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Abstract 

We introduce a simple, clean and reliable method to transfer exfoliated graphite flakes as soft-

electrodes for the electrical contact of nano-objects. The microelectrodes thus produced exhibit 

extremely well-defined and thin edges and can be placed on any sample location with sub-

micrometer precision. The procedure is carried out under ambient conditions and does not 

require chemical agents. We present electrical characterization of relevant examples including 

carbon nanotubes, metal-organic MMX nanoribbons, reduced graphene sheets and damaged 

circuit repair. The quality of the electrical contacts thus obtained is as good as those fabricated 

with conventional techniques. This technique is particularly relevant for conductive atomic 

force microscopy (AFM) studies. 

Keywords: electrical transport, nanoelectronics, exfoliated graphite, soft-electrode transfer, 

conductive atomic force microscopy 

1. Introduction

Nano and molecular electronics are an important source of inspiration for modern science [1, 2]. 

Electrodes are a basic requirement for any electrical circuit and they very often provide the link 

between the nano- and the macro-scale [3-5]. The electrical contact resistance between the 

electrodes and the nano-objects is a quite commom drawback for and adequate understanding of 

the electrical properties of these nano-objects. Fabricating electrodes for molecular electronics 

studies typically requires a high number of steps such as metal evaporation in vacuum, 

lithography and sample cleaning involving chemical agents. Unfortunately, many candidates for 

conducting molecules,  such as organic biomolecules [6-8] and metal-organic wires [9], are 

contaminated during these procedures; they are damaged when exposed to vacuum, they do not 

withstand the high temperatures associated with metal evaporation or they are incompatible 

with the chemical agents used to clean the rest of the lithography masks. A paradigmatic case is 



that of DNA molecules where the influence of metal evaporation on the integrity of the 

molecules has generated great debate [6, 10, 11]. The influence of the evaporated electrodes was 

thoroughly discussed in a recent paper on DNA conductivity [8]. In addition, the conventional 

lithography-based methods entail considerable efforts in terms of time and resources that in 

many cases are not even available in laboratories.  

In this work, we introduce a technique based on the transference of microelectrodes [12], in 

particular 2D materials [13, 14]. In our approach we take advantage of previously described 

procedures with the aim of fabricating microelectrodes from exfoliated graphite flakes (EGFs) 

in an easy, inexpensive and reliable way [15]. The as-produced microelectrodes can be placed 

with sub-micrometer precision on any sample location. The described technique does not 

require a vacuum or chemical agents; the whole procedure is based on soft-lithography 

procedures and it is carried out in ambient conditions. The electrodes exhibit extremely well-

defined and steep edges, facilitating the measurements of very short channel lengths. The 

electrical resistance of our electrodes with several conducting nanomaterials is shown to be 

within the values reported for conventional metal electrodes. The covalent-bond structure of 

graphite will provide stable electrodes at room temperature and for long periods of time [16]. 

The transfer process clearly depends on experience of the operator but after a few attempts, it 

should not take longer than 30-60 minutes. 

This work is structured as follows: first we provide a description of the technique and then we 

present four relevant examples that illustrate the potential of the procedure. The first two 

examples correspond to 1D molecules (carbon nanotubes and metal organic nanoribbons), 

where one of the electrodes is based on EGF and the second electrode is a conducting AFM tip 

(c-AFM). The third example is the electrical characterization of a known 2D material, reduced 

graphene oxide with two EGF electrodes. In the last example we show how a broken circuit can 

be repaired by the controlled position of EGF electrodes.  

 

 

2. Experimental details 

A detailed explanation of the procedure for transferring bidimensional materials is provided in 

reference [13] and its supporting information. Figure 1 summarizes the key elements of the 

experimental set up for soft-electrode transfer. It comprises a zoom optical microscope, a XY 

linear stage and a XYZ micro-manipulator. In our case the price for the whole experimental set 

up was below 3000 euros (in this work we also present images taken with a high resolution 

optical microscope but this equipment is not essential for soft-electrode transfer). 

 



 
 

Figure 1. Experimental set up used for soft-electrode transfer. (a) A sample with nano-objects 

on its surface is placed on the transfer setup consisting on a zoom optical microscope, an XY 

linear stage and an XYZ manipulator. A viscolestaic polymer is fixed underneath a glass slide 

held by the XYZ manipulator. The viscoelastic polymer carries exfoliated graphite flakes that 

are transferred to the substrate by pressing against it. (b) Silver paint is used to create a contact 

on the selected electrode. (c) Final result where an exfoliated graphite flake and the macroscopic 

silver paint contact can be readily seen. Green circle encloses an area where carbon nanotubes 

were previously observed by AFM. 

 

 

We start by obtaining EGFs from a graphite sample by microexfoliation. The tape containing 

the flakes is then pressed against a piece of transparent viscoelastic polymer (Gel-Film® from 

Gel-Pak®) previously fixed to a microscope slide. Importantly, viscoelastic polymers exhibit 

adhesion that increases with speed. The glass slide is held by a XYZ manipulator. Using the 

optical microscope we select a convenient EGF. Depending on the application itself the EGF 

size can vary. For applications where a subsequent macroscopic contact is performed using a 

conductive paint, at least one of the lateral dimensions needs to be large enough for this 

handmade contact. This typically implies one of the lateral dimensions to be larger than ~100 

µm, however this can be accomplished by grouping several EGFs with increasing sizes. Thus, 

the smallest lateral dimension should be within optical microscopy resolution. The EGF has to 

be thick enough to act as a continuous reservoir of electrons without discrete level structure and 

no gate dependence [16]. Thus we select flakes of ~ 3 to 40 nm thicknesses to fulfil these 

conditions. Then we place a sample with the nano-objects that we want to contact in the XY 

linear stage. The sample is observed through the glass slide with the viscoelastic polymer 

attached to it (figure 1a). By inspecting with the microscope it is possible to locate a suitable 



region on the sample and then we move the XYZ manipulator to precisely align the selected 

EGF on top of the selected sample region. At this point, we lower the polymer pressing hard 

onto the sample and then we slowly back up. This is the critical point of the procedure; as 

viscoelastic polymers show a moderate adhesion at low speed, the EGF adheres to the sample 

surface detaching the polymer. Finally, with the help of the microscope, we create a contact on 

the selected EGF using a thin brush and silver paint (figures 1b and 1c); this is a distinct an 

important feature of our procedure. A picture of the experimental set up is also shown in the 

supporting information (figure S1). A rather similar procedure can be carried out with a thin 

film of evaporated metal, as for instance gold [17], but as we shall see, the flakes present much 

more irregular and thicker edges that in some cases might introduce complications. Moreover, 

since this technique needs previous metal evaporations, it is more time-consuming and requires 

additional expensive evaporation equipment. 

Atomic force microscopy images were acquired with a Nanotec Electrónica SL set up controlled 

by WSxM software [18]. ElectriMulti75-G Cr/Pt coated probes from BudgetSensors were 

employed for electrical measurements. Samples were first imaged in non-contact dynamic 

mode, and then at a selected spot of the nano-object a force vs. distance curve was obtained, and 

at the maximum tip indentation a current vs. voltage curve was acquired [19]. We have tested a 

variety of c-AFM probes and experimental conditions yileding similar results.  

Probe station measurements were carried out using a home-made two-contact set up that 

includes a Keithley 2400 sourcemeter, a Keithley 2000 multimeter and a home-made current to 

voltage preamplifier with selectable gains (ranging from 1 µA V
-1

 to 1 nA V
-1

). Electrical 

probes are mounted on two independent XYZ micromanipulators. 

 

 

3. Results and discussion 

 

3.1. Carbon nanotubes 

The first example of this work is the electrical contact of carbon nanotubes with EGFs. The 

procedure is summarized in figure 2. For this purpose a mica substrate with nanotubes on top is 

prepared by drop casting of a nanotube suspension [20].The concentration of nanotubes is 

adjusted, with the help of AFM, to be about 1-2 nanotubes every 25 µm
2
. First, by using AFM 

we locate regions with a good density of carbon nanotubes, and then we place an EGF in one of 

these regions. 

 



 
 

Figure 2. Contacts from carbon nanotubes. (a) AFM topographic image at zero bias voltage in 

the area enclosed inside the green circle in figure 1c, exhibiting the characteristic sharp edge of 

the EGF. The inset is a profile along the blue line showing the height of the flake. The red 

arrows mark the position of the nanotube. (b) Same as (a) but with a 4 V tip-sample bias applied 

in order to enhance the nanotube contrast. (c) Zoom-in of (a) showing the contact position at 

which the electrical characterization is carried out (gray and black crosses). Schematics of the 

electrical circuits at the nanotube and EGF soft-electrode positions are also shown. (d) Current 

versus voltage characteristics of the nanotube (gray) and electrode (black). 

 

 

Figure 2a shows an AFM topographic image taken within the green circle shown in figure 1c. 

The inset shows a profile on the image, where we can measure the height of the lower terrace of 

the EGF to be ~15 nm. As apparent in both the image and the profile, the flake edge is 

extremely steep, much steeper than contacts fabricated by thermal evaporation [6]. Besides, 

there are no traces of contamination or degradation along it. Figure 2b is the same region as in 

figure 2a but now a tip-sample bias gate of 4 V is applied to enhance the contrast of the 

nanotube [21, 22]. Figure 2c shows a zoom-in image of the green square drawn in figure 2a. 

Figure 2c also shows the corresponding schemes for the associated electrical circuits. In brief, a 

conducting AFM tip is used as a second mobile electrode to measure the current through the 

nanotube [20]. Figure 2d displays linear current vs. voltage characteristics measured for the 

nanotube and the EGF (light gray and black crosses in figure 2c). From the slope of the current 

vs. voltage curve we obtain resistances of 1.7 and 47 kΩ for the flake and the nanotube, 



respectively. The resistance measured for the flake by c-AFM is a consequence of the small 

contact area between the AFM tip and the flake since the resistance of the EGF and the silver 

paint was found to be below 100 Ω. The resistance measured for the carbon nantotube has 

contributions from both the contact resistance and the intrinsic resistance of the nanotube, but 

allows us to have an upper bound of contact resistance of 47 kΩ, which is very similar to that 

measured with conventional metal electrodes [23, 24]. Please note that previous attempts to 

contact carbon nanotubes with graphite flakes yielded much higher resistances [15].  

 

 

3.2. Metal-organic MMX nanoribbons 

The next example (summarized in figure 3) describes the use of our procedure to create 

electrical contacts on platinum-based MMX nanoribbons [25, 26]. Platinum-based MMX 

polymers are dimetallic subunits with two platinum centres connected by four bridging 

dithioacetate ligands and an iodine atom bridging the dimetallic units (inset of figure 3a). By 

direct sublimation of monocrystals of [Pt2(dta)4I]n (dta= dithioacetate) on a SiO2/Si substrate, 

we are able to form nanoribbons with a high degree of structural perfection. Each nanoribbon is 

composed of thousands of parallel MMX chains of ~0.8 nm diameter interacting by weak van 

der Waals forces. 

 

 
 

Figure 3. Contacts on MMX nanoribbons. (a) Optical microscope image showing a transferred 

EGF on a silicon oxide substrate with MMX nanoribbons adsorbed on it. The colors reflect 



different flake thicknesses. The thin lines observed below the flakes are ripples caused by the 

nanoribbons. The inset shows the structure of an individual polymer chain. Every nanoribbon is 

composed of thousands of these chains. The orange circle enclosures an area with a MMX 

nanoribbon to be studied by AFM. (b) AFM topographic image of the region within the orange 

circle in (a). A nanoribbon protruding from the EGF is clearly observed. (c) AFM topographic 

image of a nanoribbon with a gold flake contact showing typical irregular edges at the 

nanometer scale. The flake was obtained from a piece of gold thin film transferred in a similar 

way to the EGF. (d) Current versus voltage characteristics obtained for the nanoribbon with a 

contact of an EGF (black) and gold (orange). 

 

 

These MMX polymers are perfect examples of nano-objects based on molecule self-assembly 

that are very difficult to add contacts by conventional techniques. Similar nanoribbons to the 

ones used here, but obtained by drop casting cannot withstand the vacuum needed to evaporate 

conventional metal electrodes: the sudden evaporation of the solvent molecules adsorbed within 

the ribbons results in a large number of defects along the chains and turns them into electrical 

insulators [9]. In the present work, we use MMX nanoribbons obtained by sublimation of 

crystals that do not present this problem. We are currently performing similar work on 

nanoribbons obtained by drop casting.  

To create electrical contacts on the MMX nanoribbons we transfer the EFGs onto SiO2 

substrates with MMX nanoribbons previously deposited. Figure 3a displays an optical 

microscope image of such a sample. The colours observed in the images reflect different flake 

thicknesses. The optical image allows us to see nanoribbons covered by the flake. Figure 3b 

shows an AFM topographic image showing a nanoribbon partially covered by an EGF with a 

very well-defined edge. According to the inset in this figure, the height of the lower EGF terrace 

is ~5 nm. MMX nanoribbons with such contacts are tested, as in the previous example, by using 

a conductive AFM tip as a second mobile electrode. A representative IV curve obtained for one 

of these nanoribbons is displayed in figure 3d. The conductivity obtained for these ribbons is 

similar to that obtained previously for similar nanoribbons with evaporated metal electrode 

contacts [26]. Contrary to the case of nanotubes, whose instrinsic electrical resistance is similar 

to that of electrode-nanotube contacts, the intrinsic resistance of these MMX ribbons is much 

higher than that of the contacts. As quasi-one-dimensional conductors, the electrical resistance 

and the shape of the IV curve of the MMX nanoribbons are mainly dictated by the density of 

defects in their atomic structure present during the assembly process [25, 26]. 

 

With the aim of comparing the electrical contact resistance of EFGs with that of soft-metal 

electrodes, we also create contacts on these MMX nanoribbons using gold flakes. For this 

purpose we first evaporate a 30 nm thick film of gold on a glass substrate using a TEM grid as a 

stencil mask. In this way we obtain 60x60 μm
2
 gold squared pads separated by 25 µm. The 

resulting evaporation is pressed against a viscoelastic polymer to obtain thin gold flakes. Some 

of the flakes adhering to the polymer are then transferred to a substrate containing MMX 

nanoribbons, following the same procedure sketched in figure 1. AFM topographic images of 

the transferred gold flakes show irregular and not abrupt electrode edges, as depicted in figure 

3c. Electrical characterization of the MMX nanoribbons (prepared in the same conditions as the 

ones described above) with these gold flakes contacts is again performed by c-AFM at the same 

tip-gold electrode distance as in the previous EFG contact, yielding similar resistance (figure 

3d). 

 



 

3.3. Reduced graphene electrical characterization through a double soft-electrode transfer 

The next example (summarized in figure 4) consists of a double EGF soft-electrode transfer for 

electrical characterization of a single layer of reduced graphene oxide. This example illustrates 

both the possibiblty of creating contacts using 2D materials and the precision achievable when 

placing the electrodes (another example of the precisión achievable is shown in the supporting 

information, figure S2, where an iron-cobalt nanoribbon is also made into a contact through 

double transfer). 

 

 
 

Figure 4. Double electrical contact in graphene oxide (GO) (a) Optical microscope image 

showing two EGFs with silver paint contacts. The EGFs are in contact with a single layer of 

graphene oxide. For the sake of clarity a schematic electrical circuit is also included. (b) Zoom-

in image of the enclosed region. To allow identification of the GO flake we have increased the 

contrast in the region of interest. (c) Current versus voltage characteristics of the circuit shown 

in part (a) after thermal reduction. 

 

 

Figures 4a and b show two EGF microelectrodes in contact with a graphene oxide (GO) flake. 

The gap between the two electrodes is ~10 µm. As reported in ref [27], initially the flake is an 

excellent insulator. The sample is then reduced by annealing it overnight up to 250 ºC in a high 

vacuum chamber at 10
-6

 mbar [28]. Upon thermal reduction, electrical characterization of the 

sample is carried out (figure 4c), giving similar results to those found in the literature [27, 28]. 

 

 



3.4. Damaged circuit repair 

The last example (figure 5) demonstrates how the controlled transference of EFGs can be used 

for repairing microcircuits. We illustrate this possibility by repairing two simple microcircuits. 

 

 
 

Figure 5. (a) Electrical circuit made by evaporation with a stencil mask. The Au/Cr electrodes 

are in contact with a pristine bilayer graphene flake. (b) Circuit after being scratched with a 

tungsten carbide tip. (c) Circuit repaired using an EGF. (d) Current versus voltage 

characteristics of the intact (blue) and repaired (red) circuit. (e)-(h) The same but now this other 

circuit was cut using an infrared laser and repaired using a gold thin film. In all cases the insets 

are zoom-ins of the central regions of the circuits where the graphene flake is placed. Insets in 

parts c and g show the absence of short-circuits between the upper and lower Au/Cr electrodes. 

 

 

Figures 5 a-c show a bilayer graphene flake (region enclosed by the circle, see inset) in contact 

with two Au/Cr electrodes evaporated using a stencil mask. The corresponding current versus 

voltage characteristic are shown in figure 5d (blue line) where an electrical resistance of 245 Ω 

is measured. In order to demonstrate the capabilities of soft-electrode transfer, the upper 

electrode is scratched using a hard tungsten carbide tip, removing part of the metal (figure 5b). 

The scratched circuit shows an infinite resistance. The circuit is then repaired by transferring an 

EGF that covers the damaged part. The electrical resistance of the repaired circuit is 410 Ω, 

(figure 5d). This increase in resistance is probably due to the contact resistance of the EGF flake 

used to repair the circuit and the gold electrode. Figure 5e portrays a second circuit where a 

second bilayer graphene flake is in contact with another two Au/Cr electrode pads (region inside 

the circle, see inset). In this case, the upper Au/Cr electrode is intentionally cut using an infrared 



laser (figure 5f). Electrical resistance measurements confirm an open circuit with no current 

through the damaged pads. To repair this circuit we transfer a 30 nm thick gold film. Figure 5g 

shows the repaired circuit. Electrical measurements on such repaired circuit show a final 

resistance of 425 Ω, about a 30% higher than the initial one (figure 5h). 

As described in this last example, we observe an increase in resistance in the repaired circuits of 

a few Ohms. While this resistance is significant for the two cases described here, the vast 

majority of conducting nano-objects exhibit much higher intrinsic resistances, making this 

increase in resistance negligible for their electrical characterization. Therefore, the final low 

resistances obtained after repair validate this methodology. 

 

 

4. Conclusions 

In this report we introduce a simple and inexpensive technique based on the deterministic 

transfer of soft-electrodes by all-dry viscoelastic stamping. In order to validate and illustrate the 

uses of this methodology we provide some relevant examples of its many possibilities that 

include carbon-based materials and metal-organic nanoribbons. The quality of the electrical 

contacts obtained using this technique is shown to be as good as those obtained by conventional 

techniques, making this procedure clearly powerful to create contacts with nano-objects. This 

method is particularly useful in the case of molecules with limited stability under standard 

lithographic conditions. 
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