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ABSTRACT: The local charge carrier density of graphene can
exhibit significant and highly localized variations that arise
from the interaction between graphene and the local
environment, such as adsorbed water, or a supporting
substrate. However, it has been difficult to correlate such
spatial variations with individual impurity sites. By trapping
(under graphene) nanometer-sized water clusters on the
atomically well-defined Au(111) substrate, we utilize scanning
tunneling microscopy and spectroscopy to characterize the
local doping influence of individual water clusters on graphene. We find that water clusters, predominantly nucleated at the
atomic steps of Au(111), induce strong and highly localized electron doping in graphene. A positive correlation is observed
between the water cluster size and the local doping level, in support of the recently proposed electrostatic-field-mediated doping
mechanism. Our findings quantitatively demonstrate the importance of substrate-adsorbed water on the electronic properties of
graphene.
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As a single layer of carbon atoms, graphene1,2 is fully
comprised of surfaces, and so it is not surprising that the

electronic properties of graphene are significantly affected by
interactions with local environments, e.g., substrates3−8 and
adsorbates.9−13 Achieving control over the type and concen-
tration of charge carriers in graphene is of both fundamental
and technological importance. Previous studies have shown that
the doping level of graphene can be strongly influenced
through either chemically altering the carbon lattice structure,
for example, substitution of or bonding with carbon atoms,14,15

or indirect electrostatic effects via, for example, interactions
with substrates3−8 or adsorbates.9−13 For graphene doped via
substitution, scanning tunneling microscopy (STM) and
spectroscopy (STS) indicate that substituted nitrogen atoms
locally alter the density of states (DOS) but induce delocalized
n-doping on a global scale.15 In terms of indirect electrostatic
effects, researchers have observed that for graphene on SiO2
substrate interactions lead to large variations in local carrier
density at the nanometer scale.3−5 However, due to the large
substrate roughness and thus randomly trapped impurities and
charges it has been difficult to correlate such spatial variations
with individual impurity/inhomogeneity sites in the substrate.
At the opposite end of the spectrum, a uniform, spatially
featureless local doping level has been observed for graphene
deposited on the atomically flat boron nitride substrates.7,8

For the case of weakly bound adsorbates such as water, the
spatial nature of how those adsorbates influence graphene has

been difficult to experimentally measure but it has been
investigated using theory. In seeming contradiction to (macro-
scopic) transport experiments,1,9 density functional theory
calculations showed that there were no doping effects for single
water molecules on freestanding graphene.11,16 However, an
electrostatic-field-mediated doping mechanism has been
proposed basing on the enhanced dipole moments of water
clusters.11,17 This model potentially closes the gap with
experiment. In this work, we experimentally address this issue
by investigating the local doping influences that arise from
interactions between individual water clusters and graphene.
We report on the use of STM/STS in combination with

graphene templating18 to characterize the local doping effects
of individual, nanometer-sized water clusters trapped between
bilayer graphene and an atomically well-defined Au(111)
substrate. We found water clusters, predominantly nucleated
at the atomic steps of Au(111), induce strong electron doping
in graphene. The doping effect is highly localized, and a strong
correlation is observed between the water cluster size and the
local doping level.
Our samples were prepared by mechanically exfoliating Kish

graphite onto a Au(111) substrate, the latter of which was pre-
exposed to a controlled environment with a ∼40% relative
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humidity for 5 min (Supporting Information). Graphene flakes
were first optically identified and imaged with atomic force
microscopy (AFM) under ambient conditions. For STM
studies, the sample was transferred to an Omicron UHV
STM system with a base pressure of <10−10 Torr. A
mechanically cut platinum−iridium tip was used, and the bias
voltage was applied to the sample with respect to the tip.
Figure 1a shows a topographic STM image of an Au(111)

substrate. Note the increased image detail in the right-hand side
region; here graphene covers the Au surface. The graphene
template reveals the presence of water adsorbed along the
edges of the gold terraces, forming either isolated, dropletlike
clusters or clusters connected to one another. These water
clusters ranged in size 3−5 Å in height and 10−40 nm in width.
The water clusters were likely initially adsorbed to the step
edges of the gold islands under ambient conditions,19 while the
application of graphene trapped and fixed the clusters. This is
similar to our previous AFM studies in which we have utilized
graphene templating to investigate the structure of water and
other weakly adsorbed molecules on various surfaces.18−20 Such
clusters were not observed on the gold surface without
graphene coverage, due to either tip−sample interactions or
the possibility that the adsorbed water has evaporated in
vacuum. The inset is a zoom-in of three roughly parallel steps
decorated with water clusters. The graphene atomic structure
can be resolved both when the graphene is on top of an
individual water cluster and when it is in direct contact with
gold (Figure 1b,c, respectively). For both areas, a triangular
lattice pattern was observed and the average distance between
the adjacent bright spots was ∼0.25 nm, consistent with bilayer
graphene possessing a Bernal stacking structure.21 A height
variation of 1−2 Å over a lateral scale of 5 nm was found for
both regions, indicating minimal lattice distortion for both
areas. It has been recently reported that exfoliated graphene
conforms to substrates with high-fidelity.22,23 The flatness of

the graphene is attributable to the atomically flat Au(111)
substrate. In comparison, corrugations with amplitude of ∼1
nm are typically observed when graphene is deposited on the
atomically rough SiO2 substrates.21,24−26 The atomically flat
graphene observed on top of water clusters further suggests that
at ∼77 K the water molecules under graphene cluster in an
ordered, crystalline structure, rather than being amorphous.
We interrogated the influence of the trapped water clusters

on the local electronic structure of graphene using STS at ∼77
K to measure the local tunneling differential conductance, dI/
dV. This measurement reflects the low-energy local density of
states (LDOS) of the surface at the position of the STM tip.
Representative spectra are shown in Figure 1d for Au(111),
graphene/Au(111), and graphene/water cluster/Au(111). The
spectrum for graphene/Au(111) was taken >20 nm away from
the edges of all surrounding water droplets. STS on the
uncovered Au(111) surface shows a featureless spectrum (black
dashed line), and this spectrum is used to calibrate the LDOS
of the tip. For graphene/Au(111) and graphene/water cluster/
Au(111), “U”-shaped STS spectra are observed. Besides the
general trend of suppressed tunneling conductance close to
zero bias, which is typical for graphene and usually interpreted
as due to suppression in elastic tunneling close to the Fermi
level,25,27 a prominent depression feature (arrows in Figure 1d)
is observed at VD ∼−75 mV for the graphene/Au(111) surface
and ∼−210 mV for the graphene/water cluster/Au(111)
surface. Similar depression features, typically also occurring at
negative biases, are often observed in the STS spectra of both
monolayer4,8,15,25,26 and bilayer graphene.5,27 This depression
feature is usually ascribed to the Dirac point of graphene, where
the density of states of graphene reaches a minimum.25,27 While
for insulating substrates the identification of the graphene Dirac
point position can be more readily confirmed through globally
shifting the energy levels of graphene with a gate electrode, for
conductive substrates this approach is not applicable. However,

Figure 1. STM topography and STS spectra of graphene-covered Au(111) surface. (a) A large field-of-view STM image of graphene partially
covering the Au(111) substrate, taken at room temperature. Bilayer graphene [apparent height on Au(111): 0.66 nm; Supporting Information Figure
S1] covers the region to the right of the dotted black line. Inset: zoom-in of the white box in the main figure. Water clusters nucleated at the gold
steps appear as isolated or connected bright dots across the graphene-covered region, while such clusters are not observed on the bare Au(111)
substrate. Two of these clusters are pointed to by black arrows. (b,c) Close-up STM images (taken at ∼77 K) of the red (b) and blue (c) boxes in
(a), corresponding to graphene covering a water cluster on Au(111) and graphene in direct contact with Au(111), respectively. Scan size: 5 × 5 nm2.
The same height scale (2 Å) is used for b and c. (d) STS spectra (taken at ∼77 K) of Au(111), graphene/Au(111) and graphene/H2O/Au(111).
Black arrows point to the positions of the depression features (VD) that correspond to the Dirac point. Sample-tip bias Vb = 0.5 V, I = 0.4 nA for
Au(111); Vb = 0.13 V, I = 0.2 nA for the latter two regions.
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for epitaxial bilayer graphene on Ru(0001), the association of
the depression feature at negative bias with the Dirac point has
been confirmed with angle-resolved photoemission spectrosco-
py.27 For our case, although gating on the conductive Au(111)
substrate is infeasible, the trapped water clusters do locally shift
the energy levels of graphene. The observation that the bias
position of the depression feature at negative bias shifts
significantly and consistently over regions where water clusters
are present (see also below) thus allowed us to further verify
that this feature is associated with the Dirac point. The other
minimum feature at positive bias, which shows smaller
variations in bias position (110 ± 25 mV over large areas;
Figure 2), is likely related to the global conductance minimum
associated with the aforementioned suppression in elastic
tunneling close to the Fermi level.25,27 The single-position STS
data in Figure 1d thus indicate that graphene is n-doped on the
Au(111) surface, and the water cluster induces additional local
n-doping for the graphene atop.
To further characterize how the water clusters affect local

doping, we mapped the spatially resolved STS spectra over a

small region of the graphene-covered Au(111) surface at 77 K
(Figure 2). The dI/dV map obtained at fixed sample-tip
voltages revealed a significant contrast within the highly
localized regions where the graphene is atop the water clusters
(Figure 2ab). As has been demonstrated for the case of
graphene on SiO2, such contrast in the dI/dV map is directly
related to variations in the local doping level.4

To map out the local doping level, we investigated the local
energy positions of the Dirac point (ED = eVD) by examining
the positions of the depression features (VD) in the dI/dV
curves obtained at each location. No appreciable variation in
Dirac point was observed across a graphene-covered Au(111)
step where no water cluster was present (Figure 2d,g),
indicating that the step edge itself does not shift the local
doping level in graphene. The height difference between the
starting point and end point is ∼2.7 Å, roughly corresponding
to a single Au(111) step (2.4 Å). By contrast, a noticeable shift
in the Dirac point toward more negative sample bias is
observed when the STM tip moves across graphene-covered
water clusters (Figure 2e−g). This shift increases sharply at the

Figure 2.Water clusters lead to highly localized doping in graphene. (a) STM topograph of a small region of the graphene-covered Au(111) surface,
corresponding to the white box in Figure 1a. (b) dI/dV map of the same area at a fixed bias voltage of Vb = 0.36 V, obtained at 77 K. (c) A map of
the same area for the measured energy position of the Dirac point, ED = eVD (color scale on the left) and the extracted local charge carrier density
(color scale on the right). (d) STS spectra along the dark blue arrow in (a), across a graphene-covered Au step where no water cluster was present.
The spectra are vertically shifted for clarity. Shift in Dirac point was minimal, as indicated by the dark blue dot line. (e) STS spectra along the red
arrow in (a), across a large water cluster covered by graphene. Shift in Dirac point is tracked by the red dot line. (f) STS spectra along the light blue
arrow in (a), across a small water cluster covered by graphene. Shift in Dirac point is tracked by the light blue dot line. (g) Upper panel: Height
profiles along the three arrows in (a). Bottom panel: ED along the three arrows in (a). The values of ED and its errors (smaller than the size of the
symbols) were obtained from d−f. The corresponding local doping level is labeled on the right axis.
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cluster edge, and flattens on the top of the cluster. Larger shifts
in the Dirac point were observed for larger water clusters.
These results indicate that the shift in Dirac point is induced by
the trapped water clusters, and that this shift is dependent upon
the size of the water cluster.
A qualitative estimation of the local doping level in graphene

can be obtained through the relationship between the Dirac
energy and the carrier concentration: n = 4πED

2/(hvF)
2, where

h is the Planck constant and vF (∼106 m/s) is the Fermi
velocity.28 By substituting Dirac energies relative to the Fermi
level, we estimate a charge carrier density of ∼4.7 × 1011

electrons per cm2 for areas where graphene is in direct contact
with Au(111). This background doping level is on the same
order of magnitude as previously observed for graphene on
copper.15 In comparison, a significantly enhanced doping of
∼2.0 × 1012 and ∼3.2 × 1012 electrons per cm2 is estimated for
the regions atop the smaller and larger water clusters,
respectively (right axis of Figure 2g, bottom panel).
Figure 2c presents the 2D map of the measured Dirac point

position and the extracted charge carrier density. The
homogeneous blue background, which correlates with
graphene/Au(111), reflects a spatially uniform carrier density
that is in line with previous results on graphene deposited on
the atomically flat substrates of boron nitride,7,8 but contrasts
with that observed for graphene deposited on rougher SiO2
surfaces, in which large variations in local carrier density have
been ascribed to randomly trapped impurities and charges.3−5

The additional electron doping induced by the water clusters
(red) is highly localized at the water cluster sites with a rather
small transition region (white) into the background. From
these measurements, we estimate the decay length of the local
doping effect to be <∼6 nm.
The size-dependent doping effect of water clusters, as

exemplified in Figure 2g, provides additional insights into the
doping mechanism. Figure 3a summarizes the extracted average
local charge carrier density as a function of the water cluster
size. The observed strong positive correlation suggests that the
increasing dipole moments29 of larger water clusters lead to
stronger local doping. Water molecules have closed-shell
structures and the HOMO and LUMO levels are more than
2 eV away from the Dirac point of graphene. Consequently,

single water molecules cannot dope freestanding graphene.11,16

On the other hand, clusters of water molecules possess
significantly enhanced dipole moments.29,30 According to the
recently proposed electrostatic-field-mediated doping mecha-
nism,11,17 such enhanced dipole moments can induce local
electrostatic fields and lead to doping of graphene in the
presence of a substrate in which the substrate-induced impurity
levels are close to the Fermi level.11,17 The larger dipole
moment enhancement of larger clusters leads to increased local
fields, thus causing stronger band shifts across the Fermi level,
hence higher local doping levels (Figure 3b). While our data
clearly demonstrate a water cluster size effect on the doped
level, the specific bands shifted by the local dipole fields are
unclear. Gold substrate-induced impurity levels in graphene and
gold surface states31 may both contribute to this effect. Beyond
the general size trend we establish here, the exact shape of the
clusters, as well as how water molecules organize within the
clusters could also affect the doping effects. Additional
theoretical and experimental investigations are necessary to
clarify these points.
In summary, we have demonstrated that individual nano-

meter-sized water clusters, trapped between graphene and an
Au(111) substrate, induce strong electron doping in graphene.
The doping effect is highly localized at the sites of water
clusters, and a strong correlation is observed between the
cluster size and amount of doping. Our results support the
recently proposed electrostatic-field-mediated doping mecha-
nism, and point to the importance of substrate-adsorbed water
on the electronic properties of graphene. To what extent these
types of strong, local doping affects can influence other
materials remains an open question.
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Figure 3. Size-dependent doping effect of water clusters on graphene. (a) The extracted charge carrier density as a function of water cluster size. The
carrier density was averaged for graphene over the top of each water cluster. The water cluster size was obtained via numerical integration from the
topographic images. (b) Schematic showing the effect of enhanced dipole moments on the shift of the Dirac point of graphene. The size of the
trapped water clusters is depicted by the number of red disks. Arrows show the possible directions of the dipole moments. The structure of the actual
water adlayer is not resolved here, and the dipole moments of individual water molecules depend on both the structure of ice and interactions with
Au(111) and graphene. Nevertheless, the total dipole moment increases with cluster size and leads to higher doping levels.
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