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Introduction

Fundamental physical limitations and commercial considerations
relating to spiraling costs mean that conventional lithographically fabricated
solid-state devices may well face increasingly formidable technological
hurdles for them to overcome by the end of the first decade of the new
millennium. The rapidly developing practice of molecular electronics' at the
nanoscale level — often nowadays referred to as nanoelectronics — offers a
bottom-up alternative to the present top-down construction of contemporary
solid-state devices. Molecular electronic devices can, in principle, be scaled
down to single-molecule junctions of a few cubic nanometers where switching
of bistable molecules can be performed at voltages that we associate with
flashlight batteries and currents that are routinely in the nanoampere range.
Clearly, such a bottom-up approach to device construction opens up the
prospect of a highly energy-efficient means of information processing and
could create the opportunity for the further cost-saving manufacture of
electronic circuits at the nanoscale level using redox-active molecules as one
of their key components.

Mechanically interlocked molecules, such as catenanes and rotaxanes,’
can now be synthesized efficiently using template-directed protocols® that rely
upon molecular recognition,* self-assembly® and supramolecular assistance® to
covalent synthesis. By incorporating different non-degenerate recognition
units into certain components, such compounds can be induced to switch
between different ground-state geometries,” in which distinct physical
properties such as conductance and optical absorbance can be observed. In
the presence of the appropriate stimuli, for example, light, chemical, or
electricity, rotaxanes and catenanes can be harnessed as switches of nanoscale
dimensions. By keeping the bottom-up approach in mind and with the
assistance of top-down fabrication techniques, these molecular switches can
then be organized and incorporated into electronic devices. In this paper we
highlight the design and synthesis of various types of molecular switches,
which can applied in molecular random access memory circuits, single-walled
carbon nanotube (SWNT) based molecular switch tunnel junctions (MSTJs),
three-terminal transistors, and electrochromic devices.

Catenane-Based Molecular Switch Tunnel Junctions (MSTJs). A
non-degenerate, bistable [2]catenane® 1** (Figure 1a) was first incorporated
into electronically reconfigurable crossbar devices.” The [2]catenane 1
contains a tetrathiafulvalene (TTF) unit and a 1,5-dioxynaphthalene (DNP)
ring system in its nt-electronic rich macrocyclic polyether component which is
catenated by a m-electron-deficient tetracationic cyclophane component. X-
Ray crystallography (Figure 1b) and absorption spectroscopy revealed that the
TTF unit in the macrocyclic polyether resides preferentially inside the cavity
of the tetracationic cyclophane in both the solid and solution states. The
switching process has been demonstrated by monitoring the circumrotation of
the macrocyclic polyether component through the cavity of the tetracationic
cyclophane during both chemical and electrochemical investigations.®
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Figure 1. (a) The structure of the [2]catenane 1*. (b) The X-ray crystal
structure of the 1**.

When the original hexafluorophosphate counterions were replaced by
dimyristoylphosphatidyl anions (DMPA"), the [2]catenane 1** could be self-
organized to form a Langmuir-Blodgett'® (LB) film and transferred onto a
pattern of parallel n-type polysilicon wires on a SiO, substrate. A second set
of Ti/Al top electrodes was evaporated onto the monolayer through a contact
shadow mask, using an electron-beam deposition technique. These wires
were composed of a layer of Ti/Al. In one particular crossbar device, an Al/Ti
wire overlayed six polysilicon wires, forming a linear array of six MSTJs,
each associated with an area of 70 [Im’ occupied by around 50 million
catenane tetracations. By alternating the voltage pulses between +2 V and -2
V and reading the resistance with a + 0.1 V potential, hysteretic switching
between two states of the [2]catenane has been observed in single crossbar
devices. The remnant molecular signature of such a device, shown in Figure
2a, was measured by varying the writing voltage in 40 mV increments and
reading the device at —0.2 V. The hysteresis between the open (OFF) and
closed (ON) states of the catenane-based device is evident in this signature.
Figure 2b shows switching cycling of this device in which the switching ratio
was about 2:1 and so would not be sufficient for use in more complicated
circuits.
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The amphiphilic, bistable [2]rotaxane 2** (Figure 3a) was synthesized
using a template-directed protocol. 'H NMR and UV/Vis spectroscopies
revealed that the shuttling of the cyclophane is fast and that the ratio of the
two translational isomers was estimated to be approximately 1:1 in MeCN
solution. As was anticipated, the [2]rotaxane 2** forms stable Langmuir films
and can be transferred onto a SiO, substrate, patterned with n-type polysilicon
electrodes. The top electrodes were the same as before — namely, Ti/Al
MSTJs based on this amphiphilic, bistable rotaxane exhibited very similar
device properties as the devices were scaled down from micrometer- to
nanometer-scale junctions. A switch-closed current level of approximately 1
nA (at +0.1 V) was observed in micrometer-level devices, but was reduced to
50 pA (at +0.1 V) in nanometer-level devices. These latter devices, the area
of each junction was in the range of 7000 nm’. Thus, about 5000 molecules
are trapped in between the electrodes at each junction. For both sizes of
devices, remnant molecular signatures (Figure 3b and ¢) were obtained with
a closed/open switching amplitude that varied between 300% and 1000%.
Figure 3d illustrates 35 cycles of a nanometer-level device, recorded by
repeatedly closing and opening the switch and then monitoring the current
through the junction at +0.1 V applied bias after each writing event. In
common with the catenane-based MSTJs, the switching mechanism in the
[2]rotaxane-based MSTJs was thermally activated and all switching activity
was quenched below 260 K. Several control devices were fabricated: they
included devices incorporating the dumbbell-shaped compound and
eicosanoic acid. No switching response was observed in the case of either of
these control devices — or, indeed, any others!
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Figure 4. (a) The structure of the amphiphilic, bistable [2]rotaxane 3**. (b) An
8 x 8 crossbar memory circuit showing that 56 of the 64 bits are switching.
(c) “DARPA” written into the 64-bit memory. The half-life of the switch-
closed state is around 10 minutes.

The rotaxane 3** (Figure 4a) has been superseded by the modified and
improved version shown in Figure 3a — namely, the [2]rotaxane 2*". The
impetus for this iteration was at least two-fold — (1) to produce a molecular
switch in which the bistable rotaxane starts off exclusively in one, and only
one, of its two possible co-conformations and (2) to incorporate, into this all-
or-nothing switch, enhanced oxidative stability by removing all of the
phenolic residues from the hydrophilic stopper. The rotaxane 3* was
incorporated into an 8 X 8 crossbar device. Figure 4c demonstrates one of
these 64-bit devices in operation with the exception of one of the wires, i.e.,
56 out of the 64 bits can be switched. This device has been used to store the
letters DARPA in ASCII code: the lifetime of the switch-closed state of this
devices is about 10 minutes. In the bistable [2]rotaxane 3**, it is proposed that
oxidation of the TTF unit to its radical cation (TTF™) occurs when a +2 V bias

is applied across the bistable [2]rotaxane and the tetracationic cyclophane
moves to encircle the DNP ring system. When the bias is removed, however,
and the TTF" is restored to its neutral state (TTF), the tetracationic
cyclophane continues to reside on the DNP ring system. The cyclophane is
subject to thermal activation and is also assisted in its return to the TTF unit
by the reduction of bipyridinium units for a fleeting moment during the
switching cycle. The 8 x 8 crossbar device is typically composed of bottom
polysilicon electrodes (100 nm wide) and top Ti/Al electrodes (70 nm wide).
Thus, each MSTJ has an area of 7000 nm? and so contains around 5000
molecules.

Conclusions

We have attempted to describe how an integrated systems-oriented
approach to molecular electronics evolved quickly during no more than about
one year and how it has continued to develop subsequently. It was essential to
reach the stage when everything, in relation to design of two-dimensional
molecular electronic circuits, was being done simultaneously, i.e., (1) the
chemical design and synthesis of molecular switches, (2) their self-
organization in devices, that (3) were being fabricated into molecular crossbar
circuits which (4) can function as memory as well as demultiplexer-
multiplexer logic in combination with memory.
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