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Using epitaxially grown graphene on Ru(0001) as a buffer layer, the intrinsic molecular orbitals of

perylene-3,4,9,10-tetracarboxylic dianhydride, pentacene, and C60 molecules were imaged by

means of scanning tunneling microscope (STM). Combined with density functional theory

calculations, our high resolution STM images of the molecules reveal that the graphene layer

decouples the individual molecules electronically from the metallic substrate. Our results show that

graphene-based moiré pattern can be used as a unique way to probe the intrinsic electronic

structures of molecular adsorbates and their interactions. VC 2011 American Institute of Physics.

[doi:10.1063/1.3646406]

Direct imaging of the intrinsic electronic structure at high

resolution is of both fundamental and technological impor-

tance for investigating molecular interaction and mechanisms,

for example, bonding information and the dynamics. In the

past years, scanning tunneling microscope (STM) has been

demonstrated to be powerful for probing the detailed elec-

tronic structures of molecules on solid surfaces.1,2 In previous

studies, metallic (Au, Ag, Ru)1,3 or semiconducting (Si, Ge,

GaAs)4 materials are commonly used as substrates for molec-

ular adsorption. However, the strong interactions between

molecules and metallic or semiconducting surfaces sometimes

significantly change the intrinsic electronic and geometric

structures of the adsorbed molecules.5 Lu and coworkers

reported a C60 adsorption on Ru(0001), in which STM image

of the C60 showed no detailed molecular orbitals due to the

strong interaction between the C60 and the Ru.6 In order to

overcome this problem, much effort has been made by passi-

vating substrates with various buffer layers, for instance, thin

organic films,7 NaCl,2 and oxides.8 The intrinsic molecular

orbitals of pentacene were obtained on a NaCl film covered

Cu(111) surface,2 but several issues remain to be overcome.

The surface of oxides is relatively inhomogeneous with small

domain sizes and many defects,9 resulting in many different

adsorption configurations of adsorbates.10 In addition, buffer

layers of organic films and NaCl cannot tolerate exposure to

high temperatures and water, respectively.

Recently, graphene monolayer epitaxially grown on var-

ious metal surfaces, for example, Ru(0001),11 Ir(0001),12

Pt(111),13 Ni(111),14 and Cu(111),15 have all attracted great

interest due to their unique properties and potential applications

for functional devices. Also, due to the ascending passions

on graphene based organic devices, much effort on the

growth of organic molecules on graphene has also been

paid.16,17 For instance, Barja and coworkers investigated the

self-organizations of 7,70,8,80-tetracyano-p-quinodimethane

(TCNQ) and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodi-

methane (F4-TCNQ) on graphene grown on Ir(111) and found

the two molecules adopted distinct molecular orderings.16

In this letter, we demonstrate that a large scale (centime-

ter), highly ordered, epitaxially grown graphene on

Ru(0001) can be used as a buffer layer for direct imaging of

the intrinsic electronic structures of the adsorbed molecules.

Combining STM experiments with density functional theory

(DFT) calculations, perylene-3,4,9,10-tetracarboxylic dia-

nhydride(PTCDA), pentacene, and the fullerene (C60) mole-

cules are investigated. We found that the graphene layer

allows high resolution imaging of the detailed molecular

orbitals of adsorbed molecules by decoupling the molecules

electronically from the Ru(0001) substrate.

The experiments were performed using a commercial

Omicron low temperature STM system with a base pressure

better than 1� 10�10 mbar. The Ru(0001) surface was

cleaned by cycles of argon-ion sputtering and annealing.

High quality graphene was prepared by thermal decomposi-

tion of ethylene on this surface at high temperature. PTCDA,

pentacene, C60 (Sigma, 99þ%) molecules were thermally

evaporated onto graphene at 620 K, 450 K, 600 K, respec-

tively. During the evaporation processes, the substrates were

kept at 300 K for PTCDA and C60 and 330 K for pentacene.

FIG. 1. (Color) STM images of graphene on Ru(0001). (a) Large-area

image, showing regular moiré pattern. (b) Zoom-in image, showing the

atomic resolution. A rhombus is overlaid to indicate the unit cell of moiré

pattern. A circle, solid triangle, and dashed triangle are used to indicate the

atop, fcc, and hcp regions, respectively. Scanning parameters: (a)

Vs¼�3.0 V, It¼ 0.05 nA and (b) Vs¼�0.2 V, It¼ 0.5 nA.a)Electronic mail: hjgao@iphy.ac.cn.
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Subsequently, the samples were cooled down to 5 K for

STM imaging. DFT calculations in this work were carried

out using Gaussian03 code.

As shown in Fig. 1(a), graphene on Ru(0001) formed

regular moiré pattern, remaining continuous and defect-free

within the large scanned area. This pattern is induced by a

lattice mismatch between Ru(0001) and graphene, with a pe-

riodicity of about 30 Å and an apparent corrugation of about

1 Å. Figure 1(b) is a zoom-in image with atomic resolution

upon which a rhombus is superimposed to indicate the unit

cell of the moiré superstructure. Three regions can be clearly

distinguished in this unit cell: the bright region (marked by a

circle), the less bright region (marked by a solid triangle),

and the dark region (marked by a dashed triangle), which are

assigned to the atop site, fcc site, and hcp site, respectively.

We found that both the moiré pattern and high quality

(defect-free) of the sample were preserved after the sample

was annealed repeatedly at temperatures as high as 1300 K.

PTCDA, pentacene, and C60 molecules have been

widely employed in understanding the mechanisms of mo-

lecular self-organization17,18 and in electronic devices such

as organic photovoltaic cells.19,20 After the deposition of

molecules on the graphene surface, we noted that PTCDA

molecules self-assembled into a herringbone pattern on the

graphene/Ru(0001) (Fig. 2(a)). A rectangle and molecular

models are overlaid to indicate a unit cell of this pattern. In

addition, another regular pattern appearing as six-fold sym-

metric bright spots can be clearly seen, whose unit cell is

outlined by a rhombus in Fig. 2(a). This pattern is due to the

superimposition of underlying moiré superstructures on

PTCDA films, and an analogous phenomenon has also been

observed for molecular film on reconstructed Au (111) sur-

face, on which the reconstructed structure of Au(111) sub-

strate can be seen after molecular deposition.21 The PTCDA

molecules normally show a herringbone arrangement on var-

ious low index noble metal surfaces, such as Au (111),22 Ag

(111),22 and Cu (111).23 However, interactions between mol-

ecules and these surfaces, including bonding, image charges,

and metal-mediated lateral interaction,24 give rise to a slight

deformation of the herringbone unit cell compared to that of

(102) plane of PTCDA bulk structure.18 In the inset of

Fig. 2(a), we measure the lattice parameters of the unit cell

for PTCDA on graphene/Ru(0001), corresponding to

a1¼ 1.24 nm, a2¼ 1.93 nm, and c¼ 90�. Within the error

limit, these three values are almost the same to those of

b-phase (102) plane of PTCDA bulk structure, where

a1¼ 1.245 nm, a2¼ 1.930, and nm, c¼ 90�.18,25 In addition,

PTCDA molecules were completely desorbed when we

annealed the sample to 360 K. Nevertheless, for molecules

on metallic surfaces, higher desorption temperatures were

needed and always accompanied by molecular dissocia-

tion.18,26 These phenomena unambiguously indicate that the

interactions between PTCDA and graphene/Ru(0001) are

rather weak and inter-molecular interactions play a dominant

role in the self-organization process.

In the zoom-in images of Fig. 2(b), the left and central

images show the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital

(LUMO) of PTCDA molecules, respectively. The bias volt-

age in our STM system is the voltage of the sample with

respect to that of tip, and thus negative and positive voltages

correspond to HOMO and LUMO, respectively. These STM

topographies fit very well with the calculated orbitals of a

free molecule (as shown in the insets of Fig. 2(b)), which

FIG. 2. (Color) STM images of PTCDA molecules adsorbed on graphene/

Ru(0001). (a) Overview STM image, showing herringbone pattern. A rec-

tangle and a rhombus are used to indicate the unit cells of the herringbone

and moiré patterns, respectively. Inset displays a magnified unit cell with a1

and a2 denoting short and long lattice vectors. (b) High resolution images,

showing HOMO (left panel) and LUMO (middle panel) with calculated

orbitals superimposed. The right panel shows the molecular structure of

PTCDA. Scanning parameters: (a) Vs¼�2.5 V, It¼ 0.05 nA and (b) left:

Vs¼�2.0 V, It¼ 0.1 nA; middle: Vs¼ 1.8 V, It¼ 0.2 nA.

FIG. 3. (Color) STM images of pentacene molecules adsorbed on graphene.

(a) Overview image, showing compact side-by-side rows. A dashed paralle-

logram and a rhombus are overlaid to outline the unit cells of molecular film

and moiré pattern, respectively. (b) High resolution images, showing

HOMO (left panel) and LUMO (middle panel) with calculated orbitals

superimposed. The right panel shows the molecular structure of pentacene.

Scanning parameters: (a) Vs¼ 2.0 V, It¼ 0.05 nA and (b) left: Vs¼�2.0 V,

It¼ 0.05 nA; middle: Vs¼ 2.0 V, It¼ 0.05 nA.
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further verifies that the substrate exerts a weak influence and

the intrinsic molecular orbitals are well preserved.

Pentacene and C60 molecules formed compact rows

side-by-side and close-packed patterns, respectively, as

shown in Figs. 3(a) and 4(a). Similar to the case of PTCDA,

the unit cells of both molecular films and moiré patterns are

outlined in the images. For pentacene, as presented in

Fig. 3(b), the topographies agree well with the calculated

results as shown in the insets. For C60, the HOMO and

LUMO images are in doughnut and three-leaf shapes,

respectively (see Fig. 4(b)). Previous calculations suggest

that the HOMO state is spatially located on C¼C (double)

bonds and the LUMO state on C–C (single) bonds.27,28 Also,

it is known that every bond shared by two adjacent hexago-

nal rings is an essential double-bond, while that on pentago-

nal rings is a single-bond in C60. When we probe a C60

molecule with a hexagonal ring facing up (as shown in the

inset of Fig. 4(a)), at negative bias (corresponding to

HOMO), the double-bonded hexagonal rings are mainly

detected, showing a doughnut image (left panel of Fig. 4(b)).

While at positive bias (corresponding to LUMO), the single-

bonded pentagonal rings are mainly detected, showing a

three-leaf image (right panel of Fig. 4(b)).28 Our topogra-

phies agree well with the above analysis and calculation

results (see the insets of Fig. 4(b)). Thereby, based on these

high resolution images, we can safely conclude that all the

C60 molecules in the images adopt the same adsorption con-

figuration with a hexagonal ring at the topmost position.

In conclusion, we have imaged the intrinsic molecular

orbitals of three kinds of typical molecules (PTCDA, penta-

cene, and C60) using epitaxially grown graphene on

Ru(0001) as a buffer layer. The mechanism is due to the fact

that the graphene disentangles the molecular electronic struc-

ture from the influence of the metallic substrate. Our results

show that the graphene-based moiré pattern allows the high

resolution STM imaging of the electronic structures of the

adsorbed molecules. Moreover, it is in a large scale (centi-

meter in size), almost defect-free. Importantly, it is tolerant

of high temperature (�1300 K) and water. Thus, it has a

great potential application in the field of molecular science

in directly detecting the molecular reaction mechanisms.
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moiré pattern, respectively. Inset shows the molecular structure with a hexa-

gon facing up. (b) High resolution images, showing HOMO (left panel) and

LUMO (right panel). The insets show the calculated results. Scanning pa-
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right: Vs¼ 1.4 V, It¼ 0.1 nA.
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