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We report here the temperature-dependent measurements of the valence spectra,ahd tbel Si p core
level spectra of the one monolayeg,Gilm adsorbed on $001)-(2x 1) and S{111)-(7X7) surfaces, using
photoelectron spectroscopy. At 300 K, mogh @olecules are physisorbed with the coexistence of minority
chemisorbed species on botH@l1)-(2x 1) and S{111)-(7X 7) surfaces. After annealing the samples at 670
K, Cgo molecules change the bonding nature to a chemisorption that has both covalent and ionic characters.
The covalent bonding orbital is observed at a binding energy of 2.10 eV on both Si surfaces. The amount of
charge transfer is estimated to be 0.19 electrons ggm®lecule on the $001) surface, and to be 0.21
electrons per molecule on the(811) surface. We consider the origin of the change in bonding nature to the
different distance between two dangling bonds that results from the rearrangement of the surface Si atoms.
After annealing at 1070 K, g& molecules decompose and the SiC formation takes progress at the interface. On
the Si001) surface, the molecular orbital®10’s) disappear at 1120 K and the binding energies of peaks
observed in the valence spectra indicate the formation of SiC islands at this temperature. Of11e Si
surface, the disappearance of MO'’s and the formation of SiC islands are verified at 1170 K. The difference in
formation temperature is attributed to the different surface strudtBE.63-18209)00328-9

. INTRODUCTION face, the chemisorption of approximately 30% af, @ol-
ecules of a 1.0-ML film and the physisorption of the others

The interaction and the thermal reaction gf@olecules  molecules are confirmed by HREEL8nd PES. The major-
with semiconductor surfaces play an important role in underity of the physisorbed g molecules is also revealed by the
standing the physical and chemical properties of fullerenegpservation of the ordered structure of thg im adsorbed
and in developing new material functions fog@nolecules.  on a S{111)-(7x7) surface’'® In order to investigate the
The recent observation of the epitaxial silicon carbi8&)  interaction using HREELS, the assumption that the energies
formation by the thermal reaction ofggmolecules with  of the vibrational excitations shift linearly with the amount
Si(00D-(2x1) and S{111)-(7Xx7) surfaces and the possi- of charge transferred into the lowest unoccupied molecular
bility of selective SiC growtH, have led to extensive experi- orbital (LUMO) of a G5, molecule is used*~*° A coverage
mental studies on the formation and growth mechanismef 1.0 ML means the adsorption of two molecules in the 4
However, the temperature dependence of the electronig 3 superlattice on a 8)01) surface>!® and that of seven
structures of the g molecules adsorbed on(801)-(2xX1)  Cy,molecules in the ¥ 7 unit cell on a Si111) surface!’ At
and S{111)-(7x7) surfaces is not investigated using photo- 3 temperature of 670 K, thesgislands grown by the layer-
electron spectroscopf?ES until now. plus-island growth(Stranski-Krastanovmode16-18 desorb,

The thermal reactions of g molecules with the $001)-  and 1.0 ML films of G, molecules are formed on both
(2x1) and S{111)-(7x7) surfaces are mainly studied by Sj(001)-(2x 1)*® and S{111-(7x 7) surfaces® The Geo iS-
scanning tunneling microscop{sTM) and high-resolution  |ands are determined to bgg3olid by STM?®in which the
electron-energy-loss spectroscopyREELS), though many  bonding nature is well established as weak as van der Waals
techniques are used to study the interaction betwegn Cinteraction?’ The desorption of the multilayer islands and
molecules and Si surfaces at 300 K. At 300 K, boththe remainder of a 1.0-ML film indicate the strong interac-
chemisorptioA™* and physisorptiotr” of Cg, molecules are tions between g, molecules and the Si surfaces at this tem-
reported on a $001)-(2x 1) surface at a coverage lower perature. These strong interactions are confirmed by the en-
than one quarter monolayé€ML ), and the majority of the ergy shifts of the vibrational excitations ofgg&molecules
physisorbed species at 1.0-M’.On a S{111)-(7x7) sur- using HREELS*?® At 870 K, Cs molecules move from
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their initial adsorption sites on both Si surfaces at low1120 and 1170 K on the &®01)-(2x1) and S{111)-(7
coverage’?* At a temperature higher than 1070 K, the X7) surfaces, respectively.

breaking of the g, cages and the formation of SiC islands
are observed by STNP?* The formation temperatures of
SiC are determined to be 1120 K on thé€(8il) surface and PES measurements were performed on the beam line BL-
1170 K on the Sil1l1) surface by the observation of the 18A at the Photon Factory of the High Energy Accelerator
Fuchs-Kliewer(FK) mode?® i.e., a long-wavelength surface Research OrganizatiofikEK-PF), Tsukuba, Japan. The ex-
optical phonon, using HREEL%E. The reconstructed surface perimentwas carried out in a UHV system that consists of an
structure of the SiC islands grown on a&il)-(7x7) sur- analysis chamber and a preparation chamber. A spherical
face is cubic 3C-SiQ11)-(2x2) and (3x2) surfaces at sector analyzer with a total energy resolution of 100 moeV at
1170 K, and a 3C-Si11-(3x 3) surface at 1370 K8 Al- a photon energy of 21.2 eV and angular acceptancet®,

though several studies have been performed on the formatiQfjc used for all PES measurements. The analysis chamber
9 . eenp RWas also equipped with a low-energy electron diffraction
process of the SiC islands usingg@nolecules as a precur-

i X : (LEED) system, an Auger-electron spectrometer, and a
sor, little is known about the bonding nature 0f,@nol-  \g/Al twin anode x-ray source for the x-ray photoelectron
ecules on Si surfaces at high temperature, and no informatiospectroscopyXPS). The preparation chamber was used for
on the interface structure has been obtained up to now. These deposition of g, molecules on the samples without con-
informations are important for a complete understanding otaminating the analysis chamber by C atoms. The base pres-
the SiC formation process on Si surfaces using @ol-  sures were X 10 Torr in the analysis chamber and below
ecules as a precursor. PES is a very suitable technique fd<10™° Torr in the preparation one. A photon energy of

obtaining information to elucidate the bonding features and?1.2 €V was used for the valence PES measurements, and a
the interface structure. photon energy of 130 eV for the measurements of thepSi 2

PES measurements show the interactions of iriéand ~ COre 1evel using the-polarized synchrotron radiatiofSR)

covalent®233characters from whether the electron—occupied"ght' For the measurement of the G dore level, we used
. the Mg Ka i h hot is 1253.6 eV. Th
LUMO of a Cgy molecule is observed or not. Recently, a e Mg Ka line whose photon energy is 12536 e ©

) ) X _ incidence angle of both the SR light and the Mg Kne was
split of the highest occupied molecular orbittlOMO), due  45° from the surface normal direction. The emission angle of
to the symmetry-breaking interaction with the surface, is obthe photoelectron was 0°.
served for the g, molecules adsorbed covalently on(AL1) The S{001) and S{111) samples were cut from B-doped
and A110) surfaces® In our previous papers, we have re- (p-type) and P-dopedn-type) Si wafers, respectively. Both
ported that the split of the HOMO into two peaks is alsosamples have the electrical resistivities of 100@m and
observed for g, molecules adsorbed on(801)-(2x1)*and  sizes of 7 15x0.5 mn¥. We prepared the Si samples
Si(111)-(7x 7)® surfaces at 300 K, with a coverage lower chemically following the Shiraki methd8 and then intro-
than 0.25 ML. The one peak is the HOMO that has shifted taduced them into the UHV chamber. The samples were an-
a lower binding energy, and the another one is the bondingealed at 1150 K for 10 min, and then heated up to 1520 K
state between aggmolecule and the Si substrate. Moreover, for 5 sec by direct resistive heating in the UHV chamber to
the Si D core-level measurement shows that the bondingbtain the clean reconstructed(@1-(2x1) and S{111)-
state is localized at the interfaBéor the 1.0-ML films, G, (7% 7) surfaces. The sample was spontaneously cooled for
molecules are mainly physisorbed on both Si surf4&es. several minutes after heating up to 1520 K before thg C
In this paper, we report on the temperature dependence alfeposition. We checked the qualities of the surfaces by the
the valence spectra, the G dnd Si 2 core level spectra of observation of clear (1) and (7<7) LEED patterns. The
the 1.0-ML G films adsorbed on #01)-(2xX1) and cleanliness of the surface was verified by Auger-electron
Si(111)-(7x7) surfaces, and the interface structure duringspectroscopy and the lack of the ®@dnd C & peaks in the
the formation of the SiC islands on Si substrates using PESXPS spectra. The sample temperature was measured by an
The split of the HOMO indicates that the physisorbegh C infrared pyrometer with an emissivity setting of 0.64. All
molecules change their bonding nature to a chemisorption aneasurements were done at room temperature.
670 K. The binding energies of the split peaks are 1.65 and We prepared and purified thes@powder carefully with
2.10 eV on the $001) surface, and 1.70 and 2.10 eV on the the following procedure. First, the g powder was chro-
Si(111) surface. We assign the 1.65- and 1.70-eV peaks amatographically separated from carbon soot. Second, ghe C
the shifted HOMO and the 2.10-eV ones to the bonding statevas rinsed in tetrahydrofurafTHF) with ultrasonic cleaner
from the thermal dependence of their intensity and thepSi 2in order to eliminate hydrocarbons and other impurities. Fi-
core level spectra. This bonding state is formed bygp&  nally, Gy, was distilled in vacuum. After these procedures,
hybridization of Si and C atoms, likewise the results ob-Cg, powder was loaded in a quartz crucible and then intro-
tained at 300 K8 We also observe the energy shifts of the duced into the preparation chamber. Thg, Powder was
molecular orbitalyMO’s) and the C & core level that sug- carefully outgassed below 600 K for over 24 hours prior to
gest the existence of charge transferred into the LUMOevaporation. The thickness was monitored by a quartz-
These results indicate the strong interaction at 670 K to haverystal oscillator. The deposition rate was approximately 0.2
both covalent and ionic characters. At 1070 K, the breakingam/min, and a thickness of 1.0 nm was estimated to be 1.0
of the cage of G molecules is verified by the disappearanceML of Cg, by STM.” Using the deposition rate of 0.2 nm/
of the MO’s. The new C 4component observed in the core min, no overlayer and no island formation were observed for
level spectra indicates the progress of the SiC formation aa 1.0-ML Gy, film in STM.” In the present experiment, we
the interface. The formation temperatures of SiC islands arBave used the same preparation chamber as that employed

Il. EXPERIMENTAL
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T T ] | T T (7X7) surface are shown in Fig.(d). We annealed the

(a) sample for 300 sec at each temperature depicted in the figure
and then cooled it down to room temperature before the mea-
surement. The spectrum of the clean surface shows clearly

1170K] the dangling bond state® of the S{001)-(2x 1) surface at

1120K 0.55 eV and the occupied surface states of th@&13)-(7
: X 7) surface at 0.20 and 0.90 eV. The surface states of the
Si(111)-(7x7) surface are mainly localized at the adatom
\V sites and the rest atoms sites of the dimer-adatom-stacking
1070K (DAS) fault structure’” After a 1.0-ML G, film adsorption
at 300 K, the surface states disappear and the MO’s qfpa C
: molecule appear. The binding energies of the MO'’s are 2.05,
\_ 870K 3.40, 5.15, 5.60, 7.00, 8.10, and 9.95 eV in Figa),land

: 2.00, 3.30, 5.10, 5.60, 6.80, 8.10, and 9.90 eV in Fi@).1

670K Taking into account the binding energy reported
- Lo previously,®?’~3338ye assign the 2.05- and 2.00-eV peaks
R \ 300K to the HOMO, and the 3.40- and 3.30-eV peaks to the second
g HOMO : highest occupied molecular orbittHOMO-1). The HOMO
< — A is a fivefold degenerate MO’s with, symmetry in thel,
& ; : n r } jclean point group, and the HOMO-1 is the overlap of a fourfold
oy (b) and fivefold degenerate MO’s that hagg and hy symme-
g 3 tries, respectively>*® Since the spectral features of the
< ! 1.0-ML films are the same as that of g,Golid, where G

‘\/‘\ molecules interact each other with van der Waals force, we

consider that most of &g molecules are physisorbed on both
surfaces at 300 K. This consideration agrees well with the
previous result of g molecules on the $)01) surfacé
where the chemisorption is observed only at a coverage
lower than 0.25 ML, and the previous studies on th@ 5i)
surface in which approximately 70% ofsg&molecules of a
1.0-ML film is reported to be physisorbed and 30% to be
chemisorbed:® On metal surface¥,2338the substrate elec-
tronic states are observed even at a coverage of 1.0-ML.
LN However, no substrate evidence is observed for the spectra of
E\/ the 1.0-ML G film at 300 K in Figs. 1a) and Ab). This
HOMO——300K difference comes from the low cross section of the substrate
x3 1 | states and the disappearance of the surface states that are
| W&m located into the HOMO-LUMO gap of agg molecule. The
10 8 6 4 N 0 disappearance of the Si surface states might result from the
Binding energy (eV) minority chemisorbed § molecules, because these mol-
ecules change the electronic states of the surface atoms
FIG. 1. Valence spectra of the clean surfaces, those after a@@nd/or the density of surface states interacting with the dan-
sorbed a 1.0-ML & film on the Si surfaces, and after annealing the 9ling bonds. Moreover, the substrate states become invisible
samples at 670, 870, 1070, 1120, and 117@akand(b) show the ~ €Ven at a coverage of approximately 0.5 ML on semiconduc-
results on the $001-(2x 1) and S{111)-(7x 7) surfaces, respec- tors like S{00D)-(2x1),* Si(111)-(7x7)%, and Geg0D*
tively. The samples were annealing for 300 sec, and then coolegurfaces.
down to room temperature before the measurements. All spectra After annealing the 1.0-ML g film adsorbed samples at
were measured by thepolarized synchrotron radiation light with a 670 K, we clearly observe the splits of the HOMO's into two
photon energy of 21.2 eV. peaks, the disappearances of the small shoulders around 5.1
eV, and the shifts of the other MO’s to the lower binding
for the STM measurements to make the sample under thenergy side on both surfaces. The binding energies of the
same condition. split peaks are 1.60 and 2.10 eV, and those of the shifted
MOQ'’s are 3.00, 5.20, 6.60, 7.65, and 9.60 eV on th@&)-

ll. RESULTS (2X1) surface. On the §i11-(7X7) surface, the split
peaks are observed at binding energies of 1.75 and 2.10 eV,
and the shifted peaks at 3.10, 5.40, 6.65, 7.75, and 9.70 eV.

Figure 1 shows the temperature-dependent valence spefurthermore, we observe the broadening in the full width at
tra of Ggop molecules adsorbed on Si surfaces. The valencéalf maximum(FWHM) of all MO’s in Figs. 1@ and ib),
spectrum of the $001)-(2x 1) clean surface and those ob- e.g., the FWHM of the HOMO-1 at 670 K is 1.2 times larger
tained after annealing the 1.0-MLggfilm adsorbed on a than that at 300 K. The broadening in FWHM results from
Si(00D-(2x1) surface at different temperatures are dis-the removal of the degeneracy. This removal suggests the
played in Fig. 1a). The spectra of the gadsorbed $111)-  strong interaction betweengg@molecules and the Si surfaces,

A. Valence PES
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and, therefore, the change in the bonding nature ggfniI-
ecules. That is, the physisorbed,,nolecules become a @, - - clean e . 300K
chemisorbed species and all molecules are chemisorbed a
670 K. The profiles of the spectra at 870 K are the same as
those at 670 K in both Figs.(8 and Xb), indicating that
there is no change in interaction betweegy @olecules and

the surfaces within this temperature range.

After annealing the samples at a temperature higher than
1070 K, the valence spectra show different behavior on the
Si(001) and S{111) surfaces. On the &01) surface, the J 3
profiles of the spectrum change drastically after annealing
the sample at 1070 K. The peaks indicating the MO’s gf C
molecules disappear, except the 5.20- and 7.65-eV peaks
The FWHM's and the intensities of the 5.20- and 7.65-eV
peaks become broad and small. These results indicate tha
the breakdown of the & cages occurs at 1070 K on the
Si(001) surface. The breakdown of the cage is also reported
by HREELS from the disappearance of the vibrational (b) o clean : 300K
modes of a G, molecule at the same temperatéteThe el oyl
profile of the spectrum is similar to that of an amorphous
carbon film in which peaks are observed at binding energies
of 3.5, 5.0, and 7.8 eV, and to that of an polycrystalline
diamond film in which a broad peak is observed around 7.5
eV.*243 After annealing at 1120 K, the MO’s of g mol-
ecules disappear completely. The peaks are observed at 0.5t
2.10, and 9.65 eV. In the valence spectrum of a Si-rich 3C- 670K 1170K
SiC(00D)-(2x 1) surface, a dominant peak is observed at a . £
binding energy of 2.6 eV and a small peak at 10.4 eV with a -
photon energy of 21.2 e¥ and two peaks are observed at 3
eV and 12 eV with a photon energy of 151.4 &/The ‘
intensity ratio and the difference in binding energy of the »

670 K . TR 1170K

two peaks observed previouly’® agree well with those of : -
the 2.10- and 9.65-eV peaks observed in Fig).ITherefore,
we consider that SiC islands are formed on th@Gl) sub- FIG. 2. LEED patterns of the clean angs@nolecules adsorbed

strate after annealing the 1.0-MLgffilm adsorbed sample at on a S{001-(2x 1) surface obtained at different annealing tem-
1120 K. This consideration is consistent with the observatiorperature in(a) and those of the & film adsorbed on a §111)-(7

of the FK modé® of SiC by HREEL$® at the same tempera- X 7) surface in(b). The temperatures of theggCadsorbed samples

ture. The spectrum obtained after annealing the sample ate 300, 670, and 1120 K ifa), and 300, 670, and 1170 K itb).

1170 K has the same profile with that at 1120 K, indicatingAll patterns are obtained with a primary energy of 56 eMan In

that there is no difference in the characteristics of SiC is{b), a primary electron energy of 108 eV is used for the clean

lands. surface, 77 eV is used for thggadsorbed surface at 300 K, and 46
On the S{111) surface, a dramatic change of the spectrumeV after annealing the sample at 670 and 1170 K.

feature is also observed after annealing the sample at 1070

K. The 3.10-, 5.40-, and 7.75-eV peaks indicating the pres- The change in profiles of the valence spectra indicates

ence of g molecules become broad and small. This changehat the surface phase changes three times in the thermal

indicates the large symmetry breaking aof,@olecules that reaction of G, molecules with the Si surfaces, i.e., at 670,

results from the strong interaction betweeg, @olecules 1070, and 1120 K on the @i01) surface, and at 670, 1070,

and the substrate, likewise the result on th@&l) surface. and 1170 K on the $111) surface. Thus, four different sur-

The 5.40- and 7.75-eV peaks do not disappear even aftédace phases exist on both Si surfaces within a temperature

annealing at 1120 K. After annealing the sample at 1170 Krange from 300 to 1170 K. This number of surface phases is

the MO’s of G, molecules disappear completely and newthe same with that reported in the previous S¥hnd

peaks appear at binding energies of 0.20, 0.90, 3.50, and 9.65REELS?? studies.

eV. Since the profile of the spectrum is in good agreement

with that of the 3C-SiC in which a broad peak is observed at

4 eV and a small feature around 10 &4ve consider the

spectrum obtained after annealing the 1.0-Mk @lm ad- Figure 2a) shows the LEED pattern of the (8D1)-(2

sorbed sample at 1170 K to be that of the SiC islands growrnx1) clean surface and those of the 1.0-Mjy@lm adsorbed

on the S{111) substrate. The observations of the FK nfode Si(001)-(2x 1) surface obtained after annealing the sample

by HREELS??>? and the 3C-SiC111)-(2x2) and (3x2) at different temperatures. The patterns for the 1.0-Mjg C

reconstructed surfaces of islands by Sfupport our con-  film adsorbed on a §i11)-(7x7) surface are displayed in

sideration. Fig. 2(b). All patterns are obtained with a primary electron

B. LEED
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energy of 56 eV in Fig. @). In Fig. 2b), we used a primary T T
electron energy of 108 eV for the clean surface, 77 eV for (a) /
the 1.0-ML G, film adsorbed on a §i11) surface at 300 K,
and 46 eV after annealing the sample at 670 and 1170 K.

For the clean surfaces, the LEED spots originated from
the (2x 1) and the (% 7) structures are clearly observed in
Figs. 2a) and 2Zb), respectively. The observations of the
clear (2x 1) and (7X7) spots suggest the high quality of the
clean surfaces. These spots are still observed after the ad-
sorption of the 1.0-ML G, film at 300 K on both surfaces.
The observations of the ¢21) and (7xX7) spots for the
1.0-ML Cq, film adsorbed on Si surfaces are also reported in
the previous study where the coverage is confirmed by
STM.” Since the Si surfaces are perfectly covered with a
1.0-ML Cq film, the observations of the (21) and (7
X 7) spots indicate that the surface structures hardly change
upon the Gy adsorption, and, therefore, that most of thg C
molecules adsorbed weakly on both(®i1)-(2x1) and
Si(11D)-(7x7) surfaces at 300 K. After annealing the
samples at 670 K, the (1) LEED spots become very
weak on the SD01) surface, and the (X7) LEED spots
disappear and only the ¢1) spots are observed on the
Si(111) surface. On the §111) surface, weak (X7) LEED
spots reappear at 1170 K.

If Cqp islands are formed and bare reconstructed Si sur-
faces remain after the initial adsorption, thex(2) and (7
X 7) spots should be observed even after annealing at 670 K
because the structures of the bare reconstructed Si surfaces
do not change at this temperature. Moreover, the multilayers
formation should weaken the intensity of these LEED spots.
Therefore, the changes in the LEED spots also support the
formation of a 1.0-ML G film on both Si surfaces at 300 K 288 286 284 282 280
in the present experiment. Binding energy (eV)

Intensity (arb. units)

FIG. 3. Temperature-dependent €spectra of the 1.0-ML g
C. C 1score level PES film adsorbed on $001)-(2%1) (a) and S{11D-(7X7) (b) sur-

Figure 3 shows the temperature-dependens €ote level fga7c()esi8$§erlvlezdoby tI;ell\l/I?(z)Klqu. J hg ten:jpiratures are 300, 670,
spectra of the 1.0-ML g film adsorbed on a 801)-(2 ’ ’ » an in both) and (b).

x 1) surface in Fig. @) and those of the & film adsorbed C 1s components. We obtain the best fit of each spectrum

on a S{111)-(7Xx7) surface in Fig. ®). The annealing tem- ; . . o
sing two different components,;@Gnd G, which binding
peratures are 300, 670, 870, 1070, 1120, and 1170 K. At 30?nergies are 284.5 and 283.1 eV, respectively. The intensi-

K, the C Is core levels are observed at binding energies of. : _
284.9 eV on the $001) surface and 284.8 eV on the($11) I;Z do{ntr}eagec?mponents relative to the,@nes are tabu

one. After annealing the samples at 670 K, the <care :

. . After annealing at a temperature above 1120 K, the asym-
level Sh'“? t0 284.5 eV on bo_th surfaces, and no change. hetric tail disappears and a symmetric peak is observed at
observed in the spectrum profile until 870 K. The symmetric 82.8 eV on the $001) surface. On the 8111 surface, a
284.5-eV peaks suggest that no electron-hole pair is excite ym-metric peak is observed atébinding energy of 28’2.8 eV

"imod '\t/the G0 rfw_";olecucljes ?)rednot met;allhc I|lf<e8g1%2r_(la_f]ult_s of the after annealing the sample at 1170 K. The binding energy of
-0-ML Ceo films adsorbed on metal surfaceS."The insu- - 5q5 gy agrees well with that of the G dore level of a SiC

lating G5o molecule agrees well with the scarce density offilm reported previously®=4" The results on the Cslcore

occupied electrons at the Fermi level in the valence SPecligy, o) also indicate the different formation temperature of SiC

Alter a””ea"hg the S?mp'es at 1070.K,_the spectra bel'slands, and the presence of four different surface phases as
come asymmetric with tails at the lower binding energy S'dessuggested in the valence spectra

in both Figs. 82 and 3b). The asymmetric peak is also
observed at 1120 K on the (%L1 surface. In order to ana-
lyze these asymmetric spectra, we have deconvoluted them
with Voigt line shapes, a convolution of a Gaussian and a The Si 2 core level spectra of the clean surfaces, those
Lorentzian. The results of the deconvolution are shown irafter adsorbed a 1.0-MLfilm on the Si surfaces at 300 K,
Fig. 4. The open circles and the solid lines overlapped withand after annealing theggadsorbed samples at 670, 1070,
the open circles are the experimental data points and th&120, and 1170 K are displayed in Fig. 5. Figuréa) &nd
fitting curves, respectively. Each hatching indicates differeng(b) show the results on the ®01)-(2x1) and S{111)-(7

D. Si 2p core level PES



2584 KAZUYUKI SAKAMOTO et al. PRB 60

The positive value of the energy shift represents the shift to
a higher binding energy. The intensity of ti$g; and S,
components relative to the bulk ones are 0.309 and 0.179.
Taking into account the previous results®the S,; andS,,
components are assigned to the second-layer atoms, and to
the raised atoms of the asymmetric dim&r*respectively.

In fact, the intensity ratiol (S,1)/1(S,,)=1.73, agrees well
with the ratio of surface atoms in the ¥2L) unit cell, i.e.,
(second layer atomraised atoms of the dimer2/1=2.
1(S,1) andl(S,,) indicate the relative intensities of i,

and S,, components. Unfortunately, we are not able to re-
solve the component due to the down atoms of the asymmet-
ric dimer, located at a higher binding energy of approxi-
mately 60 meV than the bulk componéfif®because of the
poorer resolution of the experimental system.

For the S{111)-(7x7) clean surface, the best fit of the
spectrum is also obtained using three different components,
i.e., the bulk componerB, and the surface componer$g,;
andS,,. The determined binding energy shifts and intensities
relative toB are 0.314 eV and 0.310 for tt&,,; component,
and—0.716 eV and 0.038 for th&,, component. Consider-
ing the energy shifts of the surface components reported
previously>®>~>’we assign th&,; andS,, components to the
adatoms and the atoms bonded with them, and to the rest
287 286 28? .284 283 282 281 280 atoms. The intensity ratid,(Sy,)/1(Sy2) =8.21, is in good

Binding energy (¢V) agreement with the ratio of surface atoms in thex(@ unit

FIG. 4. C & core level spectrum measured after annealing thece"' .e., (adatoms pedestal atoms(rest a.tom.sa:(lZ.-i_- 12
1.0-ML film adsorbed on a 801)-(2x 1) surface at 1070 Ka), X 3)/6=8. 1(Sp;) andI(S,,) are the relative intensities of

and those after annealing theyGilm adsorbed on a §111)-(7  Sbi @nd Spp. A pedestal atom is the atom bonded with an

experimental data, and the solid lines overlapped with open circleBedestal atoms is three times larger than that of the adatom in
are the fitting curves. Each hatching indicates a differens€oin-  the (7X7) unit cell.
ponent. After adsorbing a 1.0-ML g film on the S{001)-(2

X 1) surface, the best fit of the SpZore level spectra are

X7) surfaces, respectively. A photon energy of 130 eV isobtaineq using four different components at 300 and_ 670 K,
used for all spectra. In order to analyze the spectra by three different components at 1070 K, and four different

standard least-squares-fitting method, we have used Voigemponents at 1120 and 1170 K. For the results on the
line shapes. Considering the previous reﬁ%nﬁge use a pa- (111 surface, we used four different components at 300
rameter of 0.608 eV for the spin-orbit splitting. A polyno- @d 670 K, three different components at 1070 and 1120 K,

mial background is subtracted before the decomposition ofnd four different components at 1170 K. The bulk compo-
the spectrum. The open circles are the experimental dafA€Nts are labeled & and the surface ones Sswith differ-
points and the solid lines overlapped with the open circle€nt subscripts as shown in each spectrum. Assuming that the
are the fitting curves. The solid lines indicate the bulk com-charge states of the second-layer atoms and those of the at-
ponents, and each hatching different surface components. ©MS Ponded with the outermost Si atoms hardly change upon
For the S{001)-(2x 1) clean surface, we obtain the best both the Gg adsorption and the thermal reaction, the origins
fits of the spectrum using three different components, i.e., th@f 1€ Sas, Saes Sags Sa1z, and Sy, might be the same as
bulk componenB, and the surface componer8s, andS,,.  that of Sa, and those ofSy3, Spe, Spe, Sprr, and Spis
The binding energy shifts of the,, and S,, components components the same &g, because the same binding en-
relative to theB one are 0.262 ane 0.495 eV, respectively. €9y suggests the same charge state. The term, the atoms
bonded with the outermost Si atoms, is expressed especially
because the pedestal atoms are the first layer atoms in the

TABLE I. The binding energies and intensities of the €cbm- DAS structuré’ and does not belong to the second-layer at-
ponents used for the line-shape analysis in Fig. 4. Underlines indi-

! oms.
cate the normalized components. On the S{001) surface, the surface component due to the

raised atoms disappears and two new componé&jtsand

Intensity (arb. units)

G C S.s, appear after the adsorption ofnolecules at 300 K.
Binding energy (eV) 284.5 283.1 On the Sf111) surface, two undetermined surface compo-
Si(001) 1070-K Intensity 1.000 0.390 nents,S,,, and S,5 are observed at the same temperature.
Si(111) 1070-K Intensity @) 0.180 Taking into account the sign of the energy shift, the almost
1120-K Intensity 1.000 0.530 same intensity, and the unchanged surface structure con-

firmed by LEED, theS,, component is considered to be due
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Intensity (arb. units)
Intensity (arb. units)

Relative binding energy (eV) Relative binding energy (eV)

FIG. 5. Si 2 core level spectra of the clean surfaces, those after adsorbed a 1.QMilnCon the Si surfaces, and after annealing the
samples at 670, 1070, 1120, and 1170&.and(b) show the results of the @01)-(2x 1) and S{111)-(7X7) surfaces, respectively. The
photon energy is 130 eV for all spectra. The open circles are the experimental data, and the solid lines overlapped with open circles are the
fitting curves. The solid line labeled is the bulk component. Each hatching indicates a different surface component. The same hatching
pattern represents that the surface component has the same origin.

to the rest atoms. The difference in energy shiftSgf and  Si(001) surface’ Therefore, we consider that covalent
Sp4 comes from the different charge states, and suggests thmnded G, molecules exist as minority species on both
change in electronic structures of surface atoms. This chang®(001) and S{111) surfaces at 300 K. The origin &, is

is consistent with the disappearances of the surface states discussed below.

the valence spectra. Thg,; component observed on the

Si(111) surface at 300 K is reported to be due to the surface

Si atoms bonded covalently with ag&molecule from the IV. DISCUSSION

same energy shift with that of the SipZ2core level of
SiC*~*" approximately 1 e\?. Since the energy shift is the
same with that ofS,s, the S, component of the $001) In order to determine the bonding nature at 670 K, we first
surface might be also due to the surface Si atoms that makeonsider the origin of the split HOMO's and then the origins
a covalent bond with a §g molecule. The presence of the of the energy shifts of the Cslcore level and MO’s. The
covalent bonded species at 300 K agrees well with the obSTM image obtained after annealing thg,@Im adsorbed
servation of the bonding state at a coverage lower than 0.26n a S{111) surface at 670 ¥ does not show any dimeriza-
ML in the valence spectra of gg molecules adsorbed on a tion and/or polymerization of £ molecules, and the vibra-

A. Bonding nature of Cgy molecules at 670 K
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tional modes of G, are clearly observed and no mode origi- to 1200 K®® suggests that it is not strange to observe the
nated by the dimerization of & is observed at 670 K in Si-C bond at the same binding energy before and after the
HREELS?%?® These results suggest that the split HOMO’s decomposition of g molecules. Taking into account these
observed in Fig. 1 are originated by the change in the bondresults, we consider that the bonding state might be the most
ing nature, namely, the change from a physisorption to appropriate origin for the 2.10-eV peaks.
chemisorption. Since the 1.60- and 1.75-eV peaks observed In this case, the FWHM'’s of the 2.10-eV peaks at 670 K
at 670 K disappear at the temperatures where MO’s §f C and those of the SiC are different. These differences in
molecules become invisible in Fig. 1, the origins of theseFWHM's are able to be explained by two origins. The first
peaks are MO'’s. We conclude that the 1.60- and 1.75-e\érigin is the broadening of the 2.10-eV peak due to the dis-
peaks are the HOMO's that have shifted to a lower bindingersion, because the bonding at 670 K is localized at the
energy, because the binding energies of 1.60 and 1.75 eV ajigterface between the Si surfaces ang @olecules, and the
rather higher than that of the electron-occupied LUMO of aSj-C bonding orbitals in a SiC island should have a correla-
Cgo molecule®® In contrast, the 2.10-eV peaks are still ob- tion between them. The second origin is the variation of Si-C
served at 1170 K on both Si surfaces. At this temperaturegonds. To determine the origin, we consider the Sicare
the cages of gz molecules are perfectly broken and SiC |evel spectra obtained at 670 and 1170 K. Byg; andS;;5
islands are formed. components observed in Fig. 5 are considered to be due to
To resolve the origin of the 2.10-eV peaks, we considerthe Si atoms of the SiC islands from their binding energies.
the Si 2 core level spectra. The energy shifts of g and  The Gaussian widths of tr®,, andS,;5 components, 0.511
Sys components observed at 670 K in Figéa)sand §b) are  and 0.475 eV, are larger than those of 8yg and S, com-
almost the same with that of the S 2ore level of SiIC*®™*"  ponents, 0.345 and 0.291 eV. Since a larger Gaussian width
This equivalency in energy shift suggests the origins of thesuggests the larger variation of Si atoms that have a slightly
S,s and S,g components to be the Si atoms bonded co-different charge state, we consider that the SiC islands are
valently with C atoms, and indicates the existence of theamorphouslike SiC and the latter origin is more likely to
covalent Si-C bond at 670 K on both surfaces. The covalengéxplain the difference in FWHM's of the 2.10-eV peaks. The
bond of C and Si atoms is formed by tw@® hybridizations  amorphouslike SiC island formation is also determined by
and all C atoms of a & molecule have ap?-like hybridized ~HREELS??
character. Thus, the hybridization of a C atom should trans- The annealing at 670 K induces energy shifts in thesC 1
form from asp?-like hybridized character into trep® one to  core level to the lower binding energy sides on bottD&1)
form a covalent bond. Thep® hybridization of a C atom is and S{111) surfaces as shown in Figs(a® and 3b). It is
formed breaking a double bond of gdnolecule. difficult to obtain quantitative information from the shift in
The existence of a covalent bond indicates the reductiothe C I core level spectra, because it is referenced to the
in symmetry of a Gy molecule as well as the formation of Fermi level and usually depends on the work function. On
the bonding orbital. Since these two occurrences are insep#ie contrary, the g film interacted by van der Waals force
rable, the origins of the 2.10-eV peaks are possible to be botWith the Si surface is insulating and its Cslevel is, there-
the split HOMO originated by the reduced symmetry, andfore, referenced to the vacuum level. We are only able to
the bonding state. The split HOMO is observed fog, C extract qualitative information. One origin for the energy
dimers®®~51 whose point symmetry is changed frolpto  shifts of the C % core level observed in Figs(&® and 3b) is
D,y In the valence spectrum of the RQ@limer, which is  the initial state effect, namely, the charge state. Another ori-
obtained with a photon energy of 22 eV, only a small shoul-gin is the final-state effect, namely the screening effect. On
der is observed at the lower binding energy side of themetal surface&®—32*where all G, molecules of the 1.0-ML
HOMO following the broadening of the other MCPS.For  film are chemisorbed, the Gstore level is always situated
the photoinduced & dimer®! the split HOMO is observed at a binding energy lower than that of a thick film. This result
with photon energies of 10.5, 40, and 65 eV, but no split isindicates that the shift does not depend on the work function
confirmed with a photon energy of 23 eV. These results sugand that the final-state screening is the more important
gest that the cross section of the split HOMO is small at zffect>* Two origins contribute to the final-state effect, the
photon energy of approximately 20 eV, and, therefore, thaimage charge screening and the charge transfer screening.
the split HOMO is maybe hardly visible in the present ex- The former is a nonlocal effect, and the latter is a local effect
periment. In order to consider the bonding orbital, we regardlue to the transferred charge. The change in bonding nature
the energy positions of the 2.10-eV peaks. The bondingroduces a different image plane for thg, @m adsorbed on
states of Gy molecules adsorbed on Si surfaces at 300 K ar@an Si surface. However, no shift is observed within a cover-
observed at binding energies 0.8—1.0 eV lower than those afge range of 0.25 to 5.0 ML in the & tore level measure-
the HOMO-1's>*8In Fig. 1, the differences in binding en- ment of G, molecules adsorbed on a(811)-(7 X 7) surface
ergies between the 2.10-eV peaks and the HOMO-1's ar&n which Gy, molecules interact covalently with the Si sur-
0.90 eV on the 3001 surface and 1.00 eV on the($i1) face at low coverag@Since the formation of covalent bonds
one. The binding energy of 2.10 eV is also close to that ohardly affects the energy shift, the shift observed in thesC 1
the bonding states between hydrocarbon molecules and 8ore level at 670 K should be caused by charge transfer.
surfaces®?~%®whose C atoms rehybridize to a state negf ~ Moreover, the shift observed on metal surfaces is usually
and form covalent bonds with the dangling bonds of Si suraccompanied with the charge transfer from occupied elec-
faces like the present result onggdnolecules. Furthermore, tronic state of surface metal atoms tgy@nolecules’®—32
the small shift in the binding energy of the Si-C bond ob-Unfortunately, we are not able to determine which is the
served annealing the acetylene-adsorbed Si surface from 3@3ost important screening effect within the present results,
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i.e., the local charge-transfer effect or the effect that resultshe G, cage by the presence of a lone pair. Since both sur-
from the change of the image plane induced by charge trangace Si atoms that interacted covalently and ionically are
fer. Nevertheless, the energy shifts observed at 670 K ogverlaid by G, molecules, it is reasonable to consider that
both S{001) and S{111) surfaces result from a small amount the cross section @&,; andS,g, and that ofS,; andS,g, are
of charge transfer into the LUMO ofggmolecules in either  the same. In this case, the intensity rati¢S,;)/I (S,g) and
case. _ _ I (Sp7)/1(Spg) correspond to the number ratio of the contrib-
The shifts of MO's observed in the valence spectra argyeq surface Si atom$(S,7), 1(Sas), 1(Sy7), andl(Syg) are
able to be explained by the hybridizations of the MO’s with {4 intensities of th&,7, Sags Sp7, andSyg. The intensities

the substrate bands and the effect of the charge transfer frog} theS,7, S.s, Spr, aNdS,, components relative to the bulk
al aoc 1

the substrate into the LUMO. Since no shift is observed forOnes are 0.190, 0.234, 0.062, and 0.089, respectively. These

Ceo molecules interacted covalently with surface Si atoms a}ntensities and the contribution of two Si atoms per @ C
300 K& the latter origin is the more plausible. In this case, Per &

the low intensity at the Fermi level in Figs. 1 is well ex- molecule for théfas andSyg componen.ts Igad the amount of
plained by the low cross section of the partial filing 1-62 @nd 1.39 Si atoms for the contribution $f; and Sy,
LUMO,® e.g., the electron-occupied LUMO is scarcely vis- per a Gy molecule. Taking into gcc_ount t_he amount qf trans-
ible on a Ad111) surfacé” and on a A@l10 surfacé? ferred charge and that of the ionically interacted Si atoms,
where the interactions between the surfaces aggn®I- the charge transfer is estimated to be 0.19 electrons ger C
ecules are reported to have ionic characters. Moreover, tH@olecule on the $001) surface, and to be 0.21 electrons per
binding energies of 1.60 and 1.75 eV are consistent with th&nolecule on the $111) surface.
previous studies in which the small binding energy of the The observation of the bonding state and the evidence of
HOMO resulting from the charge transfer into the LUMO is charge transfer indicate that the chemisorption on the
observed at 1.85 eV on the AlL1) surfacé’, and at 1.7 eV Si(001)-(2x 1) and S{111)-(7x7) surfaces at 670 K has
on the Ci110)% and Au110°% surfaces. Therefore, we con- both covalent and ionic characters. This bonding nature is
sider the origin of the energy shift of MO’s as the chargedifferent from that observed at 300 K, whergy@olecules
transfer into the LUMO. interact mainly with van der Waals force at a coverage of 1.0
These evidences of charge transfer imply the existence d¥IL on both surfaces. In order to understand the change in
Si 2p components due to the surface Si atoms that transfdsonding nature, we consider on the LEED patterns. The
charge to G molecules. Since charges are transferred fronl.EED spots observed at 670 K show different patterns com-
the Si dangling bonds into the LUMO of ;& molecules, paring with that obtained at 300 K. At 300 K, clearX2)
these surface atoms should be charged positively. ApSi 2and (7X7) patterns are still observed after the growth of the
component of a Si atom charged positively has a bindingl.0-ML Cgq film. At 670 K, the LEED spots originated from
energy higher than that of the bulk off’ The Si D spectra  the (2x 1) structure become weak on the(@l1) surface,
measured after annealing the 1.0-Ml,@Ims adsorbed on and those from the (X7) structure disappear and only (1
Si(001) and S{111) surfaces at 670 K show undetermined X1) spots are observed on the(Xil) surface. These
positively charged surface componeng,; and S,;. No  changes in LEED patterns indicate the rearrangement of sur-
component within this energy range is observed in the spedace Si atoms. On a &il11) surface, there are only 19 dan-
trum of G molecules adsorbed on a(811) surface at 300 gling bonds in the (X 7) unit cell, and 49 dangling bonds in
K in Fig. 5, where the interaction has only a covalentthe same area of the K1) surface. Since the chemisorption
charactef. Therefore, the origins of thg,; andS,; compo-  is originated from the Si dangling bonds, it is appropriate to
nents are considered to be the surface Si atoms whose dagensider that the change in interaction results from the dif-
gling bonds hybridize with the LUMO of g molecules. ferent number of dangling bonds, i.e., the larger number of
A semiquantitative correlation between the charge transdangling bonds permits the larger number of chemisorbed
fer and the adsorbate-induced core level shifts has been d€gy molecules. Moreover, the difference in dangling bond’s
rived empirically for the Si @ core level. Using this corre- density makes a different distance between two dangling
lation, a relation between the charge transfég)( and the bonds. The shortest distance between two dangling bonds is
core-level shifts §E) is derived asSE/3.4 eV=45q.”> Con-  0.46 nm on a $iL11)-(7x 7) surface, and that on a($1)-
sidering this relation and the energy shift of tBg andS,;  (1X1) surface is 0.38 nm. Comparing the radius of g C
components, 0.414 and 0.531 eV, we obtain the transfer aholecule, 0.36 nm, with the distance between two dangling
0.12 and 0.15 charges per surface Si atom that interact ionbonds, we recognize that a free dangling bond is able to
cally with a G molecule on a $001) and S{111) surface. hybridize with the LUMO on a $111)-(1X1) surface. A
To determine the number of ionically interacted Si atoms, wdree dangling bond means a dangling bond that does not
assume that only two covalent bonding orbitals are formedorm a covalent bond with a g molecule. Hence, we con-
per one molecule by the breaking of one double bond, andsider that the change in bonding nature comes from the high
therefore, only two surface Si atoms contribute to 8)g¢  density of dangling bonds that are originated from the rear-
andS,s components per aggmolecule. This assumption is rangement of surface atoms on th¢13il) surface.
appropriate because the formation of four bonding orbitals On the S{001) surface, it is difficult to discuss the density
should lead to the observation of a different €cbmponent of dangling bonds because the observation of th& 12
and/or an asymmetric peak in Fig. 3 considering the contriLEED pattern suggests that the surface structure hardly
bution of (100<4)/(60—4)~10% of C atoms and the de- changes. At a temperature lower than 900 kg @olecules
tection limit of the experimental setup, and because the forare reported to adsorb just above the trough between the
mation of only one bonding orbital leads to the instability of dimer rows of the (X 1) surface structur&®!® Taking into
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LUMO' softening of several vibrational modes reported previously
by HREELS?*?pecause the LUMO is an antibonding MO
and the electron-occupied LUMO should soften the bond

_______________ Er between two C atoms. The cross section of the partial filling

LUMO is always low as reported forggmolecules adsorbed

DS on Au surfac& and for CO molecules on transition metal

HOMO' surfaces and, therefore, it is not strange that the BS2 is

bl invisible in Fig. 1.

At last, we mention thes,, component observed in Fig.
5(a), whose energy shift is 0.415 eV. The same energy shift
of the S,, component with that of th&,; component sug-
gests its origin to be also the surface Si atoms that dangling

BS1 bonds hybridize with the LUMO of g molecules. The ex-
istence of the minority species of chemisorbegh Gn a
isolated Ceo Si surfaces Si(001)-(2%x 1) surface at 300 K with both covalent and

FIG. 6. A schematic diagram of the eneray levels for the ad-IONiC characters is consistent with the observation of the split
sorption of a G, molecule og the $001) and Sg()ill) surfaces at HOMO and the shifts of MO’s and the G tore level at low

670 K. Upon adsorption, the fivefold degenerated HOMO and thecoverag(f'.
threefold degenerated LUMO split due to thgyGurface interac-
tion. These split MO’s hybridize with the occupied dangling bond
states of the Si surfaces and make two bonding states. HOMO’ and
LUMO’ are the shifted HOMO and LUMO, BS1 and BS2 are the  In order to determine the interface structures at 1070 K on
bonding states, UBS1 and UBS2 are the antibonding states, and O8e S{001) surface, and at 1070 and 1120 K on thél$i)
is the occupied dangling bond state of the Si surfaces. surface, we consider the G and the Si p core level spec-
tra. In the C & core level spectra obtained at these tempera-

account the bond length of the dimer, approximately 0.24ures, two C $ components are observed as shown in Fig. 4.
nm3354 and lattice constant of the ®D1)-(1x 1) surface, The intensity ratio$c,/I c; are determined to be 0.390 on the
0.38 nm, the width of the trough is about 0.52 nm. ThisSi(001) surface, and to be 0.180 at 1070 K and 0.530 at 1120
length is larger than the radius of a¢dnolecule. Since the K on the S{111) surface.l¢; andl ¢, indicate the intensities
(2X1) LEED pattern is still observed, we propose that theof C; and G described in Table I, respectively. Assuming
Si atoms of the dimer located around g,@olecule, move the same cross sections for the &d G components, ap-
slightly making the width of the trough shorter at 670 K. proximately 60{1+0.390=43 C atoms of a g molecule
Under this assumption, a free dangling bond becomes able gontribute to the ¢ component, and (0.39060)/(1
hybridize with the LUMO more easily compared to the ad-+0.390)=17 C atoms to the £component on the &01)
sorption on a §D01)-(2x 1) surface at 300 K. Therefore, surface. On the §111) surface, 60/4+0.180=51 C atoms
we attribute the origin of the change in bonding nature to thecontribute to the € component and (0.18060)/(1
shorter distance of dangling bonds that are originated from+0.180)=9 C atoms to the £component at 1070 K, and
the rearrangement of surface Si atoms on @) surface. 60/(1+0.530=39 C atoms to the Cand (0.53 60)/(1

In order to understand the bonding nature at 670 K, wet 0.530)=21 C atoms to the £at 1120 K. We consider the
propose an energy-level scheme presented in Fig. 6. The; component to be due to the C atoms bonded with a
Blyholder model’® in which an unoccupied surface state hy- sp?-like hybridization to other C atoms like in the molecular
bridizes with an occupied MO and an occupied surface statphase, because the binding energies of these components are
with an unoccupied MO, is not appropriate in the presenequal to those of the g molecules chemisorbed at 670 and
case, because the bonding orbital is formed by the hybridize870 K on both surfaces.
tion of two occupiedsp® states. The schematic energy levels For the G component, two origins are able to be pro-
of MO’s of an isolated g, molecule near the Fermi levEl:  posed. One is the polymerization offnolecules on the Si
are described on the left side, and the occupied danglingurfaces, becauseggpolymer is formed under the irradia-
bond state(DS) of the Si surfaces, on the right side. The tion of visible or ultraviolet lighf®> and by high pressure and
LUMO is a threefold degenerate MO with, symmetry. The temperaturé® Moreover, the profiles of the valence spectra
DS is not well defined due to the annealing effect manifestedesemble that of an amorphous carbon film and/or an poly-
by LEED. According to the interaction between a moleculecrystalline diamond filmf?43 The other is the formation of
and the Si surface, the HOMO and the LUMO split as theSIiC at the interface. Since the polymerization qf, @ol-
Ceo molecule approaches the surface. These split MO’s hyecules hardly affects the core levels of surface Si atoms and
bridize with the DS and form two bonding states, BS1 andthe formation of SiC strongly affects these levels, we use the
BS2. HOMO'’ corresponds to the shifted HOMO observed atSi 2p core level spectra to determine the origin of the C
1.60 and 1.75 eV, and BS1 to the bonding state observed abmponent.
2.10 eV in Fig. 1. LUMO’ is the shifted LUMO, and the two The energy shift of thé&,;, component observed in Fig.
antibonding states are depicted as UBS1 and UBS2. Sind&a) at 1070 K, and those of th8,;o and S,;, components
the partially filled bonding state BS2 consists of the LUMO observed at 1070 and 1120 K in Figbbare close to that of
and the DS, the energy shifts of the €cbre level and MO’s  the Si D of SiC*~*"and we consider that these components
might attribute to the BS2. The BS2 also explains well theare due to the Si atoms bonded covalently with C atoms.

electrons

B. Interface structure during the formation of SiC islands
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Taking into account the photon enerdgyy=130 eV, the at 1170 K. These energies are the same as those of the sur-
binding energy of the Sif2core level, about 99 eV, and the face states of the 801)-(2x1) and S{111)-(7x7) clean
work functions of the samples, 4.9 eV for all samples, wesurfaces. In the Sifcore level spectra, the same sign of the
obtain the kinetic energy of the Sp2photoelectron to be €nergy shift and almost the same energy shift with $pe
about 26 eV. This kinetic energy leads to a mean free path gfomponent of the clean surface, indicate that $e and
approximately 0.5 nm for the Sip2ohotoelectrori? In order Sa_15 components obse_rved at 1120 and 1170 K are due to the
to determine the thickness of the SiC formed at the interfacd@iS€d atoms of the Si dimer of the(@01-(2x1) surface.

we assume that & molecules do not affect the mean free For the S{111) surface, theS,,, component observed at

1170 K has the same sign of the energy shift and almost the
ath because the cages af;@olecules are broken and the o
gensity of the C ator%s rﬁ%ht be low. We also use the asSame energy shift with the component due to the rest atoms
i f the S{111)-(7X7) surface. In LEED, (¥X1) and a (7

sumption that the structures of the Sic. islands are cupic an 7) patterns are observed after the formation of SiC islands.
have the same orientations with the Si substrates. Using th1§

: ) . ' aking into account these results, we conclude that the sur-
as|Sl;mpt|on, we obtain the thickness of the SiGic, by the  5¢e after the formation of SiC is composed by SiC islands
relation

and clean reconstructed Si surfaces between them.
Finally, we consider the formation temperatures of SiC
A | sicX dsic s islands that are 50 K lower on the(801) surface. Both the
SCT (1 +1g) X 8+ (I gicX Ssi0) ~ dissociation temperature ofg&molecules and the mobility
of surface Si atoms affect the temperature, because the for-
where A is the mean free path of the photoelectron, (1mation of SiC islands is done by two steps, i.e., the break-
+1g) is the intensity of Si atoms that are not bonded with Cdown of the Go cage and the movement of Si atoms. The
atoms, andg;c are the intensities of Si atoms bonded with C breakdown of the g cage implies the breakdown of the
atoms.ds;c and dg; are the space between two Si layers in abond between C atoms, that results from the thermal-induced
SiC solid and in a Si solid, respectively. vibrational effect and/or the electronic effect. The electronic
The space between two Si layers is 0.218 nm in the 3Ceffect means the softening of the bond between two C atoms
SiC(001), 0.136 nm in the $001), 0.251 nm in the 3C- due to the charge transfer into the LUMO. Since there is
SiC(111), and the average one is 0.157 nm in 61%$1) solid. ~ scarcely any difference in the tran;_ferred 'charge on the
On the S{001) surface, the thickness of SiC is obtained to beSi(001) and S{111) surfaces, the mobility of Si atoms is the

approximately 0.253 nm, considering the relative intensity ofost important effect. To move from the initial bonding site,
the S, and S,;, components, 0.399 and 0.894. This thick- the outermost Si atoms have to break two backbonds on a

ness suggests the contribution of X8/2)x(1 Si(OO_l) surface and three backbonds on (31_$iL) su_rfac_e for
+0.253/0.218% 13.2 C atoms per aggmolecule to the SiC the simplest (X 1_) surfac_e structur_e_. Using this simplest
formed at the interface. (43/2) means the number of Si model, we recognize thg hlg_her mobility of surfacg atoms on
atoms per layer that contributes to the SiC formation for ondn€ S{001) surface. Taking into account the transition tem-
molecule, because twoggmolecules are adsorbed on the Perature on a 01 clear; surface from (21) to c(4
(4x3) superlattice of the 01 surface. The outermost *<4). approximately 900 K, and that of a SIL11) surface
layer of SiC should be composed by C atoms &nd0.253/  rom (7X7) to "1 x1,” 1100 K,"* our simple model seems
0.218 indicates the C layers number of SiC. On &1%i) to be sufficient to compare the mobility _of the ogtermost
surface, we obtain the thickness of SiC as 0.274 nm at 1078toms on both surfaces. Therefore, the different SiC forma-
K and 0.373 nm at 1120 K, using the intensities of 8ig, tion temperatures on the(BDl)_ gnd S(11)) are considpred
Sh10: Sp11, and S,1, components, 0.431, 1.087, 0.546, angto be due to the dlffere_nt mobility of the outermost Si atoms
2.628. Since seven g molecules are adsorbed on the (7 that results from the different structures of both surfaces.
X 7) unit cell of the Si111) surface, the thicknesses of (1
+0.274/0.251% 2.1 C-C layers and (£0.373/0.25132.5 V. CONCLUSION
C-C layers suggest the contribution of X7/7)x2.1 We have measured the temperature-dependent valence
=14.7 C atoms at 1070 K, and ¥77/7)x2.5=17.5 C at- spectra, the C dand Si 2 core level spectra of the (&
oms at 1120 K. Taking into account the simplicity of our molecules adsorbed on(801)-(2x1) and S{111)-(7X7)
model, these values are close to the number of C atoms thatirfaces using PES. The profile of the valence spectra indi-
contributes to the £components. Therefore, we consider thecates that the major interaction betweeg, @olecules and
origin of the G component observed in Fig. 4 as the C atomsSi(001) and S{111) surfaces is the van der Waals force at
bonded covalently with Si atoms. Moreover, the increment300 K. The physisorbed g molecules change their bonding
of the covalent bonds between C and Si atoms at highemiatures at 670 K on both Si surfaces. The bonding nature at
temperature observed on the(Hil) surface indicates that 670 K is a chemisorption that has both covalent and ionic
the progress of the SiC formation is undergoing at the intereharacters. The covalent character is verified by the observa-
face. tion of the bonding orbital, and the ionic one by the binding
The qualities and structures of SiC islands are well studenergy shifts of the C sl core level and the MO’s. The
ied by HREEL$??*and STM?® However, no information is  amount of charge transfer is estimated to be 0.19 electrons
obtained for the surface except the islands. In the valencper G, molecule on the $001) surface, and to be 0.21 elec-
spectra, we observed a peak at a binding energy of 0.55 eWons per molecule on the @il 1) surface from the Sif2core
after annealing the 1.0-ML & film adsorbed on a 8001)  level spectra. Moreover, the changes in LEED patterns sug-
surface at 1120 and 1170 K, and two peaks at 0.20 and 0.9fest that the transition in bonding natures results from the
eV after annealing the &film adsorbed on a §111) surface  rearrangement of surface Si atoms. After annealing at 1070
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