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ABSTRACT 
 

In power device technology, 4H-SiC has been expanding its market share 

among semiconductor materials owing to its high-temperature- and high-

voltage-stabilities and high-thermal conductivity. It is expected that the 

compound annual growth rate of the SiC power semiconductor market and the 

market size in 2022 would be 40 % and $1 billion, respectively. However, SiC 

has some problems that are limiting some performances of the SiC devices. 

Trap level plays important roles in the power devices such as Schottky diode, 

MOSFET, or IGBT by changing barrier height, subthreshold swing, or carrier 

lifetime, respectively. Especially, 4H-SiC devices have large amount of trap 

level at their interface, i.e., interface states, because of an inherent nature of the 

compound semiconductor. Many researchers have reported that the interface 

states originate from dangling bonds of interface atoms and they are 

successfully reduced by nitridation or other deposition techniques. With respect 

to 4H-SiC Schottky diodes, which are important-rectifying devices, have been 

well developed and are now commercially available. Even though their good 

performances, the relations of interface states and the rectifying performances 

are not completely understood. Therefore, in this dissertation, observing the 

interface states of 4H-SiC Schottky diode, and finding their origins by changing 

pre-treatment of 4H-SiC, and the relation of interface states and the rectifying 

performances are confirmed and discussed. The interface states were observed 

by Deep level transient spectroscopy (DLTS), which is known as the most 

sensitive and accurate method to measure the deep levels in semiconductors. 
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Furthermore, some related issues about the dependency of intensity of DLTS 

signal on pulse width and about the effect of weighting- and trap-parameters on 

spectral shape of DLTS are also figured out and discussed. 

Spectral fitting of DLTS is important, because of inherent broad-peaks that 

is easily overlapped. Although it is important to know the spectral shape for 

appropriate fitting, there are few of information and data about the effects of 

shape parameters, like weighting functions and trap properties. In the part 4.1, 

it is examined that how shape parameters determine the width, position, and 

asymmetry of spectra. Furthermore, based on this study, spectral fitting is 

applied to the spectra of the part 4.3, which makes the analysis more precise. 

The pulse width is one of the important condition for measurement of 

DLTS. It relates to the time required to fill the electron or hole trap. Despite of 

its importance, there have been lack of research on the pulse width of 4H-SiC. 

In the part 4.2, the saturation of trap-fillings, abnormal-negative shift and 

abnormal-negative peak of the spectra is observed. Furthermore, in order to 

reveal the abnormalities that are emerged by minority carrier signals, four-

different Schottky metals were used to modulate work function and the barrier 

height of the minority carriers. As the pulse width increases, the positive signal 

was intensified and saturated by pulse width longer than 1 ms. For the pulse 

width longer than 103 ms, the signal started to be negatively intensified. When 

the pulse width reached 107 ms, the negative intensification was saturated. The 

saturation of the negative signal could relate to the minority carriers introduced 

by changes of quasi-Fermi level. 

In the part 4.3, background, peak-2, -3, and -4 of DLTS spectra related to 
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impurity-related interface states of 4H-SiC Schottky diodes. The spectral fitting 

developed in the part 4.1 was adopted to resolve the overlapped background 

and peaks. The oxide at the interfaces increased the background and peak-2. 

Photoresist (PR) residues at the interface increased the background and the 

peak-3 and -4. The peak-2, -3, and -4 located at 1.28, 1.7, 0.7 eV below the 

conduction band minimum, respectively. The nitridation increased the 

background intensity abruptly. The continuous background could imply 

disorder of defect structure at the interface, and the discrete peaks could 

associated with short-range order of the defect structure. The relation of 

interface states and current flow, and the side effect of DLTS measurement on 

the sample are also discussed. 

 

Keywords: SiC, Deep level, fitting, pulse width, interface states 

Student Number: 2013-30178 
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Chapter 1. Introduction 

 

Silicon carbide (SiC) is a compound of silicon and carbon, which are rarely 

found in nature as inclusions in diamonds, xenoliths, and ultramafic rocks. 

Synthetic silicon carbide powder has been commercialized since 19C as an 

abrasive. Electronic applications of silicon carbide such as light-emitting diodes 

(LEDs) and detectors in early radios were first demonstrated around 1907. 

Early 21C, there has been a growing interest in power electric conversion 

systems in response to social and environmental demands. 4H-SiC that is 

hexagonal structure with four periodic basal plane has been focused as the 

power electric material because of its wide band gap of 3.2 eV and high thermal 

conductivity of 4.5 W/cm∙K, which are three times larger than those of 

conventional silicon. Such properties make the material suitable to operate at 

high power electric conditions higher than few thousand voltage with few 

ampere. Furthermore, relatively easy mass production is less difficult than that 

of other wide band gap materials, such as GaN or diamond. The 4H-SiC power 

devices is now expanding its market share and expected that the market size 

would reach about 1 billion dollars.[1] 

Schottky diode, which is made of 4H-SiC, is the most adoptive to power 

electronics-industry since it has a moderate blocking voltage with fastest 

operation frequency. However, it still has problem, which is break down 

voltage lowering induced by surface crystallographic defects of 4H-SiC or 

interface states between metal and 4H-SiC.[2] Deep level transient 

spectroscopy (DLTS) developed by David Vern Lang in 1973[3] is known as 
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the most sensitive measurement method available to measure the interface 

level[4] and bulk level[3] of semiconductor materials with a detection limit of 

1011 / cm3. 

This dissertation is mainly about the interface states of Schottky diode 

observed by DLTS, which has not been tried much until now.[2] In the second 

part, literature review about material properties of 4H-SiC, interface states of 

Schottky diode, interface states of metal-oxide-semiconductor (MOS), and trap 

levels in 4H-SiC will be introduced. In the third part, the experimental 

techniques about hardware setting, principle, sensitivity and selectivity of 

DLTS will be explained. From the third part to the end, the main results and 

discussion will be addressed with appropriate specific introductions about their 

technical backgrounds and main motivations. 

Since peaks of DLTS spectra has broad intensity inherently, correlation 

functions[5] and curve fitting methods[6,7] have been studied for the peak 

separation. The peak separation using curve fitting requires existing peak data 

that can be referenced or experimental demonstration. Even if these things are 

ready, since the peak fittings have a high degree of freedom, so that there is a 

high probability of obtaining an incorrect fitting result. Knowing the intrinsic 

shape of a peak, one of the important factors that determine the fitting results, 

will increase the probability of correct fitting results. DLTS simulation was 

used to observe how trap parameters and weighting function change the spectral 

shape. Based on the simulation result, superimposed peaks were separated by 

curve fitting.  
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Chapter 2. Literature Review 

 

General knowledge about SiC will be presented in this chapter. SiC crystal 

structure and its electrical properties will be described. The electrical properties 

of 4H-SiC will be compared to other materials for showing why 4H-SiC is 

suitable for power devices. The crystallographic defects and their affection will 

be described. Finally, interface states at heterojunction with 4H-SiC and the 

detailed structure of metal or oxide to 4H-SiC will be introduced and how the 

interface states affect performance of power devices and how those can be 

detected and characterized. 

 

2.1 Material Properties of 4H-SiC  

 

2.1.1 Structure of 4H-SiC 

 

Silicon carbide (SiC) exists 250 crystalline forms[8] by stacking at various 

positions of close packed layer illustrated in Figure 2.1. There are three possible 

position A, B, and C in the close packed layer. Because the different stacking 

makes small difference in energy, the number of polytypes can be form.  

The most obtainable three polytypes are 3C-, 4H, and 6H-SiC. C and H 

stand for cubic and hexagonal, respectively. The coefficient in front of C or H 

means the number of silicon-carbon bi-layer in a unit cell with different 

stacking sequences that are illustrated in Figure 2.2. Even though the formation 
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energy of polytypes are similar, the differences of electrical properties are 

enormous. For example, the band gaps of 3C-, 4H-, and 6H-SiC are 2.36 eV, 

3.2 eV, and 3 eV, respectively. Because the larger the band gaps, the higher 

break down field of power devices, the 4H-SiC is most favorable for the power 

devices. 
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Figure 2.1 Possible A, B, and C sites of closest packed spheres.[9] 

 

 

 

Figure 2.2. Illustration of three main SiC polytypes 3C, 4H and 6H. Si-C bilayer 

stacking along the [0001] axis. h and k stand for hexagonal and cubic type of 

stacking respectively.[10] 
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2.1.2 Electrical properties of 4H-SiC 

 

The working frequency, conduction loss, and breakdown field are 

important factors to be designed in case of the power devices. These strongly 

depend on the band gap, saturation velocity, and mobility. These properties are 

usually considered for the proper design. The conductivity of power devices 

increase with doping concentration, while it reduces the breakdown field. 

However wide bandgap semiconductor that has a same doping concentration 

has higher break down field than the small bandgap materials. Some important 

electrical properties of 4H-SiC, GaN and Si are listed on Table 2.1. Additionally, 

the thermal conductivity are also included in the table, which should be also 

considered, since it closely relates to the size of cooling part. 4H-SiC and GaN 

have superior properties than that of Si. These can make the materials substitute 

the conventional Si. But the two have some differences. 4H-SiC have been 

regarded as more promising materials until now, because of its higher 

productivity and thermal conductivity than that of GaN. 

The numerical representations have been developed for knowing how 

much the material has certain advantages in certain conditions. The 

performance indices of power semiconductor materials are listed in Table 2.2. 

Johnson’s figure of merit (JFM), Baliga’s figure of merits (BFOM), and 

Combined figure of merit (CFOM) quantify the advantages of high-power 

switch, high-power with fast switching, and additional consideration on thermal 

conduction. 
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Table 2.1. Electrical properties and thermal conductivity of semiconductor 

materials for power devices.[11] 

Material properties 4H-SiC GaN Silicon 

Band gap (eV) 3.26 3.42 1.12 

Electron mobility 

(cm2V-1s-1) 
900 900 1500 

Hole mobility 

(cm2V-1s-1) 
100 20 450 

Saturation drift velocity 

(cm/sec) 
2.2×107 2.0×107 1.0×107 

Relative dielectric 

constant 
10 10.4 11.9 

Thermal conductivity 

(W/cm∙K) 
4.9 1.3 1.5 

The values are measured at 300 K 

 

 

Table 2.2. Figure of merits (FOM) of semiconductor materials for power devices.[11]  

 Equation 4H-SiC GaN Silicon 

JFM 
𝐸𝐵
2𝑣𝑠

2

4𝜋
 932.3 281.6 1 

BFOM 𝜀𝑟𝜇𝐸𝐵
3  24.6 1 

CFOM 
𝜅𝜀𝑟𝜇𝑣𝑠𝐸𝐵

2

(𝜅𝜀𝑟𝜇𝑣𝑠𝐸𝐵
2)𝑆𝑖

 404 404 1 

𝐸𝐵: break down electric field, 𝑣𝑠: saturated electron drift velocity, and μ: 

electron mobility 
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2.2 Crystallographic defect 

 

2.2.1 Extended defects in crystals 

 

Basal plan dislocation (BPD), Threading-edge and -screw dislocation 

(TED and TSD), stacking fault, carrot- and triangular-defect, and down-fall are 

crystallographic defects limiting the device performances. These defects stem 

from seed crystal or the growth stage. In a field of 4H-SiC crystal growth 

technology, there are tremendous efforts to reduce them by controlling 

pretreatment,[12,13] growth condition, and processes,[14-16] since the defects 

could reduce the break down voltage or degrade device performances.[17] The 

effects are organized and listed on Table 2.3, and some killer defects observed 

by optical microscope are shown in Figure 2.3. 
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Table 2.3 Understanding of effects of defects on SiC device performance.[17] 

 SBD 
MOSFET, 

JFET 

PiN, BJT, Thyristor, 

IGBT 

TSD No No 
Reduction of carrier 

lifetime 

TED No No 
Reduction of carrier 

lifetime 

BPD No 
Degradation 

of body diode 
Bipolar Degradation 

In-grown stacking 

fault 

VB reduction 

(20-50%) 

VB reduction 

(20-50%) 

VB reduction  

(20-50%) 

Carrot, triangular 

defects 

VB reduction 

(30-70%) 

VB reduction 

(30-70%) 

VB reduction 

(30-70%) 

Down-fall 
VB reduction 

(50-90%) 

VB reduction 

(50-90%) 

VB reduction 

(50-90%) 
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Figure 2.3. Typical surface defects in SiC[0001] homo-epitaxial layers, (a) 

“carrot” defect and shallow pit, (b) triangular defect, and (c) down-fall.[17] 
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2.2.2 Point defects in crystals 

 

Point defects is displacements of atoms in crystals because of the entropy 

of the system, which refer to the third law of thermodynamics. The types of 

point defects are a vacancy, interstitial, antisite, and substitutional that usually 

present in the crystal.[18] The vacancy is an absent of atom in a lattice site 

which is occupied in a perfect crystal. The stability of the surrounding crystal 

structure fixes the vacant structure. The emission of atom from crystal to the 

outside of the surface can leave the vacancy is sometimes called a Schottky 

defect. Interstitial defects are atoms that occupy a site in the crystal structure at 

which there is usually not an atom. The vacancy and a nearby interstitial is often 

called a Frenkel pair. This is caused when an atom moves into an interstitial 

site leaving a vacancy. 

The density of vacancy could be expressed as an equation.[18] At zero 

Kelvin, the system should have the minimum thermal energy. This statement 

holds true if the perfect crystal has only one state with minimum energy. 

Entropy is related to the number of possible microstates according to: 

𝑆 = 𝑘𝐵 ln 𝛺 Eq. 2.1 

Where S is the entropy of the system, kB Boltzmann's constant, and Ω the 

number of possible configurations of atoms. At the zero Kelvin, the possible 

configuration of atoms is 1. However, as the temperature increases, the atoms 

get energy and disorder, which results in increase of entropy. The free energy 

change of a defect is given by, 
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𝛥𝐺 = 𝑛𝛥𝑔 − 𝑇𝛥𝑆 Eq. 2.2 

Where n is the number of vacancy, ∆𝑔 is the energy requiring to cause a 

vacancy and interstitial pair. Assuming the number of atomic site and interstitial 

site in the system is N and 2N, respectively, and after some calculation the Eq. 

1.2 becomes 

𝛥𝐺 = 𝑛𝛥𝑔 − 2𝐾𝑇 [𝑁 ln (
𝑁

𝑁−𝑛
) + 𝑛 ln (

𝑁−𝑛

𝑛
)] Eq. 2.3 

In case of 𝑛 ≪ 𝑁, which is reasonable condition in a real case, the equilibrium 

concentration of vacancy can be obtained from differentiation of Eq. 1.3 with 

respect to n, and calculation of (
𝜕∆𝐺

𝜕𝑛
) = 0: 

𝑛

𝑁
= 𝑒𝑥𝑝 (−

∆𝑔

2𝑘𝑇
) Eq. 2.4 

The concentration of the vacancy increases exponentially as a function of 

temperature of the system. 

An antisite defect is of an exchanged-position of atoms in an ordered alloy 

or compound crystal. For instance, the antisite of SiC is that the Si occupies C 

sites or vice versa, which is abbreviated to SiC and CSi, respectively.[19] These 

kinds of defect could be stabilized electrically, so that the presence of it is hard 

to find. 

Amorphous solids also contain defects that usually relate to dangling bond 

of the atoms. For instance, in ideally bonded amorphous silica Si atoms have 4 

covalent bonds between O atoms, and O atoms have 2 covalent bonds to Si 

atom. However, some O atoms have a dangling bond, which is considered a 

defect in silica. The similar properties of the defects and the normal vacancies 

reported.[20]  
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Extrinsic species of atom often occupies a regular atomic site in the crystal, 

which is called a substitutional defect. The substitution of atoms displace lattice 

structure when the size of atom is smaller or larger than the regular atoms. With 

respect to oxidation states of the substitutional atom, it can be divided into 

Isovalent- or Aliovalent-substitution. Isovalent substitution is refer to the same 

oxidation state substitution, which results in relatively stable electrical 

properties. The impurity of Aliovalent substitution has different oxidation state. 

Aliovalent substitutions change the charge in the material that should be 

maintained its neutrality. Therefore, the charge is usually compensated by 

exchanging its charge to the other atoms or making vacancies.[18] 

The above-mentioned defects can interaction with each other that is called 

complexes of defect. For example, when a vacancy can present near an impurity, 

the two could attract each other in case that the impurity is too large. Tow 

interstitials can form split- or dumbbell-structures where two atoms effectively 

share an atomic site, resulting in less effective on lattice constant.[21] 
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Figure 2.4 Point defects in a periodic 4H-SiC with [112̅0] projection. 
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An electrically activated-point defect is often called as an electrical trap 

that can confine electron or hole in the point defect site. Because the electrical 

properties are interests, the “trap” will be used in the rest of this dissertation. 

Recombination time or carrier lifetime of electron and hole pairs (EHP), which 

closely relates to current rating of diode, depends largely on trap levels and their 

density. This effect becomes profound in indirect semiconductor, since the 

lifetime is very long, if there is no trap. The transitions that occur during the 

recombination processes are illustrated in Figure 2.5. During the recombination, 

the energy of the carriers is released by one of three mechanisms that are band 

to band, multi-phono, and Auger recombination. All these processes assist the 

recovery of the carrier to its equilibrium quantities.[22] 

The concentration of the carrier in the semiconductor satisfies pn = ni
2 at 

an equilibrium, which is also known as mass action low. When the system 

deviate from the equilibrium, the relations will be broken. When the number of 

carriers is less than the equilibrium state, the carrier is generated, and when 

there are many, recombination occurs. The recombination rate is proportional 

to the concentration of electrons and holes. The coefficient is a constant 

associated with the generation rate.[22] 
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Figure 2.5 Recombination processes in a semiconductor.[22] 
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The deep level recombination is important for semiconductors that have 

indirect band gap such as Silicon and Silicon carbide. Shockely-Read-Hall 

(SRH) developed the recombination dynamics. Their analysis showed that the 

rate of recombination (U) in the steady state via a single deep level 

recombination center is given by 

𝑈 =
𝛿𝑛𝑝0+𝛿𝑝𝑛0+𝛿𝑛𝛿𝑝

𝜏𝑝0(𝑛0+𝛿𝑛+𝑛1)+𝜏𝑛0(𝑝0+𝛿𝑝+𝑝1)
 Eq. 2.5

Where δn and δp are the excess electron and hole concentrations, respectively, 

created by the external stimulus. n0 and p0 are the equilibrium concentrations 

for the electrons and holes, respectively. τp0 and τp0 are the minority carrier 

lifetimes in degenerated N- and P-type semiconductor, respectively. On the 

other hand, n1 and p1 are the equilibrium concentrations where the “quasi-Fermi 

level position” is same as a trap level in the band gap, which can be expressed 

by, 

𝑛1 = 𝑁𝐶𝑒
(𝐸𝑇−𝐸𝐶)/𝑘𝑇 = 𝑛𝑖𝑒

(𝐸𝑇−𝐸𝑖)/𝑘𝑇 Eq. 2.6 

𝑝1 = 𝑁𝑉𝑒
(𝐸𝑉−𝐸𝑇)/𝑘𝑇 = 𝑛𝑖𝑒

(𝐸𝑖−𝐸𝑇)/𝑘𝑇 Eq. 2.7 

Where NC and NV are the density of states in the conduction and valence bands, 

respectively. EC, ET, Ei, and EV are the conduction band-, trap- , intrinsic- and 

the valence band-energy levels, respectively. k is Boltzmann’s constant. T is the 

absolute temperature. 

The recombination lifetime can be defined as: 

𝜏 =
𝛿𝑛

𝑈
= 𝜏𝑝0 (

𝑛0+𝑛1+𝛿𝑛

𝑛0+𝑝0+𝛿𝑛
) + 𝜏𝑛0 (

𝑝0+𝑝1+𝛿𝑛

𝑝0+𝑝0+𝛿𝑛
) Eq. 2.8 
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In the N-type semi-conductor, electron density is much larger than that of hole, 

the relative lifetime can be given by, 

𝜏

𝜏𝑝0
= [1 +

1

(1+ℎ)
𝑒(𝐸𝑇−𝐸𝐹)/𝑘𝑇] + 𝜁 [

ℎ

(1+ℎ)
+

1

(1+ℎ)
𝑒(2𝐸𝑖−𝐸𝑇−𝐸𝐹)/𝑘𝑇] Eq. 2.9 

Where ζ =
𝜏𝑛0

𝜏𝑝0
 , and h =

𝛿𝑛

𝑛0
. 

𝜏𝑛0 =
1

𝑣𝑇𝑛𝜎𝑛𝑁𝑇
 Eq. 2.10 

𝜏𝑝0 =
1

𝑣𝑇𝑝𝜎𝑝𝑁𝑇
 Eq. 2.11 

Where σn is the capture cross-section, vT is thermal velocity of carriers, and NT 

is the trap density. Figure 2.6 is an example diagram of carrier lifetime 

depending on injection level, energy level, and ratio of minority carrier lifetime 

at degenerated semiconductors. 
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Figure 2.6 Minority carrier lifetime in silicon.[22] It depends on the trap levels 

(ET), ratio of carrier lifetime (ζ). 
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Intrinsic- and extrinsic-traps of 4H-SiC have been studied and 

characterized by photoluminescence (PL), electron paramagnetic resonance 

(EPR), and Deep level transient spectroscopy (DLTS). As DLTS is the most 

sensitive method to the characterization, there has been lots of research. This 

part will focus on the intrinsic- and extrinsic-traps found by DLTS. 

Z1/2- and EH6/7-peak of DLTS spectra stem from major-intrinsic bulk traps 

of n-type 4H-SiC. The Z1/2 stems from an intrinsic trap in 6H-SiC and found by 

Zhang in 1990 [23] and it was also found in N-type 4H-SiC by Kimoto et al. in 

1993.[24] It has an activation energy of about 0.7 eV and a capture cross-section 

of about 10-15 cm-2. At first, researchers had thought that it is just intrinsic defect 

and may relate to carbon atoms, since it is easily produced by electron 

irradiation to pure SiC substrate. During two decades, researchers have found 

that Z1/2 stems from carbon vacancy, since the concentration of Z1/2 is reduced 

by growth in higher C/Si ratio and carbon implantation.[25] It is also reveal that 

oxidation of SiC produce excess carbon at the interface that cause diffusion of 

carbon into the SiC reducing the concentration of Z1/2. With respect to EH6/7, it 

is introduced in the 4H-SiC by electron irradiation, which is first observed by 

Hemmingsson et al. in 1997.[26] The discovery of EH6/7 was late, since it has 

a large activation energy of about 1.5 eV that requiring higher temperature 

endurance of DLTS part such as insulated probe and cryostat. Researchers also 

have characterized that the peaks stems from the same carbon vacancy as Z1/2 

but with different charge states.[27] 

Substitutional traps in 4H-SiC can be used as acceptor and donner. 

Traditionally, nitrogen is an N-type donner whose energy levels below 
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conduction band (EC − x) are about 0.04 eV and 0.1 eV depending on 

substitutional site,[24] and P-type acceptor is aluminum whose energy levels 

above valence band (EV + x) are 0.212 and 0.266 eV, respectively, depending 

on substitutional sites.[28] Other transition metals, such as Ti, Fe, and 

Vanadium (V) had investigated. V has been used as an amphiphilic trap, which 

is acting as counter dopant, in order to obtain semi-insulating substrate. With 

respect to oxygen level, because oxidation is frequently inserted to making 

process of 4H-SiC power devices, the oxidation related levels can be found.[2] 

Various energy levels that have been reported are listed on Table 2.4.  

Ion implantation- or electron irradiation-related traps have been studied in 

order to reveal the effect of impurities and displacement of atoms. Because the 

ion-implantation and electron-irradiation cause tremendous the number of 

states, many of them is still under debate. Those trap levels are also listed on 

Table 2.5. 
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Table 2.4 Energy levels of electrical traps in 4H-SiC. 

Energy 

level 

(eV) 

Capture 

cross 

section 

(cm2) 

N/P 

type 
Name 

Possible 

cause 
Method 

The first 

author 

-0.04c  N, 4H  N 

(hex.) 
ASa 

T. Kimoto, 

1995[24] 

-0.1  N, 4H  N 

(cub.) 
AS 

T. Kimoto, 

1995[24] 

-0.39 2×10-15 N, 4H Fe1 
Fe 

related 
DLTS 

F. C. Beyer, 

2011[29] 

-0.58  N, 4H ON0a 
After 

oxidation 
DLTS 

T. Okuda, 

2015[30] 

-0.61 1×10-15 N, 4H Z1/2 VC DLTS 
Kimoto, 

1995[24] 

-0.68  N, 4H ON0b 
After 

oxidation 
DLTS 

T. Okuda, 

2013[30] 

-0.84  N, 4H ON1 
CI + N 

related 
DLTS 

K. Kawahara, 

2012[31] 

-1.1  N, 4H ON2 
CI + N 

related 
DLTS 

K. Kawahara, 

2012[31] 

-1.3 5×10-16 N, 4H EH6 
VC 

complexes 
DLTS 

G. Alfieri, 

2013[6] 

-1.5 4×10-15 
4H-

SiC 
EH7 Vc DLTS 

G. Alfieri, 

2013[6] 

-1.51 1×10-14 N, 4H   DLTS 
F. C. Beyer, 

2011[29] 

-1.6  N, 4H ON3 
After 

oxidation 
DLTS 

K. Kawahara, 

2012[31] 

1.46 3×10-14 P, 4H Fe2 
Fe 

related 
DLTS 

F. C. Beyer, 

2011[29] 

1.44 6×10-15 P, 4H HK4 
As-

grown 
DLTS 

K. Danno, 

2007[32] 

1.27 3×10-14 P, 4H HK3 
As-

grown 
DLTS 

K. Danno, 

2007[32] 

0.97 7×10-16 P, 4H Fe3 
Fe 

related 
DLTS 

F. C. Beyer, 

2011[29] 

0.84 4×10-14 P, 4H HK2 
As-

grown 
DLTS 

K Danno, 

2007[32] 

0.56  N, 4H HM1 
D-

center 
MCTSb 

T. Okuda, 

2015[33] 

0.49 1×10-16 P, 4H 
D 

center 

As-

grown 
DLTS 

K. Danno, 

2007[32] 

0.38  PiN 

diode 
 

Triangul

ar defect 
DLTS 

A. Galeckas, 

2006[34] 

To be continued on the next page 
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Table 2.4 continued, page 2 of 2 

0.29 3×10-13 N, 4H  B MCTS 
F. C. Beyer, 

2011[29] 

0.266 - P, 4H  Al AS 
S.R. Smith, 

1999[28] 

0.212 - P, 4H  Al AS 
S.R. Smith, 

1999[28] 
aAS : Admittance spectroscopy 

bMCTS: Minority carrier transient spectroscopy 

cThe energy levels below conduction band and above valence band are 

indicated as – and +, respectively. 
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Table 2.5 Energy levels of electrical traps in 4H-SiC, which is introduced by 

electron irradiation or ion-implantation damage. 

Energy 

level 

(eV) 

Capture 

cross 

section 

(cm2) 

N/P 

type 
Name 

Possible 

cause 
Method 

The first 

author 

-0.3~0.46f  N, 4H OⅠ/Ⅱ O+ Imp. DLTS 
T. Dalibor, 

1999[35] 

-0.127 6E-15 N, 4H  Ti 

(hex.a) 
DLTS 

N. Achtziger, 

1998[36]  

-0.13 4E-15 N, 4H  Ti (hex.) DLTS 
T. Dalibor, 

1997[37] 

-0.143 1E-15 N, 4H  Cr 

(hex.), 
DLTS 

N. Achtziger, 

1998[36] 

-0.17 3E-15 N, 4H  Ti 

(cub.b) 
DLTS 

T. Dalibor, 

1997[37] 

-0.17 1E-14 N, 4H  Ti (cub.) DLTS 
N. Achtziger, 

1998[36] 

-0.17 2E-15 N, 4H ID1 

V+ or 

Ti+ 

Imp.c 

DLTS 
T. Dalibor, 

1997[38] 

-0.178 8E-16 N, 4H  Cr 

(cub.) 
DLTS 

N. Achtziger, 

1998[36] 

-0.2 6E-16 N, 4H ID2 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.2 5E-16 N, 4H P1/P2 
He+ 

Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.27 6E-16 N, 4H ID3 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.28 1E-17 N, 4H IN1 
Int. 

Disp. 
DLTS 

K. Kawahara,  

2009 [39] 

-0.33 6E-17 N, 4H P3 
He+ 

Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.34 4E-15 N, 4H ID4 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.414 1E-14 N, 4H  Imp. DLTS 
N. Achtziger, 

1998[36] 

-0.45 5E-15 N, 4H EH1 Elec. Irr.d DLTS 
C. Hemmingsson, 

1997[26] 

-0.46 6E-14 N, 4H ID8 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.55 4E-16 N, 4H ID9 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

To be continued on the next page 
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Table 2.5 continued, page 2 of 4 

-0.578 4E-15 N, 4H  Imp. DLTS 
N. Achtziger, 

1998[36] 

-0.63 1E-14 N, 4H 
IN3 

(Z1/2) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

-0.64 3E-15 N, 4H  Imp. DLTS 
N. Achtziger, 

1998[36] 

-0.65 1E-16 N, 4H IN4 Imp. DLTS 
K. Kawahara,  

2009[39] 

-0.66 1E-14 N, 4H Z1 
He+ 

Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.68 1E-14 N, 4H 
EH2 

(Z1/2) 
Elec. Irr. DLTS 

C. Hemmingsson, 

1997[26] 

-0.72 9E-17 N, 4H EH4 Elec. Irr. DLTS 
C. Hemmingsson, 

1997[26] 

-0.73 1E-16 N, 4H 
IN5 

(RD1) 
Imp. DLTS 

K. Kawahara,  

2009[39], 

-0.741 2E-15 N, 4H  Cr DLTS 
N. Achtziger, 

1998[36], 

-0.78  N, 4H OⅢ O+ Imp. DLTS 
T. Dalibor, 

1999[35] 

-0.855 7E-15 N, 4H  Imp. DLTS 
N. Achtziger, 

1998[36] 

-0.9  N, 4H OⅣ O+ Imp. DLTS 
T. Dalibor, 

1999[35] 

-0.93 5E-16 N, 4H V1/2 
V3+ in Si 

site 
DLTS 

T. Dalibor, 

1997[38] 

-0.93 3E-15 N, 4H RD1/2 
He+ 

Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.94 3E-14 N, 4H RD1 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.97 8E-15 N, 4H  V+ Imp. DLTS 
N. Achtziger, 

1998[36] 

-0.97 2E-15 N, 4H RD2 
V+ or 

Ti+ Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-0.98  N, 4H OⅤ O+ Imp. DLTS 
T. Dalibor, 

1999[35] 

-0.98 1E-15 N, 4H 
IN6 

(RD2) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

-1 2E-16 N, 4H RD3 
He+ 

Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-1.1 1E-15 N, 4H IN8 Imp. DLTS 
K. Kawahara,  

2009[39] 

-1.13 4E-15 N, 4H EH5 Elec. Irr. DLTS 
C. Hemmingsson, 

1997[26] 
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Table 2.5 continued, page 3 of 4 

-1.55 5E-14 N, 4H RD4 
He+ 

Imp. 
DLTS 

T. Dalibor, 

1997[38] 

-1.6 1E-14 N, 4H 
IN9 

(EH6/7) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

-1.65 2E-13 N, 4H EH6/7 Elec. Irr. DLTS 
C. Hemmingsson, 

1997[26] 

1.44 6E-15 P, 4H EP2 Elec. Irr. DLTS 
K. Danno 

2007[32] 

1.4 1E-16 P, 4H 
IP8 

(HK4) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

1.3 1E-14 P, 4H 
IP7 

(HK3) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

1.2 1E-15 P, 4H IP6 Imp. DLTS 
K. Kawahara,  

2009[39] 

1.18 2E-15 P, 4H EP4 Elec. Irr. DLTS 
K. Danno 

2007[32] 

0.98 8E-17 P, 4H EP1 Elec. Irr. DLTS 
K. Danno 

2007[32] 

0.79 1E-16 P, 4H HK0 
RIEe or 

Elec. irr. 
DLTS 

K. Danno 

2007[32] 

0.73 2E-15 P, 4H EP3 Elec. Irr. DLTS 
K. Danno 

2007[32] 

0.72 1E-16 P, 4H 
IP4 

(HK0) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

0.7 1E-15 P, 4H IP3 Imp. DLTS 
K. Kawahara,  

2009[39] 

0.68 4E-16 P, 4H HK1 
Annealed at 

1200-1400 °C 
DLTS 

K. Danno 

2007[32] 

0.58 8E-16 P, 4H UK2 Elec. Irr. DLTS 
K. Danno 

2007[32] 

0.47 3E-17 P, 4H HS2 Elec. Irr. DLTS 
K. Danno 

2007[32] 

0.39 1E-18 P, 4H 
IP2 

(HS1) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

0.35 1E-18 P, 4H 
IP1 

(UK1) 
Imp. DLTS 

K. Kawahara,  

2009[39] 

0.35 5E-14 N, 4H HH1 Elec. Irr. DLTS 
C. Hemmingsson, 

1997[26] 

0.3 6E-19 P, 4H UK1 Elec. Irr. DLTS 
K. Kawahara,  

2009[39] 
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Table 2.5 continued, page 4 of 4 

aHex. : Hexagonal site 

bCub. : Cubic site 

cImp. : Implantation damage 

dElec. Irr. : Electron irradiation damage 

eRIE : Reactive ion etching 

fThe the range of -0.3~0.46 indicates change of energy levels depending on its 

density. Please see more detail on the Ref.[35] The sign of energy level 

indicates whether it is below the conduction band or above the valence band. 
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2.3 Interface States 

 

An interface-state and -trap are terms to indicate an energy level at an 

interface of two different materials such as oxide- or metal- semiconductor. It 

also confines a carrier in its state, like bulk trap of semiconductor as mentioned 

previous chapter. The interface states are the main problems of compound 

semiconductors, since the atoms at interface could be easily distorted by 

entropy of the system, and it would be more complicated by the various atoms. 

In terms of device performances, the interface states cause electrical hysteresis 

and deviation from ideal conditions. In this part, the related physics about 

junctions of metal- and insulator-semiconductor will be introduced, 

respectively. The specific cases of 4H-SiC about the interface states will be 

addressed. 

 

2.3.1 Interface states of oxide-semiconductor 

 

The oxide-semiconductor is one of important part of metal-oxide 

semiconductor field effect transistor (MOSFET). The interface states cause 

hysteresis and reduce the performance of the devices. The capacitance change 

by voltage (C-V) curve is one of important electrical characteristic of metal-

oxide-semiconductor junction. The interface states of oxide to semiconductor 

affect the threshold voltage and S.S. swing that relate to turn-on and -off 

characteristics of MOSFET. Assuming the ideal MOS capacitor without 

interface states or other anomalies, the capacitance of it is changed by applied 
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voltage. The capacitances of oxide and semiconductor are series capacitor, the 

capacitance of oxide is steady while that of semiconductor change as its 

depletion region changes. The frequency of ΔC voltage measuring the 

capacitance is also a determining factor of C-V curves. Therefore, we can get 

information of capacitor by changing the measurement frequency. At the low 

frequency, the charge at inversion layer could change and at the high frequency, 

fixed charge in semiconductor could change. This makes the different curve 

between them as shown in Figure 2.7.[40] 
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Figure 2.7 MIS C-V curves. Voltage is applied to the metal relative to the p-

semiconductor. (a) Low frequency. (b) Intermediate frequency. (c) High 

frequency. (d) High frequency with fast sweep (deep depletion). Flat-band 

voltage of 0 V is assumed.[40] 
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The interface states at oxide to semiconductor junction act as a parallel 

capacitor, which affects the C-V curves are shown in Figure 2.8. The C-V 

curves stretched out by the interface states because it capture the carrier by its 

side during the voltage change, resulting the delay of voltage response. The 

density of interface trap (Dit) could be obtained by comparing the real curve 

with theoretical ideal curve. Three methods are distinguished by its 

measurement frequency to obtain the density, which are low-frequency, high-

frequency, and high-low frequency [40]. In the high-frequency methods, the Dit 

is given by,  

𝐷𝑖𝑡 =
𝐶𝑖

𝑞2
[(

𝑑𝜓𝑠

𝑑𝑉
)
−1

− 1] −
𝐶𝐷

𝑞2
 Eq. 2.12 

Where Ci and CD are the insulator- and depletion-capacitance, respectively, ψs 

is surface potential, V is applied voltage on the gate, and q is an electric charge.  

The high-low-frequency method is using the difference between high- and low-

frequency capacitance. In that method, the trap density Dit is converted to 

𝐷𝑖𝑡 =
𝐶𝑖

𝑞2
[(

1

Δ𝐶/𝐶𝑖+𝐶𝐻𝐹/𝐶𝑖
− 1)

−1
− (

1

𝐶𝐻𝐹/𝐶𝑖
− 1)

−1
] −

𝐶𝐷

𝑞2
  

=
Δ𝐶

𝑞2
(1 −

𝐶𝐻𝐹+Δ𝐶

𝐶𝑖
)
−1
(1 −

𝐶𝐻𝐹

𝐶𝑖
)
−1

 Eq. 2.13 

The equation shows that the trap density is proportional to the difference of 

capacitances ΔC. The change of C-V curve with or without interface states are 

shown in Figure 2.8, which also shows that the interface states cause the less 

controllability of gate bias. 
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Figure 2.8 (a) Influence of interface traps on high-frequency and low-frequency 

C- V curves. (b) The stretch out of C-V curves is due to a less effective 

modulation of surface potential ψS by the applied voltage (V). Example is on p-

type semiconductor.[40] 
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The origin of interface states at oxide to semiconductor junction are 

introduced by dangling bonds, interstitials, substitution, or surface 

reconstructions. In SiC power device technology, oxidation of SiC is often used 

to form SiO2, insulating layer. However, interface states increases at the 

oxidation process. The known mechanism is followed. At the beginning state 

of oxidation, the oxygen can consume the carbon compounds easily by making 

gas states-carbon oxide. As the oxide grows, the carbon cannot escape through 

the oxide, so that the carbon remains at the interface, which plays role as the 

interface states. Figure 2.9 is the schematics of the origins of interface states in 

an atomic scale.[41] 

The presence of interface states were observed by Afanseve et al., using 

constant capacitance-Deep level transient spectroscopy (CC-DLTS) as shown 

in Figure 2.10.[42] They argued that carbon may be present in two 

configurations, as sp2-bonded clusters and graphite-like clusters providing the 

interface states-distributed from conduction band to mid-gap, and -over the 

entire SiC energy gap. With respect to oxide traps, their energy level are in the 

vicinity of the SiC conduction band and are probably related to SiO2 defects 

generated during the oxidation process. The argumentation was well illustrated 

in the Figure 2.11. 
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Figure 2.9 Perspective atomic geometries during the formation of CO molecule 

at Si-face 4H-SiC/ SiO2 interface. The geometries of (a) O2 molecule in SiO2 

region of the interface (A in Fig. 3), (b) transition state for the reaction (B in 

Fig. 3), (c)metastable Si2–CO bond (C in Fig. 3), and (d) CO molecule in SiO2 

region of the interface (D in Fig. 3) are shown. Brown, gray, red, and blue 

circles denote Si, C, O, and H atoms, respectively. The O atoms of O2molecule 

are represented by green circles. The dissociation of Si–O bond in the transition 

state structure is shown by dashed arrows, and the C and O atoms of Si2–CO 

bond are indicated by arrows.[41] 
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Figure 2.10 Interface state density Dit as a function of energy for n-/p-type 3C, 

6H, and 4H SiC/SiO2 MOS structures as determined from admittance 

spectroscopy (AS) (full symbols) and CCDLTS (open symbols). The zero point 

of the energy scale corresponds to the top of the SiC valence band, the dotted 

straight lines indicate the position of the conduction band edge of the 

investigated SiC polytypes.[42] 
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Figure 2.11 “Carbon Cluster Model” for interface states at SiC/SiO2 MOS 

structures. The interface states are governed by wide energy gap sp2-bonded 

carbon clusters (shown for the case Egap = 3 eV) and graphite-like carbon 

clusters. Near-interface oxide traps are marked at 2.77 eV below the conduction 

band edge of SiO2 (the distance x is in arb. units).[42] 
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2.3.2 Interface states of metal-semiconductor 

 

Metal to semiconductor junction is the most important part of 

semiconductor processes, since it is used to almost processes. Schottky contact, 

a kind of the junctions, could be involved in the problems related to the interface 

states. When a metal and semiconductor are ideally contacted to each other, 

which have no interface states or other anomalies, electrons with higher energy 

move to lower energy levels, accumulating space charge to the semiconductor 

and bending the semiconductor band, illustrated in Figure 2.12. In the ideal case, 

the contact forms an electrical barrier by amount of,  

𝑞𝜑𝐵𝑛0 = 𝑞(𝜑𝑚 − 𝜒) Eq. 2.14 

Where, φBn0 is the barrier height, φm is the work function of metal, and χ is the 

affinity of semiconductor. However, there are some other factors changing the 

ideal condition, which are an image force lowering, metal-induced gap states 

(MIGS), and the interface states.   
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Figure 2.12. Energy-band diagrams of metal-semiconductor contacts. Metal 

and semiconductor (a) in separated systems, and (b) connected into one system. 

As the gap S(c) is reduced and (d) becomes zero.[40] 
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Image force lowering is theoretically always present in Schottky junctions, 

and is a theory that explains how the barrier heights are lowered by the applied 

voltage. When electrons or holes are present in a semiconductor, the opposite 

charges exist in the metal, so that the columbic force makes it easier for carriers 

to go over the barrier. The columbic force on the carrier is given by, 

𝐹 =
−𝑞2

4𝜋 0(2𝑥)
2 Eq. 2.15 

Where ε0 is the permittivity of vacuum, x is the distance from interface to charge 

in semiconductor. The energy required to move the carrier from infinity to x is 

the integral of the equation. Addition of potential energy of semiconductor, the 

maximum point of the equation could be obtained by differentiating it and 

making the differential to be zero. The lowered potential induced by the image 

force is given by 

𝛥𝜙 = √
𝑞|ℰ|

4𝑞𝜋 𝑟
 Eq. 2.16 

Where εr is the permittivity of semiconductor, and ℰ  is the external field 

induced on semiconductor. The barrier height depends on the reverse bias of 

the diode and the barrier lowering is illustrated on Figure 2.13. 
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Figure 2.13. Energy-band diagram incorporating the Schottky effect for a metal 

N-type semiconductor contact under different biasing conditions.[40] 
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The metal induced gap states (MIGS) are induced by quantum tunneling 

of electrons in a metal. Compared to interface states, it also could act as energy 

site at the interface, but it is always presenting regardless of condition of the 

interface. Heine, in 1965, pointed out that any intrinsic electron states which 

may be present on a free semiconductor surface will be replaced by the MIGS 

when a metal is deposited on that surface. These MIGS are associated with the 

tails of the conduction electron wave functions in the metal which tunnel into 

the band gap of the semiconductor at the interface, with an attenuation length 

of the order of a few Angstroms.[43] The schematics are illustrated on Figure 

2.14. It is still an issue on the Schottky contact, affecting the current transport 

of Schottky diode by changing the barrier height controllability.[44] 
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Figure 2.14 (a) Schematic density of states. (b) Metal-induced gap states 

(MIGS) at a perfect interface with energy in the band gap are extended in the 

metal and evanescent in the insulator.[45] 

  



 

 43 

 

 

 

 

 

 

 

Figure 2.15. Energy-band diagram incorporating the Schottky effect to show 

the derivations of thermionic-emission-diffusion theory and tunneling 

current.[40]  
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The interface states affect the barrier height of metal-semiconductor 

contact. Because people think that disorder of atoms on semiconductor surface 

is the origin of interface states, the earlier model was assuming the continuous 

distributed interface states. The Eq. 2.14 is change to 

𝜙𝐵𝑛0 = 𝑐2(𝜙𝑚 − 𝜒) + (1 − 𝑐2) (
𝐸𝑔

𝑞
− 𝜙0) ≡ 𝑐2𝜙𝑚 + 𝑐3 Eq. 2.17 

Where Eg is band gap of semiconductor, and 𝜙0 is neutrality level,  

𝑐1 ≡
2𝑞 𝑠𝑁𝐷𝛿

2

𝑖
2  Eq. 2.18 

𝑐2 ≡
𝑖

𝑖+𝑞
2𝛿𝐷𝑖𝑡

 Eq. 2.19 

Where εi and δ is permittivity- and thickness-of interfacial layer, respectively, 

ND is dopant density, Dit is density of interface states. The Eq. 2.17 expresses 

that slope of 𝜙𝐵𝑛0-𝜙𝑚 plot is no more 1, and the slope depends on the Dit. For 

instance, the interface states density would be 0 when the slope approach to 1, 

while it would be divergent when the slope approach to 0.[40] The experimental 

results about barrier heights for different metals on N-type silicon is shown in 

Figure 2.17.[46] This relation is true only when the interface states are 

distributed evenly over the band gap. However, in the real world, there are some 

exceptions. 
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Figure 2.16 Detailed energy-band diagram of a metal-N-semiconductor contact 

with an interfacial layer (vacuum) of the order of atomic distance.[40] 
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Figure 2.17 Experimental barrier heights for different metals on N-type 

silicon.[46] 
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Origins of the interface states could be related to surface-dangling bonds 

and –reconstruction, crystallographic defects, native oxide, and impurities. 

Figure 2.18 a and b illustrate that atomic structure of frequently observable 

(√3 × √3)R30°- and (3 × 3)-reconstructions on 4H-SiC. Figure 2.18 c is the 

Low energy electron diffraction (LEED) pattern of the surfaces, showing 

gradual change of (3 × 3)  to (√3 × √3)R30° annealed at 1000 °C.[47] 

Because the dangling bonds on the surface would be a source of the interface 

states, the surface reconstruction would change the states. Figure 2.19 shows 

that different trap levels are associated with the different orientation of screw 

or edge dislocation near the surface of Silicon.[48] Figure 2.20 shows the 

presence of native oxide at the interface of deposited Ni on SiC. Even though 

they deposited Ni directly after the oxide etching on buffered oxide etchant 

(BOE), the native oxide was re-grown during the processes. The native oxide 

was gradually removed by annealing at 650 °C.[49] 
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Figure 2.18 Surface atomic structures of frequently observable-(a) (√3 ×

√3) R30° and -(b) (3 × 3)  reconstructions on 4H-SiC. (c) Low energy 

electron diffraction (LEED) of 4H-SiC, showing gradual change from (3 × 3) 

to (√3 × √3)R30° at 1000 °C.[50] 

  



 

 49 

 

 

 

Figure 2.19 DLTS-spectra (left) for different subsets of samples that have 

different concentration of screw- and edge-dislocation. Corresponding TEM-

images.[48] 
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Figure 2.20 HRTEM images of native oxide between Ni and SiC (a) as-

deposited Ni and (b) after annealed at 650ºC.[49] 
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In order to observe the interface states, researchers have tried to use the 

work function varying method,[40] ideality factor,[51] and DLTS.[2] With 

respect to the work function varying method, as mentioned above, it utilizes 

various metals to form the Schottky contact, so that the fixing the conditions 

would be very hard and it is also easily involved with processes faults. The 

ideality factor methods are also involved in the other effects, since it is easily 

changed by the processing fault and local leakage current. The last method, 

DLTS would be a most favorable method for observing the interface states. 

Because it is using capacitance change of the contact, it is less sensitive to 

leakage path, produced by processing fault, which is a crucial for the other 

methods. 

Using DLTS, an observation of native oxide on GaAs was reported in 

1988,[52] as shown in Figure 2.21 (a) and (b). They made the samples in ultra-

high vacuum (UHV) or in the air. Since the GaAs was cleaved in the (UHV), 

the sample would have no native oxide, resulting no interface states signal in 

the DLTS spectra. However, the sample cleaved in the air had native oxide and 

interface states signal. With respect 4H-SiC, there would be a report about the 

interface states observed by DLTS until 2016 as shown in Figure 2.21.[53] The 

lack of research about the interface states of 4H-SiC schottky diode may be 

because of less impact on the diode performances. However, in order to know 

exact circumstances of the mechanism of the devices, but also the fundamental 

properties of 4H-SiC, the additional research should be proceeded.  
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Figure 2.21 DLTS spectra of interface included region of (a) Ag-GaAs Schottky 

diode interface-included region, and (b) Ni-4H-SiC schottky diode.[52,53] 
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2.4 Deep level transient spectroscopy (DTLS) 

 

In 1974, David Vern Lang invented DLTS.[3] Since the invention, it have 

been a most sensitive technique to detect electrical trap concentration in 

materials, which can detect concentration of the traps as low as 1011/cm3.[27] 

Using this equipment, the concentration, energy level below conduction or 

above valence bands, and capture cross-section of traps can be obtained. 

 

2.4.1 Principle of DLTS  

 

DLTS spectra is relate to trap-concentrations and -levels inside band gap 

of a material. It is based on the capacitance-voltage measurement. The 

capacitance is changed by trapped charge that is thermally emitted from the site. 

In order to get the specific values of the traps, the capacitance transient should 

be examined. 

In the band diagrams of schottky diode Figure 2.22, the majority carriers 

fill the traps below the Fermi level. If the reverse bias applied to the diode, the 

Fermi level move down and depletion width become wider resulting the 

evacuation of carriers from the trap sites upper the Fermi level. When the 

forward pulse bias induces to the diode, the Fermi level move upward and 

depletion width become narrower, resulting the filling the trap sites. After 

withdraw the pule bias, the Fermi-level reset to the original position and the 

carriers higher than the Fermi-level is emitted out by thermal energy. 
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Figure 2.22 Carrier capture and emission process 
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Capacitance change by capture and emission of carriers is illustrated in 

Figure 2.23. When the forward pulse bias induces on the diode, the depletion 

capacitance rises increase from the quiescent reverse bias capacitance (C0) to 

pulse bias capacitance (Cp). The depletion capacitance is given by, 

𝐶 = 𝜀0𝜀𝑟
𝐴

𝑊
= 𝜀0𝜀𝑟

𝐴

√
𝜀0𝜀𝑟(𝑉𝑏𝑖−𝑉)

𝑞𝑁𝐷

 Eq. 2.20 

Where Vbi, V, and Nd are built-in potential, applied bias, and dopant density, 

respectively. After the pulse-bias removes, the capacitance recovers to C0 if 

there is no trap sites as shown in Figure 2.23 (a). However, diodes with trap 

sites have excess carriers in those sites that are emitted by thermal energy. The 

trapping of majority- or minority-carriers decreases or increases capacitance at 

time t0, respectively. Then, the capacitance exponentially decays to C0, 

𝐶 = 𝐶0 + 𝛥𝐶𝑒−𝑒1𝑡 Eq. 2.21 

The negative or positive sign of ΔC is the capacitance change by trapping 

majority- or minority-carriers, respectively and e1 is emission rate of carriers. 
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Figure 2.23 Capacitance change of diode (a) without trapped carriers, (b) with 

trapped majority carriers, and (c) with trapped minority carrier. 
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The emission rate of a carrier are temperature dependent, which is faster 

at higher temperature. The thermal emission rate of carriers is given by,  

𝑒1 = 𝑣𝑇𝑁𝑐𝜎𝑒
−
Δ𝐸

𝑘𝑇 = 𝑇2𝑐𝑒−
Δ𝐸

𝑘𝑇 Eq. 2.22 

The emission rate becomes faster exponentially with temperature and depends 

on the activation energy and the capture cross-section. The temperature 

dependent decay curves are illustrated in the Figure 2.24. At the low 

temperature, carriers are freeze out, so that the emissions are extremely 

hindered. As the elevating the temperature, carriers get thermal energy and start 

to emit. At moderate temperature, the carriers are emitted more actively 

resulting total emission during the observation time from t1 and t2. At the 

extremely high temperature, the emission rate is too high, so that the amount of 

decay are not observable at the time range. The difference of capacitances 

between C(t1) and C(t2) is a point of DLTS spectra and gathering the points with 

elevating temperature composes one peaks on the temperature axis, which is 

illustrated on the right side in Figure 2.24. The red lines in the figure means a 

change of observation time and the dependent peak shift. The observation time 

t1 and t2 the shorter, the faster signal can be observable. In that case, the peak 

shift toward higher temperature. 
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Figure 2.24 Temperature dependent decay curves and its DLTS spectra. The 

red line illustrates how the peak shifts toward higher temperature by changing 

the observation time t1 and t2.[3] 
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The peak position on the DLTS Spectra has own temperature and the 

observation time relate to the emission rate of carriers. The DLTS signal can be 

defined as 

S(𝑒1) = Δ𝐶(𝑒−𝑒1𝑡1 − 𝑒−𝑒1𝑡2) Eq. 2.23 

A theoretical peak position of DLTS spectra can be found by differentiating Eq. 

2.23 with respect to e1 and setting the result equal to zero: The resulted form is, 

𝑒1 =
𝑡1−𝑡2

ln(𝑡1/𝑡2)
 Eq. 2.24 

The theoretical emission rate at the peak position relates to observation time, 

i.e., the “rate window”. 

Now, we can mark a point on Arrhenius plot by matching the emission 

rate and the temperature of the peak position of real world. The five different 

observation times (rate window) give us 5 points that make us to draw full 

Arrhenius plot. An activation energy and a capture cross-section can be 

calculated from the slop and the y-intercept of the plot. Figure 2.25 is an 

example of DLTS spectra and its Arrhenius plot of 4H-SiC, which has bulk 

traps A, Z1/2, and EH6/7. The peak shifted toward lower temperature region as 

the observation time constant increase. 
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Figure 2.25 (a) DLTS spectra with five rate windows and (b) its Arrhenius plot. 
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2.4.2 Sensitivity and selectivity of DLTS 

 

The sensitivity and selectivity of a DLTS system are the most important 

part. Those can be realized by software technique. The hardware can be easily 

purchasable but the software cannot. Therefore, if anyone who want to set up 

DLTS system should consider whether you can make programs or not. I think 

people who did not learn about C+, LabVIEW, or relevance programing cannot 

set up DLTS. Please aware of this. 

Returning to the point, the sensitivity and selectivity strongly depend on 

the choice of the weighting function used to correlate the capacitance 

transients.[54] According to the theory of signal processing, the best sensitivity 

is provided by the weighting function that has the form of the noise-free signal 

itself; that is, for a DLTS system it should be a decaying exponential. Because 

the exponential correlator has the poorest selectivity, compared with those of 

other weighting functions, more than 20 different correlation functions have 

been proposed during the past 20 years to improve the resolution of DLTS.[5] 

Figure 2.26 shows various forms of weighting function that are listed 

alphabetical order and specific parameters are listed in Table 2.6. The more 

specific equation of the weighting function and signal processing that are used 

in this dissertation will be described in experimental sections. 
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Figure 2.26 Weighing function forms. They are listed in alphabetical order, 

from high sensitivity to low sensitivity.[5] 
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Table 2.6 Parameters of the weighting functions from figure 1, calculated with 

the optimum delay time. The letters used to denote weighting functions in figure 

1, are given in the second column.[5] 

Order 

of the 

filter 

Weighting 

function 

Optimum 

delay time 

td /tc 

Figure of 

merit M 

DLTS 

peak width 

w 

Signal-to- 

noise ratio 

SNR 

Output 

amplitude 

S 

τmax /tc 

0(1) (a) Linear ramp 0.076 21.0 15.5 0.33 0.188 0.596 
 (b) Exponential 0.086 20.7 15.6 0.32 0.160 0.598 

1 
(c) Shifted 

exponential 
0.082 12.8 16.2 0.21 0.050 0.444 

 
(d) Shifted 

linear ramp 
0.077 12.6 15.9 0.20 0.116 0.475 

 (e) Sine 0 11.8 15.2 0.18 0.126 0.424 
 (f) Lock-in 0.048 11.6 15.7 0.18 0.182 0.459 

 (g) Rectangular 

(Crowell) 
0.057 11.4 16.5 0.19 0.109 0.368 

 
(h) rectangular 

(Hodgart) 
0.075 10.9 16.8 0.18 0.069 0.360 

 (i) Split sine 0 9.0 14.2 0.13 0.090 0.440 

 (j) Double 

boxcar 
0.131 7.9 16.5 0.13 0.058 0.501 

2 (k) Cosine 0.032 10.6 8.8 0.093 0.066 0.185 
 (l) Triangular 0.037 10.4 8.8 0.092 0.053 0.186 

 (m) Three-step 

(Crowell) 
0.018 9.7 9.4 0.091 0.051 0.125 

 (n) Square wave 0.023 9.5 8.8 0.084 0.084 0.183 
 (o) HiRes-3 0.019 8.1 8.5 0.069 0.097 0.190 

 (p) Three-point 

(Dmowski) 
0.040 6.7 9.7 0.065 0.028 0.146 

3 
(q) Four-step 

(Crowell) 
0.008 6.6 8.0 0.053 0.022 0.0525 

 
(r) Four-point 

(Dmowski) 
0.011 6.0 7.9 0.047 0.024 0.0631 

 (s) HiRes-4 0.011 4.3 6.7 0.029 0.064 0.1137 

4 (t) HiRes-5 0.007 2.2 5.9 0.013 0.048 0.0788 

5 (u) HiRes-6 0.005 1.1 5.4 0.0058 0.038 0.0594 
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Chapter 3. Experimental techniques 

 

Schottky diode is the base structure of this dissertation. The control 

processes of making the Schottky diode are demonstrated in this chapter. The 

other detailed processes will be demonstrated in the other chapters. 

Specifications of DLTS about software and hardware are also demonstrated, 

which is the main characterization tool of the interface states of Schottky diodes. 

 

3.1 Schottky Diode Fabrication 

 

The epi wafer was a production grade wafer with a diameter of 100 mm, 

4° off-axis, and a 12-μm-thick epi layer, the dopant density of which was 5 × 

1015 cm−3. The wafer was diced into 8 mm × 8 mm squares and dipped into 

acetone in an ultrasonic bath for 10 min, followed by conventional Radio 

Corporation of America cleaning[55] and immersion into a buffered oxide 

etchant (BOE) for 1 min. To make an ohmic contact, a 50-nm-thick Ni layer 

was deposited on a C-face n+ substrate with an e-gun evaporator at a base 

pressure of 5 × 10−6 torr. For metallization, the wafer was annealed by rapid 

thermal annealing (RTA) at 1000 °C for 2 min in ambient N2 (60 torr). The 

samples were dipped into the BOE again to remove the unwanted oxide 

produced during the RTA process. For the Schottky contact, a 200-nm-thick Ni 

was deposited on the Si-face of an epi layer covered by a shadow mask of 1.4-

μm-thick photoresist (PR) AZ5214 patterned by positive photolithography. 
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Finally, the Schottky contacts with diameters of 1 mm were formed through a 

lift-off process. 

 

3.2 Specification of DLTS 

 

3.2.1 Hardware setting 

 

DLTS was composed of a Boonton 7200 CV meter, an Agilent 81110a 

pulse generator with an 81111A channel, a Janis ST-100 cryostat with a 

Lakeshore 335 temperature controller, a Picoscope 4262 Oscilloscope, and an 

operating PC, which are illustrated in Figure 3.1. 
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Figure 3.1 (a) The whole image of DLTS system, (b) sample in cryostat, and (c) 

schematic of DLTS system. 
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3.2.2 Software setting 

 

The software of DLTS is the most important part, which should be 

designed to enhance signal to noise ratio and process some complicated 

calculations. In this research, Crowell’s rectangular weighting function was 

selected, since it has relatively simple calculations with moderate sensitivity. 

The relation of the capacitance decay curve and the weighting function is 

illustrated on Figure 3.2. The weighting function can be correlated with 

exponential decay curve of capacitance and it can be expressed by,  

𝑆 = 𝛥𝐶 {∑ 𝑒𝑥𝑝(−𝐾 ∙ 𝑠)𝑎+𝑏−1
𝑆=𝑎 −

𝑏

𝑐
∑ 𝑒𝑥𝑝(−𝐾 ∙ 𝑠)𝑎+𝑏+𝑐−1
𝑆=𝑎+𝑏 } Eq. 3.1 

Where K is emission rate×dt (dt is time between a sampling interval), and a, b, 

and c are the number of samples, respectively which are indicated in Figure 3.2. 

Because the theoretical maximum of S can be calculated with fixed a, b, and c, 

the Eq. 3.1 can be expressed in terms of ΔC as,  

∆𝐶 =
𝑆(𝑇)

𝑆𝑚𝑎𝑥
 Eq. 3.2 

By recording ΔC during temperature increases, the DLTS spectra can be 

obtained. With respect to Arrhenius plot, if a, b, and c are designated, the 

emission rate K at the peak position can be obtained, which should be matching 

the actual temperature. By doing this with 5 different sets of a, b, and c, the 

Arrhenius plot is obtained.  
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Figure 3.2 Exponential decay curves and weighting function with a, b, and c 

parameters. 
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After the DLTS spectra acquisition, spectra fittings were applied in order 

to resolve overlapped background and peaks. Additionally, the fitting program 

were designed to acquire capture cross-section and activation energy of a trap 

level without complicate Arrhenius plot. The fitting program was based on 

constrained non-linear optimization of LabVIEW supplement. The equation for 

fitting, which is called objective function, is equal to Eq. 3.1, but rather 

computational form is 

𝑆 = ∆𝐶 (
𝑏

𝑐
𝑒−𝐾(𝑎+𝑏+𝑐)+𝐾(1−𝑎−𝑏)(𝑒𝐾(𝑎+𝑏)−𝑒𝐾(𝑎+𝑏+𝑐))−𝑒−𝐾(𝑎+𝑏)−𝐾(𝑎−1)(𝑒𝑎𝑘−𝑒𝑘(𝑎+𝑏))

𝑒𝐾−1
) Eq. 3.3 

The images of the fitting program is shown in Figure 3.3. Please notice that the 

shape of spectra is very different from Gaussian-Lorentzian distribution. 
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Figure 3.3 Image of fitting program for DLTS. 
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Chapter 4. Results and discussion 

 

4.1 Shape Parameters of Deep Level Transient 

Spectroscopy 

 

Because DLTS peak is inherently broad, which can be easily 

overlapped,[5] many groups have tried to separate peaks by multi-exponent 

method or spectral fitting using the DLTS spectral equations. However, 

importance of knowing theoretical shape of the spectra for appropriate fitting, 

there has been lack of research about the effects of shape parameters, like 

weighting functions and trap properties. In this chapter, it was examined that 

how the shape parameters determine width, position, and asymmetry of the 

spectra. The weighting functions were more effective on the change of 

asymmetry than trap parameters did. Furthermore, based on this study, spectral 

fitting was applied to spectra in the part 4.3. 
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4.1.1 Experimental 

 

Figure 4.1 illustrates exponential decay curve of capacitance with 

visualized rectangular correlation function and relations of the number of 

samples and time-section are depicted. The rectangular shaped correlation 

function is the good method to enhance signal to noise ratio(SNR) of DLTS 

signal.[5] The theoretical expression of the correlated signal is given by,  
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 Eq. 4.1 

a, b, and c is the number of samples, and em and dt are an emission rate and a 

time between points, respectively.  The exponential form of it is 
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 Eq. 4.2 

The bracket on the right term can be defined as a weighting function (w) that 

has a maximum value at specific parameters. We can define a DLTS signal as, 

 

max

m

w

dt ,e c, b, a,S
ΔC 

 Eq. 4.3 

Since the number of samples multiply by dt is a time, we can defined the 

sampling time as ta=a×dt, tb=(a+b-1)×dt, and tc=(a+b+c-1)×dt. The ta, tb, and tc 

are the first important “artificial parameters” that change shape of peaks. 

Changes of ΔC with different em compose DLTS spectra. 



 

 73 

 

 

 

 

 

 

 

Figure 4.1 An exponential decay curve of capacitance and a visualization of 

rectangular shaped correlation function. Relations of the number of samples 

and time-section are illustrated. 
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The em, which is determined by temperature and nature of traps in 

materials, is given by, 

kT

ΔE

T C,T th,m eσNυe




 Eq. 4.4 

vth,T is temperature dependent thermal velocity of electrons or holes, NC,T 

is temperature dependent effective density of states of conduction or valence 

band. σ is capture cross-section, and ΔE is the activation energy between trap 

levels to conduction or valence band for electron- or hole-traps, respectively. k 

is Boltzman constant, T is temperature. For temperature independent coefficient 

vth and Nc, 

kT

ΔE

cth

2

m eσNυTe




 Eq. 4.5 

An observation time-section (ta, tb, and tc), and trap properties (ΔE and σ) 

were the main parameters of simulations in this letter. On the one hand, for 

specific trap properties, the observation time-section was changed, but on the 

other hand, for specific observation time-section, the trap parameters were 

changed, respectively. The resulted spectral shapes and their quantified 

asymmetry will be discussed. 

A constrained non-linear optimization.vi of LabVIEW software was used 

to make fitting program. The program works to minimize the square of the 

difference between the real DLTS spectrum and the calculated spectrum given 

by the equations Eq. 4.2 and Eq. 4.5. 

The real DLTS signal of the Schottky diode was collected from 80 K to 

750 K in DLTS system, composed of a Boonton 7200 CV meter, an Agilent 
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81110a pulse generator with an 81111A channel, a Janis ST-100 cryostat with 

a Lakeshore 335 temperature controller, a Picoscope 4262 Oscilloscope, and an 

operating PC. 

Fabrication process for the 4H-SiC Schottky diode, which is required for 

the trap detection, has following order. 4H-SiC epi wafer (Cree, 100 mm, 4˚ 

off-axis, and a 12-μm-thick epilayer, and ND=5×1015 cm-3) was used. Radio 

Corporation of America cleaning and immersion of buffered oxide etchant 

(BOE) were cleaning process. Forming NiSi ohmic-contact by depositing Ni 

and subsequent raid thermal annealing at 1000 °C for 2 min in 60 torr of N2 

ambient. Immersion of BOE again for removing oxide and forming Schottky 

metal on Si-face. The more specific process was described in a Ref.[2]. 

 

  



 

 76 

4.1.2 Time section dependent spectral shape 

 

Figure 4.2 shows peak shapes with different time section, ta, tb, and tc. 

Although the peaks originated from a same trap, their width, position on 

temperature, and asymmetry are different. The asymmetry of the peaks 

quantified by the left to right ratio at a tenth of the maximum of the peaks as 

indicated in the Figure 4.2 (a). As the start observation time, ta, is delayed, the 

width narrows, and the peak-position shifts toward to lower temperature. As 

the sign-changed time, tb, was delayed, the width narrows and the peak-position 

shifts toward to lower temperature. As the end of observation time, tc, was 

delayed, the width are similar, while the peak-position shifts toward to lower 

temperature. Figure 4.3 is the quantification of left-to-right ratio of the peaks in 

Figure 4.2. When the ta and tc were changed, the left-to-right ratio of the peaks 

varied from 0.9 to 1.7, while the change in tb varied from 0.8 to 1. 
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Figure 4.2 Changes of simulated DLTS spectra by varying (a) ta, (b) tb, and (c) 

tc. All peaks have a same trap level of 1 eV and a same capture cross-section of 

5×10-15 cm2. The right-upper insets in the graphs are illustrations of changes of 

weighting function. 
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Figure 4.3 Left-to-right ratio of the peaks in Figure 4.2 with varied (a) ta, (b) 

tb, and (c) tc. 
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4.1.3 Trap properties dependent spectral shape 

 

The trap properties, σ and ΔE are natural parameters affect DLTS spectra, 

whose simulated spectra with fixed observation time are shown in Figure 4.4. 

As σ increases, the width narrows and the peak position shifts toward to lower 

temperature. As ΔE increases, the width increases and the peak-position shift 

toward higher temperature. Figure 4.5. is the quantification of left to right ratio 

of the peaks in Figure 4.4. As σ increases, the left to right ratio increase from 1 

to 1.5, and as ΔE increases, the ratio increases from 1.5 to 1.6. 
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Figure 4.4 Change of Simulated DLTS spectra by varying (a) σ with fixed 

ΔE=0.2 eV and varying (b) ΔE with fixed σ=1×10-15 cm2. The time sections 

were fixed to ta=45 ms, tb=90 ms, and tc=135 ms. 
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Figure 4.5 Left-to-right ratio of the peaks in Figure 4.4 with varied (a) capture 

cross-section and (b) activation energy. 
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Figure 4.6 (a). is an real spectra of 4H-SiC having Z1/2 and EH6/7 peaks 

with its spectral fittings. In order to reveal an origin of the asymmetry of the 

real peaks, spectral fittings were performed by combining the equations (4.3) 

and (4.5). In the fitting results, the EH6/7 composes of two peaks EH6 and EH7, 

which matched with that of other groups, while the Z1/2 is only one peak whose 

left to right ratio is 1.42 and enlargement is in Figure 4.6 (b). ΔE, σ, and ΔC that 

are calculated from the spectral fitting, are listed on Table 4.1. 
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Figure 4.6 (a) Empirical DLTS spectra of Z1/2 and EH6/7 of 4H-SiC and (b) an 

enlargement of Z1/2 peak with fitted spectra. 
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Table 4.1 Trap properties calculated by fitting 

Trap name ΔE (eV) σ (cm2) Intensity (fF) 

A 0.07 2×10-21 4.7 

Z1/2 0.6 5×10-16 10.6 

EH6 1.3 3×10-16 1.9 

EH7 1.45 8×10-16 6.0 
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4.1.4 Summary 

 

We observed asymmetry of peaks in DLTS spectra by changing the 

artificial parameters, rate windows and the natural parameters, the activation 

energy and capture cross-section. The asymmetry defined by left to right ratio 

of peaks, was ranging from 0.9 to 1.7 by changing rate windows and the other 

parameters are less effective. As a real spectra application of this study, fitting 

of Z1/2 peak whose left to right ratio is 1.42, was performed and the fitting result 

showed that the peak could not originate from multi-peaks but from a single 

peak. 
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4.2 Pulse width-dependent spectral intensity 

 

The pulse width is one of the important parameters. It is directly related to 

the time required to fill the electron or hole trap, and the pulse width should be 

determined to fill whole traps and not to be long since the width also takes up 

people’s time. Although, its importance, there have been lack of research about 

the pulse width of 4H-SiC.   

In 2005, Nielsen named a point defect called M2 and plotted a pulse width-

DLTS intensity graph for observing the pulse width.[56] Because it was just a 

single analysis and was not discussed in detail, and M2 defect is not a generally 

fundable in 4H-SiC, it is difficult to have representative. 

In this research, the saturation of trap-fillings, abnormal-negative shift and 

-negative peak of the spectra were observed. Furthermore, in order to reveal the 

abnormality, which is assumed as minority carrier signals, four-different 

Schottky metals were used to modulate work function and the barrier height of 

the minority carriers. 
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4.2.1 Experiment 

 

The Schottky diodes for measuring DLTS were composed by 4H-SiC Cree 

epi wafer and 4 different Schottky metals Ti, Cr, Ni and Pt. The specification 

of the epi wafer is production grad, 100 mm, 4 degree off-axis, 12 micro meter 

and ND = 5×1015 cm-3. Ultra sonic in Acetone, RCA cleaning, BOE, Photo 

lithography and BOE, were proceeded for cleaning the wafer. Metals were 

deposited by E-gun evaporator whose base pressure is 5×10-6 Torr, on defined 

photo resists and then the lift-off were proceeded in acetone. The thickness of 

metals was 200 nm and its diameters were 0.5 mm and 1 mm for statistical IV 

measurement and DLTS measurement respectively.  

The time constant of correlation functions are t1 = 20, 30, 45, 67.5, and 

101.25 ms, and t2 = 40, 60, 90, 135, and 202.5 ms and t3 = 80, 120, 180, 270, 

and 405 ms, respectively. The time constants of presented spectra are t1 = 45 

ms, t2 = 90 ms, and t3 = 180 ms. The zero phase filter whose width is 3 were 

applied to the DLTS-Temperature signal. The relations of the pulse width and 

the period for DLTS vs time were given by  

Period = pulse width + (sampling time: 1 sec)*1.5 

Where the 1.5 factor on right of the equation is for the enough update time of 

oscilloscope. The pulse width for measuring DLTS-temperature was fixed to 1 

ms and the period was 1 sec which is 2 times longer than oscilloscope sampling 

time 0.5 sec. The pulse lows were -3.9, -3.7, -3.3 or -3.1 V for Ti, Cr, Ni, and 

Pt-Schottky diode, respectively, for matching the band bending of the Schottky 

diodes. The relation of work function, applied bias and band bending are listed 
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on Table 4.2. The bias conditions were same for DLTS-time and temperature 

plot of the part 4.1. 
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Table 4.2 Measured barrier height (φb) of Schottky diodes with different metals 

and band bending at reverse bias (Vr) and pulse bias (Vp), respectively. 

Metal φb(eV) Vr (V) Vp (V) qVr - φb (eV) qVp - φb (eV) 

Ti 1 -3.9 -0.6 -4.9 -1.6 

Cr 1.2 -3.7 -0.4 -4.9 -1.6 

Ni 1.6 -3.3 0 -4.9 -1.6 

Pt 1.8 -3.1 0.2 -4.9 -1.6 
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4.2.2 Pulse width dependent spectral intensity 

 

Figure 1 (a), (b), and (c) show DLTS spectra of diodes with different 

Schottky-metals whose PW is 10, 100, and 1000 ms, respectively. In all the 

spectra, Z1/2 peak and EH6/7 peak, which is estimated could be found and as the 

PW increases from 10 ms to 1000 ms, the negative shift of backgrounds and 

the negative peak are more intensified. It had been assumed that the larger the 

work function of the metal, the smaller the barrier height of the minority carrier, 

and thus the greater the negative-shift of background and -peak. However, as 

the work functions increase with ascending order like Ti, Cr, Ni, and Pt, the 

ascending order of amount of negative-shift of background and -peak is Cr, Pt, 

and Ti=Ni which has no tendency about the negative-shift of background and -

peak. The numbers, 1., 2., and 3. in the Figure 4.7 (c) point the background, 

negative peak, and Z1/2 peak, respectively, which will be further analyzed. 

With respect to peaks in higher temperature, which are estimated as EH6/7 

peaks, their differences could be emerged by the difference in quasi-fermi level 

of the work functions. In addition, Ti Schottky diode showed a change in peak 

at high temperature even when analyzed with the same pulse width. This would 

be due to the reaction at the interface of the metal and SiC. The reaction could 

be dramatically observable in Ti-based diode, which is well demonstrated in 

Figure 4.10. In order to focus on the negative shift of the background and peak 

phenomenon, we will discuss the low temperature region, which is relatively 

unaffected by the quasi fermi level due to the difference in the metals. 
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Figure 4.7 DLTS spectra of PW = (a) 10, (b) 100, and (c) 1000 ms with four-

different Schottky metals, Ti, Cr, Ni, and Pt respectively. The numbers in (c) 

points background, negative peak, and Z1/2 peak, respectively. 
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Figure 4.8 is the pulse width dependent DLTS signal measured at the 

pointed temperatures in Figure 4.7. The pulse width dependence of the base line 

was positive shift when the pulse width was more than 1 ms, saturation at 104 

ms and a constant shift regardless of the type of metal. In the case of positive 

peak, positive shift of base line, Z1/2 and positive peak were mixed, and 

saturation intensity was about 1.5 times larger than base line saturation intensity 

at 104 ms like base line shift. As shown in Figure 3 (b), the intensities of the 

negative peaks were found to be larger for Ni and Ti than for Cr and Pt. The 

Z1/2 peak was a negative signal, which was confirmed to be saturated at 10-2 ms. 

It was observed that positive shift and positive peak of base line were mixed 

starting from 1 ms or more and positive saturation was performed at 104 ms.  

In the case of Z1/2 peak, Ti, Cr and Ni have almost similar intensities and 

Pt is only about 10% smaller. Negative saturation showed that the intensity 

decreased in the order of Ni, Ti, Pt and Cr, whose maximum difference was 

about 32%. 
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Figure 4.8 Pulse width dependent DLTS signal measured at the point of (a) base 

line, (b) negative peaks and (c) Z1/2 peak that are pointed in the Figure 4.7 (c) 

as 1. 2. and 3., respectively. IB and IN is the background- and negative peak-

intensity, respectively. 
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4.2.3 Band diagram consideration for minority carrier signal 

 

Figure 4.9 (a) and (b) illustrate band diagrams and quasi fermi level at bais 

of pulse-off (Vr) and -on (Vp), respectively. As the pulse width became longer, 

the negative-shift of background and -peak were observed. According to the 

DLTS principle, the negative signal means that minority carriers exit the trap. 

However, according to mass action law, the theoretical intrinsic carrier density 

and the amount of minority carrier in n-type 4H-SiC in this study is very low 

as 10-5 cm-3. Therefore, it is hard to understand how to fill trap of 1012 cm-3 with 

such a small number of carriers. In fact, previous studies have observed the 

negative peaks in Schottky based-DLTS. Stolt, who observed Silicon's positive 

peak in 1985 with DLTS, predicted that the minority carrier in his paper could 

be larger than the theoretical value or the contact side could be the source of 

the minority carrier.[57] In 2005, Johnston analyzed DLTS by forming a 

Schottky diode on a GaAsN material. This positive peak is the same as the 

minority carrier trap peak observed with optical-deep level transient 

spectroscopy (ODLTS) and the minority carrier trap was used to identify the 

interface. In the interface, the minority carrier band (the conduction band in his 

paper) and Fermi-level are closer.[58]  

In this work, however, as the work function of the metal increases, the 

Fermi level of the interface becomes closer to the valance band and the amount 

of the hole as the minority carrier exponentially increases, so that the intensity 

of the peak is expected to saturate more rapidly or the intensity of the peak to 

be larger. As a result, the intensity of minority carrier trap of the Schottky diode 
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of Ti and Ni were larger than those of Cr and Pt by removing the base line. This 

can be seen as a proof that the interface is not a minority carrier source. It can 

be seen that the base line shift is constant regardless of the work function of the 

metal. This is because, in the reverse bias state, the hole is all washed away to 

the metal side, the bias weakens and the washed hole is generated in the pulse 

high state, This process can produce a positive signal of the DLTS. In other 

words, even if there is no trap, a positive signal can be generated by pushing 

the hole from the bulk SiC toward the metal, and the sweep-out phenomenon 

of this hole produces a certain positive shift regardless of the work function of 

the metal. 
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Figure 4.9 Band diagrams and quasi fermi level at bias of (a) pulse-off (Vr) and 

(b) –on (Vp), respectively. When the bias is Vr, the minority carriers are swept 

up to the metals, which makes the depletion region clear. The "depleted 

minority carriers" are refilled by Vp. 
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Figure 4.10 Peak decomposition in DLTS spectra of Ti-based Schottky diode 

by the measurement temperature. 
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4.2.4 Summary 

 

Pulse width dependent DLTS signal has been analyzed and the specific 

change of spectra has been discussed. As the pulse width increases, the positive 

signal was intensified and saturated by pulse width longer than 1 ms. For a pulse 

width longer than 1000 ms, the signal starts to be intensified opposite direction 

and for a pulse width reaches 107 ms, the intensification to negative direction is 

saturated. The minority carrier could be an origin of the negative-background 

and peak. The quasi-fermi level could explain that the minority carrier can be 

enough amount to show such negative intensification. 
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4.3 Impurity-related interface states of 4H-SiC 

Schottky diode observed by DLTS 

 

The barrier height of a metal semiconductor junction, one of the important 

factors of unipolar devices, is influenced by the concentration of trap levels at 

its interface, i.e., interface states.[40] Although deep-level transient 

spectroscopy (DLTS) can analyze both the bulk trap levels and interface states 

of a Schottky diode, only a few papers have reported on the interface states of 

Schottky diodes. In 1987, Zhang et al. discussed the possibility on the 

measurement of interface states using DLTS.[4] The following year, they 

investigated more about the measurement, and showed that the interface states 

could be revealed by applying a pulse bias as high as the forward bias.[59] After 

this research, some related works has been conducted.[60,61] In 2002, 

Castaldini et al. reported basic research on the interface states of 4H-SiC 

Schottky diode.[53] In 2017, our groups found background, peak-2, and -3 that 

relate to oxidation and photoresist residue.[2] However, because of overlapping 

of the background and peaks, energy levels, capture cross-section, and their 

intensities could not be obtainable. 

The origins of peaks and background become clear by observing effects 

of oxidation, nitridation, and PR residue at interface. Furthermore, interface 

states of on-axis substrate and its current-voltage characteristics are also 

examined. For extracting trap parameters, the background and the overlapped 

peaks are resolved by spectral fitting method that was described in chapter 4. 
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4.3.1 Experimental 

 

The control process was described at chapter3.1, which is the base process 

of Schottky diodes. The distinction of the other experimental processes and 

their purposes are summarized in Table 4.3. For observing the oxide at interface, 

it was remained after the RTA process for ohmic contact caused inevitable 

surface oxidation. For observing the oxidation and heat treatment in gaseous 

ambient of 4H-SiC, the treatments were proceeded at first, and then those were 

dipped into 5 Vol% of HF in DI water solution for 5 min in order to remove 

any oxygen trace. For observing the PR residue, the Schottky metal was 

deposited on photolithographed PR patterns and then, it was lifted-off unlike 

the other processes. For observing the interface states of on-axis based diode, 

the on-axis substrate were employed. DLTS spectra in this chapter was obtained 

by the weighting function of ta=101.25, tb=202.5, tc=405 ms, respectively. The 

fitting method were described in the part 4.1. 
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Table 4.3 The order of fabrication processes and those purposes. 

Sample 
name 

Specific process Purpose 
Wafer 

orientation 

Control 
RTA  BOE  

shadow mask  Ni 
control 4° 

Oxidation 
during RTA 

RTA  shadow mask 
 Ni  BOE 

impact of unwanted 
oxide at interface 

4° 

Oxidation 
at 1200 °C 

Oxidation at 1200 °C 
for 2h. followed process 

are same as control 
sample. 

Impact of oxidation 4° 

Heat 
treatment at 
Ar, N2, and 

NH3 

Heat treatment in the 
gas ambients at 1200 °C 

for 2h.  Followed 
process are same as 

control sample. 

Impact of heat 
treatment and 

nitrogen 
incoporation 

4° 

Photoresist 
residue 

RTA  
photolithography  
BOE  Ni  lift-off 
BOE  Ni  lift-off 

impact of PR residue 4° 

On-axis 
control 

RTA  BOE  
shadow mask  Ni 

Interface states of 
on-axis based diode 

0° 

On-axis Ar 

heat treatment in Ar 
ambient at 1200 °C for 
2h. Followed process 
are same as control 

sample. 

Effect of annealing 
of on-axis substrate 

0° 
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4.3.2 Oxidation-related interface states. 

 

Figure 4.12 (a) and (b) are DLTS spectra of the bulk region and interface 

included region of control sample, respectively. The known Z1/2[38] and 

EH6/7[26] peaks as well as an unknown A peak are found. The background, 

peak-2, EH6, and EH7 peaks clearly resolved by the fitting methods. Intensity 

of peak-2 and EH6 are similar. Because the background and peak-2 are only 

observable in the interface-included region, they could be regarded as a native 

oxide-related interface states. 
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Figure 4.11 DLTS spectra of (a) the bulk region and (b) interface-included 

region of control sample. In the interface-included region, background and 

peak-2 are additionally found. 
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Figure 4.12 is the comparison of (a) native oxide, (b) oxidation during RTA 

at 1000 °C, and (c) oxidation 1200 °C. Because, the oxygen is very rich on the 

oxidation during RTA sample, since the unwanted oxide was deliberately 

remained, background, and peak-2 are largest among that of the samples. 

Hiyoshi and Kimoto reported that the highest degree of oxidation reduces Z1/2 

and EH6/7 peaks,[62] which coincides with this work. However, the peak-2 and 

its stability has not been observed in the report. The stable character could be 

the clue that the peak strongly relates to oxidation.[2] 
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Figure 4.12 DLTS spectra of interface-included regions of (a) control- and (b) 

oxidation during RTA at 1000 °C-, and (c) oxidation at 1200 °C-sample, 

respectively. (c), (d), and (e) are second measurements of the same samples of 

(a), (b), and (c), respectively. 
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In order to confirm the trace of oxygen of the samples, the SiC surfaces 

were analyzed using XPS just prior to the deposition of nickel as shown in 

Figure 4.13. The highest concentration of oxygen on the surface of RTA 

1000 °C sample is clear by the Si-O bond in Si 2p and O 1s peaks. The intensity 

of the Si-O bond of the O 1s peaks of the other samples originate from a native 

oxide that is regenerated after the BOE process. 
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Figure 4.13 XPS spectra of (a) Si 2p and (b) O 1s peaks of control and RTA 

1000 °C -sample, measured before the Ni deposition. 
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4.3.3 Nitridation-related interface states 

 

The nitridation of the surface and its effects are demonstrated on Figure 

4.14 (c). Heat treatment at 1200 °C in Ar and N2 ambient have no difference. 

However, NH3 treatment increase the intensity of background explosively. The 

background of Ar and N2 samples are depressed in the second measurement, 

which is common-phenomenon in spectra in this dissertation, while the 

background of NH3 agglomerates as it seems like a peak and it becomes larger, 

compared to that in the first measurement.  

In order to reveal whether it is a peak or not, the peak-like background is 

fitted by the DLTS equation. As a result, the activation energy and capture 

cross-section could be obtained as 0.01 eV and 2e-26 cm2, respectively. 

However, the activation energy and the capture cross-section are too small to 

compare to the other peaks in this dissertation and normally reported values, 

which ranges about 1e-20 to 1e-14 cm2. Therefore, it would be more natural 

that the background is regarded as the agglomerated interface states that are 

some continuous distribution surrounding the highest intensity. 
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Figure 4.14 DLTS spectra of (a) Ar 1200 °C-, (b) N2 1200 °C-, and (c) NH3 

1200 °C-samples, respectively. (c), (d), and (e) are second measurements of the 

same samples of (a), (b), and (c), respectively. 
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4.3.4 Interface states at on-axis-based Schottky diode 

 

Interface states of Schottky diodes made of on-axis is very large. Their 

first and second sweep of on-axis control sample and first sweep of annealed 

sample are demonstrate in Figure 4.15. Comparing the intensity of DLTS signal 

of off-axis samples in the other figures, that of on-axis samples is stronger about 

500 times and considering the 10 times highest of normal capacitance of the 

diodes, which is closely related to the intensity,[3] it is 50 times larger than off-

axis. It is natural, since the production of on-axis substrate is harder than off-

axis substrate, which results in the poor quality.  

With regard to comparison of first and second sweeps and the annealed 

sample, the continuously distributed interface states of the second is depressed 

and shifts toward lower temperature, which means that the interface states shift 

toward to shallower energy levels, while the annealed sample has no interface 

states. The interface states could be easily depressed by thermal energy but the 

reason is still vague. Since the substrate was polished by chemically and 

mechanically (CMP), surface roughness cannot be a reason. Since the different 

polytype is rarely found by Raman mapping, the polytype could be an origin of 

the interface states. The peaks in bulk region of Figure 4.16, are same with that 

of interface included region. The peaks of control- and Ar 1500 °C-samples are 

also same. The seven peaks except the Z1/2, EH6 and EH7 may originate from 

inherent point defect of the on-axis substrate. 
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Figure 4.15 DLTS spectra of interface included region on-axis substrate of (a) 

control, (b) second sweep, and (c) first sweep of Ar 1500 °C sample. 
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Figure 4.16 DLTS spectra of bulk region of on-axis- (a) control- and (b) Ar 

1500 °C-samples.  
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The effect of it on current-voltage characteristics is obvious as shown in 

Figure 4.17, even though, not knowing an origin of interface states. At the 

forward bias ranging from 0.5 to 2.0 V, it has a hysteresis that could be emerged 

by the large amount of interface states. The current flows is reduced and noisy 

during the bias decreases comparing to that during the bias increases. Because 

the bias condition that has hysteresis are coincide with the energy level 

distribution of interface states that is around Z1/2 peak of 0.65 eV, the hysteresis 

can be regarded as a result of the interaction of interface states and the bias. 
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Figure 4.17 current-voltage characteristics of on-axis control- and 1500 °C-

sample. 
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4.3.5 Photoresist-related interface states 

 

Effect of photoresist on interface states are clearly observable in Figure 

4.18. In the first measurement, the intensity of the background of the PR-residue 

sample is the largest. Because the peak-3 is only observable in the sample, the 

PR could be the origin. In the second measurement, the background on the left 

of Z1/2 peak of the PR-residue sample increases, while that on the right of Z1/2 

decreases. Since the PR residue after the first measurement could change its 

contents by eliminating light compounds,[63] the decrease of peak-3 likely 

relate to the eliminated organic compounds, while the increase of the 

background could relate to the remaining compounds. The peak-2 in the sample 

is observed after the peak-3 peak vanishes, and its intensity becomes similar to 

that of the control sample, since they have similar oxygen contents at their 

interfaces.[2] 
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Figure 4.18 DLTS spectra of first sweep of (a) control sample and (b) first- and 

(c) second- sweep of photoresist residue samples. 
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Figure 4.19 Arrhenius plots extracted from the DLTS spectra classified into the 

(a) bulk region and (b) interface region. The inset in (b) is the enlargement of 

the peak-2, peak-3, and EH6/7 plots. The open dots are measured values while 

the lines are fitted value by least square method for log fitting.  
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Table 4.4 Energy levels and capture cross-sections of traps, which is 

complementarily obtained by Arrhenius plots and fitting program. 

Trap Energy (eV) 
Capture cross-section 

(cm2) 

A 0.06 10-21 

Z1/2 0.6 10-15 

background continuous - 

peak-2 1.28 1e-15 

peak-3 1.7 10-13 

KI4 0.56 10-22 

EH6 1.37 10-15 

EH7 1.45 10-15 
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Based on the energy levels, band diagrams are illustrated in Figure 4.9 

with comparable energy levels reported by other groups. The oxygen related 

energy level in the figure, are different from the background, and peak-2 which 

relate to oxygen. Such difference could be stems from the different defect 

structure at interface and bulk, since they observed the bulk region only. With 

regard to the peak-3 and peak-4 which originate from PR-residue have no 

similar levels. 
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Fig. 5. The trap levels observed in this work and comparable trap levels in other research 

found by electron irradiation,[26] oxidation,[64] oxygen ion implantation,[65] and Laplace 

transform.[6] 
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4.3.6 Summary 

 

The background, peak-2, -3, and -4 of DLTS spectra relate to interface 

states of 4H-SiC Schottky diodes. The spectral fitting were applied to resolve 

the overlapped background and peaks. The oxide at the interfaces increases the 

background and peak-2. The PR residue at the interface increases the 

background and peak-3 and -4. The peak-2, -3, and -4 locate at 1.28, 1.7, 0.7 

eV below the conduction band minimum, respectively. The nitridation 

increases the background intensity explosively. The continuous background 

could imply the disorder of defect structure at the interface and the discrete 

peaks could imply a short-range order of defect structure.  

During the first DLTS measurement, the inevitable high temperature and 

field effect on the spectra. The amorphous oxide at the interface could partially 

change to SiCxOy, so that the background decreases, while the peak-2 increases. 

The elimination of light compounds in the PR residue reduces the background 

of the right side of Z1/2 and the peak-3, while the remaining compound could 

increase the background of the left side of Z1/2. The background of nitrated 

sample agglomerates after the measurement. It may imply a reduction of the 

disorder of defect structure. 

The on-axis sample has 50 times larger intensity than off-axis sample and 

it has strong intensity of the background, which affects forward current 

characteristics. The current flows is reduced and noisy during the bias decreases 

comparing to that during the bias increases. Because the bias section of 0.5 to 

1.5 V, which has hysteresis, are coincide with the energy level distribution of 
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interface states that is around Z1/2 peak of 0.65 eV, the hysteresis can be 

regarded as a result of the interaction of interface states and the bias.  
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Chapter 5. Conclusions 

 

Impurity-related interface states of 4H-SiC Schottky diodes were 

measured by DLTS and their origins were examined and discussed. The first 

results are the trap- and weighting function-parameters of DLTS spectra, which 

affects the shape of DLTS spectra. The basic research about the spectra shape 

is adopted as criteria of spectral fitting in this dissertation. The second results 

are the pulse width-dependent changes of spectral intensities, which is basic 

data for obtaining the proper spectra. The lasts are the impurity-related interface 

states of the Schottky diodes, which could be changed by pre-treatment of 4H-

SiC and PR-residue at the interfaces. 

The trap- and the weighting-parameters affected the asymmetries, widths, 

and positions of the peaks. The left to right ratio at the deci-maximum of peaks 

varied from 0.7 to 1.7 as the trap- and weighting function-parameters changed. 

This result are important, since asymmetric peaks could be misunderstood as 

overlapped multiple peaks, resulting in erroneous fitting. The basic results were 

adopted to the interface states analysis in the part 4.3 as fitting criteria. 

When the pulse width increased, the normal-positive signal increased and 

then saturated at pulse width of 1 ms. The positive saturation is favorable for 

normal observation. However, further increase of pulse width caused negative 

shift and negative peaks. It was also saturated at the pulse width longer than 107 

ms, implying that the saturation would relate to minority carrier trapping. In 

order to find the source of the minority carriers, four-different Schottky metals 

were used to modulate the barrier height of the minority carriers. Even though 
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the barrier height were changed, it did not effect on the intensity of negative-

peak and -shift. Therefore, the assumption that the metal is the source of the 

minority carriers should be reconsidered, and this dissertation suggested that 

the change of quasi-Fermi level during the pulse period would relate to the 

origin. 

The background and the peak-2, -3, and -4 could be related to the impurity-

related interface states of 4H-SiC Schottky diode by observing DLTS spectra. 

The intensities of background and peaks of DLTS spectra increased by 

oxidation or nitridation of 4H-SiC, or by PR residue at the interface. The peak-

2 are associated to oxidation, and the peak-3 and peak-4 are associated to the 

PR residue. With respect to a correlation between interface states and the 

current transportation, the great number of interface states of on-axis substrate 

causes the current hysteresis by trapping the carriers. 

Although this dissertation showed the improved results compared to 

previous studies about the interface states of Schottky diodes, there are still 

vague in specific structures of the interface states, which would be 

complemented by theoretical calculation of electronic structures or by 

measurement of electron paramagnetic resonance. It is expected that if sizes of 

device shrinks or it is made to laterally, the interface state would be more 

consideration factor. 
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국문 초록 

 

전력 반도체 소자재료로써 4H-SiC는 고온, 전압 안정성 및 높은 

열전도도로 인해 반도체 소재 시장에서 시장 점유율을 확대해고 

있다. SiC 파워 반도체 시장의 연평균 성장률과 시장 규모는 

2022 년에 각각 40 %와 10 억 달러가 될 것으로 예상된다. 그러나 

SiC 는 그것으로 제작된 소자의 성능을 제한하는 몇 가지 문제점을 

가지고 있다. 트랩 레벨은 쇼트키 다이오드, MOSFET 또는 IGBT 와 

같은 전원 장치에서 중요한 역할을 하는, 장벽 높이, sub-threshold 

swing 그리고 캐리어 수명을, 각각 악화시킨다. 특히, 4H-SiC 는 

화합물 반도체의 본래 성질 때문에 소자의 계면에 많은 양의 트랩 

레벨 (interface states)을 갖고 있다. 많은 연구자들은 interface states 가 

계면 원자의 끊어진 결합 (dangling bonds)에서 유래된 것으로 

생각하며, 질화 또는 다른 증착 기술을 이용해 성공적으로 

감소되었다고 보고했다. 중요한 정류 소자인 4H-SiC 쇼트키 

다이오드는 현재 잘 개발되어 상업적으로도 이용이 가능하다. 비록 

상업적으로 잘 개발되었음에도 불구하고 interface states 와 정류 

거동의 상관관계는 완전히 이해되지 않았다. 따라서 이 논문에서는 

4H-SiC 쇼트키 다이오드의 interface states 를 관찰하고 4H-SiC 의 

전처리를 변경하여 그 기원을 찾고 계면 상태와 정류 성능의 

관계를 확인하고자하였다. 반도체의 깊은 레벨을 측정하는 가장 
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민감하고 정확한 방법으로 알려진 깊은 준위 천이 관찰 장비 DLTS 

(Deep level transient spectroscopy)를 이용하여 interface states 를 

관찰했다. 또한, 펄스폭에 의존하는 DLTS 신호의 강도와, 가중치- 

및 트랩 매개-변수의 영향을 받는 DLTS 의 스펙트럼 형태와 관련된 

문제들도 파악하고 논의했다. 

DLTS 의 스펙트럼은 고유의 넓은 픽으로 인해 그것들이 서로 

쉽게 겹쳐질 수 있기 때문에, 픽 분리 및 피팅이 중요하다. 적절한 

피팅을 위해서 스펙트럼 모양을 아는 것이 중요하지만 가중치 함수 

및 트랩 속성과 같은 모양 매개 변수의 효과에 대한 정보와 

데이터가 거의 없다.  4.1 단원에서는 형상 매개- 그리고 트랩 -

변수들이 스펙트럼의 폭, 위치 및 비대칭성을 어떻게 변화시키는지 

관찰하였다. 또한 이 연구에 기초한 스펙트럼 피팅 (spectral fitting)을 

이용하여 4.3 단원의 스펙트럼에 적용시켜 좀 더 면밀한 분석이 

가능하게 했다. 

펄스폭은 DLTS 측정의 중요한 조건 중 하나 이며 전자 또는 

홀 트랩을 채우는 데 필요한 시간과 관련이 있다. 그 중요성에도 

불구하고, 4H-SiC 의 펄스폭에 대한 데이터가 거의 없다. 

4.2 단원에서는 펄스폭에 따른 트랩 충진의 포화 데이터를 

수집하였다. 그러던 도중, 스펙트럼의 비정상 음수 이동 및 비정상 

음의 피크가 관찰됐다. 그러한 것들의 기원이 minority carrier 와 

관계가 있고 minority carrier 가 금속에서 공급된다는 다른 연구 
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그룹들의 주장이 있었다. 이를 밝히기 위해, 4 가지의 쇼트키 금속을 

사용하여 minority carrier 의 장벽 높이를 조절하여 그것들의 기원을 

확인하고자 하였다. 펄스폭이 증가함에 따라, 양의 신호가 점차 

강화되고 펄스가 1 ms 보다 길어질 때 양의 신호의 강도가 

포화되었다. 펄스폭이 103 ms 보다 긴 경우, 포화됐던 신호가 

감소하였고, 펄스폭이 107 ms 에 도달했을 때, 음의 신호의 강도가 

포화되었다. 음의 신호의 포화는 quasi-Fermi level 변화에 의해 

생성된 소수 캐리어가 트랩에 채워지는 것과 관련 될 수 있음을 

band diagram 을 통해 나타냈다. 

4.3 단원 에서는, DLTS 스펙트럼의 배경 (background), 피크-2, -3 

및 -4 들이 4H-SiC 쇼트키 다이오드의 불순물 관련 interface states 와 

관련이 있음을 나타냈다. 중첩 된 배경과 피크를 분해하기 위해 

스펙트럼 피팅을 적용했다. 쇼트키 다이오드 계면에 존재하는 

산화물은 스펙트럼의 배경과 피크-2 를 증가시켰다. 계면에서의 

포토레지스트 (PR) 잔류물은 배경 및 피크-3 및 -4 를 증가시켰다. 

피크-2, -3, 및 -4 의 에너지 준위는 전도대 아래 1.28, 1.7, 그리고 

0.7eV 에 각각 위치했다. 쇼트키 다이오드 계면에 존재하는 질화 

처리된 영역은, 배경 강도를 급격하게 증가시켰다. 연속적인 배경은 

계면에서의 결함 구조의 무질서한 배열을 의미 할 수 있으며, 

불연속 피크는 결함 구조의 단거리 배열과 관련 될 수 있다. 
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Interface states 와 전류 흐름간의 상관관계와 DLTS 측정이 interface 

states 에 영향을 줄 수 있음을 나타냈다. 

 

주요어: 탄화규소 (SiC), 깊은 준위, 피팅, 펄스폭, 계면 결함 
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