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Controlling charge transport through molecular tunnel junctions is of crucial
importance for exploring basic physical and chemical mechanisms at the
molecular level and realizing the applications of molecular devices. Here, through
a combined experimental and theoretical investigation, we demonstrate redox
control of cross-plane charge transport in a vertical gold/self-assembled
monolayer (SAM)/graphene tunnel junction composed of a ferrocene-based SAM.
When an oxidant/reductant or electrochemical control are applied to the outside
surface of the neutral single-layer graphene top electrode, reversible redox
reactions of ferrocene groups take place with charges crossing the graphene layer.
This leads to counter anions on the outer surface of graphene, which balance the
charges of ferrocene cations in the oxidized state. Correspondingly, the junctions
switch between a high-conductance, neutral state with asymmetrical
characteristics and low-conductance, oxidized state with symmetrical
characteristics, yielding a large ON/OFF ratio (>100). This robust control of
charge transport in vertical molecular junctions by utilizing the electronic
transparency of graphene provides a new route for realizing new functionalities in

future molecular electronic devices.

Subject terms: Molecular junctions ¢ Graphene ¢ Confined redox reaction ¢ Charge

transport



Charge transport through single or self-assembled monolayer (SAM) of molecules
has attracted great interest in the past two decades'™, due to the potential applications
of molecular tunnel junctions, beyond current scaling limits, as diodes>°, switches’”®
and transistors”!’. Furthermore, charge tunneling transport underpins basic physical
and chemical mechanisms at the molecular level, such as room-temperature quantum
interference (QI) effects'!"*, thermoelectricity'® and dynamic chemical processes'®!’.
Recently, we have demonstrated a new design of vertical molecular tunneling junctions

based on Au/SAM/graphene heterostructures'*!'*

, where single-layer graphene (SLG)
acts as the top electrode and electricity flows in a cross-plane direction, perpendicular
to the SAM. Since the SLG exhibits both partial electrical transparency'®'” and
selective material permeability’’, we were motivated to determine if charge transport
and chemical and electrochemical reactions could be separated across the graphene
layer. Here, we demonstrate this unique capability by constructing a vertical tunnel

junction composed of a ferrocene (Fc) based SAM, whose functionality relies on the

separation of chemical or electrochemical redox reactions across the SLG.
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Fig. 1 | Redox dominant Au/Fc-SAM/SLG junction. Schematic illustration of the
Au/Fc-SAM/SLG junction with oxidation and reduction treatments.

When an oxidant/reductant or electrochemical control are applied to the top of
graphene, redox reactions of Fc groups beneath the graphene take place. After an
oxidation process, counter anions exist on the outer surface of graphene to balance the
charges of Fc cations in the oxidized state (Fig. 1), leading to a switch-off of charge
transport through the junction switches with large ON/OFF ratio (>100). The designed
vertical molecular tunnel junction can be utilized to explore novel chemical and

electrochemical reactions at heterointerfaces, which are sensitive to the electronic
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transparency of graphene, thereby imparting new functionalities to molecular-scale

electronic devices.

The vertical molecular tunnel junction (Fig. 2a) is constructed as described in our
previous works'®'*. Specifically, an ultra-flat Au film is deposited on the surface of
highly doped silicon in a small hole at the center of a silicon/SiO> chip, where the
conducting silicon can be used as source electrode for the final device. To incorporate
the Fc-SAM, a monolayer of 6-ferrocenylhexanethiol (FcCeS) is then self-assembled
on the surface of Au film and confirmed by X-ray photoelectron spectroscopy (XPS)
and electrochemical characterization’' (Supplementary Figs. 1 and 3). Chemical vapor
deposition (CVD)-grown, single-layer graphene, confirmed by Raman
characterization’” (Supplementary Fig. 4a), is then transferred and patterned on the top
of Fc-SAM. Finally, a Ti/Au electrode is thermally deposited on the chip with one end
around the graphene sheet, and a small amount of reactive solution or electrolyte
solution is dropped on the top of Au/Fc-SAM/SLG channel. Since encapsulation by the
graphene layer prevents direct contact between the Fc-SAM and the solution, the
chemical redox reactions between the oxidant/reductant and Fc groups across graphene
layer can be investigated. Furthermore, by adding patterned reference and counter Pt
electrodes to the electrolyte solution, electrochemical redox reactions of Fc groups
under graphene layer can be controlled.

The experimental current density (Jp) vs. bias voltage (Vp) for the junction in the
initial state (before adding the oxidant) is shown in Fig. 2¢ (black line). An obvious
asymmetry of the Jp—Vp curve with a rectification ratio (R = |J(-0.8 V)|/|J(+0.8 V)|) of
~14 can be observed. To achieve chemical oxidation (C-oxidation), a drop of 0.1 M
H>O: solution is added on top of Au/Fc-SAM/SLG, maintained for 2 h and blown away
before further electrical measurements. From the experimental Jp—Vp curve of the C-
oxidation treated state, it can be observed that the curve changes to a symmetric shape
and the value of Jp decreases markedly (Fig. 2c, red line). In particular, at a negative
bias (V'p <0 V), the Jp drops by over two orders of magnitude. Next, a drop of 0.1 M

NaBHy4 solution is added on top of the chip, maintained for 2 h and blown away for



chemical reduction (C-reduction). After such a C-reduction treatment, the Jp—Vp
characteristics of the device almost recovers to its initial state (Fig. 2c, green dotted
line). When the device is sequentially treated by oxidizing and reducing solutions, it
reversibly switches between a low conductance state after C-oxidation and high
conductance after C-reduction (Supplementary Fig. 6). As a measure of this switching,
in response to alternating chemical oxidation and reduction treatments, the |Jp| at Vp =

-0.5 V changes between low and high states with ON/OFF ratio of ~120 (Fig. 2d).
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Fig. 2 | Chemical redox reactions of the junction. a, Schematic illustration of the
device structure of Au/Fc-SAM/SLG junction with a liquid drop on top of the chip. b,
Schematic illustration of chemical oxidation (C-oxidation) and chemical reduction (C-
reduction) of Fc group in the junction with crossing graphene layer. ¢, Plots of
experimental current density (Jb) vs. bias voltage (Vp) for the device in initial state,
treated by H>O, oxidizing solution (C-oxidation) and re-treated by NaBH4 reducing
solution (C-reduction). d, Corresponding |Jp| at Vb =-0.5V for the device sequentially
treated by oxidizing (red) and reducing (green) solutions.

To explore the mechanism of such chemical treatments, similar Au/Fc-SAM/SLG
samples with large areas were treated by the same oxidizing and reducing solutions.
From XPS characterizations, it can be observed that most Fc groups are oxidized after
H,0: oxidizing solution treatment, especially as the large Fe** peaks appear in the Fe
(2p) region (Supplementary Fig. 2a). When the sample is re-treated by a NaBH4

reducing solution, the oxidized Fc" groups are reduced to their initial state, as the Fe**
5



peaks disappear (Supplementary Fig. 2b). From contact angle characterizations, it can
be observed that the surface of Au/Fc-SAM/SLG becomes more hydrophilic after
oxidizing solution treatment (Supplementary Figs. 5a-c). With further investigations
(Supplementary Figs. 5f-h), it can be confirmed that the hydrophilicity of oxidation
treated Au/Fc-SAM/SLG surface is most probably due to the existent of complementary
anions on the outside surface of graphene. Therefore, these investigations suggest that
during the chemical oxidation treatment of Au/Fc-SAM/SLG, the Fc groups under
graphene layer are oxidized to form F¢' cations, with balanced anions at the other side

of graphene.

To benchmark the changes in charge transport through the Fc junction, with a large
ON/OFF ratio due to chemical redox treatments, we constructed a tunnel junction in
which the Fe-SAM was replaced by a C18-SAM and also characterised a graphene
device without a SAM layer. When the latter benchmark devices are treated by same
oxidizing solution, a slight increase of the conductance can be observed for both devices
(Supplementary Figs. 7b and 8b), which is probably due to the increased conductance
of the graphene layer. When the two devices are re-treated with a reducing solution, the
conductances of the devices decrease. Such opposing responses and small conductance
changes for the benchmark devices indicate that the responses of the Fc junction to
oxidizing/reducing solutions come from the Fc-SAM layer. Furthermore, little response
observed in the CI18 junction indicates that the chemical redox treatments have
negligible effect on the Au-S bonding and alkyl chains of SAM under the graphene

layer, further confirming that the response of the Fc junction comes from the Fc groups.

When the Au/Fc-SAM/SLG is treated by H>O» oxidation solution, hydroxyl
groups (OH") are expected to form and adsorb on the surface of graphene. To explore
the effect of OH™ adsorption, the Fc junction is treated by 0.1 M KOH solution for OH"
adsorption and 0.1 M HCI1Os solution for OH™ desorption. During the OH™ adsorption,
a slight decrease of the Jp by a factor of less than two can be observed (Supplementary
Fig. 9). Furthermore, the Jp of the Fc junction recovers to its initial value after the OH
desorption treatment. Together these investigations confirm that the large ON/OFF ratio
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switching of the Fc junction, in response to oxidizing/reducing solutions, is primarily

attributed to the redox reactions of Fc groups in the Fc-SAM.

To confirm the path for the redox reaction between oxidant/reductant in the
solution and Fc group in the junction, pristine thick layer (~3) graphene (Supplementary
Fig. 4c) obtained by a peeling-off technique’® was utilized to construct an Au/Fc-
SAM/graphene junction. When the junction is treated by the same H>O, oxidizing
solution and NaBH4 reducing solution, little response to the solutions can be observed
(Supplementary Figs. 10a-c). This indicates that the chemical redox reactions of Fc
groups in Au/Fc-SAM/graphene junction could only take place by crossing the single-
layer graphene, but not the thick-layer graphene. Furthermore, possible reactions to the
penetrated solution through the interface between graphene and SiO; substrate can also
be ruled out. When the Fc junction is constructed with pristine SLG obtained from the
peeling-off technique, the large ON/OFF-ratio switching of the junction by chemical
redox treatments is realized (Supplementary Figs. 11a-c), which is similar to that of the
Fc junction with a CVD-grown SLG. This confirms that the redox reaction between Fc
groups and oxidant/reductant takes place through the perfect lattice of the graphene and

not through defects in the graphene layer.

The redox reactions of the Fc-SAM in the Au/Fc-SAM/SLG junction were also
investigated by electrochemical control. In this case, the applied electrochemical
voltages can generate an electrochemical double layer at the outside surface of the
graphene, which tunes the energy levels of the system, transfers electrons between Fc
groups and Au electrode and thereby controls electrochemical redox reactions of Fc
groups (Fig. 3a). First, the large area Au/Fc-SAM/SLG film is utilized as the working
electrode for electrochemical characterization, with a Pt wire as counter electrode, a
mercury/mercurous sulfate electrode (MSE) as the reference electrode and a 0.1 M

HCIO4 solution as the electrolyte solution.
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Fig. 3 | Electrochemical redox reactions of the junction. a, Schematic illustration
of the electrochemical oxidation (EC-oxidation) and electrochemical reduction (EC-
reduction) with controlled electron transfer processes. b, Cyclic voltammograms (CVs)
for Au/Fc-SAM/SLG sample in 0.1 M HCIO4 solution. ¢, Jo—Vp curves for the junction
in initial state, treated by EC-oxidation and re-treated by EC-reduction. d,
Corresponding |Jo| at Vo = -0.5 V for the junction sequentially treated by
electrochemical oxidation (red) and reduction (green).

The cyclic voltammograms (CVs) of the Au/Fc-SAM/SLG sample (Fig. 3b) show
a pair of redox peaks corresponding to the electrochemical redox reactions of Fc groups,
with the peak position largely similar to that of the Au/Fc-SAM sample without a
covering graphene layer (Supplementary Fig. 3). Furthermore, the CVs obtained for the
Au/Fc-SAM/SLG sample show more simplified redox peaks with single peak
properties, because the complex peak structures for Au/Fc-SAM sample
(Supplementary Fig. 3) cannot be observed. This indicates that with a single layer of
graphene between the Fc groups and electrolyte solution, more homogeneous
electrochemical redox reactions take place. From contact angle characterizations, it can
be observed that when the Au/Fc-SAM/SLG sample is electrochemical oxidized at 0.1
V (vs. MSE) for 180 s, the surface of Au/Fc-SAM/SLG becomes more hydrophilic
(Supplementary Fig. 5d), which indicates that the electrochemically oxidized state has
counter anions on the outside surface of graphene. When the oxidized sample is further
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electrochemically reduced at -0.2 V (vs. MSE) for 180 s, the surface of Au/Fc-
SAM/SLG recovers its hydrophilicity.

In the Au/Fc-SAM/SLG junctions, a graphene sheet is connected to ground and
the drain voltage (Vp) is applied to Au film electrode. Two patterned platinum
electrodes are laid around the functional center, where one is used as reference electrode
and another one is used as counter electrode. The Au/Fc-SAM/SLG channel, reference
and counter electrodes are covered by a small amount of 0.1 M HCIlO4 solution for
electrochemical redox reactions, then dried for measurements. When the junction is
treated by electrochemical oxidation (EC-oxidation) at 0.3 V for 180 s, it can be
observed that the original asymmetrical Jp—FVp curve with high conductance (Fig. 3c,
black line) changes to a symmetrical Jp—Vp curve with low conductance (Fig. 3c, red
line). This behaveiour is similar to that observed under the chemical oxidation process
(Fig. 2¢). When the junction is re-treated by electrochemical reduction (EC-reduction)
at -0.3 V for 180 s, the charge transport properties of the device almost recovers to its
initial state (Fig. 3c, green dotted line). When the device is sequentially treated by
electrochemical oxidation and reduction, as shown in Fig. 3d for |Jp| at V'p=-0.5V, the
device reversibly switches between low conductance state in EC-oxidized state and
high conductance state for EC-reduced state with high ON/OFF ratio of two orders of

magnitude.

For the benchmark devices with a C18 SAM, or without a SAM, when the devices
are treated by the same operation of electrochemical oxidation, only a slight increase of
the current can be observed for both devices (Supplementary Figs. 7d and 8d). When
the two devices are re-treated by the same operation of electrochemical reduction, the
conductance of these devices slightly decrease after treatment (Supplementary Figs. 7¢
and 8e). These current changes are similar to those observed in response to chemical
redox processes (Supplementary Figs. 7f and 8f). For the Fc-SAM/SLG junctions
constructed by peeling off single-layer graphene and thick layer graphene, the
responses of these devices to electrochemical redox treatments are also similar to those
in response to chemical redox treatments (Supplementary Figs. 10 and 11). These
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results indicate that the responses of the junction to electrochemical redox treatments
come from the electrochemical redox reactions of Fc groups through graphene layer,

similar to those in chemical redox processes.

EGround (eV)

Fig. 4 | Graphene-molecule contact geometry. a, Schematic representation of the
ferrocene-graphene contact, where d is the contact separation. b, Ground state energy
versus d for different number of electrons N on the molecule, N = 0 (neutral) and N = -
1 (oxidized).

To understand the redox tunable charge transport behavior in the Fc-SAM devices,
we have developed a theoretical model by using a combination of density functional
theory (DFT)** and quantum transport theory”. This reveals that the lower conductance
of the oxidized SAM is due to an increase in the separation between the top graphene
contact and the Fc-SAM, resulting from their mutual electrostatic repulsion upon
oxidation. Specifically, to construct a model of the device, the geometry of the isolated
molecule was first optimised using the DFT code SIESTA. The geometry of each
contact was optimised in the vicinity of an Au (111) surface and a graphene sheet
separately. The thiol anchor group, attached to the alkane chain, binds to gold by losing
a hydrogen and forms a covalent bond. The binding geometry of the ferrocene to the
pristine undoped graphene was investigated. For the geometry of Fig. 4a, the plane of
the 5 membered ring of the ferrocene unit lies parallel to the graphene surface. Using
an VAW functional®, the ground state energy was calculated as a function of separation
d (Fig. 4b), and the minimum was found to occur at an optimum separation of d = 3.2
A. Alternative geometries were considered (Supplementary Fig. 12), but found to be
too low in conductance when compared with experiment (Supplementary Fig. 17). The

behaviour of the graphene-ferrocene contact when the molecule becomes oxidized was
10



simulated by performing a net charge calculation on the graphene-ferrocene system as
the number N of electrons in the junction of Fig. 4a was reduced. Upon oxidation, a
Mulliken analysis shows the number of electrons on the ferrocene to be N = -1
(supplementary note 3). Figure 4b shows that as the ferrocene becomes oxidized, the
minimum of the energy curve shifts from d = 3.2 A for the neutral molecule to a value
of 3.8 A, in agreement with previous work that showed that oxidation of a ferrocene
unit leads to an electrostatic repulsion between the positively charged ferrocene and the
positively charged graphene layer®. We also calculated the binding energy when the
graphene surface is doped with hydroxide molecules, which remove electrons from the
graphene so that they become OH™ ions. In this case, the graphene becomes positively
charged, which is accordance with experimental results of XPS characterization
(Supplementary Fig. 2c). This also changes the charge state on the ferrocene
(Supplementary Fig. 14) and prevents binding for all calculated values of d, consistent

with electrostatic repulsion at the contact.

—-1.0V

== Reduction
== Oxidition

\
v
Y

H

‘!
-0.2 0.0 0.2 0.4
Vo (V)

Fig. 5 | Theoretical model of junction. a, Schematic representation of the three-
terminal gold-molecule-graphene junction with periodic boundary conditions along the
y-axis. b, Transmission coefficient T(E, Vp) for source drain voltages between -1 and
1 V with step of 0.2 V for d = 3.2 A. ¢, I-V characteristics for contact distances of d
changed from 2.9 to 4.7 A with step of 0.2 A. d, Comparison between the current for
reduction state (green curve, d = 3.2 A) and the current for oxidation state (red curve,
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d=3.8A).

To calculate the electrical current through the SAM, we model the junction shown
in Fig. 5a. The in-plane periodicity of the graphene and the molecular layer is achieved
by repeating the unit cell using a Bravais lattice with 30k-points in the y-direction. This
models a SAM, in which the molecules are ~2 nm apart. The gold electrode is modelled
as a nanowire attached to each molecule. A mean-field Hamiltonian and an overlap
matrix were extracted from the converged DFT calculation and combined with our
quantum transport calculation code, Gollum, to calculate the voltage-dependent
transmission coefficient 7(E, V'p) of electrons of energy E passing from the graphene to
gold electrodes in the presence of a source-drain voltage Vp. More details of the
theoretical method are provided in the Supplementary Section 3.

The resulting voltage-dependent transmission curves 7(E, Vp) for a contact
separation d = 3.2 A are shown in Fig. 5b. In these plots, the HOMO resonance (at E —
Efo'd = —0.25 eV) of the molecule lies close to the Fermi energy ES°4 of the gold
electrode, and the voltage-dependent minimum in the transmission corresponds to the
Dirac point of the graphene. The voltage dependence is calculated by applying a
potential gradient to the Hamiltonian elements of the graphene leads, which for negative
V'b causes the Dirac point to shift to higher energies and the HOMO to slightly lower
energies. The source drain current is then evaluated by the Landauer formula:

2e (EF (VD)
1(Vp) = A pgoi T(E,Vp)dE

Since the gold lead is earthed, the gold Fermi energy EF° is not affected by the

source-drain or gate voltage. If the graphene-ferrocene distance d is held fixed, the
resulting I-V curve is shown in Fig. 5d (green curve) and reveals that there is a small
rectification with a larger negative bias current than positive current. This follows the
behaviour of the initial — pre-oxidized experimental measurement (Figs. 2¢ and 3c).
To model the behaviour of the SAM upon oxidation, we account for electrostatic
repulsion between the oxidized ferrocene and graphene by increasing the contact

separation d. Doping of the graphene also causes the Dirac point to be shifted away
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from its position for neutral graphene, which removes the dip in the transmission curves
close to the Fermi energy and causes the /-V curves to become symmetric. The resulting
current-voltage curves for different separations d (Fig. 5¢) show a decrease in current
of 2 orders of magnitude occurs when the distance d increases from 3.2 to 3.8 A. Figure
5d then shows a comparison between the contact separation 3.2 A (reduced) and 3.8 A
(oxidized), which shows good agreement to the experimental results of Fig. 2c.
Therefore, the reduction in current through the device when the molecule is oxidized is
due to an increase in the separation between the top graphene contact and the Fc-SAM,

resulting from their mutual electrostatic repulsion in the oxidized state.

In summary, we have demonstrated redox control of cross-plane charge transport
in an Au/Fc-SAM/SLG junction. Specifically, an oxidant/reductant or an
electrochemical potential induces redox reactions of Fc groups under the graphene and
changes the separation between the top graphene contact and the Fc-SAM. This
switches the junction between a high conductance neutral state with an asymmetrical
Jp—Vpb curve and a low conductance oxidized state with a symmetrical Jp—Vp curve,
yielding a large ON/OFF ratio exceeding two orders of magnitude. During these redox
reactions, charges cross the graphene layer. Due to the electronic transparency and ion
impermeability of graphene in most cases, in the oxidized state, the counter anions
remain separated on the top surface of the graphene layer and balance the oxidized Fc
cations beneath graphene. Therefore, the vertical Au/SAM/graphene junction can be
used to explore chemical and electrochemical reactions at graphene heterointerface,
which are sensitive to unique selective permeability properties of the graphene
membrane'®?%?’. Furthermore, by utilizing the selective permeability of graphene to
charges and ions, the states of the SAMs can be effectively tuned by external stimuli,
which moves us a significant step closer to realizing new functionalities for molecular
electronics devices, such as chemical/biological sensors, electrochemical detectors,

optoelectronic devices and logical devices.
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Methods

Device fabrication. The device fabrication processes were similar to our previous
works'®!*. Specifically, silicon wafer (single side polished, highly n-doped, coated with
300 nm SiO) was cut into appropriate size and cleaned for further use. A photoresist
mask with patterned 80 um holes was covered on the silicon wafer by a
photolithography process (Karl Suss MA6 Contact Aligner). The 300 nm SiO; layer in
the holes was then selectively etched with a buffered oxide etchant (BOE, 1:6 HF:NH4F)
for 6 minutes. Next, a 30 nm SiO; layer was thermally grown on the exposed silicon
surface in the holes by annealing in air at 960 °C for 45 minutes. With another
photolithography process and e-beam evaporation, 10/60 nm Ti/Pt gate electrodes and
metal marks were placed around the pretreated holes. After e-beam lithography, BOE
etching and e-beam evaporation processes, the conductive silicon surface in three
1.5%1.5 um? square holes at the center of 80 um holes were exposed out again and
further covered with ultra-flat 5/23 nm Ti/Au film. After that, the prepared samples
were annealed at 300 °C for 1 h and stored in a vacuum desiccator for further use.

For molecule self-assembling on the surface of the gold films, 1 mM solution of
the 6-ferrocenylhexanethiol (FcCeS) in the chromatographic grade ethanol was
prepared in the glove box (< 1 ppm O2/H>0). The pretreated sample was immersed in
5 ml corresponding FcCsS solution for 24 h. After that, the sample was taken out,
alternately washed with hexane and ethanol for three times and dried by a nitrogen blow.
For the contrast system, 1-octadecanethiol (C18) was self-assembling on the surface of
the gold film by same processes.

High-quality single layer graphene (SLG) was synthesized by a low-pressure
chemical vapor deposition (CVD) method”” and transferred on the samples by a
poly(methyl methacrylate) (PMMA) assisted wet transfer process. Next, patterned
graphene sheets were formed with covering the 80 pm holes by a photolithography
process and selective oxygen plasma etching. After a photolithography process, 20/60
nm Ti/Au was thermally evaporated for fabrication of the drain electrodes with
connecting to the graphene panels and the source electrodes at the corner, which is

connected to the back conductive silicon layer. For the contrast devices with pristine
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graphene, the devices were fabricated by similar processes, where the pristine graphene

was obtained by a peeling-off technique®*-*®

and transferred on the samples by a precise
transfer technique”. All prepared devices were stored in a vacuum desiccator for further
measurements.

Device characterization. Electrical properties of the devices were measured by an
Agilent 5155C semiconductor characterization system on a Model TTPX cryogenic
probe station (Lake Shore Cryotronics, Inc.). Electrochemical characterizations were
implemented on a CHI660E electrochemical station. X-ray photoelectron spectroscopy
(XPS) characterizations were carried out on Kratos Axis Ultra X-ray photoelectron
spectroscopy system (AlKa radiation, power < 180 W). LabRAM HR Evolution Raman
spectrometer (Horiba Scientific) with excitation wavelength at 488 nm was used for
Raman characterizations. Contact angle characteristics were measured by using a
telescope and goniometer (Ramé-Hart) from water drops that were dropped to the
surface using a micrometric syringe.

Theoretical calculations. The theoretical calculations were carried out by using a

)** and quantum transport theory™.

combination of density functional theory (DFT
Specifically, the geometry of the ferrocene molecule was calculated by relaxing the
geometry in SIESTA, until all forces on the atoms were less than 0.01 V/A. Here, a
double zeta basis set was used, along with norm-conserving pseudopotentials, the local
density approximation’’ was used to describe the exchange correlational functional and
the energy cutoff was 150 Ry. The same parameters were also used to optimize the
geometry of the graphene sheet which consisted of 72 atoms and utilized periodic
boundary conditions. To calculate the binding energy using SIESTA we use a
counterpoise method to correct for basis set superposition errors that are inherent with
the localized orbital basis sets employed here. The calculations of the transport
properties were performed using the local-density approximation (LDA) functional of
the exchange and correlation functional is used with the CA parameterization along
with a double-{ polarized (DZP) basis set, a real-space grid defined with an equivalent
energy cut-off of 150 Ry. Detailed explanations of the theoretical calculations are given

out in Supplementary Section 3.
18



References

28. Jia, C. et al. Logic control of interface-induced charge-trapping effect for ultrasensitive gas
detection with all-mirror-image symmetry. Adv. Mater. Technol. 1, 1600067 (2016).

29. Yu, W. J. et al. Vertically stacked multi-heterostructures of layered materials for logic

transistors and complementary inverters. Nat. Mater. 12, 246-252 (2013).

19



