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  1. Introduction 

 The remarkable electronic properties of graphene with its 

tunable electron density and high carrier mobility, renders it 

highly attractive for application in electronic devices. [  1–4  ]  How-

ever, the two dimensional and ultrathin nature of graphene 

makes its electronic properties highly susceptible to the infl u-

ence of the substrate. Strong interfacial electronic coupling of 

graphene to the substrate distorts its linear  π -bands near the 

Fermi energy and reduces the mobility of the carriers. [  5  ,  6  ]  For 

example, ultrahigh mobility is only realized on freestanding 

graphene sheets that are uncoupled from the ionized impu-

rity scattering effect of the substrate. [  7  ,  8  ]  In addition, compres-

sive stress arising from lattice mismatch between graphene 

and the substrate results in strain-relief corrugated features 

like the Moiré superlattice, which possesses a complex energy 

landscape that distorts the carrier dynamics on fl at graphene. 

Introducing foreign atoms or molecules into the interface 

between graphene and substrate, so called intercalation, is a 

potential strategy to uncouple the epitaxial graphene from 

the substrate, fl atten it and restore its massless Dirac fer-

mions. [  5  ,  6  ,  9  ]  Although graphite intercalation compound has 

been studied extensively, [  10–13  ]  insights into the intercala-

tion chemistry that occurs between epitaxial graphene and 

the substrate is only emerging recently. [  14  ]  Alternatively, it 

is interesting to consider the growth of suspended graphene 

directly over molecular precursors pre-anchored on metal 

surfaces so that quasi-freestanding graphene can be formed 

on top of those buried species without pinning to the metal 

substrate. The bending rigidity of graphene and in-plane 

strain can depin the graphene from the substrates once it 

grows over these molecules. [  15  ]  

 To this end, we made the unique discovery that C 60  mole-

cules absorbed on Ru metal surface can at once act as growth 

precursors to graphene as well as suspension struts for the 

growing graphene sheet. The highly isotropic structures of 

C 60  molecules with its high degree of internal freedom allow 
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the molecules to adopt a diverse range of adsorption confi gu-

rations on metal substrate, particularly at elevated tempera-

ture. [  16  ,  17  ]  This gives rise to an unusually wide decomposition 

window for C 60  which overlaps with other dynamical process 

like recrystallization. With careful control, we are able to 

prepare suspended graphene on immobilized C 60  molecules. 

Most interestingly, the buried C 60  molecules could be fur-

ther decomposed to generate another layer of graphene and 

eventually form the bilayer graphene. The salient features of 

the whole process are illustrated in  Figure    1  .   

 2. Results and Discussion 

 Previous studies have shown that C 60  molecules can be 

intercalated between as-grown graphene layer and nickel or 

iridium substrates. [  13  ,  18  ]  However, there has been no report 

of molecular intercalation of epitaxial graphene on strongly 

interacting substrate such as ruthenium. High energy barriers 

have to be overcome when C 60 -metal covalent interaction 

substitutes for the strong graphene–metal bonding. Since the 

binding energy of C 60  on Ru is high, it is interesting to con-

sider a reversed approach by growing the graphene directly 

on pre-assembled C 60  layer. The strategy we applied is to 

begin with a closed-packed C 60  molecular network on the 

surface. The assembly of C 60  on Ru(0001) after annealing at 

450 K produces a highly-ordered hexagonal matrix as shown 

in  Figure    2  a-b. Magnifi ed STM images (Figure  2 c) reveal that 

the C 60  molecules show a uniform 3-fold symmetrical clover-

pattern, which can be traced to the adsorption confi gura-

tion of C 60  with a six-carbon ring facing up (indicated in the 

top right panel of Figure  2 c). [  16  ]  Upon annealing at 550 K, 

a disordered molecular network was observed (Figure  2 d) 

and C 60  molecules displayed either the dumbbell-shaped 

or clover-shaped confi gurations. The variation in molecular 

heights is due to the embedding of C 60  molecules on the Ru 

substrate. [  17  ]  A dumbbell-shaped C 60  is now imaged with a 

surface coverage ratio of approximately 50%. The dumbbell-

shape is due to the orientation of the C 60  molecules with a 6:6 

bond (the C–C bond between two carbon hexagons) facing 

up as shown in Figure  2 c. [  19  ]  Increasing the annealing temper-

ature to 620 K, the C 60  molecules aggregate into chain-like 

structures, as shown in Figure  2 f.   

 The molecule–substrate interaction depends on adsorp-

tion confi guration and interfacial distances. [  20  ,  21  ]  Therefore, 

the possibilities of having more than one type of adsorption 

orientations led to different binding strengths between the 

C 60  and Ru substrate, which subsequently translates to a wide 

window of decomposition temperature of C 60  molecules on 
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    Figure  1 .     Illustration of the phase transitions of monolayer C 60  on Ru(0001) at different 
annealing temperature. a) Self-assembled C 60  molecules transform into highly-ordered 
monolayer C 60  fi lm. b) The aggregation of C 60  molecules into “clover” or “dumbbell” 
confi guration upon annealing at 500–620 K. c) Growth of suspended graphene on C 60  
molecules at 800–900 K. d) Transforming buried C 60  into the second layer to form bilayer 
graphene at 900–1100 K. e) A scheme of coverage- and temperature-dependent phase 
diagram of C 60  molecules on Ru(0001).  
Ru. A further annealing step to 800-900 K decomposes C 60  

molecules partially. It is well-known that coalescence of C 60  

or C 60 -derived fragments can self-organize into graphitic 

structures at high temperature. [  17  ,  22  ,  23  ]  Interestingly, we found 

that the fragments recrystallize into a fl oating graphene 

monolayer over the remaining C 60  network on the Ru surface 

(Figure  1 c and  Figure    3  ). The fl oat-growth can be rationalized 

by analyzing the bending and adhesion energies of graphene, 

as shown later. Upon annealing at 800 K for 5 min,  ∼ 30% 

of the C 60  molecules decompose, while unconsumed C 60  

molecules are either embedded on Ru(0001) with an aver-

aged intermolecular distance of  ∼ 1.4 nm or buried under 

growing graphene fl akes with an averaged molecular space 

of  ∼ 2.2 nm. The observation of a lower density of buried C 60  
2 www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGa

    Figure  2 .     STM image of the evolution of 0.8–1 monolayer (ML) C 60  fi lm on Ru(0001) at diffe
fi lms at 320 K and magnifi ed view shows C 60  has an identical clover-shape adsorption confi g
C 60  (II) and its corresponding molecular adsorption orientation. d,e) Initial states of the polym
C 60  to form molecular chain-like structure at 620 K.  
molecules under the suspended graphene 

suggests that these act as feedstock for the 

advancing graphene edges.  

 The in-situ growth of graphene over 

C 60  was documented using HT-STM. After 

another 5 minutes, those regions marked 

by arrows in Figure  3 a has extended in 

Figure  3 b due to the continuous coales-

cence of C 60  fragments into graphene, 

which is consistent with the observa-

tion of a slight decrease in the density of 

embedded C 60  on Ru. The honeycomb lat-

tice of graphene is visible in the regions 

without buried C 60  molecules as shown 

in high-resolution STM image (inset of 

Figure  3 h), which indicates the crystal-

line quality of the fl oating graphene sheet. 

Thermal annealing provides suffi cient 

kinetic energy for the rearrangements of 
atoms, which is crucial for transforming the pentagons in C 60  

into prefect hexagons. 

 The buried C 60  molecules can be imaged through 

graphene as a result of a strong bias-dependent spectroscopic 

contrast. The observed bias dependence of the corrugation 

for the buried C 60  molecules is shown in Figure  3 d. C 60  mole-

cules under graphene can be imaged with a brighter contrast 

at low sample bias (such as 60 meV), which is in good agree-

ment with previous fi nding. [  6  ]  For a freestanding graphene 

monolayer, the symmetry group leads to a degeneracy of the 

 π  bands at the K points, where the Fermi level (E F ) intersects 

the  π  band and leads to a vanished density of states (DOS) 

at E F  but a sharp rise in the DOS above and below E F . 
[  4  ]  The 

buried C 60  molecules uncouple the interaction of graphene 
A, Weinheim

rent temperatures. a,b) Annealing the 0.8–1 ML C 60  
uration. c) The clover-shape (I) and dumbbell-shape 
erization of C 60  fi lm occur at 550 K. f) Aggregation of 
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    Figure  3 .     a) High-temperature STM images recorded at 800–850 K show graphene growing 
on C 60  (arrows indicate the advancing growth front). b) The expansion in area of the graphene 
sheet shown earlier in (a) (taken at the same location as (a), after 5 minutes). c) Imaging of the 
buried C 60  at different sample bias, and d) its bias-dependent corrugation due to tunneling 
from local DOS of the buried C 60 . e,f) Growth of bilayer domain though the decomposition 
of interfacial C 60  molecules at 900–1100 K. g) High-resolution STM image shows “3-for-6” 
triangular lattice in bilayer graphene. h)  dI/dV  curves for the epitaxial graphene grown on 
Ru(0001) and graphene grown on C 60 ; inset: the honeycomb lattice pattern of fl oating 
graphene (taken in the regions without underlying C 60  molecules at room temperature).  
with the Ru substrate and lift the Ru-induced  n -doping. 

Thus the graphene suspended on C 60  has freestanding-like 

character, which means there is negligible contribution of 

the graphene states to the overall tunneling current near 

the Fermi level. However at the regions with buried C 60 , 

there will be higher local DOS due to the C 60  and the cor-

responding local tunneling conductivity will increase, giving 

to an increased Z-corrugation (inset of Figure  3 d) at these 

sites. Scanning tunneling spectroscopy (STS) (Figure  3 h) per-

formed on the fl oating graphene sheet indicate that its elec-

tronic property is modifi ed by the buried C 60  molecules. For 

epitaxial graphene grown on Ru(0001), the STS curve shows 

a dip at −0.3 eV corresponding to either a surface state of 

ruthenium substrate [  24  ]  or negative shift of Dirac points of 

graphene. [  17  ,  25  ]  In contrast, a dip in the STS curve at  + 0.2 eV 

suggests the electronic decoupling of the graphene from 

ruthenium and p-type doping by the buried C 60  molecules. 

 Thermal or electron-beam irradiation-induced coales-

cence of C 60  inside SWCNT can transform the disconnected 

C 60  molecular chain into an intertubular graphene, which is a 

type of channel-confi ned organization. [  26  ,  27  ]  The parallel to the 

tube-within-a tube situation here is this: C 60  molecules under 

the fl oating graphene are now sandwiched between the metal 

substrate and the fi rst layer graphene, and should be trans-

formable into a second layer graphene upon annealing. We 

verifi ed this by a second annealing of the sample in the tem-

perature range 900–1100 K, all the buried molecules decom-

posed into graphene as shown in Figure  3 e-f. The bilayer 

graphene exhibits a so called “3-for-6” pattern (only three of 

the six carbon atoms in each hexagonal ring were imaged), 

which results from the top layer adopting an AB Bernal 

stacking with the bottom layer. Consequently, such commen-

surate stacking breaks the lattice symmetry of the top layer 

and gives rise to the triangular lattice pattern. In the case of 

incommensurate stacking, a hexagonal honeycomb lattice 
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2012, 
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will be imaged instead. [  28  ]  However, the 

Moiré superlattice in the bilayer graphene 

appears to be disordered, which indicates 

the existence of misaligned domains 

( ∼ 30% of the total area). 

 The generation of fl oating graphene, as 

opposed to epitaxial growth of graphene 

on Ru substrate, depends sensitively on 

the surface coverage of C 60  on Ru(0001). 

A minimum coverage of C 60  of  ∼ 0.7–0.8 is 

required to allow the co-existence of both 

C 60  and graphene phases (Figure  1 ). This 

will ensure that suffi cient C 60  fragments 

can recrystallise over pre-adsorbed C 60  

molecules instead of simply growing on 

top of the metal substrate. It is well-known 

that the immobilization of C 60  on Ru is 

mediated by surface vacancy on Ru cre-

ated after high-temperature annealing. [  17  ]  

The subsequent molecular embedding 

will anchor the C 60  on the surface before 

its decomposition and recrystallization. 

Therefore, the advancing graphene sheet 

has to climb over these embedded C 60 . 
The subsequent molecular embedding will anchor the C 60  

on the surface before its decomposition and recrystalliza-

tion. The bending rigidity of graphene dictates that there 

must be suffi cient length scale for graphene-substrate adhe-

sion to offset the elastic strain, otherwise it will be depinned 

from the substrate and suspend over the C 60  as a fl at sheet. 

If we consider the average distance between two buried C 60  

molecules to be X nm, a bending dominated regime occurs 

when X exceeds a certain threshold value such that adhe-

sion energy of the graphene sheet on Ru is larger than its 

bending energies over the C 60  molecules. At length scale 

smaller than this threshold distance, the bending rigidity and 

in-plane strain will depin the graphene sheet from the sub-

strate. A statistical analysis of the inter-particle distance of 

the buried C 60  molecules and theoretical estimation of the 

bending energy versus adhesive energy of graphene explains 

why the graphene prefers to depin from the substrate. In the 

case of the suspended graphene, we observed that the largest 

separation between two buried C 60  is limited to 4 nm, with an 

average value of 2.5 nm as shown in  Figure    4  c. Quantitative 

analysis of the energetics in this system provides an insight 

into why suspension of the graphene sheet over the C 60  

molecules is favored over a conformal bending over it and 

attachment on substrate. The graphene–ruthenium adhesion 

energy (denoted as  E pin  ) can be calculated from the  equa-

tion one (1) , [  15  ]  where   ϒ  s   is the coupling-constant strength of 

graphene grown on Ru(0001).

 
E pin = γs

∫
d2 x

 
 (1)     

 The coupling-constant   ϒ  s   is calculated to be 8.6 meV/Å 

based on the total binding energy of graphene-Ru (−6.7 eV) 

per Moiré unit cell. [  29  ]  The bending energy of graphene mem-

brane attached to the substrate scales as
3www.small-journal.com
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    Figure  4 .     a) STM image of suspended graphene. b) Illustration of the detaching of graphene, 
depending on the distance between two adjacent C 60  molecules. c) Histogram of experimentally 
observed distances between two buried C 60  molecules, derived from various STM images 
(X: centre-to-centre distance between two adjacent C 60  molecules). d–f) Series of STM images 
(taken at 800-850 K) of coalescence of C 60  fragments into decoupled graphene on Ru(0001) 
with a low coverage (0.5 monolayer C 60 ).  
 
E K ∼ κ

h2

L 2  
 (2)   

where  h  is the height fl uctuation over a length scale  L  and 

the bending rigidity of graphene   κ   is given by  ≈  1 eV. [  30  ]  For 

a graphene strip that is 3 nm long and 1 nm wide, its bending 

energy will be 2 eV when it sits on top of two 3 nm-separated 

C 60  molecules immobilized on Ru. The interaction energy of 

graphene with the Ru substrate in this confi guration is only 

−1.83 eV, [  15  ]  calculated from the sum of adhesion energy ( E pin  ) 

and van der Waals attraction between C 60  and graphene. [  31  ,  32  ]  

Therefore, the depinning of the graphene from the substrate 

will be preferred since the adhesion energy is insuffi cient to 

offset the energy cost due to bending (Figure  4 b). If the dis-

tance between two C 60  is increased to 5 nm, the total interac-

tion energy overwhelms the bending energy and thus results 

in the pinning of the graphene on Ru (see more details in 

Supporting Information). The threshold inter-particle C 60 –C 60  

distance to depin graphene from Ru is found to be  ∼ 4.5 nm, 

which matches experimental results well. 

 The signifi cance of this work suggests that growth of 

suspended graphene over nanostructures is possible if the 

nanostructures are of a certain aspect ratio and separated by 

a minimum distance that offset the adhesion energy on the 

substrate. In principle, a suspended graphene with a topo-

graphic superlattice which is defi ned by the periodicity of the 

nanopillars below can be prepared. Topographical corruga-

tion on the suspended graphene can be created by corruga-

tion of the intercalated particles below, affording a regular 

deformation of the lattice. This constitutes a new method to 

modify the energy landscape in graphene.   

 3. Conclusion 

 The phase transition of C 60  fi lm on Ru(0001) as a function 

of coverage and temperature has been carefully studied 
4 www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA
using STM. The temporal and spatial 

overlap between the slow decomposition 

of C 60  fi lm and the fast recrystallization 

of molecular fragments within the same 

locality gives rise to the co-existence of 

graphene and C 60  phases. Due to bending 

rigidity of graphene, the growth of quasi-

freestanding graphene on C 60  molecules 

takes place. A second stage decomposi-

tion of the buried C 60  molecules results 

in the growth of bilayer graphene. The 

results obtained here are relevant for 

understanding the growth dynamics of 

single and bilayer graphene from the 

decomposition of C 60 . In addition, incor-

poration of herteroatoms on the fullerene 

cage may lead to the formation of novel 

graphene architectures with tunable elec-

tronic properties via recrystallization of 

their fragments at high temperature. It 

also verifi es that suspended graphene 

can grow over nanosized obstacles on 

the substrates when the inter-particle 
distance between these obstacles are suffi ciently small 

( <  4 nm). Our fi ndings indicate the possibility of using nano-

spacers on metal substrate to grow suspended, fl at graphene 

as opposed to the corrugated graphene routinely obtained 

on metal.   

 4. Experimental Section 

 The experiments were performed in an ultrahigh vacuum (UHV) 
chamber with a base pressure of 2  ×  10  − 10  mbar. A UHV STM unit 
(SPECS high-temperature STM 150 Aarhus) is employed for imaging 
and spectroscopy studies (Nanonis, SPECS Zurich SPM control 
system). The STM chamber is adjoined to a preparation chamber 
equipped with Knudsen cells (MBE-Komponenten, Germany) for 
the evaporation of C 60 . During deposition, the substrate was held 
at room temperature. The deposition rate of C 60  was calibrated 
by counting the coverage of the large-scale STM images with cov-
erage below 1 monolayer (one layer of fully covered C 60 ). The clean 
Ru(0001) surface (Mateck) was prepared based on the previous 
report. [  17  ]  In addition to STM topographic images, the STS data are 
taken at 100 K to reduce the thermal noise. STS was performed 
using standard lock-in techniques to acquire  dI/dV  with a modula-
tion voltage of 20–50 mV with a frequency of 2.0 kHz (Nanonis, 
SPECS Zurich SPM control system). The STS curve is an arithmetic 
average of values measured at equally spaced 40–100 points on 
graphene.   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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