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Epitaxial electrical contact to graphene on SiC

Establishing good electrical contacts to nanoscale devices is a major issue for modern technology and contacting 2D materials is no exception to the rule. One-dimensional edge-contacts to graphene were recently shown to outperform surface contacts but the method remains difficult to scale up. We report a resist-free and scalable method to fabricate few graphene layers with electrical contacts in a single growth step. This method derives from the discovery reported here of the growth of few graphene layers on a metallic carbide by thermal annealing of a carbide forming metallic film on SiC in high vacuum. We exploit the combined effect of edge-contact and partially-covalent surface epitaxy between graphene and the metallic carbide to fabricate devices in which low contactresistance and Josephson effect are observed. Implementing this approach could significantly simplify the realization of large-scale graphene circuits.

I. INTRODUCTION

Surface electrical contacts to two-dimensional materials suffer from the poor coupling between the 2D surface and the 3D metal. [1][2][3] The situation is further degraded by contamination in the lithographic processing and/or layer transfer. 4 The best innovation is the recent realization of one-dimensional edge-contacts to graphene 5 possibly combined with large doping. 6 However, the improvement of contact resistance is made at the expense of technological simplicity since the contact fabrication necessitates several steps. Edge bonding [7][8][9] and large electron transfer 10,11 are known to occur during the growth of graphene on SiC and could be exploited for electrical contacts if SiC was replaced by a similar yet conducting material. Conducting carbides appear as good candidates since they have similar chemical properties and since they could allow new functionalities owing to additional material properties such as magnetism or superconductivity. The growth of graphene on carbides other than SiC was first demonstrated by Foster, Long and Strumpf. 12 In 1958, they showed that "aluminum carbide dissociates in the vicinity of 2200-2500 • C, at atmospheric pressures, to aluminum vapor and pure single crystals of graphite" establishing that other carbides could potentially be used for graphene technology. Nevertheless, this subject has remained unexplored owing to the lack of commercial substrates. 13 In this work, we demonstrate that few graphene layer can be grown on a metallic carbide by thermal annealing of a carbide forming metal film (niobium or tantalum) on SiC in high vacuum circum-venting the problem of metallic carbide substrate availability. Based on this discovery we describe a resist-free and scalable method to fabricate few graphene layers (FGL) with electrical contacts in a single growth step. The combined effect of edgecontact 5 and partially-covalent surface epitaxy 14,15 between graphene and the metallic carbide allows us to fabricate devices in which low contact-resistance and Josephson effect are observed.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The NbC films were prepared by depositing a 40 nm thick layer of niobium by e-beam evaporation or magnetron sputtering on top of the carbon and silicon terminated surface of 4H-SiC substrates. The samples were then annealed in a RF-induction furnace inside a graphite crucible under a pressure lower than 10 -6 mbar, following a recipe similar to that for graphene growth on SiC 10 . The first annealing step ramps the temperature to 1140 • C in 60 minutes and holds this temperature for 30 minutes for degassing. The next temperature ramp is done in 180 minutes up to 1360 • C and temperature is then kept stable for 18 minutes. The cooling down to room temperature follows a reversed procedure. 

B. Characterization

After the thermal treatment, the characteristics of the samples were investigated by several complementary techniques. The morphology was analyzed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). We used ZEISS Ul-tra+ SEM operated at 5 kV and a probe-aberration corrected FEI THEMIS (S)TEM operated at 200 kV. A protective Ni layer was deposited before specimen preparation for TEM observations by focused ion beam.X-ray diffractograms (XRD) were measured using a PANalytical Empyrean diffractometer equipped with a Cobalt anode (λ Kα1 = 1.7890 Å, λ Kα2 = 1.7929 Å) with an Fe filter to reduce the K β contamination, a Göbel mirror and a 2D-Pixcel detector. For the Raman measurements, a circularly polarized Ar-laser (λ=514.5 nm) at 1 mW of power was used as probe and the scattered light was dispersed by a Jobin-Yvon T64000 spectrometer and collected by a CCD detector. The spatial resolution was better than 1 µm, and the spectral resolution was about 1 cm -1 . Electrical measurements of the superconducting properties of the carbides were performed down to 1 K in a Quantum Design PPMS cryostat using a van der Pauw configuration with a 100 µA drive current. The Josephson junctions measurements were done in a Cryoconcept dilution fridge using phase sensitive detection techniques.

III. RESULTS AND DISCUSSION

A. Formation of the metallic carbide.

We have formed a metallic carbide substrate by vacuum thermal annealing at 1360 • C of a 40 nm thick niobium layer on the carbon face of SiC (See Methods). Figure 1a shows a scanning electron microscope (SEM) image of the Nb film before and after thermal annealing. While the pristine Nb film is flat, the annealed film becomes granular. Since Nb has a very high melting temperature (2477 • C), we expect that this change in morphology is due to a solid state reaction between Nb and the SiC substrate [16][17][18][19] rather than to the melting of the Nb film. The high angle X-ray reflectivity spectra (XRD) shown in Fig. 1b confirms that the film has undergone profound changes. This θ/2θ scan of the annealed sample, reveals that besides the expected peaks of the SiC substrate, one observes peaks at 40.63 • and 87.9 • which we attribute to reflections from crystalline NbC. The relative intensities of the different NbC peaks do not match the expected ones for a randomly oriented polycrystalline phase. They indicate the coexistence of a main [111] textured part with a minor polycrystalline contribution. The φ azimuthal scans of the NbC(311) and SiC(109) (Fig. 1c) reflections show that the textured part of the NbC layer grows with the preferential in-plane orientations NbC(111) [111] parallel to SiC(0001) [1010] and NbC(111)[211] parallel to SiC(0001) [0110]. XRD results are confirmed by TEM analysis which reveal a clean SiC/NbC interface with orientation correlation between NbC and SiC lattices (Fig. 1d). We have observed in most cases NbC [111] oriented parallel to SiC [0001] with several in-plane orientations. XRD indicates a complete transformation of Nb to NbC since neither pure Nb, nor other niobium carbide or silicide were observed. Besides, XRD reveals the presence of cubic silicon carbide which has already been reported at the interface between NbC and SiC. 17

B. Electrical characterization of the carbide

We have measured the van der Pauw resistance of the NbC film studying all possible configurations for current injection and voltage probe contacts 20 . This leads to an accurate estimation of the sheet resistance R s = 3.0 ± 0.3 Ω. One then needs to know the film thickness t to determine the film resistivity ρ = R s t. From the TEM images we find that t = 55 ± 10 nm leading to ρ = 16 ± 5 µΩ.cm. The diffusivity D is obtained independently from the superconducting properties of the film. Figure 2a shows the temperature dependence of the electrical resistivity of the sample for various applied magnetic fields. At zero field, the superconducting transition is sharp and occurs at 12 K. Under external fields, this transition becomes broadened and is shifted to lower temperatures. Figure 2b shows the temperature dependence of the upper critical field defined as the field where the resistivity of the film is about 80% of its value in the normal state. Using the Werthamer, Helfand, Hohenberg dependence of the upper critical field H c2 (T ) for orbital pair breaking 21 (red dashed line in Fig. 2b), we estimate the critical field of our material to H c2 =1.64 T at T=0 K. The diffusivity depends on the value of the slope of H c2 (T ) according to: D = (4k B /πe)(dH c2 /dT ) -1 |T =Tc 22 . We find that the electronic diffusivity of our NbC film is 7.3 cm 2 /s. These transport properties can be related to the good stoichiometry of the film which will be discussed in section III.D. They compete with those of the best NbC reported 23 and the method described here to synthesize NbC could prove useful for the realization of hot electron bolometers where large diffusivity and reasonably large RF impedance is needed. 22 C. Graphene on the metallic carbide.

More interestingly, XRD reveals that the annealing process directly yields FGL at the surface of the NbC layer (XRD peak at 30.5 • ). This is confirmed by the TEM image shown in Fig. 3a where about ten layers of graphene are seen on top of NbC. The small distance between the first graphene layer and NbC (111) surface (0,28 nm, see Fig. 3a) indicates a strong interaction between graphene and NbC. 14 This interaction can be called partially covalent because its strength was shown to be between the weak van der Waals force and the normal covalent bond 14 with strong electron transfer 15 for CVD graphene on metallic carbides. Figure 3b shows that some graphene layers are bonded to a NbC terrace edge. 

Figure 3c and d show field TEM views for

different NbC grains covered with FGL details of the connection between NbC and FGL can be seen. The morphology observed Fig. 3d is very similar to that observed on graphene on SiC. 24 On the left of the image (blue box enlarged in Fig. 3e) there are only few graphene layers while on the right of the image (red box enlarged in Fig. 3f) there are much more graphene layers. On SiC, similar morphology was interpreted as resulting from the preferential dissociation of SiC at step edges which leads to nucleation and growth at step edges. This morphology suggests that the growth of graphene on NbC proceeds in a similar way as on SiC 7-9 . However, thermal decomposition of NbC at 1360 • C raises questions since previous studies have revealed that NbC bulk single crystals do not dissociate to graphene by thermal annealing in vacuum at least up to 1800 • C. 14 Another scenario could be that SiC dissociates through the NbC film via diffusion in the bulk or at grain boundaries.

Further experiments demonstrate that the carbidization of Nb and graphene growth occur se-quentially rather than simultaneously. Indeed, no graphene signal is observed on the Raman spectrum of a Nb film annealed at 1140 • C (Fig. 4a). Also, Raman measurements indicate that NbC grown at temperatures below 1360 • C is sub-stoichiometric. Figure 4b shows the low wave number Raman spectrum of three 40 nm Nb films after thermal annealing at 1360 • C, 1140 • C and 1000 • C respectively. These spectra show typical features of NbC 25 . Since NbC crystals inevitably contain C vacancies, quasimomentum conservation is broken and both acoustic (A) and optical (O) phonons over the whole Brillouin zone are therefore Raman active. This results in doublets centered respectively on 170 and 230 cm -1 (A), and 570 and 620 cm -1 (O). We note that we did not find any signature of silicide or other carbide in the Raman response of our samples. Acoustic (A) and optical (O) phonons are seen to shift to lower Raman shift as the annealing temperature increases. This global softening of NbC phonons can be interpreted as a lowering C vacancy concentration 25 . Moreover, additional combinations and overtones around 370 cm -1 (2A,O-A) and 790 cm -1 (O+A) develop when the Nb/C ratio approaches unity 25 . These resonances are observed in the sample an- nealed at 1360 • C confirming our hypothesis that higher temperature annealing allows to saturate the carbide. Comparison with previous results 25 allows to set a lower limit of 0.98 to the carbon/niobium ratio in the sample annealed at 1360 • C. This is further confirmed by the superconducting properties of the NbC films (Fig. 4c). In NbC, T c is extremely sensitive to the carbon content and is degraded from above 12 K for perfect stoichiometry 26 to less than 1.5 K for NbC 0.8 . 27 Figure 4c shows that the resistivity vanishes for a critical temperature of 11.9 K for the sample annealed at 1360 • C while the critical temperature is only 7 K for the sample annealed at 1140 • C. Following Ref. 23 in using the critical temperatures of Ref. 27 as a calibration we get NbC 0.98 and NbC 0.93 respectively, demonstrating that higher annealing temperature allows to saturate the carbide and eventually unlocks the growth of FGL.

E. Fabrication of electrical devices and determination of the contact resistance

Having demonstrated the growth of graphene on a metallic carbide, we have adapted the process to fabricate NbC/FGL/NbC devices where the electrical contact is established during the growth. The overall idea is to structure the initial layer of Nb and exploit the fact that the FGL grow continuously across the junction between SiC and NbC. The main steps of the device fabrication are described in Fig. 5a. Niobium leads are first deposited through a PMMA mask on the substrate at a distance L = 1 -15 µm defining the nominal junction length. The sample is then annealed at 1360 • C in vacuum to form NbC and FGL which covers the entire sample. At the final step of the fabrication, ribbons of variable width W = 3 -10 µm are defined between the electrodes using O 2 plasma. Figure 5b shows an optical microscope image of a SiC chip with 32 devices demonstrating that the technique can be easily scaled up. Figure 5c shows a SEM image of a 5.2×4.4 µm 2 device after the processing and the TEM image of Fig. 5d illustrates that the FGL film is continuous at the interface between NbC and SiC. The FGL film is thicker in the uncovered parts of SiC which further confirms that the growth of graphene on NbC is delayed by the carbidization of niobium.

The devices of Fig. 5b have variable length and width to investigate the NbC/FGL contact resistance by the transfer length method. 28 Figure 5e shows the product of the resistance of the devices and their width R × W as function of their length at room and liquid helium temperatures. Contrary to previously discussed specimens, the devices presented here were grown on the Si-face of the substrate which shows that the growth works similarly on both faces of SiC. As expected, the resistance is independent of temperature and proportional to the length. The extrapolation of the linear dependence to L = 0 µm allows to estimate the specific contact resistance 2R c ≡ R(L = 0) × W . We find R c = 182 Ω.µm which equals the best reported contact resistance to multilayer graphene. 29 We stress here that electrical contacts are realized during the growth which considerably simplifies the sample pro- cessing compared to other methods where the contacts are prepared later on. 29,30 The low contact resistance results from three factors : First, the contact between the metal and graphene is exempt from contamination due to lithography. Indeed, despite resist is used in the initial deposition of Nb, any residues are blown away during the degassing at 1140

• C (See Methods) leaving a clean NbC/graphene interface formed during the growth. Secondly, the peculiar texturation of NbC on SiC leads to a partially covalent epitaxy of graphene on NbC[111]. 14 Large electron transfer specific to this interface 15 was reported which, together with the low graphene/NbC distance lowers the contact resistance. 2 Thirdly, Fig. 3b andd shows that edge contacts 5 are also formed during epitaxy which also improve the contact resistance to multilayer graphene. 29,30 F. Josephson junctions

We investigated the new possible functionalities offered by this technology by realizing Josephson junctions exploiting the superconducting properties of NbC. The junctions were prepared in the same way as described in Figure 5 though here, electron beam lithography was used to achieve shorter channels length. For simplicity, after growth, the FGL were not etched in the form of ribbons between the NbC electrodes. The inset of Fig. 6a shows a SEM image of the junctions for which transport measurements are reported in the main panel. The transport data reported in Figure 6a reveal that a supercurrent flows in this junction below T ≈ 1. of the electrical contacts since Josephson supercurrent is very sensitive to contact quality. The magnetic field dependence of the critical current I c (H) shown in Figure 6b reveals the quantum interference effect between different current paths along the width of the junction. [START_REF] Tinkham | Introduction to Superconductivity[END_REF] The observed dependence I c (H) shows deviations from the usual Fraunhofer pattern due to the peculiar geometry of the junction and subsequent non uniform current distribution. [START_REF] Dynes | [END_REF][START_REF] Barone | Physics and Applications of the Josephson Effect[END_REF][START_REF] Hart | [END_REF][35] Detailed discussions of the transport measurements can be found in supporting discussion 2.

G. Generalization to another metallic carbide

Finally, similar growth and device fabrication can be performed with Tantalum, demonstrating that the method can be generalized to other carbide forming metals. Figure 7a shows a SEM image of a 20 nm thick ebeam evaporated tantalum (Ta) layer af-ter annealing at 1360 • C. The morphology is similar to that of a niobium layer after the same treatment (Fig. 1a) with crystallization suggesting reaction with the substrate. We attribute the dewetting of the layer to the thiner starting layer compared to experiments with NbC. The solid state reaction to form TaC is confirmed by the superconducting temperature of the layer which is 10.15 K, i.e much higher than that of pure tantalum (4.45 K see Ref. 36 ). Similarly to NbC the superconducting transition temperature of TaC is strongly dependent of its stoichiometry and 10.15 K allows to set a lower limit of 0.99 to the carbon/tantalum ratio. 27 The good stoichiometry is confirmed by Raman measurements presented in Fig. 7c where the Raman active optical and acoustic modes and their overtones suggest a low carbon vacancy concentration 25 . Furthermore the Raman measurements indicate that the Ta layer is covered with a graphitic layer as the characteristic G and 2D bands are observed. This set of observations suggests that tantalum follows the exact same route as Nb in reacting with SiC and forming few graphene layers on top.

We verified that the technique previously applied to NbC to fabricate Josephson junctions can be used to fabricate junctions with TaC contacts; Figure 7e shows the current-voltage characteristics of such a junction (SEM image in the inset of Fig. 7) and Fig. 7f the magnetic field dependence. The junction is narrower and the superconducting current therefore set in at higher temperatures. Detailed discussions of the transport measurements can be found in supporting discussion 3.

IV. CONCLUSION

We have demonstrated the formation in a single annealing step of few graphene layers on SiC and their electrical contacts via solid state reactions between a carbide forming metal and the growth of graphene on the metallic carbide and on SiC. This original growth mechanism was exploited to fabricate FGL devices with low electrical contact resistance where the Josephson effect was observed. This contact preparation could be combined with selective graphene ribbon growth on SiC 37,38 to achieve single step circuit fabrication. 

Figure 1

 1 Figure 1. a) Scanning electron microscope image of the niobium layer after thermal annealing at 1360 • C. The inset shows a SEM image of the film prior to the annealing. Both scale bars are 200 nm. b) XRD pattern measured on the annealed film. The peaks of NbC are labeled in red, that of graphite in black, those of SiC in blue and those of experimental artifacts in grey. c) φ-scan of the (311) and (109) reflections of respectively NbC and SiC. d) High resolution STEM image of the interface showing that NbC crystal grows in registry with the SiC substrate. The scale bar is 2.5 nm.

Figure 2

 2 Figure 2. a) Temperature dependence of the resistivity for different values of applied perpendicular magnetic field. Bullets represent the temperature for which ρ is 80 % of its normal state value. b) Temperature dependence of the upper critical magnetic field.

Figure 3

 3 Figure 3. a) TEM image of NbC and the graphitic layer that is found on top of NbC. The scale bar is 5 nm. b) TEM image of the edge of a NbC grain showing graphene layers connected to the edge. The scale bar is 5 nm. c) TEM image showing a zoom out of panel a). The scale bar is 20 nm. d) TEM image of another NbC grain covered by FGL. The regions in the blue and red boxes are shown in e) and f). The scale bar is 20 nm in c) and 10 nm in e) and f). Note that a protective Ni layer was deposited before specimen preparation for TEM observations.

Figure 4

 4 Figure 4. a) The black line corresponds to the Raman spectrum measured on a sample annealed at 1140 • C and is compared to that measured on a sample annealed at 1360 • C (red line). While the red spectrum displays typical sp 2 carbon signatures (G, D and 2D), those signatures are absent from the black spectrum indicating that no FGL are formed during the annealing at this temperature. Sharp peaks marked with asterisks are associated to the vibrational modes of O2 and N2 molecules. For clarity, the black spectrum has been shifted vertically. b) Low wavenumber Raman spectra acquired on samples annealed at different temperatures (red line 1360 • C, black line 1140 • C and blue line 1000 • C). c) Low temperature resistivity of NbC films obtained by annealing at 1360 • C (red curve) and at 1140 • C (black curve).

Figure 5

 5 Figure 5. a) The fabrication starts with the deposition of niobium electrodes on bare SiC (left). After high temperature annealing, the metallic electrodes have been transformed to NbC and the entire surface is covered with FGL (center). A ribbon is then etched in the FGL film using O2 plasma (right). b) Optical microscope image of the chip with 32 four-terminal devices. The scale bar is 1 mm. c) Scanning electron microscope image of a 5.2×4.4 µm 2 ribbon. The scale bar is 1 µm. d) Transmission electron microscope image of the junction between NbC and SiC showing the FGL flowing continuously over the two materials. The dashed lines materialize continuous graphene layers at the junction between SiC and NbC. The scale bar is 10 nm. e) Resistance times width of the devices as function of the length. For each length 4 to 5 devices were used to determine the plotted mean value with standard deviation as an error bar. The resistance was measured at room temperature ( ) and at 4 K ( ). The expression R.W = 1400 × L + 364 Ω.µm fits the experimental data (---).

Figure 6 .

 6 Figure 6. Characterization of a Josephson Junction. a) Temperature dependence of the current-voltage characteristic of the junction (T=50 mK, 300 mK, 600 mK, 900 mK, 1.2 K, 1.5 K, 2.1 K ). The inset presents a SEM image of the junction (the scale bar is 200 nm). b) Color plot of the magnetic field and current dependence of the junction's differential resistance at 50 mK.

Figure 7

 7 Figure 7. a) SEM image of a SiC sample covered with an initially 20 nm thick layer of tantalum after annealing at 1360 • C. The scale bar is 400 nm b) Resistance of the TaC film as function of temperature showing a superconducting transition at 10.15 K. c) Low wavenumber Raman spectra acquired on the TaC sample. The shaded area shows the wave numbers where the signal is removed by the spectrometer's filter. d) Raman spectrum obtained on the same sample showing the typical graphene signal (G, 2D and D peaks) e)Temperature dependence of the current-voltage characteristic of a 70 nm junction (T=50 mK, and from 300 mK to 3.3 K in steps of 300 mK). The inset presents a SEM image of the junction (the scale bar is 800 nm). f) Differential resistance of the junction as function of current and magnetic field at 50 mK showing a Fraunhofer pattern.
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