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Abstract
Graphene’s sensitivity to adsorbed particles has attracted widespread attention be-

cause of its potential sensor applications. Size-selected few-atom clusters are promi-

sing candidates as adparticles to graphene. Due to their small size, physico-chemical

properties are dominated by quantum size effects. In particular, few-atom gold clus-

ters demonstrate a significant catalytic activity in various oxidation reactions. In this

joint experimental and computational work, we investigate size-selected gold clusters

with 3 and 6 atoms adsorbed on graphene field-effect transistors and their interaction

with molecular oxygen. While oxygen adsorbs at both cluster sizes, there is a pro-

nounced cluster size-dependence in the corresponding doping, as demonstrated via

first-principles calculations and electronic transport measurements. Furthermore, the

doping of gold cluster decorated graphene changes sign from n- to p-doping upon

oxygen adsorption, directly evidencing electron transfer to the oxygen molecules and

hence their activation. From these observations, graphene promises to be a valuable

platform to investigate and exploit size-dependent cluster properties.

Keywords: Graphene; field-effect transistor; few-atom gold cluster; oxygen adsorption and activation; DFT

1



More than 10 years ago, the discovery of graphene’s properties ignited research on two-

dimensional (2D) materials, enabling new and exciting opportunities in both fundamental

and applied sciences. The ultimate confinement in one dimension enables gate control of

graphene’s transport properties.[1] Moreover, graphene is very sensitive to materials in its

vicinity, which can either be the supporting substrate,[2] adsorbed particles (adparticles),[3,4]

or stacks of other (2D) materials.[5,6] It is this susceptibility to its direct environment

which allowed to explore graphene-based devices as a particle sensor, relying on either its

mechanical[7–9] or electronic properties[10,11] and to foster desired (electronic) properties in

graphene, such as (tunable) bandgaps[12] or p− n junctions.[13]

Metal atoms and nanoparticles are interesting candidates to tailor graphene.[14] The

charge transfer between adparticles and graphene results in tunable (surface) electronic sta-

tes, which can act as active sites for heterogeneous catalysis,[4,15–17] or enhance the sensitivity

and selectivity of graphene gas sensors (see Ref. 18 and references therein). Furthermore,

metal adparticles are prime candidates to induce a (tunable) spin-orbit coupling in graphene,

enhancing for instance the spin Hall effect[19] which further augments graphene’s spintronic

potential[20].

Due to the extreme sensitivity of graphene devices, one desires a high level of control in

adsorbing metal adparticles. Such control is offered by state-of-the-art cluster fabrication

and deposition techniques, which allows to select the size and composition of clusters with

atomic resolution, and tune the deposition energy and adparticle density.[21] Using these

techniques, ultra-small few-atom clusters in gas-phase showcased a distinct atom-by-atom

size-dependence in the electronic and structural properties, leading to different and unique

physico-chemical properties.[22].

The size-dependent characteristics can be preserved in the interaction of a cluster with

a support. For specific gold, cobalt and germanium clusters, dedicated atomic resolution

surface probe studies, using scanning tunnelling microscopy[23,24] and scanning transmission

electron microscopy[25–28], have, in combination with Density Functional Theory (DFT) si-

mulations, allowed for a detailed morphological characterization of clusters on supports.

The overall properties of a cluster-support system retain a dependence on the exact clus-

ter size.[15] As such, cluster-support systems, engineered with atomic precision, are, among

others, of interest as catalysts[29–32] and low-reactive building blocks for nanosystems.[33] In

the size-regime in between single atoms and larger nanometre-sized particles, clusters offer
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diverse possibilities in functionalizing graphene.

To the best of our knowledge, there has been no realisation yet of an electronic device, in

which the rich size-dependence of few-atom metal clusters is transpired in the properties of

the device, although this has been proposed in several computational studies for few-atom

metal clusters on graphene.[34–36] To that avail, we combine in this work single layer graphene

(G) with few-atom gold clusters. In particular, these clusters show a high and size-dependent

reactivity, which stands in stark contrast with the inertness of bulk gold. Haruta et al.[37] first

observed the remarkable catalytic activity of gold nanoparticles, notably towards oxidation

reactions involving molecular oxygen. This has been extended to few-atom Aum (m . 20)

clusters in gas-phase studies, illuminating their atom-to-atom size-dependent affinity for

oxygen adsorption and dissociation, relevant reaction pathways, and the dependence of the

reactivity on the initial charge state of the cluster.[38–42]

Here we investigate the adsorption of Aum (m=3,6) on graphene and the interaction of

the resulting Aum/G hybrid system with molecular oxygen (O2). The latter is inspired by

studies on few-atom gold clusters, both in gas-phase and on supports, which have identified

the binding of molecular oxygen to gold clusters[38–40] as a model system for in oxidation

reactions. Stable adsorption of O2 is found for both cluster sizes, but the characteristics

of the resulting O2/Aum/G systems are dictated by the cluster’s size and are detectable

in electronic transport measurements. The experimental findings are in agreement with

complementary DFT simulations.

The experimental methodology relies on a novel combination of size-selected cluster de-

position and in situ field-effect measurements in graphene (i.e. inside the ultra high vacuum

(UHV) cluster deposition chamber), in which there is size selection with atomic resolution

and a high level of control over deposition energy and adparticle density.[21] To study the

interaction with O2, the experimental setup is further augmented with controlled in situ

gas insertion. The Aum cluster ions are produced in a home-built magnetron sputtering

setup and size selected by a quadrupole mass-filter (see Experimental Section). In Fig. 1a

is shown a Aum (m=1-7) mass spectrum, demonstrating the achieved atomic resolution.

The field-effect characteristic of a representable virgin (i.e. as-processed) graphene field-

effect transistor (GFET) is shown in Fig. 1b. The inset presents a false coloured scanning

electron micrograph of a representable GFET device. The graphene transport channel, fa-
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FIG. 1: Overview of the experimental approach. a) High resolution mass spectrum of Aun anions

(n = 1 − 7), with the insets showing their structure as determined in Ref. 43. b) Field-effect

characteristic σs(Vg) for a virgin device and after two consecutive depositions (depo.1 and depo.2,)

in which Au3/oxygen complexes are introduced. The charge neutrality point of the virgin device,

VCNP o, is indicated. In the inset is shown a false coloured scanning electron microscopy image of

a representable GFET device with width W = 10 µm and length L = 12 µm.

bricated from single-layer chemical vapour deposition (CVD) grown graphene,[44] has length

L = 12 µm and widthW = 10 µm and is contacted by 30 nm Au contacts with a Ti adhesion

layer and it is supported on a p++ Si/SiO2 (300 nm) substrate. The sheet conductance σs

[mS] is shown as a function of the gate voltage Vg [V] applied between the graphene channel

and the backgate p++Si electrode. By sweeping the gate voltage, charge carriers are induced

and as such, graphene’s Fermi level can be altered, resulting in the well-known ambipolar

field-effect behaviour.[45] The minimum in conductivity occurs at the charge neutrality point
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(CNP), or Vg = VCNP , and the electronic transport is governed by electrons (holes) for

Vg > VCNP (Vg < VCNP ) since the Fermi level is then located in the conduction (valence)

band. The charge neutrality point of the virgin device, VCNP o, equals 4.5 V. This indica-

tes an unintentional mild p-doping resulting from the device fabrication. The detection of

adsorbed particles is illustrated in Fig. 1b by two field-effect characteristics of graphene de-

corated with Au3-oxygen complexes (with the coverage of depo.2 being higher than depo.1).

Two clear effects arise: i) the CNP shifts to higher values of Vg, indicating p-doping, and ii)

the slope of the σS(Vg) characteristic becomes smaller, indicating a decrease of the charge

carrier mobility (i.e increased scattering). Both effects can be linked to the charge transfer

between the adsorbed Au3-oxygen complexes and graphene, as will be discussed more in

detail below.

When depositing size-selected charged clusters on the graphene device, the net charge of

the cluster will flow away through the device, since it is grounded during deposition. The

resulting current is used to determine with appreciable accuracy the density of deposited

clusters nc [cm−2].[21] The (neutralised) adsorbed cluster interacts with the graphene, re-

sulting in partial charge transfer, as shown schematically in Fig. 2a. The irradiation of

the device with a charged particle beam induces additional effects which are not related to

the cluster-graphene interaction.[21] As demonstrated in Supporting Note 1 those unwanted

effects neutralise on a time scale of several days in the UHV environment. Lowering the

impact energy of the deposited clusters significantly reduces those effects, at the drawback

of a lower cluster flux.

Fig. 2b shows the shift in charge neutrality point with respect to the virgin sample

∆VCNP = VCNP−VCNP o for a device decorated with Au−3 clusters with a minimal deposition

energy of ∼ 3 eV by decelerating them with a repelling voltage on the device. ∆VCNP was

measured in function of time in the UHV deposition chamber for a period of roughly 3 days.

t = 0 min corresponds to the end of the deposition, and n-doping (i.e. ∆VCNP < 0 V)

is retrieved. When monitoring the charge neutrality point in function of time, we see an

insignificant change in time and attribute the observed shift (∆VCNP,av = (−11.4V ± 0.8)

V) to doping of graphene by the deposited Au3 clusters.

In order to quantify the amount of doping from ∆VCNP , one can employ the doping

efficiency ε,[46] i.e. the amount of induced charge (either electrons e or holes h for n- or

p-doping, respectively) in graphene per deposited cluster (see Experimental Section). In
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FIG. 2: a) Schematic representation of Au3 on graphene. The partial charge transfer between the

clusters and graphene is indicated. Molecular oxygen can adsorb on the Au3 cluster sites, resulting

in a sign change of the charge transfer. b) Time evolution of ∆VCNP after deposition of Au−3 with

a density nc = (17 ± 1) · 1013 cm−2. The device is then in situ exposed to O2 at a pressure of

10−4 mbar (grey shaded area). After in situ exposure to O2, the sample was exposed to air. After

re-installation in the UHV chamber, ∆VCNP = 32.5 V (open symbol).

Ref. 21, it was found that the majority of the deposited clusters remain on graphene as

either single clusters, while the minority coalesces into bigger entities of a few nanometre[47],

that do not contribute significantly to the doping. Hence, for estimation of ε we employ

the best estimate for the non-coalesced cluster density n†C . For the depositions in this

paper, n†C/nC = (68± 12)% and n†C/nC = (61± 11)% for Au3 and Au6 decorated samples,

respectively. Using ∆VCNP,av we can estimate the experimental doping efficiency of Au3 on

graphene: εexp
Au3 = 0.007 ± 0.002 e/cluster. This estimate is in good agreement with DFT
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calculations, both in sign and amplitude, as is shown below.

Subsequently, the Au3/G system is exposed to oxygen. Figure 2b (grey shaded area)

depicts the evolution of the CNP (and hence doping) as a function of time when the Au3/G

device is in situ exposed to O2 gas at room temperature and pressure P ∼ 10−4 mbar. The

CNP increases, eventually to a net p-doped state (i.e. with respect to the virgin sample

∆VCNP > 0 V). The device is brought into ambient conditions (air exposure at 1 bar) after

935 min of exposure to oxygen (a dosage of ∼ 4.2 Torr·s = 4.2 · 106 L). After inserting

the sample back in the UHV chamber, we retrieve a p-doped state with ∆VCNP = 32.5 V

(εexpO2/Au3
= (0.020± 0.004) h/cluster). The shift of VCNP can be attributed to the binding of

molecular oxygen to the Au3/G system, as sketched in Fig. 2a, which is surprisingly stable

at room temperature as demonstrated by the DFT calculations below. It is the adsorption

of oxygen on the Au3 cluster sites that causes the observed p-doping. Note that oxygen

adsorption on virgin graphene devices results in doping with opposite sign (see Supporting

Note 2). This evidences that the Au clusters drastically influence the oxygen adsorption.

Reference in situ gas exposure measurements using inert Ar gas gave the expected null

result.

The findings shown in Fig. 2 are in agreement with our first-principles calculations of

(O2/)Aum/G systems. In Fig. 3a and b are shown the computationally lowest energy

configurations for both Au3 and Au6 clusters on a graphene unit cell of 14.77 Å× 14.77 Å

(see Experimental Section). The respective cluster binding energies are -1.23 eV and -1.25

eV, which indicates that both species have a large adsorption energy to graphene.

For free (neutral) Au3 clusters, one has observed two isomers which are close in energy

(energy difference on the order of 20 meV).[41,48] One isomer has a triangular geometry, while

the other isomer portrays a more linear shape. Upon adsorption to graphene, we find that

a structure very similar to the triangular free cluster isomer is energetically preferred, with

only a small change in the Au-Au bond lengths (. 0.05 Å) and angles (. 2◦) (see Supporting

Note 3.5), whereas a more linear Au3/G geometry is calculated to be 0.37 eV higher in energy

(see Supporting Note 3.4). The triangular Au3 adsorbs vertically on a graphene bridge site,

where the anchor gold atom has two nearest-neighbour carbon atoms with Au-C distances

of 2.31 Å.

The adsorbed Au6 has a very similar planar structure as its neutral free cluster

counterpart[41,48], with a minor change in bond lengths (. 0.01 Å) and bond angles (. 0.05◦)
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(see Supporting Note 3.5). Au6 adsorbs parallel to the graphene plane at an average distance

of 3.29 Å (Fig. 3b). Other configurations have been tested for both Au3,6/G and are shown

in Supporting Note 3.4. In particular for Au6, the difference in adsorption energy of these

configurations is lower than the thermal energy kBT at room temperature. Based on this, we

expect the coexistence of multiple adsorption configurations on graphene and possible ther-

mally driven dynamics of the system. For Au3/G, the second-lowest-energy configuration

lies higher in energy by 50 meV, so a small thermal population might be possible.

Figures 3c and 3d depict the geometry of the lowest-energy O2/Aum/G systems (m =

3, 6). Note that four oxygen molecules (three oxygen molecules) adsorbed on the Au3 (Au6)

cluster are the maximum amounts that are thermally stable. However, the conclusions of

this work do not alter for a different number of oxygen molecules per cluster (see Supporting

Note 3.2). The orientation of the metal clusters is similar as in Figures 3a en 3b. However,

the anchor atom in Au3 shifts laterally to be atop a C atom, forming a single Au-C bond

with length 2.28 Å. The average distance from the gold atoms of Au6 to the graphene plane

is 3.31 Å, slightly larger than for the Au6/G system. Upon oxygen adsorption, the Au-Au

bonds undergo small changes in length (. 0.07 Å) and bond angles (. 2◦) for both Au3/G

and Au6/G (see for details Supporting Note 3.5).

Other oxygen adsorption sites have been considered by investigating multiple configura-

tions of O2/Aum/G (m = 3, 6) with a single oxygen molecule. The results are presented in

Supporting Note 3.6. For Au6, the O2 molecules prefer to adsorb at a vertex site, since the

relative binding energy of a different type of site is ≥ 0.45 eV. This configuration is compa-

rable to oxygen adsorbed on isolated (neutral) Au6 clusters.[41,42] For an isolated (neutral)

Au3 cluster, it has been observed that the O2 molecule adsorbs at a bridge position, forming

two Au-O bonds,[41,42] which differs from the most stable O2/Au3/G configuration. We find

that the lowest-energy configuration has the O2 molecule attached to a vertex site with a

single Au-O bond, while the configuration with a bridging O2 molecule is 0.5 eV less stable

(see Supporting Note 3.6).

The O-O bond length varies with the adsorption site. As labelled in Fig. 3c and 3d, the

O2 bond lengths are l1 = l3 = 1.24 Å, l2 = 1.29 Å, l4 = 1.28 Å and l5 = l6 = l7 = 1.27 Å,

which means all oxygen bonds, except for l1 and l3, are significantly elongated relative to

the calculated bond length for free molecular oxygen of 1.23 Å. This elongation indicates

activation of the adsorbed oxygen molecules. The average adsorption energy of the oxygen
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FIG. 3: DFT computations of Au3,6 on graphene, both with and without the adsorption of mo-

lecular oxygen. In panels a and b are shown the relaxed atomic configurations of Au3 and Au6

on graphene, respectively. Panels c and d depict the relaxed configurations of Au3 and Au6 on

graphene with respectively 4 and 3 adsorbed O2 molecules. In e the PDOS on the pz orbitals of

pristine graphene is compared to that of the system with (oxidized) Au3 clusters (top) and (ox-

idized) Au6 clusters (bottom) on graphene. Positive (negative) values of the PDOS denote spin

up (down) electrons. The shift of the Dirac point with respect to pristine graphene demonstrates

a significant n-doping for Au3/G, and p-doping for both O2/Au3,6/G. For Au6/G, the computa-

ted doping is close to zero. f,g Charge density difference for the O2/Au3,6/G systems, defined as

δρ = ρO2/Au3/G − ρO2 − ρAu3 − ρG with isovalue 3 · 10−3 Bohr−3. Yellow (cyan) colour denotes a

positive (negative) δρ, indicating a gain (loss) of electrons. Panels h and i depict the side view of

panel f and g respectively with isovalue 6 · 10−4 Bohr−3. The smaller isovalue in the latter case is

employed to visualize the charge transfer near the graphene plane (full black line).

molecules are -0.55 eV for Au3 and -0.49 eV for Au6, indicating stable adsorption. These

values are much larger than the adsorption energy of an isolated oxygen molecule on pristine

9



graphene, which is -0.22 eV. Therefore, both Au3 and Au6 clusters assist in the adsorption

of oxygen at room temperature.

If a single O2 molecule is adsorbed, the binding energies for O2/Au3/G and O2/Au6/G

are -1.12 eV and -0.55 eV, respectively. The adsorption energy of O2 to (neutral) Au3, as

reported in Ref.’s 38 and 42, is slightly lower than -0.6 eV and the adsorption energy to

Au6 is slightly lower than -0.2 eV. The system portrays adsorption enhancement due to

interactions among the subsystems (i.e. the interaction is not local). Similar enhanced

adsorption was previously observed in O2/N2/Agm cluster complexes[49]. For the first time,

this enhancement is observed on a graphene surface.

We furthermore investigated the possible spin transition involved in the adsorption of

a single O2 molecule. For free neutral clusters, as described in detail in Ref. 42, the

interaction of a triplet O2 molecule with a doublet Au3 or a singlet Au6 leads to doublet

O2/Au3 or triplet O2/Au6, respectively. Hence, the spin transition is allowed for Au3 and

there is no spin transition for Au6. For the final states O2/Au3/G and O2/Au6/G, we

calculated spin magnetic moments of 1.00 µB and 1.77 µB, respectively, located on the

adsorbed O2 molecule, and the calculations reveal comparable reaction pathways to the free

cluster cases. As such, for both sizes, the process seems spin allowed and no significant

barriers are involved. Earlier work on gas phase clusters[42] also demonstrated that after

O2 adsorption, large barriers (more than 2 eV) are involved in dissociation of the oxygen

molecule, so this process was not considered in the present study.

Figure 3e presents the calculated projected density of states (PDOS) on the atomic pz

orbital of carbon atoms, which are the orbitals carrying electrical current, for (O2)/Au3,6/G

and pristine graphene. One can recognize the Dirac point as the point where the PDOS

vanishes. For pristine graphene, the Dirac point ED coincides with the Fermi level EF , where

the latter has been set to 0 eV on the energy scale. Upon doping with Au3 clusters, the Dirac

point shifts to negative energies with respect to the Fermi level (i.e. ∆E = ED−EF < 0 eV)

which predicts n-doping for Au3/G. In order to quantify ∆E, we calculated and examined

the band structure (see Supporting Note 3.1), which is more reliable than the PDOS for this

purpose. This way, we retrieve ∆E = −54 meV for Au3/G, from which a doping efficiency of

εthAu3 ≈ 0.004 e/cluster can be estimated. Note that both the sign and amplitude compare well

to the experimentally retrieved doping efficiency in Fig. 2b: εexpAu3 = (0.007±0.002) e/cluster.

The agreement with the computational results supports our interpretation that this state
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of the device captures the Au3/G interaction. For Au6, computation predicts a very mild,

almost negligible p-doping of ∆E = 2 meV or ε ≈ 0.000006 h/cluster. This agrees with

the closed electronic shell structure, and hence more inert chemical behaviour, of the two-

dimensional Au6.[50]

While the experimentally observed doping efficiency will reflect an average charge transfer,

with contributions from different isomers weighted by their population, we expect in this

case that εthAu3,6 are close to the above discussed values based on the lowest-energy-isomer.

Indeed, the four possibly coexisting Au6/G configurations (see Supporting Note 3.4) have

an almost identical Fermi level shift (∆E = 1 − 2 meV), and the second-lowest-energy

configuration for Au3/G (∆E = −10 meV) has and Au-cluster adhesion energy which is 50

meV higher than the lowest energy solution, so its population is expected to be low.

Figure 3e additionally shows the PDOS of Au3 and Au6 on graphene with O2 molecules.

It is clear that both gold cluster - oxygen complexes result in significant p-doping: ∆E = 145

meV or 0.03 h/cluster for Au3. The computation for Au3 agrees well with the experiment

presented in Fig. 2d: the sign of doping changes from n to p when oxygen is introduced.

For O2/Au6/G, the p-doping is found to be ∆E = 370 meV or 0.19 h/cluster. Quantitative

comparison to experiments on O2/Au3,6/G devices are given below. Similar to the argument

made for Au3,6/G, we demonstrate in Supporting Note 3.6 that although more than one

isomer of O2/Au3,6/G might coexist based on their relative O2 adsorption energies, the

expected Fermi level shift is close to the value based on the lowest-energy solution for both

Au3 and Au6.

The observed graphene doping and oxygen activation is in agreement with charge density

difference maps, presented in Fig. 3f-i. From the side views, it can be distinguished that

graphene loses electrons (although for the O2/Au3/G systems, locally graphene gains some

electrons), which is consistent with the PDOS in Fig. 3e and the observed p-doping from

transport experiments (Fig. 2d and Fig.4 below). Furthermore, from the top view in Fig.

3f and g, it is clear that the oxygen molecules gain electrons. This results in the elongation

and hence activation of the oxygen molecules in Fig. 3c and d. The two O2 molecules closest

to the Au3 cluster have a higher electron gain and hence a longer O-O bond length than the

molecules further away from the cluster (see Supporting Note 3.3 for quantification of the

charge transfer through Bader analysis).

Due to the low flux achieved for Au6 clusters (see e.g. Fig. 1a), decelerating them during

11



deposition leads to unmeasurable fluxes making it impossible to repeat a similar experiment

as presented in Fig. 2. In order to investigate the effect of the deposited density nc and

the cluster size (Au3 and Au6) on the graphene doping, the following scheme was used: on

different GFET devices, depositions were carried out without repelling the clusters, but

rather attracting them in order for them to have a similar impact energy ∼ 22 eV. After

each deposition, the devices were exposed to air. This removes any undesired effect induced

by the impact of the charge particles and saturates the Au-cluster sites with oxygen. Using

this procedure, subsequent depositions of Au−6 and Au+,−
3 clusters were performed on eight

separate devices. The result is depicted in Fig. 4, where the shift in charge neutrality point

∆VCNP (doping) is shown with respect to the virgin state of the device, as function of the

deposited cluster density. The agreement between the experiments performed with Au3

clusters on five seperate devices, illustrates that the difference in deposition energy and the

charge of cluster ions in the employed beam does not alter the final result. The induced

doping portrays a linear trend in function of nc, as shown by the linear fits to the data,

in agreement with charged impurity scattering theory in graphene.[51,52] This linear trend

demonstrates that, for the probed nc range, there is no transition to a regime where the

adparticles undergo more coalescence.[21] The currently presented systematic study of two

distinct cluster sizes shows a non-trivial size effect, and evidences that single clusters are

interacting with the graphene.

From Fig. 4, we estimate an average doping efficiency of εexpO2/Au3
= 0.018±0.002 h/cluster

and εexpO2/Au6
= 0.08±0.02 h/cluster for Au3 and Au6 clusters, respectively. Hence, the doping

efficiency is clearly size-dependent in a non-trivial fashion. Indeed, the experimental doping

efficiency of O2/Au6 complexes is a factor of 4.4 ± 1.2 larger than for O2/Au3. Even if

one would define a doping efficiency as charge transfer per Au atom, there is a significant

difference between the two cluster sizes. Our experimental findings are in good agreement

with DFT computations of the O2/Aum/G systems in Fig. 3, where p-doping for both

clusters sizes was retrieved and the doping efficiency of the system with Au6 is a factor of

6.3 larger than for Au3. As one would expect from charge impurity scattering theory,[51,52]

the the increase of charge carrier scattering also follows this distinct size-dependent charge

transfer (see Supporting Note 4).

A side-by-side comparison of the experimental doping efficiencies and the ones obtained
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FIG. 4: Induced doping (∆VCNP ) by Au3- and Au6-oxygen complexes in function of the number

of deposited clusters nc. Data is shown for deposition runs on different devices. Error bars are

omitted when smaller than symbol size. Linear fits to the data are represented with dotted lines.

On the devices reported as Au−3 D2 and D3 and Au+
3 D2, only one deposition was performed,

and hence these points are without fit. All depositions were carried out at a deposition energy of

∼ 22 eV, except for Au−3 D3. The latter one is the experiment discussed in Fig. 2, performed at a

deposition energy of a ∼ 3 eV.

through DFT computation is presented in table I. The relative large error bar on the εexpAu6

value can be attributed to the earlier discussed unwanted effects of the charge impact during

cluster deposition. For Au3/G this uncertainty was reduced by softening the landing, which

was less effective for Au6/G given its relatively lower flux.

TABLE I: Doping efficiency for (O2/)Aum/G with m= 3,6.

εexp εth

Au3/G (0.007 ± 0.002) e/cl 0.004 e/cl

Au6/G (0.05 ± 0.05 ) e/cl 0.000006 h/cl

O2/Au3/G (0.018 ± 0.002) h/cl 0.03 h/cl

O2/Au6/G (0.08 ± 0.02) h/cl 0.19 h/cl

In conclusion, we realized Au3 and Au6 based graphene devices, and studied the size-

dependent charge transfer and oxygen adsorption through FET measurements and DFT
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computations. We distinguished a non-trivial dependence on the cluster size. Suprisingly

the oxygen adsorption energy on the few atom gold clusters is significanly enhanced by the

presence of the graphene support.

As such, we demonstrated the usefulness of graphene as an in situ sensor for charge

transfer. Indeed, when oxygen adsorbs to the Au-cluster sites, which itself results in

n-doping, electrons transfer to the O2 molecules, leading to p-doping. This agrees with e.g.

gas phase studies of oxygen adsorption on neutral Au clusters[40], and this charge transfer,

now in situ electronically probed through graphene, results in the activation of oxygen,

which is a key mechanism in oxidation reactions in heterogeneous catalysis. Furthermore,

this work demonstrates that cluster size-specific effect can be resolved in graphene, which

provides perspectives to further explore clusters as ways to tailor desired properties in

cluster-graphene hybrid systems.
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Experimental Section

Size-selected cluster production

Size-selected Au3 and Au6 clusters are produced by magnetron sputtering and inert gas

14



condensation. The sputter source is liquid nitrogen cooled, operates in continuous mode,

and produces a large fraction of charged clusters. The (either cationic or anionic) clusters

are mass-selected using a radiofrequency quadrupole mass filter with a maximum resolution

of m/∆m = 200. Deposition takes place in a UHV vacuum chamber (base pressure 10−10

mbar) in which the devices can be mounted for electronic measurements. The amount of

deposited clusters is estimated by monitoring the beam current during deposition. A beam

probe is used to determine the kinetic energy distribution of the deposited clusters.

Device fabrication

Single-layer graphene is grown on copper foil using a CVD procedure as described in Ref.

44. After growth, 5 mm × 5 mm sheets are transferred onto a 7 mm × 7 mm p++ Si/SiO2

substrate in a wet transfer procedure. Two double layer resist masks (PMMA/MA and

PMMA 950K) are fabricated using a customized electron beam lithography platform from

Raith GmbH: one to define the contact structures and one to define an etch mask. After

writing the first mask, the titanium adhesion layer (5 nm) and gold (30 nm) are evaporated

using a molecular beam epitaxy system at evaporation speeds of 1 Ås−1 and 0.23 Ås−1,

respectively. Reactive ion etching is performed after writing the second etch mask, in order

to define the graphene transport channel. Each lithography step is followed by lift-off in

acetone.

GFET measurements and analysis

FET measurements are performed in situ in the deposition chamber of the cluster

apparatus, by applying a DC current of I = 1 µA via the broad outer electrodes.

The voltage drop U over the sample is monitored using the voltage probes (see inset

to Fig. 1b). From this, the sheet conductance σS = I
U

L
W

in function of the applied

gate voltage Vg is retrieved. In order to retrieve the carrier-independent charge carrier

mobility µ, attributed to long-range Coulomb scatterers and a single characteristic

scattering time, the Drude model is invoked. For the fit procedure, an interval of ±1 V

is taken around the steepest part of the slope |dσs/dVg|max, as is done in earlier works.[21,52,53]

In situ gas exposure

For in situ gas exposure, a gas inlet system with a regulating leak valve is present in the

15



deposition chamber of the cluster apparatus. Samples are exposed at a constant effective

pressure of 10−4 mbar. A Balzers Pfeiffer quadrupole mass spectrometer monitors the

composition of the (rest) gas in the deposition chamber. During gas exposure with O2

(99.5%) and Ar (99.9%), the VCNP was monitored (see Supporting Note 2).

Computational details

First-principles DFT calculations were performed utilizing the Vienna ab initio simulation

package (VASP)[54,55] with plane-wave cutoff energy set to 400 eV. Projector augmented

wave potentials[56] together with the generalized gradient approximation for the exchange-

correlation energy functional were used in all calculations. Van der Waals interactions are

included via the optB86b functional[57–60]. The choice of this functional was motivated a

thorough investigation of the dependence of the DFT functional on the obtained results

for Au-clusters on graphene.[34] In Ref. 34 it was found that long-range interactions are

crucial for the binding of Au clusters to graphene and that the use of a non-local correlation

functional, which (approximately) accounts for dispersion interactions is advised. The

Fermi level shift ∆E and the adsorption of a single O2 molecule, calculated with different

DFT functionals (see Supporting Note 3.6), provides insight in the dependence of the

computational results on the selected functional. An energy criterion of 10−5 eV was

adopted for self-consistent field convergence. Structural relaxations were carried out until

the Hellmann-Feynman force on each atom is less than 0.01 eV/Å. Samplings of 5 × 5 × 1

and 10× 10× 1 k-points in the Brillouin zone were employed for ionic relaxation and charge

analysis, respectively. An adaptive k-mesh, i.e. 125 × 125 × 1 around the Dirac point and

25 × 25 × 1 elsewhere in the reciprocal space, was employed to calculate the PDOS. The

smearing parameter σ was set to 0.01 eV to capture the spin polarization of the gold-oxygen

complexes. Zero point energy (ZPE) corrections are taken into account for all binding

energies quoted in the main text.

Calculation of doping efficiency εexp from the experimental CNP shift

From the induced CNP shift ∆VCNP = VCNP − VCNP o in function of the deposited clusters,

one can estimate the efficiency of the doping εexp in e/cluster (i.e. the amount of electrons

donated to graphene) for n-doping, or in h/cluster for p-doping. We employ the relation

between the shift in charge neutrality point and the induced density of charge carriers,
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∆n = α∆VCNP , where α = 7.2 · 1010 V−1cm−2 as retrieved from the capacitance of the

graphene/SiO2/p++ stack.[46] The doping efficiency is then defined as εexp = ∆n/n†c, with

n†c the estimated effective cluster density. For ∆V > 0 V (∆V < 0 V), there is p-doping

(n-doping). For devices on which subsequent clusters depositions were made, i.e. multiple

∆VCNP (nc) data points, one can estimate the experimental doping efficiency from the slope

b [V · cm2] of the linear (least-squares) fits of ∆VCNP as a function of nc: εexp = α ·b/(n†c/nc).

Calculation of doping efficiency εcomp from computational band structure

Computation of the band structures in Fig. 3 is carried out for a single cluster(-complex)

within a 14.77 Å× 14.77 Å unit cell, hence the simulated cluster density corresponds to

n†c = 5.29 · 1013 cm−2. The induced density of charge carriers ∆n, and hence the doping

efficiency εth = ∆n/n†c, can be estimated from the Fermi shift with respect to the Dirac

point ∆E = EDirac − EF . For pristine graphene, ∆E = 0 eV, we employ graphene’s linear

dispersion relation E(~k) = ~vF
~k , with ~k the 2D-wavector and vF ∼ 108 cm/s the Fermi

velocity,[61] to calculate the induced carrier density, provided that these dopants do not

alter graphene’s Dirac cone structure significantly. Since the Fermi level can be written as

EF = E( ~kF ) with | ~kF | =
√
π∆n the Fermi wave vector,[61] the doping efficiency is:

εth = ∆n
n†c

= ∆E2

n†cπ~2v2
F

= ∆E2[in meV2] · 1.39 · 10−6 e, h

cluster (1)

Supporting information

The effect of the impact energy of the deposited charged clusters on graphene is described

in Supporting Note 1. Gas exposure experiments with Ar and O2 to virgin devices are

described in Supporting Note 2. More DFT results, namely the dispersion relations, the

influence of the number of O2 molecules, a Bader analysis of the (O2)/Au3,6/G systems,

a comparison of possible Au3,6 adsorption sites, detailed structural information, and the

influence of the used DFT functional on the oxygen adsorption energy and Fermi level shift,

are presented in Supporting Note 3. The graphene charge carrier mobility in function of nc
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for Au3,6, resulting in size-dependent induced scattering is discussed in Supporting Note 4.
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