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1.1 SIGNIFICANCE OF THE RESEARCH  

According to the U.S. Energy Information Administration (EIA), 

global energy demand is expected to increase considerably in the coming 

years as the result of population growth and economic development [1]. The 

vast majority of the world’s energy is generated from non-renewable sources, 

specifically oil, coal and natural gas. The increased volumes of carbon dioxide 

and other greenhouse gases released by burning these fossil fuels are believed 

to be the primary sources of global warming and the long term climate 

changes [2].  Furthermore, global warming is considered to be the greatest 

humanitarian crisis of our time, responsible for raising sea levels, raging 

storms, ferocious fires, and severe drought [3]. 

Electricity is mainly considered to be an environmentally friendly 

source of energy. However, electricity is largely generated by burning fossil 

fuels in power plants. This process releases substantial amounts of carbon 

dioxide in the earth’s atmosphere. Therefore, it is very important to utilize 

the generated electricity in an efficient way in order to reduce greenhouse gas 

emissions and ultimately the climate change effects. The main portion of the 

generated electric energy is consumed after undergoing several conversions 

(AC–DC, DC–AC, DC–DC, and AC–AC), many of them carried out by 

switching-mode power converters [4-6]. The followings are illustrative 

examples: The AC main power must be converted into DC power to run many 

electronic devices, and DC power from solar cells needs to be converted into 

AC power to be connected to electrical appliances or to the power grid [6]. 

Ideally all these conversions from one form to another should be 100% 

efficient in order to prevent any power losses. However, in all the practical 

convertors a large portion of the power is dissipated in their power 

semiconductor devices [6, 7]. This is because these devices show non-ideal 

characteristics and hence, improving these characteristics have become very 
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important in order to enhance the electrical conversions efficiency and 

eventually reducing the harmful greenhouse gas emissions.   

Two fundamental characteristics of power semiconductor switches 

are: (1) on-resistance, which is the resistance of the device when biased in 

ON-state, and (2) blocking voltage, which is the voltage that can be sustained 

across the device in OFF-state [6, 8]. These two characteristics are inversely 

interrelated to one another. For instance, in order to decrease the on-

resistance of a power semiconductor device the doping concentration of the 

drift region should be increase. This increase in doping concentration will 

reduce the blocking voltage of the device.  

Silicon (Si) based power devices have been used for power electronic 

applications since late 1950s and during the last five decades these devices 

revolutionized the power electronic industry [9]. However, due to material 

properties of silicon, it has been recognized that Si based devices cannot meet 

the future expectations of power electronics. This is because current and 

future power applications require a further improvement in the conversion 

efficiency, additional reduction in physical size of the devices, and the 

possibility to operate at higher power levels, higher frequency, and higher 

temperatures [10]. In fact, Si based power devices have almost reached their 

physical limits [11]. Therefore, introduction of new semiconductor materials 

has become mandatory.  

1.2 MATERIAL ADVANTAGES OF SIC FOR POWER ELECTRONIC 

DEVICES 

Wide bandgap compound semiconductors such as Silicon Carbide 

(SiC) and Gallium Nitride (GaN) are the most attractive alternatives over Si 

because of their inherent material advantages. Table 1 presents some of these 

properties, as compared with Si. As shown in table 1 [10], the wide bandgap 



Chapter 1 

4 

 

in 4H–SiC and GaN leads to an intrinsic carrier concentration, ni, several 

orders of magnitude lower than in Si. This is the key factor to reduce the 

leakage current and increase the maximum operational temperature. Related 

to the wide energy gap is the high critical electric field, which makes SiC and 

GaN based devices excellent candidates for high power applications. Due to 

the mentioned properties and the maturity of their technological processes, 

silicon carbide and Gallium Nitride are currently the two most common wide 

bandgap materials that are being pursued in power electronic. 

Table 1.1 Material Properties of Si, SiC, and GaN. 

Material Property Si 4H–SiC GaN 

Bandgap (eV) 1.12 3.2 3.4 

Critical field Ecr (MV cm-1) 0.25 3 4 

Electron mobility μn (cm2 V-1 s-1) 1350 800 1300 

Saturation velocity vs (107 cm s-

1) 
1 2 3 

Thermal conductivity k (W cm-1 
K-1 

1.5 4.9 1.3 

Intrinsic carrier concentration 
ni (cm-3) at 300 K 

1010 10-7 10-10 

Dielectric constant ε 11.8 9.7 9.5 

However, SiC is the only wide bandgap compound semiconductor 

material that can form a native high quality silicon dioxide insulation layer 

by thermal oxidation. This is a great advantage over GaN as conventional 

silicon processing and fabrication techniques can be used to develop 

insulated-gate power switches such as MOSFETs and IGBTs. Furthermore, 

the lack of good-quality GaN substrates needed for vertical devices and the 

low thermal conductivity of GaN, lend SiC the better position for high-power 

devices [4].  

To further demonstrate the advantages of 4H–SiC based power devices 

(over Si), blocking voltage and on-resistance—two fundamental 

characteristics of power semiconductor switches—are discussed in more 
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details. The blocking voltage is the voltage that can be applied across a switch 

in OFF-mode and the maximum achievable blocking voltage is commonly 

referred as the breakdown voltage. For a planar structure (no corners), the 

relationship between the breakdown voltage and the critical electric field can 

be written as 

𝑉𝐵 =
𝜀𝑠𝐸𝑐𝑟

2

2𝑞𝑁𝐷
                                                                                             1 

In equation 1, VB is the breakdown voltage, Ecr is the critical field, ND is the 

doping concentration of drift region, εs is the semiconductor permittivity, 

and q is the value of electron charge. Assuming ND = 5 × 1014 cm-3 and taking 

into account the critical electric field of silicon Ecr= 3 × 105 V/cm, 600 V is the 

maximum achievable breakdown voltage for simple planar Si based power 

switches. For the same doing concentration, considering the fact that critical 

electric field for 4H–SiC is 10 times higher than that of Si (Ecr= 30 × 105 V/cm) 

the maximum breakdown voltage of almost 50,000 V is obtained for simple 

planar SiC based power devices [6]. 

The value of on-resistance is very crucial in the static power losses 

dissipated in power switches. The resistance of the low doped drift region 

(which is necessary for achieving high-blocking voltage) constitute the main 

portion of the on resistance. The length of the drift region (LN) should not be 

smaller than the width of the depletion layer (wd) when the maximum 

reverse-bias voltage (breakdown voltage) is applied, therefore  

𝐿𝑁 ≈ 𝑤𝑑 = √
2𝜀𝑠𝑉𝐵

𝑞𝑁𝐷
                                                                                 2 

As shown in equation 2, to obtain higher breakdown voltage, a longer drift 

region (consequently larger on resistance) is required. For a given area, the 

specific on-resistance (RSP) of the drift region is defined as  

𝑅𝑆𝑃 =  𝜌𝐿𝑁 =
𝐿𝑁

𝑞𝜇𝑛𝑁𝐷
                                                                              3 
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where ρ is the resistivity of the material, μn is the mobility of electrons in the 

drift region, and the following relationship is obtained between the specific 

on-resistance and the blocking voltage  

𝑅𝑆𝑃 =
4𝑉𝐵

2

𝜀𝑠𝜇𝑛𝐸𝑐𝑟
3                                                                               4 

Figure 1 shows the relationship between the specific on-resistance and 

the breakdown voltage for Si and 4H–SiC based power switches (taking into 

account the material mobility from table I). This figure further demonstrates 

the superiority of 4H–SiC over Si in terms of achieving higher breakdown for 

the same specific on-resistance. 

 

Fig. 1 The theoretical specific on-resistance of the drift region as a function of 

blocking voltage capability as determined by the material properties of 4H–SiC and 

Si [12]. 

4H–SiC MOSFETs are very attractive devices for power switching 

applications. This is because they are normally-OFF devices; they have high 

input impedance (due to presence of gate oxide) which generally simplifies 

the gate driver circuits. They are majority carrier devices hence they do not 

suffer from minority carrier storage time effects and thermal runaway. Due 
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to importance of 4H–SiC MOSFET in power applications, this thesis is 

devoted to investigation of the factors that limit the performance and 

reliability of this device. 

1.3 CURRENT STATUS AND PRACTICAL CHALLENGES 

The analysis conducted in the previous section has highlighted the 

tremendous potential of SiC based power MOSFETs. For over a decade the 

poor SiC–SiO2 interfacial quality prevented the development of device-

quality SiC MOSFETs. However, it was eventually discovered that the 

nitridation of the SiC–SiO2 interface, which is usually done by post oxidation 

annealing in NO or N2O ambient, could significantly improve the electrical 

properties of the interface and enhance the inversion channel-carrier 

mobility to acceptable levels [13, 14]. Although the mobility obtained from the 

nitrided MOSFETs is still much lower than the theoretical limits (therefore 

increasing the channel-carrier mobility is still a hot research topic), this 

nitridation process revived the interest in SiC MOSFETs and finally enabled 

the development of commercial devices that are currently available from 

companies such as Rohm and CREE.  

SiC based power MOSFETs have reached to their commercial 

maturity, therefore, attention is necessarily turning to their long-term 

reliability issues. For instance, threshold voltage instability as one of the most 

important reliability issues has attracted a lot of attentions especially at 

elevated temperatures. Threshold voltage instability is defined as the shift in 

threshold voltage (VT) due to an applied gate-bias stress. It has been reported 

that a positive gate bias leads to a positive shift in VT and a negative gate bias 

results in a negative shift in VT. Furthermore, a larger threshold voltage shift 

is measured if gate-bias stressing is performed at elevated temperatures. This 

is a great reliability issue for a device that is expected to operate at higher 

temperature.  
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Today, further increasing the channel-carrier mobility and limiting 

the threshold voltage instability of 4H–SiC MOSFETs are the most important 

practical challenges that should be addressed in order to take full advantage 

of 4H–SiC MOSFETs in high power applications. In order to address these 

issues it is very important to develop new characterization methods, in order 

to obtain a better understanding of the defects responsible for these issues. 

This thesis provides a better understanding of defects responsible for low-

channel carrier mobility and threshold voltage instability, which is based on 

the results obtained by newly proposed characterization methods. 

1.4 THESIS OUTLINE 

Low channel-carrier mobility and threshold voltage instability are two 

main issues limiting the performance and reliability of 4H-SiC MOSFETs. 

These problems have been attributed to the existence of a large density of 

electrically active defects that exist in the SiO2–SiC interfacial region. 

Chapter 2 of this thesis reviews the earlier and the latest results about the 

responsible defects for the performance and reliability issues of SiC MOS 

devices, in the context of the evolution of physical understanding of these 

defects. This chapter has been written as a critical review paper and has been 

published in Microelectronic Reliability journal as an Introductory Invited 

Paper.  

For a MOSFET biased in ON-state, the Fermi level crosses the bottom 

of the conduction band of SiC due to the quantum confinement effect. 

Therefore, near-interface oxide traps (NIOTs) with energy levels above the 

bottom of the conduction band play an important role in degrading the 

performance of the MOSFET. Depending on their distance from SiC–SiO2 

interface, these NIOTs can have very short to very long response times. For 

instance, NIOTs closer to the interface have short response times in the order 

of measurement times (seconds) and NIOTs further away from the interface 
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can have very long response times raising the reliability issues for the 

MOSFET. 

In chapter 3, NIOTs that degrade the performance of a MOSFET when 

biased in strong inversion (ON-state) are characterized. Trapping a large 

portion of the inversion layer electrons by these NIOTs, which are 

energetically located above the bottom of the conduction band, is the main 

reason for low measured channel-carrier mobility and the slow turn-on of a 

4H–SiC MOSFET. In terms of distance from the SiC–SiO2 interface, the 

NIOTs that are close to the interface can capture and release electrons from 

the SiC by tunneling, which results in degradation of the channel-carrier 

mobility. In this chapter a method based on transient current measurements 

is proposed to characterize NIOTs that are energetically located above the 

bottom of the conduction band of SiC and physically located close to the SiC–

SiO2 interface with short response times (seconds). This chapter was 

published as a paper in IEEE Transactions on Electron Devices.  

Threshold voltage instability is one of the major reliability issues of 

4H–SiC MOSFETs. This issue is attributed to the defects with very long 

response times, which most likely are located further away from the SiC–SiO2 

interface. In Chapter 4, a method based on C–V measurements of an N-type 

MOS capacitor is proposed to quantify the energy position and density of the 

responsible defects for the threshold voltage instability. This chapter was 

published as a paper in Material Science Forum. 

Tunneling of electrons to NIOTs has been proposed to be the main 

mechanism for threshold voltage instability of the 4H–SiC MOSFETs. Based 

on C–V measurements of an N-type MOS capacitor, a new mechanism for the 

observed threshold voltage instability is proposed and presented in Chapters 

5 and 6. This mechanism is identified as charge redistribution of the 

compound polar species that exist in the SiC–SiO2 transitional layer. The text 

of Chapter 5 is a paper that has been published in Material Science Forum, 
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and the text of Chapter 6 is a paper that has been accepted for publication 

in Material Science Forum. 

Finally, the key conclusions from the Ph.D. study, along with 

recommendations for future work, are summarized in Chapter 7. 

1.5 ORIGINAL RESEARCH CONTRIBUTIONS 

The original research contributions in this thesis are summarised as 

follows:  

o A new measurement method is proposed to determine the density of 

near-interface oxide traps (NIOTs) with short response times 

(seconds), which are energetically located above the bottom of the 

conduction band and physically located very close to the SiC–SiO2 

interface. These defects are responsible for the low channel-carrier 

mobility of the 4H–SiC MOSFETs.  

 

o A new measurement method is proposed to determine the density and 

energy position of the near-interface oxide traps responsible for the 

commonly observed threshold voltage instability in 4H–SiC 

MOSFETs. 

 

o It is determined that NIOTs with both energy levels above and below 

the bottom of the conduction band are responsible for the threshold 

voltage instability in 4H–SiC MOSFETs. 

 

o The existence of a new mechanism, in addition to the well-stablished 

tunneling mechanism, is proposed for the threshold voltage instability 

in 4H–SiC MOSFETs. This new mechanism is identified as charge 
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redistribution of compound polar interatomic bonds that exist in the 

SiC–SiO2 transitional layer.  

 

o Using the maximum flat band voltage shift, the density of the 

compound polar species, responsible for both the flat band voltage 

shift in 4H–SiC MOS capacitors and the threshold voltage instability 

in 4H–SiC MOSFETs, is determined.   
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Abstract- The state-of-the-art 4H–SiC MOSFETs still suffer from performance 

(low channel-carrier mobility and high threshold voltage) and reliability (threshold 

voltage instability) issues. These issues have been attributed to a large density of 

electrically active defects that exist in the SiO2–SiC interfacial region. This paper 

reviews the earlier and the latest results about the responsible defects for the 

performance and reliability issues of SiC MOS devices, in the context of the evolution 

of physical understanding of these defects. The aim of this critical review is to clarify 

possible confusions due to inconsistencies between the earlier and the latest results.  

Specific clarifications relate to the physical position of the active defects (whether they 

are located at or near the SiO2–SiC interface) and the energy position of their energy 

levels (above or below the bottom of conduction band).  

 

Keywords- 4H-SiC MOS devices, active defects, channel-carrier mobility, 

threshold voltage instability, capacitance–voltage (C–V) measurements. 

Active Defects in MOS Devices on 4H–SiC: A Critical Review  



Chapter 2 

16 

 

2.1 INTRODUCTION 

Silicon carbide (SiC) is considered as a very promising material that 

has the potential to revolutionize the high power semiconductor industry. 

The wide energy gap of SiC enables devices with reduced leakage currents 

that can operate at increased temperatures. Related to the wide energy gap is 

the high critical electric field of SiC, which makes devices based on this 

material uniquely suitable for high-voltage applications, especially when 

high-frequency switching is desirable [1-4].  

SiC MOSFET is one of the most attractive devices for high-voltage 

power-switching applications. This is because it is a normally-OFF device 

with high input resistance (due to the gate oxide), which simplifies the input 

driver circuits. Furthermore, the MOSFET is a majority-carrier device, hence 

it does not suffer from delays due to minority-carrier storage and does not 

suffer from thermal runaway [5, 6]. 

The fact that commercial-level MOSFETs have been demonstrated on 

SiC is the key advantage of SiC over other wide energy-gap materials. In the 

case of SiC, the gate dielectric for MOSFETs can be formed by the native 

thermally-grown silicon-dioxide layer. However, the quality of the standard 

thermal oxide is usually poor, leading to a high density of electrically active 

interfacial defects. For over a decade, the quality of the 4H–SiC/SiO2 interface 

remained the fundamental roadblock in the development of commercial SiC 

MOSFETs. However, it was eventually discovered that nitridation of the 

SiO2–SiC interface by post oxidation annealing (POA) in nitric oxide (NO) or 

nitrous oxide (N2O) could significantly improve the electrical properties of 

the interface [7, 8]. This breakthrough revived the interest in SiC–MOSFETs, 

which finally enabled the development of commercial MOSFETs that are 

currently available from companies such as Rohm and CREE.  
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Although SiC MOSFETs are now commercially available, these devices 

still suffer from performance (low channel-carrier mobility and high turn-on 

voltage) and reliability (threshold voltage instability) issues [9-12]. These 

issues have been attributed to a large density of active defects that exist in 

the SiO2–SiC interfacial region. 

The degree of physical understanding of these active defects, which 

limit the performance and reliability of SiC MOSFETs, has been growing at 

an increasing rate. As SiC MOSFETs still have a lot of room for improvement 

before they reach the theoretical limits of SiC, a review of the physical 

understanding of the responsible active defects can be very valuable as a 

guide for future research and development. The review in this paper will 

highlight the differences between the current understanding of the defects 

responsible for the low channel-carrier mobility and threshold voltage 

instabilities. This critical review is presented in two sections: 1) active defects 

responsible for the performance issues of 4H–SiC MOSFETs, including poor 

channel-carrier mobility and high turn-on voltage, and 2) active defects 

responsible for the threshold voltage instabilities of 4H–SiC MOSFETs (a 

reliability issue).  

2.2 ACTIVE DEFECTS RESPONSIBLE FOR 

PERFORMANCE ISSUES OF 4H–SIC MOSFETS  

Two fundamental characteristics of power semiconductor devices 

(such as MOSFETs), which are used in switching applications, are: (1) 

blocking voltage, which is the voltage that can be sustained across the device 

in OFF-state, and (2) on-resistance, which is the resistance of the device when 

biased in ON-state [13, 14]. The on-resistance determines the ON-state power 

loss, and also the overall current rating of the device. The on-resistance of a 

MOSFET is usually determined by the resistance of the drift region. Early 

attempts to fabricate SiC MOSFETs by adopting standard silicon processing 
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technology resulted in much higher on-resistances than theoretically 

expected [15, 16]. Therefore, it became apparent that the resistance of the drift 

region was no longer the dominant factor and that, instead, the very high on-

resistance was dominated by excessive channel resistance. 

The resistance of the channel is given by the following equation:  

𝑅𝑐ℎ =
1

𝜇𝑐ℎ𝐶𝑜𝑥(𝑉𝐺𝑆−𝑉𝑇)

𝐿

𝑊
                                                                               (1) 

where L and W are the effective length and width of the channel, respectively, 

µch is the average electron mobility in the channel, Cox is the gate oxide 

capacitance per unit area, and VGS and VT are the gate-to-source and the 

threshold voltages, respectively. The channel-charge density is proportional 

to the applied gate-voltage value above the threshold voltage: QI = Cox(VGS – 

VT). Clearly, the high channel resistance observed in SiC MOSFETs directly 

depends on the factors that influence the channel-charge density and the 

mobility of channel electrons. Specifically, both low channel-carrier mobility 

and high threshold voltage increase the channel resistance. These parameters 

are directly influenced by the quality of the SiC–SiO2 interface.  

The low measured channel-carrier mobility, which is leading to a high 

channel resistance in 4H–SiC MOSFETs, is commonly attributed to a high 

density of defects located at or near the SiC–SiO2 interface [17, 18]. Using Hall-

effect measurements, Saks et. al. [19, 20] demonstrated that trapping of 

electrons, which would normally contribute to the channel conduction of the 

MOSFET, is the main reason for degrading the channel-carrier mobility 

(unlike the Coulomb scattering [21, 22], which is the main mechanism for 

channel-carrier mobility degradation in modern Si MOSFETs). The trapping 

of electrons by these interfacial defects also increases the threshold voltage 

of 4H–SiC MOSFETs, which according to Eq. (1) also increases the channel 

resistance.  
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It was widely believed for many years that shallow interface traps with 

energy levels just below the bottom of the conduction band of SiC were 

responsible for the degradation of the channel-carrier mobility of SiC 

MOSFETs [10, 17, 18, 23]. For instance, Schörner et. al. [17] proposed a model 

in which the energy position of a broad distribution of acceptor-like traps 

peaks just below the bottom of conduction band of 4H–SiC. This interfacial 

defect model is shown in Fig. 1.The proposed model tends to provide a 

qualitative explanation for the observed channel-carrier mobility reduction 

for SiC polytypes with larger bandgap (measured mobility values for devices 

based on different polytypes are as follows: µ4H–SiC < µ6H–SiC < µ15R–SiC) [17, 24, 

25]. According to Schörner [17], these interface traps are situated mainly 

within the bandgap of 4H–SiC at room temperature and are, consequently, 

reducing the channel carrier mobility by trapping and de-trapping of 

electrons. In contrast, the interface trap distribution extends mainly into the 

conduction band of 6H– and 15R–SiC, mixed up with the allowed energy 

states. Consequently, the impact of these traps on the channel-carrier 

mobility is much weaker in these polytypes.  

 

Fig. 1. Qualitative representation of the interface trap distribution at the SiC–SiO2 

interface for 4H–, 6H– and 15R–SiC polytypes by Schörner et. al. [17]. 

SiC–SiO2 interfacial properties are often characterized by capacitance–

voltage (C–V) and conductance–voltage (G–V) measurements, based on the 

widely-used Shockly-Read-Hall (SRH) statistics [26]. C–V and G–V 

measurements show that the density of defects, responsible for the extremely 
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low channel-carrier mobility, peaks very close to the majority carrier band 

edge of SiC (for example EC for N-type MOS capacitors) [27-29]. According to 

the SRH theory, the interface-trap response time exponentially decreases for 

energy levels closer the majority carrier band edges [30-32]. Therefore a very 

high frequency measurement is needed to detect these fast interface traps. 

However, very high-frequency measurements are not easily performed due 

to series resistances and inductances [33]. Consequently, the accurate 

evaluation of interface traps (Dit) becomes exceedingly more challenging 

toward EC. Another important deficiency of the capacitance-based 

measurement methods is the inability to precisely determine the average 

capture cross section of defects for a given energy level and measurement 

temperature. According to the SRH theory, the capture cross section is a 

parameter needed to determine the trap emission rate. 

The capture cross section (σ) should represent the average physically 

active area of a defect. This means that a free electron will be captured when 

it hits the active defect area. The extracted capture cross section for Si based 

MOS devices typically ranges from ~10-14 to 10-16 cm2, which is consistent with 

the physical area of an atom (in the order of 10-15 cm-2) [34, 35].  In contrast, 

the reported capture cross sections obtained from AC conductance 

measurements, corresponding to the dominant trap distribution near EC in 

4H–SiC MOS devices, are typically much smaller—in the range of 10–18 to 10–

20cm2 [36-38]. Research groups employing other methods, such as constant-

capacitance deep level transient spectroscopy (CCDLTS), have extracted even 

smaller capture cross sections—in the order of 10-20 to 10-21 cm2 [39]. Although 

these estimations of σ can mathematically satisfy the conventional SRH 

model, it becomes obvious that they are far too small to have any physical 

meaning and practical significance. The wider implication of this discrepancy 

is that the nature of the responsible traps for the degradation of the channel-

carrier mobility is completely different from the conventional interface traps 

and from thermal emission and capture processes.  
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The observation of this discrepancy leads to the conclusion that these 

defects are not positioned right at the interface; instead they are located near 

the interface in the oxide and are referred to as the near-interface oxide traps 

(NIOTs) [40, 41]. Investigating photon-stimulated tunneling of electrons into 

the oxide, Afanas'ev et. al. [41] identified a broad distribution of acceptor type 

NIOTs, energetically positioned approximately 2.8 eV below the bottom of 

the conduction band of SiO2. The existence of these defects near the interface 

(as opposed to being located at the interface) suggests that a tunneling 

mechanism is involved in the process of capturing and release of carriers by 

these NIOTs [42, 43]. This requires a two-step process in which electrons that 

have been captured by NIOTs tunnel to interface traps at the same energy 

levels, and then are thermally emitted to the conduction band of the 

semiconductor. It should be noted that the same two-step process in reverse 

will cause electrons from the conduction band to be captured by NIOTs (first 

captured by interface traps and then tunneling to NIOTs with the same 

energy level). The involvement of the tunneling mechanism in the described 

process further emphasizes the fact that the characterization of SiC–SiO2 

interfacial properties significantly deviates from the thermal-emission based 

models that were developed for the Si–SiO2 interface. Therefore, it becomes 

difficult to interpret properly the results for the density of NIOTs near EC in 

SiC MOS structures, which are obtained by the conventional SRH based 

techniques assuming pure thermal-emission and capture mechanisms. 

Considering the quantum confinement effect as the latest 

development in this area, it is now shown that the NIOTs responsible for the 

low channel-carrier mobility are energetically located above the bottom of 

the conduction band (these are the active NIOTs) [44-46]. The quantum 

confinement effect occurs due to a very high electric field in the channel of a 

MOSFET biased in strong inversion (ON-state) [47-51]. This high electric field 

creates a very strong band bending so that the channel electrons become 

confined in a narrow potential well close to the semiconductor surface. The 
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quantum confinement of electrons in a potential well restricts their motion 

to two-dimensional energy subbands inside the conduction band of 

semiconductor, as illustrated in Fig. 2 [48, 49]. Given that the bottom of the 

lowest two-dimensional subband is well above the bottom of the conduction 

band, the channel electrons do not appear in the two-dimensional subbands 

until the electric field is strong enough so that the Fermi level is set well above 

EC [48, 49].  

 

Fig. 2. Illustration of the quantum well and the formation of 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) [48]. 

There are a lot of papers reporting that the energy level of the active 

near-interface oxide traps are above the bottom of the conduction band [44-

46]. In Tilak’s work [46], Hall-effect measurements were used to compare the 

ideal channel-charge density with the measured channel-charge density and 

to show that the energy levels of the NIOTs are above the bottom of the 

conduction band of SiC. Haasmann et. al. [44] demonstrated that 

conductance measurements of N-type MOS capacitors in accumulation can 

be used as a direct method to measure these active NIOTs for a MOSFET 

biased in strong inversion.  
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Conventional C–V and G–V measurement techniques are used to 

characterise defects within the energy gap of a semiconductor [26]. However, 

according to the quantum confinement effect, in a SiC N-channel MOSFET 

biased in ON-state, the Fermi level crosses the bottom of the conduction 

band of SiC. Therefore, the NIOTs with energy levels above the bottom of the 

conduction band become active for the MOSFET in inversion (ON-state) and 

they degrade the channel-carrier mobility of the MOSFET. Therefore, 

utilizing C–V and G–V based methods to characterize active NIOTs can be 

ambiguous. 

The previously mentioned discrepancies regarding the direct 

application of conventional techniques (C–V and G–V) to characterize the 

NIOTs responsible for the degradation of channel-carrier mobility indicated 

that a new measurement method was required to characterise these NIOTs. 

The new method should be able to characterise NIOTs with energy levels 

above the bottom of the conduction band of SiC, involving the relevant 

tunneling. Moghadam et. al. [52] proposed a method for calculation of the 

density of active NIOTs (NIOTs with energy levels above the bottom of the 

conduction band) based on transient current measurements. In their work, 

N-type MOS capacitors were initially biased in accumulation (positive gate 

voltage) to position the Fermi level above the bottom of the conduction band. 

The transient currents due to a sharp increase of the gate voltage to position 

the Fermi level above the bottom of the 2D subbands were used to calculate 

the density of the active NIOTs. Modifying the equations derived by McLean 

[53], they were able to determine the density of the active NIOTs with energy 

levels above the bottom of the conduction band, which are responsible for 

the low channel-carrier mobility of 4H–SiC MOSFETs. It should be noted that 

these active NIOTs are located close to the SiC–SiO2 interface with 

sufficiently short response times to degrade the channel-carrier mobility by 

capturing and releasing electrons from the SiC. This is in contrast to the 

NIOTs that are farther away from the interface and whose response times are 
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so long that they cause threshold-voltage instabilities (a reliability issue), 

which is considered in the next section. 

2.3 ACTIVE DEFECTS RESPONSIBLE FOR 

RELIABILITY ISSUES OF 4H–SIC MOSFETS 

Gate-bias stressing can change the threshold voltage of a MOSFET. 

This is called threshold voltage instability, which is particularly important for 

a MOSFET that is used as a switch. Two main parameters determine the 

performance of a power 4H–SiC MOSFET, when operating as a switch: 1) the 

on-resistance of the MOSFET in the ON-state and 2) the leakage current 

when the MOSFET is in the OFF-state.  The ideal MOSFET should have zero 

leakage current in the OFF-state and zero resistance in the ON-state. Both 

the on-resistance and the leakage current can be impacted by the threshold-

voltage instability, which is the shift of the threshold voltage (VT) in response 

to an applied gate bias stress. For instance, as shown in Fig. 3 [11], a negative 

shift in VT due to negative bias-temperature stress (NBTS) can lead to a 

substantial increase in the OFF-state leakage current of a MOSFET and 

potential device failure. Analogously, a positive shift in the threshold voltage 

as a result of positive bias-temperature stress (PBTS) can lead to an increase 

in the ON-state resistance. Therefore, limiting the VT shift is critically 

important for a reliable operation of the MOSFET [11]. 
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Fig. 3. The effect of bias-temperature stress on leakage current and on-resistance of 4H–

SiC MOSFETs: the negative shift in threshold voltage increases the leakage current, 

whereas the positive shift increases the on-resistance [11]. 

2.3.1 Room-temperature threshold-voltage 

instabilities 

The practical conditions in which a MOSFET is used should be taken 

into the account when examining the threshold-voltage instability effects. In 

most power-device applications, MOSFETs are used as switches where the 

state of each switch is frequently changed between ON and OFF. In the OFF-

state, when the applied voltage on the gate is zero, the large voltage on the 

drain leads to a negative field across the gate oxide. This effect can be 

emulated by applying negative voltage on the gate while grounding the drain. 

Furthermore, to bias a MOSFET in the ON-state, a positive voltage is applied 

to the gate, with a small voltage applied to the drain to allow the current flow 

between the source and the drain [12]. Therefore, the best pattern to study 

the effect of bias-temperature stress is to apply +VGS to the gate (positive gate 

bias stress) to investigate the ON-state conditions, followed by –VGS (negative 

bias stress) for the OFF-state conditions (as shown in Fig. 4). The threshold 

voltage instability (shift) is then defined as the difference between the 

measured threshold voltages after positive and negative (negative and 

positive) bias stresses.  

 

Fig. 4. The best voltage pattern to study the threshold-voltage instability effects [12]. 

The threshold voltage of a MOSFET can be determined either as the 

voltage corresponding to the linear extrapolation of the maximum slope of 
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ID–VGS characteristic or by choosing a current level and finding the 

corresponding gate voltage [54]. Both methods give consistent results: at 

room temperature, the positive gate-bias stress leads to a positive VT shift, 

whereas the negative-gate bias stress results in negative VT shift [11, 55, 56]. 

These threshold voltage instabilities in 4H–SiC MOSFETs under normal 

operating conditions are completely reversible and repeatable with no 

accumulating damage in the oxide. Therefore, it can safely be assumed that 

these instabilities are the result of transient charge trapping in the oxide [57]. 

This charge trapping and the consequent threshold-voltage shifts happen due 

to positive charging and neutralization of charged NIOTs via a direct 

tunneling mechanism. For instance, under the negative gate bias, electrons 

tunnel out from neutral NIOTs, resulting in positively charged NIOTs that 

cause the negative threshold-voltage shift. Analogously, by applying positive 

voltage on the gate, electrons can tunnel back to the positively charged 

NIOTs, neutralizing the positively charged NIOTs and hence causing positive 

threshold voltage shift [11]. 

For the back-and forth stress-and-measure sequence, shown in Fig. 4, 

the threshold voltage instability typically increases at a linear-with-log-

stress-time rate, such as the one shown in Fig. 5 [12]. This linear-with-log-

stress-time response further confirms that tunneling to NIOTs is the 

responsible mechanism for the threshold voltage instability [54]. 

 

Fig. 5. Threshold voltage instability measured as a function of cumulative stress time. 
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The linear response demonstrates the tunneling mechanism is involved for the measured 

threshold voltage instability [12]. 

Different stress times, stress biases, and measurement times have 

different impact on the measured threshold voltage instability [11]. The two-

way tunneling model proposed by Lelis et.al. [58] can describe the effect of 

the stress time, stress bias, and measurement time on the threshold voltage 

instability. The two-way tunneling model is based on tunneling-front model 

which was proposed by McLean [53]. The simple notion of the tunneling-

front model states that electrons can tunnel into the oxide traps and change 

the charge status of the traps. These electrons can tunnel deeper into the 

oxide for an increased bias and stress time. According to the detailed 

tunneling-front model, the rate of the change of the oxide trap density with 

respect to the time under stress is found to sharply peak spatially, with a full-

width half-maximum value of around 0.2 nm [58]. The position of the 

tunneling front (the peak) has logarithmic dependence on time (t), according 

to the following equation: [53] 

𝑥𝑚(𝑡) =
1

2𝛽
ln (

𝑡

𝑡0
)                                                                                     (2) 

where t0 is the characteristic tunneling time and β is the tunneling constant. 

Considering Eq. (2), the logarithmic velocity of the tunneling front into the 

oxide is ∆𝑥𝑚 =  (2𝛽)−1 ln 10 = 1.15 𝛽−1 per decade in time. For thermal SiO2, 

the position of the positively-charged oxide-trap peak moves at a linear-with-

log-time rate, ranging from 0.2 to 0.4 nm per decade of time into the oxide 

[59]. This motion of the tunneling front will cause traps in its wake to change 

charge state [58]. 

According to the two-way tunneling model proposed by Lelis [58], 

electrons can simultaneously both tunnel into and out of the oxide traps 

(tunneling out is equivalent to holes tunneling in). The probability of 

electrons or holes tunneling is calculated using the Wentzel–Kramers–
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Brillouin approximation [53], wherein the tunneling barrier height is 

calculated using the following equation:  

𝛽(𝑥) = √[𝑒𝑡 − 𝑞 × 𝐸𝑜𝑥 × 𝑥] ×
2×𝑚𝑡

ℏ2                                              (3)                                                          

In Eq. (3), mt is the effective tunneling mass, et is the energy level of 

oxide traps, Eox is the localized oxide field, q is the electron charge, and ℏ is 

the reduced Planck’s constant. The barrier height will in general be different 

for electrons and holes due to differences in the effective tunneling masses 

and the oxide-trap energy levels. Details of the two-way tunneling model 

reveal that trap states in the wake of the tunneling front have settled on a 

new steady-state balance of charged versus neutralized NIOTs, with the 

number of electrons tunneling in being equal to the number of electrons 

tunneling out [11, 58].  According to this model, a longer stress time is needed 

for the oxide traps that are farther away from interface to be affected by the 

bias stress. 

Larger threshold voltage instability has been reported by several 

groups for a longer duration of stress time [11, 12, 60-62]. For instance, Fig. 6 

shows the threshold voltage shift of a MOSFET for different gate-bias stress 

durations reported by Okayama et. al. (the gate-bias pattern is as shown in 

Fig. 4) [60]. In this work, the threshold voltage instability was measured by 

three different definitions of the threshold voltage, used  for SiC DMOSFETs:  

1) VTH_SQRT calculated from VGS-axis intercept of a MOSFET in saturation 

(linear fit to the 90% and the 60% value of√𝐼𝐷𝑆 ), 2) VTH_LIN calculated from 

VGS-axis intercept of a MOSFET in linear region (linear fit to the 90% and the 

60% value of IDS), and 3) VTH_LOG defined as the VGS value at a drain current 

of 1×10-8 A [60]. As can be seen from Fig. 6, longer stress time will result in 

larger threshold voltage instability. These results can be explained by the 

two-way tunneling model proposed by Lelis et. al. [11, 58]. According to this 

model, longer stress times affect deeper oxide traps, which in turn results in 



Chapter 2 

29 

 

more charge change in the oxide and subsequently more threshold voltage 

instability (shift).  

 

Fig. 6. Threshold voltage instability as a function of bias stress duration. Larger threshold 

voltage instability is measured for a longer bias stress [60].  

The speed of the threshold-voltage measurement after a negative or 

positive bias stress is an important factor that has a great impact on the value 

of the measured threshold-voltage instability [11, 12, 54, 57]. A larger 

threshold-voltage instability is observed for a faster measurement speed. This 

phenomenon can also be explained by the two-way tunneling model [58]. For 

the bias stress pattern shown in Fig. 4, the gate bias applied during the 

threshold-voltage measurements (sweeping down or sweeping up in Fig. 4 

are the times when the threshold voltage is being measured) can be 

considered as a new stress bias, which opposes the initial stress bias. 

According to the two-way tunneling model, these opposing gate biases can 

cause the electrons to tunnel in the opposite direction (compared to the 

tunneling direction due to the initial bias stress), changing the charge state 

of the oxide traps. The slower measurement time means deeper oxide traps 

from the interface will be affected by this new opposing bias stress. Therefore, 

a slower VT measurement speed results in a smaller threshold voltage 

instability, whereas a faster VT measurement results in a larger threshold 

voltage instability. 



Chapter 2 

30 

 

The effect of the opposing gate-voltage bias during the VT 

measurement has a significant impact on reliability testing [12].  As 

mentioned before, the threshold voltage instability is reduced due to any gate 

bias that is opposing the initial bias stress (electrons tunnel in the opposite 

direction to the initial tunneling direction). Therefore, to measure the 

threshold voltage, the gate bias should always be swept in the direction away 

from the initial bias stress in order to observe the maximum effect of oxide 

traps on the threshold voltage instability. For instance, sweeping from +VGS 

to –VGS (negative sweep), following a positive bias stress, and sweeping from 

–VGS to +VGS (positive sweep), following a negative bias stress [11]. Figure 7 

shows the threshold voltage shift for different measurement conditions, 

following a positive bias stress [12]. As shown in the figure, much larger 

threshold voltage shift is observed for a negative sweep as compared to 

sweeping from –VGS to +VGS (positive sweep). 

Another important factor that has a large impact on the extent of the 

threshold voltage instability is the magnitude and polarity of the gate-bias 

stress. Larger threshold voltage instability has been reported as the result of 

larger magnitude of positive gate-bias stress and negligible threshold voltage 

instability has been observed for negative bias stress [11, 57, 58]. Figure 8 

shows the threshold voltage instability as a function of the stress time for 

different magnitudes and polarities of the gate-bias stress [58]. As shown in 

the figure, significant threshold voltage instability is observed for the positive 

gate-bias stress, but no real threshold voltage instability is observed under 

the negative-bias stress [58]. According to the two-way tunneling model, this 

asymmetrical nature of the response with the polarity of the bias stress occurs 

due to different tunneling probabilities of electrons and holes. This difference 

arises from different assumed values of the oxide trap energy level and the 

effective tunneling mass for the electrons and holes [58]. 

This asymmetrical response has been explained differently in 

Gurfinkel’s work [57]. According to his work, the Fermi level is close to EC 
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and the channel is inverted in the case of an N-channel MOSFET under a 

positive gate bias (ON-state).  Interface traps in the upper half of the energy 

gap are negatively charged as their energy levels fall below the Fermi level. 

As a result, the negative oxide charge shifts the threshold voltage to a higher 

value. By applying negative voltage to the gate of the MOSFET (OFF-state), 

the MOS structure is biased in accumulation. The channel is filled with holes 

and the Fermi level is closer to EV. If the energy profile of the oxide traps in 

the energy gap were symmetrical, one would expect that the traps located in 

the lower half of the energy gap would be positively charged and this positive 

charge would shift the threshold voltage to a lower value. However an 

asymmetric distribution of oxide traps, with much higher density of the oxide 

traps close to the conduction band edge, has been reported in the literature 

[10, 17, 25]. 

 

Fig. 7. Threshold voltage shift for different measurement patterns [12]. 
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Fig. 8. The impact of polarity of the gate bias stress on the threshold voltage instability 

[58]. 

2.3.2 High-temperature threshold-voltage 

instabilities  

4H-SiC power MOSFETs are expected to operate reliably at elevated 

temperatures, which is needed to reduce the volume and weight of the 

electrical systems due to decreased cooling requirements [56]. Therefore, 

investigating the threshold voltage instability at higher temperatures is very 

important. It should be noted that the source of this high temperature can be 

both external, for example, operation in a heated ambient, or by self-heating 

when the MOSFET is operating in the ON-state, allowing the rated current 

to flow through the device. Both commercially available and research-

purpose 4H-SiC MOSFETs show a larger threshold voltage instability after 

gate-bias stressing at elevated temperature as compared to room temperature 

measurements [11]. This is considered as a very substantial reliability issue for 

a device that is expected to operate at high temperatures. 

Almost all the results reported in the literature show a large negative 

shift in the threshold voltage following a negative bias temperature stress 

(NBTS) and a large positive shift following positive bias temperature stress 

(PBTS) [11, 55, 62]. These high temperature threshold voltage instabilities 
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(HTTI) are much larger than the room-temperature threshold-voltage 

instabilities. 

Similar to the case of room-temperature, the measured threshold 

voltage shift (instability) at elevated temperatures occurs as a result of direct 

tunneling of electrons either into or out of near-interface oxide traps, 

depending on the applied gate bias [11, 12]. By applying a negative gate bias, 

electrons tunnel out of the NIOTs producing positive charge, therefore, 

causing a negative shift of the threshold voltage. Under positive gate bias, 

electrons can tunnel back into the NIOTs neutralizing the positively charged 

near interface oxide traps and causing a positive threshold voltage shift. 

As previously mentioned, direct tunneling is the responsible 

mechanism for these threshold voltage instabilities. However, an important 

question here is why such a big increase in high-temperature threshold-

voltage instabilities is observed when tunneling mechanism should not be 

very sensitive to temperature. In other words, if the tunneling is the 

responsible mechanism for the threshold voltage shift, threshold voltage 

instability should not significantly increase for measurements at higher 

temperatures [41]. Lelis et. al. [11] have suggested that this increase in 

threshold-voltage instability is due to the activation of additional NIOTs at 

higher temperatures, which then become free to participate in the same 

previously-described tunneling mechanism.  

The main NIOTs, involved in the direct tunneling process, are most 

likely a variation of the so-called Eʹ-type oxide defects. These defects are 

associated with an oxygen (O) vacancy and are the only types of oxide defects 

that have been observed in SiC MOSFET [63]. These defects were previously 

identified as hole traps [64], which can be either positively charged or 

neutral. Using electron spin resonance (ESR) techniques, it was reported that 

the number of these Eʹ centres increased with bias at an elevated temperature 

[65]. In addition, it was found that the number of these defects markedly 
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decreases when the sample was returned to the room temperature. These 

results explain the unexpected increase in the threshold voltage instability at 

elevated temperatures when compared to room temperature measurements 

[11]. 

It is worth noting that other high-temperature threshold-voltage 

instability effects, in addition to large negative shifts due to NBTS and large 

positive shifts due to PBTS, were also reported in the literature [60]. Okayama 

et. al. reported an inverse effect, meaning a positive threshold voltage shift 

following NBTS and a negative threshold voltage shift following PBTS [60]. 

In their work, this effect was attributed to the activation of mobile ions at 

elevated temperatures. For instance, by applying positive bias to the gate at 

elevated temperatures, the positively charged ions become mobile and are 

moved away from the gate electrode toward the SiC–SiO2 interface. The 

accumulation of the positive charge at the interface decreases the threshold 

voltage, which in turn increases the drain current. Another effect, which was 

observed in some relatively recent devices, shows smaller high temperature 

VT instability as compared to the room temperature measurements [61]. It is 

not clear whether this diminished high-temperature response is due to the 

presence of mobile ions in these devices or some other mechanisms [11]. 

In all the above-mentioned reports, the ID–VGS characteristic of the 

MOSFET was used to measure the threshold voltage instability. However, 

capacitance–voltage (C–V) measurements can also be used to study threshold 

voltage instability effects [66]. In fact, C–V measurements have two main 

advantages compared to the study of threshold voltage instability using ID–

VGS characteristics: 1) it is cheaper and more convenient to process and 

fabricate MOS capacitors instead of fabricating whole MOSFET and 2) C–V 

measurement methods are more effective at measuring true threshold 

voltage instability effect than ID–VGS alone [66]. The shift observed during 

back and forth C–V measurements of a MOS capacitor is directly related to 

the threshold voltage instability of 4H-SiC MOSFETs. 
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It is frequently reported that a large shift (hysteresis) is observed in C–

V curves of 4H–SiC MOS capacitors when measured from depletion to 

accumulation and then measured back to depletion, as illustrated in Fig. 9 

[66, 67]. Initially, this shift in C–V measurements was attributed to deep 

interface states with a very long response times [32]. These deep interface 

traps get charged during the first C–V measurement from depletion to 

accumulation, and because they have long response time, during the second 

C–V measurement the shift in C–V measurements is observed. 

 

Fig. 9. A hysteresis is observed in back and forth C–V measurements of an N-type MOS 

capacitor [67]. 

However, Okamoto et. al. [68] measured sequential C–V curves and 

suggested that this shift was due to tunneling of electrons to NIOTs with 

shallow energy levels just below the bottom of the conduction band of SiC. 

In their work, the sequential C–V measurements were performed for an N-

type MOS capacitor from accumulation to depletion. The first measurement 

started with a voltage below the flat band condition (2 V), sweeping the gate 

voltage toward the depletion region, as shown in Fig. 10. The starting voltage 

for the succeeding measurements was increased from 2 V to 18 V in 2 V steps. 

The fact that no shift was observed for C–V measurements in depletion, and 

that the shift occurred between the flat-band and the accumulation regions, 

demonstrates that the energy position of the responsible defects for the 

observed C–V shift is just below the bottom of the conduction band. 
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Fig. 10. Sequential C–V measurements performed by Okamoto [68] demonstrate that the 

energy position of the defects responsible for the observed hysteresis is just below the 

conduction band.    

On the other hand, when an N-type MOS capacitor is biased in strong 

accumulation, the Fermi level crosses the bottom of the conduction band. In 

that case,  defects with energy levels above the bottom of the conduction 

band can also contribute to the observed C–V shift and, consequently, to the 

threshold voltage instability of 4H-SiC MOSFETs. Consistent with possibility, 

Gurfinkel et. al. [57] and Takuo [69] attributed the threshold voltage 

instability to the near interface oxide traps with energy level above the 

conduction band. 

The latest work by Moghadam et. al. [70] proposes a method based on 

the C–V measurements of an N-type MOS capacitor to quantify the energy 

position and the density of the responsible defects for the observed hysteresis 

(shift) in C–V curves. According to their work, both NIOTs with energy levels 

above and below the bottom of the conduction band are responsible for the 

observed hysteresis in C–V curves and, consequently, for the threshold 

voltage instability in 4H–SiC MOSFETs.  
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2.4 SUMMARY 

A critical review of the recent physical understanding of the active 

defects responsible for performance (low channel-carrier mobility and high 

threshold voltage) and reliability (threshold voltage instability) issues of 4H–

SiC MOSFETs is presented in this paper. Regarding the low channel-carrier 

mobility, it was originally suggested that shallow interface traps with energy 

levels just below the conduction band were responsible. Subsequently, based 

on observations of discrepancies in the measurement results, it was 

concluded that the defects responsible for the low channel-carrier mobility 

were physically located near the SiC–SiO2 interface and energetically located 

just below the conduction band. However, considering the quantum 

confinement effect, it is now established that the active NIOTs, responsible 

for the low channel-carrier mobility, are energetically located above the 

bottom of the conduction band. These active NIOTs are physically located 

very close to the SiC–SiO2 interface with short response times. Regarding the 

threshold voltage instability, it is widely believed that defects near the SiC–

SiO2 interface are also responsible for the shift in threshold voltage. These 

NIOTs are physically located farther away from SiC–SiO2 interface, having 

longer response times, in comparison to the NIOTs responsible for the low 

channel-carrier mobility with short response times. Therefore, this makes 

tunneling the responsible mechanism for the threshold-voltage instability 

observed in 4H–SiC MOSFETs. Because of the tunneling mechanism, it was 

expected that threshold voltage instability would exhibit a weak dependence 

on the measurement temperature. The observed larger shifts in the threshold 

voltage for high temperature measurements, compared to the room 

temperature measurements, are attributed to activation of new NIOTs. These 

NIOTs are energetically located both above and below the bottom of the 

conduction band.  
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Abstract—Measurements of the near-interface oxide traps 

(NIOTs) aligned to the conduction band of silicon-carbide (SiC) 

are of particular importance as these active defects are responsible 

for degradation of the channel-carrier mobility in 4H-SiC 

MOSFETs. In this brief, a new method for measurement of the 

active NIOTs with energy levels aligned to the conduction band is 

proposed.  The method utilizes transient-current measurements 

on 4H-SiC MOS capacitors biased in accumulation. Nitrided oxide 

and dry oxide are used to illustrate the applicability of the 

proposed measurement method. 

Index Terms—4H-SiC MOS capacitor, 4H-SiC MOSFET, near-

interface oxide traps, active NIOTs, transient current. 

1. INTRODUCTION 

Although silicon-carbide (SiC) based metal–oxide–

semiconductor field-effect transistors (MOSFETs) have been 

commercialized for high-voltage power applications [1], the 

performance of SiC MOSFETs is still far from their theoretical 

limit. There are issues with the oxide–SiC interface that lead to 

temperature instability of threshold voltage, low channel-carrier 

mobility, and high gate voltage needed to fully turn these 

MOSFETs on [2-5]. Typically, these issues have been 

attributed to a high density of near-interface oxide traps 

(NIOTs) that are energetically aligned to the energy gap of SiC, 

just below the bottom of the conduction band [5,6]. However, 

when an N-channel MOSFET is biased in strong inversion, 

Fermi level crosses the conduction band of SiC as a result of the 

quantum confinement effect [7-9]. Therefore NIOTs with 

energy levels above the bottom of the conduction band become 

active in turned-on MOSFETs. Electrons in the inversion layer 

can directly tunnel to and from NIOTs with energy levels above 

the bottom of the conduction band. These near interface oxide 

traps are called active NIOTs in MOSFETs because they reduce 

the channel-carrier mobility by trapping electrons from the 

inversion layer [8]. The existence of the active traps has been 

reported previously in the literature [8-10]. 

Transient current measurements have been widely used in the 

literature to characterize oxide traps [11-14]. For instance, 

Dumin et.al [13, 14] have used transient current measurements 

to estimate the density of stress generated-traps inside the oxide 

of silicon devices. 

However, the existing transient current measurements, as 

well as all other common methods are only used to characterize 

traps and near-interface oxide traps in the band gap of the SiC 

[15]. Therefore it becomes necessary to establish a method to 

measure the active NIOTs with energy levels aligned to the 

conduction band of the SiC.  In this brief, a new method, 

employing transient current measurements, is proposed to 

quantify the density of active NIOTs. It is worth stressing that 

the discussed transient current in this brief is not due to Fowler-

Nordheim tunneling, which causes a DC current (not a transient 

current) as electrons tunnel from the conduction band of the 

semiconductor to the conduction band of the oxide [16].  

2. New measurement method 

Energy band model 

An N-channel MOSFET in strong inversion is equivalent to 

an N-type MOS capacitor biased in accumulation, in terms of 

the possible communication between the surface electrons and 

NIOTs [8]. Therefore, it is very useful to utilize an N-type MOS 
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Fig. 1.  Near-interface oxide traps that are energetically aligned to the 

conduction band can capture electrons from the two-dimensional 

subbands of SiC by tunneling. These are the active NIOTs in 

MOSFETs. 
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capacitor to characterize the SiC–SiO2 interfacial properties, 

instead of a complete N- channel MOSFET. 

To eliminate the impact of NIOTs with energy levels below 

the bottom of the conduction band, the initial position of the 

Fermi level is set above the conduction band by biasing the N- 

type MOS capacitor in accumulation. The initial gate voltage 

should be held until all interface traps and NIOTs that are 

energetically located below the Fermi level are filled by 

trapping electrons. Then, the gate voltage is sharply increased 

to set the position of Fermi level above the bottom of the two 

dimensional subband, shown in Fig. 1.  Therefore, empty active 

NIOTs, with energy levels aligned to the conduction band are 

positioned below the new Fermi level position.The result is a 

transient current as electrons tunnel to fill active NIOTs below 

the Fermi level. As can be seen from the Fig. 1, tunneling is the 

only possible mechanism for trapping of electrons, therefore, 

the measured transient current should generally show only 

weak temperature dependence [17], and measurements at 

different temperatures can be used to confirm that the measured 

current is due to tunneling.  

Link between charging current and the measured current 

Figure 2 illustrates the relationship between the measured 

current (jm) in the external circuit and the charging current 

(jcharging), which is the current of the electrons tunneling to the 

active NIOTs. The density of the active NIOTs should be 

extracted from the charging current [18]. However, to the best 

of our knowledge, the quantitative link between jm and jcharching 

has not been established. Therefore, it is very important to first 

find the link between jm and jcharching to be used for calculation 

of the density of active NIOTs. To find this link, a MOS 

capacitor is modelled by two capacitors in series, C1 and C2, as 

shown in Fig. 2.  

The following equations can be written for C1: 

mox QE  1                                                                     (1) 

y
Q

v
ox

m


1                                                                          (2) 

where εox is the permittivity of the oxide, E1 is the electric field 

in C1, Qm is the charge per unit area at the back contact of the 

MOS capacitor, v1 is the voltage across C1, and y is the thickness 

of C1. 

Applying Gauss’s law to enclose the charge trapped at the 

boundary between C1 and C2 (Qt) gives 

ox

tQ
EE


 21                                                                     (3) 

where E2 is the electric field in C2 and Qt is the charge per unit 

area trapped at the active NIOTs. The voltage across the MOS 

capacitor will be 

xEyEV 21                                                                        (4) 

Using (3) and (4) to find E1 and then substituting it into (1) 

yields  
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Fig. 3. Measured transient current for nitrided and dry oxides at 

different temperatures.  

 

Fig. 2. Measured current in the external circuit versus charging 

current. 
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where tox is equal to the thickness of the oxide (x+y). Equation 

(5) will be used in the next section to estimate the density of the 

active NIOTs from the measured current. 

Practical conditions and active trap density measurements 

The following calculations of the density of active NIOTs 

are based on McLean’s work [18]. We have modified his work 

by taking into account the equations derived in the previous 

section, to be able to estimate the density of active NIOTs using 

the measured current. Let N(E,x) be arbitrary distributions of 

active NIOTs, both in energy and distance x from the oxide–

SiC interface, per unit volume. Let n(E,x,t) be the distribution 

of occupied active NIOTs per unit volume at time t. As in 

McLean’s work, we assume that at t = 0 all the active NIOTs 

are unoccupied [18]. g(E,x,t) is defined as the probability per 

unit time that an electron in SiC will make a tunneling transition 

to a single unoccupied active NIOT with energy level of E, 

located at the distance x, at time t. According to McLean’s work 

[18], the tunneling transition rate is the product of g(E,x,t) and 

the density of the unoccupied active NIOTs. This is also equal 

to the time rate of change of the occupied active NIOT 

distribution [18]:  

 
dt
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The solution of the differential equation obtained from (6) 

is 
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The total tunneling current per unit area, jcharging(t) is then 

obtained by double integration of T(E,x,t) over E and x. 

However, as mentioned in the previous section,  jcharging(t) is 

not the current that would be measured by an external circuit 

[18].  

In practice, it can be assumed that the distribution of active 

NIOTs, N(E,x), is uniform in both energy and space. The first 

reason is that the tunneling to active NIOTs happens within few 

nm from the oxide–SiC interface, therefore a large variation in 

the spatial distribution of active NIOTs is not expected. Second, 

as Fermi level is almost pinned to its position after crossing the 

bottom of the two-dimensional subband, a uniform energy 

distribution of active NIOTs is expected within such a narrow 

energy interval. This constant density of active NIOTs is 

labelled by N.  According to the McLean’s work [18], g(E,x,t) 

takes the following form for the constant density of active 

NIOTs: 
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In (8), α is the characteristic tunneling time [13] and qVB is 

the difference between the bottom of the oxide conduction band 

and the bottom of the two dimensional subband in SiC [18]. 

Therefore, considering these practical conditions, substituting 

(8) will change (7) to 

)1(),(
2 xteeNxtn
                                             (9) 

Combining the equations derived in the previous section 

with equations in this section, one can find the density of active 

NIOTs using the measured current. 

Let δQm be the fraction of charge at the back contact of the 

MOS capacitor due to tunneling of electrons to active NIOTs at 

specified x. Integration of all these charged traps along x 

provides the total charge at the back contact. Therefore, the 

measured current in the external circuit will be 
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Using (5), the change in charge at the back contact (δQm) 

due to tunneling of electrons to active NIOTs will be 
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The term qnδx is the change in Qt corresponding to charging 

of active NIOTs with a small change in the distance from 

 

Fig. 4.  Measured densities of active NIOTs for nitrided and dry 

oxides (x-axis variable is defined in (13)).  
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oxide–SiC interface (δx). Differentiating both sides of (11) with 

respect to time and substituting dn/dt from (6) gives 
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For convenience, the integral in (13) is called “space 

integral of active NIOTs”. As can be seen from (13), plotting 

the measured current density versus the “space integral of active 

NIOTs” should be a straight line whose slope can be used to 

calculate the density of active NIOTs. It is worth noting that 

obtaining a straight line in the plot of measured current density 

versus the “space integral of active NIOTs” will further confirm 

the validity of the proposed measurement method. 

3. Experimental verification 

Transient current measurements 

To verify the newly proposed transient-current method, two 

different gate oxides were prepared: (1) nitrided oxide (tox=68 

nm), and (2) dry oxide (tox=57 nm). As mentioned before, MOS 

capacitors have to be biased in accumulation for a sufficient 

time to ensure that all traps and near-interface oxide traps below 

the Fermi level are filled.  Based on capacitance–voltage (C–V) 

measurements, 5 V was selected to position the Fermi level 

above the bottom of the conduction band for both samples. This 

gate voltage was held for 30 s.  Then, the gate voltage was 

stepped to 20 V, to position the Fermi level above the bottom 

of the two-dimensional subband, and the transient current was 

measured. The resulting transient current, shown in Fig. 3, can 

then be attributed to tunneling of electrons to the active NIOTs, 

which are energetically located between the bottom of the two-

dimensional subband and the final positions of the Fermi level 

(Fig. 1). It is worth noting that, after the Fermi level crosses the 

bottom of the two-dimensional subband, it is almost pinned to 

its position.  Therefore, changing the secondary voltage will not 

significantly change the position of the Fermi level.  

As can be seen from Fig. 3, the measured transient currents 

show weak temperature dependence. This confirms that direct 

tunneling, as illustrated in Fig. 1, is the responsible mechanism 

for the measured transient current. 

It is worth noting that holding the gate voltage at 20 V for 

30 s and then stepping the gate voltage down to 5 V also 

produces a transient current. This transient current is due to 

tunneling of the electrons from the NIOTs to the conduction 

band of SiC (de-trapping of NIOTs).  

Active trap density calculation 

As described in the previous sections, the measured 

transient current can be used to calculate the density of the 

active NIOTs.  To be able to use (13) to calculate the density of 

active NIOTs, α and β should be determined. The characteristic 

tunneling time, α, has been estimated to be 10-13 s [13]. The 

potential barrier through which the electrons tunnel is 

calculated using Fowler-Nordheim tunneling method. The 

barrier heights of 1.95 eV and 2.33 eV were determined for the 

dry and nitrided oxides, published in our previous work [19]. 

Considering the value of m* to be 0.42 m0 [20], and using (8), 

4.95 nm-1 and 4.5 nm-1 are obtained as the β values for the 

nitrided and dry oxides, respectively.  

Knowing α and β, the space integral of the active NIOTs 

was calculated numerically. As expected, jm versus the space 

integral of active NIOTs, shown in Fig. 4, are straight lines. 

This further confirms the validity of all assumptions in the 

proposed measurement method. Using the slope of the lines, the 

obtained values for the densities of active NIOTs are 4.3×1018 

m-3 and 7.5×1018 m-3  for the nitrided and dry oxides, 

respectively. 

4. Conclusion 

In summary, a method based on transient current 

measurements is proposed to calculate the density of active 

near-interface oxide traps (NIOTs) in SiC-based N-type MOS 

capacitors and N-channel MOSFETs.  The energy levels of 

these traps are aligned to the conduction band of SiC, as distinct 

from the interface traps and NIOTs aligned to the energy gap of 

SiC. These active NIOTs are measured by biasing and stepping 

the gate voltage of an N-type MOS capacitor in accumulation 

and measuring the transient current.  
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Abstract. This paper presents a new method to quantify near interface oxide traps (NIOTs) that are 

responsible for threshold voltage instability of 4H-SiC MOSFETs. The method utilizes the shift 

observed in capacitance–voltage (C–V) curves of an N-type MOS capacitor. The results show that 

both shallow NIOTs with energy levels below the bottom of conduction band and NIOTs with energy 

levels above the bottom of the conduction band of SiC are responsible for the C–V shifts, and 

consequently, for the threshold voltage instabilities in MOSFETs. A higher density of NIOTs is 

measured at higher temperatures.  

Introduction 

Commercial availability of SiC MOSFETs is enabling high-voltage power applications that are 

beyond the theoretical limit of silicon devices [1]. However, SiC MOSFETs still suffer from low 

channel-carrier mobility, high turn-on voltage, and threshold voltage (VT) instability (shift) even in 

the state-of-the-art 4H-SiC MOSFETs [2]. The instability in threshold voltage is one of the major 

reliability concerns of 4H-SiC MOSFET because it happens at normal operational voltages of the 

MOSFET. Threshold voltage instability is defined as the shift in VT due to an applied gate-bias stress. 

It has been reported that a positive gate bias leads to a positive shift in VT and a negative gate bias 

results in a negative shift in VT [2]. Furthermore, a larger threshold voltage shift is measured if gate-

bias stressing is performed at elevated temperatures [2]. This threshold voltage instability has been 

attributed to tunneling of electrons to near interface oxide traps (NIOTs) [2]. 

Instead of measuring VT from ID–VGS characteristics of a MOSFET, capacitance–voltage (C–V) 

measurements of an N-type MOS capacitor can be used to investigate threshold voltage instability 

effects. In fact the use of C–V measurements has two main advantages: 1) it is cheaper and more 

convenient to process and fabricate MOS capacitors instead of fabricating whole MOSFET 2) C–V 

measurement method is more effective for measuring the true threshold-voltage instabilities than ID-

VGS alone [3]. 

A large shift (hysteresis) is observed in C–V curves of 4H-SiC MOS capacitors when measured 

from depletion to accumulation and then measured back to depletion [3]. Figure 1 shows C–V curves 

measured in sequential sweeps from depletion to accumulation and then back to depletion for an N-

type MOS capacitor with the state-of-the-art nitrided gate oxide. This shift in C–V curves is directly 

related to the threshold voltage instability in 4H-SiC MOSFETs. Traditionally, this shift in C–V 

curves has been attributed to the deep interface traps with very long response times [4]. These deep 

interface traps get charged during the first C–V measurement from depletion to accumulation and 

because they have long response times, during the second C–V measurement the  
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shift in C–V curves is observed. However, Okamoto et. al. [5] measured sequential C–V  curves and 

suggested that this shift is due to tunneling of electrons to NIOTs with shallow energy levels just 

below the bottom of the conduction band of SiC and not due to deep interface traps. Therefore 

instability in the threshold voltage could be related to the shallow NIOTs with energy levels just 

below the conduction band. 

On the other hand, it is well known that, when an N-type MOS capacitor is biased in accumulation, 

the Fermi level crosses the bottom of the conduction band due to the quantum confinement effect 

[6,7]. Therefore defects with energy levels above the bottom of the conduction band can also 

contribute to the observed C–V shifts in MOS capacitor and consequently threshold voltage instability 

of MOSFET. Furthermore, Gurfinkel et. al. [8] have attributed the threshold voltage instability to the 

near interface oxide traps with energy levels above the conduction band. 

Therefore a better physical understanding of the shift in VT is needed to be able to precisely 

determine the energy position and density of the responsible defects for threshold voltage instability. 

In this paper a new method based on the C–V measurements of an N-type MOS capacitor is proposed 

to quantify the energy position and density of the responsible defects for the threshold voltage 

instability.  

Device fabrication  

MOS capacitors were fabricated on N-type, silicon faced, 4H-SiC wafers with 6×1015 cm-3 

nitrogen-doped epitaxial layer. Samples were cleaned with a Radio Corporation of America cleaning 

(RCA) procedure, followed by immersion in 10% hydrofluoric acid (HF) for 5 minutes to remove 

any native oxide prior to oxidation. Gate oxides were prepared by thermally grown oxide in dry 5% 

O2 at 1250°C for 17 hrs with 2% NO pre- and post-oxidation annealing at 1250°C for 1hr (sandwich 

process) [9]. Aluminium was sputtered on top of the gate oxides and patterned by photolithography 

in 500-µm2 squares to define the MOS capacitors. Aluminium was also deposited on the back of the 

samples to form ohmic contact. 

Measurement method and results 

Biasing an N-type MOS capacitor in strong accumulation causes a very high electric field, which 

confines electrons in a narrow potential well with quantized energy levels (subbands). This is called 

 

Fig. 1. Sequential C-V measurements from depletionto 

accumulation and back to depletion (tox = 68 nm). 

  

 

 

Fig. 2. Surface potential including the the quantum 

confinment effect. 
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quantum confinement effect, which causes the Fermi level of an N-type MOS capacitor to cross the 

bottom of the conduction band when biased in strong accumulation. The quantum confinement effect 

changes numerous measurable parameters and characteristics of the MOS capacitor, such as the 

threshold voltage and the surface potential. For an N-type MOS capacitor biased in strong 

accumulation, the surface potential increases due to the quantum confinement effect as compared to 

the surface potential calculated by the classical model. Figure 2 shows the surface potential according 

to Pregaldiny’s [10] work that takes into account the quantum confinement effect. 

To quantify the energy position and the density of NIOTs that are responsible for the observed C–

V shift in N-type MOS capacitors, sequential C–V measurements were performed at 10 kHz from 

accumulation to depletion (according to Okamoto’s sequential C–V measurement method [5]). The 

first measurement started by biasing the N-type MOS capacitor in flatband condition (zero surface 

potential) and measuring the capacitance toward depletion region. The starting gate voltages for the 

subsequent measurements were the voltages corresponding to every 0.05 V increment in the surface 

potential shown in Fig. 2. A larger positive voltage in each measurement caused more electrons to 

tunnel to NIOTs and to create more negative charge, hence more shift in C–V curves is observed. 

Measurements were performed at both room temperature and 130°C to study the effect of high 

temperature on the C–V shifts. Figure 3 shows C–V curves measured at both room temperature and 

130°C corresponding to every 0.05 V increment in surface potential. 

The shift in each C–V curve, with respect to its previous measurement, can be used to calculate 

the density of NIOTs by the following equation: 

𝐷𝑁𝐼𝑂𝑇 =
∆𝑉𝐹𝐵 × 𝐶𝑜𝑥

𝑞 × ∆ѱ𝑠
 

where ΔVFB is the flat band voltage shift, ΔΨs is the surface potential increment (0.05 V), Cox is the 

gate capacitance per unit area, and q is the electron charge. 

Figure 4 shows the extracted densities of NIOTs, which are responsible for the observed C–V 

shifts, as a function of energy level of these defects with respect to the bottom of the conduction band. 

As can be seen from the figure, for both room temperature and 130°C measurements, shallow NIOTs 

with energy levels below the conduction band as well as NIOTs with energy levels above the bottom 

of the conduction band of SiC are responsible for the C–V shifts.  

Tunneling of electrons to NIOTs is the responsible mechanism for the observed C–V shift and it 

is known that tunneling is a very weak temperature dependent. Therefore no temperature dependency 

is expected to be observed for 130°C measurements. However, as shown in Fig. 3, C–V curves at 

130°C show much larger shift as compared to room temperature measurements. Lalis et. al. [2] have 

attributed this phenomenon to activation of more NIOTs as the result of breaking weak bonds by 

application of an electric field at elevated temperature. It should be noted that C–V measurements for 

finger shaped MOS capacitors (with 12 corners) show that electric field crowding does not have any 

effect on the measured C–V curves. 

Summary 

This paper has proposed a new method, based on C–V measurements, to quantify the responsible 

near interface oxide traps (NIOTs) for threshold voltage instability of 4H-SiC MOSFETs. 

Measurements based on the new method show that NIOTs with both energy levels above and below 

the bottom of the conduction band are responsible for the threshold voltage instability. Furthermore, 

a larger density of these NIOTs is obtained for measurements at higher temperatures. 
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Fig. 3 Sequential C-V measurements with increased initial voltage for sweeps toward depletion: a) room temperature 

b)130°C 

 

Fig. 4 Measured densities of near-interface oxide traps. 
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Abstract. In this paper, we present surprising MOS capacitor C–V bias instability observed in NO-

grown oxides, with distinctly different behavior compared to that of conventional NO-annealed 

oxides on 4H-SiC. Using sequential back-and-forth and bias-temperature stress C–V measurements, 

it was demonstrated that the C–V shift direction of NO-grown oxides was opposite to that of NO-

annealed oxides. A model based on bias-temperature stress orientated near-interfacial dipoles is 

proposed to explain this unique behavior of NO-grown oxides. 

Introduction 

Significant advances in SiC technology have enabled the commercialization of SiC MOSFETs in 

recent years. These devices have facilitated the development and fabrication of high-voltage power 

modules that surpass the theoretical limits imposed by conventional Si-based devices; however 

several key issues still limit their performance [1]. Among these issues, device reliability, namely 

threshold voltage instability, is a major concern in the reliable operation of these devices. Threshold 

voltage (VT) instability is defined as the shift of VT due to an applied gate-bias stress. This effect is 

commonly observed in commercially available SiC MOSFETs with NO-annealed gate oxides, 

wherein a positive gate-bias stress leads to a positive shift of the ID–VGS characteristic and likewise, a 

negative bias stress causes a negative shift of the ID–VGS [2]. In both cases the shift in VT is 

exaggerated at high temperature which is of key concern for such power devices as they typically 

operate at elevated temperatures in most applications [2, 3]. This instability has been attributed to the 

direct tunneling of electrons to and from some variation of the so-called E’-type near-interfacial oxide 

defect and therefore is affected by the oxidation process [2, 3].  

Apart from measuring the threshold voltage instability directly from the ID–VGS characteristics of 

a MOSFET, it has been shown that sequential back-and-forth C–V measurements (from depletion to 

accumulation and then back to depletion) of n-type MOS capacitors can also be used to investigate 

this effect [4]. The flat-band voltage (VFB) shift between these sequential bi-directional C–V 

measurements is directly related to the threshold voltage instability of SiC MOSFETs. Typically a 

positive VFB shift of the C–V curve is observed in n-type MOS capacitors with state-of-the-art NO-

annealed gate oxides when sequentially measured back-and-forth [4, 5]. In this paper we report on 

unique C–V bias instability behavior only observed in NO-grown oxides (in contrast to that of 

conventional NO-annealed oxides) on 4H-SiC. 

Experimental 

The MOS capacitors analyzed in this experiment were fabricated on Si-faced, n-type off axis 4H–

SiC substrates with a 10 μm epitaxial layer doped by nitrogen to a concentration of 1016 cm-3. The 

samples were prepared with a Radio Corporation of America (RCA) cleaning procedure followed by 
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immersion in 1 % hydrofluoric acid (HF) for 5 minutes to remove any native oxides prior to oxidation. 

All gate oxides were thermally grown in a horizontal-tube furnace at atmospheric pressure. A 

conventional ‘NO-annealed’ oxide was grown in 100 % O2 at 1250 °C for 2.5 hrs followed by a post-

oxidation anneal in 100 % nitric oxide (NO) at 1250 °C for 1 hr. A second ‘NO-grown’ oxide was 

grown in 100 % NO at 1250 °C for 20 hrs to match the thickness of the NO-annealed oxide (~85 nm). 

Aluminum gate contacts were sputtered and defined by photolithography to form 500 μm squares 

immediately after oxidation. Aluminum was also sputtered on the back of the samples to form an 

ohmic contact.   

Sequential back-and-forth C–V measurements were initially obtained at room temperature with a 

DC gate bias range of ±10 V (figures truncated to ±4 V for clarity) superimposed with an AC signal 

amplitude of 50 mV at 10 kHz. To study the bias instability effect at elevated temperatures the 

measurement temperature was then increased to 250 °C and the sweep sequence repeated on fresh 

capacitors. In addition, bias-temperature stress measurements were also conducted by heating the 

capacitors to 170 °C with gate biasing of ±10 V for 5 minutes and subsequently performing sequential 

back-and-forth C–V sweeps once they cooled to room temperature. 

Results and Discussion 

A typical set of sequential back-and-forth C–V curves (starting from depletion) for an n-type MOS 

capacitor with an NO-annealed gate oxide at both room temperature and 250 °C is shown in Fig. 1a. 

There is a noticeable C–V shift at room temperature with this effect clearly exemplified at 250 °C. 

The positive shift of the curves, which remains even after repeated sweeps (#3, #4), can be simply 

explained by the tunneling of electrons from the conduction band to near-interfacial oxide traps (E’-

type near-interfacial oxide defects) upon sweeping toward accumulation [2, 3]. Once trapped these 

electrons effectively constitute negative charge, thus shifting the curves to more positive biases. 

While the C–V curves of the NO-grown oxide of Fig. 1b also exhibit a similar C–V shift at room 

temperature (albeit greatly subdued), the high temperature characteristics are vastly different to that 

of the NO-annealed oxide in Fig. 1a. As demonstrated in Fig. 1b the high temperature C–V shift is 

clearly of opposite polarity to that of the NO-annealed oxide and furthermore, upon repeat 

measurement cycling, the C–V shift of the NO-grown oxide remains relatively stable in contrast to 

that of the NO-annealed oxide. It is also interesting to note that the slope of C–V curves on the return 

sweeps (#2, #4) is much greater than that of the forward sweeps (#1, #3). Given that the polarity of 

the C–V shift indicates the presence of positive charge it becomes quite obvious that this effect cannot 

be explained by trapped electron model of the NO-annealed oxide in Fig. 1a.  

Initial bias-temperature stress investigations of this phenomenon indicate potential near-interfacial 

dipole type behavior as illustrated in Fig. 2b. In Fig. 2 the sequential back-and-forth C–V curves were 

initially measured at room temperature (black traces). Subsequently, 10 V was applied to the gate at 

high temperature (170 °C) for 5 minutes and then C–V curves were remeasured once the capacitor 

was cooled back down to room temperature (red traces). The same procedure was repeated for an 

applied gate bias of -10 V (green traces). For the NO-grown oxide, the positive bias-temperature 

stress shifts the C–V curves to more negative voltages. This corresponds to positive charge which is 

opposite to the shift corresponding to negative charge in the NO-annealed oxide. Once again, the C–

V shift associated with the NO-annealed oxide of Fig. 2a can be explained by the trapping of electrons 

in near-interfacial oxide traps; however, the charge associated with the trapped electrons cannot 

explain the C–V shift observed in the NO-grown oxide of Fig. 2b. On the other hand, this phenomenon 

can quite possibly be explained by near-interfacial dipole type behavior. 

The proposed near-interfacial dipole type behavior can be summarized as follows. Initially, at 

room temperature, prior to any temperature bias stressing, the dipoles located near the SiC/SiO2 
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interface are randomly orientated in such a manner that they contribute insignificant charge to the 

system. Once the temperature is elevated and sufficient gate-bias stress is applied the dipoles become 

uniformly orientated with respect to the polarity of the gate bias. Once the temperature is reduced, 

the dipole orientation is ‘frozen’. This mechanism effectively induces additional charge at the 

interface with the same polarity of the applied gate bias. Thus, a positive bias-temperature stress will 

induce positive charge and in similar fashion, negative bias-temperature stress will induce negative 

charge as shown in Fig. 2b. To confirm dipole type behavior the bias-temperature stress procedure 

for both positive and negative biases was repeated over several iterations. Following these iterations 

sequential back-and-forth C–V measurements were once again performed at room  

 

Fig. 1. Sequential back-and-forth C–V sweeps at room temperature and 250°C for a) NO-annealed and b) NO-

grown gates oxides on 4H–SiC. 

 

Fig. 2. Sequential back-and-forth C–V sweeps of a) NO-annealed and b) NO-grown oxides. C–V measurements 

were performed at room temperature after bias-temperature stressing to 170 °C firstly with VG = 10 V (red) and 

then VG = -10 V (green). Prior to bias-temperature stress procedure the initial C–V curve was measured for reference 

(black). 

temperature (Fig. 3). Figure 3b demonstrates that the C–V shifts remain virtually identical 

even after repeated bias-temperature stressing. This repeatable behavior is consistent with the 
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two-states of dipole orientation. Furthermore, a variation of Cox is observed at higher 

measurement frequencies, implying a change in the permittivity of the oxide.  

It is worth noting that similar behavior can correspond to the effects of mobile ions. However, 

the existence of mobile ions in these oxides can be ruled out by three factors: 1) the shift in the 

C–V curves after positive and negative bias temperature stressing is symmetrical in reference to 

the initial as-fabricated curve, 2) no mobile ion effects were observed in the NO-annealed oxide 

which was processed together with the NO-grown oxide, and 3) the temperature of 170 °C used 

in these measurements is generally considered too low for significant mobile ion drift.  

The generation of these dipoles near the SiC/SiO2 interface is most likely due to the nitrogen 

bonding arrangements (such as strong Si≡N bonds [6]). Considering that physical analysis 

techniques have shown a higher accumulation of nitrogen at the interface in NO-grown oxides 

[7], combined with an observed improvement in electrical properties [6] [7], it can be reasoned 

that more of these bonding arrangements should be evident in the NO-grown oxide compared 

to the NO-annealed oxide.  

 

Fig. 3. Sequential back-and-forth C–V sweeps of a) NO-annealed and b) NO-grown oxides after repeated ±10 V 

bias-temperature stressing at 170 °C. 

Summary 

In summary, this paper presents unique MOS capacitor behavior, only observed in NO-grown 

oxides compared to that of conventional NO-annealed oxides on 4H–SiC. Sequential back-and-forth 

and bias-temperature C–V measurements demonstrate that the observed C–V shift of NO-grown 

oxides is opposite to that of NO-annealed oxides therefore implying that the effect is not due to the 

tunneling of electrons to near-interface oxide traps. To explain this unique effect a model based on 

bias-temperature stress orientated near-interfacial dipoles is proposed.  
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Abstract. The existence of a turnaround in flat-band voltage shift of stressed MOS capacitors, formed 

on N-type 4H–SiC substrates, is reported in this paper. The turnaround is observed by room-

temperature C–V measurements, after two minutes gate-bias stressing of the MOS capacitors at 

different temperatures. The existence of this turnaround effect demonstrates that a mechanism, in 

addition to the well-established tunneling to the near-interface oxide traps, is involved in the threshold 

voltage instability of 4H–SiC MOSFETs. This newly identified mechanism occurs due to charge 

redistribution of the compound polar species that exist in the SiO2–SiC transitional layer. The density 

of these compound species is estimated at about 4% of the atomic-layer density.  

Introduction 

In recent years, the silicon-carbide (SiC) based metal–oxide–semiconductor field-effect transistor 

(MOSFET) has become an attractive device for high power applications due to the superior properties 

of SiC, including high bulk carrier mobility, high breakdown field, and high thermal conductivity [1, 

2]. The commercial availability of SiC MOSFETs has the potential to revolutionize high voltage 

applications that were once dominated by silicon devices [3]. 

However, the commercial grade SiC MOSFETs still suffer from a lot of reliability issues [4-10]. 

Threshold voltage (VT) instability is one of the most serious problems that has been intensively 

investigated by several research groups [7-10]. The dependence of the drain current (ID) on the applied 

gate-to-source voltage (VGS), which is the transfer characteristic (ID–VGS) of a MOSFET, is often used 

to investigate the VT instability effects. However, capacitance–voltage (C–V) measurements of an N-

type MOS capacitor can also be used to investigate the threshold-voltage instabilities. In fact, the use 

of N-type MOS capacitors has three advantages: 1) the impact of electrons on threshold voltage 

instability can be isolated from the hole trapping effect [11], 2) the C–V measurement method is more 

effective for measuring the true threshold voltage instabilities than ID-VGS alone [12], and 3) it is 

cheaper and more convenient to process and fabricate MOS capacitors in comparison to  fabricating 

complete MOSFETs.  

In this paper, the existence of a turnaround in flat-band voltage shift of N-type MOS capacitors is 

reported for the first time. The existence of this turnaround demonstrates that, in addition to the well-

stablished tunneling mechanism, another mechanism is involved in the VT instability of SiC 

MOSFETs. This new mechanism is identified as charge redistribution of compound polar interatomic 

bonds.                     
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Device fabrication  

MOS capacitors were fabricated on N-type, silicon faced, 4H–SiC wafers with 1016 cm-3 nitrogen-

doped epitaxial layer, provided by SICC Material Co. Ltd., P.R. China. Samples were cleaned with a 

Radio Corporation of America (RCA) cleaning procedure. Two different gate oxides were prepared: 

(1) a thermally grown oxide in 100% O2 at 1250 °C for 2.5 hours, followed by 100% NO post 

oxidation annealing at 1250 °C for 2.5 hours (NO annealed oxide with the thickness of 86.5nm), and 

(2) a thermally grown oxide in 100% NO at 1250 °C for 20 hours (NO grown oxide with the thickness 

of 85.5nm). Aluminum was sputtered on top of the gate oxides and patterned by photolithography in 

500-µm2 squares to define the MOS capacitors. Aluminum was also deposited on the back of the 

samples to form ohmic contact.. 

Measurement method and results 

It has been reported that hole tapping plays a very important role in the threshold voltage instability 

of MOSFETs with nitrided gate oxides [11, 13]. Therefore, in order to eliminate the hole trapping 

effects, N-type MOS capacitors were used to investigate the threshold voltage instability in this paper. 

Figure 1 shows room temperature (RT) C–V measurements for NO grown sample after 2 minutes 

gate-bias stressing at +10V at different temperatures (MOS capacitors were gate-bias stressed for 2 

minutes at +10V at a certain temperature then cooled down and C–V measurements were performed). 

As can be seen from the figure, the direction of the flat band voltage shift changes after gate-bias 

stressing at a certain temperature (to determine the direction of the flat band voltage shift, the 

measurements at each temperature were compared to  previous measurements at lower temperatures). 

Figure 2 shows the flat-band voltage shift for RT C–V measurements as a function of the temperature 

at which MOS capacitors were stressed after 2 minutes gate-bias stressing at +10V and –10V. As 

shown in the figure, a turnaround in flat band voltage shift is observed for both NO  

 

Fig. 1. Room temperature (RT) C–V measurements for NO grown sample after 2 minutes of +10 V gate-bias 

stressing at different temperatures. 
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grown and NO annealed samples (except for the NO annealed sample after +10V gate-bias stressing 

at high temperatures, as can be seen from Fig. 2a). 

Tunneling of electrons to near-interface oxide traps (NIOTs) has been suggested as the main 

mechanism for VT instability of 4H–SiC MOSFETs [7]. This tunneling of electrons to NIOTs results 

in a positive shift in flat-band voltage of MOS capacitors due to the induced negative charge near the 

SiO2–SiC interface [7, 14]. However, as shown in Fig. 1, negative flat-band voltage shifts are 

observed at lower temperatures for the case of NO grown MOS capacitors. It should be noted that 

mobile ions can also cause the same negative shift in the flat-band voltage of MOS capacitors [7, 15]. 

However, the existence of the mobile ions has been ruled out for these samples in our recently 

published paper [16] based on three main reasons: 1) no mobile ion effects were observed in NO 

annealed oxide, which was processed together with the NO grown oxide, 2) observation of a 

symmetrical shift in C–V curves (in reference to the initial as-fabricated curve) after positive and 

negative bias temperature stressing, and 3) large shift in C–V curves were observed at a temperature 

which is generally considered too low for significant mobile ion drift. In addition, the observation of 

positive shift in C–V curves for positive gate-bias stressing at higher temperatures for NO grown 

samples, as shown in Fig. 1, demonstrates that mobile ions are not responsible for the observed C–V 

shifts. Therefore, the existence of this turnaround in flat-band voltage shift demonstrates that another 

mechanism (in addition to tunneling) is involved in VT instability effects. 

It has been widely reported that the SiO2–SiC interfacial (transitional) layer contains various 

compound polar species with different interatomic bonds, such as various SiCxOy species, SiO5 

configurations, Si–O–O–Si, C–N, N–O, and Si≡N bonds [17-19]. In the absence of other possible 

mechanisms, we propose that charge redistribution of these compound polar interatomic bonds 

(CRIB), due to application of an external electric field (gate bias stress), is the additional mechanism. 

This can produce enough charge near the SiO2–SiC interface to cause the observed flat band voltage 

shift and consequently the shift (instability) in the threshold voltage of 4H–SiC MOSFETs. 

Figure 3 shows how the two mechanisms (tunneling and CRIB) can explain the observed 

turnaround in flat band voltage shift of the NO grown sample after +10V gate-bias stress. 

Investigating the results for positive gate-bias stress of the NO grown samples (Fig. 2a) demonstrates 

that, at lower temperatures, positive voltage at the gate redistributes the charge configuration of the 

compound polar species in a way that a net positive charge is induced near SiO2–SiC interface, 

causing the negative shift (CRIB is the dominant mechanism). However, at higher temperatures (150 

 

Fig. 2. Flat-band voltage shift for room temperature C–V measurements as a function of temperature after 2 

minutes bias stressing at: a) +10 V, b) –10V. 
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°C), negative charge due to tunneling of electrons to NIOTs causes the positive shift (tunneling is the 

dominant mechanism). 

It should be noted that the exact nature of these compound species with polar interatomic bonds, 

responsible for the observed turnaround, is not known. Putting together the measurement results 

shown in Fig. 2a (no turnaround for NO annealed samples for +10V bias stress) and the fact that the 

density of N in the SiO2–SiC transitional layer is higher for the NO grown samples (compared to the 

NO annealed samples), it can be concluded that the presence of higher density of compound species 

with N bonds is involved in the CRIB mechanism. However, further studies are needed to determine 

the exact nature of these compound polar interatomic bonds. 

The maximum flat band voltage shift (measured in the NO grown MOS capacitors) can be used to 

calculate the density of these compound polar species using the following equation: 

𝐷𝐶𝑃𝑆 =
∆𝑉𝐹𝐵 × 𝐶𝑜𝑥

𝑞
 

where ΔVFB is the maximum flat band voltage shift, Cox is the gate capacitance per unit area, q is the 

electron charge, and DCPS is the electrically effective density of the compound polar species. The 

relationship between the electrically effective and the total density of these compound polar species 

(DTCPS) is analogous to the relationship derived  in our previous paper [20] 

𝐷𝑇𝐶𝑃𝑆 =
𝑡𝑜𝑥

𝑑
× 𝐷𝐶𝑃𝑆 

where tox is the oxide thickness and d is the length of the movement of the charge, as shown in Fig. 

3a. Assuming d to be in the order of interatomic distances,  (0.2 nm [18]), the total density of the 

compound polar species, responsible for the observed turnaround in flat band voltage shift, is 9.2×1013 

cm-2. The atomic layer density for d=0.2 nm is N=1/d2=2.5×1015 cm-2, which means that almost 4% 

of the atomic-layer density in the transitional layer are species with polar bonds, contributing to the 

observed flat-band voltage shift in 4H–MOS capacitors.  

Summary 

The existence of a turnaround in flat band voltage shift of N-type, 4H–SiC MOS capacitors is reported 

for the first time in this letter. The turnaround is observed by room-temperature C–V measurements 

after gate-bias stressing of the MOS capacitors at different temperatures. The existence of this 

turnaround in flat-band voltage shift is explained by charge redistribution of compound polar 

 

Fig. 3. Responsible mechanisms for the observed turnaround flat band voltage shift: a) charge redistribution of 

compound polar interatomic bonds, b) tunneling. 
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species—a newly identified instability mechanism—which needs to be considered when analyzing 

the threshold voltage instability of 4H–SiC MOSFETs. 
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7.1 CONCLUSIONS 

Although 4H–SiC MOSFETs have been successfully commercialized, the performance 

of these devices is still far from their theoretical limits. For instance, 4H–SiC MOSFETs still 

suffer from low channel-carrier mobility and instability (shift) in threshold voltage. Typically, 

these issues have been attributed to a large density of near-interface oxide traps (NIOTs) that 

exists in the SiC–SiO2 interfacial region. In this thesis, NIOTs with energy levels above the 

bottom of the conduction band (active NIOTs) that are responsible for the low channel-carrier 

mobility and the threshold voltage instability of 4H–SiC MOSFETs are investigated in detail. 

Depending on the physical position from the SiC–SiO2 interface, these NIOTs can have either 

short (causing the low channel-carrier mobility) or long (causing the threshold voltage 

instability) response times. The following paragraphs summarise the results that have been 

obtained in this thesis.  

Characterization of the near-interface oxide traps aligned to the conduction band of 

silicon-carbide (SiC) are of particular importance as these active defects are responsible for 

degradation of the channel-carrier mobility in 4H-SiC MOSFETs. In this thesis a new method 

based on transient current measurements of an N-type MOS capacitor is proposed to 

characterize these active NIOTs. N-type MOS capacitors were initially biased in accumulation 

(positive gate voltage) to position the Fermi level above the bottom of the conduction band 

(due to quantum confinement effect). The transient currents due to sharply increasing the 

gate voltage to position the Fermi level above the bottom of the 2D subbands were used to 

calculate the density of the active NIOTs.    

Threshold voltage instability is one of the major reliability concerns of 4H–SiC 

MOSFETs because it happens at normal operational voltages of the MOSFET. The shift 

observed in C–V curves of an N-type MOS capacitor can be used to investigate the threshold 

voltage instability effects. In this thesis a new method based on C–V measurements of an N-

type MOS capacitor is proposed to quantify the active NIOTs with long response times (as 

opposed to NIOTs closer to the SiC–SiO2 interface with short response times responsible for 

the low channel-carrier mobility)responsible for the threshold voltage instability. 



Chapter 7 

70 

 

Measurements based on this new method reveal that NIOTs with both energy levels above 

and below the bottom of the conduction band are responsible for the threshold voltage 

instability. Furthermore, using this new method, the density of theses NIOTs is calculated. 

It is well- known that tunneling of electrons into near-interface oxide traps is the main 

mechanism for the threshold voltage instability of 4H–SiC MOSFETs. However, in this thesis 

the observation of a turnaround in the flat-band voltage shift of N-type MOS capacitors has 

led to the conclusion that another mechanism, in addition to the well-stablished tunneling 

mechanism, is involved in the threshold voltage instability. This new mechanism is identified 

as the charge redistribution of compound polar species that exist in the SiC–SiO2 transitional 

layer. This charge redistribution can produce enough charge near the SiC–SiO2 interface to 

cause flat-band voltage shift in MOS capacitors and equivalently the shift (instability) in the 

threshold voltage of 4H–SiC MOSFETs. 

7.2 SUGGESTIONS FOR FURTHER RESEARCH  

All the methods proposed in this thesis utilize MOS capacitor to characterize the 

NIOTs. However, fabrication process of SiC DMOSFET involves high temperature ion 

implantation and activation which are not needed for fabrication of MOS capacitors. 

Therefore, further studies are needed to determine whether new NIOTs (or other interfacial 

defects) are formed during the fabrication process of SiC DMOSFET or not.   

The derivation of the equations in chapter 3 is based on the assumption of uniform 

energy and space distribution of NIOTs. For further research, it is suggested to investigate the 

effect of an arbitrary distribution of NIOTs both in energy and space on the density of these 

NIOTs.  

In chapter 5, tunneling of electrons to NIOTs has been identified as the responsible 

mechanism for the threshold voltage instability. Furthermore, the observed temperature 

dependency of the threshold voltage instability has been attributed to activation of more 
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NIOTs at elevated temperatures. However, further studies are needed to determine whether 

thermally assisted tunneling plays a role in this temperature dependency or not.   

In chapter 6, it has been proposed that charge redistribution of compound polar 

species is another mechanism (CRIB mechanism), in addition to the well-known tunneling 

mechanism, for the threshold voltage instability of 4H–SiC MOSFETs. Furthermore, there are 

evidences suggesting that the presence of high density of compound species with N bonds is 

necessary for the CRIB mechanism to occur. However, further studies are needed to determine 

the exact nature of these compound polar interatomic bonds. 

 


