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CHAPTER I 

 

INTRODUCTION 

 

Development of wide band-gap semiconductor devices is a key to highly efficient 

technologies for high-temperature and/or high-power electronics applications. Such 

applications are widespread; some important areas would be electric power 

conditioning/transmission/ distribution, industrial motor control, electric vehicles, aircraft 

and ships, well logging, and radiation hardened instrumentation. Replacement of 

conventional Si-based systems with cost-efficient wide-band gap technologies in such 

niche application areas could lead to substantial socio-economic gains.  

Silicon is the most technologically developed and widely studied semiconductor 

material and is the basis of the modern electronics revolution. However, owing to its 

fundamental material properties it is not suitable for high temperature and/or high power 

environments. Semiconductors with a band-gap greater than 2 eV such as SiC, the group 

III-nitrides (GaN, AlN and BN) and diamond are the potential candidates that promise 

improved performance under such extreme conditions. Among these materials, SiC is the 

most mature from the development standpoint. High quality single crystal wafers are 

commercially available; wafer cost is decreasing rapidly, wafer size and substrate quality 

is increasing. SiC Schottky diodes are available commercially, and other devices have 

been projected to be marketed within the next few years.   

Compared to other wide band-gap materials, SiC has the unique advantage that it 

can thermally oxidize to form SiO2. This property has motivated the development of the 
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SiC power metal-oxide-semiconductor field effect transistor (power MOSFET), along the 

lines of Si power MOSFETs. In MOS devices, the quality of the insulator (i.e. oxide)/ 

semiconductor interface plays a significant role in determining the overall device 

performance. However, the electronic properties of the SiO2/SiC interface are inferior 

compared to the SiO2/Si interface. This problem has been a major obstacle for the 

realization of reliable SiC power MOSFETs. The fundamental understanding and 

modification of this critical SiC interface is the subject of this thesis.  A summary of the 

work undertaken as a part of this dissertation has been presented in the next section. The 

rest of the chapter is devoted to addressing fundamental problems at the SiO2/SiC 

interface that motivate this work. In order to proceed in a systematic manner, a basic 

introduction to power MOSFET operation is provided. This is followed by a brief 

description of the physical properties of SiC and Si and properties of oxide layers 

thermally grown on SiC. The SiO2/SiC interface problem has been discussed from the 

standpoint of fundamental materials science research. Chapters II-VI consist of detailed 

scientific investigation of this materials system. These are presented in a �journal� format. 

 

Summary of research 

 With a motivation of developing SiO2/4H-SiC interfaces with low trap densities, 

we have focused on the following issues in this dissertation: 

(i) Crystal face dependency of oxidation and nitridation. Three crystal faces of 

4H-SiC have been studied, namely the (0001) Si-, (11 20) a- and  (0001) C-

faces. 
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(ii) Effect of nitridation of oxide films grown on (11 20) a- and the (0001) C-

faces.  

(iii) Effect of hydrogenation of nitridated interfaces for the (0001) Si, (11 20) a- 

and the (0001) C-faces.  

An overview of the various measurements performed on the different crystals faces 

studied is presented in Table 1.1, according to the layout of this thesis. 

We have observed dramatic reduction of interface trap densities for all three 

crystal faces ((0001) Si, (11 20) a-face and the (0001) C-face) via nitridation by NO post-

oxidation annealing. Further reduction of trap densities has been achieved by using 

sequential anneals in NO and H2. Record low interface trap densities were achieved on 

the (0001) Si face and (11 20) a-face using this process. Excellent field effect mobilities 

were obtained on MOSFETs fabricated by this process - the maximum mobilities being 

~55 cm-2 V-1s-1 and  ~100 cm-2 V-1s-1   for the (0001) Si face and (11 20) a-face 

respectively, as shown in Fig. 1.1.  To the author�s knowledge, this is one of the best 

results obtained on the (11 20) a-face.  These promising results definitely add to the 

technological relevance of the work presented in this dissertation. The following is a 

summary of the major accomplishments of this work: 

(i) First demonstration of the effectiveness of NO in passivating traps on 

the (11 20) a- and (0001) C-face. 

(ii) Record low trap densities on the (11 20) a- and (0001) C-face using 

sequential passivation anneals in NO and H2. 

(iii) First observation of nitridation anisotropy on 4H-SiC. 
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(iv) First measurements of hydrogen incorporation at the SiO2/SiC interface, 

incorporated via post-metallization annealing in H2. 
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FIG 1.  1 Field effect mobilities of lateral test MOSFETs fabricated on the 
(0001) Si-face and (11 2  0) a-face using different passivation procedures. 
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 Table 1.1 Overview of different measurements performed on the different crystal 
faces of 4H-SiC. 
 
Crystal face in bold (if any) signifies the emphasis of that face in that particular chapter. 
RBS: Rutherford backscattering spectrometry, SE: Spectroscopic ellipsometry, CV: 
Capacitance-voltage measurements, MEIS: Medium energy ion scattering, NRA: Nuclear 
reaction analysis, EELS: Electron energy loss spectroscopy 
 

 

 

 

 

 

 

Chapter 

(Paper) 

Measurement Crystal 

face 

studied 

II Oxide growth  (RBS, SE) Si, a, C 

III NO passivation (CV) 

Interface composition (MEIS) 

a, Si 

IV NO passivation (CV) 

H passivation (CV) 

Si, a, C 

V Interfacial N uptake  

(NRA, EELS) 

Si, a, C 

VI H passivation (CV) 

Interfacial H up-take 

measurements (NRA) 

Si 



 

 

Power MOSFET 

A schematic diagram of an n-channel vertical power MOSFET1 is shown in 

Fig.1.2. This type of a device is most commonly employed for power switching 

applications. Common fabrication procedures involve high dose N and low dose Al ion 

implantation into n-type SiC (usually N doped) to form the n+ source and p-well regions, 

respectively. The starting SiC substrate is highly doped (Nd~1019 cm-3) on the drain side, 

with a lowly doped (Nd~1016 cm-3) �drift� layer on top. In this three-terminal device, the   
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FIG 1. 2 Schematic of vertical power MOSFET. n-inversion channel formed 
by the application of a positive gate voltage. The arrow indicates the flow of
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current flow between the source and drain is controlled by the voltage applied at the gate. 

During device operation, a positive voltage is applied to the drain (denoted by VSD in Fig. 

1.2) with the source grounded. In the absence of a positive gate voltage (off-state), no 

current flows and the source-drain voltage is supported entirely across the depletion 

region of the pn junction formed by the base and the drift regions. When a positive 

voltage is applied to the gate, the electric field repels holes and attracts electrons in a 

shallow region (~1-2 nm) at the surface of the p-base known as the �inversion channel�. 

The inversion channel forms a conducting path for current flow, and the �on-state� of the 

device is achieved. In the �on-state�, the total resistance to current flow is represented by 

the  �on-resistance� RON. This term determines the total internal power loss in the device 

and determines the maximum current rating of a device. RON represents the sum of the 

various internal resistances in the current path, with two important components being the 

channel resistance RCH and the resistance of the drift layer RD (as shown in Fig. 1.2). For 

vertical MOSFETs, the theoretical minimum value for the on-resistance is determined by 

the parameter �specific on-resistance� or �resistance-area product� of the drift region.2 

3

2

, ~
CSN

B
spon E

VR
εµ

        (1.1) 

Here VB is the voltage blocked by the MOSFET, µN is the bulk electron mobility 

perpendicular to the semiconductor / oxide interface, εS is the permittivity of SiC and EC 

is the critical field. This parameter represents the �ideal� on-resistance of the drift layer, 

neglecting any other resistances in the device. The great promise of SiC can be seen in 

the expression for sponR , , where EC is approximately seven times larger for SiC than for 

Si.  Lower on-resistance by a factor of more than 300 should be possible with SiC as 



 

 

shown in Fig. 1.3. Significant improvements in performance can be realized compared to 

Si MOSFETs for devices that operate near this theoretical performance limit.3 
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e low field channel resistance RCH, is given by: 

N
CH

N
CH WQ

LR
µ

=         (1.2) 

ere L and W are the length and width of the channel respectively; QN is the inversion 

er charge available for current conduction and 
N

CHµ is the mobility of the electrons in 

 inversion channel. The quality of the SiO2/SiC interface determines 
N

CHµ and QN, 
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which in turn determine RCH.  Clearly QN and 
N

CHµ should be as high as possible so that 

RCH << RD. A major problem in SiC MOSFETs has been high interface defect densities at 

the SiO2/SiC interface. Such defects can limit QN by trapping and 
N

CHµ by interface 

scattering, severely degrading the trans-conductance of a power MOSFET. This problem 

will be discussed in further detail in a later section. 

 

Silicon Carbide 

 

Crystal structure and polytypism 

The SiC crystal is composed of bilayers of tetrahedrally bonded silicon and 

carbon atoms. The tetrahedral co-ordination where each Si atom is surrounded by four C 

atoms (and vice versa) is shown in Fig.1.4 (a) where the Si-C bond length is 1.89 
0
A.   

SiC exhibits a one-dimensional polymorphism called polytypism. Polytypes are crystals 

with same stoichiometry but variable stacking sequence along the stacking direction ( c -

axis). If we consider Si-C pairs as spheres, then there are three possible occupation sites 

denoted by A, B and C (as shown in Fig.1.4 (b)) for achieving hexagonal close packing. 

Two simple stacking sequences are the ABCABC� and and ABAB� for the 

�zincblende� and �wurtzite� structures, respectively. Different polytypes of SiC are 

determined by such stacking sequences and, in principle there could be infinite variations. 

The most popular polytypes for electronic applications are the 3C, 4H, 6H and 15R, but 

the commercial availability of large single-crystal wafers is restricted to the 4H and 6H 



 

 

polytypes. The stacking sequences for 3C (ABC�), 4H (ABCB�) and 6H (ABCACB) 

are shown in Fig 1.4.  The nomenclatures for the polytypes, commonly  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
FIG 1.  4 (a) Tetrahedral bonding arrangement among Si and C atoms in SiC . 
(b) Close packing of system of spheres illustrating the stacking sequence AB and 
AC. For SiC, each sphere represents a pair of Si and C atoms. 
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FIG 1.  5 The (11
−
2 0) planes of the three different poltypes 3C, 4H and 6H-SiC, 

showing the stacking sequence of Si-C bilayers.  The height c of the unit cell are 

4.36 
0
A for 3C, 10.05 

0
A for 4H and 15.08

0
A for 6H-SiC. (Figures adopted from 

http://matsunami.kuee.kyoto-u.ac.jp)    
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known as the Ramsdell�s notation is as follows - polytypes are designated according to 

their crystal structure (C), hexagonal (H) or rhombohedral (R), and their stacking 

periodicity along the c -axis.  Different polytypes exhibit different electronic properties, 

for example, the band-gap changes from 2.4 eV (3C) to 3.3 eV (4H). In this dissertation, 

all work has been carried out on the 4H-polytype.  

 

SiC crystal growth 

Due to the greater thermal and physical stability of SiC, it is very difficult to grow 

SiC single crystals by crystal pulling or seeded solidification from melt, processes used 

for crystal growth of common semiconductor materials like Si and Ge. The standard 

method used for growing large diameter (up to 100 mm) bulk crystals is a physical vapor  

transport process commonly known as �seeded sublimation growth�  or �modified Lely 

technique�.4 In this process, vapors produced by the sublimation of polycrystalline SiC at 

around 2200°C are transported over a temperature gradient and deposited on a seed 

crystal of desired orientation held at a lower temperature. High quality epitaxial layers 

can also be grown using chemical vapor deposition techniques or molecular beam epitaxy 

commonly referred to as step-controlled epitaxy. Using �off-axis� substrates (3.5° off 

(0001) for 6H and 8° for 4H) for homoepitaxial growth results in high quality smooth 

surfaces at lower growth temperatures (~1500°C). Extensive details of SiC bulk growth 

and epitaxy can be found in the review article by Powell et. al.5 and references therein. 

Low defect densities in wafers are vital for industrial level production of SiC devices. 

Two major defects in SiC crystals are micropipes and polytype inclusions. Micropipes 

are defects unique to SiC that are physical holes aligned along the c -axis that often 
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penetrate through the entire wafer. Control of polytype during growth is also an important 

issue for crystal growth, as inclusions of different polytypes can degrade device 

performance. Due to the continuing development of SiC materials, such defect densities 

are getting lower (for example, the micropipe density in production grade SiC wafers is 

down to 10 cm-2). Such an improved scale of development is essential for successful 

realization of a SiC electronics industry.  

 

Physical properties 

 SiC has several attractive physical properties compared to other semiconductors 

for power electronics applications. Properties can be different for different polytypes, the 

most significant difference being the band-gap, as mentioned earlier. A comparison of 

some important properties among Si, 4H and 6H-SiC is shown in Table 1.2.6-8The higher 

critical field of SiC compared to Si is a key advantage for significant reduction of on-

resistance in power devices. The larger band-gap, higher critical field and higher thermal 

conductivity make SiC a very promising material for high temperature applications. Due 

to the higher band-gap, significantly lower leakage currents can be achieved in devices 

working at high temperatures. The higher thermal conductivity allows the efficient 

transfer of heat generated by Joule heating. The high saturation velocity enables high 

frequency and high  speed operation. Other impressive material properties include high 

hardness value, excellent chemical resistivity and transparency to optical wavelengths.  

These attributes, in conjunction with the ability to grow a thermal oxide, illustrate the 

great potential of SiC MOS devices for a wide range of applications.  
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4H-SiC is the preferred polytype for power MOSFETs due to its wider band-gap 

and a higher and more isotropic electron mobility. Historically, however, due to higher 

interface defect densities near the conduction band-edge of 4H-SiC, the effective channel 

mobilities in n-4H-SiC MOSFETs have been considerably lower than n-6H-SiC 

MOSFETs. This issue forms the central focus of the problem undertaken in this 

dissertation work. 

 

Table 1.2 Physical properties of 4H- and 6H-SiC compared to Si 

Property Si 4H-SiC 6H-SiC 

Lattice constants (
0
A) 

a = 5.43 a = 3.073            c 

= 10.05 

 

a = 3.083 

c = 15. 11 

Band gap (eV) 1.1  3.26 3.02 

Intrinsic carrier density (cm-3) 1.45 x 1010 8.2 x 10-9 2.0 x 10-6 

Dielectric constant (εr) 11.9 9.7 9.7 

µe ⊥ c
 µe | |c

 µe ⊥ c µe | |c Electron mobility (cm2 V-1s-1)  1417 

880 800 360 97 

Hole mobility (cm2 V-1s-1) 471 ≤ 120 ≤ 90 

Electron effective mass (m⊥ e/m0)   (for density of 

states calculations) 

1.08 0.45 0.45 

Hole effective mass (m⊥ e/m0) 

(for density of states calculations) 

0.55 0.66* 0.66 

Thermal conductivity (W cm-1 s-1) 1.5 4.5 4.5 

Saturation carrier velocity (cm s-1) 1.0 x 107 2.0 x 107 2.0 x 107 

Critical field (MV cm-1) 0.3 2.0 2.4 

Specific on-resistance (relative to Si)  3 x 10-3 4 x 10-3 

* Value used same as 6H-SiC 

All  numbers apply to room temperature conditions and a dopant concentration of 1016 cm-3 
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The SiO2/SiC interface 

 

Oxidation of SiC and oxide compostion  

The simplest way to create an insulating layer on SiC is by thermal oxidation via 

dry (O2) or wet (H2O) oxidation � as is also the case for Si. The interaction of oxygen on 

SiC surfaces is a complex one, exhibiting regimes of oxidation and etching under 

different temperature and pressure conditions.9 Oxidation for MOS fabrication is usually 

performed in the temperature range 1100°C-1300°C in a flowing oxidizing ambient. In 

this thermodynamic regime, the overall macroscopic chemical reaction for dry oxidation 

is given by: 

SiC  + 1.5 O2 ←→ SiO2 + CO      (1.3) 

Oxide growth on SiC is slower than on Si at the same temperature. Moreover, the oxide 

growth rates on different crystal faces of SiC are significantly different. A simple �Deal-

Grove� model10 used extensively for Si cannot explain SiC oxidation kinetics and rate 

anisotropy.  The oxidation of SiC is indeed more complex than in the case of Si due to 

the involvement of two kinds atoms, i.e. Si and C.  The unit steps that have a key role in 

SiC oxidation have been described in detail in chapter II of this thesis. A modified Deal 

Grove model has been presented for explaining the difference in oxidation rates among 

the different crystal faces.  

 Reaction (1.3) has a dual outcome, i.e. formation of SiO2 and out-diffusion of 

carbonaceous species. There could other reactions11 such as:  

SiC + O2 ←→ SiO2 + C       (1.4)  
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This reaction produces free carbon at the surface or in an interfacial reaction layer. The 

amount of carbon left in the oxide will be determined by the reactions:  

SiC + 2 CO ←→ SiO2 + 3 C       (1.5)  

2 C + O2 ←→ 2 CO        (1.6) 

Characterization of the oxide by various optical, x-ray, electron and ion beam 

spectroscopy techniques show that the bulk of the oxide is stoichiometric SiO2 and 

�carbon free� within the sensitivity of current analytical techniques. Stoichiometry 

measurements of oxide films of different thickness on 4H and 6H-SiC using Rutherford 

backscattering spectrometry (RBS), performed in our laboratory, are shown in Fig. 1.6 

(thickness is represented as areal density of O atoms in the figure). The measurements 

clearly show that the ratio of Si : O in the films is close to 1:2. The C concentration is 

independent of the film thickness indicating that the source of C is at or near the SiO2/SiC 

interface. The interfacial C or Si concentration in these measurements (represented by the 

intercept of the straight line on the vertical axis) is close to that expected for an ideal SiC 

surface.12 In ion scattering experiments, the intrinsic surface intensity arises from the 

interaction of the probing ion beam with the first few monolayers of substrate atoms. 

Taking the intrinsic surface peaks into account, an upper limit for non-stoichiometric 

oxide (or oxycarbide) can be determined to be << 10
o
A .  

 �Excess� interfacial C as determined by high resolution medium energy 

ion scattering (MEIS)13 analysis of etched-back thin oxides on the (0001) and (11
−
2 0) 

surfaces of 4H-SiC are shown in Fig 1.7. These experiments set a limit to the maximum 

amount of excess carbon at the interface to about a monolayer (considering 1x 1015 atoms 

cm-2 as a �monolayer�).  Interface composition measurements by other techniques such as 
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electron energy loss spectroscopy (EELS),14 X-ray photo-electron spectroscopy (XPS)15 

and surface enhanced Raman spectroscopy (SERS)16 have also detected the presence of a 

near-interfacial region (~10
o
A ) that contains excess C (EELS) in the form of free C 

(SERS) or C containing sub-oxides (EELS). It is important to note that such deviations (~ 

one monolayer of disorder) from an ideal SiO2/SiC interface is almost at the detection 

limits of most physical analysis tools. However, if electrically active, such defects can be 

important from the standpoint of device physics.  

 

FIG 1. 6 Stoichiometry measurements on oxide layers thermally grown on 
4H-SiC and 6H-SiC 

SiO1.99 ±±±± 0.02

SiO2.01 ±±±± 0.02

SiO1.99 ±±±± 0.02

SiO2.01 ±±±± 0.02
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FIG 1.7 ‘Excess’ interfacial C at the SiO2/4H-SiC interface as determined 
by MEIS.  The measurement set an limit to the amount of ‘excess’ C to ~ 1
monolayer (~1015 atoms cm-2)
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he Metal/SiO2/SiC system  

 As mentioned earlier, the ability of SiC to produce both a semiconductor 

single crystal SiC) and an insulator (SiO2) by compatible technologies as in the case of 

i , is the advantage that SiC possesses over other wide band-gap materials. The reason 

or this is simply because deposition of a metal on the oxide (to provide an electrode 

here voltage can be applied) results in the formation of a metal-oxide-semiconductor 

MOS) capacitor. The MOS capacitor structure shown schematically in Fig.1.8(a) forms 

he operational core of the MOSFET. MOS capacitors are routinely used as test structures 

or characterization of the bulk oxide and oxide/semiconductor interfaces without 

abricating complete MOSFETs. Energy levels of the three separated components in this  
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FIG 1.  8 (a) Schematic of 4H-SiC MOS capacitor (b) Band offsets in 4H-SiC 
MOS structures (refs. 16 and 17). 
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 system and the band-offsets between SiO2 and 4H-SiC17,18 are shown in Fig. 1.8 (b).  For 

an ideal SiO2/SiC interface as shown in the figure, there are no states in the forbidden gap 

and the interface consists of a plane free of charges. However, deviations from such an 

ideal interface can have significant impact on device characteristics as discussed in the 

following section. 

 

Problems at the SiO2/SiC interface - Interface defects and channel mobility 

For a semiconductor, charge transport in the material can be expressed as  

EneJ µ=          (1.7) 

where J is the current density, n  is the free carrier density in the channel, e  is the 

electron charge, µ  is the mobility of the carriers in the channel. µ  is determined by the 

various scattering processes that occur during carrier transport.19,20 In general, the 

mobility of a carrier subjected to several scattering mechanisms can be found by 

combining the reciprocal mobilities as determined by each scattering process. 

ii µµ
11 ∑=           (1.8) 

Due to the reciprocal nature of the relationship, the resultant mobility is dominated by a 

process for which iµ  is smallest (scattering is most severe). The bulk mobility bulkµ  of 

moderately doped semiconductors is thus limited by phonon scattering at room 

temperature.  Phonon scattering increases with applied electric field. Thus, the value used 

for bulkµ  in any semiconductor is usually the �low-field� value. In the inversion channel 

of a MOSFET (see Fig. 1.2), the mobility invµ of carriers can be determined in a similar 

manner - 
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iibulkinv µµµ
111

∑+=         (1.9) 

where iµ  are mobilities from scattering processes occurring in the channel, most notably 

scattering from defects at the oxide/semiconductor interface and scattering from interface 

roughness.  For smooth and near-perfect interfaces, where such effects are small, the 

penetration of the electron wave-function into the oxide may also contribute to reduced 

channel mobility.21  

Presence of large interfacial defect densities not only degrades the channel 

mobility by scattering but, if electrically active, can also cause trapping of carriers. Note 

that the mobility expressions stated above are for the �true� mobility (Hall mobility) of 

the carriers in the channel. However, in a MOSFET, the effective channel mobility of 

carriers is determined by measuring current, which in turn is a product of the �true� 

mobility and the number of carriers available for conduction. In the presence of 

electrically active interface defects, interface states appear in the forbidden 

semiconductor band-gap, and these states can act as carrier traps.22-24 This reduces the 

number of carriers and contributes to further degradation of the effective mobility.  

Historically, SiC MOSFETs exhibited surprisingly low effective mobilities � 

typically less than 10cm2 V s-1, which is approximately 1/100 of the �low-field� bulk 

mobility.  This situation may be compared to Si MOSFETs, for which the electron 

channel mobility can be 40-50% of the �low-field� value.  Interestingly, the channel 

mobility for 6H-MOSFETs was considerably higher. Schorner, et al.25 first suggested that 

the problem with 4H-SiC was caused by a large number of interfacial defects that 

produce interface states near the conduction band of 4H-SiC (around 2.9 eV above the 
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valence band edge).  These states are �acceptor� lik,e as they are neutral when empty and 

negatively charged when filled with an electron.  To first order, interface (electron) traps 

are filled below the Fermi level and empty above. When an n-channel MOSFET is biased 

to inversion, the Fermi-level approaches the conduction band-edge of 4H-SiC, and the 

interface states below the Fermi level fill with electrons. The filling up occurs by 

�trapping� of electrons that otherwise would contribute to conduction. As a result, the 

number of inversion electrons available for conduction is drastically reduced. This 

process is schematically illustrated in Fig. 1.9. Additionally, the large trapped charge 

gives rise to Coulomb scattering that reduces the �true� mobility of the remaining free 

carriers. The overall result is a dramatic degradation of field-effect mobility. In the case 

of 6H-SiC, the majority of these states reside in the conduction band levels in 6H-SiC (Eg 

~ 3eV), thus they do not affect carrier mobility in the inversion layer.   
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FIG 1.  9 MOS band diagram of an n-channel 4H-SiC MOSFET biased to strong 
inversion. The figure illustrates electron trapping by the high density of interface
traps near the conduction band-edge of 4H-SiC. 
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Origin of interface states 

An overview of interfacial imperfections that are suspected to cause the high 

density of traps at the SiO2/SiC interface is shown in Fig. 1.10. According to the �carbon 

cluster� model,26,27 C in the form of small sp2 bonded clusters or larger �graphitic� flakes 

can contribute to a large part of the interface states in the band-gap. The valence band of 

small clusters is located in the band-gap of 4H-SiC and is thus prone to create �donor� 

like (positively charged when empty, neutral when filled with electrons). The conduction 

band of such clusters lies well beyond the conduction band-edge of 4H-SiC (see Fig. 

1.10), thus not producing any traps.  Larger graphitic structures however, can indeed 

produce acceptor like states (neutral when empty, negatively charged when filled with 

electrons) near the conduction band-edge of 4H-SiC. Afanasev et. al27 however, suggest 

that large clusters are statistically less likely to form compared to smaller clusters. They 

attribute the high density of acceptor like states (> 1013 cm-2 eV-1) to near-interfacial 

oxide traps that are located ~2.8 eV below the SiO2 conduction band-edge28 . These traps 

are also observed in the case of the superior SiO2/Si interface29 but they have a less 

detrimental influence on the inversion layer mobility as they lie well within the 

conduction band of Si. These oxide traps are usually attributed to oxygen vacancies in the 

near-interfacial region i.e sub-oxides. Apart from such defects, inclusions of other 

polytypes such as 3C in the 4H material could also possibly contribute to the trap 

density.27 In particular, localized polytype conversion during oxidation30 could bring 

about this situation.  

One of the main reasons the physical nature of the defects remains a topic of 

discussion was mentioned earlier - the difficulty in using standard materials  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ch

10

at 

op

de

�in

sem

EV

EC

C-clusters

Small           Large               
(graphite)

3C-SiC 
inclusi-
-ons

Oxide 
traps

4H-SiC Density of states

EV

EC

C-clusters

Small           Large               
(graphite)

3C-SiC 
inclusi-
-ons

Oxide 
traps

4H-SiC Density of states
FIG 1. 10 Schematic of interfacial and near-interfacial defects that could contribute 
to the density of states within the band-gap of 4H-SiC 
24

aracterization tools to identify them. The defect densities are small (~1013 cm-2 ≈ 

00
1 th of a monolayer ) from a physical characterization point of view, but their effects 

the device level are enormous. It is worthwhile here to note that trap densities in an 

timally processed SiO2/Si interface are ~1010 cm-2. The considerably higher trap 

nsities observed at the SiO2/SiC interface could be due to non-optimal processing,  

trinsic� to the SiO2/SiC interface (e.g. carbon related) or inherent in a SiO2-

iconductor interface (such as oxide traps) that are revealed only because of the very 
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large band-gap of 4H-SiC. In any case, achieving lower trap densities is absolutely 

essential to realize the full potential of a SiC power MOSFET.  

 

Improving the quality of the SiO2/4H-SiC interface 

(i) Annealing ambients: 

Efforts to improve the SiO2 / 4H-SiC interface have focused primarily on 

oxidation procedures (e.g., dry, wet, pyrogenic, deposited) and post-oxidation anneals in 

various ambients such as NO, N2O, NH3, H2.  Hydrogen has received much attention 

because of its ability to �passivate� Si dangling bonds at the SiO2/Si interface. For dry 

oxidized SiO2 on Si, a significant reduction of interface state densities occurs following 

passivation with H2 - from 1012 cm-2eV-1 to 1010 cm-2eV-1 near mid-gap.31 However, the 

best passivation results for SiO2/4H-SiC have been achieved by introducing nitrogen at 

the interface using post-oxidation anneals in NO32,33 and N2O.34  Following nitridation, 

interface trap densities near the conduction band are reduced significantly (from > 1013 

cm-2 eV-1 to ~1012 cm-2 eV-1 ) with little apparent dependence on the procedure used for 

oxidation.  As a direct consequence, nitridation using NO and N2O has produced 

effective channel mobilities that are now approaching high values (80 cm2/V-s) for 4H-

SiC MOSFETs.35-37  Nitridation is widely recognized as an essential processing step for 

MOS fabrication by most SiC researchers. However, the mobility values are still low 

compared to the SiO2/Si interface (~50% of bulk mobility). The ultimate inversion 

mobility of 4H-SiC MOSFETs is an open question. By comparison with Si,   one can 

make a conservative estimate on achievable mobility of ~250 cm-2 V s-1. In order to 

achieve this, further improvements of the interface is mandatory.  In the present work, we 
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have focused on the development and characterization of passivation processes involving 

NO (chapters III, IV and V) and H2 (chapters IV and V) on different crystal faces of 4H-

SiC.  
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(ii) Alternate crystal faces: 

 Most of the work reported to date has been on the (0001) Si-terminated crystal 

face of SiC.  The main reason the off-axis Si-face is preferred is that epitaxial growth 

techniques are more developed on this face. Recently however, other crystal faces have 

aroused considerable interest. In particular, high channel mobilities of MOSFETs 

fabricated on the (11 20) a- face and the (0001) C-face have been demonstrated.38,39  

 

 

 

 

 

 

 

 

 

 

 

These crystal faces are schematically shown in Fig.1.11. The (0001) Si terminated face is 

a basal plane in the hexagonal unit cell, in which all surface atoms are Si. The (0001) C-  

face is the other basal plane which is C-terminated. The (11 20) a-face is a non-polar face 

that has equal numbers of carbon and silicon atoms in a plane, represented by the shaded 

area in Fig.1.11. One of the major advantages of using �alternate� faces such as the 

(11 20) a-face and the (0001) C-face is the significantly higher oxidation rates compared 

Base

N+

N-

P

N+

SourceSourceBase Gate

Drain

a-face 

(0001) Si face

(a)
(b)

Base

N+

N-

P

N+

SourceSourceBase Gate

Drain

Base

N+

N-

P

N+

SourceSourceBase Gate

Drain

a-face 

(0001) Si face

(a)
(b)
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layer forms parallel to the (11 20)  a-face ( or the (1100). 
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to the (0001) Si face (see chapter II). Use of these faces can potentially reduce the 

thermal budget for fabrication. Furthermore, absence of micropipes penetrating the 

device is a very promising property of the (11 20) a-face material. Study of these faces is 

also important from the standpoint of new devices. For example, in the UMOSFET2 

structure shown in Fig.1.12, the inversion channel lies along the (11 20) or (1100) plane. 

Interface studies are interesting since the oxidation rates differ greatly on the crystal 

faces, suggesting a possibility of different interfacial defects. (It is important to note that 

in the case of Si, different crystal faces show different interface trap densites according to 

the areal density of Si dangling bonds on these surfaces).  A major part of this work 

(chapters II-V) is devoted to the interface studies for �alternate� crystal faces of SiC. 

 

References 

1 B. J. Baliga, Power semiconductor devices (PWS publisher, Boston, 1996). 
 
2 J. A. Cooper Jr, M. R. Melloch, R. Singh, A. Agarwal, and J. W. Palmour, IEEE 

Trans. Elect. Dev. 49, 658 (2002). 
 
3 B. J. Baliga, IEEE Trans. Elect. Dev. 10, 455 (1989). 
 
4 Y. M. Tairov and V. F. Tsvetkov, J. Cryst. Growth 52, 146 (1981). 
 
5 A. R. Powell and L. B. Rowland, Proceedings of the IEEE 90, 942 (2002). 
 
6 T. P. Chow, V. Khemka, J. Fedison, N. Ramungul, K. Matocha, Y. Tang, and R. 

J. Gutmann, Solid-State Electron. 44, 277 (2000). 
 
7 R. S. Muller and T. I. Kamins, Device electronics for integrated circuits (Wiley, 

New York, 1986). 
 
8 G. L. Harris, Properties of silicon carbide (INSPEC, London, 1995). 
 
9 Y. Song and F. W. Smith, Appl. Phys. Lett. 81, 3061 (2002). 
 
10 B. E. Deal and A. S. Grove, J. Appl. Phys. 36, 3770 (1965). 



 

 29

 
11 C. I. Harris and V. V. Afanas'ev, Microelectr. Eng. 36, 167 (1997). 
12 L.C.Feldman, J.W.Mayer, and S.T.Picraux, Materials analysis by ion channeling: 

submicron crystallography (Academic press, New York, 1982). 
 
13 T. Gustafsson, H. C. Lu, B. W. Busch, W. H. Schulte, and E. Garfunkel, Nucl 

Instrum Methods Phys Res Sect B 183, 146 (2001). 
 
14 K.-C. Chang, N. T. Nuhfer, L. M. Porter, and Q. Wahab, Appl. Phys. Lett. 77, 

2186 (2000). 
 
15 C. Virojanadara and L. I. Johansson, J. Phys. Condens. Matter 16, 1783 (2004). 
16 W. Lu, L. C. Feldman, Y. Song, S. Dhar, W. E. Collins, W. C. Mitchel, and J. R. 

Williams, Appl. Phys. Lett. 85, 3495 (2004). 
 
17 V. V.Afanas'ev, M. Bassler, G. Pensl, M. J. Schulz, and E. S. vonKamienski, J. 

App. Phys.l 79, 3108 (1996). 
 
18 V. V. Afanas'ev and A. Stesmans, Appl. Phys. Lett. 77, 2024 (2000). 
 
19 R.S.Muller and T.I.Kamins, Device electronics for integrated circuits (Wiley, 

New York, 1986). 
 
20 S.M.Sze, Physics of semiconductor devices (Wiley, New York, 1981). 
 
21 I. Polishchuk and C. Hu, IEEE Symposium on VLSI Circuits, Digest of Technical 

Papers, n TECHNOLOGY SYMP., 2001, p 51-52 
 
22 N. S. Saks and A. K. Agarwal, Appl. Phys. Lett. 77, 3281 (2000). 
 
23 K. Chatty, S. Banerjee, T. P.Chow, R. J. Gutmann, E. Arnold, and D. Alok, Matls. 

Sci. Forum 389-393, 1041 (2002). 
 
24 K.Chatty, S.Banerjee, T. P.Chow, R. J.Gutmann, E.Arnold, and D.Alok, Matls. 

Sci. Forum 389-393, 1041 (2002). 
 
25 R. Schorner, P. Friedrichs, D. Peters, and D. Stephani, IEEE Electron Device Lett. 

20, 241 (1999). 
 
26 M. Bassler, G. Pensl, and V. Afanas'ev, Diamond Relat. Mat. 6, 1472 (1997). 
 
27 V. V. Afanas'ev, F. Ciobanu, S. Dimitrijev, G. Pensl, and A. Stesmans, J Phys 

Condens Matter 16, 1839 (2004). 
 
28 V. V. Afanasev, M. Bassler, G. Pensl, and M. Schulz, Phys. Status Solidi a 162, 

321 (1997). 



 

 30

 
29 V. V. Afanas'ev and A. Stesmans, Phys. Rev. Lett. 78, 2437 (1997). 
30 R. S. Okojie, M. Xhang, P. Pirouz, S. Tumakha, G. Jessen, and L. J. Brillson, 

Appl. Phys. Lett. 79, 3056 (2001). 
 
31 E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) physics and 

technology (John Wiley & Sons, New York, 1982). 
 
32 G. Y. Chung, C. C. Tin, J. R. Williams, K. McDonald, M. D. Ventra, S. T. 

Pantilides, L. C. Feldman, and R. A. Weller, Appl. Phys. Lett. 76, 1713 (2000). 
 
33 H.-F. Li, S. Dimitrijev, H. B. Harrison, and D. Sweatman, Appl. Phys. Lett. 70, 

2028 (1997). 
 
34 L. A. Lipkin, M. K. Das, and J. W. Palmour, Matls. Sci. Forum 389-393, 985 

(2002). 
 
35 G. Y. Chung, C. C. Tin, J. R. Williams, K. McDonald, R. K. Chanana, R. A. 

Weller, S. T. Pantelides, L. C. Feldman, O. W. Holland, M. K. Das, and J. W. 
Palmour, IEEE Electron Device Lett. 22, 176 (2001). 

 
36 M. K. Das, Matls. Sci. Forum 457-460, 1275 (2004). 
 
37 C.-Y. Lu, J. A. Cooper Jr, T. Tsuji, G. Chung, J. R. Williams, K. McDonald, and 

L. C. Feldman, IEEE Trans. Electron Devices 50, 1582 (2003). 
 
38 J. Senzaki, K. Kojima, S. Harada, R. Kosugi, S. Senzaki, T. Suzuki, and K. 

Fukuda, IEEE Elect. Dev. Lett. 23(1) (2002) 13. 
 
39 K. Fukuda, M. Kato, K. Kojima, and J. Senzaki, Appl. Phys.Lett. 84, 2088 (2004). 
 
 



 

 31

CHAPTER II 

 

MODIFIED DEAL GROVE MODEL FOR THE OXIDATION OF SiC 

 

Y. Song,a) S. Dhar,a) L. C. Feldman,a) G. Chung,b) and J. R. Williamsc) 

a) Dept. of Physics and Astronomy & Interdisciplinary Program in Materials Science  

Vanderbilt University, Nashville, TN 37235, USA 

b) Dow Corning Inc., Tampa, FL 33619 

c) Dept. of Physics, Auburn University, Auburn, Alabama 36849 

 

Published in Journal of Applied Physics, May (2004) 

 

Abstract 

A modified Deal Grove model for the oxidation of 4H-Silicon Carbide (SiC) is presented, 

which includes the removal of the carbon species. The model is applied to new data on 

the oxidation rates for the (0001) Si, (0001) C and (11 20) a-faces, which are performed 

in 1 atm dry oxygen and in the temperature range 950 °C~ 1150 °C . Analysis within the 

model provides a physical explanation for the large crystal-face dependent oxidation rates 

observed. 

 

Introduction 

Silicon carbide is a wide band gap semiconductor possessing attractive properties 

for applications in electronic devices operating under high power, high frequency and 

high temperature. Among the numerous polytypes of SiC, the 4H polytype has been 



 

 32

recognized as the most promising material for such applications. One of the major 

advantages SiC holds over other wide bandgap semiconductors is the ability to thermally 

oxidize to SiO2 which has lead to the development of SiC power MOSFETS, analogous 

to the Si/SiO2 based technology. 

Numerous studies1-8 have been conducted on the oxidation of SiC. There are 

several models to explain the oxidation of SiC.2,6 However, there are wide variations in 

the reported oxidation rates and the strong crystal face dependence of the oxidation is not 

fully understood. Compared to oxidation of Si, thermal oxidation of SiC is considerably 

more complicated. The following reaction governs the oxidation of SiC: 

SiC  + 1.5 O2 ←→ SiO2 +CO                                                 (2.1) 

As opposed to the relatively simple oxidation of Si, there are 5 steps in the thermal 

oxidation of SiC (Fig. 2.1),  

i) Transport of molecular oxygen gas to the oxide surface; 

ii) In-diffusion of oxygen through the oxide film; 

iii) Reaction with SiC at the oxide/SiC interface;  

iv) Out-diffusion of product gases (e.g. CO) through the oxide film; and 

v) Removal of product gases away from the oxide surface.  
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FIG. 2. 1 Five steps involved in the oxidation of SiC 
 

 

The last two steps are not involved in the oxidation of Si. The oxidation of SiC is 

about one order of magnitude slower than that of Si under the same conditions. The first 

and last steps are rapid and are not rate-controlling steps. But among the remaining steps, 

the rate-controlling step is still uncertain. as discussed in several articles. 9-11   

Based on the great success of the Deal Grove model12 for the oxidation of Si, it is 

attractive to apply a modified form of this model to the oxidation of SiC. In the Deal 

Grove model of silicon, growth follows the following relation: 
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  )t(BAXX 2 τ+=+                                              (2.2) 

where X is thickness of oxide and t is oxidation time. τ is related to an initial thickness.  

B and B/A are parabolic and linear rate constants, respectively. If the growth rate is linear, 

the interface reaction is the rate-controlling step. If parabolic behavior is dominant, 

oxygen in-diffusion through the oxide film is the rate-controlling step. The Deal Grove 

model is not directly applicable to SiC as is it does not include CO out-diffusion. Also for 

SiC, the oxidation rate dependence on crystal orientation is far greater than that observed 

for Si. The oxidation rate on the (0001) C-face is almost one order of magnitude higher 

than that on the (0001) Si-face. 

In this article, we present a modified Deal Grove model by considering the 

product gas out-diffusion during oxidation. With this model, we try to illustrate which 

step is the rate- controlling step for the SiC oxidation. We apply the model to our 

experimental results on the (11 2 0) a-face of SiC, and make comparison with the (0001) 

C- and (0001) Si-face. An explanation for the crystal face dependence of the oxidation 

rate is also proposed. 

 

Modified Deal Grove Model 

Following the Deal-Grove approach, we consider SiC covered by a SiO2 layer of 

thickness as X0, as indicated in Fig.2.1  

The oxygen flux from the gas to vicinity of the outer silica surface is taken to be: 

)(
2222

* O
OOOO CChF −=                                     (2.3) 

where 
2Oh  is the gas-phase transport coefficient in terms of concentrations in the solid 

O
OC

2
 is the concentration of the oxidant at the outer surface of the oxide at any given 
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time, and *
O 2

C  is the equilibrium concentration of oxygen gas in the oxide ( see 

appendix ). 

Under steady state, the flux of the oxygen across the oxide layer is given by: 

0

22

22 X
CC

DF
i
O

O
O

OO

−
=                                            (2.4) 

where 
2OD  is the diffusion coefficient in the oxide and 2O

iC  is the concentration of the 

oxygen near the oxide-SiC interface.  

For the carbon species out-diffusion, we have: 

)( *

0
CO

O
COCO

O
COCO

i

COCO CCh
X

CCDF −=
−

=                  (2.5) 

where D, OC , iC  ,and *C  and h  have the same meaning as above and we use subscripts 

to distinguish O2 or CO. 

Reaction (2.1) occurs at the SiO2/SiC interface. The flux corresponding to the oxidation 

reaction is expressed as the following:13 

CO
i

rO
i

f CKCKF −= 2                                               (2.6) 

where fK  and rK  are the rate constants of the forward and reverse reactions, 

respectively. In the experimental section, we find that fK is related to local concentration 

of carbon in the SiC. Kr can be also related to the local concentration of SiO2. For the 

steady-state condition, 1:5.1:1F:F:F COO 2
= . 

The rate of growth of the SiO2 layer is described by: 

0

0

N
F

dt
dX

=                                                                     (2.7) 
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where N0 is the number of oxidant molecules incorporated into a unit volume of the oxide 

layer.  

Combining the equations (see appendix ), we find the solution of Eq. (2.7) is in 

the same form as Eq. (2.2). But the coefficients A and B are different from that in the 

Deal Grove model: 

CO

r
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f
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r
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f

D
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D
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h
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2
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1

                                                  (2.8a) 
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/)( 0

**

                                              (2.8b) 

and the growth can be expressed in the same form as Eq.(2.2) with a linear and parabolic 

regime. Note that these equations reduce to the Deal Grove silicon result if DCO= ∞ 

and/or Kr=0. In thermal oxidation the flow of oxidant to the oxide surface is rarely a rate-

limiting step so that h>> Kf, Kr, or both. During oxidation, *
O 2

C >> *
COC ,  

So we can rewrite Eqs. (2.8) as: 

f
0

*
O

CO
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f

0
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The implications of these equations are described below. 

(1) In the linear growth regime, the interface reaction will be the rate-controlling step, 
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f
0

*
O K

N
C

A/B 2≈                                                 (2.10) 

(2) In the parabolic growth regime, diffusion could be the rate-controlling step. If oxygen 

diffusion is the rate controlling step, or 
CO

r

O

f

D
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D
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>> , 

2
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O D
N5.1

C
B ≈                                                   (2.11) 

In this case, the activation energy of the parabolic rate constant will be the same as that 

for oxidation of Si. If the CO out-diffusion is the rate controlling step, or 

CO

r

O

f

D
K

D
K

2

<<  the parabolic rate constant will be: 

CO
r0

f
*
O D

KN
KC

B 2≈                                            (2.12) 

The same method may also be applied to the wet oxidation of Si where the out-diffusion 

of H2 should be strictly considered, 

Si + 2H2O ←→ SiO2 + 2H2 

However, the simple Deal Grove model is correct for wet oxidation of Si, since H2 

diffusion is not a rate-limiting-step. 

 

Experimental procedure 

SiC samples used for the experiment were ~5mm x 5mm, cut from a double-side polished 

(0001)/(0001) oriented (research grade, n type, on axis), and (11 2 0) oriented (research 

grade, n type, on axis) wafers, supplied by CREE Inc. Samples were cleaned by acetone, 

methanol and 5% HF solution in successive steps. Immediately after this cleaning, the 
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samples were loaded into the oxidation furnace. A Lindberg high temperature furnace 

was used for oxidation between 950°C and 1150°C for different oxidation times. Dry 

oxidation was performed at atmospheric pressure keeping the oxygen flow rate at 1 

liter/min. 4He + ions of 1.8 MeV energy generated by the 2MeV Van de Graaf accelerator  

at our laboratory were used to perform Rutherford Backscattering (RBS) / channeling 

experiments. The oxide thickness was calculated from the RBS spectra by finding the 

total areal density of oxygen atoms in the film. Analysis of the Si and O peaks confirmed 

that the oxide was stoichiometric SiO2. The thickness of the oxide films was also 

measured by spectroscopic ellipsometry as a complimentary technique. The M-2000DI, 

J.A. Woolam and Co. Spectroscopic ellipsometer (190-900nm source, at 65º, 70 º and 75º 

incidence, using SiO2/SiC model for data analysis) was used for this purpose. The results 

of the RBS and ellipsometry agreed well within the limits of experimental errors (Fig.2.2). 
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FIG. 2. 2 Oxide thickness as a function of time for dry thermal oxidation of 
the (0001) C-, (11 2 0) a- and (0001) Si-terminated faces of 4H-SiC at 1150°C. 
The solid symbols indicate ellipsometer results and the opened symbols
indicate RBS results. 
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Results and Discussion 

Figures 2.3, 2.4 and 2.5 show the oxidation growth kinetics of the (0001) C face, 

(11 2 0) a face and the (0001) Si face respectively, as a function of oxidation temperature. 

There is a large variation in the oxidation rate among the three different faces with the 

(0001) C face oxidizing much faster than the slowest (0001) Si face. Oxidation of the 

(11 2 0) a- face shows intermediate behavior. The growth data is fit to our modified Deal 

Grove model. The values of τ are set to zero, because the native oxide thickness of is 

only about 2Å for all of the C-, a- and Si faces as measured by Medium Energy Ion 

Scattering.14 Compared to the C-face and a-face, the Si-face data is difficult to fit because 

of the very slow oxidation rate and thin oxides. Table 2.1 and Table 2.2 show the 

parabolic rate constant B and linear rate constant B/A, respectively.  

The linear rate constants B/A show the apparent activation energy of 1.29eV, 

1.20eV and 1.34eV for the (000 1 ) C-face, (11 2 0) a-face and (0001) Si-faces, 

respectively (Fig. 2.6). The activation energies for the interface reaction are almost equal 

for these three faces. The pre-exponential factors for the C-, Si- and a-faces are different. 

It is well known15 that the linear oxidation rate of Si is also dependent on crystal 

orientation. In the region of growth where the Deal Grove model is accurate, 

100

111

)A/B(
)A/B( =1.68 for Si, and the activation energies for these linear rate constants are equal.  
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FIG. 2. 3 Oxide thickness as a function of time and temperature for dry thermal
oxidation of the (0001) C-terminated face of 4H-SiC. Solid lines indicate fits by 
Eq. (2.2).  
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FIG. 2. 4 Oxide thickness as a function of time and temperature for dry
thermal oxidation of the (11 2 0) a-face of 4H-SiC. Solid lines indicate fits by 
Eq. (2.2). 
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Table 2. 1 Parabolic rate constant B 

 
 

 

 

 

 

 

 

 

Table 2. 2 Linear rate constant B/A 
 

  

 

Temperature(°C) 1150 1100 1050 1000 950 

C-face(µµµµm2/h) 0.018 0.010 0.0059 0.0022 0.0014 

a-face(µµµµm2/h) 0.016 0.0064 0.0028 0.00065 0.00037 

Si-face(µµµµm2/h) 0.00038 0.00019 0.000056 - - 

Temperature(°C) 1150 1100 1050 1000 950 

C-face(µµµµm/h) 0.16 0.11 0.089 0.067 0.029 

a-face(µµµµm/h) 0.10 0.074 0.051 0.044 0.015 

Si-face(µµµµm/h) 0.042 0.029 0.018 - - 
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FIG. 2. 6 Arrhenius plots for the Deal Grove linear rate constant B/A . Activation 
energies were found to be 1.29 eV, 1.20eV and 1.34 eV for the (0001) C-, the (11 2 0) 
a- and (0001) Si-faces,respectively. 
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The magnitude of the pre-exponential factor of the linear rate constant is attributed to the 

different areal density of atoms and mechanical stress effects present at the interface, but 

the interface chemical reaction is the same on the both surfaces.15 This suggests an 

explanation of the SiC data. Table 2.3 shows the carbon and silicon areal density of the 

first layer for the different surfaces. The ratio of carbon areal density between the C-face 

and a-face is 1.64, close to our experimental result of 
0211

1000

)A/B(
)A/B(

 ~1.60. Since the 

oxidation rate on the Si-face, which has 100% Si atoms, is very slow compared to the 

other faces, we believe that the reaction rate is mainly proportional to the carbon areal 

density. Referring to Eq. (2.9a), this implies that Kf depends sensitively on the SiC crystal  

surface. 

 

 

 

 

 

 

This interpretation is consistent with earlier results of Song and Smith for the etch 

rate of SiC, achieved at relatively low oxygen pressure.16 It is well known that O2 etches 

Si at low oxygen pressure. If O2 etches SiC, the etch rate is also dependent on the crystal 

orientation. The work of Song and Smith shows that the etch rate of the C-face in the low 

partial pressure of O2 is about 6 times larger than that of the Si-face. During the etching,  

 C-face (11 2 0) face Si-face 

C areal density (1015 atoms/cm2) 1.21 0.74 0 

Si areal density (1015 atoms/cm2) 0 0.74 1.21 

Ratio of B/A to 
)1000(

A/B  at 

1100°C 
1 0.66 0.26 

Table 2. 3  Areal density of the first layer for the different faces 
 

 



 

 47

there is no diffusion. The etch rate is determined simply by the chemical reaction rate, 

and the etching data confirm the strong anisotropy in the interface chemical reaction rate.  

Figure 2.7 shows B via 1/T for the (0001), (11 2 0) and (0001) faces. It can be 

seen that for the (0001) face, Ea is ~1.99eV, very close to the activation energy of oxygen 

diffusivity 
2OD in SiO2.17 This is a strong indication that the oxidation rate is limited by 

oxygen in-diffusion on the (0001) C-face.  

In the present work, the SiC samples were oxidized at 1 atm oxygen pressure. Recently, 

Trimalle, et. al.18 have shown that the oxidation of the C-face of 6H-SiC is limited by the 

interface reaction when the oxygen pressure is below 0.1 atm, while the Si-face shows 

almost no pressure dependence. At this low oxygen pressure, the interface reaction is 

reduced and competes with the oxygen in-diffusion step for the C-face. For the a- and Si-

face, the relatively low interface reaction rate is limiting even at 1 atm oxygen pressure. 

Thus, the results in Ref. 18 are consistent with the analysis presented here. 

We find that the activation energies of B for the (0001) Si and (11 2 0) a- face are 

very different from that of C-face (1.99eV). Evidently, the oxidation rate-controlling step 

involves both oxygen diffusion and/or the interface reaction. In this case, Eq. (2.11) 

cannot be used to interpret the data. It is only valid when the oxygen in-diffusion step is 

the rate-controlling step. So Eq. (2.9b), which is a more general equation, must be used to 

interpret the data for the (0001) Si and (11 2 0) a- faces. In the denominator of Eq. (2.9b), 

neither of the two terms is obviously dominant. 
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FIG. 2. 7 Arrhenius plots for the Deal Grove parabolic rate constant B.
Activation energies were found to be 1.99 eV, 2.94eV and 3.12 eV for the (0001)
C-,  the (11 2 0) a- and (0001) Si-faces, respectively. 
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The activation energy for the B parameter for the a-face and Si-face are the same within 

error, and clearly different than the activation energy for the C-face. Since the data 

display Arrhenius behavior and the activation energy is significantly different than O2 

diffusion in SiO2, we discuss the aspect of data in the terms of Eq. (2.12). 

 In the case where CO out-diffusion is the limiting step (Eq.(2.12)) the activation 

energy corresponds to the products of activation energies for Kf, Kr and DCO. 

Unfortunately there is not sufficient information to separate there three quantities, nor are 

they known from the literature. However one may obtain some insight from the B/A 

analysis. As indicated in Eq. (2.9a) the B/A parameter is proportional to Kf. The 

measured values of B/A for the different faces indicated Kf |a-face has the same activation 

energy indicated as Kf | Si-face, but has a significantly larger pre-exponential behavior. This 

was explained in the terms of the larger carbon density in the surface. 

 This is consistent with Eq. (2.12) and the observations. The B value for the Si-

face and a-face yields the same activation energy, but the pre-exponential constant for the 

a-face is close to an order of magnitude greater than for the Si-face. This is in accord with 

the suggestion of Eq. (2.12), if we assume that Kr is not very different for the two 

surfaces. 

 Note that the oxidation temperature range could be very important for the 

oxidation rate limiting mechanism. As the temperature increases, the increase of the 

interface reactionrate may be significantly greater than that of the diffusion rate. This is 

confirmed by Zheng’s results2 where the oxygen in-diffusion becomes the rate limiting 

step for the Si-face at the higher the oxidation temperature range from 1200 °C to 1500 

°C. 
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Based on the model described above and our experimental results, both Kf and Kr 

play an important role for the anisotropic oxidation behavior for SiC. The surface 

composition is an important factor: for the (0001) C-face, the first layer is 100% C atoms, 

for the (0001) Si-face, the first layer is 100% Si atoms and for the (11 2 0) a-face, the first 

layer is 50% C atoms and 50% Si atoms. We infer that Kf is proportional to the carbon 

areal density. The interface chemistry may be described as follows: on the (0001) C-face, 

there is a large driving force for C atoms in the first layer to easily break Si-C bond and 

form C-O, a very stable molecule. Following the first layer removal, the Si atoms in the 

second layer may react with O since there is only one Si-C bond connected to the third 

layer (C-layer).  However, on the (0001) Si-face, it is more difficult to break Si-C bonds 

and form Si-O since there are three Si-C bonds connected to the second C layer.  From 

the (11 2 0) a-face geometry, the situation is intermediate in the Si/C ratio.  

 

Conclusions 

A modified Deal Grove model for oxidation of SiC is established which takes into 

account CO out-diffusion. The oxidation behavior can be predicted fron this model. The 

oxide growth rate on the (11 2 0) a-face of 4H-SiC is measured accurately for the first 

time. Comparing the oxidation kinetics with the (0001) C-face and the (0001) Si-face, the 

growth rate of this face is intermediate between the C- and the Si-4H-SiC faces. The 

interface reaction plays a key role in the oxidation anisotropy of SiC. 
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Appendix 
 

 (A) Derivation of equation 2.3 (see Fig. 2A.1) 

Flux of O2 molecules from the gas atmosphere to the outer surface of the oxide is given 

by:  

)(
2222

S
O

g
OO

g
O CChF −=         (1A.1) 

where gh  is the gas-phase mass transport co-efficient, g
OC

2
the O2 concentration in the 

bulk of the gas and S
OC

2
the O2 concentration next to the oxide surface respectively.  

Using the ideal gas law,   

kT
PC O

g
g
O

2

2
=  and 

kT
PC O

S
S
O

2

2
= where 2O

gP  and 2O
SP  are the partial pressures of O2 in the 

bulk of the gas and next to the oxide surface respectively. 

Fig. 2A.1 Relevant oxygen concentrations (described in appendix I A) for 
transport of O2 molecules from the bulk of the gas to the oxide surface.  
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To write eqn. (1A.1) in terms of the concentrations in the oxide layer, Henry’s law can be 

used. Henry’s law states that in the absence of chemical reaction at the surface, 

concentration of O2 in the solid is related to the partial pressure of the oxidant in gas by: 

22
O

SO
O HPC =          (1A.2) 

where O
OC

2
 is the O2 concentration at the outer surface of the oxide and H  is Henry’s 

constant. Also, defining 

22

*
O

g
O HPC =          (1A.3) 

where *
2OC  is the equilibrium O2 concentration in the oxide which represents the 

concentration which would be in equilibrium with the partial pressure 2O
gP in the bulk of 

the gas.  

Using (1A.2) and (1A.3) the equation (1A.1) can be expressed as  

)(
2222

* O
OOOO CChF −=                 (eq. 2.3 in text) 

where 
HkT
h

h
g
O

O
2

2
=  is the gas-phase-mass-transfer co-efficient in terms of concentration in 

the solid. 

(B) Derivation of equation 2.8 (a) and 2.8 (b)  

From eqn. (2.3) - (2.5) in the text we get under steady state 

For O2:  
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From (1A.4) we get  
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Similarly from (1A.5) we get  
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At the SiO2/SiC interface  
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Using (1A.5) and (1A.6) in (1A.7) 
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For the steady-state condition, 1:5.1:1F:F:F COO 2
=  

Thus eqn. (1A.8) can be re-written as: 
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The rate of SiO2 growth is given by  

0

0

N
F

dt
dX

=       (1A.10) (also eq. 2.7 in text) 

where N0 is the number of oxidant molecules incorporated into a unit volume of the oxide 

layer.  
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Using eqns (1A.9) in eqn (1A.10) we get  
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Integrating we obtain  
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This equation  is of the form : 
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Abstract 

Interface state density measurements were performed on metal-oxide semiconductor 

capacitors fabricated by dry oxidation, with and without NO annealing, on the (11 20) 

crystal face of n-4H-SiC. Nitric oxide post-oxidation anneal results in a significant 

decrease of defect state density (Dit) near the conduction band edge of n-4H-SiC. 

Comparison with measurements on the conventional (0001) Si- terminated face shows a 

similar interface state density following passivation. Medium energy ion scattering 

(MEIS) provides a quantitative measure of nitrogen incorporation at the SiO2/SiC 

interface. 
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Introduction 

The 4H polytype of silicon carbide  (4H-SiC) is one of the most promising 

materials for power electronics applications. Among the attractive properties of SiC is the 

ability to grow a thermal oxide leading to the development of SiC MOSFET (metal oxide 

semiconductor field effect transistor) technology similar to that of silicon. Although this 

oxide is similar to SiO2 grown on Si1, the SiO2/SiC interface results in much poorer 

electronic properties than the SiO2/Si interface. Until recently MOSFETs fabricated on 

the conventional (0001) Si- terminated face of 4H-SiC have typically shown very low 

inversion channel mobilites (µinv~0.1-25 cm2/V-s). Such low mobilities were attributed to 

the high density of interface states present within the band gap of SiC. Moreover 4H-SiC 

MOSFETs show lower mobilities than 6H devices (µinv~25-100 cm2/V-s), although the 

bulk mobility of 4H is higher than 6H (800cm2/V-s, compared to 300 cm2/V-s). This 

problem has been attributed to the presence of a high interface state density (Dit); a broad 

distribution lying approximately 2.9 eV above the valence band2. These states fall within 

the band gap of 4H-SiC (Eg=3.26 eV), but lie in the conduction band for 6H-

SiC(Eg=3.02 eV). Thus the channel mobility is reduced in 4H-SiC by field termination, 

carrier trapping and Coulomb scattering associated with this high density of interface 

states. 

Recent studies have reported an order of magnitude reduction of Dit on the (0001) 

Si terminated face near the conduction band edge of 4H-SiC by using a nitric oxide (NO) 

post oxidation anneal (POA)3-6. Intriguingly, reports by other groups have indicated 

improved device properties of MOS structures built on the (11 20) oriented ‘a’ face 

substrates using wet oxidation only7-9 (i.e., without an NO passivation anneal) and 
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suggested an intrinsic low density of acceptor like interface states near the conduction 

band edge on the (11 20) surface8. Others have indicated good (11 20) properties after 

passivation of these interface states by hydrogen9. In this paper, we report the effects of 

the NO POA on the interface state density for dry oxides on (11 20) 4H-SiC. Our results 

indicate that dry oxidation of the (11 20) face results in comparable Dit to that of the 

(0001) Si face (~1013 cm-2eV-1) at ~0.2 eV below the conduction band. NO annealing 

results in a substantial improvement, reducing the value to ~1012 cm-2eV-1, which is 

comparable to the best values obtained for the Si face. 

The main feature distinguishing the (0001) and (11 20) crystal faces is the polar 

structure. The first monolayer of the Si face is 100% Si, while that of the (11 20)  a-face 

is 50% C and 50% Si. Thus, exploration of the a-face interface structure is important for 

explaining the basic physics of SiC oxidation. Furthermore, understanding the interface 

properties at these structurally different surfaces is important not only for fabricating 

devices utilizing wafers of different orientation, but it also plays a key role in the physics 

of UMOSFETs10. In the UMOSFET structure, the gate is ‘U’ shaped, resulting in the 

SiO2/SiC interface lying along both the (0001) and (11 20) surfaces. Since the inversion 

channel formation takes place along the (11 20) /oxide interface, it is critical to realize 

high inversion layer mobility and low interface state density on this face. 

 

Experimental procedure 

(11 20) n-type 4H-SiC substrate wafers (Nd = 5x1018 cm-3) supplied by CREE, 

Inc. were used to grow thin lightly doped n epi layers (5 µm, Nd~1016 cm-3). After a 

standard RCA clean, the samples were oxidized at 1150°C in dry oxygen to yield an 
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oxide thickness of about 30 nm. For the sample subjected to the NO POA process, the 

temperature was ramped up to 1175 °C in flowing Ar, and the NO anneal was performed 

for 2 h. The NO POA process is completed by ramping down the temperature from 1150 

°C to 900 °C at a ramp rate of 4°C/min in flowing Ar and unloading the samples under 

these conditions. A standard sample was made by annealing in Ar at the oxidation 

temperature for 30 min after oxidation, a common practice in SiC technology. Gate 

metallization was performed by sputtering Mo and Au in succession and colloidal Ag 

paste was used for a large area backside ohmic contact. Simultaneous hi-lo C-V 

(capacitance-voltage) measurements (high frequency-100kHz and quasistatic) were 

performed using Keithley 590,597and 230 C-V modules. These measurements were 

performed at room temperature, and the gate bias was swept from accumulation to 

depletion. Similar sets of samples were prepared on the (0001) oriented samples for 

comparison between these two crystal faces. 

Medium Energy Ion Scattering (MEIS)11 using 100 keV H+ ions at normal 

incidence and 125ο scattering geometry was performed on the (11 20) 4H-SiC samples to 

determine nitrogen incorporation at the interface. Two sets of samples were made with 

and without NO annealing. Dry oxidation was performed at 1150°C to grow a ~40 nm 

oxide layer, followed by an NO anneal at 1175 °C for 2 h. The oxide layer was carefully 

etched with HF to thin the layer in order to preserve the interface resolution for MEIS 

analysis. 
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Results and Discussions 

Interface state density profiles for the SiO2/(11 20) 4H-SiC interface are shown in 

Fig. 3.1. The NO POA process resulted in an order of magnitude reduction in Dit close to 

the conduction band edge. At Ec-E= ~0.1eV, the density of defects traps is reduced from 

~1013 cm-2eV-1 to ~ 1012 cm-2eV-1. Reduction of Dit also occurs further from the 

conduction band, but the effect is most pronounced near the conduction band edge. This 

reduction is similar to that observed for the nitric oxide anneal for the (0001) Si face 

MOS capacitors, as shown on the same plot.   The results also show that the interface 

state density before passivation by NO for the (11 20) face is of the same order of 

magnitude as for the (0001) Si face, at least in the case of dry oxides. This is contrary to 

the observations made for wet oxides where the (11 20) interface was found to have a 

lower Dit in comparison to the (0001) Si face7,8. This could be due to the wet oxidation 

bringing about some in-situ passivation of traps during the wet oxidation process-a 

process that is associated with hydrogen. It should be noted that there exists a significant 

anisotropy in the oxidation kinetics among the different crystal faces of SiC 12,13, so it is 

likely that the interface chemistry is different for these two faces. However our 

observations indicate that the electrically active trap density behavior of dry oxides is 

similar for the two faces. Fig. 3.2 shows the high frequency and quasistatic C-V curves 

for as-oxidized and NO passivated  (11 20) MOS capacitors. 
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FIG. 3. 1. Interface state density profile Dit(E) near Ec measured for 
(11 20) (circles) and (0001) (squares) with (solid symbols) and without
(open symbols) NO post oxidation anneal  The NO POA significantly
reduces the Dit near the conduction band for both the orientations. 
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The nitridation process leads to a shift of the flat-band voltage towards less positive 

voltages. This can be attributed to the decrease in effective negative charge at the 

interface due to the NO anneal. Similar effect has been observed for the (0001) capacitors 

(not shown) in this work and in previous reports 3. The nature of these traps could have a 

variety of sources. Previous studies indicate the possibility of carbon clusters, sub-oxides 

or oxycarbides at the interface, and Si and C dangling bonds have also been 

considered3,5,8,14,15. Furthermore, it has been suggested that the NO POA may not 

physically remove these defects but may instead shift the energies of these defects in the 

band gap, thereby removing their detrimental effects5,16. Earlier studies have also 

indicated that passivation depends only on the amount of nitrogen incorporated at the 

interface and is independent of anneal temperature and time 1, 3,5. 

Fig.3.3 shows the MEIS spectrum of (11 20) sample oxidized and subjected to the 

NO POA process and a sample without the NO treatment. We observe incorporation of 

nitrogen at or near the interface from the MEIS measurement. It is possible that the NO 

anneal leads to the formation of a thin nitride at this interface. The areal density of N 

atoms was found to be 0.66 x 1015 atoms/cm2 and 1.16 x 1015 atoms/cm2 for the (11 20) 

and (0001) surfaces respectively (spectrum for (0001) not shown). These N atoms are 

distributed very close to the interface with a distribution that has a full width at half 

maxima of the order ~ 10 
°
A , which is very close to the depth resolution limit of MEIS. 

In Table 3.1 the atomic areal densities of Si and C obtained from MEIS have been 

compared with theoretically calculated values for both (0001) and (11 20). The 

theoretical C density is found by calculating the contribution from the intrinsic surface  
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FIG. 3. 3 MEIS spectra of (11 20) 4H-SiC: Sample as–oxidized at 1150 °°°°C (top) 
compared to a sample that underwent a NO POA at 1175 °°°°C for 2 h after oxidation 
(bottom). Nitrogen incorporation at or near the interface can be observed from the
spectra. N atom areal density calculated to be 0.66 x10 15 atoms/cm2. Error has 
been estimated as 5% of the experimental values. The difference in amount of 
Oxygen in the two samples is due to different thickness resulting from etching of 
the oxide. The shift in the energy scale is due to small shifts in incident ion energy. 
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Sample Oxide 
Thick- 
-ness 
(A) 

Si 
1015 

atoms  
cm -2 

O 
1015 

atoms 
cm -2 

C 
1015 

atoms 
cm -2 

N 
1015 

atoms 
cm2 

Siintrinsic+ 
SiSiO2 
(calcula -
-ted) 
1015at- 
-oms  
cm-2  

Cintrinsic 
(calcul-ated) 
1015 

atoms cm -2 

(11 20) 
as-

oxidized 

≅  6.7 3.77 
±0.19 

3.01 
± 0.15 

3.84 
± 0.19 

- 1.6 + 
1.51 

= 3.11 

2.7 

(11 20) 
With 
NO 

≅  2.2 2.79 
± 0.14 

0.97 
± 0.05 

4.27 
± 0.21 

0.66 
± 0.03 

1.6 + 
0.485 
= 2.09 

2.7 

(0001) 
as-

oxidized 

≅  9.7 4.24 
� 0.21 

4.36 
� 0.22 

3.39 
� 0.17 

- 2.9 + 
2.18 = 
5.08 

2.4 

(0001)    
With 
NO 

≅  7.4 3.96 
� 0.2 

3.33 
�  0.17 

3.58 
� 0.18 

1.16 
±    

0.06 

2.9 + 
1.67     = 

4.57 

2.4 

Table 3. 1 Areal densities of Si, O, C and N atoms obtained experimentally 
from MEIS. Theoretical values of the Si and C areal densities are shown for 
comparison. The C intensity for all samples is much higher than that expected 
from an ideal SiC crystal. This could correspond to either a reconstructed 
interface or interfacial carbon. The discrepancy between the theoretical and 
measured Si surface intensities could correspond to a thin sub-oxide at the 
interface. 
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peak of C in (11 20) SiC11,17. The intrinsic surface peak is the intensity arising from the 

ion beam’s interaction with the first monolayers of atoms. For Si, the sum of the intrinsic 

surface peak of Si and Si in a thin layer of stoichiometric SiO2 has been calculated. 

The carbon intensity for both faces is significantly greater than that expected for 

an ideal SiC crystal, for both the as-oxidized and NO passivated samples. This may be 

due to a severely reconstructed interface or, more likely interfacial carbon produced 

during the oxidation process. The difference between the calculated and measured values 

of carbon sets a limit on the amount of the excess interfacial carbon to approximately a 

monolayer of carbon. The measured Si surface intensity for the (11 20) face is somewhat 

higher than that expected for an ideal SiO2/SiC. On the contrary, for the (0001) samples; 

the measured Si intensities were lower than the calculated theoretical values. This could 

be a preliminary indication of a thin layer of non-stoichiometric sub-oxide (i.e SiO) 

existing between the stoichiometric SiO2 and the SiC substrate. 

 

Conclusion 

In conclusion, we have observed that the density of states on dry oxides near the 

conduction band edge at the SiO2/(11 20) 4H-SiC interface decreases following a post- 

oxidation anneal in NO. We have observed nitrogen incorporation at the interface, - a key 

element in the passivation process. Moreover, the interface states on the (0001) Si face 

show a similar decrease upon NO POA. This suggests that the physical natures of defects 

contributing to the density of interface states near the conduction band on these two 

crystal faces are similar. 
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Abstract 

Interface trap passivation at the SiO2/carbon terminated (0001) face of 4H-SiC utilizing 

nitridation and hydrogenation has been evaluated. The SiO2/ SiC interface, created by dry 

thermal oxidation on the C-face, shows appreciably higher interface state density near the 

conduction band compared to the (0001) Si-face. A post-oxidation anneal in nitric oxide 

followed by a post-metallization anneal in hydrogen results in dramatic reduction of the 

trap density by over an order of magnitude near the conduction band. The electrical 

measurements have been correlated with the interfacial chemistry. 

 

Introduction 

High interface state densities (Dit) at the silicon dioxide (SiO2)/ 4H-silicon carbide 

(4H-SiC) interface result in poor inversion channel mobilities in 4H-SiC metal-oxide-

semiconductor field effect transistors (MOSFETs).1,2 Much effort has been dedicated to 

the development of improved processing techniques that can be applied to lower the trap 
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densities. It is not entirely clear whether the interface states are intrinsic to the SiO2/4H-

SiC system or result from a non-optimized thermal oxidation process.3 The interface state 

distribution is highest near the 4H-SiC conduction band-edge where Dit approaches 

values greater than 1013 cm-2eV-1. Physical defects that have been attributed to the high 

Dit are carbon clusters, Si or C dangling bonds at the interface and/or a non-

stoichiometric sub-oxide very near the interface.4-7 Among the different procedures 

employed for the reduction of Dit, nitridation using post-oxidation annealing in nitric 

oxide (NO) is an established process that results in a dramatic reduction of Dit to ~1012 

cm-2eV-1 at ~0.2 eV below the conduction band edge.8,9 Most of the reported work to date 

has been on the (0001) Si terminated face of 4H-SiC. In this article, we report results of 

trap passivation on the (0001) C terminated face of 4H-SiC, exploring the possibility that 

the use of different crystal faces may result in improved interface quality. Recent studies 

indicate that devices fabricated on ‘alternate’ crystal orientations such as (11 20) and 

(0338) could have improved interface properties; either intrinsic or as a result of post-

oxidation treatments.10,11 (In this article, for the sake of clarity we shall simply refer to 

the different crystal faces as C-face (0001), a-face (11 20) and Si –face (0001)) 

The C-face of SiC is polar containing 100 % C atoms; the (0001) plane being a 

basal plane in the hexagonal unit lattice. Historically, the lack of availability of high 

quality epitaxial layers on the C-face was a constraint for reliable device fabrication. This 

problem is now of less significance with the availability of electronic grade commercial 

epitaxial layers. The main advantage of using the C-face for MOS devices is the higher 

oxidation rate compared to Si-face (a factor of about 5 at 1150±C) that could potentially 

lead to a lower thermal budget for SiC MOS processing.12 The different oxidation rates 
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suggests the possibility of different interfacial structure.13 Previous work on this face for 

both the 4H and 6H polytypes suggest an inferior interface with higher interface state 

density.5,14 Recently however, high mobility (mmax ~ 111 cm2 V-1s-1) has been reported in 

lateral MOSFETs fabricated on the C-face using hydrogen passivation.15 Characterization 

of the SiO2/C-4H-SiC interface is also important for possible development of new device 

structures employing new geometries.  In the present work, interface state densities and 

passivation of interface traps using nitrogen and hydrogen for the C-face have been 

evaluated. Comparisons have been made to results obtained for the Si-face and ‘a’-face. 

Our results indicate that the as-oxidized C-face contains a considerably higher trap 

density than the Si-face near the conduction band; however, nitric oxide and hydrogen 

processing results in comparable and low defect densities for all crystal faces. 

 

Experimental procedure 

 Si, C (both 8° off axis) and a-face (on-axis) n-type 4H-SiC wafers with 10 µm 

epitaxial layers doped with nitrogen at ~1x1016 cm-3 were used to fabricate MOS 

capacitors for Dit measurements. After a standard RCA cleaning process, samples 

underwent dry oxidation at 1150±C for different time durations depending on crystal 

orientation. All samples were loaded and unloaded at 900±C in Ar. Samples without any 

passivation treatment were held at the oxidation temperature (1150±C) in Ar for 30 min 

after oxidation. To study the effect of nitridation on the C-face, samples were subjected to 

NO POA at 1175±C for 2 h and 4 h. Some samples that underwent the NO POA at 

1175±C for 2h were further subjected to a post-metallization anneal (PMA) in H2 at 

500±C for 1 h using Pt as a gate metal to evaluate the effects of hydrogen. Results 
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obtained recently show that PMA in H2 using Pt as a gate metal of nitridated oxides leads 

to a further lowering of Dit near EC by about a factor of 2 for Si and a-face 4H-SiC.16 

Field effect mobilities for MOSFETs fabricated by the same process increased for both 

faces, with the effect being more prominent on the a-face (mmax ~ 100 cm2 V-1s-1).17 The 

presence of a catalytic metal like Pt is key to this process, as it leads to the dissociation of 

molecular hydrogen on the surface and subsequent H incorporation at the SiO2/SiC 

interface. It should be noted that for 2h NO and 2h NO + Pt/H2 samples, the a-face and C-

face samples were processed together. The a-face samples could be used as control since 

the effects of nitridation and hydrogenation on the a-face have been established in 

previous work .16-18 

The simultaneous hi-lo capacitance-voltage (CV) technique19 (100 kHz, 

quasistatic)  was used at room temperature to estimate  Dit from 0.1 to 0.6 eV below the 

conduction band. The gate voltage was swept from accumulation to deep depletion under 

light-tight conditions. It should be noted that the uncertainty in absolute Dit 

measurements by the hi-lo C-V technique are highest close to the band-edge. Therefore, 

the goal was to determine the relative differences in Dit among a systematic set of 

samples, measured under identical conditions. Processing information for all capacitors 

and trap densities at Ec-E ~ 0.2 eV are summarized in Table 4.1. The amounts of nitrogen 

incorporation at the SiO2/SiC interface listed in this table are from nuclear reaction 

analysis (NRA) and electron energy loss spectroscopy (EELS) measurements performed 

on samples fabricated with similar processing. Details of these measurements can be 

found elsewhere.20 Briefly, the two analytical techniques yielded the same values for the 

areal density of nitrogen, while the EELS demonstrated that the N was located in a thin  
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layer (§ 1 nm) within ~1 nm of the oxide/semiconductor interface. 

 

 

 

Results and Discussion 

 
Intrinsic interface state density for SiO2/C-face 4H-SiC 

Typical unpassivated trap densities for the three faces are shown in Fig. 4.1 (a).  

The C-face is found to have the highest Dit close to the conduction band-edge - an 

Table 4. 1 Processing summary for 4H-SiC MOS capacitors. Dit at Ec-Eª  0.2 eV 
and N content at the interface for each sample are also shown.

Cryst
al 
face 

Oxide 
thickness 

(nm) 

Gate 
metal 

Passivation 
treatment 

 

Dit at Ec-E 
ª 0.2 eV      
(cm-2 eV-1) 

Interfacial 
N areal 
density         
(1015atoms 
cm-2) 

C 57 Mo/Au None 1.6 x 1013 - 

a 59 Al None 5.8 x 1012 - 

Si 47 Mo/Au None 1.6 x 1012 - 

C 40 Mo/Au NO POA 1175±C, 2 h 9.1 x 1011   1.0 ≤ 0.2  

C 51 Al NO POA 1175±C, 4 h 8.0 x 1011   1.0 ≤ 0.2  

a 28 Mo/Au NO POA 1175±C, 2 h 5.4 x 1011 ~1.0 ≤ 0.2 

Si 57 Mo/Au Same as above 4.3 x 1011    0.35 ±0.13

C 40 Pt NO POA 1175±C, 2 h 
+ H2 PMA  500 ±C,   

1 h 

6.8 x 1011    1.0 ≤ 0.2  

a 28 Pt Same as above 4.2 x 1011   ~1.0 ≤ 0.2  

Si 53 Pt Same as above 3.3 x 1011    0.35 ±0.13
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observation consistent with earlier reports.5,14 The higher Dit is reflected in the much 

larger dispersion between high frequency (CH) and quasistatic (CQ) capacitance curves 

shown in Fig 4.1 (b). The large difference in flat-band voltage for the Si-face  (VFB: 1.5 

V) and the C-face (VFB: 15.3 V) arises from the difference in the negative effective 

charge (Neff Si-face ~ 2. 6 x 1011 cm-2 and Neff C-face ~ 5.4 x 1012 cm-2). The effective charge 

is a sum of the fixed oxide charge and mobile ions (both positive), oxide trapped charge 

(positive or negative) and interface charge trapped at flatband (negative). The large 

negative effective charge suggests a much higher density of deep traps or oxide traps 

(near interface or border traps) that appear as a fixed charge in these measurements. The 

‘bump’ marked  ‘A’ in the high frequency CV curve of Fig. 4.1(b) is consistent with 

features attributed by Fukuda et. al.14 to slower, deep states for the C-face.  

In an earlier report, the higher trap density for the C-face was attributed to the 

presence of greater excess carbon at the interface resulting from a higher surface C 

density of this face.5 The different surface structure and higher oxidation rate could also 

result in a structurally different sub-oxide (or oxy-carbide) layer. Physical analysis of the 

interface by several techniques such as surface enhanced Raman spectroscopy (SERS),21 

and electron energy loss spectroscopy (EELS)20 suggest a higher interfacial carbon  

content on the C-face compared to the Si-face. The presence of a different carbon 

containing sub-oxide on the C-face has also been detected by XPS.13 This indicates that 

the as-grown interfaces may be significantly different for the C-face than the Si-face due 

to possible inclusion of ‘free’ carbon and carbon containing sub-oxides. Both these 

possibilities, i.e. higher interfacial carbon and/or different sub-oxide could result in the 

higher Dit observed for the C-face. 
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Fig. 4. 1 (a) Interface state densities for unpassivated oxides on the Si-face, a-
face and C- face of 4H-SiC showing the highest trap density on the  C-face (b) 
Comparison of hi-lo CV characteristics for the Si and C-faces. The point ‘A’ 
corresponds to the observed ‘bumps’ as described in the text and in ref. 14. 
 

0.1 0.2 0.3 0.4 0.5 0.6
1011

1012

1013

 C- face
 a-face
 Si-face

 

D
it (

cm
-2
 e

V-1
)

Ec-E (eV)

 
 (a) 

-5 0 5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0

1.2

(b)

A

Si-face C-face

Solid:  100 kHz
Dashed: Quasistatic

 

 C
/C

ox

Gate Voltage (Volts)



 

 77

 Effect of nitridation using NO POA 

The results of NO passivation shown in Fig. 4.2 clearly show a dramatic reduction 

of Dit (~1013 cm-2 eV-1 to ~1012 cm-2 eV-1 at EC-E ~0.2 eV) for the C-face, analogous to 

the other faces. The significant reduction of effective negative charge can be observed 

from the shift in VFB before and after the NO POA  [Fig. 3 (b)]. However, Dit after NO 

passivation is higher for the C-face compared to the other faces, especially for states 

deeper than EC-E > 0.3 eV.  

The NO POA results in interfacial nitrogen incorporation with a profile having a 

FWHM of < 2 nm.20 It should be noted that the N passivated interface is also a  ‘new’ 

interface created due to the extra oxide growth that takes place during NO anneal.22,23 For 

the Si-face, it has been shown that the Dit reduction is dependent only on the amount of 

interfacial N, and not on the NO anneal time or temperature.24 In a similar manner, C-

face samples annealed for 2h and 4h with comparable N content [Table 4.1] essentially 

yield the same trap density, i.e. the Dit reduction does not depend on the anneal time at 

1175±C but only on the interfacial N content.  The 2h and 4h anneal samples have the 

same N content due to the saturation of N incorporation with anneal time at 1175±C. A 

saturation regime in the NO nitridation kinetics is observed on all faces, although for any 

anneal time, the N content on C-face is comparable to the a-face and a factor of ~3 

greater than Si-face.20,23 On the Si-face, Dit saturates at a minimum level after a critical 

amount of N incorporation (~2.5 x1014 N cm-2)24 well before the N saturation (~ 1 x 1015 

atoms cm-2). 
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Thus, it is unlikely that greater incorporation of nitrogen on the C-face (possibly by 

higher temperature NO anneal) would lead to any further reduction of Dit. The higher Dit 

(and Qeff) observed in nitridated interfaces on the C-face compared to the Si-face could 

then arise from the following possibilities: 

(i) The presence of defects particular to the C-face not susceptible to passivation 

by nitrogen. A structurally different interface on the C-face as described 

earlier suggests this possibility. These defects may require the use of a 

passivating agent other than nitrogen. 
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Fig. 4. 2 Interface state densities for NO passivated SiO2 /4H-SiC (Si-face, a-
face and C-face) compared to the unpassivated C-face profile.  Processing 
details for these samples can be found in Table 4.1. 
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(ii) The shifting of trap energy levels close to the conduction band to deeper levels 

as a result of nitrogen passivation. In a ‘cluster’ defect model of the interface, 

the energy levels of traps are determined by the size of clusters with larger 

clusters close to the conduction band. Such clusters may be small collections 

of carbon atoms, SiO regions or other interface structures. It has been 

suggested that nitrogen passivation reduces the size of these clusters 

sequentially and lowers the trap energy in the band gap.24 The final 

distribution of the defect states with energy is a result of the competition 

between N up-take and oxidation rate. In accordance with this model, we can 

assume that the significantly higher Dit of unpassivated C-face (compared to 

the unpassivated Si-face) is due to presence of more clusters on this face. 

Nitrogen passivation would shift traps close to the conduction band to deeper 

energy levels by changing cluster size. This would lead to a preferential 

reduction of traps near the conduction band-edge relative to traps deeper in the 

gap, giving rise to the difference in shape of Dit profile between NO 

passivated Si-face and C-face samples. After NO passivation, the trap density 

is comparable to the Si-face near Ec, but is much higher than the Si-face 

deeper in the gap [Fig. 4.2]. Thus qualitatively, the N passivation results on 

the C-face are consistent with the ‘cluster’ passivation model. It should be 

borne in mind that the arguments are valid for any interfacial cluster defects 

where the defect energy levels are determined by the size of the defects. 

Carbon clusters are a strong candidate, but not the only possibility. 
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(iii) Higher ‘extra’ oxide growth rate during NO anneals. Oxidation during NO 

POA could generate additional defects, resulting in a competition between 

trap passivation and generation. This competition could be a more serious 

problem for the C-face due to its higher oxidation rate, even though more N is 

incorporated. The trap densities of NO passivated a- face are intermediate to 

the other faces for states with energy Ec-E ¥ 0.3 eV [Fig.4.2] consistent with 

this possibility, since the oxidation rate of this face is intermediate compared 

to the other two faces. 

(iv) The presence of higher ‘unused’ nitrogen at the interface. As mentioned 

earlier, interfacial N incorporation in SiO2/(0001) 4H-SiC is a factor of ~2 

greater than the (0001) face. So there is a possibility that this leads to the 

presence of unwanted N at the interface resulting in a higher Dit. However, 

passivation of the SiO2/(0001) 4H-SiC interface using ammonia results in 

much higher concentrations of N at the interface, but a comparable Dit
25, 

suggesting that this possibility is not a dominant factor. 

All of the factors mentioned above could contribute in different degrees for the Dit in 

nitridated oxides. Thus, further reduction of Dit may only be possible by the use a 

different passivation treatment after the NO POA. In the following section, the effect of 

hydrogen on the SiO2(N)/(0001) 4H-SiC has been evaluated. 

 

Passivation of nitridated interface using hydrogen  

To study the effect of hydrogen, capacitors passivated with NO (1175±C, 2h) and 

metallized with Pt were used for post-metallization anneals (PMA) in pure H2 at 500±C 
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for 1 h. The Dit profiles and CV characteristics are shown in Figs. 4.3(a) and 4.3(b), 

respectively. Comparison to  ‘NO only’ passivation reveals an average reduction factor of  

~20% for Dit in the energy range 0.1 eV § Ec-E § 0.6 eV. Also shown are the Dit profiles 

on the Si-face and a-face following the same NO/H2 anneal. The sequential anneal 

process gives us the lowest Dit in this energy range on all the three faces. Due to the 

smaller magnitude of the reduction, the Dit profiles in Fig. 4.3(a) have been obtained by 

averaging over ~15 capacitors. However, the Dit data alone does not reveal the overall 

effect of H. A significant reduction in effective negative charge (D Neff) also occurs 

leading to a big shift in flat-band voltage (DVFB º 3.5 V) as shown in Fig.3 (b). (It should 

be noted that a DVFB º 0.7 V is expected due to the work function difference between Mo 

and Pt.) The reduction of Neff could be due to the decrease of negative charge in traps at 

the interface and/or an increase in positive charge related to hydrogen.26 On the Si-face, 

the Pt/H2 process incorporates ~ 1014 atoms/cm2 of hydrogen within ~ 3.5 nm of the 

interface as measured by SIMS and NRA.27 The total H (2H) content in the oxide has 

been measured the 2H (3He,p) 4He nuclear reaction (Table 4.2). Comparison of DNeff and 

H content in the oxide between the Si and C faces shows that, although the H 

concentrations for the two faces are similar, DNeff is greater on the C-face. This suggests 

that the main contribution to DNeff is the passivation of deep interface states by hydrogen 

for the C-face, rather than the introduction of positive oxide charge - although the latter  
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possibility may not be completely ruled out.  Trap densities for the entire band gap need 

to be determined in order to have a complete picture of the H passivation process.   

 

Summary and conclusions 

 The interface state density of SiO2/4H-SiC is considerably higher near the 

semiconductor conduction band edge for dry thermal oxides on C-face 4H-SiC compared 

to the Si-face and a-face orientations. Passivation of the interface using nitrogen in 

conjunction with hydrogen results in substantial reduction of the interface state density, 

improvement analogous to the other faces. However, the lowest interface state densities 

on the C-face were higher than those measured for Si-face and a-face following similar 

passivation procedures.  
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DNeff (cm-2) 
 

H areal density  
(atoms cm-2) 

(0001) Si 6.3 x 1011 (3.66 ≤ 0.1) x 1014 

 
(0001) C 2.5 x 1012 (3.21≤ 0.3) x 1014 

 

Table 4. 2 Decrease of effective negative charge and H areal densities in the 
oxide (and at the interface) for (0001) Si and (0001) C samples. The H areal 
densities were measured using NRA as described in the text. 
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Abstract 

Nitrogen incorporation at the SiO2/SiC interface due to annealing in NO is measured and 

shown to be a strong function of crystal face. The annealing process involves two major 

solid-state chemical reactions: nitrogen up-take at the interface and N loss associated with 

second-order oxidation. An ad hoc kinetics model explains the experimental observations 

of anisotropy and nitrogen saturation. 
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Introduction 

Thermally grown silicon dioxide (SiO2) layers on silicon carbide are of great 

importance for metal-oxide-semiconductor (MOS) power electronics. A large interface 

trap density (Dit) at the SiO2/SiC interface near the conduction band-edge of 4H-SiC has 

been the limiting factor for obtaining high inversion-channel mobilities in 4H-SiC 

MOSFETs.1,2 These electrically active traps could be a result of excess C3,4 at or near the 

interface resulting from the oxidation process, C clusters,4-7 C dangling bonds8 and/or 

non-stoichiometric interfacial suboxides.9-11 Nitridation by post-oxidation annealing in 

nitric oxide (NO) is an extremely effective process for reducing trap density near the 

conduction band and increasing channel mobility.12,13 Although the detailed chemical 

structure of the nitrided interface is not yet well understood, previous studies indicate that 

incorporation of nitrogen atoms at or near the interface is vital for trap passivation.14 The 

role of nitrogen could be in the passivation of interfacial defects like carbon clusters or 

sub-oxides as suggested in various reports.14,15 Interfacial Si-N and Si-O-N bonds have 

been observed by x-ray photoelectron spectroscopy (XPS).15,16 Recent electron 

paramagnetic resonance (EPR) studies on porous 4H-SiC show a decrease in the EPR 

line related to carbon-clusters following nitridation, which indicates that the presence of 

C-N bonds should not be ruled out.17 Interestingly, the incorporation of N is a strong 

function of the crystal face. In this paper we report measurements of this nitrogen-uptake 

anisotropy and describe a model to explain these observations. 

Most electrical and physical characterization of nitrided oxides has been 

performed on the (0001) Si-terminated surface of 4H-SiC. The dramatic reduction of Dit 

by post-oxidation annealing in nitric oxide is also observed at interfaces formed on 
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different crystal surfaces such as the (11 20) and (0001) faces.18,19 The (0001) C and 

(0001) Si faces are polar faces containing 100% C atoms and 100% Si atoms 

respectively; the (0001) and (0001) planes being basal planes in the hexagonal lattice. 

The (11 20) a-face is a non-polar face comprised of 50% C and 50% Si atoms. In this 

article, for clarity and simplicity we will refer to the different crystal faces as C-face 

(0001), a-face (11 20) and Si-face (0001). Anisotropy in the oxidation kinetics among 

these faces is well known.20,21 In the temperature range for most MOS processing 

(1000±C-1200± C) the oxidation rates for the different surfaces are as follows: C-face > a-

face > Si-face. Utilization of the ‘fast-oxidizing’ crystal faces for device fabrication could 

potentially lead to a lower thermal budget for MOS processing. Development of new 

device structures employing these faces may also be possible. In all cases the nitridation 

process will be required for adequate electronic properties. 

The defect density, Dit (near Ec) at the SiO2/4H-SiC interface created by dry 

oxidation is a function of crystal face and follows the order: (Dit)C > (Dit)a > (Dit)Si.19 

Post-oxidation annealing in nitric oxide results in comparable and lower trap densities for 

all these crystal faces. Thus, understanding the nitridation kinetics and oxide composition 

of SiO2(N)/ SiC for the different crystal faces is important for developing reliable 

fabrication processes. In this article, we compare the kinetics of interfacial-nitrogen 

incorporation by NO post-oxidation anneals at 1175±C among the Si, ‘a’ and C crystal 

faces. We have observed anisotropy in nitridation; the nitridation of the C- and a-faces is 

approximately three times greater than that of the Si-face. A kinetics model has been 

developed for nitridation by NO that is based on a proposed mechanism involving 

competition between interfacial nitrogen accumulation and removal. 
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Experimental procedure 

Samples used for this work were Si, C, (both 8° off axis) and a-face (on-axis) n-

type 4H-SiC wafers with ~10-µm-thick epitaxial layers doped with ~1 x 1016 cm-3 

nitrogen. Dry oxidation was performed at 1150±C for different durations depending on 

the crystal face, to grow oxide layers of ~30 nm (Si-face and a-face) and ~37 nm (C-face) 

thickness.  The samples were then annealed in a static atmosphere (100 Torr) of 15NO 

(98%) at 1175±C for 0.5-6 h. All oxide thickness measurements before and after the NO 

passivation anneals were performed using spectroscopic ellipsometry. 

The total 15N content (areal density) in the SiO2/SiC structures was measured by 

nuclear reaction analysis (NRA) using the 15N(p,α)12C reaction at Ep=1 MeV and alpha 

particle detection at 180±. A Si reference sample containing 2.4 x 1016 atoms/cm2 of 15N 

(measured by Rutherford backscattering spectrometry (RBS)) was used to calculate the 

15N areal densities. It should be noted that due to the broad resonance of the 15N(p,α)12C 

reaction, the change in reaction cross section due to energy loss in the oxides (30-70 nm) 

was considered negligible. 

High-resolution nitrogen profiles were obtained from SiO2/4H-SiC interfaces by 

electron energy-loss spectroscopy (EELS) performed in the scanning transmission 

electron microscopy (STEM) mode. The total nitrogen was measured by EELS for 

comparison with NRA. For these analyses, Si-face and C-face samples were annealed at 

1175±C for 2h in flowing 14NO (350 sccm) at 1 atm. The oxide thickness was 

approximately 50 nm for both the C-face and Si-face samples. It should be noted that for 

standard MOS fabrication, flowing-gas (1 atm) 14NO anneals were used instead of the 

static 15NO anneals, used for the NRA samples.  
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Cross-sectional TEM specimens were prepared by standard dimpling plus ion-

beam milling techniques. The EELS analyses were conducted with a Philips CM 200 

(field emission gun at 200 kV) equipped with a Gatan imaging filter (GIF model 678, 

Gatan Inc., Pleasonton, CA) and a high-angle annular dark-field (HAADF) detector. Tens 

of regions in both C-face and Si-face TEM samples were analyzed. The experimental 

details of the EELS analyses are reported elsewhere.22  

 

Results and discussion 

Nitridation anisotropy 

The 15N content measured by NRA in SiO2/4H-SiC after a 2h anneal at 1175±C in 

100 Torr 15NO for the three crystal faces is shown in Fig. 5.1. The data shown are the 

average of two samples per crystal face. The nitrogen content of the Si- face: (1.62 ± 0.1) 

x 1014 cm-2 is a factor of ~3 less than that of the C-face: (4.8 ± 0.2) x 1014 cm-2. Within 

the limits of experimental error, the C-face has ~10% higher nitrogen content than the a-

face. As mentioned before, the oxidation rates among these crystal faces follow the trend: 

C-face ≥ a-face > Si-face. Thus, the nitrogen incorporation resulting from post-oxidation 

anneals in NO appears to follow the same trend as the oxidation rate.  

The 15N (p,α) 12C reaction is an effective way to measure the ‘total’ nitrogen 

incorporation in the sample but it has relatively poor depth resolution. As a result, this 

method cannot determine the spatial distribution of the nitrogen although it is quite 

sensitive to total N content. High-resolution N profiles obtained by EELS, showed the 

spatial location of nitrogen in the SiO2(N)/4H-SiC structures as entirely interfacial. A 

typical EELS intensity profile for nitrogen obtained from a C-face sample is shown in 



 

 91

Fig. 5.2(a). The profile clearly shows the presence of N only in the interfacial region with 

no accumulation in the bulk of the oxide or in the SiC. Fig. 5.2(b) is a nitrogen intensity 

profile obtained from a Si-face sample. Note that the nitrogen intensity in the Si-face 

sample is lower than the C-face sample. Within the spatial resolution (~ 1.2 nm) of the 

technique, the location of N for both Si- and C-face samples was estimated to be within 1 

nm of the interface. Further details of the EELS analyses can be found in Ref. [22]. The 

N areal density determined by EELS for the C-face ((1.0 ± 0.2) x 1015 cm-2) is a factor of 

~3 greater than that for the Si-face ((0.35 ± 0.13) x 1015 cm-2). Thus, the nitridation 

anisotropy in SiO2/SiC is confirmed by observations from two independent techniques 

i.e. NRA and EELS. 

Nitrogen areal densities obtained by NRA and EELS are compared in Table 5.1. 

The apparent difference of a factor ~2 in NN between the EELS and NRA samples is due 

to the difference in annealing pressure, i.e. 100 Torr static 15NO anneal for NRA samples 

as compared to flowing 14NO (1 atm) anneal for EELS samples. This difference in N 

content between the samples annealed in 100 Torr and flowing gas (1 atm) illustrates the 

weak dependence of nitridation rate on NO partial pressure, as reported in an earlier work 

on the Si-face.23 In that work, a difference factor of 2.2 ≤ 0.2 was found from calibration 

by secondary ion mass spectrometry (SIMS) and NRA between the flowing gas (1 atm) 

and 100 Torr samples. Also shown in Table 5.1 are values obtained by taking this 

normalization factor into consideration, illustrating that the NRA and EELS results agree 

closely within the limits of experimental error.  

Nitrogen incorporation, as a function of 15NO annealing time at 1175±C and 100 Torr is 

shown in Fig. 5.3. Although the N elemental profiles were obtained only for Si- and C-
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face samples annealed for 2h, previous data on similar Si-face samples show that N 

incorporation is entirely interfacial for the entire time range (0.5 h- 6h).23 All three faces 

initially show a rapid accumulation of N at the interface before reaching an 

approximately constant level. Such a ‘steady-state’ condition can be achieved only due to 

saturation of the number of available reaction sites and/or the influence of competing 

processes that remove N from the interface. 

At high temperature, NO decomposes by the reaction 2 NO! N2 + O2.24,25 

Nitrogen removal, observed previously on the Si-face, was associated with oxidation 

related to the O2 partial pressure.23 The ‘extra-oxide’ growth during the NO anneals 

caused by O2 is shown in Fig. 5.4 for all three faces. The oxidation kinetics are linear on 

all three faces and also exhibit the expected growth-rate anisotropy. Attributing oxidation 

as the source of N loss suggests a higher nitrogen removal rate for a crystal face that 

oxidizes faster. To confirm this, nitrided samples (1175±C, 2h, 100 Torr 15NO) were 

subjected to a further oxidation (‘re-oxidation’) at 1000±C and 1100±C for 15 min in 

flowing O2. The nitrogen lost due to the ‘re-oxidation’ is shown in Fig. 5.5. The ‘nitrogen 

retainment ratio’ in Fig. 5.5 is the fraction of initial nitrogen content retained in the 

sample after ‘re-oxidation’. It can be clearly seen that the nitrogen removal rate on the 

different faces indeed scales with the oxidation rates.  
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FIG. 5. 1 15N content in SiO2/4H-SiC after annealing at 1175 °C in 100 torr 
15NO for Si-, a- and C –faces illustrating the nitridation anisotropy. The 
data are the average nitrogen contents from two samples per crystal face
and error bars represent the error in counting statistics only. 
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FIG. 5. 2 (a) Nitrogen intensity profile obtained by EELS, near the interface of a
NO-annealed C-face sample showing that N is detected only at the interface. Note 
that the positive values of N intensity for positions outside the interface region
are artifacts resulting from inadequate background fitting of the raw EELS
spectra. Careful inspection of individual spectra revealed that N is detectable
only within the interface region. (Ref. 22) (b) The nitrogen intensity profile
obtained near the interface of a NO-annealed Si-face sample. 



 

 95

 

 

 

 

 

  

 

Table 5. 1 Comparison of nitrogen areal density measurements from EELS and 
NRA (for anneals at 1175°°°°C for 2 h) 

SiC 

surface 

N RA 

(static gas, 

100 Torr 15NO) 

(atoms cm-2) 

NRA-SIMS 

Calibration 

(flowing gas,  

1 atm 14NO)           

(atoms cm-2) 

EELS 

(flowing gas,  

1 atm 14NO)  

(atoms cm-2) 

C-face (0.48 ± 0.02) x 1015  (1.06 ± 0.04) x 1015  (1.0 ± 0.2) x 1015  

Si-face (0.16 ± 0.01) x 1015  (0.35 ± 0.02) x 1015  (0.35 ± 0.13) x 1015 
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FIG. 5. 3 Nitridation kinetics for SiO2/4H-SiC interfaces formed on the C-, 
a- and Si-faces of 4H-SiC. All samples were annealed at 1175∞C, in 100 Torr 
15NO. The error bars represent the statistical error in the NRA
measurements. The solid lines are for guidance of the eye only. 
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shown for the same samples as in Fig. 5.3. 
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FIG. 5. 5 Effect of re-oxidation on interfacial nitrogen for the C-, a- and 
Si-faces of 4H-SiC. Nitrogen removal due to oxidation scales with the
oxidation rate for each crystal face. The ‘nitrogen retainment ratio’ is 
the fraction of initial nitrogen content retained in the sample after ‘re-
oxidation’. 
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NO nitridation kinetics model  

 Nitridation of the SiO2/SiC interface via post-oxidation annealing in NO is 

governed by two overall interfacial reactions: 

(i) Nitrogen enrichment by NO gas.  

(ii) Nitrogen removal associated with the O2 formed by the decomposition of NO 

gas at high temperatures.  

Thus, a simple nitridation kinetics model can be constructed using the following rate 

equation:  

( ) ( )                                      )()(
2

tAtCktCk
dt

tdA
NONO

N
−+ −=   (5.1) 

where )(tAN   is the nitrogen content at the interface as a function of time [atoms cm-2 ]; 

( )tCNO  and ( )tCO2
 are the concentration of NO and O2 at the gas/solid interface, 

respectively.[atoms cm-3]; and +k and −k are the interfacial N incorporation and removal 

rates respectively ([ +k  ]: cm s-1 , [ −k ]: cm3 s-1) .      

Case I : Flowing gas anneals 

The equilibrium gas composition on the sample surface has been determined by 

Mc Donald et. al. at various annealing temperatures for  1 atm and 100 Torr.23,26 For 

flowing gas (1 atm) anneals, the concentrations of NO and O2 remain almost constant in 

the relatively short time that these gases are in the furnace tube.  The differential equation 

5.1 then reduces to: 

                               )( 
)(

tNAKK
dt

tNdA
−−+=     (5.2) 
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where 0
NOCkK ++=  and 0

OCkK −− =  are the nitrogen incorporation and removal rate 

constants at 1 atm and include the constant partial pressures of the gases. 0
NOC  and 0

OC  

are the constant NO and O gas concentrations. ([ +K  ]: cm-2 s-1 , [ −K ]:  s-1) 

Eq. 5.2 is a linear first order differential equation with the following solution: 

                                    ) --
 - (1 )(

tK
e

K
KtAN

−

+=   (5.3) 

Following the procedure described in the appendix the parameters +K and −K  has been 

determined as: 

1h 0.96 −=− − faceSi
K  ; 

                                   1h 2.14 −=− − faceC
K       (5.4) 

and  

1510   1.02 ×=+ − faceSi
K  atoms cm-2 h-1 ; 

1510   2.71 ×=+ − faceC
K  atoms cm-2 h-1                                 (5.5) 

Nitridation equation for 1175∞C, flowing NO (1 atm) as a function of crystal face: 

Using Eqs. 5.4 and 5.5 in Eq. 5.3, we obtain expressions for the interfacial N content 

(atoms cm-2) as a function of time t (h) for the different crystal faces as: 

)1.(1006.1)( 96.015 t
faceSiN etA −

− −×=  

                                  )14.21.(151027.1)( tefaceCtNA −−×=−      (5.6) 

From Eq. 5.6 we can see that the model predicts a higher N saturation value, i.e −+ KK  

for the C-face than the Si-face as evident from the above expressions. The expressions 
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are plotted in Fig. 5.6 and the experimental values are included for comparison. The 

model correctly predicts a higher N content for the C-face than for the Si-face for 2h-

annealed samples (EELS data).  For the C-face, agreement between the model and the 

experimental values is satisfactory (± 20 %) within the limits of experimental and 

calculation errors. However, for the Si-face, the value predicted by the model is a factor 

of ~3 greater than the experimental value, suggesting that the simplistic model does not 

describe the nitridation kinetics of the Si-face quantitatively. The disagreement could be 

the saturation of available N bonding sites on the Si-face before the oxidation-limited 

saturation regime is reached. This argument suggests the presence of different interfacial 

N reaction layers arising from the presence of different sub-oxides (possibly carbon 

containing) on the two faces.  
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FIG. 5. 6 Nitridation kinetics for the C-face (solid line) and Si-face (dotted line) 
for flowing-gas (1 atm) NO-anneals at 1175∞C simulated with the proposed 
model (Eq. 5.6) proposed in the text. Experimental data obtained by EELS are 
shown for comparison. 
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Case II: Static anneal at 100 Torr 

For 1175±C anneals at a static pressure of 100 Torr, the NO decomposition occurs 

relatively quickly in the time frame of the passivation anneal.  From the equilibrium gas 

composition analysis in Ref. 23, the concentrations of NO and O2 in the system as a 

function of time can be empirically written as: 

                                         '
NOC   - *

NOC )( += tetNOC α     (5.7) 

                                         )- - (1 *
2

C )(
2

teOtOC β=     (5.8) 

where a , b, *
NOC , *

2
CO and '

NOC  are constants that depend on annealing 

temperature and pressure. 

Equations 5.7 and 5.8 can be used in eq. 5.1 to obtain a nitridation rate equation: 

                                  ).- - (1  B - - E  D  NAtete
dt

NdA βα+=   (5.9) 

where D, E, B, α and β are all positive constants.  

Values of α and β at 1175°C have been estimated from Ref. 23 to be 2.17 h-1. The value 

of B has been estimated by a similar analysis to that for the flowing-gas case. Values of 

all parameters used are listed in Table II. With the use of E and D as ‘fitting’ parameters, 

Eq. 5.9 can be numerically solved and qualitatively fit to the experimental data as shown 

in Fig. 5.7. The model predicts the shape of the experimental nitridation curve fairly 

accurately. Unlike the flowing gas case, the model predicts a decrease in N content after a 

maximum N incorporation is attained. This is due to the changes in gas composition in 

the system, i.e., increase and decrease of the partial pressures of O2 and NO, respectively. 



 

 

 

D (cm-2 h-1)B (h-1)E (cm-2 h-1)β (h-1)α (h-1)Face

0.5 x 10140.240.48 x 10152.172.17Si
2.1 x 10140.542.0 x 10152.172.17C

D (cm-2 h-1)B (h-1)E (cm-2 h-1)β (h-1)α (h-1)Face

0.5 x 10140.240.48 x 10152.172.17Si
2.1 x 10140.542.0 x 10152.172.17C

Table 5. 2 Model parameters used in Eq. 5.9 (Fig. 5.7) αααα, ββββ and B are calculated

values, and E and D are fitting parameters. 
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FIG. 5. 7 Nitridation kinetics for the C-face (solid line) and Si-face (dotted 
line) for 100 Torr static NO anneals at 1175∞C qualitatively fitted to 
experimental data by using the proposed model (Eq. 5.9). The required
model parameters are listed in Table 5.2.  
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It should be noted that the model does not consider the diffusion of gaseous 

components through the oxide to the interface. The mechanism is bound to play a role 

since the oxide thickness keeps increasing with time. Thus, experimentally, the N content 

for samples annealed in a flowing ambient will not saturate for long times but will 

decrease once the diffusion starts playing a dominant role. 

 

Summary and conclusions 

 Anisotropy in nitridation rates have been observed for the first time at SiO2/4H-

SiC interfaces. Nitridation kinetics among the (0001) C-face, (11 20) a-face and (0001) 

Si-face follow the same trend as in their oxidation rates: C-face ¥ a-face > Si-face. 

Interfacial N incorporation by post-oxidation annealing in NO occurs by the interplay of 

two processes – N enrichment by NO and a competing O2 related N removal process. An 

ad hoc model based on these two mechanisms has been proposed to explain the 

experimental nitridation kinetics. 
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Appendix 

 
Estimation of model parameters −K  and +K  for flowing gas (1 atm) case 
Loss parameter −K :  
 
 Assuming the oxidation-induced nitrogen loss to be a first order kinetic process, N loss 

by re-oxidation in flowing O2 in Fig. 5.5 (a) can be described by: 

 
                              )()( 

)(
tNATK

dt
tNdA

−−=
    (5A.1)

 

where )(TK−  represents the value of −K at any temperature T.  The above differential 

equation has the well-known solution: 

0
)(

NA

tNA = tK
e −_   
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where  0
NA  is the initial amount of nitrogen present before the re-oxidation anneal 

Therefore at any temperature, (dropping the symbol T )  

                                   0
)(

ln.1

NA

tNA
t

K −=−       (5A.2) 

From the data in Fig. 5.5 with t = 15 min (900 s) and the ‘nitrogen retainment ratio’ 

0

)min 15(

N

N

A
A  we can obtain the value of −K  at temperatures of 1000±C and 1100±C in 

units of time-1. Assuming −K  follows an Arrhenius relationship with temperature, 

−Kln is plotted as a function of T1  for the Si- and C-faces as shown in Fig. 5A.1. The 

Arrhenius plots can be extrapolated to determine the value of −K  at 1175±C for a pure 

(100%) O2  
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FIG. 5A.1 Arrhenius plot for the oxidation-induced N-loss parameter −K as 
described in appendix. 
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environment. During the flowing NO anneals at 1175±C, the partial pressure of O2 at any 

instant is approximately ~25 %.23 Taking this factor into consideration, we obtain: 

1h 0.96 −=−− faceSiK  and 

                                      1h 2.14 −=−− faceCK        (5A.3) 

Estimation of parameter +K :   

Using the slope through zero for increasing part of the 15N (1175±C, 100 Torr) uptake 

curve (Fig. 5.3) we can estimate the value of +K . Considering a factor of 2.2 (obtained 

by calibration between the NRA and EELS samples as described in the earlier section) 

for normalization between 100 Torr static anneals and the flowing gas anneals:  

1510  x 1.02=+ − faceSi
K  atoms cm-2 h-1 and  

1510  x 2.71=+ − faceC
K  atoms cm-2 h-1       (5A.4) 
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CHAPTER VI 

 

HYDROGEN INCORPORATION AT THE SiO2/SiC INTERFACE 
 

S. Dhar, a) L. C. Feldman, a) S.Wang,b) T. Isaacs-Smith,b) and J. R. Williamsb) 

a) Dept. of Physics and Astronomy & Interdisciplinary Program in Materials Science 

Vanderbilt University, Nashville, TN 37235, USA 

b) Dept. of Physics, Auburn University, Auburn, Alabama 36849 

 
 

Abstract 

Post metallization annealing of 4H-SiC MOS devices in hydrogen results in the reduction 

of trap density at the SiO2/4H-SiC interface.  Hydrogen incorporation in 4H-SiC metal –

oxide- semiconductor (MOS) structures has been studied by Nuclear reaction analysis 

(NRA) and Secondary ion mass spectrometry (SIMS) techniques. We find that the 

presence of a catalytic metal layer like Pt during post-metallization results in a higher 

interfacial hydrogenation rate. Correlating the physical and electrical measurements 

suggests that reduction of trap density depends on hydrogen incorporation at the 

interface. The amount of near-interfacial hydrogen is at least two orders of magnitude 

higher than the reduction of traps, suggesting the limited availability of hydrogen 

susceptible defects at the interface. Kinetic studies of hydrogen uptake and desorption 

indicate the presence of thermally stable H-bonds at the SiO2/SiC interface. 

 

Introduction 

High defect densities at the SiO2/4H- SiC interface located energetically near the 

conduction band-edge of 4H-SiC cause degradation of inversion channel mobility in 4H-
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SiC metal-oxide-field-effect transistors (MOSFETs).1,2 The physical nature of these 

defects have been attributed to a variety of sources such as carbon clusters, sub-oxides 

and/or Si/C dangling bonds; either intrinsic to the SiO2/SiC system or a result of thermal 

oxidation.3-6 Passivation of these defects by utilizing efficient processing is critical for 

achieving higher inversion layer mobilities and reliable device operation. Significant 

reduction of interface trap density (Dit) – from > 1013 cm-2 eV-1 to ~1012 cm-2 eV-1 near 

the conduction band-edge can be achieved using post-oxidation annealing in NO.7,8 

However, device optimization requires still further reduction. 

Additional post-metallization annealing of NO passivated samples in hydrogen 

using Pt as the gate metal, result in a further reduction of trap densities.9 The trap density 

for samples annealed sequentially in NO and H2 is typically about 20% lower near the 

conduction band edge compared to samples annealed only in NO. Trap passivation is also 

observed deeper in the band gap (E - Ev = 1.6 to 2.6eV).10 Although the hydrogen 

passivation effect is smaller than the NO effect, the overall improvement in channel 

mobility is significant.  

Maximum field effect mobilities for MOSFETs fabricated on the (0001) Si-face 

and (11 20) a-face by sequential anneals in NO and H2 are higher by 25-30% (Si-face) 

and 40-50% (a-face) compared to mobilities for ‘NO only’ devices.10 These results 

motivate further studies of hydrogen passivation in SiO2 /SiC from a standpoint of SiC 

MOSFET development.  In this article, we focus on the hydrogenation of nitridated SiO2 

layers (NO passivated) grown on the (0001) Si-face of 4H-SiC. We report measurements 

of hydrogen incorporation at the SiO2/4H-SiC interface using post-metallization 

annealing in hydrogen and correlate these measurements to interface trap passivation. We 
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find that the presence of a catalytic gate metal like Pt results in at least two orders of 

magnitude higher hydrogen incorporation at the SiO2/4H-SiC interface. The interfacial 

hydrogen concentration is significantly higher than the trap density reduction possibly 

due to the limited availability of hydrogen susceptible defects at the interface. A kinetic 

study of the hydrogen uptake and thermal desorption also suggests the presence of 

thermally stable hydrogen in the oxide and at the interface. 

 

Experimental procedure 

Samples used for this work were 5 mm x 5mm pieces cut from n-type (0001) Si-

face 4H-SiC wafers with ~10 um epitaxial layers having a nitrogen dopant concentration 

of ~1016 cm-3. Dry oxidation was performed at 1150± C for 4 h followed by a post-

oxidation anneal in NO at 1175±C for 2 h (unless otherwise mentioned) to yield oxides of 

thickness ~45–50 nm. MOS capacitors were formed by sputter deposition of Pt or Mo as 

the gate metal. The samples were then annealed in pure hydrogen at temperatures from 

500± C - 700± C for 1 h. Simultaneous hi-lo capacitance-voltage (CV) technique11,12 at 

room temperature was used to make interface state density measurements.  

Physical characterization was performed using nuclear reaction analysis (NRA) 

and secondary ion mass spectrometry (SIMS). The samples were prepared in a similar 

manner as the MOS capacitors, the only difference being the use of deuterium (D) as the 

annealing ambient instead of hydrogen. Non-metallized control samples also underwent 

the D anneals. Use of D is advantageous as it is relatively easier to detect than H by most 

materials analysis tools. No major difference in chemical activity is expected between 

hydrogen and deuterium to first order.  
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 Nuclear reaction analysis (NRA) was performed using the 2H (3He,p) 4He 

reaction at E 3He = 700 keV to measure the total deuterium content. Emitted protons were 

detected using an annular solid-state detector at ~180±. A ~10 µm Al foil was placed in 

front of the detector to stop the backscattered 3He. A reference Si sample implanted with 

5 x 1015 D atoms cm-2 was used for the quantitative analysis. The poor depth resolution 

does not enable us to determine the D concentration profile, but allows us to determine 

the total D content accurately.  

 Secondary ion mass spectrometry (SIMS) was used for D depth profiling for 

comparison with NRA experiments. A 2.0 keV Cs+ primary ion beam at 60° incidence 

was used for the analysis in negative ion mode for detection of D.  Elemental profiles of 

Si, C, O, N and 1H were also obtained. 

 

Results and discussion 

 

Effect of hydrogen on the trap density near conduction band-edge                                                 

Interface trap density is shown in Fig. 6.1 for dry oxides with post-metallization 

anneal in H2 (without NO treatment) at 500°C for 1h using Pt as the gate metal. 

Comparison with unpassivated dry oxides reveals a factor of ~ 2 reduction in Dit at EC-E~ 

0.1 eV.  This effect is relatively small compared to NO passivation wherein the trap 

density reduction is almost an order of magnitude near the conduction band-edge.  

Typical trap densities in samples passivated by NO using post-oxidation anneal 1175°C  
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FIG. 6. 1 Interface state densities near the conduction band-edge of 4H-SiC 
for unpassivated , H annealed and NO annealed MOS capacitors illustrate 
the effectiveness of NO compared to H for reducing Dit. NO post-oxidation 
anneals were carried out at 1175°°°°C for 2 h in flowing NO. The H2 anneals 
were carried out at 500°°°°C for 1 h after metallization with Pt. The oxide
thickness ranged from 40-45 nm. 
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for 2 h is also shown in Fig.6.1. The magnitude of hydrogenation induced improvement 

of the SiO2/4H-SiC observed in our experiments is comparable to previous reports 

employing post-oxidation anneals in hydrogen and/or oxidation in the presence of 

hydrogen (i.e., wet or pyrogenic).13-15 It is however important to note that the 

hydrogenation process in the present work differs in two aspects –presence of a Pt layer 

(as gate metal) during annealing and relatively lower temperatures anneal (500 °C).   

Hydrogen is well-known for the passivation of dangling bonds (Pb-center) at the 

SiO2/Si interface.16 Post-metallization annealing in a hydrogen containing ambient like 

forming gas at 400°C - 500°C is most commonly employed in Si MOS technology for the 

reduction of interface states (from ~1012 cm-2 eV-1 to ≤ 1011 cm-2eV-1 at midgap) for dry 

oxides thermally grown on Si.  The relative ineffectiveness of hydrogen for passivating 

defects at the SiO2/SiC interface could be because- (i) majority of interfacial defects are 

not susceptible to hydrogen or (ii) thermodynamically unstable processing conditions for 

H incorporation and H-defect bond formation. The rationale behind using Pt as the gate 

metal is derived from the second reason. Pt is well known for its surface catalytic 

properties in dissociating H2 and to getter H.  In fact, efficient catalytic gate SiC gas 

sensors have been built using Pt as the gate metal.17 Thus, using Pt as the gate metal may 

favor the hydrogen incorporation into SiO2 and lead to subsequent defect passivation. In 

the following section, we discuss experiments that quantify these processes. 

 

Effect of a metal over-layer for hydrogen (deuterium) uptake   

 Interface trap density measurements for NO passivated capacitors having Pt and 

Mo as gate metals that underwent annealing in H2 under identical conditions (500°C for 1 
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h) are shown in Fig. 6.2. Trap density in the Pt/H2 samples at around 0.1 eV below the 

conduction band-edge are about 30% lower than the ‘NO only’ sample. On the contrary, 

the Dit profile of the Mo/H2 sample is almost identical to the ‘NO only’ sample; 

suggesting that the effectiveness of hydrogen passivation strongly depends on the type of 

metal present on the sample surface.   

Hydrogen (deuterium) concentrations in samples prepared similarly were measured 

using NRA and SIMS in an effort to correlate hydrogen incorporation with the electrical 

measurements. Measurements were made with the metal intact and after etching the 

metal with a H2SO4 + HNO3 (3:1) solution to determine the D incorporation in the 

SiO2/SiC (oxide, interface and possibly in the SiC) structure.  Results from three sets of 

samples having (i) Pt over-layer (ii) Mo over-layer and (iii) no metal; that underwent 

identical deuterium anneals at 500°C for 1h are summarized Table 6.1. All values have 

been corrected for ‘ion-induced D desorption’ from the samples as described in the 

following section. The total deuterium (D) content in the entire MOS structure for both Pt 

and Mo samples was ~ 1015 atoms/cm2; but the D content in the underlying oxide (metal 

etched) for the Mo sample was very close to the detection limit of NRA (~ 1 x 1013 atoms 

cm-2). On the other hand, the areal density of D in the oxide underlying Pt was 

determined to be 3.28 x 1014 atoms cm-2 - almost two orders of magnitude higher than the 

Mo sample. (No trace of D could be detected in the sample after etching the SiO2 

completely, indicating less than 1013 atoms cm-2 of D in the SiC.) For the sample without 

a metal over-layer, no D was detected within the sensitivity of NRA.  Utilizing the higher 

sensitivity of SIMS technique, the amount of D in this sample was determined to be 

approximately 1 x 1012 atoms cm-2, below the detection limits of NRA. These results  
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FIG. 6. 2 Interface state densities near the conduction band-edge of 4H-SiC for 
NO passivated samples that further underwent H2 annealing with Mo and Pt 
over-layers. At Ec - E ≈≈≈≈ 0.1 eV,Dit  for the Pt/H2 is about 30% lower than the ‘NO 
only’ reference sample. Dit of the Mo/H2 sample is almost equal to the ‘NO only’ 
case. 
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Table 6. 1 Comparison of D areal density measurements from NRA and 
SIMS. All D anneals were carried out in flowing D2 at 500°°°°C for 1h.  
Thickness of Pt and SiO2 layers were ~60 nm and 45-50 nm respectively. 
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** 
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clearly indicate the effectiveness of the Pt layer in the hydrogen up-take kinetics. 

Macroscopically, a mechanism for the hydrogen incorporation could involve the 

following steps: 

(1) Dissociation of H2 molecules into atomic H on the surface of Pt aided by the 

catalytic property of Pt. 

(2) Subsequent diffusion of atomic H into SiO2, with the H enriched metal acting as a 

diffusion source. 

(3) Passivation reaction at the interface with H susceptible defects. 

For the Mo coated sample, a possible reason for relatively low hydrogen concentrations 

in the oxide could be the formation of a Mo-H compound that renders the H immobile for 

diffusion into the oxide.   

 

Ion induced D desorption 

Previous studies have shown that H and D can undergo desorption from thin films 

under the influence of the probing beam during ion beam analysis.18,19 In the MeV energy 

range, incident ions lose energy in the solid mainly by inelastic electronic collisions, 

which result in electronic excitations. These excited electrons can produce H(D) bond 

breaking, resulting in loss of D atoms from the sample. In some cases, mobile hydrogen 

atoms may re-combine to form the more stable H2. As shown previously by Adel et 

al.,19,desorption by this process gives rise to similar non-linear behavior of hydrogen loss 

with dose as shown for our data in Fig. 6.3.  
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 This hydrogen loss effect was also observed in the present work for Pt/SiO2/SiC 

and SiO2/SiC samples, with the effect being comparatively smaller for the Pt coated 

samples. Thus, values obtained by NRA need to be corrected to avoid under-estimation  
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FIG. 6. 3 D loss from SiO2/4H-SiC as a function of 0.7 MeV 3He ion beam 
dose during NRA measurements. This curve has been used to obtain 
correction factors for the NRA measurements as described in the text. 
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of the ‘true’ D content. The measured D content in a SiO2/SiC (no Pt) sample has been 

plotted as a function of ion dose as shown in Fig 6.3. An initial decay followed by a 

saturation regime is a characteristic of ion-induced D loss.  The data has been fitted with 

the function: 

1
10

q
q

eyyy
−

+=          (6.1) 

where y is the experimental D content and q is the ion dose, 0y , 1y and q1 are fitting 

constants. This equation is an approximation to the form shown in ref. 19 where the loss 

mechanism is based on second-order kinetics associated with the release of H and the 

formation of H2. Extrapolating this curve to zero allows us to determine the areal density 

at zero dose or the ‘true’ D areal density in the sample. (The typical dose required for 

detecting  ~1014 atoms cm-2 is around 1016 cm-2.) Using this value, correction factors as a 

function of dose can be obtained (not shown).  All NRA areal density values reported in 

this article have been corrected for ion induced desorption.  

 

Deuterium incorporation at the SiO2/SiC interface 

Nuclear reaction analysis via 2H (3He,p) 4He is an effective way to measure the total 

deuterium incorporation non-destructively, but suffers from poor depth resolution. SIMS, 

which has superior depth resolution, was used to obtain complete concentration profiles 

of deuterium as a function of depth. Comparison of SIMS results with NRA is 

summarized in Table 6.1. The SIMS samples comprised the following: (a) Reference 

SiO2/4H-SiC sample, no D anneal (b) SiO2/4H-SiC; D anneal at 500°C for 1h with no 

metal over-layer  (c) Pt/SiO2/4H-SiC, same D anneal as (b) and (d) Same as (c) but Pt 
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etched before SIMS measurement. All samples underwent NO post-oxidation anneals 

under conditions previously described in the experimental section. Elemental profiles of 

sample (a) and (b) are shown in Fig 6.4.  No D was detected in sample (a) as expected; 

profiling of 1H revealed the presence of approximately 2.3 x 1013 atoms cm-2 of 1H in the 

SiO2/SiC near-interfacial region.  A part of this H corresponds to the inherent hydrogen at 

the SiO2/SiC interface - unintentionally incorporated during processing, possibly from 

minute amounts of water vapor present during oxidation or from the gate metal. It should 

be noted that interface defect passivation by such  ‘intrinsic’ hydrogen is always a 

possibility and the ‘unpassivated’ Dit data (Fig. 6.1) includes its effects. Previous studies 

by Afanas’ev et. al.20 have shown that desorption of this intrinsic H by means of UV light 

results in an equal increase of interface positive and negative charge. This, in conjunction 

with a reversible depassivation-passivation behavior, suggested the presence of ~1.5 x 

1012 cm-2 Pb-like amphoteric dangling bond centers at the SiO2/4H-SiC interface. In the 

present work, we set aside ‘intrinsic H passivation’ and concentrate only on the H 

incorporation by intentional H treatments during processing. 
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FIG. 6. 4 Elemental depth profiles obtained from SIMS for SiO2(N)/4H-SiC samples (a) 
Reference sample, no D anneal. (b) D anneal at 500°°°°C for 1 h, without any metal over-layer. 
The concentrations plotted for 1H, 2H, N and C are accurate in the oxide only. For Si and O, 
counts/sec has been plotted as a function of depth. N was detected as molecular SiN. The
high N concentration in the SiC is an artifact due to interference of the 28Si14N signal with 
29Si13C. 
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For sample (b), which underwent D anneal without a metal over-layer (see Fig. 6.4 (b)), 

interfacial D can be quantified as 8.0 x 1011 atoms cm-2. In the case of SiO2/Si, as 

reported by Wilde et al.,21 annealing a 41.5 nm oxide layer at 400°C for 40 min  in 260 

mbar H2 results in the incorporation of (2.6 ±  0.4) x 1014 atoms cm-2  at the near-

interfacial region. This is more than two orders of magnitude higher than H incorporation 

at the SiO2/SiC interface, the oxide thickness and anneals conditions being similar. The 

difference in interfacial hydrogenation kinetics strongly suggests different nature of 

interfacial reactions at the two interfaces. 

 Depth profiles of deuterium of samples (c) and (d) are shown in Figs. 6.5 (a) and 6.5 

(b).  In the entire Pt/SiO2/SiC structure, accumulation of D is observed at the two 

interfaces - Pt/SiO2 and SiO2/SiC. This ‘bimodal’ profile was also confirmed by NRA 

(results not shown), performed by oxide (or metal) etch steps in between each 

measurement to obtain a ‘continuous’ D concentration profile. Such a distribution is 

consistent with a mechanism suggested above where D diffusion through the Pt layer is 

much faster than diffusion through the oxide, which in turn is much faster than diffusion 

into SiC.  SIMS profile for the sample with Pt etched (i.e sample (d)) shows almost 80% 

(2.5 x 1014 atoms cm-2) of the D in the oxide at the SiO2/SiC interface, a distribution 

having a full width at half maxima (FWHM) of ~3.5 nm within the depth resolution of 

SIMS. The same distribution looks much wider for the Pt coated sample (Fig. 6.5 (a)) as 

a result of poorer depth resolution due to greater samples thickness.  Also, D 

accumulation at the Pt/SiO2 interface is not clearly visible in Fig. 6.5 (b), possibly due to 

the inaccuracy of the SIMS technique very near the sample surface and/or location of 

most of the D on the ‘Pt side’ of the interface.  The amount of near-interfacial D greatly 
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exceeds the observed reduction in trap density (Figs. 6.1 and 6.2), as in the case of the 

SiO2/Si interface.21 This could be due to the presence of H reaction sites in the near 

interfacial oxide region in the form oxygen deficient defects (sub-oxide) as suggested for 

Si/SiO2.22  

 

Deutrium uptake in the oxide and interface as a function of annealing temperature  

To study the kinetics of D uptake, NRA was performed on samples with similar 

oxide thickness (45-50 nm), and Pt over-layers (~120 nm) that were annealed in flowing 

D for 1h at temperatures ranging from 300°C-500°C. (Thicker Pt layers were used for 

these experiments solely to make the samples dimensionally comparable to MOSFETs 

fabricated by similar processing, reported elsewhere.10) Areal density of D in the oxide 

for 500°C anneal was ~ 10% lower than that reported in the last section, suggesting that 

the D uptake is independent of the thickness of Pt for 60-120 nm. The D incorporation in 

the oxide is strongly dependent on annealing temperature - the D content keeps 

increasing with increase in temperature as shown in Fig. 6.6 (a). It is important to note 

that the data in Fig. 6.6 (a) represents the sum of the D in the bulk of the oxide and at the 

SiO2/SiC interface. From an Arrhenius analysis of this data (see appendix (I)), an  
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FIG. 6. 5 Elemental depth profiles obtained from SIMS for Pt/SiO2(N)/4H-SiC 
samples annealed in D at 500°°°°C for 1h  (a) with Pt layer intact (b) Pt layer 
etched. The concentrations plotted for 2H, N and C are accurate in the oxide 
only. For Si and O, counts/sec has been plotted as a function of depth. 
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FIG. 6. 6 (a) D uptake kinetics in the temperature range 300°°°°C-700°°°°C for 1h PMA in presence of 
Pt. The D areal density reperesents the sum of the D incorporated into the bulk of the oxide and
at the SiO2/SiC interface. The straight line is only a guide to the eye. (b) Arrhenius plot of the
same data following the procedure described in appendix (I). The effective activation energy for 
deuterium uptake into the oxide is estimated to be 0.47 eV. 

 



 

 127

apparent activation energy of 0.47 eV is determined for D uptake in the oxide as shown 

in Fig. 6.6(b). This is the Pt induced reduced effective activation barrier for D uptake into 

the oxide. Near-interfacial D content on the same samples was measured after etching the 

oxides to 1.4-3.0 nm. Assuming the D concentration to be constant close to the interface, 

the near-interfacial D concentration (atoms cm-3) was estimated as a function of 

annealing temperature, as shown in Fig. 6.7. The interfacial D concentration increases 

with annealing temperature, in stark contrast with post-oxidation annealing of the SiO2/Si 

interface, where the H uptake is suppressed above 430°C due to the desorption of H from 

the interface.21However, although the amount of interfacial D(H) increases with 

temperatures; higher temperatures may not be advantageous for device processing as 

samples annealed in H at 600°C have the same trap density compared to the samples 

annealed at 500°C (data not shown). Furthermore, the quality of the Pt as the gate metal 

degrades at anneal temperatures greater than 600°C - possibly due to the reaction of the 

Pt with the underlying SiO2; considerably reducing device yield. 

 

Thermal stability of D in SiO2/SiC 

To evaluate the thermal stability of the D incorporated into the SiO2/SiC structure, 

oxides deuterated by 500°C, 1h D anneals were further annealed in an inert atmosphere 

of flowing Ar from 500°C-900°C for 15 min. The Pt over-layer was etched before the Ar 

anneal. NRA measurements were made before and after the Ar anneal to determine the 

amount of D desorbed. The fraction of D remaining (N/N0) after desorption has been 

plotted as a function of desorption anneal temperature in Fig. 6.8 (a). Broadly, two 
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thermal desorption regimes were observed in the range 500°C to 900°C. The first occurs 

in a relatively narrow temperature range from around 500°C to 600°C and results in the  
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FIG. 6. 7 Near interfacial D concentrations as a function of anneal
temperature. The solid line is a guide to the eye only. All samples had a Pt 
over-layer during the D anneals. Initial oxides of thickness 45-50 nm were 
etched down to the thickness shown in the figure. The near-interfacial D 
concentrations (atoms cm-3) were calculated from the areal densities (atoms
cm-2) measured by NRA assuming the uniform concentrations close to the
interface. 
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desorption of about 90% of the entire D in SiO2/SiC. The second desorption occurs at 

900°C, where the concentration of D in the sample gets close to the detection limit of 

NRA. No measurable desorption was observed in the range 650°C-900°C. A similar 

result reported in a previous work on deposited SiOx (N,H) films was attributed to the 

presence of two major  classes of Si-H bonding, one more stable than the other depending 

on the bonding configuration and environment (different nearest neighbors).23 This hints 

at the presence of similar kinds of H-bonding in SiO2/SiC, although more experiments 

need to be perfomed to understand the detailed H chemistry at the interface and in the 

bulk of the oxide. Furthermore, using NRA, it is difficult to distinguish between bulk-

oxide D and near-interfacial D in the desorbed species. However, from the previous 

SIMS and NRA data (Table 6.1), we know that majority of the D resides at the interface 

for 500°C up-take anneals - suggesting that majority of the desorbed species is also near-

interfacial D.  Using a first order desorption kinetics model for the first desorption 

temperature range 550°C-600°C as described in the appendix (II), an activation energy of 

~2.1 eV for desorption has been determined. The Arrhenius plot of the relevant 

parameters (see appendix) is shown in Fig. 6. 8(b). The higher activation energy for 

desorption compared to uptake suggests thermally stable D bonds in the oxide (and 

interface). It is worth mentioning that the activation energy for dissociation of H-

passivated Pb defects at the Si/SiO2 interface is 2.83 ± 0.02 eV, as determined by 

Stesmans.24 It is important to note that the activation energies reported here (both uptake 

and desorption) are ‘effective activation energies’ of the processes.  However, the nature 

of H bonds in the oxide and at the interface could have diverse configurations, leading to  
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FIG. 6. 8 (a) Kinetics of D thermal desorption from SiO2 and SiO2/SiC interface (~80% of the D is 
near-interfacial)  in the temperature range 500°°°°C to 900°°°°C. The vertical axis represents the 
fraction of D remaining in the sample after desorption anneal. The desorption kinetics has two
regimes- from ~500°°°°C to 600°°°°C; and temperatures greater than 900°°°°C respectively. (b) Arrhenius 
analysis of the data in the temperature range 550°°°°C to 600°°°°C ( see appendix II) . The effective 
activation energy for D desoprtion  is estimated to be 2.1 eV. 
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multiple activation energies. Investigations are therefore necessary to understand the 

chemical nature of H and understand the vital role of hydrogen in passivating electrically 

active defects at the SiO2/SiC interface. Such studies can lead to optimized processing for 

development of efficient and reliable SiC MOS devices.   

 

Summary and conclusions 

Hydrogen incorporated at the SiO2(N)/4H-SiC interface via post-metallization 

annealing of 4H-SiC MOS capacitors results in about 20% reduction of interface trap 

density near the conduction band-edge. Employing Pt as the gate metal results in 

significantly higher incorporation of H and subsequent lowering of trap densities. 

Kinetics of hydrogen uptake in the presence of Pt are found to be monotonically 

increasing with anneal temperature in the range 300°C-700°C. Comparison of effective 

activation energies of uptake with desorption suggests that hydrogenation at 500°C in the 

presence of Pt is a kinetically favorable process for H uptake for the SiO2/SiC system. 
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Appendix 

I. Hydrogen uptake kinetics 

Using a simple uptake rate equation, the D incorporation rate in the oxide at any 

temperature can be expressed as: 

+= k
dt
dN            (6A.1) 

where 
dt
dN  is the rate of D uptake [atoms cm-2 s-1]; and +k  represents the rate constant 

[atoms cm-2 s-1] . 

The temperature dependence of +k  can be expressed as an Arrhenius function  
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TBK
aE

AeTk
−

+ =)(          (6A.2) 

where the pre-exponential A is a constant, aE is the activation energy for the uptake 

process, BK is the Botlzmann’s constant (8.617 x 105 eV K-1) and T is the temperature 

[K-1] 

Solving equation (6A.1) and equating the solution to (6A.2) gives us  

 t
B

a Nconst
Tk

E ln.1 =+−        (6A.3) 

where tN  represents the areal density of D in the oxide for fixed anneal time ( 1 h in our 

case). Equation (6A.3) can be plotted as shown in Fig. 6.6(b) to determine aE . 

II. Hydrogen desorption kinetics 

Using a first order desorption kinetics model, the desorption rate can be expressed as : 

)(. tNk
dt
dN

−−=                                       (6A.4)  

where 
dt
dN  is the desorption rate [atoms cm-2 s-1]; 

)(tN  represents areal density of D in the sample [ atoms cm-1]; 

−k  is the desorption rate constant at any temperature  T having units [s-1] 

Equation (6A.1) has the well known solution : 

 
)(

ln.1

0

0

0 tN
N

t
k =−            (6A.5) 

where 0t  represents the desorption anneal time , 0N and )( 0tN  are D content at t=0 and 

t= t0 respectively. (in our case t0 =15 mins) 
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Temperature dependence of the rate constant can be expressed in a similar manner as 

equation (6A.2) : 

TBK
desE

BeTk
−

− =)(              (6A.6) 
 
where the pre-exponential term B is a constant, desE is the activation energy for 

desorption, BK is the Botlzmann’s constant (8.617 x 105 eV K-1) and T is the temperature 

[K-1] 

Equating (2) and (3) and taking logarithm of both sides yields: 

 )ln(ln1.
min15

0

N
Nconst

Tk
E

B

des =+−        (6A.7) 

min15

0

N
N at different temperatures are known quantities from Fig. 6.8(a). Thus, equation 

(6A.7) can be plotted to determine the desorption activation energy aE as shown in Fig. 

6.8(b). 
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CHAPTER VII 

 

SUMMARY AND CONCLUSIONS 

 

Silicon Carbide is a wide band-gap semiconductor that possesses attractive 

properties for electronic applications in high temperature and high power environments. 

Among the available polytypes, 4H-SiC is the most promising for metal-oxide-field-

effect-transistors (MOSFETs). In any MOS system, the quality of the interface between 

the oxide and the semiconductor has a great impact on the performance of the device. In 

the case of SiO2/4H-SiC, imperfections such as the presence of carbon clusters, silicon 

sub-oxides and Si and C dangling bonds at the interface result in a high density of 

electrically active defects. These defects trap and scatter carriers in the inversion layer of 

the MOSFET resulting in a severe degradation of the inversion layer mobility.  Reduction 

of these defects is critical for the realizing SiC MOS devices that operate to their full 

potential.  

This dissertation work focuses on understanding the effects of atomic scale 

modification of the SiO2/4H-SiC interface to produce interfaces with lower defect 

densities and improved electronic properties. The main new findings of this work are the 

following:  

! Nitridation via post-oxidation annealing in NO results in significant reduction of 

interface trap densities near the conduction band-edge of 4H-SiC. Nitrogen 

incorporated at the interface by this process has a key role in the trap passivation 

process. Presence of nitrogen susceptible defects has been observed for the first 
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time for interfaces formed on different crystal faces ((0001) Si, (11 20) a-face and 

the (0001) C-face); crystal faces that have significantly different oxidation rates. 

! Anisotropy in nitridation rates have been observed for the first time at SiO2/4H-

SiC interfaces. Nitridation kinetics among the (0001) C-face, (11 20) a-face and 

(0001) Si-face follow the same trend as in their oxidation rates: C-face ¥ a-face > 

Si-face. Interfacial N incorporation by post-oxidation annealing in NO occurs by 

the interplay of two processes – N enrichment by NO and a competing O2 related 

N removal process. An ad hoc model based on these two mechanisms has been 

proposed to explain the experimental nitridation kinetics. 

! Annealing nitridated interfaces in hydrogen results in a further reduction of trap 

densities. Presence of a catalytic metal like Pt during the hydrogen anneals results 

in kinetically favorable conditions for hydrogen uptake at the SiO2/4H-SiC 

interface. Hydrogen passivation is found to be a relatively smaller effect 

compared to nitrogen passivation, which suggests a lower density of hydrogen 

susceptible defects at the SiO2/4H-SiC interface.   

! Record low interface trap densities have been achieved on the (0001) Si face and 

(11 20) a-face by using the combination of nitrogen and hydrogen passivation. 

Excellent field effect mobilities have been demonstrated in lateral test MOSFETs 

passivated by this process. 
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