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C60 molecules adsorbed on graphene/Ru(0001) substrate were investigated by scanning tunneling

microscopy (STM) at 5 K. On high quality substrates, C60 molecules adopt a commensurate growth

mode, leading to formation of a supramolecular structure with perfect periodicity and few defects.

On under-annealed substrates with imperfections and domains, the molecules form the same

closely packed hexagonal structures in spite of underlying corrugations, disorders or steps,

indicating a weak molecule-substrate interaction—a conclusion that is also supported by DFT

calculations. This system may be beneficial to the fabrication of carbon based devices and

of other types of organic functional overlayers. VC 2012 American Institute of Physics.

[doi:10.1063/1.3673830]

Since its discovery in 1985,1 C60 has attracted great in-

terest due not only to its unique structural and electronic

properties2,3 but also to its potential applications in various

fields.4–8 Extensive studies have been performed on the

adsorption and growth properties of C60 on different

substrates,2,3,9–14 including metal surfaces such as Cu(111),2

Ag(100),3 Ag(001),9 Au(111)10, and Ag(111)10 and semicon-

ductors like silicon11 and GaAs.12 On these flat surfaces, C60

molecules usually adopt a closely packed hexagonal growth

mode.2,9,10,12,13 Recently, more attentions have been paid on

the adsorption behaviors of C60 on patterned surface

structures.15–19 While many of these studies focused on trap-

ping C60 molecules by the superstructures, C60 monolayers

on periodically corrugated substrates were less investigated.

Based on regularly Moiré structures, a kind of periodi-

cally corrugated template—graphene/Ru(0001) (G/Ru in the

following) has recently received lots of interest.20–25 Here,

we report a supramolecular structure of C60 molecules grown

on G/Ru surface. The periodic surface potential and the good

match between the template and the lattice of adsorbed mol-

ecules are the dominant factors for this supramolecular struc-

ture. By carefully analyzing C60 growth on under-annealed

graphene, we found that the interaction between the C60 mo-

lecular layer and the substrate was rather weak. Density

functional theory (DFT) study of adsorption energy and the

observation of tip-induced rotation of C60 molecules both

also support our result. This weak molecule-substrate inter-

action should be responsible for the continuous and uniform

nature of the molecular layer.

The experiments were conducted in an Omicron low

temperature STM system under a base pressure better than

1.0� 10�10 mbar. The G/Ru template was fabricated follow-

ing the same technique as described in a previous study21

except that some of the samples were intentionally under-

annealed (�1100 K) to create imperfections and domains.

C60 (99.5% purity, Aldrich) molecules were evaporated at

600 K onto the samples (kept at room temperature) followed

by annealing at 320 K for 1 h. Then, these samples were

transferred to low temperature chamber (�5 K) for scanning.

Our theoretical calculations were based on DFT by Vienna

ab-initio simulation package (VASP).26 Projector augmented

wave (PAW) potentials27 and local density approximation

(LDA)28 for exchange correlation potential were used. The

periodic models included a fixed rippling 12� 12 graphene

super lattice with a C60 molecule adsorbing on three different

surface sites (fcc, hcp, atop)21 and a vacuum layer of 12 Å.

The C60 molecules were fully relaxed until the net force on

every atom was less than 0.01 eV/Å. In our calculation, the

energy cutoff of the plane-wave basis sets was 400 eV, and a

single C point was employed for Brillouin zone matrix inte-

grations due to the numerical limitations.

Figure 1(a) shows typical STM topography of a C60

monolayer grown on well-prepared G/Ru surface. The mole-

cules adopt a substrate-commensurate, closely packed hex-

agonal growth and the bright protrusions are attributed to

superimposition of the underlying atop sites of the graphene

Moiré structure. A more detailed image is shown in Fig.

1(b). A small (large) rhombus is used to outline the unit cell

of the molecular lattice (G/Ru template). This kind of growth

was interpreted in two aspects. On the one hand, the corru-

gated G/Ru surface has a periodical surface potential, which

may influence the molecules to some extent in order to

achieve minimize energy. On the other hand, given that the

distance between two nearest Moiré spots is 3 nm,21 almost

exactly three times the distance between two neighboring

C60 molecules in the solid phase,29 commensurate overlayers

can easily form on such a surface. The lattice periodicity is

similar to the one reported by Corso et al.15 but with a differ-

ent supramolecular structure. Also, the defects of the molec-

ular layer on G/Ru surface are much fewer and the molecular

film is continuous and uniform even when there are Moiré

spots missing (Fig. 1(b)).

Occasionally, especially on the surfaces of under-

annealed samples, we also observed incommensurate or dis-

ordered growth mode (see Figs. 1(c) and 1(d)). We simply

classify the growth modes of C60 into Type A—growtha)Electronic mail: hjgao@ iphy.ac.cn.
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commensurate with the substrate and Type B—growth that

seems disordered. Type B areas occur less frequently and are

most likely to appear upon or adjacent to imperfections and

domain boundaries, which we suppose to cause their forma-

tion. Domain-related Type B growth is incommensurate with

the substrate and usually happens when a C60 island is

stretched across two or more domains (see, e.g., the upper

part of Fig. 1(c)). Hence, this kind of area is sometimes very

large in size when C60 coverage reached 1 monolayer. In

Fig. 1(d)), a typical domain-related Type B area is displayed.

Since the positions of graphene Moiré spots cannot be

clearly resolved in this case, we applied the Fourier trans-

form (FT) to the initial image, as shown in the inset. The

outer six points correspond to the C60 molecular lattice and

the inner ones represent the Moiré pattern’s periodicity. By

measuring the angle between vectors q1 and q2 in the FT

image, we found that the two periodic lattices are rotated by

26� with respect to each other. However, this is not the only

rotation value we obtained. Among the samples we investi-

gated, such angles range from 4� to 26�, indicating a random

relationship between the orientations of the two lattices. This

further supports our supposition that incommensurate growth

has something to do with domain boundaries, since Moiré

pattern domains also have random directions in our samples.

In order to understand more fully the C60 molecular

layer’s continuous nature and freedom from defects, it is

helpful to study its growth on the under-annealed samples.

Large-area STM topography of C60 submonolayer is shown

in Fig. 2(a) and here the molecules can be seen to form

islands on the G/Ru surface. Around these islands, there are

also many randomly isolated molecules appearing as small

bright protrusions. As we have mentioned above, the sample

in Fig. 2(a) was under-annealed and there were many imper-

fections and/or defects on its surface which acted as random

additional adsorption sites for the adsorbates. Figure 2(b) is

an image at lower molecular coverage revealing that the iso-

lated molecules are always found adjacent to areas where

Moiré spots are distorted or missing, and a regular Moiré

pattern is also shown in Fig. 2(c) for direct comparison.

Hence, this kind of isolated adsorption behavior does not

suggest a relatively strong C60-substrate interaction or pref-

erential adsorption11,22,23 on G/Ru. In fact, on the defect-free

areas, we hardly find any isolated molecules. Besides, when

samples are heated to 370 K, most C60 molecules desorb

from the surface, leaving only some that reside near imper-

fections. The formation of molecular islands on graphene,

free of preferential adsorption and with a low desorption

FIG. 1. (Color online) (a) Large-area STM topography of substrate-

commensurate growth of C60 molecules on G/Ru. Right part is a higher

terrace of Ru(0001) surface. (b) Zoom-in image of the supramolecular struc-

ture. The unit cells of the underlying substrate and molecular lattice are out-

lined by large and small rhombuses, respectively. (c) STM image showing

both substrate-commensurate (lower right, marked with “A”) and substrate-

incommensurate (upper left, marked with “B”) growth structure of C60 mol-

ecules on G/Ru. The dotted lines in different colors indicate different

domains. (d) Zoom-in image of an incommensurate area. Inset shows its

Fourier transformation and the angle between vector q1 and q2 is about 26�.
Images (a) and (b) were taken from a well prepared sample while (c) and (d)

from an under-annealed sample. Scanning parameters: (a) Vs¼�3.0 V and

I¼ 0.05 nA, (b) �2.0 V and 0.1 nA, (c) þ2.0 V and 0.05 nA, and (d) þ2.0 V

and 0.03 nA.

FIG. 2. (Color online) STM topography of C60

molecules adsorbed on under-annealed G/Ru sur-

face: (a) Large area STM image showing C60

islands and isolated C60 molecules. Five larger

bright protrusions due to argon gas bubbles are

pointed out by blue arrows. (b) Low-coverage

image showing defect induced isolated adsorption.

(c) Regular Moiré pattern of G/Ru. (d) Zoom-in

image of the lower left part of (a). Four kinds of

typical template surface conditions are distin-

guished: (I) regular Moiré pattern, (II) disordered or

imperfect areas, (III) steps, and (IV) corrugations.

(e) Zoom-in of the area inside the blue square in

(d). (f) High-pass filtered image of (e). Scanning pa-

rameters: (b) and (c) Vs¼�3.0 V, I¼ 0.05 nA, (a),

(d) and (e) þ3.0 V, 0.02 nA.
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temperature indicate that interactions between adsorbed mol-

ecules and the substrate are rather weak. We can also see

that Ru substrate has minor influences on C60 molecules

compared with some previously studied molecules and

atoms22,23,25 since C60 does not show any difference on the

adsorption on three different surface sites.

In Fig. 2(a), the larger bright protrusions pointed out by

blue arrows are attributed to argon gas bubbles lying a few

atomic layers beneath the Ru(0001) surface.30 Thus, the sur-

face in Fig. 2(a) contains four different types of areas: a reg-

ular Moiré pattern, imperfections, steps, and argon gas

related protrusions. These are labeled in Fig. 2(d) as I, II, III,

and IV, respectively. C60 molecular island extends over all

the four types of surface areas smoothly. To investigate the

arrangement of the C60 molecules, we further zoom in part

of the island (Fig. 2(e)) and find that they also adopt a closely

packed hexagonal growth mode. After high-pass filtering,

the molecular lattice was made visible in Fig. 2(f). Surpris-

ingly, the lattice is rather well ordered, indicating that

the hexagonal packing behavior is retained regardless of

underlying imperfections, protrusions, or steps. We empha-

size that the height of the steps and protrusions ranges from

0.2� 0.3 nm, and the uniform molecular lattice suggests a

strong C60-C60 interaction compared with the C60-substrate

interaction.

With sub-molecular resolution imaging of STM, we fur-

ther investigated the orientation of C60 molecules on G/Ru

surfaces. Figure 3(a) shows a C60 monolayer under different

bias voltages. The intramolecular structure can be resolved

and all the molecules are found to share the same orientation,

i.e., with a hexagon parallel to the Ru(0001) surface. How-

ever, in some cases, the orientations are rather disordered

(Figs. 3(b) and 3(c)). Tip-induced molecular rotation was

observed during repeated scanning processes, as shown by

the circled molecules in Figs. 3(b) and 3(c). The rotation

processes under low temperature (5 K) again verified the

weak C60-substrate interaction. Our DFT calculations also

provided information for quantitative analysis. Given that

the Ru substrate has minor effect on C60 growth and that the

system in Fig. 4 is too large in the DFT calculation, we use a

single corrugated graphene layer as the substrate for simplic-

ity. The adsorption energy of C60 (hexagon upward) on three

different types of surface sites are �267 meV (atop site),

�294 meV (hcp site), and �336 meV (fcc site), respectively,

while the interaction energy between two free C60 molecules

is �514 meV. From these values, we can see the similar

adsorption energies of C60 molecules on different surface

sites and the strong C60-C60 interactions finally result in the

continuous and defect-free molecular overlayer.

In conclusion, a C60 supramolecular structure was fabri-

cated on a G/Ru template. This structure is uniform, continu-

ous, and quite large in size on well-prepared samples. On

under-annealed samples however, we found that the interac-

tion between C60 molecular film and the substrate is rather

weak, but by no means negligible, since it is still enough to

guide the commensurate growth of C60 molecules. We

believe that C60 is not the only case in which G/Ru template

is suitable for manipulating molecular growth, and that

supramolecular structures of other kinds of molecules may

also be fabricated using similar techniques. This work may

also be helpful for developing future carbon based devices.
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