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Graphene-metal interface: Two-terminal resistance of low-mobility graphene in high magnetic fields
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The observation of a half-integer filling factor ν in the Quantum-Hall regime for graphene has attracted much recent interest within the scientific community. This is attributed to the possibility of describing the electrons in graphene as relativistic particles. [1][2][3] An intriguing question arises when noting several fundamental quality differences between twodimensional electron gases (2DEGs) realized by inorganic semiconductor structures, for example, AlGaAs heterostructures and graphene when contacted to metallic electrodes. In contrast to inorganic semiconductors, graphene together with metallic electrodes represents an organo-metallic device where the interfaces are significantly more crucial [4][5][6] than, for example, heterostructure 2DEGs. For inorganic heterostructures, the electronic coupling to the 2DEG can be made ohmic, with transmission probabilities close to unity which remain impervious to magnetic fields. As a consequence, the Quantum-Hall plateaus can be observed with an accuracy (offset by the electrode leads) comparable to those in the Hall resistance. [7][8][9] In case of graphene, the nature of the contact is not obvious because of the generally complex interaction between organic materials and metals. Moreover, graphene is more susceptible to surface impurities. In principle, these can be removed through heating in vacuum [1][2][3] or in an argon/hydrogen atmosphere 10 or by driving a high current 11 through the graphene under vacuum. However, the absorption of impurities is implicit to the operation of graphene devices in realistic ambient environments envisioned for future two-dimensional molecular electronics. It therefore can not be avoided as in the case of more idealized experiments. [1][2][3]10,11 In addition, realistic graphene-device architectures may comprise invasive components as for example top-gates [12][13][14] besides the crucial graphene/electrode interaction. In the present communication, we address the questions of how the transmission probability between graphene and metal electrode changes in the Quantum-Hall regime depending on the filling factor ν and the two-dimensional electron density n 2D , and thereby probe if the high surface impurity density is of any impact. Electron densities distant from and close to the Dirac point were investigated.

For our experiments, a single graphene layer (about 9 × 11 µm 2 ) was deposited by the established method of micromechanical cleavage 1,15 on a highly doped silicon wafer (300 nm silicon dioxide as dielectric) and then electrically contacted by electron-beam lithography with gold electrodes (width ≈ 14 µm, height ≈ 30 nm). The two-terminal resistance R sd of the graphene layer was measured at5Kin (pulsed) magnetic fields up to 55 T.

In the upper left inset of Figure 1, a Raman spectrum of the measured graphene layer is shown which indicates that this is a single layer. The electron mobility was determined to be about 2100 cm 2 /Vs by gate-dependent measurements in zero magnetic field, which is significantly lower than values of the typical 10 4 cm 2 /Vs or higher for Quantum-Hall measurements on single graphene layers reported in literature. 1,2,16 This low mobility value corresponds to the circumstance that our sample was not post-treated prior to the measurements; that is, it was not in-situ heated or evacuated removal of surface impurities like water, oxygen, and hydrocarbons, and thus exhibits a comparably high density of surface impurities.

The main graph in Figure 1 shows R sd at +45 V which is 35 V above the Dirac point of the investigated layer. From geometrical considerations, this corresponds to n 2D ≈ 2.13 × 10 12 /cm 2 .

Clearly, several plateaus (see also lower inset for fields smaller than 10 T) can be seen which can be attributed to ν ) 6, 10, 14, 18 and signatures of ν ) 22. The filling factors were identified by comparison with the generally valid Landau-fan (see inset Figure 3) and match with our Raman measurements which indicated that we have a single graphene layer. [17][18][19] The wide plateau at R sd ≈ 8.71 kΩ will be discussed later in this communication.

In Figure 2, R sd at n 2D ≈ 1.22 × 10 12 /cm 2 up to 55 T is shown. In the lower inset, measured data below8Tisplotted. The filling factors which could be identified were ν ) 6, 14, 18, 22. The filling factor 10 could not be resolved clearly. Similar to the measurements at higher n 2D , again a wide plateau appears (R sd ) 17.73 kΩ).

The first striking difference to be observed is that for n 2D ≈ 1.22 × 10 12 /cm 2 the plateau-resistances are, in all cases, significantly higher than those for n 2D ≈ 2.13 × 10 12 /cm 2 .

In order to extract information on the total transmission probability, R sd -R QH is plotted against the filling factor ν (Figure 3) for the two n 2D . R sd is the sum of contact resistances, the Quantum-Hall resistance R QH and the lead resistance. The lead resistance is constant and was measured to be about 200 Ω at room temperature on (short-circuited) identical electrode layout samples without graphene. Thus, R sd -R QH is directly proportional to the contact resistances each being inversely proportional to the graphene/metal electron transmission probability.

For both electron densities, a significant dependence of the inverse total transmission probability on the filling factor ν is apparent. Moreover, the dependence is opposite for the two electron densities, and the general transmission probability increases with higher n 2D . Note, in particular, at higher n 2D , the contact resistance plus the lead resistance are in the range of only a few hundred ohms which indicates a transmission-probability range close to unity for this electron density.

Therefore, it can be concluded that the transmission probability of electrons between graphene and metal electrodes is highly dependent on both filling factor and twodimensional electron density reflecting the complex nature of an organo-metallic interface.

We now turn to the discussion of the wide plateaus observed in Figure 1 and Figure 2. The onset of the two plateaus is at the magnetic fields 17.4 and 28 T for 1.22 × 10 12 /cm 2 and 2.13 × 10 12 /cm 2 , respectively. This is wellbelow those fields expected for ν ) 2 (about 25 and 44 T). A possible explanation could be the spin-and the sublattice degeneracy splitting of Landau-levels (LLs), which was recently reported in high magnetic fields up to 45 T in a high-mobility sample. 20 However, there, the LL sublattice splitting was only observed clearly for the LL n ) 0. 20 In the data in Figure 1 and2, the onset of the two long plateaus does not coincide with ν ) 4 which would be a consequence of an exclusive spin-splitting of the n ) 1 LL (c.f., ref 20). Moreover, the long plateau at n 2D ≈ 2.13 × 10 12 /cm 2 has a value of about 8.71 kΩ for R sd . This is very close to h/3e 2 ) 8.60 kΩ, that is, the R QH for the filling factor ν ) 3, and falls in the transmission-probability trend with high transmission probabilities for all filling factors (Figure 3). Assuming that sublattice degeneracy is lifted at low fields 20 (<9T ) and plotting the n 2D dependence of a ν ) 3 plateau in the Landau-fan, we find for 1.22 × 10 12 /cm 2 and 2.13 × 10 12 / cm 2 the expected position of this plateau to be at about 16.9 and 28 T, respectively. This coincides remarkably well with our experimentally observed onset of the two wide plateaus. The low-field sublattice splitting may have occurred in our graphene layer because of the surface impurities (the reason of the low mobility) introducing some anisotropic potential. The plateau width matches with the square-root dependence of the LL energy E n ) 2epV F 2 |n|B}for the magnetic field

(V F is the Fermi velocity; B is the magnetic-field strength, n ) 0, (1, (2, 
). That is, at higher magnetic fields, a saturation effect should be observed in R sd . However, the ν ) 4 plateau absence remains unexplained, possibly resolvable if the magnetic-field dependence of the sublattice-splitting energy is significantly higher than the spin-splitting energy of less than a few millielectronvolts 20 for our low-mobility sample. A closer theoretical and experimental investigation of this phenomenon is without doubt justified and will be addressed in more detail elsewhere. Finally, we turn to electron densities close to the Dirac point. The R sd up to 55 T are shown in Figure 4 for 0.06 × 10 12 /cm 2 and 0.24 × 10 12 /cm 2 (upper curve shifted by 24 kΩ for clarity). In both cases, there is a strong increase in the resistance within a few tesla (<6 T) which develops into a plateau-like phase. At higher fields, R sd increases in a nonlinear way, with indications for a saturation, and there is no significant difference in the overall resistance values for the two electron concentrations. The positions of the plateau-like phases do not coincide with any filling factor on the basis of the Landau-fan. However, this phase must be governed by the n ) 0 LL, since at these low electron densities the Quantum-Hall plateaus are very dense and all filling factors are already passed through up to 7 T (c.f., inset Figure 3).

Regarding the smooth nonlinear R sd increase with magnetic field, it was reported 20 that, at electron densities close to the Dirac point and fields larger than about 10 T, an intriguing increase in the longitudinal resistance develops. This coincides with the observation of an energy gap opening at ν ) 0 of unknown origin. 20 The strong increase of R sd within a few tesla in Figure 4 matches with the longitudinal resistance increase observed in ref 20. This suggests that the measured magnetic-field dependence of R sd for these electron densities is a qualitative fingerprint of the energy gap. The gap is In both cases, first a phase of strong increase in resistance (I) is observed, followed by a plateau-like phase (II), and then by a nonlinear increase (III) with magnetic field strength. The plateaulike phases can not be attributed to a particular filling factor. The nonlinear increase is suggested to originate from a thermally activated energy gap. The dotted lines are fits following the recently pointed out assumption that this gap is of excitonic nature and increases with B. 20,21 However, the origins of the plateau-like feature remain unsolved within this model.

predicted to be of excitonic nature and to increase with B, according to recent theoretical considerations. 21 This gap should be thermally activated and may contribute in first order a component proportional to exp( B/k B T)toR sd . Fits on both curves in the region after the plateau-like phase using R sd ∝ exp( B/k B T) were performed (gray dotted line). The match is reasonable; however, the existence of the plateaulike phase indicates that the theory does not fully account for the observed experimental data.

In summary, we have carried out two-terminal measurements up to 55 T on a single graphene layer with high surface-impurity concentration. In this low-mobility graphene layer, at higher electron densities, clear plateaus in the twoterminal resistance are observed which could be attributed to different filling factors.

It was demonstrated that the transmission probability for electrons between graphene and metal electrodes is not constant and depends, in a complex way, on the filling factor and the two-dimensional electron density. A plateau with all characteristics of the filling factor 3 was observed, which shows an unusual width of several tens of tesla, suggesting that the surface impurities of the graphene may have led to a low-field lift of the sublattice degeneracy. At electron densities close to the Dirac point, the resistance provides indications on a theoretically predicted magnetic-field induced excitonic gap. However, the theory does not fully explain all of the features we observe.
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 1 Figure 1. Upper inset: Raman spectrum of the investigated graphene layer. The position and the shape of the peaks indicate a single graphene layer. The two-terminal resistance R sd of a single graphene monolayer up to 55 T at n 2D ≈ 2.13 × 10 12 /cm 2 . Clearly plateaus in the resistance are observed which are identified to the filling factors 6, 10, 14, and 18. The filling factor 22 is not clearly resolved (lower inset). All resistances are very close to the expected Quantum-Hall resistance R QH . The plateau with onset at about 25 T has a resistance close to h/3e 2 . It has an extraordinary width of several tens of tesla. The grey dashed line indicates where ν ) 2 plateau would have been expected (in brackets the corresponding R QH value).
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 2 Figure 2. Two-terminal resistance R sd at n 2D ≈ 1.22 × 10 12 /cm 2 up to 55 T. Resistance plateaus are clearly observed; however, the resistance value deviates significantly from the expected Quantum-Hall resistance R QH . A plateau with an onset at about 17.4 T and width of roughly 40 T is observed. The dashed line corresponds to the onset magnetic field for the ν ) 2 plateau which is not appearing (R QH value in brackets). Inset: R sd up to 10 T, showing filling factors larger than 6. The filling factor 10 is not resolved (in brackets).
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 3 Figure3. Difference R sd -R QH as a function of filling factor ν and for two electron densities. The difference equals the contact resistance and the constant lead resistance. Thus, R sd -R QH is inversely proportional to the total electron transmission probability for the graphene layer and the metallic electrodes. For the higher electron concentration, the transmission probability increases with decreasing filling factor. In contrast, for the lower electron density, the transmission probability decreases towards smaller ν. The filling factor ν ) 3 (brackets), belonging to the two wide plateaus, follows in both cases the trend. Inset: The generally valid Landau-fan based on theoretical considerations. Labeling of filling factors larger than 10 are omitted for simplicity. The four electron densities at which the measurements have been performed are indicated by dotted lines. The crossing of a dotted line with one of the lines of the Landau-fan defines, unambiguously, at which magnetic field which resistance plateau (filling factor) is observed.

Figure 4 .

 4 Figure 4. R sd vs magnetic field for two electron densities close to the Dirac point. The upper curve is shifted upward by 24 kΩ for clarity.In both cases, first a phase of strong increase in resistance (I) is observed, followed by a plateau-like phase (II), and then by a nonlinear increase (III) with magnetic field strength. The plateaulike phases can not be attributed to a particular filling factor. The nonlinear increase is suggested to originate from a thermally activated energy gap. The dotted lines are fits following the recently pointed out assumption that this gap is of excitonic nature and increases with B.20,21 However, the origins of the plateau-like feature remain unsolved within this model.
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