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SiC film formation and growth by the thermal reaction of a Cg film adsorbed on a
Si(11D)-(7x 7) surface: Bonding nature of Gy, molecules and SiC-film surface phonons

Kazuyuki Sakamotd, Toshinao Suzuki, Masashi Harada, Takanori Wakita, and Shozo Suto
Department of Physics, Graduate School of Science, Tohoku University, Sendai, 980-8578, Japan

Atsuo Kasuya
Institute for Materials Research, Tohoku University, Sendai, 980-8577, Japan
(Received 30 September 1997; revised manuscript received 4 Decembgr 1997

We report here measurements of temperature-dependent vibrational excitatiogsnul€cules adsorbed
on a S{111)-(7x 7) surface, and the formation of a SiC film by thermal reaction using high-resolution electron-
energy-loss spectroscoREELS. The interactions of g molecules with the Si surface are judged from the
charge states of &g molecules, determined quantitatively by the energy shifts of the vibrational modes. Most
Ceo molecules interact weakly by van der Waals force at room temperature. At 670 K, two adsorption states,
i.e., ionic and covalent bonds, are formed under the rearrangement of surface Si atoms. The amount of charge
transfer is estimated to b@=* 1) electrons per g molecule for the ionic bond. At 1070 K, covalent bonds
between G, molecules are formed, and at 1170 KC&iC(11)) islands are formed. The formation of
3C-SiC(11)) is verified by the observation of the surface-optical-phonon Fuchs-Kliewer mode. We have
grown the X-SiC(111) film, repeating the adsorption ofggmolecules, and annealing the sample. Well-
oriented films with low step density are obtained. The lower-energy shift of the Fuchs-Kliewer mode, observed
for 3C-SiC(111) films thinner than 30 nm, indicates the softening of the Si-C bond caused by the buffer layer.
[S0163-182608)04712-2

[. INTRODUCTION served the formation of SiC islands at 1123 K. Using low-
energy electron diffractiofLEED) and x-ray diffraction
The interaction of G, molecules with the semiconductor (XRD), Hamza, Baboch, and Moalerdemonstrated that
surface is important to understanding the physical an®C-SiC(111) film grows on a Sil11) substrate using £ as
chemical properties of fullerenes and to developing new maa precursor. Recently, Het al'® observed the islands,
terial functions for G, molecules. Extensive experimental formed by annealing the 1 ML & film adsorbed Si111)-(7
and theoretical studi&s'® have been performed on theC X 7) surface at 1373 K, using the combined measurements of
molecule adsorbed semiconductor surface. Recent observhaigh-resolution electron-energy-loss spectroscopy
tion of epitaxial silicon carbid€SiC) formation by the ther- (HREELS and STM. They also observed the surface recon-
mal reaction of Gy with Si(112)-(7X7) and S{00D-(2x 1) structions of the islands, and determined them to be cubic
surfaces and the possibility of selective SiC grdWiave led  (3C) SiC(111)-(3% 3) surface. Although several studies have
to increased interest in the nature of the bond between thieeen made on the B-SiC(111) film formed by Gy mol-

Cso molecule and Si surfaces and betweeg &nd the SiC  ecules as precursor, little is known about the interaction be-
film. tween Gg molecules and surface Si atoms at high tempera-
The interaction of g, and Si surfaces is mainly studied ture. HREELS(Ref. 17 with fine resolution is very sensitive
by scanning tunneling microsco@$TM). The growth pro- to measuring the excitations at surfaces, and is a very suit-
cess of a thick g film,® the layer-plus-island growth able technique for obtaining information to elucidate the

(Stranski-Krastangvmode, indicates that the interaction be- bonding features and characterize the film.

tween the first layer g molecules and the Si surface and The Gy molecule has four infrared-active intramolecular
that between the nearest-neighbgp @olecules in islands is  vibration modes withr ;,, symmetry, and ten Raman-active
different. Xu, Chen, and Creagenbserved the structure of modes that have two Ag and eight Hg symmettfe€® The
islands by STM, and determined them to be van der Waal3 4, vibrational modes are observed &at=65.2, v,=71.4,
solid. These G, islands desorb @ha 1 monolayefML ) film v3=146.6, and v,=177.2 meV by infrared absorption
of Cgo molecules is formed at about 670 K on the¢13il)-(7  spectroscop¥, and atv,=66, v3=147, andv,=178 by

X 7) surfacet? Seven molecules are adsorbed in the77 HREELS (Refs. 1 and 1) for solid Gso. Recently, Suto
unit cell at 1 ML® The Gy, cage structure is stable up to et all® observed the softening of;, v,, v, and two Hg
about 900 R. Chen and Saridstudied the thermal reaction modes of Go molecules adsorbed on a(811)-(7X7) sur-

at a coverage of 0.05 ML, and observed the movements dhce at room temperature. They estimated the charge trans-
Ceo molecules at 873 K, which led to the formation of,C ferred from surface Si atoms tg;gmnolecules a$3+ 1) elec-
dimers. At 973 K, more molecules move from their early trons per molecules at a coverage lower than 0.25 ML with
adsorption site involving a higher density of4&limers and  the help of experiment®~2®and theoretical resultS.

the appearance of larger molecular clusters. They also ob- The Fuchs-Kliewer(FK) modé&’ is a long-wavelength
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surface optical phonon, which is related to the energy of théneating in the UHV chamber to obtain the clean recon-
bulk transverse-opticdlfO) phonon w1p), the static dielec- structed Sil11)-(7X7) surface. The sample was spontane-
tric constant, €)) and the electronic dielectric constart,j,  ously cooled for several minutes after heating up to 1520 K

respectively, by before the G deposition. We checked the quality of the
surface by observation of a cleaix7 LEED pattern. The
[e+1 cleanliness of the surface was verified by AES and the ab-
WFK= WTO +1 ) sence of any loss peaks due to the vibrational modes of ad-

sorbed atoms and molecules by HREELS. The sample tem-

The FK mode is observed at 116 meV by HREELS for aperature was measured by an infrared pyrometer with an
thick SiC film made by chemical vapor deposition emissivity setting of 0.64.
(CVD).22°The energy of the FK mode is a good parameter We prepared and purified thes@powder carefully with
for getting information about the characteristics of the SiCthe following procedure. First, the (& powder was chro-
film, because the energy of the surface phonon reflects theatographically separated from carbon soot. Second, ghe C
bonding strength between Si and C atoms. was rinsed in tetrahydrofurafTHF) with ultrasonic cleaner

In this paper, we report on the bonding natures g§ C in order to eliminate hydrocarbons and other impurities. Fi-
molecules adsorbed on the(BL1)-(7X 7) surface, and the nally, G, was distilled in vacuum. After these procedure, C
3C-SiC(111) surface formed by the thermal reaction of,C o POWder was loaded in a quartz crucible and then intro-
molecules with a $i11) substrate using HREELS. We also duced into the preparation chamber. Thg, Gowder was
report on the energy of the FK mode, measured with oucarefully outgassed below 600 K for over 24 h prior to
high resolution, and discuss the characteristics of the&vaporation. The thickness was monitored by a quartz crystal
3C-SiC(111) films. The shifts in vibrational modes indicate oscillator. The deposition rate was approximately 0.2 nm/
the existence of ionic interaction between thg @olecules  min. A thickness of 1.0 nm is estimated to be 1 ML qf,@y
and the Sil11) surface at 670 K. The amount of charge STM."
transferred from surface Si atoms to thg,@olecule is es-

timated to be(4+ 1) electrons per molecule. Another bond- . RESULTS
ing state in which the vibrational mode does not change is A Th | ion of C lecul
also observed at 670 K. At 1170 K, the formation of SiC is - Therma reaction of Cg molecules

verified by observation of the FK mode. On th€-3&iC(111) with the Si(111)-(7x7) surface

surface, no energy shift is observed for the vibrational modes Figure Xa) shows the HREEL spectra of the 1 MLg{C

of Cgo molecules from room temperature to 870 K. Thefilm grown on the Si111)-(7X7) surface at room tempera-
lower-energy shift of the FK mode was observed for ature. Peaks and shoulders are observed at 66, 72, 95, 133,
3C-SiC(11Y) film thinner than 30 nm. This energy shift is 147, 163, 179, and 193 meV. Taking into account the previ-
discussed in terms of the buffer layer. The thickous infrared absorptiof, Raman scattering’?! and
3C-SiC(111) film made by a G, precursor has a flat surface HREELS" measurements, we assign the 66-, 72-, 147-, and

with small step density. 179-meV peaks as the four dipole-actiVg, modes ofv,
v,, vz, and v,, respectively. The 95-, 133-, and 193-meV
Il. EXPERIMENT peaks are the Raman-active Hg modes. The 163-meV peak is

observed as a small peak in Raman scattéfingd neutron

The experiment was carried out in a UHV system thatscattering®® This peak is also analyzed theoretically with the
consists of an analysis chamber and a preparation chambdirst-principles density-functional methd8The surface dis-
The analysis chamber is equipped with a HREEL spectromerder enhances the intensity of this peak in the HREELS
eter, a LEED optics, an Auger-electron spectromeddtS), spectrat!
and a quadrupole mass spectromé@KSs). The base pres- The spectra in Figs. (b), 1(c), 1(d), and 1e) are those
sures were below:2 10~ ° Torr in the analysis chamber and obtained after annealing the sample at 670, 870, 1070, and
below 1x10~° Torr in the preparation one. The HREEL 1170 K, respectively. We annealed the sample for 300 sec
spectra were measured with a VSW |IB2000 spectrometesind then cooled it down to room temperature. At 670 K, we
with a typical incident energy of 5.0 eV. The full width at clearly observed the energy shifts of some peaks. The peaks
half-maximum (FWHM) of the elastically scattered peak observed at 66, 72, and 95 meV in Fidgajshift their ener-
were 12 meV for the clean @il1)-(7X 7) surface, from 6 to  gies to 64, 70, and 94 meV, respectively. We also observe a
8 meV after the deposition of g molecules, and from 8 to new peak at 170 meV. The negligible change in intensity of
18 meV for the E-SiC(111) surfaces. The scattering angle the v, mode indicates that noggmolecule has desorbed at
was fixed at 60° from the surface normal direction. We670 K. At 870 K, peaks are observed at 64, 70, 94, 132, 147,
changed the incident angle to measure the angular dependeiitO, 179, and 193 meV. The peak energies are the same as
intensities of the energy-loss peaks. All measurements werthose at 670 K.
carried out at room temperature. The profile of HREEL spectrum changes drastically after

The S{111) sample was a P-dopdd-type) Si wafer that annealing the sample at 1070 K. The intensities of energy-
has an electrical resistivity of 1000 cm and a size of X 15  loss peaks indicating the presence gf @olecules become
X 0.5 mnt. We prepared the Si sample chemically following small, and new shoulders and peaks appear at 87, 97, and
the Shiraki method and then introduced it into the UHV 102 meV. An STM image obtained at 1073%shows the
chamber. The sample was annealed at 1150 K for 10 mimearest-neighbor distance ofsggCmolecules as 0.93 nm,
and then heated up to 1520 K for 5 sec by direct resistivevhich is shorter than that in the solid state, 1.004 nm. In the
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FIG. 2. The angular profile of electrons scattered from the
Si(111) surface covered with @-SiC(111) islands, formed by an-
nealing the 1 ML G, film adsorbed §111)-(7X 7) surface at 1170
K. The filled circles, open circles, and squares represent the elastic
peak, the 102-meV peak and 114-meV peak, respectively. The inset
shows the angular profile of the elastically scattered electrons from
the S{111)-(7X7) surface.

x500

00 1(c), should result from the small number off2limers that

are created by covalent bonds between molecules. The

147 179 higher intensity of the shoulder in Fig(d than that in Fig.
1331 16|3 I 193 1(b) agrees well with the larger number ofs(Cdimers at
() % (a’)_;Ap/\)\.M higher temperature.
x300 After annealing the sample at 1170 K, an intensive peak
-J k x200 appears at 1140.5 meV. Since the loss energy is very close

to 116 meV, i.e., the energy of the surface phonon on a thick
I N TN Y S T T Y N Y S SiC film,222% we judged it to be the FK mode of SiC. The

0 100 200 large intensity supports the idea that the origin of this peak is

Energy Loss (meV) the coherent motion of ordered surface atoms and not the

FIG. 1. Temperature-dependent HREEL spectra offim on _ Vibration of an isolated atom. We also observe peaks and
Si(11D)-(7X7) suprface.(a) sth;ws the spectrum (F))f 1 le@depos- Shou_lder_s at 91, 102, 182, 193, _204' 21_6' and 228 meV for
ited at room temperaturéb), (c), (d), and(e) are the spectra mea- the first t|mg, to our know_ledge, in our high-resolution mea-
sured after annealing the sample at 670, 870, 1070, and 1170 KuUrement. Since no peak is observed around 78, 255, and 456
respectively (') indicates the enlarged spectrum of each figure. ~MeV, corresponding to the stretching modes of Si-C, Si-H,

and O-H, respectively, all peaks observed in Fi¢e) Jare

infrared-absorption measurements, seven peaks are observethted to SiC. The peaks observed at 1170 K do not change
in the energy region between 88 and 99 meV when covalertheir energies and intensities until 1370 K is reached, indi-
bonds between & molecules exist>34 Taking into account cating that there is no difference in the characteristics of SiC
the previous studies, the new peaks observed at 87, 97, amdthin this temperature range.
102 meV in Fig. 1d) result from the formation of covalent Figure 2 shows the angular profiles of the elastically scat-
bonds between & molecules. The large intensity of the 163- tered peak, as well as the 102- and 114-meV peaks observed
meV peak indicates that the remarkable roughness is intran Fig. 1(e), at different scattering angles. The filled circles,
duced at the surface, involving the formation of covalentopen squares, and circles correspond to the elastic peak, the
bonded Gy molecules. The intensity ratio of the 87-, 97-, 102-meV peak, and 114-meV peak, respectively. At the
and 102-meV peaks to those indicating the presencegpf C specular direction, i.eA6=0°, the intensity of the elastic
molecules corresponds to the existence ratio of covalenteak is only one order larger in magnitude than that at
bonds between §g molecules. The shoulders, observed at theA §=15°. On a clean $111)-(7X7) surface, in which the
higher-energy side of the 94-meV peak in Figgb)land step density is approximately 50 nm/step, the intensity of the




9006 KAZUYUKI SAKAMOTO et al. 57
elastic peak is larger by two orders of magnitude at theof the adatoms on the @3SiC(111)-(3X 3) surface is esti-
specular direction than that At9=6°, as shown in the inset mated to appear at 70{{5/4)=88.4 meV. Hence, we con-

of Fig. 2. The elastic peak is equivalent to the Bragg re-sider the 91-meV peak to be the excitation of the Si-Si bond
flected beams observed in LEED. Since the magnitude dpetween the Si adatom and first layer Si atom. Since the
change in intensity corresponds to the sharpness of thieeaks observed around 200 meV are described by the sum of
LEED spot, the rather small angular variation of the elasticthose observed around 100 meV as

peak indicates that the SiC grown on arl3i)-(7X 7) sur-

face is an island and not a flat film. This result agrees well w182~ Wort Woy,
with the previous STM image in which the surface area and
height of SiC islands are 2010—35 nm? and 2—3 nm, 03193= Wg1t W02,
respectively:® The surfaces of these islands are reported as
(3% 3) reconstructed surfaces by STMKaplart® showed ®04= W10+ 0102,

the existence of various surface reconstructions for the
3C-SiC(11) film made by chemical vapor deposition
(CVD), and proposed that theC3SiC(111)-(3% 3) surface is
terminated by three consecutive Si atom layers. These Si
layers contain two adatoms, six first layer atoms, and eight
second layer atoms in a unit cell. Although there is a differ-we consider them to be the overtones and combination
ence in the SiC formation method, the equivalency in reconbands. Unfortunately, we are unable to resolve the 205-meV
struction indicates that the@SiC(11)) island obtained in  peak, which corresponds tey;+ w14, due to the poor reso-
our experiment is terminated by Si atoms. lution (8 meV) on this surface. The assignment of all energy-

The intensity of the 114-meV peak shows a similar angu{oss peaks observed in Fig. 1 is summarized in Table .
lar profile to that of the elastic peak. Since the increase in
intensity as one moves toward the specular direction indi-
cates the dipole scattering mechanism, the 114-meV peak is
a vibrational mode resulting from a dipole normal to the The 3C-SiC(111) film was grown by repeating the anneal
surface. The intensity of the 102-meV peak observed aof the sample at 1370 K following the adsorption of,C
A 9=15° is almost the same at that measured in the speculanolecules. We refer to the combination of adsorption and
direction. This negligible change in intensity indicates thatannealing as one growing process, tentatively, in this paper.
the 102-meV peak is a “dipole forbidden” modéThe di-  In order to cover the surface perfectly withy@@nolecules,
pole forbidden mode is a mode in which the dipole is parallewe adsorbed 3 ML of g molecules at each process. The
to the surface or a Raman-active mode, and observed W{YREEL spectra obtained after several processes are shown in
electrons scattered with short-range interaction, i.e., impadtig. 3. Figure 8a) displays the spectrum after annealing the
scattering, in contrast to the long-range interaction that con3 ML Cgo adsorbed $111)-(7X7) surface at 1370 K, i.e.,
tributes to the dipole scattering. Since this impact scatteringfter the first process. It is easy to find that the spectrum in
involves high-order Fourier components of the potential andFig. 3@ shows the same profile as that displayed in Fig.
thus large momentum transfer, electrons scattered with thit(e), though the annealing temperature is different. The spec-
mechanism are observed inside a broad isotropic scatteririga in Figs. 3b), (c), (d), and(e) are those obtained after the
angle. The energy, 102 meV, is close to the energy of théhird, fifth, fifteenth, and thirtieth processes, respectively. Af-
Si-C stretching mod® (99 me\) and the Si-OH bending ter the thirtieth process, LEED shows a hexagofiat 1)
modes’ (102 me\j. However, no other peak indicating the pattern. The distance between the integer spots was 1.25
presence of contamination by carbon atoms and water motimes longer than that of the @il1) surface at the same
ecules is observed in Fig(€). Hence, taking into account incident electron energy, indicating the surface of the thick
the large intensity, we assign the 102-meV peak to the vibrafilm as 3C-SiC(111)-(1X 1). This result is consistent with the
tional mode from the coherent motion of ordered atoms, thgrevious combined LEED and XRD studies, which demon-
dipole of which is parallel to the surface. strated the film grown on an @ill) substrate using £ as

The lower intensity of the 91-meV peak indicates that thisprecursor as @-SiC(111)-(1X 1).8 Since the surfaces of both
peak comes from the vibration of an isolated atom. Sincehe thick film and thin film(islandg are 3C-SiC(111), we
there is no peak indicating the presence of contamination ionsider that the orientation of the€C3SiC surface is always
Fig. 1(e), the 91-meV peak results from theC3SiC(111)  (111) during the film growth.
island. Using HREELS, Daum, Ibach, and Mu®® observed Several notable results are observed in Fig. 3 as the num-
the vibrational modes of the adatoms on the&l$1)-(7X7) ber of processes increases. First, the energy of the FK mode
surface at 70.7 meV. The bonding strength is usually stronshifts from 114-0.5 to 116+ 0.5 meV. Second, the intensity
ger when the distance between atoms is shorter, and the laif the main peak becomes larger. Third, the asymmetry of
tice constant ratio between th€3SiC(111) and S{111) was  the main peak observed during the initial processes becomes
reported as 4:5 by means of transmission electron microsnvisible at the fifteenth proce$&ig. 3(d)]. Fourth, the peak
copy (TEM).3*40 We assume that the energy of the vibra-around 230 meV becomes sharp with larger intensity. Fi-
tional mode is proportional to the bonding strength betweemally, the tail of the elastic peak becomes longer. The first
the Si adatom and first layer Si atom, and in inverse proporresult supports the growth of theC3SiC(111) film, because
tion to the lattice constant of theC3SiC(111) and S{111) 116 meV is the same energy reported previously for a thick
surfaces. Within this rough assumption, the vibrational modesiC film.282°

w216~ W11 W114,

W)= W1141T W114,

B. Growth of 3C-SiC(11)) film
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TABLE I. Assignments of energy-loss peaks observed in Fig. 1. Asterisks are used to represent the
following: (*) modes that result from the covalent bonds betweggnnilecules,(**) excitation of Si-Si
bonds of the &-SiC(111)-(3%x3) surface,*** ) a mode that results from the surface disorder, @it )
overtones and combination bands.

Room temp. 670 K 870 K 1070 K 1170 K Assignment
66 64 64 61 Ty
72 70 70 70 T
87,97,102 *
91 *%
102,114 FK modes
95 94 94 Hg
133 133 Hg
147 147 147 147 Ty
163 163 163 e
179 170,179 170,179 170,179 T
193 193 193 193 Hg
182,193,204,216,228 Fhkx

The long tail of the elastic peak observed in Figgl)and  areas of £-SiC(111) islands observed in ST Therefore,
(e) is an outcome of inelastic scattering by a free-electrori , is the maximum irl/l, for a rough -SiC(111) surface,
surface plasmonds). The energy ofws, is described by the terrace of which are approximately X100—35 nn?.

Stroscio and HY as However, it is impossible to fit the experimental data with
Eq. (2) only. This result indicates that the incrementl ify
_ (4mnéd) must come from both explanations described above. The
wSp_(ES+ 1)m* change inl/l4 resulting from the expansion of the sample

surface is assumed to follow an equation identical to Lang-
where 5, n, andm* are the static dielectric constant, the muir's adsorption one,

free-electron density, and the electron effective mass, respec-
tively. The free electron comes from the defect of the [
3C-SiC(11)) film. When the loss energy of the surface plas- In
mon is small, the matrix element becomes large, and mul- ] ) )
tiple inelastic scattering is likely. This multiple inelastic scat- Where lg is the maximum inl/lo for a completely flat
tering leads to a long tail of the elastic peak. 3C-SiC(111) surface andg is a constant. The broken and

In order to understand the growing mechanism of thedotted lines in Fig. 4, are the fitted lines from E¢8) and
3C-SiC(111) film, we plot the increments in intensity ratio (3) With 1,=0.12, «=0.55 andlg=0.02, 3=0.02, respec-
of the FK mode to the elastic peak] ,, against the number tively. The solid line in Fig. 4, obtained by adding Eq8)
of growth processes. Figure 4 shows the intensity ratio agnd (3), fits the experimental data well. The values of the
various processes. The horizontal and vertical axes corrd@rameters show that the effect of the terrace area expansion
spond to the number of growth processes and the intensity Small but must not be ignored. Taking into account the
ratio, respectively. The filled circles are the experimentailtting I|nes_, we .conclude tha‘g almost all of the surface area is
data. The enlargement in intensity ratio shows two stepscovered with SiC after the sixth process. ' N
That is, /1, increases rapidly until the third process is Flgure_SShows the angular variations t_)f the intensities of
reached, and then slows down. Two explanations can be ofl1€ elastic peak and FK mode of th€35iC(11]) surface
fered for the increase in intensity ratio. First, the formationobtained after the thirtieth growth process. The filled and
of the film, SiC in this experiment; and second, the expan©P€n circles represent the elastic peak and FK mode, respec-
sion of the flat surface area. Since the formation of thively. The profile of the elastic peak shows two different
3C-SiC(111) film relates to the adsorption ofggmolecules resul_ts from t_hat shpwn in Fig. 2. First, the intensity of the
on the S{111) surface in the initial growth processes, it is €lastic peak is 10 times larger than that obtained after the
reasonable to consider that the formation of i SiC(111) first process at the specular direction. Second, the intensity of

film changes the intensity ratio following Langmuir's ad- the elastic peak is two orders larger in magnitude at the
sorption equation, specular direction than that At¥=9°, and the magnitude of

change in intensity is rather large compared to that after the
[ first growth process, but slightly small compared with that of
—=la[l-exp(—ax)], (2 the clean SiL11)-(7x 7) surface. Since the intensities of the
elastic peak and its angular variation are reflected by the
wherel 5 is the maximum inl/l, for a rough £-SiC(111 coherence length of the surface, these results signify the
surface,a is a constant, and is the number of growth pro- long-range planarity on the thickG3SiC(111) surface. The
cesses. We consider that at the initial processes, the terraB& mode shows exactly the same angular profiles as that of
areas on the @-SiC(111) surface are the same as the surfacethe elastic peak, implying that it results from dipoles normal

=lg[1—exp —BX)], ©)

lo

lo



9008

KAZUYUKI SAKAMOTO et al. 57

Intensity (arb. units)

J

]
€) ()
x.?()

d)

1155
!

x5()

FIG. 3. The HREEL spectra obtained after several growing pro- R
cesses(a) displays the spectrum after annealing the 1 ML film
adsorbed $111)-(7x 7) surface at 1370 K. The spectra (o), (c),

(d), and (e) are those obtained after the third, fifth, fifteenth, and
thirtieth growth processes, respectively). indicates the enlarged
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spectrum of each figure.

to the surface. This dipole direction is consistent with the
polarizations of FK mode, which is asserted to be perpen-

dicular to the surfacé’

Figure 6 displays the HREEL spectra obtained after an-
nealing the Gy molecule adsorbed G-SiC(111) surface at
different temperatures. The annealing time was 300 seconds.
We adsorbed the g molecules on the @-SiC(111) surface
obtained after the sixth process, because the influence of the 10
interaction between & molecules and the &ill) surface
can be ignored at this condition. The LEED of the
3C-SiC(11)) surface obtained after the sixth growing pro-
cess shows a hexagondlx 1) pattern with a higher back-
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Time of processes

FIG. 4. The change in intensity ratio of the FK mode to the
elastic peak. The filled circles are the experimental data. The broken
and dotted lines are calculated by E¢®). and (3). The solid line
represents the sum of these two equations.

areas of £-SiC(111) islands observed in STN 10x 10
—35 nm?, which is consistent with the small terrace area
expansion. The HREEL spectrum of th€ &iC(111) sur-
face obtained after the sixth process is shown in Fig@).6
Figure @b) shows the g, molecule adsorbed@-SiC(111)
surface. The coverage is 1 ML. We observe clearly ithe
vz, and v, modes of the g, molecules at 66, 147, and 179
meV, respectively. Since the;, modes relate to the, sym-
metry, the observation af;, v3, andv, modes indicates the

10°

Intensity (CPS)

v bevv s b b gl
0 5 10 15

Angle (A6 °)

ground compared with that obtained after the thirtieth pro- F|G. 5. The angular profile of electrons scattered from the
cess. In the LEED experiment, the coherence length of agc-sic(111) surface obtained after the thirtieth growth processes.
electron is approximately 10 nm at a primary electron energyrhe filled and open circles represent the elastic peak and FK mode,
of about 100 eV. Hence, the high background indicates thatespectively. The inset shows the intensities of elastic peaks at vari-
the terraces areas are approximately equivalent as the surfamés growth processes.
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r T rrrr 1 vt 1111171 IV. DISCUSSION

115.5 230 A. Bonding nature of the Cg, molecule on the S{111)-(7x 7)
surface

The bonding nature of solidggis well established as van
der Waals interactiof? For the Gy molecules adsorbed on
surfaces, the charge-transfer sch&m& 2%is applied to ex-
plain the ionic bonding state. The charges, transferred to the
Cgo molecule, shift the thre€ ;, modes ¢4, v,, andv,) and
the two Hg modes (95 and 193 meY to lower
energies>??26 Measuring the alkaline doped ¢ film,
Pichler, Matus, and Kuzmafy and Martin, Loller, and
Mihaly?* reported the linear energy shifts of, and v,
modes as—1.25 meV/electron and-1.8 meV/electron, re-
spectively. They also observed a small energy shift of ap-
proximately —0.25 meV/electron for the, mode. The en-
ergy shifts of the Hg modes at 95 and 193 meV are estimated
to be —0.25 meV/electron andg-1.85 meV/electron, respec-
tively, by Raman scattering measuremefit€omparing the
energies of the peaks observed in Figg) With those of the
Ceo S0lid 1® no energy shift is confirmed. Therefore, most of
the G molecules are weakly adsorbed on(13i1)-(7X7)
surface with van der Waals interaction, like the interaction
between G in the solid state at room temperature. The ob-
servation of the(7x7) LEED pattern, with spot intensities
weaker than those of the ($i11)-(7X 7) clean surface, sup-
ports this consequence.

After annealing the g molecule adsorbed &i11)-(7X7)
surface at 670 K, the 66-meV peak shifts to 64-meV with 1.5
times larger FWHM. The 64-meV peak does not show any
decrease in intensity compared to the 66-meV peak. This
negligible change in intensity indicates that ng, @&olecule
has desorbed, and the coverage is still 1 ML at 670 K. This
result agrees well with the previous STM stditlin which an
image shows the adsorptiof @ 1 ML Cg, film at the same
temperature. Taking into account the desorption temperature
of Cq, van der Waals island$, we consider that g mol-
ecules, interacting with the van der Waals force on the Si
surface at room temperature, desorb at a temperature below
670 K, because the strength of van der Waals interaction
0 100 200 300 between the g, molecules and the Si surface is of the same

Energy Loss (meV) order of magnitude as that betweer,Gnolecules in the
solid state’® Since 77% of the g molecules interact with
van der Waals force at room temperature &l ML film,*®
the desorption of g molecules bonded with van der Waals

3C-SiC(111) surface obtained after the sixth growth procesels interaction to the Si surface seems to be contradictory to the
is the spectrum measured after adsorbing 1 ML gfr@olecules on adsorption of the 1 ML & film at 670 K. In order to resolve

@. (0), (d), (&), and(f) are the spectra obtained after annealing thethis contradiction occurring between room temperature and
sample at 670, 870, 1070, and 1170 K, respectivélyndicates the 670 K, we observed the LEED pattern. The LEED observed

enlarged spectrum of each figure. The solid and broken vertica®t 670 K shows a different pattern than that obtained at room
lines indicate the existence and vanishing of peaks, respectively. temperature. The LEED spots originated from #7ex7)
structure disappear, and on{fx 1) spots and streaks be-
o ] ) . tween them are observed. This change in LEED pattern in-
negligible deformation of g, molecules. The large intensity gjcates the rearrangement of surface Si atoms. The termina-
of the 163 meV peak results from the short-range planarityjon of some Si adatom dangling bonds with,@oleculed®
on the SiC substrate, which leads to the disorder@fr@l-  |eads to the change in surface structure at low temperature.
ecules. Figures (6), (d), (e), and (f) are the spectra after |n fact, the structural change of the(8L1)-(7x 7) surface,
annealing the 1 ML film adsorbedC3SiC(111) surface at the dangling bonds of which are terminated by alkali metal,
670, 870, 1070, and 1370 K, respectively. The thfeg  is observed at 570 KE The different surface structures in-
modes of G, molecules are visible from room temperature duce change in the surface electronic state, and therefore
to 870 K. interaction between § molecules and the Si surface should

Intensity (arb. units)

FIG. 6. Temperature-dependent HREEL spectra of thentl-
ecules adsorbed on (3SiC(111) surface. (a) shows the
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71 1 r 1 1 v 1 r 1 1] one state produces the softening of vibrational modes, and
the other does not produce any softening. The charge-
transfer schenmé?2-26suggests the first adsorption state as
Cgo molecules bonded ionically with surface Si atoms. Com-
paring the energy shifts of the,, v,, and v, modes and
those reported previously;?>=?we determined the amount
of charge transfer to bél+ 1) electrons per g molecule.
This number is larger than that forgg&molecules adsorbed
ionically at room temperaturg3=+ 1).™® Since G, molecules
bonded with van der Waals interaction are not able to exist at
670 K, we suggest the second adsorption state, which does
not produce any softening in vibrational modes, as co-
valently bonded g, molecules. Assuming that the scattering
cross sections of, and v, are equivalent for the ionically
and covalently bonded g molecules, the existence ratio of
Energy Loss (meV) the ionically bonded g, molecules to the covalently bonded
one is suggested to be 1-0.7 from the parameter described in
FIG. 7. The HREEL spectrum obtained after annealing the ITgple |I. That is, 59% of the g molecules of the 1 ML film
ML Cg, film adsorbed S1L11)-(7X7) surface at 670 K. The dots, are adsorbed ionically and 41% covalently with thé1$i)
the broken lines, and the solid lines correspond to the experimentalrface at 670 K. This existence ratio and the difference in
data,_ t_he Gaussian using the parameter des_cribed in Table Il, anf|,mber of transferred charge for ionic adsorbeg @ol-
the fitting curve of the 64-meV peak, respectively. ecules suggest that both weakly and strongly adsorhgd C

molecules at room temperature have changed their interac-
be changed. Hence, we conclude thg @olecules weakly  {iong under the rearrangements of surface Si atoms.

adsorbed at room temperature change their bonding nature, Using the DV-Xa-LCAO method, Yajima and Tsukada

rearranging the surface Si atoms, and do not desorb. calculated the electronic band structures of the 1 Mg fm
In order to understand the change in FWHM, we have,ysqheq $001)-(2x 1) surfacet* Their results indicate a

deconvoluted the 64-meV peak with Gaussian line shapegy pyigization between the & molecules and surface Si at-

The elastic peak is well reproduced by the Gaussian 88ms. However, the HREEL spectra of they@olecule ad-

shown in Fig. 7, and the 64-meV peak is fitted quite well by 0 g S00D-(2x 1) surface do not show any softening in
the sum of four Gaussians. The parameters used for the foyk, -1 0 dedS Therefore. our suggestion for the sec-
Gau53|anfs are 't[)abulate:j n '(Ij'ablehll. Hence, th]? 6;1-mhev P€%hd adsorption state is suitable for the previous stutfiés.
contains four vibrational modes the energies of which are 61, ; . .

66, 71, and 72 meV. We have assumed the half-width of th%ﬁjhe STM image obtained after annealing thg, Gim

Intensity (arb. units)

four G . o be th that of the elasti K sorbed $111)-(7X7) surface at 670 K shows the exis-
our aussians 1o be the same as that of the elastic peak, aji, .o of two kinds of & molecules on the surfadé.One
the intensity ratio for these peaks to bg/lg=175/l¢g, tO

. A forms an ordered domain the area of which is about 10
determine the gsazrzzirzrgeters. Talgmg into account the chargen-mz’ and the other a smaller domain in whichy@olecules
transfgr scheme; the energies of 61 and 71_meV agre€ 4re disordered. The disorderegyGnolecules are brighter
well with the softenew, and v, modes, respectively, with )\ e others in this image. Furthermore, thegg rol-
four electrons transferred to g£molecule. In this case, the ecules interact more strongly with the surface Si atoms, since
softenequ4 mode should appear arour_1d 171 meV. Since th hey always pin the ordered domain. Now, we consider care-
egergy 'Z plogg to 17,[1 g]e\t/ﬁ we cf:tonsger th% 178"?9\,[/ pea lly this STM image. Since the difference in brightness cor-
observed in Fg. () to be the softenea, mode. Untortu- responds to a different height of about 0.2 nm, the value of
nately, due to the small shift we could not discuss the lowe

H de. th ftened mode of which t be ob q hich is close to the nearest-neighbor atomic distance of Si
g mode, the unsottened mode of which must be observe the solid state, 0.235 nm, we have to consider the exis-
95 meV. Because of the tail of the loss peaks observed at 1

: . nce of Si adatoms under the disorderggr@olecules. The
mgx’i;hgigoﬁs)ned higher Hg mode is not observed at 18 lectronic states of the surface Si atom and Si adatom should

. be different, and it is appropriate to consider different bond-
The observation of both softengdll, 71, and 170 meV ing natures between theggmolecule and these Si atoms.
and unsofteneds6, 72, and 179 meMvy, v,, andv, Modes o e ation of the streaks in LEED signifies the incom-
indicates the coexistence of two adsorption states. That IHlete phase transition from tiéx 7) to (1x 1) surface struc-
ture, and therefore the existence of Si adatoms. In the STM
imagel? approximately 60% of the § molecules of the 1
ML film form ordered domains and 40% are disordered.

TABLE II. Fitting parameters used for the line-shape analysis.

Loss energy FWHM Relative . . . . -

: . Taking into account this ratio and that of the ionically
(meV) (meV) intensity

bonded G, molecules to the covalently bonded one, we sug-

61 7 1.00 gest that the ionic g molecules make a ordered structure
66 7 0.70 and those bonded covalently with the surface Si atoms make
71 7 0.39 a disordered one.
72 7 0.27 At 870 K, the equivalency in peak energies suggests the

same bonding nature as those observed at 670 K. However,
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the relative intensities of the dipole-active modéd, 70, T —r—rrrr 30
147, and 179 me)against those of the Raman-active modes i -
(94 and 193 meYare different from those observed at 670

K. The intensity ratio of the impact scattering to the dipole 120
scattering is described as

I impact — 20

«|R| 72,

Idipole
wherel gipole, limpacy @NAR, are the intensities of the dipole
scattering, impact scattering, and elastically scattered beam
normalized to the current incident to the sample,
respectively:” Since the incident current was fixed at 250
pA, the intensity ratio relates only to the intensity of the
elastic peak I(g9 as

110

Energy (meV)
(Adw) WHMA

10

Iimpact -2 100 (= -
| OCIelas »
dipole -
in our experiment. The intensity of the elastic peak was al- u T ; ] ---1|0 —t _'0- L -;0(())
1 S

most the same as room temperature at 670 K, but decreasec .
above 870 K as the annealing temperature incredsggof Thickness (nm)

the sample annealed at 670 K was approximately 1.7 times r|g g The energy and FWHM of the , obtained at various
larger than that obtained after annealing the sample at 870 K¢ _sjc(111) film thickness. The filled circles are the experimental

Taking into account the temperature ofg@imer formation  gata of the FK mode. The solid lines are the theoretical FK modes.
observed at a coverage of 0.05 Miwe consider that a few The open circles represent the FWHM @fy.. .

Cso molecules move slightly from their earlier adsorption

sites at 870 K. This surface disorder leads to a broadening iface atoms of thick film to be carbon atoms. Ttkx 1)

the scattering angle of the elastic beam, and therefore a deEED pattern observed for thisG3SiC(111) surface sup-
crease in intensity of the elastic peak. The enhancement gforts our consideration, because the elimination of the Si
the 163-meV peak is consistent with the presence of surfacgdlayer was reported by observation of the growth of a plas-

disorder caused by the movement qf,@olecules. mon peak in EEL spectra for the C3SiC(111)-(1X1)
surface®® The atom species that terminates the surface is

B. Bonding nature of the Cs, molecule different from that of the 8-SiC(111)-(3X3) islands ob-
on the 3C-SiC(111) surface tained after the first growing process. We consider that this

difference comes from the different bonding strengths of sur-
face atoms, since the reconstruction of the surface implies
he softening in bonding strengths of the atoms near the sur-
face. The origin of the different bonding strengths is dis-
Ic,:]ussed in the following subsection.

The bonding nature betweery@molecules and the SiC
surface atom is identified by the measurement of th
temperature-dependent HREEL spectra of thg r@olecule
adsorbed 8-SiC(111) surface. The observation of the 66-
meV peak above 670 K indicates that the interaction betwee
SiC and Gy molecules is not van der Waals. If the interac- ) _
tion between the surface atoms angh @olecules is ionic, C. FK mode of 3C-SiC(111) film
the softening of some vibrational mode must be observed, as Fuchs and Kliewer showed that as the thickness of the
shown for the Gy adsorbed $111)-(7X 7) surface]Fig. 1(b) film becomes thinner, the FK mode separates into two
and Fig. 7. Since no peak shift is observed for the thfeg, ~ modes, and the energies of these modes approaches those of
modes in Fig. @), we conclude that the interaction between w;g and the bulk longitudinal opticalLO) phonon o).

SiC surface atoms andgg molecules is that of covalent The bulk phonon modes were reported @g=98.5 meV
bonds. The insignificant peak shift of tie;, modes indi- andw o=120.6 meV for the -SiC solid?® Using the mac-
cates the negligible change in the chemical nature of tlge C roscopic dielectric theor§f: indicated by a solid line in Fig.
molecules on the B-SiC(111) surface until 870 K, and thus 8, we estimate that the separation of the FK mode occurs at
the negligible change in bonding configuration. a film thickness of approximately 30 nm. The polarizations

On the X-SiC(11]) surface, thev; mode disappears at a of the low-frequency FK mode ofex_) and the high-
temperature lower than that observed for thg @dsorbed frequency one ¢rx,) are parallel and perpendicular to the
Si(11D)-(7x7) surface, and the covalent bond betwee C surface, respectively. Hence, considering the angular varia-
molecules is not observed. The weak bonding strength intion of scattered electrons and the large intensities, we deter-
volves the movement of g molecules and thus the covalent mine the 102 and 114 meV peaks to bgx_ and wgg ,
bond between g molecules. Hence, the covalent interactionrespectively. The observation afzc. was carried out previ-
between the surface atoms of SiC ang @olecules is stron- ously for a thin LiBr laye*® However, the intensity oy
ger than the bonding strength ofgCmolecules on the was very smallin that stud{,and it is difficult to ignore the
Si(111) surface. Taking into account the differences in bond-possibility of it being a loss peak due to contamination. In
ing nature and in bonding strength, we consider the SiC surthe present experiment, the large intensitywef,_ explains
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well the coherent motion of ordered atoms, and the possibilcompanied by a tail at the lower-energy side of the energy-
ity of contamination is neglected from the reasons describetbss peak.wgx, has a dispersion in which the energy de-
in the previous section. creases as the wave number increases for thirffilithe
The intensity ofwgk_ decreases as the SiC film grows, minimum in energy is equivalent to that of the thick film,
because the expansion of the SiC flat surface area reduces the, 116 meV for SiC. However, the energy ®fy.. is 116
cross section of electrons scattered from impact scatteringneV or below at whole thickness, and the FWHM decreases
Since the asymmetry of the main peak and the broadening @imply as the -SiC(111) film become thinner as shown in
the 230 meV peak, observed for the initial growth processesrig. 8. Taking into account these disagreements, the energy
results from the high intensity abg_, the conversion of shift observed in our measurement cannot be explained by
wpk— and wgg, and the decrease in intensity efx_ ex-  the size effect.
plain well the third and fourth results observed in Fig. 3. Senet, Lambin, and Lucas calculated the HREEL spectra
The thickness-dependent energy afrc, on the of a RhR00) film on a Ge substrate using shell-model lat-
3C-SiC(111) surface and the FWHM of the energy-loss peaktice dynamical equatiorfS. They showed that the dielectric
of wek are shown in Fig. 8. We deconvoluted the energy-theory fails in contribution of a microscopic surface phonon
loss peak with Gaussian line shapes in order to obtain théor a very thin—a few nm thick—film. However, the thick-
real FWHM of wgc,, because the peak showed extra-ness dependence @g . is different from the dielectric
broadening due to the overlap af_ for the initial growth  theory for a film thinner than 30 nm in our result. This value
processefFigs. 3a) and(b)]. The filled and open circles are is too large to explain the thickness-dependent phenomenon
the experimental energy and FWHM of. , respectively.  of wggy with the contribution of a microscopic surface pho-
We use the STM datd to determine the thickness of non. Furthermore, we do not observe such a microscopic
3C-SiC(111) islands formed after the first growth process.surface phonon in our experiments.
Since Gp molecules do not desorb at 870 K on the One possible explanation of this phenomenon is the influ-
3C-SiC(111) surface, and since only little change in the ence of the SiC buffer layer. The thickness of the buffer layer
pressure of the analysis chamber and no mass correspondiiggreported as 1.0-1.5 nm when it immediately takes the
to carbon atoms was observed during the sample annealingnstrained SiC structuf®,and 30 nm when the composition
all carbon atoms of the & molecule contribute to the for- from Si to SiC changes graduafly.The height from the
mation of SiC. Taking into account the area of theSi(111) substrate to the top of the@GSiC(11)) island is
3C-SiC(111) surface unit mesh and the lattice constant ofreported as 2.0-3.0 nm in the STM studyTherefore,
3C-SiC, and assuming the nearest-neighbor molecular dis3C-SiC(111) island formed by the thermal reaction of a 1
tance between g molecules to be equivalent with that in the ML Cg film adsorbed S111)-(7x7) surface is mainly com-
solid state, the thickness of theC3SiC(111) film increases posed of the buffer layer. The difference in the theoretical
by 1.38 nm at each growth process. This thickness correand experimental energy, i.euy,— wr¢ , relates to the ex-
sponds to approximately 5.5 layers of & C) on the plane tent of influence of the buffer layer. Therefore, the decrease
of the 3C-Si(111) surface. The decimal of this value has thein wyn— gk, signifies that the influence of the buffer layer
possibility to contribute to the terrace area expansion. becomes small as theC3SiC(111) film becomes thick. This
The thickness-dependent experimental energywef . result explains well the difference in atom species that ter-
are smaller than the theoretical data, and show another prérinates the surface of theC3SiC(111)-(3%X 3) islands, ob-
file with the theoretical one. The experimental energy istained after the first growth process, and tf@-SiC(111)-(1
never above 116 meV, i.e., the energy reported previously 1) surface. That is, the larger influence of the buffer layer
for a thick SiC film?32°0Only a simple decrease in energy is for 3C-SiC(111) islands involves the softer bonding strength
observed as the @-SiC(111) film becomes thinner. Three of surface atoms, and tH8X 3) reconstructed structure that
possibilities are suggested to explain this phenomenon. Firsigads the termination with the Si atom. Since, first, the ex-
the size effect of SiC, second the contribution of a micro-perimental data of the thick@G-SiC(111) film are identical
scopic surface phonon, and third the influence of the buffewith those reported previousk:;*®and, secondyy, saturates
layer. The SiC buffer layer, suggested by Nishino, Powell,around 30 nm, we conclude that the buffer layer affects the
and Will*® is a layer in which the large lattice mismatch Si-C bonding strength even for a&23SiC(111) film of 30 nm
between Si and SiC layers is accommodated. The Si-C bonithickness.
must be softened in such a layer. The experimental energy @irx, is smaller than the the-
The size effeé*® of the phonon energy is explained by oretical one for thick SiC film. It should be noted that the
the relaxation of theg=0 momentum selection rule. As the measured value abg, is also lower than the calculated one
size of the microcrystal decreases, the spatial correlationot only for SiC filnf®2° but also for InP? GaP®*° and
function of the phonon becomes finite due to the effect of theLiBr® films. This trend is explained quite well by the influ-
confinement of the phonon into the volume of the microcrys-ence of anharmonicity on the frequency of surface phonons.
tal. Since the dispersion curve of the phonon is not flat in théActually the phonons have a finite lifetime determined
Brillouin zone, the relaxation of thg=0 selection rule leads mainly by anharmonic processes. The consistent account of
to an energy shift and asymmetric broadening in the specanharmonicity in the lattice dynamics results in the appear-
trum of the phonon. Both energy shift and asymmetricance of a complex value of damping in the frequency-
broadening relate to the slope of the dispersion. That isgependent dielectric functiohe(w)]. The real part of this
when the slope of the dispersion is negative fromIth@int  damping corresponds to the anharmonic phonon damping
to the end of the Brillouin zone, we observe a lower shift inand the imaginary one to the anharmonic shift of the phonon
phonon energy, and a broadening in the FWHM that is acenergy. Placido and HisaMocalculated the dispersion of
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surface phonon for NaCl solid including the anharmonic ef-3C-SiC(111) surface, no softening is observed in the vibra-
fect. Their result is in good agreement with the experimentational modes. Taking into account the observation of thg C
result® though the surface phonon energy calculated by harmolecules at 870 K, we consider thag,Gnolecules form
monic approximation was higher than the experimental ongovalent bonds with surface atoms. Thg, @olecules ad-
by approximately 2.5 meV. We consider the difference in thesorbed on the SiC surface do not change their chemical na-
experimental and theoretical energies @fy, for a thick  ture until 870 K, and transform immediately into SiC at 1070
SiC film as a result of the anharmonicity on the frequenciek. The differences in the decomposition temperature and in
of the FK mode. the SiC formation process, on($11) and 3C-SiC(111) sur-
faces, indicate the stronger interaction gf @&olecules with
V. CONCLUSION surface atoms on the SiC surface. Repeating the adsorption

and annealing of the sample, th€ &iC(111) islands ob-

We have measured the temperature-dependent vibrationgl; o+ on the $1L11) surface grow up to thick @-SiC(111)
modes of o molecules adsorbed on the(B11)-(7X7), and  im with long-range planarity on the surface. The softening
the 3C-SiC(111) surfaces formed by the thermal reaction of i, yhe Sj.C bond is confirmed by the redshift of the FK mode
a Gy film adsorbed S1111) substrate by means of HREELS. ¢, 3C-SiC(111) film thinner than 30 nm.

On the S{111)-(7X7) surface, G, molecules that interact
with the van der Walls force with surface Si atoms at room
temperature change their bonding natures at 670 K. We find
two bonding states at this temperature. One is the ionic
bonds between £ molecules and surface Si atoms mani- The authors are grateful to Professor W. Uchida of To-
fested by the softening of vibrational modes. The other ishoku University for his critical discussions. They also thank
considered to be the covalent bonds. The amount of chardger. C.-W. Hu of Tohoku University for his help in the prepa-
transfer is estimated to i@+ 1) electrons per molecule for ration of G. This work was supported in part by a Grant-
the ionic bond. At 1070 K, we observed the formation gf C in-Aid for Scientific Research from the Ministry of Educa-
dimers. The formation of @-SiC(111) islands is verified by tion, Science and Culture, and the Kurata Research
the observation of the FK mode at 1170 K. On theFoundation.
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