval between 0 to t, and A0 is the integration constant which is selected to make the dc 

component of the trap-free current as zero. The trap-free current is then obtained from the 

following equation: 

𝑖𝐶 =
[𝑣𝐼𝑁(𝑡) − 𝑣𝐶(𝑡)]

𝑅
     (2.5) 

The measured current and trap-free current is presented in Fig. 2.10 (a). From iC, the 

corresponding trap-free charge (QC) at the MOS capacitor plates can be calculated by 

numerically integrating current for a specific period: 

𝑄𝐶 = ∫ 𝑖𝐶(𝑡)𝑑𝑡
𝑡2

𝑡1

     (2.6) 

If the period of the sinusoid is T, then the integration limits are t1 = 0 and t2 = T/2 for charging, 

and t1 = T/2 and t2 = T for the discharging of the MOS capacitor. The difference between the 

trap-free charge and measured charge, ΔQC = QC – QC-meas, is the trapped charge at that point 

in time [53]. The density of near-interface traps (DNIT) per unit area can be calculated from the 

trapped charge by the following equation [52]:  

𝐷𝑁𝐼𝑇 =
∆𝑄𝐶

2𝑘𝑇𝑞𝐴
     (2.7) 

In eq. (2.7), k is the Boltzmann constant, T is the temperature, q is charge of electron, and A is 

the area of MOS capacitor. The density of near-interface traps (DNIT), shown in Fig. 2.10 (b), 

peaks at 11 V bias voltage with 7 MHz frequency. The response time of these NITs is in tens 

of ns, which was estimated from the fast ramp voltage (10 mV/ns) across the MOS capacitor 
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in strong-accumulation [54]. As all the measurements were performed in the strong-

accumulation region, the NITs were located above the bottom of the conduction band. Similar 

measurements, performed at high temperatures, showed no changes in the current difference.  

This led to the conclusion that the effect is caused by direct tunnelling of electrons from the 

conduction band to NITs, which are energetically located above the conduction band edge [55].  

2.6 Summary 

The effects of carrier trapping at the SiC–SiO2 interface on the electrical characteristics 

in 4H–SiC MOSFETs have been critically reviewed in this paper. Based on a review of the 

current literature, it is generally accepted that a large density of traps energetically located near 

the 4H–SiC conduction band edge is responsible for the severe degradation of channel-carrier 

mobility in 4H–SiC MOSFETs. Conventional characterisation techniques, developed for the 

Si/SiO2 interface, are routinely employed to evaluate the density of these defects located near 

 

Figure 2.10 (a) The current through SiC MOS capacitor with 7 MHz frequency and at 11 

V bias voltage. The current with no effect of NITs, iC (gray line), and the measured charge, 

iC-meas (gray line). The measured current is unable to follow trap-free current. (b) The density 

of near-interface taps (DNIT) across different frequencies and energy levels above the bottom 

of conduction band [53].  

 

0

1

2

3

4

5

0.1

0.2

0.3
0

2
4

6
8

D
N

IT
 (

1
0
1
1

cm
-2

eV
-1

)

E
NIT -E

C  (eV
)

Frequency (MHz)

(b)

28



the conduction band edge. However, by applying the Shockley-Read-Hall model to these 

shallow states they yield unrealistic capture cross section values.  

Hall measurements reveal that the channel-carrier mobility in 4H–SiC MOSFETs is, in 

fact, dominated by the substantial trapping of the electrons from the inversion channel. 

Moreover, it has been shown that the severity of electron trapping continues to increase linearly 

as a function of the applied gate voltage. Despite these results, which directly link the low 

channel conductance to the significant electron trapping under strong-inversion conditions, the 

focus of current research still remains in the evaluation of the NITs near the conduction band 

edge from C–V and G–V measurements of N–type MOS capacitors biased in depletion. After 

investigating the literature in detail, it has been established that the quantum confinement effect 

cannot be neglected when measuring SiC MOS devices in strong-accumulation. Considering 

the quantum confinement effect, the existence of NITs with energy levels aligned to the 

conduction band, have been proposed as the main factor impacting the channel-carrier mobility 

in 4H–SiC MOSFETs, as opposed to traps residing in the SiC energy gap. These NITs are 

spatially located very close to the SiC interface with quick response times, which makes it 

difficult to measure these NITs at lower frequencies. This coincides with the concept that the 

electrons in the inversion and accumulation layers can directly tunnel to and from NITs with 

energy levels above the bottom of the conduction band. Finally, it can be concluded that when 

characterising the SiC–SiO2 interface we must think beyond the Si–SiO2 interface. 
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ABSTRACT This brief presents direct electrical measurement of active defects in the strong-accumulation
region of N-type 4H-SiC MOS capacitors, which corresponds to the strong-inversion region of N-channel
MOSFETs. The results demonstrate the existence of an active defect in the gate oxide, located very close
to the SiC surface, with localized energy levels between 0.13 eV and 0.23 eV above the bottom of the
conduction band. The observed spatial and energy localizations indicates that this is a well-defined defect.

INDEX TERMS 4H-SiC MOSFET, N-type SiC MOS capacitor, gate oxide, near-interface traps, trap
measurement.

I. INTRODUCTION
Silicon carbide MOSFETs on 4H-SiC are now commer-
cially available, performing beyond the theoretical limits of
Si-based MOSFETs in terms of on resistance and block-
ing voltage. However, SiC MOSFETs are yet to reach the
theoretical limits of SiC, the key problem being low channel-
carrier mobility due to a high density of defects at or near
the interface between SiC and the gate oxide [1]–[3]. The
characterization of the interface between SiC and the gate
oxide is typically based on capacitance and conductance
measurements of N-type SiC MOS capacitors. These mea-
surements are particularly sensitive in the depletion region,
which has been adequate for the analysis of interface traps
that are the dominant active defects in the case of Si-based
MOS capacitors. Consequently, most of the characteriza-
tion work for SiC-based capacitors has been focused on
the depletion region [4], [5]. However, it has been shown
recently that the active defects—the defects responsible
for the low channel-carrier mobility in SiC MOSFETs—
are in the strong-inversion of SiC MOSFETs [6]–[15],
which corresponds to the strong-accumulation region of
N-type SiC MOS capacitors [9]. These defects are
identified as near-interface traps (NITs) [6]–[11], [14]–[21].

Three different techniques have been used to measure
these defects: 1) conductance-based measurement in accumu-
lation [9], [10], 2) measurements of current transients [8],
and 3) thermal dielectric relaxation current (TDRC) tech-
nique [20]–[23]. There are possible issues with the conduc-
tance measurements in accumulation, due to the potential
impact of the contact resistance and also due to high
sensitivity to the specific calibration of the measurement
equipment. With regards to the transient-current measure-
ments, they can only measure traps with response times
longer than tens of milliseconds. The TDRC technique fills
traps by biasing MOS capacitors in accumulation, but this
technique is limited to detecting traps with energy levels
below the bottom of the conduction band because thermal
emission—as distinct from tunneling—creates the thermal
dielectric relaxation current. Therefore, there is a need for
an alternative method of measuring the effects of defects
in the strong-accumulation region of N-type 4H-SiC MOS
capacitors.
In this brief, we present a direct experimental demon-

stration of active defects in the strong-accumulation region
of N-type 4H-SiC MOS capacitors, which corresponds to
the strong-inversion region in the case of N-channel 4H-SiC
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MOSFETs. The difference between measured alternating cur-
rent through an MOS capacitor and the alternating current
that corresponds to a trap-free MOS capacitor with a con-
stant capacitance value is used to calculate the density of
NITs as the active defects.

II. THE DIRECT MEASUREMENT METHOD
The voltage across a capacitor, vC, is related to the cur-
rent through the capacitor, iC, by the following fundamental
equation:

iC = C
dvC
dt

(1)

The assumption of constant capacitance, C, in (1) is justified
for the case of an ideal MOS capacitor in the accumulation
region, especially for the case of small changes in the voltage
vC. If NITs impact the charging and discharging of the MOS
capacitor due to a changing voltage vC, then the measured
current through the MOS capacitor, iC-meas, will differ from
the current given by (1). The difference between these two
currents, �iC = iC − iC-meas, can be used to determine the
density of NITs by the following equation:

DNIT = 1

2kTqA

∫ t2

t1
�iC(t)dt (2)

In (2), the numerical integration of the current difference cor-
responds to captured/released charge from the NITs, which
is divided by the capacitor area A and the electron charge
q to obtain the density of NITs per unit area. Denoting the
period of the sinusoidal signal by T, the integration limits
are t1 = 0 and t2 = T/2 for the case of active NITs during
capacitor charging, and t1 = T/2 and t2 = T for the case
of active NITs during capacitor discharging. Assuming that
the energy width of NITs that are capturing and releasing
electrons is 2kT [24], centered at the Fermi level, the density
of NITs per unit area is divided by 2kT to obtain the density
of NITs per unit area and per unit energy, labeled by DNIT .

The direct measurement of current through a MOS
capacitor can be performed by the RC circuit shown in Fig. 1.

FIGURE 1. Configuration of the measurement circuit with R as an external
resistor and C as the device under test (DUT).

The relationship between an arbitrary input voltage, vIN ,
and the measured voltage across the capacitor, vC, is

vC = vIN − RiC (3)

From (1) and (3), the following differential equation is
obtained:

dvC
dt

+ 1

RC
vC = 1

RC
vIN (4)

The solution of differential equation (4) is

vC(t) = exp
(
− t

RC

) [
A0 + 1

RC

∫ t

0
vIN(tS) exp

( tS
RC

)
dtS

]

(5)

where A0 is the integration constant and tS is the variable
time within the integration interval (0 ≤ tS ≤ t). The mea-
sured input voltage vIN(t) is numerically integrated according
to (5) to obtain the value of the voltage across the capacitor,
vC(t), for the case of DNIT = 0. The current through the
MOS capacitor for the case of DNIT = 0 is obtained by the
following equation:

iC(t) = vIN(t) − vC(t)

R
(6)

The condition that the DC component of the capacitor cur-
rent has to be zero is used to set the correct value of the
integration constant A0.

The described procedure can be used to obtain the current
iC(t) for arbitrary input voltages. However, high frequency
sinusoidal signals are the most suitable because they min-
imize the signal distortion. In this work we have used
sinusoidal input voltages, offset by a bias voltage VBIAS:

vIN(t) = VBIAS + Vin sin(2π f ) (7)

where f is the frequency of the applied sinusoidal voltage
and Vin is the amplitude.

III. EXPERIMENTAL DETAILS
Measurements were performed on N-type 4H-SiC MOS
capacitors, used as the device under test (DUT) in the RC
circuit shown in Fig. 1. The MOS capacitors were fabri-
cated on N-type, silicon faced, 4H-SiC wafers with nitrogen
doped epitaxial layer at the concentration of 1016cm−3. Prior
to the oxidation, the sample was cleaned by standard Radio
Corporation of America (RCA) procedure. The oxidation was
performed at 1250◦C in dry O2 for 60 min and then annealed
in nitric oxide for 60 min, also at 1250◦C. The resulting
oxide thickness was 45 nm. The thickness of the oxide was
determined from the accumulation capacitance, which was
measured by Agilent B1505A LCR meter. Following the
oxidation, aluminum was sputtered and patterned by pho-
tolithography to form square MOS capacitors with the area of
500x500 μm2 and surrounding area of more than ten times
the area of square MOS capacitors, to enable top-to-top
measurements. Sinusoidal input voltages were applied to the
smaller area through the external resistor R by a Tektronix
AFG1022 arbitrary function generator and MP 3086 DC
power supply, whereas the larger surrounding area was con-
nected to the electrical ground. To measure the voltage
across the capacitor, a Tektronix DPO7104 oscilloscope with
Tektronix P6139A oscilloscope probes was used. The use of
unshielded wires was minimized to avoid the impact of par-
asitic inductances, which was possible up to the frequency
of f = 8 MHz (confirmed by the use of a constant-value
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ceramic capacitor as the DUT). The lowest measurement fre-
quency was 10 kHz. The measurements were performed with
continuous sinusoids, therefore the presented results are the
repetitive currents at given frequency. The parasitic capaci-
tance is taken into account by matching the iC waveform to
iC-meas, measured with constant-value ceramic capacitor as
the DUT. The bias voltage was changed from VBIAS = 5 V
to 20 V whereas the amplitude of the input voltage was
kept constant at Vin = 500 mV. Different resistor values
were used to maintain similar output voltages at all mea-
surement frequencies: R = 180 � for 5 MHz, R = 120 �

for 6 and 7 MHz, and R = 82 � for 8 MHz. It should be
noted that a large leakage current would appear as a con-
ductance in parallel with the capacitor and would impact
the measured current. We measured the DC leakage through
the capacitor (DUT) and confirmed that it was insignifi-
cant in comparison to the measured signal current. All the
measurements were performed at room temperature.

IV. RESULTS AND DISCUSSION
The typical measured current, iC-meas, is shown by the black
lines in Figs. 2 and 3 for f = 6 MHz and f = 7 MHz,
respectively, along with the current iC that corresponds to
the constant-capacitance value C (the gray lines). The dif-
ference between iC-meas and iC is much larger at 7 MHz in
comparison to 6 MHz. For the case of 7 MHz, the difference
between these currents is the largest at VBIAS = 11 V, which
can also be seen from the plots of �iC shown in Fig. 4. For
the case of VBIAS = 11 V, it is clear that iC-meas is smaller
than iC during charging of the capacitor, which indicates that
the charging current is reduced by delayed emission of elec-
trons from the NITs. The difference during discharging of
the capacitor is much smaller, indicating that there is almost
no delayed electron capturing to reduce the charging current.
Multiple devices were measured to confirm the repeatability
of the results. We have not observed larger measured current
in comparison to the ideal current.
The observed impact of the bias voltage can be related to

the surface position of the Fermi level, EF , and the energy
location of the active NITs, ENIT . Because of the quantum
confinement effect, the Fermi level is above the bottom of
the conduction band, EC, in the case of strong inversion of
P-type SiC and accumulation of N-type SiC [9]. As a con-
sequence, the energy levels of the active defects—centered
around the Fermi level—are also above EC, which means
that these defects have to be NITs positioned near the SiC
surface that trap and release electrons by tunneling. In [12],
the quantum confinement effect is considered to calculate
the areal density of electrons in strong-inversion (Ninv) as
a function of the position of the Fermi level EF-EC. Taking
into account that the energy bands of P-type SiC in strong-
inversion are very similar to the energy bands of N-type
SiC in accumulation [9], we used the results from [12] for
Ninv versus EF-EC to determine the positions of the Fermi
levels for different applied bias voltages in our samples. To
do so, we replaced Ninv by Nacc, which was calculated by

FIGURE 2. The measured current (black lines) and the current
corresponding to constant capacitance C (gray lines) at 6 MHz for (a) 5 V
bias voltage, (b) 11 V bias voltage and (c) 20 V bias voltage.

the following equation:

Nacc = (VBIAS − VFB)Cox
q

(8)

where VFB is flat-band voltage and Cox is oxide capacitance
in accumulation per unit area. The value of the flat-band
voltage was VFB = 0 V, as determined concurrently with
the gate oxide thickness by fitting the theoretical to the
measured C–V curve. This relationship between VBIAS and
Nacc ≈ Ninv, combined with Pennington and Goldsman’s
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FIGURE 3. The measured current (black lines) and the current
corresponding to constant capacitance C (gray lines) at 7 MHz for (a) 5 V
bias voltage, (b) 11 V bias voltage and (c) 20 V bias voltage. The difference
between these currents is the largest for 11 V bias voltage, indicating NITs
with localized energy levels.

relationship between Ninv and EF-EC ≈ ENIT -EC, enabled
us to convert VBIAS into ENIT -EC, as shown in Fig. 5.
The energy distributions of DNIT , calculated by (2) for

the case of charging currents, are shown in Fig. 6. The
first implication from the results shown in Fig. 6 is that the
energy levels of the dominant NITs are localized between
0.13 eV to 0.23 eV above EC indicating a well-defined
defect. The results in Fig. 6 also show that the localized
defect is spatially localized as well, appearing very close to

FIGURE 4. Current difference �iC = iC - iC-meas at 7 MHz for (a) 5 V bias
voltage, (b) 11 V bias voltage and (c) 20 V bias voltage.

the SiC surface. We conclude this from the fact that there is
a sharp increase in the DNIT from about 2x1011 cm−2eV−1

to 8x1011 cm−2eV−1 when the frequency is increased from
6 MHz to 7 MHz. As mentioned previously, the delay of
electron emission from the NITs is observed at 7 MHz,
indicating that the emission time constant is approximately
equal to the quarter of the signal period: 1/4f = 36 ns.
The emission of these electrons at around the quarter of
the period opposes the charging current, causing the smaller
iC-meas in comparison to the ideal case of DNIT = 0. The
quarter of the period in the case of the 6 MHz signal is
1/4f = 42 ns, which is a sufficiently long time for the NITs
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FIGURE 5. Conversion of VBIAS to ENIT -EC , based on the data from [12]
for the relationship between the electron density, Ninv ≈ Nacc , and the
position of the Fermi level, EF -EC .

FIGURE 6. Measured density of near-interface traps.

to emit the captured electrons, as evidenced by the absence
of significant reduction in iC-meas. This sharp increase of
DNIT with emission time shorter than 42 ns corresponds to
a sharp localization of NITs near the interface.
Although the result about the localisation of NITs is

new, the range of DNIT values obtained by the measurement
technique presented in this paper are in a good agreement
with the values of 1x1011 cm−2eV−1, 9x1011 cm−2eV−1

and 1x1011 cm−2eV−1 published in [14], [16], and [18],
respectively.
The results of our direct measurements of the current

through the DUT, iC-meas, in response to sinusoidal voltage,
vIN , have an important implication for the capacitance and
conductance measurements by commercial LCR meters. The
LCR meters model the DUT by an equivalent capacitance
and an equivalent conductance (or resistance). An implicit

FIGURE 7. Capacitance–voltage curves of the measured MOS capacitors.
For clarity the lowest and highest frequency C−V curves are shown. There
was no difference observed in the C−V measurement at the following
measurement frequencies: 10 kHz, 100 kHz, 1 MHz, 2 MHz, 3 MHz, 4 MHz,
and 5 MHz.

FIGURE 8. Conductance–voltage curves of the measured MOS capacitors:
(a) 10 kHz and 100 kHz, (b) 1–5 MHz.

assumption in this approach is that the current through the
DUT is sinusoidal with amplitude and phase shift corre-
sponding to the values of the capacitance and conductance
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in the equivalent circuit. Our direct measurement of the cur-
rent through the DUT shows a distortion from the sinusoidal
shape, which cannot be adequately represented by a simple
phase shift due to a conductance in parallel with the capaci-
tance C. A consequence is that the distorted sinusoid cannot
be properly fitted by the LCR models to result in physically
meaningful capacitance and conductance. We measured the
MOS capacitors by Agilent B1505A LCR meter, and with
careful calibration, we were able to obtain constant capaci-
tance in accumulation up to 5 MHz (the Agilent frequency
limit), as shown in Fig. 7. However, the corresponding con-
ductance in accumulation appears as positive only at 10 kHz
and then becomes negative at higher frequencies, as shown
in Fig. 8. Although this does correlate with the fact that there
is a small discrepancy between iC and iC-meas, the physical
meaning of the conductance is lost. We assume that the fit-
ting problem (impossibility to fit ideal sinusoid with a phase
shift to measured distorted sinusoids) results in conductance
calculations that are highly sensitive to small differences
between iC and iC-meas.

V. CONCLUSION
In this brief, N-type 4H-SiC MOS capacitors are used to per-
form direct measurements of near-interface traps that capture
channel electrons in SiC MOSFETs, reducing the average
channel-carrier mobility. The measurement technique utilizes
the difference between measured alternating current through
an MOS capacitor and alternating current that corresponds to
a trap-free MOS capacitor with a constant capacitance value.
The measurements performed on nitrided gate oxides iden-
tified a defect with energy levels localized between 0.13 eV
and 0.23 eV above the bottom of the conduction band, which
is also spatially localized very close to the SiC surface.
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Abstract. In this paper we report temperature independent near-interface traps (NITs) in the gate 

oxide of N-type MOS capacitors. The measurements were performed by a recently developed direct-

measurement technique, which detected NITs with energy levels between 0.13 eV to 0.23 eV above 

the bottom of conduction band. These traps are also spatially localized close to the SiC surface, as 

evidenced by the fact that they are not observed at measurement frequencies below 6 MHz. The 

temperature independence indicates that this localized defect is different from the usually observed 

NITs whose density is increased by temperature-bias stress. 

Introduction 

Although SiC MOSFETs have been commercialized, they still suffer from performance issues 

mainly due to low channel-carrier mobility. The high density of defects at the interface of SiC and 

gate oxide is mostly responsible for the low channel-carrier mobility [1−3]. Capacitance and 

conductance measurements with MOS capacitors are commonly used to characterize the interface 

between SiC and the gate oxide. The area of interest is the strong-accumulation region of N-type SiC 

MOS capacitors, which is analogues to the strong-inversion region of SiC MOSFETs, because the 

energy levels of the active near-interface traps (NITs) are aligned to the conduction band due to the 

quantum confinement effect [1−3]. The 

conductance in accumulation is particularly 

sensitive to the specific calibration of the 

measurement equipment, as illustrated in Fig. 1. 

Performing careful calibration of an Agilent 

B1505A LCR meter, we were able to obtain the 

constant capacitance in strong-accumulation up 

to 5 MHz. However, the corresponding 

conductance in accumulation appears positive 

only at lower frequencies and shows large 

negative values at 5 MHz, as shown in Fig. 1. We 

assume that this issue was due to the sensitivity 

of LCR meter parameter extraction (C and G) to 

slight distortions in the measured sinusoidal 

signals. To check this assumption, we have 

recently performed and published direct 

measurements of the alternating current through 

the MOS capacitors in the strong-accumulation 

region [4]. The measurements identified a 

distortion in the sinusoidal current, which we 

assigned to near-interface traps (NITs) with 

energy levels between 0.13 eV and 0.23 eV above the bottom of the conduction band. Charging and 

discharging of NITs with energy levels above the bottom of the conduction band must occur by 

Fig. 1. Capacitance–voltage and conductance−voltage 

characteristics of a measured MOS capacitor at 10 kHz 

and 5 MHz. The capacitance is constant in strong-

accumulation, however the corresponding conductance 

is positive at 10 kHz while showing large negative 

values at 5 MHz.  
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tunnelling, which is a temperature-independent mechanism [2−3]. However, it was found that high-

temperature bias stress changes the density of these NITs [5−8], which Lelis et al. explained by 

temperature activation of defective bonds [9]. In this paper, we investigate the temperature 

dependence of the spatially and energetically localized NITs, which we identified by the recently 

published direct-measurement technique [4]. 

Experimental Details 

Silicon faced, N-type, 4H-SiC wafer with 1016 cm-3 nitrogen doped epitaxial layer of 5 µm was 

used to fabricate the MOS capacitors. The samples were cleaned by the standard Radio Corporation 

of America (RCA) procedure prior to oxidation. The gate oxides were grown at 1250o C for 1 hour in 

dry O2 followed by a 1 hour anneal in nitric oxide at 1250o C. An oxide thickness of 45 nm was 

determined from the accumulation capacitance.  

The measurements were performed by connecting the MOS capacitors (C) under test in series with 

an external resistor (R) of 120 Ω and applying sinusoidal voltage signal across the series connection 

of the external resistor and the MOS capacitors. Superimposed on the sinusoidal signal was a DC 

voltage to bias the capacitors in accumulation. Sinusoidal signals with frequencies from 10 kHz to 8 

MHz, fixed amplitude of 500 mV, and the bias voltage (VBIAS) ranging from 5 V to 20 V were used. 

The amplitude of 500 mV is chosen so to minimize noise while maintaining the signal below the 

value of the bias-voltage step. To perform high-temperature bias stress measurements, the MOS 

capacitors were stressed with 15 V for 12 hours at different temperatures. All the measurements 

before and after stress were performed at 25o C, 125o C and 175o C. Multiple capacitors were measured 

to ensure the repeatability of the results. 

Results and Discussion 

Initially the measurements were performed at different temperatures without stressing the MOS 

capacitors. Figure 2 shows the typical measured current through the MOS capacitors, C measi −  (coloured 

lines), at 7 MHz with different bias voltages and at different measurement temperatures before stress. 

Figure 2 also shows the current through a capacitor without NITs, Ci  (black lines), which is calculated 

as: ( ) [ ( ) ( )] /C IN Ci t v t v t R= −  where ( )Cv t  is the voltage across constant capacitor (C) in response to 

the measured input voltage ( )INv t  [4]:  

0

0

1
( ) exp ( )exp

t

S
C IN S S

tt
v t A v t dt

RC RC RC

   
= − +    

    
             (1) 

In Eq. (1), St  is the variable time within the integration interval (0 ≤ St  ≤ t) and 0A  is the integration 

constant.  

The current through the MOS capacitors was then measured after stressing the capacitors with  

15 V for 12 hours at different temperatures. The measurements performed after stress showed no 

significant change in measured currents as compared to currents measured before stress.  

The maximum difference between Ci  and C measi −  was observed at 7 MHz with 11 V bias voltage 

during the charging of the capacitor, which was essentially the same at all measured temperatures 

(25o C, 125o C and 175o C). The asymmetry between the charging and discharging currents is due to 

different charging and discharging times of the NITs. 
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Due to the quantum confinement effect the Fermi level (EF) of the N-type MOS capacitor crosses 

the bottom of conduction band (EC) when biased in strong-accumulation. The effect of the bias 

voltage observed in Fig. 2 can be presented in terms of conduction band and the energy location of 

the active NITs (ENIT), as explained by Pande et al. [4].   

The density of NITs (DNIT) as a function of their energy location above the bottom of conduction 

band can be calculated from the following equation [4]: 
2

1

1
( )

2

t

NIT C

t

D i t dt
kTqA

=     (2) 

In Eq. 2, C C C measi i i − = − , A is the capacitor area 

(500x500 µm2), q is the electron charge, and t1 and t2 

are the integration limits of the charging period of the 

capacitor. 

The maximum DNIT is found to be between 0.13 

eV to 0.23 eV above the conduction band and it does 

not change with temperature, as shown in Fig. 3. The 

sharp increase in DNIT demonstrates that the 

distribution of the NITs peak at a physical location 

very close to the SiC surface where tunnelling 

distances correspond to 7 MHz. This shows that the 

NITs are fast enough to allow the C measi −  to follow the 

Ci up to 6 MHz and when a faster signal of 7 MHz is 

applied, the C measi −  is unable to follow the Ci . 

As there were no changes observed in measured current after high-temperature bias stress as 

compared to before stress it is clear that the NITs identified here are different from NITs whose 

density is increased by temperature-bias stress. Consequently, it is evident that the observed effect is 

Fig. 3. Measured density of near-interface traps at 

different frequencies and temperatures. 

Fig. 2. The calculated current through a capacitor 

without NITs, iC (black line), and the typical 

measured current through the MOS capacitor, iC-meas, 

corresponding to different temperatures: 25o C (blue 

dash line), 125o C (green dotted line), and 175o C 

(red dash dot-dot line) at 7 MHz for (a) 5 V bias 

voltage, (b) 11 V bias voltage, and (c) 20 V bias 

voltage. There is no significant temperature 

dependence of the measured current. 
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temperature independent and can only be attributed to tunnelling between the NITs and the SiC 

surface. 

Summary 

In this paper, we have identified temperature independent NITs whose density peaks between 

0.13 eV to 0.23 eV above the bottom of the conduction band. The NITs are active at measurement 

frequencies above 6 MHz, showing that the responsible defects is spatially localized close to the SiC 

surface. The observed temperature independence confirms that NITs trap and de-trap electrons by 

tunnelling and also demonstrates that this specific defect is not activated by temperature.  

Acknowledgement 

This work was performed at the Queensland node of the Australia National Fabrication Facility 

(ANFF), a company established under the National Collaboration Research Infrastructure Strategy to 

provide nano and microfabrication facilities for Australia’s researchers. We greatly acknowledge the 

financial and technical support by SICC Material Co. Ltd., P.R. China as the industry partner in the 

Australian Research Council Linkage Project (ARC LP 50100525). 

References 

[1] R. Y. Khosa, E. Ö. Sveinbjörnsson, Conductance signal from near-interface traps in n-type 4H-

SiC MOS capacitors under strong accumulation, Mater. Sci. Forum, 897 (2017), 147–150.

[2] H. A. Moghadam, S. Dimitrijev, J. Han, D. Haasmann, A. Aminbeidokhti, Transient-current

method for measurement of active near-interface oxide traps in 4H-SiC MOS capacitors and

MOSFETs, IEEE Trans. Electron Devices, 62 (2015) 2670–2674.

[3] D. Haasmann, S. Dimitrijev, Energy position of the active near-interface traps in

metal−oxide−semiconductor field-effect transistors on 4H–SiC, Appl. Phys. Letters, 103 (2013)

113506-1−113506-3.

[4] P. Pande, S. Dimitrijev, D. Haasmann, H. A. Moghadam, P. Tanner, J. Han, Direct measurement

of active near-interface traps in the strong-accumulation region of 4H-SiC MOS capacitors, IEEE J.

Electron Devices Soc., 6 (2018) 468–474.

[5] H. A. Moghadam, S. Dimitrijev, J. S. Han, A. Aminbeidokhti, D. Haasmann, Quantified density

of active near interface oxide traps in 4H-SiC MOS capacitors, in Mater. Sci. Forum, 858 (2016) 603–

606.

[6] S. DasGupta, R. Brock, R. Kaplar, M. Marinella, M. Smith, S. Atcitty, Extraction of trapped

charge in 4 H-SiC metal oxide semiconductor field effect transistors from subthreshold

characteristics, Appl. Phys. Letters, 99 (2011) 023503-1−023503-3.

[7] M. J. Tadjer, K. D. Hobart, E. A. Imhoff, F. J. Kub, Temperature and time dependent threshold

voltage instability in 4H-SiC power DMOSFET devices, Mater. Sci. Forum, 600 (2009) 1147–1150.

[8] A. J. Lelis, D. B. Habersat, R. Green, N. Goldsman, Temperature-dependence of SiC MOSFET

threshold-voltage instability, Mater. Sci. Forum, 600 (2009) 807–810.

[9] A. J. Lelis, R. Green, D. B. Habersat, M. El, Basic mechanisms of threshold-voltage instability

and implications for reliability testing of SiC MOSFETs, IEEE Trans. Electron Devices, 62 (2015)

316–323.

Materials Science Forum Vol. 963 239

56



Chapter 5: Energy-Localised 

Near-Interface Traps Active in 

the Strong-Accumulation Region 

of 4H-SiC MOS Capacitors 

This chapter is published in IEEE Transaction of Electron Devices: 

P. Pande, S. Dimitrijev, D. Haasmann, H. A. Moghadam, P. Tanner, and J. Han, "Energy-

Localised Near-Interface Traps Active in the Strong-Accumulation Region of 4H-SiC MOS 

Capacitors, " IEEE Trans. Electron Devices, vol. 66, no. 8, pp. 2670−2674, Apr. 2019. 

57



58



1/20/2020 Rightslink® by Copyright Clearance Center

https://s100.copyright.com/AppDispatchServlet#formTop 1/1

Home Help Email Support Sign in Create Account

© 2020 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. |  Privacy statement | Terms and Conditions

RightsLink

Energy-Localized Near-Interface Traps Active in the Strong-
Accumulation Region of 4H-SiC MOS Capacitors
Author: Peyush Pande

Publication: Electron Devices, IEEE Transactions on

Publisher: IEEE

Date: April 2019

Copyright © 2019, IEEE

Thesis / Dissertation Reuse

The IEEE does not require individuals working on a thesis to obtain a formal reuse license, however, you may
print out this statement to be used as a permission grant: 

Requirements to be followed when using any portion (e.g., �gure, graph, table, or textual material) of an IEEE
copyrighted paper in a thesis:

1) In the case of textual material (e.g., using short quotes or referring to the work within these papers) users must
give full credit to the original source (author, paper, publication) followed by the IEEE copyright line © 2011 IEEE.
2) In the case of illustrations or tabular material, we require that the copyright line © [Year of original publication]
IEEE appear prominently with each reprinted �gure and/or table. 
3) If a substantial portion of the original paper is to be used, and if you are not the senior author, also obtain the
senior author's approval. 

Requirements to be followed when using an entire IEEE copyrighted paper in a thesis: 

1) The following IEEE copyright/ credit notice should be placed prominently in the references: © [year of original
publication] IEEE. Reprinted, with permission, from [author names, paper title, IEEE publication title, and month/year
of publication] 
2) Only the accepted version of an IEEE copyrighted paper can be used when posting the paper or your thesis on-
line.
3) In placing the thesis on the author's university website, please display the following message in a prominent place
on the website: In reference to IEEE copyrighted material which is used with permission in this thesis, the IEEE does
not endorse any of [university/educational entity's name goes here]'s products or services. Internal or personal use
of this material is permitted. If interested in reprinting/republishing IEEE copyrighted material for advertising or
promotional purposes or for creating new collective works for resale or redistribution, please go to
http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn how to obtain a License
from RightsLink. 

If applicable, University Micro�lms and/or ProQuest Library, or the Archives of Canada may supply single copies of
the dissertation.

BACK CLOSE

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

59

javascript:goHome();
javascript:openHelp();
javascript:onOfflineClicked();
javascript:doCasLogin();
javascript:createAccount();
http://www.copyright.com/
http://www.copyright.com/content/cc3/en_US/tools/footer/privacypolicy.html
javascript:paymentTerms();
javascript:void(0)
javascript:goHome();
javascript:closeWindow();
mailto:customercare@copyright.com


1704 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 66, NO. 4, APRIL 2019

Energy-Localized Near-Interface Traps Active in
the Strong-Accumulation Region of

4H-SiC MOS Capacitors
Peyush Pande , Sima Dimitrijev , Senior Member, IEEE, Daniel Haasmann, Hamid Amini Moghadam,

Philip Tanner , Member, IEEE, and Jisheng Han

Abstract— Near-interface traps (NITs) with energy levels
aligned to the conductionband and spatially locatedclose to
the SiO2/SiC interface are responsible for significant degra-
dation of the channel-carrier mobility in 4H-SiC MOSFETs.
In this paper, we investigate fast trapping and detrapping of
the conduction-band electrons by NITs with energy levels
localized between 0.13 and 0.23 eV above the bottom of the
conduction band. The trapping and detrapping times were
estimated to be in the range between the resolution limit of
tens of nanoseconds and 1 µs by measuring the current
through n-type MOS capacitors in response to a ramped
voltage in the accumulation region.

Index Terms— 4H-SiC MOS capacitor, energy-localized,
near-interface traps (NITs), trap response time.

I. INTRODUCTION

IN recent years, SiC-based MOSFETs have become increas-
ingly popular for high-voltage and high-power applications

because of their advantages over silicon-based MOSFETs. SiC
MOSFETs on 4H-SiC are now commercially available, per-
forming beyond the theoretical limits of Si-based MOSFETs,
but they are yet to achieve the theoretical limits of SiC. One of
the major issues in their development is the low channel-carrier
mobility. This issue is mainly attributed to the high density
of defects at or near the interface between SiC and the gate
oxide. The energy levels of the interface traps are in the
energy gap of SiC [1]–[4]. However, when an n-channel SiC
MOSFET is biased in strong inversion, the Fermi level (EF)
crosses the bottom of the conduction band (EC) due to the
quantum confinement effect. This allows the near-interface
traps (NITs) with energy levels aligned to the conduction band
to communicate with the channel electrons, which degrades the
channel-carrier mobility of SiC MOSFETs [5]–[9].
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SiC MOS capacitors are widely used to characterize the
interface between SiC and the gate oxide because they are
much easier to fabricate than MOSFETs [7]–[9]. Nonzero
conductance measured in the strong-accumulation region
of n-type SiC MOS capacitors, which corresponds to the
strong inversion of n-channel SiC MOSFETs, is reported
by many researchers and attributed to the presence of
NITs [7], [9]–[12]. To investigate this further, we recently
performed direct measurement of alternating current through
a SiC MOS capacitor biased in the strong-accumulation
region. A distortion in sinusoidal current was observed,
which we attributed to NITs with energy levels localized
between 0.13 and 0.23 eV above the bottom of the con-
duction band [13]. Previous reports on the density of NITs,
measured by different techniques, show a continuous density
increase with increasing energy levels [14]–[18]. Therefore,
the observed energy localization of the density of NITs by
the direct-measurement points to a new type of defect that
is worthwhile investigating in more detail. The distortion of
the sinusoidal current, reported in [13], made it difficult to
relate the measurements to specific trapping and detrapping of
channel electrons by the identified NITs. In principle, the best
option would be to step up and step down the voltage across
the capacitor, for example, from 5 to 20 V and back to 5 V, and
to measure delays in the charging and discharging currents.
However, it was not possible to achieve a voltage pulse with
sufficiently short rise and fall times in order to capture the
effect of fast NITs.

In this paper, we report and analyze direct-measurement
results obtained with the triangular voltage across the MOS
capacitor. For the case of a capacitor without traps, the linear
increase and decrease of the voltage across the capacitor
corresponds to constant charging and discharging currents.
We used these constant currents as the reference currents
to detect the delayed charging and discharging due to the
fast NITs.

II. EXPERIMENTAL DETAILS

A. Measurement Circuit and Method [13]

A series RC circuit was used to perform the experiments,
in which the MOS capacitor was connected in series with
an external resistor, as shown in Fig. 1. The current through
the capacitor was obtained from the measured input voltage,

0018-9383 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Measurement circuit with an external resistor R connected in
series to a MOS capacitor C as the device under test.

vIN(t), and measured voltage across the capacitor, vC−meas(t),
as shown in Fig. 1.

To obtain the reference trap-free current (iC) through the
MOS capacitor, the corresponding voltage across a constant-
value capacitor C , vC (t), without trap effects was calcu-
lated using the measured vIN(t) values in the following
equation [13]:

vC (t)=exp

(
− t

RC

) [
A0+ 1

RC

∫ t

0
vIN(tS) exp

(
tS

RC

)
dtS

]
.

(1)

In (1), tS is the variable time within the integration interval
(0 ≤ tS ≤ t) and the integration constant A0 is set to satisfy
the condition that the dc component of the trap-free capacitor
current, iC(t) = [vIN(t) − vC (t)]/R, is 0.

If the measured current (iC−meas) gets affected by NITs,
then the current difference �iC = iC − iC−meas can be used
to calculate the total density of NITs per unit area as

NNIT = 1

q A

∫ t2

t1
�iC(t)dt (2)

where q is the electron charge, A is the capacitor area,
and the numerical integration of �iC(t), for a specific time
period (t1 to t2), represents the total charges captured/released
from NITs.

The parasitic capacitances due to oscilloscope probes and
connecting wires were considered while calculating iC . The
MOS capacitance in strong-accumulation was C = 190 pF,
whereas the external resistance was set to R = 56 �. These
values ensured that the time constant RC was the smallest pos-
sible, enabling measurement of the current through the MOS
capacitor with minimum noise and minimum time delay. The
measurements were performed with Tektronix DPO7104 oscil-
loscope, Tektronix P6139A oscilloscope probes, and Tektronix
AFG1022 arbitrary function generator. The DC leakage current
was measured and shown to be insignificant in comparison to
the charging and discharging currents. All the measurements
were performed at room temperature.

B. Biasing the MOS Capacitor in Accumulation

In accumulation, the narrow energy well at the SiO2/SiC
interface confines the movement of carrier electrons in the 2-D
energy subbands inside the conduction band [14], [19], [20].
This is a result of the quantum confinement effect, which
causes extra band bending, placing the Fermi level (EF)
above the bottom of the conduction band (Fig. 2). The NITs

Fig. 2. NITs with energy levels localized between 0.13 and 0.23 eV [13]
are aligned to the electron states of the 2-D subbands in the conduction
band of SiC.

TABLE I
RELATIONSHIP BETWEEN VOLTAGE ACROSS THE MOS CAPACITOR

AND ENERGY POSITION OF THE FERMI LEVEL, EF − EC, BASED

ON THE QUANTUM CONFINEMENT DATA FROM [21]

with energy levels aligned to the conduction band are now
able to interact with the channel electrons. To determine the
position of the Fermi level with respect to the bottom of
the conduction band, we have used data from [21], which
provide the density of electrons in strong inversion (Ninv) with
respect to the position of the Fermi level EF−EC. Considering
that the strong inversion of MOSFETs corresponds to the
strong-accumulation region of n-type SiC MOS capacitors,
we assumed that Ninv ≈ Nacc and obtained Nacc from the
following equation [13]:

Nacc = (vC−meas − VFB) Cox

q
(3)

where Cox is the oxide capacitance in accumulation per unit
area, q is the electron charge, and the value of the flat-band
voltage VFB was determined from the measured C − V depen-
dence (Fig. 3) to be approximately 0 V. Once the relationship
between Nacc and EF − EC was obtained, we were able to
establish the relationship between vC−meas and EF − EC. The
values for the four characteristic points that we will consider
in Section-III are shown in Table I.

As can be seen in Table I, vC−meas = 5 V corresponds to
EF−EC = 0.07 eV, which means that the Fermi level is below
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Fig. 3. Capacitance–voltage (C − V) curve of the MOS capacitors,
measured from 10 kHz to � MHz (no difference was observed in the
C − V curve from the lowest to the highest frequency).

the localized energy levels of the NITs, yet the MOS capacitor
is biased in the accumulation region. Accordingly, vC−meas =
5 V was selected as the lowest value for the voltage across
the capacitor. On the other hand, vC−meas = 18 V ensures that
EF − EC = 0.27 eV is above the localized energy levels of
the NITs. Therefore, a triangular voltage vC−meas oscillating
from 5 to 18 V was selected to ensure that the Fermi level
crosses the complete range of NIT levels localized between
0.13 and 0.23 eV. The rate of the linear increase and linear
decrease of vIN was set at 10 mV/ns to enable measurements of
response times with the resolution of tens of nanoseconds. The
ramp rate is carefully selected because the output of the circuit
is sensitive to the ramp rate. If the ramp rate is too slow, then
it is very difficult to observe the effect of fast NITs. If the
ramp rate is too quick, then the excess parasitic inductance
may interfere with the output voltage.

C. Device Fabrication

The n-type, silicon-faced, 4H-SiC wafers with a 1016 cm−3

nitrogen-doped epitaxial layer were used to fabricate the MOS
capacitors. Before oxidation, cleaning was performed by stan-
dard Radio Corporation of America procedure. The oxidation
in dry O2 and then annealing in nitric oxide at 1250 °C were
performed for 60 min each. The oxide thickness of 45 nm
was achieved, which was determined from the accumulation
capacitance shown in Fig. 3. The sample used in this paper is
the same as the sample used in [13].

III. RESULTS

Typical measurement results are shown in Fig. 4. It can
be seen that the measured current iC−meas is smaller than
the trap-free current iC at the beginning of both charging
and discharging cycles. It should be noted that no difference
between iC−meas and iC was observed when the voltage across
the MOS capacitor was ramped from 5 to 8 V with the same

Fig. 4. Typical results for the measured current (black line), the trap-
free current (dark gray line), and the voltage across the MOS capacitor
(dashed gray line).

ramp rate. This is consistent with the fact that EF − EC
remained below 0.13 eV (Table I), which means that the Fermi
level did not cross the energy levels of the NITs that are
above 0.13 eV and there was no trapping and detrapping to
cause a difference between iC−meas and iC . The trapping and
detrapping, which occurred when the voltage was ramped from
5 to 18 V, is illustrated in Fig. 5 and explained in the following
text. Note that, Fig. 5 shows the energy bands for two specific
voltage values during the charging and two specific voltage
values during the discharging, which are indicated in Fig. 4.

A. Trapping

Fig. 5(a) shows a band diagram of the SiO2/SiC interface
at vC = 18 V during the charging cycle, when the Fermi
level is positioned 0.27 eV above the bottom of conduction
band and, more importantly, above the localized energy levels
of the NITs. The traps located close to the interface, with
response times smaller than RC, capture channel electrons
but this fast trapping process does not cause a difference
between iC−meas and iC (Fig. 4). Fig. 5(b) corresponds to the
discharging cycle when the Fermi level is still above the energy
levels of the NITs, and consequently, the traps with capture
times greater than RC (further away from the interface) are
still being filled. At this time, the discharging current and the
channel electrons that are filling the traps oppose each other,
as indicated by the opposing arrows in Fig. 5(b). As a result,
the measured current through the MOS capacitor, iC−meas,
is smaller than the corresponding trap-free current, iC (Fig. 4).
We selected the RC time constant so that the trap-free current
reaches its constant level after tens of nanoseconds, although
there is some “ringing” caused by the input voltage. Fig. 4
shows that the difference between the measured current and
the trap-free current is continuously reduced until it disappears
after about two-third of the half period, which corresponds
to about 1 μs. The interpretation of the observed continuous
reduction in the difference between the measured and the
trap-free currents, which extends from tens of nanoseconds
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Fig. 5. Energy band diagrams at different stages of the charging and discharging cycles. (a) End of charging cycle where NITs located close to the
SiO2–SiC interface capture channel electrons with capture times shorter than the RC time constant of the circuit (this fast trapping does not cause a
difference between iC−���� and iC). (b) Discharging cycle begins but NITs further away from the SiO�–SiC interface and with energy levels below
EF are still being filled by channel electrons (these electrons are opposing the discharging current, reducing iC−meas below iC). (c) Toward the
end of discharging cycle, the Fermi level is below the energy level of NITs and the traps closer to the interface start to release electrons following
the direction of discharging current (this fast detrapping does not cause a difference between iC−meas and iC). (d) At the beginning of the charging
cycle, the Fermi level is still below the energy level of NITs and the electrons are still being released from the traps (these electrons are opposing
the charging current, reducing iC−meas below iC).

to about 1 μs, is that the trapping times extend from tens of
nanoseconds to about 1 μs.

B. Detrapping

Towards the end of the discharging cycle, when the Fermi
level is positioned below the NITs, electrons are released from
the fast traps very close to the interface. As illustrated by the
arrows in Fig. 5(c), this detrapping is in the same direction as
the discharging current, and with detrapping times shorter than
the circuit time constant RC, they do not cause a difference
between iC−meas and iC (Fig. 4). When the charging cycle
begins and the Fermi level is still below the energy levels of
NITs [Fig. 5(d)], the traps with response times longer than
RC (further away from the interface) continue to release the
electrons. The electrons due to this delayed detrapping oppose
the charging current, resulting again in a smaller measured

current as compared to the trap-free current (Fig. 4). Similar to
the case of trapping, the trap-free current reaches its constant
level after tens of nanoseconds, whereas the measured current
continues to increase until it reaches the constant level of the
trap-free current at about two-third of the half period (1 μs).
This again indicates that the detrapping times extend from the
resolution limit of tens of nanoseconds to about 1 μs.

IV. DISCUSSION

It is evident from the results that by applying triangu-
lar input voltage, we are able to better observe the trap-
ping/detrapping of channel electrons from the NITs. Also,
by analyzing the trapping/detrapping of channel electrons,
we are able to understand the localized behavior of the NITs
more clearly.
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The NITs spatially located close to the SiO2/SiC inter-
face have very quick response times, which makes them
difficult to measure. The conventional trap-characterization
techniques are able to identify NITs with response times
longer than tens of microseconds. Moghadam et al. [8]
reported NITs with response times longer than tens of mil-
liseconds. Gurfinkel et al. [5] reported NITs with response
times of tens of microseconds. Yoshioka et al. [12] performed
capacitance–voltage and conductance–voltage measurements
up to 100 MHz and reported interface traps with response
times of microseconds. The NITs identified in this paper have
the response times as short as tens of nanoseconds. The quick
response times indicate that the investigated NITs with energy
levels between 0.13 and 0.23 eV are spatially located very
close to the SiO2/SiC interface.

The density of NITs per unit area for the charging period,
t1 = 0 and t2 = 1.3 μs, is calculated as 7.6 × 1011 cm−2

from (2). As the bias voltage is constantly changing with
time, NNIT calculated here is the total density of NITs for
the complete trapping/detrapping period.

It should be noted that the density of previously reported
NITs, with much longer response times, is not localized
within a narrow energy band but increases with increasing
energy [6], [14]–[18]. These differences in both energy and
spatial localization, as evidenced by the fast response times,
indicate that the structural origin of these NITs is different
from the previously reported traps. It is worth mentioning here
that a similar effect of NITs was observed in samples with dry
oxides without NO annealing when measured under the same
measurement conditions.

The density of previously reported NITs is also affected
by high-temperature bias stress [22]–[24], which is explained
by Lelis et al. [25] as activation of oxygen-vacancy defects
at high temperature. Also, in many studies using thermal
dielectric relaxation current (TDRC) technique, in which
the traps are filled under strong accumulation, a relax-
ation current is observed due to thermal emission different
from tunneling [26]–[28]. Trapping/detrapping due to these
commonly-reported NITs is temperature-dependent. As dis-
tinct from the commonly-reported temperature dependence
of trapping/detrapping from NITs, we have recently reported
in [29] that the temperature bias stress has no effect on
the trapping/detrapping from NITs investigated in this paper.
As there is no significant temperature dependence of trap-
ping/detrapping from NITs discussed here, it can only be
attributed to direct tunneling between NITs and SiO2/SiC
interface. The implication is that these different NITs do
not impact the threshold voltage instability and that their
importance relates to the degradation of the channel-carrier
mobility in 4H-SiC MOSFETs.

V. CONCLUSION

This paper has investigated NITs with response times of tens
of nanoseconds by measuring current though n-type 4H-SiC
MOS capacitors. These NITs are localized in energy and
active in the strong-accumulation region. A smaller current is
measured at the beginning of both charging and discharging

cycles, which is explained by delayed trapping/detrapping of
electrons that oppose the normal charging/discharging current.
The measured differences between charging/discharging and
the trap-free currents last for tens of nanoseconds, indicating
that the trapping/detrapping times are also in the order of
tens of nanoseconds. These trapping/detrapping times are
much shorter than the previously reported response times,
which indicates that the NITs with localized energy levels,
investigated in this paper, are closer to the interface and
different from the previously reported NITs.
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Abstract. This paper presents a comparative analysis of the electrically active near-interface 

traps, energetically located above the bottom of conduction band. Two different samples of N-

type SiC MOS capacitors were fabricated with gate oxides grown in (1) dry O2 (as-grown) and 

(2) dry O2 annealed in nitric oxide (nitride). Measurements performed by the direct

measurement method revealed that the traps located further away from the SiO2/SiC interface

are removed by nitridation. A spatially localized behaviour of NITs is observed only in the

nitrided gate oxide but not in the as-grown gate oxide.

Introduction 

Commercial SiC MOSFETs have been available for some time. However, a high density of 

traps at and near the SiO2/SiC interface remains as an issue, adversely impacting both the 

channel-carrier mobility (performance) and the threshold-voltage stability (reliability) of SiC 

MOSFETs. Currently most of the characterisation techniques are focused on interface traps in 

the energy gap of SiC [1–3]. However, due to the quantum confinement effect, the Fermi 

level (EF) crosses the bottom of conduction band (EC) when an n-channel SiC MOSFET is 

biased in strong inversion [4–6]. Due to this phenomenon, the near-interface traps (NITs), 

which are energetically aligned to the conduction band, can interact with the channel electrons 

resulting in low channel-carrier mobility [4,7–8]. We have recently developed a direct 

measurement technique, which detects the NITs that are energetically aligned to the conduction 

band by measuring the current through a SiC MOS capacitor biased in accumulation [9]. The 

measurements performed in [9] were focused on 4H-SiC MOS capacitors with nitrided gate 

oxide. In this paper, we present a comparison of NITs in two different gate oxides: (1) grown 

in dry O2 (as-grown) and (2) grown in dry O2 and annealed in nitric oxide (nitrided). 

Experimental details 

The MOS capacitors used in this work were fabricated on silicon faced, N-type, 4H-SiC 

substrate with a 5 µm epitaxial layer, doped to 1016 cm-3 with nitrogen. Before oxidation, the 

samples were cleaned by the Radio Corporation of America (RCA) process. A horizontal-tube 

furnace at atmospheric pressure was used for the oxidation process. The gate oxide in the first 

sample was grown at 1250o C for 1 hr in dry O2 only. The gate oxide of the second sample was 

further annealed in nitric oxide (NO) at 1250o C for 1 hr. Oxide thicknesses of 42.6 nm and 

45 nm were obtained in the as-grown and nitrided gate oxides, respectively. Aluminium was 
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sputter deposited and patterned to form 500 µm square shape electrodes on the top surface, 

with large enough surrounding area to enable top-to-top measurements. The corresponding 

accumulation capacitances were 200 pF and 190 pF for the as-grown and nitrided gate oxides, 

respectively. As the MOS capacitance in accumulation does not change with voltage across the 

capacitor, we have used the constant value of accumulation capacitance for the calculations. 

The experiments were performed by 

connecting the SiC MOS capacitor in series 

with an external resistor (R) as shown in 

Fig. 1. A sinusoidal signal with different 

frequencies and DC bias voltages was 

applied as the input voltage. The 

measurements were performed with 

frequencies from 10 kHz to 7 MHz and bias 

voltages from 5 V to 20 V. Different value 

resistors were used to maintain a similar output voltage across the MOS capacitor with all 

measurement frequencies. To calibrate the measurements, the circuit was successfully tested 

with a ceramic capacitor up to 8 MHz measurement frequency. The amplitude of the input 

signal was fixed at 500 mV to avoid noise and to keep it below the bias voltage step. All the 

measurements were performed at room temperature. 

Results and discussion  

 The capacitance–voltage measurements for both samples are shown in Fig. 2. As shown, 

the sample with the nitrided gate oxide exhibits no noticeable frequency dispersion of the 

measured capacitances. However, a noticeable dispersion can be observed in the as-grown gate 

oxide. In the direct measurement technique, we compare the measured current (iC-meas) and trap 

free current (iC) through the MOS capacitor at different frequencies and bias voltages. The 

measured current is obtained from the measured voltage (vC-meas) across MOS capacitor as 

shown in the Fig. 1. The trap-free voltage (vC) however, is obtained from the following 

equation [9]: 

𝑣𝐶(𝑡) = 𝑒𝑥𝑝 (−
𝑡

𝑅𝐶
) [𝐴0 +

1

𝑅𝐶
∫ 𝑣𝐼𝑁(𝑡𝑆)𝑒𝑥𝑝 (

𝑡𝑆
𝑅𝐶

)𝑑𝑡𝑆

𝑡

0

] (1) 

 

 
Fig. 2 Capacitance–voltage curves measured at different frequencies against ideal curve: (a) as-grown gate 

oxide, (b) nitrided gate oxide. 

 

Fig. 1 The measurement circuit with resistor R in series 

with MOS capacitor C as device under test (DUT). 
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In the Eq. 1, vIN is the measured input voltage, tS is the time interval between 0 to t, and A0 is 

the integration constant which is selected to make the DC component of the trap-free current 

equal to zero. The trap-free current is then obtained from the following equation: 

𝑖𝐶 =
[𝑣𝐼𝑁(𝑡) − 𝑣𝐶(𝑡)]

𝑅
 (2) 

The measured and trap-free currents are shown in Fig. 3. From iC, we can calculate 

corresponding trap-free charge (QC) at the MOS capacitor plates by numerically integrating 

current for a specific period: 

𝑄𝐶 = ∫ 𝑖𝐶(𝑡)𝑑𝑡
𝑡2

𝑡1

 (3) 

 If the period of the sinusoid is T, then the integration limits are, t1 = 0 and t2 = T/2 for charging, 

and t1 = T/2 and t2 = T for the discharging of the MOS capacitor. The corresponding measured 

charge (QC-meas) and trap-free charge (QC) is presented in Fig. 4. The difference between trap-

free charge and measured charge, ΔQC = QC – QC-meas, is the trapped charge at that point in 

 

Fig. 3 The measured current (black lines) and trap-free current (grey lines) at 7 MHz through the nitrided gate 

oxide on the right and as-grown gate oxide on the left with 5 V, 11 V, and 20 V bias voltage from top to 

bottom. 
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time. The density of near-interface traps (DNIT) per unit area can be calculated from the trapped 

charge by the following equation: 

𝐷𝑁𝐼𝑇 =
∆𝑄𝐶

2𝑘𝑇𝑞𝐴
 (4) 

where k is the Boltzmann constant, T is the absolute temperature, q is the electron charge, and 

A is the area of MOS capacitor. If we assume the energy width of active NITs as 2kT [6], 

centred at the Fermi level, and divide DNIT by 2kT it gives us the density of NITs per unit 

energy. 

Due to the quantum confinement effect in strong accumulation, a narrow energy well is 

formed near the SiO2/SiC interface, which restricts the movement of channel electrons in the 

2D energy sub-band in the conduction band. This also makes the Fermi level appear above the 

bottom of conduction band [4][6]. To obtain the relationship between bias voltage and surface 

position of the Fermi level with respect to the bottom of the conduction band, 𝐸𝐹 − 𝐸𝐶, in 

strong accumulation, we first calculated the surface carrier density of electrons, Nacc, by the 

following equation [10]: 

𝑁𝑎𝑐𝑐 =
(𝑉𝐵𝐼𝐴𝑆 − 𝑉𝐹𝐵)𝐶𝑜𝑥

𝑞
 (5) 

where VBIAS is the bias voltage, VFB is the flat-band voltage, and Cox is the oxide capacitance in 

where VBIAS is the bias voltage, VFB is the flat-band voltage, and Cox is the oxide capacitance in 

accumulation per unit area. The flat-band voltage was obtained simultaneously with the gate 

oxide thickness by fitting the ideal C–V curve to the measured C–V curve. Pennington and 

Goldsman considered the quantum confinement effect while calculating the density of 

electrons in strong-inversion, Ninv, with respect to the position of Fermi level 𝐸𝐹 − 𝐸𝐶 [10]. 

Considering that the energy bands of N-type SiC in strong-accumulation are similar to the 

energy bands of P-type SiC in strong-inversion, we can relate the theoretical value for Ninv [10] 

to the experimental value of Nacc. This enables us to relate the bias voltage to the position of 

the Fermi level in accumulation, as shown in Fig. 5.  

It should be noted that the theoretical Ninv does not include trapped electrons. Electron 

trapping by interface and near-interface traps with energy levels between the flat-band and 

accumulation positions of the Fermi level causes a stretch-out of the measured C–V curve in 

 

Fig. 4 The charge on the MOS capacitor at 7 MHz with 11 V bias voltage: the charge with zero effect of 

NITs, QC(t) (grey line), and the measured charge, QC-meas(t) (grey line), on the plates of the MOS capacitor 

for (a) as-grown oxide and (b) nitrided gate oxide. 
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the region between the flat band and 

accumulation.  The density of these traps, which 

we label by NT, can be calculated by the following  

equation: 

where ΔV is the gate voltage difference—at a 

specific capacitance value—between the 

measured and ideal C–V curves, and C is the 

capacitance per unit area. As can be seen from 

Fig. 2(b), ∆𝑉 is very small for the nitrided gate 

oxide. Therefore, neglecting NT for the case of 

nitrided gate oxide, we can equate the theoretical 

value for Ninv [10] to the experimental value of 

Nacc = (VBIAS – VFB)Cox/q. For the as-grown oxide, 

the NT calculated at 5 MHz and 190 pF is 

1.42 x 1012 cm-2, which is approximately half of the Nacc at 5 V bias voltage. The frequency 

dependence of the C‒V curves in Fig. 2a show that these traps exchange electrons with the 

conduction band of the semiconductor, which means that the electrons attracted by the bias 

voltage, Nacc = (VBIAS – VFB)Cox/q, are shared by both the traps and the conduction band of the 

semiconductor.   

When the MOS capacitor is biased in accumulation, near-interface traps exchange electrons 

with the conduction band of the semiconductor.  The effect of this trapping can be observed by 

Hall-effect measurements, which show that a small fraction of the total carrier density (ntotal) 

in the inversion or accumulation layer is free (nfree) [11–12]. In our calculations the total carrier 

density ntotal is equal to Nacc = (VBIAS – VFB)Cox/q. According to the Hall-effect measurements, 

a small fraction of Nacc electrons are not trapped by NITs, but that is only at a considered instant 

of time. This is usually expressed as nfree = Nacc –Ntrapped, where Ntrapped is the density of 

electrons trapped at near-interface traps around the Fermi level in accumulation. However, 

continuous exchange occurs between the near-interface traps and the semiconductor, meaning 

that the fraction nfree/ntotal can be understood as: 

𝑛𝑓𝑟𝑒𝑒

𝑛𝑡𝑜𝑡𝑎𝑙
=
𝑡𝑓𝑟𝑒𝑒

𝑇
 (7) 

where T is the average period of capture/release of electron to/from the near-interface traps and 

tfree/T is the fraction of the period for which each electron is free. Different from Hall-effect 

measurements, high-frequency measurements sense all Nacc electrons with T in the order of the 

period of the measurement signal.  

The measured current and trap-free current at 7 MHz with 5 V, 11 V, and 20 V bias voltages 

for both the as-grown and nitrided gate oxides are presented in Fig. 3. As shown in Fig. 3, for 

the as-grown oxide at 7 MHz, the measured current doesn’t follow the trap-free current at 5 V 

bias voltage and the difference between iC and iC-meas reduces from 5 V to 20 V. In the nitrided 

gate oxide, the maximum difference in current is observed at 7 MHz with 11 V bias voltage. 

As the rate of change in voltage is faster than the response time of the NITs, the iC-meas is unable 

to follow iC. Consequently, the effect of NITs, located very close to the SiO2/SiC interface can 

only be observed at higher frequencies [9]. The corresponding charge at the MOS capacitor 

plates with respect to time is calculated from Eq. 3 and presented in Fig. 4. The first half of the 

𝑁𝑇 =
∆𝑉. 𝐶

𝑞
 (6) 

 

Fig. 5 Energy position of active NITs, ENIT-EC, 

with respect to bias voltage based on data 

obtained from [10]. 
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waveform shows the charging of the MOS capacitor and as we can see at the end of the charging 

cycle the QC-meas is less than QC. This difference between QC and QC-meas accounts for the charge 

which gets trapped in the NITs and is unable to contribute to the channel current. To calculate 

the DNIT from Eq. 4 the trapped charge, ΔQC, can be obtained at any point in time. We have 

used the ΔQC at the end of charging cycle for each frequency to obtain the maximum DNIT for 

the as-grown and the nitrided gate oxides which is presented in Fig. 6. The Fig. 6(a) shows that 

the effect of NITs is observed at as low frequency as 500 kHz in the as-grown gate oxide. 

However, in the nitride gate oxide the effect of NITs is visible only above 6 MHz.  

A graphical representation of near-interface traps in the as-grown and nitrided gate oxides 

is presented in Fig. 7 to illustrate energy position of NITs above the bottom of conduction band. 

In strong-accumulation, extra band bending occurs, and a narrow energy well is formed near 

the SiO2/SiC interface which restricts the movement of channel electrons in the 2D energy sub-

band in the conduction band as shown in Fig. 7. This also makes the Fermi level appear above 

the bottom of conduction band. The bias voltage in all the measurements is varied from 5 V to 

20 V which corresponds to 0.07 eV and 0.3 eV above the bottom of conduction band [9–10]. 

In the measurements performed here on the as-grown gate oxide, the maximum DNIT is seen at 

 

Fig. 7 Energy position of near-interface traps above the bottom of conduction band in (a) as-grown gate oxide, 

and (b) niterided gate oxide. Due to the quantum confinement effect the Fermi level appears above the bottom 

of conduction band. The NITs in nitride gate oxide appears to be spatially localised close to the SiO2/SiC 

interface whereas in as-grown gate oxide the density of near-interface traps decreases higher in energy. 

 

Fig. 6 The density of near-interface traps (DNIT) at different frequencies with respect to energy location above 

the bottom of conduction band for: (a) as-grown oxide, and (b) nitrided gate oxide.  
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0.07 eV and tends to decrease with increase in energy. Note that 0.07 eV corresponds to the 

lowest bias voltage of 5 V, which means that the NITs with energy levels below 0.07 are not 

measured. In the nitrided gate oxide the density of NITs is concentrated between 0.13 eV and 

0.23 eV, therefore, the effect of NITs is observed only when the Fermi level reaches these 

energy levels. For the energy levels above 0.23 eV and below 0.13 eV, the effect of NITs in 

the nitrided gate oxide is negligible.  This is a different behaviour from the result obtained by 

the conventional characterisation techniques, which measure the effect of NITs in the energy 

gap of SiC and show that the density of traps increases towards the conduction band edge [13–

15]. Regarding the spatial distribution in the nitrided gate oxide, the traps located further away 

from the SiO2/SiC interface are removed, which is evident from Fig. 5 (b) showing negligible 

DNIT at lower frequencies. Similar observations were reported by X. Zhang et al., where they 

performed the C-V and G-V measurements in strong-accumulation and showed that the traps 

located away from the SiO2/SiC interface were removed by the nitridation [16]. 

Summary  

A comparative analysis of active near-interface traps in as-grown and niterided gate oxides 

is presented in this paper. For the first time, we have determined the trapped charge with respect 

to time. The results show that the nitridation helps to eliminate the defects further away from 

the SiO2/SiC interface. The measurements performed in this paper, focused on NITs with 

energy levels above the conduction band edge, show a decreasing density of NITs with 

increasing energy levels in the as-grown gate oxide. In the case of nitrided gate oxides, the 

results show an energy localised density of NITs between 0.13 eV and 0.23 eV. 
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7.1 Conclusions 

One of the major hurdles in the development of SiC MOS devices is the low channel 

carrier mobility, which is due to the high density of near-interface traps in the SiO2. The 

characterization of SiC/SiO2 interface is an important task to understand the interfacial 

properties. Most of the conventional characterization techniques are directly adapted from 

techniques developed for Si/SiO2 interface. Due to the distinct interface properties of SiC/SiO2, 

it is important to develop characterization techniques specifically for SiC MOS devices.  

The conventional characterization techniques for the SiC/SiO2 interface are critically 

reviewed here, which has revealed some significant inconsistencies with regards to the current 

understanding of dominant defects responsible for channel-carrier mobility degradation in SiC 

MOSFETs and the evaluation of the SiC/SiO2 interface. It is concluded that the channel-carrier 

mobility is mostly affected by electron trapping from inversion layer and it increases linearly 

with bias voltage. Therefore, it is essential to investigate the channel-carrier mobility 

degradation while device operates in strong inversion. It is also determined that the quantum 

confinement effect must be considered, in strong inversion, when determining the energy 

position of NITs. 

Keeping the above observations in mind, a direct measurement technique is proposed in 

this thesis, which shows the presence of near-interface traps above the bottom of conduction 

band in the SiO2. These specific traps are localised in energy and spatially located very close 

the SiC/SiO2 interface. The density of NITs as a function of their energy levels is also 

calculated in this work. The trapping and de-trapping occurs due to the temperature 

independent tunnelling, as no enhanced effect is observed after high temperature bias stress. 

The effect is noticed only at high frequencies which proves the close proximity of NITs to the 

SiC/SiO2 interface with very fast response time. The response time calculated here is in tens of 
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ns. After applying the direct measurement technique to as-grown and nitrided gate oxides, it is 

shown that the nitridation helps to remove the defects further away from the SiC/SiO2 interface. 

The density of NITs is localized in energy for the nitrided gate oxide, but the trap density 

reduces with increasing energy levels for the as-grown gate oxide.  

The findings reported in this thesis have introduced a valuable measurement technique 

and provided valuable information about the SiC/SiO2 interface. The defects responsible for 

degradation of channel-carrier mobility are found to be energetically located above the bottom 

of conduction band. The direct measurement technique present raw data without any 

recalculation on the measured data. For the first time in this work, NITs with response time in 

tens of ns are reported. Also, trapped charge at a specific point in time is calculated in this work 

for the first time.  

7.1 Future work 

The response time, for NITs reported in this thesis, is in the range of tens of ns to a µs. 

The characterization technique suggested in this thesis can further be implemented with a 

square wave to obtain the precise response time of NITs. However, the sharp rise and fall time 

of the square wave, in ns, is essential to trigger the effect of fast NITs.  

In this thesis the response time is calculated for the NITs, however, the corresponding 

distance from the SiC/SiO2 interface is not calculated. The work can be extended further to 

calculate the physical distance of NITs which can be useful to better understand the physical 

existence of fast NITs. 

The focus of this work is to probe the fast NITs which are spatially located very close to 

the SiC/SiO2 interface. The direct measurement technique can also be implemented to 

investigate the slower traps which are physically located further away from the SiC/SiO2 
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interface. This can be achieved by applying slow frequency signals or by applying arbitrary 

pulsed signals with long time period to meet the requirements.  

All the measurement, in this work, are performed on continuous signals. It would be 

worth investigating the first period of the measured signal, to observe the immediate effect of 

NITs to the change in bias voltage or energy level. 
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