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In this work, the authors report on the electrophoretic deposition of C60 on graphene. The graphene

films were characterized using Raman spectroscopy and scanning electron microscopy, and electrical

contacts were made with the graphene nanomembranes using a viscoelastic stamping method.

Different concentration solutions of C60 were prepared and deposited on graphene substrates using

the electrophoretic deposition technique. Electronic characterization of the structures was conducted

before and after the attachment of C60. Optical absorption of different concentrations of C60 was

measured. A comparative study was carried out to analyze the resistivity and conductivity as a result

of the interaction with a Si/SiO2 substrate. Our results suggest that graphene based C60 structures are

attractive as flexible transparent electrodes and are excellent electron accepting/charge transport

materials for the construction of efficient photovoltaic devices. VC 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4982881]

I. INTRODUCTION

Graphene is a two-dimensional sp2 hybridized material

composed of carbon atoms arranged in a hexagonal atomic

structure, which has attracted a lot of attention because of its

unique electrical properties such as very high carrier mobil-

ity,1–5 the Quantum hall effect at room temperature,3–6 and

ambipolar electric field effects along with ballistic conduc-

tion of charge carriers.7 These unique features hold great

promise for potential applications in many technological

fields, such as lithium batteries.3 Other allotropes of carbon

such as fullerenes8 (C60 and others) and one-dimensional

carbon nanotubes9 (CNTs) have attracted strong interest in

many areas of science and technology. Nanocarbons, both in

pure forms and in hybrid structures, give rise to unique elec-

tronic and structural properties and have the potential to be

used as building blocks in molecular electronic devices.10–13

Higher fullerenes and C60 show remarkable chemical reac-

tivity. Various hybrid materials created by organic function-

alization of fullerenes have attracted intense attention,

driven by the possibility of combining some of the outstand-

ing properties of the fullerenes with those of other interesting

materials, such as photoactive and/or electroactive units,

including small organic molecules, polymers, and CNTs.

These structures are promising organic materials in many

applications such as field effect transistors,14 organic solar

cells,15 and organic light emitting diodes.16 Given that many

applications of C60 have been assessed as molecular layers

on supporting substrates, much of this effort has thus far

been focused on gaining precise information about the

behavior of fullerenes on various surfaces. For example,

Shen et al.17 reported that C60-CNT hybrid materials can be

used to produce excellent electrodes for photovoltaic appli-

cations and that CNT field effect transistors decorated with

C60 composites show potential as highly sensitive photosen-

sors. Nasibulin et al.18 prepared a CNT-C60 hybrid material

which showed a high cold electron field emission efficiency,

potentially interesting for many optoelectronic applications.

The deposition of C60 on single layer graphene was done

using different methods such as drop-casting or reduction of

single layer graphene to graphene oxide followed by electro-

chemistry and thermal evaporation of C60 on graphene.

These methods facilitated the deposition of C60 on the gra-

phene and reduced the degree of the resulting agglomeration,

but the resulting films were not uniform enough and C60 was

deposited everywhere, thus making it difficult to make elec-

trical measurements.19–21 Herein, we report a new technique

to synthesize graphene-C60 hybrid materials via electropho-

retic deposition of C60 from a colloidal suspension of C60 in

toluene-acetonitrile so that C60 clusters are formed and

deposited uniformly on the exfoliated graphene for electrical

measurements.

II. EXPERIMENT

Figure 1 presents the schematic of the electrophoretic

deposition system for C60 on a graphene nanomembrane.

The graphene nanomembrane was mechanically exfoliated

from HOPG and was placed on a residue-free scotch-tape.

A viscoelastic stamping method was used22 to transfer thea)Electronic mail: akaul@utep.edu
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graphene nanomembrane to the desired electrode. Figure 2

shows the source–drain current measurements as a function

of electrophoretic deposition time. Since C60 films cannot

be deposited directly on the graphene surface, therefore, the

clusters were prepared in mixed solvents. Different concen-

tration solutions of C60 in toluene (5, 19, 35, and 45 lM)

were mixed with acetonitrile:toluene (3:1 v/v). In the pres-

ence of a polar solvent such as acetonitrile, the clusters can

be charged, thus facilitating their deposition on the elec-

trode surface.23 A drop of the suspension was injected, and

a step potential was applied (from 0.05 to 0.3 V with 0.05 V

step) between source/drain of Mo contacts of the device on

the electrode for the electrophoretic deposition. The current

increased gradually as the step-potential was increased with

time. At certain intervals of time, the current saturates and

starts to decrease because of Joule heating in the channel as

the resistance increases.

These instantaneous current peaks in the device could be

caused by charge transfer from the attached C60 clusters to

the graphene nanomembrane. The strong van der Waals

interactions lead to C60 attachment to the graphene surface.24

Within 120 s, all the C60 clusters were deposited as a brown

film on the graphene nanomembrane, and no further accumu-

lation of C60 was observed after 120 s. The reason for this

color change is the relatively narrow energy width of the

band responsible for green light absorption by individual C60

molecules. Individual molecules transmit some blue and red

light, resulting in a purple color or a nearly transparent color

depending upon the concentration of the solvent. Upon dry-

ing, intermolecular interactions result in the overlap and

broadening of the energy bands, thereby eliminating the blue

light transmittance and causing the purple to brown color

change.25 The clusters varied in size depending on the differ-

ent concentrations used.

Finally, the graphene-C60 hybrids obtained were rinsed

with acetonitrile and annealed at 120 �C for 2 min to remove

any further toluene residue. The clusters did not wash away

after rinsing the graphene-C60 hybrids with acetonitrile solu-

tion and remained attached to the graphene nanomembranes

due to intermolecular interactions between C60 and gra-

phene, and thus the clusters were robust.37 Electrical meas-

urements of the graphene-C60 hybrids were carried out and

investigated using Raman spectroscopy and optical absorp-

tion for different C60 concentrations.

III. RESULTS AND DISCUSSION

The thickness of the hybrids obtained was measured using

a Bruker DektakXT Stylus Profiler. As the concentration of

C60 is increased, the thickness of the hybrids increased. The

thickness of the graphene nanomembrane was measured to

be 62.05 nm, while the thickness of the hybrids (graphene-

C60) formed using 5, 19, 35, and 45 lM of fullerenes were

determined to be 70, 80.13, 101.5, and 150.56 nm, respec-

tively. Figure 3 shows the absorption of different concentra-

tions of C60 (5, 19, 35, and 45 lM) in toluene solution. C60

exhibits a structureless broad absorption in the 400–700 nm

FIG. 1. (Color online) Schematic representation of the electrophoretic deposition process for depositing C60 on top of graphene.

FIG. 2. (Color online) Current-source measurement of the device in toluene-

acetonitrile solution. Step potential (from 0.05 to 0.3 V with a step of 0.05 V

in the interval of 30 s) applied to the device immersed in 19 lM of C60 in tol-

uene in 3:1 (v/v) acetonitrile:toluene.
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region. The principal band in the 410 nm range is mainly

due to orbitally allowed singlet-singlet transitions. A broad

weak continuum between 430 and 640 nm, whose maxi-

mum is at about 540 nm, appears to be due to vibronic

bands based on electronic transitions from the lowest unoc-

cupied molecular orbital to the three-fold degenerate 1T1u

state and to the other degenerate states. The absorbance of

the solution was increased with an increase in the concen-

tration of C60. Also, the color of the C60 solution changes

depending on the solvent and the concentration of C60. The

changes in color may arise from the difference in the size

of C60 clusters, structure, and/or interactions between the

colloidal C60 particles and the solvent molecules.26–30 The

SEM measurements were carried out to determine the

aggregation and the shape of the clusters after deposition

on the graphene nanomembranes. Figure 4 shows the SEM

of (a) graphene and (b) graphene-C60 hybrids after electro-

phoretic deposition. The graphene nanomembranes were

mechanically exfoliated several times using the scotch tape

method due to which the graphene film appeared to be

discontinuous when seen through the SEM. The C60 clus-

ters aggregated on top of the graphene nanomembranes.

Raman spectroscopy of the graphene nanomembrane and

graphene-C60 hybrids was also conducted at room tempera-

ture as shown in Fig. 5. Raman spectroscopy is a useful tech-

nique for characterizing sp2 and sp3 hybridized carbon

atoms, including those in graphite, fullerenes, carbon nano-

tubes, and graphene.31–35 The prominent G-mode and 2D-

mode peaks of single layer graphene36 appear at around

1580 and 2700 cm�1. The mechanically exfoliated graphene

nanomembranes show an intense tangential mode (G band)

at 1580 cm�1 and a 2D band at 2696 cm�1. The I2D/IG ratio

was 0.59, indicating a few layer graphene (FLG).

A negligible D-band was obvious in the sample due to the

highly crystalline nature. The graphene-C60 hybrid shows

three peaks at 1469, 1603, and 2807 cm�1. The graphene G

and 2D band peaks are shifted to higher frequencies at 1603

FIG. 3. (Color online) Absorbance of different concentrations of C60 in tolu-

ene as a function of wavelength.

FIG. 4. (Color online) Top view SEM images of (a) graphene and (b) graphene-C60 hybrid.

FIG. 5. (Color online) Raman spectra showing shifts toward higher frequen-

cies for the G and 2D bands of graphene after electrophoretic deposition of

C60. The Raman spectrum of the C60 film is dominated by the pentagonal

pinch mode Ag (2) at 1469 cm�1. The peaks are shifted toward higher fre-

quencies as C60 clusters in the deposited film act as electron acceptors,

yielding increased hole doping in the graphene layer.
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and 2807 cm�1 as C60 clusters deposited act as electron

acceptors, yielding increased hole doping in the graphene

layer.26 The peak at 1469 cm�1 can be assigned to the Ag(2)

mode of the C60 cage. This is the strongest Raman line of the

C60 film with the “pentagonal pinch mode.” The pentagonal

pinch mode involves 100% tangential displacement of the

C-atoms on the ball so as to shrink the pentagons and expand

the hexagons.25 This relatively high shift suggests a strong

interaction between the C60 cages and the graphene sheet.37

In order to investigate the electronic transport properties

of the graphene-C60 hybrids prepared with different concen-

trations of C60, electrical contacts were made. Figure 6(a)

shows the optical micrograph of FLG nanomembranes

transferred on top of 100 nm molybdenum (Mo) electrodes

using a viscoelastic stamping method,22 and Fig. 6(b) shows

the optical micrograph of C60 deposited on the same gra-

phene nanomembranes using electrophoretic deposition. IV

measurements were performed to compare the electrical

behavior of the hybrids with that of graphene. Figure 7(a)

shows the variation of current with voltage for the graphene

nanomembrane and for the graphene-C60 hybrids prepared

with different concentrations of C60, measured at a 2 lm

probe separation distance. Under direct contact of C60 and

FLG, electrons diffuse to C60 creating holes in the graphene

due to which the current values change for the graphene-C60

hybrids of different concentrations. The graphene is initially

p-type, and the increase in the hole population causes the

conductivity of the hybrids to also increase. During the elec-

trophoretic deposition process, aggregation of C60 mole-

cules takes place in mixed solvents. The C60 molecules

coalesce and aggregate but do not form a continuous film,

and thus, the conductance of C60 deposited electrophoreti-

cally was negligible.40 On the other hand, the graphene-C60

hybrid devices showed reproducible conductive behavior

originating from the electron-accepting nature of the C60

molecules.26

It should be noted that there exists a high affinity between

the graphite lattice structure and C60 derivatives.38,39 The IV

plot always remains linear, but the slope increased with

increasing concentration of C60. Figure 7(b) shows the varia-

tion of resistance of the hybrids with different concentrations

of C60 in toluene in 3:1 (v/v) acetonitrile:toluene. The resis-

tance for the graphene nanomembranes was 226 X, and the

resistance obtained for graphene þ 5 lM of C60, graphene

þ 19 lM of C60, graphene þ 35 lM of C60, and graphene

þ 45 lM of C60 in toluene in 3:1 (v/v) acetonitrile:toluene

were 2942,117, 748, and 392 X. The resistance values show

that there was charge transfer from the graphene to C60. This

may be due to the hybrid formed. The variation of resistance

of the hybrids with the different concentrations of C60

FIG. 6. (Color online) Optical micrographs of (a) FLG nanomembranes transferred on top of 100 nm Mo electrodes using a viscoelastic stamping method and

(b) C60 deposited on the graphene nanomembranes using electrophoretic deposition.

FIG. 7. (Color online) (a) IV characteristics of graphene and graphene-C60 hybrids; (b) Variation of resistance of the graphene-C60 hybrids with different con-

centrations of C60 in toluene in 3:1 (v/v) acetonitrile:toluene.
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reflects that graphene functions as a charge transporting

layer to enhance conduction. These results suggest that there

was aggregation of C60 clusters on top of the graphene nano-

membranes due to the adsorption of fullerenes on pristine

graphene, which is governed by van der Waals interactions.

The fullerenes physisorbed on graphene layers are stable and

have charge transfer between the components,41,42 which is

mainly associated with the strong three-dimensional hydro-

phobic interactions between C60 and graphene.40

IV. CONCLUSION

In conclusion, we have synthesized a graphene-C60

hybrid material using an electrophoretic deposition tech-

nique and analyzed using Raman spectroscopy. The peak

shifts in Raman spectroscopy to higher frequencies show the

intermolecular interactions of the graphene and C60. The gra-

phene-C60 hybrids show that there was a charge transfer

from the graphene to C60. The increase in the hole popula-

tion causes the conductivity of the hybrids to also increase,

which shows that the material could exhibit some distinctive

electronic/optoelectronic properties. This hybrid material

may find applications in solar cells as an acceptor material.

Further work on applications of this hybrid material is cur-

rently under way.
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