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Carbon tips for all-carbon single-molecule electronics 

Y. J. Dappe,a,* C. González b and J. C. Cuevas c  

We present here an exhaustive ab initio study of the use of carbon-based tips as electrodes in 
single-molecule junctions. Motivated by recent experiments, we show that carbon tips can be 
combined with other carbon nanostructures, such as graphene, to form all-carbon molecular 
junctions with molecules like benzene or C60. Our results show that the use of carbon tips can 
lead to relatively conductive molecular junctions. However, contrary to junctions formed with 
standard metals, the conductance traces recorded during the formation of the all-carbon single-
molecule junctions do not exhibit clear conductance plateaus, which can be attributed to 
inability of the hydrogenated carbon tips to form chemical bonds with the organic molecules. 
Additionally, we explore here the use of carbon tips for scanning tunneling microscopy and 
show that they are well suited for obtaining sample images with atomic resolution. 
 

 

Introduction 

One of the central goals of molecular electronics is the 
understanding of the electron transport through single 
molecules.1 Basic prerequisites to achieve this goal are the 
ability to fabricate very reliable single-molecule junctions and 
the possibility of exploring a wide range of molecules. So far, 
the fabrication of most molecular junctions has been based on 
the use of electrodes made of conventional metals, which limits 
somehow the type of molecules to be investigated. In particular, 
gold has been frequently the material of choice for the 
electrodes because of its chemical inertness and the fact that 
molecules can be bound to it by means of standard anchoring 
groups such as thiol,2-4 amine,5 nitro,6 nitrile,7 or even 
fullerene.8 Other more reactive metals, as for instance Pt9,10 and 
Ag,11 have also been used as electrode materials. In the search 
for new and more versatile metal-molecule combinations, it is 
natural to think of carbon-based electrodes as a likely step 
towards all-carbon single-molecule electronics. An important 
breakthrough in this direction was achieved by Nuckolls and 
coworkers12-14 that demonstrated that single-walled carbon 
nanotubes (SWNT) can be used as electrodes in single-
molecule junctions. Although this approach has opened 
fascinating possibilities, it also has some disadvantages like the 
inability to control the metal-molecule distance in situ. An 
alternative to the SWNTs has been recently provided by 
Castellanos-Gomez et al.15 who have shown that carbon fiber 
tips can be used to form single-molecule junctions in the spirit 
of STM-based break junctions. In particular, these authors have 
applied the carbon fiber tips in molecular junctions with 
monothiolated alkane chains, something that is not easy to 
realize using gold electrodes. This experimental work naturally 
raises a number of fundamental questions such as: What is the 
nature of the carbon tip-molecule bonding?, what are the 
signatures of the junction formation in the case of carbon 
electrodes?, can the use of carbon tips lead to more conductive 
molecular junctions?, or can these tips be combined with other 

carbon-based structures, such as graphene, to form all-carbon 
single-molecule junctions?  
The goal of this work is to address these basic questions and for 
this purpose, we present here a thorough ab initio study of the 
electronic transport of single-molecule junctions based on the 
use of carbon fiber tips. In particular, we show that carbon tips 
can be combined with a graphene electrode to form junctions 
with single benzene and C60 molecules, which are ideal 
examples of all-carbon-based single-molecule junctions. 
Additionally, and as a bonus of our study, we have found that 
carbon fiber tips can be used as excellent STM tips, leading to 
atomic resolution images as obtained with standard metallic 
tips. 
 

Theory 

The first step in our theoretical study is the modeling of the 
carbon tips and their electrical characterization. The tip used 
throughout this work is shown in Figure 1a. This tip has been 
modeled as three pieces of stacked hydrogenated graphene 
sheets, exhibiting a single hydrogen-decorated carbon atom at 
one extremity, which improves the atomic resolution in STM 
images calculations as previously reported.16  
The presence of hydrogen atoms ensures the stability of the 
graphitic tip reducing its reactivity with possible contamination. 
The H atoms were introduced here to mimic the experimental 
conditions of the work of Castellanos-Gomez et al.15 The 
electronic structure of this tip, and of all the systems studied in 
this work, was described using a very efficient density 
functional theory (DFT) molecular dynamics technique 
(FIREBALL).17,18 The FIREBALL package uses a localized 
optimized minimal basis set,19 and the self-consistency is 
achieved over the occupation numbers through the Harris 
functional.20 Besides, the LDA exchange-correlation energy is 
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calculated using the efficient multi-center weighted exchange-
correlation density approximation (McWEDA).21,22 

 

 
 
Figure 1. (a) Geometric model for the hydrogen decorated 
graphitic tip. The tip is formed by three triangular graphene 
sheets, stacked together through van der Waals interactions at 
an equilibrium distance of 3.1 Å. (b) Computed STM image of 
Au(111) surface. The tip-sample distance was fixed to 4 Å and 
the bias voltage was 0.1 V. The gold surface atoms are 
superimposed. (c) Computed STM image of a graphene plane 
in the same conditions as in (b). The corresponding structure 
has also been superimposed. (d) conductance (black line) in 
units of G0 on a logarithmic scale versus vertical tip 
displacement above the graphene plane. The red curve 
corresponds to a fit to an exponential function, as indicated in 
the legend. 
 

It is worth stressing that equilibrium configurations of the molecular 
junctions were determined taking into account the van der Waals 
(vdW) forces. This was done making use of the LCAO-S2 + vdW 
formalism.23-27 This approach is based on the balance between 
two contributions: the first one, due to the small overlaps 
between electronic densities of the two interacting subsystems 
yields a repulsive interaction. Therefore, this energy, that we 
call ‘‘weak chemical interaction’’, can be determined as an 
expansion of the wave-functions and operators with respect to 
these overlaps. The second contribution, which corresponds to 
the pure van der Waals interaction, is based on a dipole-dipole 
interaction between the subsystems. Both contributions are 
added within a perturbation theory to the total energy of the 
system. More details have been given elsewhere.23 

 

Results and discussion 

STM images using carbon based tips. 

To characterize the electrical behavior of this graphitic 
electrode, we have investigated its use as a tip in scanning 
tunneling microscopy. Indeed, different experimental groups 
have reported atomic resolution STM images recorded with 
carbon-based tips,28-30 and in particular, with carbon fiber tips.31 
To confirm that our tip is not only metallic, but it can also 
produce high resolution topographic maps of a surface, we have 
first investigated the STM images of a Au(111) surface. The 
gold surface has been modeled using a 4x4 supercell in the xy 
plane of four layers and a single k-point, while the STM images 
were calculated using a well-established non-equilibrium 
Keldysh-Green formalism which takes multiple scattering into 

account.32,33 The images were processed with the WSxM 
software from Nanotec.34 As it is shown in Figure 1b, our 
carbon tip provides indeed a STM image of the gold surface 
with atomic resolution. 
To further characterize our carbon tip, we have also 
investigated the STM image of a graphene plane, as represented 
in Figure 1c. Here also the carbon tip provides image with 
atomic resolution. This image compares well with experimental 
studies of graphene STM imaging using a metallic tip.35 
Apparently, an important difference is found when the 
theoretical currents are compared with the experimental values 
presented in Ref. 31. However, moving down the tip to 1 Å, the 
resulting maximum/minimun current increases to 12/5 nA in 
better agreement with the measurements. In our calculations, 
the tip-graphene distance is referred to the last hydrogen atom 
of the tip, with the carbon atoms participating to the tunnelling 
process placed 1.9 Å higher. This justifies the tip approach in 
order to improve the resolution. Moreover, the low interaction 
of the tip with the substrate allows the approach maintaining the 
integrity of the tip. In both images, Au(111) and graphene, 
although each maximum correspond to one atom, the bright 
protrusions appear displaced from the atomic positions. In the 
case of graphene, as it is well-known, only the pz orbital of the 
C-atoms has contribution in the density of states but several 
atoms can be interacting with the dominating py-orbitals of the 
C-atoms in the graphitic tip. As a result, the higher current is 
obtained when the tip is placed at some points between the C-
atoms instead of over them.  In the Au image, this effect is 
added to the complex interactions with different kind of orbitals 
of each Au atom. 
Additionally, we have studied the transition between the 
tunneling and the contact regime as the carbon tip approaches 
the graphene plane. This crossover is shown in Figure 1d where 
the linear conductance is presented as a function of the tip-
sample distance (d). The transition to the contact regime at 
short distances is signalized by the presence of a saturation of 
the conductance that reaches a value of around 0.01G0, where 
G0 = 2e2/h is the quantum of conductance. In the tunneling 
regime, the conductance decreases exponentially with the tip-
surface distance as �	 ∝ exp	��	
�, where 	 = 2.0 Å-1. This 
exponent is slightly larger than, for instance, the theoretical 
exponent found in the breaking of gold atomic-size contact.36 
The results discussed above clearly suggest that carbon tips can lead 
to atomic resolution in STM imaging with a quality comparable to 
that of standard metallic tips. To further confirm this impression, we 
have also simulated the imaging of simple organic molecules. In 
Figure 2 we compare the STM images obtained with the carbon and 
copper tips of a single benzene molecule physisorbed on a graphene 
plane.  
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Figure 2 Comparison of STM image calculations of benzene on 
graphene using (a) the Cu tip and (b) and (d) the graphitic tip for two 
orientations. The corresponding geometries of the benzene with the 
graphitic tip are presented on the right side. In (c) a lateral view of 
the tip falling over the center of the hexagon is shown. All the 
calculations were performed using a voltage of 0.1 V and a tip-
benzene distance of 4 Å.  
 
The equilibrium position of the benzene molecule 3.1 Å above the 
graphene sheet was determined taking into account the van der 
Waals (vdW) forces. As one can see in Figure 2, the carbon tip 
provides a different image (b) and (d) with respect to the copper 
tip (a), breaking the circular symmetry of the bright spot. 
Although, the maximum is still placed in the centre of the 
hexagon, four arms appear producing a kind of cross-shape 
structure when the carbon tip is used. This new structure is 
influenced by the tip orientation with respect to the molecule as 
it can be observed comparing the figure 2(b) and (d). The 
orientation of the four arms in figure 2(b) suggests how the 
hexagon structure could be formed in graphene where 
successive hexagons are joined. In fact, the inclusion of the C 
atoms around produces a split in the maximum at the centre of 
the hexagon ring resulting in an atomic-like resolution in the 
graphene sheet (not clearly observed in figure 1). 
Furthermore, the weak interaction with the substrates makes this tip 
less invasive. From an experimental point of view, the carbon tip 
presents important advantages, due to the flexibility and the 
functionalization ability of the tip. Thus for instance, in contact 
mode STM or AFM, this tip would allow to recover the results 
reported by Gross et al.37 who used (CO)-functionalized metallic 
tips. 

All carbon single-molecule junctions. 

We turn now to the central issue of this work, namely the 
formation of single-molecule junctions with carbon tips. The 
first example that we analyze here is the carbon tip-benzene-
graphene junction discussed in the previous paragraph. Now, 
we explore the conductance of this junction when the carbon tip 
is approached to the benzene molecule to reach the contact 
regime. The summary of our main results can be seen in Figure 
3. First of all, in the left panels (a-c) we show the junction 

geometry for three characteristic distances, from the tunneling 
regime in panel (a) to the contact one in panel (c). This distance 
corresponds to the separation between the apical hydrogen atom 
on the tip and the nearest carbon atom of the molecule. Let us 
stress that to simulate the junction formation, we have 
approached the tip in a step-wise manner, with steps of 0.5 Å at 
small distances and of 1 Å at larger distances, and after every 
step, we have performed a DFT geometry relaxation of the 
whole junction until the forces became lower than 0.1 eV/Å. 
Notice that there is no sign of a chemical bond at any step 
between tip and molecule. In the short-distance regime, see 
Figure 3c, the tip is deformed while the molecule is shifted. In 
other words, the tip-molecule interaction seems to be 
dominated by vdW forces all the way to the contact regime. For 
every relaxed structure the conductance was evaluated using the 
methodology mentioned above.32 

 
Figure 3. Geometric representation of the graphene tip in 
interaction with a benzene molecule adsorbed on graphene (a) 
at a large distance, (b) at an intermediate distance, and (c) in 
short distance regime (notice the deformation of the tip). (d) 
Transmission as a function of energy on a logarithmic scale for 
benzene on graphene using the graphene tip, at different 
vertical distances (in Å). (e) Conductance as a function of the 
tip-molecule distance on a logarithmic scale (black line). The 
red and green lines correspond to exponential fits in different 
distance regions (the functions are indicated in the legend). 
 
In Figure 3d we show the corresponding results of the 
transmission as a function of energy for different tip-molecule 
distances. Let us remind that in the spirit of the Landauer 
formalism, the linear conductance at low temperature is 
determined by the transmission coefficient at the Fermi energy 
(EF) as G = G0T(EF). As one can see, the transmission around 
the Fermi energy is dominated by a double resonance, which 
can be associated to the highest occupied molecular orbital 
(HOMO) and to the lowest unoccupied molecular orbital 
(LUMO) of the benzene molecule. These frontier orbitals are 
separated in our DFT approach by 5.6 eV in the junctions, 
which is a bit smaller than the value in gas phase (6.13 eV) due 
to the weak interaction with the graphene plane. The Fermi 
energy lies close to the middle of the HOMO-LUMO gap, only 
slightly closer to the HOMO. The corresponding linear 
conductance is shown in Figure 3e and as it can be observed, it 
varies exponentially from the tunneling regime (red line in 
Figure 3e) to the contact one (green line). When the tip-
molecule distance becomes really small and the tip starts to be 
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deformed, the conductance reaches a maximum value of 
0.004G0. This maximum value is due to the increasing number 
of tunneling atoms during the tip approach. On the other hand, 
in the case of metallic tips, the conductance increases in the 
short-distance regime due to the formation of chemical bonds, 
leading to a saturation of the conductance. Although this value 
is clearly lower that the maximum of around 1G0 found for a 
benzene junction with Pt electrodes,10 due to the stronger Pt-
benzene interaction, it is still comparable to other metal-
molecule-metal junctions1 despite the reduced density of states 
of graphene at the Fermi level as compared to metallic 
electrodes. More importantly, the conductance-distance curve 
does not exhibit any clear plateau, which is the usual signature 
of the formation of molecular junctions.38 Such a plateau is 
usually attributed to the formation of a strong bond, usually 
covalent, which makes the conductance relatively insensitive to 
the variation of the metal-molecule distance within a certain 
range. The absence of this feature in our case is consistent with 
the lack of formation of a chemical bond, as it is evident in 
Figure 3c. However, as it is apparent from the two different fits 
shown in Figure 3e, the attenuation factor 	 varies with 
distance. This behavior is due to the progressive deformation of 
the tip induced by the repulsive interaction with the molecule, 
which modulates the exponential decay of the conductance. 
Notice finally that at large distances we recover the typical 
conductance behavior of the graphene-tip interaction as 
discussed earlier. So in short, this first analysis suggests that 
while a carbon-tip-based molecular junction may exhibit a 
relatively high conductance, the actual value depends very 
sensitively on the tip-molecule distance because of the inability 
to form a true chemical bond. 
 
Let us mention that since our results are based on standard DFT 
methods, it is likely that we are overestimating the conductance 
of the molecular junctions as a consequence of the known 
underestimation of the HOMO-LUMO gap1. These deficiencies 
are known to be due to exchange and correlation effects that are 
not properly described with conventional exchange-correlation 
functionals.   
 The next example that we want to discuss here is an all-carbon 
single-molecule junction where a C60 molecule physisorbed on 
a graphene sheet is contacted by the carbon tip, see Figure 4. 
 

 
Figure 4 Geometric representation of the graphene tip 
interacting with a C60 molecule adsorbed on graphene (a) at a 
large distance, (b) at an intermediate regime and (c) the short 

distance (see again the deformation of the tip). (d) Transmission 
as a function of energy on a logarithmic scale for C60 on 
graphene using the carbon tip, at different vertical distances. (e) 
Linear conductance in units of G0 on a logarithmic scale for C60 
on graphene using the graphene tip, at different vertical 
distances. Three different fits are also represented to stress the 
three different conductance regimes.  
 
In order to construct this junction, we have first calculated the 
equilibrium distance between the C60 molecule and the 
graphene plane. Again, using the LCAO-S2 + vdW formalism23 
to describe the dispersion forces, we have found an equilibrium 
distance of 2.9 Å for an adsorption energy of 1 eV, in good 
agreement with previous calculations.24 Then, to simulate the 
junction formation, we have followed the same procedure as in 
the previous case of benzene on graphene. Figure 4(a-c) show 
three different snapshots of the formation of the junction. As in 
the case of the benzene molecule, the carbon tip did not bond 
with the molecule at any step and it is deformed when it is 
brought close to the C60, which means that the tip-molecule 
interaction is not sufficiently strong to modify the hybridization 
of the carbon atoms of either the tip or the molecule. This is in 
marked contrast to what happens in the case of a junction with a 
Cu tip. In Ref. 33, the same procedure was applied to the 
description of a contact-STM experiment, where a Cu tip was 
interacting with a C60 molecule adsorbed over a metallic 
surface. In that case, a strong hybridization of the tip with the 
C60 was observed, as illustrated in Figure 5. 
 

 
 
Figure 5 Calculated geometries of a Cu-tip-C60 junction 
calculated for different positions: a)-far distance, and b)-contact 
mode. One can observe the formation of a molecular contact 
between the tip and the molecule, to the contrary of the 
situation with the carbon tip. 
 
As a consequence of this hybridization, a plateau was found in 
the conductance trace and also an enlarged STM image in the 
contact zone. In the case of the carbon tip, the hydrogen 
saturation of the tip hinders the hybridization between the tip 
and the molecule, leading to a strong deformation of the tip to 
avoid the bonding. Turning to the transmission characteristics, 
as we show in Figure 4d, the low-bias transport is dominated 
almost equally by the HOMO and LUMO (notice that the Fermi 
energy lies more or less in the middle of the gap). The HOMO-
LUMO gap of 2.00 eV observed in the transmission curves 
agrees well with the value found in gas phase (2.17 eV) within 
our DFT approach, which is another indication of the relatively 
weak tip-molecule interaction at all distances.  
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In Figure 4e, we show the evolution of the conductance, in a 
logarithmic scale, as a function of the tip-molecule distance. 
The conductance reaches a maximum value of 0.0015 G0, 
which is in the same range as the result for benzene junction. 
However, this value is clearly lower than the corresponding one 
when the molecule is sandwiched by metallic tips and 
surfaces.33,40 Moreover, we can observe three different regimes, 
as stressed by the fits in the different zones. First, we recover at 
large distance the conductance behavior of the graphene 
conductance, as it was the case previously for benzene. Second, 
we reach a short plateau with a small attenuation factor of 	 = 
0.25 Å-1. In this situation, the tip-molecule distance is 
maintained constant due to the small deformation of the C60 in 
repulsive interaction with the tip. Third, the conductance 
increases again, now with 	 = 1.3 Å-1, when the tip is deformed 
and consequently is able to come closer to the molecule, 
without however forming a bond. This explains the absence of 
a clear plateau in the contact regime. This behavior is further 
illustrated in Figure 6 where we have represented the isosurface 
of the density of states at the Fermi energy of the molecular 
junction for two tip-C60 distances: (a) at 1.5 Å and (b) at 0.5 Å. 
In both cases we can observe that there is almost no 
hybridization of the electronic densities, which confirms the 
fact that the carbon tip does not bond with the molecule. 
 
It is worth commenting the connection between our results and 
the experiments of Castellanos-Gomez15,39 where molecular 
junctions were formed between carbon tips and octanethiol self-
assembled monolayers. In those experiments, the appearance of 
rather short plateaus was reported, which was tentatively 
attributed to the formation of a chemical bond between the tip 
and the non-thiolated end of the molecule. Our simulations of 
the C60-junctions show that short plateaus may appear as a 
result of the tip deformation, while the interaction is still of van 
der Waals type. Thus, it is not obvious that one can exclude the 
mechanical origin of the observed plateaus in Ref. 15,39. This 
is an issue that we will address in detail in a forthcoming 
publication. 
 

 

 
Figure 6 Isosurface plots of the density of states at the Fermi 
energy, showing the carbon tip- C60 contact at (a) 1.5 Å and (b) 
0.5 Å where the tip is highly deformed and no strong bonding 
to the C60 is predicted. 

Conclusions 

In summary, we have presented the first full theoretical 
characterization of a carbon tip used as an electrode in a single-
molecule junction. In particular, we have combined this tip with 
graphene as counter electrode, and benzene or C60 molecule to 
build molecular junctions. We have demonstrated that this new 
type of junction is relatively conductive, but presents different 
behaviors with respect to metal/organic junctions. More 
specifically, we have observed that the carbon tip-molecule 
junction is not strongly bonded, the interaction being ruled by 
van der Waals forces. Consequently, there is no real contact 
regime in this kind of junctions, as we do not observe a 
conductance plateau as it is the case by using metallic 
electrodes. Furthermore, we have shown also that this new tip 
can also be used for STM characterization, yielding atomic 
resolution similarly to what is observed with a metallic tip. Our 
results provide a clear route toward an all-carbon molecular 
electronics, and future work will focus on designing new 
molecular electronic devices based on those tips. Extended 
analysis of STM imaging using this new tip will also be 
explored raising many perspectives in STM/AFM imaging with 
non-invasive tips.  
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