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3.1 INTRODUCTION

Research in molecular electronics is strongly inspired by the possibility to
encode a well-defined functionality, such as switchability, into a single molecule
[1, 2]. On the road towards nanoscale functional devices, various fundamental
questions arise. Many of these have to do with the details of the connection
between a molecule and two electrodes. For example, the distance between the
electrodes defines if and how a molecule can be connected between two metals.
Moreover, a molecule that exhibits a significant length change upon switching
is likely to lose its functionality in a rigid junction. Interestingly, the inverse
may also be true, a possible example being spin transition molecules [3]. Since
the length of such a molecule is larger in its high-spin than in its low-spin state,
straining it may actually induce a spin transition.

Here, we aim for a stable molecular device structure which allows one to vary
the inter-electrode distance on the sub-Angstrom scale. For this, we combine
two techniques which have proven their use in molecular transport studies:
mechanically controllable break junctions (MCBJ) [4, 5], and 2D nanoparticle-
molecule networks[6-9]. MCBJs are widely used to study single molecule con-
ductance and allow for tuning of the inter-electrode distance with great ac-
curacy. However, they lack stability at room temperature. Devices based on
molecule-nanoparticle networks, on the other hand, offer great stability even at
293 K. One reason for this is that a nanoparticle-molecule-nanoparticle junction
has a tiny mechanical loop. The other reason is that a conductance measure-
ment forms a statistical average over a full array. Hence, fluctuations (molecu-
lar bond breaking and re-attachment) on the single junction level average out.
Here, we combine the advantages of both techniques to create a 2D molecule-
nanoparticle network in which the interparticle distance can be varied.

3.2 EXPERIMENTAL DETAILS
We start with the synthesis of gold nanoparticles (NP’s) following the Slot
and Geuze method [10]. In this way we obtain NP’s that are 10 + 1nm
in diameter and charge stabilized in water. Next a solvent exchange step is
performed (water to ethanol) to self-assemble alkanemonothiols, in this case oc-
tanethiols, on the NP’s to prevent aggregation. After another solvent exchange
step (ethanol to chloroform) the NP’s are self-assembled into a 2D network on a
convex air-water interface due to the evaporation of the solvent. This is followed
by a microcontact printing step, i.e., the network is transfered from the water
surface to the substrate using a polydimethylsyloxane (PDMS) stamp. Note
that the self-assembled alkanethiols define the initial inter-particle distance[7].
As a bendable substrate, we use phosphor bronze which needs to be electroni-
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cally isolated from the NP’s. The insulating layer applied will also need to trans-
mit the substrate deformation and to offer good adhesion to the NP network.
We tested four different materials (PMMA, N-1410, SU-8 and poly-imide) spin
coated on our substrates. Poly-imide, already used for MCBJ substrates [4, 11],
shows the best adhesion properties for the NP’s. Finally gold contacts are de-
posited by shadow mask evaporation, the electrodes being 160 um apart. In this
way, a network is created in which a unit junction comprises two nanoparticles
separated by a tunnel barrier that consists of two monolayers of alkanemonoth-
iols. From here it is also possible to create a 2D network of metal-molecule-
metal junctions using a place exchange step[6-9]. This results in the formation
of one or a few molecular junctions as discussed below (see also chapter 2). In-
terestingly, the network’s sheet resistance can be directly related to the average
resistance of a single junction [7](chapter 2).

For our experiments, we mount a substrate onto a MCBJ set-up, as illus-
trated in figure 3.1-A. A pushing rod, capable of bending the substrate in a
three-point geometry, is driven by a motor that can be operated continuously or
stepwise. The network on the substrate is connected via spring-loaded contacts
to an IV-converter and a data acquisition card. A bias voltage of 2V is typically
applied to the network, resulting in a voltage drop of a few mV for each junc-
tion. The resistance is recorded while bending. All the measurements are done
at room temperature and in a low vacuum chamber at a pressure of about 1073
mbar.

3.3 RESULTS: BENDING THE NETWORK

Let us first anticipate what happens when we bend a network with alka-
nemonothiols only, i.e. without dithiolated molecular bridges. When dis-
placing the pushing rod by a distance Ay, as shown in figure 3.1A, the upper
surface of the phosphor bronze substrate is elongated. Its deformation is trans-
mitted by the poly-imide layer to the NP network (figure 3.1B), resulting in
lateral strain on the network. To get a picture of the resulting resistance be-
havior of our structure, we note that a unit junction formed by two NP’s is
basically a tunnel junction. Its barrier height, ¢, is defined by the work func-
tion of gold covered by alkanemonothiols. The barrier width is the distance
d between the edge of two NP’s as shown in figure 3.1C. For reasons becom-
ing clear later, we also define u, the distance between the centers of the two
nanospheres. The junction resistance can be written in the form: R o e2¥¢
where x = %\/ 2me@ with m the electron mass and 7 the reduced Planck con-
stant. The change in resistance when elongating the junction with Ad is thus
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FIGURE 3.1: Overview of the experimental details. A Schematic cross-section of the measure-
ment set-up. By bending a phosphor-bronze substrate in a three-point geometry, a 2D nanoparticle-
molecule network is stretched. B Scanning electron micrograph of an octanemonothiol protected
gold NP network; the scale bar shown is 100 nm. C Schematic view of the tunnel barrier when the
distance between the surface of two nanoparticles is increased from d to d+Ad. We define u as the
distance between the centers of the nanoparticles. Note that Au = Ad. The height of the energy
barrier equals ¢.

expected to follow: [n(R(Ad)/R(0)) = 2xAd, where R(0) = R(Ad =0). In the lin-
ear regime we can simplify this relation to: (R(Ad)—- R(0))/R(0) = 2xAd. Hence,
we can accurately monitor the displacement between the nanoparticles by mea-
suring the network’s resistance response.

In a typical experiment the substrate is bent back and forth by moving the
pushing rod in steps of Ay =0.043 mm. After each step the resistance change is
probed. Figure 3.2 shows the result for a sample with octanemonothiol tunnel
junctions with an initial resistance of 176 M Q. The data are plotted both lin-
early, showing (R(Ad) — R(0))/R(0) vs Ay, and semi-logarithmically, displaying
In(R(Ad)/R(0)) (see inset). Two experiments are shown; in the first case (black
squares) the sample was bent less than in the second case (grey diamonds, also
later in time). Figure 3.2 exhibits a plateau for small displacements. This has
a trivial reason, as it corresponds to the situation where the pushing rod is not
yet touching the substrate (see right bottom cartoon in figure 3.2). Once the
substrate is actually bent, however, the resistance increases significantly, as
anticipated above. For larger displacements, the curves deviate from linearity
as indeed expected. Upon plotting R(Ad)/R(0) semi-logarithmically, the curves
become straighter. However a small deviation at high Ay is still present, prob-
ably due to plastic deformation (see below). As also can be seen on the other
measurements in the supporting information we remain generally within the
linear regime. The relative change in resistance (R(Ad)— R(0))/R(0) per mm
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pushing rod displacement for this sample is found to be 0.34 + 0.02 mm ™! (from
the black squares). We investigated five such samples and (R(Ad)— R(0))/R(0)
varied from 0.20 to 0.36 per mm pushing rod displacement, with an average of
0.30 mm 1.

Let us now have a closer look at figure 3.2 and focus on the second experi-
ment shown (grey diamonds) where the substrate is bent further than before,
i.e. to Ay = 1.25 mm. In this case, the retracting trace does not come back
to its original value. In fact, the plateau for small Ay, discussed above, is lo-
cated at a higher resistance value and spans to higher Ay than before. This
discrepancy is related to plastic deformation, i.e. permanent bending of the
substrate as indicated in the left cartoon in figure 3.2. Hence, the pushing rod
needs to move further up, to larger Ay, before additional bending is possible.
All these observations demonstrate that the resistance change is due to net-
work elongation, which itself results from deformation of the substrate. Hence,
our device opens the road towards a strain sensor (or bending sensor) based on
tunneling transport. In addition, we can deduce that the networks are more
or less homogeneously deformed, i.e., deformation does not lead to fractures in
the structure. Indeed, if fractures were formed, they would lead to large tunnel
gaps and resistance increases much beyond our experimental results (see be-
low). Furthermore, scanning electron microscopy (SEM) characterization after
the bending experiment shows no evidence of fracture formation. We note that
similar networks have been shown to be elastically deformable, with a Young’s
modulus of several GPa [12].

3.4 ANALYSIS: HOW DOES THE NETWORK DEFORM?

et us now have a more quantitative look at the deformation of the NP net-

work and the resulting resistance changes. For this, we can rely on pre-
vious deformation calculations performed for MCBJs [4, 11]. When displacing
the pushing rod by a distance Ay, the network will elongate by a distance AU,
measured from electrode to electrode, as given by:

Ay = SUAY
L2

Here L is the distance between the two fixed counterparts (20 mm in our
case), t the thickness of the substrate (3 mm) and U the distance between the
two evaporated electrodes (see figure 3.1) [4].

The correction factor { has been introduced by Vrouwe et al. to compensate
for device-specific features such as undercut as well as stacking order of the
different materials used [11]. In the ideal case where the deformation of the

¢ 3.1)
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FIGURE 3.2: Relative resistance change as a function of pushing rod displacement, Ay. A
schematic view of the substrate is shown next to the curve to illustrate: (i) the plateau for low
displacements before the pushing rod touches the substrate, (ii) the case when the substrate is fully
bent and (iii) hysteresis due to plastic deformation of the substrate. In the inset the same data is
plotted in a semi-logarithmic way.

substrate is exactly transferred to the structure on top of it (MCBJ or network)
({ = 1. In the case of lithographically defined MCBdJ’s the undercut amplifies the
deformation of the substrate which results in { > 1 [11].

The conductance through a NP network can be described from a simple unit
cell as shown in figure 3.3 (see also chapter 2). Such a unit cell may be de-
formed in two ways. On the one hand, we consider the case where the NP’s
are well attached to the underlying layer. Then, the network will be deformed
uniaxially as shown schematically in figure 3.3-A. On the other hand in figure
3.3-B we show the case where the NP’s are loosely connected to the substrate.
Then the network, when elongated in one direction, will be compressed in the
perpendicular direction to keep its total surface constant; the so called Poisson
effect. Let us define N = U/u as the average number of nanoparticles between
the electrodes in the %X (or @) direction. Consequently, for a network lattice di-
rection lined up with the % direction AU = NAu = NAd (see figure 3.3). We can
also calculate the length changes of the junctions in the other lattice directions,
for both 2D-models, using simple trigonometry. With this we can obtain values
for 2x from the data for both 2D models. Let us first assume ideal transfer of
deformation, i.e., { = 1. The apparent 2x values thus obtained in our experi-
ments are 0.15 A1 for well attached NP’s and 0.21 A~ for loosely connected
NP’s. These should be compared to a 2x value of 0.87 A™! as experimentally
found for alkanemonothiols in similar junctions [13]. We relate the discrepancy
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FIGURE 3.3: Schematic view of a basic lattice unit unstretched (black lines) and stretched (dotted
lines). A The deformation is unidirectional as the NP’s are well attached to the substrate. B As a
consequence of the loosely attached NP’s to the substrate the Poisson effect induces a compression
in the direction perpendicular to the deformation.

to the incomplete translation of the substrate elongation to the network, i.e. to
{ being smaller than unity. Demanding that 2x = 0.87A~! for our junctions as
well, we find { = 0.18 for uniaxially deformed networks and { = 0.24 for Poisson
deformed networks (full Poisson effect). There are several factors that may lead
to a value { < 1. Possibly, the polyimide layer takes up part of the deformation
(unlike in MCBJ’s there are no undercuts in our networks). However, our 2D
NP array is also not perfect. It consist of many 2D-grains with a distribution of
lattice directions. We tested our 2D-models for unit cells with different orien-
tations, but found only small variations in { (up to 15 %). However, the grain
boundaries may take up some of the strain. We note nevertheless that it is
unlikely that the grain boundaries incorporate all elongation, since then a gap
much larger than Ad would open. That would induce much larger resistance
changes than we observe, due to the exponential nature of tunneling.

3.5 BENDING WITH BRIDGE-MOLECULES

AJs we have seen that a NP network can be controllably stretched, we can
insert conjugated molecular bridges into it and study the response to defor-
mation. For this, we choose acetyl protected dithiolated oligo-phenylene ethyny-
lene molecules with three phenyl rings, i.e. OPE3. These are conjugated rod-
like molecules (see lower inset of figure 3.4) that have been studied by several
groups [7, 14]. The alkanemonothiol-protected gold NP networks are immersed
in a 0.5 mM OPES3 solution, deprotected by triethylamine in tetrahydrofurane
(THF), for 24 hours[15]. This allows the dithiolated OPE3 molecules to form
bridges between two neighboring NPs, as indicated in the inset of figure 3.4
[7, 8]. (However, as we discussed in chapter 2, there is no conclusive proof of the
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FIGURE 3.4: Bending a network with OPE3-bridges. Relative resistance change as a function
of pushing rod displacement for a network with OPE3-bridges. The pushing trace is represented
by squares and the backward trace features diamonds. In the upper inset the molecular exchange
reaction is schematically depicted and in the lower inset the chemical structure of OPE3 is shown.
Note the kink in the back trace around 1 mm, which is due to slipping of the driving motor

molecules fully bridging the nanoparticles.) After this procedure, the resistance
of the network in figure 3.2 has dropped to 34 MQ, as compared to 175 MQ for
the original alkanemonothiol network. The resistance change due to molecular
exchange is considarably lower than found by Liao et al.[7], but close to the val-
ues found by the same group in ref. [8]. This discrepancy is probably due to an
incomplete exchange reaction in our case. Nevertheless, the resistance change
is large enough to conclude that transport is dominated by the OPE molecules.
Figure 3.4 shows a bending experiment for an OPE-substituted sample, similar
to the one in figure 3.2. We find that the network’s resistance responds linearly
to changes in Ay in the regime probed. The absolute resistance changes found
are much smaller than for the alkanemonothiol networks. Moreover, also the
relative resistance change (R(Ad)— R(0))/R(0) has dropped significantly, from
0.34 + 0.02 mm™! for the initial network to 0.06 + 0.01 mm™! for the OPE-
bridged sample. Since, apart from molecular insertion, the network itself is un-
changed, we expect that AU/Ay and thus Ad/Ay have the same values as for the
original alkanemonothiol network (see equation 3.1). Hence, it is reasonable to
state that the quantity (AR/R)/(Ad/d), i.e. the resistance response to strain, has
dropped by a factor 0.34/0.06. In other words, the insertion of OPE-bridges has
significantly changed the properties of our junctions, both in absolute resistance
and in strain sensitivity. It is tempting to relate (R(Ad)— R(0))/R(0) to the ex-
ponential factor 2x, or more exactly, to the quantity g for the OPE-series. This
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B-value is defined as the decay factor of conductance with molecular length L,
for a series of oligomers [13, 16, 17]. However, we do not view this as the correct
interpretation, since the OPE’s are quite rigid rods compared to the relatively
soft gold particles. It is more likely that the position of the molecule-Au connec-
tion changes upon straining the junction. For example, if the Au-thiol bond is
initially near a step edge on the gold nanoparticle, it may jump over this edge to
the upper gold layer upon pulling. Recently, Martin et al. argued that the latter
configuration yields a higher resistance value [18].We note that the change of
(R(Ad) — R(0))/R(0) upon straining should then be seen as a statistical effect,
i.e. as a result of shifting distributions in molecular anchoring. However we
can also describe the results by assuming that the OPE3DT molecules do not
bridge the NP’s (see chapter 2). Indeed then the tunnel barrier is lowered by
the presence of the OPE3 molecules.

We anticipate, however, that the situation will be very different for less rigid
molecules. Especially spin transition molecules [19] are good candidates for
future experiments, as they can be switched from a low-spin to a high-spin
state when stretched[3]. In addition such molecules increase the certainty of
the bridging (see chapter 2). Such measurements may be supported by surface
enhanced Raman spectroscopy (SERS) studies, which would allow one to follow
molecular vibrations as the junctions are strained.

3.6 CONCLUSIONS

In summary, we present a new method to statistically study molecular trans-
port as a function of inter-electrode distance. Our platform combines the
stability of 2D-molecular networks with the control of mechanically control-
lable break junctions with a maximal variation around 50 pm per junction. We
demonstrate that both the absolute and relative resistance response depend on
the molecular species present in the junctions. Hence, this study paves the road
towards future experiments on strain-sensitive molecules. Moreover, using this
technique, a strain sensor with tunable sensitivity can be considered.
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