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Graphene-based sensors are exceptionally sensitive with high carrier mobility and low intrinsic noise, and have
been intensively investigated in the past decade. The detection of individual gas molecules has been reported,
albeit the underlying sensing mechanism is not yet well understood. We focus on the adsorption of NO2, H2O,
and NH3 on a molecular junction with a pyrene core, which can be considered as a minimal graphenelike unit.
We systematically investigate the chemiresistive response within the framework of density functional theory
and nonequilibrium Greens functions. We highlight the fundamental role of quantum interference (QI) in the
sensing process, and we propose it as a paradigmatic mechanism for sensing. Owing to the open-shell character
of NO2, its interaction with pyrene gives rise to a Fano resonance thereby triggering the strongest chemiresistive
response, while the weaker interactions with H2O and NH3 result in lower sensitivity. We demonstrate that by
exploiting destructive QI arising in the meta-substituted pyrene, it is possible to calibrate the sensor to enhance
both its sensitivity and chemical selectivity by almost two orders of magnitude so that individual molecules can
be detected and distinguished. These results provide a fundamental strategy to design high-performance chemical
sensors with graphene functional blocks.
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I. INTRODUCTION

Gas sensing technologies are of paramount importance for
environmental safety [1] and medical applications [2]. Solid-
state sensors are prominent with their achieved sensitivity,
in addition to low cost, and miniature size, making them
widely used in several applications [3–5]. Among carbon-
based materials, carbon nanotubes have been reported to have
a fast response and high sensitivity [6,7]. It has also been
stated in the context of gas sensors based on thin films of
organic polymers that a monolayer thick semiconductor yields
the ultimate sensing performance [8]. Single-layer graphene
naturally fulfills this requirement. The unique characteris-
tics of graphene indicate its major potential for applications
in nanoelectronics [9,10]. Moreover, due to the very large
changes in conductivity that are possible as a result of charge
doping of graphene sheets with a number of adsorbates [11],
together with its uniquely high surface-to-volume ratio and
low electrical noise, the material is a promising candidate for
next-generation sensors with performances beyond the reach
of solid-state devices. Indeed, graphene has been proposed
for gas sensing [12,13], as a bio sensor [14], and even DNA
base sequence analysis [15,16]. Recent concepts for gas sens-
ing based on graphene exploit its mechanical properties as a
resonating membrane [17,18]. The chemiresistor concept [19]
nevertheless remains the most widely used in gas/vapor sen-
sors, where a voltage is applied on two electrodes connected to
a graphene sheet and the resulting current fluctuations in de-
pendence on the gas composition are recorded [13]. The same
concept is also used in biosensors, where graphene needs to

be chemically functionalized with an antibody [14] in order to
achieve biochemical selectivity to a specific antigen but where
nonspecific binding or interaction of other solute molecules
directly with the graphene sheet remain a severe problem.
Already a decade ago the detection of a single NO2 molecule
with a graphene-based sensor was reported [20], and the sensi-
tivity of graphene-based sensors has been increased in recent
experiments, in particular for H2O [21] and NO2 [22]. The
reviews on gas sensors based on graphene [11–13] identify the
same two major challenges for their further development: (i)
the mechanism on which the gas sensing is based is not very
well understood and sometimes several competing theoretical
explanations exist [12]; (ii) while there is little doubt that thin
graphene films show great sensitivity, unfortunately they are
sensitive to many different types of adsorbates and this cross
sensitivity naturally diminishes another important property of
any chemical sensor, namely chemical selectivity.

These problems can potentially be overcome by replacing
extended graphene sheets with graphene nanostructures, such
as atomically well-defined graphene nanoribbons (GNRs), for
which new paradigms for the detection (or switching) mech-
anism need to be proposed. Tremendous progress has been
made recently in the chemical synthesis of atomically pre-
cise [23–27] and liquid-phase-processable [28] GNRs, which
can be functionalized for sensing applications [29,30] and
easily integrated in junctions or electric circuits [31]. At
the same time, quantum interference (QI) effects, which are
well established in π -conjugated single-molecule junctions
[32–42], have also been theoretically predicted [43–47] and
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experimentally observed [31,48] in nanostructured graphene.
In terms of applications, QI has also been suggested as a new
paradigm for logic devices based on GNRs with extremely
low power consumption [48,49] as well as a tool for increasing
the selectivity of GNR-based gas sensors [29].

We propose the concept of a high-performance chemical
sensor operating with QI effects, and we demonstrate the
detection of individual molecular adsorbates. In this study we
focus on a disubstituted pyrene molecule bridging Au elec-
trodes in a single-molecule junction setup. For the purpose of
gas sensing, we investigate the adsorption of NO2, H2O, and
NH3 on the pyrene core. Understanding the physical, chem-
ical, and electronic interactions between the pyrene and the
adsorbate is essential to gain insight into the sensing mecha-
nism. We show that QI play a fundamental role in determining
the chemiresistive response, and we propose a protocol to
enhance both the sensitivity and the chemical selectivity to
the molecular dopant. The QI properties of the junction are
entirely determined by the contact configuration of the pyrene
core [50], which, as a polycyclic aromatic hydrocarbon, can be
considered a minimal graphenelike molecule [44,50,51]. The
occurrence of QI in alternate hydrocarbons do not depend on
the precise shape of the molecular bridge but arise from the
sublattice structure [40,45–47,50]. Hence, the concept of QI-
enhanced chemiresistor proposed here is general enough to
be extended to different structures, including other molecules
as well as graphene nanoribbons, and can thus provide new
design strategies for nanosensors.

II. COMPUTATIONAL DETAILS

The adsorption of the selected molecules on the pyrene
core and the chemiresistive response are investigated within
the framework of density functional theory and nonequilib-
rium Green’s functions (DFT + NEGF) [52,53], as imple-
mented in the atomic simulation environment (ASE) [54], and
the GPAW software packages [55,56]. The electron wave func-
tions are described by atom-centered basis functions within
an LCAO double-ζ polarized basis set, with a grid spacing
of 0.2 Å, and we employ the Perdew-Burke-Ernzerhof (PBE)
parametrization for the exchange-correlation functional. In the
following we consider molecular junctions where a pyrene
core is connected to Au electrodes via propynylbenzene link-
ers terminated with thiol anchor groups, in two different
configurations. We denote a configuration as meta or para,
depending whether it exhibits destructive (DQI) or construc-
tive (CQI) interference [50]. A detailed representation of the
single-molecule junctions is shown Fig. 1. The adsorbates are
placed in the vicinity of the pyrene carbon atom, which bonds
to the left linker, either on top of the carbon atom (T con-
figuration), on the bond with the neighboring carbon atom (B
configuration), or in the center of the corresponding benzene
ring (C configuration). Besides different placements, we also
consider different orientations of the adsorbates, which can
either face with its “legs” (i.e., the hydrogen or, in the case
of NO2, the oxygen atoms) away from (up configuration u) or
towards (down configuration d) the pyrene core. In the case
of H2O, we also consider a specific configuration (vertical v)
in which the molecule is oriented with one leg towards the
junction, while the other one is parallel to the pyrene plane.
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FIG. 1. (a) Structure of the meta-substituted pyrene single-
molecule junction, connected to the Au electrodes via propynylben-
zene linkers terminated with thiol anchor groups. Both the periodic
Au lead unit cell and the scattering region are shown. (b) Para-
substituted pyrene molecule. (c) and (d) Transverse sections of the
Au electrodes in the xz and xy planes. The adatom is in the hollow
position of the Au(111) surface.

Those orientations have been identified as the most stable
ones for adsorption on graphene [57–60]. An overview of the
adsorption positions and orientations is shown in Figs. 2 and 3.
For each configuration we perform a structural optimization of
the pyrene molecule (including the linkers) and the adsorbate
in gas phase until the Hellmann-Feynman forces were below
0.05 eV/Å. The equilibrium distance is defined as the distance
between the pyrene adsorption position and the N or O atoms
of H2O, NH3, and NO2, and the adsorption energy Ea is
calculated as follows:

Ea = Epyrene+adsorbate − Epyrene − Eadsorbate, (1)

where each term is evaluated in the relaxed atomic structure.
For the electrodes, the scattering region consists of seven

6 × 4 layers Au(111), and the molecular bridge is connected
via thiol anchoring groups to Au adatoms placed in the hollow
position of the Au(111) surface. We take a typical bonding
distance of dAu-S = 2.12 Å [40,61]. For the electron transport
calculations, the scattering region is sampled with a 4 × 4 × 1

up(u) down(d) vertical(v)

Top (T)

Bridge (B)
Center (C)
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FIG. 2. (a) Adsorption sites on pyrene and (b) orientations cho-
sen for the placement of the adsorbates, shown for the case of H2O.
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FIG. 3. Adsorption of (a) H2O, (b) NH3, and (c) NO2 on meta- and para-substituted pyrene cores. Top: Orientation of the adsorbate before
the structural relaxation (side view). Bottom: Adsorption position on pyrene and orientation of the adsorbate after the structural relaxation
(top view). In the case of H2O, the initial Cu and Cv orientations are not stable and the adsorbate prefers the Cd orientation after relaxation (as
indicated in brackets).

Monkhorst-Pack mesh, and the leads are sampled with a 4 ×
4 × 6 Monkhorst-Pack mesh, where z denotes the transport
direction. The transmission function is calculated within the
Landauer-Büttiker formalism [62] as

T (E ) = Tr[�L(E )G†(E )�R(E )G(E )], (2)

where G is the retarded Green’s function of the scattering
region and � = ı(� − �†)/2 denotes the coupling to either
the left (L) or right (R) lead in terms of the corresponding em-
bedding self-energy. Finally, we evaluate the electric current
(per spin) as

I = e

h

∫ ∞

−∞
dE T (E ) [ fS (E ) − fD(E )], (3)

where e is the electric charge and h is the Planck constant,
while the Fermi distribution function of the source (S) and
drain (D) electrodes is given by

fS/D(E ) = 1

1 + exp[(E − VS/D)/kBT ]
, (4)

where kB is the Boltzmann constant and Vb = VS − VD is the
symmetric bias drop between the source and the drain.

III. RESULTS AND DISCUSSION

Our discussion is structured as follows. First, we charac-
terize the adsorption of the gaseous molecules on the pyrene
core in terms of adsorption energy and distance in order to
identify the most stable configuration for each adsorbate. For
those we analyze the sensitivity and selectivity of the junction,
focusing on experimentally accessible quantities, such as the
zero-bias conductance and the I-V characteristics. Finally,
we understand the electronic response of the system to the
presence of each adsorbate via a transmission function and
molecular orbital (MO) analysis, and we highlight the role of
QI effects in enhancing the sensing capability of the device.

Before turning to the results, it is useful to put our analysis
in a general perspective. It is inevitable that a quantitative
characterization of the adsorption shall depend on the tech-
nical details of the methodology employed. In particular, the
relaxed atomic configuration and the electronic properties
(including the adsorption energy) depend on the chosen ex-
change energy functional, and whether other effects, such as

van der Waals interactions, are included. In the literature, this
has been explicitly discussed for the adsorption of H2O and
other polar molecules on graphene, and it was found that,
in general, the adsorption energy might change substantially
due to van der Waals contributions [58,63]. At the same time,
the HOMO-LUMO gap can be corrected with more or less
sophisticated approaches that take into account many-body
effects beyond density functional theory. The position of the
transmission resonances affects the value of the conductance
and the evaluated sensitivity may not accurately reproduce
experimental results.

However, the QI properties of the junctions discussed
here, i.e., (i) the emergence of a Fano resonance due to the
adsorption of NO2 and (ii) the occurrence of a DQI antireso-
nance in the meta-substituted pyrene, are qualitatively robust
due to their specific physical origin. An indirect evidence
of this stability is that QI effects are routinely observed in
the experiments, despite the statistical nature of the transport
measurements in a break-junction setup.

Eventually the scope of our analysis is to propose the
concept of a QI-enhanced chemiresistive sensor, and we focus
on a few cases to demonstrate how it works, transcending the
intrinsic technical uncertainties of the numerical simulations.

A. Adsorption distances and energies

The adsorption energies and distances for the selected ad-
sorbates are reported in Table I. All the calculated adsorption
energies are found to be negative, ranging between −0.1
and −0.3 eV. Both the adsorption energy and the adsorption
distance (around 3 Å) indicate that all molecules are physi-
cally adsorbed, in agreement with the results of adsorption on
graphene in the literature [57,63–66].

Comparing the adsorption energies, we find the most stable
configurations to be Bd for NO2 and NH3, and Cv for H2O.
Note, however, that during the relaxation process of both the
Cu and the Cv configurations, the H2O molecule rotates so
that in the final configurations, the H atoms point towards the
surface (Cd configuration). As a result, the adsorption energies
of the two final configurations are very similar. The Cd config-
uration was found to be the most stable for H2O on graphene
even when van der Waals interactions are taken into account
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TABLE I. Adsorption energies and the distance of all selected
adsorbates. The most stable configuration for each adsorbate is high-
lighted. For each entry we indicate the initial configuration, i.e.,
before the structural relaxation, and the relaxed one in brackets, if
different (see text for a discussion).

Meta Para

Ea (eV) d (Å) Ea (eV) d (Å)

H2O Bd −0.181 3.2 −0.188 3.3
Tu −0.050 3.1 −0.082 3.1

Cu (Cd ) −0.195 3.1 −0.196 3.2
Cv (Cd ) − 0.198 3.3 −0.198 3.2

NH3 Bd −0.147 3.3 −0.131 3.4
Tu −0.038 3.2 −0.027 3.0
Cu −0.048 3.0 −0.046 3.0

NO2 Bd −0.257 3.4 −0.198 3.4
Tu −0.167 3.4 −0.163 3.2
Cu −0.193 2.7 −0.170 3.1

[63], but in general the adsorption energy might change sub-
stantially due to van der Waals contributions [58,63].

The preferred orientations can be understood as follows.
The electron-rich C atom in the pyrene molecule tends to
form a π -hydrogen bond with X-H groups (where X = O,
N), resulting in increased interactions [67]. Therefore, the
orientations where hydrogen atoms point towards the pyrene
core are preferred and result in higher adsorption energies. In
the case of NH3 in Bd and H2O in Cu and Cv configurations,
the adsorption is likely to occur through a polar hydrogen-π
interaction between the H atoms of NH3 and π system of
the pyrene. We found the lowest adsorption energies for H2O
in Tu and NH3 in Tu and Cu configurations. Finally, we note
that the adsorption of H2O is energetically more favorable
with respect to NH3, while NO2 has on average the highest
adsorption energy due to the strong interaction stemming from
the open-shell nature of this adsorbate. This also results in a
significant electron transfer from the pyrene to the adsorbate,
which we identified from a Bader analysis [68] of the charge
density distribution, as reported in Table II.

We have also investigated the effect of adsorbing the
molecules at different positions of the pyrene core. We found
that this effects on the adsorption energy and the charge trans-
fer is much weaker than the orientation of the molecule. For
instance, we can consider the case of NH3 and H2O adsorbed
in the Bd configuration on the C-C bond in the center of the
meta-substituted pyrene. For NH3 we find a similar adsorption
energy Ea = −0.155 eV and a slightly lower charge transfer

TABLE II. Bader charges of the adsorbates (�Q) in the most
stable configurations (among those of Table I) on meta- and para-
substituted pyrene.

Meta Para
�Q (|e|) �Q (|e|)

H2O Cv (Cd ) −0.021 −0.022
NH3 Bd −0.011 −0.009
NO2 Bd −0.192 −0.161

�Q = −0.004|e|, while for H2O we find Ea = −0.194 eV
and �Q = −0.022|e|, which are similar to the results ob-
tained for the Cv (Cd ) configuration (see Tables I and II). We
expect similar results when considering other adsorption posi-
tions, and similar conclusions are also drawn in the literature
for the adsorption of several molecules on graphene [63].

B. Chemiresistive sensing properties

The idea behind a chemiresistor is that its electronic trans-
port properties are modulated in response to variations of the
nearby chemical environment. The underlying mechanism is
highly dependent on the molecule-surface interaction. In the
following we demonstrate that the setup with a pyrene molec-
ular junction allows us to detect the presence of individual
physisorbed molecules, and it can therefore be used for gas
sensing even at very low concentrations.

The most significant parameters for the characterization of
the sensing performance are the sensitivity and the chemical
selectivity, which we will assess by an analysis of the electron
transmission properties for each adsorbate configuration. The
sensitivity for a given adsorbate is defined as

S(%) =
[

T (EF ) − T0(EF )

T0(EF )

]
× 100%, (5)

where T and T0 are the transmission functions evaluated at the
Fermi level EF of the junction with and without the adsorbate,
respectively. The selectivity is instead related to the ability
to identify a specific adsorbate from the others, and therefore
relies on differences in the individual sensitivities.

In the following we focus on the most stable configuration
for each adsorbate but we stress that all the arguments that
we bring forward and our conclusions are consistent for all
other configurations (not shown). We present the results in
Fig. 4 where positive and negative sensitivities indicate an
enhancement or suppression of the electronic conductance.
Two features clearly stand out, i.e., the sensitivity for NO2 is
immensely higher than those of H2O or NH3, and also much
higher (about two orders of magnitude) in the meta- than in
the para-substituted pyrene junction. Hence, NO2 is easy to
detect because its adsorption triggers a significant chemire-
sistive response, while the signal is weaker and very similar
for H2O and NH3, making their sensing and identification
harder. High sensitivity was already experimentally reported
for adsorption of NO2 on graphene [20]. We now look at
the current-voltage characteristics, which provide information
about the difference in electronic structure of the junctions.
The current (I) versus applied bias voltage (Vb) is shown in
Fig. 5 for both the meta- and para-connected junctions before
and after the adsorption of the molecules. We observe a sig-
nificant enhancement of the electric current in the presence of
NO2, which saturates for Vb > 25 mV. This is the consequence
of an asymmetric Fano resonance as we will demonstrate later.
The adsorption of H2O and NH3 results in a suppression of
the electric current but the I-V curves are featureless since the
considered bias window is well inside the junctions HOMO-
LUMO gap, i.e., eVb � � ≈ 2 eV. This means that, even at
a finite bias, it remains more difficult to detect either H2O or
NH3, or distinguish between them, in contrast to NO2. We
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FIG. 4. The calculated sensitivities for H2O, NH3, and NO2 gas
molecules adsorbed on the (a) meta- and (b) para-substituted pyrene
junctions.

shall see further below that this limitation can be overcome by
applying a gate voltage.

C. Role of QI effects

The difference in the electronic response of the pyrene
junction to the physisorption can be completely understood
in terms of quantum interference (QI) effects, with different
origins. We observe, by comparing Figs. 5(a) and 5(b), that the
bias-driven electronic current is generally higher for junctions
with a para-substituted pyrene. This is a consequence of the
QI properties of the pyrene core [50,51], which exhibits CQI
or DQI in the para and meta configuration, respectively. While
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FIG. 5. I-V characteristics before and after the adsorption of
H2O, NH3, or NO2 on the (a) meta- and (b) para-substituted pyrene.
The gray dashed lines represent the I-V characteristics of junctions
without the adsorbate. Each inset highlights the relative positions
of the I-V characteristics before and after the adsorption of the
adsorbates H2O and NH3.

one could expect CQI to be beneficial for sensing applications
because of the higher electric signal, it is worth noting that
junctions exhibiting DQI are found to be more responsive to
changes in the chemical environment (see Fig. 4).

The role played by QI effects becomes evident by analyz-
ing the electronic transmission functions for the junctions in
the most stable adsorption configurations, which are shown
in Fig. 6(a) for meta-substituted and in Fig. 6(b) for para-
substituted pyrene, where energies are given with respect
to the Fermi level EF . There are three key features in the
electronic transmission that we shall discuss in detail: (i) all
transmission functions in the meta configuration exhibit an
antiresonance within the HOMO-LUMO gap as hallmark of
DQI, which is absent in the para configuration [50]. (ii) The
transmission functions of the junctions with H2O or NH3 ad-
sorbates are very similar before (gray dashed lines) and after
(color solid line) the adsorption, although the position of the
frontier MOs and the antiresonances with respect to the Fermi
level are different. (iii) The presence of NO2 instead results
in a sizable shift of the Fermi level towards the HOMO, as a
consequence of the charge transfer from the pyrene molecule
to the adsorbate, and it also gives rise to an asymmetric reso-
nance at the Fermi level.

In the junctions exhibiting DQI, the electronic transmis-
sion function is strongly suppressed in an energy window
around the antiresonance. It is known that the energy εDQI

of the antiresonance depends on a cancellation in the elec-
tronic Green’s function involving all MOs, [40,45,46,50] and
therefore, the relative position of the antiresonance with re-
spect to frontier MO resonances and the Fermi level is not
necessarily the same in junctions with and without the adsor-
bate, since the latter can couple differently with each MO. In
particular, in Figs. 6(a) and 6(b), we observe a shift in the
Fermi level alignment due to the presence of the adsorbate.
The hierarchy of the shifts is found to be proportional to
the charge transfer between the adsorbates and the junction
[69–73], which we found to be weak, i.e., �Q ∼ 0.01|e|
for NH3 and �Q ∼ 0.02|e| for H2O (see Table II for the
values in all configurations). However, in the meta configu-
ration, after the adsorption, the energy of the antiresonance
εDQI lies closer to the Fermi level. This results in a change
of the zero-bias conductance G = G0T (EF ) (in unit of the
conductance quantum G0 = e2/h) from G = 4.9 × 10−8 G0

(value of the junction without adsorbate) to GNH3 = 3.9 ×
10−8 G0 and GH2O = 1.7 × 10−8 G0 after the adsorption of
the corresponding molecule. For reference, the corresponding
conductance values in the para configuration (i.e., without
DQI) are G = 4.5 × 10−6 G0, GNH3 = 3.8 × 10−6 G0, and
GH2O = 2.4 × 10−6 G0. This shows that the steep variation of
the transmission function around the antiresonance results in
a stronger electric response of the junction even to a relatively
weak changes of the Fermi level alignment.

For NO2 it is a completely different story. As mentioned
above, after the adsorption of NO2, the transmission func-
tion exhibits a sharp asymmetric resonance at the Fermi
level [20,57], which is the reason the sensitivity (as well as
the bias-driven current) is significantly higher than for the
other molecules. It is worth noting that NO2 is a relatively
strong electron-withdrawing molecule [74], as can be con-
firmed by the significant electron transfer of �Q ≈ 0.2|e| (see
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lines), and without the adsorbate (gray dashed line). The insets above (from left to right) show the MOs corresponding to the HOMO of the
junction for each adsorbate, and in addition the MO localized at the NO2 giving rise to the Fano resonance.

Table II). The weak coupling between this localized MO at
NO2 and the delocalized π system defining the pyrene con-
ducting backbone gives rise to a Fano resonance at the Fermi
level [39,61,71,75,76].

The combination of the two effects, i.e., the Fermi level
being closer to the HOMO resonance and the Fano resonance,
results in the enhanced electric current observed in the I-V
characteristics of the junction in both the meta and the para
configurations (see Fig. 5). This clarifies the origin of the
significant difference in sensitivity between NO2 and the other
adsorbates. The above rationale is confirmed by a MO analy-
sis. In the insets of Fig. 6 we show (from left to right) the
HOMO of the junction in the presence of H2O, NH3, and NO2,
as well as a MO localized mostly on the NO2 molecule, which
is responsible for the emergence of the Fano resonance.

The above analysis is general, and in particular it also
applies to all other adsorption configurations listed in Table I.
However, since the position of the antiresonance is sensitive to
the detailed adsorption configuration the resulting sensitivities
can fluctuate around the values reported in Fig. 4.

IV. QI-ENHANCED SENSITIVITY

Due to the steep suppression of the electronic transmission
function in the vicinity of an antiresonance, junctions exhibit-
ing DQI are expected to display a stronger chemiresistive
response, triggered by the adsorption, which should allow
distinguishing between the signals attributed to individual
molecules [77]. However, the sensor performance to detect
molecules such as H2O and NH3 is still comparable for junc-
tions including meta- and para-substituted pyrene (see Fig. 4).
In the following we propose a general protocol to enhance the
performance of single-molecule sensors by exploiting DQI.

The key idea is to calibrate the sensor by applying a gate volt-
age Vg in order to tune the position of the DQI antiresonance of
the junction (in the absence of adsorbates) to the Fermi level.
Reduced screening in organic molecules or two-dimensional
materials (such as graphene) allow us to sweep Vg across the
HOMO-LUMO gap to find the configuration with the highest
resistance, defined as

G∗ = e2

h
min

Vg

[T (EF − eVg)]. (6)

In our numerical simulations we identify the value of G∗
at eVg = EF − εDQI = 120 meV. At that gate voltage, any
variation of the chemical environment causing a shift in the
position of the antiresonance will trigger the highest possible
change in conductance. The corresponding values are G =
1.0 × 10−10 G0 for the junction without adsorbates, GNH3 =
5.2 × 10−10 G0, and GH2O = 4.9 × 10−9 G0 after the adsorp-
tion of the corresponding molecule. Hence, the calibration
process results not only in a higher sensing signal overall for
all molecular species considered, but it also enhances the dif-
ference in the chemiresistive response for different adsorbates
which is now one order of magnitude comparing NH3 and
H2O. In Fig. 7 we report both the sensitivity data and the
corresponding I-V characteristics. In terms of sensitivity, the
chemiresistive response is ∼5000% for H2O and ∼500% for
NH3, compared to the values of ∼30% and ∼20%, respec-
tively, obtained before the calibration with the gate voltage
(see Fig. 4). At low bias, there is a clear difference (over an
order of magnitude) between the electric currents registered
for H2O and NH3. The difference disappears at larger bias
as the contributions from the transmission at energies further
away from the antiresonance become dominant and hide the
DQI effects. Remarkably, the calibration process also removes
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FIG. 7. Chemiresistive response for calibrated meta-substituted
pyrene sensor, where a gate voltage Vg = 120 mV is applied to
align the antiresonance to the Fermi level and enhance the effect of
DQI. (a) Calculated sensitivities for H2O, NH3 adsorbates, (b) I-V
characteristics before (gray dashed line) and after (color solid lines)
the adsorption.

the dependence of the results from the position of the antires-
onance of the device, so that the sensitivity only arise from the
changes of the chemical environment induced by the presence
of the adsorbate.

Since NO2 gives rise to a Fano resonance pinned at the
Fermi level, the calibration process we reported above is not
very relevant for this adsorbate.

V. CONCLUSIONS

We presented a detailed analysis of the chemiresistive re-
sponse of a pyrene single-molecule junction to the adsorption
of individual gaseous molecules, aiming at a characterization
of its performance as a chemical gas sensor. We studied the
intermolecular interactions of the pyrene core with H2O, NH3,
and NO2, by varying the adsorption sites and adsorbate ori-
entations, focusing on the changes in the electronic transport
properties induced by the presence of the adsorbates. In par-
ticular, we highlight the pivotal role which can be played by
DQI effects in the sensing process.

The adsorption of NO2 yields the strongest chemiresistive
response among the molecules investigated here. Indeed, due
to its strong electron-withdrawing character, a partially filled
molecular state of NO2 is pinned to the Fermi level and it

couples with the electronic states of the junction, giving rise
to a sharp asymmetric Fano resonance. This mechanism is
responsible for the strong electronic signal observed for NO2.

In contrast, both H2O and NH3 do not provide a localized
state close to EF which is necessary for a Fano resonance,
and result in relatively lower sensitivity and poor chemical
selectivity between those two. This issue can be overcome
considering that meta-substituted pyrene molecular junctions
exhibit DQI, whose hallmark is a steep suppression of the
electronic transmission due to the presence of an antireso-
nance. The position of the antiresonance relative to the Fermi
level is very sensitive to changes in the chemical environ-
ment and therefore it strongly influences the chemiresistive
response. Finally, we propose a protocol for the calibration of
the QI-sensor device. The application of a gate voltage allows
us to tune the junction (in the absence of any adsorbate) in the
configuration of maximal resistance, which is realized when
the antiresonance is aligned to the Fermi level. This is shown
to boost significantly, i.e., by one or two orders of magni-
tude, the sensing performance in terms of both sensitivity and
selectivity of individual molecules. The calibration process
optimizes the sensing performance of the device by disen-
tangling the chemiresistive response from intrinsic properties
of the device, such as the position of the DQI antiresonance.
This allows us to better characterize the effects induced by the
adsorbate.

In conclusion, we demonstrated that the adsorption of in-
dividual gas molecules could be detected in pyrene-based
single-molecule junctions, and we proposed QI as a paradig-
matic mechanism to enhance the sensing performance of
nanosensors based on graphene functional units. Our work
is significant for both physical and biochemical applications,
and it is encouraging for the prospects of the technological
improvement of graphene-based gas sensors.
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