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Graphene grown on silicon carbide (SiC) substrate remains an interesting template for both fundamental studies and applications because it is monolithic to the substrate and does not require any transfer. The synthesized material comprises monolayer graphene on large terraces of several microns in both length and width, and step edges or nanofacets with multilayer graphene ribbons [1,2]. Owing to the tunability of electronic properties, graphene and 2D analogues have been considered to be potential candidates for thermoelectric applications [3][4][5][6]. However, in its 2D sheet configuration, graphene presents a thermal conductivity and a zero bandgap that are detrimental for the thermoelectric figure of merit (ZT) [7,8]. Interestingly, in a multilayer [9], under specific stacking configuration [10] or patterned into nanoribbons [11,12], owing to confinement effects, graphene exhibits a finite bandgap [13]. Moreover, these structures, when functionalized by heteroatoms, undergo substantial variation of their electronic and thermal properties. The doping level can be tailored to increase the electrical conductivity () and hence the PF. The ambipolar transport in graphene implies positive (holes) or negative (electrons) S coefficients adjusting the E F position by chemical doping or field-effect gating [14]. Therefore, E F can then be located anywhere in the electron dispersion spectra of graphene yielding to n-or p-type material. This feature allows unipolar carrier transport that prevents S being compensated for by the contribution of both carrier types. WF and barrier height at the interface of a heterostructure are modulated, and the carrier injection mechanism can be judiciously controlled. There have been numerous studies on the functionalization of monolayer graphene using various adsorbates, notably F4-TCNQ, an effective p-type dopant [15,16]. This molecule is a strong electron acceptor that compensates for the natural n-type doping of pristine graphene grown on SiC substrates. Much less work has focused on the electronic properties at the step edges or nanofacets. These nanostructures, which exhibit a structure different from the terraces, cannot be effectively probed using spatially averaged techniques [17,18]. Angle-resolved photoemission electron spectroscopy (ARPES) is a powerful tool that reveals the electron-dispersion spectrum as well as the overall impact of any adsorbate onto graphene [19]. However, it is not possible to isolate the local electronic variations with a typical micron size probe of ~ 100 m. On the other hand, PEEM provides localized information as well as the topography of the material.

In this work, we have investigated functionalized epitaxial graphene on SiC and probed its electronic properties at the step edges using PEEM mapping. We determined that the WF variation between the step edges and monolayer terraces is as high as 0.7 eV after doping. We calculated S and  within the range of the experimental E F and carrier density achieved and estimated the resulting PF for both monolayer terrace and the nanofacets. The results showed an optimum S ~ 100 μV/K and S ~125 μV/K for monolayer and bilayer graphene, respectively with a PF of ~ 10 -2 W/K 2 m. EXPERIMENTAL

Materials

The graphene was grown on n-type 4H-SiC (0001) substrates. The substrate was first heated to 1000 °C in an ultra-high vacuum (UHV) chamber and up to 1525 °C in an argon (Ar) atmosphere to favour the formation of a large and homogeneous graphene layer. The sample was then cooled from 1525 °C to room temperature. A homogenous topography showed several ~ m wide terraces on average, separated by step edges [1,3]. The F4 -TCNQ molecules with 97% purity were sourced from Sigma-Aldrich. The material was placed in a crucible in an in-situ effusion cell fitted to the ARPES and PEEM systems.

Instrumentations and measurements

The band structure of the sample was measured around the K-point of the graphene Brillouin zone (BZ) using a synchrotron radiation-based ARPES beamline 3.2Ua: PES of the Synchrotron Light Research Institute (SLRI). The spectra were averaged over a 100 m 2 probe diameter and acquired using a Scienta R4000 analyzer. The sample was placed in the 6-axis manipulator at room temperature at a photon energy of 40 eV with an energy resolution of ~ 130 meV [20]. PEEM was performed at the beamline 3.2Ub:PEEM with an Elmitec LEEM PEEM III [21]. The imaging electron energy analyzer was utilized for the WF mapping and micro-XPS (the description of WF mapping by PEEM is provided in the Supplementary Material). The in-situ LaB 6 electron gun was used as a source for low-energy electron microscopy (LEEM). PEEM and LEEM could be switched so that the analyses by both techniques could be carried out on the same microscopic area. The WF mapping in PEEM was measured at 110 eV photon energy.

Graphene on n-type 4H-SiC (0001) was degassed at 400 °C overnight and then left to cool to room temperature. After the degassing, the graphene layer was checked by LEEM, LEED and XPS for its structural integrity and cleanliness. F4-TCNQ was then evaporated from a low-temperature effusion cell (NTEZ -MBE Komponenten). The material was degassed at ~ 80 °C in a quartz crucible and for a few hours while the gate valve was closed. The temperature was then raised to 100 °C for the deposition, and when the gate valve opened, the pressure in the analysis chamber rose from ~ 10 -10 mbar to low 10 -9 mbar. The distance from the crucible lip to the sample is approximately 25 cm in the PEEM chamber and 10 cm in the ARPES chamber. In-situ LEEM observation during F4-TCNQ deposition and XPS result after the deposition are shown in supplementary Figures SI 1&2.

The near-edge X-ray absorption fine structure (NEXAFS) was measured at the ARPES chamber in the total electron yield mode, which monitors the drain current from the sample as a function of the photon energy over the nitrogen K edge. The energy resolution of the NEXAFS N K edge is 0.4 eV.

RESULTS AND DISCUSSION

Figure 1 shows the Raman spectrum of the as-deposited sample. For clarity, the SiC Raman signature has been subtracted to reveal the main features of graphene G ~ 1570 cm-1 and 2D ~ 2700 cm -1 . The D peak ~ 1350 cm -1 could be assigned to structural defects, such as Si clusters from broken Si-C bonds that are typically formed during the high-temperature graphitization. The LEEM image indicates that 76% of the area comprises monolayer graphene, whereas the bilayer and trilayer graphene occupy approximately 17% and 7% of the total area, respectively. These bilayer and trilayer graphene appear as narrow ribbons above the nanofacets all over the surface [23] of SiC substrate, where graphene grows thicker near kinks and defects [24,25]. Figure 3a was derived from the slope of the E(k) branches [15,26], Table I. The flat bands distributed at 0.5-0.7 and 1.3-1.5 eV in Fig. 3(c-d Gaussian fitting after background subtraction. The first peak located at 397.7 eV corresponds to the anionic species N -1 , and the second peak located at 399.6 eV is attributed to the neutral N 0 species.

The third peak appears at 401.5 eV and seems to be the satellite peak due to the shake-up process [30,31]. The anionic species contribute to the charge transfer through the CN bonds, whereas the fluorine atoms remain inactive. F1s spectra (supplementary Fig. SI1) present no difference independently of the deposition conditions. The XPS results agree with the literature and support the standing-upright orientation of F4-TCNQ molecules on the graphene substrate, a result that is also consistent with our NEXAFS results. Note that it is not possible using NEXAFS to resolve the nanofacets, but we believe (considering the tilted topography) that the molecules could be lying down, which is the most energetically stable position, as calculated by Tian et al. [32].

Furthermore, we observed the non-homogeneous modification of electronic structure for graphene functionalized with F4-TCNQ by WF mapping under PEEM, Fig. 5. Whereas the F4-TCNQ deposition in PEEM was made on a separate setup from the PES platform, the deposition parameters were identical. This ensured that F4-TCNQ molecules deposited in PEEM were in the same configuration and induced a similar effect on the electronic properties. Note that the absolute WF measurement in PEEM is tedious to perform directly due to both non-isochromaticity in the imaging XPS mode and the difficulty in determining the Fermi edge. To evaluate the absolute WF profile of pristine graphene (blue line) in Fig. 5c, the PEEM measurement before functionalization was offset by the absolute WF ~ 4.3 eV of the monolayer graphene measured in our previous work [1,3]. After F4-TCNQ deposition, we offset the PEEM data by the positive shift of 1.28 eV on monolayer graphene measured by PES (our WF shift measurement originated mostly from monolayer domains, which covered more than 76% of the surface, and the result also compares well with Chen et al. [28] and Coletti et al. [15] who reported shifts of WF for monolayer graphene on 6H-SiC(0001) after F4-TCNQ deposition of 1.3 eV and 1 eV, respectively). In the 25 μm field of view and before the onset of deposition (Fig. 5a), we observed a small WF difference between graphene on the terraces (monolayer) and nanofacets (bilayer and trilayer), which exhibit a ~ 0.1 eV larger WF than the monolayer areas. This observation has been reported on 6H-SiC(0001) by Hibino et al. [33] and on 6H-SiC(000 ) by Mathieu et al. [34,35]. We also noted smaller domains within monolayer graphene scattered all over the SiC terraces, which have slightly lower (less than 0.1 eV) WF. Figure 5b displays the mapping after 8-minute deposition of F4-TCNQ.

The WF profile dramatically changed, as shown by the line profiles in Fig. 5c. The WF of monolayer graphene on SiC terraces became ~ 0.7 eV larger than the graphene on top of nanofacets, as shown by the red line profile in Fig. 5c. The profile shows that electron transfer occurs strongly on the monolayer graphene on SiC terraces and, in contrast, there is a relatively much smaller effect induced by F4-TCNQ on bilayer and trilayer graphene domains on the nanofacets, where the WF shifts only by ~ 0.5-0.6 eV. This functionalization also makes the WF of the bilayer and trilayer graphene domains smaller than the monolayer graphene after F4-TCNQ doping. To provide a statistical representation of the work function changes under the entire field of view in Fig. 5a and5b, histograms of the WF data from individual pixels of the WF mapping before and after F4-TCNQ deposition are plotted together in Fig. 5d. Each histogram is fitted with Gaussian functions to determine the number of species distinguishable by a small difference in WF [34,36]. The main peaks before and after F4-TCNQ deposition (solid blue and red lines) represent the monolayer graphene on SiC terraces that covers most of the total surface area. The histogram shows the overall shifts over the entire area and a clear spreading of the work function over a wider range after doping by F4-TCNQ.

Shoulders are observed on both lower and higher energies of the main peak centred at 5.5 eV. This also shows up as a non-uniform colour for the monolayer graphene domains in the mapping and could be assigned to either the non-uniform layer of F4-TCNQ or interactions with the buffer layer at the substrate interface. Note that the large full width half maximum (FWHM) of the Gaussian peaks that represent the bilayer and trilayer graphene (at 0.53 eV lower than the main monolayer graphene) in the histogram are assigned to the artefacts inherent to the small electric field on the surface of the sample arising from the difference in WF itself [37].

To discuss the difference in charge transfers of F4-TCNQ that results in different shifts of WF on monolayer graphene on terraces, and bilayer and trilayer graphene on nanofacets, we compared our results with the literature. F4-TCNQ may adsorb on graphene with either standing or lying-down configurations depending on the types of supporting substrates [38,39] and the surface coverage. For F4-TCNQ on epitaxial monolayer graphene on SiC, the molecules lie down parallel to the surface at low coverage [40]. At high coverage, the configuration switches to standing upright with the cyano groups of F4-TCNQ bonding to the surface only on one side. This configuration change is evidenced by the deconvolution of N 1s spectra in XPS into N -1 and N 0 components [6,15] and by angulardependent NEXAFS in this work (which largely measures the monolayer graphene). To our knowledge, there is no report on the determination of the adsorption configurations of F4-TCNQ on pure bi-layer graphene on SiC. We could not clarify the orientation of the molecules on the narrow nanofacets, neither by NEXAFS nor by PEEM, due to the angle rotation constraints of our equipment.

However, DFT calculations by Tian et al. [32] have shown that the F4-TCNQ molecule lies down on free-standing bi-layer graphene [32], and this is likely to occur on the bilayer and trilayer graphene near the nanofacets. Although it is expected that lying down F4-TCNQ induces more charge transfer per molecule (they transfer electrons with the cyano groups on both sides instead of on one side), the adsorption footprint in this configuration is larger, and there could be repulsive forces between the molecules that makes the packing less dense compared to that of standing F4-TCNQ on monolayer graphene; hence, a lower WF shift is observed on the nanofacets.

Evaluation of thermoelectric properties

Functionalized graphene superlattices are thought to enhance the TE properties [41]. Considering the electronic properties measured on our graphene template functionalized with F4-TCNQ, we determined the TE properties of monolayer and bilayer graphene within the linear Boltzmann transport theory and constant relaxation time approximation (CRTA). In this framework, one can calculate S and σ assuming a phenomenological relaxation time constant τ 0 and electronic energy dispersion E sk , where s denotes the band index and k is the electron wave vector. The electronic structure of the functionalized graphene is calculated using Quantum ESPRESSO [42,43]. We carried out a geometrical optimization for the orientation of the molecule and found that the most stable configuration on both monolayer, bilayer and trilayer graphene was the F4-TCNQ molecule lying down above graphene. The expressions for S and  are [3][4][5][START_REF] Goldsmid | Introduction to Thermoelectricity[END_REF][START_REF] Liao | [END_REF][46] (

where e is the unit electric charge (defined to be positive), T is the average temperature of the material, N is the number of k in the unit cell, E F is the Fermi energy, f sk is the Fermi-Dirac distribution function and v sk is the component of the electronic group velocity for a specific direction at each k point. Note that the CRTA is valid for near-equilibrium transport involving elastic and isotropic scattering, which we assume in this work for simplicity. Figure 6 illustrates the model implemented.

The accuracy of the calculation thus mostly depends on the choice of τ 0 parameter, which can be measured experimentally or taken from the literature. Figure 7 presents the calculated results of S, σ

and PF (which is equal to S 2 σ) for the functionalized monolayer and bilayer graphene as a function of Fermi energy and the carrier concentration. For each thermoelectric quantity, there are two curves shown in Figure 7 scaled with E F and the carrier concentration, respectively for the experimental doping range achieved. The plots of σ and PF are scaled by τ 0 , where the value of this τ 0 parameter could vary depending on the sample, typically on the order of 0.5-10 ps as observed by pump probe techniques [47,48]. Note that from the formulas of S and σ, S does not depend on the relaxation time because τ 0 in the numerator will cancel with that in the denominator, as opposed to σ. In Figure 7, the maximum S values are close to 100 μV/K for functionalized monolayer graphene, whereas bilayer graphene exhibits a S ~125 μV/K that is higher than that of monolayer graphene owing to the bandgap opening. This order of magnitude is on par with experimental data [14,49] measured on flakes. We observe that upon appropriate doping within -0.5 to 0.5 eV or with a carrier concentration of the order of 10 12 cm -2 , which we attained experimentally (see Table I), the TE properties of graphene could be enhanced significantly. There exists an optimal doping to obtain the maximum PF in both p-and n-type graphene, where the p-type (n-type) corresponds to the negative (positive) E F or the positive (negative) carrier concentration. The presence of two maximum peaks in PF near E F = 0 is mainly due to the two peaks (negative and positive) S because the electrical conductivity monotonically increases with doping. However, the values of maximum PF strongly depend on the relaxation time τ 0 . Using Figure 7, and knowing τ 0 and the carrier concentration, one can estimate the thermoelectric properties of one's own functionalized graphene sample. For example, we can estimate by assuming the typical relaxation time within 0.5-10 ps, the maximum calculated PF in the order of 10 -2 W/K 2 m, which is in the same order of magnitude as the PF of bulk bismuth telluride [50], one of the most integrated TE materials available on the market. Functionalization or doping of graphene multilayer nanofacets exhibit enhanced thermoelectric performance. Practically, one would need to isolate the graphene patterns from the substrate to reduce heat losses. Substrate-graphene interaction always plays an important role in determining the electronic structure of graphene. In this work, we demonstrated that surface-transfer doping is also affected by different graphene thicknesses, particularly on the nanofacet structures of the substrate. This difference results in non-homogeneous charge transfers across the graphene layer. This inhomogeneity may either be detrimental to device performance or, on the other hand, be used as a bottom-up approach to control the energy level and create different graphene electronic structures suitable for TE applications. Here, we observed a direct change in the electronic properties and band structure of graphene upon in-situ functionalization by F4-TCNQ molecules. We have also mapped the WF across the sample and
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 12 Fig. 1. Raman spectrum of as-grown graphene. The presence of the G and 2D bands across the

  shows the electron dispersion E(k) for the pristine sample along the perpendicular to the ΓK graphene Brillouin zone, with a residual n-type doping with E F lying at ~ 0.43 eV above the Dirac point E D yielding a charge carrier concentration of n ~ 1.36 x 10 13 cm -2 . Figure3(b-d) represent the E(k) for the doped sample with an increasing number of molecules while the spectra are accumulated.
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 3 Fig. 3. ARPES measurement of graphene/4H-SiC (0001). (a) Pristine graphene, (b) after heating
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 4 Figure4shows the near edge X-ray absorption fine structure (NEXAFS) of the nitrogen K edge on
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 4 Fig. 4. Angular-dependent N K edge NEXAFS spectra of F4-TCNQ on graphene measured for
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 5 Fig. 5. Work function mapping before (a) and after (b) F4-TCNQ deposition on graphene/SiC (25 μm field
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 6 Fig. 6. F4TCNQ on free-standing graphene configuration after relaxation. The molecule is in a lie-down position, which is the most energetically favourable configuration for both low and high coverage.

Fig. 7 .

 7 Fig. 7. Calculated Seebeck coefficient, electrical conductivity and power factor as a function of Fermi energy (upper horizontal axis) and carrier concentration (lower horizontal axis) for (a) monolayer and (b) bilayer graphene. Note that the electrical conductivity and power factor are scaled by the relaxation time. The range of Fermi energy in this figure covers a larger range of doping than the range of carrier concentration. The blue trace is scaled with E F , whereas the red one with the carrier concentration. CONCLUSION

Table I :

 I Dirac point and charge carrier concentration for each deposition time of F4 TCNQ.

	) correspond to the partially filled lowest-unoccupied molecular orbital
	(LUMO) and relaxed highest-occupied molecular orbital (HOMO) of F4-TCNQ resulting from the
	electron transfer [27,28], respectively.				
		a	b	c	d
	Deposition time (min)	pristine	0	2	12
	F4-TCNQ (nm)	0	0.58	0.74	0.74
	Dirac point (eV)	0.43	0.22	0.13	0.2
	Carrier concentration (10 12 cm -2 )	13.6	3.55	1.24	2.94

observed a significant difference in the charge transfers from F4-TCNQ doping on the monolayer graphene on terraces as opposed to bilayer and trilayer graphene on nanofacets. Considering the electronic properties measured under the synchrotron beamline and a relaxation time range 0.5-10 ps, we obtained a maximum thermoelectric power factor PF in the order of 10 -2 W/K 2 m, comparable to commercial thermoelectric materials. Interestingly, we observed that the graphene on nanofacets located at the edges exhibits a PF nearly as high as the monolayer graphene on the terraces and a Seebeck coefficient 25 % larger. This improvement suggests that functionalization is an effective route to enhance the thermoelectric properties of nanostructured materials. 

ACKNOWLEDGMENT

REFERENCES: