
1 
 

Face dependent footprints of carpet-like graphene films grown 

on polycrystalline silicon carbide 

C. Ramírez,1 E. García,1§ E. Barrena,2 A. De Pablos,1 M. Belmonte,1 M.I. Osendi,1 

P. Miranzo,1* C. Ocal2† 

 
1Instituto de Cerámica y Vidrio (ICV-CSIC), Campus de Cantoblanco, 28049 Madrid, 

Spain 

 
2Institut de Ciència de Materials de Barcelona (ICMAB-CSIC) 

Campus UAB, 08193 Bellaterra, Barcelona, Spain 

 

 

 

 

 

 

 

 

 

 

 

 
§ Present address: Center for Thermal Spray Research, Stony Brook University, Stony 

Brook, 11794-2275, NY, USA. 

  

                                                            
* Corresponding author: Tel:+34-917355840 E-mail: pmiranzo@icv.csic.es (Pilar Miranzo) 

†  Corresponding author: Tel:+34-935801853. E-mail: cocal@icmab.es (Carmen Ocal) 

 



2 
 

ABSTRACT 

Continuous epitaxial graphene (EG) films have been grown on polished surfaces of dense 

polycrystalline SiC ceramics by heating in a Spark Plasma Sintering furnace (SPS). The 

confining of the sample into a graphite die and the use of a high pulsed dc current that 

triggers the joule heating of the system play a key role in the graphene formation by Si 

sublimation. The polycrystalline nature of the sample has allowed the comparison, through 

different local probe microscopies and micro-Raman spectroscopy, between EG films 

simultaneously grown on different SiC faces at exactly the same conditions, providing 

valuable information on their thickness, quality and stresses. Notably, whereas a graphene 

bilayer grows over Si-face grains, multilayer graphene (10 layers) forms on C-faces. The 

observed nano-electronic and nano-mechanical heterogeneities of the surface, showing up 

as differences in charge state and strain release mechanisms, are found to arise from the 

dependence of the EG properties when developed on each grain orientation; the same 

applies in the case of the macro-mechanical scratch resistance. SPS demonstrates to be a 

reliable and flexible methodology to prepare continuous graphene films on SiC components 

with many possibilities for scaling-up at low cost. 

 

1. Introduction 

Although the unique properties of graphene are mainly attributed to its 2D structure, 

graphene cannot stand alone without a supporting substrate in real applications and, then, it 

usually appears in combination with substrates of different nature. Therefore, the 

interaction of graphene with the substrate used for its growth, as well as its transfer to 

another substrate for the targeted application, have become critical research topics [1,2]. 

Several methods can be found for large area production of graphene films/coatings, 

comprising solution-based deposition methods, electrophoretic deposition (EPD) and 

chemical vapor deposition (CVD) [3,4,5]. For the first ones, where we may include dip, 

layer-by-layer, spray and spin coating, it is difficult to control the thickness and uniformity 

of the graphene-based thin film while EPD and CVD require conducting substrates. 

Conversely, the sublimation of silicon carbide (SiC) allows developing large-area, low-
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defect-density epitaxial graphene (EG) films that are directly grown on both the Si-face and 

the C-face of SiC single crystals [6,7]. In this approach, Si atoms sublimates off and the 

remaining carbon atoms rearranges in a honeycomb 2D pattern.  It should be pointed out 

that polycrystalline SiC ceramics are notable structural and wear resistant materials, which 

are commonly used in advanced technological applications, most importantly, where 

mechanical engineering devices and components are required to operate at elevated 

temperatures (valves, mechanical seals, bearings, and thermal management and storage 

systems like heat exchangers or heat sinks) [8,9]. On the other hand, graphene is an 

excellent solid lubricant and, then, its use as coating for components in moving mechanical 

systems reduces friction and improves efficiency and durability, which are issues especially 

important for nano- and micro-scale systems [10,11,12,13]. Therefore, the integration of 

graphene on the surface of SiC components would improve their performance, provide 

them with new functionalities and widen the range of potential applications as well.  The 

quality and lateral continuity of the EG obtained by SPS on polycrystalline silicon carbide 

makes these materials promising for advanced technological applications, in particular, for 

micro- and nano-electro-mechanical systems or triboelectric devices (nanogenerators, 

switches, gears, actuators) where large surface friction and conducting channels for charge 

harvest are required [14]. Moreover, functionalities added by the EG on the SiC substrate, 

as the hydrophobicity or the enhanced heat dissipation, are of interest for uses such as 

thermal dissipation or sensing applications [15,16]. Although the EG growth on SiC single 

crystals is a well-established method, the works related with graphene growth on 

polycrystalline SiC are actually scarce [17,18].  

According to prior results on EG grown over SiC single crystals, diverse growth rates and 

characteristics -in terms of surface morphology, thickness and quality- are reported for 

different SiC faces [19,20,21]. In general, significantly thicker layers are reported for EG 

grown over the m-/a- (non-polar) faces and the C-face than over the Si-face; besides, EG is 

more stressed for the latter. These differences in the graphene growth rate likely result from 

an inherent energetic instability of the C-face compared to the Si-face that is a stable low-

energy surface [19].  Furthermore, differences in the surface free energies of the distinct 

6H-SiC faces have been attributed to downward relaxation of the top layer atoms, caused 
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by bond-bending angular forces at the second-layer atoms, strongly affecting C atoms as 

compared to Si atoms [22]. 

The mechanical and electrical properties of polycrystalline materials are not ruled by the 

weighted bulk properties of the individual crystals but depend notably on the defect density 

and specific details related to grain boundaries and grain size. Accordingly, to get insight 

into the intrinsic properties of the material methods averaging over differently orientated 

domains and domain boundaries are inappropriate and techniques providing local 

characteristics are required. In particular, the combination of imaging methodologies 

allowing direct correlation between the different types of grains coexisting in the same 

sample and their specific properties is of enormous interest. In this work, we investigate EG 

films developed during SPS on polished surfaces of dense polycrystalline SiC substrates. 

Owing to the polycrystalline nature of ceramics, the exposed surfaces of the investigated 

SiC specimens contain grains randomly oriented, i.e., nonpolar a- and m-planes and polar 

C- and Si-planes.  The present research benefits from the coexistence of such diverse 

orientations and the imaging mode of the employed techniques to provide a comparative 

analysis of the diverse EG films simultaneously grown on different SiC faces developed 

under exactly the same conditions. This circumstance allows exploring and reliably 

correlating the nanoscale properties with characteristics typical of few layers of epitaxial 

graphene as coupling with the substrate, friction attributes or defects induced by strain 

relief and surface corrugation [23,24,25].  

 

2. Experimental 

2.1 Characterization techniques 

Micro-Raman maps were recorded by confocal Raman-atomic force microscopy (model 

Alpha300AR, WITec GmbH, Germany), using the 532 nm laser wavelength excitation, and 

acquisition wavenumber up to 3000 cm−1. All measurements were performed using a 100x 

objective, giving, for the employed excitation wavelength, a theoretical lateral resolution of 

300 nm and depth resolution of 500 nm.  The integrated intensity (I), peak position (P) and 

full-width at half maximum (FWHM) of the different observed bands were extracted from 
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the corresponding Lorentzian fittings. We note that while G- and 2D-bands peak position 

and intensity analysis is considered as a standard for the measurements of defect density 

and graphene thickness in graphene layers grown on flat surfaces, results on rough surfaces 

like those of the present work should be considered with caution. 

Field emission scanning electron microscopy (FESEM, S-4700, Hitachi, Japan) was 

employed to examine the microstructures of the exposed specimen surfaces before and after 

the heat treatments. Elemental composition analysis for C(K) and Si(K) was obtained from 

the X-ray energy dispersive spectroscopy analysis system (EDS, Tracor Northern) attached 

to the FESEM, using the ZAF (atomic number, absorption, fluorescence) correction 

software and theoretical internal standards. 

Scanning force microscopy (SFM) measurements were performed using a commercial head 

and freeware from Nanotec [26]. Tips of different materials mounted on cantilevers with 

the appropriate stiffness were employed for contact and dynamic SFM operation: (i) Si tips 

and low nominal force constant (k = 0.05 N m−1) cantilevers for friction force microscopy 

(FFM) and (ii) conducting Cr−Pt coated tips in cantilevers with nominal k = 3 N m−1 and 

resonance frequency 75 kHz for Kelvin probe force microscopy (KPFM). The former are 

especially suited for lateral force detection due to a sensitive response to torsion during 

scanning, while the later exhibit a good electrical conductivity and resistance to wear. In 

this work, FFM [27] has been used to assess the mechanical differences, whereas KPFM 

[28] in the lift mode (30 nm) was used to accurately determine local variations of the 

surface contact potential difference ensuring no crosstalk with topography. Tip-sample 

conditions were systematically checked by force versus distances curves. The same tip was 

used in all the experiments of at least one series. For further details on the SFM operation 

modes see the available Supporting Information. 

Micro-scratch tests (APEX-1L0, Bruker, USA) were done on both the pristine polished SiC 

and treated surfaces using a diamond micro-tip with a radius of 5 μm and a load cell of 10 

N. The tests were completed by linearly increasing the tip load from 2 mN to either 10 or 

50 mN over a scratch length of 2 mm at constant speed of 0.025 mm·s−1. The coefficient of 

friction (COF) was continuously recorded during the diamond tip sliding. Error in COF 

values were in the range ±0.04 to ±0.07. The minimum load that produced visible surface 
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damage or threshold load (Fth) -optical microscopy observations (10x)- was determined 

from the corresponding scratch length estimated using digital zoom. At least three scratches 

per condition were made. Error in threshold load measurements were in the range ±0.1 to 

±0.7.Besides, surface damage was comparatively analyzed by micro-Raman spectroscopy.  

 

2.2 Sample preparation 

Commercially available α-SiC (Hexoloy S.A., Saint-Gobain) plates with density of 

3.15 g·cm−3 were used as substrates. The plates were polished to a surface roughness 

below 0.02 μm. These specimens were treated at 1600°C for 5-15 min under vacuum 

conditions (4 Pa) inside the SPS furnace (SPS-510CE; Fuji Electronic Industrial Co., Ltd., 

Japan) at a heating rate of ~ 133 °C·min−1, using special die tools purposely designed to 

allow current –≥ 850 A during final step, depending on die and specimen‒ flowing through 

the specimens while exposing part of the polished surface to the surrounding atmosphere. 

The two alternative assemblies are shown in Figure 1. The graphene growth was analyzed 

within the ring or the inner loop in the case of the punch-type die or the hole-type die of the 

corresponding specimen, respectively. Different specimens were prepared for diverse 

applied pressures (from almost 0 to 100 MPa), which affected the resistance of the whole 

SPS system measured during the corresponding heating runs (see below). However, no 

correlation between the employed type of die and the properties here investigated was 

found. Therefore, the diverse specimens will be denoted by S_X, where X is the applied 

pressure. 
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Figure 1.  Schematics of the graphite die SPS assemblies: Punch-type and Hole-type. For 

each case, graphene growth was analyzed at the regions other than the contact zones. 

Dimensions of the contact zone depended on the sample size and the punch or hole 

geometries but it was ~ 50 mm2 for all samples except for S_20 that was of 170 mm2. 

 

3. Results and discussion 

Conversely to the contrast-free pristine polished SiC, representative FESEM images of heat 

treated surfaces (Figure 2) confirm the presence of grains with a mean size of 3.4 µm (see 

Figure S1 in the Supporting Information showing size distribution with a full width at half 

maximum FWHM  5 μm) and a variety of textures and topographic levels. Though this 

texturing is significantly sharper for the specimen grown at the minimum load pressure 

(S_0) than for the other specimens, common topographic characteristics in all investigated 

samples serve to identify the grain orientations and their corresponding properties.  

 

Raman spectroscopy for the pristine surface only exhibits the two main bands of 6H-SiC 

polytype, at 789 cm1 FTO(E) and at 966 cm−1 FLO(A1) [29], with ISiC(FTO)/ISiC(FLO) 

ratios chiefly in the range 1-2 as estimated from scan maps over areas as large as 30 µm x 

30 µm (Figure S2 and Figure S3 in the Supporting Information). However, the presence of 

intense graphene D, G and 2D bands for heat treated substrates clearly indicates the growth 

of graphene layers induced by the raise of specimen´s temperature, most probably governed 
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by the local joule heating of the sample. The Raman spectra –averaged over 15 μm x 15 μm 

areas for the specimen with the highest graphene signal (S_0) and the pristine SiC sample 

are compared in Figure 2c. Besides, significant differences in the intensity of the graphene 

bands were detected among treated specimens; in this way, the integrated intensity ratio for 

graphene and silicon carbide peaks, IG/ISiCT (where ISiCT represents the sum of the integrated 

intensity of the two SiC bands), varies between 2 and 12. Interestingly, IG/ISiCT  is directly 

correlated with the initial stage electrical resistance of the SPS assembly (Figure 2d), which 

implies differences in the electric field and is found to inversely depend on the applied 

pressure, from 7.9 m  for the lowest pressure (S_0) to 5.7m for 100 MPa (S_100).  The 

joint effect of pressure, rapid heating and activating action of the electric field seem to play 

an important role in the graphene formation [30]. 

 

Figure 2. FESEM micrographs of representative samples after the heat treatment for 

different applied pressure: (a) lowest applied pressure (S_0), (b) 80 MPa (S_80). (c) 

Average spectra (over 15 μm x 15 μm) for the pristine SiC and S_0. For monolithic SiC 

background was removed to facilitate comparison. (d) Intensity ratio (IG/ISiCT) between the 

area of the G-band of graphene and the total area associated to the two main SiC bands (at 

789 cm−1 and 966 cm−1) plotted as a function of the electrical resistance of the whole SPS 

assembly at the initial stage.  
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The diverse grains within each polycrystalline specimen can be distinguished by the Raman 

intensity ratio between FTO and FLO bands (see Figure S2 in the Supporting Information), 

which may well be linked to differences in doping, defects and C/Si ratio [17,31,32]. Due 

to the distinct graphene growth rate for different SiC faces [9,11,16,17], the grown EG is 

expected to significantly vary along the surface on the polycrystalline material, in which all 

planes are subjected to the same temperature and atmosphere, particularly the graphene 

layer would be thicker on C-faces than on Si-faces [33,34]. The mentioned contrast 

observed in the FESEM images is then associated to the diverse surface receding that 

results in an increased surface average roughness (Ra) over areas at the millimeter scale and 

arises from the dependence of Si sublimation and graphene growth rates on surface 

orientation. In fact, EDS analysis of less receded grains gives ratios of 66 C/34 Si (at. %) 

whereas for highly receded grains the relative amount of C  is estimated as large as 75 C/25 

Si (at.%.). The thoroughgoing combined optical, topographical and Raman microscopy 

analyzed here in comparison to reported results for EG on SiC single crystals serves to 

identify these grains as appertaining to Si-face and C-face families, respectively, thus 

allowing an adequate classification of the grain orientations encountered in our samples.  

The Raman results for the three specimens with higher graphene content (S_80, S_20 and 

S_0) are summarized in the top part of Table 1. Despite ISiC(FTO)/ISiC(FLO) lies in a 

similar range than for the pristine case, the I2D/IG ratios extracted from the average spectra 

(containing grains with different FESEM contrast) are very similar for the three samples, 

indicating similar quality of their graphene films. However, a direct relation between ID/IG 

in Table 1 with the electrical resistance in Figure 2d indicates a certain increase of defects 

with applied current. Moreover, the increase in ID/IG ratio with IG/ISiCT points to a rise of 

defects as graphene growth progresses. A blue-shift of the G-band (P(G) = 1605 cm−1) is 

also perceived in the average spectra of all samples as compared to free-standing 

multilayered graphene and graphite, for which P(G) ∼1587 cm−1. This blue-shift can be 

attributed to the compressive strain [35,36] in the graphene film after cooling that is 

induced by the much higher thermal expansion coefficient of the SiC substrate 

(∼4.9 × 10−6 K−1 from room temperature to 800°C) [37] compared to that of graphene (< 

1 × 10−6 K−1 for the same temperature range) [38].   
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 Average 

spectrum 

D 

(cm−1) 

G 

(cm−1) 

2D 

(cm−1) 
ID/IG I2D/IG 

ISiC(TO) 

/ISiC(LO) 
IG/ISiCT 

S_80 1375 1605 2730 0.5 0.4 2.2 3 

S_20 1367 1605 2719 0.7 0.5 2.2 6 

S_0 

 
1373 1605 2728 0.9 0.5 0.8 12 

 Single grain 

spectrum (S_0) 
       

i)     C-face* 
1348  

±4 

1582 

±6 

2685 

±7 

1.0 

±0.1 

0.60 

±0.20 
--- 

ii)   m/a-faces* 
1361.3  

±0.6 

1597 

±2 

2706 

±4 

0.9 

±0.1 

0.58 

±0.03 
1.2-1.9 

18 

±6 

iii)    Si-face* 
1369 

±6 

1603 

±3 

2726 

±9 

0.6 

±0.2 

0.30 

±0.10 1.0-5.4 
1.2 ±0.7 

 

Table 1. Top: Positions of the D, G and 2D bands, and integrated intensity ratios between 

the indicated Raman bands for the average spectra (15 µm x 15µm) of samples S_80, S_20 

and S_0. Bottom: Same for spectra acquired on single grains (*) of the S_0 sample. ISiCT = 

ISiC(TO) + ISiC (LO). 

 

Similarly to what is observed in FESEM, in contrast to the smooth surface of the pristine 

SiC, the optical micrographs of the treated specimens show large contrast between grains 

(Figure S4 in the Supporting Information). In such a way, data obtained for the same 

surface region (Figure 3) allow correlating morphological details from optical (Figure 3a) 

and SFM imaging (Figure 3b) with local composition variations inferred from Raman maps 

(Figure 3c) generated by filtering intensity of the G-band (green) and FTO band (blue) of 

6H-SiC. In fact, the optical contrast is due to light attenuation produced by cumulative 
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graphene layers over the substrate [39] which progressively reduce the intensity of SiC 

bands in the spectra as film thickness increases, thus supporting that blue regions are grains 

with lower graphene content.   

It is noteworthy to carefully examine the differences in the Raman spectra acquired at 

single grains. Though the classification presented in the lower part of Table 1 pertains to 

S_0 specimen, the conclusions can be fully extended to the rest. Grains with different 

contrast in optical micrographs have been categorized in three groups according to the 

Raman intensity of their SiC bands: i) dark grains with no detectable SiC bands, ii) grayish 

grains showing low intensity SiC bands and iii) light grains with the strongest signal for 

SiC. These groups are fount to correspond to the SiC-plane families, in particular, C-face, 

non-polar faces (m- and a-) and Si-face, respectively. Thus, a low graphene content (IG/ISiCT 

~ 1.2) and faint surface receding (lighter color in Figure 3a) are consistent with Si-face 

grains showing strong blue shift of the G-band and lower ID/IG and I2D/IG ratios; the grains 

of non-polar faces show significantly higher amount of graphene (IG/ISiCT = 18) but more 

defective as pointed out by a higher ID/IG and certain blue shift; for the C-face grains only 

graphene peaks are detected (Figure 3e) and negligible G-band shift is observed. For more 

details on the blue-shifts of the differently oriented grains see Figure S5 in the Supporting 

Information. Summing up, the parallel increase of ID/IG and IG/ISiCT for the Raman spectra 

of C-face grains matches with the coherent contribution of several EG layers on these 

grains, as compared to thinner films on Si-face, as the growth progresses. Moreover, from 

the SFM topographic image of Figure 3b and the corresponding line profile (Figure 3d), it 

can be seen that the C-face grains show a significantly large roughness, whereas Si-face 

grains are the smoothest and have an average surface level 15-20 nm above the others (C- 

and m/-a-) due to a lower surface recoil.  
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Figure 3. (a) Optical image of the S_0 specimen, (b) SFM topography of the same area, (c) 

false color Raman image generated by merging intensity maps of the G-band (green) and 

the FTO band (blue), (d) profile along the line marked in (b), and (e) Raman spectra at the 

different grains indicated in (a). 

 

Depth profiling Raman data obtained across adjacent grains of different orientations is 

displayed in Figure 4. The in-depth intensity of TO (Figure 4a) and G-band (Figure 4b) are 

in agreement with the above mentioned grain classification, namely, distinct receding 

surface levels, larger for C-face than for m/a- and Si- faces and higher G-band intensity for 

the C-face. Notably, G- and 2D-bands peak position and FWHM for the m/a-, C- and Si- 

face grains can be used to estimate graphene film thickness by comparing with 

measurements reported in literature regarding the peak characteristics of exfoliated 

multilayer and epitaxial grown graphene. FWHM values for the 2D peak (Figure 4-c.4) are 

in the range of ~ 55 cm−1 for Si-face and ~ 62 cm−1 for C-face; whereas P(2D) values are 

~2725 cm−1 and ~ 2708 cm−1, respectively. These values are similar to those reported for 
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EG grown on 4H- and 6H-SiC single crystals [40,41,42], for ~ 10 layers graphene (MLG) 

on C-faces and bilayer graphene (BLG) on Si-faces.  

 

 

Figure 4. Depth profiling Raman maps along a line crossing different SiC grains (m/a, C 

and Si faces) for sample S_20: (a) SiC TO intensity, (b) G-band intensity, (c) peak 

positions of  G-band (c.1) and 2D-band (c.2) and their corresponding FWHM (c.3, c.4). The 

total Z travel equals 5 µm in all cases. 

 

The averaged surface roughness for each family of grains has been determined from root 

mean square (rms) analysis of the S_80 and S_20 samples obtained by averaging at least 20 

profiles taken on different grains and different SFM images (see Figure S6 in the 

Supporting Information). A typical example is shown in Figure 5, where three types of 

grains can be clearly distinguished in the topographic image (Figure 5a) with fine 

morphological details enlarged in the derivative image (Figure 5b). Grains of the m/a- 

family exhibit an intermediate corrugation with rms  3-4 nm (see several of those grains 

coexisting in Figure 5c) while a large difference is observed among those of C- face (rms  
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8 nm) and the Si-face (rms  2 nm) types. This fact is due to a quite homogeneously 

stepped surface of the Si-face (Figure 5d) versus the faceted appearance of the C-face 

(Figure 5e). The Si-face grains are covered by regular arrays of relatively long terraces 

typically extending few µm and only 50 nm wide (see also Figure 5b). This width is 

determined by the particular misorientation of the grain surface with respect to the 

crystallographic (0001) plane. The steps present heights ranging from 1.5 nm (dimension of 

the SiC unit cell in the direction perpendicular to the surface plane) up to 5 nm with no 

observable step bunching (see Figure S7 in the Supporting Information). In this type of 

surface, the formation of an interface layer is known to act as a template for the EG growth 

in a nearly layer-by-layer fashion and to be responsible of a well-defined azimuthal 

orientation of the carbonaceous layer [43,44,45,46].  

 

Figure 5.  Topographic SFM images of : (a) grains in S_80 with three different orientations 

as indicated in the respective labels, Zt = 25 nm  (b) derivative image of (a), (c) diverse 

grains with non-polar orientations in S_20, Zt = 15 nm  (d) and (e) are magnified areas of 

the Si-face and C-face grains in (a), respectively. Zt indicates the total height scale for each 

image.  
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In both polar C- and Si-face oriented grains, a mesh of lines can be seen dividing the 

surface into trapezoidal domains of 200-300 nm (Figures 5d and 5e) consisting of a 

network of partial tube-like structures (ripples) not present in the non-polar planes that 

otherwise present a homogeneous amorphous-like appearance (Figure 5c). These ripples 

seem to have great influence on the graphene properties [25,47,48,49]. They form during 

the cooling step of EG and arise from strain release at the boundary between neighboring 

graphene domains due to the different thermal expansion coefficients between graphene 

and the SiC basal plane [42], as stated above from Raman results. The network is 

particularly notable in the C-face (Figure 5e) and significantly reduces the magnitude of in-

plane stresses generated by defects [50,51]. As a consequence, these grains display an 

overall roughened surface but contain atomically flat regions as large as 9x103 nm2 

between ripples. On the other hand, the larger ID/IG (Table 1) and insignificant shift of the 

G band in the C-face, which reflect a larger defects density but more relaxed graphene, may 

indicate either more or larger ripples in these grains, lack of thickness uniformity as well as 

single or extended vacancies but also arise from rotational disorder. A discussion on the 

role of distinct defects on graphene friction is presented in the Supporting Information 

accompanied by analysis (Table S1) of the double resonance band (D´) associated to 

defects located close to G band at ~ 1620 cm‒1. Interestingly, despite the considerably 

different graphene content, the ripple network crosses the boundary between adjacent 

grains of both orientations (Figure 6a) suggesting that a carpet-like uniform graphene film 

covers them without disruption of the carbonaceous layer [52]. The ripples are relatively 

wide (20 nm) and 2-4 nm high (Figure 6d) with no particular dependence on grain 

orientation. The relatively thick MLG grown on the C-face does not pile in the AB Bernal 

stacked manner as in the Si-face. Instead, it presents a high azimuthal disorder as a 

consequence of the weak interaction with the substrate that confers to the multilayer system 

properties close to the individual single-layer [53,54,55]. All these circumstances have 

effects in the morphology of the grown graphene and are discussed below. 
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Figure 6. (a) Topographic SFM image containing the boundary between Si-face and C-face 

grains (Z = 50nm), (b) topography of a magnified area on the C-face grain. To amplify 

morphological details a derived image is shown in (c). Black arrows in (b) and (c) indicate 

topographic fringes and deformed structures. Line profiles across a typical ripple in and a 

wrinkled region seen in (b) are presented in (d) and (e), respectively. 

 

As it would occur in suspended graphene, remaining strain in weakly bounded sheets 

confined by ripples generates a series of crumpled features in the C-face grains (black 

arrows in Figure 6b). Any compression or shear held at the graphene domain boundaries 

may originate deformations along different directions leading to linear fringes and varying 

super-lattice structures [56] in the different domains as notably amplified in the derivative 

topography (Figure 6c). The number and size of these strain-induced structures increase 

with that of the bounded area and number of stacked layers. Within a continuum theory, the 
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striation height reached before fracture depends on the Poisson’s ratio and simultaneous 

compression and shear [57]. In the present case, though the coexistence of diverse 

corrugated structures in the same region does not permit a unique shear strain 

determination, their low height (Figure 6e) points to a fairly relaxed graphene multilayer. 

This result is in agreement with the Raman data in Table 1 and Figure 4 where no blue-shift 

of the G-band is observed for the EG on C-face. In summary, after graphene growth and 

due to compression during cooling, the graphene is buckled, producing a network of ripples 

such as that shown in Figure 5 and Figure 6 for both C-face and Si-face grains. In addition, 

the local incidence of both compression and shear leads to the formation of striations or 

ridges diagonal to the graphene sheet enclosed by the network, visible for the C-face. The 

diverse distorted patterns (mostly deformed hexagonal arrays) have a relatively large 

periodicity of 22-26 nm (Figure 6e) and are likely associated to deformations of the top 

few graphene layers decoupled from the SiC interface [56].  

The existence of the described continuous carpet-like film offers the advantageous benefit 

of allowing a full exploration at different scales of the mechanical properties (e.g. 

nanoscale friction and macroscopic wear) of the graphene generated on the distinct SiC 

orientations. We first note that the magnitude of the surface friction can be influenced by 

diverse factors as non-homogeneous graphene thickness and differences in coupling with 

the substrate but also may arise from a non-uniform strain in the respective layers and, in 

particular, puckering and out-of-plane floppiness occurring during sliding [58,59]. In the 

presence of rotated graphene domains, the later would lead to anisotropic friction [60] i.e., a 

friction dependence on the graphene orientation respect to the sliding direction. In reference 

to thickness, it has been reported that the frictional force decreases with increasing number 

of graphene layers, being reduced by a factor of two from the bilayer to the single layer in 

the case of epitaxial graphene [12] and saturating for about  4-5 atomic FGL transferred to 

SiO2 [61]. The generality of such results for 2D materials [58,62] seems to indicate that this 

can be considered as a characteristic of friction at the nanoscale for weakly bound 

materials. In the present case, the Raman results indicate the formation of MLG on C-faces 

whereas BLG grows on Si-faces (see Raman discussion), therefore, friction differences 

arising from thickness are not expected for the same grain though they may differ from 

grain to grain even for the same orientation family.  
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Figure 7. Lateral force (LF) data for the three different families of SiC grains. Forward (a) 

and backwards (b) images of four meeting grains of m/a- type (same area as Figure 5c), 

insets in (a) and (b) are magnified regions used to estimate friction data in (c): mean LF 

profiles (blue/red for forward/backwards) of each region and calculated friction loop height 

(black) for grains labeled (1) and (2). Only the forward image is shown for Si-face (d) 

while for the C-face, the complete forward image (e) as well as forward (Fw) and 

backwards (Bw) magnifications (f) are shown. 

 

Figures 7a and 7b correspond to the forward and backwards lateral force images of the 

surface area shown in Figure 5c that contains different grains with m/a- orientation or 

nearby. Highly homogeneous friction is measured on each particular grain, as expected 

from a uniform graphene thickness. Nevertheless, for m/a- grains exhibiting an oriented 

texture perpendicular to the sliding direction (2) the friction loop (Figure 7c) opens as to 

increase the friction twice with respect to those with parallel texture (1). This result is 

evidence of the role of the sliding direction against or along nanostructured groove channel 

textures that are relevant for nano- and micro-mechanical devices. In the case of Si-face 

grains, a homogeneous friction is observed as well (Figure 7d) despite the ripples network, 
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pointing to a regular graphene relaxation achieved by the high density of surface steps. 

However, for the C-face (Figure 7e), a non-uniform lateral force signal close to the ripples 

is observed in the form of patches (indicated by black arrows). This effect can be due to 

differences in the friction magnitude due, for example, to local variations in thickness [12] 

(see Figure S8 in Supporting Information) but is discarded in this particular case because no 

inverted contrast with reversed scan direction is observed (Figure 7f). This effect, however, 

turns out to be a friction anisotropy resulting from anisotropic puckering under sliding due 

to different relative rotation of the graphene domains in the C-face grains [59]. In all cases, 

and contrary to what has been reported for weakly attached FLG in other SiC materials 

[30], no damage occurs during continuous SFM sweeping, indicating a certain robustness 

(see below) and corroborating the lateral continuity of the carpet-like grown EG.  

 

Figure 8. Micro-scratch tests on pristine SiC (Ref) and S_80 and S_20 samples: (a) 

Average coefficient of friction (COF) as a function of the scratch length for end loads 

10mN and 50mN (data normalized at the first scar point). Associated errors: ± 0.05 (Ref), ± 

0.06 (S_20), ± 0.07 (S_80) at 10 mN and ± 0.05 (Ref), ± 0.04 (S_20), ± 0.05 (S_80) at 50 

mN, (b) threshold load (Fth) at which surface damage is observable by optical microscopy. 

Associated errors: ± 0.4 (Ref), ± 0.7 (S_20), ± 0.1 (S_80) at 10 mN and ± 0.4 (Ref), ± 0.4 

(S_20), ± 0.2 (S_80) at 50 mN. Different points belong to different sample locations, and 

(c) Optical and Raman images for S_20 constructed by filtering the intensity of the G and 
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D/G bands. (d) Raman spectra in Si-face (○) and m/a-plane (◊) along the scar (top) and out 

of it(bottom).  

 

Further insight on the tribological characteristics of the EG films has been obtained from 

micro-scratch tests for increasing loads. As seen in Figure 8a, all samples present the 

typical continuous increase in COF attributed to increasing plowing and contact area with 

normal load. At this point it is worth noting that the lateral dimension of the produced scar 

is 0.25µm (see Figure S9 in the Supporting Information). In such a way, mean COF 

values for the three samples (Ref < S_20 < S_80, differing in 5%) should not be 

interpreted in terms of the averaged roughness Ra estimated over areas at the millimeter 

scale (18.5 nm for S_20 and 13.2 nm for S_80 and 9.8 nm for Ref) that results from the 

distinct surface levels of more or less receded grains after EG growth (see Figure 2) but 

explained in terms of the individual grains forming each surface as well as depending on 

the graphene content. On the one hand, graphene smooths out the respective pristine grains 

(rms  2 nm for Si-face, 3-4 nm for m/a- and  8 nm for C-face, e.g. Figure 5 and Figure 

S7) and, on the other hand, S_20 has a larger graphene content than S_80 (Table 1). We 

also note that during the tests, the tip load is increasing linearly at constant speed (see 

Experimental), i.e., a given load value is reached earlier in the 50 mN scratch, justifying the 

stepper increase of these curves in the case of Ref and S_20 respect to the 10 mN curves. 

However, S_80 does show a nearly constant value for the high end load case which might 

arise from a little dependence of contact area with load that needs further consideration.  

In order to understand the above results, we analyze now the minimum scratch load 

promoting surface damage (Fth) presented in Figure 8b. We discard spurious conduct of Fth 

due to the unavoidable position dependence of scratch experiments in the polycrystalline 

material, by performing tests at different locations for each sample (repeated symbols in the 

figure). As expected, optical observation of the scratches, i.e., permanent damage, is 

detected earlier in the full length mirror Ref with a small variation with end load. For the 

graphene covered surfaces and, in particular for S_80, Fth increases with end load. In this 

context, Raman spectroscopy may help us to understand the damage mechanisms operating. 

As can be seen in Figure 8c, whereas IG/ISiCT shows a clear reduction along the scar (dark 
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line in G image), ID/IG significant increases (light line in D/G image) as compared to the 

untested surrounding surface. This result allows inferring a partial loss of EG with the 

remaining becoming more defective. A more detailed analysis reveals a degradation 

mechanism dependent on the type of SiC face. In fact, a reduction of 46% in IG/ISiCT was 

observed on the scratched zone relative to the untested Si-face grain (○) whereas it 

decreased by 78% for higher graphene content m/a-type faces (◊). These results agree with 

a higher resistance to wear of the thin but strongly attached EG layers grown on Si-faces, 

which would justify a nearly constant contact area (i.e., the low slope of COF) and explain 

the higher Fth of S_80, especially at high load (50 mN), compared to S_20 that has more 

graphene grown over C-face grains. Conversely, detached graphene from MLG grown on 

m/a- and C- grains would act as solid lubricant contributing to reduce friction. More data on 

damaging for different grains are presented in Figure S9 in the Supporting Information. 

As derived from the above dependence of the EG characteristics (thickness, layer stacking, 

strain degree, coupling, wear resistance…) on the SiC grain orientation, one may question 

about the influence on the corresponding local electronic structure. In particular, the 

carbonaceous film grown in the C-face can be viewed as decoupled and nearly free 

standing MLG that would, in principle, display transport properties and electronic behavior 

as independent monolayers [55,63]. We first note that as a consequence of the work 

function difference with the SiC, graphene at the interface appears to be highly doped with 

an electron density typically of a few × 1012 cm2·V−1·s−1[44]. Moreover, unlike what 

happens for exfoliated graphene on SiO2 where surface potential builds up with thickness, 

approaching to a saturation value for about five or more graphene [64,65], the charge 

density in EG on SiC remains mainly in the first layer above which charge neutrality is 

quickly reached [66]. Specifically, a contact potential value of 360 meV has been reported 

for the graphene bilayer respect to the highly doped interfacial layer on 6H-SiC(0001) 

single crystals [67]. In such a way, electronic differences are expected between the 

graphene films grown on the diverse SiC grains.  
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Figure 9. Topographic image (a), simultaneously surface potential (SP) map acquired by 

KPFM (b), model illustrating the differences in charge screening for BLG/Si-face and 

MLG/C-face (c) and estimated work function referred to that of the tip (Δ

) for grains of different orientations in S_20 (d). Note: in our set-up the voltage is 

applied to the tip and areas with higher surface potential, i.e., brighter color in (b), 

correspond to lower work function (   SP), see Supporting Information.  

 

Figure 9 illustrates at glance the relationship between diverse grains identified in 

topography (Figure 9a) and the corresponding surface potential (SP) as measured by KPFM 

imaging (Figure 9b) on the S_20 SiC specimen. Each point of the work function difference 

(   SP) plot shown in Figure 9c has been estimated by determining the peak position of 

the histogram of the KPFM image area of individual grains (see Figure S10 in the 

Supporting Information for analysis details). For each family of SiC grains, recognized by 
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their morphological signature,  are grouped around 475 meV (Si-face), 575 meV (m/a-

planes) and 695 meV (C-face), respectively. Differences in  within a given family of 

planes are due to deviations respect to the nominal orientation, as sustained by similar 

results obtained for S_80 (not shown). Provided the local contact potential in epitaxial 

graphene on semiconductors is directly related to the carrier concentration, the notable 

difference of 220 meV in average for the  measured between grains evidences that 

charge neutrality has not been reached in the EG grown on the Si-face. This result is in 

agreement with the thinner graphene grown on this orientation (2 layers) as compared to 

that grown on the C-face (at least 10 layers thick). In other words, due to the short decay 

length of charge density in EG on SiC, the topmost layer of the BLG film on Si-face grains 

has a notable dopants level while it is fully screened by the underlying layers forming the 

MLG grown on C-face grains (Figure 9c). Though charge neutrality is also expected for the 

thick graphene grown on the non-polar grains, interpretation of the measured SP in this 

case may be obscured by charge trapping in the highly defective EG film (see Raman 

discussion).  

The respective strong and weak coupling between substrate and the successive graphene 

layers grown under the same conditions on the basal Si- and C- planes of SiC confer upon  

the epitaxial graphene differentiated mechanical and electronic properties exemplified by 

specific structural features and carrier density. The quality and lateral continuity of the EG 

obtained by SPS on polycrystalline silicon carbide makes these materials promising for 

advanced applications in nanotechnology. 

 

4. Conclusions  

By using modified SPS tool dies, considerably smooth and continuous carpet-like epitaxial 

graphene (EG) films have been obtained over polycrystalline SiC materials with a series of 

differentiating surface characteristics depending on the grain orientation. As graphene film 

growth takes place under the same conditions, the EG growth in different SiC planes (C-

face, Si-face and m/a-faces) present at the surface has been analyzed at once by employing 
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imaging techniques at diverse length scales, from optical and FESEM to SFM and micro-

Raman tools.  

Conversely to a quite amorphous like texture of non-polar grains, the strain energy 

landscape for polar planes leads to the occurrence of diverse structural peculiarities (from 

ripples or ridges to fringed or wrinkled patterns) which confer to the EG grown at these 

surfaces nearly ideal properties of BLG and MLG reported on Si- and C- oriented single 

crystals. The frictional properties at the nanoscale are highly homogeneous with only 

anisotropic consequences due to non-uniform puckering in the C-face or to groove channel 

orientation in grains of the m-a plane family. The minimum load needed to detect 

perceptible surface damage by scratch testing decreases for the EG surfaces as compared to 

pristine SiC, with a notable mechanical strength for the BLG while debris detached from 

MLG could act as solid lubricant reducing friction. In terms of electronic properties, the 

variability of the surface work function lies within the 0.2 eV considering the whole SiC 

grains ensemble in agreement with the short decay length of charge density in EG on SiC.  

Due to the inherent random orientation of the grains in a polycrystalline material, epitaxial 

graphene grown by SPS on the surface of dense polycrystalline silicon carbide constitutes a 

benchmark for properties tests. Moreover, on the one hand, the quality of the graphene 

films make the material fabricated by the SPS attractive for applications and, on the other 

hand, the SPS technique itself is demonstrated as a reliable and flexible methodology for 

preparing such graphene films on SiC components with real possibilities for scaling-up at 

low cost.  
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Apendix A. Supplementary data 

Supporting Information. Methodological details of Friction Force Microscopy and Kelvin 

Probe Force Microscopy as well as additional SFM and Raman data are provided. 
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 Friction Force Microscopy (FFM). During tip scanning in SFM contact mode operation, in 

addition to cantilever normal deflection (topography), the cantilever torsion is monitored as a lateral 

deflection of the reflected laser beam. Since the lateral force caused by friction always opposes the 

tip motion, the tip twist reverses when the scan direction is inverted. Consequently, if a surface 

consists of regions with different friction, lateral force images will present opposite contrast in 

forward and backward directions. Those regions of lower friction would appear as dark patches in 

the forward and brighter in the backwards scans, respectively. The local friction signal is defined as 

half the amplitude of the so called friction loop, F = ½(Flf − Flb), where Fli is the lateral force signal 

of the forward (i=f) and the corresponding backward (i=b) scans. Friction anisotropy (AN) refers to 

the variation of the friction coefficient with the relative orientation of sliding surfaces and is 

commonly correlated with the azimuthal orientation of a crystalline surface. As a consequence AN 

is observed as a different contrast but not inverted signal in forward and backward images. AN for 

graphene has been already reported [1,2]. 

 

Kelvin probe force microscopy (KPFM). KPFM is a dynamic mode which measures the so called 

contact potential difference or Surface Potential (SP) through measurement of the electrostatic force 

between a metallic tip and the sample. Contrary to CSFM, during KPFM the tip and sample are not 

in direct contact but electrically connected via electronics. As a result, their Fermi levels align 

creating a SP and thus a tip-sample electrostatic force develops. Though the method has been 

applied to a wide variety of materials, including insulators, KPFM was first introduced to 

investigate the work function of metals and it is understood as follows. If the work function of the 

KPFM tip (vibrating electrode) is ϕtip and ϕsample  is that of the sample, then the contact potential 

difference between tip and sample is SPsample = (ϕtip −ϕsample)/e= ∆ϕs/e , where e is the electric 

charge. The tip, which is at some distance (~15 nm) above the sample surface, is driven by an 

oscillating voltage Vtip = Vdc + Vac sin(ωt) and, as a consequence, the electrostatic force between 

them is 𝐹𝐹𝑒𝑒𝑒𝑒 =  −  1
2
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 ��𝑉𝑉𝑑𝑑𝑑𝑑 −  ∆𝜑𝜑𝑒𝑒 𝑒𝑒� � +  𝑉𝑉𝑎𝑎𝑑𝑑 sin(𝜔𝜔𝜔𝜔)�
2

, such that the Vdc nullifying the first 

harmonic of this electrostatic force is just the SPsample. Often, as in the present work, in order to 

minimize cantilever contributions, the same minimization procedure is used but applied to the force 

gradient measurement: 
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𝜕𝜕𝐹𝐹𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕

 =  −  
𝜕𝜕2𝐶𝐶
𝜕𝜕𝜕𝜕2

 ��𝑉𝑉𝑑𝑑𝑑𝑑 −  ∆𝜑𝜑𝑒𝑒 𝑒𝑒� � +  𝑉𝑉𝑎𝑎𝑑𝑑 sin(𝜔𝜔𝜔𝜔)�
2

 

And  

𝜕𝜕𝐹𝐹𝜔𝜔
𝜕𝜕𝜕𝜕

= −  
𝜕𝜕2𝐶𝐶
𝜕𝜕𝜕𝜕2

�𝑉𝑉𝑑𝑑𝑑𝑑 −  ∆𝜑𝜑𝑒𝑒 𝑒𝑒� �𝑉𝑉𝑎𝑎𝑑𝑑 sin(𝜔𝜔𝜔𝜔) 

 

Where Fω is the ω component of Fes. In principle, knowing φtip, φsample can be calculated, but if the 

sample surface has regions with different electronic properties, as the case presented here, the 

contact potential of each region would be given by SPA = (ϕtip −ϕA)/e and SPB = (ϕtip −ϕB)/e, 

respectively. Consequently, the contact potential difference between them is ΔSP = SPA – SPB = 

−(ϕA −ϕB) independently of the material the tip is made of. Therefore, the contrast of the surface 

potential maps obtained by scanning the tip over the surface directly reflects the local variations of 

the surface work function. The method lacks of nanometric lateral resolution but avoids problems 

derived from tip details (end atoms and geometry) appearing when attempting to determine absolute 

SP values. In KPFM imaging, the contrast of the surface potential maps obtained by scanning the 

tip over the surface directly gives quantification of the local variations of the surface work function. 

Note that by definition, the higher the local SP the lower the local effective work function (ΔSP= − 

ΔϕAB).  
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Figure S1. Grain size distribution of the polycrystalline SiC substrate (FWHM ≈5 µm and mean 
grain size of 3.4 µm) as measured by image analysis on SEM micrographs of 60 µm x 40 µm. 

 

Figure S2. (a) Optical microscopy image of the polished pristine surface. (b)  Merged intensity 
maps from TO (blue), LO (red) bands from SiC and G (green) peak from carbonaceous particles (c) 
Raman spectra of the different SiC grains found in the area. The positions of the bands correspond 
mainly to 6H-SiC and 4H polytypes, spectrum 3 in (c). The images size is (10 μm x10 μm) .  The 
average spectrum shown in Figure 2c of the main manuscript was obtained from the same area. 



5 
 

 

Figure S3. Raman 30 x 30 μm2 scan of SiC substrate. (a) In this case the intensity of the band at 
793 cm-1, showing distribution of polytype 4H is represented in bright yellow, and 6H-SiC polytype 
in blue. (b) SiC grains with intense TO band in blue and those with intense LO band in red. Areas in 
purple are associated to grains were intensity of TO and LO bands are similar. (c) Map of ratio ITO/ 
ILO. Either for monolithic SiC as for treated samples, grain surfaces presented ITO/ ILO  mainly in the 
range 1-2. 

 

Figure S4. Optical micrographs, Raman spectroscopy maps and spectra for EG growth on S_80 (a), 
(b) and (c) and S_20. (d), (e) and (f). In treated samples optical images do show the grain 
distribution due to different Si sublimation rates, roughness and thickness of graphene film. The 
color code of the Raman intensity maps in (b) and (e) is: Blue for SiC TO, red for SiC LO and green 
for graphene G band. 
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Figure S5. G and 2D peak position distribution for the area scanned in Fig. 3. The grain identified 
as Si-face presents the highest band shift associated to a growth of less than 3 layers.    

 

 

Figure S6. SFM data for two treated SiC specimens. (a) Large scale topographic image of S_20, (b) 
line profile along the segment indicated in (a) showing a recession of ∼10 nm between adjacent 
grains. (c)-(h) correspond to S-80: (c) Large scale topographic image where, in addition to the 
recognizable texture of diverse SiC grains, polishing lines are visible. (d) Topography and (e) 
corresponding profile crossing a m/a-surface surrounded by two Si-face grains. (f) Topography and 
simultaneous lateral force (g) forward and (h) backwards. Note the coexistence of highly stepped 
and faceted grains covered by a ripples network. 
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Figure S7. Topographic images of EG on SiC grains of different orientations in S_80: (a) C-face, 
with a faceted surface and rms = 8.5 nm, (b) m/a- plane, with a certain groove orientation in an 
otherwise amorphous like surface with rms = 2.6 nm and (c) Si-face with rms = 4 nm due to a high 
density of steps where the fine ripples network covering as a carpet like film the whole surface can 
be seen. The line profile corresponds to the stepped Si-face. 

 

Table S1. Type of defects determined from Raman average spectrum of EG films over the different 
grain types in Figure 3 of the manuscript according to Eckmann et al. [3], where D´ is a double 
resonance band associated to defects located close to G band at ~ 1620 cm‒1. The last column 
includes and estimation of defects density for  C-face EG film using the relation found by Cançado 
et al. [4] 

 Eckmann, 2012 [3] Cançado 2011 [4] 

Grain surf. 
type 

ID/ID´ ID/IG ID´/IG Type of defect nd (cm‒2) 

Si-face 17 0.59 0.034 sp3  

m-face 19 0.93 0.048 sp3/vacancy  

C-face 4.8 0.96 0.20 vacancy/boundary 2.16E11 
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The role of point and extended defects on friction has been largely explored. According to Gajurel 
et al. [5] the presence of vacancies can make the graphene sheet prone to pucker at the contact edge, 
which increases the contact area and thus leads to a larger friction. In particular, Zeng et al. [6] 
found that by increasing the surface adhesion of substrates, the friction of graphene could be 
significantly reduced due to suppressed puckering. The observation of puckering and a larger 
presence of vacancies might imply higher friction for C-face grains. In any case, m-face would 
show the highest friction because of the presence of vacancies in agreement with results shown in 
Figure 8c and 8d, where degradation depends on the type of SiC face with reductions in IG/ISiCT on 
the scratched zone relative to the untested grain of 46% and 78% for the Si-face and m/a-type faces, 
respectively. However, no definite conclusion can be made only analyzing point defects since, as it 
has been mentioned in the manuscript, surface friction at the nanometer scale can be influenced by 
other diverse factors as non-homogeneous graphene thickness and differences in coupling with the 
substrate but also may arise from a non-uniform strain in the respective layers and, in particular, 
puckering and out-of-plane floppiness occurring during sliding. 

 

 

 

Figure S8. Top panels: topography and lateral force images. As reference, some regions have been 
labeled with numbers. Lower panels, regions with different friction have been encircled in red 
whereas regions exhibiting friction anisotropy (AN) in green. 
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Figure S9. (a) SEM micrograph of scratch scar on EG grown on two grains with different 
orientations. Delimitation of EG is seen at both sides of scar. (b) Depth profile Raman map of a 
scratch scar. D band (green) shows the highest intensity for the delaminated material. Purple areas 
are associated to SiC and come from the combination of SiC –TO (blue) and SiC –LO (red) bands.  
(c) Optical composition of a scratch test where different Raman measurements were performed on 
the labeled positions. (d) Raman images from first 45 μm of the scratch in (c) and corresponding to 
regions (A) and (B). Different bands were selected to show SiC grains, graphene G intensity and 
damage produced during test. (e) Single spectra from positions indicated in (c) and (d). A 
magnification on the graphene signal at the end of the test is also shown. 
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Figure S10. The work function analysis for the different families of SiC grains is made by 
determining the peak position (Gaussian fit) of the histograms of the KPFM images. As it can be 
seen in this figure, for areas containing grains of different family, two peaks are perfectly resolved 
despite their relatively large FWHM. 
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