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The electronic structure of physisorbed molecules containing aromatic nitrogen heterocycles (triazine

and melamine) on graphene is studied using a combination of electronic transport, X-ray photoemission

spectroscopy and density functional theory calculations. The interfacial electronic structure and charge

transfer of weakly coupled molecules on graphene is found to be governed by work function differences,

molecular dipole moments and polarization effects. We demonstrate that molecular depolarization plays

a significant role in these charge transfer mechanisms even at submonolayer coverage, particularly for

molecules which possess strong dipoles. Electronic transport measurements show a reduction of gra-

phene conductivity and charge carrier mobility upon the adsorption of the physisorbed molecules. This

effect is attributed to the formation of additional electron scattering sites in graphene by the molecules

and local molecular electric fields. Our results show that adsorbed molecules containing polar functional

groups on graphene exhibit different coverage behaviour to nonpolar molecules. These effects open up a

range of new opportunities for recognition of different molecules on graphene-based sensor devices.

Introduction

Understanding and controlling the fundamental electronic
processes at the interfaces between conjugated organic mole-
cules and electrically conductive surfaces is of considerable
interest for many important technological applications, includ-
ing organic electronics, solar cells and sensors.1–3 Although
the interfacial electronic structure of metal–organic systems
has been the subject of intense research for a long time,4,5 the
rich interplay of physics, diversity of molecular structures and
the importance of weak and long range interactions has made

the understanding of these interface electronic structures
difficult. The use of a two dimensional (2D) substrate can
provide new insights into these problems by simplifying the
role of the (typically ‘bulk’) metal substrate. Additionally, the
use of conductive 2D materials opens up entirely new opportu-
nities, providing access to information about the molecular-
substrate interactions through electronic transport measure-
ments and potential for developing new sensor devices.

Graphene, a single layer of graphite, is an ideal 2D material
for probing these interfacial molecular-substrate interactions
because of its extraordinary electrical, optical, thermal, and
mechanical properties.6,7 Graphene is a semimetal and its
majority charge carriers can be tuned from electrons to holes
by an external electric field.8 This allows precise determination
of the charge neutrality point (Dirac point) and the doping
type in graphene field effect transistors (FETs).9 Moreover,
recent studies have shown that the electronic structure of gra-
phene can be effectively tuned between n-type or p-type
doping by the adsorption of various electron donating/accept-
ing molecules.10–12 A combination of these mechanisms pro-
vides a unique tool for studying and detecting different gases,
organic molecules, biomolecules and other substances.
Previous reports have demonstrated this sensing ability of
graphene, showing extreme sensitivity to the adsorption of
different molecules,13–15 and even achieving a single-molecule
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detection limit with NO2.
13 Such high sensitivity can be

explained by the extremely low electronic noise characteristics
and high specific surface area of graphene.16–18 Although gra-
phene sensors have proven to be highly sensitive, their ability
to distinguish between different molecular species (selectivity)
remains a major problem for practical applications. Another
major hurdle for graphene-based sensors is the detection of
weakly interacting organic molecules and molecular recog-
nition of non-covalent interactions. A good understanding of
these effects and their limitations is essential for the advance-
ment of graphene chemical sensors and hybrid organic-
graphene nanoelectronics.

Here we present a combined experimental and theoretical
study of small organic molecules adsorbed on CVD graphene
and investigate their role in the modification of the graphene
electronic structure. We use graphene FETs to sense molecular
adsorption processes occurring on their surfaces via changes
in the chemical potential of graphene. In particular, we focus
on two similar organic molecules containing aromatic nitro-
gen heterocycles, 1,3,5 triazine and melamine, and investigate
how different chemical functional groups manifest in elec-
tronic transport measurements for selective chemical sensing.
We investigate the mechanism of charge transfer doping and
the existence of molecule specific signatures in FET electrical
conductivity measurements and compare these results with
synchrotron-based X-ray photoelectron spectroscopy (XPS)
measurements and density functional theory (DFT) calcu-
lations. We demonstrate that graphene-based FETs are a sensi-
tive and versatile tool for studying the interfacial electronic
structure, charge transfer processes and collective molecular
electric fields of weakly coupled molecules on graphene.

Experimental

The graphene samples used in this study were grown by
chemical vapor deposition (CVD) on Cu foils and transferred
onto SiO2 (90 nm)/n-Si(100) substrates using a polymethyl
methacrylate (PMMA) transfer method.19,20 The thickness
of the graphene layer across each sample was confirmed to be
1 monolayer (ML) using Raman spectroscopy.† The samples
were annealed at 270 °C in Ar atmosphere for a few days to
improve their surface cleanliness. Each graphene sample was
divided into two adjacent areas to allow for simultaneous
electric and XPS characterization at each molecular coverage.
For the electronic measurements, Ti/Au (10/100 nm) contacts
with 50 μm separation were deposited onto the graphene
using e-beam evaporation through a shadow mask. The
graphene was patterned using PMMA protective layers followed
by O2 plasma etching. The samples were then introduced into
a vacuum chamber and annealed at 250–300 °C for at least 2 h
in order to remove water and other airborne contamination.
Deposition of triazine and melamine was performed using a
low temperature effusion cell (MBE Komponenten GmbH)
operating at 140 and 175 °C, respectively. Increasing melamine
coverage was achieved by incremental molecular depositions

on graphene at room temperature between each XPS and elec-
tronic measurement. Since triazine desorbs from graphene at
room temperature, we controlled the molecular coverage of
triazine by depositing a thick layer at −100 °C and performed
the measurements while triazine slowly desorbed off the
graphene surface. Both XPS and electronic transport measure-
ments were conducted after each deposition, on the two separ-
ate pieces of each graphene sample respectively, in an ultra-
high vacuum (UHV) chamber at the Soft X-ray beamline at the
Australian Synchrotron. To avoid possible beam damage of
the molecules, different measurement positions were used for
each XPS scan. All experiments, including deposition of mole-
cules, were carried out under UHV conditions with pressures
below 1 × 10−9 mbar to avoid any interference from air or
water contamination during the measurements. Pressures
higher than 1 × 10−8 mbar have been observed to cause a
small shift in the chemical potential of graphene, which
would interfere with the measured signals from the deposited
molecules.

Results and discussion

Fig. 1 shows electronic transport measurements of a graphene
FET device on SiO2/Si as a function of gate voltage (VG) for
increasing melamine coverage. A schematic outline and
optical profiler images of the corresponding single layer
bottom-gated graphene FET are shown in Fig. 1(a and b). The
device characteristics of pristine graphene (Fig. 1c) shows the

Fig. 1 (a) Schematic illustration of the cross-section through a gra-
phene FET with adsorbed molecules on the surface. (b) An optical
profiler map of the top surface of a graphene channel and Ti/Au electro-
des in FET devices. (c) Gate voltage dependent source-drain current (ISD)
spectra of a graphene FET at a constant source voltage (VSD = 50 mV) as
a function of increasing melamine coverage. The inset shows a positive
shift of the conductivity minimum (the Dirac point) upon adsorption of
melamine, corresponding to p-type doping of graphene by melamine.
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typical ambipolar transport behaviour with a minimum
source-drain current (ISD) at −6.5 V, which is related to the
difference between the charge neutrality point (the Dirac
point) and the position of the Fermi level in graphene. The
clean graphene is therefore slightly n-type doped, in accord-
ance with previous reports.21 The gate dependence of ISD
shows a clear change upon adsorption of the molecules onto
the graphene FET, with the Dirac point shifting to the right
(higher gate voltage) with deposition of melamine. This corres-
ponds to electron removal (p-type doping) of the graphene by
melamine. The FET thus serves as a chemical sensor, and
reacts measurably to the interaction of graphene with a small
number of molecules (103–105 per μm2). Deposition of triazine
on graphene FETs have resulted in a similar behaviour to mel-
amine.† The observed reduction of the minimum conductivity
in the FET spectra can be attributed to either a change in
contact resistance or graphene–substrate interactions, due to
adsorption of the molecules. Any contact resistance change
can be qualitatively understood by a molecule-induced work
function realignment of the metal electrodes.22 The latter
effect might arise from the interaction of adsorbed molecules
with charge impurities in the SiO2 substrate, which has been
reported to induce electron–hole puddles in graphene.23

The formation of these electron–hole puddles is also currently
one of the most accepted mechanisms for broadening
of the minimal conductivity region in graphene FET
measurements.24,25

Utilizing the same graphene sample, we carried out a com-
parative study using synchrotron-based XPS measurements on
the large flat graphene area neighbouring the FET structures.
We measured XPS spectra of graphene using 330 eV photons
and monitored the changes of the C 1s peak of graphene as a
function of increasing molecule coverage, as shown in Fig. 2.
By simultaneously monitoring the N 1s spectra (using 500 eV
photons for similar surface sensitivity) we could precisely
determine the average molecular coverage deposited on the
graphene surface. This was achieved by comparing the N 1s
peak area to the C 1s peak area of monolayer graphene, taking
the advantage of the similar kinetic energy of photoelectrons
and correcting for their respective photoionization cross
sections.†

The C 1s core-level spectrum of graphene with triazine and
melamine contains two groups of peaks, as shown in Fig. 2.
The group at 284.5 eV corresponds to CVD graphene, and the
second group around 288 eV represents the C–N bonds in tri-
azine and melamine. The tail C–N2 peak for the high triazine
coverage data is attributed to electron charging on thicker
molecular islands. It is clear that, aside from a binding energy
shift, the lineshape of the graphene C 1s remains unchanged
with the addition of the molecular adlayers, indicating no
chemical bonding of these molecules with the substrate. Due
to the large energy separation of the molecular and graphene
peaks, we can use the position of the graphene C 1s peak as a
probe of the electronic structure modification of graphene
induced by the molecules. The C 1s peak position of graphene
can be used as a measure of the shift in the chemical potential

(doping) of graphene. There is a clear downwards shift in
binding energy of the C 1s peak of graphene for both mole-
cules upon molecular deposition, corresponding to an
increase of the chemical potential of graphene due to either
direct electron transfer from graphene to the molecules or
other indirect electron rearrangement processes. The XPS data
therefore shows qualitative agreement with the FET results. It
is important to note here that the position of the graphene C
1s peak fully recovered to its initial position after completely
removing the deposited molecules with a short anneal of the
substrates at 200 °C. This result again confirms that both tri-
azine and melamine are weakly bound to graphene, and fur-
thermore that the electronic structure of graphene recovers
upon desorption of these molecules from the surface.

One of the main advantages of the FET-based measure-
ments, when compared with XPS methods, is that they provide
better sensitivity of the molecule-induced signals in graphene.
While the measured shifts in XPS peak position are very close
to the energy resolution limit (∼0.05 eV) of the synchrotron
XPS system, the FET measurement precision is essentially
limited by electronic noise in our electronic devices (10−7 A
and 1 mV). Moreover, the determination of the charge neu-
trality point in our FET measurements can be even further
improved by using higher mobility graphene with steeper
IDS–VG characteristics, such as reported in recent studies of
graphene on BN.26,27

Fig. 2 XPS C 1s (hν = 330 eV) and N 1s (hν = 500 eV) spectra of gra-
phene with increasing coverages of (a) melamine and (b) triazine.
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In Fig. 3, we compare the electronic transport and XPS data
as a function of molecular coverage of triazine and melamine
on graphene. The electrical data represents the induced charge
carrier density (Δn) of graphene caused by the molecules. The
Δn values have been obtained by using the observed voltage
shifts of the conductivity minima in graphene with the
known back gate capacitance of the SiO2 dielectric layer (CG =
3.84 × 10−4 Fm−2) according to the following expression n =
CGVmin/e.

28 The XPS results are plotted as shifts in binding
energy of the C 1s peak of graphene, i.e. changes of the chemi-
cal potential. Overall, there is a very good correspondence
between the XPS and FET data, which clearly shows that the
measured changes originate from the same mechanism.
Additionally, it confirms that the measured FET signals are
caused predominantly by the graphene–molecule interactions
and not by molecular interactions with the metal contacts.

Interestingly, the coverage profiles differ significantly for
melamine and triazine. While we observe a saturating mole-
cular coverage dependence for triazine with a maximum shift
at about a monolayer, the situation is quite different for mela-
mine. The melamine data show a maximum shift at coverage
of about 0.4 ML followed by a slow decay at higher coverages.
This behaviour is a typical signature of depolarization effects
in the adsorbed molecular layers.29 Similar results have been
previously observed in coverage-dependent work function
measurements of transition metals and organic molecules on
metal substrates,29–33 and recently also in density functional
theory (DFT) calculations of Li on graphene.34 To check that
the observed effect is not a result of structural changes in the
molecular layer, we have performed angle dependent NEXAFS
measurements to determine the orientation of the molecules
on the graphene surface.† As expected from previous studies
of triazines on graphene and graphite,35,36 both molecules
adsorb on graphene in a flat geometry and we did not find any

significant change in their arrangement with increasing
coverage.

Fig. 4 shows a change of charge carrier mobility of gra-
phene as a function of triazine and melamine coverage. The
graphene charge carrier mobility was derived using constant
mobility model,28,37 where the mobility (μ) was obtained from
linear fits of the electron and hole branches of the IDS–VG
characteristics using ΔIDS/ΔVG = neμ. Due to the initial asym-
metry between the hole and electron conduction regimes in
the clean graphene device on SiO2,

38 the hole mobility is
found approximately twice as large as the electron mobility.
The adsorption of the molecules gives rise to a further increase
in this asymmetry, exhibiting a larger change of the slope in
the hole conductivity region (Fig. 1). Overall, the mobility of
the graphene FETs decreases with increasing molecule cover-
age. Melamine data shows the maximum mobility at 0.3 ML,
which is the molecular coverage inducing the largest charge
neutrality point shift in graphene (Fig. 3). The triazine data
shows saturation of both electron and hole mobility above 1
ML coverage, which is in line with the coverage dependence of
molecule induced charge carrier density in graphene in Fig. 3.

The decrease of graphene conductivity and mobility with
increasing molecule coverage can be explained by three poss-
ible effects. The first one is related to a change of the dielectric
environment by adsorption of the molecules on the graphene
surface. Newaz et al. have reported that graphene devices
immersed in polar liquids demonstrate much lower mobility
than devices immersed in nonpolar liquids.37 This trend has
been explained by different dielectric screening of charged
impurities in graphene and the SiO2 substrate.37 The higher
polarity of melamine in respect to triazine could possible
explain the larger reduction of graphene mobility with mela-

Fig. 3 A comparison between triazine and melamine coverage depen-
dence of change in graphene carrier density (full symbols) determined
from the shift of the charge neutrality point in electronic transport
measurements and binding energy shifts (ΔBE) of the C 1s peak of gra-
phene (open symbols) determined from XPS. The solid lines represent
fits to the ΔBE data points using an electrostatic depolarization model
(eqn (3)). Fig. 4 Graphene charge carrier mobility as a function of increasing

melamine (top) and triazine (bottom) coverage. The charge carrier
mobility was determined from the linear fits of IDS–VG characteristics.
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mine (12% reduction of hole mobility) than triazine (5%
reduction of hole mobility). The second possible effect explain-
ing the flattening and the increased asymmetry in IDS–VG
measurements is related to a molecular-induced change in the
interfacial potential barrier at the metal–graphene con-
tacts.39,40 The metal–graphene interface barrier has been
found to significantly limit the charge transport and carrier
tunnelling probability in the FET devices.40 The role of the
molecules on the contact resistance, however, could not be
explored in two terminal devices used in this study. The third
option is that the molecules act as direct scattering sites in gra-
phene transport by inducing additional local electric fields in
graphene, which results in a reduction of graphene mobi-
lity.28,37 A formation of such molecule-induced electric fields
is explained later in the text using density functional theory
calculations.

To explain the different coverage characteristics of mela-
mine and triazine on graphene, we use a simple electrostatic
depolarization model to derive the chemical potential modifi-
cation in graphene induced by the adsorption of a thin film of
dipolar molecules.29,41 The system is described as the charging
of a parallel plate capacitor of molecular length with the far-
field established outside of the top plate. Each molecule pos-
sesses a dipole moment (μ) that generates an electric field at
distance r as

EðrÞ ¼ 1
4πε0

3ðμ � rÞr � μ
r3

� �
: ð1Þ

Restraining the problem to only the z-direction (perpen-
dicular to the graphene plane), this field polarizes neighbour-
ing molecules in the adlayer, giving rise to a net dipole
moment

μz ¼ μ0z þ αEz; ð2Þ

where α is the polarizability of the molecules and µ0z is the
point dipole moment associated with each molecule. The
energy change of the chemical potential upon physisorption of
polar molecules is akin to establishing a potential difference
by charging the molecular plate capacitor. The potential can
be calculated by performing the lattice summation of the elec-
tric field from all oriented dipole moments in the adlayer as29

ΔE ¼ eΔV ¼ eμ0zN
ε0ð1þ cαN3=2Þ ; ð3Þ

where N is the number of surface-coating adsorbates per unit
area and c ≈ 10, a geometric factor resulting from an infinite
grid structure summation.32 Fits to the XPS experimental data
using eqn (3) with two fit parameters (µ0z and cα) are shown by
solid lines in Fig. 3 and the fit parameters are given in Table 1.
The simple electrostatic depolarization model suggests that
the coverage profile of melamine is a consequence of a strong
molecular dipole moment, of the order of 0.5 eÅ. Although
this model does not include quantum mechanical effects, it
describes the measured data very well. The validity of this
model has previously been tested on different molecule–metal

systems and it has been found that it models the interfacial
interactions in good agreement with quantum mechanical
calculations.29

To gain a more accurate theoretical insight in the observed
effects, we also performed electronic structure calculations of
the molecules on graphene using density functional theory
(DFT) using the Vienna ab initio simulation package (VASP).42

We used the generalized gradient approximation (GGA) of
Perdew–Burke–Ernzerhof (PBE) for the electron exchange–
correlation functional43 including van der Waals corrections,
using a semiempirical functional developed by Grimme
(DFT-D2).44 The details of the DFT calculations are described
in ESI.† Fig. 5 illustrates the optimised geometry and band
structures of graphene upon adsorption of triazine and
melamine on graphene. Both molecules are physisorbed on
graphene with binding energies of −0.42 and −0.66 eV for iso-
lated triazine and melamine molecules on the 7 × 7 graphene

Fig. 5 Optimized geometry and band structures of graphene with
adsorbed (a) triazine and (b) melamine on the surface. The red lines in
the band structures highlight the contributions of the hybridized mole-
cular states in the electronic structure of graphene.

Table 1 Calculated work function change (ΔΦ) and charge transfer
(Δq) of graphene with the adsorbed molecules and electric dipole
moments (μz) of triazine and melamine on graphene using DFT. The out-
of-plane point dipole moment (μ0z) of the molecular layers and polariz-
ability parameters (cα) determined from fitting XPS data using the
electrostatic depolarization eqn (3)

Molecule ΔΦ (eV) Δq (e mol−1) µz (e Å) µ0z fit (e Å) cα fit (Å3)

Triazine 0.046 0.055 0.010 0.061 0.65
Melamine 0.279 0.076 0.482 0.549 6.2
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supercell respectively. The binding energy has been found to
decrease slightly to −0.41 eV and −0.62 eV for higher mole-
cular coverage using the 4 × 4 graphene supercell. The band
structure of graphene shows that there is no hybridization of
the frontier molecular orbitals with low energy π electrons of
graphene. Additionally, there is no observable shift of the
Dirac point of graphene upon adsorption of the molecules.
The hybridized highest occupied and lowest unoccupied mole-
cular orbitals with graphene are far from the Fermi level of gra-
phene, as highlighted by the red lines in the band structures
in Fig. 5. The DFT calculations therefore indicate overall weak
interactions of the molecules with graphene via a predomi-
nance of dispersive forces.

In the case of weak interactions, the interfacial molecule–
graphene electronic structure is better described by calculating
the work function difference between clean graphene and gra-
phene with the adsorbed molecules. Table 1 summarizes the
DFT calculated work function change (ΔΦ), charge transfer
(Δq) between the molecules and graphene and electric dipole
moments (μz) of triazine and melamine on graphene. There is
only a small net charge transfer from graphene to the mole-
cules, which scales up roughly with the adsorption energy. On
the other hand, we can see that the work function of graphene
significantly increases by 0.28 eV with the adsorption of mela-
mine on graphene, a smaller change with triazine of the order
of 0.05 eV. Although the trend of the calculated work function
changes agree with the observed C 1s shifts in the XPS data
and FET measurements, the magnitude differs significantly.
This shows that the measured signals result from a combi-
nation of different effects. Therefore, the resulting interface
electronic structure is not only influenced by the work function
change but also by direct charge transfer and charge redistri-
bution within the molecule–graphene system.

DFT calculations predict the formation of a strong dipole
moment in the direction perpendicular to the graphene
surface in the graphene–melamine complex (0.48 eÅ) and a
negligible dipole moment for triazine on graphene (0.01 eÅ).
The molecular dipole moments per a molecule have not been
found to change between submonolayer (7 × 7 graphene super-
cell) and monolayer (4 × 4 graphene supercell) coverages. The
calculated dipole moments (Table 1) using DFT calculations
yield qualitative agreement with the out-of-plane point dipole
moments (μ0z) of the molecular layers determined from fitting
the XPS data in Fig. 3 using the electrostatic depolarization
model (eqn (3)). The interface dipole moments originate pre-
dominantly from charge separation within the adsorbed mole-
cules. Fig. 6 shows how the charge rearrangement in the free
molecules leads to a change in the electrostatic potential
between the vacuum levels towards graphene and vacuum side
of the order of 0.292 and 0.003 eV for melamine and triazine,
respectively. By comparing the potential drop across the free
molecules to the work function change of graphene shown in
Table 1, we can clearly see that it is the molecular dipoles
which play a dominant role in the energy level alignment in
the molecule–graphene system. The molecular dipoles act as
local sources of electric field, producing electrical inhomo-

geneities in graphene. These local molecular fields can be one
of the possible explanations for the observed decrease in the
mobility of graphene upon the adsorption of the molecules.

The resulting out-of-plane dipole moment of adsorbed mel-
amine on graphene is further enhanced in the z-direction in
comparison to the free molecules owing to a tilt of hydrogen
atoms in the amino groups by 25° towards graphene after
adsorption (Fig. 6). Angle-resolved NEXAFS measurements of
nitrogen K-edge support this theoretical prediction by measur-
ing a tilt angle of about 8° for the N amino π* resonance in
respect to the planar axis of the molecules.† Since both tri-
azine and melamine have the same atomic structure, except
for the additional amino groups in melamine, the measured
difference between these two molecules can be attributed to
the presence of the polar amino groups. This highlights the
importance of polar functional groups on the interfacial mole-
cule–graphene electronic structure modification. These effects
can be exploited in recognition of different molecules on gra-
phene sensors. However, care needs to be taken at the higher
molecular coverages where depolarization effects can prevail,
as shown for melamine. The mutual collective interaction
between individual dipole moments can significantly suppress
the total electric field from the molecular layers, leading to a
small change of the chemical potential of graphene.

Conclusions

In conclusion, by employing a combination of electronic trans-
port and XPS measurements, we have investigated the effects
of physisorbed molecules on the graphene electronic structure

Fig. 6 Plane averaged electrostatic potential of free (a) triazine and (b)
melamine as a function of z using. The positions of atoms in the free
molecules correspond to the adsorbed geometry of the molecules on
graphene. ΔV indicates the energy difference between the vacuum
levels oriented toward graphene and vacuum.
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and charge transfer mechanism. It has been found that
triazine and melamine produce small and robust changes in
the electronic properties of graphene, causing weak p-type
doping of graphene, a reduction in graphene conductivity and
a very strong coverage and molecular dipole moment depen-
dence. These effects have a significant role on the observed
electronic structure modification of graphene even at very
small coverage of molecules, showing a great promise for
sensing applications. The observed data have been explained
by theoretical modelling using a simple electrostatic model
and density functional theory calculations. Our results show
that adsorbed molecules containing polar functional groups
with strong electric dipole moments on graphene exhibit
different coverage behaviour to nonpolar molecules. Layers of
polar molecules on graphene demonstrate strong depolariz-
ation effects, which can results in moderate modifications
of the electronic structure of graphene close to the Fermi level.
These effects open up a wide range of opportunities for
recognition of different molecules on graphene-based sensor
devices.
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