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Orientationally ordered island growth of higher fullerenes on Ag'Si(111)-(v3Xv3)R30°
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The adsorption of the higher endohedral and empty fullerenes lg@@ G, on Ag/Si(111)-¢3
XVv3)R30° has been investigated using ultrahigh-vacuum scanning tunneling microscopy. At low coverage
these molecules form single-layer islands with orientational order, a consequence of the commensurability
between the intermolecular separation for each species and the surface lattice constant. The preferred adsorp-
tion site for the molecules is above an Ag trimer. Several other domains are observed at higher coverage which
may be understood using a simple model. Following annealing, domains with a single orientation remain and
the possibilities for epitaxial and heteroepitaxial growth are discussed.
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I. INTRODUCTION II. EXPERIMENT

The experiments were carried out usingx(3) mn?

Over the period since g was isolated in gram-scale pieces of Silll) p-type wafer. After transfer into an
quantities, the adsorption of fullerenes on many different surultrahigh-vacuum{UHV) system, the samples are outgassed
faces has been studiédn general, islands are formed in at ~800°C for 12 h. They are then flash annealed to
which the growing faces parallel to the substrate surface are-1200 °C for 60 s and allowed to cool to room temperature.
hexagonally ordereti.*? Nucleation at different sites on the This process consistently results in the formation of a clean
surface generally occurs and, with few exceptidifsthis (7 7) reconstruction. The Ag/Si(111WXv3)R30° sur-
results in a variation from island to island of the orientationface was prepared by depositing Ag onto the clean
of the principal axes of the adsorbed layers. As a conseSi(111)-7<x7 surface while heating the substrate at
quence, thick films of fullerenes are polycrystalline and epi-~450 °C. Scanning tunneling microscof§TM) imaging of
taxial growth is not generally possible. the surfaces is undertaken at room temperature using electro-

The growth of Gy on Si(111)-(7x7) provides an interest- chemically etched polycrystalline W tips. The tips were
ing example of fullerene growth in that domains are formedcleaned in the UHV system by electron beam heating.
in which the principal axes display only two orientatidfls. ~ The La@G, soot was prepared by the Ksahmer arc
The misorientation of these domains with respect to the unvaporization methad in a modified form.* The soluble soot
derlying silicon substrate is related to the lack of commen<Omponents were extracted with a Soxhlet by, @& finally
surability of the G, intermolecular separation and the Si dissolved in xylene. The La@gwas purified using high-
lattice constant. On the basis of these results, it has bedirformance liquid chromatograplifPLC) separation on a
suggestett that for a substrate-fullerene combination for preparative HPLC syster(rG_llson Abimeq with a Cosmosil
which a commensurability between the intermolecular SpaC_Buckyprep columr(Nacalai, 25 crx 2 cm) and toluene as a

ing and Si surface lattice constant exists, growth of domain obile phasg10 ml/min). The injection volume was 5 ml.

. . . : he temperature of the column was kept at 30.0 °C. For fur-
with only one orientation would be expected, leading to the, . : : ) .
o o ther separation of the single isomeric form, an analytical
possibility of epitaxial growth.

In this paper we discuss the deposition of higherHPLC (Hewlett Packard series 106@ Buckyclutcher col-

! umn (SES, 25cnx 1 cm) was used applying a mixture of
fullerenes La@g, and G, on the Ag/SI(111)-¢3 {5 ene/hexanéd/l) as the eluent2.2 mi/min. The injection

XV3)R30° surface. These molecules are chosen for studys;me was 30Qul. The purity of the La@§, was higher
since their intermolecular separation, which is greater thagan 950, as determined by mass spectrometry. The
Ceo is commensurate with the silicon lattice. Both these| 3@Ca, was sublimed at 510°C onto the clean
molecules exhibit growth, which leads primarily to the for- Ag/Sj(111)-#3xv3)R30° surface, which was held at room
mation of domains with a single orientation, which we showtemperature, with a rate of 0.1 monolayéks_)/h (1 ML is

is related to this commensurability. The observation that twaquivalent to one hexagonally ordered layer of molecules
fullerenes exhibit growth with the same orientational orderwith an intermolecular separation equal to that observed in
leads to the possibility that epitaxy and lattice matched hetthe corresponding bulk crysjal

eroepitaxy may be feasible. The G, was prepared by arc burning graphite rods in a
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(a) the step edge. Their intermolecular separations are between
1.3 and 1.4 nm. This spacing is significantly larger than the

bulk separation of La@g molecules[1.12 nm(Ref. 18].
The abundance of these pairs at this coverage is also compa-
rable to that of G, indicating that for this surface their
presence is unrelated to the permanent dipole moment which
is expected for La@g.*°

The inset in Fig. a) shows a contrast enhanced region of
the Ag/Si(111)-¢3xv3)R30° reconstruction. The most
commonly accepted model for the surface is the honeycomb-
chain-trimer (HCT) structure first proposed by Takahashi

(b) Agatom et al?® A schematic diagram of the reconstruction is shown
st layer Si O in Fig. 1(b). Within the v3Xv3 unit cell there are three Ag

atom _— atoms arranged as a trimer, which is located above a second-
\ layer Si atom. Each of the Ag atoms is involved in bonding

Si trimer to one of the Si trimer atoms so that all of the dangling bonds
are saturated. The Ag atoms form a hexagonal ring around
the Si trimer, and this is observed in the STM image as the
honeycomb structuréhe bright and dark regions relate to

Hexagonal Ag trimer the hexagonal arrangement of Ag trimers and Si trimers, re-

:‘f’;';‘gg;;';jg:s spectively.

Further deposition of La@4 leads to the formation of
small islands that grow out from the reactive sites at the
surface. Most importantly, and unlikes£on this surface, the
islands are all found to have the same domain orientation.
Figure Za) shows a high-resolution image of a La@@s-

FIG. 1. (@) 35x20nnf STM image of a low coverage of |and from which adsorption sites of the molecules on the

La@Gs, on Ag/Si(111)-¢3Xv3)R30°. Tunneling current is 0.1  gyrface may be determined and are shown in Fi{g).an

nA and bias voltage is-2.8 V. Inset shows a contrast enhanced thijs model each vertex of the hexagon corresponds to a Ag

image of thev3xv3 reconstruction (3.83.5nnf). (b) Schematic  rimer (bright spot on STM imageand the center of each

showing t‘r},e fhoneyocomb-chaln-t_rlmer model  for  the oy agon corresponds to a Si trimer. The molecules within the

AG/SI(111)-(/3xV3)R30° reconstruction. hexagonally ordered island are at an angle of 30° to the Ag

unit-cell vectors, parallel to the underlying10] Si surface
lattice vectors. All molecules occupy equivalent surface sites
above Ag trimers. The separation of the molecules is mea-
sured from the STM images to be 18.01 nm and corre-
sponds to three Si surface lattice constdht&52 nm. Using
Woods’ notation, this reconstruction is La@@Ag/
Si(111)-(3x3). For coverages up to 0.5 ML, we observe
Ill. RESULTS AND DISCUSSION molecules in only the (%3) domain.
In order to facilitate the analysis of the domains a notation
is used, as for Upwaret al.'! based on the unreconstructed
Figure Xa) shows a typical STM image of a low coverage Sj(111) surface. For a regular arrangement of hexagonally
(0.005 ML) of La@G;, molecules adsorbed on the ordered La@g, molecules with a separation af., the fol-
Ag/Si(111)- @3 Xv3)R30° surface. The bright near- C|rcular lowing condition must be satisfied:
features are the adsorbed La@@olecules. As for g,
can be seen that the molecules are able to dlffuse on the la,=|ma+nb|=a JmZ 1 n?+mn)
surface and become bound at reactive sites where there are € 0 '
unsaturated dangling bonds. These sites are at step edge

(running across the imagand defectgnote molecule bound q/vﬁerem andn are integers| is th? Integer humber of mo-
at the middle of the terrageThe molecules also become lecular separations between equivalent sites orutirecon-

trapped at defects known as out of phase domain boundan%;ugct:}egosI((géléfl;z];)aczrearllli;t?:tggﬁfﬁ:nsdcger?}aeﬁzz Sifla-

(OPB’s). This is discussed in Sec. Il B.
Recent STM studies of Y@ (Ref. 16 and Nd@G, gram in Fig. Zb) [not_e thaiaaqdb are not the lattice vectors

(Ref. 17, on surfaces where diffusion can take place, reveaFhosen by convention for @i11] and are at an angle of

the presence of pairs and small clusters of molecules at low30° to the[ 112] direction.

coverage. These observations are attributed to the permanent The misorientation angle between the principal axis of the

dipole moment of the molecules. The image in Figglso  domain and thg 112] direction of the Sil111) surface is

shows that some of the La@{molecules form pairs along given by

He stream followed by isolation and purificatigimcluding
removal of minor isomepsusing HPLC®® The charge con-
tained a 2:1 mixture of the two most common isomés,
and D,y4, and was sublimed at 455°C at a rate of 0.005
ML/h.

A. La-Cg, island growth
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()

(b)

FIG. 2. (@ STM image showing a La@g isoland nucleated FIG. 3. STM images and schematic diagram showing the differ-
around a defect on the Ag/Si(111)AXVv3)R30°. Thev3XV3 oo gomains observed at 0.7 ML coverage of La@®n
surface reconstruction is clearly visible (427 nn?). (b) Simpli- Ag/Si(111)-/3 X v3)R30°.

fied schematic of the Ag/Si(111)»8Xv3)R30° reconstruction

and the domain type observed for coveragds7 ML. crystalline growth occurs. Note also that the relationship be-

tween commensurability and orientational order has been

o (m+n)v3 discussed for metal surfacg®’
f=cos 2J(m?+n2+mn) )’ The STM images in Fig. 3 show a 0.7 monolayer cover-

age of La@@, on the surface. At this coverage various do-
The principal domain therefore has the configuratienl,  main orientations are observed. By studying over 100 do-
m=3, n=0 ({1,3,0) with an angle of 30°. Other domain mains it is possible to identify six different domain
configurations can be predicted for different valuesiofn,  configurations A—F). The schematic diagram in Fig. 3
andl and a small variation of the intermolecular separationshows the various observed domain configurations and these
a.. Generally an equivalent domain oriented-e would be  results, together with the relevant Woods notation, are sum-
expected, leading to growth of at least two domains on thenarized in Table I.
surface, and would preclude epitaxial growth since islands As with the lower coverage of La@g the principal do-
nucleated at different parts of the surface would have differmain (A) is the most abundant and these domains are signifi-
ent orientation. In this case polycrystalline growth would becantly larger than the other domains. Two equivalent do-
expected. However, for the special case30° (and also§  mains (B and C) are formed with misorientation angles of
=0°), which corresponds to a commensurability between the4° and —14° as discussed above. Equivalent adsorption
intermolecular spacing and the silicon surface, the domainsites are separated by two moleculés ). Fifty-six per-
at =¢ are indistinguishable, resulting in domains with a cent of molecules within these domains are adsorbed on sites
single orientation as observed in Fig. 2, raising the possibilthat are not centered above the Ag trimers, the adsorption site
ity of epitaxial growth. for domainA. The intermolecular separation is significantly

Note that the surface phases which are observed §gr Clarger than the bulk separati¢f.12 nm(Ref. 18] and the

on Ag/Si(111)-¢3xv3)R30° are not observed for La@£ intermolecular separation for the principal domain. As a re-
since the intermolecular spacing forsCis different, and sult, these domains are less abundant and significantly
therefore the set of integets m, and n which satisfy the smaller than the principal domain.
commensurability condition for £ are different. For the DomainD has a misorientation angle ef5°. The nearest
case of G, 6=10.9°12?12250 that double domain, poly- equivalent site with respect to the(S11) lattice is two mo-
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TABLE |. Measured and calculated data for the observed domains of La@i€ Ag/Si(111)-¢3

XV3)R30°.
Domain Type A B C D E F
Abundance(% of 86% 3% 3% 6% 1% 1%

total domains
observed at

0.7 ML)
Approximate area 450 90 80 130 50 100
of individual
domain/nn? (at
0.7 ML)
Molecular 1.15+ 1.20+ 1.20+ 1.15+ 1.15+ 1.16+
separation within ~ 0.01(*) 0.02 0.02 0.02 0.02 0.03
domain/nm
Domain angled  30°*1° 14+1° —14+1° —-5+1° —-1+1° 22+1°
Domain {1,3,¢ {2,5,2 {2,2,3 {2,3,4 {4,7,7% {4,2,13
configuration
{I,m,n}
Woods notation X3 J39x439 39x.37 2\37x2\37 73x7J3 73x7.3
R-16.1° R16.1° R25.3° R30° R-8.2°
Calculated 1.152 1.199 1.199 1.167 1.164 1.164
molecular
separation/nm
Calculated domain ~ 30° 13.9° -13.9° —4.7° 0° 21.8°
angled

lecular spacingsl&2). However, it can be seen from the the surface after annealifgrig. 4(b)]. The result confirms

schematic that these are not equivalent sites with respect tbat the principal domain is the most energetically stable.

the Ag reconstruction. For truly equivalent sites, with respect

to both the Ag and Si, the domain configuration would be ) ]

{6,9,12. Although not observed in the STM images, a do-B' La@Cg,:  Growth from out-of-phase domain boundaries

main equivalent td is expected to exist on this surface as During the conversion from Si(111)x7 to

discussed above. Ag/Si(111)- @3 Xv3)R30°, nucleation occurs at different
DomainE has a misorientation angle of 0°. This domain, sites on the surface and areas of the reconstructed phase then

similarly to the principal domain, has a single orientation.grow and eventually meet. There are three equivalent regis-

There are equivalent adsorption sites at four molecular spaé[ieS of the reconstruction relative to the bulk Si, and at the

ings (| =4). DomainF is found at a misorientation angle of boundaries where inequivalent domains meet, defects are ob-

—22° and also exists in low abundance. The equivalent doserved. For growth of Ag/Si(111)v§xv3)R30° at high

main with misorientation angle-22° is not observed in the (€mperature, these boundaries, known as out-of-phase

STM images. boundaries, are aligned along the12] directions>>~2°This
These results suggest that the domaiis the most ener-  is shown schematically in Fig(&). It can be seen that the Si

getically stable configuration. However, the molecular sepa-

ration within this domain is still greater than the van der

Waal’s separation for La@f This is likely to cause tensile

strain between molecules. Nakayamigal>* found that in

strained Gy domains on Ag/Si(111)+3 X v3)R30° missing

molecule defects were observed. This is also found for thet

La@Gg, domains and can be seen in the STM images in Fig.

3.

Although several domains coexist following adsorption at
higher coverage, domair—F are not stable to annealing.
Figure 4 shows the effect of annealing the surface shown ir
Fig. 3 at ~300°C for 3 min. The second-layer molecules
have been desorbed, and only the first layer remains on the FIG. 4. STM images showing the effect of annealing a 0.7 ML
surface. Closer examination of the ordering within the firstcoverage of La@g on Ag/Si(111)-¢3xv3)R30° at 300 °C.(a)
layer reveals that only the principal domdif) remains on  250x 250 nnf and (b) 55X 55 nn? (—1.5V, 0.1 nA).
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FIG. 6. STM image showing the adsorption of Lag@ol-
ecules along an OPB at 0.04 ML coverage X@&D nnt).

[markeda in Fig. 5a)] or a Ag atommarkedb andc in Fig.
5(a)]. Note that steric factors inhibit the passivation of these
bonds by excess Ag, which may be present on the surface,
although this is possible for the dangling bonds at step edges.
This factor together with the possibility of interaction with a
larger number of Si atoms in the OPB adsorption sites as
compared with step edges accounts for preferential adsorp-
tion at OPB'’s.

The formation of one-dimensional arrays of molecules is

FIG. 5. (@) Schematic diagram showing an out-of-phase domainsyggestive of ordering induced by intermolecular interac-
boundary (OPB). (b),(c) STM images showing adsorption of tjons. However, this would be surprising, as the molecular
La@GCg, molecules along the OPB—2.8 V, 0.1 nA. (b) 80  geparation of 1.33 nm is 19% larger than the van der Waal's
x50 nnt and (c) 10x 6 nn. separation of the La@ molecules® Furthermore, it has

trimers on either side of the OPB’s have been displaced be-
tween adjacent sites in the underlying second layer. The OPB
has a width of 0.77 nm.

Figure 8b) shows La@@, molecules adsorbed along an
OPB. The coverage is the same as that in Fi).Q05 ML).

The molecules all have the same height of 0.7 nm and line up
with a regular spacing of 1.330.01 nm[determined from
the higher-resolution image, Fig(d]. At this coverage they
form long chains consisting of between 5 and 15 molecules.
The periodicity of the STM features associated with dangling
bonds along the OPB is 0.665 nm and the Lafg@@olecules
within the chains are positioned at twice this dista(t83
nm). By examining the higher-resolution imagj€ig. 5(c)],

the adsorption sites of the molecules can be identified. The
molecules are centered above the first-layer atom within the
center of the boundarymarkeda in Fig. 5a)].

It is clear that molecules adsorb preferentially on the
OPB’s as compared with step edges as shown in Fig. 6. In
this image an OPB runs across the image and is almost com-
pletely saturated with molecules. In comparison, the step
edges are less populated. The preferential adsorption is prob- FIG. 7. STM image showing a 0.2 ML coverage of,@nol-
ably due to the interaction of each molecule with three Siecules on the Ag/Si(111)v§xv3)R30° surface (3& 30 nnt,
atoms which would otherwise be bonded to a Si trimer atom-2V, 0.75nA).
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recently been found thatgg(Ref. 26 and, as will be shown, h deposition of Cg, on Ag/Si(111)-¢3 X v3)R30°. At this

Cg, also form such one-dimensional structures along theseoverage the only observed domain orientation is the same as
boundaries. Molecules in these arrays adopt the minimundomainA for La@G;,, with the molecules separated by 1.15
separation and therefore the maximum packing, which isim. Also observed in Fig. 7 are ordered rows gf @ol-
consistent with adsorption above atoms equivalent to thagcules arranged along an OPB and a number of isolated mol-
markeda in Fig. 5a). Thus the regularity is controlled by ecules adsorbed at step edges and at defects on terrace steps.
molecule-substrate interactions, while the close-packed na-
ture of the arrays indicates that molecules have sufficient
mobility to diffuse along the OPB following adsorption.

The growth of islands starts initially from the OPB'S,  \we have shown that fullerene growth with orientational
showing that these are the most preferential adsorption Sitegyger is observed for adsorbate-substrate combinations in
This is shown in Fig. 6. The island extending from the OPByhich the intermolecular spacing and the Si surface lattice
has 45 molecules within it which are0.2 nm higher than  constant are commensurate. This observation raises the pos-
the molecules bound along the OPB. The white streaks ogjyjjity of epitaxial growth of fullerenes, and furthermore our
the image show that, unlike the molecules along the OPBgempgnstration that this mode of growth is possible for more
some of the molecules within the island are interacting withthan one fullerene species indicates that the growth of lattice
the tip. matched fullerene heterostructures may be possible.

IV. SUMMARY

C. Ces

A similar study was performed over a more restricted
range of coverages forge All the results discussed above  This work was supported under the EC Framework V ini-
for La@G;, apply also to G, This is illustrated in Fig. 7, tiative within Project No. 1ST-1999-11617QIPD-DF.
which shows an STM image following 0.2 ML covera@®  T.J.S.D. thanks the Royal Society for financial support.
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