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We investigate the effect of SiC stacking and interfacial O defects on the electronic structure

of the 4H-SiC/SiO2 interface via first-principles calculations. We find interlayer states along

the SiC conduction band edge, whose location changes depending on which of two possible

lattice sites, h or k, is at the interface. Excess O atoms at the interface lead to defect structures

which alter the electronic structure. Changes to the valence band edge are the same whether

h or k sites are at the interface. On the other hand, defects remove the interlayer state of the

conduction band edge between the first and second SiC bilayers if an h site is at the interface,

but have no effect when there is a k site. The variation of the conduction band edge at the

interface is interpreted in terms of floating states, a particular property of SiC.

1. Introduction

Silicon carbide (SiC) is a wide band-gap semiconductor material with the potential to re-

place Si for high temperature and power electronic devices. Like Si, its native oxide is SiO2,

which can be grown via thermal oxidation, making it useful for metal-oxide-semiconductor

field-effect transistors (MOSFETs), primarily of the n-channel type. However, its use in prac-

tical devices has been hampered by the low channel mobility of the SiC/SiO2 interface com-

pared with bulk SiC.1, 2 Interfacial defects3–6 have attracted a lot of attention, with the aim of

identifying and removing the most detrimental. Traditionally, research has focused on defects

which contribute interface gap states, but advances in interface growth techniques mean that

these gap states no longer make a significant contribution to reductions in mobility.7–9 Despite

this, mobility still lags behind the ideal value, meaning that further improvements will require

new information.
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SiC has many different polytypes, determined based on their stacking along the [0001] di-

rection. Si and C atoms can occupy one of three positions along the [11̄00] direction, normally

labelled ABC. Stacking ordered ABCAB. . . is called cubic whilst that ordered ABABA. . . is

called hexagonal. Polytype is determined by the shortest repeated unit of these positions in the

[0001] direction. The most commonly used polytype for electronic devices is 4H-SiC, which

consists of four repeated SiC bilayers, ordered ABCBAB. . . , as shown in Fig. 1. Within these

four bilayers, there are two inequivalent lattice sites, usually known as h (hexagonal) and k

(quasi-cubic) based on the site occupied by the Si atoms in the neighboring bilayers. h sites

are equivalent to A or C stacking positions and k sites are equivalent to B stacking positions.

The local structure around the SiC/SiO2 interface will change depending on which of these

stackings is at the SiC surface.10, 11 For convenience, we refer to the surfaces which end at A

or C stacking positions as h type and those ending at B stacking positions as k type following

the definition proposed in Ref. 12.

It is reported that floating states, whose charge density accumulates in the interlayer re-

gion, rather than near atomic sites, lie near the conduction band edge (CBE) in elemental

semiconductors.13 Previous work looking at bulk SiC found that interlayer floating states ap-

pear between subsequent SiC bilayers with cubic stacking, and lie at the CBE.13 A subsequent

study of superlattice structures consisting of hexagonal and cubic stacking regions revealed

that the floating states at the CBE accumulate within the cubic stacking region due to the

spontaneous polarization induced by differences in electronegativity between Si and C.14 It

is of interest how the floating states behave at the SiC/SiO2 interface because the electroneg-

ativity of O is much larger than C and SiC/SiO2 interfaces are generally used for practical

MOSFETs.

Theoretical studies report that C and O-related defects15 are created during the thermal

oxidation process.3, 4, 6 Of these, the density of C-related defects is measurable since they gen-

erate gap states. Recent experimental studies have reported that the density of defects which

generate these states is less than 10−12 cm−2 eV−1.16 On the other hand, O defects constitute

necessary steps of the oxidation process, so are expected to be found in higher densities. Here

we investigate how the local density of states (LDOS) of the SiC/SiO2 interface changes de-

pending on the stacking of SiC bilayers at the interface, i.e. h and k types, and when O defects

are subsequently introduced. Currently the stacking of the SiC substrate at the oxidation front

cannot be controlled during the thermal oxidation process, so both interface types exist in

practical devices. Due to differences in local structure, CBE floating states are observed from

the first SiC bilayer for h type, but from the second bilayer for k type. More interestingly,
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defects behave differently in h and k type, removing the floating states at the h type whilst

leaving the k type unchanged. This characteristic behavior of the LDOS is explained by the

nature of the floating states, and will affect the performance of present SiC-MOSFETs, which

rely on the electronic structure at the CBE.
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Fig. 1. (Color online) SiC/SiO2 interface with (a) h and (b) k lattice sites at the interface. Dashed lines indicate

the bounding box of the calculation supercell. Si atoms are beige, C grey, O red and H white.

2. Methods

Calculations are carried out using RSPACE,17 which performs density functional the-

ory18, 19 calculations using a real-space finite-difference method,20 employing a time-saving

double-grid technique.21–23 The electron-ion interactions are described using the projector-

augmented wave method24 for the C, Si and O atoms, and a norm-conserving pseudopoten-

tial25, 26 for H. The exchange-correlation interaction is treated within the local density approx-

imation.27

The interface is modelled using 6 bilayers of 4H-SiC and 9 Å thick of β-tridymite SiO2,

with the interface made at the SiC(0001) surface, saturating all the Si dangling bonds with O.

Both the top and bottom layers of the model are H terminated. The interface is constructed

using experimental values for the Si-C and Si-O bond lengths. The lateral size of the cell is

SiC(0001) 3 ×
√

3 with the z direction perpendicular to the SiC surface. The cell is periodic

in all directions with an 11 Å vacuum gap in the z direction. Calculations are performed with

a coarse grid spacing of 0.16 Å and using the Γ and M k-points of SiC(0001) 3 ×
√

3. The

bottom H atoms and SiC bilayer are held fixed and structural optimization is performed on

all remaining atoms to reduce the forces between atoms. A variety of known defects3–6 are
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introduced into the SiC. Full details on interface atomic structures including defects will be

described later.

We examine the LDOS for both types of interface, with and without defects. The LDOS

is calculated according to

ρ(z, E) =
∑
i,k

∫
|Ψi,k(x, y, z)|2dxdy × Ne−α(E−εi,k)2

(1)

where εi,k are the eigenvalues of the wavefunction, with indexes of i and k for the eigenstate

and the k-point respectively. N = 2
√
π
α

is the normalisation factor, with α as the smearing

factor, here set to 13.5 eV−2.

3. Results and Discussion

As mentioned earlier, there are two types of clean interface in 4H-SiC(0001), depending

on whether an h or k site is at the interface. Before considering defects it is useful to see

how these differ. We find that the difference in the total energy between the h type and k

type is less than 1 meV per 1×1 region when the contribution from the bottom SiC surface is

subtracted. This energy difference is much smaller than is observed for surfaces (32.4 meV).28

This suggests that both the h and k types appear at the oxidation front, whilst the h type is

dominant in the case of surfaces.10, 11 Figure 2 shows the LDOS for the h and k types. There

are no significant changes at the valence band edge (VBE) of the SiC substrate. On the other

hand, the most interesting results are along the CBE, where several yellow oval-like features

are observed, the location of which changes with interface type. The h type has one of these

oval-like features at the first bilayer of the interface, whereas one does not appear until the

second bilayer for the k type. The states which contribute to the oval-like features at the

CBE are the previously noted floating states,13, 14 which only appear at the CBE in the cubic

stacking regions (ABC or CBA) and are blocked by the hexagonal stacking regions. The

charge density of the floating states accumulates within the cubic stacking region, as shown

in Fig. 3 for the h type. The first two bilayers of the h type correspond to cubic stacking,

compared to the second and third bilayers of the k type, explaining why the first floating

state is observed further from the interface in the k type. As a result, the interfacial band gap

changes with interface type. It is reported that the charge density of the CBE in a superlattice

structure consisting of 2H and 3C distributes near one of the interfaces between lattice types,

therefore the center of the density of the floating state shifts upward.29

To aid with future discussions on this matter, we introduce channel length, a measure of
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the length of subsequent SiC bilayers with cubic stacking.14 A minimum channel length of

three is required to observe floating states. The longest channel length for bulk 4H-SiC is

three. Just below the first interface bilayer of the h type, the channel length is also three, but

the length is only two in k type.
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Fig. 2. (Color online) LDOS for the clean (a) h and (b) k types. The horizontal axis is energy relative to the

Fermi energy, EF , defined as the middle of the band gap. The vertical axis is the height of the model. For clarity,

structural models are provided to the right of each LDOS. Contours correspond to density, from blue at the

lowest to red at the highest, doubling at each contour line, from a minimum of 5.3×10−7 states eV−1Å−1.

It is interesting to consider the influence of O defects, which are introduced during thermal

oxidation, since they exist within or just below the first SiC bilayer; the region where the

interface types differ. We focus on the most stable defects identified in our previous study6

for each stage of one oxidation cycle. Structures for each are shown in Fig. 4. For the initial

step, involving one O defect, the most stable structure is Oi f
3 [Fig. 4(a)], an interstitial site

at the interface. For the next step, involving two O defects, Osub+Oi f
5 [Fig. 4(b)] is the most

stable, combining an interstitial and subsurface site. The final step is VCO2
4 [Fig. 4(c)], which
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Fig. 3. (Color online) Charge density distribution for the three lowest energy CBE states of the h type inter-

face, showing floating states between the (a) fifth and sixth, (b) third and fourth, and (c) first and second bilayers.

Charge densities are shown through a plane down the center of the computational model. To clarify the position

of the interface a full structural model is provided to the right. Contours correspond to density, from light green

at the lowest to red at the highest, doubling at each contour line, from a minimum of 4.2×10−6 states eV−1Å−1.

(a) (b) (c)

Fig. 4. (Color online) Structural models for various O defects in the h type. (a) Oi f . (b) Osub+Oi f . (c) VCO2.

All are shown looking down the [112̄0] direction. Dashed lines indicate the bounding box of the calculation

supercell.

appears after introducing three excess O atoms and removing a CO molecule to relieve the

interface stress caused by lattice constant mismatch.

We examine the LDOS for each structure, noting how it changes compared to the clean

interfaces. We start with one O defect, as shown in Figs. 5 (a) and (b). Notably, the CBE of

the h type changes, whilst that of the k type does not. In bulk SiC, a C atom takes electrons

from the surrounding Si atoms, resulting in lower electrostatic potential at the Si-surrounded

tetrahedral interstitial site than that at the C-surrounded site.13 Due to the low electrostatic
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Fig. 5. (Color online) LDOS for a variety of defects in both the h and k types, with each pair presented in

that order. (a)-(b) Oi f . (c)-(d) Osub+Oi f . (e)-(f) VCO2. Notation is the same as Fig. 2. These LDOS focus on the

region around the SiC band gap and SiC/SiO2 interface from Fig. 2.

potential at the Si-surrounded site as well as the broad orbital distribution in the ⟨110⟩ chan-

nel direction of cubic stacking, the floating states appear in the cubic stacking region. In

the h type case, an O atom is inserted into one of the Si–C bonds forming a Si-surrounded

tetrahedron in which the floating states are formed. Since O is strongly electronegative, the

electrostatic potential at the Si-surrounded site is no longer low, and the first floating state is

shifted upwards in energy, increasing the band gap. On the other hand, the k type shows no

significant changes at the CBE because there is no floating state to influence. Changes at the

VBE are the same across interface types. The VBE around the defect location shifts upwards

in energy slightly. This defect state can be attributed to a C–O π bond, as observed in the par-

tial DOS for the highest occupied band (not presented here). Because the dissociation energy

of a C–O bond at the SiC/SiO2 interface is lower than that of a Si–C bond,30 the VBE at the

interface shifts up in energy slightly, but the defect state is indistinct from the bulk SiC states.

Next we examine two O defects, as shown in Figs. 5 (c) and (d). The same changes are

observed at the CBE as before, with the interface floating state removed for h type. Although
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the second O atom exists between the first and second bilayers, there are no notable changes

to the CBE deep within the SiC substrate because the next Si-surrounded tetrahedron in which

the floating states appear is formed between the third and fourth SiC bilayers. In the k type

case, the Si-surrounded tetrahedron formed between the second and third bilayers is also

preserved, therefore the LDOS at the CBE is unaffected. On the other hand, a defect state

seen at the VBE is more distinct from the bulk SiC than for one O defect. Examining the

partial DOS for the highest occupied bands shows that this defect state again arises from C–

O π bonds. Since Osub+Oi f contains an O–C–O bond, the defect states associated with C–O

π bonds are even higher in energy, making them distinct from the VBE.

Finally, we consider the VCO2 structure, which looks similar to the clean interface. Figs. 5

(e) and (f) shows the LDOS of VCO2 structure. Although one CO molecule is removed from

the vicinity of the Si-surrounded tetrahedron, there still remains two O atoms. Therefore the

floating states do not recover for the h type. For the k type, the CBE is not changed because

the tetrahedron is located deep inside the substrate. In addition, no changes are observed at

the VBE for both types, because there are no C–O bonds in the VCO2 structure.

These results are summarized, using band diagrams instead of LDOS, in Figs. 6 and 7 for

the h and k types, respectively. For the clean h type interface, shown in Fig. 6 (a), the band

gap is approximately the same throughout the SiC. When defects are introduced, the band

diagram is modified. For the h type, states at the CBE are removed, opening the band gap

near the interface. The expanded band gap extends down to the second bilayer because the

state that would appear there is removed. For the k type, states attributed to the floating states

are not observed at the interface, as shown in Fig. 7, whether defects are present or not. The

extent of the gap is approximately half that of the h type, because it only corresponds to the

first SiC bilayer. On the VBE side, a defect state formed by C–O bond can appear near the

VBE for Oi f and Osub+Oi f in both the h and k type cases.

To make sure that the behavior at the CBE reported above is not exclusive to O, we

investigated C-related defects, such as C and C2 interstitials, which have been reported at the

SiC/SiO2 interface in prior work.3, 4 Changes at the CBE are partially obscured by a defect

state close to the CBE introduced by C. However, we still observe that the floating states of

the h type are easily affected by the defects, whilst the k type is insensitive to their presence.

Changes are observed for h type because the inserted C and C2 raise the electrostatic potential

in the tetrahedron.
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Fig. 6. Schematic band diagrams for the h type SiC/SiO2 interface, highlighting important changes caused by

defects. (a) Clean interface. (b) Oi f . (c) Osub+Oi f . (d) VCO2.

Fig. 7. Schematic band diagrams for the k type SiC/SiO2 interface, highlighting important changes caused by

defects. (a) Clean interface and VCO2. (b) Oi f . (c) Osub+Oi f .

4. Conclusions

We have carried out first-principles calculations on the relationship between the interface

type of SiC/SiO2 and its LDOS. It is found that interface type determines whether CBE float-

ing states at the interface are affected by the presence of O defects, as with h type, or not,

as with k type. Floating states are observed between adjacent SiC bilayers within the cubic

stacking region and are found from the first bilayer down for the h type interface and from

the second bilayer down for the k type. When O defects are introduced at the interface, the

inserted O atoms raise the electrostatic potential of the Si-surrounded tetrahedral interstitial

site due to the strong electronegativity of O, removing the floating state at the h type interface.

In the k type case, changes at the CBE are negligible since there are no states to remove. On

the other hand, although defect states are found at the VBE, arising from the C–O π bonds

formed by the O defects, there are no significant differences in the LDOS between the h and

k types. Since recent SiC-based MOSFETs mainly use the conduction band as a channel, the
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behavior of these floating states might play an important role in the performance of these

devices. In the future we want to do more complete calculations for all of these structures, to

get a fuller picture of how the scattering properties of the interface change with defect type

using first-principles transport calculations.
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