Eur. Phys. J. B 9, 179-182 (1999)

Rapid Note

THE EUROPEAN
PHYSICAL JOURNAL B

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 1999

Vibrations at 3C-SiC(001)-(3 x 2) surfaces

H. Nienhaus?®, V. van Elsbergen, and W. Monch

Laboratorium fiir Festkorperphysik, Gerhard-Mercator-Universitat Duisburg, 47048 Duisburg, Germany

Received 18 January 1999

Abstract. Si-terminated 3C-SiC(001) surfaces with (3 x 2) and (2 x 1) reconstructions were investigated by
high-resolution electron energy-loss spectroscopy (HREELS), low-energy electron diffraction (LEED) and
Auger electron spectroscopy. The surfaces were prepared by subsequent annealing steps after cleaning by
heating in a Si flux. At (3 x 2)-reconstructed surfaces, the HREELS intensity increases while the widths of
the loss lines decrease with proceeding preparation. Eventually, weak loss structures at 380 and 700 cm™*
are detected besides the strong Fuchs-Kliewer phonon loss peaks. They are attributed to surface-localized
vibrations, i.e., to stretching modes of on-top Si dimers and of C-Si-C groups, respectively. The weak
features vanish after exposure to atomic deuterium, but reappear after subsequent annealing. At (2 x 1)
reconstructed surfaces the HREELS lines are broadened and no surface-localized modes were resolved.

PACS. 68.35.Ja Surface and interface dynamics and vibrations — 79.20.-m Impact phenomena (including

electron spectra and sputtering)

Within a decade, SiC has developed to a material of high @ %e-° %6 ° %

technological relevance [1]. The improved quality of SiC ©j0 00,0000

single crystals has made outstanding electronic applica- 0o o %6 ° %6 Osiaoms

tions like high-temperature devices feasible and has of- © 0000000 4giwm

fered a substrate for the epitaxial growth of group-III ni- 98 ° 99 ° %L ow

trides [1,2]. Likewise, the research on fundamental bulk 00 0o0O0O0O0O0

and surface properties of SiC was initiated. Among the 09099090

surfaces of the numerous modifications of SiC, the polar 00 000000

{001}-oriented surfaces of the cubic-structured material,

3C-SiC, have focussed much attention. For Si-terminated

surfaces, a variety of (5 x 2), (3 x2), (2x 1) and c(4 x 2) b) 8. %6 %6 Ss

reconstructions have been reported and investigated [3]. © 060 0/0 000

However, the surface structures are still not uniquely char- PR E %S %S %S osiaoms

acterized to discriminate between competing models. 0019591998 3.8 esidimes
Here we address the (3 x 2) reconstruction which © 0000000

is formed by a Si adlayer on the ideally Si-terminated 00000000

SiC(001) surface. Although extensively studied by vari- 0 00O0O0O0O0O0

ous experimental and theoretical methods [3-13], two con- 000000 OO0

flicting models of the geometric structure of 3C-SiC(001)-
(3 x 2) surfaces are presently under discussion. Yan et al.
proposed an alternate dimer-row model sketched in Fig-
ure la where the Si adlayer and the Si restlayer beneath
are shown [4]. The adlayer atoms form tilted dimers where
two dimers per (2 x 3) unit cell are missing. To allow a
semiconducting surface the Si restlayer is expected to form
dimers perpendicular to the adlayer dimers, not shown in
Figure 1la. The coverage of the adlayer amounts to 1/3 of
a monolayer (ML) what agrees well with experimental ob-
servations [5-7]. Recent atom-resolved scanning tunneling

® e-mail: nienhaus@uni-duisburg.de

Fig. 1. Proposed atomic arrangements of 3C-SiC(001)-(3 x 2)
surfaces; (a) alternate dimer-row model; (b) double dimer-row
model.

microscopy (STM) studies by Semond, Soukiassian et al.
on single domain 3C-SiC(001)-(2 x 3) surfaces confirm
this structure model [8]. In contrary, the double dimer-row
model describes dimer rows in the Si adlayer where every
third row is missing as shown in Figure 1b. It was first sug-
gested by Dayan [9,10] and supported by STM measure-
ments of Hara et al. if a buckling of the dimers is included
[11]. Recent high-resolution photoemission data by Yeom
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et al. are also well explained within this model [12]. Fur-
ther experimental evidence comes from low-energy elec-
tron diffraction (LEED) results concerning the (3 x 2) ori-
entation relative to the (2 x 1)-reconstructed surface as
well as the structural change from (3 x 2) to (3 x 1) af-
ter hydrogenation [3,11]. The respective coverage of the
adlayer is 2/3 ML which is inconsistent with the above
mentioned experimental results. The controversy may be
resolved if there is a low- and a high-coverage (3 x2) recon-
struction depending on the preparation process and sam-
ple treatment [3]. Recently, a third model was announced
but not yet published which is supposed to describe the
available data consistently [13]. It is based on ab initio
pseudopotential total energy and grand canonical poten-
tial calculations and suggests a full Si adlayer. The various
studies demonstrate that much effort was focussed on the
geometric and electronic structure as well as the chemical
composition of 3C-SiC(001)-(3 x 2) surfaces. Obviously,
the collected data are still not sufficient to resolve the de-
bate.

Almost no attention has been spent on the dynamics
of SiC surfaces both in experiment and theory although
surface-localized vibrations are known to be closely
related to structure and extremely sensitive to any sur-
face modification. This has been successfully demon-
strated for (110) surfaces of III-V compound semi-
conductors and for Si(001) [14,15]. So far, vibrational
spectroscopy using high-resolution electron energy-loss
spectroscopy (HREELS) has been applied to clean 3C-
SiC surfaces to characterize strong optical Fuchs-Kliewer
(FK) phonon modes [9,16,17]. However, FK phonons are
completely determined by bulk properties. No microscopic
surface vibration has been detected due to the large back-
ground signals and linewidths. Here, we present surface-
localized vibrations at 3C-SiC(001)-(3 x 2) detected with
HREELS after careful preparation steps.

The samples were n-doped 3C-SiC epilayers on Si with
a free electron concentration of 1.4 x 1017 cm™—3. The sur-
faces were cleaned by wet chemical etching in buffered
hydrofluoric acid (pH = 9) and subsequent heating in a Si
atom flux under ultrahigh vacuum conditions. The proce-
dure leaves clean 3C-SiC(001) surfaces with excess silicon
on top and has been described in detail elsewhere [18].
The various reconstructions from Si- to C-rich surfaces
may be obtained by annealing the samples at tempera-
tures between 1160 and 1350 K what removes the excess Si
atoms. Structure and chemical composition of the surfaces
were probed with LEED and Auger electron spectroscopy
(AES), respectively. HREEL spectra were recorded at pri-
mary electron energies E, of 5 and 20 eV and in specular
scattering geometry, i.e., the angle of incidence %; and the
angle of detection Yt were equal and set to 50°. The in-
strumental resolution was 24 cm™! (3 meV).

SiC(001)-(3 x 2) surfaces were prepared by careful an-
nealing at sample temperatures T, of 1180 + 20 K. After
a heating time of approximately 20 minutes we obtained
well-defined LEED patterns showing a two-domain (3 x 2)
structure with sharp third-order and streaky half-order
spots. The streaking is a well-known phenomenon. It has
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Fig. 2. Maximum count rate (MCR) and full width at half
maximum (FWHM) of the elastic HREELS peak as a function
of annealing time and reconstruction. The annealing temper-
atures Th were 1180 K for (3 x 2)- and 1250 K for (2 x 1)-
reconstructed surfaces.

been explained in terms of the double dimer-row model
with the displacement of adjacent double dimer rows by
one unit cell distance or with randomly buckled double
dimer rows [10,11]. AES measurements at 3 keV elec-
tron energy gave a Si(LVV)/C(KVYV) intensity ratio of
4.5 which is a typical value for Si-rich SiC surfaces [3].
Contaminants were not observed within the limits of de-
tection.

As soon as clear (3 x 2) patterns were observed, fur-
ther annealing at 1180 K did not change the LEED image
significantly, but affects the surface scattering of 5 eV elec-
trons. This is shown in Figure 2 where the maximum count
rate (MCR) and the full width at half maximum (FWHM)
of the HREELS peak of the elastically scattered electrons
are plotted as a function of annealing time. The quantities
MCR and FWHM are explained at an elastic HREELS
peak in the inset of Figure 2. The results were taken from
samples where annealing was interrupted for each record-
ing of an energy-loss spectrum. The solid lines in Fig-
ure 2 are meant to guide the eye. As long as the (3 x 2)
reconstruction is observed, MCR. increases from 3000 to
12000 counts per second (cps) and FWHM decreases from
170 to 110 ecm~! within the eight considered processing
steps. Annealing at elevated temperature of 1250 4+ 20 K
removes the Si adlayer and changes the reconstruction to
a two-domain (2 x 1) structure which is related to the Si-
terminated 3C-SiC(001) surface. Here, MCR and FWHM
have increased to 38000 cps and 160 cm ™!, respectively.

The MCR represents the probability that incoming
low-energy electrons are reflected at the surface. The
mechanisms behind the reflectivity are not well under-
stood, however, any disturbance of the periodic arrange-
ment of the surface atoms enhances the diffuse electron
scattering and reduces the number of electrons elasti-
cally scattered in specular direction. Hence, the observed
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increase of MCR with every annealing step indicates a re-
duction of structural defects on the SiC(001)-(3 x 2) sur-
face.

On the other hand, the FWHM of the elastic peak is
closely related to low-energy surface excitations like sur-
face plasmons of majority charge carriers [19-21]. If the
excitation energy is such low that a single loss cannot be
resolved, multiple excitations may broaden the spectral
features. In case of surface plasmons in semiconducting
materials, depletion layers due to surface band-bending
lead to smaller linewidths than with flat bands. However,
the observed decrease of FWHM in Figure 2 cannot be
explained by a change of surface band-bending since vari-
ations of the Fermi level within the band gap were not ob-
served at clean n-type 3C-SiC(001)-(3 x 2) surfaces. The
Fermi level ranges between 1 and 1.2 eV above the valence-
band maximum, i.e., almost in midgap position [22,23].
More likely, the FWHM is related to electronic excitations
in a narrow electron band of defect states at the surface. If
annealing reduces the number of defect states at the sur-
face the linewidth may decrease due to a smaller excita-
tion probability. On the other hand, this removal of defects
may not change the surface band-bending as long as there
are enough charged surface states to establish the Fermi
level pinning. Therefore, the observed variations of both,
MCR and FWHM, indicate an improvement of the surface
quality with every annealing step. Most remarkably, the
(2 x 1)-reconstructed surface exhibits both a larger MCR
and FWHM. This finding may be related to recent STM
studies which revealed a metallic character of this sur-
face formed above 400 °C [24]. If low-energy excitations
in a surface metallic band exist for (2 x 1)-reconstructed
surfaces formed at room temperature as well, HREELS
features will be broadened as it is known for the Si(111)-
(7 x 7) surface [20].

With decreasing linewidth of the elastic HREELS peak
the spectral resolution is improved. This is demonstrated
in Figure 3 showing energy-loss spectra recorded from
(3 x 2)-reconstructed surfaces after annealing intervals ¢,
of 20, 34 and 35 minutes at 1180 K, respectively. The bot-
tom spectrum was taken from a SiC(001)-(2 x 1) surface.
As long as the linewidths are large, loss features are only
observed at 935 and 1870 cm~! corresponding to single
and double excitations of FK phonons. After reducing the
linewidths by further annealing, additional loss structures
appear first at 700 & 20 and then at 380420 cm™—!. They
are due to microscopic surface vibrations since they are
sensitive to any surface modification as shown in Figure 4.
The top spectrum in Figure 4 was recorded from a 3C-
SiC(001)-(3x2) surface which was annealed for 35 minutes
and then exposed to atomic deuterium. Dy molecules were
dissociated at a hot tungsten filament (2100 K) and the
respective molecular exposure was 100 L. After exposure,
the half-order LEED spots became weaker but did not
vanish completely and the FWHM increased from 110 to
150 cm~!. No HREELS features other than FK phonons
were detected. Heating the sample to 1200 K for two min-
utes recovered the original (3 x 2) reconstruction and re-
duced the linewidth to 100 cm~! as shown at the bot-
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Fig. 3. HREEL spectra recorded from (3 x 2)-reconstructed
surfaces after annealing times ¢, of 20, 34 and 35 minutes at
1180 K, respectively, and from SiC(001)-(2 x 1). The primary
electron energy was set to 5 eV.
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Fig. 4. Upper HREEL spectrum: SiC(001)-(3 x 2) surface ex-
posed to atomic deuterium. The primary electron energy was
set to 5 eV; lower spectrum: after annealing the exposed sample
at 1200 K. The spectrum was recorded with E, = 20 eV.

tom of Figure 4. Again, additional loss structures at 360
and 720 cm~! were detected. Even combination losses of
surface-localized vibrations and FK phonons at 1310 and
1650 cm ™! are resolved. A weak structure at 1535 cm™! is
attributed to valence vibrations of residual D atoms bound
to Si.

The observed surface vibrations cannot be explained
by an extremely low oxygen contamination below the AES
detection limit. We investigated the effect of O exposure
of 5 L on HREEL spectra of 3C-SiC(001)-(3 x 2) as shown
at the top of Figure 3. After dosing, the background signal
increased, but no decrease of linewidth or additional fea-
tures were observed. Moreover, strong asymmetric stretch-
ing vibrations of oxygen adsorbed on Si would be expected
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at 1090 cm~! but were never observed in the SiC loss spec-
tra [25].

Hence, the two weak loss lines are due to intrinsic vi-
brations in the SiC(001)-(3 x 2) surface. Since the HREEL
spectra were taken in specular scattering geometry, the
phonon energies of 380 and 700 cm~! are measured in the
long-wavelength limit, i.e., at the center of the Brillouin
zone. Here, dispersion relations are not accessible with
off-specular HREELS because diffuse electron scattering
is the dominant scattering mechanism even at the best
prepared SiC surfaces. Although detailed calculations of
the dynamics of (3 x 2)-reconstructed SiC(001) surfaces do
not exist, molecular data and results from Si(001) surfaces
may indicate the character of the vibrational modes.

Cubic SiC crystals exhibit a gap between acoustic and
optical bulk phonon bands [26]. The low-energy loss at
380 cm ™! is within the acoustic bulk bands and repre-
sents therefore a surface resonance. The excitation energy
is close to Si dimer stretching frequencies, ranging between
350 and 400 cm ™!, calculated for variously reconstructed
Si(001) surfaces [14]. Consequently, this energy loss may
be related to vibrations of the dimerized Si adatoms ex-
isting in both structure models of Figure 1. The second
phonon mode at 700 cm ™! is located in the phonon energy
gap and cannot couple to bulk phonon states. It represents
a true surface-localized vibration and may be attributed to
C-Si-C stretching modes in the Si restlayer. The stretch-
ing frequency is smaller than for FK phonons since for
the latter longrange Coulomb interactions must be con-
sidered. Similar vibrations were found in dimethylhalosi-
lanes by infrared and Raman spectroscopy. The A; mode
of SiBra(CHj)s with Ca, symmetry has an excitation en-
ergy of 682 cm ™! [27]. Replacing one Br atom by hydrogen
results in an energy of 718 cm~! for the C-Si-C stretch-
ing vibration [28]. These values are close to the observed
energy at SiC(001)-(3 x 2) surfaces. It is likely that the fre-
quencies of the restlayer vibrations are different for the two
suggested models and that a comparison of the experimen-
tal value with calculated frequencies within the structure
models may clarify structure and origin of the observed
microscopic phonon modes.

In conclusion, this HREELS study reveals two weak
loss structures at 380 and 700 cm ™! at carefully prepared
3C-SiC(001)-(3 x 2) surfaces. They are attributed to in-
trinsic surface-localized vibrations where the high-energy
mode is located within the gap between acoustic and op-
tical bulk phonon bands. The two modes may be related
to stretching vibrations of on-top Si dimers and of C-Si-C
groups. To identify reliably the observed losses with sur-
face vibrations, detailed calculations of the 3C-SiC(001)-
(3 x 2) surface dynamics are required. Together with our
experimental data such theoretical results may help to re-
solve the conflict concerning the atomic arrangement of
the surface atoms.
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