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Abstract—The Molecular Field-Coupled Nanocomput-
ing (MolFCN) is a candidate technology for future digital
electronics devices. Unlike CMOS, MOolFCN relies on a
non-conductive principle, in which the binary information is
encoded in the polarization state of molecules, enabling fast and
low-power digital computation. Due to the different MolFCN
and CMOS operating principles, the scientific community is
still seeking solutions to enable the integration of MolFCN
with CMOS electronics. In this work, we propose a method
to transduce charge-based information encoding into electrical
quantities using single-molecule junctions. In particular, we
demonstrate, with ab initio calculation, that the OPE3 junction
changes its conduction properties when exposed to a dipole
moment. This work identifies molecular junctions as possible
candidates for providing hybrid integration with CMOS,
favoring the assessment of MolFCN technology.

I. INTRODUCTION

Molecular Field-Coupled Nanocomputing (MolFCN) is
an ultra-low-power computational paradigm with promising
applications in digital electronics. Based on the Quantum-
dot Cellular Automata (QCA) model, it encodes binary
information through charge distribution in electrostatically
coupled molecules. MolFCN enables data propagation via
electrostatic interactions [1], thus avoiding power dissipation
due to currents at the information-transport scale [1], [2].
Fig. 1(a) shows the bis-ferrocene molecule used to encode
information in MolFCN cells [3], [4]. MolFCN theoretically
permits GHz-range processing while keeping functionality
even at ambient temperature [5]-[8].

Despite the theoretical advantages, the fabrication of a
functional MolFCN prototype remains challenging [9], [10].
The scientific community faces significant challenges, includ-
ing the precise arrangement of molecular patterns, the clock
fabrication for reliable data transport, and the integration of
information readout with CMOS technology [9], [11]-[14].
Recent studies have explored promising readout methods
using spectroscopy or single-electron transistors [15]-[17].
Still, the available approaches face limitations in device
integration and room-temperature operation, which are con-
sidered fundamental advantages of MolFCN.

This work investigates the usage of Single-Molecule Junc-
tions (SMJs) as amperometric sensors of the molecular
electric dipole to enable MolFCN readout in an integrated

AL 1@,
DOT1 @ DOT2 A
. @ @ %
T\ V\
~<+< Charge v ¥
] aggregation T T NULL
)y 2 TR ¥
. _/DOT3 tallli
(@)
AU > 4FAM»¢Hf»oMP%r> o AU "
b 4 ]
(b) (c)

Fig. 1. (a) Bis-ferrocene cation used for encoding logic MolFCN information
by aggregating charge into dots. The charge distribution creates a dipole
moment. Two molecules can be used to encode logic information in MolFCN
cells. (b) The basic structure of a Single Molecule Junction (SMIJ). (c)
Proposed SMIJ-based readout system permitting the detection of driver
molecule dipole moment ().

form. Indeed, in recent years, SMJs underwent significant im-
provements, enabling molecular-scale computing and sensing
capabilities [18]-[22]. It has been recently demonstrated also
the possibility of integrating SMJs with CMOS on the same
chip [23]. Fig. 1(b) depicts the structure of an SMJ, composed
of a three-oligo(phenylene ethynylene) (OPE3) molecule,
between two gold nanoelectrodes (source S and drain D). The
molecule is linked to the electrodes through thiol anchoring
groups (-SH). A gate electrode couples the molecular channel
to an external electric field to modulate the SMJ transport
properties [24]. We selected the OPE3 molecular channel for
its well-documented theoretical and experimental studies and
its recently proven sensing capabilities [25], [26]. Moreover,
the gate electrode can be exploited to boost or tune the
sensor sensitivity and properties [24]. Fig. 1(c) schematically
represents the working principle of the proposed sensor. We
assume that the different logic polarization of a MolFCN
molecule, i.e., the different molecule dipole moment p, alters
the OPE3 transmission, thus changing its current. Indeed,
the ultrasensitive electrical detection of chemical species
through SMJ is made possible because of the analyte-sensor
electrostatic/chemical interactions. The interactions provoke



conformation or polarization changes in the sensor molecular
channel, thus altering the SMJ current [21], [27].

The significant junction current variations based on the
driver molecule’s dipole orientation demonstrate the feasibil-
ity of this approach for dipole discrimination. This confirms
that SMJs offer a viable method for distinguishing logic ‘0’
and ‘1’ in a MolFCN circuit. Overall, this work presents a
concrete solution for MolFCN readout via SMJs, addressing
key scalability, integration, and operability challenges while
paving the way for practical MolFCN-CMOS interfacing
toward hybrid integration.

II. METHODOLOGY

This work uses SMJs for purely electrostatic sensing of a
molecular dipole. Indeed, as shown in Fig. 1(c), the SMIJ is
subjected to the influence of a single-molecule, here named
driver, encoding information in the molecular dipole moment
(w). By fixing the SMJ bias voltage (Vpg), we expect two
different SMJ currents (I pg) depending on the driver p direc-
tion. Fig.2 (a) reports the ideal driver molecule, composed of
a saturated chain with an oxygen-based group and an amine
group at the two ends. Since our simulation framework does
not support oxidized systems, as in real MolFCN systems,
we choose a driver with a large permanent dipole of the
order of oxidized compounds. To this purpose, we do not
consider hydroxy groups but bare oxygen terminations. The
driver dipole establishes a local electric field, mimicking the
behavior of a MolFCN-compatible molecule. Specifically, we
associate the logical state ‘0’ or ‘1’ to the two orientations
of the driver, denoted as Dr0O and Dr1, respectively. The two
longitudinal orientations define two distinct configurations,
supporting the analysis of junction currents for the respective
logic states.

The geometries of the driver and the sensor channel
OPE3 molecule are optimized through Density Functional
Theory (DFT) at the Unrestricted Kohn-Sham level with
ORCA, employing the CAM-B3LYP functional and def2-
TZVP basis set [28], [29]. Grimme D3 correction is applied
for optimization, while D4 enhances accuracy in single-point
calculations [30]-[32].

Once optimized, the OPE3 molecule is inserted into
a molecular junction formed by Au(l11) electrodes with
suitable thiol linkers and gold leads, as in Fig.2 (b). The
electronic transport properties are analyzed by comparing the
current response of the isolated OPE3 junction to that of the
system incorporating the driver at three distinct distances d
(see Fig.2 (b)): 0.8 nm, 1.2 nm, and 1.6 nm. The system
is further examined in each of these configurations with the
driver rotated 180° between them, effectively reversing its
dipole moment and thus changing the configuration from
‘0’ to ‘I’ (Fig.2 (b)). The currents Iy and I; are hereafter
associated to the two logic configurations.

The SMIJ transport properties are calculated in Quan-
tumATK v. 2023.12 [33] exploiting the Non-Equilibrium
Green’s Function (NEGF) formalism. The electronic structure
calculations are performed via the Slater-Koster Density
Functional Tight Binding (SK-DFTB) method [34], [35].

The transport and electrostatics equations are solved self-
consistently, applying periodic boundary conditions along
x and Dirichlet conditions in y and z to avoid simulation
artifacts due to the presence of the driver. The Poisson
equation is solved through the conjugate gradient method.
The sampling density in the k-space is set to [4,4,150],
with an energy grid cutoff of 10hartree and a maximum
interaction distance of 10 A. The current Ipg for the OPE3
sensor in blank conditions and in the two configurations I
and [; is determined through the Landauer’s equation [36]:

+oo
Ips = 24 L T(E,Vis) [fs(E) — fo(E) dE (1)

h

where ¢ is the elementary charge, h Planck’s constant, F
the electron energy, and fg and fp are the Fermi-Dirac
distributions of the S and D, respectively. T is the so-called
transmission spectrum. It measures the electron transmission
from S to D as a function of F¥ and Vpg, and it includes
the quantum mechanical nature of the system under analysis.
In equation 1, the current is linked to 7' through an inte-
gral that is weighted by the difference in Fermi functions
fs(E) — fp(E). Thus, the part of T mainly affecting Ipgs
corresponds to E between the S and the D Fermi levels
(called Bias Window - BW) [24].

To elucidate the variations in 7' and Ipg across the two
logic configurations, we employ the Transmission Pathways
(TPs) [37]. They quantify the electron transmission between
neighboring atomic sites and are visually depicted by arrows,
whose color is the phase shift of the transmission operator.

IIT. RESULTS

This section presents the proposed readout system. At
first, the section introduces the basic schematic used for
analyzing the molecular system with DFT calculation by
showing the SMJ and the test molecule. Therefore, we
demonstrate the effect of the test molecule on the SMIJ, thus
showing the readout system principle. We test the proposed
system on several intermolecular distances and with different
bias voltages. Finally, the section introduces the gate effect,
demonstrating the properties can be tuned to improve the
readout capabilities.

A. OPE3-SMJ as dipole orientation sensor

The calculated driver molecule dipole moment results
w(z,y, z) = (1.48926, 0.02522, 15.28786) a.u., corresponding
to |u| = 39D. Fig.2 (¢) reports the Ips(Vpg) curves, for
Vps ranging from 0 to 0.5 V, with d=0.8 nm. The red
line represents the OPE3 junction current without the driver,
whereas the black and blue lines correspond to I7 and I, re-
spectively. The Ipg Negative Differential Resistance (NDR)
region between 0.35V and 0.5V is due to the charging of
the OPE3 levels [24]. Indeed, we verify that the applied
Vps shifts up the OPE3 levels and 7' peaks, by reducing
their coupling with the S and D electrodes, thus reducing
the magnitude of the conducting T peaks within the bias
window (BW) (not reported here for brevity). This is a
common phenomenon in SMJs [24]. Interestingly, we observe
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Fig. 2. (a) Ideal molecule used in this work to model the driver molecule. (b)
SM1J-driver structure utilized in the simulation, with the driver’s orientation
encoding the logic states. The driver is positioned at a distance d from
the SMJ. (¢) IV characteristics for OPE3, Ip, and I; when d = 0.8 nm.
The driver’s presence reduces the current in the SMJ for both cases. (d)
Transmission spectrum for OPE3, I, and I at d = 0.8 nm. The transmission
probability decreases in the DrO and Drl cases. (e) Current difference
measured as [p — I1 for Vpg ranging from 0 V to 0.5 V. AI reaches
a maximum of 0.84 pA at Vpg =05 V.

a current reduction in both I; and I w.r.t. the baseline current
of the OPE3. Indeed, the driver presence in both the ‘0’
and ‘1’ configurations modifies the transmission spectrum
by shifting down the peaks around the Fermi level (0V)
and reducing their heights - see Fig.2 (d). These effects
likely arise due to the electrostatic interaction between the
driver and the OPE3 SMJ, leading to a polarization of
the OPE3 channel with subsequent energy level shifts and
transmissivity modification. Fig.2 (e) shows the key finding
for the proposed sensing application. It presents the current
difference AI between Iy and I;. The curve exhibits an
increase from 0 V to 0.5 V, reaching a maximum difference of
0.84 pA, with Iy consistently higher than ;. These results
showcase the potential of the SMJ as a dipole orientation
sensor, with A7 detectable by modern CMOS circuits.

We confirm our hypothesis through a TP analysis, reported
in Fig.3. Since the maximum current deviation for both the
‘0’ and ‘1’ configuration is obtained at 0.5 V, we plot the
TPs calculated at 0.5 V for the E values corresponding
to the maxima of the 7'S portions included in the BW -
arrows in Fig.3(a). The isolated OPE3 TPs are reported in
Fig.3(b), while for the OPE3 with the driver in ‘1’ and ‘0’
configurations the TPs are reported in Fig.3(c) and Fig.3(d),
respectively. The presence of the driver indeed affects the
electron transmission properties by increasing the number of
D-to-S electron reflection paths (yellow arrows) in between
the phenyl groups - dashed circles in Fig.3. The driver dipole
moment polarizes the OPE3 and reduces the amount of
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Fig. 3. TPs at 0.5 V of the main 7" peaks within the BW energy range:
-0.17 eV, 0.047 eV and 0.03 eV for OPE3 SMI, Ip and I, respectively. (a)
Transmission spectrum evaluated at Vpg = 0.5 V for the three considered
configurations. (b) OPE3 SMIJ; (c) OPE3 SMIJ with the driver in ‘1’
configuration; (d) OPE3 SMJ with the driver in ‘0’ configuration.

conjugation at the boundaries of the phenyl groups. Thus, the
reflections increase in the OPE3 regions where a minimum
amount of electron states are present, i.e., the phenyl ring
connectors. As a result, the current is relevantly changed,
and at 0.5 V it is almost halved due to the driver presence.

To further analyze the SMJ-based readout, Fig.4 (a)
presents Iy and I; for increased distances d=1.2 nm (solid
lines) and d=1.6 nm (dashed lines). In both cases, I remains
higher than [; at the maximum bias of 0.5 V, consistent with
the findings at d=0.8 nm. Notably, the maximum current
for I; increases with distance, reaching 1.07 pA at d=1.2
nm and 1.28 pA at d=1.6 nm, while Iy remains nearly
unchanged at 1.58 yA and 1.59 pA for d=1.2 nm and d=1.6
nm, respectively. Fig.4 (b) presents the Al for the three
analyzed distances. The largest difference occurs at d=0.8 nm
(red curve), maintaining higher values across the Vpg range.
For d=1.2 nm and d=1.6 nm (black and blue curves), Al
decreases with distance, indicating a reduced driver influence.
Fig.4 (c) further illustrates this trend, showing Al at Vpg =
0.5 V: 0.84 pA at 0.8 nm, 0.51 pA at 1.2 nm, and 0.32 pA
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Fig. 4. (a) OPE3 junction current, Ipg with and without driver molecule
evaluate for different logic, Dr0 and Drl, and different distances, d. (b)
Current difference evaluated for different distances, d. (c¢) Current difference
evaluated for different distance at fixed bias Vpg = 0.5 V. As the distance
increases, the currents Ip and I1 approach those in the no-driver case.
Consequently, A decreases with the increasing distance.

at 1.6 nm. This decreasing trend in the current difference
between the two driver configurations is accompanied by an
increase in the overall current. By increasing the distance
between driver and SMJ, the overall current resembles the
current of the SMJ without the driver. This result highlights
the impact of driver proximity on the transport within the
SM1J, pointing out a possible technological challenge in the
suitable precise spacing of the SMJ and the MolFCN circuit.

Overall, the results validate the proposed SMJ-based read-
out as suitable for MolFCN applications. They preliminary
show measurable current difference for a distance which
is comparable to those used in recently proposed MolFCN
devices [11], [12], making the analysed device promising for
MolFCN-CMOS integration.

B. Negative Vpg analysis

To further investigate the proposed SMJ, we apply negative
values Vpg to seek the bias point maximizing the current
difference between Iy and I; currents. Therefore, we inves-
tigate the [-0.5, 0] V range for the d=0.8 nm and d=1.2 nm
cases. Fig.5 (a) and Fig.5 (b) show the resulting curves. In
both cases, the Al presents an almost symmetric behavior
with respect to Vpg = 0 V, with higher values obtained for
positive biases. Specifically, Al equals 0.62 pA and 0.4 pA
at 0.8 nm and 1.2 nm, respectively, when Vpg=-0.5 V is
applied. Interestingly, both graphs show that, for positive bias
values, the I current is higher than 7;, whereas the opposite
occurs for negative bias values, as evident at Vpg=-0.5 V in
Fig.5 (a) and (b). This behavior highlights the impact of the
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Fig. 5. IV characteristics in the range of [-0.5, 0.5] V for (a) d = 8 nm and
(b) d = 1.2 nm. A shows an almost symmetric behavior around Vpg =0
V, with I being higher than I in absolute terms for negative biases.

dipole orientation on the SMJ and suggests the possibility of
tailoring the sensing mechanism based on the applied bias
to optimize the readout of a given logical state. By tuning
the bias, the SMJ current can be enhanced in the presence
of a dipole oriented accordingly. Furthermore, even with
negative currents, a maximum applied voltage |Vpg|=0.5 V
is sufficient to achieve significant current differences.

C. Metallic gate influence on readout performance

Our previous results demonstrate the possibility of tuning
the sensing performance of SMJs through an electrostatically
coupled gate electrode [24]. The gate enables tuning the
SMJ conduction through a suitable 7' energy shift (toward
lower/higher E for positive/negative Vi g), that boosts the
SMIJ sensitivity by including modulated 7" peaks within the
BW. Thus, in the context of MolFCN readout, introducing
a gate electrode permits maximizing the current difference
Al, and the readout capabilities. To evaluate the effect of the
gate, we consider the case with d=1.2 nm, and we introduce
a 0.6 nm HfO, (relative permittivity €, = 25) layer on an
ideal metallic gate electrode. Fig. 6(a) shows the employed
structure. The chosen HfO, thickness corresponds to a single
atomic layer of dielectric, sufficient for this conceptual study.

We performed the analysis within the voltage range Vg €
[—3,3] V while keeping constant Vpg = 0.5 V. This Vpg
value was found to yield the maximum current difference in
the absence of the gate in III-A. Fig. 6(b) and Fig. 6(c) illus-
trates the variation in the transmission spectrum for different
Vas in Dr0 and Drl cases, respectively. For increasing Vigg
values, T shifts towards lower energies, removing transmis-
sion peaks from the bias window, and leading to a gradual
reduction in current and current difference. Interestingly,
negative Vg g values push the energy levels within BW, thus
increasing Iy, I, and, consequently, AJ, maximizing the
sensitivity. Fig. 6(d) confirms the expectations by showing



Ideal metal gate

(a) T
LogicO0 ool Jo.6
3 1 1 i
2 -
—1
e
w 0
>
2
-3 i
(b) E-E (eV) (c) E-E; (eV)

Ves (V)

Fig. 6. (a) Representation of the simulated structure, including the device
gate electrode, modeled as an ideal metal gate in the simulations. (b)-(c)
Transmission spectrum modulation with varying Vg for DrO (b) and Drl
(c) while applying Vps=0.5 V. In both cases, the number of transmission
peaks in the BW increases as Vg g decreases. (d) Percentage variation of the
current difference with respect to Vgg. AT decreases by 50% at Vgs=3 V
and increases by nearly 80% at Vgg=-2 V.

the percentage variation of Iy, I3, and AI with respect to
the reference condition, i.e. Vgg =0V, Vpg = 0.5 V. The
current difference remains nearly unchanged for Vgg =1V
and Vgg = 2 V but is almost halved at Vizg=3 V. In contrast,
a negative gate-source voltage increases Iy, I, and Al, with
the latter reaching an 80% increase when Vgg=-2 V.

In this analysis, the small gate dielectric thickness clearly
results in a strong coupling between the gate and the SMJ,
significantly impacting current variations. Despite the consid-
ered very ideal conditions, the results highlight the crucial
role of Vg in enhancing sensing performance. The gate
voltage can be used to increase the current difference between
the two logic states encoded by the driver dipole orientation.
Future work should focus on improving the realism of the
gate implementation to further assess and tune its impact on
MoIFCN readout system.

IV. CONCLUSION

This work presents a novel approach for MolFCN readout
by using Single-Molecule Junctions (SMJs) as amperometric
sensors. The proposed method focuses on the electrostatic
interaction between a molecule, possibly polarized to encode
information in the dipole moment, and an SMJ. In this work,
we study the system by modelling the MolFCN molecule
with an ideal linear polar molecule. The ideal molecule in-
duces significant and distinguishable current variations which

depends on the encoded logic information, i.e. the dipole
moment. The current differences between the two logic states
appear detectable by conventional CMOS devices, suggesting
that SMJs could provide a viable, scalable, and integrable
readout solution while preserving the low-power benefits
of MolFCN. However, further simulation and experimental
analyses are needed to confirm these findings. Additionally,
applying negative Vps and, more importantly, gate voltages
can improve sensor sensitivity, allowing for fine-tuning to
target specific logic states and maximize the measurable
current difference. Future work should focus on refining the
simulations presented in this study by introducing variations
in the distance and dipole orientation of the molecule inter-
acting with the SMJ. This will help develop a sensor model
to integrate into the electronic readout circuit design. From a
physical perspective, testing different molecules beyond the
OPE3 will be essential to identify alternatives that maximize
sensor sensitivity while ensuring integrability and manufac-
turability.
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