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Synchrotron-based photoelectron spectrosd®BS has been used to investigate the interaction of
atomic gold and silver with a covalently boungg@nonolayer adsorbed on(&11)7X7. In contrast

to the relatively benign interaction of silver with thegdZSi(111)7X7 surface, core-level
photoemission data reveal a strong interaction of gold with the underlying silicon despite the
presence of a chemisorbed fullerene monolayer. ThepSPES data exhibit dramatic changes
consistent with the formation of a gold silicide, which is also evident from the correspondinf) Au 4
spectra. Valence band photoemission also reveals the absence of any density of states at the Fermi
level following the adsorption of either metal, indicating a negligible transfer of electrons from the
adsorbed metal to thesgcage. © 2003 American Institute of Physic$DOI: 10.1063/1.1628225

I. INTRODUCTION SES-200 hemispherical analyzer with an acceptance angle of
As a route to novel molecular electronic devices, tuningi5 - Binding energy scales were calibrated to the Fermi

the electronic properties of fullerenes through doping offers:e?ge of the tantalum sampk;.holder and an overall rellsolutllon
tremendous opportunities for nanotechnology. Doped bull® around 25_0 meV was achieved. For coverage calibration
fullerenes demonstrate a full range of electronic propertie®UrPoses a fixed x-ray anode (Rk) was used to measure
from insulator to superconductbf. Fullerene molecules the C 1s core levels as these energies fall outside the energy
(Ceo,CsoN, La@G,) can be manipulated on surfadebus- ~ 'ange of the beamline. The experiments discussed in Sec.
ing scanning tunneling microscopy or chemically functional-!!l € were performed on Beamline MPW6.1 of the SRS us-
ized for self-assembly into nanostructufeShe interaction N9 @ VG-ARUPS10 analyzer with a slightly better resolution
of supported fullerenes with the surface is crucial when con®f around 180 meV. ,

sidering the possibility for doping. We have previously Atom|c.a||y C_Iean reconstrgcted (3[[1)7><7 surfaces
shown that the g—Si(111)7x7 interaction is sufficiently ~Were obtained _férSt by extensive degassing of a B-doped
strong as to inhibit significant charge transfer from adsorbe§ample (1&cm o) at 600°C foIIow?gi by repeated flash an-
silver atoms to the fullerene ca§en stark contrast to the Nealing to 1200°C for 1 mir{1x 10~ Torr) until the char-
adsorption of G, on the Ag111)?° surface. In this paper we acteristic surface states of the reconstructed surface were ob-
compare the interaction of silver and gold with gy@ono- ~ Served in the valence and SiZpectra(see Sec. Il A. Cgo
layer chemisorbed on @i11)7x7. In terms of electron do- rr)ollecules(commermal sourgewere evaporated from a re-
nation to the fullerene cage we find both systems to be vergistively heated tantalum envelope at a temperatre of
similar. However, while Ag atoms adsorbed on thg, C 425 °C, giving an evaporation rate of 0:£0.02 ML min"*,
monolayer aggregate to form nanometer-sized clusters, tHéhere 1 ML is defined as the number of molecules in a
analogous deposition of Au atoms on thg,@onolayer complete single layer on the ($L1)7x7 surface, 1.1

leads to a reaction with the underlying silicon substrate. < 10**cm™2. Cgo monolayers were obtained both by build-
ing up the surface coverage in submonolayer steps and by

Il. EXPERIMENTAL DETAILS annealing an evapqrqted thic.k film to BOQ °C by electron-
o ) ) ) beam and direct resistive heating. The $5-5i 2p core-level
The photoemission experiments discussed in Secs. lll Apotoelectron spectroscopy ratio of the annealed monolayers
and Il B were performed on beamline 4.1 of the SRS Synyya5 then measured to provide a reliable calibration for the
chrotron, Daresbury, UK? Photon energies in the range yom temperature monolayer preparation. Atomic Ag and Au
21.2-55 eV were used for valence band spectra and 140 &)ere evaporated from Knudsen cells at temperatures of 860
for the SiZp and Au4f regions. Photoelectrons were mea- 5ng 1065 °C, respectively. This resulted in Ag deposition
sured at normal and grazing emission angles using a Scienfaies of 6.6:1.8 ML min (Sec. IlA) and 0.16-0.03
ML min~! (Sec. 111 Q), and Au deposition rates of 1.3
dE|ectronic mail: james.oshea@nottingham.ac.uk ML min ! (Sec. llIB) and 0.3:0.1 ML min"* (Sec. Il 0.
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—5\\ e-beam heating. The starting point for the preparatamd

% 8MLAg for all others discussed in this papés the S{111)7X7 re-

7} ~ ® 21.2eV . -

HERS L m 55ev constructed surface whose cleanliness was verified by the
£ Mo - presence of characteristic features in the [Bighd valence
= band spectra! the “rest atom” Si 2o peak shifted by-0.73

. 21N ML eV binding energy from the bulk compone®9.48 eV}, and

Si2p -~ = ~:~ | S5ev the three surface states at the top of the valence Ha2d,
1406V 7 0 $ 0.82, and 1.82 e\
__.--/__,-" oML o A shift of the peaks in the valence band by 0.4 eV to

s ':'.. '\/\ BE(eV) ’ higher binding energy is observed following the first adsorp-
———/.,.f‘"_ . '\ML A tion of 0.5 ML Ag due to the interplay between Fermi-level

2 " Valence movement and core—hole screening induced by charge trans-
"""'—'/.,:"J‘.-; . '\ﬂML \\"’@/ fer from the metal to the fullererfe!? As the surface cover-

_'.g S :,," % 20ML %\~ age is gradually increased to 9.0 ML the incregsing contribu—

5 S ‘—-—-’\,\\ N\ tion from the Ag valence band states result in the highest

£ __.// - 1.0 ML, \ occupied molecular orbitals of the fullerene becoming less

> § R 3 \ defined and also cause the peak around 6 eV to appear to

@ — '\OS_M"JN\\ , shift slightly in energy(—0.1 e\). There is no significant

E \ “ \ intensity observed at the Fermi ed@s a photon energy of

\J\'\/\, 21.2 e\ even for the highest coverage of silver; clear evi-
4 \ dence of the minimal electronic occupation of thg Bwest
I A \/v unoccupied molecular orbitdL UMO). This is in stark con-
~ 7 \ \ trast with G, molecules adsorbed on polycrystalfiiedg
; . and Ag111)° where 1.7 and 0.75 electrons per molecule are
_———/.- . 'k.1 ML Coo |\,l"-\- transferred to the fullerene cage, respectively. That any in-
’__..-". : tensity near the Fermi level in Fig. 1 is due only to the
P (WAY o valence states of the metallic Ag is supported by a compari-
s W Si(111)7x7 \ son of the valence band spectra measured at 21.2 and 55 eV
,-‘\’f\\ (as shown in the insgtThe relative intensity between the
\’ Fermi level and the highest occupied molecular orbital
o) (HOMO)-derived peak is much stronger at a photon energy
: : | : — :_ of 55 eV, where the cross section of the Ag states is greater.
102 101 100 99 98 8 6 4 2 o - The Si2p spectra in Fig. 1 have been normalized to the

Binding energy (eV)

intensity of the mair(bulk) peak to illustrate that although a
small shift(0.1 eV) is observed in the binding energgos-
sibly due to band-bendingabsolutely no change occurs to

FIG. 1. Si 2 (hv=140¢eV) and valence banch{¢=21.2 eV) photoemis-
sion for the deposition of silver on the 1 MLggISi(111)7X 7 surface. The
monolayer in this case was obtained by annealing a thick film gfb@

electron beam heating to 300 °C. The $i &ectra(normalized to the in-

the line shape up to a coverage of 4 ML Ag. At 9 ML there
are very minor changes to the spectrum arising from a severe
ity of 1t é shoxhibit o il attenuation of the spectra due to the monolayers of adsorbed
ensity of the main peakexhibit no significant change in line shape or . . A . .
binding energy during the depositigsee the tejt The inset shows a com- Ag Oljl the S“rfa_ce reSl_'”tmg bOth_m a Slgnlflcajnt reduction in
parison of the region near the Fermi level measured at photon energies 80€ signal-to-noise ratio and a slight broadening of the spec-
21.2 and 55 eV to show that any intensity in this region is due to the Agtra. The absence of any interaction with the underlying sili-
valence states which have a greater cross section at the higher photon on is significant because it suggests that the Ag atoms are
ergy. . .

9y situated on top of the & monolayer and not localized at
defect sites in the monolayer where Si dangling bonds might

Here a monolayer is defined as the number of metal atoms ifé exposed! Scanning tunneling microscop{sTM) data
a close packed layer and the deposition rates are calculatd@f the adsorption of 0.37 ML Ag on thesgmonolayer show
from the parameters of the Knudsen cells and the geometilat the Ag atoms nucleate to form clustévsth a mean
of the experimentand verified byex situatomic force mi-  diameter of 1.5 nmon the G, surface’
croscopy. Substrate temperatures were monitovedan in-
frared pyrometer. )
B. Au/Cgo—Si(111)7X7
11l. RESULTS AND DISCUSSION Figure 2 shows the Si2 Au4f, and valence band re-
_ gions recorded when 5 ML gold was deposited ontogg C

A. Ag/Ceo—Si(111)7X7 monolayer adsorbed on the(811)7X7 surface. In this case

Figure 1 shows the changes that occur in the valencéhe monolayer was produced by annealing a thigk f@m
band and Sip regions when silver is progressively depos- (deposited at room temperatiite 300 °C by direct resistive
ited onto a @G, monolayer adsorbed on a($11)7X7 surface  heating. The broad width and perturbation of the HOMO and
produced by annealing a thicksgfilm (5 ML) to 300°C by HOMO-1 peaks in valence band spectra of the monolayer
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FIG. 2. Si2p (hv=140¢eV), Au4 (hv=140eV), and valence banch¢=21.2 eV) photoemission spectra for the interaction of 5 ML Au with the

1 ML Cgo/Si(111) 7x 7 surface. The monolayer was formed by annealing a thick fullerene film to 300 °C by direct heating. A substantial reaction is observed
in the Si 2 spectra upon deposition of the gold on top of thg f@m. All spectra shown are the raw data normalized to the photon flux and the number of
scans.

compared with the thick film indicate that thgq@nonolayer taken place. We have deliberately deposited slightly more
is covalently chemisorbed to the surface, in agreement witithan 1 ML in order to ensure at least one complete chemi-
previous studie$>~'" There is a slight increase in intensity sorbed monolayer bound to the silicon. Even under these
on the high binding energy side of the $i 8pectrum around conditions we can clearly see a reaction occurring between
101 eV, and additional intensity in the vicinity of the valence the deposited gold and the underlying silicon. At the lowest
band HOMO as compared to the previous e-beam annealédu coverage we observe a shift of the entire Bispectrum
monolayer(3A). We attribute these spectral differences toby around—0.3 eV (most likely due to band-bendihgnd
the fullerene molecules “bedding down” into the surface increasing to—0.5 eV with increasing gold coverage. A cor-
forming additional Si—C bonds around the bottom of theresponding effect can also be observed in the valence band
cage®® The fact that this effect is more pronounced for re-region as the HOMO gradually splits into two features, the
sistive heating may be attributed to the much higher heatingpwest energy peak shifting further to lower binding energy
rate of this method compared with e-beam. Indeed, the evowith increasing gold coverage. Above 4 ML Au the $i2
lution of Cgo molecules from an initially metastable bonding spectrum becomes dominated by a new silicide-related peak
configuration to a more stable configuration on th€lBI)  to higher binding energy. This, and additional structure in the
surface has been observed recetitignd this process is high binding energy tail is clearly evident in the curve fitted
likely to be highly sensitive to the rate at which the surface isspectra of Fig. 4, which shows the S Zpectrum for the
annealed. Unlike the previous silver experimédec. 11 A), reacted Au/Gy/Si surface measured at normal and grazing
we observe a dramatic change in the Bispectrum due to a emission angles.
reaction of the deposited gold with the underlying silicon The spectra have been fitted to a series of 5 Voigt spin—
substrate. A change in the line shape of the HOMO in theorbit doublets having a branching ratio of 0.5 and a spin—
valence band region is also observed. At this stage one miglarbit splitting of 0.6 eV based on a fit of the clean
imagine that defects in theggmonolayer caused by anneal- Si(111)7X7 surface. The lowest energy componédf.0 eV
ing the thick film have exposed regions of the silicon sub-is attributed to bulk silicon (8), having a width consistent
strate with which the deposited gold can react to form awith that of the clean surface. This peak clearly diminishes at
gold-silicide. For this reason we have performed the experigrazing emission as we probe with increasing surface sensi-
ment again using just over 1 MLgg built up in submono- tivity. The dominant and slightly broader component at 99.6
layer steps to form a nonannealed monolayer. eV is related to gold silicide, denoted as the stoichiometric
Figure 3 shows the changes that occur in the (512 compound Ag4Si. This component is shifted by-0.6 eV
Au 4f, and valence band regions when gold is gradually dewith respect to bulk Siand is consistent with the silicide
posited onto a g layer formed at room temperaturda  formation observed when Au is deposited at room tempera-
submonolayer depositions to approximately 1.2 ML coverture onto the bare &i11) surface!® 2! Thermodynamic
age. The valence band spectra for this coverage are comsalculationé’ of the core-level binding energies predict a
pletely consistent with those found in the literature and sugshift of +0.6 eV for AuSi, decreasing in magnitude with the
gest that the nonannealed fullerene monolayer is alsooncentration of Si.
covalently chemisorbetf. Here we can eliminate thermal- The width and presence of structure in the high binding
induced defects in theggmonolayer since no annealing has energy tail of the Sip spectrum necessitate the inclusion of
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FIG. 3. Si2p (hv=140¢eV), Au4 (hv=140eV), and valence bandh¢=21.2 eV) photoemission spectra for the interaction of gold with the
1.2 ML C4,/Si(111)7x 7 surface. The thin fullerene filfl.2 ML) was formed through successive submonolayer depositions at room temperature. Reaction
of the gold with the underlying silicon substrate is also evident even foruthésnealedmonolayer. All spectra shown are the raw data normalized to the

photon flux and the number of scans.

at least three additional spin—orbit doublets into the fit

axhanges in the silicon oxidation st&tehat the tail might

shown. We attribute the first two of these components atonsist of nonstoichiometric A8i. However, the fact that
100.3 and 101.1 eV to Si atoms bound tg, @olecules and we do not observe such an intense high-binding energy tail
AusSi bound to Gy molecules, respectively. The origin of for the reaction of Au with the clean @il1)7x7 might sug-
the high-binding energy component at 102.0 eV is unclear agest that the origin of the high binding energy tail is related

present. It has been suggegtethat since gold can induc

Si2p 140eV

Normal emission @
Curve fit—

Intensity (arb. units)

Coo/AU,Si

60° emission B
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1
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FIG. 4. Si 2 (hv=140 eV) photoemission spectra recorded at normal and
grazing (60°) emission angles. The spectra have been fitted to a series

e to Cyy. A plethora of complex g,/Au/Si combinations can
be imagined, but these would be mere speculation in the
context of the current data. A detailed high-resolutionsC 1
core-level study may yield further insight into the bonding of
the G on the reacted surface.

In Fig. 5 we compare the Aufdspectrum of the reacted
surface(8 ML Au) with the adsorption of Au on a clean
Si(119)7Xx7 surface. The spectrum for a thick Au film is
accurately described by a single asymmetric Voigt spin—orbit
doublet with a branching ratio of 0.66 and a spin—orbit split-
ting of 3.73 eV. The spectrum for a thin Au film adsorbed on
Si(111)7Xx7, on the other hand consists of two chemical
states due to the formation of the gold silicide and to the
presence of unreacted metallic gold. The chemical shift in
this case is 0.68 eV, again consistent with data from the
literature?* Applying the same fitting procedure to the
AuU/Cg/Si(111) spectrum in Fig. 5 shows that the vast ma-
jority of the 8 ML of Au is present in the reacted ASi state.

A small metallic Au contribution is evident on the low bind-

ing energy side of the peak which represents gold atoms that

have accumulated at the silicon interface below the silicide
layer. That metallic Au can diffuse to the interface below the
silicide layer has been shown previouslfor the adsorption

9f Au on clean Si111)7X7 but additional experiments at

Voigt spin—orbit doublets as indicated. The parameters and origins of th igher Au coverages are required to confirm that this is in-

individual components are discussed in the text.
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FIG. 5. Au4f (hv=140eV) photoemission spectra recorded at normal = \
emission angle for the reacted Ay{ZSi(111)7x 7 surface, a thin film of

Au/Si(111)7X7, and a thick film of Au/SiLl11)7X7. The spectra have been
normalized to unit height and fitted to asymmetric Voigt components as

discussed in the text. Note that the asymmetry is not shown in the individual ‘f\\ ’n, 1 ML Au
components but is included in the sum of the fit. '3 *
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The strength of the Au-Si interaction is demonstrated \ 1.2 ML Cq
here by the fact that silicide formation occurs even in the A~ ‘
presence of a chemisorbed;gOmonolayer. Encapsulating 7.
sensitive surfaces, including($1L1), with Cgq has previously .
been shown to inhibit surface reactions such as oxid&fion. t Si(111)7x7
We would not, therefore, expect gold to react with silicon in [
this “encapsulated” state. m'"-L

While the Si—G bond is covalertf!”in character with T T T 1 ! T
little or no charge transfer to the fullerene cage, the Agy-C 10 8 6 4 2 0 -2
and Au-G interactions are ionic and characterized by a Binding energy (eV)

strong charge transfép”’ However, gs_lng valence band IG. 6. Valence bandhr=>55 eV) photoemission for the deposition of Au
spectroscopy we have observed negligible charge transfer i@, the 1.2 ML G,/si(111)7x7 surface. The thin fullerene filrtd..2 ML)
the cage under the conditions studied here, with both metalsas formed through successive submonolayer depositions at room tempera-
exhibiting very similar behavior. This is evident for silver ture. The inset shows a comparison of the region near the Fermi level mea-
from the comparison of the valence band near the Femﬁurgd e}t photon energies of 21.2 and 55 eV to show that any intensity in this
. . . . region is due to the Au valence states rather than partial filling of the LUMO

level at different photon energies as shown in the inset Ofg discussed in the text.
Fig. 1. A similar treatment of the interaction with gold is
presented in Fig. 6 in which the valence band measured at a
photon energy of 55 eV is shown. There is approximately astrate. Instead, we propose that the reaction occurs initially at
factor of 5 difference between the cross sections at 21.2 e¥tep edges and domain boundaries on thgoBvered sur-
(Fig. 3 and 55 eV(Fig. 6) of the C 2 and 2 states. This face, where the underlying silicon atoms may already be ex-
contrasts with a much smaller change in the Au&oss posed. The different reactivity of the two noble metals is then
section at these two energies. The fact that the relative interdetermined solely by the strength of the metal—silicon inter-
sity between the Fermi level and the HOMO-derived peak isaction which favors significantly the reaction with gold to
stronger for a photon energy of 55 eV as compared with 21.2orm a silicide compound®=2! Silver, on the other hand,
eV (inset of Fig. 6 further suggests that the weak intensity does not react with silicon at temperatures below 508%,
near the Fermi edge is not derived from the partial filling ofbut tends instead toward nucleafiBmand epitaxial growtft
the LUMO and that negligible charge-transfer occurs. with a number of surface reconstructions knotrf the

The metal—fullerene interaction therefore cannot explaimrAu—Si interaction is comparable to the;ds Si chemisorp-
why the two metals behave very differently on thgy{Si  tion bonds, the reaction will displacegg&molecules which
surface or how the noble metal can penetrate the covalenthyill then form new bonding states as suggested earlier and
bound fullerene monolayer to interact with the silicon sub-significantly disrupt the surface allowing more substrate at-
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Si 2p Ag-precovered g, monolayer as indicated in Fig. 7, result-
140 eV S ing in the dramatic change in the ShZpectrum indicative
.,.-f"'“"' . of silicide formation. This result is significant as it demon-
e o B strates that the different interactions observed for the two
S BMLAU noble metals are due solely to their reactivity with silicon
P T—— rather than to variations in the preparation of thg @ono-
%; [ 3 ML Au layer.
% - T—— IV. CONCLUSIONS
% " The room temperature interaction of silver and gold with
<3 —— S 12ML Ag a chemisorbed g monolayer on a reconstructed Bi1)7x7
= - s —————— surface has been investigated using synchrotron-based pho-
S . toelectron spectroscopy. While Ag forms nanoclusters on top
..-" < of the fullerene monolayer, Au penetrates thg @onolayer
I " - 1ML Cg, to react with the underlying silicon. This reaction, proposed
- " et ot cred to initiate at domain boundaries and defects in the mono-
- . ) layer, leads to the formation of a ASi silicide and the dis-
- ., Si(111)7x7
I — placement of g, molecules. These results clearly show that
I I J J there are very significant constraints on the use of conven-
102 101 100 %9 98 tional doping methods to modify the electronic structure of

Binding energy (eV) covalently bound fullerene films.

FIG. 7. Si2p (hv=140eV) photoemission spectra recorded at normal
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