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Silicon carbide (SiC) is a wide bandgap semiconductor which has material 

properties well-suited for high-power, high-temperature electronics applications. The 

performance of SiC transistors is limited by electrical defects formed at the SiO2/SiC 

interface under high temperature oxidation. A central goal of this work is to improve our 

atomic level understanding of electrical defects in SiC devices, and to further develop 

methods to minimize defects. Introduction of interfacial nitrogen (N) or phosphorus (P) 

reduces the interface (charge) trap density, increases the SiC charge mobility (in the 

semiconductor channel), and thus device performance. 

This dissertation is focused on the chemistry of the SiO2/SiC interface, the critical 

interface in future SiC-based devices. We address issues of composition, structure, 
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chemical bonding, and reaction behavior of N and P that we have used to improve device 

performance.  

We report photoemission and ion scattering studies to determine the concentrations 

of N and P passivating agents at the SiO2/SiC interface, and develop a more complete 

understanding of the mechanism and kinetics for the passivation processes on different 

crystallographic surfaces. The study shows that N (and P) passivated SiO2/SiC structures 

have a thin oxy-nitride (oxy-phosphide) interface dielectric layer that cannot be removed 

by a buffered HF etchant. The same dielectric structures are completely etched when 

formed on Si. Atomic scale modeling, combined with our experimental observations, 

results in the suggestion of likely bonding structures of N and P at the SiO2/SiC interface. 

The depth profile of N and P at SiO2/SiC interface has also been established and provides 

further insights into the nature of N and P as surface passivating additives. 
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Chapter 1. Introduction  

 

1.1. General introduction 

This dissertation is focused on the chemistry of the SiO2/SiC interface, the critical 

interface in future SiC based devices. We address issues of composition, structure, 

chemical bonding, and reaction behavior of nitrogen and other potential “passivating” 

species used to improve the device electrical properties. 

Chapter 1 includes a general analysis of group IV semiconductors that are relevant 

to electronics applications, especially SiC, including some aspects of their history, 

crystallography and applications. SiO2/SiC interface issues and passivation approaches 

are also reviewed. 

Chapter 2 briefly introduces the main techniques that used in this research, which 

include X-ray photoemission spectroscopy (XPS), Rutherford backscattering (RBS), 

nuclear reaction analysis (NRA), medium energy ion scattering (MEIS), secondary ion 

mass spectrum (SIMS), and capacitance-voltage (CV) electrical measurements. 

The addition of nitrogen is the preferred method of lowering the density of 

electrical defects and improving device performance of SiC-based devices. In chapter 3, 

we quantify the areal density, establish the depth profile and study the chemical 

environment of nitrogen that is introduced by several different chemistries to the 

SiO2/SiC interface. 

In chapter 4, the kinetics of N incorporation at the SiO2/SiC interface is 

investigated for different crystal orientations of 4H-SiC, including the C-face, Si-face and 

a-face (see below, page 9). 
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In chapter 5, we examine phosphorus passivation of SiO2/SiC interface (as an 

alternative to N). In additional to quantifying and determining the depth distribution of P, 

we determine its chemical behavior, which is somewhat distinct from N. 

 

1.2. Some properties of group IV semiconductors 

Table 1.1. Comparison of some basic properties of group IV semiconductors. 

 Diamond Si Ge 4H-SiC 

Dielectric constant (ɛS/ɛ0) 5.5 11.8 16 10 

Bandgap (eV) 5.45 1.12 0.66 3.26 

Intrinsic carrier 

 concentration (cm
-3

) 

 1.45 × 10
10

 2.4 × 10
13

 5 × 10
-9

 

Electron mobility 

(cm
2
/V·s) 

 1450 3900 900//c-axis 

800 + c-axis 

Hole mobility (cm
2
/V·s)  480 1900 115 

Break down field  

(MV/cm) 

 0.3 0.1 2.2 

Electron Saturation 

velocity (10
7
 cm/s) 

 1 3 2 

Native oxide none SiO2 GeO2 (water 

soluble) 

SiO2 

 

Silicon-based semiconductor devices have played the central role in the 

development of the microelectronics industry over the past 50+ years, and Si remains the 
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dominant semiconductor in most electronic devices. In addition to its low cost, one of the 

main reasons for the longevity of Si is that its native oxide, SiO2, is very stable and yields 

an SiO2/Si interface that has very few electrical defects. This latter property is essential 

for device electrical performance. Over the past 5+ decades the semiconductor industry 

has developed a very thorough set of fabrication processes involving Si that make it hard 

to be replaced. Nevertheless, for certain special applications, other group IV elements can 

be employed as more suitable semiconductors. A comparison of some basic properties of 

group IV semiconductors is shown in Table 1.1. 

 

Table 1.2. Comparison of some basic properties of wide band gap semiconductor 

 4H-SiC GaN (wurtzite) 

Dielectric constant (ɛS/ɛ0) 10 9.0 

Bandgap (eV) 3.26 3.39 

Intrinsic carrier concentration (cm
-3

) 5 ×10
-9

 2 ×10
-10

 

Electron mobility (cm
2
/V·s) 900//c-axis 

800 + c-axis 

500 

Hole mobility (cm
2
/V·s) 115 80 

Break down field (MV/cm) 2.2 3 

Saturation e velocity (10
7
 cm/s) 2 1 

Native oxide SiO2 Ga2O3 

 

There has been an increasing demand for higher power and higher temperature 

devices; unfortunately Si cannot fully satisfy the need due to its own thermal and 
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electrical limitations. In order to reduce the energy loss during operation, for some 

applications we need power devices which can be operated at high switching speeds and 

work at voltages of up to 20kV.
1-3

 The main approach to realizing this new class of power 

devices is to use a wide band gap semiconductor.
4
 

 

Fig. 1.1. System comparison of Si-based and SiC-based inverter (an electronic 

device that converts direct current to alternating current). Adapted from A. Agarwal and 

M. Sofos, 2013.
5
  

 

Silicon carbide (SiC) and gallium nitride (GaN) are the two most studied materials 

that researchers and industry are exploring to replace Si in high power applications. A 

comparison of basic physical and electrical properties of SiC and GaN is shown in Table 

1.2. A comparison of Si-based and SiC-based inverters, which convert direct current to 
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alternating current, also one of the first and most immediately desired high power 

applications of SiC, is shown in Fig. 1.1. It is important to note that SiC is also the only 

material that has the same native oxide as Si, which makes it possible to adopt many 

well-developed Si fabrication techniques for SiC metal-oxide-semiconductor (MOS) 

devices. In addition, some of SiC’s other properties also make it superior to other 

semiconductors, such as its wide band-gap, low dielectric constant, high critical field and 

high thermal conductivity. All of these properties make SiC an excellent candidate for 

high power, high temperature and radiation-tolerant devices applications, especially for 

power MOS devices, which is the main technological motivation of this work. 

 

1.3. Introduction to SiC history and applications 

Silicon carbide is a compound semiconductor with a 1:1 ratio of silicon and carbon 

atoms. The material was first discovered in nature by Moissan in a meteorite in 1893 and 

named Moissanite after him in 1905.
6
 The first recorded scientific study of SiC dates to 

1824 by Jöns Jacob Berzelius,
7
 where he proposed a possible bond between Si and C. 

Then at around 1885, E.G. Acheson started to manufacture the material in an electric 

smelting furnace.
8
 The crystalline products that Acheson made were found to have great 

hardness, refractabiliy and chemical inertness.
8
 Later, a process for growing high quality 

SiC crystals was developed by Lely in 1955.
9
 In 1978, a new process using a seeded 

sublimation for substrate growth was introduced by Tairov and Tsvetkov.
10

 This 

discovery helped draw attention back on to the development of SiC technology. The 

growth of single crystal SiC on a Si substrate was later demonstrated by Matsunami et 

al
11

 in 1981. Recently high quality 4 inch and 6 inch SiC wafers have become 
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commercially available. In 1998 Cree developed a process to manufacture gem quality 

SiC. Because of its hardness and excellent optical properties, SiC (Moissanite) is now 

also sold as an alternative to diamond, and has a high hardness on the Mohs scale (9.5, 

diamond is 10.0). 

The first application of SiC in electronic devices was in light emitting diodes 

(LEDs); the first SiC LED was made as early as 1907.
12

 The main current uses of SiC are 

as a structural material and a semiconductor material. In addition to being used as 

abrasives and cutting materials, SiC is also a favorite material for heating elements, 

ceramic membrane and mechanical parts.  

As a semiconductor material, SiC is used as a substrate for power devices, such as 

ultra-fast Schottky diodes and metal-oxide-semiconductor field effect transistors 

(MOSFET). Silicon carbide is also widely used in blue light emitting diodes (LED) as a 

substrate on which gallium nitride is grown.  

 

1.4. SiC crystallography 

There are many different crystal structures known to exist for SiC, however, each 

is composed of the same tetragonal structural units (similar to the diamond structure of 

pure C), with each silicon atom surrounded by four carbon atoms and vice versa, as 

shown in Fig. 1.2. The distance between each Si and C atom is 1.89 Å, and the distance 

between two neighboring silicon (or carbon) atoms is approximately 3.08 Å.
13
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Fig. 1.2. The local tetragonal structure around each atom in the SiC crystal. 

 

One of the most significant characteristics of the silicon carbide crystal is that is 

can occur in various polytypes. A polytype is a sub-class of polymorphs (which described 

different atomic/molecular structures for an otherwise compositional equivalent 

compound) in which the structure varies by changing the stacking in one dimension. The 

polytype structures of SiC are Si and C double layers that stack with different repeating 

sequences, with each repeating sequence ranging from two to several hundreds of bi-

atom layers. At present, there are more than 200 known polytypes of SiC,
14

 each with a 

different bi-atom layer stacking sequence with the exact same stoichiometry. The various 

polytypes have distinctively different physical and electrical properties; only a few 

polytypes are commonly used as electronic semiconductors. 
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Fig. 1.3. Stacking sequence for common SiC crystalline polytypes. (Adapted from 

Ayalew, 2004)
15

  

 

The most common polytypes used in electronic applications are cubic SiC (3C), 

rhombohedral SiC (15R), and hexagonal SiC (4H and 6H). Their stacking sequences are 

shown in the Fig. 1.3. Each Si and C double layer projects onto one of the lattice 

positions, labeled A, B and C, with different stacking sequence. 

Among the hundreds of polytypes, the cubic (zinc-blende) and hexagonal (wurtzite) 

crystalline structures are most commonly seen. 3C-SiC is the only known form of SiC 

with a cubic crystal lattice structure. The rest of the polytypes are hexagonal, also 

referred as α-SiC. For the hexagonal structure, the most commonly used polytypes are 2H, 

4H, and 6H.  
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Fig. 1.4. Different crystal faces of 4H-SiC. 

 

Hexagonal SiC are anisotropic materials, hence even within the same polytypes, 

physical properties, electrical properties and fabrication approaches vary for the different 

crystal faces. Device researchers are particular interested in 4H-SiC due to the fact that it 

has the highest bandgap of all polytypes. The research in this dissertation explores the 

chemistry and device behavior of different crystal faces of 4H-SiC. 

 

1.5. MOSFETs and dielectric-semiconductor interface 

The SiC MOSFETs performance to date is still far from satisfactory (a very crude 

schematic of an FET device structure is shown in Fig. 1.5). SiO2 is the native (natural, 

and most simple) oxide that grows on SiC. This greatly facilitates SiC device processing 

as it enables one to use many of the well-developed processes originally devised for SiO2 
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on Si. Unfortunately, the poor quality of the as-grown SiO2/SiC interface (relative to 

SiO2/Si) limits the performance of SiC MOSFETs and hence the development of the 

entire field. For example, there appears to be a thin transition layer (~ 1-15 nm) that 

exists between SiO2 and SiC that is different from either pure component;
16

 this is rather 

different from the abrupt lower defect density interface observed for SiO2/Si. As a result, 

there appears to be more and different kinds of defects, including near-interface charged 

traps, extra carbon, and other defects. This high interface trap density results in low 

inversion layer mobility, and poor device reliability. At present, efforts are underway 

worldwide by scientists and engineers to solve these problems, some of which are 

discussed in later chapters of this thesis.  

 

 

Fig. 1.5. Scheme of generic MOSFET structure  
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Fig. 1.6. Nature and location of different oxide and interface traps in thermally 

grown SiO2. (Adapted from Deal, B.E., 1980) 
17

 

 

One major factor responsible for the non-ideal MOSFET performance is the 

existence of various types of defects and charged traps at the oxide/semiconductor 

interface or in the near-interfacial region of the oxide.
18

 Their locations in the oxide and 

interface are shown in Fig. 1.6. These charged traps can lead to very severe problems for 

MOS device performance.
17

  

Fixed oxide charges that appear in the near (a few nanometer) interface oxide are 

usually positive, they are fixed in space (thus their name), and they do not move with 

high temperature or bias stress. The origin of fixed charge near the interface is related to 

the SiC thermal oxidation conditions. These conditions include oxidation temperature, 

gas ambient, cool down procedure and crystal orientation of the SiC.  
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Charged traps at the interface, described collectively by the concept of an 

‘interface trap density’, can be quantified using electrical measurements. The origin of 

interface trapped charges is not well understood, but is likely related to silicon or carbon 

dangling bonds, carbon clusters, carbon dimmers at the interface, and/or oxygen 

vacancies in the near interface oxide.
19

 Interfacial traps can create localized energy levels 

at the interface – surface states in the SiC band gap. Depending on the nature of the traps, 

the bulk Fermi energy, and the surface potential, the charge of these traps can be positive 

or negative. These interfaces traps can capture electrons and holes from the channel. In 

addition, charged traps are also Columbic scattering centers that can limit the channel 

charge mobility in a MOSFET.  

 

1.6. SiO2/SiC interface issue 

 

Fig. 1.7. Simplified scheme of an ordered dielectric-semiconductor (Si) interface 
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Fig. 1.8. Scheme of a non-ideal dielectric-semiconductor (Si) interface with several 

type of defects. (Adapted from C. R. Helms and E. H. Poindexter, 1994)
20

 

 

An ideal oxide-semiconductor interface would show all (surface) atoms on each 

side of the interface coupled to ones on the other side, bonding in a manner such that all 

orbitals are doubly occupied, stable, and located in positions that do not stress either 

material. Such a structure for the SiO2/Si(100) interface is shown in Fig. 1.7, with all 

semiconductors atoms appropriately bonded to others the oxide. Fig. 1.8 shows a non-

ideal oxide-semiconductor interface with some of the bonds of Si “unsatisfied”. Those 

unsatisfied bonds are available to trap carriers, becoming charged scattering centers at the 

interface.  

The density of the interface traps can be very low, of order 10
11

/cm
2
 or less, far 

below the detection limit of physical characterization methods. The best way to quantify 

them is to use electrical measurements.  

 

1.7. SiO2/SiC interface passivation 

The oxidation of SiC is very different from the oxidation of Si,
21, 22

 as it involves 

an extra element, carbon (C). The liberation of carbon as carbon monoxide during 
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oxidation makes the process more complicated. Interface traps formed during the 

oxidation due to silicon dangling bonds, carbon dangling bonds, carbon clusters and 

oxygen vacancies, can create extra energy levels in the band gap.
19, 23-26

 Carbon forms 

complex structures and exists in the SiC bulk crystal as interstitials.
27, 28

 Unlike the 

SiO2/Si interface, the SiO2/SiC interface is not abrupt.
29

 The band gap of 4H-SiC (3.26 

eV) is three times larger than that in Si (1.12 eV), and this energy range enables a wider 

range of traps to exist within the semiconductor band-gap.
30-32

 This leads to a much 

higher interface trap density near the SiC conduction band edge for the n-MOS devices.
33, 

34
 For an unpassivated 4H-SiC MOS capacitor, the interface trap density at 0.2 eV below 

the conduction band edge is of the order of 10
13

/eV·cm
2
. 

35
 

In the field, the term “passivation” is used to describe methods that lower the 

interface trap density. Some of the more common passivation techniques to reduce 

interface trap density involve post-oxidation anneals in NH3, H2, N2O or NO. At the 

SiO2/Si interface, most of the interface traps are related to Si dangling bonds, and a 

hydrogen (or “forming” gas) anneal is a well-known, effective method to passivate these 

traps, presumably by forming Si-H bonds at the interface.
36-38

 The hydrogen passivation 

technique is widely used as a standard fabrication procedure for Si-based devices. 

Hydrogen passivation has also been explored for SiO2/SiC structures,
39

 although for SiC 

there is usually not any measurable improvement observed. N2 anneals also do not result 

in any device benefits. However, there are a few methods that can be applied and do work. 
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Fig. 1.9. Interfacial nitrogen coverage scaling with density of interface states and 

inversion layer mobility. (Adapted from Rozen et al, 2011)
40

 

 

One of the most widely used fabrication processes to reduce the interface trap 

density in the silicon carbide industry is a nitric oxide (NO) anneal. This process was first 

reported to effectively passivate the SiO2/SiC interface by Li et al, on 6H-SiC
41

 and 

Chung et al, on 4H-SiC.
42, 43

 For 4H-SiC, especially n-type, it has been observed that 

adding an NO (g) anneal step after the standard dry O2 oxidation process can significantly 

reduce the interface trap density, increase the channel mobility, improve oxide reliability, 

and enhance device performance.
42-45

  

Rozen, et al reported results from the Si-face of SiC after a nitric oxide (NO) post-

oxidation anneal.
40

 They correlated NO annealing time with N coverage, interface trap 

density (Dit) (reduced the Dit to 1×10
11

/cm
2
·eV at 0.2 eV below the conduction band 
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edge), and field-effect mobility (increasing µFE up to ~ 40 cm
2
/V-s).

40
 As shown in Fig. 

1.9, an NO anneal is an effective and well controlled interface passivation process. 

 

 

Fig. 1.10. A model epitaxial interface structure for an NO annealed SiO2/SiC 

structure with N atoms passivating dangling bonds. (Adapted from Shirasawa et al, 

2007)
46

  

 

The mechanism by which the post oxidation anneal affects the SiO2/SiC interface 

is not very clear, but a possible explanation (described in more detail in subsequent 

chapters) is that at high temperature (1100~1120
o
C), the NO gas molecules diffuse to the 

interface and then dissociate into N atoms and O atoms. The O atoms oxidize the SiC at 

the interface (analogous to what might occur with O2 or H2O as the O source) forming 

SiO2 and CO, which eventually diffuses out leaving into the gas phase. The N atoms will 

likely compete with O in bonding with Si. One does not observe Si3N4 formation. N 

incorporation lowers the defect concentration (likely by passivating dangling bonds), and 
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may also bond with the excess C atoms (and C clusters).
41

 This is supported by 

experimental evidence and theoretical calculations, with one proposed epitaxial interface 

structure shown in Fig. 1.10.
26, 46-48

 The NO (g) anneal successfully reduces interface trap 

density by an order of magnitude close to the conduction band edge, and increases 

channel mobility from about 5 cm
2
/V·s to 35~40 cm

2
/V·s, which makes this process 

widely used for most of the current 4H-SiC MOS device fabrication schemes.
41-43

 Several 

other hypotheses explaining how N might enhance device properties are also discussed 

below. 

In addition to nitrogen passivation, improved performance can also be achieved by 

introducing phosphorous to the SiO2/SiC interface.
49-52

 It is shown that under certain 

conditions phosphorus passivation (P-passivation) can be even more effective than NO 

passivation in reducing interface trap density and channel mobility.
49-52

 The peak 

mobility of the P passivated 4H-SiC MOSFET is approximately 85 cm
2
/V·s.

53
 But 

phosphorus processing unfortunately causes another instability in the device which we 

believe is due to conversion of SiO2 into a phosphosilicate glass (PSG), a rather polar 

material.
49, 50, 52

 Sharma et al, reported the improved stabilization of P-passivated SiC 

MOSFET devices by switching the gate oxide from a “bulk” PSG film to a very thin PSG 

layer capped with deposited SiO2.
51

 This modified P-passivation process appears to 

stabilize the device while keeping most of the beneficial passivating effects of P. The 

peak field effect mobility obtained using this approach is around 72cm
2
/V·s.

51
 The 

mechanism by which phosphorus improves interface quality and device performance is 

also discussed in chapter 5. 
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Chapter 2. Characterization Techniques 

 

2.1. General introduction 

A range of  surface and thin film characterization techniques, including X-ray 

photoelectron spectroscopy (XPS), Rutherford backscattering (RBS), nuclear reaction 

analysis (NRA), medium energy ion scattering (MEIS), and secondary ion mass spectrum 

(SIMS), have been used to study the physical properties of the SiO2/SiC interface. 

Capacitance-voltage (CV) electrical measurements have also been used to determine the 

interface trap density. The principle of each technique is briefly introduced in this chapter.  

 

2.2. X-ray photoemission spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique based on the 

photoelectric effect to characterize the elemental composition, electronic and chemical 

states of solid-state materials in the near surface region (0 - 10nm). The precursor to 

modern day XPS was originally observed by Hertz
1
 as part of the discovery of the 

photoelectric effect. It was then defined more precisely from the energetic point of view 

by Einstein.
2
 The technique was further developed over the next decade for different 

metals by several others, including Robinson and Rawlinson.
3
 Much later, Siegbahn et al

4, 

5
 developed XPS into a precise technique to determine the atomic binding energies; 

Siegbahn  won the Nobel Prize in 1981 for the development. Today XPS has become one 

of the most powerful techniques for surface and thin film compositional analysis.  
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Fig. 2.1. Schematic of the photoelectron emission process in XPS. 

 

2.2.1. X-ray photoemission spectroscopy basics 

An XPS system uses monochromic X-rays to irradiate the sample and a 

spectrometer measures the kinetic energy and the number of electrons emitted from the 

test material. Ultra high-vacuum (UHV) instrumentation is essential for XPS. The 

pressures of XPS chambers are in the range of 10
-8

 to 10
-10

 Torr depending on the 

application.  

The X-ray source used in most XPS studies emits photons typically in an energy 

range of 100-2000 eV. Photoelectrons are ejected from the surface of the samples via a 

photon absorption process.
6
 Different X-ray sources provide different energy resolutions 

of the XPS system. A 0.9–1.0 eV range of energy resolution can be achieved using a non-

monochromatic magnesium X-ray (1253.6 eV). With the use of a monochromatic 

aluminum K-alpha X-ray (1486.7 eV), the energy resolution can be improved to 0.2–0.4 

eV. To obtain higher energy resolution, synchrotron radiation with a higher intensity and 

narrower energy width (obtained with a diffraction grating) can be used as the source. 

A photoelectron can be generated by the interaction of an electron in the material 

under study with a photon of higher energy than the binding energy of that electron. As 

the mean free path of low energy electrons is rather short, only photoelectrons from the 

first few nanometers of the surface (<10 nm) can escape the material and reach the 
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spectrometer detector to contribute to the XPS spectra. The photoelectrons that fail to 

leave the material can contribute to the background in the spectra.  

Fig. 2.1 illustrates the photoelectron emission process in XPS. In the process, an 

electron from one of the core electronic levels absorbed a photon emitted from the X-ray 

source. The kinetic energy KE of the ejected electron is measured by the electron energy 

analyzer and has the following relationship: 

                                                           (Eq. 2.1) 

where hv is the photon energy of the X-ray source, BE is the binding energy of the 

atomic orbit from which the electron is ejected, and ɸ is the spectrometer work function. 

Since each element has a unique set of binding energies, the XPS spectra can be 

used to identify the elements near the surface of the sample. The measured binding 

energy for a given element can vary by at least 5 eV due to different oxidation states of 

the atom and different local chemical environments. This variation in the atomic core-

level binding energy is known as the chemical shift, which can be analyzed to determine 

the chemical states of the specimen.
7
 

 

2.2.2. Atomic sensitivity factor 

The peak areas in XPS spectra can be used to determine the chemical composition 

of the material. Each orbital of each element has a characteristic sensitivity for X-rays of 

a given energy. A higher relative concentration of one element with a low sensitivity can 

generate a peak with the same area as a lower concentration of another element with 

higher sensitivity. The sensitivity factors, Si, have to be included for each element before 

converting the photoemission peak areas into a relative or absolute composition. For two 
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different elements A and B, the stoichiometric ratio of the two components can be 

calculated from the peak areas (IA and IB) with the sensitivity factors SA and SB, as 

follows,
8
 

  

  
 

     

     
                                                               (Eq. 2.2) 

 

2.2.3. Depth profiling using angle resolve XPS 

In XPS, before a photoelectron escapes to vacuum, it travels a distance inside the 

sample, during which elastic or inelastic collisions can occur with the lattice atoms. 

Those photoelectrons that are able to escape the sample without losing energy give rise to 

the XPS peaks. The kinetic energy of the photoelectrons decrease in inelastic collisions 

and form part of the lower energy background of the spectrum or do not escape from the 

solid. The probability for a photoelectron to escape from the depth d with its kinetic 

energy remaining essentially unchanged can be calculated as: 

                                                                     (Eq. 2.3) 

where λ stands for the photoelectron inelastic mean free path, and θ stands for the 

photoelectron emission angle relative to normal emission from the sample plane.  

Fig. 2.2, the “universal curve”, shows the electron mean free path as a function of 

electron kinetic energy for a range of materials.
9
 The relatively short mean free path 

(nanometers) has enabled a non-destructive method to be developed that can be used to 

obtain depth profile of the sample in near surface regime. The method of depth profiling 

is called angular resolved photoelectron spectroscopy (ARPES),
10

 in which the sample is 

analyzed using XPS at different emission angle. [Note that this method of employing 

ARPES to determine compositional profiles, should not be confused with ARPES to 
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determine electronic band structure.]  By comparing intensities of the same peak acquired 

at different emission angles, the depth of the particular element can be estimated based on 

mathematical modeling.
10

 

An accurate electron mean free path value is important for obtaining meaningful 

results. In this dissertation, the mean free path of Si 2p photoelectrons in SiC is 

determined in chapter 3.  

 

 

Fig. 2.2. Universal curve for electron mean free paths. Adapted from G. Somorjai, 

Chemistry in Two Dimensions: Surfaces.
9
 

 

2.3. Rutherford backscattering (RBS) 

Rutherford backscattering spectroscopy (RBS)
6, 11

 is a widely used technique to 

determine the thin film composition, thickness and layer structure of a sample. In this 

method, the sample is bombarded with a high energy ion beam (incident beam) of a well-
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defined energy.  A fraction of the incident ions are backscattered by the sample. The 

backscattered ions are collected and energy analyzed, yielding a spectrum of intensity of 

backscattered ions as a function of energy (or energy loss).  With appropriate information 

and modeling, the yield of the ions can be used to give information of the elemental 

composition (atomic mass), the concentration of the elements, and the position of each 

element in a sample. 

In RBS measurements, monochromatic H
+
 or He

2+
 ions are often used as incident 

beam. The incident beam, which usually falls within the energy range of 1~4 MeV, may 

undergoes elastic collisions and be backscattered with a scattering angle θ. The 

backscattering method is illustrated in Fig.2.3. 

 

Fig. 2.3. Rutherford Back Scattering Spectroscopy (RBS) peaks reflects the mass 

difference of various target atoms in a sample. In this case, mass M1 > mass M2. 

 

The energy of the scattered particles depends on the atomic mass of the target 

element, the initial energy of the incident beam, as shown in Fig. 2.3, and the scattering 
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angle. For an elastic collision, the energy (E) of the backscattered ions after the collision 

is directly proportional to the ion’s initial energy E0. 

E = K·E0                                                                          (Eq. 2.4) 

where K is referred as kinematic factor and can be calculated using the 

conservation of mass and momentum: 

    
          

           

     
 

 

                                              (Eq. 2.5) 

From the equation, it is clear that K would be larger for heavier target atoms and 

smaller scattering angles. For the same scattering angle, the backscattered ions which 

collide with heavier elements would have higher energy than those collide with lighter 

element. 

In ion scattering (both RBS and MEIS), the incident ions lose energy while 

penetrating the sample along the incident path as well as along the exit path after be 

backscattered by an atom in the sample. In addition to the loss that occurs during the 

nuclear collision, energy losses are caused interactions that occur between the incident 

ion, the target element’s nuclei, other nuclei that the scattered particle may encounter 

along it’s trajectory, and electrons that the scattered ion encounters on its way into or out 

of the material.
15

 The energy of the detected ions is equal to the incident ion energy, 

minus the energy loss that occurs during the elastic scattering event, mius the energy loss 

that caused by the electrons of the solid, minus the sum of all other energy loss processes 

that occur along the ion’s trajectory.
16

 To a good approximation, the energy loss during 

the ion scattering process can be used to identify the distance traveled by the ion in the 

material, and thus provides a depth profile of target constituents, as shown in Fig. 2.4. 
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Fig. 2.4. The position of ion scattering peaks reflects the depth distribution of 

target atoms (or layers). 

 

2.4. Nuclear Reaction Analysis (NRA) 

The same ion accelerator that used in RBS can also be used to initiate simple 

nuclear reactions between two nuclei. When used to determine composition this method 

is referred to as Nuclear Reaction Analysis (NRA)
12

, and can be a more sensitive probe of 

composition than conventional RBS particularly for light elements. In this work, the p-

alpha reaction of 
18

O is used. The reaction can be written as: 

p + 
18

O  
15

N + 
4
He + Q                                                    (Eq. 2.6) 

a proton beam with ~ 827 keV energy was used as incident beam to react with 
18

O 

and generate high energy alpha particles. These alpha particles were collected and used to 

quantify 
18

O in the film. 
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2.5. Medium energy ion scattering (MEIS) 

For very thin films, a lower energy (20~200 keV), higher resolution variant of 

Rutherford backscattering can be employed that is called Medium Energy Ion Scattering 

(MEIS).
13, 14

  A more sophisticated ion detection scheme is used in MEIS than is usually 

employed for RBS. 

The amount of energy that the ion loses as a function of distance while travelling 

in a material is referred as the stopping power.  The stopping power depends on the 

incident ion’s energy, charge and mass, as well as the material of the sample. This 

stopping power is primarily due to electronic excitations (e-h creation) at in the 100 keV 

to 1MeV range, with nuclear stopping becoming dominant only at much lower energies.  

The energy loss caused by nuclear reactions between the incident ion nuclei and target 

nuclei is negligible.
17

 Fig. 2.5 shows the electronic stopping power dependence of ions in 

pure Al films. The maximum of the electronic stopping power of both H
+
 and He

+
 beam 

occurs at around 100 keV, one key reason why MEIS uses ion of this energy range. Also, 

higher energy resolution detection systems are easier to employ for 100keV ions than 

1MeV ones, and the higher energy resolution gives rise to a high depth resolution for 

MEIS.  
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Fig. 2.5. Energy dependence of the electronic stopping power for different H
+
 and 

He
+
 incident energy, the target solid is Al film. The nuclear stopping dominated region is 

also indicated. Adopted from the PhD dissertation of Dr. T. Feng.
18

 

 

The surface sensitivity of ion scattering can be enhanced by working in 

“channeling and blocking” methods,
19

 widely used in determining the surface structure of 

samples with a crystalline substrate. When the ion beam is aligned parallel to a major 

crystallographic direction in a single crystal, the ions are deflected by the first atom in the 

row and lead to the formation of a shadow cone, which greatly reduces the backscattering 

yield of the first few atoms along the atomic string. As the beam penetrates deeper into 

the crystal most of the incident ions (~ 98%) acquire channeling trajectories. These 
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trajectories may be pictured as oscillatory and wave-like confined by the potential 

established by the atomic string. Channeled particles do not penetrate close enough to the 

atomic nuclei to undergo large angle scattering thus suppressing all close encounter 

events such as back scattering from deeper into the crystal. The spectrum generated is 

called a channeling spectrum. Channeling spectra can increase the sensitivity of all 

elements on a crystal surface or in an amorphous overlayer, as shown in Fig. 2.6, and are 

especially useful in quantifying light elements on/near the surface which would otherwise 

be hidden in the large background of bulk scattering. Channeling  can also be used to 

investigate whether the sample and overlayer are crystalline and to determine precise 

structure in the bulk, or near a surface or interface. 

 

 

Fig. 2.6. Random and channeling spectrum of MEIS on SiC 
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2.6. Secondary ion mass spectrum (SIMS) 

SIMS (secondary ion mass spectrometry) is a sensitive near-surface compositional 

method in which one uses a primary ion beam to bombard a sample surface, and then 

detects the emitted secondary ions by mass spectrometry.
6
 The detection limits of SIMS 

can be as low as 1×10
12

 atoms/cm
3
 ~ 1×10

16
 atoms/cm

3
 depending on the element,

20
 thus 

the technique is widely used for trace elemental analysis in solid materials.
20

 The SIMS 

primary ion beam size can be reduced to less than 1 µm in diameter. The sample surface 

is slowly sputtered away during the SIMS analysis, and thus provides sample 

compositional information as a function of depth.  

The primary ion beam sputters the sample surface and produces atomic and 

polyatomic particles from sample materials (secondary particles), along with electrons 

and photons. The secondary particles can be negative, positive or neutrally charged and 

carry zero to several hundred eV kinetic energies. The incident ion beam used in SIMS 

commonly includes Ar
+
, Ga

+
, O2

+
 or Cs

+
 with energies ranging from 1 to 30 keV. The 

sputter rate depends on sample material, crystal orientation, primary beam species, 

energy and intensity, and usually ranges from 0.5 to 5 nm/s.
20

 

Although the sputter rate can be controlled to a very slow rate, there are other 

factors limiting the depth resolution and sensitivity of SIMS. During the SIMS 

measurement, there are a series of binary collisions between the primary ions and target 

atoms. Some of the target atoms (recoil atoms) are energized by the primary ions and 

collide with more target atoms and continue to sputter the sample. Primary ions can be 

implanted and mixed with target atoms up to 10’s of nm inside the sample (depending on 

the incident energy). Atoms from the surface can be driven deeper into the sample and 
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cause the material/interface mixing. Sputtering also leads to surface roughness and lattice 

damage in the sputtered region. On polycrystalline materials, SIMS measurement tends to 

cause more surface roughness than single crystal materials, mainly due to the different 

sputter rates of different crystallographic orientations. These effects and others limit the 

SIMS depth resolution. More problematic with SIMS is the problem of compositional 

accuracy in different matrices. 

 

2.7. Capacitance-voltage (CV) electrical measurements 

Numerous methods are used to measure the interface (electrical charge) trap 

density (DIT), including conductance, low-temperature capacitance, charge pumping, sub-

threshold current, low frequency (quasi-static), DC-IV and high-low frequency 

capacitance.
21, 22

 The high-low frequency method is one of the most commonly applied 

methods in the SiC MOS field. DIT is defined as 

    
                     

   
                                       (Eq. 2.7) 

where (CD+CIT)QS is the capacitance under quasi-static conditions, (CD+CIT)HF is 

the capacitance with 100kHz probing frequency as an approximation of the theoretical 

semiconductor capacitance, and S represents the area of the gate electrode. 

Given the quasi-static and oxide capacitances (CQS and COX), the surface potential 

ψS can be represented as a function of the gate voltage VG as follows: 

           
   

   
                                       (Eq. 2.8) 

where ψ0 is the integration constant and is typically determined by the flat band 

capacitance measured under high frequency conditions. 
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Chapter 3. Atomic State and Characterization of Nitrogen at the SiC/SiO2 Interface 

 

3.1. Introduction 

The performance of SiC MOSFETs in high power or other applications is limited 

by interface defects formed during high temperature oxidation.
1
 Interface defect 

concentrations for SiO2/4H-SiC following dry oxidation (dry O2) are 1-2 orders of 

magnitude larger than those that form during SiO2 growth on Si using similar procedures 

and are not significantly lowered by forming gas (H2) anneals.  

Introducing nitrogen (N) into SiO2/SiC structures using a nitric oxide (NO) 

anneal
2,3

 reduces the large interface state density
4
 and improves the channel mobility, and 

thus device performance. Earlier measurements by our group and others have shown that 

the N accumulates in a very narrow layer (<1.5nm) at the oxide/semiconductor interface
5
 

with a coverage in the sub-monolayer range. 

Tochihara, et al.
6
 and Kosugi, et al.

7
 performed x-ray photoemission studies on NO 

annealed SiC/dielectric structures. They found a strong N 1s signal after the oxide was 

mostly etched away indicating that N incorporates very near the SiO2/SiC interface. The 

nitrogen areal density was estimated to be ~ 10
14

/cm
2
. They confirmed that N 

incorporation results in a reduction in the density of interface traps by about an order of 

magnitude. Although elemental depth profiles across the interface for these systems have 

been reported by our group and others,
5, 8

 the atomic level bonding and chemistry of 

nitrogen incorporation is not well-understood. In addition to the use of NO, successful 

nitrogen incorporation and passivation using a nitrogen (N2) plasma
9
 has been reported.  
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In this chapter, we examine the chemistry of nitrogen at the SiO2/SiC interface. As 

noted above, nitrogen is incorporated into SiC-based MOSFETs because it improves the 

electrical properties of devices. As discussed in this chapter, we find that it locates 

predominantly at the SiO2/SiC interface independent of how it is introduced into the 

system. We study the chemical environment and quantify the areal density of nitrogen in 

this system formed by NO anneals, by N2 plasma nitridation, and by direct nitridation in a 

very high temperature N2 (g) anneal. In Section 3.1 we present a brief overview of the 

motivation of the chapter. In section 3.2, the different nitridation processes are described. 

In section 3.3, the differences between the etching behavior of interfacial N on Si and SiC 

surfaces are studied. In section 3.4, The interfacial N content is measured by X-ray 

photoelectron spectroscopy (XPS), medium energy ion scattering (MEIS), and dynamic 

secondary ion mass spectrometry (SIMS). The results from these three techniques are in 

reasonable agreement. The photoelectron mean free path in SiC is also extracted. The 

quantification of buried layers (via SIMS) and etched surfaces (via XPS and MEIS) 

demonstrate that, within the error of different techniques, all of the interfacial nitrogen 

present prior to etching remains after a BOE etch (buffered oxide etchant, mixture of HF 

and NH4F). In section 3.5, the source of un-etchable N and O on NO-annealed SiC are 

identified through isotope experiments and nuclear reaction analysis (NRA). In section 

3.6 and 3.7, we investigated the interfacial N and O bonding and interface structure on 

NO annealed SiC using both experimental and theoretical methods. Different possible 

structural models are calculated (in collaborative work) and discussed in section 3.7. In 

section 3.8, accurate N depth profiles at the SiO2/SiC interface are studied using MEIS 

and angle resolved XPS, and finally we are able to determine the depth profile of most of 
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the N at interface. In section 3.9, we also described preliminary results of nitridation by 

plasma and high temperature N2 (g) anneals, both of which result in similar bonding 

configurations to NO-annealed samples (although with different total N content). 

 

3.2. Description of sample fabrication and apparatus 

We discuss a range of nitrogen incorporation chemistries. However NO annealing 

remains the dominant process currently used in SiC MOSFET research and production 

and receives the most attention in this chapter. Wafers of 4H-SiC obtained from Cree, Inc. 

(miscut by ~4 deg.) were used. Nitrogen was introduced via three different processes:  

1) Clean SiC was first dry oxidized at 1150
o
C to grow a 50-60 nm oxide and 

then annealed in an NO gas flow (1 atm, 500 sccm) at 1175
o
C for 2 hrs. For comparison 

purposes silicon carbide and pure silicon with oxides of the same thickness were 

processed in parallel using NO (g).  

2) SiC with a 50-60 nm dry oxide was exposed to N2 (g) in a 5000W remote 

plasma at 1160
o
C. The flow rate of N2 was kept at 200 sccm while the other side of the 

furnace was simultaneously pumped to achieve a dynamic equilibrium with a constant 

gas pressure of 2.75 Torr. After the N2 plasma step, a post-plasma anneal was added in 

which the sample was kept in the furnace under N2 at 1160
o
C, 1 atm, for 30 minutes with 

the plasma turned off. The purpose of this step is to help anneal out the electron and ion 

bombardment damage caused by the plasma and the microwave, and thus to improve the 

oxide properties and reliability while retaining the benefit of the N2 plasma treatment.
10

  

3) Clean SiC exposed to N2 (g) at temperatures from 1250 to 1600
o
C. 

Details of the various sample exposures are listed in Table 1.  
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XPS studies were performed in a Thermo K-Alpha system with a monochromatic 

Al Kα x-ray source. The Au 4f7/2 peak, as well as C and Si substrate peaks were used for 

energy referencing. Additional compositional analysis employed secondary ion mass 

spectroscopy (SIMS) and medium energy ion scattering (MEIS).
8
 NO (g) annealed SiC 

samples measured by SIMS showed no detectable N within the “bulk” region of the oxide 

(within the sensitivity limit of SIMS ~10
17

/cm
3
) and an accumulation of N at the interface, 

consistent with earlier reports by TEM, SIMS and MEIS.
5, 8

  

 

3.3. Comparison of N etching behavior on SiC and Si interface 

Fig. 3.1 shows a wide energy range XPS spectrum of NO-annealed SiO2/SiC 

sample, etched to leave ~1.5 nm of oxide, and the wide spectra from the same sample 

etched to completely remove all the oxide. In the case of “full” oxide removal, the 

intensity of the N 1s peak increases relative to the Si (and O) peaks since the overlayer 

SiO2 no longer attenuates the outgoing N 1s photoelectrons. All such etches were 

performed in a 7:1 buffered HF solution (BOE) unless otherwise stated. Note the 

presence of Si 2p photoemission intensity close to 104 eV, which indicates substantial 

remaining oxide in the partially etched sample. The same experiment and XPS 

measurement were also performed on the pure Si NO (g) annealed sample, the N 1s 

spectrum were shown in the Fig. 3.2(b). 
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Fig. 3.1. Wide energy range XPS spectra of a NO annealed SiO2/SiC sample partially 

etched (black) to ~1.5 nm of oxide on SiC and completely etched (red), with the N 1s 

intensity magnified 20 times. 
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Fig. 3.2. XPS spectrum of before and after 5 minute BOE etching from NO annealed (a) 

SiC and (b) Si. The increase in the signal strength in (a) is due to the elimination of 

attenuation by the overlayer. 

 

To understand the N bonding differences between Si and SiC MOS, Fig. 3.2 reports 

XPS data for samples that are etched in BOE. Fig. 3.2(a) compares the N 1s XPS spectra 

for NO annealed SiO2/SiC samples partially and completely etched. The spectra are 
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normalized to the same incident x-ray flux. A quantitative analysis using 2.2nm as the Si 

2p electron escape length in the SiC (calculated from XPS and MEIS data) indicates that 

there is no detectable N removal in the case of the “completely” etched SiO2 overlayer on 

SiC. Fig. 3.2(b) shows the same sequence for the silicon system (SiO2/Si) indicating 

complete removal of the N (within the XPS sensitivity limit) after the SiO2 layer is etched 

by BOE. In the NO annealed SiO2/Si system it was shown that N accumulates primary at 

the interface.
11, 12

 The figure focuses on the N 1s signal in both cases, indicating that the 

binding energy of the N 1s for SiO2/SiC does not change upon etching, while the N signal 

in the SiO2/Si system (prior to its removal during etching) is indeed shifted in energy 

relative to N bound at the SiC interface. 

We conclude that N is bound to SiC in a manner which minimizes removal during 

an HF etch of the oxide, quite unlike the behavior observed on Si. Furthermore, the data 

show that the NO anneal introduces more nitrogen at the interface when grown on a Si 

sample (for the same NO exposure, the N content in the Si sample is about twice that 

observed at the SiO2/SiC interface), although no nitrogen is detected after the BOE etch 

of the Si sample. The different chemical behavior of N at Si and SiC interfaces under the 

same etching conditions and the different N binding energies that we observe by XPS 

indicates that N has a different chemical environment in the two systems. 

We note that a BOE process etches Si3N4 at a rate of ~2 nm/s (under conditions 

similar to our SiO2/SiC etching), and thus a thin pure nitride should easily be etched if 

present in our films, ruling out the possibility that N atoms are incorporated into a stable 

bulk-like nitride on SiC. Our results are consistent with experimental results
6, 7,13,14

 and a 

theoretical model
15,16

 which implies that instead of pure Si3N4 or a simple SiNO layer, the 
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N is directly involved in bonding to the SiC substrate at the interface, or possibly 

embedded within first layer or two of the substrate, forming a stable, BOE-etch-resistant 

interfacial region. 

In an earlier report, Dhar et al.
17

 measured the residual oxygen following etching of 

thermal oxides on both Si and SiC using isotopically labeled O2 analyzed by nuclear 

reaction analysis (NRA).
17

 The results confirm earlier findings for Si which show that 

BOE etching of oxide on Si leaves a hydrogen terminated surface. Surprisingly, etching 

of the oxide on SiC leaves a residual oxide monolayer on SiC, to be precise, an oxygen 

terminated surface on Si-face and an –OH terminated surface on C-face.
17

 As a possible 

explanation, the authors noted that etching at the SiO2/Si interface requires the insertion 

of F into the Si-Si bond,
18

 and (ii) that this insertion mechanism may not be operative in 

the SiO2/SiC case due to the higher stability of the Si-C bond relative to Si-Si.
17

 

Analogously, we suggest that this last layer of N-Si at the SiC interface is also resistant to 

etching due to the stability (and resulting lower reactivity toward HF) of the Si-C bond 

relative to the Si-Si bond.  

Other possible explanations for the enhanced stability of N at the SiC interface 

include: (i) differences in the formation energy, and hence the etching kinetics, of 

etchable intermediates on Si and SiC, or (ii) the formation of a stable interface phase such 

as a carbon nitride or oxy-nitride.
19,20

 However, the surface excess carbon reported by 

Zhu et al
8
 using MEIS is ~1.8 × 10

14
 cm

-2
, sets a limit to this type of CxNy phase. An 

additional possibility is that some of the N might be incorporated into the near surface of 

the substrate (but within the escape depth of XPS) such that oxide etching does not apply. 
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It has been reported that an N-doped near surface layer in SiC may result in “counter 

doping” and improved electrical properties.
21,22

 

 

3.4. Quantification and photoelectron mean free path 

The N coverage can be quantified with XPS peak intensities, but the accuracy is 

limited by the uncertainty in the attenuation length of the relevant photoelectrons. 

Assuming that the thin SiO2 layer on the surface would attenuate the N 1s and Si 2p2/3 

peak intensity in the same way, and knowing that N amount is sub-monolayer, thus 

assuming N layer thickness to be 1.3 Å, same as the N atom’s diameter, N coverage can 

be quantified with XPS peaks intensities by following equation: 

/ /
/ /

/

/

/
(1 )

N N N

NSi SiC Si SiC
Si SiC Si SiC

Si SiC

I N

tI
N












                             (Eq 1) 

Where NI  and /Si SiCI  are N 1s and Si 2p3/2 (from SiC substrate) peak intensity, N  

and /Si SiC  stand for the cross section of the two photoemission process, NN  and /Si SiCN  

represent the number of atoms per cm
2
, Nt  is the thickness of nitrogen layer, /Si SiC  is the 

Si 2p3/2 photoelectron effective attenuation length in SiC. In this equation, NN  is 

unknown and /Si SiC  is not well known. We have used medium energy ion scattering 

(MEIS), further supported by secondary ion mass spectrometry (SIMS) and earlier 

reports using NRA
23

 for quantification. SIMS provides a measure of the total nitrogen 

content in the films (without a BOE removal of the oxide layer), and MEIS gives an 

independent and more accurate measure of the nitrogen content on etched (or thin un-
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etched) samples. The available evidence implies that after BOE etching the nitrogen is 

retained, which is also consistent with the result reported by Kosugi et al.
7
 

 

 

Fig. 3.3. One set of SIMS profiles of silicon, oxygen, carbon, and nitrogen near the 

Si-face SiO2/SiC interface. Silicon, oxygen, and carbon intensities are in arbitrary units 

(right), and the nitrogen concentration is in atoms/cm
3
 (left). The depth profile is limited 

by the SIMS depth resolution.  

 

SIMS (Fig. 3.3) indicates that N accumulates at or close to the Si-face SiO2/SiC 

interface, with an interface profile (based on the FWHM) of less than 10 nm. The 

interface ‘width’ based on this metric is limited by the depth resolution of SIMS; the true 

width is very likely less than 10 nm. 
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Accurate quantification of the N content on the fully etched sample was achieved 

with medium energy ion scattering (MEIS) using a 100 keV proton beam in a channeling 

direction (the <0001> axis)
8
. Fig. 3.4 shows (a) the MEIS spectra of a 2 hour NO 

annealed SiC sample followed by 5 min of HF etching and (b) the nitrogen part of the 

MEIS spectrum. The MEIS measurement yielded an interfacial N areal density of 

4.0(±0.6)×10
14

 cm
-2

, which agrees (within experimental error) with the SIMS result of 

6.0(±2.0) × 10
14

 cm
-2

.
24

 A surface N density of 4.0 x 10
14

 cm
-2

 corresponds to ~ one third 

of a monolayer of surface Si atoms on SiC.  

Using the MEIS and XPS results from the same sample, the Si 2p3/2 photoelectron 

attenuation length in SiC ( /Si SiC ) is calculated to be ~2.1 (±0.3) nm, assuming all the 

nitrogen is at the interface. Comparing MEIS and XPS results from multiple samples 

yields an average /Si SiC as ~2.2 nm. The combination of results, both absolute values of 

the N coverage, and the extraction of the mean free path (mfp), indicates that the NO 

process is well controlled and reproducible. Our calculated mfp for Si 2p3/2 photoelectron 

attenuation Si is somewhat smaller that the literature value of 2.9 nm,
25

 which is 

estimated using the average of the mfp of Si and C listed in the NIST database.
26

 Our 

result however is quite reasonable given that SiC has a significantly higher density than 

Si and C. Using our value of the mean free path, /Si SiC , the oxygen areal density on the 

freshly etched sample is estimated to be 1.4 × 10
15

 cm
-2

, close to one monolayer of 

oxygen (1.2 × 10
15 

cm
-2

). The majority of the oxygen signal comes from the non-etchable 

portion of the initial oxide described in the work of Dhar et al
17

, with some adventitious 

oxygen due to exposure to the ambient atmosphere.  
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The comparison of the N content via SIMS, done without pre-chemical etching, and 

MEIS and XPS performed after complete etching indicates that all of the interfacial 

nitrogen content is preserved in the wet etching process, at least within the sensitivity of 

these techniques (~10%). 

 

 

Fig. 3.4.(a) MEIS full spectrum of 4H-SiC annealed in NO for 2 hours, followed by 5 

minute BOE etching.  
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Fig. 3.4.(b) Nitrogen part of the MEIS spectrum of 4H-SiC annealed in NO for 2 hours, 

followed by 5 minute BOE etching.  

 

3.5. Isotope Experiment 

In an earlier report, Dhar et al.
17

 measured the residual oxygen following etching of 

thermal oxides on both Si and SiC using isotopically labeled O2 analyzed by nuclear 

reaction analysis (NRA).
17

 The results confirm earlier findings for Si which show that 

BOE etching of oxide on Si leaves a hydrogen terminated surface. Surprisingly, etching 

of the oxide on SiC leaves a residual oxide monolayer on SiC.
17

 

As shown in Fig. 3.1, on the completely etched NO(g)-annealed SiC surface (red 

line), an oxygen signal can still be detected by XPS. There are 2 possible sources of the 
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oxygen on the HF-etched NO-annealed SiC: (i) from the unetchable oxide that were 

studied by Dhar, et al;
17

 and (ii) from hydrocarbons in ambient air which is chemically or 

physically adsorbed when the sample was transferred in the air. To further investigate the 

source of the oxygen and the chemical state of nitrogen at the SiO2/SiC interface, an 

isotope experiment was performed.  

Two pieces of clean SiC sample were annealed in isotope enriched 
15

N
18

O (g, 98% 

14
N and 98% 

18
O, Sigma Aldrich, Inc) at 1175

o
C for 1 hr. The NO annealed process was 

slightly different than a standard NO (g) anneal process in a few aspects: 

(i) At high temperature, NO (g) can decompose into N2 and O2, so the standard 

NO (g) anneal is done with 500 sccm NO (g) flow, to refresh the NO gas. In 

this experiment, due to the high cost of 
15

N
18

O (g), the anneal was 

performed in a static mode, with both ends of the furnace being sealed. 

(ii) In the standard NO (g) anneal, the pressure in the furnace is 1 atm, while in 

this experiment, the pressure was kept to be about 5 psi higher than 1 atm to 

reduce the air leaking into the furnace. 

(iii) The annealing time was 2 hrs in the standard NO (g) anneal, while in this 

experiment, the time is reduced to 1 hr. It was shown by McDonald, et al,
27

 

that in a static mode NO (g) anneal, after a certain time period, the 

interfacial N coverage decreases due to the NO (g) decomposition generates 

O2 and then re-oxidizes the N sites.
27

 At 1175
o
C, in a static mode, the N 

coverage reaches a maximum at 1 hr.
27
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(iv) This isotope experiment is done using a clean SiC sample, without any pre-

oxidation, since we are more interested in the new interface created by the 

NO anneal step. 

After the 
15

N
18

O (g) anneal, one sample was analyzed by RBS (with channeling), 

NRA and ellipsometry. RBS channeling was done using a 2 MeV 
4
He

+
 incident beam and 

collected for 50µC total beam dose. The RBS channeling result is shown in Fig. 3.5. The 

total oxygen from silicon dioxide is estimated to be about 44.6 × 10
15

/cm
2
, and agrees 

with the ellipsometry result of 9 nm oxide thickness. The interfacial nitrogen amount is 

too low to be seen in the RBS channeling spectrum. The RBS result shows that in the 

oxide layer, the oxygen contains about 87% 
18

O and 13% 
16

O. The 
18

O ratio is lower than 

the 
15

N
18

O gas (98% 
18

O) that was used in the annealing, which we assume is 

predominantly caused by oxygen exchange between the gas inside and outside the 

furnace during the annealing. Based on the RBS results, 
18

O and 
16

O distributed evenly in 

the oxide layer, indicating that the oxide is grown primarily with 
15

N
18

O.  

The sample is then analyzed using NRA. The measurement is performed using a 

824 keV proton beam and collected for 1µC total beam dose. The nuclear reaction used 

here can be described as: 

            p + 
18

O  
15

N + α + Q 

The data points between 500 keV and 1250 keV are shown in Fig. 3.6(a) are the 

collected α particles from the nuclear reaction. This NRA result confirms the presence 

and amount of 
18

O, and is also used to calibrate and quantify the 
18

O content after etching.  

The other sample that was prepared simultaneously was etched in 7:1 BOE for 5 

min to remove all the oxide, and then analyzed by NRA, XPS and MEIS channeling. Fig. 
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3.6(b) shows the NRA result of the etched 
15

N
18

O-annealed SiC sample. The 

measurement is also carried on using a 824 keV proton beam and collected for 20µC total 

beam dose (to obtain a better signal to noise ratio for the unetchable oxygen). In this 

measurement, the 
18

O areal density is estimated to be 1.1 × 10
15

/cm
2
, and based on the 

data below 500 keV, the 
15

N amount is estimated to be 0.12 × 10
15

/cm
2
. 

 

 

Fig. 3.5. Channeling RBS spectrum of un-etched 
15

N
18

O annealed SiC 

 



57 
 

 
 

 

 

Fig. 3.6. NRA spectrum of (a) un-etched 
15

N
18

O annealed SiC and (b) etched 
15

N
18

O 

annealed SiC. 
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Fig. 3.7 shows the MEIS spectrum of the etched 
15

N
18

O annealed SiC. The 

measurement is done using a 100 keV proton beam in the channeling direction. MEIS 

results indicates that all the oxygen, including both 
18

O and 
16

O, are on top of the SiC 

surface. 
18

O and 
16

O amounts are estimated to be 1.1 × 10
15

/cm
2
 and 0.84 × 10

15
/cm

2
, 

respectively. Using the 
18

O and 
16

O ratios in the bulk oxide that formed during the 
15

N
18

O 

anneal, it can be calculated that of the 0.84 × 10
15

/cm
2
 
16

O fraction, approximately 0.17 × 

10
15

/cm
2
 are from the un-etchable oxide and 0.67 × 10

15
/cm

2
 are from the adventitious 

oxygen. Adding up the 
15

N and un-etchable O, including 
18

O and 
16

O, gives a number of 

about 1.4 × 10
15

/cm
2
, which is close to the number of 1.25 × 10

15
/cm

2
 Si atoms (or C 

atoms) in one monolayer of a SiC crystal on the Si-face or C-face. The experiment 

process and results are summarized in Fig. 3.8 and Table 3.1. 
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Fig. 3.7. MEIS spectrum on etched 
15

N
18

O annealed SiC 

 

 

Fig. 3.8. Summary of the experiment 
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Table 3.1. MEIS, RBS, NRA, XPS result 

Sample 

 

RBS & NRA  MEIS  XPS  

With oxide  

Oxide thickness (nm)  9.5  

  
18

O coverage (cm
-2

)  38.4 ×10
15

 

  
16

O coverage (cm
-2

)  6.2 ×10
15

 

  
18

O percentage  87%  

  

 

    

Etched  

15
N coverage (cm

-2
)   0.12 ×10

15
 

 

0.15 ×10
15

 

18
O coverage (cm

-2
)  1.1 ×10

15
 1.1 ×10

15
 

 
16

O coverage (cm
-2

)  

 

0.84 ×10
15

 

 
16

O from unetched oxide
 

 

0.17 ×10
15

 

 16
O from adventitious 

sources
 

 

0.67 ×10
15

 

 
O total coverage (cm

-2
)  

 

1.9 ×10
15

 1.6 ×10
15

 

 

 

3.6. Bonding state at the interface: Experimental 

To provide further insight into the chemical state of nitrogen at the SiO2/SiC 

interface, the N 1s spectrum is fit with a set of three Gaussians representing three 
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different bonding configurations (Fig. 3.9). The fit includes a main peak centered at a 

binding energy of 397.5 eV and secondary peaks centered at ~ 398.4 eV and ~ 399.5 eV. 

Comparing these N 1s peaks to previously reported values indicates possible nitrogen 

bonding environments.
28

 However, surface/interface dipoles and calibration methods 

together can result in significant variations of binding energy values between 

experiments.
29

 Therefore, caution must be exercised when comparing experiments that do 

not use a common reference.  

 

 

Fig. 3.9. N 1s XPS spectrum with possible peak assignments of 4H-SiC annealed in NO 

for 2 hours, followed by 5 minute BOE etching. 
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We can benefit from the extensive work published concerning the N 1s signals of 

oxy-nitride thin films on silicon.
30

 The dominant N 1s peak binding energy for 

oxynitrides of varying nitrogen content range from 397.0 to 398.0 eV, and are attributed 

to nitrogen bound to three silicon nearest neighbors. The lower binding energy value 

observed is associated with N within a Si3N4-like near interfacial environment whereas 

the higher value is associated with N still bound to three Si atoms but within a SiO2 

environment, with the number of second nearest neighbor oxygen atoms being an 

important determining factor. 

 

 Higher binding energy N 1s peaks are less well understood, with peaks at ~ 399 eV 

attributed to nitrogen bound to one oxygen and two silicon atoms, and peaks at ~ 400 eV 

attributed to nitrogen bound to one silicon and two oxygen. A recent study of complex 

nitrogen molecules on silicon surfaces
31

 corroborates these assignments. In addition, N 

bound to two silicon and one carbon was found to produce an N 1s peak at 398.4 eV 

suggesting an alternative bonding possibility for XPS peaks in this range. While the 

above results provide a starting point for understanding our N 1s peaks, calibration and 

interface issues prevents a definitive comparison to our XPS results. Below we describe 

the calibration method used here to carefully compare various nitrogen bonding 

configurations with respect to theoretical estimates. 
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Fig. 3.10(a). XPS of C 1s on NO annealed SiC surface – before and after a 5 min. BOE 

etch. 

 

In Fig. 3.10(a) we plot the XPS spectra of C 1s on an NO annealed SiC surface, 

before (black) and after (red) etching in BOE for 5 min. The sample has around a 50-60 

nm oxide prior to etching. The peak around 284.8 eV binding energy in the before 

etching curve (black) in Fig. 3.10(a) represents the adventitious carbon that attached to 

the surface while the sample is transferred ex-situ. In the C 1s after etching curve (red), 

the major peak that around 282.7 eV binding energy represents the carbon atoms from 

SiC substrate. As for the smaller peak at around 285.0 eV, judging from the peak 

intensity and binding energy it likely comes from the adventitious carbon on the samples 
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surface. The consistency of the adventitious carbon peak on the before and after etching 

curves also validates our energy reference method. 

 

 

Fig. 3.10(b). XPS of O 1s on NO annealed SiC surface – before and after 5 min BOE 

etching. 

 

As shown in Fig. 3.1 and section 3.4, there is less than one monolayer of un-

etchable oxygen on the completely etched NO annealed SiC surface. Fig. 3.10(b) shows 

the XPS spectra of O 1s on the NO annealed SiC surface, before (with an approximately 

60 nm oxide overlayer, black) and after (red) a 5 min. BOE etch. The O 1s peak from the 

before etch curve is from the SiO2. After etching, the O 1s peak shifted to the lower 
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binding energy side for about 0.7 eV, which is consistent with the fact that the un-

etchable oxygen atoms are closer to the semiconductor compared to the oxygen in the 

bulk oxide. 

 

 

Fig. 3.11. XPS Si 2p peak deconvolution and peak assignment of 4H-SiC annealed in NO 

for 2 hours, followed by a 5 minute BOE etch. 

 

To further understand oxygen bonding at the SiO2/SiC interface, we can look into 

the Si XPS spectrum. Fig. 3.11 shows the Si 2p XPS peak deconvolution and assignment 

of completely etched NO annealed SiC. The Si 2p spectrum is fitted with 2 sets of 

doublets, one has a 2p3/2 peak at 100.5 eV binding energy and is identified as the SiC 
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substrate peak. The other has a 2p3/2 peak at a higher binding energy, 101.6 eV, and is 

consistent with partially oxidized Si, which in our case, is most likely bound with the un-

etchable oxygen and nitrogen. Using the photoelectron mean free path calculated in 

section 3.4, the partially oxidized Si is estimated to be around one monolayer. 

 

3.7. Bonding State of N: Theoretical Calculations 

To further elucidate the nature of nitrogen bonding at the SiO2/SiC interface, we 

have performed first principles electronic structure calculations on realistic interface 

models (this work was done in collaboration with Dr. B. Tuttles and Dr. S. T. 

Pantelides
32

). Our theoretical calculations employ the VASP electronic structure 

package
33

 to calculate core level energies
34

 within the frozen valence approximation. We 

have studied numerous interface structures with typical super-cell sizes ~ 1.0 × 1.0 × 2.0 

nm with between 100 – 300 atoms, including 5 layers of a SiC(0001) substrate with an 

oxygen-nitrogen cap. For each model, atomic positions are initially relaxed to their 

lowest energy positions with T = 0 K. In all cases we use periodic boundary conditions, 

hence we are usually working with crystalline models of the interface, not truly 

amorphous ones. In reality, the overlayers are thought to become amorphous rather 

quickly as one moves into the oxide. We compute the relative difference between the N 

1s core level and the bulk C 1s level, which provides a common reference when 

comparing to experiments as absolute core level energies are not accurate. In order to 

calibrate the method, we use a system where both the microstructure and the N 1s core 

level binding energies are known. Shirasawa et al.
13,14,15,16

 have proposed a crystalline 

oxygen-nitrogen overlayer on the Si face of SiC(0001). Experimentally, the XPS core 
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level of the N 1s level is 398.7 eV with a core level difference between C 1s and N 1s 

being 114.8 eV.
6
 This latter difference is also found in the present samples and is used to 

calibrate our theoretical calculations. In Fig. 3.12, Model 1 is a reproduction of the 

structure reported by Shirasawa et al. that we used in our calibrations. We estimate a 

numerical uncertainty of 0.2 eV for our reported N 1s core levels. The structures in Fig. 

3.12 and Fig. 3.13 represent the oxide and SiC interface structure prior to the HF etching. 

 

3.7.1. Unstrained layers 

Our experiments on NO processed samples suggest an inter-layer with about 1/3 

monolayer coverage of nitrogen, consistent with the previously determined range of 0.1 – 

0.4 monolayers.
7
 Coincidentally, a 1/3 monolayer of N could, in principle, perfectly 

passivate all the silicon dangling bonds on the SiC(0001) surface (if each N atom were 

bound to three Si atoms below it).
35

 However, this surface would preclude any oxide 

from growing, would be highly strained, and is not really a relevant or practical model for 

nitrogen at the SiO2/SiC interface. We have investigated the properties of more realistic 

models with nitrogen coverages similar to those observed experimentally. In Fig. 3.12, 

Model 2 shows an interlayer with a 1/2 monolayer coverage of nitrogen. The interlayer 

forms a two dimensional crystal with a primitive unit cell of 0.45 nm by 1.03 nm 

including 3 nitrogen atoms. Using the calibration mentioned above we can compare our 

calculations directly to our experiments. Theoretically, the average N 1s XPS level is 

397.0 eV for Model 2, close to our experimental result for the main XPS peak of 397.5 

eV. In Model 2, the nitrogen interlayer involves rows of nitrogen atoms, each with three 

silicon nearest neighbors, bonding directly on top of SiC(0001). The average N-Si 
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distance is 0.176 nm, close to the 0.174 nm value in bulk silicon nitride. The second 

nearest neighbors of the nitrogen atoms include nitrogen, carbon and oxygen atoms. 

Because of the agreement with XPS and the low strain of the Si-N bonds, Model 2 is an 

attractive model for the Si-N-O interlayer. However, the 0.5 monolayer of N is slightly 

larger than the observed coverage indicating that the actual interlayer is more complex 

than the crystal structure presented in Model 2. 

 

3.7.2. Strained layers 

To investigate the properties of nitrogen in a strained interlayer, we constructed 

Model 3 which is shown in Fig. 3.12. There is 5/12 of a monolayer of nitrogen atoms 

bonded directly to the SiC surface in this model. For Model 3, we calculated the N 1s 

core level energy for each N atom in the model. For 4 of the 5 nitrogen atoms, the N 1s 

core level is 397.4±0.2 eV, while for the remaining one it is 397.7 eV. In this latter case, 

the nitrogen is under considerable tensile strain, with a Si-N bond elongated by 5 %, to 

0.182 nm. As in Model 2, the second nearest neighbors include nitrogen, carbon and 

oxygen atoms. With only nitrogen second nearest neighbors, bulk silicon-nitride (Si3N4) 

does not capture the nitrogen bonding environment at the SiO2/SiC interface.  
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Fig. 3.12. Model 1                 Model 2     Model 3  

Ball and stick figures of the SiC/oxynitride interfaces (before etching) with Si (blue), C 

(brown), N (green), O (red) and hydrogen (white). 

 

3.7.3. Nitrogen containing secondary peaks 

Our proposed nitrogen bonding environments from Models 2 and 3 are consistent 

with the main N 1s peak that we report in Fig. 3.9. However, the secondary peaks 

reported in Fig. 3.9 are likely due to different local chemical environments. Nitrogen 

bound to oxygen at the interface may explain the observed secondary XPS peaks. 

Therefore, we have created Si-N-O molecular structures on a SiC(0001) surface in order 

to test the influence of nearest neighboring oxygen on the N 1s binding energy. In Fig. 

3.13, ball and stick structures of the models are shown for nitrogen on top of SiC with 

silicon nearest neighbors including (a) zero oxygen, (b) one oxygen, and (c) two oxygen 

nearest neighbors. Other surface silicon atoms are passivated with OH bonds. The 

theoretical N 1s binding energies are found to be 397.1 eV, 398.5 eV and 400.3 eV for 

the structures of Fig. 3.13 (a), (b) and (c), respectively. These results are systematically 

lower than the corresponding N 1s peak values reported.
31

 The different results may be 
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due to calibrations used N XPS on Si substrate versus SiC substrate. Also, Si and SiC 

surfaces will have different interface dipoles which would affect the XPS values. 

 

 

Fig. 3.13. Ball and stick figures of the SiC surface with a single nitrogen adsorbed with 

three different oxidation states. Si (blue), C (brown), N (green), O (red) and hydrogen 

(white). 

 

In case (a) where nitrogen has only three silicon neighbors, the N 1s binding energy 

is 397.1 eV, within the range 397.0 – 397.4 eV found for relaxed nitrogen in Models 2 

and 3 above. These surface results agree with the previous results that include an oxide 

cap, indicating that the N 1s binding energy is mainly sensitive to nearest neighbor 

effects. In case (b), the N 1s binding energy 398.5 eV is close to the observed secondary 

peak at 398.4 (see Fig. 3.9). In Fig. 3.9, the XPS N 1s binding energy data are fit with 

three Gaussians. The highest energy peak is reported at 399.5 eV. This tertiary Gaussian 

is much broader than the other two with a relatively small maximum, suggesting one or 

more low probability configurations are involved. In Fig. 3.13 (c), we present nitrogen 
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bound to two oxygen atoms. In this case, the N 1s binding energy is calculated to be 

400.3 eV, which is 0.8 eV higher than the value of the experimentally determined tertiary 

peak. Overall, nitrogen bound to some oxygen atoms are close to the experimental 

secondary peaks. However, the concentration of N-O bonds after an anneal to > 1000
o
C 

is likely to be very low, thus other candidate structures need to be considered. 

 

3.7.4. Substitutional nitrogen 

As the interfacial layer grows, EPR experiments indicate that nitrogen atoms can 

replace carbon
36

 or fill silicon vacancies
37

 below the interface, i.e. occupy either Si or C 

sites, substitutional, in SiC. Estimates from low temperature magnetic resonance studies 

place the concentrations of ionized nitrogen substituting for C within SiC at ~ 5×10
12

 cm
-

2
 or about 1% of the total interfacial N. Near interface substitutional nitrogen has also 

been invoked to explain threshold voltage shifts in NO annealed devices.
11, 36

 Starting 

with Model 2, we have considered two distinct cases, both involve nitrogen substituting 

for carbon in the first layer below the SiO2/SiC interface. In our calculations, we find 

such neutral and ionized nitrogen atoms have N 1s binding energies of 398.4 eV and 

399.3 eV, respectively. These configurations are likely to contribute to the higher energy, 

secondary peaks observed in the XPS peak fitting (Fig. 3.9). 

 

3.7.5. Modeling summary 

 While interlayer Model 1 in Fig. 3.12 has been proposed and discussed by 

Shirasawa, et al., we believe that Models 2 and 3 in Fig. 3.12 are more likely models for 

nitrogen incorporation at actual SiO2/SiC interfaces. To be clear, the models in Fig. 3.12 
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represent possible structures just before an HF etch of the last oxide layer. Examining the 

chemical reactions involved in HF etching is beyond the scope of the present study. 

However, for Models 1 – 3, molecular dynamics simulations were performed at elevated 

temperatures (between 300 K and 2000 K) to explore the stability of each model. For 

each simulation, we equilibrated the models at the given temperature and then recorded 

position data. In all simulations, there is no observation of Si-N bond dissociation. For 

the T = 1000 K simulations, the average Si-N bond lengths and standard deviations are 

reported in Table 3.2, along with XPS core level results discussed above. In all three 

models, each nitrogen forms three strong bonds with bond lengths and angles close to 

those observed in crystalline silicon nitride. The Si-N bonds in Models 2 & 3 may be in a 

more stable configuration than those in Model 1, based on the lower average bond 

lengths and lower bond length deviations. Each oxygen atom forms a bridging bond 

between two silicon with bond lengths and angles similar to those found in crystalline 

and amorphous silicon dioxide. These simulation results encourage confidence in the 

quality of interface Models 2 and 3, as representative of actual interfaces. Our N 1s XPS 

calculations indicate the main observed peak is from a configuration of N bound to three 

Si atoms. The effect of second nearest neighbors appears to be minimal. The observed 

secondary XPS peaks may be due to N-Si bonds under tensile strain and/or substitutional 

nitrogen below the SiO2/SiC interface. 
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Table 3.2: Summary of theoretical simulation data for three interface models for N 

incorporation. See text for more details. 

Model 

Number 

Nitrogen 

Coverage 

N 1s core level  

XPS (eV) 

T= 0 K Si-N 

distance (nm) 

Average Si-N 

distance (nm) 

1000 K  

Si-N stand. dev. 

(nm) 

1000 K  

1 1.0 398.7 0.177 0.178 0.0017 

2 0.5 397.0 0.176 0.174 0.0013 

3 5 / 12 397.4 0.176 0.177 0.0006 

experiment 1/3 397.5    

 

 

3.8. N depth profile 

The mechanism of how N appears to lower interface trap density, increase mobility, 

and generally improve device electrical performance is not fully understood. It was 

argued in early works by Jamet et al.,
38

 Shirasawa et al.,
13

 and Chung et al.
2
 that N can be 

a passivating agent for the C-related interface states and oxide traps, which in turn gives 

rise to a lower Dit value for devices. Earlier work by McDonald et al, also suggests that N 

might be dissolving the C clusters near the interface, a type of interface defects, further 

reducing Dit and increasing mobility.
39

 Another possible mechanism to explain the 

improvements in performance is “counter doping”, proposed by Liu et al.,
40

 which 

suggest that some N atoms can move into substitutional sites in SiC (near the interface) 

forming a counter-doped layer, which in turn gives rise to a higher conductivity. This 

counter doping mechanism will be discussed in detail in chapter 5. It is important to note 
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that the passivation and counter doping concepts are not contradictory to each other, and 

that nitrogen incorporation can actually function in both ways at the same time (with 

nitrogen atoms on both sides of the interface).  

Having more information about the N profile across the interface would help us to 

better understand the role that nitrogen plays at the interface of SiC device. SIMS 

analysis is limited in accurate depth profiling due to ion bombardment induced roughness. 

In this case, MEIS channeling and angle resolve XPS studies can help produce higher 

depth resolution results. 

The MEIS result not only provides accurate quantification but also indicates that the 

nitrogen is confined to within ~ 1nm of the surface, consistent with earlier reports of a 

sharp interfacial N profile. Fig. 3.14 (a) shows the MEIS spectrum and 2 different fittings 

for NO annealed SiC with the oxide completely etched off. The analysis is done using a 

100 keV proton beam directed towards the sample at 58° off-normal, and then detected 

normal to the sample (122° backscattering). The red curve fitting represents a model with 

all of the N atoms sitting on top of the SiC, in other words, in the layer of silicon oxide 

closest to the SiC substrate, while the blue curve fitting represents the model that all of 

the N atoms located in the SiC, 5 Å below the SiO2/SiC interface, approximately 

equivalent to 2 layers of the SiC crystal. Fig. 3.14 (b) shows the same data and fitting of 

Fig. 3.14 (a) but zoomed in the nitrogen energy range. It is clear from the MEIS data 

fitting that the model that N exist in the last layer of oxide is a better fit, which is also an 

agreement with the isotope experiment discussed in section 3.5, and theoretical 

calculations in section 3.7.  
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Fig. 3.14. MEIS modelling of N near the SiO2/SiC interface. 
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Fig. 3.15 (a) XPS angle resolve measurement of N 1s on etched NO annealed SiC. To aid 

in comparing different spectra, this sample set were all normalized to a constant Si 2p 

peak intensity. 
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Fig. 3.15 (b) Si 2p spectrum (normalized intensities) and (c) zoomed Si 2p spectrum of 

angle resolve XPS measurement on etched NO annealed SiC. 
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Although the MEIS result rules out the possibility that all N atoms are buried within 

the SiC substrate, it is still unclear that if all N atoms sit in the last layer of oxide or the 

first layer of SiC. The fit for a model in which N atoms sit in the first layer of SiC would 

be somewhere between the blue curve and red curve in the MEIS modeling, thus is hard 

to confirm from the model if all of the N atoms sit in the last layer of oxide. In order to 

obtain more information about the N position and chemistry, angle resolve XPS 

measurements were performed. 

The experiment is realized by taking a series of XPS spectra at different exit angles 

(the angle between the sample normal and the analyzer). Data were collected with angles 

from 0
o
 to 75

o
. As the angle between sample normal and analyzer is increased, the photo-

electrons collected become increasingly surface sensitive. Fig. 3.15 (a) shows the N 1s 

XPS spectrum of the angle resolve measurement with N peak intensities adjusted with 

normalized Si 2p peak intensities. If the N atoms sit in the same layer as the first SiC 

layer does, after normalizing to the Si 2p peak intensity the N 1s peak intensities should 

increase slightly with the increasing emission angle. Data in Fig. 3.15 (a) shows that with 

respect to the same Si 2p intensity, the N 1s peak intensity increases with increasing 

angle, in other word, the photo electrons from SiC substrate are attenuated more than that 

of N, which indicates that N atoms are slightly above/on top of SiC substrate.  

Fig. 3.15 (b) shows that the normalized Si 2p XPS spectrum from the angle resolve 

measurement, and Fig. 3.15 (c) zooms in on the peak tail region at higher binding energy. 

The peak tail is identified in Fig. 3.11 as partially oxidized Si. There is a hint in Fig. 3.15 

(c) that the peak tail is increased with respect to the main substrate peak, indicating that 
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these species sit on top of the SiC substrate, similar to the N atoms. This also supports 

our peak assignment in section 3.6. 

  

 

Fig. 3.16. XPS and MEIS simulations of depth profile. Model 1 is both the best MEIS fit 

and the best XPS fit.  

 

To compare the angle resolve XPS and MEIS results, the intensity ratio of the N 1s 

peak relative to the Si 2p one at different photo-emission angles are calculated for 

different MEIS models and plotted in Fig. 3.16. The black curve is the experimental 

result. The blue curve represent the model that all the N atoms sit in the last layer of 

oxide on top of SiC (model 1), and N peak intensity increases with increasing angle. The 

red curve represent a model in which all the N atoms sit in the first layer of SiC (model 2), 
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and the ratio of N and Si peak intensities stays constant at different angles, with a slightly 

increase at high angles. The green curve represent a model in which all the N atoms are 

buried 5 Å into the SiC substrate (model 3), and the relative N 1s peak intensity decreases 

with increasing angle. Note that model 1 is the best fit to the angle resolve XPS result and 

also the best fit model for MEIS. 

The N depth profile study in this section suggests that the majority of the sub-

monolayer of N atoms, together with the un-etchable O atoms, sit on top of the SiC 

substrate, lowering the density of dangling bonds on the SiC surface, which also agrees 

with the computational results presented in section 3.7. This interface structure supports 

the model in which N passivates the interface defects. 

 

3.9. Alternative methods of N incorporation 

 Above we have reported detailed experimental and theoretical analyses of the N 1s 

XPS results for samples grown using standard NO processing.
2,9,41

 We also examined 

nitrogen introduced by two “new” processes: i) non-oxidized SiC exposed to pure N2 at 

high temperature (1250~1600 
o
C) and ii) oxidized SiC exposed to a nitrogen plasma.

9
 Fig. 

3.17 shows the N 1s XPS spectral region of SiC prepared by (i) a high temperature N2 

anneal, (ii) an 8 hour N2 plasma, (iii) a 4 hour N2 plasma, (iv) a standard NO anneal (as in 

Fig. 3.9), and (v) a bare 4H-SiC sample. All the samples were etched in BOE for 5 

minutes to remove the oxide layer and retained the N species with similar N 1s peak 

shapes and similar binding energies (although the total nitrogen peak areas differed). This 

implies that N atoms occupy essentially the same local chemical environment at the 

interface regardless of the nitridation method (close to one monolayer). Both the N2 
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plasma method and the high temperature N2 anneal resulted in approximately three times 

as much N at the interface relative to that obtained in the standard NO anneal, as reported 

in Table 1. 

 

Fig. 3.17. N 1s XPS spectrum of SiC with different nitridation treatments, followed by a 

5 minute BOE etch to remove all the oxide. 
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Table 3.3: Sample preparation, and N and O areal densities at the SiO2/SiC interface 

prepared by different methods. All the samples were etched in BOE for 5 minutes before 

examination by XPS: 

 Substrate N Process Oxide 

thickness(nm) 

Mobility 

(cm
2
/V·s) 

N amount 

(10
14

/cm
2
) 

O amount 

(10
14

/cm
2
) 

Fig. 

3.2a  

4H-

SiC(0001) 

NO, 1175°C, 1 

atm, 2 hrs 

50-60 ~ 40
2,3

 4.0 14.0 

Fig. 

3.2b 

Silicon 

(100) 

NO, 1175°C, 1 

atm, 2 hrs 

50-60    

Fig. 

3.17 

4H-

SiC(0001) 

N2 plasma, 

1160°C, 4 hrs 

50-60 ~ 55
9
 4.1 10.4 

Fig. 

3.17 

4H-

SiC(0001) 

N2 plasma, 

1160°C, 8 hrs 

50-60  10.0 9.9 

Fig. 

3.17 

6H-

SiC(0001) 

N2, 1600°C, 5 

min 

50-60  11.1 12.4 

Fig. 

3.17 

6H-

SiC(0001) 

N2, 1350°C, 30 

min 

  10.3 5.4 

Fig. 

3.17 

6H-

SiC(0001) 

N2, 1250°C, 30 

min 

  12.4 7.6 

*The N processes on 4H-SiC involved starting with a ~50 nm thermal oxide (SiO2) 

grown on SiC(0001) at 1150°C. For 6H-SiC, a bare (no oxide) sample was used for the 

N2 exposure. The Si substrates also have a 50nm thermal oxide prior to NO exposure. 
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Note that there is relatively little oxygen present before the HF etch on both the 

plasma and N2 anneal samples. After the HF etch, the NO sample continues to show a 

significant oxygen signal, much greater than the plasma and N2 samples after etch. This 

indicates that this "unetchable" oxide layer associated with NO processing, first reported 

by Dhar et al.
17

, is intrinsic to the NO process and may play a role in the electrical 

characteristics of devices fabricated via the different processing conditions studied here. 

The continuous growth of the NO oxide might limit the efficiency of this 

nitridation process as a passivating agent. It is well-known that pure oxidation without 

any N creates a poor electrical interface. Our data indicate that these two alternative 

nitridation methods might be superior to the traditional NO anneal because they result in 

a higher N to O ratio at the SiO2/SiC interface. 

 

3.10. Summary and discussion 

In conclusion, SiO2/SiC(4H-Si face) structures with nitrogen added by an NO 

anneal, a N2 plasma, and high temperature anneals in N2 were examined by XPS 

following BOE etching. In all cases a significant fraction of the N added, varying from 

1/3 to 1 monolayer (where 1 monolayer is defined as the density of Si atoms in a single 

SiC (1000) atomic plane), was bonded to the substrate at the interface and was not 

susceptible to etching. This is in sharp contrast to the behavior of N on silicon surfaces, 

where complete etching of N occurs in similarly prepared samples. All nitridation 

methods resulted in similar photoemission spectra in the N 1s XPS region, indicating 

similar nitrogen bonding at the interface. Both N 1s peak fitting and a bonding model are 

suggested to describe the N bonding at the interface. 
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The analysis by angle resolve XPS and MEIS suggest that the majority of N atoms 

sit at the interface, passivating more dangling bonds at the SiO2/SiC interface than than 

that of only oxygen. N passivation reduces the interfacial traps, while a small portion of 

the N atoms may counter-dope the N type SiC semiconductor
40

 (the counter-doping 

mechanism will be discussed in chapter 5). A recent study shows that in addition to 

interface passivation, N at the interface may also reduce the width of the transition layer
42

 

between SiC and SiO2. 
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Chapter 4. Kinetics of nitrogen incorporation at the SiO2/4H-SiC interface during 

NO passivation 

 

4.1. Introduction 

As noted above, nitridation of the SiO2/SiC interface using a nitric oxide (NO, g) 

post oxidation anneal is the most established process for achieving quality SiC MOS 

interfaces, and hence a higher mobility MOSFET device.
1-6

 Explanations of the nitrogen 

passivation mechanism had been offered proposed on computer simulations,
7
 but a 

complete understanding of the kinetics of nitridation process is still missing. In this 

chapter, the kinetics of N incorporation at the SiO2/SiC interface has been investigated 

for C-face, Si-face and a-face 4H-SiC. In section 4.2, the experimental details are 

described, including sample preparation, and physical and electrical analysis. In section 

4.3, the results of nitrogen uptake using the standard NO process on the C-, Si-, and a-

faces of 4H-SiC are shown. In section 4.4, we investigate the saturation nitrogen 

coverage on different crystal faces, and present several possible explanations. In section 

4.5, we describe results of NO annealing at different temperatures and times, obtain the N 

uptake curves on all three different crystal faces at various of temperatures, and propose a 

first-order kinetics model. In section 4.6, we present and discuss the correlation between 

N coverage and the interface trap density on the C-face. 

 

4.2. Sample preparation 

Following organic and RCA cleaning, 8
o
 miscut (000 ) C-face, 4

o
 miscut (0001) 

Si-face and on-axis (11 0) a-face 4H-SiC samples (5 × 5mm piece) were oxidized in a 
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500 sccm O2 flow at 1150C in a quartz-glass tube for 15 hrs, 1hr and 15 hrs, 

respectively, to obtain oxides that are approximately 65 nm thick on all the samples. The 

oxidation times were chosen based on the anisotropic oxidation rates of the various SiC 

faces.
8-10

 All samples were then annealed in a 577 sccm NO flow at different 

temperatures. The NO (g) annealing process parameters are shown in Table 4.1. 

The nitrogen coverage on the surface was characterized by secondary ion mass 

spectroscopy (SIMS), Medium Energy Ion Scattering (MEIS), and X-ray photoelectron 

spectroscopy (XPS), as discussed above. XPS measurements were performed using a 

monochromatic Al Kα x-ray source (K-Alpha, Thermo Scientific Inc.). Medium Energy 

Ion Scattering (MEIS) measurements were performed using a 100 keV proton beam at 

the direction 58° off-normal into the sample and normal out (122° ) backscattering.
11

 The 

oxides were etched in 7% HF for 5 min prior to measurements for the XPS and MEIS 

studies, while for SIMS, the profiling was accomplished on the un-etched as grown oxide. 

In addition to the physical analysis, electrical measurements were carried out on C-

face MOS capacitors which had been fabricated with the standard NO passivation at 

1175
o
C for various times after thermally growing a 65 nm oxide. Sputter deposited Mo 

was used as gate metal. Simultaneous high-low frequency capacitance-voltage (C-V) 

measurements were performed at room temperature, and the interface trap density (Dit) 

near the conduction band-edge of 4H-SiC was extracted as a function of annealing time. 
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Table 4.1. NO (g) annealing process parameters. “C-” stands for C-face samples, “Si-” 

stands for Si-face samples and “a-” stands for a-face samples. 

             T (
o
C) 

Anneal time 

1175 1100 1050 1000 

7.5 min C-, a-    

15 min C-, Si-, a- C- C- C- 

30 min C-, Si-, a- C-, Si- C-, Si- C- 

1 hr C-, Si- C-, Si- C-, Si- C- 

1.5 hr a-    

2 hr C-, Si- C-, Si- C-, Si- C- 

4 hr Si-    

6 hr  Si- Si-  

 

 

4.3. Nitrogen update kinetics 

Fig. 4.1a and Fig. 4.1b show SIMS results for silicon, oxygen, carbon, (left) and 

nitrogen (right) near the C-face and a-face SiO2/SiC interface The data indicates that N 

accumulates at or close to the SiO2/SiC interface, with a sharp profile of a FWHM of 5 

nm or less, limited by SIMS depth resolution. This result is very similar to that observed 

on the Si-face.
12, 13

 While SIMS has low detection limits, quantification of the interfacial 

N coverage involves the complexities of SIMS yields and sputtering rate at interfaces. To 

overcome this uncertainty, MEIS and XPS were used to quantifying the total nitrogen 

coverage. Both MEIS and XPS were performed on samples that had been fully etched in 
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7% HF solution. It is shown that on a Si-face, NO-annealed SiO2/SiC sample, more than 

90% of the interfacial N remains on the surface after HF fully removed the oxide.
14, 15

 

Here we assume it is the same case for the C-face and a-face. The MEIS measurement 

(Fig. 4.2) was only done on the C-face sample annealed at 1175
o
C for 136 min, give the 

N coverage of 6.6 × 10
14

/cm
2
. Using the extracted photoelectron mean free path from 

chapter 3, XPS measurement on the same sample result a N coverage of 6.5 × 10
14

/cm
2
. 

The SIMS integral of N profile give a total N coverage of 2.3 × 10
14

/cm
2
. From the result 

of 3 different techniques, the XPS result is proven to be reliable. Thus the nitrogen 

coverage of samples prepared under other temperatures and time periods were only 

quantified using XPS. 

Fig. 4.3 and Fig. 4.4 show the nitrogen uptake on the C-face and a-face of SiC 

during an NO anneal at 1175
o
C. The results were plotted based on (a) SIMS and (b) XPS 

results. On each crystal face, although the absolute nitrogen coverage differs (based on 

different characterization techniques), it is clear that the nitrogen incorporation process 

has the same trend on each particular crystal face. 
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Fig. 4.1. SIMS profiles of silicon, oxygen, carbon, (right) and nitrogen (left) near 

the C-face of a SiO2/SiC interface. Silicon, oxygen, and carbon profiles are in arbitrary 

units, while the nitrogen is in atoms/cm
3
. The 3 nitrogen profiles, from low to high, 

corresponding to different NO passivation times. 
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Fig. 4.2. MEIS spectrum of an NO-annealed (1175
o
C, 136 min) C-face SiC sample. 

 



98 
 

 

Fig. 4.3. Nitrogen uptake on the C-face of SiC during an NO anneal under 1175
o
C; 

the results were plotted for both (a) SIMS and (b) XPS results. 
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Fig. 4.4. Nitrogen uptake on the a-face of SiC during an NO anneal under 1175
o
C, 

the results were plotted for both (a) SIMS and (b) XPS results. 
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Fig. 4.5. N 1s XPS spectra of NO annealed SiO2/SiC at 1175
o
C on the (a) Si-face, 

(b) C-face and (c) a-face. Samples were annealed in NO (g) at 1175
o
C for various periods 

of time. 
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N 1s XPS spectrum from all three crystal faces are shown in Fig. 4.5. The C-, Si- 

and a-faces display the similar N 1s peak shape, and the peak binding energies all fall in 

the range 397.5 eV ~ 397.9 eV, suggesting that N atoms reside in very similar local 

chemical environments regardless of the external crystal face. The detailed bonding and 

structures of N at the Si-face SiO2/SiC interface was investigated in chapter 3 and also in 

a separate paper.
15

 The current results show that N atoms are also primarily bound to Si 

atoms on the C- and a-faces of SiC. The N 1s peak binding energy is 397.5 eV on the Si-

face, 397.9 eV on the C-face, and 397.7 eV on the a-face. The small differences of the N 

1s binding energies between the different crystal faces is not well understood; one 

possible reason is the different Si structure and symmetry on the different crystal faces. 

Shirasawa et al. proposed a structure in which each N atom at the interface is bound to 

three Si atoms passivating all the dangling bonds at the interface.
15, 16

 On the Si-face, 

each N atom bonds to one Si atom from the SiC substrate and two Si atoms from the 

oxide,
15, 16

 while on the C-face, N atoms have a much higher chance to bond with Si 

atoms or even C atoms from SiC substrate, and thus slightly shift the N 1s binding 

energy. As of a-face, there are 50% Si atoms and 50% C atoms on the surface, and the 

binding energy is between that of Si-face and C-face, as expected. 

 

4.4. Saturation on different faces and N coverage vs. miscut angle 

Fig. 4.6 shows the comparison of Si-face, C-face and a-face N incorporation 

uptake following a 1175
o
C NO anneal. The N coverage data points are measured with 

XPS and fit with a first order Langmuir kinetics model to extract the saturation coverage 

value. The interfacial nitrogen coverage appears to saturate on all three crystallographic 
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faces explored at all temperatures examined. In addition, the nitridation process is quite 

anisotropic on 4H-SiC.
17

 The nitrogen areal densities on the C-face and a-face were 

observed to saturate faster (in less than 1 hr) than that on the Si-face, and they also reach 

a higher saturation value than that of the Si-face. The saturation values are predicted to be 

below one full monolayer by a previous theoretical investigation.
18

  

 

 

Fig. 4.6. Comparison of the Si-face, C-face and a-face N uptake for an 1175
o
C NO 

anneal. The N coverage data points are measured with XPS and fit with a first order 

Langmuir kinetics to extract the saturation coverage value.  
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Fig. 4.7. (Adopted from ref. 18) Symbols indicate N adsorption energy per 1×1 

surface cell (on the Si-face). Stable structure at each coverage was represented by black 

squares. Higher energy (less favorable) structures were represented by red triangles. The 

most stable phase of the structures probed occurs at 1/3 ML coverage.
18

 

 

The N saturation coverage on the Si-face has been investigated using DFT 

calculations by Pennington, et al.
18

 The result is shown in Fig. 4.7.
18

 The study found 

stable structures at N coverage at or below 1/3 monolayer. For coverages greater than 1/3 

of a monolayer of N, the relative N stability decreased for most structures explored, 

although at full monolayer coverage, the system appeared relatively stable.
18

 This result 

is in agreement with our observation in chapter 3 (perhaps by coincidence), that on the 

Si-face, the N coverage is either 1/3 monolayer (using NO anneal or N2 plasma) or 1 

monolayer (using N2 plasma or N2 thermal anneal). 
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Fig. 4.8. Sketches of different dangling bond configurations and symmetry of 

different crystal faces on 4H-SiC. 
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The reason for the anisotropic nitrogen saturation values is not fully understood, 

but there are different possible explanations. One is that the different dangling bond 

configurations and symmetries of different crystal faces result in different stable N 

structures. As shown in Fig. 4.8, the dangling bond density and configuration is quite 

different on the different faces, as the C-face and a-face have more available dangling 

bonds with which N atoms can be bound with.  

To further support this explanation, we performed an experiment on the Si-face of 

SiC at different miscut angles. If we consider a miscut Si-face as a combination of Si- 

and a-faces, while an on-axis Si-face sample is 100% Si-face. The N coverage densities 

(cm-
2
) on miscut samples following a 2hr NO anneal are shown in Fig. 4.9. From Fig. 4.6 

we find that the a-face has an N saturation value about 1.65 times of that of the Si-face. If 

we consider the miscut surface as steps, with the long side Si-face and short side a-face, 

and the N coverage density (N) can be approximately calculated as, 

                                                                                (1) 

The result of this step model is shown in Fig. 4.9 in red. We see that this model is 

still not close enough to the experimental results (black). In this step model, the surface 

area is different for different miscut angles. We next create another surface combination 

model, which keeps the a-face and Si-face ratio same as the step model, and also keeps 

the same total surface area. In this model, the N coverage can be calculated as,  

        
                                

         
                               (2) 

The result of this surface combination model is shown in Fig. 4.9 in blue, and it 

agrees much better with the experimental results. 
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Fig. 4.9. N coverage data and models on the Si-face of SiC for different miscut 

angles. 

 

 

Fig. 4.10. The SiC miscut angle model;   represents the miscut angle. 
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4.5. Kinetics model 

 

Fig. 4.11. Surface N coverage a function of the passivation time by XPS (again with an 

MEIS calibration). The (a) Si-face data, and (b) C-face data. The dots, squares and 

triangles are experimental measurements and the solid lines are fit curves using simple, 
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first order Langmuir kinetics. Note that different scales are used for the x-axes for the 

different faces. 

 

We also investigate the N uptake at temperatures other than that used in the 

standard NO process. Fig. 4.11 shows the nitrogen areal density as a function of the 

annealing time and temperature. The reaction kinetics of NO with the C-face surface and 

the associated interfacial nitridation are significantly faster than with the Si-face. This 

result is consistent with an earlier report on nitrogen concentration by nuclear reaction 

analysis (NRA).
19

 However, our new results show higher nitrogen concentrations for both 

faces, probably because the NRA samples were nitrided in a static (non-flowing) mode to 

efficiently use the isotopically enriched NO.  

The N uptake data were analyzed using a first order chemical kinetics model 

suggested in by Dhar et al.
17

 In our work, the model was applied at multiple temperatures 

and all the data were obtained while annealing with NO introduced in the flowing mode, 

more relevant to device processing. By nitriding at different anneal temperatures, we are 

able to extract the temperature dependence of the process.  

McDonald et al.
12

 reported that dry oxidation reduces the nitrogen content at the 

SiO2/SiC interface. It is also known that NO decomposes into a mixture of NO, N2, O2, 

NO2, N2O, etc. at high temperatures.
12

 This suggests that there are multiple factors that 

should be considered in understanding and predicting N uptake.
20

 Not only should the 

nitrogen incorporation rate (from all sources) be understood, but the removal of nitrogen 

by reaction with oxygen or other species is essential, as the two processes occur in 

parallel and in some sense compete with each other. There is also interfacial oxidation, 
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the movement of the interface caused by oxidation during the NO anneals is not 

considered, and the focus is the change in nitrogen coverage at the interface. 

If we consider that the change in the nitrogen areal density at the interface can be 

expressed most simply by one nitridation process (from NO) and one loss process (from 

reaction with O2), then to first order: 

      

  
                       ,                                           (3) 

where       [atoms/cm
2
] stands for the nitrogen areal density at the interface,    

[cm/min] and    [cm
3
/(atoms-min)] stand for the rate of nitrogen incorporation and 

nitrogen removal, respectively,        and    
    represent the concentration of NO (g) 

and O2 (g) in the tube.  

Nitrogen (N2) could react with SiC to incorporate N in the form of Si3N4 given 

appropriate pressure and temperature.
21

 The N2 comes from the NO decomposition and at 

this temperature has a gas phase concentration of roughly 10%.
12

 Therefore at 

atmospheric (total) pressure, the partial pressure of N2 is about 0.1atm. In the temperature 

range of our experiment, the production of Si3N4 by pure N2 can be ignored.
21

 Therefore, 

no N2 related term is included in this equation. 

The solution can be expressed as        
  

  
         , where             

and            . The fit curves are also shown in Fig. 4.11.    and    can be 

extracted from the fitting curves. 

The results have interesting implications to our general understanding of SiC 

oxidation and NO passivation processes. Clearly N accumulates on the C-face faster than 

it on the Si-face. Using the data from Fig. 4.11 we can determine the ratio of N uptake on 

the C-face and Si-face in the linear regime, which is also the starting stage of N 
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incorporation, i.e. at low N coverage, or  
   

  
 
   

   . The work of Yamamoto
20, 22

 and 

Kakubari
23

 allow us to compare the actual oxidation rates under similar conditions. The N 

incorporation and oxidation rates in the linear regime are shown in Fig 4.12.  

 

 

Fig. 4.12. Nitrogen incorporation rates at the SiO2/SiC interface and the thermal dry 

oxide growth rate as function of temperature on the C-face and Si-face. The oxide growth 

rate data are from Yamamoto et al.
20, 22

 

 

The most significant observation is that both nitridation and oxidation are faster on 

C-face at all measured temperatures. It is also clear that the rates of N uptake on the two 

surfaces follow the same trend in relative amount as the oxidation rates at all measured 
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temperatures. This figure suggests that in the NO annealing process, the nitrogen 

incorporation might be associated with (or follow a mechanism that is similar to) the 

simultaneous oxidation process: i.e. the faster the oxidation, the faster the N 

incorporation.  

 

4.6. N uptake correlation with interface trap density 

The N concentration in the films is also correlated to defect concentration and 

mobility as observed in electrical measurements on NO passivated SiO2/SiC systems. 
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Fig. 4.13. Interface trap density of the carbon-face SiO2/SiC passivated by NO at 

1175
o
C for different periods of time. 
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Interface state densities for the corresponding C-face MOS capacitors (1175C NO 

annealed) are shown in Fig. 4.13. Comparing these results with Fig. 4.11 it is clear that 

the Dit reduces monotonically up to 30-min of NO annealing. Beyond 30 minutes, both 

the N coverage and the Dit become saturated. This ‘scaling effect’ was reported by Rozen 

et al. on the Si-face,
12, 13

 and here we observed a similar scaling effect for the C-face. In 

this case, however, the lowest Dit obtained for the C-face is significantly higher than 

observed on the NO annealed Si-face,
3
 even with higher saturation N coverage. The 

higher Dit in C-face MOS capacitors with a higher saturated N coverage is most likely 

associated with the existence of other defects which are not affected by N, possibly 

carbon containing species. 

Rozen et al. have also shown that other than Dit scaling with the interfacial N 

content, the channel mobility for the Si-face also scales with the interfacial N content.
24

 

The mechanism by which N improves device performance is not fully understood. It is 

clear through the earlier works by Jamet et al.
6
 and Shirasawa

16
, and theoretical work by 

Pantelides
7
, that N can passivate the carbon-related interface states and oxide traps, thus 

give rise to lower Dit. Earlier work also suggests that N is able to dissolve C clusters near 

the interface, further reducing interface defects and hence increasing mobility.
6
 However, 

experimental proof of the detailed atomic scale nature of the defects remains lacking. 

Another possible explanation for the mobility improvement is “counter doping” induced 

by interface passivation, as proposed by Liu et al
25

. In this model, N diffuse into 

vacancies that are created below the surface during oxidation, and acts as a dopant. The 

passivation mechanism and counter doping mechanisms are not contradictory to each 

other and can be working together to passivate interface states in parallel to forming a 
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counter-doped layer. It has also been reported that N may reduce the width of the 

interfacial transition regime
26

 suggesting that it may reduce interface roughness.  

Sharma et al., successfully employed phosphorus with simultaneous oxidation to 

reduce the interface trap density and improve channel mobility
27

. The phosphorus 

passivation and mobility improvement will be discussed in chapter 5. 

 

4.7. Summary 

The interfacial nitrogen coverage at the Si-, C- and a-faces of the SiO2/SiC 

interface have been measured at different temperatures and for various annealing times. 

The interface trap density of the nitrogen passivated C-face SiO2/4H-SiC has been 

explored and a scaling between the interface trap density reduction and the N uptake is 

observed, consistent with the Si-face behavior. The nitrogen incorporation and oxidation 

rates are suggested to be associated in the NO anneal process on both C-face and Si-face 

SiC. A first-order kinetics model of the interfacial N uptake is proposed and is shown to 

fit the data quite well; the N coverage that results from NO annealing can be predicted 

with the model. The results of this study can be useful in both technological applications 

as well as developing new methods of nitridation. 
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Chapter 5. Phosphorus at the SiO2/SiC interface 

 

5.1 Phosphorus passivation 

Recently, improved device performance has also been achieved by introducing 

phosphorous to the SiO2/SiC interface.
1-4

 It is shown that phosphorus passivation (P-

passivation) is more effective than NO passivation in reducing interface trap density and 

increasing channel mobility.
1-4

 In this chapter, we show that the interfacial P content is 

about 1/3 as much as interfacial N content in the NO passivated device, but the interface 

trap density near the conduction band edge (EC - E = 0.2 eV) is reduced to around 

2×10
11

/eV·cm
2
, while it is about 7×10

11
/eV·cm

2
 for the NO passivated case. The peak 

mobility of phosphorus passivated 4H-SiC MOSFET is around 85 cm
2
/V·s,

5
 about twice 

as much as NO passivated device.  

Phosphourous passivation is achieved by using a phosphosilicate glass (PSG). 

PSGs are polar materials, and using PSG as a dielectric layer in a device can result in 

instability.
1, 2, 4

 A stabilized P-passivated SiC MOSFET device has been achieved by 

Sharma et al;
3
 in that work, instead of using a thick PSG layer, a thin PSG layer capped 

with deposited SiO2 was used as the dielectric.
3
 This modified P-passivation process 

stabilizes the device while keep most of the passivating effect of P. The peak field effect 

mobility obtained using the thin PSG approach is around 72 cm
2
/V·s.

3
  

In this chapter, we examine the chemical bonding of phosphorus and quantify the 

phosphorus content at the SiO2/SiC interface, the mechanism by which phosphorus 

improves interface quality and device performance is also discussed. We present a brief 

overview of the motivation of the chapter in section 5.1. In section 5.2, the P-passivation 
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process is described. In section 5.3, the differences between the etching behavior of 

interfacial P on SiC and Si surfaces are studied. In section 5.4, we investigate the 

interfacial P and O bonding. In section 5.5, we present the interfacial P coverage on 

different crystal faces of 4H-SiC. The interfacial P content as measured by XPS and 

MEIS are in good agreement. In section 5.6, accurate P depth profiles at the SiO2/SiC 

interface are studied using MEIS and angle resolved XPS, and the result is compared 

with the N depth profile at the interface. In section 5.7, we show the change of interfacial 

P content using a thin (stabilizing) PSG process. In section 5.8, the “counter doping” idea 

and mechanism is discussed. 

 

5.2 Sample preparation 

Si-face (4° off axis) and a-face (on-axis) n-type 4H-SiC samples were cleaned with 

a standard RCA process. After cleaning we explored two different PSG processes: the 

“thick PSG” and “thin PSG” processes. For the “thick PSG” process, samples underwent 

dry thermal oxidization at 1150°C for different time periods depending on the crystal 

faces and desired oxide thickness. After the thermal oxidation, samples were annealed in 

Ar at 1150°C for 30 min, and then the samples were annealed at 1000°C with a planar 

diffusion source (PDS) for various lengths of time. The PDS provides P2O5 which 

diffuses into the thermo oxide and form PSG during the annealing. For the “thin PSG” 

process, samples underwent a dry thermal oxidation to grow about a 10 nm oxide, and 

then went through the phosphorus anneal for various time. After that, ~60 nm of SiO2 

was deposited using low pressure chemical vapor deposition. 
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All the thick PSG and thin PSG samples were analyzed by different techniques 

prior to and after HF etching. 

 

5.3 Phosphorus etching behavior at the SiO2/SiC and SiO2/Si interface 

Fig. 5.1 shows the SIMS profile of a thick PSG/SiC sample and demonstrates that 

the PSG chemical composition is approximately uniform throughout the entire PSG layer. 

 

 

Fig. 5.1. SIMS profile of a thick PSG/SiC structure. 
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Fig. 5.2. XPS of P etching at PSG/SiC and PSG/Si interfaces. 

 

Fig. 5.2(a) shows the P 2p XPS spectrum from 4H-SiC with ~60 nm PSG grown 

on the surface, before (black) and after (red) an etch in BOE. N
+
-4H-SiC with 60nm 
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thermal oxide was annealed with a planar diffusion source (PDS) at 1000°C for 3hr.
4
 The 

figure shows that there is a significant amount of P remaining on the SiC surface after HF 

etching. The XPS spectrum indicates that the phosphorous and oxygen ratio is around 

1:13 before etching and 1:15 after etching. The PSG chemical composition is about the 

same through the entire oxide layer and HF etching leaves about a layer of PSG. Fig. 

5.2(b) shows the before and after etching P 2p XPS spectrum from Si(100) with 

phosphosilicate glass (PSG) grown on the surface using the same method as SiC. To 

compare the P 2p peaks on Si, the secondary plasmon peaks of Si 2p from elemental Si 

have to be considered. One XPS spectrum in this energy range taken from a clean Si 

sample is subtracted from the experimental data. The XPS spectrum shows no detectable 

phosphorous left on the Si after HF etching. The etching behavior of phosphorous is 

similar to N on both SiC and Si; both nitrogen and phosphorous at the SiO2/SiC interface 

cannot be completely etched in HF while they can be removed from the Si surface. 

 

5.4 Phosphorus bonding at the interface  

Phosphorous is pentavalent, usually bonding to 3, 4 or 5 other atoms in molecules. 

In bulk PSG, P only bonds with oxygen atoms in the stable PSG network structure (Fig. 

5.3),
6, 7

 and has a 2p (XPS) binding energy of around 135-137 eV (the absolute number 

depends on the energy reference used).
8
 In highly doped Si

9
 or in phosphorus doped 

carbon films phosphorous has a 2p binding energy about 6 eV lower than that in PSG.
10

 

Note that the P 2p peak is shifted to a 0.6eV lower binding energy after etching (Fig. 

5.2a), implying that phosphorous atoms at the interface are still primarily bound to 

oxygen atoms. This binding energy shift is likely caused by the different chemical 
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environment at the PSG/SiC interface than in the bulk; the shift may result from one of 

the P atoms being bound to C or Si, a secondary nearest neighbor effect, or increased 

final state screening by the substrate.  

 

 

Fig. 5.3. Schematic two-dimensional model of the phosphosilicate glass structure. 

(Adapted from Daniel M. Dobkin)
11

 

 

Note that we did not observe an analogous binding energy shift in the nitrogen 

case; this difference may be explained as follows. Nitrogen, from NO, is directly bonded 

to the SiC, hence shows no shift before and after etching because we are looking at the 

same N layer before and after etching. There is a shift in the N peak position relative to 

its position in the SiON layer formed on silicon. P, on the other hand, shows a chemical 

shift to lower binding energy after the etching, relative to the bulk PSG glass. Note that 

the phosphorus atoms are uniformly distributed through the oxide, and we observe the P 

in the bulk PSG before etching and P in the proximity of the interface after etching. 

Although the shift is relatively subtle, we believe it represents a significant change in 
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bonding which results in its lack of removal via etching and the improvement in the 

electronic properties of the interface. 

 

5.5 Phosphorus incorporation and quantification on different crystal faces  

The P coverage on an etched PSG/SiC surface is determined to be 1.2×10
14

 

atoms/cm
2
 based on XPS measurement using the photoelectron mean free path calculated 

in chapter 3, and about 1.3×10
14

 atoms/cm
2
 based on MEIS measurement (Fig. 5.4). The 

two different techniques agree on the coverage of the passivating agent left on the SiC 

surface. 

 

 

Fig. 5.4. MEIS data of etched etched PSG/SiC 
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Fig. 5.5. P 2p XPS spectra of etched PSG/SiC on the (a) Si-face, (b) C-face and (c) 

a-face. Samples were annealed with a PDS source at 1000
o
C for 4 hr. 
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The P 2p XPS spectrum from all three crystal faces are shown in Fig. 5.5. All 3 

samples were annealed with a PDS source at 1000
o
C for 4 hr. The phosphorus coverages 

were determined to be 0.8×10
14

 atoms/cm
2
 on Si-face, 1.2×10

14
 atoms/cm

2
 on a-face and 

1.6×10
14

 atoms/cm
2
 on C-face. The Si-, C- and a-faces display a similar P 2p peak shape, 

and the peak binding energies fall in the range 133.5 eV ~ 134.5 eV, which is 0.6-1.6 eV 

lower than P from bulk PSG, suggesting that P atoms on all 3 crystal faces are still 

primarily bound to oxygen atoms which are themselves bonded to Si or C atoms. The 

differences of the P 2p binding energies between the different crystal faces is not well 

understood. One possible reason is the different structure and symmetry on the different 

crystal faces. On the a-face, there are 50% Si atoms and 50% C atoms on the surface, and 

both the P binding energy and interface coverage are intermediate to those of Si-face and 

C-face, as might be expected. 

 

5.6 Phosphorus concentration profile across the SiO2/SiC interface 

The mechanism of how P generally improves device electrical performance, 

especially how P achieves a lower interface trap density and higher mobility than N, but 

with a lower interface coverage than that of N, are not fully understood. One possible 

argument is that similar to N,
12-14

 P also acts as an efficient passivating agent for the 

interface traps,
12-15

 which gives rise to a lower Dit value for devices. It is possible that P is 

more efficiently than N as a passivating agent. Another possible mechanism is “counter 

doping”, proposed by Liu et al.,
16

 which suggest that a small fraction of the passivating 

agent moves into near interface substitutional sites in the SiC substrate forming a 

counter-doped layer. If the counter-doping model is correct, it implies the formation of a 
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higher carrier concentration in the inversion mode of the device and leads to a higher 

inversion layer mobility. The counter doping mechanism will be discussed in more detail 

in section 5.8. It is important to note that the passivation and counter doping concepts are 

not contradictory to each other, and both N and P can function in both ways at the same 

time.  

Having more information about the P depth profile at the interface would help us to 

better understand the role that phosphorus plays at the interface of a SiC device and how 

it is similar to or different from N. P atoms are distributed evenly in the PSG layer. 

Unfortunately, SIMS analysis does not have the depth resolution to provide a very 

accurate P depth profile across the interface region. In this case, MEIS (w/channeling) 

and angle resolve XPS are used to provide better interface P profiling. 

The MEIS result (Fig. 5.4) not only provides accurate quantification but also 

indicates that the phosphorus is confined in a 4 Å thick un-etchable PSG layer above the 

SiC surface. Although the MEIS result rules out the possibility that all the P atoms are 

buried within the SiC substrate, it is still unclear that if the P passivated interface has the 

same or different structure as the N passivated interface. In order to obtain more 

information about the interfacial P position and chemistry, angle-resolved XPS 

measurements were performed. The experiment is performed with the same technique 

and experimental setup and parameters as in the angle-resolved experiment on N 

passivated SiC.  
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Fig. 5.6 (a) angle resolved XPS of the N 1s peak on an etched phosphorus 

passivated SiC. The P 2p peak intensities were normalized to a constant Si 2p peak 

intensity. 
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Fig. 5.6 (b). The Si 2p spectrum (normalized intensities) and (c) zoomed Si 2p 

spectrum of angle resolved XPS measurement on an etched phosphorus-annealed SiC. 
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Fig. 5.7. Normalized peak intensity ratio of P and Si and normalized peak intensity 

ratio of N and Si.  

 

Fig. 5.6 (a) shows the P 2p XPS spectrum of the angle resolved measurement with P 

peak intensities normalized to the Si 2p peak intensities. Data in Fig. 5.6 (a) shows that 

the P 2p peak intensity increases with increasing angle with respect to the constant Si 2p 

intensity; in other words, the photoelectrons from the SiC substrate are attenuated more 

than those of P, indicating that P atoms sit predominantly above/on top of the SiC 

substrate.  

Fig. 5.6 (b) shows that the normalized Si 2p XPS spectrum from the angle resolved 

measurement, and Fig. 5.6 (c) zooms in on the peak tail region at higher binding energy. 
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The peak tail is identified in Fig. 3.11 as partially oxidized Si. There is a hint in Fig. 5.6 

(c) that the peak tail increases with respect to the main substrate peak as the emission 

angle increases, indicating that these partially oxidized Si atoms sit on top of the SiC 

substrate, similar to the P atoms. This also supports our conclusion in section 5.3 that the 

HF etching leaves a layer of un-etchable PSG. 

To get more insight into the structure of P-passivated SiC, we compare the angle 

resolve XPS result from P-passivated SiC and N-passivated SiC. We define the ratio of P 

2p (or N 1s) peak intensity and Si 2p peak intensity at 0° emission angle (to the sample 

normal) as 1, and compare how they change with emission angle. The result is shown in 

Fig. 5.7. The orange curve shows the case that if the passivating agent is buried 5 Å 

inside the SiC substrate and the blue curve shows the case that the passivating agent is 

buried at the surface of the SiC substrate. The red curves shows the N angle resolve data 

acquired from an etched NO annealed SiC sample (section 3.8). In that section we 

concluded that the N atoms are located above the SiC substrate, passivating the Si 

dangling bonds in both the SiC substrate and the SiO2. The black curve shows the P angle 

resolved data from an etched PSG/SiC sample. Comparing the black and red curve, it is 

clear that the P peak intensity is increasing more aggressively than the N peak with the 

increasing emission angle. This indicates that the P atoms are located at a larger distance 

from the SiC substrate than that of N. Considering the fact that in the PSG film, P is 

bound only with O, and there is no known stable compound as silicon phosphide (SixPy), 

it is quite possible that at the P-passivated interface, oxygen atoms bond with the Si 

atoms and P bonds with oxygen atoms on top of Si. If the P atoms are not directly bonded 

to the Si, the mechanism of P passivating the interface may be an indirect one. By 
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bonding with the oxygen atoms on top of Si, P atoms are re-arranging the critical 

interfacial dielectric layer and possibly allowing oxygen to better passivate the interface 

dangling bonds. If true, the P may reduce the interface trap density more than N, and do 

so with a lower concentration. 

 

5.7 Phosphorus uptake at the SiO2/SiC interface 

To better control device performance, one would greatly like to control the extent 

and location of P introduced during the passivation process. Knowing the fact that the 

phosphorus percentage is approximately the same in the bulk of the PSG layer and in the 

un-etchable PSG layer at the interface, the first approach would be to alter the P 

concentration in the bulk of the PSG. The blue line in Fig. 5.8 shows the bulk P 

concentration with respect to different PDS anneal time, and the black curve in Fig. 5.8 

shows the interfacial P coverage (after etching) for the same sample. It appears that both 

the bulk P concentration and the interfacial P coverage saturates before 30 min. and does 

not increase with the longer annealing time. The red curve in Fig. 5.8 shows the 

interfacial P coverage of etched thin PSG samples, and it shows some variation with 

different PDS anneal times. It is possible that during the SiO2 deposition step, some of 

the P diffused into the deposited oxide from the PSG layer giving rise to a lower 

interfacial P coverage. Note that the lower interfacial coverage gives a lower inversion 

layer mobility than the thick PSG device,
3
 thus showing a correlation between the 

interfacial P coverage and device mobility. 
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Fig. 5.8. Bulk phosphorus percentage (blue) and interface phosphorus coverage of 

thick (black) and thin PSG (red). 

 

5.8 Counter-doping of SiC by phosphorus and nitrogen.  

Aside from passivating defects such as Si dangling bond at the SiO2/SiC interface, 

it is also possible that a small portion of the passivating agent diffuses into the bulk SiC 

and acts as an n-type donor. Fiorenza, et al. reported the doping concentration at the 

passivated and un-passivated surface measured by scanning capacitance microscopy.
17

 At 

the SiO2/SiC interface of un-passivated SiC, the doping concentration is measured to be 

5×10
15

/cm
3
, same as the doping level of the SiC epi-layer.

17
 In the NO-annealed system, 

the interfacial doping concentration reaches 5×10
17

/cm
3
, equivalent to 1.2×10

11
/cm

2
 N 
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atoms or 0.02% of the total interfacial N content. Finally, in the PSG/SiC interface, the 

interfacial doping concentration reaches 4.5×10
18

/cm
3
, equivalent to 1.1×10

12
/cm

2
 P 

atoms or 0.6% of the total interfacial P content.
17

 In the two latter cases, the high doping 

concentration region is localized within the top ~3 nm of the SiC substrate. Unfortunately, 

the total P amount would below the detection limit of most direct physical analysis 

methods. The fact that the active counter dopant ratio is 30 times higher for P than N 

makes the counter doped P content higher than N, and consistent with the experiment 

result of P-passivated device (higher mobility and lower total P content). 

 

 

Fig. 5.9. Schematic of the cross section of a 4H-SiC MOS capacitor structure with 

and without passivation.
17
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5.9 Summary  

In conclusion, the P-passivated SiO2/SiC interface was examined by different 

techniques. P was bonded to oxygen at the interface and in the bulk SiO2 layer. Both P 

and O remain after the HF etching on the SiC surface but are completely removed on the 

Si surface. The etching behavior of P is very similar to that observed for interfacial N on 

both SiC and Si surfaces. The analyses by angle resolved XPS and MEIS suggest that the 

majority of P atoms sit above the SiC substrate, even further away from the interface 

plane than N. The passivating agents, both N and P, reduced the interfacial traps, while a 

small portion may go into the SiC substrate and act as an n-type dopant (counter 

dopant).
16
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