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Using scanning tunneling microscopy observations, preferable adsorption sites of C60 and C70

fullerenes on pristine Si(111)7� 7 and Al-modified Si(111)a–7� 7-Al surfaces at 300 and 450 K

were determined. The C60 and C70 molecules display similar, albeit not identical, adsorption behav-

ior while the most essential variance is related with the hosting surfaces, pristine 7�7 or a–7� 7-Al.

Both C60 and C70 prefer to occupy positions above the Si rest atoms upon adsorption onto

Si(111)7� 7 at 300 K and change their preferable sites for those located at the Si edge adatom at

450 K, that is plausibly accompanied by releasing the Si adatom. Upon C60 and C70 adsorption onto

Si(111)a–7� 7-Al surface at 300 K, the fullerenes prefer to occupy the asymmetric sites at the dimer

rows. At 450 K, the C70 fullerenes preserve this location, while about half of the C60 fullerenes

change it for that at the corner Si adatom position. The present experimental data set serves as a

useful basis for theoretical analysis. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4963067]

I. INTRODUCTION

Since seminal discovery of the C60 buckminsterfullerene

in 1985,1 the fullerenes, a family of carbon molecules having

a cage structure, have attracted a wide attention due to their

unique structural and electronic properties. Growth of fuller-

ene films on various substrates is the actively developed

research area of numerous investigations. Elucidating the

adsorption geometry and interactions of a single fullerene

molecule with a surface is very important for understanding

the mechanisms of fullerene self-assembly. Scanning tunnel-

ing microscopy (STM) is believed to be the most feasible

tool to fix directly the adsorption sites occupied by the fuller-

enes on a given surface. In the present work, adsorption of

individual fullerenes onto the surface has been studied using

STM with three growth parameters being varied.

First, two types of fullerenes have been used, C60 and

C70. The C60 molecule is the most abundant form of fuller-

enes, which consists of 20 hexagonal and 12 pentagonal car-

bon rings and has a shape of sphere. The C70 is the second

most stable and abundant fullerene. It incorporates five addi-

tional hexagonal rings in its equatorial plane, hence having a

slightly elongated shape [Fig. 1(a)]. Compared to C60 mole-

cules, C70 on surfaces have been far less studied.

Second, two types of parent surfaces have been used, pris-

tine and Al-modified Si(111)7� 7. The pristine Si(111)7� 7

surface has a well-known dimer-adatom-stacking fault struc-

ture2 consisting of two triangular half unit cells (HUCs),

faulted and unfaulted, and a corner hole. Each half unit cell

contains nine dangling-bond atoms (which are of the most

essence for adsorption) including six adatoms and three rest

atoms. In accordance with their location, adatoms can be

subdivided into edge and corner adatoms [Fig. 1(b)]. The Al-

modified Si(111)7� 7 (labeled also as Si(111)a–7� 7-Al

phase3–6) has been recognized to be essentially an ordered

array of surface magic clusters, where each cluster is built of

six Al atoms and three Si atoms7–9 [Fig. 1(c)]. Under proper

preparation, magic clusters occupy every 7� 7 half unit

cell. The number of dangling-bond atoms in the a–7� 7

phase is significantly reduced. As the magic cluster is free of

dangling bonds, only three corner adatoms preserve their

dangling bonds in the 7� 7 HUC. In turn, the electronic state

and reactivity of these corner adatoms are affected by the

formed magic clusters through a charge transfer.10 There are

numerous papers on the C60 adsorption onto Si(111)7� 7

surface,11–18 and a few for the case of C70.19,20 To our

knowledge, the Si(111)a–7� 7-Al surface has never been

tested as a substrate for fullerene adsorption.

Third, besides the room-temperature (RT) adsorption (which

were explored in the most previous works), fullerene adsorp-

tion at higher temperatures, 450 and 600 K, has also been

examined in the present work. Note that these temperatures are

still well below the threshold of fullerene decomposition anda)Electronic mail: zotov@iacp.dvo.ru
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SiC formation.12,19 These observations are expected to provide

a hint for elucidating the role of kinetic limitations in the fuller-

ene adsorption phenomena.

II. EXPERIMENT

Experiments were carried out in the ultrahigh vacuum

Omicron MULTIPROBE system with a base pressure better

then 2� 10�10 Torr. Atomically clean Si(111)7� 7 surfaces

were prepared in situ by flash-annealing process at 1280 �C
after the samples were first outgassed at 600 �C for several

hours. Si(111)a–7� 7-Al surfaces were prepared by deposit-

ing �0.25 ML Al [one monolayer (ML)¼ 7.8� 1014 cm�2]

from Al-wrapped W wire onto Si(111)7� 7 surface held at

550 �C. Fullerenes, C60 (Alfa Aesar, purity 99.92%) and C70

(BuckyUSA, purity 99.5%), were deposited from resistively

heated Mo boats. The typical fullerene dose was �0.0015

ML. STM images were acquired using Omicron variable-

temperature STM VT-XA operating in a constant-current

mode. For STM experiments, mechanically cut PtIr tips

cleaned by in situ heating were used. All STM observations

were performed at RT.

III. RESULTS AND DISCUSSION

At a glance, C60 and C70 demonstrate similar general

behavior on both pristine Si(111)7� 7 and Si(111)a–7� 7-

Al surfaces. As an example, this is illustrated by Fig. 2

showing a set of STM images obtained after C70 fullerene

adsorption onto the Si(111)a–7� 7-Al (hereafter a-Al for

short) at 300, 450, and 600 K. At RT, fullerenes are scattered

on the surface preferably as isolated molecules; formation of

dimers is observed rather seldom at this coverage. At about

450 K [Fig. 2(b)], as a result of growing mobility of fuller-

enes, the fraction of molecules arranged in dimers suffi-

ciently increases up to �0.4. Spacings between molecules

are 1.00 6 0.01 nm and 1.10 6 0.03 nm for C60-C60 and

C70-C70 pairs, respectively, which is quite close to corre-

sponding lattice parameters of the bulk fullerites. At even

higher temperature, about 600 K, the fullerene mobility is

high enough that both C60 and C70 start to form small

patches of close-packed array [Fig. 2(c)]. In all the cases

considered here, intramolecular features have been clearly

observed [Fig. 2(d)], indicating that the fullerenes are fixed

(not rotated) due to a strong bonding to a surface. These

STM features are consistent in general with the previously

published results on fullerenes adsorbed onto the silicon sur-

faces.14,17,20 It is worth noting, however, that the fullerenes

are oriented randomly without any apparent ordering or pref-

erence for the selected orientations.

Fullerene positions were determined using corner holes of

the 7� 7 lattice as reference points. For each case, location

of 300–500 fullerenes was fixed to get a reliable statistics.

Figure 3 shows two selected examples of raw data, namely,

C60/7� 7 and C60/a-Al at RT. Each red cross indicates the

position of a fullerene center. Taking into account the sym-

metry of the 7� 7 unit cell, the data were folded to minimize

the number of apparent adsorption sites. Thus, one can see

that primary adsorption sites for C60 on 7� 7 surface are

directly above a rest atom (i.e., the “threefold position”) and

above a corner hole in agreement with the results of the

recent study.18 Although a certain difference between faulted

FIG. 1. (Color online) Schematic models of (a) C60 and C70 fullerenes, (b)

Si(111)7� 7 reconstruction, and (c) Al magic clusters (a–7� 7-Al recon-

struction). For the reconstructions, both STM images (7� 7 nm2) and sim-

plified sketches are provided. Corner adatoms, edge adatoms, and rest atoms

are labeled by corresponding initial letters. “CH” marks the corner hole.

FIG. 2. (Color online) STM images of 40� 40 nm2 of C70 adsorbed onto

Si(111)a–7� 7-Al surface at (a) 300 K, (b) 450 K, and (c) 600 K. (d) Selection

of STM images of fullerenes displaying the intramolecular contrast.
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and unfaulted HUCs was detected (with preference ratio of

�4:3 for the faulted HUC), this does not seem very crucial,

and for the sake of simplicity, we merged the halves

together. For the case of C60 and C70 on a-Al, the similar

processing procedure was applied [Fig. 3(b)]. Finally, the

symmetrized data sets were used to construct the 2D histo-

grams (Fig. 4), which summarize adsorption sites with

respect to a half unit cell (bin size¼ 0.125� 0.125 nm2).

As mentioned above, the most abundant adsorption site

(�95% occupation) for both C60 and C70 on the pristine 7� 7

surface at RT is almost above a rest atom between three ada-

toms, two edge ones, and one corner. {Although the whole

data set is apparently centered at the rest atom, distribution of

the distances measured from the rest atom to the center of an

individual fullerene has a maximum at about 0.2 nm [Fig.

6(a)].} The next favorable position is above a corner hole

(�5% occupation). Remarkably, the center of the unit cell,

which is also located between three adatoms but without the

rest atom underneath, almost never hosts the fullerene in con-

trast to early STM studies.11 Nevertheless, this result agrees

with the more recent AFM study.18 At slightly elevated tem-

perature, 450 K, the preferable position changes to the site

located almost directly above the edge adatom. Changing the

preferable position with increasing temperature implies that a

new site is characterized by a deeper potential minimum but

fullerene has to surmount a certain barrier to reach this site. A

reasonable guess is that C60 might displace Si adatoms to

adopt a stable binding with the rest Si layer where three new

dangling bonds appeared due to removing adatom. One can

see a certain analogy with adsorption behavior of fullerenes

on metal surfaces where fullerene displaces metal atoms and

creates a nanopit to enhance bonding energy with a sub-

strate.21–31 Apparent heights of C60 residing in the rest-atom

sites and adatom sites appear to be similar, which sounds sup-

portive for the suggestion of the adatom removal since in both

cases C60 would reside on the Si rest-atom layer.

Worth noting that similar positions on adatom sites were

observed previously in the case of RT submonolayer C60

deposition onto the 7� 7 surface.32 However, discrepancy in

determination of the bonding sites at the 7� 7 surface was

noticed long ago, and Moriarty16 argued that this may be

connected to the details of the sample preparation and accu-

racy in determination of C60 locations. Nevertheless, a ten-

dency for C60 and C70 to occupy the edge-adatom site seems

obvious.

The occurrence of Al magic cluster in the a-Al phase inside

the 7� 7 unit cell makes the edge adatoms unavailable for ful-

lerene adsorption. In this situation, one might expect that full-

erenes would occupy the second preferable bonding site, a

corner hole. However, the number of molecules in this site is

even less than at the pristine 7� 7 surface. The most stable

position now was determined to be the one above the dimer

row, a border between the faulted and unfaulted 7� 7 HUCs.

This position is highly asymmetric (Fig. 5) which is not

typical for isolated fullerenes considering the strong bonding

to the surface (otherwise they would form compact 2D

islands). However, one may notice that the lateral distance

from this position to the nearest adatom {ideally 0.37; 0.35

and 0.36 nm—measured values for C60 and C70, respectively

[Fig. 6(b)]} is rather close to that between adatoms and the

rest atom (0.44 nm). Taking into account that fullerenes

rarely sit directly over rest atoms [see Fig. 6(a)], one may

conclude that after edge adatoms were blocked by Al, fuller-

enes prefer to keep the same distance to a dangling bond

(i.e., adatom) rather than having a more symmetric position

(e.g., at a corner hole).
FIG. 3. (Color online) Examples of symmetrized data sets for C60 fullerene

adsorption on (a) Si(111)7� 7 and (b) a-Al surfaces.

FIG. 4. (Color online) Distribution (2D histogram) of fullerene adsorption

sites superposed on the corresponding 7� 7 HUCs.
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Increasing the growth temperature to 450 K produces

modest effect on the characteristics of the C70/a-Al system:

the C70 fullerenes still prefer to occupy the same position at

a dimer row (Fig. 4, bottom row), but the spacing distribu-

tion becomes sharper [Fig. 6(c)]. In the case of the C60/a-Al

system, the changes appear to be more pronounced. Though

about a half of the C60 fullerenes preserves their original

RT-position at a dimer row, the other half begins to occupy a

new position inside the 7� 7 unit cell, namely, almost

directly over corner adatom (see Fig. 4, the second row from

bottom). This is reflected by the two-maxima shape of the

corresponding spacing distribution [Fig. 6(d)]. Note that

such a change of a location for the adatom site at increased

temperature is reminiscent for the C60 behavior on Si(111)

7� 7 surface at 450 �C (Fig. 4, top row) and in both cases Si

adatom is plausibly displaced by C60 fullerene. In general,

one can conclude that type of fullerenes and their surface

environment might affect fullerene adsorption behavior in a

rather complicated way.

As a final remark, we would like to compare the present

STM observations on C60 adsorption onto Si(111)7� 7 sur-

face with the results of the recent theoretical calculations by

Rurali et al.15 The experiment and calculations coincide in a

strong preference for C60 occupying the rest-atom site rather

than the center of HUC surrounded by the edge adatoms.

However, many other items are in variance. Calculations

predict the corner hole to be the most preferable adsorption

site. The present experiment shows that only 5% of fuller-

enes reside in corner holes at RT and their fraction even

decreases at 450 K. Theoretical results suggest that unfaulted

HUCs are more preferable than faulted HUCs. Experiment

reveals an opposite behavior: fullerenes prefer faulted HUCs

rather than unfaulted HUCs. In addition, C60 residence at the

edge adatom site (with possible removing of the adatom)

detected at 450 K was not considered in the theoretical work.

The C70 fullerenes and Si(111)a–7� 7-Al as a hosting

surface are also awaiting for the theoretical consideration.

IV. CONCLUSIONS

In conclusion, preferable adsorption sites of C60 and C70

fullerenes on pristine and Si(111)7� 7 and Si(111)a–7� 7-

Al were determined using statistical analysis of the STM

images acquired at very early stages of fullerene adsorption.

It was found that both C60 and C70 prefer to occupy positions

above the Si rest atoms upon adsorption onto Si(111)7� 7 at

300 K and change their preferable sites for those located at

the Si edge adatom at 450 K. Occupation of these sites is

plausibly accompanied by releasing the Si adatom. Upon C60

and C70 adsorption onto Si(111)a–7� 7-Al surface at 300 K,

the fullerenes prefer to occupy the asymmetric sites at the

dimer rows, the borders of the 7� 7 unit cell halves. At

450 K, the C70 fullerenes preserve this location, while about

half of the C60 fullerenes changes it for that at the corner Si

adatom position with plausible removal of the adatom.

Taking into account that atomic arrangement of Si(111)7� 7

and Al-modified Si(111)a–7� 7-Al is understood in detail,

the present experimental data set can serve a useful basis for

FIG. 6. (Color online) Distributions of spacings between fullerene centers

and (a) the rest atom of the 7� 7 reconstruction at 300 K, (b) the edge ada-

tom of the 7� 7 reconstruction at 450 K, (c) the corner adatom of the a-Al

surface at 300 K, and (d) the corner adatom of the a-Al surface at 450 K.

FIG. 5. (Color online) Average adsorption positions for both C60 and C70 on

the a-Al surfaces.
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theoretical analysis both from the viewpoint of understand-

ing the fullerene adsorption behavior on these surfaces as

well as for testing validity and accuracy of calculations.
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