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Abstract: We present local electrical characterization of epitaxial graphene grown on both
Si- and Gfaces of4H-SiC using Electrostatic Force Microscopy atelvin Probe Force
Microscopy in ambient conditions and at elevated temperaflinese techniques provide

a straightforward identification of graphene domains with various thicknesses on the
substrate where topographical determination is hindered bybades and SiC terraces.

We alsouse Electrostatic Force Spectroscopy which allows quantitative surface potential
measuremestwith high spatial resolutiotlsing these techniques, we study evolutioa of
layer of atmospheric water as a function of temjueea which is accompanied by a
significant change of the absolute surface potential difference. We show that the nanoscale
wettability of the material is strongly dependent on the number of graphene layers, where
hydrophobicity increases with grapheneckmess. We also use micrsized graphene Hall

bars with gold electrodes to calibrate work function of the electrically conductive probe
and precisely and quantitatively define the work functions for singhad
doublelayer graphene.

Keywords: epitaxial graphene; SiC; adsorbatsjvin Probe Force MicroscopKPFM);
Electrostatic Force Microscoi£FM); surface potential; work function; wettability
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1. Introduction

Graphene, a single layer of graphite, is currently the subject of a mas&aechemterest and an
equally immense number of publications due to its novel physical properties and vast potential in
technological applications: a likely successor of silicon in-ppstor e 6s | aw devi ce
sensors, THz applicationgtc. [1,2]. Graphene has also been found to be extremely valuable for
metrological applications, for example, exceptionally accurate measurements of the quantum Hall
resistance quantization were demonstrated recgitlyn order to be economically viable and truly
attractive for applications, large scale wafers of high quality graphene grown on insulating substrates
are required. One of the most attractive routes is to grow graphene epitaxially from insulating SiC
single crystals by solidtate graphitization of # substrate[4]. Besides wafescale graphene
production (typically Rijgfer[5,6], whereas Mjifers are in a current research), the method provides
a possibility to better control the electronic properties of graphene via charge transfer through
interaction with the substrate.

However, during the higkemperature annealing process, the SiC satesforms terraces with a
typical height of 220 nm and eventually develops a complex surface morphology, which strongly
depends on the growth conditions (temperature, gas atmosphere, pressure) as well as thisduttial
angle of the substrate. Most ionpantly, thermal decomposition of SiC is not a-salfurated process,
which may result in the coexistence of graphene layers of various thicknesses. Thus, the SiC substrat:
significantly hinders straightforward identification and determination of thehgree layer thickness.

For electronic applications in particular, it is crucial to define the number of graphene layers precisely
as, for example, one and two layers of graph{e@ are charactezed by a completely different band
structure and possib#itto open the energy gap, defining the properties of devices. When morphology
studies are performed in ambient conditions, the presence of watearamg adsorbed species on the
surface of graphene may further complicate the layer identifidai&f

Topography measurements using Scanning Probe Microscopy (SPM) is a widely available and very
versatile technique which has been extensively and successfully used for studies of the initial stages o
graphitization on Si(J10i 12] as well as for investigatio of linear defects in epitaxial graphene,

i.e, ridges, wrinkles/puckers, pleatstc, which are generally the result of the compressive strain
between graphene and SiC during cooling from the annealing priik@sdHowever, due to the
complex morphology of the SiC substrate and inhomogeneity of the graphene growth, it is often very
difficult, if not impossible, toprecisely define the local thickness of the graphene studying the
morphology alone. Confidence can betaobed by combination of topography height and tapping
phase imagegLl2,13] which in many cases can distinguish between different graphene domains (as
discussed below). Nevertheless, many experimental studies still rely on the commonly available and
simple height measurements as the main source of identification of the graphene thickness, which
often leads to ambiguous and irreproducible results, especially in ambient conditions.

Besides the production of largeeas of graphene, forthcoming industrial dseeaequire a
largescale contactless method for testing its electrical properties. Currently, onkzcdimeming,
complicated and expensive electrical properties measurement methods of graphene are available
including patterning of devices and subsedueansport measurements. In this case, the obtained
information is generalized over the whole device and not correlated with the exact morphology of
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graphene and presence of structural defects or local adsorbates. Electrical modes of SPM, for exampl
Kelvin Probe Force Microscopy (KPFM14,15] Electrostatic Force Microscopy (EFNB6], and
Electrostatic Force Spectroscopy (EH%Y] have recentlybeensuccessfully used to identify the
number of layers in epitaxial graphene. These techniques providéagttess (and, therefore, simple,
cheap andwidely accessible) electrical mapping of epitaxial and exfoliated graphene allowing to
extract crucial information about graphene thickness, distribution of the electrical potential and charge,
work function,etc. on the nanoscale. While the EFM method allows maijnigiitativemapping of the
surface potentia]7,18 20], the KPFM technique provideguantitativevalues for the work function
difference,l s = U prone | €Vepp, Wheret s and U prone are work functions othe surface and probe,
respectively, and/cpp is the contact potential difference directly measured by KPFM. Using KPFM
method, both exfoliatefP1] and epitaxia[22i 24] graphene with different number of layers has been
studiedby various groupsin epitaxial graphene grown on SiC, the method has proved to be useful for
easy identification of graphene domains.

For numerous industrial applications.e( electrochemistry, electronic, environmental and
chemical sensors, heterogeneous catalysis, sygamitars, nanoparticle sedlssembly, corrosion,
lubricants,etc) it is essential to know and control the state of the graphene surface. The presence of
water is unavoidable when graphene is exposed to air for a prolonged period d%imend
understading its influence is crucial for understanding of both fundamental graphene properties and
functionality of devices. Significant effort has been dedicated to both theoretical and experimental
investigation of water on graphitic surfaces. In generalhfftrophobic nature of the graphene was
commonly observed and revealed on the macroscale as a large contacteang®&71 1205 between
a water d L) antl graphee~surface, as measured by optical methodsX-aag
reflectivity [26i 28]. However it has also been shown that few layer graphene on top of different
substrates does not significantly change the wettability of such materials as gold, silicon and copper,
owing to van der Waals forces dominating the suriaater interaction$29] and, a such, the few
layer graphene appears hydrophilic in contradiction to bulk graphite. On the nanoscale, these
interactions are even less understood.

Other mapping techniques have been successfully used for identification of graphene domains in
past.Ramanspectroscopy is a nestestructive technique, requiring virtually no sample preparation, is
commonly used for determination of graphene quality and determination of the number of
layers[30i 32]. The technique directly measures the phonon dispersion bands related- ¢thebon
atoms in the hexagonal lattif&3]. The most prominent features in the Raman spectra for graphene are
the Gpeak and théwo dimensional ZD)-peak[32,34] The Gpeak(~1580 cm) is a result of the
doubly degenerate phonon modes which stems from theofalst scattering process. The -pBak
(~2700 cr?) is a result of the double resonance eleefrbanon scattering process which stems from
the seconarder scatteringprocess[35]. Additionally, a defect peak D (~1350 Ehis commonly
observed for other than exfoliated flakes ypegraphend30,36,37] The Raman spectra of epitaxial
graphene on SiC produce additional peaks aroundi 1380 cm' due to the intrinsiphonon modes
of the substrate, adding a further complicatjd®,38] For precise analysis, one has to subtract the
spectra for SIC. The Raman spectra features are highly specific to each material, acting as a uniqus
chemical and structuralfingerprint. This chemical sensitivity as dorm of definitive material
characterization is typically unmatched by electrical scanning probe microscopy technicwes. A
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dimensional 2D) Raman mapping is typically generated by performing spectroscopy at each point and
extracting quantities such as peak position, relative intensitieshenéull width at half maximum
(FWHM) valuesof the desired peaks. Contrast arises due to shifts in peak position and changes in the
ratio of the intensities and FWHNB1,36] however, tese properties can be affected by various
extrinsic factors. The vibrational modes that are related to thensipsp carbon bonds can be affected

due to substrate induced stress and strain, thus affecting the Raman[8@gciiae slow acquisition

time of the Raman spectroscopy can significantly increase the mapping time, which apimbeed

by increasing the power of the laser to increase the sigioalever, this can lead to heating of the
sample and potential damal@¥]. The spatial resolution of Raman mapping is typically limited by the
spot size of the laser to ~1 pym, which is two orders of magnituisethan electrical scanning probe
microscopy techniques (10of nanometer). Often the layer roniformity of the efiaxial graphene

on SiC is on the sulnicron scale, favoring electrical scanning probe microscopy techniques over
Raman mapping.

Low energy electron microscopy (LEEM) and photoemission electron microscopy (PEEM) are
other powerful techniques which are coomly used for local mapping of graphene properties in
recent years. These techniques together with their spectroscopy counterparts, such as selected area
mi cro | ow ener gy -LEEDg antl miamanglkiresdivedaphbotoelextron gpectroscopy
( ARPES), were widely used for studies of graphene on metal, SiC and Si(8i€irate$39,40]

One of the main advantages of LEED/PEEM is a possibility to use it in real time for studies of such
dynamic processes, as nucleation, growth and intercaldtwse methods allow for the investigation

of local propertiesj.e., level of graphitization in spatially inhomogeneous graphene samples. For
example, identification of singlewyer and bilayer graphene films on a SiC substrate during the
vacuum growth &s performed by comparing the characteristic features in electron reflectivity spectra
i n L EE M-band struckuee as’ revealed by ARHES]|. In general, LEEM often serves as a very
useful tool to accurately determine the local extent of grapheneslagavell as the layer thickness. In
particular, the role of the defective structy#,43] and active treatment of the substridd] in
formation of graphene layers were successfully studied. Another interesting approsestigation

of the effect ® oxygen adsorption on the local structure and electronic properties of monolayer
graphene. Monitoring of the oxidation process by LEEM anidEED demonstrated that the oxygen

can saturate Si dangling bonds and bredkCSionds at the interface, leadingitdercalation of the
graphene layef45]. Despite being extremely useful, these methods, however, require for expensive
electronic microscopy equipment and essentially are vacuum techniques, which limits their application
in product lines, where quick tuout of the samples and their simple and reliable characterization are
crucial. Moreover, studies of adsorbed water and other atmospheric and environmental species ar
generally not possible in the vacuum environment.

Scanning Capacitance Microscopy (SCMperates at microwave frequencies and has found
widespread use in the analysis of dopant profiles in semiconductor masidisl] SCM has been
applied to the mapping of graphene in numerous instances and in slightly different ways. SCM has the
ability to distinguish between different layer thicknesses of graphene and can also show further
contrast within graphene domains. Different implementations have beerfarsesample where the
air-gap between the SPM tip and the graphdéoens a metabielectic-metal seriesapacitor[48].
Alternatively, the tipgraphendorms the top electrode connected to dielectric/semiconductor with
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the back gatei.g., bottom electrodebeing formed by heavily doped silicon subsrat additional
metallic layer[49]. Lately it hasbeenshown that using graphene in contact with the AFM tip as the
top electrode provides a way of determining the mean free path in graphene as a bias is applied to th
graphene for a finite period thus determining the area of the topoele¢b0]. In each cas¢he
techniques involvesignificant analysis and emnvolution process isrequired tocharacterizethe
graphene individually as part of the whole measurement sy€iementlythere is still a relatively

limited amount of work onhe application of SCM to graphene and further systensatidies are
needed to develop confidence in the technique when applied to graphene.

In this paper we review and summarize our results as well as results of others in the area of domair
identification studies of the surface potential distribution and precise determination of the work
function in graphene domains of different thickness and type of doping as well as effects of
environmental water and adsorbates on properties of epitaxial graphenecWeotw attention on
local electrical studies of graphene epitaxially grown on SiC(0001) and SkLjG#0performed using
a broad spectrum of electrical force microscopy techniques. Additionally, for lithographically prepared
graphene devices we use loeddctrical mapping to complement standard transport measureiknts.
samples studied here are calfeplaphene for simplicity, however we always specify the number of
layers in each individual sample and describe thickdepgndent differences in thealectronic and
chemical properties.

The paper is organized as follows. In Part 2 we present our recent experimental results on
() identification of epitaxial graphene domains and effect of adsorbates using quantified topography
and electrical mappindii) wettability of epitaxial graphene and influence of atmospheric water vapor
and(iii) studies of graphene devices using KPFM and EFS techniques. Part 3 gives a brief overview of
the used SPM techniques. Growth of graphene samples and fabrication baHd#vices are also
outlinedin Part 3 The summary of the results and the main conclusions are outlined in Part 4.

2. Results andDiscussion
2.1.dentification ofEpitaxial Graphene Domains Using Quantified Topography Images

Measuring the height a@xfoliated graphene flakes deposited onto a substrate is often a convenient
way of assessing the number of layers. However, even irsithigle case care must be takéor,
example, graphene deposited onto a gold substrate can appear depressed witto ribgpeuabstrate
due todifferent electrostatic interaction with the sample based on the probe usd¢deamdterials
being measured. Epitaxial graphene on SiC avoids this particular problem bus thevigle range of
height values that can be expecbetiveen graphene domains, even those of the same thickness, as the
substrate develops a complex morphology during grd@#51] The as grown film (samplé&l)
studied inSection2.1 and 2.3 consisted of ~57/40/3%.G/2 LG/3 LG, respectively, o0isiC(0001)

2.1.1 Models andMethod

We compare the expected height steps based on the model oétHasES2] using the surface
X-ray reflectivity method and that predicted by Filletgral. [22] and Emtsewet al. [10] using a
conventional layer atteation model Table 1. Despite the intensive studies of epitaxial graphene on
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SIC, the nature and properties of the interfacial layer (IFL) are not very well understood. However, it is
clear that this layer plays a defining role in therphological ancelectronic properties of epitaxial
graphene. At present, the consensus is that IFL i&&6§@3)R30 reconstruction of SiC(0001). The
layer is carbofrich and covalently bonded to the substrate. The incomplete understanding of the IFL
inevitably causes fferent interpretation of its thickness. For example, valudg08 0.232 m [52],

tire & 0.250 m [22] and0.240+ 0.030 mm [10] have been predicted. Recently, it was argued that the
thickness of the IFL is not constant but dependent othtbleness dthe graphene layer on togiving

rise toa very broad range ofluestr_ a 0.150/0.900 m [53].

Table 1. The range of heights inananetersexpected between UG (layer ofgraphemg
and 2LG in epitaxial graphene on SiC using the two models shown. The minus sign
denotes when thellG is higher with respect to thelZs.

Graphene hyers Model used Stepheight (nm)

10.915,10.665,10.415,1 0.165, 40.085, 40.335,+0.585,
+0.835, +1085

10.925,10.673,10.421,10.169, 4.083, 40.335, 40.587,
+0.839, +1092

11.065,10.815,10.565,10.315,1 0.065, 40.185, 4#0.435,
+0.685, 4.935

1LGI2LG Filleteret al.[22]
1LGi2LG Hasset al.[52]

1LG+0.400 nm2LG Burnettet al.[54]

In order to compare the height measurements, we first had to confirm the most reliable experimental
method of measuring vertical distances oranometrescale.Three different methods were considered
for determination of the vertical heights using AFMdgmphy measurements, namely: individual line
profiles, averaged line profiles based on recording of 51 individual parallel lines, and histogram plots.
We have previously confirmed that the histogram method of measuring the small height steps betweer
epitaial graphene domains is the most religbk]. To use the histogram method it is crucial to adjust
the tilt of the image to produce flattened steps with constant values across the graphene domains
whilst ensuring that, with an exception of tilting adjnent, no flattening procedures were applied to
the imagegq54]. The appropriate level of tiltings achieved when the histogram can be accurately
fitted by a Gaussian distributiohe histogram method is especially versatile as it is possible to ignore
spurious contributions to the measured height such as depressions and surface adsbibatase
not easy to avoid with line trace methods. The histogram method was then used to explore the
consistency of the height measurements between domains oniamtaphene sampleft is also
important to ensure that the topography measurements are made wiails imaged within the
repulsive regime during the mechanical oscillation zgdi in tapping mod¢55] (see Section 3)1
Epitaxial graphene is rdlgely straightforward in this respect as we have crystallographic steps of
known height onthe substratehat are covered with the same material which can be used as a
referencepoint.
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2.1.2.ExperimentalResults

Initially, we consider the height of SIiC terraces and the case wjraphene domain
homogeneously covers a few SiC terraddse step height across terraces was always measured as a
multiple 0f0.250 i +a conservative value @.050 nm (in recognition othe noise floor of the AFM,
althoughthe experimentabalues were measured within a few picometers). For example, a measured
terrace height 00.995 i was compared to thmodelvalue of 1.000 nm in almost perfect agreement
to the expected height of folayers of SiC as predicted for a single SiC layer height280 m [22].

This was found to be consistent, independent of the graphene layer thickness on top of the terraces (u
to the 3LG), confirming the conformity of the graphene to the underlying &@ unibrmity of the
graphene domainand once a suitable tip and measurement parameters had been established the
repeatabity was typically well within £.020 nmgiving us a large degree of confidence in our
heightmeasurements.

However the heightvariations between different graphene domdiase little relation to the values
expected from theorys shown inTable 1. By assuming an adsorbed layer with a thickness of
0.400nm adhereanly to the 1L G, we found that the heights measured betweke® &nd 2LG come
to an extremely close agreement with the theotsoduced in Section 2.1.For a large range of
measurements on differentLG and 2LG samples on SiC(0001the 0.400 imm adjustment proved to
be an accurate and consistent correctiomatchng the theory with the measuremeftig] typically
within 0.050 nmLargerdiscrepancies were sometimes found but the corrected value always provided
a significantly better match than the uncorrected theoretical vallés.correction allows us to use
current theories on the expected height steps and match them to the experimentaWehirtshis
margin of error both theories presented ablel match the measurements with close agreement after
correction.We discuss the nature of this adsorbed lay&ectiors 2.2 and 23, especiallyin regardto
Figure 3. We show that the thickness of the adsorbed layers is extremely consistent for our samples
which have been prepared in the same way on nominally the same starting subsfgate$.shows
topograhy and corresponding EFM phase images (Section 3.2) for two different reglmre the
height is measured using the histogram method. The histogram of the highlighted area in Figure la is
depicted in Figure 1c, where theL& is lower with respect to h1LG and a height of 0.599 nm is
measured between them. Referrin@ &dble 1, this height relates 1©0.165 nm (the minus sign denotes
the 2LG is lowerthan 1LG). Once we add the 0.400 nm related to an adsorbed surface layer, the
value ist 0.565 nm. Tfs is in excellent agreement with our measured valueFgure 1d the height
measured between thells and 2LG is 0.753 nm, in this case thelLTs domain is lower than
2 LG. Referring again t@ablel, this value isn agood agreement with the heighft@685 nm which
we get when 0.400 nm is subtracted from a value of 1.085 nm. Although this agreement is not perfect,
it is by far the closest solution and shows that the method is relRaltiwer examples can be found
in [54], altogethershowing the robustness of the histogram technique and the need to account for an
adsorbed surface layawhich in this casean be assigned a thickness~6£400 mm, but might be
different for different samples and preparation routes.
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Figure 1. (a) Two differert regionsof sample#l; (a) and(d) Topographythe boxeshow
location ofthe histogram analysjgb) and(e) Electrostatic Force Microscog#zFM) phase
images of the areas i@)(and ), obtained withVpepe = +2 V (b) andi 2 V (e). as the
Vorowe IS different for the two images, the L5 is darkest in lif); whereas the 1.G is
darkestin (e), which also contains some very brightt& domains (c) and §) Height
histograms of the highlighted areasay &nd €).

5.0 nm
4.0

3.0
2.0
1.0
0.0
6.7 deg

6.5
6.4
6.3
6.2
6.1
6.0

21.0
20.5
20.0
19.5

19.0

(c) (f) | | |

@ 20/ @ 204 | Az=0.753 nm |

f= = N

S 151 S 154

Qo o

5 10+ s 10+

£ g 5

> >

] 1 o) 1

O . . i . i O . . .
1.0 15 20 25 30 2.0 25 3.0 3.5

Height (nm) Height (nm)

2.2. Mapping ofLocal ElectricalPropertiesin Epitaxial Graphene
2.2.1. ExperimentdResults

As described above, the identification of different graphene domains using quantitative AFM is
generally possible with careful analysis of the step heights between domains and in our case alsc
including a correction for an adsorbed surface layer. However, the use of electrical modes of SPM can
provide a much easier method to delineate different graphene domains through imaging alone
(Figure 1be). Variation in electrical properties for graphesh@mains with different layer thicknesses
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offers the means to distinguish between layers using EFM and KPikmages shown in Figure 2
area small sectiowf device #4, which will be discussed in more detafbattion2.4.3

Figure 2. Series of images from the same region showings with a small2 LG island:
(a) topography (b) tapping phase showing LG and 2 LG regions; €) EFM phase at
Vorobe = +2 V; (d) Electrostatic Force MicroscopyEFM) phase atVppe = T2 'V,
(e) Electrostatic force spectroscofiyFS curves for thel LG and2 LG; (f) Kelvin Probe
Force MicroscopyKPFM) surfacepotential ma.
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While the topography image (Figurga) is strongly dominated by SiC terraces, hindering
information about the graphenkidkness, the tapping phase image (Figure 2b) allows identification
the 2 LG domain. Figur@c,d show two images recorded using EFM with different probe biases
(Vprobg- The contrast between the 1 LG and 2 LG is flipped when the bias is changed from2+2 to
(additionally the phase difference increases from 0.63°to 1). This ability to manipulate the contrast
levels is very valuable for clear identification of different domains, as there is always the possibility to
validate a result by recording mulgpimages at different biases. However, a more succinct way of
identifying the optimum contrast between graphene domains can be achieveshgutiFS
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(Section 3.3). For the images in Figl@ed, multiple EFS measurements were made and averaged to
producethe graph shown in Figurge. Each of the graphene domains shows a distinct parabola,
plotting EFM phase({) as a function of th®prpe At Vprobe=12 V, the EFS curve for the 2 LG has a
larger qai than the 1 LG, which translates to the 2 LG appeariegbtightest part of the image in
Figure2d. At Vpone= +2 V, the 2 LG has a lower phase than the 1 LG and is, therefore, darker in the
EFM phase images. Thus, it is possible to use EFS to find optimal imaging parameters taerthgmi
contrast in the imges. We have also demonstrated a high reliability of the EFS technique, as results of
averaging of a large number of individual curves typically show a very small standard devtion,
within ~3% of the mean value as was measured for various typeapgifemne samples and different
experimental conditions for a statisticahge of 5046,000 EFS curves. Additionally, the quantitative
mapping of the same area has been obtained usindKRIMM technique (Figuref), showing the
surface potential differencelt ween 1 LG aVsh~40mLG, being o

2.2.2 Discussion
2.2.2.1 Effect of theSubstrateon theElectronic Propertiesf Epitaxial Graphene

The possibility of unambiguously identifying the graphene layer thickness and, furthermore,
inferring fundamental properties of the graphene under ambient conditions is limited. This limitation is
introduced primarily by the sensitivity of graphene taritsmediate environment which induces a large
degree of changeability in its physical properties. It is commonly accepted that in the case of graphene
grown on the SiC(0001), the substrate and the IFL are a strong source of electrons, leading to intrinsic
n-doping of epitaxial graphen&.LG, which is less strongly influenced by the substrate, has a lower
level of ndoping with this trend continuing with increasing layer thickness. The intrinsic doping level
originaing from the substrate has been explored drfoliated graphene on SigJ21]. We expect
essentially the same trend for epitaxial graphdmaring in mind a different type of dopants and
presence of the IFL

2.2.2.2 Effects ofStructural DefectandStrain

The work function measured wikPFM andEFS is directly related to the carrier concentration of
the graphene anthereforethe doping level is fundamental to the measured surface potential. There is
a large range dfcpp values reported in the literatur€able4, Section 2.4.8as can bexpected based
on intrinsic doping alone. Even an explicit and detailed knowledge of the sulvetedeldoping d@s
not necessarilyguarantee a reasonable agreement wite experimentally easure carrier
concentration irthe graphene. The level of dog is also dictated by the geometrical relationship of
the graphene to the substrate. In exfoliated graphene it has been shown that the closer theiggraphene
to the substrate the greater the charge interadietween themwith annealing improving the
graphenesubstrateconformity. An undetermined roughness is not expected in the case of epitaxial
graphengas the IFL and graphene grow directly on the atomically flat SiC surface. Nevertheless,
domains of different | ay émesdbchwhckiglikely o influanceghea n ¢
graphendFL-substrate interaction. Substrate steps also influence the charge intenabioathe
terrace width and heiglaire bothdependent on the exact growth conditifBig and themiscutof the
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original SIC crystal [58]. It was shown that when the graphene passes over a terrace edge, a
detachment of the graphene from the substrate is possible leading to an abrupt change in loca
doping[59], which can be seen wikkPFM and EFM as a change in the potenffagure2). However,
this effect should be distinguished from the possibility of narrow MLG bands nucleating at the terrace
edge[60]. Other structural features and defects that are found on epitaxial graphenpu@kers
formed due to the thermal coefficient of expansion mismatch between the graphene and the
substratg61]), also have an appreciable effect on the electrical propefies. defects have been
shown to strongly influence the device properties depgmaiinwhether the alignment of tlievices
crossed the wrinkles perpendicularly or were parallel to {i6in

The influence of strain, which occurs during cooling of epitaxial graphats® duringthe
mechanical deposition of exfoliated graph¢bg]), has also been highlighted as intimately related to
the charge transfer process from the subsfi@®¢ which is supported by the fact that both the
geometry of the graphene and proximity to the substrate influence the transfer of charge.

2.2.2.3.Influence ofAdsorbates

There are a multitude of molecules that may become adsorbed to the graphene surface even base
purely on exposure to the ambient laboratory environn{&mically hydrocarborbasedunidentified
molecules[64]). In our own work we hae made preliminary studies using Secondary lons Mass
Spectroscopy (SIMS) which shows the presence of polydimethylsiloxane (PDMS) as a surface
contaminant with traces of erucamide and dimyristoylphophatidylchi@B8je These species are likely
to be resposible for the formation ofero dimensionahdsorbategFigure 1a) on the sample surface
based on the previous studies showing the formation akagie films on carbon surfackb,66]

These compounds are likely to originate from the environment ofipiterage containers, gloves,

and numerous other applications products where PDMS is used in production as a mold release agen
No water was observed due to the fact that the SIMS measurements were carried out in high vacuum
Effects from atmospheric wer and resist residues from lithography processes are specifically
discussed in Sectioris3and2.4,respectively

All of these factors lead to a daunting array of contributions to the exact level of intrinsic doping
expected in the graphersnd measuredusing EFS andKPFM. Assurance can be attained through
complementing the measurements with Raman SpectroscBf, ARPESor another technique to
give a baseline for the subsequent SPM measurements to cdnfifcoverage. However, we are
successfullyworking on creating a high level of confidenaith SPM in ambient conditions as a
technique which can be relied uptw a high level of certainty.

2.3.Wettability ofEpitaxial Graphenand Effectof Atmospheric Water

Exposure to atmospheric environmerdynsignificantly alter the electronic properties of graphene
and functionality of graphergased devices due to an additional extrinsic dof@@(69], where such
common species as wateapor, oxygen nitrogen and carbonoxides and hydrocarbons act as
p-dopants see e.q.[70i 77]. However, high reactivity and instability of many of these dopants make
their practical application rather limit¢dO]. The effect of variable humidity on properties of graphene
has received limited attention. SPM techniques have been widely used in the past for studies of thin
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water layers on various substrates in ambient conditions. While the AFM probe may strongly perturb
the nanoscale liquid film, the use of rRoontact modes was shown to significantly reduce the friction
and dragging effects. It was generally found that initially an orderedikeeéayer of structured water,
characteded by the lack of free OH groupsan be formed even at ambient temperature and humidity

on both hydrophilicand even hydrophobic substraf@8]. The AFM technique is very useful for
successful visualization and investigation of such structures. Here, we use a variety of SPM modes tc
study the process of absorption and desorption of water on graphene and relevant modification of
graphene surface potential. While SPM techniques cannot provide a direct chemical proof that the
adsorbed species are indeed related to atmospheric water f @getraments outlined below gives us

a high levelof confidence in their naturé. should also be noted that a direct chemical analyses of the
adsorbed specieséxtremely problemation nanoscale and, in pi@xilar, in ambient conditions.

2.3.1. CasefdEpitaxial Graphenen StFaceSiC

First, we consider the influence of atmospheric water on properties of epitaxial graphene grown on
the Siface of SiC in the temperature rangé 220 °C and at ~40% relative humidity. In this section
sample #1 is studied The tapping phase images demonstrétat 1 LG has a uniform and
homogeneous surface. However, a substructure associated with the presence of adsorbed water c:
clearly be seen withi2 LG and3 LG domains at room temperature, which in the case oBth&
domain form a welbrganized pattern(Figure 3a, RT1 denotes initial room temperature
measurements). Individual droplets are 8D nm in width and ~0i©.8 nm in height, though the
exact measurements are hindered by the small size and closely pasitied b the droplets. As the
temperature increases, the surfac@ afc and3 LG changes considerabljt 50 €, the substructure
within the 3 LG domain isalreadymodified and can be characterized by fewer and larger features. At
80 €, the substructure disappears completely and ihG and 3 LG domains become almost
entirely uniform(Figure 3b). As the temperature returns back to 20 €, the substructure reappears
both2 LG and3 LG (Figure 3c, RT2 denoteghe final room temperature measurement). Moreaver,
very similar but not entirely identicglattern consisting of parallel lines can be clearly seed b,
demonstrating complete reveydity of the proces andconfirming that the patterns are not a
measurementrtifact The tapping phase contrast for th& LG domain is generally temperature
independent, with a standar di-~025%itha whole températwem t |
range. However,dr 2 3 LG this parameter changes significantly with temperature, being in the range
0.3210.66° As the tapping phase technique is sensitive to the energy dissipation on the surface, this
analysis implies the presence of an additional layer of a diffenaterial on top of 23 LG domains
and its modification with temperature. Comparison of topography line profiles taken at RT1, 80 € and
RT2 acrossl LG and2 LG domains is shown ifigure 3e. While the surface roughness bfLG is
virtually temperature inebendent (in agreement with tapping phase resglis§z shows significantly
higher features at RT1 and RT2 (with a height @60 mnm), which is consistent with thickness of the
monolayer of water. At 80 € the features on thd.G domain become significantly lower in height,
indicating disappearance of the water. Upon the following cooling down to RT2, the initial roughness
of the2 LG is restored as water is-adsorbed9].
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Figure 3. Tapping phase imagdsLG, 2 LG and3 LG domans on SiC(0001) obtained at

(& RTL (b) 80 € and () RT2, showing process of desorption aneadsorption of
atmospheric water. The contour®LG is highlighted using a white line i) for clarity,

(d) Topography imag at RT1, water appears as lighteontrast on 23 LG;

(e) Topography profiles along the line showt) obtained at RT1, 80 € and RT2. Profiles

are vertically offset for clarity. The vertical arrow indicates the position of the SiC terrace
of ~1 nm height dividing th& LG and2 LG domans. The vertical dashed lines show an
approximate border betwe@nLG and3 LG domains. The horizontal dashed lines define

t he spati al resolution of t-vialee ofmehe h o d,
Gaussiardistribution.
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As the atmospheric water molecubagsorb on the sample surfd6&,70,79] they affect the overall
surface potential Vcpp, Of the grapheneln the following set of experimentsve investigate
modification of the surface potential of graphene as a result of the temperature change and
correspondng transformation of the water layer. The area showRigure4a was monitored through
the series of temperaturég., 20 Y 120 Y 2 -passAAMKRFM imodg(sea Seétion 3.4)

Linear profiles of the potential images obtained at 20 and C2&¢é shown irFigure4b. The Figure
demonstrates that, whil-pp 0f 1 LG is generally not affected by the temperature change, the surface
potential of2 LG and 3 LG significantly increases as the temperature rieB.e s u mm\gpry o f
measurementss presented irFigure4c. For thel LGi 2 LG area, thep/cpp Steadily increases with
temperature, reaching ~50 mV at 120 €. Once the sample was cooled back down to room
temperatureg/cpp also returned to its initial value. A differebehavior was observefdr 2i 3 LG
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area:Firstq/cpp sharply increases at 50 @ndasthetemperature increases furthgi/cpp drops back
to the initial value.

Figure 4. (a) Room temperaturdM-KPFM image of graphene on SiC(0001) showing
1LG, 2 LG and3 LG domains (b) Linear profiles of the surface potential difference at
room temperaturgRT), 80 and 120 € along the line shown ia)( Vertical dottedlines
show the approximate boundaries of doma({ns Temperature dependence of the change
of the surface potential difference obtained using histogram analyses of subsegiaeet
potential images fot LGi 2 LG and2 LGi 3 LG domains. The arrows show directions of
the temperature change. The solid linesguides for the eye.
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2.3.2. Case dEpitaxial Graphenen GFaceSiC

A similar experiment on the influence of atmospheric water was performed on epitaxial graphene
grown on the €ace of SiC gample#2). We consider a 85 £ area consisting of few (¥ LG)
and many (~B10 LG) layers graphene domains (FLG and MLG, respectively) and follow the
transformation of morphology and surface potential difference as a function of temp@fagureb).
The number of layers was definby deliberately scribing off the layer of graphene from the substrate
using acontactmode AFM (CM-AFM) with a high force deliberately applied to the stiff cantilever
and measuring the resulting step by applying the histogram mié&ijod
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Figure 5. Topagraphy images of graphene on SiC(Q0showing FLGMLG domains at

(@ RT and b) 120 C. Left colummt he scan si ze i 8 maghfiedc m; ri
area within the frameh{ghlightedin the left column) showing transformation of water

with temperature. Areas @fiquido andfisolido water are markedc) Line profiles of the
topography at RT and 120 € along the lines shownanahd ().
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When the sample was initially scannedr@m temperaturgRT), a clear pattern of drophike
featuresare visibleon the MLG domain(Figure 5a). It should be noted that these adsorbates have a
significantly different shape and are larger in size.(the width of ~80230 nm and height of
~4.0'7.0 nm) than those observed on thda8e of SiCi.e,, sample#l. The adsorbates can albe
associated with adsorpti@f atmospheric water. Despite scanning of multiple areas, no such features
were observed on the FLG domains. After the sample wash@at80 €, the distribution of the
adsorbates on top of MLG changed significantly. Individidroplet® coalesced together in larger
fipoold forming a meniscus type structures with the height of -8l nm attached to terrace
boundaries and pucker& few individual islands of wateare still visiblein the central part of the
image at 80 €. These individual small islands disappear completely when the saaplbeated
further up to 120 €(Figure5b), similar to the effect seen on graphi8®]. Thus, heating the sample
revealed pronounced morphological changes, which we believe are likely to be attributable to
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desorption and rearrangement of water molecules on the graphene duBhcéfter a few
temperature cycles performed between RT and@_200 further notable changes the distribution

of the water layer on top of graphem@as observedi.e. no readsorption of water occurred upon
cooling the sample back to RT. Hence, the process of desorption and reorganization of water on MLG
is irreversible with temperature at the specified humidity. This observation is opposite to the effect for
graphene grown on the-fice of SIC (se&ection2.3.1), where a complete reversibility of water
adsorption was demonstratgq.

A closeup inspection ofte framed area ifrigure 5ab reveals two distinct levels of contrast
associated with water, corresponding line profiles are shoviagimre 5¢c. Additionally to the bright
peripheral contrast of ~1.6 nm height related to the water meniscus (left bottoan cbFigure 5b,
right column)a much weaker contrast is @pged in the central part of thisiage. These islantype
structures with much more defined geometry, flat surfaceaameight of ~0.4 nm are significantly
different from initial droplets of war observed at RT and can be associated with an epitaxial growth
of monolayeithick islands of waterconsistent with previous studi¢®1,82] Whereas both initial
appearance of water droplets at RT and their transformation at elevated temperatutabldes &0
the presence of liquid water, the tapial layer observed at 120 @ related tolie appearance of
fisolido water.

The surface potential on thef@ce graphene was mapped by AWWFM technique as a function of
temperature. The KPFM imagéearly reveals two main levels of contraSigure6a), where the area
of the lowest potential is attributed to the FLG, and the region of the higher potential corresponds to
the MLG. Additionally, areas of the liquid water on MLG are seen as the brigidesast, which,
however, due to the large thickness of liquid water is attributed to the electronic properties of water
itself rather than modification of the graphene surface potential. The histogram analysis of the acquired
KPFM data reveals two majgreaks corresponding to FLG (left) and MLG (right) domains with a
potential difference ofVcpp = 200 mV at RT Figure 6b). This value increases up to ~260 mV at
120°C, primarily due to the shift of thé-pp of MLG [78].

Figure 6. (a) KPFM surface poterdl image of graphene on SiC(GQ) at RT, vertical
scale is 277 mV and]j typical histogram of the KPFM image.
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The complex morphology of the MLG domain indicates that the area consists of many domains
with variable number of graphene layetdnlike the Si-face where growth can be effectively
controlled to give large regions of uniform thicknasgs commonfor the Gface tohavea 3D growth,

i.e., obtaingraphene domains of very different thickness growing next to each[88jefrhe ability to

contol growth on the Gaceand be abléo providethe saméigh level of uniformity as on the $ace

is still under investigatiorfsee[84] and references ther@irHowever, the KPFM contrass fairly
uniform within the area (~30 mV signal variationjnplying that thick graphene layers have
characteristically small difference in the surface potential, which is in a good agreement with previous
results on exfoliated graphefi9,21] Thus, KPFM results confirm presence of vast areas-faic€
graphene Wh larger thickness @0 layers) and demonstrate that the surface potential changes
according the same rules as previously observed in the case of the exfoliated graphene and graphite.

To provide further insight into wettability of graphene domains diedbht thickness, we have
performed microscopic contact angle measuresnentbare SiC(0001) substratel. G on SiC(0001)
and MLG on SiC(004L). Figure7 showssnapshot®f water droplets on bare SiC (7311.47),IFL
(75.°+£ 1.25),1 LG (72.9% 1.27) andVILG (91.6°+ 3.05)samplesWithin the experimental accuracy,

IFL and 1 LG do not change wettability of the SiC(0001) substrate, remaining significantly less
hydrophobic as previously report¢@6]. However, a substantial increase of the contact angle was
observed for the MLG sample on thef&te, where the measured value approaches the results
typically reported in the literature for graphite. The contact angle results also support the previous
observation that wettability of the substrate controls wdtitg of thin graphene domair9].

Figure 7. Contact angle measurements. Water droplet @n SiC(0001) substrate;

(b) interfacial layer(IFL); (c) 1 LG and @) MLG.
; 91.6"

In this section, we summag the effect of water on thelectronic properties of both types of
epitaxial graphene samples grown on the &id Gfaces of SiC and discussfinity of water
to graphene.

In general, the/cpp value reflects the carrier concentratiardgosition of the Fermi enerdir),
level in amaterial. Graphene grown on SiC(0001)nsinsically n-doped due to the presence of the
substrate and interfacial lay§r0], whereas graphene grown on SiC(00is generally gloped
(although some degree of controvestifl remains)[85i 88] with the level of doping in both cases
strongly dependent on a particular substrate and growth condifecton 2.3) Additionally, when
the sample is exposed to the atmospheric environment, adsorption of water leadsxtertna
p-doping of grapheneoroviding a range of rather uncontrolled doping le\y84], and promotes the

SiC(0001) 7 i o 17 G 72.9° MLG

00

2.3.3. Discussion
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influence of other gaseous adsorbates, such as of§8pi hese resulteveresupportedby molecular
modeling, which takeslso into account the additional factor of the orig¢ma of the adsorbed
molecule with respect to the efficacy of the charge trafd@dr

Thus, exposure to the atmospheric water at RT leads to a change of the carrier concentratior
(e.g, in the case of Slace graphene, recombination of the carriers lamer ne) and, therefore, the
Fermi energy an¥cpp. As water desorbs (at least partly) at elevated temperatures, the intrinsic carrier
concentrations restes, leading to a correspondidigange olcpp, as it was also observed[R21].

The observed morphagical changes are fully consistent with evolution of the surface potential
difference of graphene with temperature,, irreversible change o¥cpp correlated with absence of
re-absorbed water after thermal cycling onfa€e graphene, as opposed to the fully reversible
variation ofVcpp and reabsorption of water on $ace graphend-orlater, the temperature rise causes
the water to desorb initially from thickere,, 3 LG at 50 € ) domains, followed by LG (at 80 €),
however no significant changes are seen in the stetd &f (Figures 3 and4). A similar situation is
observed in the case otf@ce graphene for FLG and MLG, respectively. This observation indicates
that theheat of desorption (binding energy) of water on graphene is lower for thicker graphene
domains. This is supported by the fact that a (sub)monolayer of water onlelikeor FLG is not
affected by the highest applied temperature (120 it&), the heatenergy is smaller than the energy
required to desorb the water from thin graphene, thus also implying that thin graphene is essentially
hydrophilic reflecting the properties of the SiC substrate. General hydrophiliclty Gfas shown in
our macroscopic antact angle measurements confirms the fact that water is indeed prastm
surface The described experiments indicate that hydrophobicity increases with layer number in both
types of graphene, such that SC1 LGY 2 LG Y 3 LG on the Siface (bearing in mindhat
pristine SiC is hydrophilicland FLG Y MLG on the Gface These observations obtained from
nanoscale SPM measurements are in agreement with our macroscopic measurements of the conta
angle performed on different typesgraphend9,78] as well as with resultsf others[28]. This also
agrees well with the results of molecular dynamic modeling of water on epitaxial grgprgard is
generally consistent with a value of the adsorption (binding) energy for water utesldoeing
significantly larger on pure Sid 636 meV)[91] than on graphene (187 meV)[90], though in the
latter case the influence of the substrate was not taken into account.

Thus, the process of desorption of water is generally similar for bettar@i Gface grown
graphene and governed by affinity of water to domains of different thickness. However, the
re-adsorption process is significantly different. This could be expglabea straidree state of the
thick MLG on SiC(0001) and the lack of ondimensional defectsvithin the domainsacting as
effective nucleation sites for water absorption, as opposite to thin graphene layers on SiC(0001), where
we attribute readsorptiom of water and formation of distinctive patterned structuresi8nL% to the
presence of such defects and strain, which act as nucleation sites for the epitaxial growth of
water[38,63] The initial nucleation of water droplet on-fGce graphene could aac prior the
experiment during uncontrolled exposure of the samplecteased humidity conditions.

It is a common belief that carbonaceous surfaces (including graphite and graphene) are
hydrophobic At the same time, the exact values of the contact amgteshown to vary significantly,

i.e, ~93°1 120 [26i 28]. Independence of the wettability of graphene on its thickines® been
reported[26]. A value of the contact angle (86) was simulated for an isolated sheet of graj@agne
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The substrate geometaffects the water affinity to graphenes., it has been theoretically predicted

that the increased roughness of the graphene might enhance the adsorption of water, providing close
proximity of the water molecule to carbon atof@3]. On hydrophobicgrgphite surfaces under humid
atmospheres it has been shown that water preferentially adsorbs along stefoetdss 515 nm

thick liquid droplets with 100800 nm in lateral dimensior{80]. At the same time omydrophilic

mica, water formgiepitaxiab ice-like islands of large lateral dimensions but only ~0.4 nm tfi8k

For such hydrophilic substrates as gold and glasss recently been demonstrated that-tayer
exfoliated graphene only slightly modifies their wettabiljg8], and the reported contact angles,
~33148; still remain significantly less than the expected value of ~93? While pristine, freshly
preparechydroxykterminatedSiC is strongly hydrophilicwith watercontact angle for Sfiace surface
being only ~15794], exposure to environmental conditions and chemical cleaning leddstation
of stable €Oi C bonds, which unavoidably increases hydrophobicity of the &@so the values
similar to the one demonstratedRigure 7a become rather typicalvhen carborbonds appear on top
of SIC (including formation of an IF), the relative hydrophilicity decreases and the contact angle
increase$94,95] though still remaining significantly less hydrophobic than in MLG or graphite. In the
case of epitaxial graphene, thetting properties of a thin graphene layer are dominated by SiC and
the IFL (in case of SiC(0001)), which essentially results in a more hydrophilic graphene than that
predicted. However, as the thickness of graphene increases, its properties becamgdroprebic
andapproacksthe valus typically reported for graphite. Wettability transparency of graphene on SiC
is controlled by van der Waals forces and can be described by a lack ofasigertchemical
bonding[29]. Thus, both SPMlerived {.e., nanoscale) and contact anglee( macroscale) results
indicate that wettability of graphene depends on its thickness and the underlying substrate. Damage
introduced in the graphene has also been shown to increase the wettability or hydroff#élicititis
indicates that defects in graphene, which may occur during growth or device fabrication process, will
facilitate adsorption of atmospheric species.

On the basis of the results presented here, we stress the importance of considering graphen:
propertiesonly in conjunction with those of the substrate.(level of doping), which not only affext
the charge transporitg., the carrier type and concentration, but may also lead to modification of the
chemical properties of graphene, in particular iténdjf to water. The other important factor is the
state of the graphene surface (epgesence of other adsorbates, strain and defects, treatment history,
resist residuesetc), which is significantly affected by sample history, exposure to atmosphdre an
even storage conditions. Thus, no straightforward answer to the question about the wettability of
graphene is feasible and all above consideratstiould be taken into account.

The evidence presented here, including the thickness of the adsorbedthayéemperature
dependence of the desorption/reabsorption process, and its consistent influence on the surface potenti
of the graphene due to extrinsic doping as well as wettability of graphene showing increasing
hydrophobicity with number of layers amgbod correlation between nanand macroscopic results,
provide a convincing evidence that the adsorbed speeslated to atmospheric water.
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2.4. Electrical SPM foStudiesof Graphene Devices

At present, the stages involved in determining sheet resistance, mobility, and carrier density require
agraphene sampl® be lithographically patterned and electrically contatbefdrm a Hall bar device
(Figure8) before measurements can be mdde nvasive nature of patterning and contacting steps
known to influence the result§96i99], e.g, affect the carrier balance and even type due to
unavoidable presence of the resist residue. USPIgM, the functionality of devices on the local level
can ke predicted and anagd without timeconsuming and expensive fabrication and measurement
proceduresDespite leing localmeasurementthese methoddo allow for a wafer scale testing of the
film quality by a programmable automated movement optiobe positiorfor the recording of results
at multiple locationson a wafer of devices relevant for upscale production of graphene films and
essentl for industrial applications.

Figure 8. Schematic of a typicaHall bar device fortransport measuremendescribed

in [97], where the currer(yiag is applied across thgourceandlgrain, the Hall voltageVy)
arising due to a magnetic fiel8) perpendicular to the surfai® measured acrosg and

V'. The four-terminal Rs) resistance of the channel is measured by current biasing the
device and measuring the voltage drop ackgsandV,, thus neglecting the contaahd

lead resistance The Vy and R, measurements allow determination of carrier density,
n = lyiaB/eVy, and mobility,e = 1/heR, of the material, where is the electronic charge
andRs is thegraphenesheet resistance.

Gold Lead

Graphene
Channel

width

2.4.1. Influence oExternal Conditions

Substances that come into direct contact with graphene have a profound effiscelentronic
properties. As previously described in Section 2.3, graphene on SiC(0001)s intrinsically
n-doped [32,57,100] Additionally, the high humidity level [7,25,80] gasses [87] and
photochemical§17,101] attached to the surface of graphene act as sourcextofsic doping,
providing both n and ptype dopantgSections 2.2 and 2.3)Vhile effectsof humidity and gasses can
be overcome by performing measurements in wagusubstrate and photochemiediects are less
easy to control. Inhis section we present ourinvestigaion on the effecs of resist residues left over
from the electron beam lithography fabrication processthe electronic properties of graphene
devices The kpm wide devices #3a and#3b) studied irSection2.4.1 and 2.4.2 were fabricated out
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of 1 LG/2 LG (~96/4%) on SIC(0001)At 1i 2 nm thick,the grain like nature of the residueseasily
observed with AFM Figure9a). Prior to cleaninglevice#3a, transport measurements were performed
in ambient conditios revealing strong -fype behaviorwith n, = 6.61 x 10™ cn? (Table 2).
CM-AFM was then used to scrapevay the residuefrom the measurememegion of thedevice
(Figure9b). The devicewas then measurethimediately after the cleaning process and fiags later
(whilst stored ina desiccatomwith <20% relative humidity, wheretransport measurements revealed
n-type behaviorwith ne = 2.55x 10" and ne = 4.71 x 10" cm'? respectivelyThe restorea-type
conductivity of cleaned LG on SiC(0001)s consistent witltheory and experimental wogkesented
by various other grougd$,102,103]

Figure 9. Topography imageshowing device #3a (a) before and(b) after CM-AFM
cleanng; (c) The line trace$or each imagalong thedashedvhite line as indicatedh (a).
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Table 2. A summary of thefour-terminal resistancéR,), Hall coefficient Ry), carrier
concentrationr{) and carrier mobilityg) for device #3&, with residuesandafter CM-AFM
cleaning of the residues from the lithograngcess.

State of Device #3a Ri( kq Ra(q T n (cm'? e (cm?V'tsh
With residue 26 945 n, = 6.61x 10" en = 1449
Cleaned 6 +250 ne = 2.55x 10' €= 1673
Cleaned + 5 days 33 +1332 ne=4.71x 10" g.= 1616

The initial p-type nature of thelevicewas a clear consequenoé the standard deampolymer
residug i.e., a mixture of PMMA/MMA and ZEP520remainedadhered to the grapheradter the
lithography procesdt is important to note thathian attempt to dissolve tH&2 nmthick residuesn
o-Xyleng thedevicewas exposed t850-nm wavelengthUV light for a total of 20 minExposingthe
resistto ebeam or UV lighthasa profound effect on the chemical structure, effectively triggering
photoinduced reactionfl04]. In the case of ZEP52@eutral chlorine radicals are formeauhich can
generatective electron acceptors, aiidus act as a lopan105]. On the other hanPMMA/MMA
is not expected taontribute tothe dopingasits chemical compason does not include chloriner
otheracceptoitype radical§101]. Photochemical gating has besmmmonlyused for decreasing in
graphene devicewith UV exposureq3,101] for example,we previously documentedhangeof
grapheneconductivityfrom ntype to ptype,asa consequere of electron bearfb kV) radiationwith
a |l ow dose?[9%]f ~6 eC/cm
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2.4.2.CalibratedWork Functionsof p-n Junction

As discussedbove the presence of resigsiduesas a profound effect on the electronic properties
of graphengsuch that the conduction mechanism is hole driveomplete remaoal of the resist
residue from a part of the deviaosing CMAFM, allows us to fabricate a unique planan junction
on epitaxial graphenédevice #®: left pard p-type, right pad n-type, Figure 10a,b). Transport
measurements revealed cross 1 to remdaypg while the cleaned cross 2 showtbd n-type behavior
(Table3). Forbothtypesof doping,carrier concentration artie expectedtr werecomparable

Table 3. A summary of transport properties in ambient conditions for device #3b, where
cross 2 is cleaned of resist residues. The Hall coefficient, carrier density and work function
areRy, nandd, respectively and the Fermi energyBgn) = kved( ~ ,rwhereve is the

Fermi velocity.

Device #3b Carriers Ry ( 'y n(cm'? Ee(eV) a (eV)
Cross 1 (resist residue) Holes 1250 Ny = 2.50% 10" 0.148 4.68+ 0.05
Cross 2 (cleaned) Electrons +535 ne=1.17x 10 0.101 4.35+0.05

Figure 10. (a) Topographyand b) surface potential map performed using HRKWRAFM

showingdevice #® after CM-AFM cleaning of the righhandside of the device onjy

(c) EFS measurements performed otyppe and rypegrapheng(d) Work functionversus
carrier densityrom EFS and transport measurements.
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It is vital to characterize the work function of the graphemegjynction whichwas measuredsing
EFS (Figure 10c). The work function of golddetermined to bdiguq = 4.82 eV by ultraviolet
photoemission spectroscopyas used as a stable reference point to whichmbi function was
calibratedfor the dped silicorprobePFQNEAL (Bruken with a radius of ~5 nm and a force constant
of ~0.8 N/m(U probe= 4.03 €V).The work functions of yiype and fype graphené device #3 were
measured a8, = 468+ 0.05eV andu , = 4.35+ 0.05eV, respectivel, hence thedoping due taesist
residue increases the work function ¢my ., = 330 = 100 meV. This is consistent with the Fermi
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energiescalculatedfrom transporimeasurementsvherequ ,., = 249 meV(Figure 10d). Assuming a
symmetri@al S-shapedispersion[106] and plottingd as a function ofh, the intrinsic work function
(i.e., at the Dirac point) was extrapolated to bg = 447 + 0.05 eV, which is comparable t@a
previously published value afy = 4.57+ 0.05 eV[106]. The same authorslso demonstratech
qu p-n ~300 meVusing bottom gate voltagep/y ~60 V [106], however, the lack of complementary
carrier density measurements prohilitdirect comparisowith our results.

2.4.3. CalibratedWork Functiors of Single andDouble Layer Graphene

The EFM technique was used for mapping the local variations in electronic properties - 4.8
wide device #4) fabricated out ofl LG/2 LG (~94/6%) on SiC(0001), which kaeen cleaned of
residues using CM\FM (Figure 11a). Using the lattefor probe calibration irEFS measurements,
200individual points were performed along the dashed line indicateéigare 11a inset, which
includes measurement® 1 LG, 2 LG and the gold electrodeggain usingl goq = 4.82 €V as a
referencethe doped silicorprobePFQNEAL work functionwas determined to b prone = 4.09 eV
and the work functions ot LG and 2 LG was determined to b&; ¢ = 4.55+ 0.02 eV and
U216 =4.44% 0.02 eV, respectivelyin ambientconditions(Figure11b). The change in work function
betweenl LG and2 LG of qui 152 . = 110+ 21 meV is ina goodagreement with values published by
othersgroups(Table4). It is important to note thaalthoughthe G ; | ¢ of device#4 does noexactly
correlate with thel , of device #B, the measurements aperformedon two completely different
batchesof sampleswhich havedifferent doping levels as a result omall changes in the growth,
samplefabrication process and environmental effects previouslydescribedn Sections 2.22.4.

Figure 11. (a) Line profile of the surface potentiabtained by EF&long thecener of the
channefor device#4, indicated by thelashedine in theinset image. The inset EFphase
image showshe device consisting oprimarily 1 LG, a few2 LG islands and gold
electrodesNote that the EFM image was taken Wthone = +2V, where the contrast of the
individual domains is opposite to surface potentsale Figure 2)(b) Band sructure of
n-dopedl LG and2 LG that are in electrical contact with each other.
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Table 4. A summary of work functiomeasuremenigerformed in ambient conditions.

Substrate U1.6(eV) 0,6 (eVv) ol 152 .6 (MeV) Technique Reference
4H-SiC 4.55+0.02 4,44+ 0.02 110+ 21 FM-KPFM Device#4
4H-SiC i i 15150 AM-KPFM Sampletl
6H-SIC T T 135+ 9 FM-KPFM [22]
4H-SiC T T 35 AM-KPFM [107]

Flakes on Si@ 4,57+ 0.05 4.69£0.05 120+ 50 FM-KPFM [106]
Flakes on Si@ i i 68 AM-KPFM [21]
Flakes on SITi@  4.409+0.039 4.516+ 0.035 107+ 36@ FM-KPFM [108]

Note: @ i.e., ool 126 = 15 meV at 20C  a riga e 50 meV at 120C; © Measurements performed in
ultrachigh vacuum.

3. Experimental Section

In this section we briefly discusal SPM techniquesused to obtain quantitative and qualitative
information on grapheneamples. All the measurements were performedBarker Dimension Icon
Atomic Force Microscopéwww.bruker.com [109] using IrPtcoated SCMPIT and doped silicon
PFQNEAL probeg(www.brukerafmprobes.conj110].

3.1. Atomid~orce MicroscopyAFM)

Atomic force microscopyorms abasisfor majority of theSPMtechniquegroviding topographical
information exploiting the van der Waals foscbetween the probe and sampléne pyramidl or
conical probe is generally attached to the end of a silicon or silicon nitride cantilever that is free to
oscillate at mechanical resonantgically, fo ~ 50i 350 kHz). The fundamental principle of the AFM
operationuses a feedback loopo maintain the specified positive (repulsive force) or negative
(attractive force) set pointelating to a specified deflection of the cantilev&@he deflection is
measurediusing a laserreflectedfrom the top side of the cantilever and ont@-guadrantposition
sensitive detector (PSD). A piezoelectric scanner maintains the deflection set point by performing
z-direction movement, whicis then recorded, thus generating the topography map.

In ambient conditionshe twoprincipaltopographyAFM techniquesare contact and tapping mode.
Contact mode exploits the repulsive fqreehere the positive deflection set point is fixed and the
z-direction movement is recorded providing atomic scale resolution imaging. Tapping mode is a
variant to contact mode, whetbe cantileveroscillatesclose tof,. Similarly, the feedback loop
maintains a constant positive deflection. However, the forces between probe and sample will change
the oscillation amplitude, resonant frequency and phase. The surface topography icoag&usted
throughz-direction movement of the piezoelectric scanner such that constant amplitude is maintained.
Topographyphase imaging records thghaseshift (qai) and the amplitudeA) o f the canti
periodic oscillations relativio thecantilever drive signalFigure12). The il is a result othe energy
dissipation that occurs when the prabakes contact to the sampléne energy dissipation is directly
related to thechanges in mechanicala (convolution of adhesion, composition, frion and
viscoelasticity) anelectrical properties.






