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Introduc=on.

The graphene/semiconductor interface is one of the basic building blocks for hybrid devices and technologies and the detailed knowledge of its electronic transport proper<es is a key point for developing novel devices. For example, the use of graphene as electrodes in various semiconductor (organic as well as inorganic) devices (transistor, photodetector, molecular-scale junc<ons, and more...) is expanding. [1][2][3][4][5][6][7][8][9][10][11][12] In par<cular, the electronic proper<es of the graphene/ semiconductor device differs from the classical metal/semiconductor Scho:ky diode. Owing to the zero gap and the low density of states of graphene at the Dirac point, this system has a tunable barrier height, i.e. this barrier depends on the applied voltage. This new behavior (also referenced to as "barristor" for "variable barrier transistor") [13][14][15][16] makes the graphene/semiconductor interface a very interes<ng plahorm for the study of electronic transport at the interface and for novel devices. 7,8,17 However, the results on systems combining graphene with organic semiconductors (OSC) remains scarce to date. 2-4, 8, 14, 17-25 Few studies have shown this Gr/OSC barristor effect for several p-type OSC, e.g. pentacene, 14,21,24,25 benzothienol-benzothiophene (BTBT), 22 dinaphtol-thienol-thiophene (DNTT), 2 poly(3-hexylthiophene) (P3HT), 4,12 and n-type OSC such as C60 and deriva<ves. 3,4,23 Several issues remain however to be more deeply inves<gated.

For instance, all these results were obtained so far for macroscopic diodes with lithographed electrodes (few hundreds of μm) and rela<vely thick OCS films (>200 nm). Furthermore, an understanding of the role of the molecular organiza<on at the nanoscale is s<ll lacking for these devices.

In this work, we study the charge transport mechanism across a pentacene/ graphene (P5/Gr) interface for CVD Gr on SiO2/Si substrates and two different P5 nanostructures: two-three layers (2L-3L) thick dendri<c islands and needle-like P5 islands, 10-30 nm thick and ∼ µm long. By conduc<ve-AFM, we systema<cally report for both types of samples almost symmetric current-voltage behaviors against the rec<fying (diode) behavior observed on macroscopic Gr/P5 devices. 2-4, 14, 21-25 The energy barrier heights at the interface and the molecular orbital energies in the P5 nanostructures are determined and discussed by fi^ng the experimental data with appropriate analy<cal electron transport model, i.e. a double Scho:ky diode model for the needle-like P5 nanostructures, and the Landauer-Bu^ker model for the few layers nanostructures. In these models, we have introduced a suitable analy<cal formula<on of the voltage-dependent charge doping in the graphene. The difference in the interface energe<cs is likely related to the P5/Gr interface micro-and nano-structura<on: Raman spectroscopy indicates that the P5 molecules lie flat on Gr for the 10-30 nm thick P5 nanostructures, while they stand upright in the 2L-thick P5 islands. The P5 molecular orienta<on depends on the cleanliness of Gr and as such, it can be controlled by annealing the Gr at different temperatures.

Graphene/pentacene device fabrica=on and characteriza=on.

To study the rela<onship between the molecular structure and the electrical proper<es of Gr/OSC interface, we fabricated samples on which micro-Raman spectroscopy measurements, topographic tapping-mode atomic force microscopy (TM-AFM) and conduc<ve-AFM (C-AFM) can be done on the same device. The samples provide an easy way to allow the characteriza<on by the three methods at the same posi<on, which will help to correlate the structural and electronic proper<es. Figure 1 illustrates the process of the sample fabrica<on. The electrodes are first fabricated (e-beam lithography ) on a 285 nm thick SiO2 thermally grown on Si (see sec<on 1 in the Suppor<ng Informa<on).

Then, the CVD graphene is transferred via a wet transfer protocol (sec<on 2 in the Suppor<ng Informa<on), [26][27][28][29][30] and cleaned by annealing in N2 for 3h at 150°C or 450°C to remove PMMA residues. Different annealing temperatures are used to achieve different levels of Gr cleanliness and therefore different P5 molecular orienta<on, as discussed in the following. The Gr flakes are examined by tapping-mode AFM (TM-AFM) and micro Raman spectroscopy (see sec<on 2 in the Suppor<ng Informa<on). Finally, the OSC (pentacene) is deposited (sec<on 3 in the Suppor<ng Informa<on) by evapora<on on the clean graphene surface in a vacuum chamber (∼ 10 -6 mbar). The detailed fabrica<on protocol is described in the Suppor<ng Informa<on. By tuning the Gr annealing temperature (see the Suppor<ng Informa<on), we fabricated two types of P5 nanostructures on Gr. 1,31,32 Sample A: needle-like (∼ few μm long, ∼ few hundreds nm large and ∼ 10-30 nm height) P5 nanostructures (N-like P5). Sample B: ultra-thin dendri<c islands (2L to 5L thick) of P5. Figure 2 shows the TM-AFM images and typical height profiles for the two samples. These images show the different islands shape grown on the Gr flakes annealed at different temperatures Ta. For Ta=150°C (sample B), we mainly obtained dendri<c shape of P5 islands with a thickness of ∼ 3-10 nm, which indicate few layers of P5 molecules. Whereas, on Gr annealed at Ta=450°C (sample A), we obtained needle-like shaped islands with a thickness going from 15 to 30 nm indica<ng several layers of P5, in agreement with literature. 1,31,32 The two Gr annealing temperatures were chosen to obtain the desired P5 structures: 2D growth of monolayers on as-transferred Gr (or annealed at low temperature) on SiO2 vs. 3D growth of N-like islands on Gr annealed at >350°C) according to literature. 1,31,32 These changes in the morphology of the P5 islands are likely linked to the presence of PMMA residues, as well as defects in the Gr layer and Gr doping. [33][34][35] Finally, as a reference and for the purpose of comparison with the results reported in the literature for macroscopic Gr/P5 diodes (with large lithographed electrodes and thicker films), 14,21,24,25 we evaporated a 400 nm thick P5 on Gr (Ta=150°C) through a shadow mask (lateral size, typically 100 μm x 100 μm), see details in sec<on 4 in the Suppor<ng Informa<on.

Table 1. Summary of the main characteris'cs of the two samples: shape, thickness and typical lateral size of the P5 nanostructures deposited on Gr (from AFM measurements, see text) and schema'c view of the Gr/P5 interface (from

Raman spectroscopy, see text).

Figures 3a and3b show the P5/Gr heterostructure and Gr Raman spectra of sample A and sample B, respec<vely. We iden<fy several Raman peaks assigned to the P5 molecules. 36 The features at 1533, 1457, 1409, 1371, 1178, and 1158 cm -1 are assigned to the Ag fundamental band, and the band at 1596 cm -1 , just before the G band of graphene at 1608 cm -1 (Fig. 3c) is assigned to a B3g perpendicular to the electric field vector of the laser (i.e. perpendicular to the surface). [36][37][38][39][40][41] Therefore, the ra<o of the peak intensity R = I1596/I1533 can be used to qualita<vely define the orienta<on of the long axis of the P5 molecules on the substrate. For R>1, the molecules are nearly planar oriented and the long axis is parallel to the surface, while for R ∼ 0 the molecules are perpendicular to the surface. For sample A (Fig. 3c), the Gr G-peak and the P5 B3g C-C long axis peak (1596 cm -1 ) are clearly dis<nguishable, and we found an average of R ∼ 1.5 that indicates a preferen<al planar orienta<on of the molecules (Table 1). It is worth observing that the graphene G-peak of sample A is blue-shited, as well as the 2D peak (see sec<on 2 in the Suppor<ng Informa<on). This is typically due to pdoping, 42 which is known to occur for graphene on SiO2 substrates ater annealing at high temperatures. 1,43,44 For Sample B, the Gr G-peak and the P5 B 3g C-C long axis peak are not clearly dis<nguishable (Fig. 3d): either they are one on top of the other, or the P5 B 3g C-C long axis peak is absent or very weak and the peak at ca. 1588 cm -1 is mostly due to the graphene G-peak. In the former case, we could not conclude anything on the P5 molecular orienta<on, while in the la:er case R ≈ 0 and the P5 molecules are preferen<ally oriented upright on the Gr surface. The peaks have similar intensi<es (Fig. 3d). Since the pentacene has an op<cal absorp<on coefficient of ∼10 5 cm -1 at 473 nm (excita<on light, see Methods), 45 the absorp<on by a 3-5 nm thick P5 is negligible and it is unlikely that the observed peak at 1588 cm -1 can be the superposi<on of the G-peak and B3g P5 peak (or this la:er should be extremely weak). Therefore, we assume that the peak at 1588 cm -1 is mostly due to the G-peak of graphene (see also Fig. S2 in the Suppor<ng Informa<on) and that the P5 B3g peak is not observed in agreement with what was previously reported in the literature for similar systems, and thus the P5 molecules are preferen<ally standing upright on the Gr surface (Table 1). 1 For the two samples, the FWHM of the Gr G-peak slightly increases ater the deposi<on of P5 (from 11-12 cm -1 to 19 cm -1 ). It is known that the G-peak FWHM depends on the charge density in Gr, 42,46,47 and on the local inhomogeneity of the charge density within the laser spot size (∼1 μm). [47][48][49] Therefore, the observed increase of the FWHM ater the P5 deposi<on may be due to locally inhomogeneous charge transfer at the P5/Gr interface (in rela<on with the likely inhomogeneous organiza<on of the P5 molecules deposited on the Gr) leading to an increase of local charge density fluctua<ons in the Gr.

Electron transport at the graphene/pentacene interface.

We measured the current-voltage (I-V) characteris<cs of the Gr/P5 heterostructures at the nanoscale using C-AFM as depicted in Fig. 4a. Few tens of I-V were acquired on the P5 islands and plo:ed (gray lines) on Fig. 4b-d for the Nlike P5 islands with 3 different thicknesses (from profiles by TM-AFM, see typical examples in Fig. 2). The blue line is the mean Ī-V curve. I-V traces at the sensi<vity limit of the C-AFM trans-impedance preamplifier (∼ 10 -13 -10 -12 A) or displaying large noise (e.g. sudden large jumps of current) have been discarded

(see C-AFM method, sec<on 5 in the Suppor<ng Informa<on). We note that, in all measurements, V is the applied voltage between the C-AFM <p and the Au electrode and we neglected the voltage drop in the Gr series resistance (between the P5 island and the Au electrode, Fig. 4a) since this series resistance is low (∼5 kΩ, see Fig. S5 in the Suppor<ng Informa<on) leading to a small voltage drop (< 50 µV) with a maximum measured current of ∼10 -8 A (Figs. 4 and5). 

nm thick). (c-e) I-V curves (gray lines) and mean Ī-V curves (blue lines), for the 3 datasets measured at points #1 (20 I-V traces), #2 (20 I-V traces) and #3 (18 I-V traces).

Figure 5 gives the electron transport proper<es of the few-layer thick P5 dendri<c islands (sample B). We have measured the I-Vs at three loca<ons (circled bullets in Fig. 5a, seeMethods and herei sn referred to as points #1, #2 and #3, respec<vely). From the height profiles (Fig. 5b), these Gr/molecules/PtIr junc<ons correspond to about 2L of pentacene (points #1 and #3) with a thickness of ≈3 nm (point #3) and ≈4 nm (point #1) (≈1.5 nm for the length of the P5 molecules, standing upright on the Gr surface as determined by Raman spectroscopy ( vide supra, Fig. 3), while we have 3L for the measurements done at the point #2.

For the N-like P5 islands (sample A) and few-layer P5 islands (sample B), almost weak asymmetric I-V traces are systema<cally measured, while the I-V curves for a 400 nm thick P5 film (used as a reference sample, Fig. S3 sec<on 4 in the Suppor<ng Informa<on) clearly show the expected diode behavior (forward regime at V<0, and reverse regime at V>0 on the Gr electrode, PtIr <p on P5 grounded) with a diode rec<fica<on ra<o, R = Ī(V=-1.5V)/Ī(V=1.5V), is ≈ 10 2 in agreement with reported results on macroscopic P5/Gr diodes (see more details in the Suppor<ng Informa<on, sec<on 4). 14,21,24,25 Thus, we infer that different electron transport mechanisms are involved in the nanoscale Gr/P5/metal devices reported above, which we discussed below.

Discussion.

Since the transport physics depends on the device scale, we analyzed the I-V datasets with different transport models as the func<on of the type of P5 nanostructures.

Few layers (2L-3L) pentacene/graphene devices.

We first discuss the few layers (2L-3L) P5 devices (sample B, Fig. 5), which can be considered as molecular junc<ons. We used a molecular-based model (2-site model), considering two molecular orbitals (HOMO of the pentacene) in series between the Gr and PtIr <p (Fig. 6b for the equilibrium situa<on at V=0). The model is parametrized by the energy levels ε1 and ε2 (with respect to the Fermi energy), by the electronic coupling energy Γ between the P5 molecules and the electrodes and τ the intermolecular coupling between the two molecules. The use of the same coupling term, Γ, while we have two different electrodes is discussed hereater. In this model, the current-voltage behavior is given by: 50,51 (1)

with e the electron charge, h the Planck constant and N≈60 the number of molecules contacted by the C-AFM <p (see sec<on 5 in the Suppor<ng Informa<on). The parameters ε1* and ε2* are two voltage-dependent effec<ve energy posi<ons of the molecular orbitals as described in the Suppor<ng Informa<on (sec<on 7). In Eq. ( 1), Vi is the internal voltage between the Dirac point of the Gr electrode and the Fermi energy of the PtIr <p which is related to the applied voltage V by (Figs. 6a andc)

V=Vi+δ(V)/e (2) 
where δ(V) is the energy separa<on between the Dirac point and the Fermi energy of the Gr electrode due to voltage-induced doping of the Gr layer, δ=εDP-εF. This quan<ty is calculated versus the applied voltage V according to Feenstra et al. 52 and δ(V) varies between -0.2 and 0.2V in the applied voltage range (Fig. S6, sec<on 7 in the Suppor<ng Informa<on for details). S8 and S9 in the Suppor<ng Informa<on and the parameters are summarized in Tables 2 andS1.

In the three cases, the trends are similar: a slightly larger value for ε1 than for ε2, a strong electronic coupling Γ to the electrodes and a weak intermolecular coupling τ between the adjacent P5 monolayers (the case of the results at point #2 with 3L of P5 instead of 2 is discussed below). The fact that the two monolayers of P5 are energe<cally weakly coupled, while the molecules are strongly coupled to the electrodes, allows us to consider that the molecular junc<on can be viewed as two blocks, a Gr-P5 molecule on one side and a P5-PtIr on the other side, and that under the applied voltage these two blocks are energe<cally shited with respect to each other (Figs. 6a andc). Consequently, at V>0, the Gr-ε1 block is shited downward and only the HOMO level ε2 contributes to the electron transport (Fig. 6c), while this is the HOMO level ε1 at V<0 (Fig. 6a).

To check this interpreta<on, we fi:ed separately the posi<ve and nega<ve voltage parts of the mean Ī-V with a single energy level (SEL) model considering that only one molecular orbital contributes to the electron transport, ε1 at V<0 as depicted in Fig. 6d and ε2 at V>0, Fig. 6e (see details in Sec<on 7 in the Suppor<ng Informa<on). Figure 7d shows that this modified SEL model perfectly fit the data with ε1 = 0.95 eV (at V<0) and ε2 = 0.78 eV (at V>0). These results support the energy level values directly given by the two-site model. The same behaviors and conclusions are obtained for the measurements at points #1 and #2 (see Figs. S8 and S9, sec<on 8 in the Suppor<ng Informa<on) as summarized in Tables 2 andS1. We note that the fit of the 2-site model on the mean Ī-V measured at point #2 is a bit worse than at points #1 and #3 (Figs. S8 and S9, Suppor<ng Informa<on), nevertheless, the same trends are observed as for the 2L molecular junc<ons (Suppor<ng Informa<on, sec<on 8). We also note that the coupling energies Γ1 and Γ2 are almost similar for the two electrodes (Table S1 in the Suppor<ng Informa<on) and also of the order of magnitude as the parameter Γ in Eq. ( 1), jus<fying this simplifica<on of using a single parameter Γ in the 2-site model. [START_REF] Grillo | [END_REF] The model considers two back-to-back Scho:ky diodes at each side of a resistance (Fig. 8a): one accounts for the Gr/P5 interface and the other one for the interface at the P5/PtIr C-AFM <p, the resistance being the charge transport through the P5 nanostructure. This analy<cal model has been proven able extrac<ng both the SB energy simultaneously from the fit of I-V curve even when the two SBs are dissimilar (i.e. different energy barriers, ideality factors and contact areas). [START_REF] Grillo | [END_REF] In this model, the current is always limited by the satura<on current of the reversebiased diode, the other diode being in the forward regime. Here, with a p-type OSC, the voltage applied on the Gr and the PtIr C-AFM grounded, we measure the Gr/P5 diode at V>0 and the P5/PtIr <p diode at V<0 (insets in Fig. 8b). The current is given for a p-type semiconductor by [START_REF] Grillo | [END_REF] (3)

In this equa<on, IS1,2 are the satura<on currents where the subscripts "1" and "2" refer to the Gr/P5 and P5/PtIr <p interfaces, respec<vely: PtIr <p Fermi level as above (Eq. 2). Fig. 8b shows a typical fit of this model on the mean Ī-V of the 15 nm-thick N-like P5 island, from which we clearly extract the parameters of the two dissimilar SBs. The energy barrier height at the Gr/P5, ΦB1, is slightly higher than at the P5/PtIr <p, ΦB2, a result confirmed by the sta<s<cal analysis of the I-V dataset (Fig. 8c). We also note a slightly higher ideality factor at the Gr/P5 interface (Fig. 8d). The same trends are observed for the 20 and 30-nm thick N-like nanostructures (Fig. S10 in the Suppor<ng Informa<on). Table 3 summarizes the fi:ed SB parameters. Globally, to summarize, we get 0.47 < ΦB1 < 0.55 eV (n1≈1.3-1.74) and 0.21 < ΦB2 < 0.34 eV (n2≈ 1.11-1.25). This behavior (ΦB1 > ΦB2) is reminiscent of the observa<on that ε1 > ε2 for the 2L-3L P5 islands and this feature can be accounted for by the slightly larger work func<on of PtIr C-AFM <p, ≈5 eV, 56 than of Gr (≈ 4.6 eV). 8 The result n1>n2 indicates a less ideal Gr/P5 interface than the P5/C-AFM <p one, and it can be related to more defects, impuri<es at the Gr/P5 interface. Albeit this parameter was not systema<cally reported in previous works on Gr/P5 Scho:ky diodes, 14,21,24,25 we note that the present value is be:er than ≈3 reported for HOPG/P5 diodes. 21 3. For the fits, in Eq. S6, the capacitance C is 2.9x10 -7 F/cm 2 for the 15 nm thick P5 nanostructures.

Table 3. Fited values of the SB heights at the Gr/P5 (ΦB1) and P5/PtIr (ΦB2)

interfaces: values from fits on the mean Ī-V and from sta's'cal data analysis (Figs. 8 andS10) and values of the ideality factors (n1 and n2 from sta's'cal analysis of the dataset) at the same interfaces, respec'vely.

More interes<ng, we systema<cally obtain higher energy barriers for sample B than sample A : ε1 > ΦB1 and ε2 > ΦB2 (see Tables 2 and3). This result is understood considering a be:er π-π interac<on in sample A between the Gr and P5 molecules with these molecules lying flat on the Gr layer. It is known that stronger π-π interac<ons in molecular devices lead to i) a reduc<on of the HOMO-LUMO gap, ii) a broadening of the molecular levels and then a reduced energy difference between the MOs and the Fermi energy. 57 This trend has been observed by ultraviolet photoemission spectroscopy (UPS) with a reduc<on of the hole injec<on barrier (HOMO energy rela<ve to Gr Fermi energy) for P5 molecules lying flat on the Gr surface. 

Conclusion.

In conclusion, the main results of this work are:

-For needle-like pentacene nanostructures on graphene (thickness between 10 and 30 nm and ∼few µm long), the zero-bias energy barrier height at the graphene/pentacene interface is 0.47-0.55 eV, slightly larger than at the pentacene/C-AFM PtIr <p interface (0.21-0.34 eV).

-For molecular junc<ons graphene/2L-3L pentacene/C-AFM <p, the HOMO of pentacene at the Gr side is at a deeper energy loca<on (0.92-1.44 eV), while it is at 0.67-1.05 eV for the pentacene contacted by the C-AFM <p.

These differences in the interface energe<cs are likely related to the details of the pentacene/graphene interface. In the first case, Raman spectroscopy shows that the P5 molecules at the Gr interface are lying flat on the Gr, while they are standing upright in the 2L and 3L thick pentacene islands.

Methods.

TM-AFM and C-AFM.

We measured the topography (tapping mode) and the electron transport proper<es (C-AFM) with a Bruker ICON machine at room temperature in air (air-condi<oned laboratory with controlled Tamb=22°C and rela<ve humidity of 35-40%). For the TM-AFM, we used a Si can<levers with a free oscilla<ng frequency f0 ≈ 370 kHz and a spring constant k ≈ 42 N/m. AFM images were treated with Gwyddion. 59 For the C-AFM, we used a <p probe in pla<num/iridium (with loading force of ≈ 8 nN). The current-voltage (I-V) curves were acquired applying the voltage on the Gr electrode, the C-AFM <p being grounded. We used the C-AFM mode to scan the surface and locate the islands then stabilize the <p on a specific island (known height). On the chosen island, typically 15 to 60 I-V traces were recorded on several points on the same island by moving the C-AFM <p by 50-100 nm in the x-y plane around the same posi<on on the nanostructure. This process was repeated several <mes on different islands with different thicknesses. Since the I-V measurements were done in air and that oxygen is known to hole-dope the pentacene, the atmospheric effects could be an issue. However, it was shown 21 that, ater an ini<al period of 24h during which weak drit of the I-Vs were observed, the Gr/P5 diodes are stable in air for at least a week (typically the <me required to a full C-AFM characteriza<on of one sample). Thus, all the samples were measured under stable environmental condi<ons and their data can be safely compared.

Micro-Raman spectroscopy. We used a LabRAM HR confocal system from Horiba Jobin-Yvon with a 473 nm laser source, a 1800 grooves/mm gra<ng, a spot size of ∼1 μm and a resolu<on of 1 cm -1 . On each sample, 3 measurements were performed at different loca<ons on the sample and then averaged. All the measurements were done in air at room temperature. Raman data were treated with Labspec5 sotware provided by Bruker.
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CVD graphene, transfer protocol and characteriza8ons.

Graphene was grown in-house by chemical vapor deposi<on (CVD) on copper foils. The growth protocol can be found in previously reported works. [1][2][3] CVD graphene foil (Cu/Gr/PMMA) was placed to float in a copper etchant (Transene CE-100) for 1h, the PMMA layer facing upwards. Once the copper is completely etched (Gr/PMMA), the etchant was removed and replaced with deionized water, twice. Then, the foil was transferred to a 10% HCl cleaning solu<on for 5 min and transferred back to deionized water, twice. The floa<ng graphene foil (Gr/PMMA) was transferred onto the substrate (Si/SiO2/Ti/Au/Gr/PMMA) and let dry in air for 1 h. The chip was annealed overnight at 80°C in the vacuum (∼1 mbar). Finally, the PMMA is removed in acetone (45 min at 50°C). Fig. S1 shows the TM-AFM of the deposited Gr flakes and acer annealing at 150°C and 450°C (3h under N2). These measurements show a clear removal of PMMA residues acer the annealing at 450°C as indicated by a significant decrease of the width of the height distribu<on ( 2.9 nm FWHM for the as-deposited Gr and 0.7 nm for the Gr flake annealed at 450°C). The PMMA removal is incomplete acer the annealing at 150°C (FWHM of 0.74 nm for the main peak, but a larger shoulder is s<ll visible).

Wrinkles are s<ll present acer the annealing. The calculated rms roughness (masking the wrinkles and the brighter spots probably corresponding to dust since the AFM measurements were done in air) decrease from 2.7 nm for the astransferred Gr to 1.8 nm acer a 150°C annealing and 0.7 nm acer a 450°C

annealing. The reduc<on of roughness and height distribu<on FWHM indicates the removal of PMMA residues from the Gr surface (only incomplete for the annealing at 150°C) and thus a cleaner and smoother surface, which is mandatory to grow the OSC molecules. 

with 𝜔G the G peak posi<on, 𝜔G 0 = 1580 cm -1 for the undoped Gr, 4 εF the Fermi energy and εDP the energy of the Dirac point, ħ the reduced Planck constant and 𝜐F the graphene Fermi velocity ∼10 6 m/s. With 𝜔G = 1587 cm -1 , we get εDP -εF = 170 meV and a hole density n = 1.6x10 12 cm -2 .

The treatment at 450°C leads to a blue shic of the graphene peaks. The, G and 2D peaks (at 1587 cm -1 and 2704 cm -1 , respec<vely for the as-transferred Gr and annealed at 150°C) shiced toward higher wavenumbers by ∼21 cm -1 and ∼17 cm -1 , respec<vely, for the Gr flakes annealed at 450°C. The intensity ra<o 2D/G also decreases from ∼2-2.5 (pris<ne Gr and annealed at 150°C) to ∼0.6 acer annealing at 450°C, indica<ng an addi<onal hole doping of the 450°C annealed Gr, 5,7,8 likely due to the thermal ac<va<on of electron transfer from Gr to the substrate. 9 With Eq. S1, we get εDP -εF = 550 meV and a hole density n = 1.8x10 13 cm -2 . In all cases, the intensity of the D peak remains low (no defect induced in the Gr).

Pentacene evapora8on.

The purified pentacene (99.999 %), purchased from Tokyo Chemical Industry (TCI), is sublimated by Joule hea<ng (crucible temperatures 90-120°C) in a 10 -6 mbar vacuum evapora<on system (Edwards Auto306) placed inside a glovebox (MBRAUN, H2O and O2 levels below 5 ppm). The deposi<on rate and <me (typically ≈ 2.5x10 -3 Å/s, ≈ 30 min) were adjusted to grow the desired nanostructure from few MLs to bulky films: dendri<c islands of pentacene with thicknesses lower than 10 nm were obtained when P5 was evaporated at 2.5x10 -3 Å/s for 30 mins on Gr annealed at 150°C. At the same rate, needle-like P5 islands with thicknesses ranging from 15 nm to 30 nm were obtained on Gr annealed at a temperature of 450°C. For bulk films (400 nm), see below, the rate was changed to 0.1 Å/s for 1hr. The substrate is kept at room temperature.

Macroscopic Gr/P5 device.

The growth of a 400 nm thick P5 film was achieved via the evapora<on of P5 through a mechanical mask. Acer the process described in sec<on 2, we fix, on a sample holder, a mask with openings of 100x100 µm 2 in front of the sample. The shadow mask is held in an aligned way with the sample that allows the growth of thin films on specific loca<ons on the Gr/SiO2/Si surface (op<cal image in the inset of Fig. S3). The I-V in Fig. S3 cannot be explained by the DSB model, because the high current at V<0 cannot correspond to the satura<on current of the P5/PtIr <p diode with a <ny (∼15 nm 2 ) surface (even with a very small Scho:ky barrier height), while the lower current at V>0 corresponds to the satura<on current of the large area (100μm x 100μm) Gr/P5 diode, as for the 15-30 nm N-like P5 samples (Figs. 8,S10). Consequently, we assume that only the Gr/P5 diode is measured for this macroscopic sample, the current at V>0 being the forward current of this diode, as also reported for macroscopic P5/Gr diodes (with lithographed top electrodes). [10][11][12][13] For the reverse bias (V>0), we considered a modified thermionic emission (MTE) model that takes into account the dependence of the Gr Fermi level with the applied voltage and allow to explain the voltage-driven increase of the satura<on current in the reverse regime (V>0). 14,15 The satura<on current IS is wri:en: Some I-V curves were discarded from the analysis:

-I-V traces displaying large and abrupt steps during the scan (contact instabili<es).

-At low currents, the I-V traces that reached the sensi<vity limit (almost flat I-V traces and noisy I-Vs) and displayed random staircase behavior (due to the sensi<vity limit -typically 0.1-1 pA depending on the used gain of the transimpedance amplifier and the resolu<on of the ADC (analog-digital converter).

Typical examples are shown in Fig. S4. 

I S = AA * T 2 e -Φ B (V )/kT

Es'mated C-AFM 'p contact area and number of contacted molecules.

The loading force was set at ∼ 8 nN for all the I-V measurements, a lower value leading to too many contact instabili<es during the I-V measurements. As usually reported in literature [17][18][19][20] the contact radius, rc, between the CAFM <p and the P5 surface, and the film elas<c deforma<on, δ, are es<mated from a Hertzian model: 21 (S3)

(S4)
with F the <p loading force (8 nN), R the <p radius (25 nm) and E* the reduced effec<ve Young modulus defined as:

r c 2 = 3RF 4E * ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ 2/3 δ = 9 16R ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ 1/3 F E * ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ 2/3 (S5)
In this equa<on, EP5/<p and νP5/<p are the Young modulus and the Poisson ra<o of the P5 and C-AFM <p, respec<vely. For the Pt/Ir (90%/10%) <p, we have E<p = 204 GPa and ν<p = 0.37 using a rule of mixture with the known material data (h:ps://www.webelements.com/). For the P5 nanostructures, we consider the value of an effec<ve Young modulus E*P5 = 15 GPa as measured for thermally evaporated P5. 22,23 With these parameters, we es<mate rc ≈ 2.2 nm (contact area ≈ 15 nm 2 ) and δ = 0.19 nm.

In a P5 film, the molecules (in the upright posi<on) are organized in stacked monolayers with a herringbone packing in the monolayer and an area per molecule of ≈ 0.25 nm 2 . We es<mate that ≈ 60 P5 molecules are connected with the C-AFM <p with our measurement condi<on.

Graphene resistance.

The graphene series resistance (graphene in-plane resistance and contact resistance) was measured with the graphene layer connected between two lithographed electrodes separated by a length L = 100µm and width W = 200 µm on a 285 nm thick SiO2 (see sec<on 1 of the SI). Figure S5 shows the typical I-V at low voltages. From the linear behavior, we measured a series resistance of 285 𝛺. Rescaled to the typical geometry of the P5 islands measured by C-AFM (Figs. 4 and5, main text) with a typical length L ∼ 10 µm between the P5 island and the nearest electrode (see Fig. 4-a, main text) and a typical width of the P5 islands of W ∼ 1 µm, the series resistance in the C-AFM geometry is ∼ 5 k𝛺.

E * = 1 E P5 * + 1 E tip * ⎛ ⎝ ⎜ ⎜ ⎞ ⎠ ⎟ ⎟ -1 = 1-ν P5 2 E P5 + 1-ν tip 2 E tip ⎛ ⎝ ⎜ ⎜ ⎞ ⎠ ⎟ ⎟ -1

Figure S5

. Current vs. voltage to measure the series resistance (graphene resistance and contact resistance).

Details of the models.

Molecular 2-site model.

In Eq. ( 1), the parameters ε1* and ε2* are defined by : ε1* = (ε1 + ε2 -Δ)/2, ε2* = (ε1 + ε2 + Δ)/2 and Δ is the energy shic between the two orbitals under the applica<on of a voltage V given by Δ=(Vi 2 +2(ε1-ε2)Vi+4τ 2 +(ε1-ε2) 2 ) 1/2 . 24,25 In Eq. ( 2), the internal voltage drop in graphene between the Dirac point and the Fermi energy, δ(V), is calculated versus the applied voltage V according to Feenstra et al. 26 

Case of the 3L data (point #2).

We note that the fit of the 2-site model on the mean Ī-V measured at point #2 is a bit worse than at points #1 and #3 (Figs. S8 and S9, R 2 =0.984 at #2 vs. 0.995 and 0.991 at #3 and #1, respec<vely, and a larger overlap of the sta<s<cal distribu<ons of ε1 and ε2) because there is about 3 P5 layers in that case.

Nevertheless, the same trends are observed as for the 2L molecular junc<ons. We also note that the DSB model is not able to correctly fit the data for the few- and nega've voltage (blue curve). The fioed energy levels of the molecular orbitals (energy scheme in Fig. 6, main text), ε1 and ε2, are given on the figures.

Double Scho=ky barrier (DSB) vs. 2-site model.

The other fit parameters (Γ, τ, Γ1 and Γ2) are given in Table S1. and nega've voltage (blue curve). The fioed energy levels of the molecular orbitals (energy scheme in Fig. 6, main text), ε1 and ε2, are given on the figures.

The other fit parameters (Γ, τ, Γ1 and Γ2) are given in Table S1.

Table S1. Values of the fioed electronic coupling parameters (see diagrams in Fig. 10) for the 2-site and SEL models (≈ 0 stands for negligible, i.e. < 0.1 meV). With the SEL model, we obtain Γ1 > Γ2 at V < 0 and Γ2 > Γ1 at V > 0 as expected from geometrical considera'ons of the molecular junc'ons. 

Figure 1 .

 1 Figure 1. Scheme of the sample fabrica'on. The process consists of 3 steps: (i) the fabrica'on of the electrodes, (ii) the transfer of graphene and (iii) the evapora'on of OSC nanostructures onto the graphene.

Figure 2 .

 2 Figure 2. TM-AFM images (10 µm x 10 µm) and (3 µm x 3 µm) of sample A (a,b) and sample B (d,e). Height profiles along the red lines for (c) sample A and (f) sample B.

  fundamental band. These Raman features originate from various vibra<onal modes of the C-H and C-C bonds of P5. The peaks at 1158 and 1178 cm -1 are few μm long, ∼few hundreds nm large ∼ 1 μm (diameter) interface structure associated with the displacement of H atoms located at the ends and sides of the P5 molecule. For the C-C stretching modes, the peaks are assigned as C-C short axis (1371 and 1533 cm -1 ) and C-C long axis (1596 cm -1 ) modes. The B3g bands (C-C long axis) have low Raman intensi<es when the long axis of a P5 molecule is

Figure 3 .

 3 Figure 3. (a) Raman spectra of P5 islands (blue curve) grown on Gr flake annealed at 450°C (sample A) and of the annealed Gr alone (black curve). (b) Raman spectra of P5 islands (blue curve, sample B) grown on Gr flake annealed at 150°C (black curve). (c) Zoom of the G-peak and B3g P5 peak region (sample A) to highlight the P5 contribu'on. (d) Same as panel (c) for sample B. The full width athalf maximum (FWHM) of the G peak is 11 cm -1 (Gr alone) and 19 cm -1 (Gr/P5) for sample A and 12 cm -1 (Gr alone) and 19 cm -1 (Gr/P5) for sample B.

Figure 4 .

 4 Figure 4. (a) Scheme of the Gr/P5 heterostructures on a SiO2/Si substrate with Au electrodes contac'ng the Gr flakes and the PtIr 'p of C-AFM on the P5 island.Plots of the current-voltage curves measured with the C-AFM 'p located on different P5 nanostructures, the voltage is applied on one of the lateral Au electrodes connec'ng the Gr flake: (b) sample A, 15 nm thick N-like P5 island, 13 I-V traces; (c) sample A, 20 nm thick N-like P5 island, 52 I-V traces and (d) sampleA, 30 nm thick N-like P5 island, 28 I-V traces. The blue lines are the mean Ī-V curves. The plateau at ±5x10-9 A at |V|≳1V in several I-V traces corresponds to the compliance limit of the C-AFM trans-impedance preamplifier.

Figure 5 .

 5 Figure 5. (a) Topographic (tapping mode) AFM image of the few-layer P5 islands (sample B) and (b) height profile with the loca'on of points #1, #2 and #3 (circled bullets in (a)) around where the I-V datasets are measured by C-AFM (see Methods). The light green bar corresponds to the baseline (Gr substrate), the light orange/gray bars symbolize the P5 monolayers (1.5 nm thick). (c-e) I-V curves

Figure 6 .

 6 Figure 6. Proposed energy diagram of the Gr/bilayer P5/PtIr 'p junc'on at (a) nega've applied voltage V, (b) at equilibrium (V=0) and (c) at posi've applied voltage V. ε1 and ε2 are the energy posi'ons of the HOMO of P5 in each monolayer (with respect of the Fermi energy). The Gr layer is slightly hole doped at V=0, εDP -εF = 170 meV, see sec'on 2 in the Suppor'ng Informa'on), Γ is the electronic coupling energy between the P5 molecules and the electrodes and 𝝉 is the intermolecular coupling between the two molecules. With an applied voltage

Figure

  Figure7ashows the fit of this model on the mean Ī-V measured at point #3 with the following fi:ed parameters : ε1 = 0.92 eV, ε2 = 0.82 eV, Γ = 0.19 eV and τ = 7 meV. We have also fi:ed all the individuals I-Vs of the dataset shown in Fig.5and extracted the sta<s<cal distribu<ons of the 4 parameters, Figs7b and cfor data at point #3. The same analysis on the mean Ī-V at points #1 and #2 are given Figs.

Figure 7 .

 7 Figure 7. Mean Ī-V of the dataset measured at point #3 (from Fig. 5), open black squares: (a) fit (red curve) with the 2-site model taking into account the voltageinduced charging of the Gr layer (Eqs. 1-2); (b) sta's'cal distribu'on of the

( 4 )

 4 with S1,2 the contact areas (S1≈0.1 µm 2 the surface between Gr and N-like P5 islands, see AFM images, Fig.2and S2≈15nm 2 , the C-AFM <p contact area, see sec<on S5 in the Suppor<ng Informa<on), k the Boltzmann constant, T=295K and A*=10 2 Acm -2 K -2 (the effec<ve Richardson constant for OSC).55 In Eq. (3), n1,2 are the ideality factors and Vi the internal voltage between the Gr Dirac point and the

Figure 8 .Fig. 4 )

 84 Figure 8. Fits of the double Schotky diode model on the I-V dataset of sample A. (a) Scheme of the electronic structure of the Gr/P5/PtIr structure and the two Schotky diodes in opposite direc'on at zero bias; the Gr layer is hole doped, n0 = 1.8x10 13 cm -2 , at V=0, εDP at 0.55 eV above the Fermi energy, see sec'on 2 in the Suppor'ng Informa'on); (b) fit (red line) on the mean Ī-V (open square, data from Fig. 4) of the 15 nm thick N-like P5 island. In the inset, the shaded diodes are in the forward regime. At V>0 (V<0, respec'vely), the measured current is the reverse current of the Gr/P5 (P5/PtIr 'p, respec'vely) diodes; (c) sta's'cal distribu'on of the barrier heights by fivng the model on all the individual I-V traces of the dataset shown in Fig. 4; (d) sta's'cal distribu'on of the ideality factors. The fits on the datasets of the 20 and 30 nm thick P5 islands are shown in Fig. S10 in the Suppor'ng Informa'on. All the fit parameters are summarized in

Figure S1 .

 S1 Figure S1. TM-AFM images of Gr flakes: (a) aZer transfer onto SiO2, (b) annealed at 150°C and (c) annealed at 450°C. (d-f) Corresponding histograms of heights (the red lines are Gaussian fits) and (g-i) typical profiles along the lines shown in panels (a-c).

Figure S2 .

 S2 Figure S2. Raman spectra (D, G and 2D peaks) of the Gr flakes aZer deposi'on and annealing at 150 and 450°C.

Fig. S2 shows

  Fig.S2shows the Raman spectra of graphene. The annealing at 150°C does not induce significant change. The values of the G and 2D peaks (at 1587 cm -1 and 2704 cm -1 , respec<vely) slightly higher than the expected values for a neutral Gr indicates a weak residual hole doping.4, 5 We can es<mate the Gr charge density, n, from the rela<ons:4, 6 

Figure S3 .

 S3 Figure S3. I-V data set (gray curves, 16 I-V traces, C-AFM measurements) and mean Ī-V (blue curve) of P5 thin film, 400 nm thick, grown on Gr flake annealed at 150°C. The inset (down leZ) shows an op'cal image of the 100 µm x 100 µm P5 film and the underlying Gr flake. Inset (up right) : Voltage dependent energy barrier height for the macroscopic Gr/P5 diode.

  contact area, A* the Richardson constant, k the Boltzmann constant, T the temperature and ΦB(V) the voltage-dependent Scho:ky barrier height (SBH) at the Gr/OSC interface. From the mean Ī-V, we plot (inset) ΦB(V) = -kTLn(IS/ AA*T 2 ). The zero bias SBH value ΦB0 ≈ 0.38 eV and the voltage varia<ons of ΦB(V) are in agreement with the reported values for macroscopic Gr/P5 diodes (∼ 0.25-0.5 eV) with lithographed top electrodes. 10, 11, 16 5. C-AFM method 5.1. Discarded I-V traces.

Figure S4 .

 S4 Figure S4. Three typical I-V traces discarded from the analysis (sample A, 30 nm thick P5 nanostructure).

  and given by (S6) with ! the reduced Planck constant, 𝜈F the graphene Fermi velocity (≈ 10 6 m/s), n0 the intrinsic Gr doping at 0 volt and C the capacitance of the sample (the upper plus sign for V>-en0/C and the lower minus sign for V<-en0/V), see Fig. S6.We have measured n0 = 1.6 x 10 12 cm -2 (see sec<on 2 in this Suppor<ng Informa<on, i.e. at 0 V, εDP at 170 meV with respect of Fermi energy) and C = εP5ε0/dP5 ≈ 8x10 -7 F/cm 2 (εP5 ≈ 5, d ≈ 3 nm for 2 layers of P5, ε0 the vacuum permi•vity).

Figure S6 .

 S6 Figure S6. Typical simula'on of Eq. (S6) showing the evolu'on of the energy difference between the Dirac point and the Fermi level as func'on of the applied voltage for sample B : no ini'al doping (dashed line) and with n0=1.6x10 12 cm -2 .

Figure S7 shows that the 2 -

 2 Figure S7 shows that the 2-site molecular model (blue line) does not fit well the data for the N-like P5 nanostructure (here the 30 nm thick). Compared to the DSB model (dashed red line, from Fig. S10), the fit is worse and it gives unrealis<c energy level values (e.g. ε1=3.1 eV) larger than the HOMO-LUMO band gap of P5 (2.2 eV).

Figure S7 .

 S7 Figure S7. Fit (blue solid line) of the mean Ī-V curve for the 30 nm thick N-like P5 nanostructure (sample A) with the 2-site model. The fit parameters are ε1=3.1 eV, ε2=1.1 eV, Γ=0.38 eV and τ=19 meV. For comparison, the dashed red line is the fit with the DSB model (from Fig. S10).

8 .

 8 layers (2L-3L) Gr/P5 devices (sample B) since it is difficult to consider the existence of a space charge region due to the lack of enough room for band bending in such few-layers devices, albeit several reports pointed out the possibility to use SB model at the nanoscale but with reduced SBH (compared to more bulky devices) because other electron transport mechanisms (e.g. tunneling, molecular orbital mediated electron transport) dominate the electron transport at the nanoscale. 29 Fits of the datasets of 2-3 MLs P5 devices at points #1 and #2 (sample B).

Figure S8 .

 S8 Figure S8. Mean Ī-V of the dataset measured at point #1 (from Fig. 5, main text), open black squares: (a) fit (red curve) with the 2-site model taking into account the voltage-induced charging of the Gr layer (Eqs. 1, 2, S6); (b) sta's'cal distribu'on of the energy levels ε1 and ε2 (arithme'c mean ± standard devia'on); (c) sta's'cal distribu'on of the coupling energies Γ, τ (arithme'c mean); (d) fit of the mean Ī-V with the modified SEL (Eq. S7) for the posi've voltage (green curve)

Figure S9 .

 S9 Figure S9. Mean Ī-V of the dataset measured at point #2 (from Fig. 5, main text), open black squares: (a) fit (red curve) with the 2-site model taking into account the voltage-induced charging of the Gr layer (Eqs. 1, 2, S6); (b) sta's'cal distribu'on of the energy levels ε1 and ε2 (arithme'c mean ± standard devia'on); (c) sta's'cal distribu'on of the coupling energies Γ, 𝝉 (arithme'c mean); (d) fit of the mean Ī-V with the modified SEL (Eq. S7) for the posi've voltage (green curve)

9 . 18 Figure S10 .Fig. 4 (

 918S104 Figure S10. Fits of the double Schooky diode model on the mean Ī-V dataset of sample A. (a) fit (red line) on the mean Ī-V (open square, data from Fig. 4, main text) of the 20 nm thick N-like P5 island; (b) sta's'cal distribu'on of the barrier heights by fiung the model on all the individual I-V traces of the dataset shown in Fig. 4 (main text); (c) sta's'cal distribu'on of the ideality factors. (d-f) Same as (a-b) for the 30 nm thick N-like P5 nanostructures. Note that for these two samples, the fits were limited to 1V because many I-V traces saturate at V > 1V (compliance of the trans-impedance amplifier, see Figs. 4c and 4d in the main text). All the fit parameters are summarized in Table2(main text). For the fits, in

Table 2 .

 2 Values

of the fited energy levels (see diagrams in Fig.

6

) for the 2-site and SEL models (n.a. stands for non-applicable) on the mean Ī-V. Energy level values from the sta's'cal analysis (arithme'c mean ± standard devia'on) for the 2-site model only. From the sta's'cal analysis, we deduce : 0.92 < ε1 <1.44 eV and 0.67 < ε2 <1.05 eV.

Needle-like pentacene/graphene devices.

  (up to 3 eV, larger than the P5 HOMO-LUMO gap of 2.2 eV, Fig.S7in the Suppor<ng Informa<on, sec<on 7). We used a double Scho:ky barrier (SB) model recently developed and demonstrated for two-terminal nanodevices.

			2-site model	SEL (V < 0)	SEL (V>0)	2-site model
				(fit on mean Ī-V)		(sta=s=cs)
	#1	ε1 (eV) ε2 (eV)	1.32 0.73	0.96 n.a.	n.a. 0.63	1.28 ± 0.16 0.78 ± 0.11
	#2	ε1 (eV) ε2 (eV)	1.17 0.89	0.99 n.a.	n.a. 0.73	1.12 ± 0.18 0.94 ± 0.11
	#3	ε1 (eV) ε2 (eV)	0.92 0.82	0.95 n.a.	n.a. 0.78	1.04 ± 0.12 0.83 ± 0.06
	For sample A (10-30 nm thick N-like P5 nanostructures), with more than 2-3
	monolayers of P5, a molecular junc<on model is no longer suitable. Strictly
	speaking, molecular-scale electron-transport models are applicable for single-
	molecule or few-molecule junc<ons (e.g. 10-100 typically), 53 and they are not
	suitable for devices with a larger number of molecules. If this model is
	nevertheless used to fit the data of sample A, it gave unrealis<c and very large ε

values
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Table 2 (

 2 main text). For the fits, in Eq. S6, the capacitance C is 2.2x10 -7 and 1.5x10 -7 F/cm 2 for the 20 and 30 nm thick P5 nanostructures, respec'vely, and n0 = 1.8x10 13 cm -2 (see sec'on 2 in the Suppor'ng Informa'on, i.e. at 0 V, εDP at 550 meV with respect of the Fermi level).
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