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Hybrid molecular graphene transistor as an
operando and optoelectronic platform

Jorge Trasobares 1,2 , Juan Carlos Martín-Romano 1,
Muhammad Waqas Khaliq3,4, Sandra Ruiz-Gómez 3, Michael Foerster3,
Miguel Ángel Niño3, Patricia Pedraz 1, Yannick. J. Dappe5,
Marina Calero de Ory 6, Julia García-Pérez1, María Acebrón1,
Manuel Rodríguez Osorio1, María Teresa Magaz5, Alicia Gomez 5,
Rodolfo Miranda 6,7 & Daniel Granados 1

Lack of reproducibility hampersmolecular devices integration into large-scale
circuits. Thus, incorporating operando characterization can facilitate the
understanding of multiple features producing disparities in different devices.
In thiswork,we report the realizationof hybridmolecular graphenefield effect
transistors (m-GFETs) based on 11-(Ferrocenyl)undecanethiol (FcC11SH) micro
self-assembled monolayers (μSAMs) and high-quality graphene (Gr) in a back-
gated configuration. On the one hand, Gr enables redox electron transfer,
avoids molecular degradation and permits operando spectroscopy. On the
other hand, molecular electrode decoration shifts the Gr Dirac point (VDP) to
neutrality and generates a photocurrent in the Gr electron conduction regime.
Benefitting from this heterogeneous response, the m-GFETs can implement
optoelectronic AND/OR logic functions. Our approach represents a step for-
ward in thefield ofmolecular scale electronicswith implications in sensing and
computing based on sustainable chemicals.

The field of molecular electronics1 opens the door to exploring quan-
tum phenomena for computing2,3. Indeed, properly designed mole-
cules offer complimentary design to inorganic materials. As a result,
the field has been intensely reviewed4,5. Unfortunately, there is lack of
reproducibility when measuring tunneling rates across the same type
of molecules. Differences in the resistance per molecule measured
through molecular junctions can be up to 8 orders of magnitude. This
feature is often attributed to variances in contacts, surface roughness,
presence of defects and how all these factors scale with the junction
size6. Then, establishing a robust7 and industrially scalable platform is
highly desirable. Three fundamental aspects must be observed: the
molecular bridge, the interface and the electrode material8. The
molecular bridge energy level may be tuned with redox molecules9.

Its fundamentalmechanism is founded in the ability to switch between
molecular energy levels or oxidation states. Electrons can be localized
in the redox state during the transmission process depending on
the relative alignment of molecular energy and the electrode Fermi
level. A well-studied redox group is ferrocene (Fc), in particular, the
commercially available FcC11SH which is an archetype molecule
broadly explored in electrochemistry10,11 and molecular electronics12,13.
Researchers have investigated the impact of molecular length14, its
performance at high frequency15 and operation in flexible devices13.
Secondly, continuous and pristine interface produced by the mole-
cular decoration of the electrodes with self-assembled monolayers
(SAMs) can tune the electrode work function with high impact on
the performance of organic optoelectronic devices16. Thirdly, Gr is an
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excellent 2Dmaterial for the construction of transistors17 and a perfect
electrode candidate to link the macro (electrode) and the nano
(molecule) domains. In particular, π-π interactions between Fc and Gr
are ideal for electrical connections and a transparent electrode gives
access to interact with light. On the one hand, optical spectroscopies
are convenient to analyze the molecular bridge between leads18.
On the other hand, light is a control knob to tune the conduction
properties by inducingphotophysical or photochemical changes in the
structure19,20. In this work, we first investigate the properties of a single
SAM//Gr hybrid junction and then integrate the same material in an
optoelectronic platform (m-GFET) based on Gr and micro self-
assembled monolayers (µSAMs) made with FcC11SH. Our design, free
of ionic liquid21, uses Gr as a soft, high conductive and transparent top
contact that encapsulates the molecular entity of interest, allowing
both operando characterization and optical gating.

Results and discussion
Graphene top electrode at the single junction level
We first describe the large area ferrocenyl junctions both uncovered
(Au/SC11Fc) and covered (Au/SC11Fc//Gr) by aGr layer, and then use this
material to construct the m-GFET device. Note that “/” and “//” refer to
chemical and non-chemical bonds respectively. A schematic repre-
sentation of the uncovered junction including main parameters is dis-
played in Fig. 1a, while Fig. 1b represents the hybrid Au/SC11Fc//Gr
junction where Gr offers a transparent and conductive barrier between
the SAM and the environment. Electron transfer is explored through
Cyclic Voltammetry (CV). In Fig. 1c, the electrochemical response of Au/
SC11Fc SAMs (blue line) shows a conventional redox couple. Our
experimental data canbefitted using the extendedLavironmodel22 and
a background (step model) related to the admittance of the double-

layer capacitor generated during the process, recently exploited to
reach attofarad sensitivity23 (Eq. 1 in Theoretical Methods and Supple-
mentary Note 1). The oxidation potential appears at 280mV with
respect to the silver chloride reference electrode (Ag/AgCl). We extract
a molecular energy level EH ≈ −5 eV (Eq. 2 in Theoretical Methods). The
integration of the oxidation (or reduction) wave results in a charge
amount that relates to the surface coverage, Γ = 4.1 ± 0.5 × 10−10mol/cm2

(Eq. 3 in Theoretical Methods and Supplementary Table 1). We find a
FWHM= 94mV resulting in slightly repulsive interactions (Eq. 4 in
Theoretical Methods). Remarkably, Au/SC11Fc//Gr SAMs continue to
exhibit the oxidation-reduction process. Electron transfer is permitted
under the Gr layer but there exists a drop in the current (orange line).
This drop can be attributed to the presence of multilayer domains in
the Gr21 (Supplementary Note 2 for optical and Raman characterization
of CVD Gr layers) or a slightly deficient contact in some regions of the
interface between the Fc group and the Gr top electrode24. Another
significant approach is obtaining XPS spectra of a SAM under the gra-
phene layer. Oxidation and ageing effects of the uncovered and cov-
ered structures are analyzed by X-ray photoelectron spectroscopy
(XPS). Figure 1d presents the XPS spectra of the Fe 2p core level ener-
gies. In the freshAu/SC11Fc andAu/SC11Fc//Gr SAMsFedoublets located
at 707.6 eV and 720.4 eV are clearly observed. This doublet corre-
spondswith the Fe 2p3/2 andFe 2p1/2 respectively.Weappreciate a slight
decrease in the height of the 707.06 eVpeak on theGr covered samples
but not a binding energy shift, invalidating charge transfer between Fc
and Gr. After sixty days of ageing under atmospheric conditions, the
aged Au/SC11Fc//Gr SAM does not show a substantial change in the
spectrum, while the uncovered aged sample presents clear signatures
of oxidized species. Ferroceniumpeaks at 710.2 eV and 723.5 eV appear
in this situation. More details are given in Supplementary Note 3.
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Fig. 1 | Electron transfer and transport at the junction. a Schematic repre-
sentation of an uncovered junction Au/SC11Fc SAM including main parameters:
molecular energy (EH), electronic coupling with the bottom electrode and a
possible top one (VB and VT), intermolecular coulombic interactions (φ) and
work function change (ΔΦ). b Schematic representation of the hybrid SAMs (Au/
SC11Fc//Gr) including the additional characteristics of a transparent conductive
barrier. Atomic details of SAMs are symbolized by spheres of different colors and
sizes: Fe (red), Au (yellow), S (green), C (blue) and H (white). hν represents the
incident light or beam for optical gating and/or spectroscopic characterization. e-
indicates electron transfer during redox process. c Electrochemical character-
ization of Au/SC11Fc (blue) and Au/SC11Fc//Gr (orange) SAMs. CV is recorded at a

6mm in diameter gold working electrodes at 1 V/s versus Ag/AgCl reference
electrode, 1M NaClO4 electrolyte and a silver bar counter electrode. J represents
current density measured inmAcm−2. Dotted line indicates the formal potential of
the Fc group30. d Fe 2p XPS of the fresh (blue) and aged (orange) Au/SC11Fc and
Au/SC11Fc//Gr samples (intensity in arbitrary units is displaced on “y” scale for
clarity). e 2D histogram of the Log J(V) taken from 120 current versus voltage
scans for Au/SC11Fc//EGaIn and Au/SC11Fc//Gr junctions. f Operando Fe 2p XPS of
Au/SC11Fc//Gr at 1, 0.5, 0, −0.5 and −1 V. In d and f Fe doublets located at 707.6 eV
and 720.4 eV and Ferrocenium peaks at 710.2 eV and 723.5 eV are highlighted by
vertical dashed lines for guide the eye.
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Afterwards, electron transport is first characterized with the well-
known EGaIn technique as a starting point benchmark with previous
work14,25. Figure 1e displays the log current density versus applied vol-
tagebetween the cone-shapedEGaIn tip and theuncoveredSAMon top
of the Au electrode. A rectification ratio slightly higher than one order
of magnitude for the recommended contact area of ∼500 µm2 is
obtained6. Current densities span from Log J (Acm−2) = −3.7 at +1 V
to −2.5 at −1 V (reverse and forward bias respectively). As first proposed
by C. A. Nijhuis et al. the rectification in these 11-(ferrocenyl)−1-
undecanethiol junctions25–27 emerges from two different transport
mechanisms in reverse (bond tunneling) vs forward (sequential tun-
neling) polarization13,15,26. Usually, temperature-dependent measure-
ments are applied to distinguish those regimes27. Our graphene
covering 11-(ferrocenyl)−1-undecanethiol hybrid SAMs can overpass
this tedious temperature-dependent characterization or limitations by
enabling operando spectroscopy. For example, our approach may
present advantages in junctions pushed to work in the invertedMarcus
Regime where the transport mechanism becomes activationless28.
Hence, we replace the top opaque EGaIn to a transparent Gr. In these
hybrid junctions, we observe a suppression of the electrical rectifica-
tion and a reduction in the current dispersion (bottom part of Fig. 1e).
Both aspects might be the effects of the top electrode or the large area
(mm2) required to accomplish XPS at our in-home facilities. Figure 1f
shows the operando XPS biasing the Gr at +1, 0.5, 0, −0.5 and −1 V. In all
cases we observe the spectrum finger print of the Fc group during the
electrical operation29 and a rather constant signature of the oxide
components.

Theoretical results at the single molecule level
We have theoretically modeled our hybrid junction to understand the
experimental results shown in the preceding section. From the energy

level diagram perspective, both Gr and EGaIn top electrodes should
give similar rectification ratios25,26 due to the close proximity of the
Fermi level energies (4.5 eV)31. It is essential to note that the perfor-
mance in the forward and reverse regimes depends on the working
function of the electrodes and the voltage drop. If the molecular
energy level falls between the Fermi level of the electrodes, the diode
will operate in forward, otherwise in reverse. Based on the Ultraviolet
photoelectron spectroscopy (UPS) (Supplementary Fig. 8) we obtain a
working function of the decorated electrode ofΦAu/SC11Fc = 4.5 eV, then
we consider that the only free parameter to explain the lack of recti-
fication with the Gr top electrode is the voltage drop (η)32. Figure 2a
presents two different electron transport mechanisms for η equal to
0.7 and 0.5. For a η =0.7, two black arrows represent the sequential
tunneling in the forward regime. It could explain the electrical
response with the EGaIn electrode. However, a η =0.5 moves the
molecular energy level away from the Fermi level window of the
electrodes, providing a direct tunneling mechanism within the junc-
tion. That explains the electrical characteristicsof theGr topelectrode.
Furthermore, our operando spectroscopy does not detect the opera-
tion in the forward regime where the contribution of the oxidized
species should appear. Figure 2b presents in both cases (η =0.7 and
η = 0.5) a direct tunneling mechanism. Figure 2c, with the orange line
matching thefirst part of the inequality and the yellow line, the second.
The white and blue background shading represents forward and
reverse regimes. As shown in Fig. 2c, voltage dropwithin themolecular
junction33 is a critical parameter to pay special attention. Particularly,
for large voltage windows34 where, without a careful consideration, it
may appear a forward regime producing the breakdown before
reaching 2 V. Furthermore, we model a single molecular junction, fol-
lowing a well-established methodology35. Within a Density Functional
Theory (DFT) formalism, we determine the electronic structure and in
particular the projected Density of States (PDOS) of the molecule
between the gold and Gr electrodes. The corresponding atomic con-
figuration is represented in the inset of Fig. 2d. A quasi-symmetric
distribution of the electronic levels near the Fermi level appears at
around −0.5 and +0.35 eV (Supplementary Note 5). In Fig. 2d we inte-
grate the electronic transmission for several biases taking properly
into account the couplings between electrodes to determine a theo-
retical I(V) curve. As experimentally observed, the model provides a
very low rectification characteristic, most probably originating from
the symmetry breaking induced by the Gr electrode. This has indeed
been observed in previous works35,36, where it was shown that the
introduction of a Gr electrode at one side of the junction breaks the
symmetry of the system and leads to a reduced attenuation factor
compared to the one obtained in the usual gold-gold symmetric
junction.

Construction of the m-GFETs platform
With all the previous information, we now implement this Fc//Gr
hybridmaterial in a field effect transistor configuration. This section is
devoted to the m-GFET platform (Fig. 3, Experimental Methods and
Supplementary Note 6). The fabrication process begins with the defi-
nition of the two source-drain electrodes made of Cr/Au bi-layered (6/
60 nm respectively) via conventional lithography and lift-off process.
The electrodes are deposited on top of a 290 nm thick layer of silicon
oxide (SiO2) on a highly n++ doped silicon substrate. Electrodes are
electrically isolatedbya thin conformal coatingofHfO2 (∼8 nm)grown
by atomic layer deposition (ALD). At the end of each electrode, a cir-
cular area of 5μm in diameter is etched by hydrofluoric acid (HF) to
expose the Au surface. Next, conductive atomic force microscopy
(CAFM) confirms an effective isolation of the HfO2 layer and ohmic
contact through the etched pore to the Au electrode. The Au exposed
areas in the source anddrain electrodes are thendecoratedwith SC11Fc
µSAMs formed by conventional thiol adsorption, giving rise to two
uncovered junctions on each electrode. CVDGr is transferredon topof

Fig. 2 | Electron transportmodeling at the junction.Banddiagram illustrations at
(a) –1 V and (b) +1 V bias. Fermi levels of electrodes, EAu/SC11Fc and EGr, are calculated
from the work functions obtained by UPS experiments in Supplementary Fig. 8
(ΦGr = 4.5 eV, ΦAu/SC11Fc = 4.5 eV). Molecular energy level, EH = −5 eV, is found from
cyclic voltammetry experiments and Eq. 2. Voltage drop within the junction, is
represented by η. It is both set to η =0.7 as standard value for EGaIn top electrode6

and η =0.5 as a value explaining the loss of rectification with graphene top elec-
trode. c Operation regions for molecular diodes connected with Au and Gr elec-
trodes as a function of the voltage drop within the junction. White and blue
backgrounds represent forward and reverse regimes respectively.dDFTcalculated
I (V) curve for a single Au/SC11Fc//Gr molecular junction. Inset: Schematic repre-
sentation of the calculated single molecular junction.
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the electrodes bridging the source and drain to form two covered
junctions. A key aspect is the ability of Gr to adapt to the surface
topography of the exposedmicropore in the range of 2–10 nm37,38 and

contact the µSAM by π–π interaction with the Fc group. Note that the
homogeneousHfO2film is 8 nmthickand the µSAM is 2.4 nm.Since the
rest of the Au is passivated with HfO2, the Gr only bridges the two
µSAMs. Finally, the top contact Gr is patterned by an extra lithographic
step with no damage to the molecular properties due to the Gr barrier
protection. Using this protocol, we have an operating yield of 65%.

Operando charge transport in the ferrocenyl m-GFETs
The Dirac point is a singular characteristic of Gr-based transistors. The
applied gate voltage (VBG) at which the Dirac point is crossed (VDP)
varies with several factors, such as the work function of the electrodes
or charges trapped at different interfaces. If we deposit our Gr on top
of the electrodes in a field-effect transistor configuration (in the
absenceof the FcC11SH,GFET), a significant charge transfer betweenGr
and the exposed electrode takes place, producing a voltage drop and
subsequently a shift in the Gr Fermi level. We observe shifts of the
Dirac point up to VDP = 150V (blue line in Fig. 4a and Supplementary
Note 7). However, in the m-GFET, due to the molecular functionaliza-
tion of the electrodes that tune their working function, the Dirac point
remains close to 0V (orange curve in Fig. 4a). The increment in energy
is proportional to the change of the working function ΔE ≈ΔΦ and can
be calculated by the shift on the neutrality point following Eq. 7 in
TheoreticalMethods39–41. The observed difference in the Dirac point of
ΔVDP = 150 V relates to a variation in the working function of the elec-
trodes ofΔΦ ≈0.5 eV, which is in agreement with our UPS experiments
(Supplementary Fig. 8) and earlier reported SAMs16 but slightly higher
than those considered for ferrocenyl SAMs42. Supra-molecular inter-
actions, ion movement and charge trapping effects related to
device geometry and fabrication conditions can alter the electronic
response of the device. We observe well-known hysteresis loops43 and
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Fig. 4 | Operando charge transport in them-GFET configuration. aConductance
versus gate voltage for both GFET and m-GFET devices at ambient conditions.
b Conductance versus gate voltage for m-GFET devices at ambient conditions and
different gate voltages windows. The arrow indicates the gate voltage sweeping
direction. c Log JDS current at VBG = 0, 2D map of a m-GFET over 120 sweeps (15
curves in 8 different devices). d Evolution of the X-ray absorption spectra from a
5 µm pore where the FcC11SH is placed and connected with graphene on top at
different source to drain voltages, measurements from t = 0 to t = 5 are performed
every 20minutes by changing the VDS from0 to 1, 2, 0, −1 and −2 V. Vertical dashed

lines are incorporated for guide the eye at 708.8 and 710 eV that corresponds to the
presence of Fe2+ and Fe3+ respectively. e, f Display the schematic illustration of the
transport model during electron and hole conduction. Considering a gold Fermi
level of EAu = 5 eV and a change of ΔΦ=0.5 eV when decorating the electrodes
the resulting Fermi level of the molecularly functionalized electrode is EAu/
SC11Fc = −4.5 eV. VDS is low enough to keep EH outside the EAu/ SC11Fc – EGr window in
both junctions of the m-GFET. ΔE is the energy difference between the Fermi level
at a given VBG and the graphene Dirac point on the device.

Fig. 3 | Schematic illustration of the m-GFET. a Design of the fabricated device
where the different layers are artificially separated for clarity. Fabrication is sup-
ported on a Si++/SiO2 (290 nm) wafer. Starting with a photolithography step for the
fabrication of the Cr/Au (6/60 nm) electrodes, followed by 8 nm ALD growth HfO2

to insulate the electrodes and opening of micropores in the HfO2 by dry etching
(HF). The micropores areas allow controlling the surface area of the electrical
contact. After thiol adsorption and Gr transfer, a third lithography step to pattern
the Gr completes the fabrication process. b Cross-section of the device with elec-
trical connections including: back gate voltage (VBG), drain source voltage (VDS) and
drain source current (IDS). c Molecular detail. Sulfur and gold are linked by a
covalent bond, upwards 11 sp3 carbon atoms and on top the Fc group connecting a
single Gr layer by π-π interactions. Drawing is not to scale.
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alterations in the VDP as a function of the VBG window, scan rate and
sweep direction. Effects are most probably produced by charges
trapped in the device. On them-GFETs,when theVBG is swept at a short
range (±10 V) the hysteresis is diminished. However, when we increase
the VGB the hysteresis spreads. It is an indication that charges are
injected into the bulk SiO2 or the interface

43,44. The number of trapped
charges (N) are calculated with Eq. 8 in Methods and displayed in
Supplementary Table 2. When the VBG is swept ±100V there is a Dirac
point shift 55 V. This is equivalent to a trapped charge density17 of
2 × 1012cm−2. Although in many applications trapped charges may be,
undesirables and attempted to minimize45,46, this hysteretic mechan-
ism may be rich for the purpose of nonvolatile memory devices and
give extra function in chemical or biological sensing. The mobility
measured with the transconductance values varies from 500 to 1000
cm2V−1s−1. In Fig. 4c, we show the log J vs. VDS. In this case, the current
needs to flow twice through themolecules, one from the thiol to the Fc
and another time in the opposite direction. Consequently, despite the
performance of the molecular diodes with Gr as a top electrode, there
is no rectification in the current flowing from source to drain in our
m-GFET. In this configuration we mainly measure the resistance of the
reverse diode (Fig. 4c, Supplementary Note 8). We obtain a current
density of 105A/cm2 at 1 V in the range of direct evaporated or Gr
devices47. In order to clearly discuss the electrochemical processes
occurring inside the junction, a tremendous advantage of our design is
to be able to perform Photoemission electron microscopy (PEEM)
following the state of the SAM while the transistor is operating. Lat-
erally resolved X-ray absorption spectroscopy (XAS) performed at the
ALBA synchrotron radiation facility with a PEEM microscope shows in
the electrode pore a clear Fe signal at the Fe L3 edge during all the
experiment (Supplementary Note 9 and Fig. 4d). XAS spectra confirm
thegraftingof the ferrocenyl µSAMsonly at theAuexposedporeunder
Gr. In contrast, to our results in Fig. 1c and other configurations where
authors demonstrate chemical and electrochemical ferrocene oxida-
tion and reduction by applying a voltage to an electrolyte on top of the
graphene21, the oxidation state of Fc is independent of the source-drain
voltage remaining in the reduction state. Similar to other XAS syn-
chrotron radiation experiments48, there is photochemical switching
due to the intense photon irradiation, common in other molecular
systems. In our µSAMs composed of Au/SC11Fc//Gr we observe an
oxidation evolution from Fe2+ (708.8 eV) to Fe3+ (710 eV) in contrast to
the reduction evolution reported for Au/SC11Fc exposed to ultra-high
vacuum48. Differences with respect to the work of Fan Zheng et al. are
themicrometer size of the SAMs, presenceof theGr covering layer and
operandoconditions. In viewof the above, the usual operation of these
transistors is performed at a low voltage of 0.1 V. Where according to
the band diagram for electron and hole-conduction regimes (found in
Fig. 4e, f) show that the molecular energy level would not come into
play. Then, electron transport would be tunneling through the entire
molecule. Additionally, threshold PEEM measurements were per-
formed to obtain a surface potential map of the m-GFETs. In Supple-
mentary Fig. 26 can be seen how the spectra are shifted when applying
different VDS (−1,0 and +1 V), this shift is related to the voltage drop.

Photo-induced charge transfer
Finally, this section discusses results of photon absorption by the Fc
group and subsequent electron transfer to the Gr channel. The Fc
group is expected to absorb light in the UV-visible range, presenting
two absorption bands at 322 nm and 442 nm49. In our m-GFET device,
due to the long dynamics associated with charge-trapping under
ambient experiments previously discussed, a shift in the Dirac point
between dark and under illumination operation is challenging to
appreciate50. However, pulsed light strongly influences the source to
drain current only in the “electron conductivity” regime of the top
layer Gr (Supplementary Note 10 of supplementary information).
In Fig. 5a, the photoconductance (GPh) is plotted versus VBG during

an assay under LED white light illumination (Thorlabs LED diode
MCWHF2, cold white). A coherent explanation for the observed
photoconductance is that after the light absorption process and
generation of an electron-hole pair at the Fc, this pair is broken and
electrons contribute to the current under certain VBG bias conditions.
Gr carriers are only increased when the channel operates in the
electron-conduction regime (VBG > VDP), where Gr acts as a better
electron acceptor than Fc. In the hole-conduction regime, even if an
electron-hole pair is generated, electrons have a very low probability
of being injected into Gr. Furthermore, holes cannot be injected into
Gr because it ismore favorably stabilized as a ferroceniumcation (Fc+)
(Fig. 5b, c). Then, bearing in mind a relationship between photo-
conductance and charge carrier density increment due to light illu-
mination (GPh∝ ΔnPh), using Eq. 9 and Eq. 10 in Theoretical Methods,
we estimate the number of photo-generated carriers ΔnPh = nLight –
nDark = 3 × 108. It is in the sameorder ormagnitude as the number of Fc
groups on the electrode pore, considering the electrochemical sur-
face density (nmolec = 1.2 × 108). We completed the study by system-
atically changing the incident light power and VBG over time. In Fig. 5d
the GPh versus the LED power of the incident light (0.088–8.8mW)
shows a typical Fermi–Dirac distribution with a saturated regime over
5mWcm−2. The same situation is presented for the photoconductance
as a function of the VBG (Fig. 5e) with a saturation regime at VBG = 25 V
(Eq. 11 in Theoretical Methods). Finally, we can observe that there
exists an exponential decay (Eq. 12 in Theoretical Methods) on the
photocurrent due to the low dynamics of our back gated m-GFET
device (Fig. 5f). Good fits are attained with a preexponential factor
of 10C/s and a RC time constant of 80 s. Note that the photo-
conductance observed here wasmeasured in ambient conditions and
the charges trapped in the device, discussed in Fig. 4b, may affect
photoresponse51. Our m-GFET device can therefore work as a photo-
detector and may reach high sensitivity thanks to the stability of the
ferrocenium that behaves as a trap12,52 stabilizing the hole while
injecting the electron to the Gr at the correct gate bias. Consider that
the reported power refers to the diode power output. Considering 0.8
as a typical efficiency for the visible opticalfiber and the active surface
of 2 pores of 5 µm in diameter, the detected power is roughly 0.7 nW.
Additionally, a broad spectral range can be covered depending on the
nature of SAMs. Finally, light intensity and VBG can be exploited as
inputs for operation of them-GFET design like a logic gate device. In a
prospective way, we reproduce in Fig. 5g the operation of them-GFET
as AND (OR) heterogeneous logic gate. Here the optical gate is
operated between 0 and 8.8 (2 and 8.8) mW cm−2 for “0” and “1”
values, and the electrical back gate is operated at 0 and 50 (10 and 50)
V for “0” and “1”. The waveforms are set to “10101” and “10011”
respectively. As a result, considering a threshold conductance of 6 µS
we obtain “10001” (“10111”) output, that corresponds with the AND
(OR) logical operation.

In summary,wehave described the fabrication andoperation of a
novel hybrid molecular Gr platform. The molecular graphene field-
effect transistor (m-GFET) presents potential scalability based on
FcC11SH SAMs and CVD-grown Gr. First, the Fc group has been useful
to follow crucial aspects in the SAM as the EH, Γ, φ. Moreover, the
properties of Gr such as superior electrical conductivity, remarkable
elasticity, membrane impermeability and optical transparency have
been key to electron transfer, soft contact, encapsulation and oper-
ando spectroscopies. Cyclic Voltammetry shows electron transfer
underneath the Gr monolayer and surface spectroscopies indicate
that molecules encapsulated by Gr remain in their oxidation state.
Therefore, Fc//Gr hybrid SAMs may be considered for long term
studies and applications53. Additionally, operando XPS and XAS
spectra do not show an obvious change in the bias but with the time
under synchrotron x-ray illumination. The rectification characteristic
is lost by changing the top electrode andDFT calculations support the
low rectification ratio of FcC11SH with a Gr top electrode. In addition,
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molecular decoration tunes the working function of the electrodes
and subsequently the Dirac point of the m-GFET device. The ability to
back gate the Gr allows passing from poor to good electron acceptor
where we can operate the transistor as a photodetector. FcC11SH
molecules have been integrated into a scalable transistor tomake use
of their photoelectrochemical properties in a solid-state device.

Additionally, this configuration may produce ultrasensitive photo-
detectors based on large ferrocenium stability and optical circuits
may benefit from this design. Finally, the m-GFET device has been
operated as anheterogenousAND/OR logic function. In future studies
we will explore the electromechanics and biocompatibility of these
m-GFET devices.

Fig. 5 | Photo-Electrical properties of the m-GFET. a Source-drain photo-
conductance is displayed versus the gate voltage at ambient conditions during
pulsed light illumination (21.5mW LED). Electrons excited by the light in the Fc
group do not affect the photoconducatance if VBG <VDP (VDP, is the back gate
voltage at the conductance minimum). However, electrons are injected to the Gr
conduction band when VBG >VDP giving rise to light photodetection. b Schematic
illustration of the transport model during light operation for electron and c hole
conduction. Majority charge carriers, electrons (filled dots) and holes (empty dots)
are only increased in de electron conduction regime (VBG >VDP). d Source to drain
conductance under pulsed light illumination at VBG = 10 V (VBG >VDP) at different
light powers 8.8mW (100%, 75%, 50%, 25 and 0%). e Source to drain conductance
under pulsed light illumination at 8.8mW light power versus VBG. Error bars
represent the standard deviation of the experimental measured GPh. f Source to

drain conductance increments under pulsed light illumination at 8.8mW at
VBG = 10 V vs the time. VDS = 10mV. g Schematic illustration of the heterogeneous
dual gate operation. Input 1 comes from white light illumination (hν), input 2 is the
electrical backgate voltage (VBG) the output is the photoconductance (GPh).
h Reproduced AND operation with 0 and 8.8mWcm−2 and 0 and 50V for the “0”
and “1” values. Input 1 waveform is set to “10101” and input 2 to “10011” resulting in
the “10001” output. The OR operation uses 2 and 8.8mWcm−2 and 10 and 50V for
digital values “0” and “1” obtaining “10111”. A threshold conductance of 10 µS is set.
Power is related to the Power Output of the Thorlabs LED diode MCWHF2. In
d, e, and f fits are obtained using Eqs. 12 and 13 and values described in Experi-
mental Methods with Non-Linear Least-Squares Minimization and Curve-Fitting
for Python.
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Methods
Experimental design
Wefirst explore theuseof grapheneas ahigh-performance top contact
electrode on a single junction showing that: (1) electron transfer
between the Fc group in the Au/SC11Fc SAM and the gold electrode is
achieved by applying an electrochemical voltage and consequently
generating the electrochemical double layer through a Gr monolayer
that adjusts the energy level of the system; (2) surface spectroscopy
shows that Gr encapsulates the molecules avoiding ambient Fc oxi-
dation and (3) operando examination helps to discuss the transport
mechanism in the molecular junction. On the m-GFET, (4) molecular
decoration of electrodes shifts the graphene VDP to neutrality and (5)
photodetection based on Au/SC11Fc //Gr electron transfer is realized
on the electron conduction regime. Finally, (6) the heterogenous
optical and electrical dual gate is operated as OR/AND logic functions.
The archetype 11-(Ferrocenyl)undecanethiol (FcC11SH) is acquired
from Sigmaaldrich and characterized with electrochemical and spec-
troscopicmethods (XPS and XAS) once assembled on the surface. This
redox couple allows to estimate the quality of the SAM by a surface
coverage and introduce a redox function to access by the light when
themolecule ismounted in them-GFET. µSAMs are formedon the gold
surfaces not covered by the HfO2.

Device fabrication
W-Oxide Wafer 04/009 100mm. N PRIME CZ 100As 0.001–0.005
ohm.cm 525+/−20um Single side polished Semi standard flat Oxide—
AtOx, 290 nm Double side coated. Electrodes: The device consists of
source and drain chromium/gold micrometer size electrodes. The
distance between drain and source is 20 μm and the electrodes sit on
topof a SiO2/Si substrate (290 nmof SiO2 andhighly n++ doped silicon).
The electrodes are passivated by a layer of hafnium oxide (HfO2) and
themolecular junctions integrated in amicropore, both electrodes are
contacted together thanks to a CVD graphene that is back gated. The
micropores on the electrodes are etched by HF (1%) treatment during
5min. µSAMs are formed by immersing the surfaces in a freshly etha-
nolic solution of 3mM of the ferrocenyl undecanethiol for 12 h. The
samples are then taken out from the solution, rinsed with ethanol, and
dried under N2 stream. CVD graphene Transfer: Homemade and
commercially available from Graphenea, high-quality monolayer gra-
phene (SLG) grown by CVD technique on copper foil (Cu), is trans-
ferred by standard PMMA transfer process onto 1 × 1 cm2 SiO2/Si
substrates where the final devices are fabricated as explained above.
First, a sacrificial PMMA layer (495, A4; 5000 rpm, 60 s; baked for 1min
at 180 °C) is spin coated on SLG/Cu and the graphene on the Cu
backside etched by oxygen plasma (100W; 2min; 150ml/min O2).
Then, the Cu layer is wet etched using an ammonium persulfate
solution (APS), obtaining a PMMA/SLG film. The PMMA/SLG stack
picked up from solution, using a glass slide, to a DI water bath to
remove chemical residuals. After three DI water baths (10min each),
the PMMA/SLG film is transferred on the final device with the corre-
sponding molecular SAMs. Then, the stacked PMMA/SLG /substrate is
dried in air for 30min and stored in vacuum for at least 24 h, to avoid
the detachment of the graphene from the substrate. Finally, the PMMA
layer is removed dipping the sample in acetone for 1 h and in isopropyl
alcohol for another hour.

Electrochemical measurements
Experiments are performed in a three-electrode, single chamber
Teflon cell connected to an Autolab PGSTAT204 (Metrohm) Electro-
chemical Analyzer in 0.1M NaClO4 electrolyte using an Ag/AgCl
reference electrode and a Pt wire as a counter electrode. Before the
experimental measurements, the electrochemical cell was cleaned
with ethanol and DI water. ‘Test’ sweeps between 0.1 and 0.6V with a
highly doped silicon substrate aremeasured to confirm that there is no
peak due to contamination.

AFM and CAFM
Experiments are conducted in a Nanotec Cervantes AFM (Nanotec).
ElectriMulti75-G AFM probes (Budget Sensors) are used with platinum
overall coating and a nominal force of spring constant 3 N/m and
nominal resonance frequency of 75 kHz. All AFM rawdata are analyzed
with WSxM software54.

XPS
Experimental characterization is produced using Ultra-High Vacuum
(UHV) conditions with a photon energy of 1486.7 eV (Al Kα transition).

UPS
Experimental characterization is produced using UHV conditions with
a He I radiation of a helium gas discharge lamp Specs 10/35model and
a hemispherical energy analyzer (SPHERA-U7).

Spatially resolved X-ray absorption spectroscopy (XAS)
Experimental characterization was performed at the CIRCE beamline
of the ALBA synchrotron Light Facility. The PEEM endstation is
equipped with an Elmitec LEEM/PEEM III microscope. The microscope
can be used as a regular LEEM microscope using electrons as illumi-
nation source or as a Photo-Emission Electron Microscope by illumi-
nating the sample with X-rays. The spatial resolution is 20 nm and the
beamline provides photon energies in the soft X-ray range, from
100 eV to 2000 eVwith high intensity and resolution, and fully variable
polarization. Low-energy secondary electrons are used to form images
of the spatially dependent X-ray Absorption Spectrum.

Raman spectra
Experiments are acquired with a Bruker Senterra confocal Raman
microscope instrument equipped with a 532 nm excitation laser.
Acquisition parameters are: 2mW, 5 s integration time, 10 co-addi-
tions, 1–15 cm−1 resolution.

Optoelectrical measurements
Experiments was carried out on a Keithley 4200-SCS probe station
with four SMU using an incident light from a diode, Thorlabs Fiber-
Coupled (LED) MCWHF2.

Electrochemical current
It is modeled by the extended Laviron model22:

iðθ0Þ=
n2F2AυΓmax

RT
θ0ðθ� θ0Þθ

θ2 � 2Gθ0ϕðθÞðθ� θ0Þ
ð1Þ

Where i(θ0) is the measured voltammetry current, A is the electro-
chemicalworking electrode area, υ is the potential scan rate (Vs−1), Γmax

is the surface coverage (mol cm−2), n is the number of electrons
exchange per molecule during a redox process, F is the Faraday con-
stant, R is the Universal Gas constant, T is the temperature, θ0 the
oxidized normalized surface coverage,ϕ(θ) a segregation factor, andG
is a global constant of interaction.

Molecular energy level
Molecular energy level in the junction is extracted from the electro-
chemical measurements26:

EHOMO =Eabs,NHE � eE1
2,NHE ð2Þ

Eabs, NHE: absolute potential energy of the normal hydrogen elec-
trode −4.5 eV.

e: elementary charge, 1.602 × 10−19C.
E1/2, NHE: formal half-wave potential versus normal hydrogen

electrode.
Ag/AgCl as reference electrode vs. NHE. 0.197 V

Article https://doi.org/10.1038/s41467-023-36714-7

Nature Communications |         (2023) 14:1381 7



Surface coverage
The ΓFc (mol/cm2) is calculated by Eq. 3, where the QFc is the total
charge calculated by the integration of the redox waves, n is the
number of electrons interchangedpermolecule in the reaction, F is the
Faraday constant and A the surface of the working electrode exposed
to the electrolyte solution (0.2 cm2)

ΓFc =QFc=nFA ð3Þ

Coulombic interactions
They can be estimated from a simple model12:

φ= e
1� 1 + ra

d

� �2h i�0:5

4πε0εrd
ð4Þ

Considering e the elementary charge, ra the ion pairing distance, d
intermolecular distance, ɛ0 the dielectric permittivity of vacuum and ɛr
the relative permittivity of water respectively and φ an average value
per molecule-molecule coulombic interaction.

Energy molecular junction alignment

ΦAu > EH +V η>ΦGr +V ð5Þ

ΦAu < EH +V η<ΦGr +V ð6Þ

ΦAu: Gold work function, ΦGr: Graphene work function, EH:
Molecular energy level,

V: Applied voltage, η: voltage drop

DFT calculations
As a support to interpret the experimental results, we have modeled
the junction to determine theoretically its electronic properties and its
electronic transport characteristics, in particular its response to an
applied bias. To this end, we have considered a model junction (as
shown in Fig. 4a), namely a FcC11SHmolecule sandwiched between a 35
gold atom pyramid acting as a gold electrode, and a 5 × 5 unit cell of
graphene, which is repeated periodically in the xy plane, mimicking an
infinite graphene plane, to act as the second electrode. This structure
has been fully optimized, until the forceswent below0.1 eV/Å.We have
used the very efficient localized-orbitals basis set DFT code Fireball55.
Basis sets of sp3d5 numerical orbitals for Au and Fe, sp3 for C and S, and
s for H have been used for structural optimization and conductance
calculation of the nanojunctions, with cutoff radii (in atomic units)
s = 4.5, p = 4.9, d = 4.3 (Au), s = 4.8, p = 5.0, d = 5.2 (Fe), s = 4.5, p = 4.5
(C), s = 3.1, p = 3.9 (S), and s = 4.1 (H)56. A formalism taking into account
van der Waals interactions has also been considered to determine the
molecule−graphene distance57. From the optimized configuration, we
can determine the electronic structure of the system, and use it to
determine the electronic conductance and the electronic current in
the molecular junction. We use here a non-equilibrium Keldysh-Green
formalism, which has been designed initially to calculate simulated
STM images, but which can be used to calculate electronic current in a
molecular junction since it takes into account multiple scattering58.
This formalism has been already applied successfully to several types
of molecular junctions35,59.

Dirac point shift
Photoconductance versus time follows this model as the electric
charge.

4E = _υF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πn VD2 � VD1

� �q
ð7Þ

ℏ: Planck constant in J s rad−1, υF: Fermi level velocity 1.1 × 106m s−1,
π: Mathematical constant, n: carrier density 7.2 × 1010cm−2 V−1, VD2:
Change of neutrality point with respect the reference.

Trapped charges
The number of charges can be calculated with the following expres-
sion:

N =Cox4V=2e ð8Þ

Cox = 115 µFm−2, ΔV = 60V, e = 1.6 10−19C.

Graphene mobility
Graphene mobility (μ, cm2V−1s−1) is calculated with the following geo-
metrical characteristics. L = 10 µm (graphene length), W = 24 µm (gra-
phenewidth), Cox = 115 µFm−2, VDS: Drain to source voltage, IDS: Drain to
source current, VBG: Back gate voltage, gm: transconductance.

μ=
L
W

1
CoxVDS

gm ð9Þ

gm =
∂IDS
∂VG

Photoconductance

GPh

GDark
≈

4n
nDark

ð10Þ

GPh = 10 µS (photoconductance), GDark = 2 mS (conductance at
dark state), nDark = 7.2 × 1010cm−2V−1 (dark state number of carriers),
Δn = nLigh – nDark = 3 × 108 (increment in the number of carriers).

From the linear dependence of conductivity, σ (VBG), elementary
charge, e, carrier mobility, µ, we can find the number of carriers, n60.

σ =μn e ð11Þ

Fermi–Dirac distribution
Photoconductance versus power and gate voltages is modeled by the
logistic model. It determines the statistical distribution of fermions
over the energy states of a system in thermal equilibrium.

�ni =
1

e
ðei�μÞ
kbT + 1

=
A

1 + e
4μ
A λ�tð Þ+ 2 ð12Þ

where kB is Boltzmann’s constant, T is the absolute temperature, εi is
the energy of the single-particle state i, and μ is the total chemical
potential. Second term in the mathematical expression is a repar-
ameterization logistic model used to fit the experimental data.
A = 9.32, µ = 3.78, λ = 1.25 for fits in Fig. 5d and A = 13.95, µ =0.54,
λ = 3.27 for fits in Fig. 5e.

Exponential decay model
Photoconductance versus time follows this model as the electric
charge. V0/R = 10C/s and RC = 80 s for fits in Fig. 5d.

I =
V0

R
e�t=RC ð13Þ

Data availability
The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
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request and at IMDEA repository https://repositorio.imdeananociencia.
org/handle/20.500.12614/3261.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon request.

References
1. Ratner, M. A brief history of molecular electronics. Nat. Nano-

technol. 8, 378–381 (2013).
2. Leuenberger, M. N. & Loss, D. Quantum computing in molecular

magnets. Nature 410, 789–793 (2001).
3. Fracasso, D., Valkenier, H., Hummelen, J. C., Solomon, G. C. &

Chiechi, R. C. Evidence for quantum interference in SAMs of ary-
lethynylene thiolates in tunneling junctions with Eutectic Ga–In
(EGaIn) top-contacts. J. Am. Chem. Soc. 133, 9556–9563 (2011).

4. Vilan, A., Aswal, D. & Cahen, D. Large-area, ensemble molecular
electronics: motivation and challenges. Chem. Rev. 117,
4248–4286 (2017).

5. Xiang, D., Wang, X., Jia, C., Lee, T. & Guo, X. Molecular-scale
electronics: from concept to function. Chem. Rev. 116,
4318–4440 (2016).

6. Chen, X., Hu, H., Trasobares, J. &Nijhuis, C. A. Rectification ratio and
tunneling decay coefficient depend on the contact geometry
revealed by in situ imaging of the formation of EGaIn junctions.ACS
Appl Mater. Interfaces 11, 21018–21029 (2019).

7. El Abbassi,M. et al. Robust graphene-basedmolecular devices.Nat.
Nanotechnol. 14, 957–961 (2019).

8. Xin, N. et al. Concepts in the design and engineering of single-
molecule electronic devices. Nat. Rev. Phys. 1, 211–230 (2019).

9. Migliore, A. & Nitzan, A. Nonlinear charge transport in redox
molecular junctions:a marcus perspective. ACS Nano 5,
6669–6685 (2011).

10. Creager, S. E. & Rowe, G. K. Solvent and double-layer effects on
redox reactions in self-assembled monolayers of ferrocenyl-
alkanethiolates on gold. J. Electroanal. Chem. 420, 291–299 (1997).

11. Chennit, K. et al. Electrochemical imaging of dense molecular
nanoarrays. Anal. Chem. 89, 11061–11069 (2017).

12. Trasobares, J. et al. Estimation of π-π electronic couplings from
current measurements. Nano Lett. 17, 3215–3224 (2017).

13. Jeong, H. et al. Redox-induced asymmetric electrical character-
istics of ferrocene- alkanethiolate molecular devices on rigid and
flexible substrates. Adv. Funct. Mater. 24, 2472–2480 (2014).

14. Nerngchamnong, N. et al. The role of van der Waals forces in the
performance of molecular diodes. Nat. Nanotechnol. 8,
113–118 (2013).

15. Trasobares, J., Vuillaume, D., Théron, D. & Clément, N. A 17 GHz
molecular rectifier. Nat. Commun. 7, 1–9 (2016).

16. De Boer, B., Hadipour, A., Mandoc, M. M., Van Woudenbergh, T. &
Blom, P. W. M. Tuning of metal work functions with self-assembled
monolayers. Adv. Mater. 17, 621–625 (2005).

17. Schwierz, F. Graphene transistors. Nat. Nanotechnol. 5,
487–496 (2010).

18. Ward, D. R. et al. Simultaneous measurements of electronic con-
duction and raman response in molecular junctions. Nano Lett. 8,
919–924 (2008).

19. Galperin, M. & Nitzan, A. Molecular optoelectronics: the interaction
of molecular conduction junctions with light. Phys. Chem. Chem.
Phys. 14, 9421–9438 (2012).

20. Jia, C. et al. Covalently bonded single-molecule junctions with
stable and reversible photoswitched conductivity. Science (1979)
352, 1443–1446 (2016).

21. Jia, C. et al. Redox control of charge transport in vertical ferrocene
molecular tunnel junctions. Chem 6, 1172–1182 (2020).

22. Alévêque, O. et al. Electroactive self-assembled monolayers:
Laviron’s interactionmodel extended to non-randomdistribution of
redox centers. Electrochem. Commun. 12, 1462–1466 (2010).

23. Grall, S. et al. Attoampere nanoelectrochemistry. Small 17,
2101253 (2021).

24. Weiss, E. A. et al. Influence of defects on the electrical character-
istics of mercury-drop junctions: Self-assembled monolayers of
n-alkanethiolates on rough and smooth silver. J. Am. Chem. Soc.
129, 4336–4349 (2007).

25. Nijhuis, C. A., Reus, W. F. & Whitesides, G. M. Mechanism of recti-
fication in tunneling junctions based onmoleculeswith asymmetric
potential drops. J. Am. Chem. Soc. 132, 18386–18401 (2010).

26. Nijhuis, C. A., Reus,W. F. &Whitesides, G.M.Molecular rectification
in metal-SAM-metal oxide-metal junctions. J. Am. Chem. Soc. 131,
17814–17827 (2009).

27. Nijhuis, C. A., Reus,W. F., Barber, J. R., Dickey,M.D. &Whitesides,G.
M. Charge transport and rectification in arrays of SAM-based tun-
neling junctions. Nano Lett. 10, 3611–3619 (2010).

28. Yuan, L. et al. Transition from direct to inverted charge transport
Marcus regions in molecular junctions via molecular orbital gating.
Nat. Nanotechnol. 13, 322–329 (2018).

29. Reimers, J. R., Wang, Y. & Kosov, D. S. Decomposition of ferrocene
on Pt(111) and its effect on molecular electronic junctions. J. Phys.
Chem. C. 123, 15569–15574 (2019).

30. Chidsey, C. E. D. Free energy and temperature dependence of
electron transfer at the metal-electrolyte interface. Science 251,
919–922 (1991).

31. Khomyakov, P. A. et al. First-principles study of the interaction and
charge transfer between graphene and metals. Phys. Rev. B 79,
1–12 (2009).

32. Kornilovitch, P. E., Bratkovsky, A. M. & Stanley Williams, R. Current
rectification by molecules with asymmetric tunneling barriers.
Phys. Rev. B 66, 1–11 (2002).

33. Kim, T., Liu, Z. F., Lee, C., Neaton, J. B. & Venkataraman, L. Charge
transport and rectification in molecular junctions formed with
carbon-based electrodes. Proc. Natl Acad. Sci. USA 111,
10928–10932 (2014).

34. Chen, X. et al. Molecular diodes with rectification ratios exceeding
10^5 driven by electrostatic interactions. Nat. Nanotechnol. 12,
797–803 (2017).

35. Zhang, Q. et al. Graphene as a promising electrode for low-current
attenuation in nonsymmetric molecular junctions. Nano Lett. 16,
6534–6540 (2016).

36. Zhang, Q. et al. Symmetry effects on attenuation factors in
graphene-based molecular junctions. J. Phys. Chem. Lett. 8,
5987–5992 (2017).

37. Lee, C., Wei, X., Kysar, J. W. & Hone, J. Measurements of the elastic
properties and intrinsic strength of monolayer graphene. Science
(1979) 321, 385–388 (2008).

38. López-Polín, G. et al. Increasing the elasticmodulus of graphene by
controlled defect creation. Nat. Phys. 11, 26–31 (2015).

39. Lee, W. H. & Park, Y. D. Tuning electrical properties of 2Dmaterials
by self-assembled monolayers. Adv. Mater. Interfaces 5, 1–16
(2018).

40. Zhang, Y. et al. Giant phonon-induced conductance in scanning
tunnelling spectroscopy of gate-tunable graphene. Nat. Phys. 4,
627–630 (2008).

41. Cernetic, N. et al. Systematic doping control of CVD graphene
transistors with functionalized aromatic self-assembled mono-
layers. Adv. Funct. Mater. 24, 3464–3470 (2014).

42. Watcharinyanon, S., Moons, E. & Johansson, L. S. O. Mixed self-
assembled monolayers of ferrocene-terminated and unsubstituted
alkanethiols on gold: Surface structure and work function. J. Phys.
Chem. C. 113, 1972–1979 (2009).

Article https://doi.org/10.1038/s41467-023-36714-7

Nature Communications |         (2023) 14:1381 9

https://repositorio.imdeananociencia.org/handle/20.500.12614/3261
https://repositorio.imdeananociencia.org/handle/20.500.12614/3261


43. Wang, H.,Wu, Y., Cong, C., Shang, J. & Yu, T. Hysteresis of electronic
transport in graphene transistors. ACS Nano 4, 7221–7228 (2010).

44. Adam, S., Hwang, E. H., Galitski, V. M. & das Sarma, S. A self-
consistent theory for graphene transport. Proc. Natl Acad. Sci. USA
104, 18392–18397 (2007).

45. Sagade, A. A. et al. Highly air stable passivation of graphene based
field effect devices. Nanoscale 7, 3558–3564 (2015).

46. Knobloch, T. et al. Improving stability in two-dimensional transistors
with amorphous gate oxides by Fermi-level tuning. Nat. Electron.
https://doi.org/10.1038/s41928-022-00768-0 (2022).

47. Puebla-Hellmann, G., Venkatesan, K., Mayor, M. & Lörtscher, E.
Metallic nanoparticle contacts for high-yield, ambient-stable
molecular-monolayer devices. Nature 559, 232–235 (2018).

48. Zheng, F. et al. Detection and switching of the oxidation state of Fe
in a self-assembled monolayer. Surf. Sci. 587, L191–L196 (2005).

49. Paul, A., Borrelli, R., Bouyanfif, H., Gottis, S. & Sauvage, F. Tunable
redox potential, optical properties, and enhanced stability of
modified ferrocene-based complexes. ACS Omega 4,
14780–14789 (2019).

50. Koppens, F. H. L. et al. Photodetectors based on graphene, other
two-dimensional materials and hybrid systems. Nat. Nanotechnol.
9, 780–793 (2014).

51. Zhao, Q. et al. The role of traps in the photocurrent generation
mechanism in thin InSe photodetectors. Mater. Horiz. 7,
252–262 (2020).

52. Clément, N., Nishiguchi, K., Fujiwara, A. &Vuillaume, D. One-by-one
trap activation in silicon nanowire transistors. Nat. Commun. 1,
197–200 (2010).

53. Qiu, X. et al. Thiol-free self-assembled oligoethylene glycols
enable robust air-stable molecular electronics. Nat. Mater. 19,
330–339 (2020).

54. Horcas, I. et al. WSXM: A software for scanning probe
microscopy and a tool for nanotechnology. Rev. Sci. Instrum. 78,
013705 (2007).

55. Lewis, J. P. et al. Advances and applications in the FIREBALL ab initio
tight-bindingmolecular-dynamics formalism. Phys. Status Solidi (B)
Basic Res. https://doi.org/10.1002/pssb.201147259 (2011).

56. Basanta, M. A., Dappe, Y. J., Jelínek, P. & Ortega, J. Optimized
atomic-like orbitals for first-principles tight-binding molecular
dynamics. Comput. Mater. Sci. 39, 759–766 (2007).

57. Dappe, Y. J., Ortega, J. & Flores, F. Intermolecular interaction in
density functional theory: application to carbon nanotubes and
fullerenes. Phys. Rev. B Condens. Matter Mater. Phys. 79,
165409 (2009).

58. González, C., Abad, E., Dappe, Y. J. &Cuevas, J. C. Theoretical study
of carbon-based tips for scanning tunnelling microscopy. Nano-
technology 27, 105201 (2016).

59. Tao, S. et al. Graphene-contacted single molecular junctions with
conjugated molecular wires. ACS Appl. Nano Mater. https://doi.
org/10.1021/acsanm.8b01379 (2018).

60. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fer-
mions in graphene. Nature 438, 197–200 (2005).

Acknowledgements
We acknowledge the Comunidad de Madrid projects NMAT-2D-P2018/
NMT-451 and TEC2SPACE-CM P2018/NMT-4291. IMDEA Nanociencia
thanks support from the “Severo Ochoa” Programme for Centers of
Excellence in R&D (MINECO, Grant CEX2020-001039-S). This work
was also supported by Ministry of Science, Innovation and Universities
under Grants PID2019-105552RB-C4-1 and ESP2017-92706-EXP, MADE-
MICINN: PID2019-105552RB-C44. We also acknowledge financial

support from ONR-Global under Grant DEFROST N62909-19-1-2053
and EMPIR-20FUN06-MEMQuD-EURAMET. MAN, MF and MWK
acknowledge funding by MICINN through PID 2021-122980OB-
C54. MWK acknowledges funding from Horizon 2020 Marie
Skłodowska-Curie COFUND DOC-FAM, with Grant agreement No.
754397. PEEM experiments were performed at CIRCE beamline at
ALBA Synchrotron Light Facility with experiment ID AV-2020024142.
We thank comments and suggestions of Dominique Vuillaume and the
work of David Cantarero Tomas for the production of the artistic Fig. 3,
info@davidcantarerotomas.com.

Author contributions
J.T. and D.G. conceived the general research. J.T. designed the experi-
ments, fabricated the devices, carried out the electrochemical, elec-
trical and optoelectrical experiments, analysed the data, and proposed
mechanisms. MAN and JCM-R carried out the XPS experiments and
analyzed the data. J.T., M.W.K., S.R.-G., M.F., and M.A.N. obtained and
analyzed the XAS data. M.C.d.O. get done Raman experiments and
analysed thedata. Y.D. performed theDFTcalculations. J.T., J.G.-P.,M.A.,
M.R.O., M.T.M., M.C.d.O., A.G. and D.G. supported the fabrication of
devices. J.T. and P.P. performed the A.F.M. and CAFM experiments. R.M.
and D.G. managed the research project. Results were discussed by all
the authors. The manuscript was written by J.T. with improvements of
D.G. and contributions from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36714-7.

Correspondence and requests for materials should be addressed to
Jorge Trasobares or Daniel Granados.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36714-7

Nature Communications |         (2023) 14:1381 10

https://doi.org/10.1038/s41928-022-00768-0
https://doi.org/10.1002/pssb.201147259
https://doi.org/10.1021/acsanm.8b01379
https://doi.org/10.1021/acsanm.8b01379
https://doi.org/10.1038/s41467-023-36714-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Hybrid molecular graphene transistor as an operando and optoelectronic platform
	Results and discussion
	Graphene top electrode at the single junction level
	Theoretical results at the single molecule level
	Construction of the m-GFETs platform
	Operando charge transport in the ferrocenyl m-GFETs
	Photo-induced charge transfer

	Methods
	Experimental design
	Device fabrication
	Electrochemical measurements
	AFM and CAFM
	XPS
	UPS
	Spatially resolved X-ray absorption spectroscopy (XAS)
	Raman spectra
	Optoelectrical measurements
	Electrochemical current
	Molecular energy level
	Surface coverage
	Coulombic interactions
	Energy molecular junction alignment
	DFT calculations
	Dirac point shift
	Trapped charges
	Graphene mobility
	Photoconductance
	Fermi–Dirac distribution
	Exponential decay model

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




