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Abstract
The electrical potential on the surface of ∼300 nm thick SiO2 grown on single-crystalline Si
substrates has been characterized at ambient conditions using electric field microscopy. Our
results show an inhomogeneous potential distribution with fluctuations up to ∼0.4 V within
regions of 1 μm. The potential fluctuations observed at the surface of these usual dielectric
holders of graphene sheets should induce strong variations in the graphene charge densities and
provide a simple explanation for some of the anomalous behaviors of the transport properties of
graphene.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nowadays, the study of graphene, i.e. a monolayer of graphite,
represents an important research field in physics and material
science. Although studies of monolayers of graphite grown on
different transitional metal carbides were originally published
nearly 20 years ago [1, 2], the simple preparation of these
monolayers by exfoliation [3], as well as grown on SiC
substrates [4], and their transport properties with the field effect
dependence substantially increased the attention of the solid
state community. One of the highlighted effects is the electric-
field-induced metal–insulator–semiconductor transition that
populates the bands of graphene with holes or electrons, bands
that have been claimed to be Dirac-like, i.e. following a linear
dispersion relation E ∝ |k|. Also, the observation of quantum
Hall effects and the quantization of the conductance has been
claimed [5]. The published results in the literature suggest
that with this material one may achieve the basis for new
nanodevices if, among other details, one could find a way to
produce homogeneous, uniform layers [6].

There are, however, some experimental facts indicating
that the transport behavior in graphene is far from being ideal.

For example, the carrier mobility in samples on dielectric
substrates including SiO2 is of the order of 1 m2 V−1 s−1,
a value that remains rather independent of the dielectric
substrate, temperature and density of carriers, see, e.g., [7] and
references therein. On the other hand, if the experiments are
done with suspended graphene samples, i.e. without touching
the substrate, the mobility drastically increased [8, 9]. The
experimental data suggest that one of the main problems
of graphene on dielectric substrates could come from the
substrate’s non-uniform electrical potential.

As nearly perfect insulators, we expect that oxides do
not exhibit a uniform potential distribution just because of
the existence of a distribution of charges in their near-
surface region, letting a metastable potential distribution
develop on it. In this case the deposited graphene will
be strongly affected by the same variations of potential the
dielectric substrate has. It is interesting to note the results
of an experimental study using a scanning single-electron
transistor that observed puddles of electrons and holes on
the graphene surface [10]. The obtained images reveal a
rather disordered domain-like array of fluctuating potential,
which might be due to the substrate influence and not intrinsic
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Figure 1. (a) Sketch of the experimental arrangement. The distance z between tip and surface can be changed as well as the distance l to the
mass contact. (b) Sketch of the potential distribution for which a graphene layer would be affected if it is attached to the surface. The scan line
below represents a one-dimensional potential with differently filled wells of graphene carriers. For simplicity only electron-filled bands are
depicted. The dashed line represents the Fermi energy of the graphene layer on top of the disordered potential surface. (c) EFM picture
(4 × 4 μm2) of an SiO2 surface in a sample in which a resin rest (dark spots) was left. (d) EFM picture (6 × 6 μm2) of a resin-free sample.
These results were obtained with two different microscopes and different EFM tips. For both EFM pictures the potential gradients between
light and dark broad areas (not spots) are �0.4 V.

to graphene. A simple estimate should clarify for the
reader the electrical potential fluctuations we may expect. In
general, a voltage difference of ∼10 V between graphene
and the ∼300 nm thick SiO2 layer is necessary to produce
a clear change in its carrier density when the resistance
shows a maximum, i.e. around the ‘neutrality-’ (former Dirac-)
point. This means an electric field of the order of 3 ×
107 V m−1. A potential fluctuation of ∼0.1 V coming from
charges distributed at random within a thickness of ∼10 nm
in the dielectric layer would produce a similar electric field.
Therefore, it will generate a change in the carrier density and
in the overall potential distribution, affecting the transport of
the carriers within the 2D graphene layer.

Further indirect evidence for the potential influence of the
substrate comes from the fact that in transport experiments
done in graphene samples one needs to apply a magnetic field
to increase the sample conductivity, arguing that otherwise the
carriers are localized [11]. In this work we argue that several
of these observations and effects are due to the influence of the
dielectric substrate potential at its near-surface region. Because
of the previous arguments we would like to use electric field
microscopy (EFM) to analyze the surface of the SiO2 and
try to see if we have potential fluctuations and measure their
magnitude. This will tell us what is the initial state of the
potential the graphene sees before shifting the electron and
hole bands via a bias voltage.

2. Model and method

Consider an EFM arrangement shown schematically in
figure 1(a) where a potential Utip is applied between the

metal tip and the surface of the oxide sample. The potential
difference between tip and surface will be neither zero nor
constant at the surface of SiO2. The applied electric field
will penetrate into the oxide a certain penetration depth λ that
depends on the total screening characteristics of the material.
Due to the vanishingly low carrier density of SiO2 it is expected
that the electric field penetration depth λ ∝ 1/(n1/6

√
m�) (m�

is the effective mass) would be >10 nm for carrier density
n < 1014 cm−3. Note that there is a large electrical resistance
between the point of the surface where the tip is and the contact
to the mass. Therefore the bias voltage applied VB is between
the tip and the thick oxide layer and the potential drop between
the sample tip position and the contact on the surface to the
mass (distance l in figure 1(a)). Notice, however, that the last
potential drop will be constant in all the measurements because
the scan we perform is of the order of 5 × 5 μm2 and the
distance from the tip position to the contact is l > 0.1 mm.

The samples we used are the usual p-type, polished Si
substrates (100) (Crystec, Germany) with resistivity ρ ∼
0.02 � cm and a � 300 nm thick amorphous SiO2 at the
surface grown by thermal annealing. Some of the substrates
were covered by a layer of insulating optical resin (Pietlow
Brandt GmbH, Germany) that was partially removed with
ethanol in some of the samples to investigate the influence
of resin rest on the EFM signal. Other Si substrates without
resin coverage were also measured. The measurements at
ambient conditions were done with two EFM microscopes: an
AFM from NTI Solver and a Dimension 3000 with Extender
Electronics Module from Veeco. The results presented in this
work were obtained using the EFM mode in both. Kelvin
force microscopy (KFM) was also used with similar results.
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Figure 2. Effective force gradient in nA versus bias voltage VB ∝ Utip. (a) Two curves obtained at a height of 100 nm between the tip and
surface at two different positions on the sample. (b) The same but at different heights at a position of the sample where the minima is at
VB � 0 V. The intermediate curves were taken at heights of 200, 300, 400, 500 and 800 nm. All the continuous lines are simple quadratic fits
to the data, in agreement with equation (1).

However, the software for this last method was less suitable
for these studies.

Two different conductive cantilevers were used: Olympus
OMCL-AC240T M-B2, Pt-coated and W2C-coated tips with
resonance frequencies around 150.1 and 76.3 kHz. The
measurements were performed in the tapping/lift™ two-pass
mode, measuring first the topography and then the frequency
shift of the cantilever due to the electrostatic force between
the tip and surface. At the first tapping mode no voltage is
applied to the tip. If we apply a constant voltage to the tip and
scan the sample surface at a constant distance from the sample
following the track obtained in the first pass, the measured
signal indicates the potential fluctuations on the sample. In
the experiment the frequency shift from resonance depends
linearly on the force gradient given by [12, 13]

∂ Fz

∂z
= 1

2

∂2C

∂z2
[Utip − �(x, y)]2, (1)

where Utip is the voltage difference applied between the tip
of the cantilever and the surface and �(x, y) is the electrical
potential that interacts with the cantilever tip, C is the capacity
defined between the tip and surface, see also equation (2). It
depends on φ(x, y), the potential due to charge distribution
on the sample near-surface region, and Vcp, the difference
of work functions between the tip and surface. Within a
simple picture one tends to write �(x, y) = Vcp + φ(x, y):
however, both terms are interrelated since differences in charge
at the surface would imply also a change in work function.
Because the exact value of Utip is not known due to the further
potential drop within the sample, our results are plotted as a
function of the bias voltage VB ∝ Utip that we applied. In
the experiments we obtain an effective force gradient signal
in nanoampere (nA) units, which is proportional to the force
gradient given in equation (1). As explained in [13], taking the
proportionality between these signals (or their square root) and
VB, a calibration is done. This calibration is used to transform
the measured signals (in nA units) to voltage potential changes.
In this way any further calibration in terms of the real force
gradient is unnecessary. The measured fluctuations of the

potential on the sample surface are transformed in this way
from nA to volts, see the bottom picture in figure 5.

3. Results and discussion

Figure 2 shows the measured signals versus VB at different
positions of the SiO2 surface and at different distances z. The
result of having the minima of the signal out of zero, see
figure 2(a), is not always observed because of the potential
fluctuations. There are other points where the potential falls
around zero, as we show in figure 2(b). In this case the effective
force gradient signal between −5 and 5 V and for tip heights
between 50 and 1000 nm is shown. We observe that all the
curves are centered at 0±0.15 V and the curves are practically
symmetric with maximum values for 50 nm and minimum
for 1000 nm. The amplitude of vibration of the cantilever is
∼30 nm and then for z = 50 nm the signal depends partially
on this vibration. For z = 1000 nm the signal is independent
of the usual vibration amplitudes but with a relatively large
noise-to-signal ratio. The best performances are obtained for
100 nm � z � 300 nm. The results below were obtained for
z � 200 nm. The results presented in figure 2 validate the
quadratic dependence given by equation (1). The EFM results
presented below are therefore obtained at constant distance
z and bias voltage VB and all the changes in the effective
force gradient we measure are due to changes in the function
�(x, y).

We have to verify now that the capacitor model describes
the experiments. Consider the prefactor of equation (1). If we
have a capacitor defined between the tip and surface, then [14]

∂2C

∂z2
= A

(z + λ)b
, (2)

where A is a geometry factor that depends on the
characteristics of the tip–surface arrangement as well as on the
applied bias voltage. In the denominator we have the variation
with distance tip–surface z and λ is an effective penetration
depth of the electric field in the SiO2. Note that for a metal λ is
practically zero but this is not so for an insulator, as shown by
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Figure 3. Effective force gradient in nA versus distance between the
tip and surface in nm taken at different constant applied voltages (see
the right list) in a ‘bright’ region (see, e.g., figure 1 or figure 4). The
continuous lines are fits to the function given by equation (2) with the
parameters A = 380, 100, 56 nA nm1.2 (for the upper, middle and
lower curves), λ = 25 ± 4 nm and b = 1.2 for the three curves.

the results presented in figure 3 where the EFM signal versus
distance at constant VB is plotted. If our system has a deviation
from planar electrodes the exponent b in equation (2) should
be smaller than 3. This is what we observe from fitting the
results in figure 3 obtaining b = 1.2±0.04 and λ = 25±4 nm
for a region with higher carrier concentration (bright spot) and
λ = 35 ± 9 nm for a region with lower carrier concentration
(dark spot), as expected. The dark regions have less charge and
the field should penetrate more.

We now proceed to take topographical data with AFM
and then on the same scan line EFM data to see the potential
variations with respect to the AFM using the calibration
mentioned above. Figure 4 shows the AFM (left) and EFM
(right) pictures taken on a different substrate from that shown
in figures 1(c) and (d) (we have taken more than 50 scans of
this kind on six substrates and all look the same). The white
spots correspond to the resin rest that we left to demonstrate
that this rest is not the cause of the relatively broad variation
of the surface potential and it does not prevent our measuring
the topography and potential fluctuations. Similar results are
obtained from a sample without any resin rest, see figure 1(d).

Figure 5. Upper: the picture shows the AFM signals at the three scan
lines (1)–(3) shown in figure 4. Bottom: the picture shows the
potential versus sample position at the three scan lines shown in the
right picture of figure 4. Note that the white spots in the AFM picture
correspond to little resin rests that practically do not produce
significant changes in the EFM signal, with the exception of the large
ones such as the one at the right upper corner.

The pictures in figure 5 show the scans through lines (1)–(3)
shown in figure 4. We observe large fluctuations in white
and black regions through the entire sample. It is clear from
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Figure 4. Left: AFM pictures of the SiO2 surface in a 5 × 5 μm2 area (the left bar indicates 1 μm). The pictures below show the AFM signal
at the three scan lines (1)–(3). Right: the corresponding EFM result on an area of 3.8 × 3.8 μm2 inside the area of (a) obtained at z = 200 nm
and VB = 3 V. The lower picture shows the potential versus sample position at the three scan lines. Note that the white spots in the AFM
picture correspond to little resin rests that practically do not produce significant changes in the EFM signal with the exception of the large
ones such as the one at the right upper corner.
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the EFM figures that the oxide surface shows relatively large
potential fluctuations within microns between 0.1 and 0.3 V for
that sample. If these potential fluctuations come from charges
within a thickness in the dielectric layer of ∼3 · · · 20 nm,
they will produce electrical field fluctuations of the order
of 107 V m−1, i.e. comparable to the electric fields used to
produce a clear change in the measured resistance or carrier
density in graphene. Note that the effect of these potential
fluctuations is larger the smaller the carrier density, i.e. the
effects are more relevant when the graphene sample is near the
neutrality point with a small carrier density.

How much electric charge within the dielectric layer
would be necessary to produce such potential fluctuations?
Following a similar treatment as in [15] the measured
potentials can be produced by a charge density equivalent to
∼102 electrons μm−3. Note that, in certain regions, one can
also observe potential fluctuations within a distance of 0.1–
0.2 μm.

Note that topographic changes in AFM do not influence
the EFM signal. All the curves obtained between 100 and
600 nm show the same potential variations because these do not
change with the applied voltage, indicating that the topography
measurement in the tapping mode scan is reliable. We checked
that all measured EFM signals provide the complementary
contrast by reversing the voltage polarity applied at the tip,
indicating that those signals are due to potential variations and
not due to capacitance artifacts, as explained in detail in [13].

The overall EFM results (figures 1 and 4) mean that a
graphene layer located on these surfaces will feel directly the
potential fluctuations producing regions with higher density
of carriers (electrons as well as holes) at the minima (or
maxima) and extended regions with a smaller carrier density.
In this case the carriers can be partially localized, see the
sketch in figure 1(b), and there will be no conductance unless
one applies a large enough magnetic field or bias voltage,
as observed experimentally [11]. The influence of these
potential fluctuations on dielectric substrates may also explain
the observation of the quantum Hall effect (QHE), which
is apparently not observed for graphene layers with smaller
fluctuations or ‘better’ quality. We note also that, whereas
clear signs of the QHE are observed in macroscopic HOPG
samples [16, 17], it appears to be absent in mesoscopic
multigraphene samples of good quality. This observation
appears to be related to the very low amount of carriers that
good quality multigraphene samples have [18].

Another aspect is that the so-called Dirac point—claimed
to have been reached by some experimentalists in their
experiments [5]—has not been actually reached. The carrier
density at the Dirac point is several orders of magnitude smaller
than the apparently reached minimum of ∼1010 cm−2. Note
also that a graphene sample on such a disordered potential
distribution indicates that the use of a bias voltage on the
transport properties does not ensure at all a Dirac point crossing
through the sample. We note that, although a linear dispersion
relation for carriers is observed in different spectroscopic
experiments, the existence of a Dirac point at sufficiently
low energies has not yet been experimentally proved for
graphene/graphite. Another point is that the number of carriers

is difficult to determine because in real graphene samples and
due to the influence of the substrate and/or attached borders
for suspended samples there will be regions with many, and
regions without, carriers at low enough temperatures, see
figure 1(b). We would like to remark that our EFM results
have ∼0.05 μm resolution. At smaller distances there could
be additional charge distributions that can also have a strong
influence on the carrier mobility of the graphene carriers.
The inhomogeneous potential distribution found here on a
dielectric substrate provides a simple way to understand the
experimentally observed constancy of the carrier mobility on
dielectric substrates [7].

4. Conclusion

In conclusion, EFM measurements on SiO2 surfaces reveal
a disordered potential structure of hills and valleys similar
to those observed using a single-electron transistor on
graphene [10], which are due to intrinsic fluctuations of
the dielectric substrate. The potential variations can reach
hundreds of mV and therefore the carriers of graphene attached
on a dielectric substrate will have difficulties in moving
through the sample, affecting their mobility. These results may
explain several unclear behaviors reported in the literature on
this topic.
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