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Abstract: We present local electrical characterization of epitaxial graphene grown on both
Si- and C-faces of 4H-SiC using Electrostatic Force Microscopy and Kelvin Probe Force
Microscopy in ambient conditions and at elevated temperatures. These techniques provide
a straightforward identification of graphene domains with various thicknesses on the
substrate where topographical determination is hindered by adsorbates and SiC terraces.
We also use Electrostatic Force Spectroscopy which allows quantitative surface potential
measurements with high spatial resolution. Using these techniques, we study evolution of a
layer of atmospheric water as a function of temperature, 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 graphene thickness. We also use micron-sized graphene Hall
bars with gold electrodes to calibrate work function of the electrically conductive probe
and precisely and quantitatively define the work functions for single- and
double-layer graphene.
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1. Introduction

Graphene, a single layer of graphite, is currently the subject of a massive research interest 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 post-Moore’s law devices, biochemical
sensors, THz applications, etc. [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 recently [3]. In 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 solid-state graphitization of the substrate [4]. Besides wafer-scale graphene
production (typically 2" wafer [5,6], whereas 4" wafers 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 high-temperature annealing process, the SiC substrate forms terraces with a
typical height of 2-20 nm and eventually develops a complex surface morphology, which strongly
depends on the growth conditions (temperature, gas atmosphere, pressure) as well as the initial miscut
angle of the substrate. Most importantly, thermal decomposition of SiC is not a self-saturated process,
which may result in the coexistence of graphene layers of various thicknesses. Thus, the SiC substrate
significantly hinders straightforward identification and determination of the graphene 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 graphene (LG) are characterized by a completely different band
structure and possibility to open the energy gap, defining the properties of devices. When morphology
studies are performed in ambient conditions, the presence of water and various adsorbed species on the
surface of graphene may further complicate the layer identification [7-9].

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 of
graphitization on SiC [10-12] as well as for investigation of linear defects in epitaxial graphene,
i.e., ridges, wrinkles/puckers, pleats, etc., which are generally the result of the compressive strain
between graphene and SiC during cooling from the annealing process [13]. However, due to the
complex morphology of the SiC substrate and inhomogeneity of the graphene growth, it is often very
difficult, if not impossible, to precisely define the local thickness of the graphene studying the
morphology alone. Confidence can be obtained by combination of topography height and tapping
phase images [12,13], 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 large-areas of graphene, forthcoming industrial needs require a
large-scale contactless method for testing its electrical properties. Currently, only time-consuming,
complicated and expensive electrical properties measurement methods of graphene are available,
including patterning of devices and subsequent transport 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 example
Kelvin Probe Force Microscopy (KPFM) [14,15], Electrostatic Force Microscopy (EFM) [16], and
Electrostatic Force Spectroscopy (EFS) [17] have recently been successfully used to identify the
number of layers in epitaxial graphene. These techniques provide a contactless (and, therefore, simple,
cheap and widely 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 mainly qualitative mapping of the
surface potential [7,18-20], the KPFM technique provides quantitative values for the work function
difference, @s = ®Pprone — €Vepp, Where @s and Ppone are work functions of the surface and probe,
respectively, and Vcpp is the contact potential difference directly measured by KPFM. Using KPFM
method, both exfoliated [21] and epitaxial [22—-24] graphene with different number of layers has been
studied by various groups. In epitaxial graphene grown on SiC, the method has proved to be useful for
easy identification of graphene domains.

For numerous industrial applications (i.e., electrochemistry, electronic, environmental and
chemical sensors, heterogeneous catalysis, supercapacitors, nanoparticle self-assembly, 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 of time [25] and
understanding 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 general, the hydrophobic nature of the graphene was
commonly observed and revealed on the macroscale as a large contact angle, i.e., ~93<2120< between
a water droplet (~1 pL) and graphene surface, as measured by optical methods and X-ray
reflectivity [26-28]. 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 surface-water interactions [29] and, as 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. Raman spectroscopy is a non-destructive technique, requiring virtually no sample preparation, is
commonly used for determination of graphene quality and determination of the number of
layers [30-32]. The technique directly measures the phonon dispersion bands related to the A-B carbon
atoms in the hexagonal lattice [33]. The most prominent features in the Raman spectra for graphene are
the G-peak and the two dimensional (2D)-peak [32,34]. The G-peak (~1580 cmY) is a result of the
doubly degenerate phonon modes which stems from the first-order scattering process. The 2D-peak
(~2700 cm ™) is a result of the double resonance electron-phonon scattering process which stems from
the second-order scattering process [35]. Additionally, a defect peak D (~1350 cm™) is commonly
observed for other than exfoliated flakes types of graphene [30,36,37]. The Raman spectra of epitaxial
graphene on SiC produce additional peaks around 1300-1750 cm * due to the intrinsic phonon modes
of the substrate, adding a further complication [32,38]. For precise analysis, one has to subtract the
spectra for SiC. The Raman spectra features are highly specific to each material, acting as a unique
chemical and structural fingerprint. This chemical sensitivity as a form of definitive material
characterization is typically unmatched by electrical scanning probe microscopy techniques. A two
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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 intensities and the full width at half maximum
(FWHM) values of the desired peaks. Contrast arises due to shifts in peak position and changes in the
ratio of the intensities and FWHM [31,36], however, these properties can be affected by various
extrinsic factors. The vibrational modes that are related to the sp? and sp® carbon bonds can be affected
due to substrate induced stress and strain, thus affecting the Raman spectra [37]. The slow acquisition
time of the Raman spectroscopy can significantly increase the mapping time, which can be optimized
by increasing the power of the laser to increase the signal. However, this can lead to heating of the
sample and potential damage [37]. The spatial resolution of Raman mapping is typically limited by the
spot size of the laser to ~1 pm, which is two orders of magnitude worse than electrical scanning probe
microscopy techniques (10 s of nanometer). Often the layer non-uniformity of the epitaxial graphene
on SiC is on the sub-micron 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 commonly used for local mapping of graphene properties in
recent years. These techniques together with their spectroscopy counterparts, such as selected area or
micro low energy electron diffraction (u-LEED) and micro angle resolved photoelectron spectroscopy
(uL-ARPES), were widely used for studies of graphene on metal, SiC and Si/SiO, substrates [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 intercalation. These methods allow for the investigation
of local properties, i.e., level of graphitization in spatially inhomogeneous graphene samples. For
example, identification of single-layer and bilayer graphene films on a SiC substrate during the
vacuum growth was performed by comparing the characteristic features in electron reflectivity spectra
in LEEM to the m-band structure as revealed by ARPES [41]. In general, LEEM often serves as a very
useful tool to accurately determine the local extent of graphene layers as well as the layer thickness. In
particular, the role of the defective structure [42,43] and active treatment of the substrate [44] in
formation of graphene layers were successfully studied. Another interesting approach is investigation
of the effect of oxygen adsorption on the local structure and electronic properties of monolayer
graphene. Monitoring of the oxidation process by LEEM and p-LEED demonstrated that the oxygen
can saturate Si dangling bonds and break Si—C bonds at the interface, leading to intercalation of the
graphene layer [45]. 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 turn out of the samples and their simple and reliable characterization are
crucial. Moreover, studies of adsorbed water and other atmospheric and environmental species are
generally not possible in the vacuum environment.

Scanning Capacitance Microscopy (SCM) operates at microwave frequencies and has found
widespread use in the analysis of dopant profiles in semiconductor materials [46,47]. 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 been used, for example, where the
air-gap between the SPM tip and the graphene forms a metal-dielectric-metal series capacitor [48].
Alternatively, the tip-graphene forms the top electrode connected to the dielectric/semiconductor with
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the back gate (i.e., bottom electrode) being formed by heavily doped silicon substrate or additional
metallic layer [49]. Lately it has been shown 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 the
graphene for a finite period thus determining the area of the top electrode [50]. In each case the
techniques involves significant analysis and de-convolution process is required to characterize the
graphene individually as part of the whole measurement system. Currently there is still a relatively
limited amount of work on the application of SCM to graphene and further systematic studies 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 domain
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 graphene. We focus our attention on
local electrical studies of graphene epitaxially grown on SiC(0001) and SiC(000-1) as performed using
a broad spectrum of electrical force microscopy techniques. Additionally, for lithographically prepared
graphene devices we use local electrical mapping to complement standard transport measurements. All
samples studied here are called “graphene” for simplicity, however we always specify the number of
layers in each individual sample and describe thickness-dependent differences in their electronic and
chemical properties.

The paper is organized as follows. In Part 2 we present our recent experimental results on
(1) identification of epitaxial graphene domains and effect of adsorbates using quantified topography
and electrical mapping; (ii) 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 of Hall bar devices are also
outlined in Part 3. The summary of the results and the main conclusions are outlined in Part 4.

2. Results and Discussion
2.1. Identification of Epitaxial Graphene Domains Using Quantified Topography Images

Measuring the height of exfoliated graphene flakes deposited onto a substrate is often a convenient
way of assessing the number of layers. However, even in this simple case care must be taken; for
example, graphene deposited onto a gold substrate can appear depressed with respect to the substrate
due to different electrostatic interaction with the sample based on the probe used and the materials
being measured. Epitaxial graphene on SiC avoids this particular problem but there is a wide range of
height values that can be expected between graphene domains, even those of the same thickness, as the
substrate develops a complex morphology during growth [22,51]. The as grown film (sample #1)
studied in Sections 2.1 and 2.3 consisted of ~57/40/3% 1 LG/2 LG/3 LG, respectively, on SiC(0001).

2.1.1. Models and Method

We compare the expected height steps based on the model of Hass et al. [52] using the surface
X-ray reflectivity method and that predicted by Filleter et al. [22] and Emtsev et al. [10] using a
conventional layer attenuation 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 the morphological and electronic properties of epitaxial
graphene. At present, the consensus is that IFL is a (6V3>6V3)R30reconstruction of SiC(0001). The
layer is carbon-rich and covalently bonded to the substrate. The incomplete understanding of the IFL
inevitably causes different interpretation of its thickness. For example, values of tjr. =~ 0.232 nm [52],
tire~ 0.250 nm [22] and 0.240 +=0.030 nm [10] have been predicted. Recently, it was argued that the
thickness of the IFL is not constant but dependent on the thickness of the graphene layer on top, giving
rise to a very broad range of values tj;_~ 0.150-0.900 nm [53].

Table 1. The range of heights in nanometers expected between 1 LG (layer of grapheme)
and 2 LG in epitaxial graphene on SiC using the two models shown. The minus sign
denotes when the 1 LG is higher with respect to the 2 LG.

Graphene layers Model used Step height (nm)

—0.915, —0.665, —0.415, —0.165, +0.085, +0.335, +0.585,
+0.835, +1.085

—0.925, -0.673, —0.421, —0.169, +0.083, +0.335, +0.587,
+0.839, +1.092

—1.065, —0.815, —0.565, —0.315, —0.065, +0.185, +0.435,
+0.685, +0.935

1LG-2LG Filleter et al. [22]
1LG-2LG Hass et al. [52]

1LG +0.400 nm—2 LG Burnett et al. [54]

In order to compare the height measurements, we first had to confirm the most reliable experimental
method of measuring vertical distances on a nanometre scale. Three different methods were considered
for determination of the vertical heights using AFM topography 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 between
epitaxial graphene domains is the most reliable [54]. 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 adjustment, no flattening procedures were applied to
the images [54]. The appropriate level of tilting is achieved when the histogram can be accurately
fitted by a Gaussian distribution. The histogram method is especially versatile as it is possible to ignore
spurious contributions to the measured height such as depressions and surface adsorbates, which are
not easy to avoid with line trace methods. The histogram method was then used to explore the
consistency of the height measurements between domains on epitaxial graphene samples. It is also
important to ensure that the topography measurements are made with all regions imaged within the
repulsive regime during the mechanical oscillation utilized in tapping mode [55] (see Section 3.1).
Epitaxial graphene is relatively straightforward in this respect as we have crystallographic steps of
known height on the substrate that are covered with the same material which can be used as a
reference point.
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2.1.2. Experimental Results

Initially, we consider the height of SIiC terraces and the case when graphene domain
homogeneously covers a few SiC terraces. The step height across terraces was always measured as a
multiple of 0.250 nm =a conservative value of 0.050 nm (in recognition of the noise floor of the AFM,
although the experimental values were measured within a few picometers). For example, a measured
terrace height of 0.995 nm was compared to the model value of 1.000 nm in almost perfect agreement
to the expected height of four layers of SiC as predicted for a single SiC layer height of 0.250 nm [22].
This was found to be consistent, independent of the graphene layer thickness on top of the terraces (up
to the 3 LG), confirming the conformity of the graphene to the underlying SiC and uniformity of the
graphene domains and once a suitable tip and measurement parameters had been established the
repeatability was typically well within 2#0.020 nm giving us a large degree of confidence in our
height measurements.

However, the height variations between different graphene domains have little relation to the values
expected from theory as shown in Table 1. By assuming an adsorbed layer with a thickness of
0.400 nm adhered only to the 1 LG, we found that the heights measured between 1 LG and 2 LG come
to an extremely close agreement with the theory introduced in Section 2.1.1. For a large range of
measurements on different 1 LG and 2 LG samples on SiC(0001), the 0.400 nm adjustment proved to
be an accurate and consistent correction, matching the theory with the measurements [54] typically
within 0.050 nm. Larger discrepancies were sometimes found but the corrected value always provided
a significantly better match than the uncorrected theoretical values. This correction allows us to use
current theories on the expected height steps and match them to the experimental results. Within this
margin of error both theories presented in Table 1 match the measurements with close agreement after
correction. We discuss the nature of this adsorbed layer in Sections 2.2 and 2.3, especially in regard to
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 substrates. Figure 1 shows
topography and corresponding EFM phase images (Section 3.2) for two different regions, where the
height is measured using the histogram method. The histogram of the highlighted area in Figure 1a is
depicted in Figure 1c, where the 2 LG is lower with respect to the 1 LG and a height of 0.599 nm is
measured between them. Referring to Table 1, this height relates to —0.165 nm (the minus sign denotes
the 2 LG is lower than 1 LG). Once we add the 0.400 nm related to an adsorbed surface layer, the
value is —0.565 nm. This is in excellent agreement with our measured value. For Figure 1d the height
measured between the 1 LG and 2 LG is 0.753 nm, in this case the 1 LG domain is lower than
2 LG. Referring again to Table 1, this value is in a good agreement with the height of 0.685 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 reliable. Further examples can be found
in [54], altogether showing the robustness of the histogram technique and the need to account for an
adsorbed surface layer, which in this case can be assigned a thickness of ~0.400 nm, but might be
different for different samples and preparation routes.
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Figure 1. (a) Two different regions of sample #1; (a) and (d) Topography, the boxes show
location of the histogram analysis; (b) and (e) Electrostatic Force Microscopy (EFM) phase
images of the areas in (a) and (d), obtained with Vyope = +2 V (b) and —2 V (e). as the
Vorone 1S different for the two images, the 2 LG is darkest in (b); whereas the 1 LG is
darkest in (e), which also contains some very bright 3 LG domains; (c) and (f) Height

histograms of the highlighted areas in (a) and (d).
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2.2. Mapping of Local Electrical Properties in Epitaxial Graphene

2.2.1. Experimental Results

198

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 also
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 1b,e). Variation in electrical properties for graphene domains with different layer thicknesses
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offers the means to distinguish between layers using EFM and KPFM. The images shown in Figure 2
are a small section of device #4, which will be discussed in more detail in Section 2.4.3.

Figure 2. Series of images from the same region showing 1 LG with a small 2 LG island:
(a) topography; (b) tapping phase showing 1 LG and 2 LG regions; (¢) EFM phase at
Vorobe = +2 V; (d) Electrostatic Force Microscopy (EFM) phase at Vpohe = —2 'V,
(e) Electrostatic force spectroscopy (EFS) curves for the 1 LG and 2 LG; (f) Kelvin Probe
Force Microscopy (KPFM) surface potential map.
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While the topography image (Figure 2a) is strongly dominated by SiC terraces, hindering
information about the graphene thickness, the tapping phase image (Figure 2b) allows identification
the 2 LG domain. Figure 2c,d show two images recorded using EFM with different probe biases
(Vprobe). The contrast between the 1 LG and 2 LG is flipped when the bias is changed from +2 to -2 V
(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 multiple images at different biases. However, a more succinct way of
identifying the optimum contrast between graphene domains can be achieved utilizing EFS
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(Section 3.3). For the images in Figure 2c,d, multiple EFS measurements were made and averaged to
produce the graph shown in Figure 2e. Each of the graphene domains shows a distinct parabola,
plotting EFM phase (¢) as a function of the Vyrone. At Vprone = —2 V, the EFS curve for the 2 LG has a
larger Ag than the 1 LG, which translates to the 2 LG appearing the brightest part of the image in
Figure 2d. 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 to maximize the
contrast in the images. 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 deviation, i.e.,
within ~3% of the mean value as was measured for various types of graphene samples and different
experimental conditions for a statistical range of 50-46,000 EFS curves. Additionally, the quantitative
mapping of the same area has been obtained using AM-KPFM technique (Figure 2f), showing the
surface potential difference between 1 LG and 2 LG, being AVcpp ~ 40 mV.

2.2.2. Discussion
2.2.2.1. Effect of the Substrate on the Electronic Properties of 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 to its immediate 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 graphene. 2 LG, which is less strongly influenced by the substrate, has a lower
level of n-doping with this trend continuing with increasing layer thickness. The intrinsic doping level
originating from the substrate has been explored for exfoliated graphene on SiO; [21]. We expect
essentially the same trend for epitaxial graphene, bearing in mind a different type of dopants and
presence of the IFL.

2.2.2.2. Effects of Structural Defects and Strain

The work function measured with KPFM and EFS is directly related to the carrier concentration of
the graphene and, therefore, the doping level is fundamental to the measured surface potential. There is
a large range of Vcpp values reported in the literature (Table 4, Section 2.4.3) as can be expected based
on intrinsic doping alone. Even an explicit and detailed knowledge of the substrate-related doping does
not necessarily guarantee a reasonable agreement with the experimentally measured -carrier
concentration in the graphene. The level of doping is also dictated by the geometrical relationship of
the graphene to the substrate. In exfoliated graphene it has been shown that the closer the graphene is
to the substrate the greater the charge interaction between them, with annealing improving the
graphene-substrate conformity. An undetermined roughness is not expected in the case of epitaxial
graphene, as the IFL and graphene grow directly on the atomically flat SiC surface. Nevertheless,
domains of different layer thickness have an ‘intrinsic’ roughness [56], which is likely to influence the
graphene-1FL-substrate interaction. Substrate steps also influence the charge interaction, where the
terrace width and height are both dependent on the exact growth conditions [57] and the miscut of the



Crystals 2013, 3 201

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 local
doping [59], which can be seen with KPFM and EFM as a change in the potential (Figure 2). 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 graphene (e.g., puckers
formed due to the thermal coefficient of expansion mismatch between the graphene and the
substrate [61]), also have an appreciable effect on the electrical properties. Such defects have been
shown to strongly influence the device properties depending on whether the alignment of the devices
crossed the wrinkles perpendicularly or were parallel to them [62].

The influence of strain, which occurs during cooling of epitaxial graphene (also during the
mechanical deposition of exfoliated graphene [51]), has also been highlighted as intimately related to
the charge transfer process from the substrate [63], 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 of Adsorbates

There are a multitude of molecules that may become adsorbed to the graphene surface even based
purely on exposure to the ambient laboratory environment (typically hydrocarbon-based unidentified
molecules [64]). In our own work we have 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 dimyristoylphophatidylcholine [33]. These species are likely
to be responsible for the formation of zero dimensional adsorbates (Figure 1a) on the sample surface
based on the previous studies showing the formation of siloxane films on carbon surfaces [65,66].
These compounds are likely to originate from the environment of plastic storage containers, gloves,
and numerous other applications products where PDMS is used in production as a mold release agent.
No water was observed due to the fact that the SIMS measurements were carried out in high vacuum.
Effects from atmospheric water and resist residues from lithography processes are specifically
discussed in Sections 2.3 and 2.4, respectively.

All of these factors lead to a daunting array of contributions to the exact level of intrinsic doping
expected in the graphene and measured using EFS and KPFM. Assurance can be attained through
complementing the measurements with Raman Spectroscopy, LEEM, ARPES or another technique to
give a baseline for the subsequent SPM measurements to confirm 1 LG coverage. However, we are
successfully working on creating a high level of confidence with SPM in ambient conditions as a
technique which can be relied upon to a high level of certainty.

2.3. Wettability of Epitaxial Graphene and Effect of Atmospheric Water

Exposure to atmospheric environment may significantly alter the electronic properties of graphene
and functionality of graphene-based devices due to an additional extrinsic doping [67-69], where such
common species as water vapor, oxygen, nitrogen and carbon oxides and hydrocarbons act as
p-dopants, see e.g., [70-77]. However, high reactivity and instability of many of these dopants make
their practical application rather limited [70]. 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 non-contact modes was shown to significantly reduce the friction
and dragging effects. It was generally found that initially an ordered, ice-like layer of structured water,
characterized by the lack of free OH groups, can be formed even at ambient temperature and humidity
on both hydrophilic and even hydrophobic substrates [78]. The AFM technique is very useful for
successful visualization and investigation of such structures. Here, we use a variety of SPM modes to
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, a set of experiments outlined below gives us
a high level of confidence in their nature. It should also be noted that a direct chemical analyses of the
adsorbed species is extremely problematic on nanoscale and, in particular, in ambient conditions.

2.3.1. Case of Epitaxial Graphene on Si-Face SiC

First, we consider the influence of atmospheric water on properties of epitaxial graphene grown on
the Si-face of SiC in the temperature range 20-120 <C and at ~40% relative humidity. In this section
sample #1 is studied. The tapping phase images demonstrate that 1 LG has a uniform and
homogeneous surface. However, a substructure associated with the presence of adsorbed water can
clearly be seen within 2 LG and 3 LG domains at room temperature, which in the case of the 3 LG
domain form a well-organized pattern (Figure 3a, RT1 denotes initial room temperature
measurements). Individual droplets are ~50-80 nm in width and ~0.4-0.8 nm in height, though the
exact measurements are hindered by the small size and closely packed position of the droplets. As the
temperature increases, the surface of 2 LG and 3 LG changes considerably. At 50 <C, the substructure
within the 3 LG domain is already modified and can be characterized by fewer and larger features. At
80 <C, the substructure disappears completely and both 2 LG and 3 LG domains become almost
entirely uniform (Figure 3b). As the temperature returns back to 20 <C, the substructure reappears on
both 2 LG and 3 LG (Figure 3c, RT2 denotes the final room temperature measurement). Moreover, a
very similar but not entirely identical pattern consisting of parallel lines can be clearly seen on 3 LG,
demonstrating complete reversibility of the process and confirming that the patterns are not a
measurement artifact. The tapping phase contrast for the 1 LG domain is generally temperature
independent, with a standard deviation from the mean value being Ap ~0.25<in the whole temperature
range. However, for 2-3 LG this parameter changes significantly with temperature, being in the range
0.3220.66< 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 different material on top of 2-3 LG domains
and its modification with temperature. Comparison of topography line profiles taken at RT1, 80 <C and
RT2 across 1 LG and 2 LG domains is shown in Figure 3e. While the surface roughness of 1 LG is
virtually temperature independent (in agreement with tapping phase results), 2 LG shows significantly
higher features at RT1 and RT2 (with a height of ~0.400 nm), which is consistent with thickness of the
monolayer of water. At 80 <C the features on the 2 LG domain become significantly lower in height,
indicating disappearance of the water. Upon the following cooling down to RT2, the initial roughness
of the 2 LG is restored as water is re-absorbed [9].
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Figure 3. Tapping phase images 1 LG, 2 LG and 3 LG domains on SiC(0001) obtained at
() RT1; (b) 80 <€ and (c) RT2, showing process of desorption and re-adsorption of
atmospheric water. The contour of 3 LG is highlighted using a white line in (a) for clarity;
(d) Topography image at RT1, water appears as lighter contrast on 2-3 LG;
(e) Topography profiles along the line shown (d) obtained at RT1, 80 <C and RT2. Profiles
are vertically offset for clarity. The vertical arrow indicates the position of the SiC terrace
of ~1 nm height dividing the 1 LG and 2 LG domains. The vertical dashed lines show an
approximate border between 2 LG and 3 LG domains. The horizontal dashed lines define
the spatial resolution of the method, corresponding to 2c-value of the
Gaussian distribution.
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As the atmospheric water molecules adsorb on the sample surface [67,70,79], they affect the overall
surface potential, Vcpp, of the graphene. In the following set of experiments, we investigate
modification of the surface potential of graphene as a result of the temperature change and
corresponding transformation of the water layer. The area shown in Figure 4a was monitored through
the series of temperatures, i.e., 20 — 120 — 20 °C using a 2-pass AM-KPFM mode (see Section 3.4).
Linear profiles of the potential images obtained at 20 and 120 <C are shown in Figure 4b. The Figure
demonstrates that, while Vcpp 0f 1 LG is generally not affected by the temperature change, the surface
potential of 2 LG and 3 LG significantly increases as the temperature rises. The summary of AVcpp
measurements is presented in Figure 4c. For the 1 LG-2 LG area, the AVcpp steadily increases with
temperature, reaching ~50 mV at 120 <C. Once the sample was cooled back down to room
temperature, AVcpp also returned to its initial value. A different behavior was observed for 2-3 LG
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area: First AVcpp sharply increases at 50 <C and as the temperature increases further, AVcpp drops back
to the initial value.

Figure 4. (a) Room temperature AM-KPFM image of graphene on SiC(0001) showing
1LG, 2 LG and 3 LG domains; (b) Linear profiles of the surface potential difference at
room temperature (RT), 80 and 120 <C along the line shown in (a). Vertical dotted lines
show the approximate boundaries of domains; (c) Temperature dependence of the change
of the surface potential difference obtained using histogram analyses of subsequent surface
potential images for 1 LG-2 LG and 2 LG-3 LG domains. The arrows show directions of
the temperature change. The solid lines are guides for the eye.
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2.3.2. Case of Epitaxial Graphene on C-Face SiC

A similar experiment on the influence of atmospheric water was performed on epitaxial graphene
grown on the C-face of SiC (sample #2). We consider a 5 x5 um? area consisting of few (~3-4 LG)
and many (~9-10 LG) layers graphene domains (FLG and MLG, respectively) and follow the
transformation of morphology and surface potential difference as a function of temperature (Figure 5).
The number of layers was defined by deliberately scribing off the layer of graphene from the substrate
using a contact-mode AFM (CM-AFM) with a high force deliberately applied to the stiff cantilever
and measuring the resulting step by applying the histogram method [54].
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Figure 5. Topography images of graphene on SiC(000-1) showing FLG-MLG domains at
() RT and (b) 120 <C. Left column—the scan size is ~5 pum; right column—magnified
area within the frame (highlighted in the left column) showing transformation of water
with temperature. Areas of “liquid” and “solid” water are marked; (c) Line profiles of the
topography at RT and 120 <C along the lines shown in (a) and (b).
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When the sample was initially scanned at room temperature (RT), a clear pattern of droplet-like
features are visible on the MLG domain (Figure 5a). It should be noted that these adsorbates have a
significantly different shape and are larger in size (i.e., the width of ~80-230 nm and height of
~4.0-7.0 nm) than those observed on the Si-face of SiC, i.e., sample #1. The adsorbates can also be
associated with adsorption of atmospheric water. Despite scanning of multiple areas, no such features
were observed on the FLG domains. After the sample was heated at 80 <C, the distribution of the
adsorbates on top of MLG changed significantly. Individual “droplets” coalesced together in larger
“pools” forming a meniscus type structures with the height of ~1.6-3.0 nm attached to terrace
boundaries and puckers. A few individual islands of water are still visible in the central part of the
image at 80 <C. These individual small islands disappear completely when the sample was heated
further up to 120 <C (Figure 5b), similar to the effect seen on graphite [80]. 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 surface [78]. After a few
temperature cycles performed between RT and 120 <C, no further notable changes in the distribution
of the water layer on top of graphene was observed, i.e., no re-adsorption 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 Si-face of SiC (see Section 2.3.1), where a complete reversibility of water
adsorption was demonstrated [9].

A close-up inspection of the framed area in Figure 5a,b reveals two distinct levels of contrast
associated with water, corresponding line profiles are shown in Figure 5c. Additionally to the bright
peripheral contrast of ~1.6 nm height related to the water meniscus (left bottom corner of Figure 5b,
right column) a much weaker contrast is observed in the central part of this image. These island-type
structures with much more defined geometry, flat surface and a height of ~0.4 nm are significantly
different from initial droplets of water observed at RT and can be associated with an epitaxial growth
of monolayer-thick islands of water, consistent with previous studies [81,82]. Whereas both initial
appearance of water droplets at RT and their transformation at elevated temperatures are attributed to
the presence of liquid water, the epitaxial layer observed at 120 <C is related to the appearance of
“solid” water.

The surface potential on the C-face graphene was mapped by AM-KPFM technique as a function of
temperature. The KPFM image clearly reveals two main levels of contrast (Figure 6a), 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 brightest contrast, 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 major peaks corresponding to FLG (left) and MLG (right) domains with a
potential difference of AVcpp = 200 mV at RT (Figure 6b). This value increases up to ~260 mV at
120 <C, primarily due to the shift of the Vcpp of MLG [78].

Figure 6. (a) KPFM surface potential image of graphene on SiC(000-1) at RT, vertical
scale is 277 mV and (b) 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 layers. Unlike the Si-face, where growth can be effectively
controlled to give large regions of uniform thickness, it is common for the C-face to have a 3D growth,
i.e., obtain graphene domains of very different thickness growing next to each other [83]. The ability to
control growth on the C-face and be able to provide the same high level of uniformity as on the Si-face
is still under investigation (see [84] and references therein). However, the KPFM contrast is fairly
uniform within the area (~30 mV signal variation), implying that thick graphene layers have
characteristically small difference in the surface potential, which is in a good agreement with previous
results on exfoliated graphene [19,21]. Thus, KPFM results confirm presence of vast areas of C-face
graphene with larger thickness (>10 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 of different thickness, we have
performed microscopic contact angle measurements on bare SiC(0001) substrate, 1 LG on SiC(0001)
and MLG on SiC(000-1). Figure 7 shows snapshots of water droplets on bare SiC (73.1<=1.47), IFL
(75.1<1.25), 1 LG (72.9<1.27) and MLG (91.6<£3.05) samples. Within the experimental accuracy,
IFL and 1 LG do not change wettability of the SiC(0001) substrate, remaining significantly less
hydrophobic as previously reported [26]. However, a substantial increase of the contact angle was
observed for the MLG sample on the C-face, 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 water affinity of thin graphene domains [29].

Figure 7. Contact angle measurements. Water droplet on (a) SiC(0001) substrate;

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

In this section, we summarize the effect of water on the electronic properties of both types of
epitaxial graphene samples grown on the Si- and C-faces of SiC and discuss affinity of water
to graphene.

In general, the Vcpp value reflects the carrier concentration and position of the Fermi energy (Ef),
level in a material. Graphene grown on SiC(0001) is intrinsically n-doped due to the presence of the
substrate and interfacial layer [70], whereas graphene grown on SiC(000-1) is generally p-doped
(although some degree of controversy still remains) [85-88] with the level of doping in both cases
strongly dependent on a particular substrate and growth conditions (Section 2.3). Additionally, when
the sample is exposed to the atmospheric environment, adsorption of water leads to the external
p-doping of graphene, providing a range of rather uncontrolled doping levels [34], and promotes the
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2.3.3. Discussion
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influence of other gaseous adsorbates, such as oxygen [89]. These results were supported by molecular
modeling, which takes also into account the additional factor of the orientation of the adsorbed
molecule with respect to the efficacy of the charge transfer [90].

Thus, exposure to the atmospheric water at RT leads to a change of the carrier concentration
(e.g., in the case of Si-face graphene, recombination of the carriers and lower ne) and, therefore, the
Fermi energy and Vcep. As water desorbs (at least partly) at elevated temperatures, the intrinsic carrier
concentrations restores, leading to a corresponding change of Vcpp, as it was also observed in [21].

The observed morphological changes are fully consistent with evolution of the surface potential
difference of graphene with temperature, i.e., irreversible change of Vcpp correlated with absence of
re-absorbed water after thermal cycling on C-face graphene, as opposed to the fully reversible
variation of Vcpp and re-absorption of water on Si-face graphene. For later, the temperature rise causes
the water to desorb initially from thicker (i.e., 3 LG at 50 <C) domains, followed by 2 LG (at 80 <C),
however no significant changes are seen in the state of 1 LG (Figures 3 and 4). A similar situation is
observed in the case of C-face graphene for FLG and MLG, respectively. This observation indicates
that the heat 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 on either 1 LG or FLG is not
affected by the highest applied temperature (120 <C), i.e., the heat energy 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 hydrophilicity of 1 LG as shown in
our macroscopic contact angle measurements confirms the fact that water is indeed present on the
surface. The described experiments indicate that hydrophobicity increases with layer number in both
types of graphene, such that SiC —- 1 LG — 2 LG — 3 LG on the Si-face (bearing in mind that
pristine SiC is hydrophilic) and FLG — MLG on the C-face. These observations obtained from
nanoscale SPM measurements are in agreement with our macroscopic measurements of the contact
angle performed on different types of graphene [9,78] as well as with results of others [28]. This also
agrees well with the results of molecular dynamic modeling of water on epitaxial graphene [27] and is
generally consistent with a value of the adsorption (binding) energy for water molecules being
significantly larger on pure SiC (—636 meV) [91] than on graphene (18-47 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 both Si- and C-face grown
graphene and governed by affinity of water to domains of different thickness. However, the
re-adsorption process is significantly different. This could be explained by a strain-free state of the
thick MLG on SiC(000-1) and the lack of one-dimensional defects within the domains, acting as
effective nucleation sites for water absorption, as opposite to thin graphene layers on SiC(0001), where
we attribute re-adsorption of water and formation of distinctive patterned structures on 2-3 LG 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 C-face graphene could occur prior the
experiment during uncontrolled exposure of the sample to increased 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 angle was shown to vary significantly,
i.e., ~93=120°[26-28]. Independence of the wettability of graphene on its thickness have been
reported [26]. A value of the contact angle (86 was simulated for an isolated sheet of graphene [92].
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The substrate geometry affects the water affinity to graphene, i.e., it has been theoretically predicted
that the increased roughness of the graphene might enhance the adsorption of water, providing closer
proximity of the water molecule to carbon atoms [93]. On hydrophobic graphite surfaces under humid
atmospheres it has been shown that water preferentially adsorbs along step edges, forming 5-15 nm
thick liquid droplets with 100-300 nm in lateral dimensions [80]. At the same time on hydrophilic
mica, water forms “epitaxial” ice-like islands of large lateral dimensions but only ~0.4 nm thick [25].

For such hydrophilic substrates as gold and glass, it has recently been demonstrated that thin-layer
exfoliated graphene only slightly modifies their wettability [29], and the reported contact angles,
~332489 still remain significantly less than the expected value of ~93< While pristine, freshly
prepared hydroxyl-terminated SiC is strongly hydrophilic, with water contact angle for Si-face surface
being only ~15<94], exposure to environmental conditions and chemical cleaning leads to formation
of stable C-O-C bonds, which unavoidably increases hydrophobicity of the SiC, and so the values
similar to the one demonstrated in Figure 7a become rather typical. When carbon bonds appear on top
of SiC (including formation of an IFL), the relative hydrophilicity decreases and the contact angle
increases [94,95], though still remaining significantly less hydrophobic than in MLG or graphite. In the
case of epitaxial graphene, the wetting 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 became more hydrophobic
and approaches the values typically reported for graphite. Wettability transparency of graphene on SiC
is controlled by van der Waals forces and can be described by a lack of short-range chemical
bonding [29]. Thus, both SPM-derived (i.e., nanoscale) and contact angle (i.e., 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 hydrophilicity [26]. This
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 graphene
properties only in conjunction with those of the substrate (i.e., level of doping), which not only affects
the charge transport, i.e., the carrier type and concentration, but may also lead to modification of the
chemical properties of graphene, in particular its affinity to water. The other important factor is the
state of the graphene surface (e.g., presence of other adsorbates, strain and defects, treatment history,
resist residues, etc.), which is significantly affected by sample history, exposure to atmosphere and
even storage conditions. Thus, no straightforward answer to the question about the wettability of
graphene is feasible and all above considerations should be taken into account.

The evidence presented here, including the thickness of the adsorbed layer, the temperature
dependence of the desorption/reabsorption process, and its consistent influence on the surface potential
of the graphene due to extrinsic doping as well as wettability of graphene showing increasing
hydrophobicity with number of layers and good correlation between nano- and macroscopic results,
provide a convincing evidence that the adsorbed species are related to atmospheric water.
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2.4. Electrical SPM for Studies of Graphene Devices

At present, the stages involved in determining sheet resistance, mobility, and carrier density require
a graphene sample to be lithographically patterned and electrically contacted to form a Hall bar device
(Figure 8) before measurements can be made. The invasive nature of patterning and contacting steps is
known to influence the results [96-99], e.g., affect the carrier balance and even type due to
unavoidable presence of the resist residue. Using KPFM, the functionality of devices on the local level
can be predicted and analyzed without time-consuming and expensive fabrication and measurement
procedures. Despite being local measurements, these methods do allow for a wafer scale testing of the
film quality by a programmable automated movement of the probe position for the recording of results
at multiple locations on a wafer of devices, relevant for upscale production of graphene films and
essential for industrial applications.

Figure 8. Schematic of a typical Hall bar device for transport measurements described
in [97], where the current (lyias) is applied across the lsource @and lgrain, the Hall voltage (Vi)
arising due to a magnetic field (B) perpendicular to the surface is measured across V* and
V. The four-terminal (R,) resistance of the channel is measured by current biasing the
device and measuring the voltage drop across V; and V,, thus neglecting the contact and
lead resistances. The Vy and R4 measurements allow determination of carrier density,
n = lpiasB/eVy, and mobility, « = 1/neRs, of the material, where e is the electronic charge
and R is the graphene sheet resistance.
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2.4.1. Influence of External Conditions

Substances that come into direct contact with graphene have a profound effect on its electronic
properties. As previously described in Section 2.3, graphene on SiC(0001) is intrinsically
n-doped [32,57,100]. Additionally, the high humidity level [7,25,80], gasses [87] and
photochemicals [17,101] attached to the surface of graphene act as sources of extrinsic doping,
providing both n- and p-type dopants (Sections 2.2 and 2.3). While effects of humidity and gasses can
be overcome by performing measurements in vacuum, substrate and photochemical effects are less
easy to control. In this section, we present our investigation on the effects of resist residues left over
from the electron beam lithography fabrication process, on the electronic properties of graphene
devices. The 1-m wide devices (#3a and #3b) studied in Sections 2.4.1 and 2.4.2 were fabricated out
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of 1 LG/2 LG (~96/4%) on SiC(0001). At 1-2 nm thick, the grain like nature of the residues is easily
observed with AFM (Figure 9a). Prior to cleaning device #3a, transport measurements were performed
in ambient conditions revealing strong p-type behavior with n, = 6.61 x 10" cm™ (Table 2).
CM-AFM was then used to scrape away the residues from the measurement region of the device
(Figure 9b). The device was then measured immediately after the cleaning process and five days later
(whilst stored in a desiccator with <20% relative humidity), where transport measurements revealed
n-type behavior with ne = 2.55 < 10* and n, = 4.71 < 10* cm? respectively. The restored n-type
conductivity of cleaned 1 LG on SiC(0001) is consistent with theory and experimental work presented
by various other groups [6,102,103].

Figure 9. Topography images showing device #3a, (a) before and (b) after CM-AFM
cleaning; (c) The line traces for each image along the dashed white line as indicated in (a).
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Table 2. A summary of the four-terminal resistance (R4), Hall coefficient (Ry), carrier
concentration (n) and carrier mobility («) for device #3a, with residues and after CM-AFM
cleaning of the residues from the lithography process.

State of Device #3a R,(kQ) Ru(QTH n (cm) u(cm?Vv?is™h
With residue 26 —945 N, = 6.61 <10" n = 1449
Cleaned 6 +250 ne = 2.55 x 10" Ue = 1673
Cleaned + 5 days 33 +1332 ne = 4.71 x10" Ue = 1616

The initial p-type nature of the device was a clear consequence of the standard e-beam polymer
residue, i.e., a mixture of PMMA/MMA and ZEP520, remained adhered to the graphene after the
lithography process. It is important to note that, in an attempt to dissolve the 1-2 nm thick residues in
0-Xylene, the device was exposed to 250-nm wavelength UV light for a total of 20 min. Exposing the
resist to e-beam or UV light has a profound effect on the chemical structure, effectively triggering
photo-induced reactions [104]. In the case of ZEP520, neutral chlorine radicals are formed, which can
generate active electron acceptors, and, thus, act as a p-dopant [105]. On the other hand, PMMA/MMA
is not expected to contribute to the doping as its chemical composition does not include chlorine or
other acceptor-type radicals [101]. Photochemical gating has been commonly used for decreasing ne in
graphene devices with UV exposures [3,101], for example, we previously documented change of
graphene conductivity from n-type to p-type, as a consequence of electron beam (5 kV) radiation with
a low dose of ~6 pC/cm? [96].
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2.4.2. Calibrated Work Functions of p-n Junction

As discussed above, the presence of resist residues has a profound effect on the electronic properties
of graphene, such that the conduction mechanism is hole driven. Complete removal of the resist
residue from a part of the device using CM-AFM, allows us to fabricate a unique planar p-n junction
on epitaxial graphene (device #3b: left part—p-type, right part—n-type, Figure 10a,b). Transport
measurements revealed cross 1 to remain p-type, while the cleaned cross 2 showed the n-type behavior
(Table 3). For both types of doping, carrier concentration and the expected Er were comparable.

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
are Ry, n and &, respectively and the Fermi energy is Ex(n) = 7veV(zn), where v is the
Fermi velocity.

Device #3b Carriers Ry (Q T n (cm™) Er(eV) @ (eV)
Cross 1 (resist residue) Holes —250 N, = 2.50 < 10" 0.148 4.68 +0.05
Cross 2 (cleaned) Electrons +535 ne = 1.17 x 10" 0.101 4.35 +0.05

Figure 10. (a) Topography and (b) surface potential map performed using FM-KPFM

showing device #3b after CM-AFM cleaning of the right-hand-side of the device only;

(c) EFS measurements performed on p-type and n-type graphene; (d) Work function versus
carrier density from EFS and transport measurements.
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It is vital to characterize the work function of the graphene p-n junction, which was measured using
EFS (Figure 10c). The work function of gold, determined to be ®yq = 4.82 eV by ultraviolet
photoemission spectroscopy, was used as a stable reference point to which the work function was
calibrated for the doped silicon probe PFQNE-AL (Bruker) with a radius of ~5 nm and a force constant
of ~0.8 N/m (Pprone = 4.03 V). The work functions of p-type and n-type graphene in device #3b were
measured as @, = 4.68 +0.05 eV and &, = 4.35 +0.05 eV, respectively, hence, the doping due to resist
residue increases the work function by A®,., = 330 =100 meV. This is consistent with the Fermi
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energies calculated from transport measurements, where A®,., = 249 meV (Figure 10d). Assuming a
symmetrical S-shape dispersion [106] and plotting & as a function of n, the intrinsic work function
(i.e., at the Dirac point) was extrapolated to be @, = 4.47 +0.05 eV, which is comparable to a
previously published value of &y = 4.57 £0.05 eV [106]. The same authors also demonstrated a
A®d,, ~300 meV using bottom gate voltage AVy ~60 V [106], however, the lack of complementary
carrier density measurements prohibits a direct comparison with our results.

2.4.3. Calibrated Work Functions of Single- and Double-Layer Graphene

The EFM technique was used for mapping the local variations in electronic properties of a 4.8-pm
wide device (#4) fabricated out of 1 LG/2 LG (~94/6%) on SiC(0001), which has been cleaned of
residues using CM-AFM (Figure 11a). Using the latter for probe calibration in EFS measurements,
200 individual points were performed along the dashed line indicated in Figure 1la inset, which
includes measurements on 1 LG, 2 LG and the gold electrodes. Again using @gq = 4.82 eV as a
reference, the doped silicon probe PFQNE-AL work function was determined to be @pone = 4.09 eV
and the work functions of 1 LG and 2 LG was determined to be &, ¢ = 4.55 £0.02 eV and
@, = 4.44 £0.02 eV, respectively, in ambient conditions (Figure 11b). The change in work function
between 1 LG and 2 LG of A®; ;¢ =110 £21 meV is in a good agreement with values published by
others groups (Table 4). It is important to note that, although the @; ¢ of device #4 does not exactly
correlate with the @&, of device #3b, the measurements are performed on two completely different
batches of samples, which have different doping levels as a result of small changes in the growth,
sample fabrication processes and environmental effects as previously described in Sections 2.2-2.4.

Figure 11. (a) Line profile of the surface potential obtained by EFS along the center of the
channel for device #4, indicated by the dashed line in the inset image. The inset EFM phase
image shows the device consisting of primarily 1 LG, a few 2 LG islands and gold
electrodes. Note that the EFM image was taken with Ve = +2V, where the contrast of the
individual domains is opposite to surface potential (see Figure 2); (b) Band structure of
n-doped 1 LG and 2 LG that are in electrical contact with each other.
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Table 4. A summary of work function measurements performed in ambient conditions.

Substrate Dy (eV) D, (eV) ADy 5 6 (MeV) Technique Reference
4H-SiC 4.55 +0.02 4.44 +0.02 110 £21 FM-KPFM Device #4
4H-SiC - - 15-50 @ AM-KPFM Sample #1
6H-SiC - - 135 +9 FM-KPFM [22]
4H-SiC - - 35 AM-KPFM [107]

Flakes on SiO, 4.57 £0.05 4.69 £0.05 120 £50 FM-KPFM [106]
Flakes on SiO, - - 68 AM-KPFM [21]
Flakes on SrTiO; 4.409 +0.039  4.516 +0.035 107 +36 @ FM-KPFM [108]

Note: @ i.e., Ady 56 = 15 meV at 20 T and Ad; 56 = 50 meV at 120 <T; @ Measurements performed in
ultra-high vacuum.

3. Experimental Section

In this section we briefly discuss all SPM techniques used to obtain quantitative and qualitative
information on graphene samples. All the measurements were performed on Bruker Dimension Icon
Atomic Force Microscope (www.bruker.com) [109] using IrPt-coated SCM-PIT and doped silicon
PFQNE-AL probes (www.brukerafmprobes.com) [110].

3.1. Atomic Force Microscopy (AFM)

Atomic force microscopy forms a basis for majority of the SPM techniques providing topographical
information; exploiting the van der Waals forces between the probe and sample. The pyramidal or
conical probe is generally attached to the end of a silicon or silicon nitride cantilever that is free to
oscillate at mechanical resonance (typically, fo ~ 50-350 kHz). The fundamental principle of the AFM
operation uses a feedback loop to maintain the specified positive (repulsive force) or negative
(attractive force) set point relating to a specified deflection of the cantilever. The deflection is
measured using a laser reflected from the top side of the cantilever and onto a 4-quadrant position
sensitive detector (PSD). A piezoelectric scanner maintains the deflection set point by performing
z-direction movement, which is then recorded, thus generating the topography map.

In ambient conditions, the two principal topography AFM techniques are contact and tapping mode.
Contact mode exploits the repulsive force, where 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, where the cantilever oscillates close to f,. 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 image is constructed
through z-direction movement of the piezoelectric scanner such that constant amplitude is maintained.
Topography phase imaging records the phase shift (Ap) and the amplitude (A) of the cantilever’s
periodic oscillations relative to the cantilever drive signal (Figure 12). The Ag is a result of the energy
dissipation that occurs when the probe makes contact to the sample. The energy dissipation is directly
related to the changes in mechanical (a convolution of adhesion, composition, friction and
viscoelasticity) and electrical properties.
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Figure 12. Change of the phase (A¢) and amplitude (A) of the cantilever relative to the
drive signal as a result of mechanical and electrical interactions.
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3.2. Electrostatic Force Microscopy (EFM)

Electrostatic force microscopy measures the electrostatic interactions between the metal coated
probe and the sample. Based on a two-pass technique, the sample morphology is imaged with tapping
mode AFM, the line profile of which is than retraced line by line by maintaining a constant distance
between the probe and the sample (Figure 13). During the second (lift) pass, the cantilever is driven
near resonance and a DC voltage bias (Vprone) 1S applied to the probe with respect to the grounded
sample. The sample was electrically connected to the common ground of the microscope (i.e., the
sample stage) using wire bonding for devices and electrically conductive tape for as grown film
samples. In our case, the experiments were typically performed at a probe-sample distance of 25 nm

(unless stated otherwise). A potential difference between the electrically conductive probe and sample
1dC

leads to electrostatic forces (F =§d—vzj, where C and z are probe-sample capacitance and
z

probe-sample distance [16,111,112]. The voltage V is composed of the contact potential difference
(Vcrp), the applied DC voltage (Vprone) and any other externally induced DC voltages related to an
operating device (Vinduced), 1.€., Vcrp + Vprobe + Vinduced: The force related to the DC bias, which deflects
the cantilever, is given by
1dC 2
DC B EE CPD +Vpr0be+vinduced) (1)

The electrostatic forces act as a second-order effect on the mechanical oscillation and, hence
similarly to tapping mode AFM, the amplitude, resonant frequency and phase are affected. The EFM
image is generated by recording the cantilever phase change:

_Qdr _Q(d’C) .
A _2k[d22)v )
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where k is the spring constant and Q is quality factor of the cantilever. The force gradient (dF/dz) is
measured with a lock-in amplifier, offering qualitative information on the electronic properties of
sample surface.

Figure 13. Schematic of the EFM experimental setup. Tapping mode AFM first determines
the topography of the sample, which is then traced at a constant lift height from the surface
with the cantilever oscillating at the driving frequency with a DC electrical bias (Vprobe)
applied to the cantilever.

Piezoelectric
Scanner

3.3. Electrostatic Force Spectroscopy (EFS)

Electrostatic force spectroscopy provides quantitative surface potential measurements. EFS is
performed at well-defined stationary points by sweeping Vprobe (i.€., =3 to +3 V) with mV resolution,
while recording the corresponding phase change Ag [18,20,113]. The V? term in Equation (1) leads to
a parabolic response as a result of attractive and repulsive nature of separated charges (Figure 14a).
The work function differences between the sample surface (@) and the probe (@prone) (Figure 15a) also
constitute a Vcpp When they are in electrical contact (Figure 15b). Sweeping Vprone determines the point
which balances the electronic charges between the probe and sample (Figure 15c), effectively
nullifying the force on the cantilever (F = 0), i.e., the value of Vyone at the inflection point of the
parabola. The raw data of the EFS was post processed using the script-based language MATLAB to
extract the surface potential. EFS is the ideal method for calibrated work function measurements as it
proficiently overcomes the problem of probe work function (@prone) changing during scanning, which
can be a major downfall of scanning probe techniques. EFM mapping is first obtained to identify the
regions of interest. EFS is then performed at well-defined points, including a calibration measurement
against a known quantity (i.e., gold, where ®gq = 4.82 eV was determined with ultraviolet
photoelectron spectroscopy (UPS) measurements, Figure 14b), using @prope = Pgoid + €Vepp for voltage
biasing the probe [114]. A doped silicon PFQNE-AL probe with a radius of ~5 nm and a force constant
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of ~0.8 N/m has @yone = 4.07 eV (Figure 14a), while a 20 nm IrPt coated SCM-PIT probe with a
radius of ~20 nm and a force constant of ~0.8 N/m has @yone = 4.99 eV. Thus, EFS offers precise and
accurate quantitative measurements of Vepp and @. It is important to note that: traditionally, metal
coated probes are used for KPFM imaging (Sections 2.1-2.3), where @prope > Pgraphene. HOWeVET, a
doped silicon probe was used for the measurements performed on the devices in Section 2.4; thus,
Dprobe < Dgraphene, Which will result in a negative Vcpp. Regardless of the @pone, if for example

VZE > VIS (ie., 2 LG is brighter than 1 LG in KPFM images), the @116 > @, 6.

Figure 14. (a) Example of a typical electrostatic force spectroscopy measurement
performed on gold with a doped silicon PFQNE-AL probe. The blue and red lines
represent forward (trace) and reverse (retrace) sweeps of the Vprope. The arrow points to the
inflection point, where the probe voltage is the Vcpp; (b) Binding energy curve for gold
obtained through UPS measurements: h = energy of the incident photon and x = cut off
binding energy determine the work function.
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Figure 15. Scheme of energy levels for sample and doped silicon PFQNE-AL probe when
they are: (a) electrically separated; (b) in electrical contact and () Vprobe applied to the
probe to nullify the Vcpp and, thus the probe-sample electrostatic interaction. E,qc is the
vacuum energy level. E™® and E§ are Fermi energy levels of the probe and gold,
respectively. Note: in the case of ground connected to the sample, negative Vprone IS applied
to nullify Vcpp. Figure is adapted from [114].
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3.4. Amplitude-Modulated Kelvin Probe Force Microscopy (AM-KPFM)

AM-KPFM is one of the most widely used non-invasive surface potentials mapping technique (see
e.g., [17] and [114]. In general, the method can be performed both as a single- and double-pass
technique. In the former case, the first resonant frequency of the cantilever is used for the height and
the second one for the potential measurements. The general limitation of the approach is in the low
intensity of the second resonant peak and the restrictions applied by the bandwidth of the
photodiode [115]. Sequentially, a two-pass technique AM-KPFM is the most common modern variety
of the method (also used in the present paper), where the first pass determines the topography with
tapping mode AFM and the second pass is performed with the probe lifted a set distance from the
sample surface (Figure 16). In AM-KPFM the cantilever is not driven mechanically, instead AC
voltage (Vmog~2 V at fo) is applied to the probe. The potential differences between the probe and
sample coupled with the introduction of an AC voltage leads to mechanical oscillations in the
cantilever. The AM mode is the force sensitive technique, where the force at the first harmonic is
given by

1dC ?
F = EE(mebe—chD +VmOd cosZﬂmedt )) (3)

The AM-KPFM feedback loop nullifies F, by applying and recording Vyrone to generate the surface
potential map. AM-KPFM typically requires soft cantilevers capable of large mechanical oscillations,
such that the PSD can reliably detect the oscillations. This technique offers a relatively poor spatial
resolution of 50-70 nm as a result of strong parasitic capacitance effects related to the large area of the
cantilever [17].

Figure 16. Schematic of AM-KPFM experimental setup. Tapping mode AFM first
determines the topography of the sample, which is then traced at a constant lift height
above the surface with the AM-KPFM feedback enabled.
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3.5. Frequency-Modulated Kelvin Probe Force Microscopy (FM-KPFM)

FM-KPFM operates by detecting the force gradient (dF/dz) [14], which results in changes to the
resonance frequency of the cantilever
fotf 0= fo(l L dFj

ok dz 4)

The topography is determined with tapping mode at f,. Simultaneously, a lower frequency
(fmoa ~ 2-8 kHz) AC voltage is applied to the probe (Vimogd ~ 5-8 V) inducing frequency shift of fo &g
(Figure 17). The FM-KPFM feedback loop monitors these side modes at fo *fmoq and eliminates them
by applying an offset voltage Vprone. IN the most common variety, FM-KPFM is a single pass technique
(as also performed in all relevant measurements in the present paper), though interesting examples of
using it in a lift scan mode have been demonstrated recently [116]. In a similar fashion to AM-KPFM,
Vorobe 1S recorded to generate the surface potential map. In contrast to AM-KPFM, FM-KPFM typically
requires stiffer, higher frequency cantilevers. FM-KPFM offers a higher spatial resolution (<20 nm) as
a result of detecting the electrostatic force gradient by the frequency shift [15,21,117]. The force
gradient is highly localized to the probe apex as a consequence of short-range detection, thus, the
diameter of the probe is the limiting factor of the FM-KPFM spatial resolution [114]. Likewise, the
spatial resolution of EFS is also limited by the diameter of the probe as a result of detecting force
gradient by the phase shift.

Figure 17. Cantilever resonance frequency (fo) plot showing side modes at fy fnoq as a
result of an AC voltage (Vmog) applied to the probe.
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3.6. Environmental Conditions

All images were collected in air at temperatures T = 20-120 <C and at relative humidity of ~35%.
For the heating experiments the graphene sample was initially placed on a large hot plate, where it was
kept at a fixed temperature for one hour. The sample then was transferred to the AFM, where it was
placed on the heated stage to maintain the temperature during the imaging process. This procedure
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allowed for efficient evaporation of water from the sample surface and at the same time prevented
condensation of water vapor on the cantilever, preserving its mechanical and electrical properties.
Imaging was performed at the following sequence of temperatures: 20, 50, 80, 120*, 80, 50 and 20 <C.
At 120* the measurement temperature was 80 <C immediately after heating the sample to 120 <C.

3.7. Growth of Graphene Films and Raman Spectroscopy Characterization

The one-two layer epitaxial graphene was prepared on the Si-terminated face of a nominally on-axis
4H-SiC(0001) substrate. The substrate was pre-treated using the standard RCA cleaning procedure
prior to the 2000 <C annealing at 1000 mbar argon gas pressure in a sublimation furnace. The high
temperature decomposes the SiC layer-by-layer causing the Si to sublime, leaving behind the C, which
then rearranges to form the graphene honeycomb lattice. Further details of the fabrication and
structural characterization are reported elsewhere [118]. The specific synthesis route has been
developed to provide large areas of homogeneous graphene layers [4,10]. The resulting material is
n-doped, owing to charge transfer from the interfacial layer, with the measured electron concentration
in the range 6-20 % 10" cm™2 and mobility of ~3000 cm® V! s* at room temperatures [3,97]. In the
case of C-face grown graphene, it was grown on a nominally on-axis SiC substrate. The
4H-SiC(000-1) single crystal substrate with a miscut of ~0.06 “was also pre-treated using the standard
RCA cleaning procedure prior to introduction into the sublimation furnace. The annealing was carried
out at a temperature of 1800 <C with a buffer inert gas at pressure of 500-850 mbar and growth time of
15 min was used due to the increased growth rate [119]. The thickness, morphology, and electronic
structure of the graphene samples were investigated using low-energy electron microscopy and
diffraction, x-ray photoelectron emission microscopy and photoelectron spectroscopy.

Typical Raman spectra obtained after multiple measurements in different locations on 1-2 LG
sample grown on SiC(0001) (sample #1) and MLG sample (sample #2) grown on SiC(000-1) are
shown in Figures 18 and 19, respectively. The laser excitation length used in our Raman studies is
514 nm (2.41 eV). The original spectra are heavily dominated by SiC bands at 1400-2000 cm™*
(Figure 18a and 19a). In order to eliminate this background, a pristine SiC substrate was measured and
its spectrum was subtracted from the graphene spectra. The resulting graphene spectra are shown in
Figures 18b and 19b. Characteristic G and 2D bands corresponding to double-degenerate Eq phonon
modes at the center of the Brillouin zone (characteristic for sp? carbon hybridization) and
electron-phonon scattering processes, respectively, can be readily seen. Additionally, weak
defect-induced (D) and inter-valley scattering (G*) bands are detected. Combination of D, G and 2D
peak parameters are known to provide the necessary structural information regarding the number of
graphene layers, crystalline disorder, stress, etc. [30,32,37,38,120-122]. However, some of the rules
outlined for the exfoliated graphene are not that applicable to its epitaxial form (e.g., ratio of 2D/G
peak intensity for determination of the layer thickness).



Crystals 2013, 3 221

Figure 18. Representative Raman spectra recorded on epitaxial graphene grown on
SiC(0001). (a) Original spectra of 1 LG, 2 LG and SiC substrate. Graphene spectra are
strongly dominated by substrate peaks; (b) 1 LG and 2 LG spectra obtained after
subtraction of the SiC signal.

] a)
i AL 2LG
| N 1LG
] SiC
. , . : :
G

b)
D , }\
G 2LG
- A - _A‘ LG

T T T T
1000 1500 2000 2500 3000
Raman shift (cm™)

Raman Intensity (a.u)

For graphene grown on the Si-face of SiC (sample #1), two typical types of spectra are shown.
While the position of the peaks is relatively unchanged, i.e., wg = 1594 cm™* and wop = 2702 cm ™, the
FWHM Ty is significantly different in two cases, being either ~40 or 64 cm™* (Figure 18b). This
allows us to assign the narrow peak as belonging to domains of 1 LG and the broader peak to 2 LG in
accordance to the previous Raman studies of graphene on Si-terminated face of SiC [123]. The
observed shift in the G-band frequency with respect to the graphite value (1582 cm ™) indicates strain
in the epitaxial layer grown on SiC, which is also supported by the shift in the 2D band. In both cases
depicted in Figure 18, the 2D band can be fitted by a single Lorentzian peak, which in case of 2 LG
potentially indicates randomly rotated layers due to the weak interlayer interaction [38], as also
observed on COy-laser induced growth of graphene on SiC(0001) [120]. The use of an empirical
formula for the 2D band [121] also confirms the correct assignment of 1 LG and 2 LG. It should be
noted, that in the case of samples #3 and #4 2 LG could be conventionally fitted by 4 Lorentzian peaks.

For MLG grown on the C-face of SiC (sample #2), the Raman spectra revealed a much broader 2D
band with T';p ~ 70-92 cm ! at wg = 2730 cm ™. However, this spectrum does not resemble the Raman
spectrum of bulk HOPG, which is shown in Figure 19b for comparison. In particularly, the asymmetric
shoulder typical for HOPG was not observed in MLG. While in this case it is difficult to define the
exact number of graphene layers from Raman measurements, it is obvious that the sample is relatively
thick and its defect structure is not specifically pronounced. It should be noted that the method applied
above for identification of the layer thickness [120,123] is not applicable to the C-face grown material.
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Figure 19. Representative Raman spectra recorded on epitaxial grown on SiC(000-1) and
HOPG. (a) Original spectra of MLG and SiC. Graphene spectrum is strongly dominated by
substrate peaks; (b) MLG spectrum obtained after subtraction of the SiC signal. HOPG
spectrum is shown for comparison.
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3.8. Layer Identification

Composition (with respect to the layer thickness) of as grown graphene samples have been
confirmed with Raman Spectroscopy as described above. For all Si-face samples discussed in this
work (i.e., samples #1, #3 and #4) Raman confirmed the presence of 1 LG and 2 LG as the vastly
predominant phases present. Subsequent EFM and KFPM analysis confirmed that generally only
two levels of contrast could be identified with rare and very small domains (~2%—-3% of total area) of
thicker graphene sometimes being found. Often areas including thicker domains of graphene were
specifically chosen as regions of analysis to provide further comparison, although such regions were
the exception rather than the rule. The stable step-by-step growth conditions on the Si-face combined
with confirmation of the potential series for successively thicker graphene layers (e.g., [19]) allows us
to confidently assign a label of 3 LG to the regions of thicker graphene in these samples. For the
C-face samples, the same process was applied, although is a less strict sense, as we only determine
between FLG and MLG and the exact thickness of the layers is not explicitly known. So, despite a lack
of co-localized measurements involving Raman and SPM, knowledge of the growth conditions and the
expected morphology in addition to confirmation of the existing phases given by Raman provides a
solid starting point.

The repeatability of the KFPM measurements is discussed with respect to a comparison of the
potential difference between 1 LG and 2 LG measured on different days. For example, we show that
the standard deviation of the AVcpp value is <7% and 2% as measured at 20 and 50 <C, respectively,
even without taken into account the state of the probe (note, that in the former case the high
uncertainty value is due to significantly smaller number of initial images obtained from the same area
(as depicted in Figure 4a) at 20 <C). This can be seen to be highly consistent but several aspects need
to be controlled to achieve this, including the recent history of the sample, i.e., the sample should have
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been left to stabilize at given temperature and the measurement environment for at least an hour
(ideally more). Also, quantification of the relative values is possible providing that the condition of the
probe and the measurement parameters are not changed. Absolute quantification of the surface
potential Vcpp requires calibration of the probe and where this is not possible, only relative values
AVcpp can be confidently compared. One example of how quantification of Vcpp can be achieved is
shown in Section 2.4.2 where grounded gold leads are used to provide a reference.

3.9. Device Fabrication

The fabrication process involved various steps of electron beam lithography (EBL), oxygen plasma
etching and thermal deposition.

(2). Bonding pads: PMMA/MMA (250 nm) and ZEP520 (200 nm) resist was spin coated and baked
on the epitaxial graphene sample followed by EBL to define the bonding pads. The sample was
developed in o-Xylene (96%) and H,O/IPA (7:93 ratio) followed by oxygen plasma to etch the
graphene. Cr/Au (5/100 nm) was thermally evaporated followed by lift-off in acetone, forming the
bonding pads with excellent adhesion to the substrate.

(2). Leads: The leads were defined in similar fashion to step 1, however with the crucial absence of
oxygen plasma etching step to ensure good electrical contact to the graphene.

(3). Hall bars: PMMA/MMA (250 nm) and ZEP520 (200 nm) resist was spin coated and baked on the
sample followed by EBL to write the Hall bar pattern in the resist. Developing the sample in
0-Xylene (96%) and H,O/IPA (7:93 ratio) exposed the unwanted regions of the graphene while
leaving behind the resist in the shape of Hall bars and leads (Figure 20). Oxygen plasma was used
to etch away the unwanted graphene, leaving behind only the protected graphene to form devices
with the cross width ranging from 0.5 to 5 pm. The remaining resist was exposed to deep UV
light (250 nm) and dissolved, leaving behind 1-2 nm thick layers of resist residues.

Figure 20. Optical image of device #4 showing the gold leads and the patterned resist
protecting the graphene underneath it. The image was taken prior to the removal of the
resist but after the oxygen plasma etching process.
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We have also estimated the contact resistance (Rcont) between the gold leads and graphene from
two- (R, = 81.8 kQ) and four-terminal (R, = 23.2 kQ) resistances of device #4. By extrapolating R, to
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estimate the resistance of the graphene channel up to the gold leads (Rext = 59.3 kQ) and assuming the
resistance of the gold leads is negligible in comparison to the total resistance, we can take the
difference between R, (includes Reont) and Rex: (excludes Reont) to give an estimate of Reont = 11.3 kQ
for each contact assuming an Ohmic behavior.

4. Conclusions

In this review we presented some of the recent progress related to the use of functional electrical
modes of SPM for studies of graphene and graphene-based devices.

We showed that in the case of epitaxial graphene, layer determination with AFM-based topography
measurements is difficult to interpret due to the complex morphology of the SiC substrate and presence
of environmental adsorbates. Use of accurate height measurements and their analyses by the histogram
method, coupled with a correction due to a layer adsorbed to the 1 LG, allows a very good accuracy
and agreement with the theory. At the same time, functional electrical modes of SPM (i.e., EFM and
KPFM) allow for a straightforward identification between domains of different thickness. In particular,
quantitative KPFM measurements allow for direct measurements of the surface potential and, through
calibration of the probe, the work function in graphene domains of different thickness, potentially
providing a contactless method for determination of the total carrier concentration, taking into account
both intrinsic and extrinsic factors influencing the carrier density.

Electronic properties as well as chemical reactivity of graphene are strongly affected by substrate
interactions and exposure to the local molecular environment (i.e., water vapor, oxygen and other
adsorbates). Using a combination of topography, tapping phase and surface potential studies, we
investigate the temperature-dependent process of desorption and re-adsorption of water molecules on
epitaxial graphene grown on Si- and C-face SiC substrates. We demonstrate that desorption of water
molecules at high temperature is accompanied by an increase in the surface potential related to the
reduction of the extrinsic p-doping and shift of the overall carrier balance, thus, making the intrinsic
doping a dominating mechanism. We believe that in situ observation of water evolution can potentially
provide a direct method for measurements of the heat adsorption on the nanoscale.
Temperature-dependent dynamics of water transformation evidently demonstrates that affinity of
graphene to water depends on the layer thickness, where graphene domains with larger number of
layers are more hydrophobic than thinner layers. These nanoscale results are complemented by
macroscopic contact angle measurements. Thus, affinity of water to graphene should be always
considered taking into account such essential aspects, as production method, type of substrate and
number of graphene layers.

Furthermore, we apply functional electrical microscopies to studies of epitaxial graphene devices.
For resist-free graphene devices in ambient conditions, work function measurements on n-type 1 LG
and 2 LG revealed & ¢ = 4.55 £0.02 eV and &, ¢ = 4.44 £0.02 eV, respectively, using the probe
calibrated against gold electrodes. The difference of A®; » ¢ =110 meV is in a good agreement with
values obtained by other techniques. Additionally, we show that polymers commonly used in e-beam
lithography processes readily attach to graphene and form a stable residue film of 1-2 nm thickness.
Such UV-modified polymer film acts as a soft gate, which can lead to a complete change of the carrier
type (from n- to p-type). Based on this gating, we were able to fabricate the first planar p-n junction
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made of epitaxial graphene. In particular, we demonstrate that the work functions of p- and n-type
graphene is @, = 4.95 +0.11 eV and &, = 4.42 +0.07 eV, respectively, and, hence, the performed soft
gating increases the work function by A®,., = 530 meV. Surprisingly large doping from the residues is
extremely important for controlled and reliable device fabrication.

Thus, we show that functional electrical microscopy is a very powerful technique, allowing precise
mapping of essential electrical properties on nanoscale. Moreover, the technique is extremely sensitive
to the change of the external conditions and influence of atmospheric molecules and processing
adsorbates introduced by processing. The research in the area is still in the early development stage
and requires a combined, persistent multidisciplinary effort, for example, aiming combination of local
electrical and chemical mapping and its correlation with transport properties, to fully realize the
potential of graphene in many proposed applications.
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