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Supporting Information

1. Metal electrodes on Si/SiO,.

Ti (5nm) / Au (50 nm) electrodes were fabricated on a 4-inch Si (525 pum thick) /
SiOz (285 nm thick) wafer, which was pre-cleaned in oxygen plasma (600 W for 5
min). The electrodes (Ti/Au) were deposited by e-beam physical vapor deposition
(EBPVD) and patterned by liftoff in DMSO (dimethyl sulfoxide) at 100°C for 30
min. The resist for the liftoff (AZ2020nlof) was spin-coated (4000 rpm for 60 s),



exposed to UV light (lamp intensity 11 mW/cmz2) through an optical mask, and
then developed (AZ726mif, 35 s).

2. CVD graphene, transfer protocol and characterizations.

Graphene was grown in-house by chemical vapor deposition (CVD) on copper
foils. The growth protocol can be found in previously reported works.1-3 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% HCI cleaning solution for 5 min and
transferred back to deionized water, twice. The floating 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 after annealing at 150°C and 450°C (3h under N3).
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Figure $1. TM-AFM images of Gr flakes: (a) after transfer onto SiO;, (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).

These measurements show a clear removal of PMMA residues after the
annealing at 450°C as indicated by a significant decrease of the width of the
height distribution ( 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 after the annealing at
150°C (FWHM of 0.74 nm for the main peak, but a larger shoulder is still visible).
Wrinkles are still present after 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 as-
transferred Gr to 1.8 nm after a 150°C annealing and 0.7 nm after a 450°C
annealing. The reduction of roughness and height distribution 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.
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Figure S2. Raman spectra (D, G and 2D peaks) of the Gr flakes after deposition
and annealing at 150 and 450°C.

Fig. S2 shows 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-! and
2704 cm-1, respectively) slightly higher than the expected values for a neutral Gr
indicates a weak residual hole doping.4 > We can estimate the Gr charge density,

n, from the relations:4 6
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with we the G peak position, ws® = 1580 cm-! for the undoped Gr,4 er the Fermi

energy and epp the energy of the Dirac point, h the reduced Planck constant and
vr the graphene Fermi velocity ~106 m/s. With we = 1587 cm-1, we get €pp - & =

170 meV and a hole density n = 1.6x1012 cm-2.

The treatment at 450°C leads to a blue shift of the graphene peaks. The, G and
2D peaks (at 1587 cm-! and 2704 cm-, respectively for the as-transferred Gr and
annealed at 150°C) shifted toward higher wavenumbers by ~21 cm-! and ~17
cm-l, respectively, for the Gr flakes annealed at 450°C. The intensity ratio 2D/G
also decreases from ~2-2.5 (pristine Gr and annealed at 150°C) to ~0.6 after
annealing at 450°C, indicating an additional hole doping of the 450°C annealed
Gr,5 7. 8 likely due to the thermal activation of electron transfer from Gr to the
substrate.® With Eq. S1, we get €pp - €= 550 meV and a hole density n = 1.8x1013
cm-2. In all cases, the intensity of the D peak remains low (no defect induced in

the Gr).

3. Pentacene evaporation.

The purified pentacene (99.999 %), purchased from Tokyo Chemical Industry
(TCl), is sublimated by Joule heating (crucible temperatures 90-120°C) in a 106
mbar vacuum evaporation system (Edwards Auto306) placed inside a glovebox
(MBRAUN, H;0 and O levels below 5 ppm). The deposition rate and time
(typically = 2.5x103 A/s, = 30 min) were adjusted to grow the desired
nanostructure from few MLs to bulky films: dendritic islands of pentacene with
thicknesses lower than 10 nm were obtained when P5 was evaporated at
2.5x10-3 A/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 A/s for 1hr. The substrate is kept at room temperature.



4. Macroscopic Gr/P5 device.

The growth of a 400 nm thick P5 film was achieved via the evaporation of P5
through a mechanical mask. After the process described in section 2, we fix, on a
sample holder, a mask with openings of 100x100 pm?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 locations on the Gr/SiO,/Si surface (optical image in the

inset of Fig. S3).
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Figure $3. I-V data set (gray curves, 16 |-V traces, C-AFM measurements) and
mean I-V (blue curve) of P5 thin film, 400 nm thick, grown on Gr flake annealed at
150°C. The inset (down left) shows an optical image of the 100 um x 100 um P5
film and the underlying Gr flake. Inset (up right) : Voltage dependent energy

barrier height for the macroscopic Gr/P5 diode.

The I-V in Fig. S3 cannot be explained by the DSB model, because the high
current at V<0 cannot correspond to the saturation current of the P5/PtlIr tip

diode with a tiny (~15 nm2) surface (even with a very small Schottky barrier



height), while the lower current at V>0 corresponds to the saturation current of
the large area (100um x 100um) Gr/P5 diode, as for the 15-30 nm N-like P5
samples (Figs. 8, 510). 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).10-13 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 saturation current in the reverse regime

(V>0).14, 15 The saturation current Is is written:
A A2, P (VYT
[,=AAT" (S52)

with A the contact area, A* the Richardson constant, k the Boltzmann constant, T
the temperature and @g(V) the voltage-dependent Schottky barrier height (SBH)
at the Gr/OSC interface. From the mean I-V, we plot (inset) ®s(V) = -kTLn(ls/
AA*T2). The zero bias SBH value ®go = 0.38 eV and the voltage variations of ®g(V)
are in agreement with the reported values for macroscopic Gr/P5 diodes (~

0.25-0.5 eV) with lithographed top electrodes.20, 11, 16

5. C-AFM method
5.1. Discarded I-V traces.

Some I-V curves were discarded from the analysis:

- |-V traces displaying large and abrupt steps during the scan (contact

instabilities).

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

Typical examples are shown in Fig. S4.
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Figure S4. Three typical I-V traces discarded from the analysis (sample A, 30 nm

thick P5 nanostructure).

5.2. Estimated C-AFM tip contact area and number of contacted
molecules.
The loading force was set at ~ 8 nN for all the |-V measurements, a lower value
leading to too many contact instabilities during the I-V measurements. As usually
reported in literaturel’-20 the contact radius, r¢, between the CAFM tip and the P5

surface, and the film elastic deformation, 6, are estimated from a Hertzian

model:21

3rr )"
r?= - (S3)
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with F the tip loading force (8 nN), R the tip radius (25 nm) and E* the reduced

effective Young modulus defined as:
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In this equation, Eps/tip and Vpsip are the Young modulus and the Poisson ratio of
the P5 and C-AFM tip, respectively. For the Pt/Ir (90%/10%) tip, we have Ep =
204 GPa and Vip = 0.37 using a rule of mixture with the known material data

(https://www.webelements.com/). For the P5 nanostructures, we consider the

value of an effective Young modulus E*ps = 15 GPa as measured for thermally
evaporated P5.22,23 With these parameters, we estimate rc = 2.2 nm (contact area
=15 nm2)and § =0.19 nm.

In a P5 film, the molecules (in the upright position) are organized in stacked
monolayers with a herringbone packing in the monolayer and an area per
molecule of = 0.25 nm2. We estimate that = 60 P5 molecules are connected with

the C-AFM tip with our measurement condition.

6. 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 = 100um and width W = 200 pm
on a 285 nm thick SiO; (see section 1 of the Sl). Figure S5 shows the typical |-V at

low voltages. From the linear behavior, we measured a series resistance of 285

€. Rescaled to the typical geometry of the P5 islands measured by C-AFM (Figs. 4

and 5, main text) with a typical length L ~ 10 um 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 um, the series resistance in the C-AFM geometry is ~ 5 kQ.
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Figure S5. Current vs. voltage to measure the series resistance (graphene

resistance and contact resistance).

7. Details of the models.

Molecular 2-site model.

In Eq. (1), the parameters g1+ and €+ are defined by : €1+ = (g1 + €2 - A)/2, €2+ = (&1
+ g + A)/2 and A is the energy shift between the two orbitals under the
application of a voltage V given by A=(Vi2+2(€1-&2)Vi+412+(€1-€5)2)1/2.24, 25

In Eq. (2), the internal voltage drop in graphene between the Dirac point and the
Fermi energy, 6(V), is calculated versus the applied voltage V according to

Feenstra et al. 26 and given by

2
1| —2Cx (Ao 2 2Crx (Ao 2 C
6V =3 (2 L +\“ (2 | s (ho)? (0+<7)

e e

(S6)
with 7% the reduced Planck constant, vi the graphene Fermi velocity (= 106 m/s),

no the intrinsic Gr doping at 0 volt and C the capacitance of the sample (the
upper plus sign for V>-eno/C and the lower minus sign for V<-eno/V), see Fig. S6.
We have measured ng = 1.6 x 1012 cm-2 (see section 2 in this Supporting

Information, i.e. at 0 V, epp at 170 meV with respect of Fermi energy) and C =

10



eps€o/dps = 8x107 F/cm2 (eps = 5, d = 3 nm for 2 layers of P5, g the vacuum

permittivity).
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Figure S6. Typical simulation of Eq. (S6) showing the evolution of the energy
difference between the Dirac point and the Fermi level as function of the applied

voltage for sample B : no initial doping (dashed line) and with no=1.6x1012 cm-2.

Simple fits by parts of the I-V curves.
We consider a modified single energy level (SEL) model to take into account the

Gr electrode charging with the applied V as above, substituting for Eqs. 2 and S6

in the following SEL equation:27, 28

I ¥}
r,r €12+ 13, eV €12~ 135, ¢V
I(V)=N8e 122 [arctan[# — arctan| ———2

AT, +T, T +T, T +T,
(S7)

where 1 and I; are now the electronic coupling of the molecule to the two
electrodes which are supposed to be different considering the asymmetric
geometrical position (Figs. 6d and 6e, main text) of the MO in the junction (while

1 =T =T in the 2-site model for simplicity).

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

11



We note that the fit of the 2-site model on the mean 1-V measured at point #2 is
a bit worse than at points #1 and #3 (Figs. S8 and S9, R2=0.984 at #2 vs. 0.995 and
0.991 at #3 and #1, respectively, and a larger overlap of the statistical
distributions of €1 and €2) because there is about 3 P5 layers in that case.

Nevertheless, the same trends are observed as for the 2L molecular junctions.

Double Schottky barrier (DSB) vs. 2-site model.

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 unrealistic
energy level values (e.g. €1=3.1 eV) larger than the HOMO-LUMO band gap of P5
(2.2 eV).
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Figure S7. Fit (blue solid line) of the mean I-V curve for the 30 nm thick N-like P5
nanostructure (sample A) with the 2-site model. The fit parameters are €:=3.1 eV,
e:=1.1 eV, =0.38 eV and t=19 meV. For comparison, the dashed red line is the fit
with the DSB model (from Fig. $10).

We also note that the DSB model is not able to correctly fit the data for the few-

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

12



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.2?

8. Fits of the datasets of 2-3 MLs P5 devices at points #1 and #2 (sample B).
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Figure S8. Mean I-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) statistical
distribution of the energy levels €1 and €, (arithmetic mean + standard deviation);
(c) statistical distribution of the coupling energies I, T (arithmetic mean); (d) fit of

the mean I-V with the modified SEL (Eq. S7) for the positive voltage (green curve)
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and negative voltage (blue curve). The fitted energy levels of the molecular
orbitals (energy scheme in Fig. 6, main text), €1 and €, are given on the figures.

The other fit parameters (I, T, [1 and ;) are given in Table S1.
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Figure S9. Mean I-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) statistical
distribution of the energy levels €1 and €, (arithmetic mean + standard deviation);

(c) statistical distribution of the coupling energies I, T (arithmetic mean); (d) fit of

the mean I-V with the modified SEL (Eq. S7) for the positive voltage (green curve)
and negative voltage (blue curve). The fitted energy levels of the molecular
orbitals (energy scheme in Fig. 6, main text), €1 and &, are given on the figures.

The other fit parameters (I, T, 1 and ') are given in Table S1.
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2-site model SEL (V<0) SEL(V>0)
M (ev) 0.11 M (ev) 0.16 =0
7 (meV) 9 r; (eV) =0 0.14
I (ev) 0.17 M (ev) 0.21 =
7 (meV) 17 r; (eV) =0 0.15
M (ev) 0.19 M1 (eV) 0.22 =0
7 (meV) 7 r; (eV) =0 0.18

Table S1. Values of the fitted 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 1>, at V<0and ;> 71 at V>0 as expected from

geometrical considerations of the molecular junctions.

9. Fits of the datasets of the 20 nm and 30 nm thick P5 devices (sample A).
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Figure S10. Fits of the double Schottky diode model on the mean I-V dataset of
sample A. (a) fit (red line) on the mean I-V (open square, data from Fig. 4, main
text) of the 20 nm thick N-like P5 island; (b) statistical distribution of the barrier
heights by fitting the model on all the individual I-V traces of the dataset shown in
Fig. 4 (main text); (c) statistical distribution 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 Table 2 (main text). For the fits, in
Eq. S6, the capacitance Cis 2.2x10-7 and 1.5x107 F/cm?2 for the 20 and 30 nm thick
P5 nanostructures, respectively, and no = 1.8x1013 cm-2 (see section 2 in the
Supporting Information, i.e. at 0V, epp at 550 meV with respect of the Fermi

level).
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