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High-resolution electron-energy-loss spectrosctiREELS has been used to characterizg @ims up to
4 monolayers thick grown at room temperature on hydrogen-terminat@@05i Our results show that com-
pared with G, films on clean SiL00) surfaces a considerably higher degree of order in the as-deposited films
is achieved. At low coverages the observed @brational modes and the Si-H vibrations of the substrate are
essentially unshifted, indicating a van der Waals—type interaction betwggand S{100H(2X 1). After
annealing at 450 K the film order is substantially increased. Annealing at 600 K results in desorption gf the C
multilayers and a hydrogen-transfer reaction from the surface to the adsorbed monolayer molecules. When
annealing the sample at 800 K, the remaining surface terminating hydrogen desorbs and evidence for a change
in the G, bonding configuration is found. Finally, flashing the sample at 1300 K leads to the formation of
silicon carbide[S0163-182807)09039-5

I. INTRODUCTION to 1000 A(Refs. 4—6 due to the almost perfect lattice match
between Ge®01) and G111 (lattice mismatch only
Ceo and its relatives, the so-called fullerenes, have at=~0.75%. After room temperature deposition on GeS no
tracted wide interest since their discovery in 1985 and hav&éEED pattern was observable, postgrowth annealing at
been studied extensively because of their unique physic#00 °C resulted in ordered films of similar quality to those
and chemical propertie§or a recent review see Ref).l observed after high-temperature growth.
Currently, studies of the nature of fullerene film growth are  Growth of epitaxial G films on silicon surfaces is of
of particular interest. The bonding of fullerenes to solid sur-particular interest for technological reasons. At room tem-
faces is often complicated, so phenomena such as chargerature on clean &i00)(2X 1) surfaces the strong interac-
transfer between substrate and adsorbate, chemical reactiottisn between the g molecules and the substrate induces
orientational ordering and reconstruction of adsorbate and/dilm growth in the Stranski-Krastanov mode; the first mono-
substrate may be expected. layer only shows local ordér** A Cg, (4x3) quasihexago-
Recent scanning tunneling microscof§TM) and com-  nal structure, with a lattice mismatch of 4% compared with
bined high-resolution electron-energy-loss spectroscopy+he bulk G, fcc (111) surface, coexisting with &(4x4)
low-energy electron diffractiofHREELS-LEED investiga-  arrangement, has been observed in STM studies by Hashi-
tions of G films grown on semiconducting substrates showzumeet all? and Wang and co-workets.Thicker films on
that well-ordered films can be achieved. Deposition 0fSi(100(2x1) are composed of orientationally disordered
Ceo ON GaA$110 at room temperature leads at low cover- three-dimensional islands. Hebardt al'* have grown
ages to ordered monolayer islands, which exhibit a lineaCy, films up to 1000 A in thickness by room-temperature
molecular arrangement commensurate with the GaAs sulsublimation onto $i100) and S{111) substrates that have
strate with a compressed next-neighbor distance of 9.8een passivated by dipping in hydrofluoric acid, resulting in
A compared to 10.04 A for closed packeg,€ The exis- a saturation of the surface dangling bonds with hydrogen.
tence of these islands as observed in STM demonstrates thblhe saturation of the Si dangling bonds with H leads to van
Ceo possesses a high surface mobility on GaAs, attributed tder Waals bonding of adsorbates. X-ray diffraction measure-
a weak van der Waals interaction with the substratements reveal that films deposited on such substrates have a
Cgo multilayer structures grown on Gafd0 at room tem-  high degree of crystallinity. Recently Dumasal® carried
perature consist of highly corrugated three-dimensional iseut HREELS and multiple infrared reflection spectroscopy
lands commensurate with the substrate, whereas film growtimvestigations of G, deposition on wet-chemically prepared
at 450 K yields almost perfectly orderedgfClayers with  Si(111)H(1x1) surfaces. HREELS measurements showed
(111) orientation®> Gensterblumet al*~® observed epitaxial that good quality films were obtained despite the compara-
growth of fcc Gg films on layered semiconductor substratestively large lattice mismatch of 11.5%. However, details of
such as GaSe and GeS, to whick, @ also bound by the the bonding properties of g on hydrogen-terminated sili-
weak van der Waals interaction. On G&E01) at low cov-  con surfaces, in particular questions concerning the interac-
erages(up to 3 ML) and substrate temperatures of abouttion strength and possible surface reactions, are left unre-
150 °C ordered g(111) films were found; thicker films solved. Siis one of the most important materials in electronic
grow in polycrystalline form as indicated by the disappear-device fabrication and semiconductor physics, so that an un-
ance of the LEED diffraction pattern at higher coveraties. derstanding of the interaction ofggwith different Si sur-
Films grown on Ge®01) at a substrate temperature of faces is especially important.
~200 °C are almost perfectly crystalline for thicknesses up In this paper, we report on HREELS investigations of the
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growth of G films with coverages between 0.5 and 4 ML Energy loss {meV)
on hydrogen terminated @00 surfaces at room tempera- 0 40 80 160 200 240 280

ture and subsequent annealing to various elevated tempet
tures. The results show that for room temperature adsorptio
highly ordered G, films can be grown and the substrate-
adsorbate interaction is of van der Waals character. Afte
annealing at 450 K an increased order in the deposited film
was found. At 60 K a part of the surface terminating hydro-

gen bonds to the §g molecules. Further annealing leads to a
simultaneous breaking of the C-H and remaining Si-H bonds
The substrate-adsorbate interaction before and after annei
ing is different: a change in the bonding configuration after
annealing at 800 K is found; at this point all surface termi-
nating H has desorbed. After flashing the sample-ta300

K the molecules decomposed and reacted with the Si atorr
to form silicon carbide.

Il. EXPERIMENT

The experiments were carried out in a multichamber UHV
system consisting of a load-lock chamber, a preparatiol
chamber, and an analysis chamber equipped with a higt
resolution electron energy-loss spectrometer, an Auger elet
tron spectrometer, a three-grid LEED optics, a quadrupolt
mass spectrometer for residual gas analysis, and a gas in
system. The analysis chamber was pumped by a turbom¢
lecular pump, an ion getter pump, and a liquid-nitrogen—
cooled titanium sublimation pump. After baking out a base
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pressure of about>2 10 ®mbar was achieved, the residual
gas being mostly hydrogen. Sample heating was performe
by electron bombardment from the back of the crystal. Tem
perature was measured with a NiCr-Ni thermocouple at- S o
tached to the sample holder, which in a separate experiment FIG. 1. HREELS spectra showing vibrational excitationsaf
was calibrated against a thermocouple directly clamped ontglean Si100H(2X1) and deposited £ layers; (b) 0.5 ML, and
a Si sample. The $i00 substrates weren-type (p (c) 4 ML Cqp. I_Drlmary energyE,=4.5 eV, FWHM of the elastic
>150 cm), samples were approximately20x 0.5 mm  Peak 35 cm® in spectra(@) and (b), 20 cm * in spectrum(c).
in size. Clean $L00(2x 1) surfaces were prepared by first SPectra@—(c) were taken in specular scattering geometry with
outgassing the samples for several hours at about 900 K iﬁﬁ9f255 . Spec”””{(d) SEOBVSVOS 2 S_‘ﬁgf””ﬁgé“ﬂg"? tf__‘s\?ﬂg
the preparation chamber. After transfer into the analysi$, oPecular geome Y& =35, 0;=55°) with Eo=5 eV,
of the elastic peak 20 cnt. All spectra are normalized to the elas-

chamber the samples were flashed to around 1400 K for 30,5

—9 : tic peak.
at a pressure around&l0 ® mbar. Surface cleanliness was

monitored with Auger electron spectroscopy. The asheam energy oE,=4.5 eV and with a resolutioffull width
prepared samples showed a cleé@x1) LEED pattern. at half maximum of the elastic pepletween 2.5 and 4
Atomic hydrogen was produced by cracking, Hp~  meV. Spectra of electronic excitations were recorded with

2x10 % Torr) on a hot Ta strip mounted in front of the gas degraded resolutiofapproximately 20 meyat 20 eV pri-
line outlet approximately 10 cm away from the sample. Dur-mary energy.

ing exposure the sample was held at about 600 K in order to
avoid the formation of dihydride or trihydride phasésA
dose of 1200 L (1 10 ® Torrs) H, was found to be
sufficient to produce a saturation coverage of H on the sur-
face. A(2x1) LEED pattern was found after H dosing, in-  Figure 1& shows an electron energy-loss spectrum of the
dicative of a Si-H monohydride phase on the surface as convibrational excitations of the 8i00H(2X 1) substrate sur-
firmed by subsequent EELS measurementsy, Was face. The two dominant losses at 620 and 2100 trare
deposited from a Knudsen cell held at 425 °C with the subdue to the bending and stretching vibration of Si-H monohy-
strate at room temperature. The thickness of the depositedfide species, respectively The three weak peaks found at
films was determined from the ratio of the Si 92 eV to the Cabout 450, 750 and 1000 ¢rh can be assigned in order of
272 eV Auger peaks calibrated for a monolayer coverage oihcreasing energy to the rocking mode, the symmetric
Ceo after annealing a multilayer at temperatures above 708tretching mode and the asymmetric stretching mode of a
K. A thickness of 7 A is estimated as 1 ML of thgdCfilm. Si-O-Si specie$® which probably stems from incomplete de-
All EELS measurements were made at 300 K sample temsorption of the native surface oxide during preparation of the
perature. Vibrational spectra were obtained with a primarySi(100(2x 1) surface prior to the hydrogen termination.

1000 1500
Energy loss (1/cm)

2000 2500

Ill. RESULTS AND DISCUSSION
A. Cg film growth
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After deposition of 0.5 ML G in Fig. 1(b) several TABLE |. Comparison between observed vibrational frequen-
Cgo related losses appear in the energy range from about 40fles of G, on Si{100H(2x 1) with literature values for thick
to 1600 cm , well-defined peaks are found at 530, 770, 970,Ceo films.
1085, 1435, and 1575 cm. On the high-energy side of the
intense 530 cm! loss a shoulder at 575 cm is observed
and a broad loss structure in the range fren1200 to 1300 _
cm™ ! is found. Even parity
The high symmetry of g leads to a strong degeneracy Zlgﬁgg fffog,b
of its vibrational modes: g possesses 14 optical active 2

This investigation  IRAS, Raman HREELS
Frequencyw;(cm™1)

modes(4 threefold degenerate dipole-active modesTef  wy(T,) 50220
symmetry and 10 Raman-active modesHyf and Ay sym-  (T1g) 976™P 960"
metry) and 32 optically inactive modéS. The peaks ob- @3(Tig) 1358"°
served at 530, 575, and 1435 cincorrespond well with (Too) 5G7ab 581
dipole-active modes found at 530, 580, and 1440—145(5:;(T§g) 86520
cm ! in previous HREELS investigations on thickef wa(ng) 9143b
films, the latter with a possible contribution from a Ramanw,(T,,) 13607°
activeHy mode found at the same frequertc? The losses \
at 1085 and 1575 cit are Raman-active modesi(), the wl(gg) 490 ggf‘;b
770 cm ! loss has possibly contributions fromHy, andG, 22569; 80620
mode found at 775 and 760 crh respectively. In IARS and wj(Gg) 1085 1076 107%
Raman spectroscopy and the 970 ¢nloss is ascribed to a ws(Gy) 1356*°
G, mode(see Table)l In contrast with HREELS results for g(Gg) 1525 1528

a Gy, monolayer deposited on clean(830)(2x 1),%° where

no distinct dipole losses could be observed and the Ramar1(Ho) 266 27?’12 27(,40’d
. . . Wy 425 433 436,°444°
active peaks were dominant in the spectra, the 530%m © Hg) 715 7180 758°d
dipole-active mode generates by far the most prominent '0352(H2) 770 7750 758°4d
in Fig. 1(b). ws(H 1085 1102° 1097°4
The intensity of the Si-H stretching vibration in Figlbl wZEHgg 1245 125%° 1258£1274°
is substantially smaller than the corresponding peak in Figw7(H,) 1434 14271P 14368 145
1(a), whereas its frequency is essentially unchanged. wg(Hy) 1575 1578° 1557 1565°
With increasing G, coverage(the corresponding spectra )
are not shown in the figuyethe Gy, related losses become Odd pa“ti’l g
more pronounced and the intensity of the Si-H stretchingwl( W
vibration is further diminished. At a coverage of gbout 1ML, 6,(Ty) 530 5o b 53ocd
the loss structure at around 1100 ¢hnis resolved into three (T, 575 576 581¢
different peaks at 1185, 1245, and 1317 ¢m The  w3(Ty) 1185 1183P 1186
1185-cm ! mode was also previously observed with ®4(T1y) 1434 1429 1436, 1452
HREELS on thick film$"® and ascribed to a dipole-active ) -
vibration of the G, molecule. “’1($2U) 353 ggg;b 342’82;55
Figure 1c) shows the HREELS spectrum of a 4-ML-thick $2§T2u§ 10260
film; additional peaks at 266, 353, and 425 cmare found. wj(-rzﬂ) 120130
Several new losses appear as shoulders on more intengg(T,,) 1575 15760
peaks: loss features are found on the low-energy sides of the
1575 cm! mode and the 770 cit mode at about 1525 1(Gy) 400 400+° 347, 355°
and 715 cm?', respectively. In previous HREELS @2(Gu) 760:’2
investigations”® of Cg, films the 575 cm? dipole-active ~ ©3(Cu) 924°" |
w4(Gy) 967 970" 960,% 968°
mode was only observed as a weak shoulder on th% (G 1317 1316°
530 cm ! loss; in the spectra of Fig.(d) this loss is clearly wZ(GE) 14460 1436%145%
resolved. Off-specular measurements prove both peaks are
dipole active as their intensities follow closely the intensity w,(H,) 3432b
of the elastic peak as the off-specular angle is increased. Thex(H,) 56320
results of off-specular measurements for the 1185 and 1434s(Hu) 6953’:; 686°
cm ! losses are inconclusive due to their comparatively"4(Hu) 801;b
small intensities. A spectrum measured 20° off-specular %Zg:zg ﬁésﬁvb

displayed in Fig. td). The 530 and 575 cmt peaks are @ (Hy) 1550%b
roughly an order of magnitude smaller than in Figc)l e
whereas the 1185 and 1434 thlosses show only little  2Reference 21.
change. Due to the strong decrease in intensity ofthe PReference 22.
mode at 530 cm', a new peak at 490 cnt can be re- °Reference 8.
solved, additionally a loss at 400 crhis found on the low- “Reference 5.
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T T T —T T

energy side of the 425 cnt loss. The energies of the peaks

observed in Fig. @) together with their assignment to the
different Gy, vibrational modes are summarized in Table I.

Comparison between the spectra in Fig. 1 shows that at
submonolayer g coverages neither the Si-H stretching vi-
bration nor the &, related losses are significantly shifted
compared to the clean @D0OH(2Xx 1) surface and the thick
Ceo film, respectively. This strongly points to a van der
Waals—type interaction between thgy@nolecule and the
hydrogen-terminated @00 surface. Using infrared spec-
troscopy Dumaset al® observed a downward shift of the
Si-H stretching frequency on @il)H(1x 1) of about 20
cm~ 1 with increasing @, coverages, and a concomitant in-
crease of the linewidth from 0.8 to 10 ¢rh while the total
integrated intensity of the line remained constant. On
Si(100H(2x 1) a frequency shift and broadening of the
peak similar to those observed on(&i)H(1X 1) can be
anticipated, but with a resolution of 35 crhin Fig. 1(b) ]
cannot 2(33 resolved in our experiments. 0 1 2 3 4 5 6

Lucas” has shown that due to the broadening in angle of
the so-called dipole lobe with increasing film disorder the Energy loss (eV)
intensity of the dipole-active vibrational modes decreases FIG. 2. HREELS spectra of the low-energy electronic excita-
relative to the intensity of the Raman-active modes. Thus thé@ons of G, films grown on S{100H(2x 1) at room temperature;
ratio of the intensities of the dipole- and Raman-active(a) 0.5 ML, (b) 1 ML, and(c) 4 ML of Cg,. Primary energye,=20
modes can be used as a measure of the long-range orderdN, 6;= 6;=55°. The spectra are normalized to the elastic peak.
the film. For the highest-quality films obtained until now
[grown on Gef00Y)) at elevated substrate temperatdras  Comparison of spectr@) and (b) for films in the submono-
intensity ratio of 23 between the 530 and 760 Cmosses  layer regime with the spectrurft) shows that all features
was found®®> On S{11D)H(1x 1) ratios of 15 and 12 were observed for the thick film are essentially unchange#ing
found for deposition aff=150 °C and room temperature, the different signal-to-noise ratios into consideratidrhis is
respectively:> From Fig. 1d) an intensity ratio of 11 can be further proof of a van der Waals—type interaction between
extracted, very much in accordance with the results orcy, and the SiLlOOH(2x 1) surface.

H-terminated Sil11) for deposition at room temperature.
With LEED only a diffuse uniform background could be
detected in our experiments.

The minimal change in the film quality despite the much Room-temperature adsorption of £ on
smaller lattice mismatch of @i00H(2x 1) compared with  Si(100H(2x 1) can be explained in terms of a van der
Si(11)H(1x 1) might reflect the fact that the wet-chemical Waals—type interaction, as discussed in the previous section.
preparation method produces a nearly perfect, unrecorit was expected, therefore, that annealing our sample to
structed H-terminated @il11) surface’*?® whereas it is higher temperatures would result in desorption of the adsor-
known that even on well-prepared(800(2x 1) surfaces a bates, in contrast to the results on cleafil®d), where the
substantial number of missing dimer defe¢&%) exist, adsorbate-substrate interaction is so strong that the molecules
which might act as additional nucleation sites in the growthdecompose before desorption. EELS spectra obtained as a
of Cgp films on the hydrogen-terminatéd00) surface. Fur- function of sample temperature following the growth of a
thermore, in contrast to the atomically flat(Bi1)H(1X 1) about 1.5 ML thick G film at room temperature are dis-
surface the dimerized @i00)(2x 1) surface is strongly cor- played in Figs. 8)—-3(e).
rugated. In order to form an ordered monolayer the After annealing the room-temperature deposited film for 5
Ceso molecules have to overcome the corrugation potentiamin at 450 K[Fig. 3(@)] the intensiy ratio between the 530
due to the Si dimer rows; this process might be kineticallyand 760 cm! losses increased from 9 for the as-deposited
hindered at room temperature. film to 13 after annealing, indicating an increased film order.

Figure 2 shows spectra of the low energy electronic excifurthermore, the intensities of the dipole-active modes at
tations of G, films of 0.5, 1, and 4 ML thickness. The 1185 and 1434 cmt exhibit a pronounced increase com-
multilayer film spectrum Fig. @) shows features at 1.55, pared with the Raman-active modes in the same frequency
2.2, 3, 3.7, and 4.8 eV previously observed on thickrange. Post-deposition annealing of a room-temperature de-
Ceo films on S{100)(2x 1).”822 The 1.55 eV loss is attrib- posited film on GeS at 500 K showed similar effects: after
uted to the triplet excitorithe lowest-lying exciton level in  annealing, the film quality was identical to the case of high-
Ceo and the loss band from 1.8 to 2.2 eV is due to adsorptemperature depositichThe relative increase in the intensity
tion in the singlet exciton manifold. The rather undefinedratio with annealing found for §& on Si(100H(2X 1) in
weak structure around 3 eV and the peaks 3.6 and 4.7 eV athis study is much larger than the difference between room-
due to one-electronr-7* transitions in the g molecule. temperature deposition and deposition at a substrate tempera-

c)4MLC,

0

Intensity (arb. units)

B. Annealing of Cgq films



9922 J. SCHMIDT, M. R. C. HUNT, P. MIAO, AND R. E. PALMER 56

Energy loss (meV) action of G with clean Sf100(2x1) was discussed by

0 50 100 150 200 250 300 350 Sarid and Chef® who postulated a dipole—induced dipole
IR interaction between the @i00)(2x1) surface and

/ Cso molecules at temperatures below 870 K due to the elec-

tric dipole moment associated with the charge transfer from
J the up to the down atom in the buckled dimers of (Bx 1)

€) 30 sec 1300K reconstruction. On hydrogen-terminated180) the dimers
— are no longer tilted but become symmetric, so that the dimer-
", related surface dipoles are removed. However, H termination
Coo0 WWOOO d) 5 min 1000K leads to the formation of Si-H dipoles since hydrogen is
b it g ey B more electronegative than silicon, so the picture of the inter-
\/\ T action of surface dipoles with induced dipoles in the ad-
sorbed @Gy molecules may still apply.
X500 w In contrast to the results obtained after deposition of a
\ W\N €)% min 800K monolayer of G, at room temperature, in Fig(i® a small
\V\ AT Bk but clearly visible loss due to C-H stretching vibrations is
wﬁm observed at about 2930 crh This peak is certainly not due
to hydrocarbon contamination on the surface: in previous
\ investigations it has been found that CH contaminants desorb
MMM M& b) 5 min 600K at about 450 K from ¢, films.® The appearance of CH spe-

A\

Intensity (arb. units)

cies indicates that a thermally activated hydrogen transfer

X 500 reaction takes place; some of the surface-terminating hydro-
%\ gen atoms bond to §g molecules at elevated temperatures.
‘ S et It is known that individual G, molecules are highly reactive
\ towards free-radical addition and readily form covalent

f \L J x 1000 bonds with atomic hydrogen. Mass spectrometric studies of
a) 5 min 450K the hydrogenation of £ performed by the exposure of
| J‘ — \j"’\w WMWWW Ceo films to atomic hydrogefd prove the formation of

H, species withn=2 to > 24. In accordance with our re-
sults, investigations of the reaction of atomic H witg,Gn
Energy loss (1/cm) a cyclohexane matrix using Fourier transform infrared spec-
_ troscopy(Ref 29 show bands at 2855 and 2825 chwith
.FIG. 3.‘ HREELS spectra recorded after annealing a 1.5 M the infrared active § modes at 530, 575, 1185, and 1434
thick Ceo film at (a) 450 K, (t_’) 600 K, (_c) 800K, (d) 1000 K, and -1 essentially unchanged. First-principles density-
(_e) 1300 OK fohr the times 'nd'cated'l.Pr'gqaryhenelrﬁf4'5 eIY 0, functional calculations of g H indicate that the stable state
= 0y=55". The spectra are normalized to the elastic peak. has H attached to one C atom outside thg @olecule. The
bonding ¢ a H atom replaces a double<T bond with a
ture of 150°C on SL1D)H(1x1) observed by Dumas C-H bond?® The calculations also give a lower limit for the
etal!® This observation strongly supports the argumentCgs-H binding energy of 0.3 eV. Using empirical hydrocar-
brought forward in Sec. IllA, that the essentially bon potentia®3! binding energies ofs 2 eV per H atom
identical film quality after room-temperature growth on were obtained. An intuitive value for the binding energy
Si(100H(2%x 1) and S{11D)H(1X 1), despite the smaller lat- would be between 0.3 eV and 4-5 eV, a typical figure for
tice mismatch on $100), is primarily due to the corrugation alkanes.
of the S{100H(2x 1) surface. With increasing temperature the Si-H and C-H stretch re-
After annealing the film at 600 K theg related part of lated peaks become smaller at about the same rate. The
the spectrum is very similar to that observed after depositioilCs-H bonding energy is therefore probably comparable to
of 1 ML Cgy at room temperature, in particular, the Si-H the Si-H bonding energy of 3.9 eV, in line with the discus-
related loss at 2100 cnt is present in both spectra. Auger sion above, which might explain why only partial hydrogen
spectroscopy on the annealed sample confirms that aftéransfer occurs from the substrate to the adsorbed
heating to 600 K around 1 ML of & is left on the surface; Cgg molecules. Simultaneously with the decrease of the SiH
the G multilayers desorb. Multilayer desorption at 600 K and CH losses a broadening of thg, mode at 530
was also observed by Hamza and Bald8dbr Cy, filmson  cm™ ! takes place together with a shift of its center towards
clean S{100(2x1) substrates. The detection of a lower frequencies. Additionally, frequency shifts and a
Ceo monolayer after annealing a thick film is clear evidencechange in the relative intensities of the modes at 967 and
that the adsorbate-substrate interaction forgy Gn 1087 cmi! are observed.
Si(100H(2% 1) is stronger than the adsorbate-adsorbate in- In Fig. 3(c) after annealing at 800 K, the peaks related to
teraction, despite the van der Waals character of the formethe Si-H and C-H stretching vibration have essentially disap-
In contrast to the results on silicon surfaces, annealingeared and a significant shift of the frequency of the dipole
Ceo films grown on Ge®01) at temperatures above 550  active T;, mode from 530 cm' in Fig. 3(b) to 500 cm !
K leads to sublimation of all the g molecules’ The inter- and of the 967 and 1087 c¢m modes by around 40

4] 500 1000 1500 2000 2500 3000
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cm ! towards lower frequencies is found. The remainingat 830 and 930 cm' in Fig. 3(€). The dominant 930 cm*

Ceo losses are unchanged and AES spectra show an uiess was also observed in HREELS investigations of

changed amount of C on the surface. B-SiC(100 by Dayari* and attributed to the excitation of
Thermal desorption of the surface terminating hydrogerFuchs-Kliewer surface phonons. The weaker loss at 830

with simultaneous dehydrogenation of thgg,@nolecules cm ! is close to the frequency of the Si-C stretching vibra-

and bonding of the g to the bare silicon surface could tion in surface silicon carbide formed at the surface by py-

explain these results. In thermal-desorption spectroscopy hyelysis of CH groups. These results demonstrate that at high

drogen desorption from silicon surfaces is observed at abodemperatures the g cages break up and silicon carbide is

850 K close to the annealing temperature used in Fig. 3 formed, as previously observed by Hamza and Bal&btehd

The observed frequency shifts and intensity changes in th8arid and Cher®

HREELS spectra are probably indicative of a change in the

Cso bonding configuration: STM investigations of Chen and IV. SUMMARY

Sarid® have shown that after annealing a0 a transition . .
We have used high-resolution electron-energy-loss spec-

in the bonding state of adsorbed Omolecules from weak froscopy to investigate & film growth on hydrogen-

physisorption at bonding sites between the silicon dimer """ Py . 9 9 ydrog
: . ) terminated Sil00 surfaces.

rows to strong chemisorption on top of the dimer rows takes For thin films of up to 1 ML G, coverage the Si-H

place. In the STM experiments of Chen and Sarid the Sanmletretchin vibration anF(; the relate?j Iossesgare observed

was annealed for only 10 s at 870 K. Taking the much Ionge? 9 6

annealing time$300 9 used in our experiments into consid- at essentially the same frequencies as for the clean

eration a change of the bonding configuration for the ad_Si(lOO)H(ZX 1) surface and for thick g films, respec-

sorbed G, molecules even at 800 K seems plausible. Sig_nvely, indicating a van der Waals—type interaction between

nificant changes in the vibrational spectra have beer%360 and S{100H(2x 1). The dominance of the dipole-active

observed previously for §& monolayers chemisorbed on I%Sges zit153()r]grr1]d_575 C_H". ovetr .the Rartnan-zfictlve mlode at
metal surfaced?3 The frequency shifts and accompanying .- 10((;)m2>’<iN Ich 1S ptrr?rrsl?henf_lm Spec Irla 0d6§ %n gean |
intensity variations are related on the one hand to a chargg'( ) ), proves that the Tim IS well ordered. Anneal-
transfer between the substrate and thg &lsorbate, while ing of the as- deposneq f||ms at temperatures below 450 K
’ leads to an increase in film order, indicative of a kinetic

on the other hand the distortion of theamolecules due to hindrance of the film growth at room temperature due to the
the hybridization between the;g molecular orbitals and the corrugation of the SLOOH(2X 1) substrate surface poten-

metal substrate states has to be taken into account. Al Aft i B0 K | f o is left
We tentatively ascribe the observed frequency shifts OFIa' erannealing a a monolayer of & is left on

_ he surface; the adsorbate-substrate interaction fgro@
the 530 cm® T,,(1) mode and of the losses at 9,4(2)] t . o ) .
and 1085 crit [H4(5)/G4(4)] to the combined effect of Si(100H(2x 1) is obviously stronger than the intermolecu-

charge transfer from the Si substrate to thg @nd a distor- lar ir_1teraction. Evidence for hydrogenation of the adsorbed
tion of the adsorbed £ molecules due to the formation of a Ceo Is found; hydrogen atoms are liberated fqrm the surface
strong bond with the substrate. a_nd bond to the g r_nolecules. Further annea_llng leads to a
In the HREELS experiments of Hiuffftan increase of the simultaneous breaking up of the C-H bonds in the hydroge-
intensity of the 760 cm! mode relative to a loss structure nated G molecules gnd the remaining Si-H bonds with the
centered around 900 ¢ was found after annealing a surface and desorption of the hydrogen atoms. Frequency

. hifts and changes in the relative intensities of a number of
monolayer of G, on S(100(2X 1) at 870 K. The latter peak S .
was ascribed to adg mode enhanced by the interaction with Ceo related losses in the HREELS spectra are found after

the clean silicon substrate and is absent in the spectra tak@lggeﬁggg dztsg(r)t?eg, \;Vsdena?él tizfersurré?gg'grzlnsa;tlﬂgtg?/gré){ a
on hydrogen-terminated surfaces, most likely due to th ' P 9

strongly reduced adsorbate-substrate interaction. Unfortu(Ehange in the g5 bonding configuration from comparatively

nately, in the experiments of Ref. 20, because of the COm\{veak bonding at low temperatures to strong chemisorption at

paratively poor resolution and intense background present ingher temperatures. At apout 1009 K decomposition of the
the spectrgboth primarily a result of the high doping level adsorbed molecule_s sets in. Flashln_g the sample at 1300 K
in the Si substrate the 530 cm? dipole loss could not be leads to the formation of silicon carbide.
resolved at monolayer coverages and appeared only as a
weak shoulder on the high-energy side of the elastic peak;
thus information about peak shifts cannot be reliably ex- We are grateful to Dr. A. W. Robinson for his help in
tracted from the data. An increase in the relative intensity oketting up the experimental system. J.S. would like to thank
the 760 cm® mode as observed by Hunt after annealing atthe Lloyds of London Tercentenary Foundation for financial
about 900 K is observed in our experiments after annealingupport. M.R.C.H. is grateful to the Leverhulme Trust and
at 1000 K in Fig. 8d). We ascribe this effect to an increased The University of Birmingham for support. P.M. would like
roughness in the monolayer film and the onset of fragmentato thank The University of Birmingham for financial support.
tion of G5y molecules. This work was supported by the EU via an HCM network
After flashing the sample to 1300 K the spectrum again(Contract No CHRX-CT94-0580and by the EPSRC, Grant
changes significantly and two new very intense peaks appe&to GR/K71431.
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