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a b s t r a c t

As being only one atom thick, most of the device applications require graphene to be partially or fully
supported by a substrate, which is typically silicon dioxide (SiO2). According to a common understanding,
graphene interacts with SiO2 through weak, long-range van der Waals forces, emerging between
instantaneous/induced dipoles, in contrast to the experimental evidence that reveals a surprisingly high
interaction between graphene and SiO2. In order to get further insight into this phenomenon, we carried
out diverse physical measurements on SiO2 substrates, prepared via different fabrication protocols, with
and without graphene on top. As a result, the role of the oxide surface charges is recognized for the first
time as a main factor causing graphene to strongly interact with SiO2. Our findings provide guidelines for
designing 2D materials interaction with a substrate through modulation of surface charges. This, in turn,
can facilitate the development of new graphene based microelectronic devices.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

As the performances of silicon-based electronics increase with
dimensional reduction, graphene has been receiving increasing
attention by the scientific community. Owing to its exceptional
electronic properties, which arise from the high electron mobility
of carbon atoms confined in a single layer, it is likely that graphene
will take a pivotal role in the future of microelectronics [1e4].
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Unfortunately, graphene electrical properties are very sensitive to
the interactions with the external environment. In fact, previous
theoretical studies showed that the electronic states near Dirac
points can be influenced by the absorption of somemolecules [5,6],
structural corrugation [7], defects [8] and the interaction with a
substrate [9,10]. This latter condition occurs frequently in many
applications. For example, graphene is commonly found as depos-
ited onto a substrate in novel electrical switches [11], surface
coatings for lubrication [12] and protection against corrosion [13],
or embedded in multilayer systems as in devices for control of
terahertz waves [14] and touch-panel displays [15]. In many cases a
strong interaction with the substrate is required, at least at specific
locations, as to securely clamp the edge of a freestanding nanoscale
resonator [16] or the boundary of a membrane for mechanical tests
[17e21] or to induce strain through a flexible substrate in order to
investigate strain engineering properties [22]; whereas in many
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others the interaction should be as low as possible, as in electro-
mechanical switches, or of medium intensity, in order to have
well-adhered but sliding graphene flakes able to fold in nano-
ribbons [23].

Thus, a deep understanding of the mechanism behind the
interaction of graphenewith a substrate is not only interesting from
a fundamental point of view but becomes necessary when appli-
cations in electronics are considered. Unfortunately, the origin of
such interaction still remains an open question and a satisfactory
explanation still lacks [24] in spite of a number of both numerical
[10,25,26] and experimental [27e30] studies.

The investigated substrate materials span over metals, like Ni
and Cu [29], to silicon oxide, a common insulator in electronic
devices. The first measurement of the adhesion energy of a
monolayer graphene on SiO2 revealed a surprisingly high interac-
tion, which was ascribed to the graphene ability to conform in a
liquid-like fashion over even smooth surfaces [28]. According to a
common understanding, the interaction of graphene with SiO2 is
believed to be controlled by weak, long-range van derWaals forces,
emerging between instantaneous/induced dipoles forming in
either graphene or SiO2 [31,32]. A similar mechanism is known to
determine also the adhesion of micromachined surfaces [33].
However, it was recently demonstrated by multiscale modeling
[31] that van der Waals forces alone cannot explain the high tensile
and shear toughness of graphene/SiO2 interface as found in adhe-
sion experiments. As an alternative explanation, was adduced the
possible role played by surface defects, such as undercoordinated Si
atoms and non-bridging O atoms, to which graphene can bind. As a
matter of fact, no sufficient attention has ever been paid to the
presence of charges either within the oxide layer or located at its
surface that can strongly interact with graphene. Nevertheless, it is
well known in microelectronics that the growth of oxide on top of
Si wafers causes residual charges to develop at the interface [34]. In
addition, SiO2 surface is known to be rich of silanol groups (Si-OH).
These originate from the interaction of silica with water molecules
in air and commonly undergo protonation reactions [35], which
leave significant surface charges.

Thus, in the present work we explore how such charge sources
can be responsible for the strong interaction of graphenewith SiO2-
based substrates.

2. Experimental

2.1. Silicon substrates preparation

In order to highlight the role of surface charges of SiO2 in its
interaction with graphene, we considered a number of Si/SiO2
substrates with different amount of superficial charge. These sub-
strates were fabricated by varying three main parameters, namely,
the silicon crystal orientation (a), the oxide growth process (b) and
the thermal treatment after the oxide formation (c). With reference
to the first parameter (a), rectangular slices were cut from either a
Si 111 wafer or non-crystalline Quartz wafer. Then, (b) three types
of oxide were considered. The first is the native oxide (NO), which
naturally grows from the exposure of a Si wafer to air. The other two
oxides (300 nm thick in both cases) were obtained by either ther-
mal growth through direct oxidation of a Si 111 wafer (thermal
oxide, TO) or deposition from a tetraethylorthosilicate precursor
(TEOS). (c) After oxide deposition/growth, some samples with
either TO or TEOS oxide were annealed at 950 �C for 30min in N2

atmosphere (TOþAN and TEOSþAN, respectively). The last type of
sample was derived from a Si 111 wafer where a thin layer (in the
range of 5e10 nm) of CH4þH2 was deposited after HF etching the
native oxide. The variation of the previous three process parame-
ters implied the availability of 7 different substrates, and on each of
them a monolayer graphene was transferred. More details about
the Si samples preparation can be found in the Supporting
Information.
2.2. Graphene preparation

Monolayer graphene samples were grown using a copper (Cu)
foil catalyst by Chemical Vapor Deposition (CVD). Graphene syn-
thesis was carried out in a cold walled CVD reactor (Aixtron BM) at
1000 �C and at low pressure using methane as the carbon source.
Prior to the growth, the Cu foils were chemically treated in order to
clean and smoothen the surface followed by annealing at 1000 �C
under hydrogen and argon flow. After the synthesis, a poly(methyl
methacrylate) (PMMA) sacrificial support layer was spin coated
onto the graphene covered Cu foil. Cu was chemically etched using
a ferric chloride containing solution followed by different cleaning
steps in distilled water and acid solutions. The monolayer graphene
was transferred onto different substrates. The film was dried at
120 �C for few hours and finally, the PMMA layer was removed by
dipping into acetone and IPA.
2.3. Raman spectroscopy

Raman measurements were carried out on a LabRAM Aramis
(HORIBA Jobin Yvon, France, with a 632.8 nm laser at a magnifica-
tion of 50x and a 1200 grooves/mm grating. Spectra were acquired
with an integration time of 5s repeated twenty times. The data
reported refer to the mean of 6 measurements at different locations
on the same sample. Before the analysis, all the samples were
cleaned by thermal annealing at 500 �C for 1 h with the only
exception of Si covered with CH4þH2, which would receive severe
damage from the high temperature treatment.
2.4. Amplitude Modulation-Scanning Kelvin Probe Microscopy

Here, we used an Atomic Force Microscope (AFM) named Solver
Px by NT-MDT. AFM topographical data were acquired in semi-
contact mode while the surface potential was measured using the
Amplitude Modulation-Scanning Kelvin Probe Microscopy (AM-
SKPM). SKPM is a two-pass technique. After the topographical scan
(which resulted to be the same in both trace and retrace) the tip
was lifted up 10 nm off the sample surface and the surface potential
data were acquired at a fixed distance from the sample surface. We
used noncontact high resolution silicon cantilevers NSG10 series
with PtIr conductive coating. The thickness of the coating is
20e30 nm and the typical tip curvature radius is 35 nm. Tips were
electrically calibrated against fresh exfoliated graphite. The results
reported in the manuscript are obtained from repeated analyses
made on different samples whose number depends on the signal
variability. For TO, the data refers to the average of 9 mean contact
potential difference (CPD) values- each referring to a random re-
gion of few tens mm2 area- made in different days. For TO þ AN and
NO samples the data refers to an average of 5 mean CPD values-
each referring to a random region of few tens mm2 area- made in
different days. For TEOS and TEOS þ AN samples the data refers to
an average of 4 and 5, respectively, mean CPD values- each referring
to a random region of few tens mm2 area- made in different days.
For CH4þH2 sample the variability was very low and the reported
data refer to an average of 2 mean CPD values- each referring to a
random region of few tens mm2 area- made on the same day.
Different quartz samples were measured in different days but the
variability was always too large to provide enough statistical
significance.
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2.5. XPS analysis

The Axis Ultra XPS spectrometer by Kratos, UK, was calibrated
with respect to the Au 4f 7/2 peak position fixed at 84.00 eV for a
polycrystalline Au foil. The Fermi-level position was then obtained
considering the inflection point of the signal intensity on the Au
Fermi Edge following the procedure of the instrument manufac-
turer. Spectra were acquired using a pass energy of 80 eV and an
energy step of 0.1eV. 20 sweeps were acquired for each of the
Valence Band spectra to obtain a good signal-to-noise ratio.

3. Results and discussion

In order to characterize the interaction of graphene with each
substrate, Raman spectroscopy was employed. Although Raman
spectroscopy is generally used to assess the quality of graphene
based films, it can also be effectively employed for the evaluation of
substrate/graphene interactions [36]. Indeed, as it probes the
vibrational states of a system of atoms, Raman spectroscopy is
sensitive to an even minimum modification of their electronic
structure [37,38], including the doping level [39] and the interac-
tion with exogeneous chemical species. For example, it has been
demonstrated that oxygen molecules adsorbed on SiO2 are able to
interact with the aromatic rings of graphene thus modifying its
charge distribution [40e43].

The vibrational mode characteristics (eg peak position and
bandwidth) are also sensitive to the application of stress or strain
from the environment or substrate. This suggests that in our case
the effect of a different preparation of our SiO2 surfaces should
induce detectable changes in the Raman spectra of graphene
depending on the strength of its interaction with the substrate
[44,45]. Similar indications are given by both theoretical [10,46]
and experimental works [36,47]. Indeed, the Raman spectra of our
samples differ from one another in many respects, such as the
position and broadening of the graphene characteristic G and 2D
peaks, as well as their relative intensity (Fig. 1a, Figure S1 and
Table S1). Let us first consider the positions of the G and 2D peaks
(Fig. 1b).

As stated before, a shift of the Raman peaks can be related to
different factors, mainly including the doping and the strain that
can be induced, even uncontrollably, during the fabrication process.
In fact, even if the samples are prepared according to the same
protocol, as in our case, still differences may arise. In order to
Fig. 1. a) Raman spectra of graphene transferred on a Si 111 wafer with thermal oxide on
etching its native oxide. A blue-shift of both G and 2D peaks is visible when graphene is on e
the G and 2D peaks of Raman spectra recorded for graphene on different Silicon-based s
(TOþAN), Si 111 with native oxide (NO), Quartz, Si 111 with TEOS oxide (TEOS), Si 111 with
etching of Si native oxide with HF (CH4H2). (A colour version of this figure can be viewed
deconvolute the mechanical contribution to the Raman shift from
that due to the electrical charges in graphene, it is useful to study
the relative position of the G and 2D peaks across our samples.
According to a previously reported methodology [48], in the G
frequency-2D frequency plane, it is possible to identify two refer-
ence lines that represent graphene samples showing either no
doping or no strain (blue and red lines in Fig. 2, respectively). The
intersection of these two lines defines a reference point O with
coordinates (1581.6; 2676.9) cm�1 corresponding to a sample with
zero strain and zero charge. Interestingly, if we plot the Raman 2D
frequencies against the G frequencies of all our samples, we can
draw about 40 data points that result to be well aligned. Consid-
ering a regression fit, the slope of the fitting line is 0.89 that is much
smaller than the charge free line, whose slope is reported as
2.02e2.44 [48], yet it matches very well the slope of the free strain
line that is reported to be 0.75± 0.04 [48]. From this evidence, we
can reasonably state that no significant difference in strain can be
observed across our samples. This same conclusion emerges if we
compute and compare the strain of each sample as follows. For each
point representing our samples we can draw a line - parallel to the
free strain line - whose intersection with the free charge line de-
fines a new point with an associated G frequency. Its frequency
shift, DuG, from the reference point O allows to estimate the cor-
responding hydrostatic strain, εh, as [49]:

εh¼ - DuG /u0 g (1)

where u0 is the G frequency of the reference point O and g is the
Grüeneisen parameter equal to 1.8 [49] (more details can be found
in the SI). Overall, the mean hydrostatic strain, εh¼ εxx þ εyy, across
all the samples is 1.0%± 0.1%. If we assumed a biaxial strain, εb, on
our graphene samples, this would be half of the computed hydro-
static strain, i.e. εb¼ εxx¼ εyy¼ 0.5%. Such value matches very well
the strain due to friction of water when a graphene sheet is
deposited through wet transfer on a Si substrate as it was in our
case (more details in the SI).

Then, since no significant difference in strain can be observed,
we can argue that the main factor causing the shift of the Raman
peaks from one sample to the other is the presence of charges in
graphene. Furthermore, from the same G-2D frequencies plot and
following the same approach considered previously in the case of
the strain, we can derive the amount of charge affecting each
sample, too. In particular, since the sensitivity of the 2D peak
top (TO), Quartz and Si 111 with a thin layer of CH4þH2 (aC:H) deposited on top after
ither Quartz or TO with respect to graphene on Si111 with CH4þH2 layer. b) Position of
ubstrates: Si 111 with thermal oxide on top (Si), Si 111 with annealed thermal oxide
annealed TEOS oxide (TEOSþAN), Si 111 with a thin layer of CH4þH2 deposited after

online.)



Fig. 2. Frequency of the 2D peak vs the frequency of the G peak of a monolayer graphene deposited on different silicon substrates. The experimental points can be fitted by a line
(dashed in the plot) that results to be almost parallel to the reference line corresponding to a graphene sample with no strain (strain free line in red). (A colour version of this figure
can be viewed online.)
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frequency against the number of charges for unit area is about 0.7
x10�12 (1 x10�12) cm2/cm [35,50], from the projection of the border
points along the free strain axis, we can find that the amount of
charge across our samples vary between 3.2 (2.2) x1013 cm�2

(graphene on Si with a CH4þH2 layer) and 6.0 (4.2) x1013 cm�2

(graphene on Si with TO on top). More details about such estima-
tion are reported in the SI.

Overall, a difference of about 2.7 (1.9) x1013 cm�2 charge density
across our samples causes a blue shift of the G frequency of up to
26 cm�1 that is then comparable with the concentration of elec-
trons/holes able to cause a 21 (17) cm�1 blue shift of the Raman G
peak as previously reported [38].

Both the values of strain and doping that we derived depend on
the slope of the zero charge and zero strain lines. However, while in
the case of the zero-charge line there is a good agreement in the
literature, more uncertainties still affect the estimation of the zero
strain line with reported values in the range 0.55± 0.2e0.75± 0.05
[38,48,51].

It is now interesting to explore the origin of the different doping
level across our graphene samples. It was recently reported that in
the case of a strong interaction with an external charge (distribu-
tion), as in our case [52,53], graphene behaves like a metal where
the external charge distribution induces the development of image
charges [53]. As a consequence, we can argue that since our gra-
phene samples are always deposited onto polar SiO2 surfaces, they
develop an image charge that matches in magnitude that of the
underlying SiO2 [53]. Thus, differences in the graphene charge, as
revealed by the analysis of Raman spectra, are to be ascribed to
variations in the charges amount of our SiO2 substrates. The sample
showing the highest blue shift (e.g., highest charge amount) cor-
responds to graphene deposited on Si with thermal oxide on top,
whereas the sample with the lowest blue shift corresponds to Si
with a CH4þH2 layer. In between, there are those with either TEOS
oxides (TEOS and TEOS þ AN). The observed differences can be
explained considering the process used to fabricate the Si oxide
layer. In the case of TO type, the growth of the thermal oxide pro-
ceeds at the expense of the underlying Si wafer, thus inducing a
distortion of the Si crystal lattice at the interface. Such a distortion
is accompanied by the formation of a residual electrical charge (that
can be estimated as <1012 cm�2 [54]). However, this residual charge
is much more limited than that of TEOS, where the quality of the
oxide is lower and characterized by the presence of a charge density
of ~1012 cm�2. A method commonly used in electronics to reduce
such a charge density is annealing at high temperatures (950 �C),
which induces a relaxation of the inner strains and a reduction of
the charge to ~1010 cm�2. Thus, in the hypothesis of electrostatic
interaction between graphene and the substrate, we expect that a
thermal process would reduce the intensity of their interaction.
Indeed, this explains why the blue shift of G (2D) peak for a given
substrate is lower when thermal annealing is introduced. Further-
more, as a limiting case, the absence of the oxide layer (e.g., the
native oxide is etched and the underlying substrate is covered with
a CH4þH2 layer) should provide the smallest amount of residual
charge, which, in turn, should provide the lowest graphene inter-
action. As a confirmation, the CH4þH2 substrate provides the most
red-shifted G peak in the Raman spectra. However, if we consider
only the amount of charge embedded in the oxide layer, we could
not explain why TO substrates provide more interaction than TEOS
substrates (Fig. 1b). Indeed, apart from the charge embedded in the
oxide, it is well known that SiO2 interacts with water (even in
ambient conditions) with the formation of silanol groups on its
surface. Such groups are then subjected to protonation reactions
[35] that cause the formation of an even significant amount of
surface charge (up to 1014 cm�2), which is much higher than the
residual interface charge [54,55]. Overall, the amount of surface
charge expected on SiO2 as a consequence of both the fabrication
process and protonation reactions is compatible with the estima-
tion derived from the analysis of the Raman spectra. Other evi-
dences of the presence of charges in graphene come from an
analysis of the FWHM of the G peak. In a previous study [38] it was
shown that the FWHM significantly decreases when the number of
charges in graphene increases up to 5 x 1012 cm�2. Then, it stabi-
lizes within the range 6 cm�1 e 11 cm�1. Interestingly, this is the
same interval that includes the G peak FWHM of all our samples
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(Table S1), which thus results to be compatible with the presence of
few 1013 cm�2 charges as we identified from the G (2D) frequency
shift. Similarly, the relative intensity of the 2D and G peak, I2D/IG,
decreases significantly when the number of charges in graphene
increases up to 5 x 1012 cm�2. Then, the reduction trend is much
less pronounced and for a number of charge bigger than 5 x
1012 cm�2, I2D/IG was reported to be smaller than 1.5 [38], which
matches our experimental evidence (Table S1). The only I2D/IG
slightly bigger in our experiments (1.65± 0.76) was recorded for
the CH4þH2 sample, which has the smallest amount of electrical
charge, though.

In order to confirm that the strong interaction of graphene and
SiO2 is related to the amount of surface charges of our Si/SiO2
substrates, we measured the surface potential of these latter
through AM-SKPM. AM-SKPM is a non-contact method for direct
measurement of the contact potential difference (CPD) between an
AFM tip and a sample surface [56] (Fig. 3a). Since the CPD between
twomaterials depends on a variety of parameters, such as the work
function [57] and dopant concentration in semiconductors [58],
this can provide information about the whole surface charge,
including both the contributions of the embedded charge and the
Fig. 3. a) Surface potential measurement setup. During the measurement, each Si/SiO2 subst
the SKPM tip scanning a 10� 10 mm2 sample surface area. Before the electrical measurement
surface potential measured for different Si substrates (Si 111 with thermal oxide (TO), Si 111
(NO), quartz, Si 111 with TEOS oxide, Si 111 with TEOS oxide treated with thermal annealin
with HF) and expressed as absolute difference with respect to graphite work function. The
spectra of a graphene sheet deposited on each of the considered substrates. (A colour vers
charge due to polar groups on the substrate surface [59]. For the
quantitative measurement of CPD distribution, before the experi-
ments, the tip of the SKPM was first calibrated against fresh exfo-
liated graphite (HOPG) and then used to scan each substrate in
order to have a map of its topography and surface potential
(Fig. 3bec). The surface potential of each substrate, Vs, was evalu-
ated according to the following equation:

Vs ¼ CPDþ VT (2)

where CPD is measured directly by the instrument and VT is the tip
surface potential. This latter can be computed as VHOPG-CPDcal,
where CPDcal is the contact potential distribution measured by the
instrument during the tip calibration and VHOPG is the HOPG surface
potential, assumed here equal to 4.475 V [60].

Fig. 3d reports the surface potential of each substrate directly
measured by SKPM as compared to the charge density of the cor-
responding graphene sample on top derived from the interpreta-
tion of the Raman spectra according to the previously discussed
procedure. Surprisingly, the variations of the surface potential and
graphene charge density across the different substrates are in
rate is grounded. b) Example topographical and (c) surface potential maps derived from
, the SKPM tip was calibrated against a reference graphite sample; d) Comparison of the
with thermal oxide treated with thermal annealing (TOþAN), Si 111 with native oxide

g (TEOSþAN), Si 111 with a thin layer of CH4H2 deposited after etching its native oxide
surface potential data are compared to the charge density evaluated from the Raman
ion of this figure can be viewed online.)



Fig. 4. a) Valence Band (VB) of a TEOS sample derived from XPS measurement. According to a conventional linear fit algorithm, the top of the VB is determined as the intersection
between the linear fit of the falling shoulder of the VB and the VB background above the Fermi level; b) Position of the Valence band Top estimated for different Si based substrates:
Si 111 with thermal oxide on top, Si 111 with thermal oxide on top and treated with thermal annealing, Si 111 with native oxide, quartz, Si 111 with TEOS oxide, Si 111 with TEOS
oxide and treated with thermal annealing, Si 111 with a thin layer of CH4þH2 deposited after etching its native oxide with HF. (A colour version of this figure can be viewed online.)

Fig. 5. Valence band (VB) of an example Si 111 sample with a native oxide layer on top
and evaluation of the VB-top after eliminating the contribution of bulk Si. (A colour
version of this figure can be viewed online.)
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general agreement with one another, despite they refer to different
physical entities measured through different techniques. Some
differences can be noted only in the case of NO and CH4þH2 and
these can be explained by the same reason, though. Indeed, both
the samples consist of a few nanometers thick layer laying on a bulk
silicon substrate. From the literature it is well known that SKPM can
reach a depth sensitivity of several hundreds of nanometers, which
enables it to detect objects located beneath the scanned surface
[61]. Thus, it is very likely that the CPD measured in our SKPM tests
takes into account not only the surface potential strictly related to
the thin film of interest, but also the substrate contribution. In
addition, this contribution affects differently NO and CH4þH2. In
the first case, since Si has higher conductivity than NO, we expect
that the substrate presence causes a reduction of the measured
surface potential (i.e., the corresponding value reported in Fig. 3d is
underestimated). On the contrary, in the second case, as the
CH4þH2 film is more conductive than Si, we expect an over-
estimation of the measured CPD (i.e., the actual value is smaller
than the reported one). The relatively high depth sensitivity of
SKPM explains also the unavailability of stable data for quartz,
which is not reported in Fig. 3d, with respect the other substrates.
In fact, the experimental condition for the SKPM measurement on
quartz involves testing of a 600 mm thick bulk sample, whereas in
all the other cases, the tested samples consist of oxide layers of at
least 300 nm thickness laying on a bulk Si substrate connected to
the ground. Since the SKPM tip has a relatively high depth sensi-
tivity, the presence of the bulk Si played a beneficial role in stabi-
lizing themeasurement on the upmost oxide layer. On the contrary,
in the case of quartz, the surface to be tested belongs to a bulk
dielectric material, which is not possible to ground. This causes the
electrical measurement to be unstable and thus not reliable.

Finally, in order to have the ultimate evidence that there is a
difference in the amount of surface dipoles across our substrates,
we performed XPS analysis. This allows for an estimation of the
Valence Band top (VB-top) position, which is in turn sensitive to the
surface charge distribution caused by dipoles.

In oxidized silicon samples, a negative surface charge is ex-
pected due to the charge transfer from silicon to oxygen in posi-
tively doped samples as ours. Negative charges induce a downward
band bending that increases the distance between the VB-top and
the Fermi level [62,63]. The opposite occurs when positive charges
accumulate on the sample surface that lead instead to an upward
band bending. Since in our analysis, the Fermi level was carefully
aligned to zero utilizing a polycrystalline sputtered gold sample,
the differences in the VB-top result from the different surface
composition. In particular, the higher the band bending the more
negative the surface charge. Alternatively, we can say that the
higher the potential measured by the SKPM, the higher the
regression of the VB-top from the Fermi level due to band bending.

Indeed, we find a good agreement between the trend of the
band bending induced by the charge accumulation on the sample
surface with the surface potential measured by SKPM (Fig. 4b) and
the graphene charge density previously estimated through Raman
spectroscopy. In this regard, the only slight outlier is the NO sample.
However, in this latter case the estimation of VB-top position was
more complex as a consequence of additional features of NO
valence band with respect to the other samples (see Figs. 4a and 5).
Indeed, we observed a shoulder near the Fermi edge which can be
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assigned to a non-negligible density of states near the Fermi edge
due to the semiconducting nature of the underlying bulk Si sub-
strate, as already described in the literature by experimental and
theoretical works [64e67]. Differently from the other samples, in
this case we are sensitive to the bulk Si because the native oxide
layer is very thin and in particular it is thinner than the sampling
depth of the X-rays for photoelectrons at ~1480 eV.

To estimate the position of the VB-top in the case of the NO
sample, the contribution of the silicon substrate was firstly elimi-
nated through a Gaussian fitting procedure (see SI) and then the top
of the valence band was evaluated through a linear fit as for the
other samples (Fig. 5). Our estimation of 4.51eV results in very good
agreement with data reported in literature [65], but an underesti-
mation with respect to the other samples cannot be excluded
because of the required additional analysis.

4. Conclusions

In this work the interaction between graphene and SiO2 was
proven to be related to the electrical charges at the SiO2 surface
originating from both the oxide fabrication process and protonation
reactions. This clue results from experimental evidences obtained
through different and independent physical techniques including
Raman spectroscopy, Scanning Kelvin Probe Microscopy and X-ray
Photoelectron Spectroscopy.

Raman analyses performed on graphene monolayers deposited
onto different oxidized Si substrates obtained by induced oxidation
or by deposition of silica from TEOS, revealed that each sample
interacts with its substrate through an electrostatic interaction
which depends on the amount of surface charges. The presence of a
varying surface charge across our substrates was also confirmed by
both SKPM, through a direct measurement of their surface poten-
tial, and XPS analyses, through an estimation of their valence band
bending. Interestingly, the SiO2/Si substrates characterized by
higher/lower charge correspond to higher/lower interaction with
graphene. Our results indicate that substrate surface charges, if
properly controlled, may enable tuning the graphene and 2D ma-
terials interaction with different substrates. Such mechanism can
open new frontiers inmicroelectronics and can then be exploited in
novel multifunctional devices providing strong adhesion only at
particular locations and for even large areas.
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2) Silicon with 111 orientation with on top 300 nm oxide deposited using 

tetraethylorthosilicate (TEOS) as silicon oxide precursor; 

3) Silicon with 111 orientation with on top 300 nm TEOS annealed at 950°C for 30 minutes 

after TEOS deposition; 

4) Silicon with 111 orientation with 300 nm thermal oxide annealed at 950° for 30 minutes 

after oxide growth; 

5) HF etched silicon with 111 orientation with a film of CH4+H2 on top; 

6) Silicon with 111 orientation with only native oxide; 

7) Quartz with no crystal orientation. 

 

Raman analysis 

It is known that any modification of the electric charge in a system of atoms leads to softening or 

stiffening of the phonon modes [1],[2], which induces changes to the G and 2D band positions and 

intensity. As an example, it is known that bonding of C atoms with H atoms induces the formation 

of a gap with a consequent transition from graphene to graphane [3]. In Raman spectra this 

corresponds to the appearance of the D, D’ and D+D’ bands. Different is the case of fluoro-

graphene where the 2D band progressively disappears with an increasing fluorination degree, 

which, as a limit condition, causes the Raman spectrum to appear as that of GO [4]. Concerning 

oxygen, it has been demonstrated that oxygen molecules adsorbed on a SiO2 surface may inject 

charges in  graphene [5]. Oxygen and charged molecular species are in fact able to interact with the 

aromatic rings of graphene modifying its charge distribution [6], [7], [8]. All these considerations 

suggest that a different preparation of the SiO2 surface of our samples should determine detectable 

changes in the Raman spectra of monolayer graphene depending on the strength of its interaction 

with the substrate.  
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Our Raman measurements were carried out with a 632.8 nm laser at a magnification of 50x and a 

1200 grooves/mm grating. Spectra were acquired with an integration time of 5s repeated twenty 

times. The data reported refer to the mean of 6 measurements at different locations on the same 

sample. Before the analysis, all the samples were cleaned by thermal annealing at 500°C for 1h with 

the only exception of Si covered with CH4+H2, which would be destroyed by such high temperature. 

The acquired Raman spectra (Figure S1) were then processed with open-source fityk software, 

which allowed us to identify all their main features (summarized in Table S1). 

 

Table S1. Summary of the main features characterizing the Raman spectra of graphene transferred 
on top of  7 different Si/SiO2 substrates. 

Substrate 
G peak 2D peak 

I(G)/I(2D) Position 
[cm-1] 

Height 
[counts] 

FWHM 
[cm-1] 

Position 
[cm-1] 

Height 
[counts] 

FWHM 
[cm-1] 

TO 1611 ± 1 97 ± 14 6.4 ± 0.9 2661 ± 1 123 ± 13 17.1 ± 0.5 1.28 ± 0.07 

TO+AN 1604 ± 2 518 ± 110 6.9 ± 1.0 2656 ± 1 375 ± 66 15.9 ± 0.6 0.74 ± 0.14 

NO 1604.2 ± 0.5 230 ± 219 6.6 ± 0.4 2654 ± 1 166 ± 235 18.8 ± 1.0 1.00 ± 0.51 

Quartz 1603 ± 1 137 ± 13 7.0 ± 0.9 2653 ± 2 162 ± 14 16.8 ± 0.8 1.18 ± 0.02 

TEOS 1597 ± 1 288 ± 8 10.9 ± 0.2 2638 ± 1 244 ± 12 24. 0 ± 0.3 0.85 ± 0.04 

TEOS+AN 1593 ± 2 345 ± 44 11.2 ± 0.6 2638 ± 5 312 ±71 23.2 ± 1.4 0.90 ± 0.15 

CH4+H2 1585 ± 5 296 ± 286 9.8 ± 2.2 2643 ± 9 440 ± 366 20. 2 ± 2.2 1.65 ± 0.76 
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Figure S1: Raman spectra acquired for example Si substrates with native oxide (NO), TEOS oxide, 
annealed TEOS oxide (TEOS+AN) and annealed thermal oxide (TO+AN) on top. 

 

Computation of the strain and charge in graphene samples 

From the G – 2D frequencies plot (Figure S2), we can derive both the amount of strain and charge 

affecting our graphene samples. In particular, as the regression line (dashed in Figure S2) 
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representing our samples results to be reasonably parallel (slope: 0.89) to the reference line 

corresponding to zero strain samples (slope: 0.75 ± 0.04 [9]), we can assume that no significant 

variation in strain affects our samples. We can then derive the amount of strain according to the 

following procedure. First, for each point representing our samples we can draw a line l parallel to 

the free strain line. The intersection between l and the free charge line defines a new point P*, 

which results to have the following G frequency, ωG*: 

𝜔"∗ = −
𝑞'( − 𝑞)

𝑚'( − 𝑚) 																																																																																																																																								(1) 

where m0C (equal to 2.2[9]) and q0C (equal to -802.62 cm-1) are the slope and the intercept of the zero 

charge line, respectively, and ml  and ql are the slope and the intercept of the line l. While ml is 

always equal to 0.75, ql depends on the specific sample point we are considering.  

 

Figure S2: Frequency of the 2D peak vs the frequency of the G peak of a monolayer graphene 
deposited on different silicon substrates. The experimental points are aligned almost parallel to the 
reference line corresponding to a graphene sample with no strain. The yellow region of the free 
charge line allows to estimate the strain interval across our samples. The highlighted points Qmin and 
Qmax allow for the evaluation the minimum and maximum charge affecting our graphene samples 
deposited on different Si substrates.  
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The G frequency of P* is shifted from the reference point O ≡ (1581.6; 2676.9) cm-1 by ΔωG = ωG* 

- ω0 (see Figure S2). Then ΔωG  allows to estimate the corresponding hydrostatic strain, εh, as [10] : 

εh = - ΔωG /ω0 γ                        (2) 

where ω0 is the G frequency of the reference point and γ is the Grüeneisen parameter equal to 1.8 

[10]. As the above mentioned procedure can be repeated for each of our samples, we can determine  

a set of P* points (yellow region of the free charge line) each corresponding to a value of the 

hydrostatic strain.  The resulting hydrostatic strain εh = εxx + εyy is 1.0% ± 0.1% (Table S2). As our 

graphene samples are polycrystalline with arbitrary orientation of the crystallites, it reasonable to 

assume that an equal strain is applied along two orthogonal directions x and y, i.e. εxx = εyy = 0.5%.  

Table S2. Evaluation of the strain and charge density of graphene sheets transferred on top of 7 
different Si/SiO2 substrates. Data derived from the analysis of Raman spectra. 

Substrate Strain estimation (%) Charge density (·1013 cm-2) 

TO 

0.91% 
0.92% 
0.91% 
0.96% 
0.90% 

4.17 
4.21 
4.20 
4.31 
4.02 

TO+AN 

0.94% 
0.88% 
0.92% 
0.92% 
0.87% 

3.90 
3.46 
3.69 
3.85 
3.28 

NO 

0.94% 
0.99% 
0.99% 
0.97% 
0.97% 

3.75 
3.86 
3.78 
3.74 
3.73 

Quartz 

0.99% 
0.94% 
0.88% 
0.98% 
0.99% 

3.56 
3.67 
3.38 
3.79 
3.71 

TEOS 

1.13% 
1.22% 
1.24% 
1.23% 
1.21% 

3.47 
3.75 
3.82 
3.81 
3.78 



7 
 

TEOS+AN 

0.97% 
1.19% 
1.23% 
1.32% 
0.97% 

2.90 
3.46 
3.62 
3.59 
2.71 

CH4+H2 

0.79% 
0.80% 
1.20% 
0.92% 
0.83% 
0.85% 

1.87 
1.91 
2.34 
2.13 
2.88 
2.12 

 

The presence of strain in graphene samples can be related to the friction caused by water slippage 

on graphene during its wet transfer on a Si wafer. The friction force, Ff, due to the motion of 

graphene in water, can be evaluated as [11]: 

𝐹0 = 𝜆𝑣3)45𝐴																																																																																																																																																								(3) 

Where Ff, is parallel to the graphene sheet, A is the area of the graphene sheet (equal to 15 mm2 in 

the case of our experiments), λ is the friction coefficient, which is equal to 9.6·104 Ns/m3 [11] for 

friction between water and graphene, and vslip is the velocity jump at the graphene/water interface. 

During a typical wet transfer process the water layer beneath a graphene sample is provided with a 

velocity of few mm/s due to approaching of a Si substrate. It is reasonable to assume vslip=5mm/s, 

then from equation 3 it follows that the friction force experienced by our graphene samples during 

wet transfer is 7.7 mN. If we consider that the Young’s modulus of graphene, E, is 1 TPa [12], the 

friction force can cause the graphene sample to undergo a strain, ɛ, equal to: ɛ= Ff/(E·w·t), where w 

and t are respectively the width (3 - 4 mm) and thickness (0.335 nm) of the graphene sample. 

Overall, this results in a strain of 0.54% - 0.72%. Note that due to the simplicity of the analytical 

approach these are to be intended as purely indicative values. Nevertheless, they are in good 

agreement with the estimation derived from the analysis of the Raman spectra. 
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From the analysis of Raman spectra and with the same approach considered before, we can also 

derive the amount of charge in our samples. Let us first consider the dataset corresponding to 

graphene on Si with TO on top, which shows the most blue-shifted 2D frequency. Let us compute 

the line parallel to the zero charge reference line that crosses the point with the highest 2D 

frequency, which is (1611.6; 2661.7) cm-1 (grey dotted line in figure S2). Such line has slope equal 

to 2.2 and intercept equal to -883.74 cm-1. Then, again by the means of equation 1, we can identify 

the intersection point Qmax between such newly computed line and the reference zero strain line (that 

has slope, m0S, equal to 0.75 and intercept, q0S, equal to 1490.7 cm-1). The intersection point, Qmax, 

results to be (1637.54; 2718.86) cm-1. Since the sensitivity of the 2D frequency to the charge per unit 

area, Δω2D/Δn, is about 10-12 cm2/cm [9], we can derive that our samples are affected by an electric 

charge per unit area of (2718.9-2676.9) cm-1/ 10-12 cm2/cm ≈ 42·1012 cm-2. We can now repeat the 

same procedure for each data point (Table S2). If we consider the sample with the least blue-shifted 

2D frequency, this is identified by (1578.56; 2624.94) cm-1 in the G-2D frequencies plane and 

corresponds to a graphene sheet deposited on Si with a CH4+H2 layer. The charge amount 

corresponding to this sample is ≈ 23 ·1012 cm-2. In summary, the charge affecting our samples vary 

within the interval 23-42·1012 cm-2. 

 

Scanning Kelvin Probe Microscopy 

The images were acquired with an Atomic Force Microscope (AFM) named Solver Px by NT-

MDT. AFM topographical data were acquired in semi-contact mode meanwhile surface potential 

was measured using Amplitude Modulation-Scanning Kelvin Probe Microscopy (SKPM or KPFM).  

Kelvin mode is based on a two-pass technique[13]. In the first pass the topography is acquired using 

standard semicontact mode (mechanical excitation of the cantilever), from which we can estimate 

the surface roughness (Table S3). In the second pass the tip is kept at a fixed distance (10 nm) from 
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the surface and previous topography is retraced in order to detect the electric surface potential. 

During this second pass the cantilever is no longer excited mechanically but electrically. 

 

Table S3: Arithmetical mean roughness (Ra) and root mean square roughness (Rq) of different SiO2 
surfaces measured by AFM. 

Sample Ra [nm] Rq [nm] 

TO 0.2 0.4 

TO+AN 0.4 0.6 

NO 0.6 0.8 

Quartz 1.4 3.4 

TEOS 0.9 1.1 

TEOS+AN 0.8 1.1 

CH4+H2 0.2 0.5 

 

X-ray Photoelectron Spectroscopy (XPS) 

The position of the Valence Band (VB) top can be estimated following two methods: the first one is 

a conventional method, based on the intersection between a linear fitting on the falling shoulder of 

the VB and the VB background above the Fermi level. The data reported in the main text were 

derived according to this method. Alternatively, the VB-top can be estimated from a threshold 

calculated as a fraction of the integral intensity of the VB after background subtraction. 

Figure S3 shows a comparison between the VB-top estimations derived from both methods. The 

good agreement between them assesses the significance of our results. 
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Figure S3: Comparison between the Valence Band (VB) top found for different Si-based substrates 
according to two alternative methods. In the first case (conventional method), the VB-top is 
determined as the intersection between the linear fittings on the falling shoulder of the VB and the 
VB background above the Fermi level. In the second case, the VB top can be estimated utilizing a 
threshold calculated as a fraction of the integral intensity of the VB after background subtraction. 

 

In the case of sample with native oxide, the procedure was slightly modified in order to eliminate 

the contribution of the bulk Si substrate. Initially, after linear background subtraction, the VB was 

fitted with a number of Gaussian components as shown in figure S4. Then, following the 

interpretation given by Hattori in [14], the contribution of the bulk Si substrate was eliminated 

suppressing the feature proximal to the Fermi edge. The result is shown in figure S4b where the 

SiO2 valence band is modeled using 5 Gaussian components. 
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Figure S4: (a) Gaussian fit of the valence band of a SiO2/Si system; (b) Gaussian model of the NO 
VB after subtraction of the contribution of the bulk Si; (c) estimation of the VB-top using the linear 
fit. 

 

The VB top is then evaluated applying a linear fit to the falling and flat branches of the VB, 

resulting in a value of 4.51eV in very good agreement with data reported in [14]. 
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