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Direct evidence of G, chemical bonding on S{100)
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The deposition of g, on Si(100):H2< 1 surface was investigated as a function of substrate temperature in
the range RT-800 °C by means of photoemission spectroscopies. In this range, the interactionagCules
with both the hydrogenated and the bare Si(100)2surface could be studied and followed until the tem-
perature was high enough to cause the fragmentation,p€&de and the formation of SiC layers. It is found
that the fullerene molecules physisorb on the hydrogenated surface but form a covalent bond on the clean
surface. The transition from physisorption to chemisorption entails the appearance of a new peak in the
ultraviolet photoemission spectroscopy spectra intermediate between that of the H@dh@st occupied
molecular orbital and HOMO-1 bandd.50163-18209)03216-9

The formation of monolayer and multilayer fullerene troscopy(XPS), the morphology of the films by means of
films on various kinds of surfaces is a topic of great interesteflection high-energy electron diffractiotRHEED) and
and was recently investigated extensively. In particular, theatomic force microscopyAFM) measurements.
interaction of the G, molecules with silicon surfaces has  UPS measurements were recorded with a double-pass cy-
been studied by several groups, due to the fundamental s@indrical mirror analyzer. The resolution was 70 meV. The
ence involved in this interaction and the potential industrialrermi level position was determined measuring the UPS
applications. However, the nature of bonding on thd®@)  spectrum of a freshly evaporated gold layer. XPS measure-
surface is still a matter of debate. From the theoretical poinfhents were performed with a monochromatizetiv (
of view, calculations 3 were performed for the configuration =1486.6 eV) electron spectroscopy for chemical analysis

where the g molecules are adsorbed on four Si dimers. Itgy o equipped with hemispherical electron analyzer. The

was found that strong covalent bonds should be formed ber'esolution of the system was 0.35 eV

tween the surface Si atoms anq t_he adjacent_ C atoms of the We have prepared a series of samples by evaporating in
Cgo molecules. However, conflicting conclusions were ob- . . ;
itu a fixed amount of g, i.e., 4 monolayersML ), on the

tained on the amount of ionic contribution to the bonds and.. . .
on the total electronic charge transferred to thgolecule i(100:H substrates heated at different temperatures. The Si
. substrate were previously cleaned in UHV preparation cham-

which varied from a value as high as 4 electronic chafges, o
an intermediate ofeof 2.44 e and a lower ofef 0.66 e,  P€r- A silicon buffer layer has been grown by low-pressure

Furthermore, it was found that the system should bé=VD (chemical vapor depositionat 850°C using high-
metallic3 purity silane. By cooling the substrate in hydrogen atmo-
From the experimental point of view, several works havesphere we obtained the monohydridé18D):H surface with
investigated the  bonding on Si, mostly by using scanning the 2x1 surface recontruction. The contamination of the

tunnel microscopySTM). Wanget al* combining STM and  surface was beyond the XPS detection limit. The 2 re-
scanning tunnel spectroscof§TS data concluded that even constructed surface was checkaditu by means of RHEED
at room temperature thegg&molecules are chemisorbed on measurements. The amount of evaporateg Was deter-
Si(100, resulting in an electronic structure of the first mined during deposition with a quartz-crystal thickness
fullerene monolayer appreciably different from that of bulk monitor. The amount adsorbed on the silicon substrate was
Cso- Furthermore, they found a small charge transfer from Sinstead determined from the intensity ratio of thes@hd Si
to Cgo, equal to 0.1-0.3 e and a metallic character for the2p core levels, as measured by XPS.
system. Quite to the contrary, Ya al> denied chemisorp- In Fig. 1, we report the g coverage as a function of the
tion at room temperature and pointed out that the physisorpsubstrate temperatur during the deposition. The curve
tion bond that G, molecules form at RT is so weak that it is exhibits a minimum at- 280 °C corresponding to a coverage
not possible to perform STS measurements. In Ref. 6 thef about 1/4 ML. For temperature higher than 450°C the
formation of a chemical bond is reported to occur upon ancurve saturates to a value of 1 ML (1 Mi8.5
nealing at 600 °C. Investigations with different experimentalx 10*3 mol/cn?). The behavior of Fig. 1 can be explained in
techniques gave similarly conflicting resuftg? the following way. In the region between room temperature
Concerning the interaction betweeg,@nd the hydroge- and 280 °C the Si surface is hydrogenated. The bonding be-
nated Si100) surface Schmidet all? suggest a Van der tween Gy and the hydrogenated substrate is weak and com-
Waals-like interaction between thegfCadsorbate and the parable to that betweengg molecules. As a result, the
substrate which is stronger than thgyCg, interaction. amount of Gy molecules remaining on the surface is the
In the present work the electronic structure of the inter-smaller the higher the temperature. Hge280 °C the hy-
face layer has been studied by means of ultraviolet photodrogen starts to desorb so thag,@olecules can bond di-
emission spectroscofPS and x-ray photoemission spec- rectly to the bare Si surface. In this case the interaction is
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FIG. 1. Gy coverage as a function of substrate temperature. )
FIG. 2. (a) UPS spectrum of a submonolayer thick,Gample

) ) on Si(100):H2x 1 surface;(b) UPS spectrum of the hydrogenated
stronger and the £ molecules are retained at high tempera-sj100 2x 1 surface;c) difference between curv@) and (b): (d)
tures also. The increase of the coverage is then related to theps spectrum of bulk §. The bulk-G, spectrum has been shifted
amount of desorbed hydrogen. At 450 °C the surface is compy 0.2 eV in order to account for the different screening.
pletely dehydrogenated and is saturated by 1 ML g§.C
Since the temperature is higher than thg €ublimation tem- not perturbed by the presence of the hydrogenated Si surface,

perature, sticking beyond 1 ML is not possible and, conse% strong evidence against the formation of a chemical bond.

guently, the coverage remains constant up to 750 °C. Beyon We see in Fig. 3 that fof¢>Tq min @ New peak appears

this value, a further increase of temperature determines thl?etween the highest occupied molecular orki#dMO) and

opening of the g, cages and the formation of silicon HOMO-1 b ; o
91314 ; : -1 bands. The higher binding energy peaks are only
carbide. The fact that in our experiment less than 1 ML slightly affected, the main variation being a broadening re-

IS :etatlﬁeéjtr?n'tr;e hy?rogenatgi Sﬁrf?]cz around 2d80.|'C Ind|é\ted to the increase of the deposition temperature. An over-

gﬁrfeasce ?S 01? tlr?eersaacn:(e)zno?fggr,vgf :nggn)?thgegraé?/eﬁI Iscnelgllea” shift of 0.1 eV is present in the spectrum of the sample
I T,=280° ly rel lightly diff

than that between g molecules. This is reasonable due to 6rown atT=280 °C probably related to a slightly different

: ) i ffect i b I -thick les. C i
the inertness of the Si(100):B21 surface and has been screening eect in SUbMOnoiayerinick sampies. -oncerning

. , _ the new peak intermediate between the HOMO and
confirmed by AFM results showing clusterlike growth. HOMO-1 bands, we note that its position relative to the

In conclusion, the data of Fig. 1 can be interpreted byHOMO—l and HOMO band does not change as a function of
assuming that the substrate temperaflyg,,, correspond-

ing to the coverage minimum, signals the transition from
physisorption on hydrogenated surface sites to chemisorption
on bare silicon sites. This interpretation is strongly supported
by the evolution of the UPS spectra, as shown in the follow-
ing, and further confirmed by the core level analysis. As for
the latter, a shift of 0.40 eV toward lower binding energies of
the Gyo Cls core level has been observed fog>Ts min
pointing to a variation of the charge and/or the polarizability
of the molecule surroundings.

Representative UPS data for different are reported in
Figs. 2 and 3. In Fig. 2 the lower binding energy region of a
typical UPS spectrum of a submonolayer thick, Gample
deposited ore-Si:H at room temperature is compared to that
of bulk fullerene. Also shown is the-Si:H valence band
spectrum and the difference spectrum. It is apparent that the
Ceo/C-Si:H spectrum is a superposition of contributions
from Cgo molecules and Si substrate and that, furthermore,
the difference spectrum is practically identical to that of bulk L
Cso- This situation remains unchanged fbg increasing in 8 6 4 2 0 -2
the rangeTs<Tgynin as shown in Fig. 3, where the UPS
spectra of samples grown at differeif are reported. It is
apparent that the valence band of the- 200 °C sampl® is FIG. 3. UPS spectra of samples grown at different substrate
unchanged as compared to the RT sample. We concludesmperaturesT;. The 200°C and bulk-C60 spectra have been
therefore, that the valence states of fullerene molecules arshifted by 0.3 and 0.5 eV, respectively.
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silicon surface if only fewp, orbitals out of sixty are used by
the molecule to form bonds with silicon. STM restftsup-
port this hypotesis by showing that the preferential sites for
the adsorbed g molecules on %100 are either the four
dimer in the troughs between dimer rows or the two dimer
between dimer rows or the site on the top of a dimer and
that, therefore, the bonds formed by each molecule are four
at the maximum.

The analysis provided two interesting results. First of all,
it was found that, the total intensity of the three peaks prac-

Intensity

: 5 ‘ tically equals that of the bulk HOMO and HOMO-1 bands,
3 2 1 0 ; ,
o suggesting that the new peak is mostly made out,cftates.
Binding Energy (eV) Second, the intensity of the new peak accounts$a6% of

) the total area of the three peak structure. Assuming the mean
FIG. 4. UPS spectrum of th&,=280°C samplgcircle) after 51 of the HOMO and HOMO-1 cross sections as the cross
the subtraction of the §i00):H contribution and its decomposition: section for the electrons photoemitted from the new struc-
the dot line represents the bullggontribution, the dot-dashed line ture, the weight of the new structure gives a total-of
the_new peak contri_bution, and the heavy continuous line represeni§actrons in the new bonds. Because at this photon energy
their sum. For details see text. the cross section of silicon is quite lower than the cross sec-
tion of carbon, the value suggests the formation of 4 bonds
Ts, the energy separation from the HOMO-1 band being 0.8or Cz, molecule as expected in the case @f @dsorbed on
eV. The energy position of the new peak in the UPS spectréhe four-dimer site in the troughs between dimer rows. How-
is in good agreement with the STS data of Ceeal show-  ever, due to the uncertainty of the cross sections, the esti-
ing the appearance of a single broader band intermediai@ated value is not accurate enough to rule out the possibility
between the HOMO and HOMO-1 bands fog,@nolecules  that two bonds are formed, as expected in the casegpf C
adsorbed on defects or surrounded by Si, i.e., in the case aldsorbed on the top of a dimer site.
Cso molecules located in a way to form many bonds with  As clearly apparent in Fig. 3, upon increasing the deposi-
silicon. tion temperature above 500°C the HOMO and HOMO-1
An interpretation for the new peak is that it is due to thebands broaden resulting in a rounding off of the peaks and
formation of a direct bond between tipg orbital of the C  the spectra exhibit a maximum at the energy of the new
atoms and the Si dangling bonds. The finding that the energgeak. We believe that this behavior is due to the deformation
positions of both the new valence band peak and the Clof the G, molecules and the increase of the number of C
core level do not change as a functionTaf proves that the atoms interacting with the silicon substrate. This process ter-
same kind of bonding is present from 280 °C up to 750 °C.minates with the opening of theggcage and the formation
For Ts<470°C the HOMO and HOMO-1 bands are still of crystalline SiC forT,>750°C.
very well defined and the new peak is narrower than the Finally, it is worth remarking that the spectral density at
HOMO and HOMO- 1 bands themselves. This situation isthe Fermi level is low for the whole deposition temperature
compatible with the formation of few localized bonds be-range, so that our data rule out the possibility of a metallic
tween the single g molecule and the Si surface. In this behavior, as suggested by several authbfsr this system.
temperature range all the structures are narrow enough to In conclusion, we have investigated the deposition of
allow an accurate determination of the relative intensitiesfullerene on Si(100):HX 1 surface as a function of sub-
We have therefore analyzed the data as a superposition of tligrate temperature from room temperature up to 800 °C. The
spectrum of bulk G, progressively broadened in order to interaction of G, molecules with both the hydrogenated and
simulate the effect of deposition temperature, plus a Gausshe clean SiL00 surface could be studied. It is found that
ian peak. For samples with aggCconcentration lower than the transition from physisorption to chemisorption entails the
one monolayer the contribution due to the uncovered Si reappearance of a new peak in the UPS spectra intermediate
gions was also taken into account. The result of this fittingoetween that of the HOMO and that of the HOMO-1 bands.
procedure for th@ ;=280 °C sample is shown in Fig. 4. This As a consequence the UPS technique appears the technique
analysis is based on the assumption that the electronic struof choice for investigating the nature of thg,®onding on
ture of Gy, is not greatly perturbed by the interaction with the semiconductor surfaces.
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