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In this study, we propose that a molecular junction with a sharp Negative Differential Resistance (NDR)
current peak could improve the selectivity, thereby functioning as a potential molecular sensor for mole-
cule recognition. Using DFT-NEGF simulations, we investigate the connection between molecule—mole-
cule coupling, molecule—electrode coupling and the corresponding NDR peak shape. Based on this ana-
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lysis we propose three design rules to control the sensitivity of a sensor and determine that one mecha-
nism for NDR is for a localised molecular orbital involved in resonant tunneling to enter and leave the bias
window. Our findings provide useful insight into the development of single molecule sensors for mole-
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1 Introduction

There are two leading theories behind the smell mechanism
in humans: vibrational theory and shape theory. The shape
theory, also known as lock and key theory, states that a recep-
tor in the olfactory system will only be activated if the shape of
a molecule matches that of the receptor, like a key fitting into
a lock." In contrast, the vibrational theory, first proposed by
Dyson in 1928 and later provided with a mechanism by Turin
in 1996, argues that it is the vibrational frequency of the mole-
cule which characterise them, and which activate the olfactory
receptors.” According to this theory, molecules with the same
vibrational frequencies will smell alike, while the shape theory
suggests that molecules with similar shapes will have a similar
odour.

The central idea of the Turin mechanism for the vibrational
theory is the generation of an inelastic electron tunneling spec-
trum and, therefore, is considered to be eligible to realize a
physical chemical sensor for molecule recognition. To explore
the possibility of chemical sensors based on the vibrational
theory of olfaction, Patil modelled a molecular wire using a
tight-binding Hamiltonian with nearest neighbor hopping.®
This wire was connected to two semi-infinite leads, forming a
molecular junction. The Inelastic Electron Tunnelling
Spectroscopy (IETS) spectrum exhibited a clear peak at 0.15 V,
which appears due to the addition of an external molecule, in
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addition to the largest peak which belongs to the molecular
wire. This additional peak demonstrated the functionality of
this chemical sensor to detect external molecules. Later in
2018, Patil replaced the molecule wire with a molecular
Resonant Tunneling Diode (RTD) using the same framework.*
In this way, he overcame the drawback that the operation of
IETS requires cryogenic temperatures to avoid thermal broad-
ening of spectrum peaks, proving that the molecular RTD
could be a promising sensor at room temperature. While
Patil’s work shows great promise in this field, all the sensors
he studied are theoretical models but not real molecules.
Following Patil’s study, Sahoo inserted a real molecule RTD
put forward by Perrin® into this sensor configuration and suc-
cessfully recognised hydrogen cyanide and benzaldehyde
through IETS.®

Although the mechanism of vibration detection is close to
that of IETS, with both vibrational theory and IETS involving
inelastic electron tunnelling, the recognition system of the
sensor inspired by vibrational theory does not necessarily
depend on the conventional IETS peaks found in the second
derivative of the current-voltage (I(V)) response. Traditional
IETS is conducted using metal-insulator-metal junctions. To
resolve thermal broadening problems which affect the peak
resolution it needs to be operated at a cryogenic temperature
which is a strict operation condition. The current prevailing
solution to resolve the resolution problem at higher tempera-
ture is to utilize machine-learning algorithms to discriminate
between compounds on the raw data produced from the
sensors.” *

However, if the junction is reduced to the molecular level,
the orbitals will be well separated in energy due to quantum
confinement. This makes it possible for the movement of elec-
trons through the highly quantised orbitals to be affected by
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the applied voltages to generate peaks directly in the I(V) curve
instead of in d®//dV?, as normally used in IETS. To generate
the peaks, the molecule must exhibit negative differential
resistance.

Negative differential resistance (NDR) is a phenomenon
where the current decreases as the applied bias to the device
increases, whereas in conventional devices the current
increases linearly with the increase in applied bias. This
phenomenon can occur when two narrow energy states, each
pinned to separate electrodes, are present in the junction. In
this case, let’s consider the two states to be the highest occu-
pied molecular orbital (HOMO) of a molecular donor present
in the junction and the lowest unoccupied molecular orbital
(LUMO) of a molecular acceptor, as depicted in Fig. 1. At low
bias, an energy gap between the HOMO and LUMO prevents
electron tunneling between them (Fig. 1a), resulting in a low
current. As a positive bias is applied, the HOMO rises and the
LUMO drops following the potential shifts in the electrodes
they are pinned to, until a bias is reached when the HOMO
and LUMO move into resonance (Fig. 1b), resulting in a
maximal current. However, if the bias continues to increase,
the HOMO and LUMO will move out of resonance again
causing the pathway generated by their resonance to disappear
(Fig. 1c). The current thus drops and a peak is generated in
the I(V) curve, as shown in the primary peak in Fig. 1(d). If the
gap between the HOMO and LUMO corresponds to the
vibrational energy of an external molecule, an additional peak
would appear at the voltage which differs from the primary
peak by exactly the vibrational energy, as the smaller peak in
Fig. 1(d) shows.

Despite significant research on molecular electronics based
on IETS,"" ™" less work has been done to investigate the use of
IETS in molecular electronics as a mechanism of chemical
sensing, and in particular to focus on the I(V) characteristic of
the sensor device, rather than the second derivative of the I(V).
One particular problem for the I(V) characteristics of such
sensor devices is that their sensitivity is determined by the
NDR shape. If the NDR peak is too broad, the additional peak
introduced by external molecules will be invisible, making the
process of recognition difficult and decreasing the sensitivity
of the chemical sensor.

To explore ways to manage this broadening, in this work we
design a simple molecular sensor model, and study the
relationship between the features of the molecular sensor and

a) b) c)
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Fig. 1 An illustration of the NDR mechanism. (a) Molecular junction at
0 V; (b) the resonance state; (c) the HOMO—-LUMO gap corresponds to a
vibrational energy of the external molecule; (d) the /(V) curve.
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the shape of NDR peaks in the I(V) curve. We develop three
simple conditions to control device sensitivity and how our
simple models meet these three conditions. Our research
demonstrates the viability of a single molecule chemical
sensor in which the recognition system is based only on the
I(V) curve, and sheds light on molecular transport mechanisms
and molecular electronics engineering. However, limitations of
our models and calculations do exist and are discussed in later
sections.

2 Results

We have created a simple model for the molecular resonant
tunneling diode sensor, consisting of the molecular junction
shown in Fig. 2. For the purpose of developing optimal design
rules, we have partitioned the molecular junction into five
functional sites: a bottom anchoring group, a donor site
(bottom site), a bridging group, an acceptor site (top site), and
a top anchoring group. We initially utilized two benzene mole-
cules as the donor and acceptor and a saturated carbon chain
as the decoupling units. By adjusting the lengths of bridge and
anchoring groups we quantitatively analysed the effect on the
I(V) curve intensity and peak shape of the coupling strength
between the molecular moieties and between the molecules
and electrodes. We note that the proposed model represented
in Fig. 2 just depicts the sensor molecule and does not include
the odorant.

Based on this analysis we propose three design rules to
control the sensitivity of the molecular resonant tunneling
diode we have designed as a chemical sensor: (1) weak coup-
ling between molecular donor and molecular acceptor. (2)
Weak coupling between the molecules and the electrodes. (3)
Proximity of HOMO of the acceptor to the Fermi energy of the
electrodes.

Before we discuss the design rules, let’s first understand
the “pinning” mechanism, which involves electron interaction
between two orbitals. When two partially filled orbitals come
in contact reach equilibrium, any increase in the energy of one
orbital leads to an electron flow from it to the other orbital.
This flow will cause the first orbital to lower its energy due to
reduced electron repulsion, and the second orbital to raise its
energy due to increased electron repulsion. As a result, the two
levels realigns, though with different charges. When there is
insufficient electron flow between the orbitals to keep them

anchoring group  donor bridge acceptor anchoring group

Fig. 2 The simplified model composed of a bottom anchoring group, a
donor site (bottom site), a bridging group, an acceptor site (top site),
and a top anchoring group. The left and right boundaries represent for
the bottom and top electrodes.
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aligned, then the two orbitals move out of alignment, and the
pinning is broken. This electronic interaction exists not only
between orbitals localised on electrodes and molecules but
also between different molecular moieties.

2.1 First condition: weak coupling between molecular donor
and molecular acceptor

As mentioned before, the generation of NDR involves the inter-
action of HOMO and LUMO orbitals, localized on the donor
site (bottom aromatic group) and the acceptor site (top aro-
matic group) within our molecular junction, and each pinned
to different electrodes. At the potential when they reach reso-
nance, these frontier orbitals become connected and spread
over the whole molecular junction. This wide range of overlap
results in broad peaks and therefore reduced sensor sensi-
tivity. Our first rule to guarantee sensitivity and selectivity of
the sensor, is to minimise the coupling between the donor the
acceptor site within the junction.

To decouple the donor and acceptor we introduced a satu-
rated carbon chain of increasing length in the bridging area.
The length of this carbon chain affects the strength of this
coupling. A weak coupling decreases conjugation between the
donor and the acceptor resulting in a reduced energy range for
electron transmission, and narrowing the NDR peak.

We label these molecular junctions as ben-ben0X0, where
X denotes the number of CH, groups in the bridging region,
ranging from 1 to 4 CH, groups. Note that here (CH,), refers
to the group in a saturated chain, as opposed to the ethyne
molecule. The resulting I(V) curves are shown in Fig. 3. By ana-
lysing the figure, two distinct types of I(V) characteristics can
be observed: for chains with fewer than three CH, groups, the
corresponding I(V) curves exhibit NDR peaks near 2 V, which
however are still broad. The emergence of a NDR peak around
2 V can be attributed to the pinning of the molecular orbitals
of the sensor to the electrodes under applied bias. In particu-
lar, the HOMOyiom Would not fall within the bias window

%107 x10™°

2t a) 2t b)

1 1
_~ ,/\_/_L/
<0 0
T 0 1 2 3.0 1 2 3
ot -6 -6
5 x 10 x 10
“2t0 21 d)

1 1

0 1 2 3 0 1 2 3

bias(V)

Fig. 3 The current through the double benzene molecule as a function
of applied bias voltage for the following models: (a) ben—ben010; (b)
ben—ben020; (c) ben—ben030; (d) ben—ben040.
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until 2 V is reached. At this bias, the current reaches its
maximum value. Beyond this bias, the HOMO, and
HOMOypottom levels move in opposite directions with increasing
bias and leave the resonant state, leading to a decline in the
current. When the chain length is above 3 CH, groups the
NDR peak reduces, and only small fluctuations are observed in
the I(V) curve.

This length-related feature can be explained in terms of the
density of states projected over the two molecules (PDOS), as
shown in Fig. 4 for each bridge length and a bias of 2 V. When
the bridge length is three or fewer CH, groups, the coupling
between the HOMO of the top (HOMOy,) and bottom
(HOMOpottom) benzene molecules is still strong, causing them
to stay pinned and the peak to remain broad. In particular
HOMOpottom remains in proximity of the lower boundary of
the bias window at —1 eV. However, when the bridge length
increases to four CH, groups, the coupling between molecules
reduces, and the HOMOyom becomes pinned to the potential
of the bottom electrode. As a result, the HOMOyom i free to
shift rapidly to a higher energy position as a positive bias is
applied to the bottom electrode. Since the coupling between
donor and acceptor is in this case small, we will take four CH,
groups as the optimal bridge length. Therefore, ben-ben040 is
utilized as the template bridge length in the following calcu-
lations and discussions.

Another important observation is that the current in our
junction keeps dropping with increasing number of CH,
groups in the bridge. This is because, besides decoupling
donor and acceptor, the saturated carbon groups act as insula-
tors between the bottom and top contacts. As a result, the re-
sistance of the entire molecule increases. For this reason it is
important to find a balance in the length of the bridge: if the
bridge is too long, the resistance of the molecular sensor
becomes too high, and the current is no longer detectable. To

DOS
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HOMP-top
[
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[

|
fﬁOMO—bott m

-2 0 2 4 -2 0 2 4
Energy(eV)
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Fig. 4 The PDOS of ben—ben models at 2 V (a) ben—ben010 (b) ben-
ben020 (c) ben-ben030 (d) ben-ben040. The black dotted lines indi-
cate the boundaries of the bias window, which spans from -1 to 1 eV at
2 V. The highest energy peaks in the upper and lower curve represent
the HOMO of the top (HOMOy.p) and bottom (HOMOyatom) benzene
molecules, respectively.
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be noted, the non-linear reduction of current as a function of
the chain length, particularly ben-ben020 and ben-ben030, is
due to the different geometries of the sensor molecule with
odd and even number of CH, groups in the bridge. The
change in geometry affects the electron transport as explained
and illustrated in the ESI S1 Fig. 4 and 5.}

2.2 Second condition: weak coupling between the molecules
and the electrodes

An anchoring group is a linker used to connect the molecule and
the electrodes in a molecular junction. The connection between
the metal contacts and the sensor molecule also influences the
broadening: strong coupling allows greater transmission of the
metal states through the molecule, increasing the broadening. In
the calculations above we inserted a 3 A vacuum gap between the
molecule and the gold electrodes: this roughly corresponds to
contact with an STM tip. To study the effect of anchoring groups,
thiols were added to both ends of the template molecule and
attached to the junction, labelled ben-ben040s.

The I(V) curve in the presence of the thiol groups is shown
in Fig. 5(a). A peak, which is generated when the HOMOypotom
and LUMO,,, are in resonance as shown in Fig. 6, appears at
5.2 V, which is approximately the HLG of benzene. This peak,
however is quite broad due to the newly inserted thiols which
bridge the gap between molecule and electrodes, increasing
the molecule-electrode coupling and broadening the frontier
orbitals because of the eased electron transport. In other
words, the current increased even if the HOMOpoiom and
LUMO,, move out of resonance, as the tails of these two
broadened levels can still contribute to the coupling between
the moieties, resulting in an increment of the current.

The strength of the coupling between the molecule and the
electrode can be modulated by modifying the anchoring group.
One way to reduce the coupling strength and obtain a narrower
peak is to insert CH, groups in anchoring groups since satu-
rated C atoms are effective decoupling units. One CH, group
and two CH, groups were inserted in both ends of the previous
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Fig. 5 The current of ben-bens models (a) ben—-ben040s (b) ben-
benl41s (c) ben—ben242s.
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Fig. 6 The PDOS of ben—ben040s model at 0 V and 5 V. HOMOycttom
and LUMO;,, which generate the NDR peak are labelled. The arrows
show how the orbitals move when a positive bias is applied.

thiol model, forming the S-CH, and S-CH,-CH, linkers. The
I(V) curves for these two new models, labelled ben-benx4Xxs,
where X represents the number of CH, groups in the anchoring
groups (X = 1 or 2), are shown in Fig. 5; their corresponding
peaks are both sharper than that of the previous thiol model.

These NDR peaks are sharp, however their positions are
shifted to an even higher bias compared with that of ben-
ben040s. The shift towards higher bias is a consequence of the
reduced molecule-electrode coupling produced by the inser-
tion of the CH, groups, which results in reduced bias control
of the electrode over the relevant molecular orbitals, and there-
fore a higher bias for these orbitals to reach resonance, as
explained below.

To explain this concept and quantify the pinning of mole-
cular orbitals to the electrode over the molecular system, we
introduce the efficiency factor, E. This factor represents the
ratio between the shift of frontier orbitals compared with their
positions at 0 V and the shift of the electrode potential, as
shown in the following equation.

AEorbitals

AEejectrode potential

(1)

E ranges from 1, when the coupling is extremely strong and
the orbitals are pinned to the electrode potential, to 0, when
there is no coupling and the orbital energies remain
unchanged whatever the electrode potential shift. The
efficiency of ben-ben040s, ben-ben141s and ben-ben242s are
listed in Table 1. The efficiency factor of models with extra

Table 1 The efficiency E of different models

Model E

ben-ben040s 93.1%
ben-ben141s 70.2%
ben-ben242s 63.3%
ben-ben040 59.3%

Nanoscale, 2024, 16, 5334-5342 | 5337
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CH, groups inserted is smaller than that of ben040s, indicat-
ing a smaller molecule-electrode coupling. As the efficiency
factor is small, which means the shift of the orbitals is smaller
than that with a large efficiency factor under the same bias
applied, a higher bias is required for the orbitals of the aro-
matic groups, HOMOptom and LUMO,y,, to reach a resonance
state and so the NDR peak is shifted to a higher bias. We note
that the efficiency of ben-ben242s is comparable to that of the
vacuum models.

2.3 Third condition: proximity of the HOMO of the acceptor
to the Fermi energy of the electrodes

Despite a sharp NDR peak being observed in the Fig. 5(b) and
(c) of our simplified model sensor, the voltage where this
sharp NDR peak is located is too large to be realized in an
experimental molecular junction. Indeed, a voltage of 5.2 V or
more, which corresponds to the location of the sharp NDR
peak in our model, can potentially compromise the stability of
the molecular contacts, or even cause the molecular junction
to break down.'® Therefore, we need to take measures to alter
the position of the NDR peak.

One way to alter the position of the NDR peak is to replace
the top benzene with a different acene molecule, such as
naphthalene, anthracene or tetracene. These all have a smaller
HOMO-LUMO gap than benzene, thus the location of the fron-
tier orbitals is closer to the Fermi level than that of benzene,
leading to a difference between HOMOs of the bottom and top
moieties. On the basis of this difference, it is the HOMOpottom
and HOMO,p, not the HOMOyottom and the LUMOy,, that
come to resonance within the bias window. The voltage
required for resonance is reduced significantly as the energy
difference between the two HOMO levels is much smaller than
the HLG of the benzene, as shown in Fig. 7.

We substituted an anthracene to the top benzene group of
ben-ben040 and calculated the I(V) curve of the resulting
molecule, as shown in Fig. 8. A sharp NDR peak is observed
near 1.65 V. After checking the corresponding PDOS in Fig. 9
of this new molecule, which is labelled ben-ant, we find that
this sharp NDR peak is exactly a consequence of the inter-
action between the HOMO of the benzene, depicted in black,

a) b)

LUMO

7] HLG

HOMO
-bottom

N N

HHG
=y

Fig. 7 (a) HOMOyottom—HOMOyq, coupling. The HOMOyqttom and
HOMO,,, belong to the benzene moiety and the anthracene moiety
respectively. (b) HOMOyottom—LUMO;q, coupling. The HOMOyqttom and
LUMO;,, belong to the bottom benzene moiety and the top benzene
moiety respectively.
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bias(V)

Fig. 8 The variation with voltage of the current through the sensor
molecule with the top benzene replaced by anthracene.
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Fig. 9 The transmission plot and the PDOS of ben—ant models under
different voltages (a and f) 0 V (b and g) 1 V (c and h) 1.5 V (d and i) 1.65
V (the position of the NDR peak) (e and j) 1.8 V. The PDOS of the anthra-
cene moiety is in red and the PDOS of the benzene is in black. The orbi-
tals that are concerned has been labelled as HOMOy,ottom and HOMO,,
which belong to the benzene moiety and the anthracene moiety
respectively. The arrows show how the orbitals move when a positive
bias is applied.

and the HOMO of the anthracene, depicted in red, instead of
the LUMO,,, as seen in the ben-ben case.

The generation of this sharp NDR peak involves the
entrance and exit of the HOMO,,, in the bias window. The
PDOS shift under bias clearly shows the two movements of the
HOMO,,, as shown in Fig. 9. At 0 V, the HOMO,, is quite
close to the Fermi level of the electrodes. After a drop in the
potential of the top electrode due to the applied positive bias,
the energy of the HOMO,,, also goes down, leading to a declin-
ing HOMOy,ottom~HOMOy,, gap. At a bias of 1 V, the HOMO-
HOMO gap reached 0 but we would only expect a small current
boost here because the majority of both HOMOs are out of the
bias window, as shown in Fig. 9(g). However, after all of the
HOMOy,o¢tom enters the bias window, the HOMOy,, suddenly is
able to carry current, and hence accumulate charge, and
returns to its previous position which has a higher energy
within the bias window. In this case, the resonance of the

This journal is © The Royal Society of Chemistry 2024
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HOMOy,6¢t0m and HOMOy,,, takes place within the bias window
and a channel for electrons is generated, boosting the current
at 1.65 V, as shown in Fig. 9(i).

The unique resonance occurring at 1.65 V can also be
observed in the charge distribution of the model, as shown in
Fig. 10. With an increasing applied bias, the charges on the
benzene (anthracene) increase (decrease) as the fragment is
close to the bottom (top) electrode until 1.65 V is reached. At
this bias, the resonance of HOMOy4ttom With HOMOy,, takes
place and charges on these two fragments redistribute. The
negative charges on the benzene flow to the anthracene,
accompanying the electron transport and boosting the current.
What this redistribution process exhibits in the charges versus
bias figure is a peak or a valley at 1.65 V.

The sudden entrance and exit of the HOMOy,, from the
bias window requires two conditions. The coupling between
the electrode and the molecule should not be too strong, and
the HOMOx,,, should be close to the Fermi energy of the top
electrodes, which is our third condition. For the second con-
dition, until the coupling is strong, the energy of HOMOx,,
would be mainly controlled by the electrode and the HOMO is
pinned to the electrode. As a consequence the energy level
would keep decreasing, following the electrode Fermi energy.
This situation is observed when the ben-ant groups are
strongly linked to the electrode through a thiol, as shown in
the ESI S1 Fig. 1.}

For the third condition, the HOMO,, should be close to
the Fermi energy of the electrodes so that the difference
between HOMOy,, and electrode Fermi energy is small when
the HOMOpttom €nters the bias window, as Fig. 11(a) shows.
And the coupling between the HOMOypotom and HOMOy,,
could trigger the excitation of the HOMO,, by current carrying
electrons, as shown in Fig. 9(i). By contrast, the HOMOpottom
enters the bias window when there is a large energy gap
between the levels of these two moieties, and the HOMOyottom

0.6 T T T . T
—ant

——ben /\//

Charges
S
SN

03 1
0.2 L . L L .
1.2 1.3 14 1.5 1.6 1.7 1.8
bias(V)

Fig. 10 The charge distribution of the ben-ant model. Black: the
Hirshfeld charge on the benzene fragment. Red: the Hirshfeld charge on
the anthracene fragment.
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Fig. 11 The HHG is (a) small (b) big when the HOMOyttom enters the
bias window.

would not overcome the energy gap and never be able to carry
a current, as shown in Fig. 11(b). It should be noted that the
strong coupling between the molecule and the electrode would
compress the HOMO-LUMO gap of the molecule to a much
smaller value compared to that of the isolated molecule due to
the pinning effect."> However, this way to reduce the energy
difference between the HOMO of the molecule and electrode
chemical potential is not viable as the interaction between
molecule and electrode is strong, violating the second
condition.

In the previous paragraph, we mentioned that the excitation
of the HOMO,,, is triggered by the coupling between the moi-
eties, which seems to contradict the requirement that the
coupling between the moieties should be weak. However, it is
exactly the weak molecule-molecule coupling that enables the
sudden shift of the HOMO,,,. Otherwise, the orbital would
just stick to the position and not move freely if the molecule-
molecule coupling is strong.

A NDR peak at a smaller voltage not only originates from a
smaller gap but also the suppression of electrode Fermi energy
to the molecular orbitals. The movement of the HOMO,, goes
through two stage. At the first stage in the Fig. 12(a), the move-
ment of HOMOy,,, is insignificant compared with the move-
ment of the electrode Fermi energy by the bias as the coupling
between the molecule and electrode is weak. The gap between
the HOMO,,, and corresponding electrode Fermi energy then
is expected to diminish. Soon the energy level of the HOMO,,
would be the same as the Fermi energy of the electrode and
this orbital would enter the second stage in the Fig. 12(b).

a) b)

/)

HOMO :
-top HOMO
-top

Fig. 12 The movement of the HOMO,, (a) slow shift (b) fast shift,
catching up with the shift of the electrode and reaching an efficiency of
100%.

Nanoscale, 2024, 16, 5334-5342 | 5339


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr05900f

Open Access Article. Published on 14 February 2024. Downloaded on 2/9/2026 11:41:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

At the second stage, the movement of the HOMOy, is fast. As
the electrode Fermi energy drops, electrons from the nearby
HOMO escape from the moiety to the electrode as it is the only
electron-rich channel above the electrode potential. The drain of
the electrons would decrease the level energy because of the self-
interaction of the electrons within the orbital, and, in this way,
the contribution of this level to electron transport would be sup-
pressed by the change in the electrode Fermi energy. That is, the
movement of the level would catch up with the movement of the
electrode potential, boosting the rate of change of orbital energy.

If we now replaced the acceptor site with a LUMO-align-
ment moiety, that is the LUMO of the moiety is quite close to
the Fermi level of the electrodes and its HOMO is lower than
that of benzene, the NDR peak is generated through
HOMOy,4t0m~LUMOy,;, coupling. Even if the energy of the
LUMOy,p, is much lower than the LUMO of the benzene above,
the movement of the LUMOy,,, is still quite slow without a
strong coupling between the molecule and the electrode and
suppression of the electrode potential. As the LUMO,, is
always above its corresponding electrode Fermi energy and no
electrons locate on the LUMOy,,, the drop of the electrode
potential would not affect the behavior of the LUMO,, which
would just shift at quite low efficiency.

We have also tried another way to modify the HOMOpotom
and LUMOy,, gap by adding electron extraction groups, -F, to
the top benzene molecule in the model. The role of the elec-
tron extraction groups here would be analogous to that of a
n-type dopant in a semiconductor, which moves conduction
bands towards the Fermi level. The projected density of state
on the top and bottom benzenes of these modified molecules
are shown in ESI S1 Fig. 2 and 3.7 However, we find that the
effect of the added functional groups is not large. The magni-
tude of the reduce of the HOMOy4om and LUMOy,, gap is
relatively small, compared with that of the large HOMO-LUMO
gap (HLG) of the benzene, 5.2 eV.

Just as we did for the ben-ben models, an anchoring group
was added to either side of the ben-ant model respectively to
build a molecule-electrode connection, which makes it more
like a practical sensor rather than an STM experiment. In
order to meet the second conditions, only -SCH,CH, was
applied as the extra two CH, groups have been proven to
weaken the molecule-electrode coupling which has already
been seen in the ben-ben models where the efficiency E of
ben-ben242s is the comparable to that of ben-ben040, as
shown in Table 1.

The I(V) curve of the ben-ant model with weak anchoring
groups is shown in Fig. 13. As expected, a sharp NDR peak is
observed at 2.5 V, as also seen in the models with vacuum. The
aforementioned HOMOpytom~HOMOy,, crossover which
occurs outside of the bias window is also observed in the
PDOS figure and transmission curve, followed by the entrance
of the HOMO,, to reach the resonance between the two moi-
eties. Reproducing the specific type of a sharp NDR peak with
solid anchoring groups supports our hypothesis and makes
our three conditions more practical and realizable for a physi-
cal chemical sensor.
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Fig. 13 The current of ben—ant242.

We note that there are some limitations to our models and
calculations. Although our calculations and results support the
viability of a single molecule molecular sensor which relies on
the sharp NDR peaks of (V) curves to recognise external mole-
cules, we don’t know how this peak would be affected once
more interactions are involved. The electron-phonon inter-
actions are out of the scope of this paper and we are just focus-
ing on the elastic condition for sensing. As the electron-
phonon interaction between molecules and receptors is basi-
cally the central idea of the vibrational theory of smell mecha-
nisms, it needs to be explored for the completeness of the per-
formance of our sensors, and will be addressed in our future
work. Our model is primarily based on a vacuum environment
to isolate the fundamental electronic properties of the sensor
material without external interference. In reality O, and other
air components may affect the sensor performance e.g
affecting the concentration of the odorant, interacting with the
sensor inelastically and contributing to background noise in
the I(V) characteristic. The effect of environmental factors will
also be discussed in future work.

3 Conclusions

In this work, we have derived a simple model which is com-
posed of five functional sites: a bottom anchoring group, a
bottom moiety, a bridge, a top moiety, and a top anchoring
group. By tweaking the number of CH, groups in the bridge
sites and between the molecule and the contacts, we have
investigated the effect of the molecule-electrode coupling and
molecule-molecule coupling on the current of this molecular
junction. A sharp NDR peak resulting from the shift of the
HOMO was observed when the two coupling interactions are
both weak.

Three design rules are suggested to be realized in a success-
ful sensor: (1) weak coupling between molecular donor and
molecular acceptor. (2) Weak coupling between the molecules
and the electrodes. (3) Proximity of HOMO of the acceptor to

This journal is © The Royal Society of Chemistry 2024
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the Fermi energy of the electrodes. Our findings provide
insights for molecular engineering and could support a new
single molecular sensor which recognizes molecules merely
relying on its I(V) characteristics instead of the traditional IETS
spectrum that is based on the second derivative of the current
with respect to the bias.

One note of caution when applying our three rules is that
strength of the current across the junction and the sharpness
of the NDR peaks are influenced in opposite ways by the
strength of the couplings: reducing the coupling of the mole-
cule to the contact reduces the current as well as sharpening
the resonances. If the couplings are too weak the current could
be too small to detect and the meaningful peak would be
immersed in the background noise. Finding the right balance
in the coupling strength is crucial to ensure both detectable
current and well-defined NDR peaks.

4 Methodology

Geometry optimization for all the structures was conducted
through the CP2K DFT code,*® version 8.2, using Goedecker,
Teter, and Hutter (GTH) norm-conserving pseudopotentials®*
and triple zeta valence polarized basis sets, except for gold
atoms for which we used a single zeta polarized basis set. As a
5 x 5 atom slab of gold makes up an electrode in our system, it
is necessary to use a single zeta basis to reduce the compu-
tational resources consumed, while retaining sufficient accu-
racy. The cutoff energy for the density mesh is 500 Ry and a 9
x 9 x 1 mesh of k-points is used. All the convergence para-
meters were determined through a series of convergence test
calculations, reaching an error of 0.001 eV per atom.

The following procedure was used to determine the relaxed
geometry. An isolated molecule is optimized first to determine
the relaxed distance between the top and bottom atoms.
Electrodes are then added above and below the outermost
atoms with a vacuum of 3 A between the electrode and the out-
ermost atoms. The vacuum reduces the interaction between
the molecule and the electrodes so that we could focus on the
effect of the length of bridging group between the two aro-
matic molecules on the current through the molecular junc-
tion. It roughly corresponds to an experiment using an STM
tip as a contact. If the vacuum is replaced with a thiol the dis-
tance between the gold electrode and the top sulfur or the
bottom sulfur is fixed to 1.7 A. In this case the distance
between the top and the bottom electrodes is 2 x 1.7 A plus
the distance between the top and the bottom atoms of the
molecule obtained in the isolated molecule optimization
stage. Finally, the molecule-electrode junction is optimized
until the forces fall below 10™* a.u.

NEGF calculations for transport properties, such as current
and transmission spectrum, were carried out as implemented
in CP2K version 8.2.>> Further postprocessing analysis such as
the projected density of states under finite bias calculations
were carried out in the modified version of CP2K 8.2 created
by Dr Sergey Chulkov. He has also demonstrated the reliability

This journal is © The Royal Society of Chemistry 2024
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of the NEGF formalism in CP2K by calculating the I(V) curve of
dithiol benzene with gold electrodes®® and comparing the
results with those presented in earlier work:** the results are
found to be consistent.
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