Characterisation of a bis-ferrocene molecular QCA wire on a non-ideal gold surface
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Field-coupled nanocomputing represents one of the possible proposals for the post-Complementary Metal Oxide Semiconductor (CMOS)
scenario. Contrarily to standard technology, the information is not propagated using electron transport, but via field interactions among
single elements. The molecular quantum-dot cellular automata (QCA) is one of the most promising implementations; redox centres of
oxidised molecules are used to concentrate charges. Coulomb interaction between redox centres enables the information propagation. The
necessity for charge transport is overcome, entailing very low power consumption notwithstanding the nanometric size and the very high
expected operating frequency. Nevertheless, as the Coulomb interaction strongly depends on the distance between charges, the position of
each molecule plays a relevant role in the interaction. This work investigates the information propagation of a possible molecular wire
thiolated on a non-ideal gold surface, where the intermolecular distance may vary due to the surface roughness and possible defects
introduced in the formation of the molecular wire. The efficiency of the information transfer is analysed with the aim of providing

significant constrains and suggestions for future fabrication steps.

1. Introduction and background: Unlike traditional CMOS
technology, field-coupled nanocomputing (FCN) paradigm uses
local field interaction to forward digital information between
nanoscale dimension building blocks, eliminating the need for
electric current. In particular, quantum-dot cellular automata
(QCA) provides a feasible solution for the FCN paradigm.
Coulombic interactions among basic elements, i.e. QCA cells,
determine the logic information propagation without the need for
electronic transport, therefore, evidently decreasing the power
dissipation.

According to the QCA theory, the fundamental cell is square
shaped and it is composed of six quantum dots. Two free charges
are inserted in the cell and can occupy two of the available
quantum dots [1]. In Fig. 1b, a basic representation of the ideal
QCA is shown; four dots are distributed along the two diagonals
of the cell and are used to encode the logic states of the devices;
the remaining two dots in the middle are used for the ‘NULL’
state configuration. Based on the position of those two mobile
charges, three different states can be encoded: two conventional
logic states, ‘0’ and ‘1°, are determined if the two mobile charges
localise along one of the two diagonals of the square cell; the
‘NULL’ state is encoded if these mobile charges are forced to
occupy the two central dots by means of an external electric field
(i.e. the clock). Even though the ‘NULL’ state is not needed for de-
fining logic states, it is important for realising adiabatic switching
among QCA devices [2].

Since QCA cells communicate with each other via electrostatic
interaction among free charges, basic logic gates could be realised
by properly arranging the cells. The QCA wire in Fig. 1c¢ is recog-
nised as the basic block for building logic circuits. It could be con-
structed by aligning a group of QCA cells with a cell-to-cell
distance, measured between cell centres that equals the width of
the single cell. Other devices such as the majority voter, shown
in Fig. 1d, and other fundamental logic gates, like the inverter
[3], can be realised and used to design more complex digital
systems (e.g. the arithmetic circuits).

Regarding the physical implementations of QCA technology, the
molecular approach examined in this work is expected to be the
most performing among all the proposals [3, 4]. Indeed, many
molecules have been synthesised following the urgent need of
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suitable candidates for realising QCA computation, the bis-
ferrocene molecule is one of those [5]. The structure of the bis-
ferrocene molecule is illustrated in Fig. le: two ferrocene groups
constitute the dots used to encode the logic states; a carbazole con-
nects the two ferrocene groups and acts as central dot for the
‘NULL’ state. An alkyl chain with the ending thiol (-SH) group
is added to anchor the bis-ferrocene to the gold substrate by
means of self-assembled-monolayer (SAM) formation [5].

The single bis-ferrocene molecule, having three dots, is consid-
ered as a QCA half-cell. A complete molecular QCA (MQCA)
cell can be built by aligning two molecules (Fig. 1f). The oxidised
form of the molecule is typically exploited to achieve optimum
QCA performance [2]: considerations on the counterion of the mol-
ecule are presented in [6].

Concerning the analysis of MQCA logic blocks from an electron-
ic point of view, Pulimeno ef al. [7] have evaluated the charge inter-
action along a bis-ferrocene based MQCA wire. Results in terms of
charge distribution on the wire are obtained by means of iterative
steps of ab initio simulations and post-processing of data.
Specifically, during simulation, molecules are ideally aligned on a
smooth nanowire. In the reality, the realisation of MQCA devices
may bring several problems related to the position of molecules;
the substrate might be rough and the procedure used for the forma-
tion of the SAM may introduce some misalignments due to techno-
logical issues (e.g. problems caused by steric hindrance) [8]. Since
the propagation of the information between molecules is based on
Coulomb interaction, strongly dependent on the distance, the pos-
sible misalignment between molecules might impinge on the
quality of the molecular interaction.

In this Letter, we make use of the profile of a real gold surface
proposed in [8], to study the behaviour of a MQCA wire. We
analyse the device capability of continuing to propagate properly
the binary information, even in presence of misalignments
between molecules.

The defects of the gold surface are modelled into variables or
parameters which could be externally applied to ab initio simula-
tions for the analysis of molecular performance [8]. The molecular
interactions allowing the information to propagate have been eval-
uated adopting an iterative method based on ab initio simulations
and post-processing of data. This method is similar to the one
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Fig. 1 QCA cells and fundamental QCA functional logic blocks

a Logic and central dots of the ideal QCA half-cell

b Six dots of the ideal QCA cell: two mobile charges (represented by filled
black circles) are localised on the antipodal sites of the square cell encoding
logic states ‘0’ and ‘1°; the “NULL’ state is encoded with the free charges
forced in the central dots

¢ QCA wire: an external input forces a logic state on the first cell on the left
(as INPUT), then each cell along the line arranges its logic state according to
its neighbouring cells due to electrostatic repulsion, thus allowing the binary
information to propagate until reaching the OUTPUT in a domino-like style
d Three-input majority voter: the logic state of the output cell depends on the
majority of the three input cells

e Structure of bis-ferrocene molecule

f Top view of a complete QCA square cell

proposed in [7], but it models charge interactions not only between
two nearby molecules but considering interactions among all the
molecules along the wire [9], by calculating the so-called forward
and feedback effects. This method is briefly discussed in
Section 2.1.

Finally, the method will output figures of merits as aggregated
charge distributed along the wire [10], illustrating the propagation
of binary information along the MQCA wire. The influence of pos-
sible fabrication defects to the QCA wire behaviour is examined.
The analysis is intended to facilitate the possible set-up of
MQCA devices.

2. Methodology: In this part, the methodology developed to study
the behaviour of the MQCA wire in presence of defects is
discussed. The methodology is mainly composed of three parts:
design suite ‘MoSQuiTo’; modelling of molecular interactions
along MQCA wire; gold substrate preparation and possible defect
modelling.

2.1. ‘MoSQuiTo’ suite: The molecular simulator quantum-dot
cellular automata Torino suite (‘MoSQuiTo’) is implemented to
model MQCA as electronic devices [11, 12]. It introduces figures
of merits to demonstrate the ability of MQCA devices to perform
the computation. In particular, ‘MoSQuiTo’ consists of three
stages — stage I: ab initio simulation, stage II: definition of figures
of merit, stage I1I: molecular interaction.

Stage I. ab initio simulations of the MQCA are performed.
Electric fields and point charges can be inserted as biasing condi-
tions to analyse molecule performance [11]. In Fig. 24, the electric
field, which is parallel to the axis of the logical dots of the molecule
(switching field), is applied to force Molecule I in a specified logic
state in order to work as wire /NPUT [13]. The electrostatic inter-
action between two general Molecule i and Molecule j is modelled
by representing the former bis-ferrocene molecule with a set of
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Fig. 2 MQCA wire and molecules interaction modelling

a Schematic view of a MQCA wire built with bis-ferrocene molecules and of
the electrodes used for providing the switching field. Concerning molecular
interaction, two random bis-ferrocene molecules Molecule i and Molecule j
on the wire are highlighted in bold

b One of the two molecules, e.g. Molecule i, is replaced by its aggregated
charges O1, 02 and Q3 becoming a driver for Molecule j

¢ Output voltage V,, is generated by the aggregated charges of Molecule i
d Molecule i becomes driver and stimulates the other molecule generating
the input voltage V;,

point charges, as shown in Fig. 2b. The two molecules are
thought as a Driver-Molecule system, in which Molecule
(Molecule j) is influenced by the point charges of the Driver
(Molecule i).

Stage II: the electrostatic properties of MQCA systems are
analysed defining the Aggregated Charge and the Input-Voltage
V., as figure of merits [12], evaluated with Octave [14] by post-
processing simulation data [11]. To be specific, the aggregated
charge is calculated based on the obtained atomic charges [15]
which are spatially collected in three groups, representing the
dots, and summed up to obtain the aggregated charge distribution
of the bis-ferrocene molecule.

The charge distribution of a molecule in presence of biasing con-
ditions is represented by the set of aggregated charges Q1, 02
and Q3. The charges can be used to evaluate the electric field at
any point around the molecule with simple electrostatic equations.
In order to ‘measure’ the effects of Molecule i on Molecule j, the
input voltage V7, is calculated integrating the value of the electric
field on the segment connecting the two logical dots of the latter
molecule, as depicted in Fig. 2¢. In this context, Molecule i influ-
ences Molecule j as a Driver (see Fig. 2d) and Molecule j reacts
to V,, in terms of re-localising its charge on Dotl, Dot2 and Dot3.

Stage III: a MQCA wire could be built by aligning a group of bis-
ferrocene molecules together with distance d in between, as
depicted schematically in Fig. 2a. Concerning the modelling of
the electrostatic interactions among molecules along the wire,
Pulimeno et al. [7] adopted a method of iterating steps of ab
initio simulation and post-processing of results. During each step,
the evaluation of the generic Molecule i is performed by replacing
Molecule i—1 with the aggregated charges obtained at the previous
step. These point charges are then considered as a driver that forces
the adjacent Molecule i to re-arrange its charge configuration. After
that, the aggregated charges of Molecule i are obtained and the pro-
cedure is iterated by considering charge distribution of Molecule i
as a driver for Molecule i+ 1 in the next step of the simulation. In
the end, the aggregated charge distribution of all molecules
located on the wire is obtained.

Regarding the modelling of molecular interactions in this Letter,
it is reminded that Molecule i does not affect only the adjacent
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Molecule i+ 1, but also all the other molecules of the wire. As a
consequence, the molecule which reacts to the driver influence
also provides a feedback in reciprocation to the driver molecule.
As discussed in stage II of ‘MoSQuiTo’ suite, two molecules inter-
act with each other in terms of input voltage V;, generated by a mol-
ecule to the other.

The relation between the charge distribution and the V;, is
described using the Vj,-aggregated charge transcharacteristics
(VACT), figure of merit which links the input voltage with the
value of the aggregated charges [12]. An alternative transcharacter-
istics to describe the interaction between two molecules was evalu-
ated analytically in [16], in the present work we use the VACT
because it is evaluated directly with ab initio simulation and it
enables the evaluation of molecule polarisation considering the in-
fluence of all the molecules of the wire.

For the evaluation of the information propagation, we adopt a
novel iterative method, proposed in [9], which evaluate the distribu-
tion of the aggregated charge on the wire using a self-consistent
procedure.

In fact, when a generic Molecule i is inserted in a system of many
molecule, each molecule generates an electric field that depends on
the charge distribution of the other molecules and that impacts to
the Molecule i. Molecule i changes its charge distribution according
to the value of the electric field generated by all the other molecules.
In turn, the electric field which Molecule i generates changes as a
consequence of the variation of its charge distribution. It is clear
that there must be a consistency between the electric fields that
impact on all the molecules of the wire and the charge distributions
of all the molecules.

The algorithm we use for the simulation of molecular devices
bases its evaluation on the concept of the VACT and it holds on
a simple self-consistent procedure. A self-consistent procedure
has been used also in [17] for the study of wires made with ideal
QCA cells. The algorithm used in this work was created ad-hoc
for the analysis of MQCA devices.

2.2. Substrate preparation and defect modelling: The bis-ferrocene
MQCA wire is schematically thiolated on the surface of a
gold surface that has to be prepared to guarantee the lowest level
of roughness. For the purpose of this work, possible existing
defects have to be modelled for the evaluation of molecular
interaction.

Substrate preparation: an experimental scheme for depositing
the bis-ferrocene MQCA wire by exploiting self-assembly fabrica-
tion has been previously proposed; the exact experiment procedure
to prepare a smooth gold substrate for the nanowire and to realise
bis-ferrocene MQCA wire deposition has been described in
detail in [8].

According to the need for the smooth surface, a low roughness
gold substrate was reported by Pulimeno ef al. [8]. A clean glass
microscope slide was smoothed following the procedure described
in [18]. Fig. 3a depicts the chosen profiles within the same gold
grain, of a 500 nm x 500 nm sample highlighting the appearance
of the gold substrate surface. After examining their smoothness,
the length range from 15 up to 25 nm of the first profile is
mapped with the aim of simulating the molecular wire behaviour
(Fig. 3b, bottom). Fig. 3¢ shows eight bis-ferrocene molecules sche-
matically deposited on the chosen gold substrate segment with an
identical distance d in between.

Defects modelling: the procedure that enables the formation of
the gold SAM and the deposition of bis-ferrocene molecules may
lead to several defects, for instance, the misalignment in all possible
directions and the non-ideal parallelism between two nearby mole-
cules [8]. Such defects are considered to be harmful to the correct
behaviour of molecular electronics circuits in terms of influencing
information propagation [19, 20].

The table in Fig. 3¢ indicates the exact positions along the z-axis
of the eight deposited bis-ferrocene molecules; the first molecule is
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Fig. 3 Models of vertical defects for molecules anchored on a gold wire
a Scheme of the gold grain sample

b Smoothness of two proposed gold nanowire profiles

¢ Eight bis-ferrocene molecules are schematically deposited on the chosen
sample

d Vertical misalignment is modelled as deltaZ along Z-axis between two
bis-ferrocene molecules

e In ab initio simulation, Molecule i is replaced by its aggregated charges
01, 02 and Q3 to compute its interaction with Molecule j, as a
driver-molecule system, considering the vertical misalignment

assumed to be at the origin of the surface plane and molecules are
considered to be equally distributed along the horizontal axis of the
gold substrate, with ideal intermolecular distance (i.e. equal to the
distance between logic dots). The vertical misalignment along the
MQCA wire is constructed following the roughness of the chosen
gold profile.

In particular, the vertical misalignment between two molecules
Molecule i and Molecule j along the wire is computed evaluating
the difference between their position along the z-axis, which is
denoted as deltaZ (see Fig. 3d). In ab initio simulation Molecule
i can be replaced by its aggregated charges (Q1, Q2 and Q3), as
driver molecule, whereas the vertical misalignment can be added
to Molecule j to calculate the interaction between two molecules
when a vertical defect is present, as depicted in Fig. 3e.

The procedure applied for the creation of the molecular wire,
concerning the molecule deposition, can be subdivided in two
parts: thiol deposition and carbazole connection. In the first step,
all the thiols are connected to the gold substrate following a
precise layout. The layout imposes a specific distance between
each molecule with the consequence of a discretisation in terms
of molecule positions. The positions of the molecules imposed by
the SAM formation are of high importance for the correct
Coulomb interaction among molecules [6]. Many efforts have
been carried out by the scientific community to study the properties
of the sulphur—gold interface [21-24]. The typical scenario is the
anchoring of the thiols on the (111) gold substrate, according to pro-
files ¢(4 x 2) and (v/3 x +/3)-R30°, where the thiol—thiol distance is
around 0.5 nm, as depicted in Fig. 4a.

In the second step of the deposition process, bis-ferrocene mole-
cules are connected to the thiols following the layout of the molecu-
lar wire.
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Fig. 4 Models of horizontal defects for molecules anchored on a gold wire
a Lattice structures of gold and sulphur on gold

b Ideal MQCA wire

¢ Possible real configuration of a real MQCA wire considering the steric
hindrance effect

d Possible real configuration of a real MQCA with missing connection error

In the ideal case, all thiols should be connected to bis-ferrocene
molecules. However, due to the steric hindrance, the size of mole-
cules plays a relevant role in the process; according to bis-ferrocene
size reported in [5] it seems reasonable that molecules might
connect to half of the available thiols leading to 1 nm as intermo-
lecular distance, as shown in Fig. 4c.

3. Result and discussion: The aggregated charges of molecules are
evaluated adopting the iterative method discussed in Section 2. By
taking into account the presence of vertical and horizontal defects,
several cases are analysed:

e Ideal case: the molecular wire is composed by considering the
ideal distance between each molecule (distance between logical
dots, 1 nm), as shown in Fig. 4b.

¢ Distance analysis: the distance between molecules is varied by
20% (i.e. d=0.8 nm and d=1.2 nm) to analyse the effects intro-
duced by the variation of the intermolecular distance. The relation
between the disposition of gold atoms and molecule anchoring is
not considered.

e Discontinuity analysis: the intermolecular distance is kept fixed
to 1 nm. However, the distance between two particular molecules
(i.e. Mol3-Mol4 then Mol5-Mol6) is increased to 1.5 nm to simulate
a vacancy in the adhesion of the bis-ferrocene molecules to the
thiols, as shown in Fig. 4d, thus taking into account the real sub-
strate and possible defects introduced due to the steric hindrance
or possible impurities on the substrate [19, 20].

In all the cases, the vertical displacement is varied according to
the profile in Fig. 3¢. The molecular wire is created as a system
of 11 molecules where the first one is used as driver. A segment
containing the first eight molecules is shown in the results.
Remaining three molecules are used to terminate the wire avoiding
parasitic border effects (long wire assumption). Therefore, all the
analyses are performed both on the ideal flat substrate and on the
rough gold substrate to study the effects of all the possible
defects combined. Fig. 5 shows the resulting aggregated charges
of two logic dots Dot! and Dot2, of each molecule.

3.1. Ideal case: Figs. 5a and b show that, with 1.0 nm
intermolecular distance, the information propagates as expected.
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Fig. 5 Aggregated dot charges along MOCA wire are reported for following cases of study

a 1.0 nm intermolecular distance and Logic 0 as INPUT
b 1.0 nm intermolecular distance and Logic 1 as INPUT
¢ 0.8 nm intermolecular distance and Logic 0 as INPUT
d 1.2 nm intermolecular distance and Logic 0 as INPUT

e 1.0 nm intermolecular distance and Logic 0 as INPUT, with 0.5 nm of shift between Mol3 and Mol4
/1.0 nm intermolecular distance and Logic 0 as INPUT, with 0.5 nm of shift between Mol5 and Mol6
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The two figures are related to different input values, Logic 0 and
Logic 1, respectively. For the ideal flat substrate (filled marks in
the picture), a good charge separation between Dot! and Dot2 is
obtained for all the molecules. The introduction of the rough gold
substrate (empty marks in the picture), considering the vertical
defects, slightly impinges on the quality of information
propagation along the molecular wire. The vertical misalignment
enlarges intermolecular distances and obstructs Coulomb
interaction thus decreasing the charge separation between logic
dots. Indeed, the lowest charge separation is obtained for Mol3
and Mol4, with Logic 0 and Logic 1, respectively, which
corresponds to the molecules in which deltaZ is maximum.

3.2. Distance analysis: Fig. 5S¢ shows the results for the case Logic 0
with both the flat and rough gold substrate with a 0.8 nm
intermolecular distance. Shorter intermolecular distance is
expected to lead to stronger electrostatic interaction among
molecules. Indeed, the charge separation in this case is higher
and it guarantees better quality for the propagation of the
information. Moreover, the behaviour of wires on the rough gold
substrate and the ideal flat substrate almost coincides. Strong
interactions along the wire outweigh the vertical misalignment
between nearby molecules that still interact with each other
allowing information to move correctly.

On the contrary, Fig. 5d shows the results obtained for an inter-
molecular distance equal to 1.2 nm. In this case, the degradation
phenomenon is hardly noticeable either using the flat or the
rough gold substrate with vertical shifts. The propagation of the in-
formation is not possible since the charge separation between Dot
and Dot2 does not ensure detectability of logic state in the single
molecule. Cases for logic 1 are not reported for the sake of
brevity but shows very similar results.

3.3. Discontinuity analysis: Two cases in which molecules are not
correctly thiolated to the substrate are finally analysed. Fig. 4d
shows the presence of two consecutive thiols not connected to
bis-ferrocene molecules forcing the intermolecular distance of
Mol3 and Mol4 to 1.5 nm. Fig. 5e shows the relative results for
this case; the charge separation is reduced almost of the expected
values for Mol3 and Mol4. By comparing this scenario with the
ideal one (Fig. 5a), a degradation phenomenon can be observed.
It is interesting to note that molecules following the defect tend
to reconstruct the information; this effect is also present with the
rough gold substrate but it is reduced by the effects of vertical
defects. Despite the defects, the charge separation of Dot/ and
Dot2 for the last molecule is almost equal to the case in which no
vertical defect is present. The reconstruction effect compensates
the presence of the horizontal defects. The same scenario can be
seen (Fig. 5f) when the defect is moved to another couple of
molecules in the wire (Mol5 and Mol6), indeed the reconstruction
phenomenon is still able to compensate for the error.

4. Conclusions: In the MQCA technology, propagation is enabled
by the electrostatic interaction among molecules. Therefore, the
intermolecular distance plays a key role in the information
propagation, which is enhanced by a short intermolecular distance
whereas worsened with a large distance.

An iterative method, which is based on the post-processing of ab
initio simulation data, is used to simulate a QCA wire. The mole-
cules which compose the wire are anchored on a possible non-ideal
gold surface. Misalignment among molecules is introduced in the
wire layout, considering real measurements, to study the quality
of the information propagation.

The vertical disposition of molecules depends on the roughness
of the gold substrate, while the horizontal disposition depends on
the formation of the self-assembled monolayer thus on the
sulphur—gold interface. Vertical and horizontal defects might in-
crease the intermolecular distance, making the information
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propagation difficult. In this work, three possible scenarios are
investigated.

In the first case, a rough substrate is analysed. The roughness of
the substrate introduces vertical misalignments among molecules
which increase the intermolecular distance. The effects on the infor-
mation propagation turn out to be not troubling. Indeed, the infor-
mation propagation is only slightly worsened and the charge
separation among logical dots is kept large.

In the second case, the intermolecular distance is varied by 20%
to analyse the effects of horizontal defects. The decrease of the
intermolecular distance strengthens the electrostatic interaction,
leading to a higher charge separation among logical dots. On the
other side, by enlarging the intermolecular distance, the interaction
is diminished and the propagation is worsened. The charge separ-
ation among logical dots of all the molecules is strongly reduced
thus the information on the wire is lost.

In the end, all the molecules are anchored on the substrate with an
intermolecular distance equal to the distance between dots. This dis-
tance demonstrated the correct propagation of the information. A
horizontal shift is added between some molecules to emulate a pos-
sible error introduced by the formation of the self-assembled mono-
layer. The simulations highlight the tendency of the wire to
reconstruct the information and to retain the logical value in the mo-
lecular wire. The bi-stability of the system compensates for the pres-
ence of sparse horizontal defects on the wire.

This work wants to highlight the importance of vertical and hori-
zontal misalignments between molecules, which are introduced by
the non-ideal roughness of the substrate and by the nature of the
self-assembled monolayer. The obtained quantitative results
clearly demonstrate the importance of the intermolecular distance
and contribute towards the real fabrication of MQCA devices.
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