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Abstract. As being only one atom thick, most of the deviceli@ations require graphene to be
partially or fully supported by a substrate, whishypically silicon dioxide (Sig). According to a
common understanding, graphene interacts with, $n@ugh weak, long-range van der Waals
forces emerging between instantaneous/induced edipat contrast to the experimental evidence
that reveals a surprisingly high interaction betwegaphene and SyOIn order to get further
insight into this phenomenon, we carried out diggphiysical measurements on Sisubstrates,
prepared via different fabrication protocols, wathd without graphene on top. As a result, the role
of the oxide surface charges is recognized forfitise time as a main factor causing graphene to
strongly interact with Si@ Our findings provide guidelines for designing Bfaterials interaction
with a substrate through modulation of surface gbsur This, in turn, can facilitate the development

of new graphene based microelectronic devices.

Keywords. Graphene, Silicon oxide, Surface charges, Electtiosinteraction, SKPM, Raman

spectroscopy, XPS

1. Introduction

As the performances of silicon-based electronicsemse with dimensional scaling, graphene has
been receiving increasing attention by the scientdmmunity. Owing to its exceptional electronic
properties that arise from the high electron mobdif carbon atoms confined in a single layersit i
likely that graphene will take a pivotal role inettiuture of microelectronics [1], [2], [3], [4].
Unfortunately, graphene electrical properties ag/\sensitive to the interactions with the external
environment. In fact, previous theoretical studirewed that the electronic states near Dirac points
can be influenced by the absorption of some moéscid],[6], structural corrugation [7], defects [8]
and the interaction with a substrate [9], [10]. sThatter condition occurs frequently in many
applications. For example, graphene is commoniyndoas deposited onto a substrate in novel
electrical switches [11], surface coatings for loéition [12] and protection against corrosion [13],

or embedded in multilayer systems as in devicesdatrol of terahertz waves [14] and touch-panel



displays [15]. In many cases a strong interactiath Whe substrate is required, at least at specific
locations, as to securely clamp the edge of atedsg nanoscale resonator [16] or the boundary
of a membrane for mechanical tests [17], [18], [120], [21] or to induce strain through a flexible
substrate in order to investigate strain engingeproperties [22]; whereas in many others the
interaction should be as low as possible, as ictrelanechanical switches, or of medium intensity,
in order to have well-adhered but sliding graphiéaiees able to fold in nanoribbons [23].

Thus, a deep understanding of the mechanism béhéihteraction of graphene with a substrate is
not only interesting from a fundamental point aéwibut becomes necessary when applications in
electronics are considered. Unfortunately, theiorigf such interaction still remains an open
guestion and a satisfactory explanation still @ in spite of a number of both numerical [25],
[10], [26] and experimental [27] [28], [29], [3G§tudies.

The investigated substrate materials span overlsndiige Ni and Cu [29], to silicon oxide, a
common insulator in electronic devices. The firstasurement of the adhesion energy of a
monolayer graphene on Si@evealed a surprisingly high interaction, whichswascribed to the
graphene ability to conform in a liquid-like fashiover even smooth surfaces [28]. According to a
common understanding, the interaction of grapheitie 810, is believed to be controlled by wealk,
long-range van der Waals forces emerging betwestantaneous/induced dipoles forming in either
graphene or SiQ[31], [32]. A similar mechanism is known to detemmialso the adhesion of
micromachined surfaces [33]. However, it was rdgemm¢monstrated by multiscale modeling [31]
that van der Waals forces alone cannot explain high tensile and shear toughness of
graphene/Si@ interface as found in adhesion experiments. Asalarnative explanation, was
adduced the possible role played by surface defeath as undercoordinated Si atoms and non-
bridging O atoms, to which graphene can bind. Asadter of fact, no sufficient attention has ever
been paid to the presence of charges either witldroxide layer or located at its surface that can
strongly interact with graphene. Neverthelesss ivell known in microelectronics that the growth

of oxide on top of Si wafers causes residual cletgedevelop at the interface [34]. In addition,



SiO, surface is known to be rich of silanol groups @&#). These originate from the interaction of
silica with water molecules in air and commonly ergb protonation reactions [35], which leave
significant surface charges.

Thus, in the present work we explore how such @haaurces can be responsible for the strong

interaction of graphene with Sibased substrates.

2. Experimental

2.1 Graphene preparation. Monolayer Graphene samples were grown using a cafgpe foil
catalyst by Chemical Vapor Deposition (CVD). Graphsynthesis was carried out in a cold walled
CVD reactor (Aixtron BM) at 1000 °C and at low paese using methane as the carbon source.
Prior to the growth the Cu foils were chemicallgated in order to clean and smoothen the surface
followed by annealing at 1000 °C under hydrogen amdon flow. After the synthesis, a
poly(methyl methacrylate) (PMMA) sacrificial suppdayer was spin coated onto the graphene
covered Cu foil. Cu was chemically etched usingraid chloride containing solution followed by
different cleaning steps in distilled water anddasolutions. The monolayer graphene was
transferred onto different substrates. The film wlaed at 120°C for few hours and finally, the

PMMA layer was removed by dipping into acetone Bl

2.2 Raman spectroscopy. Raman measurements were carried out on a LabRAMhArEHORIBA
Jobin Yvon, France, with a 632.8 nm laser at a nfigtion of 50x and grating width of 1200.
Spectra were acquired with an integration timefdpeated twenty times. The data reported refer
to the mean of 6 measurements at different locatanthe same sample. Before the analysis, all
the samples were cleaned by thermal annealing @Cs@or 1h with the only exception of Si

covered with Cit+H,, which would receive severe damage from the heghperature treatment.



2.3 Amplitude Modulation-Scanning Kelvin Probe Microscopy. The images were acquired with
an Atomic Force Microscope (AFM) named Solver PXN\NJyMDT. AFM topographical data were
acquired in semi-contact mode while surface paténivas measured using the Amplitude
Modulation-Scanning Kelvin Probe Microscopy (SKPMKPM is a two-pass technique. After the
topographical scan (which resulted to be the sant®th trace and retrace) the tip is lifted up 10
nm off the sample surface and the surface poted#itd are acquired at a fixed distance from the
sample surface. We used noncontact high resoluilicon cantilevers NSG10 series with Ptlr
conductive coating. The thickness of the coatingGs30nm and the typical tip curvature radius is
35nm. Tips were electrically calibrated againssirexfoliated graphite. The results reported in the
manuscript are obtained from repeated analyses oradéferent samples whose number depends
on the signal variability. For TO, the data reféssthe average of 9 mean CPD values- each
referring to a random region of few teps? area- made in different days. For TO+AN and NO
samples the data refers to an average of 5 me@nv@Res- each referring to a random region of
few tensum?® area- made in different days. For TEOS and TEQ$saAmples the data refers to an
average of 4 and 5, respectively, mean CPD vakeash referring to a random region of few tens
um? area- made in different days. For the Si4®&H, sample the variability was very low and data
refers to an average of 2 mean CPD values- eaetrirgf to a random region of few tepus)” area-
made on the same day. Different quartz samples meesured in different days but the variability

was always too large to provide enough statissalificance.

2.4 XPS analysis. The Axis Ultra XPS spectrometer by Kratos UK, wasilrated with respect to
the Au 4f 7/2 peak position fixed at 84.00 eV fquaycrystalline Au foil. The Fermi-level position
was then obtained considering the inflection pahthe signal intensity on the Au Fermi Edge
following the procedure of the instrument manufaetuSpectra were acquired using a pass energy
of 80 eV and an energy step of 0.1eV. 20 sweeps a@juired for each of the VB spectra to obtain

a good signal-to-noise ratio.



3. Resultsand discussion

In order to highlight the role of surface chargdsSiO, in its interaction with graphene, we
considered a number of Si/SiQubstrates with different amount of superficiabie. These
substrates were fabricated by varying three mararpaters, namely, the silicon crystal orientation
(a), the oxide growth process (b) and the thermedtinent after the oxide formation (c). With
reference to the first parameter (a), rectangdiees were cut from either a 111 Si wafer or non-
crystalline Quartz wafer. Then, (b) three typesoride were considered. The first is the native
oxide (NO), which naturally grows from the exposofea Si wafer to air. The other two oxides
(300 nm thick in both cases) were obtained by eithermal growth through direct oxidation of a
111 Si wafer (thermal oxide, TO) or deposition frantetraethylorthosilicate precursor (TEOS). (c)
After oxide deposition/growth, some samples wereeated at 950°C for 30 minutes in, N
atmosphere (see Sl for more details about sampfeapation). The last type of sample was derived
from a 111 Si wafer where a thin layer (in the 0§ 5-10 nm) of Chi+H, was deposited after HF
etching the native oxide. The variation of the prvas three process parameters implied the
availability of 7 different substrates, and on eafhthem a monolayer graphene produced by
Chemical Vapor Deposition (CVD) was transferreddwing a standard protocol (details in the
Methods section).

In order to characterize the interaction of graghesth each substrate, Raman spectroscopy was
employed. Although Raman spectroscopy is genewagd to assess the quality of graphene based
films, it can also be effectively employed for teealuation of substrate/graphene interactions [36].
Indeed, as it probes the vibrational states ofséesy of atoms, Raman spectroscopy is sensitive to
an even minimum modification of their electronicusture [37], [38], including the doping level
[39] and the interaction with exogeneous chemipakgs. For example, it has been demonstrated
that oxygen molecules adsorbed on S#&Pe able to interact with the aromatic rings apirene

thus modifying its charge distribution [40], [4132], [43].



800 2670

N
(o]
o
o

a) b) 1 G peak
® CH,+H, 2660
® Quartz I 2D peak
® TO — 2650 1
6001 ‘TE
.-é’ O, 2640
o E 2630
2 =
= c
G 1610
S
]
n'd

1590 A

1580
1600 2600 2800 TO TO+AN NO Quartz TEOSTEOS+AN CH,H,

Raman shift [cm]
Figure 1: a) Raman spectra of graphene transfemed 111 Si wafer with thermal oxide on top
(TO), Quartz and 111 Si with a thin layer of CH4+KHC:H) deposited on top after etching its
native oxide. A blue-shift of both G and 2D peakwisible when graphene is on either Quartz or
TO with respect to graphene on Silll with,€H; layer. b) Position of the G and 2D peaks of
Raman spectra recorded for graphene on differditoBibased substrates: Quartz, Si 111 with
annealed thermal oxide (TO), 111 Si with thermablexon top, Si 111 with native oxide, Si 111
with TEOS oxide, Si 111 with annealed TEOS , 11Iwi#th a thin layer of Chi+tH, deposited after
etching of Si native oxide with HF.
The vibrational mode characteristics (eg peak mowsiand bandwith) are also sensitive to the
application of stress or strain from the environbm@msubstrate. This suggests that in our case the
effect of a different preparation of our Si€urfaces should induce detectable changes inaheaR
spectra of graphene depending on the strengtls oftéraction with the substrate [44], [45]. Simila
indications are given by both theoretical [10], ][4®d experimental works [47] [36]. Indeed, the
Raman spectra of our samples differ from one amathenany respects, such as the position and

broadening of the graphene characteristic G andp2Bks, as well as their relative intensity

(Figures 1a, S1 and Table S1). Let us first comghie positions of the G and 2D peaks (Figure 1b).
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Figure 2: Frequency of the 2D peak vs the frequersicthe G peak of a monolayer graphene
deposited on different silicon substrates. The erpntal points can be fitted by a line (dashed in
the plot) that results to be parallel to the rafeeeline corresponding to a graphene sample with no
strain (strain free line in red).
As stated before, a shift of the Raman peaks carlated to different factors, mainly including the
doping and the strain that can be induced, eveoniralably, during the fabrication process. In
fact, even if the samples are prepared accorditigetgame protocol, as in our case, still diffeesnc
may arise. In order to deconvolute the mechanigatribution to the Raman shift from that due to
the electrical charges in graphene, it is usefudttmly the relative position of the G and 2D peaks
across our samples. According to a previously tepomethodology [48], in the G frequency-2D
frequency plane, it is possible to identify twoereice lines that represent graphene samples
showing either no doping or no strain (blue andlireek in Figure 2, respectively). The intersection
of these two lines defines a reference p@intith coordinates (1581.6; 2676.9) ¢morresponding
to a sample with zero strain and zero charge. dstamgly, if we plot the Raman 2D frequencies
against the G frequencies of all our samples, wedcaw about 40 data points that result to be well
aligned. Considering a regression fit, the slop¢heffitting line is 0.89 that is much smaller than
the charge free line, whose slope is reported@3-2.44 [48], yet it matches very well the slope of

the free strain line that is reported to be 0.76.G4 [48]. From this evidence, we can reasonably



state that no significant difference in strain dam observed across our samples. This same
conclusion emerges if we compute and compare thasif each sample as follows. For each point
representing our samples we can draw a line - lpatal the free strain line - whose intersection
with the free charge line defines a new point vathassociated G frequency. Its frequency shift,
Awg, from the reference poif@ allows to estimate the corresponding hydrostatairs s, as [49]:

en= - Awg lwg y 1)
wherewygis the G frequency of the reference pdinandy is the Grieneisen parameter equal to 1.8
[49] (more details can be found in the SlI). Overthié mean hydrostatic strai,= exx + €y, across

all the samples is 1.0% + 0.1%. If we assumed giddigtrain,e,, on our graphene samples, this
would be half of the computed hydrostatic strais, = exx = eyy = 0.5%. Such value matches very
well the strain due to friction of water when agrane sheet is deposited through wet transfer on a
Si substrate (more details in the SI).

Then, since no significant difference in strain c@nobserved, we can argue that the main factor
causing the shift of the Raman peaks from one satapthe other is the presence of charges in
graphene. Furthermore, from the same 2D-G fregesngiot and following the same approach
previously considered in the case of the straincare derive the amount of charge affecting each
sample, too. In particular, since the sensitivitytlee 2D peak frequency against the number of
charges for unit area is about 0I0? (1 -10"%) cnf/cm [35], [51], from the projection of the
border points along the free strain axis, we cad that the amount of charge across our samples
vary between 3.2 (2.210" cm? (graphene on Si with a GiHH. layer) and 6.0 (4.2Y10" cm®
(graphene on Si with TO on top). More details alsugh estimation are reported in the Sl.

Overall, a difference of about 2.7 (1.90* cm? charge density across our samples causes a blue
shift of the G frequency of up to 26 @mthat is then comparable with the concentration of
electrons/holes able to cause a 21 (17) btue shift of the Raman G peak as previously regbrt

[38].



Both the values of strain and doping that we derigepend on the slope of the zero charge and
zero strain lines. However, while in the case efzbro-charge line there is a good agreement in the
literature, more uncertainties still affect theirsttion of the zero strain line with reported vaue
ranging between 0.55 + 0.2 — 0.75 = 0.05 [52] [&8].

It is now interesting to explore the origin of ttidferent doping level across our graphene samples.
It was recently reported that in the case of angfiateraction with an external charge (distribajio

as in our case [53], [54] graphene behaves likeetal where the external charge distribution
induces the development of image charges [54]. Asresequence, we can argue that since our
graphene samples are always deposited onto pd@ars8ifaces, they develop an image charge that
matches in magnitude that of the underlying g&23]. Thus, differences in the graphene charge, as
revealed by the analysis of Raman spectra, are tsbribed to variations in the charges amount of
our SiIQ substrates. The sample showing the highest blife (8., highest charge amount)
corresponds to graphene deposited on Si with tHesride (TO) on top, whereas the sample with
the lowest blue shift corresponds to Si with a,&Hp layer. In between, there are those with either
TEOS oxides (TEOS and TEOS+AN). The observed diffees can be explained considering the
process used to fabricate the Si oxide layer. éncse of TO type, the growth of the thermal oxide
proceeds at the expense of the underlying Si wtfas, inducing a distortion of the Si crystal leti

at the interface. Such a distortion is accompabiedhe formation of a residual electrical charge
(that can be estimated as £46m?[55]). However, this residual charge is much more Eahithan
that of TEOS, where the quality of the oxide is éovand characterized by the presence of a charge
density of ~167 cm?. A method commonly used in electronics to redugehsa charge density is
annealing at high temperatures (950 °C) which iedua relaxation of the inner strains and a
reduction of the charge to ~facm?. Thus, in the hypothesis of electrostatic intécacbetween
graphene and the substrate, we expect that a thenmazess would reduce the intensity of their
interaction. Indeed, this explains why the bludtshii G (2D) peak for a given substrate is lower

when thermal annealing is introduced. Furthermasa limiting case, the absence of the oxide

10



layer (e.g., the native oxide is etched and theetyithg substrate is covered with a G, layer)
should provide the smallest amount of residual giaathat in turn should provide the lowest
graphene interaction. As a confirmation, the,€Hb substrate provides the most red-shifted G peak
in the Raman spectra. However, if we consider dméyamount of charge embedded in the oxide
layer, we could not explain why TO substrates mtevimore interaction than TEOS substrates
(Figure 1b). Indeed, apart from the charge emhbéddethe oxide, it is well known that SjO
interacts with water (even in ambient conditionghwhe formation of silanol groups on its surface.
Such groups are then subjected to protonationioescf{35] that cause the formation of an even
significant amount of surface charge (up td“16m?), which is much higher than the residual
interface charge [55], [56]. Overall, the amount @afrface charge expected on $i@s a
consequence of both the fabrication process antbmation reactions is compatible with the
estimation derived from the analysis of the Rampectga. Other evidences of the presence of
charges in graphene come from an analysis of thelldWf the G peak. In a previous study [38] it
was shown that the FWHM significantly decreases rwkiee number of charges in graphene
increases up to 510" cmi®. Then, it stabilizes within the range 6 tm 11 cm'. Interestingly, this

is the same interval that includes the G peak FW&fMill our samples (Table S1), which thus
results to be compatible with the presence of féW &m? charges as we identified from the G
(2D) frequency shift. Similarly, the relative inwty of the 2D and G peakydlls, decreases
significantly when the number of charges in graghércreases up to 5102 cm®. Then, the
reduction trend is much less pronounced and famaher of charge bigger than 50" cm?, |/l
was reported to be smaller than 1.5 [38] , whichcimas our experimental evidence (Table S1). The
only lxp/lg slightly bigger in our experiments (1.65 + 0.76dsmecorded for the GHH, sample,

which has the smallest amount of electrical chatgmjgh.
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Figure 3: a) Surface potential measurement setupn@ the measurement, each Si/SgDdbstrate

is grounded. b) Example topographical and (c) serfsotential maps derived from the KPFM tip
scanning a 10 x 1@m? sample surface area. Before the electrical meamne the SKPM tip was
calibrated against a reference graphite sampl€ot)parison of the surface potential measured for
different Si substrates (Si 111 with thermal oxX@®) treated with thermal annealing (AN), quartz,
Si 111 with thermal oxide on top, Si 111 with TEGSde, Si 111 with TEOS oxide treated with
thermal annealing (AN), Si 111 with a thin layer@ifl;H, deposited after etching its native oxide
with HF, Si 111 with native oxide) and expressedabsolute difference with respect to graphite
work function. The surface potential data are camgdo the Raman G frequency recorded for a
graphene sheet deposited on each of the considebstrates.

In order to confirm that the strong interactiongrphene and SiQOs related to the amount of
surface charges of our Si/Si®ubstrates, we measured the surface potentikesétlatter through
Amplitude Modulated-Scanning Kelvin Probe MicrosgofAM-SKPM). AM-SKPM is a non-
contact method for direct measurement of the cop@tential difference between an Atomic Force
Microscope (AFM) tip and a sample surface [57] (ffeg3a). Since the contact potential difference

(CPD) between two materials depends on a variefyaohmeters, such as the work function [58]

and dopant concentration in semiconductors [59§ tan provide information about the whole

12



surface charge, including both the contributionthefembedded charge and the charge due to polar
groups on the substrate surface [60]. For the tijaime measurement of CPD distribution, before
the experiments, the tip of the SKPM was firstlmaied against fresh exfoliated graphite (HOPG)
and then used to scan each substrate in ordeveoaenap of its topography and surface potential
(Figure 3b-c). The surface potential of each sabsfyv,, was evaluated according to the following
equation:

V, = CPD + Vy (2)
where CPD is measured directly by the instrumedi\aris the tip surface potential. This latter can
be computed a¥yops-CPDcy, WhereCPD¢y is the contact potential distribution measuredhsy
instrument during the tip calibration aNMdops is the HOPG surface potential, assumed here equal
to 4.475 V [61].

Figure 3d reports the surface potential of eaclstsate directly measured by SKPM as compared to
the charge density of the corresponding graphemgplsaon top derived from the interpretation of
the Raman spectra according to the previously dgamli procedure . Surprisingly, the variations of
the surface potential and graphene charge denesityss the different substrates are in general
agreement with one another despite they refer tierdnt physical entities measured through
different techniques. Some differences can be notdygin the case of NO and GHH, and these
can be explained by the same reason, though. Indeddthe samples consist of a few nanometers
thick layer laying on a bulk silicon substrate. farthe literature it is well known that SKPM can
reach a depth sensitivity of several hundreds afoneeters, which enables it to detect objects
located beneath the scanned surface [62]. Thus,very likely that the CPD measured in our
SKPM tests takes into account not only the surfaantial strictly related to the thin film of
interest, but also the substrate contribution.dditzon, this contribution affects differently NGé
CHstH,. In the first case, since Si has higher condugtitnan NO, we expect that the substrate
presence causes a reduction of the measured spdtadial (i.e., the corresponding value reported

in Figure 3d is underestimated). On the contrarythe second case, as the /&H; film is more

13



conductive than Si, we expect an overestimatiothefmeasured CPD (i.e., the actual value is
smaller than the reported one). The relatively hilgipth sensitivity of SKPM explains also the

unavailability of stable data for quartz, whichnist reported in Figure 3d, with respect the other
substrates. In fact, the experimental condition tfte SKPM measurement on quartz involves
testing of a 60Qum thick bulk sample, whereas in all the other cagestested samples consist of

oxide layers of at least 300nm thickness layingaobulk Si substrate connected to the ground.
Since the SKPM tip has a relatively high depth geity, the presence of the Si bulk played a

beneficial role in stabilizing the measurement ba tipmost oxide layer. On the contrary, in the
case of quartz, the surface to be tested belong$tok dielectric material, which is not possitide

ground. This causes the electrical measuremerd tmbtable and thus not reliable.
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Figure 4: a) Valence Band (VB) of a TEOS sampléveerfrom XPS measurement. According to a

conventional linear fit algorithm, the top of thé8\fs determined as the intersection between the
linear fit of the falling shoulder of the VB andetlVB background above the Fermi level; b)

Position of the Valence band Top estimated foreddiht Si based substrates: 111 Si with thermal
oxide on top, 111 Si with thermal oxide on top arehted with thermal annealing, 111 Si with

native oxide, quartz, Si 111 with TEOS oxide, Bilwith TEOS oxide and treated with thermal

annealing, Si 111 with a thin layer of GHH, deposited after etching its native oxide with HF.

Finally, in order to have the ultimate evidencet ttinere is a difference in the amount of surface

dipoles across our substrates, we performed X-heydelectron Spectroscopy (XPS) analysis. This

14



allows for an estimation of the Valence Band (VB fposition, which is in turn sensitive to the
surface charge distribution caused by dipoles.

In oxidized silicon samples, a negative surfacagidas expected due to the charge transfer from
silicon to oxygen in positively doped samples assoblegative charges induce a downward band
bending that increases the distance between theopBnd the Fermi level [63], [64]. The opposite
occurs when positive charges accumulate on thelsasngace that lead instead to an upward band
bending. Since in our analysis, the Fermi level waasefully aligned to zero utilizing a
polycrystalline sputtered gold sample, the diffeesin the VB-top result from the different surface
composition. In particular, the higher the band dieg the more negative the surface charge.
Alternatively, we can say that the higher the ptérmeasured by the SKPM, the higher the

regression of the VB-top from the Fermi level doéand bending.

Intensity [cps]
[
g

50 1 VBtop

s 10 5 0
Binding Energy [eV]

Figure 5: Valence band (VB) of an example 111 $a@ga with a native oxide layer on top and
evaluation of the VB-top after eliminating the cddition of bulk Si.

Indeed, we find a good agreement between the toénlde band bending induced by the charge
accumulation on the sample surface with the sunfatential measured by SKPM (Figure 4b) and
the graphene charge density previously estimatexigin Raman spectroscopy. In this regard, the

only slight outlier is the NO sample. However, Imstlatter case the estimation of VB-top position
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was more complex as a consequences of additioatalréss of NO valence band with respect to the
other samples (see Figures 4a and 5). Indeed, senadal a shoulder near the Fermi edge which
can be assigned to a non-negligible density oéstaéar the Fermi edge due to the semiconducting
nature of the underlying bulk Si substrate, asaalyedescribed in the literature by experimental and
theoretical works [65] [66] [67] [68]. Differentlfrom the other samples, in this case we are
sensitive to the bulk Si because the native oxaglerlis very thin and in particular it is thinnaah

the sampling depth of the X-rays for photoelectrains1480 eV.

To estimate the position of the VB top in the cabthe NO sample, the contribution of the silicon
substrate was firstly eliminated through a GausBting procedure (see Sl) and then the top of the
valence band was evaluated through a linear fibathe other samples (Figure 5). Our estimation
of 4.51eV results in very good agreement with datported in literature [66], but an
underestimation with respect to the other sampéemat be excluded because of the additional

analysis required.

4. Conclusions

In this work the interaction between graphene ai@} 8/as proven to be related to the electrical
charges at the SpOsurface originating from both the oxide fabricatiprocess and protonation
reactions. This clue results from experimental enaks obtained through different and independent
physical techniques including Raman spectroscopgn@ing Kelvin Probe Microscopy and X-ray
Photoelectron Spectroscopy.

Raman analyses performed on graphene monolayeositegp onto different oxidized Si substrates
obtained by induced oxidation or by deposition iita from TEOS, revealed that each sample
interacts with its substrate through an electrastateraction which depends on the amount of
surface charges. The presence of a varying sucfaaeye across our substrates was also confirmed
by both SKPM, through a direct measurement of thiface potential, and XPS analyses, through

an estimation of their valence band bending. listargly, the SiQ/Si substrates characterized by
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higher/lower charge correspond to higher/lowerraateon with graphene. Our results indicate that
substrate surface charges, if properly controliedy enable tuning the graphene and 2D materials
interaction with different substrates. Such mecérancan open new frontiers in microelectronics
and can then be exploited in novel multifunctiod@vices providing strong adhesion only at

particular locations and for even large areas.
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