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The electronic structure of the SiO2/SiC (0001) interface, buried below SiO2 layers with a thickness

from 2 to 4 nm, was explored using soft X-ray angle-resolved photoemission spectroscopy with

photon energies between 350 and 1000 eV. The measurements have detected the characteristic

k-dispersive energy bands of bulk Silicon Carbide (SiC) below the SiO2 layer without any sign of

additional dispersive states, up to an estimated instrumental sensitivity of �5� 109 cm2eV. This

experimental result supports the physical picture that the large density of interface traps observed in

macroscopic measurements results from dangling bonds randomized by the SiO2 rather than from

Shockley-Tamm surface derived states extending into the bulk SiC. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4979102]

The electronic structure of the SiO2/SiC interface is

of interest, among others, for its role in SiC MOSFETs.

Although the quality of thermally grown oxides on SiC in

terms of the breakdown electric field is comparable to that of

SiO2 grown on silicon,1 the density of interface traps, Dit, is

still more than one order of magnitude higher than that on Si.

The reduction of the SiO2/SiC interface defect density is nec-

essary for MOSFET applications because they directly affect

device performance degrading the channel mobility, altering

the threshold voltage, and decreasing the reliability.

The exact origin of the high interface trap density of SiC

is still not well understood. In the case of Si MOS structures,

dangling bonds (DBs) at the interface are known to be the

dominant defect structures.2,3 SiC has a higher surface density

of atoms per unit area than Si but the density is not sufficient

to justify the observed difference. It has also been observed

that the Dit at the SiO2/SiC(0001) interface is much higher

than the ones of SiO2/SiC(000-1) or SiO2/SiC(11–20)
2,3 under

equivalent oxidation conditions and that this difference is

found also in the case of deposited oxides (Si3N4, Al2O3, and

AlN).4

The dependency of Dit on the crystallographic orienta-

tion could be either due to interface states derived from

Shockley-Tamm (ST) surface states, which are intrinsically

connected to the alteration of the V(z) potential at the given

crystal termination,5–7 or due to defects generated during the

oxidation process, such as carbon by-products, the genera-

tion being crystallographic dependent.

However, although the role of residual carbon near the

interface has been discussed extensively,8,9 a direct link

between the carbon density near the interface and the inter-

face state density has not been proven.

The ST-derived interface states would be deleterious as

they would be intrinsically connected to the (0001) termina-

tion and thus independent of any treatment. This work aims

at investigating the nature of the Dit at the SiO2/SiC(0001)

interface by means of soft X-ray angle-resolved photoemis-

sion spectroscopy (SX-ARPES).

The samples used in this experiment were sections of 4�

off h11–20i 4H SiC, 15lm thick, n-type epitaxial layers (effec-

tive doping 4� 1015cm�3, as extracted by capacitance-voltage

(CV) measurements) supplied by Cree. The samples were

loaded into a furnace immediately after cleaning and were oxi-

dized in pure O2 at a temperature of 1050 �C in order to gener-

ate 2 nm and 4 nm thick SiO2 layers (measured by X-ray

reflectivity (XRR) and capacitance-voltage (CV) analysis of

MOS devices). After oxidation, the SiO2/SiC buried interface

has been analyzed by means of SX-ARPES with photon ener-

gies around 1keV and a beam spot size of 30lm� 74lm.

While the properties of clean SiC surfaces have already

been investigated by means of angle-resolved photoelectron

spectroscopy,10,11 this study explores the buried SiO2/SiC

interface by taking advantage of the significant increase of

the photoelectron mean free path k and thus the probing

depth when using soft X-rays,12 compensating for the

decrease of the valence band photoexcitation cross-section

with the high photon flux (>1013 photons/s/0.01%BW) of

the ADRESS beamline at the Swiss Light Source.13 A sketch

of the SX-ARPES experimental geometry in relation to the

Brillouin zone (BZ) of 4H-SiC is shown in Fig. 1.

The interpretation of the experimental data is based on

the physical picture where the SiO2/SiC (0001) interface

states are closely related to the SiC (0001) surface states.

Two types of states with different wave function characters

can be distinguished in such a case: (1) interface states

derived from dangling bonds (DBs) at the SiC surface and

(2) interface states derived from ST states within the SiC

which are intrinsic to the alteration of the V(z) potential at

the crystal termination.

The former situation is realized, for example, by DBs at

the 2H-, 4H-, and 6H-SiC (0001) surfaces14,15 where the

dangling bonds of the (
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adatoms form the surface states DSi dispersing in the surface-

parallel momentum (kx,ky). Wave functions of the DB-derived

interface states are typically aperiodic in the surface-

perpendicular z-direction and sharply localized at the inter-

face as shown in the sketch in Figure 1(b). In the case of this

experiment, the growth of amorphous SiO2 passivates and

randomizes the DBs of the bare SiC surface to smear their

energy levels and k-dispersions. Wave functions of the ST-

derived interface states, on the other hand, will oscillate and

extend into the SiC bulk typically over a few unit cells or

more (see Figure 1(c)) similar to ST surface states on Al

(100) (�5 nm)7 or topological surface states on Bi2Se3 (001)

(�3 nm).16 Protected by the SiC bulk from their randomiza-

tion by amorphous SiO2, the ST-derived interface states will

show well-defined energies and band k-dispersions.14

The different character of the DB- and ST-derived SiO2/

SiC interface states will then determine the different photo-

emission (PE) response hUf jUii. At the high photon energies

h� used in SX-ARPES, the oscillation frequency of Uf

increases proportionally to
ffiffiffiffiffi

h�
p

and its delocalization in the

z-direction, determined by k, increases to a few nm.

The aperiodic and strongly localized Ui of the DB-

derived (defect) states dramatically reduces the hUf jUii prod-
uct and thus, at high energy, the photoemission response as

compared to bulk SiC states (see, e.g., Ref. 17). Therefore,

SX-ARPES is less sensitive to the DB-derived interface

states. The ST-derived interface states, on the contrary, are

characterized by an oscillating and Ui and extension into the

bulk of the same order of the probing depth. Therefore, even

at high energies, their hUf jUii product, and thus high-energy

photoemission response, is similar to those of the bulk SiC

states. Related examples are Al (100) and Bi2Se3 (001) sur-

face states7,16 which retain a significant photoemission

response up to at least 1 keV, with the intensity oscillations as

a function of h� reflecting their Fourier composition. Hence,

SX-ARPES is mostly sensitive to the ST-derived interface

states with their sharp k-dispersions.6,7,16

Figure 2 shows angle-integrated photoemission (PE)

spectra of the Si 2p core levels, for the 4 nm thick oxide, mea-

sured through a series of increasing h� as well as increasing

photoelectron emission angle H relative to the surface nor-

mal. The spectra are acquired at p-polarization of the incident

X-rays and aligned in binding energy EB to compensate for

sample charging depending on h�. The low-EB peak is attrib-

uted to the Si atoms in SiC and the high-EB peak to SiO2.

While the peak of crystalline SiC shows the characteristic Si

2p doublet with 2p1=2 and Si 2p3=2 components, this structure

is smeared in SiO2 because of its amorphous character. Most

importantly, the Si-C peak, compared to the SiO2 one,

increases for increasing h�, i.e., for larger photoelectron mean

free paths k, and decreases for increasing gracing angles H,

i.e., in the case of higher surface sensitivities. This behaviour

is consistent with a SiC substrate buried beneath a SiO2 layer.

Figures 3(a) and 3(b) show raw ARPES intensity images

I(kx, EB) acquired at two different p-polarized photon ener-

gies h�¼ 360 and 826 eV, both corresponding to the same

C-K direction in the bulk BZ of 4H-SiC. The surface-parallel

momentum kx is obtained from the photoelectron kinetic

energy Ek and emission angle H as kx ¼ 0:5124
ffiffiffiffiffi

Ek

p
sinH

�px where px corrects for the photon momentum p ¼ 2p
12 400

h�

significant for the ADRESS soft X-ray energies.18 The

images are normalized to the angle dependent transmission of

the ARPES analyzer as determined from the background

intensity and are presented on a logarithmic scale. The

k-dispersive spectral structure seen at h�¼ 360 eV indicates

that coherent electrons excited in crystalline SiC can escape

through the 2 nm-thick SiO2 capping layer already at rela-

tively small energies. The enhancement of the spectral con-

trast at 826 eV evidences the increase of the photoelectron

mean free path k with increasing energy, which is consistent

with the core level data in Figure 2. Furthermore, the

increase of k sharpens the intrinsic kz definition of the

experiment19 which is evident as a smaller broadening of

the k-dispersion.

FIG. 1. (a) Experimental geometry relative to the BZ of 4H-SiC; (b) and (c)

Schematic wave functions of the dangling bond (b) and Shockley-Tamm (c)

derived interface states. The SX-ARPES experiment is most sensitive to the

latter.

FIG. 2. Si 2p core levels measured under

(a) increase of h� at normal emission

and (b) increase of H at h�¼ 445eV.

The SiC peak scales up compared to the

SiO2 one with h� and scales down with

H, which is consistent with SiC being

buried below SiO2.
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The raw intensity is composed of (1) a sharp k-dispersive

coherent component (ICo) originating from the buried crystal-

line SiC and (2) a non-dispersive incoherent component

((IinCo)). The latter is composed of a photoexcitation in the

amorphous SiO2 overlayer with a small admixture of the

interface defect states and by photoelectrons excited in SiC

and quasielastically scattered in SiO2 on their escape to vac-

uum (the non-dispersive secondary electron contribution is

relatively small). The total I(kx,EB) can then be written as the

sum of the coherent and incoherent contributions as

I kx;EBð Þ ¼ ICo kx;EBð Þ þ IinCo EBð Þ: (1)

The incoherent contribution for each EB value can

be identified as the minimum of I(kx, EB) over the whole

kx-range

IinCo EBð Þ ¼ min
kx

I kx;EBð Þ; (2)

which then yields ICo simply as

ICo kx;EBð Þ ¼ I kx;EBð Þ � IinCo EBð Þ
¼ I kx;EBð Þ �min

kx
I kx;EBð Þ: (3)

The results of this decomposition procedure applied to

the data are shown in Figure 3 as I in (a) and (b) and ICo in

(c) and (d). The ICo spectral component can now be com-

pared with the bulk band structure E(k)20 of the 4H-SiC C-K

direction in Figures 3(e) and 3(f). The latter was calculated

in the framework of DFT using the Quantum Espresso soft-

ware and ultra-soft pseudopotentials. The exchange and cor-

relation terms are described using the GGA approximation.

A 30 Ry cutoff for the plane wave expansion and a 400 Ry

cutoff for the charge density integration have been employed

with a 5� 5� 2 k-mesh sampling for the coordinate relaxa-

tion and a denser grid of 10� 10� 3 for the band structure

calculation. The comparison demonstrates that the coherent

ARPES response of the SiO2/SiC(0001) interface is formed

exclusively by the bulk band structure of 4H-SiC and with

both coherent and incoherent components decreasing below

noise level at �2 eV above the SiC valence band (see

Figures 3(g) and 3(h)). At the two considered photon ener-

gies, no additional k-dispersive spectral structures, in the

band gap of SiC or within its valence band, are detected

which would be indicative of ST-derived interface states.

In search for potential ST-derived interface states,

the measurements have been extended to the opposite

s-polarization of incident X-rays (to check against silenced

combinations of the X-ray polarization and initial state sym-

metry) and to a wide h� range between 400 and 1500 eV (to

check against silenced combinations of X-ray photon ener-

gies and k vector, where the final-state Uf becomes essen-

tially anti-phase to the Fourier component of the initial-state

Ui and quenches the matrix element hUf jUii5,6). In all meas-

urements, no trace of k-dispersions indicative of the ST-

derived states could be found neither in the gap nor in the

valence band region of SiC (see supplementary material).

This study has also been extended to other regions of the

k-space. For this purpose, the ARPES intensity at h�¼ 570 eV

has been measured, bringing kz to the same C-K-M plane as in

Figure 3, i.e., as a function of two-dimensional momenta (kx,

ky). Figure 4 represents the experimental I(kx, ky) as its iso-

energetic cuts for a series of EB through the valence band com-

pared with the corresponding calculations. Although in the

band gap region only a homogeneous intensity can be seen

(not shown here), the cuts of the valence bands appear in

excellent agreement with theory again without any trace of

additional k-dispersive interface states. ARPES analysis along

the C-K direction (the same as Figure 3) performed on the

4 nm thick oxide sample showed essentially identical spectra,

except for a smaller amplitude of the coherent SiC signal.

All SX-ARPES measurements confirm the absence of ST-

derived interface states at the SiO2/SiC interface. The detection

FIG. 3. Experimental valence band spectra of the SiO2/SiC (0001) interface in the C-K azimuth compared with theory: (a) and (b) Images of the raw ARPES

intensity measured with p-polarized incident X-rays and (c) and (d) angle-resolved coherent fraction of the ARPES images; (e) and (f) the same as (c) and (d)

but with superimposed theoretical band structure of bulk SiC. (c) and (d) C-K angle-integrated total ARPES intensity decomposed in coherent and incoherent

components. The two indicated photon energies correspond to the same C-K direction but with different probing depths.
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limit of the experiment, taking into account the effective den-

sity of states in the valence band N
v
at T¼ 11K, assuming an

initial and final state extension of 1 nm, 5% signal-to-noise

minimum detection level and an energy resolution of

100meV, can be estimated around �5� 109 cm–2eV–1. This

value falls into the same sensitivity range of conductance-

voltage (GV) measurements.4 The absence of the ST-derived

interface states supports the high technological promise of

the SiO2/SiC interface. Indeed, although dangling bonds and

defect states can in principle be quenched by proper clean-

ing,21 oxidation processes,22 or passivation of the dangling

bonds,23 the ST-derived interface states extending to SiC

would be less sensitive to any surface treatments.

Furthermore, the narrow interface localization of the DB-

derived and defect interface states shrinks their overlap with

the bulk-derived SiC wave functions responsible for electron

transport near the interface and renders them less important

for incoherent scattering and thus trapping activity against

the interface charge carriers.

See supplementary material for additional SX-ARPES

spectra of the SiO2/SiC (0001) interface along C-K taken at

different photon energies.
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