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CONS P EC TU S

T he properties of sp2 carbon allotropes can be tuned and enriched by their
interaction with other materials. The large interface to the outside world in

these forms of carbon is ideally suited for combining in an optimal manner
several functionalities thanks to this interaction. A wide range of novel materials
holding strong promise in energy, optoelectronics, microelectronics, mechanics,
or medical applications have been designed accordingly. Graphene, the last
representative of this family of sp2 carbon materials, has already yielded a
wealth of hybrid systems. A new class of these hybrids is emerging, which allows
researchers to exploit the properties of truly single-layer graphene. These
systems rely on high-quality graphene.

In this Account, we describe our recent efforts to develop hybrid systems
through various approaches and with various scopes. Depending on the interaction between graphene and molecules, metal
clusters, layers, and substrates, either graphene may essentially preserve the electronic properties that make it a unique
platform for electronic transport, or new organization and properties in the materials may arise due to the graphene contact at
the expense of deep modification of graphene's properties. We prepare our graphene samples by both mechanical exfoliation
of graphite and chemical vapor deposition on metals. We use this to study graphene in contact with various species, which
either decorate graphene or are intercalated between it and its substrate. We first address the electronic and magnetic
properties in systems where graphene is in epitaxy with a metal and discuss the potential to manipulate the properties of both
materials, highlighting graphene's role as a protective capping layer in magnetic functional systems. We then present
graphene/metal dot hybrids, which can utilize the two-dimensional gas properties of Dirac fermions in graphene. These
hybrids allow one to tune the coupling between clusters hosting electronically ordered states such as superconductivity and
explore quantum phase transitions controlled by electrostatic back gates. We finally discuss the optical properties of hybrids in
which graphene is decorated with optically active molecules. Depending on how close these molecules are to the graphene's
electromechanical systems, the interaction of the system with light can be changed. Fields such as spintronics and catalysis
could benefit from high-quality graphene based hybrid systems, which have not been fully explored.

1. Introduction
The term “hybrid” has become common since its use in

automotive industry. It is employed in various areas of

science, for instance, in genetics when referring to the

offspring of animals or plants belonging to different species.

The synthesis and chemistry of hybrid molecules or supra-

molecular networks goes well beyond the notion of strong

bonding of functional groups of atoms through atomic

orbital hybridization. Hybrid systems combine materials of

different nature, like composite materials, but unlike in the

latter the constituents are usually bound by some interaction,

be it strong, for example, covalent-like, as in organome-

tallic molecules and organic-modified silicates,1 or weak,

as in some layered materials intercalated with polymers.2

The concept of the hybrid system extends to situations in

which despite the absence of a bond between the com-

pounds, at least one of the compound's properties influ-

ences those of the other compounds leading to combined

or novel functions. This broad definition of a hybrid

system encompasses systems whose properties are gov-

erned by proximity effects, for example, proximity-

induced superconductivity.
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A popular illustration of a hybrid system based on

sp2-carbon is found in rechargeable batteries, which rely on

the reversible intercalation of Li ions in graphite electrodes.3

In this system and many other sp2-carbon ones, for instance,

nanotubes or nanoparticles,4 interface atoms are a strong, if

not the main, fraction of the constituents of the hybrid

system. This is a general characteristics of hybrid materials

based on sp2-carbon resulting from the topography of these

forms of carbon. This is an attractive feature since in many

cases, the extent towhich the hybrid system's properties can

be engineered is related to the role of interfaces.

Most systems referred to as graphene-based hybrids

are prepared following chemical routes. Reports for such

systems became more abundant in the past few years.

Graphene may be functionalized with molecules, such as

porphyrins, yielding efficient optical limiting properties,5

that is, lower transmittance for higher-intensity light, a

desirable property for protecting sensitive sensors. Gra-

phene was also combined with a number of nanoparticles.

Superparamagnetic Fe3O4 nanoparticle�graphene hybrids

appeared well-suited for drug delivery owing to the easy

magnetic field manipulation and dispersion in solutions.6

Dealing with energy applications, the high specific surface

area of graphene and its high conductivity were combined

for interconnecting TiO2 nanoparticles hosting Li during the

operation of batteries.7 Synergetic chemical coupling was

unveiled in Co3O4 nanoparticle�graphene hybrids, leading

to efficient catalytic activity for oxygen reduction, together

with remarkable stability and durability.8 These examples

all rely on graphene randomly structured at the nanoscale

due to the preparation method, either the reduction or

the thermal expansion of graphene oxide. Besides their

ill-defined topography, these graphenes also have a large

density of defects, such as epoxy or hydroxy groups left after

the reduction step.

The term “hybrid” recently also was employed for sys-

tems composed of high-quality graphene, produced by

exfoliating graphite or epitaxial growth onmetallic or silicon

carbide substrates. Very schematically, such samples are

developed in the view of electronic transport, surface science

studies, or both. Our group studies a variety of systems,

including exfoliated and epitaxial graphene decorated

with nanoparticles or molecules and in contract with

ultrathin magnetic layers. With the view of efficient elec-

tronic transport, weak bonding between graphene and the

material it is in contact with is preferred. A somewhat

opposite situation is that of graphene deposited onto

another material for manipulating its properties. In this,

the intrinsic properties of graphene, for instance, its trans-

port properties, may be strongly affected.

In this Account, we address epitaxial graphene�metal

hybrids, graphene�metal dot hybrids, and graphene�
molecule hybrids (Figure 1). We present our recent work

in these directions and put it in light of the literature. We

show how such hybrids allow us to achieve novel func-

tionalities in graphene and in the materials with which it is

in contact.

2. Electronic and Magnetic Properties in Epi-
taxial Graphene/Metal Hybrids
A simple epitaxial graphene�metal hybrid is graphene on

its metallic substrate. Graphene strongly interacts with sub-

strates like Ni, Co, Rh, Re, Pd, or Ru9 in such a way that its

electronic band structure is deeply modified: several 1 eV

charge transfers have been measured, and noticeable hy-

bridization of the graphene-π and metal-d orbitals were

shown to disrupt the linear dispersion of the conduction

band in graphene. The strong interaction between graphene

and a Ni(111) substrate, inducing a magnetic moment of

0.05�0.1 μB, was invoked as the origin of X-ray magnetic

FIGURE 1. Schematics of an epitaxial graphene�metal hybrid consisting of a thin functional metal film sandwiched between a substrate and
graphene (left), a graphene�metal dot hybrid (center), and a graphene�molecule hybrid (right).
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circular dichroism.10 With such at stake as all-carbon spin-

tronics encompassing carbon spin transport channels and

ferromagnetic carbon electrodes, the study of magnetism in

carbon systems is a much debated issue, noticeably when

it comes to the question of defect-induced magnetism.

Epitaxial graphene�ferromagnetic systems offer an alter-

nativeroute to theexplorationofmagnetismin two-dimensional

(2D) carbon.

Graphene weakly interacts with some metals, for exam-

ple, Pt, Cu, Au, Ag, or Ir. The electronic properties of graphene

on Ir(111) were extensively studied recently because it was

realized that this system is a model one for high-quality

graphene,11,12 which we also showed can be obtained on

thin metal films13 (Figure 2). Moreover, graphene is almost-

free-standing14 on this metal and preserves almost intact

Dirac cones,15 as we have shown with our collaborators. A

faint charge transfer, resulting in 7 � 10�11 cm�2 hole-

doped graphene, and a ca. 100 meV band gap at the Fermi

level arising from hybridization of Ir(111) surface states with

the π-bands of graphene were observed. Though weak, the

interaction between graphene and this metal surface is not

vanishing. Indeed the moir�e between graphene and Ir(111),

a superstructure formed due to the lattice mismatch between

graphene and Ir(111), was found to be associated with a

superpotential experienced by the electrons in graphene,

giving rise to Dirac cone replicas and minigaps in the Dirac

cones (Figure 2).

Graphene is inert and highly impermeable and thus func-

tions as a capping layer preventing oxidation of the metal

underneath. Oxidation-protected spin-polarization was

reported with the help of graphene-capped Ni(111).16 In this

example, the strong interaction of graphene with Ni was

found to mostly affect the topmost Ni layers, only slightly

reducing the spin-polarization of the system. Very sensitive

to perturbations are also the surface states of metals. On

high-atomic-number metals, these surface states may be

strongly spin-polarized, as it is the case on Ir(111). Graphene,

unlike other layers that could be employed for protecting the

surface from oxidation, only weakly interacts with Ir(111)

and hence does not disrupt the delicate surface state.17

Intercalation provides advanced hybrid systems consist-

ing of ultrathin films sandwiched between graphene and its

metallic substrate.18 Intercalation is believed to occur through

defects, in a colander-like fashion, as we have shown

recently by enabling intercalation at moderate temperature

(below 600 K) in defected graphene.19 Intercalation was

shown to be an efficient means for tuning the graphene�
substrate interaction. Accordingly graphene has been

largely decoupled from a Ni substrate, for instance, by Au

atomic layers.20 Intercalation also allows new properties to

be imparted to graphene. The Dirac cone of graphene was

spin split, by 25meV, with a Rashba effect due to the contact

with a high-atomic-number element, Au.20 A few recent

works, including those with our collaborators, deal with

intercalated graphene/metal systemsdisplaying novelmag-

netic properties. We recently proved the preparation of Co

films intercalated between graphene and Ir(111) via mild

annealing and showed that the graphene/Co interface

exhibits an unusually strong out-of-plane magnetic aniso-

tropy.19,21 As a result, the magnetization can be maintained

perpendicular to the sample surface in Co films whose

thickness exceeds 10 atomic layers, that is, thicker than

most Co films sandwiched between two metallic layers.

We foresee that the system is well-suited for spintronics

FIGURE 2. Scanning tunneling topograph of graphene on a 10 nm-thick Ir(111) thin film, revealing a moir�e pattern, schematized with a ball-model
in the inset (left panel). Electronic band structure of graphene below the Fermi level (EF) for graphene/Ir(111), measured by angle-resolved
photoemission spectroscopy, showing an almost intact Dirac cone, two minigaps and a replica band (R) (right panel, adapted in part from Pletikosic
et al.15 with permission, Copyright 2009 APS). The inset sketches a cut in an energy/wave-vector plane of the electronic band structure of graphene,
around graphene's K point in the first Brillouin zone, together with three of the six replica cones arising from the moir�e superpotential, whose apices
are located at the corners of mini-Brillouin zone (mBZ).
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applications in which the magnetization is manipulated,

for instance, using laser illumination through the transpar-

ent graphene electrode or an external electric field applied

through a gate dielectric layer deposited on top of the

graphene protective barrier.

Moir�es (Figure 2) are found on most graphene/metal

systems. This pattern efficiently drives the organization of

deposited metal atoms in 2D cluster lattices, with optimum

order on graphene/Ir(111) at room temperature.22,23 The

recent discovery of a one-dimensional moir�e in graphene/

Fe(110)24 holds promise for the preparation of nanowire

lattices. In the case of Pt and Ir clusters on graphene/Ir(111),

density functional calculations, supported by photoemission

spectroscopy, indicate that rehybridization of the carbon

atoms under the clusters stabilizes the system.25,26 This

new class of hybrid systems, where the nanocluster size is

well-defined, opens the route to the size-dependent studies

of the physical and chemical properties of graphene-

supported clusters. Together with our collaborators, we started

the study of the magnetic properties of Co-rich nanoclusters

comprising a few tens of atoms and revealed unconven-

tional isotropic superparamagnetism and difficult magneti-

zation saturation (Figure 3), which point to a specific role of

the cluster/graphene interface and raise the question of

intercluster interactions.27 Metallic clusters on graphene/

Ir(111) were also employed for manipulating the electronic

properties of graphene: a reduction of the charge carrier

group velocity was induced by the cluster 2D lattice.28

3. Electronic Transport Properties of
Graphene/Metal Dot Hybrids
The study of metal-on-graphene hybrid systems signifi-

cantly differs from the symmetric case graphene-on-metal

discussed in the previous section, because it allows testing

of very different geometries and experimental situations

involving metal clusters and isolated adatoms deposited on

active graphene layers. For the reasons exposed above, only

a weak bonding is expected when a metal adatom is

coupled on graphene. The main effect that has been

predicted29 and observed30 is a charge transfer between

the metal and the graphene underlayer, without strong

disruption of the π electron delocalization within graphene.

This rather weak interaction is crucial for the electronic

properties of hybrid devices because most of the outstand-

ing properties of graphene (namely 2D gas of Dirac fermions

with high mobility) are preserved. Depending on the differ-

ence of work function between the metal and carbon, a

negative or positive shift of the Fermi level (i.e., electron or

hole doping) is expectedwith respect to theDirac point by up

to 0.5 eV. An experimental example of metal decorated

graphene is provided in Figure 4. It displays the evolution of

the field-effect properties of a macroscopic graphene tran-

sistor (with an area of 10 mm2) measured in ultrahigh

vacuum during exposition to In vapor. The low temperature

ensures that atoms are separated. The field effect is sensitive

on very low coverage of In adatoms (less than 1% mono-

layer) showing a rigid shift of the charge neutrality point

FIGURE 3. Scanning tunneling topograph (left) of Co clusters comprising 26 atoms on average and seeded by Pt clusters comprising 13 atoms on
average, self-organized on the graphene/Ir(111) moir�e. Normalized magnetization (M)�external magnetic field (μ0H) loops (right) measured at 10 K
for the same sample, with a grazing (30�) and a normal (90�) incidence X-ray beam.

FIGURE 4. Electric field effect of a graphene transistor measured at 6 K
in ultrahigh vacuum during evaporation of In at very low deposition
rate. Field effect curves recorded in situ, exhibiting a maximum shifting
to the left as the coverage increases up to 1.89% of a monolayer of In
(courtesy of V. Sessi, ID08 beamline at ESRF, and A. Allain).
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(the gate value onwhich the transistor reaches itsmaximum

of resistance). Upon larger deposition of In (typically several

percent of amonolayer), the original electronic properties of

graphene still remain intact, including similar conductance,

bipolar field effect with carrier mobilities larger than 1000

cm2/(V s). The threemain effects of themetal decoration are

a shift in the charge neutrality point, a modest decrease in

mobility, and a pronounced asymmetry between electron

and hole transport. These effects are well described by

inhomogeneous doping due to charge transfer from the

metal islands to graphene29 andhave been reproducedwith

graphene coupled to other metals.31 The charge induced by

the metal reduces the mobility of both types of carriers via

charged impurity scattering,30while the asymmetry in trans-

port occurs because holes experience the pinned Fermi level

under the In islands as a potential barrier, while electrons

experience a potential well.32,33

Even more interesting than the influence of the metallic

islands on the normal state properties of graphene is the

effect of the electron correlations generated by an electronic

order (superconductivity or magnetism), which can be trans-

ferred into the graphene by means of proximity effect.

Graphene has indeed been shown to effectively preserve

either superconducting34 or spin-polarized currents35 in-

jected from contacting electrodes. The relative inertness of

its exposed surface makes the superconducting proximity

effect very efficient because the correlated electrons of the

superconductor can effectively couple to the π electron

cloud of graphene and generate superconducting correla-

tions at distances exceeding several 100 nm.34 To maintain

electron coherence over larger distances (up to the entire

graphene layer,which can reachmeter scale)while retaining

the unique 2D properties of the graphene sheet another

strategy can be adopted: a large array of metal islands is

placed in a nonpercolating network on top of the graphene

sheet (see Figure 5, top right). The system does not anymore

behave as a “metal�graphene�metal” one-dimensional

junction but as 2D metal�graphene hybrid material. For

that purpose, an array of metal nanodots needs to be

deposited with a submicrometer pitch. Such a network can

be achieved by self-assembly using the spontaneous dewet-

ting of evaporated metallic thin films.

When evaporated on graphene at a controlled36 tem-

perature, low melting-point metals, such as the elemental

superconductors Sn, In, or Pb, form clusters separated by

bare graphene (Figure 5, top left).37 Typically, a 10 nm

FIGURE 5. (top, left) Atomic force micrograph (scan size 1 μm) showing dewetted In islands on graphene. (top, right) Sketch of a typical graphene
hybrid transistor device, in which the support is used as a backgate. Each cluster in the nonpercolating ensemble can be the source of correlated
electrons in the surrounding graphenearea (symbolized by a redhalo). The electronic coupling betweenmetal cluster islands can be tuned (tuning knob)
with anelectrostatic back-gate. (bottom, left and right) resistanceof a graphene transistor, obtainedby exfoliationof graphite (left) and chemical vapor
deposition (right), decorated with 10 nm thick Sn clusters, as a function of the back-gate voltage (X-axis) and temperature (Y-axis). In the first case, the
transistor transits toward a superconducting state with a gate tunable critical temperature (data taken from ref 38). The critical temperature is the
lowest at the charge neutrality point. In the second case, superconductivity is observed far from the charge neutrality point, while gate-tuned
transition toward a strongly insulating state is observednear the chargeneutrality point, where the disordered graphene leads to a strongly insulating
state (data adapted from ref 39).
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nominal thickness evaporated at room temperature yields a

random array of Sn islands having typically 80 nm diameter

and separated by 25 nm,38,39 which will provide the func-

tional devices discussed in the following.

The principle of such a device relies on the control of the

superconducting proximity effect. Due to the delocalization

of theπ electronic state, nanoscaled sp2 carbonmaterials are

known to efficiently couple to superconducting metal elec-

trodes40 and to form tunable superconducting weak links.

The quantum confinement of electron states in these sys-

tems results from the low-dimensionality of the crystalline

carbon lattice. The confinement allows control of the effec-

tive superconducting coupling by adjusting the chemical

potential of the nanostructure using an electrostatic gate.

Beyond the practical interest of tuning the flow of a super-

current, such a device allows testing of the limit of super-

conductivity at low dimensions.

Ina superconductor-decoratedgraphene transistor (Figure5,

top right), the transition toward a global superconducting

state results from the percolation of local superconductivity

induced by the assembly of dots. Depending on the electro-

nic disorder within the graphene layer, the superconductiv-

ity induced in the whole device exhibits different char-

acteristics. In the case of low disorder (exfoliated) graphene,

the device shows a transition toward a superconducting

state at all gate voltages (see Figure 5, bottom left), typical38

of a 2D superconductor (Berezinski�Kosterlitz�Thouless

transition). If one uses a graphene layer with significant

lattice disorder,39 the 2D superconducting state cannot be

preserved near the charge neutrality point, a regime in

which an insulating state sets in (Figure 5, bottom right). By

sweeping the gate voltage, a continuous transition from a

superconducting to a truly insulating state can be induced.

An intermediate metallic regime is also present at the

transition showing sheet resistance on the order of the

universal resistance quantum RQ = h/(4e2). Such a hybrid

system provides the first experimental proof of an electro-

statically controlled superconducting to insulating transition

based on proximity effect. This transition can be interpreted

within the framework of granular superconductivity already

observed in Josephson junction arrays.

As for superconductivity, the transfer of spin polarized

currents and its detection through magnetoresistance

were achieved in graphene hybrid transistors, when cov-

ered with ferromagnetic electrodes35 or molecular nano-

magnets.41 At a smaller scale, graphene functionalized

with ferromagnetic adatoms42 is expected to providemod-

el systems to study magnetic phase transition through

Ruderman�Kittel�Kasuya�Yosida magnetic coupling. The

epitaxial cluster/graphene/metal hybrids described in the

previous section27 may provide a playground for testing

these predictions.

4. Optical Properties of Graphene Hybrids
Graphene presents unique optical properties: it absorbs only

2.3% of the incoming light over the whole visible range,

while its spectral transparency can be gate-tuned.43 It is

foreseen as a transparent conductive electrode in flexible

optoelectronics.44 Graphene optical hybrids may be ob-

tained with optically active nano-objects such as molecules,

supramolecular architectures, semiconductor quantumdots,

etc. The preparation of these hybrids may rely on simple

nanoparticle deposition on graphene or on molecular cou-

pling. The former approach allowed development of field

effect phototransistors combining graphene and light-

absorbing nanocrystals, exhibiting unprecedentedly high

capacitively induced on/off ratio.45 In the second approach,

preserving graphene's unique electronic transport proper-

ties often requires noncovalent functionalization. In this

view, molecules having aromatic groups such as aryl, phen-

yl, or pyrene ones offer the possibility for π-stacking func-

tionalization to graphene.46,47

Strong fluorescence quenching of nearby nano-objects is

observed on graphene,48,49 up to distances reaching 300 Å

from graphene. This proved valuable for optical localization

of graphene flakes andmolecule detection.Whether it origi-

nates from charge or energy transfer is not yet fully

established.50,51 Begliarbekov et al. demonstrated that the

quenching is maximum at the Dirac point and follows the

gate voltage-adjustable density of states of graphene.52

Quenching luminescence with graphene allows better visi-

bility to be obtained for other optical transitions such as the

ones involved in Raman spectroscopy. Alkali-metal inter-

calated graphene exhibits sharp Raman features owing to

this quench, but also because of the exaltation of the

intramolecular electronic transition.53 This phenomenon is

related to a strong Raman signal enhancement, known as

graphene-enhanced Raman spectroscopy (GERS), which we

have recently investigated,54 andoriginates froma chemical

enhancement associated with charge transfer between a

singlemolecule and graphene.54,55We have studied charge

transfer theoretically56 and put in evidence its prominent

influence on the enhancement effect experimentally.54

Moreover the GERS effect is not always present57 and

yet is strongly dependent on the molecule orientation on

graphene.58 This enhancement allow us to use Raman
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spectroscopy as a sensitive detection technique, down to a

few tens of molecules.54 Figure 6 shows that charge transfer

between molecules and graphene is detected both in the

conductance and Raman signal from very low molecular

concentration.

TheGERSeffect is optimum for the firstmolecular layer on

graphene, as shown for porphyrin Langmuir�Blodgett films.59

We found that the enhancement decreases dramatically

with the number of graphene layers and saturates for thick

molecular films, as expected for a charge-transfer-mediated

phenomenon.54 Interestingly, GERS can be modulated with

an electrostatic back-gate, which provides a new degree

of freedom, that is, by tuning the charge carrier density in

graphene, which drives the coupling to the adsorbed

molecules.55

Beyond the GERS effect, the Raman intensity can also be

modulated by tailoring optical interferences in optical cav-

ities. Interferences within graphene layers60 and with the

silicon oxide layer61,62 strongly affect the graphene Raman

signal, but also the one from adsorbed molecules. Ling and

Zhang59 demonstrated a modulation of the Raman signal

intensity from phtalocyanin or porphyrin-based molecules

when changing the silicon oxide thickness.60 However this

requires different samples.We implemented graphene in an

optical cavity as a semitransparent mirror, which allowed us

to tune the cavity with an electrostatic gate and hence

to control interferences. This provides an integrated device

combining optical interferences, GERS effect, and electro-

mechanical coupling for promising active molecular

platforms.62

5. Conclusion and Outlook
Graphene is an open platform onto which elements with

specific properties (electronically ordered clusters, optically

active adsorbates) can be deposited and possibly ordered

using self-assembly, leading to functional hybrids. The easily

accessible 2D electron gas in graphene provides an ideal

playground on which to tune, via application of an electro-

static gate, the coupling between these elements. Charge

carrier density-induced global electronic states andquantum

phase transitions can accordingly be addressed in transport

measurement. Epitaxy with metals yields another class of

functional systems, some enriching the unique properties of

graphene with new ones, such as spin-polarization or elec-

tronic band gaps, others exploiting graphene as a transparent

conductive electrode acting on the electronic and magnetic

properties of thematerial underneath thanks to strong inter-

action.Weanticipate awealth of functionalities to be achieved

with the kind of hybrid systems discussed in this Account.

Spintronics applications, making use of the long-lived elec-

tron spins in graphene or of graphene�ferromagnet stacks

having novel magnetic properties, and catalytic clusters

whose activity could be tuned by an electrostatic back-gate

applied to a catalytically inert graphene support are a few

illustrations.
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FIGURE 6. (Left) Raman intensitymaps of graphene Gmode (top) and phtalocyanin-basedmoleculemode detected after deposition from a 10�10mol
L�1 concentrated solution (bottom), scale bar is 4 μm and color scale is in CCD counts. (Middle) Transfer characteristics of a graphene transistor
functionalized with different molecular concentrations. (Right) Raman spectra of the graphene device (red), the molecule (black), and the grafted
system (blue). Adapted in part from ref 54 with permission. Copyright 2011 American Chemical Society.
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