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Hydrogen terminated 4H-SiC(1100) and (1120) surfaces studied by synchrotron x-ray
photoelectron spectroscopy
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Using x-ray photoelectron spectroscopy (XPS), synchrotron x-ray photoelectron spectroscopy (SXPS), low-
energy electron diffraction (LEED), and Fourier- transform infrared absorption spectroscopy (FTIR) we have
investigated structure and composition of hydrogen saturated 4H-SiC(1100) and (1120) surfaces. The hydro-
gen saturated surfaces are clean and unreconstructed. On both surface orientations a hydrogen induced surface
core level shift is observed in the C 1s spectra, which is consistent with carbon monohydrides. The identifi-
cation of a corresponding component in the Si 2p spectra is discussed. On 4H-SiC(1100) a sharp absorption
line due to the Si-H stretch mode indicates the presence of silicon monohydrides. Structural models for
hydrogen saturated 4H-SiC(1100) and (1120) surfaces are proposed which are consistent with our spectro-
scopic results. Annealing in ultrahigh vacuum leads to considerable changes in the core level spectra although
the surface periodicity remains unchanged at (1 X 1). The thermally induced line shape variations are more
prominent in the C ls spectra than in the Si 2p spectra.
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I. INTRODUCTION

Silicon carbide (SiC) is a wide band gap semiconductor
with properties that make it interesting for power electronic
devices. As a consequence, crystal growth and materials
properties of SiC have been studied intensively during the
last decade.! Growth of SiC single crystals is performed us-
ing the modified Lely technique on seed crystals with the
surface normal parallel to the ¢ axis of the hexagonal unit
cells of 4H- and 6H-SiC.>* For example, 4H-SiC is grown

on the C-terminated (0001) surface while growth of 6H-
SiC is carried out on the Si-terminated (0001) surface.*~¢

Since both (0001) and (0001) surfaces consist of either Si or
C atoms only, these surfaces have to be considered as polar
surfaces.

As an alternative to growth on the polar {0001} surfaces,

the use of seed crystals oriented in (1100) or (1120) direc-
tion has been investigated.”® These nonpolar surfaces, which
are frequently referred to as a planes, possess a surface nor-
mal oriented perpendicular to the ¢ axis or in other words,
their surface plane is running parallel to the ¢ axis. Note that
the two surfaces are also perpendicular to each other. A ma-
jor advantage of these alternative growth directions is that
the formation of micro pipes, a hollow core screw disloca-
tion along the ¢ axis with inner diameters of up to a few tens
of microns, is completely suppressed. Furthermore, the non-

polar (1100) and (1120) surfaces expose the information
about the stacking sequence of the seed crystal, thus acting
as a template inhibiting polytype fluctuations. Nevertheless,
it was observed that the number of stacking faults is higher
in crystals grown on a-planes than in crystals grown in the

conventional way by a factor of 10°-~10° on (1120) and
103-10* on (1100), respectively.”® This observation was ex-
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plained by a kinetically induced disarrangement of adatoms
on the growing surface.” Recently, however, Nakamura et
al.'® reported the growth of high quality, almost dislocation
free 4H-SiC by using a so-called repeated a face (RAF)
growth. In addition to bulk growth, chemical vapor deposi-
tion on 4H-SiC(1120) was studied as well'"'? and extremely
flat surfaces without step-bunching and without triangular
defects were observed.

Another interesting aspect of the (1120) surface of SiC is
connected to the quality of the interface between thermally
grown SiO, and SiC. For MOSFETs on SiC(0001) a low
channel mobility is observed due to a large density of elec-
trically active interface states (D;).!* So far, this prevents
SiC from being used in MOSFET devices. The reason for the
high D, is twofold.'* Incomplete oxidation of carbon is sup-
posed to lead to the formation of carbon clusters which are
responsible for high D;, values near midgap position. In ad-
dition, so-called near interface traps exist which are energeti-
cally located just below the conduction band minimum of
4H- and 6H-SiC. Their microscopic origin is still unclear.
Different recipes such as nitridiation of the interface'> or use
of alternative gate oxides'® are currently investigated in order
to reduce D, but it was also shown that by using the 4H-

SiC(1120) surface a reduction of D,, can be achieved which
is accompanied by an increased channel mobility.!>!7-1® The
microscopic origin of this different behavior of the Si face
and the (1 150) plane is unclear as yet. However, recent oxi-
dation studies on 4H-SiC(1120) reported the formation of Si
in more than two oxidation states'®2! which is in contrast to
the (0001) surface where only Si* is observed at the interface
to Si0,.22% In addition, unlike with SiO,-SiC(0001)2>24
chemically shifted components were also observed in the C
1s core level spectra,”2! which may signal the presence of
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C-0O bonds at the interface. These results indicate that the
structural elements present in the SiO,-SiC interface depend
strongly on the surface orientation which in turn may lead to
a different defect formation mechanism as indicated by the
electrical measurements.?!

Despite these interesting aspects of nonpolar SiC surfaces
only little is known about their structural and electronic
properties. Until recently, only theoretical studies of non-
polar SiC surfaces have been reported’®->® and nothing was
known about the preparation of clean nonpolar surfaces of
4H- and 6H-SiC. Using photoelectron spectroscopy, Viro-
janadara and Johansson® have studied the structural and

electronic properties of 4H-SiC(1100) and (1120) surfaces
after wet-chemical treatment and after annealing in UHV at
temperatures of up to 1150 °C.2° The wet-chemically
cleaned surfaces contained considerable amounts of oxygen.
After desorption of oxygen at approximately 1000 °C the
core level spectra taken from the (1X 1) surfaces revealed
surface related chemically shifted components, which were
extremely weak in the Si 2p spectra but considerably larger
in the C 1s spectra. This was taken as evidence that the
surface structure is predominantly carbon rich, which is con-
trary to the silicon rich phases proposed by Rauls et al.?%%
The latter performed self-consistent charge density-
functional based tight-binding (SCC-DFTB) calculations to
study the clean a planes of 2H-, 4H-, and 6 H-SiC and found
that on both a planes Si rich phases are stable even under
carbon rich conditions. On the other hand, Si enrichment was

observed on 6H-SiC(1120) after deposition of Si followed

by annealing in ultrahigh vacuum (UHV).* In this case, too,
a (1X 1) periodicity was observed by reflection high-energy

electron diffraction. Annealing the 4H-SiC(1100) in a flux of
silicon leads to the formation of Si-rich c¢(4X2) and c(2
X 2) reconstructions.’!32

One method to prepare clean, polar SiC{0001} surfaces is
hydrogenation by annealing in ultra-pure hydrogen at tem-
peratures around 1000 °C. This method was first suggested
by Tsuchida and co-workers.?33¢ We have adopted this
method and have studied the chemical, structural and elec-
tronic  properties of  hydrogenated  6H-SiC{0001}
surfaces.’’~* The surfaces prepared in this way are free of
unwanted contaminants, unreconstructed, chemically inert,
and—within certain limits—electronically passivated. As
will be shown in the present paper, hydrogenation leads to
clean and unreconstructed nonpolar surfaces of 4H-SiC. Fur-
thermore, by applying our knowledge about the
H-terminated, polar {0001} surfaces it is possible to develop

structure models for the hydrogen saturated 4H-SiC(1100)

and (1120) surfaces. Because the hydrogen saturated sur-
faces are stoichiometric and unreconstructed they are ideal
starting points for observing the formation of reconstruc-
tions. Therefore, we have annealed the hydrogen terminated
surfaces in UHV to a maximum temperature of 990 °C. Our
experimental observations are discussed in the light of our
earlier studies on the hydrogenated basal planes of
6H-SiC¥~* and of the previous study by Virojanadara and
Johansson on wet-chemically prepared a-planes.?’

The paper is organized as follows. Section II will briefly
describe the experimental aspects of the present work. In
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Sec. III the experimental results will be discussed. As will be
shown in Secs. III A and III B the combination of XPS,
LEED, and SXPS allows us to propose structural models for
the hydrogenated a-planes of 4H-SiC which are presented in
Sec. IIT C. The effect of annealing at temperatures of up to
990 °C in UHV on these surfaces is discussed in Sec. III D.
Finally, in Sec. IV a brief summary and outlook will be
given.

II. EXPERIMENTAL

4H-SiC wafers with (1100) and (1120) surface orienta-

tion were purchased from Cree Research, Inc. The (11_00)
samples were exclusively n doped but both p and n type

(1120) samples were investigated as reference for further
studies. The samples were cleaned by a wet-chemical proce-
dure using hydrofluoric acid and mixtures of sulphuric acid,
hydrogen peroxide, hydrochloric acid, and water as de-
scribed elsewhere.*®*’ Hydrogenation was carried out by an-
nealing the samples in purified hydrogen (grade 8.0) at tem-
peratures around 1000 °C and a pressure of 1 bar. Heating
was achieved by a contact-less infrared heating system con-
sisting of five 1000 W halogen lamps. The base pressure of
the UHV preparation chamber was around 1X 107 mbar.
After preparation the samples were placed in a transportable
vacuum storage chamber equipped with a mobile ion pump
providing a base pressure below 1 X 107® mbar. Using this
vacuum transfer we are able to transport up to six hydrogen-
ated samples to the experimental stations in our laboratory or
to the synchrotron radiation source BESSY II without expos-
ing the samples to air.

The samples were investigated in our home laboratory by
x-ray induced photoelectron spectroscopy (XPS) using
monochromatized Al K, radiation (Zw=1486.6 V) with an
overall resolution of 0.6 eV and low-energy electron diffrac-
tion (LEED). In addition, selected samples were also inves-
tigated ex situ with Fourier-transform infrared absorption
spectroscopy in attenuated total reflection mode (FTIR-ATR)
using a Ge prism as multiple internal reflection element.
Synchrotron x-ray photoelectron spectroscopy (SXPS) was
carried out at undulator beamline UE56/2-PGM1 at BESSY
II. The end station with a base pressure below 1
% 1071 mbar mbar was equipped with a hemispherical ana-
lyzer and a LEED optics. In order to achieve a contrast in
surface sensitivity photon energies of 170 and 350 eV were
applied to investigate the Si 2p core level and 350 and
510 eV for the C 1s core level, respectively. This results in C
1s and Si 2p core level spectra with comparable surface sen-
sitivity. The effective sampling depths A g are 3.0 and 4.6A
for the spectra taken at lower and higher photon energy,
respectively.*?

The effect of annealing of the surfaces at temperatures as
high as 990 °C in UHV was also studied using SXPS and
LEED. Heating of the samples was accomplished by electron
bombardment of the backside of the sample holder. The
sample temperature was monitored by means of a pyrometer
with the emissivity adjusted to that of the sample holder
made of molybdenum (€=0.25). Calibration measurements
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FIG. 1. XPS survey scans of H-terminated 6H-SiC(0001), 6H-
SiC(0001), 4H-SiC(1100), and 4H-SiC(1120).

using a Ni/Cr-Ni thermocouple have shown that the tem-
perature accuracy is about 30 °C. At each temperature the
surfaces were annealed for two minutes. During annealing
the chamber pressure increased but did not exceed 2
% 107% mbar.

III. RESULTS AND DISCUSSION

A. Characterization by XPS and LEED

In Fig. 1 XPS survey scans of four hydrogen
terminated SiC surfaces of different orientation are com-
pared: 6H-SiC(0001), 4H-SiC(1120), 4H-SiC(1100), and
6H-SiC(0001). The spectra are normalized in such a way
that the Si 2p core levels have the same intensity. In all
cases, commonly observed contaminants like oxygen, fluo-
rine, and hydrocarbons are removed by the hydrogenation
process so that their signals are at or below the detection
limit of approximately 0.2 atomic percent. On the (0001)
plane the Si 2p core line is more intense than the C 1s line,

but the reverse situation is observed on the (()001_) surface,
although both surfaces are stoichiometric. The observed Si
2p/C 1s ratios are due to the layered structure of SiC.*> On
SiC(0001) all the C atoms of a given bilayer are located
below the Si atoms of the same bilayer and, therefore, the
photoelectrons of the C 1s core level experience an addi-
tional damping. Since the arrangement of atoms is reversed
on the carbon face, we observe the reversed Si 2p/C 1s ratio.
On the other hand, the intensity ratios measured on the non-
polar surfaces (see Fig. 1) show intermediate values indicat-
ing that they are stoichiometric.

Figure 2 displays LEED patterns of the hydrogen-

saturated 4H-SiC(1100) surfaces. The (13X 1) unit mesh of
the reciprocal lattice is indicated by a rectangle. The short
side of the rectangle runs parallel to the ¢ axis direction and

the long side is oriented parallel to the [1120] direction. In
addition, Fig. 2 shows a top view of the ideal, unrecon-

structed 4H-SiC(1100) surface indicating the size and orien-
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FIG. 2. (Color online) LEED patterns of H-terminated 4H-
SiC(1100) taken at different electron energies. The rectangle inside
the diffraction image indicates the (1 X 1) unit mesh of the recipro-
cal lattice. Also shown is a top view of the unreconstructed 4H-
SiC(1100) surface indicating the (1 X 1) unit cell. Dark filled circles

and dark lines indicate atoms and bonds of the top surface layer,
respectively, while lighter shading is used for the second layer.

tation of the (1 X 1) unit cell. It is evident from Fig. 2 that the

H-terminated 4H-SiC(1100) surfaces possesses an unrecon-
structed (1X 1) periodicity. The diffraction spots exhibit
some streakiness in the direction parallel to the ¢ axis, which
probably points towards a tendency for faceting in this direc-
tion. In accordance with the crystal structure of 4H-SiC, the
LEED pattern lacks rotational symmetry, but shows a mirror
symmetry with a mirror plane parallel to the ¢ axis direction
[0001].

LEED patterns of the hydrogen-saturated 4H-SiC(1120)
surfaces are shown in Fig. 3. Again, the (1 X 1) unit mesh of
the reciprocal lattice is indicated by a rectangle with the short
side of the rectangle running in ¢ axis direction. The long
side of the unit mesh in reciprocal space is now oriented
parallel to the [1100] direction. Figure 2 also shows a top

view of the ideal, unreconstructed 4H-SiC(1120) surface in-
dicating the size and orientation of the (1X 1) unit mesh.
Again, it is evident from the diffraction image that the
H-terminated surfaces is unreconstructed exhibiting (1 X 1)

periodicity. Unlike the (1100) surface the diffraction spots
are sharp without any noticeable streakiness.

4H-SiC(1120)

[1100]

FIG. 3. (Color online) LEED patterns of H- terminated 4H-

SiC(1120) taken at different electron energies. The rectangle inside
the diffraction image indicates the (1 X 1) unit mesh of the recipro-
cal lattice. Also shown is a top view of the unreconstructed 4H-
SiC(1120) surface indicating the (1 X 1) unit cell. Dark filled circles
and dark lines indicate atoms and bonds of the top surface layer,
respectively, while lighter shading is used for the second layer. The
vertical line indicates the position of a glide-plane.

245333-3



SEYLLER et al.

As expected from the symmetry of the crystal lattice, the

LEED pattern of 4H-SiC(1120) lacks rotational symmetry.
In addition, the surface is also missing mirror symmetry. The
only remaining symmetry of the surface is a glide-plane
symmetry with the glide-plane indicated by the dash-dotted
line in Fig. 3.

The presence of glide-plane symmetries is well known to
lead to systematic extinctions of diffraction spots. This is
also observed in the present case. In particular, spots (ki)
with k=0,+3 and /[=+1, +2, +3 were observed to be absent.
A diffraction pattern shown by King et al.*® obtained from

6H-SiC(1120)=(1x 1) also shows indications for similar
systematic spot extinctions. These are due to the fact that for
structures with glide-plane symmetries the structure factor
S(k,l) becomes zero for certain combinations of k and [ due
to destructive interference of partial waves scattered by the
individual atoms in the unit mesh. The structure factor S(k, )
of a given diffraction spot indexed (k[) is given by*

S(k,0)= 2 f, explisy - R,) (1)
V4

where the parallel momentum transfer sy,=kg;+/g, is the
two-dimensional reciprocal lattice vector of the surface lat-
tice corresponding to the diffraction spot indexed (k). R,
and f, are the position and the atomic form factor of the pth
atom in the unit cell, respectively. The sum runs over all
atoms in the unit cell. Calculating the structure factor
given in Eq. (1) shows that for the unreconstructed
4H-SiC(1120) surface spots with indices (k) satisfying the
conditions k=3n, n integer and /=4n+i, n integer and i
=1,2,3 are absent. This agrees well with the experimental
observations. Note that these systematic spot extinctions are
strictly fulfilled for normal incidence of the electron beam.
Slight misalignment of the sample can lead to an increase in
intensity of otherwise invisible beams. No particular effort
was made in the present work to exactly align the sample for
normal incidence.

In conclusion, annealing 4H-SiC(1120) and (1100) sur-
faces in ultra-pure hydrogen results in clean, stoichiometric
and unreconstructed surfaces, which is in accordance with

the observations made with the hexagonal {0001} surfaces of
6H-SiC.374

B. Highly resolved core level spectra

The discussion of highly resolved core level spectra ob-
tained with synchrotron radiation from the hydrogen termi-
nated surfaces in this section aims at an identification of
chemically shifted surface components. The final goal is to
develop structural models for the H-terminated 4H-
SiC(1120) and (1100) surfaces. As will be seen in the fol-
lowing discussion, the identification of surface components
in the Si 2p spectra is much more complicated than for the C
Ls spectra. Therefore, we shall first concentrate on the latter.

Figure 4 compares C 1s core level spectra of four differ-
ent H-terminated SiC surfaces: 6H-SiC(0001) (C-face), 4H

-SiC(1120), 4H-SiC(1100), and 6H-SiC(0001) (Si-face).
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FIG. 4. (Color online) Comparison of C 1s core level spectra of
H-terminated SiC surfaces taken at 350 eV. The binding energy is
given with respect to the bulk component.

The spectra of the basal planes have been discussed
elsewhere.*> The binding energy scale is given with respect
to the bulk contribution which was determined using a peak
fit routine as described below and in Ref. 43. It is evident
from Fig. 4 that the main peak is broadest for the C-face and
and most narrow for the Si-face. This is due to the fact that in
the first case the main peak is made up of two components
due to bulk emission and C-H entities, respectively.** No
C-H bonds are expected on the Si-face which consequently
shows a narrow line in the C 1s spectrum. For 4H-

SiC(1120) and SiC(1100) we observe strongly asymmetric
C 1s peaks (see Fig. 4) with a total width somewhere be-
tween the polar surfaces indicating that C-H bonds are
present but to lesser extend than on the C-face. Considering
that the nonpolar surfaces are made up of both Si and C
atoms this is quite understandable.

Figure 5 shows highly resolved C 1s core level spectra of

4H-SiC(1120) and 4H-SiC(1100) after hydrogenation taken
with two different photon energies as described in Sec. II.
The experimental data are shown as open circles. The main
lines show a clear asymmetry towards higher binding energy.
In addition there is a weak peak located around 2.2 eV
higher binding energy. Both, the asymmetry and the weak
extra peak are reduced in intensity when increasing the pho-
ton energy from 350 eV (upper spectrum) to 510 eV (lower
spectrum), i.e., when decreasing the surface sensitivity of the
measurement.

The result of a deconvolution of the spectra into different
components is shown in Fig. 5 as well. The individual peaks
were modeled using Voigt lines, i.e., a convolution of a
Lorentzain with a Gaussian distribution. For all components
the Lorentzian width w; was 0.18+0.01 eV. Prior to curve
fitting a linear background was subtracted from the data. In
some cases a Shirley background®® was also tested, leading
to practically identical results.

The C 1s spectra are made up of three components. Their
fit parameters are collected in Table I. The behavior of these
components upon changing the photon energy reveals that
two of them are due to emission from the surface and one is
due to emission from the bulk SiC. The latter component is
labeled “SiC.” The surface component labeled “Si;C-H” has
a chemical shift of 0.42+0.03 eV in good agreement with the
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(a) 4H-SiC(1120)
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FIG. 5. (Color online) C ls core level spectra of (a) 4H-
SiC(1120) and (b) 4H-SiC(1100) taken at two different photon
energies. The graphs also show the results of a deconvolution of the
spectra into different components. The binding energy is given with
respect to the bulk component.

value of 0.47+0.03 eV observed on the C-face.*> Therefore,
this component is assigned to carbon atoms bound to three
silicon atoms and one hydrogen atom. Di- and trihydrides
which would then be expected to lead to signals with chemi-
cal shifts of approximately 0.84 and 1.26 eV are obviously
below the detection limit. Note that the Gaussian width of
the monohydride component (Si;C-H) is larger by 0.15 eV
(see Table I) than that of the bulk component (SiC). This
somewhat increased Gaussian width (by approximately 20%)
must be due to a stronger inhomogeneous and/or phonon
broadening at the surface. Similar w; values were observed
for H-terminated {0001} surfaces of 6H-SiC.*>*3 Note that
the relative intensity of the monohydride component with
respect to the bulk component (0.52 at A.=3.0 A and 0.31

at Noy=4.6 A) for 4H-SiC(1100) is somewhat smaller than

what is observed on 4H-SiC(1120) (0.76 at A.=3.0 A and
0.46 at A\ ;=4.6 A). However, as will be discussed in detail
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below, they agree well with estimates based on a simple
layer attenuation models for certain surface structures.

The second chemically shifted component labeled “C,H,”
at 2.20-2.35 eV with respect to the bulk component (cf.
Table I) is due to a minute (few percent of a monolayer)
hydrocarbon contamination which results from the storage of
the sample in the vacuum transport vessel for up to two
days.*** The Gaussian width of this component, which on
account of its small intensity is difficult to determine exactly,
is approximately 1 eV which agrees well with values ob-
served for hydrocarbon contaminations on SiC surfaces***3
and seems to indicate that these carbon atoms are in a more
disordered arrangement than those giving rise to the other
components in the C ls spectrum.

Si 2p core level spectra of the four different H-terminated
SiC surfaces are compared in Fig. 6. All spectra were taken
with the same photon energy as the C 1s core level spectra
shown in Fig. 4. The monochromator setting was not
changed between the measurements of the C ls and Si 2p
core level spectra. Therefore, it is valid to give the binding
energy in Fig. 6 with respect to the C 1s bulk line thus
providing a reliable common energy reference.

The Si 2p core level spectrum of 6H-SiC(0001) is a
single spin-orbit split doublet** which accounts for emission
from the bulk. On the other hand, the Si 2p core level spec-
trum obtained from the H-terminated 6H-SiC(0001) surface
shows an asymmetric broadening towards higher binding en-
ergy which has already been discussed in a previous
publication.** The asymmetric shape is independent of dop-
ing type and doping concentration. Consequently an asym-
metric broadening due to inhomogeneous band bending can
be excluded. The asymmetry can also not be caused by the
presence of Si-O bonds because the samples were free of
oxygen as was demonstrated in Fig. 1. Therefore, it must be
concluded that this asymmetric broadening is due to the Si
atoms at the surface. As observed with the C 1s spectra
shown in Fig. 4, the Si 2p spectra of the nonpolar surfaces
show an asymmetric shape that lies between what is ob-
served for the C-face and the Si-face. This further supports
the explanation of the asymmetric line shape by Si atoms at
the surface.

Figure 7(a) depicts Si 2p spectra of H-terminated 4H-

SiC(1120) measured with two different photon energies.
Comparing the two spectra it is evident that reducing the
surface sensitivity reveals a slight reduction of the high bind-
ing energy shoulder of the Si 2p core level. This corroborates
the conclusion that the Si 2p core level spectrum contains a
surface component at higher binding energy although the
chemical shift must be rather small. Indeed, fitting the spec-
tra with only one spin-orbit split doublet leads to unsatisfac-
tory results. The results of a deconvolution of the spectra into
two components with the high binding energy component
being the surface component are also shown in Fig. 7(a). As
a constraint the surface to bulk intensity ratio was set to the
values obtained from the C 1s core level spectra. This as-
sumption is justified by the fact that the surfaces were ob-
served to be stoichiometric with a Si:C ratio of 1:1 and un-
reconstructed. Therefore, if the hydrogenation process leads
to a saturation of dangling bonds on the surface equal num-

245333-5



SEYLLER et al.

PHYSICAL REVIEW B 71, 245333 (2005)

TABLE 1. Summary of chemical shifts (AE,) and Gaussian widths (wg) in eV of the different components observed in C 1s and Si 2p
spectra. The Gaussian widths of the bulk components after annealing to 990 °C are given in parentheses. Lorentzian widths were
0.18+0.01 eV for the C 1s core level and 0.11+0.01 eV for the Si 2p core level, respectively.

4H-SiC(1120)

Level Label AE, wg Assignment
Cls SiC 0 0.59+0.03 SiC bulk
(0.75+0.03)
Si;C-H 0.42+0.03 0.72+0.05 C monohydride
C.H, 2.2+0.1 1.0+0.1 hydrocarbons
Scl —0.75+0.05 0.57+0.05 —
Sc2 0.80+0.05 0.85+0.1 —
Sc3 1.75+0.1 1.2+0.1 graphitic patches
Si 2p SiC 0 0.52+0.03 SiC bulk
(0.64+0.03)
C5Si-H 0.23+0.03 0.67+0.05 Si monohydride
Sl -0.28+0.05 0.730.06 —
Si-O 0.6+0.05 0.80+0.05 C5Si-0 suboxide
4H-SiC(1100)
Level Label AE, WG Assignment
Cls SiC 0 0.56+0.03 SiC bulk
(0.80+0.03)
SiC-H 0.42+0.03 0.67+0.05 C monohydride
C.H, 2.35+0.1 1.0£0.1 hydrocarbons
Scl -0.70+0.05 0.57+0.05 —
Sc2 0.85+0.05 0.85+0.1 —
Sc3 1.75+0.1 1.2+0.1 graphitic patches
Si 2p SiC 0 0.57+0.03 SiC bulk
(0.67+0.03)
C;Si-H 0.23+0.03 0.63+0.05 Si monohydride
Ss;il -0.28+0.05 0.73+0.06 —
Ssi2 -1.38+0.10 0.75+0.07 excess Si
Si-O 0.6+0.05 0.80+0.05 C;Si-0O suboxide
bers of C-H and Si-H entities will be formed. The chemical
shifts and Gaussian widths are listed in Table I. The compo-
Si2p, 350eV nent due to photoelectrons emitted from the bulk is labeled
—{0oon) “SiC.” The surface component labeled “C;Si-H” with a

——(1120)
—— (1700)
—— (0001)

intensity (arb. units)

......... e
-180 -18 -182 -183 -184
binding energy wrt. bulk C1s (eV)

FIG. 6. (Color online) Comparison of Si 2p core level spectra of
H-terminated SiC surfaces taken at 350 eV. The binding energy is
given with respect to the bulk component of the corresponding C 1s
core level spectra.

chemical shift of 0.23+0.03 eV is tentatively assigned to Si
atoms bound to three carbon atoms and one hydrogen atom.
Its chemical shift agrees well with the value of 0.2 eV deter-
mined for surface component assigned to the same configu-
ration on 6H-SiC(0001)-(1X 1)-H.*** In agreement with
the fits of the C s spectra discussed above nothing points to
the presence of di- and trihydrides. The Gaussian widths of
the two components (see Table I) show the same behavior as
observed with the C 1s core level spectra, i.e., the surface
component has a Gaussian width around 0.15 eV larger than
the bulk component indicating a stronger inhomogeneous
and/or phonon broadening at the surface.

Si 2p spectra collected from the H-saturated 4H-

SiC(1100) surface are plotted in Fig. 7(b). Again, the only
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(a) 4H-SiC(1120)

ho=170eV
A.=3.0A

ha=350eV
A =4.6A

intensity (arb. units)

rel. binding energy (eV)

(b) 4H-SiC(1700)
ho=170eV
A,=3.0A

he=350eV
A, =4.6A

intensity (arb. units)

rel. binding energy (eV)

FIG. 7. (Color online) Si 2p core level spectra of (a) 4H-
SiC(1120) and (b) 4H-SiC(1100) taken at two different photon
energies. The graphs also show the results of a deconvolution of the
spectra into two spin-orbit split doublets. The binding energy is
given with respect to the bulk component.

noticeable difference between the two experimental spectra
is a slight reduction of the shoulder at higher binding energy
at higher photon energy. The spectra were also modeled with
two spin-orbit split doublets which are labeled “SiC” and
“C;3Si-H” and which we suggest to have the same origin as
the two components obtained for 4H-SiC(1120). As a con-
straint the chemical shift of the monohydride component has
been set to the value of 0.23 eV determined for 4H-
SiC(1120). The chemical shifts and Gaussian widths of the
two components determined for H-terminated 4H-
SiC(1100) are also collected in Table L. In compliance with
the C s spectra, the relative intensity of this component with
respect to the bulk component was determined as 0.50 at
Nerr=3.0 A and 0.30 at A=4.6 A. The Gaussian widths (see
Table I) show the same behavior as seen for the correspond-
ing components in the Si 2p core level spectra of 4H-

SiC(1120) as well as in the C s spectra discussed above.
Again, di- and trihydrides are not observed.

PHYSICAL REVIEW B 71, 245333 (2005)

IR

Ge prism

q’
S NS
L7  SiC|

N
s [0001]

s-polarization
©, p-polarization

p-pol.
7l s-pol.
S Si-H: 2116.3cm”
g
s
[0]
[&]
=
©
]
[e]
172
Ke)
©
2200

wave number (cm’1)

FIG. 8. (Color online) FTIR-ATR spectra of the Si-H stretch
mode region taken from H-terminated 4H-SiC(1100). The sketch

above the spectrum shows the measurement geometry used for this
experiment.

In the light of the rather small intensity of the silicon
monohydride component in the Si 2p spectra of
H-terminated 4H-SiC(1100) we have also investigated this
surface for Si-H bonds by Fourier-transform infrared ab-
sorption spectroscopy in the attenuated total reflection mode
(FTIR-ATR). Figure 8 shows FTIR-ATR spectra of the
Si-H stretch mode region. Also shown is a sketch of the
measurement geometry indicating the orientation of the elec-
tric field vector of the IR radiation with respect to the crystal
lattice. The spectrum recorded in p polarization shows a
sharp Si-H stretch mode at 2116.3 cm™! which is proof of
Si-H monohydrides on the surface. Dihydrides and trihy-
drides which are expected®**°! to lead to signals at around
2150 and 2170 cm™', respectively, are absent. This supports
the interpretation of the Si 2p spectra above. In addition, the
Si-H stretch mode is visible only in p polarization and ab-
sent in s polarization. As can be seen from the drawing in
Fig. 8, the sample was oriented in such a way that the elec-

tric field vector in s polarization was parallel to the [1120]
direction. Thus, the Si-H bonds are oriented in a way that
their dipole moment has a vanishing component in in that
direction.

As can be seen from the discussion above, the analysis of
the photoemission data of H-terminated polar 6H-SiC0001

surfaces***3 and nonpolar 4H-SiC(1100) and (1120) sur-
faces leads to consistent results. The saturation of surface
dangling bonds on SiC surfaces with hydrogen leads to
chemically shifted components in the C 1s and Si 2p spectra
at average values of +0.45 eV and +0.22 eV, respectively.
The components are assigned to “SizC-H” and
“C5Si-H” configurations, respectively. Of the elements un-
der consideration, Si has the smallest electronegativity of
1.8, carbon the largest (2.5) and hydrogen a value in between
(2.1).52 Replacing a C-Si bond by a C-H bond should, there-
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[1120]

[0001]

FIG. 9. (Color online) Side view projection of the H-terminated

4H-SiC(1120) surface. The vertical dashed lines indicate the di-
mension of the (1 X 1) unit cell in the direction of the ¢ axis.

fore, lead to higher C ls core level binding energy, which
agrees with the experimental finding. On the other hand, a
shift to lower binding energy is expected for the Si 2p core
level. This is at variance with the core level data. As was
shown in previous work on amorphous a-Si;_,C,:H,> the
replacement of a
Si-Si bond by a Si-C bond increases the Si 2p core level
binding energy by 0.3 eV. At the same time, the replacement
of a C-C bond by a C-Si bond causes the C 1s core level
binding energy to shrink by 0.35 eV. Taking into account the
electronegativities of the elements Si, C, and H we estimate
expected chemical shifts of —0.17eV  for the
“C;Si-H” configuration and +0.15 eV for the “Si;C-H” con-
figuration, respectively. The latter value differs from the ex-
perimental value by 0.3 eV which may indicate that the ob-
served shift is not purely due to initial state effects.
Therefore, we suggest that final state effects may be respon-
sible for the unexpected sign of the Si 2p surface chemical
shift. It is conceivable that screening of the core hole by
extra-atomic relaxation is less effective for surface atoms
than for bulk atoms. Then a small chemical shift due to ini-
tial state effects may be overridden by final state effects and
a reversed net chemical shift may be observed.

C. Structure models of H-terminated nonpolar surfaces
The spectroscopic data discussed above can be used to
develop structure models for the hydrogenated a planes of

4H-SiC. In the case of 4H-SiC(1120) this is rather simple.
XPS has shown that the surface is stoichiometric with a Si:C

(a) (b)
. Si facet

,,,,,,
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ratio of 1:1. The LEED data indicate that the surface has a
(1 X1) periodicity and using SXPS we have determined
chemically shifted components which were assigned to sili-
con and carbon monohydrides (C;Si-H and Si;C-H). These
experimental results are compatible with the structure de-
picted in Fig. 9. It consists of a simple bulk-terminated and
unreconstructed surface on which one dangling bond per sur-
face atom (eight per unit cell, see also Fig. 3) is saturated by
hydrogen in the form of monohydrides. The surface should
therefore be referred to as 4H-SiC(1120)-(1 X 1)-8H struc-
ture. Using a simple layer attenuation model for estimating
the relative intensities of the surface components with re-
spect to the bulk components values of 0.68 and 0.40 for
effective sampling depths A of 3.0 and 4.6 A are obtained
for this model. These numbers agree fairly well with the
experimental results of 0.76 and 0.46, respectively. The sur-
face to bulk ratios quoted above are lower than the corre-
sponding ratios observed on the polar {0001} surfaces.*? This
is due to the fact that on the polar surfaces only one type of
monohydrides is present, i.e., the Si face contains Si-H only
and the carbon face is terminated by C-H. On the other

hand, the ideal hydrogenated 4H-SiC(1120) surface contains
Si and C monohydrides in equal amounts, which reduces the
surface to bulk ratio in the individual corelevel spectra.

In the case of H-terminated 4H-SiC(1100) the number of
possible (1X 1) surfaces is more abundant as shown in Fig.
10. In order to identify the correct structure, the number of
dangling bonds has to be considered which are formed when
the surface is created and which are saturated by hydrogen.
As can be seen from Fig. 10, the configuration of Fig. 10(a)
contains equal amounts of Si and C atoms with one
H-saturated dangling bond. The surfaces shown in Figures
10(b) and 10(c) contain equal amounts of mono- and di-
hydrides. Finally, the surface shown in Fig. 10(d) is made up
of dihydrides only. All these (1 X 1) surfaces fulfill the re-
quirement of a Si:C ratio of 1:1. However, only the configu-
ration shown in Fig. 10(a) is compatible with the fact that
only monohydrides were observed in the SXPS and FTIR-
ATR spectra. The structure should be referred to as 4H

-SiC(1100)-(1 X 1)-4H structure.

Closer inspection of this structure reveals that it is made
up of Si-face and C-face nano-facets. Applying a layer at-
tenuation model to this structure yields theoretical estimates
for the monohydride to bulk intensity ratio of 0.42 and 0.28
at Ao of 3.0 and 4.6 A, respectively, which is in fair agree-

(c) (d)

FIG. 10. (Color online) Side view projection of the four different possible structures of H-terminated 4H-SiC(1100) with (1X1)
periodicity. The vertical dashed lines indicate the dimension of the (1X 1) unit cell in ¢ axis direction.
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ment with the experimental values (0.50 and 0.30). Note that

these ratios are smaller than on the (1120) surface because
only one half of the atoms of each element in the surface
layer are bound to hydrogen and the other half is in a chemi-
cal environment equivalent to the bulk (see Fig. 10).

The Si-H and C-H bonds of the proposed 4H-

SiC(1100)-(1 X 1)-4H structure [see Fig. 10(a)] are not per-
pendicular to the macroscopic surface plane. The angle be-
tween the Si-H and C-H bonds and the surface normal
amounts to 19.5 deg. However, these bonds are lying in the
drawing plane and, therefore, their dipole moment has a zero

component in [1120] direction. In agreement with that, the
Si-H stretch mode was only observed in p polarization but
not in s polarization with the electric field vector parallel to
that direction.

Rauls et al.?’? used a self-consistent charge density-
functional based tight-binding method (SCC-DFTB) to study
the energetics of the clean a planes of 2H-, 4H-, and 6H-
SiC, i.e., surfaces without dangling bond saturation. They
predict that a structure similar to the one shown in Fig. 10(a)
is energetically favorable compared to the structures in Figs.
10(b) and 10(c). Considering the number of dangling bonds
of the individual structures this result is not surprising. How-
ever, in the presence of hydrogen this could be different. The
Si-H and
C-H bonds of the dihydrides in Figs. 10(b)-10(d) are not
parallel to the paper plane but tilted. The formation of
Si-Si and C-C bonds in the surface seems possible which
would lead to a (2 X 1) reconstruction. However, this was not
observed even after thermal desorption of hydrogen from the
surface (see below).

D. Thermally induced surface reactions

It was recently reported by Virojanadara et al.?° that an-

nealing ex situ cleaned 4H-SiC(1100) and 4H-SiC(1120)
surfaces at 1000 °C leads to clean (oxygen free) and unre-
constructed surfaces. The C 1s spectra obtained in this way
contained quite intense chemically shifted surface compo-
nents but their Si 2p spectra showed only a very weak sur-
face component at —0.6 eV. This was taken as evidence for
carbon enrichment on their surfaces which was supported by
an increase of the carbon to silicon intensity ratio. This is in
contradiction to the theoretical work by Rauls et al.?® who
proposed Si-rich reconstructions which are stable even under
carbon rich conditions. Because the H-terminated SiC sur-
faces provide an oxygen-free and stoichiometric starting
point we investigated in how far temperature induced surface
reactions and reconstructions occur. This was accomplished
by observing core level spectra and LEED patterns after an-
nealing the surfaces at different temperatures up to 990 °C.

However, for both 4H-SiC(1100) and 4H-SiC(1120) the sur-
face periodicity was observed to remain unchanged (1X 1)
after all annealing steps.

Si 2p core level spectra of 4H-SiC(1120)-(1 X 1)-8H af-
ter annealing at various temperatures are depicted in Fig.
11(a). The Si 2p spectrum remains basically unchanged after
annealing at 520 °C but indicates a slight broadening after
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FIG. 11. (Color online) (a) Si 2p spectra taken at Aw=170 eV of
4H-SiC(1120)-(1 X 1)-8H after successive annealing steps in UHV.
(b) Si 2p spectra taken at two different photon energies after an-
nealing at 990 °C together with the result of a peak fit. (c) Relative
intensities of the different components in the Si 2p core level spec-
tra of 4H-SiC(1120)-(1 X 1)-8H taken at Aw=170 eV as a function
of annealing temperature. The relative error in the intensities is
estimated to be +10%.

annealing at 680 °C. Increasing the temperature to 820 °C
leads to a slight asymmetry at the higher binding energy side.
The Si atoms responsible for this asymmetric broadening are
located at the surface because the strength of the asymmetry
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is lowered when the surface sensitivity is decreased by in-
creasing the photon energy (not shown). Such an asymmetry
at higher binding energy side is caused by the presence of
small amounts of oxygen on the surface. It is known from
our previous studies of 6H-SiC(0001) that the desorption of
hydrogen occurs at temperatures of around 750 °C.** The
desorption of hydrogen is likely to lead to silicon dangling
bonds, which are very susceptible to oxidation by oxygen
containing species in the residual gas of the ultrahigh
vacuum (UHV) chamber. The presence of small amounts of
oxygen (<0.15 monolayers) was also established by XPS
survey scans. The O-induced asymmetry is reduced by an-
nealing at higher temperatures indicating a desorption of the
intermediate oxygen contaminants. In addition to this obser-
vation, the low-energy flank of the Si 2p main line appears
less steep than observed on the hydrogenated sample indicat-
ing the presence of a component at lower binding energy
than bulk SiC. Varying the effective sampling depth reveals
that the Si atoms responsible for this feature are located at
the surface.

In order to gain more insight into the behavior of the core
level spectra each of them was deconvoluted into a number
of chemically shifted components. The chemical shifts and
Gaussian widths of the components used are summarized in
Table I. Figure 11(b) shows an example of such a peak fit to
the Si 2p spectra taken after annealing at 990 °C. A chemi-
cally shifted surface component (Sg;1) at —0.28+0.05 eV is
required to fit the spectra. Its Gaussian width amounts to
0.73+0.06 eV. The Gaussian width of the bulk component
increases due to the annealing so that it reaches a value of
0.64+0.03 eV after the final annealing step (see Table I). A
comparable behavior was observed with the polar basal
planes.*? Corresponding peak fits of the spectra acquired af-
ter annealing at lower temperatures included a surface com-
ponent (Si-O) located at 0.6+0.05 eV relative binding en-
ergy with a Gaussian width of 0.80+0.05 eV due to the
intermediate oxygen contamination mentioned above. The
evolution of the relative intensities of the components SiC,
C3Si-H, Si-0O, and Sg1 in the Si 2p spectra taken with
170 eV photons with annealing temperature is displayed in
Fig. 11(c). The relative intensity /" of a given component is
defined as I''=1,/=,I, where I, is the intensity of component
x and the sum runs over all components y including compo-
nent x. It is evident that the components Sg;1 and Si-O are
formed at the same time as the mono-hydride component
C3Si-H vanishes. Note that the latter has disappeared com-
pletely at 680 °C. Si-O vanishes at the highest annealing
temperature, whereas the surface component Sg;1 remains
present.

Figure 12(a) shows the corresponding C 1s spectra. No
significant changes are observed after annealing at 520 °C
except for a reduction of the minor hydrocarbon contamina-
tion. At 680 °C a shoulder appears at —0.7 eV. This shoulder
remains basically unchanged by the subsequent annealing
steps. On the other hand, heating the sample at 820 °C leads
to an asymmetric broadening at higher binding energy, which
is caused by a further chemically shifted component as dis-
cussed below. Finally, an additional signal shows up at
around 1.75 eV with respect to the bulk component which is
weak first but clearly discernible after annealing at 990 °C.
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FIG. 12. (Color online) (a) C 1s spectra taken at hw=350 eV of
4H-SiC(1120)-(1 X 1)-8H after successive annealing steps in UHV.
(b) C 1s spectra taken at two different photon energies after anneal-
ing at 990 °C together with the result of a peak fit. (c) Relative
intensities of the different components in the C 1s core level spectra
of 4H-SiC(1120)-(1 X 1)-8H taken at Aw=350 eV as a function of
annealing temperature. The relative error in the intensities is esti-
mated to be +10%.

Varying the photon energy reveals that all three additional
components are due to carbon atoms located at the surface.

Figure 12(b) depicts a fit of the C 1s spectra taken after
annealing at 990 °C. Four components were used: The bulk
component (SiC) and three chemically shifted surface com-
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ponents denoted Sc1, S¢2, and S3 with chemical shifts of
—-0.75+0.05, 0.80+0.05, and 1.75+0.1 eV, respectively. The
Gaussian widths are compiled in Table I. As observed with
the Si 2p core level, the Gaussian width of the bulk compo-
nent is increased after the annealing.

The evolution of the different chemically shifted compo-
nents in the C 1s core level spectra taken at a photon energy
of 350 eV can be seen in Fig. 12(c) where their relative
intensities are plotted as a function of annealing temperature.
It is evident from Fig. 12(c) that S¢1 is the first component
which is formed and that its appearance is accompanied by a
reduction of the carbon monohydride component (Si;C-H).
After the formation of Sc1 is completed, Sc2 starts to de-
velop and the monohydride component vanishes completely
at 820 °C. Note that the carbon mono-hydride component
(SizC-H) survived longer than the silicon mono-hydride
component (C;Si-H), which had already disappeared after
annealing at 580 °C [see Fig. 11(c)]. This is consistent with
a stronger C-H bond as compared to the Si-H bond. At
820 °C, where Sc1 and Sc2 are fully developed and Sc3 is
still small (4% of the whole C 1s signal) the intensity ratio
(Sc1+S¢2)/SiC is 0.71, which is in good agreement with the
monohydride to bulk ratio of 0.76 determined for the
H-terminated surface. This seems to indicate that approxi-
mately one monolayer of carbon atoms is involved in the
formation of the two surface components Sc1 and Sc2. Fi-
nally, Sc3 evolves after the completion of Sc1 and Sc2.

The microscopic origin of the chemically shifted compo-
nents in the C 1s spectra as well as in the Si 2p spectra is
hard to tell. A discussion of this matter will follow after the
analysis of corresponding data obtained from 4H-
SiC(1100).

Figure 13(a) depicts Si 2p core level spectra taken from
4H-SiC(1100)-(1 X 1)-4H after successive annealing steps in
UHYV. The behavior of the spectra is very similar to what was

observed with 4H-SiC(1120). The Si 2p spectrum is basi-
cally unaltered after annealing at 520 °C. It shows a slight
broadening after annealing at 680 °C and as with 4H-

SiC(1120) a slight asymmetry at the higher binding energy
side indicates the presence of oxygen on the surface. The
O-induced asymmetry is reduced by annealing at higher tem-
peratures indicating a desorption of the intermediate oxygen
contaminants. The low-energy flank of the Si 2p main line
appears less steep as compared to hydrogenated sample,
again indicating the presence of a component at lower bind-
ing energy than bulk SiC. In addition, an extremely weak
surface component at —1.3 eV is observed after annealing at
940 °C which was not present on the other surface.

As with 4H-SiC(1120) the spectra were further analyzed
by peak fitting. For the Si 2p spectra taken after annealing at
990 °C the result is plotted in Fig. 13(b). The spectrum con-
sists of four components (see also Table I). One component
(SiC) is assigned to emission from the bulk. The other com-
ponents are due to emission from surface atoms and are lo-
cated at —0.28+0.05 eV (Sg1), —1.38+0.10 eV (Sg;2), and
0.60+0.05 eV (Si-0). Their temperature dependence is plot-
ted in Fig. 13(c). The behavior of the four components SiC,
C3Si-H, Sg1, and Si-O is in agreement with the observa-
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FIG. 13. (Color online) (a) Si 2p spectra taken at Aw=170 eV of
4H-SiC(1100)-(1 X 1)-(1 X 1)-4H after successive annealing steps
in UHV. (b) Si 2p spectra taken at two different photon energies
after annealing at 990 °C together with the result of a peak fit. (c)
Relative intensities of the different components in the Si 2p core
level spectra of 4H-SiC(1100)-(1X1)-(1X1)-4H taken at fiw
=170 eV as a function of annealing temperature. The relative error
in the intensities is estimated to be +10%.

tions made on the (1 150)—surface. The extremely weak com-
ponent Sg;2 is only visible after annealing at 940 °C and
amounts to ~1% of the integrated Si 2p intensity.
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FIG. 14. (Color online) (a) C s spectra taken at Aw=350 eV of
4H-SiC(1100)-(1 X 1)-4H after successive annealing steps in UHV.
(b) C 1s spectra taken at two different photon energies after anneal-
ing at 990 °C together with the result of a peak fit. (c) Relative
intensities of the different components in the C 1s core level spectra
of 4H-SiC(1100)-(1 X 1)-4H taken at Aiw=350 eV as a function of
annealing temperature. The relative error in the intensities is esti-
mated to be £10%.

The C ls spectra are shown in Fig. 14(a). No major
changes are observed after annealing at 520 °C. At 680 °C a
shoulder becomes visible at —0.70 eV, which remains basi-
cally unchanged by annealing at higher temperatures. At
820 °C a shoulder appears at around 0.85 eV higher binding
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energy. Finally a further signal at around 1.75 eV with re-
spect to the bulk component shows up after annealing at
990 °C. Variation of the photon energy reveals that all these
additional components are due to atoms located at the sur-
face.

Fitting results obtained for the C s spectra acquired after
the final anneal at 990 °C are given in Fig. 14(b). The spec-
tra were deconvoluted into four components as was done

with the corresponding spectra of 4H-SiC(1120). The chemi-
cal shifts and Gaussian widths of the components are
summarized in Table I. One component (SiC) is
assigned to emission from the bulk. The others are surface
components and are located at —0.70+0.05 eV (Scl),
0.85+0.05 eV (Sc2) and 1.75%£0.05 eV (S¢3). The evolu-
tion of the chemically shifted components with increasing
temperature is displayed in Fig. 14(c). In agreement with the
Si 2p spectra the temperature dependence of the different
components is very similar to what was observed on the
other a-plane. Again we note that the carbon mono-hydride
component SisC-H survives longer than the silicon mono-
hydride component in the Si 2p spectra.

As mentioned before, Virojanadara et al.?® observed
chemically shifted components in the C 1s core level spectra
obtained after annealing ex situ cleaned, nonpolar 4H-

SiC(1100) and 4H-SiC(1120). A temperature of 1000 °C
was required to completely remove oxygen from the
surfaces.?’ Two chemically shifted components are reported
to exist in the C 1s spectra, which are located at —0.69+0.03

and 0.77+0.04 eV on 4H-SiC(1100) and —0.68+0.04 and

0.67+0.8 eV on 4H-SiC(1120), respectively. These values
agree well with the shifts of the surface components Sc1 and
Sc2 observed in the present study. The relative intensities of
these surface components are quite similar. In addition, they
also observe a further component with a chemical shift
around 2 eV which is in fair agreement with our component
Sc3. This component is weaker in the work of Virojanadara
et al.® In fact, the intensity of their graphite component
agrees more with what we observe at temperatures of 820
and 940 °C. A possible reason for this will be discussed
below.

Despite the strong similarities between the C ls spectra
observed by Virojanadara et al.’° and those obtained in the
present work, the Si 2p spectra are markedly different in that
the Si 2p spectra obtained by the Swedish group show only a
weak surface component at —0.6 eV.?° Its intensity is hard to
estimate but it is of the order of 1/5 of our surface compo-
nent Sg;1. The component was attributed to Si clusters or
dispersed Si atoms in a carbon rich surface layer. In the
present work the Si-2p core level spectra taken after anneal-
ing at 990 °C show a more intense surface related compo-
nent (Sg;1) with a smaller chemical shift. In addition, XPS in
our home laboratory as well as corresponding measurements
using synchrotron radiation show no significant change in
the C-Si ratio when the H-terminated samples are annealed
up to 990 °C. Based on the structures presented above we
estimate that half a monolayer of additional carbon atoms on

H-SiC(1120) would increase the C 1s/Si 2p ratio in our
experiment by approximately 15% which is not observed.
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Therefore, we have to conclude that the stoichiometry of our
surfaces is not strongly affected by the annealing procedure.

A possible explanation for the discrepancy between our
results and the work of Virojanadara and Johansson?® would
be that the desorption of oxygen from the ex sifu cleaned
surfaces may commence via desorption of SiO. It is well
known from Si surfaces that SiO, desorbs as SiO>* via the
reaction

Si + Si0, — 2Si07. 2)

Therefore, if SiO desorption occurs via this reaction,
cleaning the ex situ prepared surfaces by annealing in UHV
could result in a silicon depleted surface, which in turn could
be responsible for the absence of the surface component Sg;1
in the Si 2p spectra in Ref. 20.

A clear identification of the bonding arrangements respon-
sible for the surface components observed after the indi-
vidual annealing steps is difficult. Only the component
Si-0, due to an intermediate oxygen contamination of the
surface, can readily be identified. Its relative binding energy
of 0.60 eV with respect to SiC bulk agrees well with previ-
ous observations made on wet-chemically cleaned SiC
surfaces,***’  the  silicate  adlayer  structure  on
6H-SiC(0001),> or with oxidation studies of SiC surfaces.??

On account of its chemical shift of 1.75 eV and its large
Gaussian width of 1.2 eV surface component Sc3 present in
the C s spectra after annealing of the surfaces could be
explained by the formation of graphitic patches on the sur-
face. A similar component was observed in C 1s spectra after
thermal desorption of hydrogen from H-terminated 6H-
SiC(0001) at 820 °C* and after annealing of wet-chemically
cleaned 6H-SiC(0001) surfaces at 950 °C.% In both studies
a Si-rich (V’EX V3)R30° reconstruction with Si adatoms in T,
sites’’ was observed after annealing. As discussed
elsewhere** the graphltlc patches observed simultaneously
with the Si-rich (y3 X \r3)R30° reconstruction are due to a
disproportionation of the SiC surface which is necessary in
order to provide the Si atoms forming the adatom structure at
elevated temperatures. The graphitic component on the non-
polar surfaces is weaker in the work of Virojanadara et al.?
This may be caused by differences in the temperature mea-
surement but it may also indicate that graphitization is taking
place only when most of the oxygen has been desorbed.

The tiny component Sg;2 at —1.38 eV observed on 4H-

SiC(1100) after annealing at 940 °C and higher is likely to
have an origin analogous to Sc3. Its chemical shift is indica-
tive for elemental Si and the small intensity suggests that it is
not located in any ordered part of the surface. Therefore, we
suggest that it is due to a small amount of elemental Si in
disordered areas of the surface in analogy to the Sc3 com-
ponent.

The situation is more complicated for the remaining com-
ponents Sc1, Sc2, and Sg;1. Chemically shifted surface com-
ponents with shifts similar to our results were observed with
reconstmcted d hexagonal SiC surfaces. In the case of the Si-
rich (13 % \3)R30° reconstruction on SiC(0001) a surface
component with a chemical shift of —0.33 eV is observed
which is caused by the Si atoms in the topmost bilayer.*3-¢
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These Si atoms are bound to three carbon atoms of the same
bilayer and to the Si adatoms which reside in the T,
position.’” At the same time a surface component is observed
at —0.45 to —0.60 eV in the C 1s spectrum**° which is at-
tributed to the carbon atoms of the topmost bilayer. The
chemical shifts of —0.28 eV determined for Sg;1 and 0.65 eV
for Sc1 may suggest that a sunllar - bonding arrangement as
observed with the Si-rich (\3>< V3)R30° reconstruction is
present on the nonpolar surfaces as well. However, a Si ada-
tom structure would likely lead to a surface periodicty devi-
ating from the observed (13X 1) peridicity. In addition, the
spectra are lacking the signature of Si adatoms. Therefore,
the possibilty of an adatom structure seems rather unlikely.
Component Sc2 with a chemical shift of 0.75 eV suggests
the presence of carbon atoms for which part of the Si neigh-
bors has been replaced by C atoms. Since the replacement of
one Si-C bond by one C-C bond would add a binding en-
ergy of 0.35 eV one would estimate that these carbon at-
oms have forfeited two silicon neighbors which were re-
placed by bonds to carbon atoms.

But shifted surface components can not only be caused by
different chemical environments. Surface buckling induced
by charge transfer from surface cations to surface anions and
accompanying surface core level shifts are well known for
nonpolar (110) surfaces of III-V and II-VI semiconductors.’®
Surface buckling was predicted for clean nonpolar SiC
surfaces.?” While the possibility for buckling is constrained

to the topmost Si and C atoms on 4H-SiC(1100) there are no

constraints on 4H-SiC(1120). The buckling is induced by
charge transfer from the silicon dangling bond to the carbon
dangling bond, which causes the carbon atom (surface anion)
to move outward and the silicon atom (surface cation) to
move inward.”” Due to the change in atomic charge of the
relaxed surface atoms this would be likely to cause one
chemically shifted surface component in both Si 2p and C 1s
spectra with higher and lower binding energy than the bulk
component, respectively. The analogon of this expectation is
fulfilled for many nonpolar (110) surfaces of III-V and II-VI
semiconductors®® but it is not in agreement with the experi-
mental observations made in our case in that the C 1s core
level has more than one surface component and that the Si
2p surface component is located at lower binding energy
than the bulk. This may indicate that the reality is more
complicated on the SiC surfaces. On the other hand it is
unclear whether or not the surface components in Si 2p and
C 1s spectra belong to the same surface structure. Photoelec-
tron spectroscopy is not a local technique, i.e., it averages
over a large portion of the surface which could consist of
patches of locally different surface structures. This may be
clarified by STM.

IV. CONCLUSION

In this paper we have presented spectroscopic results ob-

tained for hydrogenated 4H-SiC(1120) and (1100) surfaces.
The C 1s core level spectra show a chemically shifted com-
ponent at 0.42 eV higher binding energy which is assigned to
carbon atoms in a SisC-H monohydride configuration. The
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Si 2p core level spectra indicate the presence of chemically
shifted component at 0.23 eV which is tentatively assigned
to Si atoms in a C3Si-H mono-hydride configuration. This
assignment is in contradiction to expectations based on ini-
tial state effects but is supported by comparison with spectra
obtained from the H-saturated basal planes. It is suggested
that the final state effects are responsible for the surface shift
to higher binding energy. Furthermore, the H-terminated sur-
faces are stoichiometric and unreconstructed. Structural
models were proposed for the two hydrogen saturated non-

polar surfaces of 4H-SiC. The 4H-SiC(1120)-(1X 1)-8H
surface consists of a simple bulk truncation with one dan-
gling bond per surface atom. The total of eight dangling
bonds per unit cell are saturated by hydrogen. The 4H-

SiC(1100)-(1 X 1)-4H surface consists of (0001) and (0001)
nano-facets. The dangling bonds on these nano-facets (a total
of four per unit cell) are saturated in the form of Si-H and
C-H monohydrides, respectively.

Thermal desorption of hydrogen from these surfaces leads
to characteristic changes in the Si-2p and C s core level
spectra, although the surface Si:C ratio and the (1X 1) peri-
odicity remain unaltered. A simple explanation for all the
observed surface components cannot be provided. However,
the results question the claims by Virojanadara and
Johansson?? that clean nonpolar surfaces of 4H-SiC are char-
acterized by carbon enrichment. On the other hand, Si rich
reconstructions predicted by the theoretical work of Rauls et
al.*® do not appear to be compatible with the experimental
observations either. This is supported by our ongoing work

on Si rich structures on 4H-SiC(1100) which showed mark-

edly different chemically shifted components in the Si 2p
spectra than the spectra presented above.3! It is suggested to

PHYSICAL REVIEW B 71, 245333 (2005)

address the open questions by investigations using scanning
tunneling microscopy (STM) and LEED-/(E) analyses.

One-dimensional metallic nano-wires have recently at-
tracted much interest due to their expected unusual electronic
properties>® such as a deviation from the Fermi liquid behav-
ior. One-dimensional nano-wires have previously been pre-
pared on vicinal metal and semiconductor surfaces.”® How-
ever, hybridization of the electronic states of the substrate
with those of the nano-wire can adversly affect its electronic
properties. For the large band gap semiconductor SiC we
expect only a weak interaction between the substrate and the
nano-wire. In addition, the nano-facet structures proposed for
H-terminated H-SiC(1100)-(1 X 1)-4H are of particular in-
terest because they provide a template for growing a high
density of such wires. Furthermore, the distance between in-
dividual wires can be enlarged from 1 to 1.5 nm by going
from 4H-SiC to 6H-SiC thus allowing to study the interac-
tion between individual nano-wires as their distance is var-
ied. The availability of such a modulated surface of a wide
band gap semiconductor may open new possibilities to study
the properties of metallic one-dimensional adsorbates.
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