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Single-Walled Carbon Nanotube Based Molecular
Switch Tunnel Junctions

Michael R. Diehl,[a] David W. Steuerman,[a] Hsian-Rong Tseng,[b] Scott A. Vignon,[b]

Alexander Star,[b] Paul C. Celestre,[b] J. Fraser Stoddart,*[b] and James R. Heath*[a]

This article describes two-terminal molecular switch tunnel
junctions (MSTJs) which incorporate a semiconducting, single-
walled carbon nanotube (SWNT) as the bottom electrode. The
nanotube interacts noncovalently with a monolayer of bistable,
nondegenerate [2]catenane tetracations, self-organized by their
supporting amphiphilic dimyristoylphosphatidyl anions which
shield the mechanically switchable tetracations from a two-
micrometer wide metallic top electrode. The resulting 0.002 �m2

area tunnel junction addresses a nanometer wide row of �2000
molecules. Active and remnant current ± voltage measurements

demonstrated that these devices can be reconfigurably switched
and repeatedly cycled between high and low current states under
ambient conditions. Control compounds, including a degenerate
[2]catenane, were explored in support of the mechanical origin of
the switching signature. These SWNT-based MSTJs operate like
previously reported silicon-based MSTJs, but differently from similar
devices incorporating bottom metal electrodes. The relevance of
these results with respect to the choice of electrode materials for
molecular electronics devices is discussed.

Recent developments in molecular electronics[1] have expanded
the repertoire of molecular-based devices to include various
passive (resistive or rectifying[1, 2] ) and active (switching[3, 4] )
device components, as well as molecular devices with unique
electronic signatures[5, 6] determined by chemical synthesis.
Many of these demonstrations have utilized a two-terminal
tunnel-junction architecture, which consists of a molecular
monolayer sandwiched between two electrodes. We have
explored devices that exploit the bistability that can be
incorporated into certain mechanically interlocked com-
pounds[7, 8]–specifically switchable [2]catenanes and two-sta-
tion [2]rotaxanes. We have demonstrated[3, 4, 7] that, for particular
device configurations, these machinelike molecules[8] can be
utilized as voltage-addressable, nonvolatile switches that oper-
ate reversibly under ambient conditions, and that crossbar
circuits of those devices can be utilized as random access
memories. This work on solid-state devices has been supported
by extensive physical organic investigations[9, 10] on the solution-
phase structure ± property relationships of these various molec-
ular mechanical switches.[8]

The solid-state switching signatures that can be recorded from
molecular switch tunnel junctions (MSTJs) that incorporate these
interlocked molecules arise from the fact that their components
undergo relative mechanical movements.[8] This intrinsically
molecular property should permit device scaling to quite small
dimensions, given sufficiently small conducting wires. Our MSTJs
exhibit a strong dependence upon the choice of electrode
materials: in particular, n- or p-type silicon or polysilicon can be
used successfully as a bottom electrode, but metallic wires
cannot. This need to match molecules with electrodes may be
related to the electrochemically driven switching mechanism[10]

inherent in our bistable catenanes and rotaxanes, taken in
context with the nature of charge transport through a molecular
junction. In general, current can flow via either (coherent)
superexchange or through (incoherent) hopping mechanisms. If
superexchange dominates, then the charge carriers spend
effectively zero time on the molecule. For the hopping
mechanism, the electrons experience a random diffusive walk
from one electrode through the molecular orbitals and on to the
next electrode. Our MSTJs are electrochemically switched, that is,
a charge has to reside on the molecule for sufficient time (�) for
the large-amplitude, molecular mechanical motions, that con-
stitute the actual switching process, to take place. In the solution
phase, these switches are slow (1 ± 106 Hz), and so � is at least
several microseconds. Thus, hopping transport must dominate
the current flow or the mechanically interlocked molecules
simply cannot switch.

These electron transport characteristics are intimately related
to our fabrication paradigm. Our devices generally consist of a
single-molecule-thick layer deposited as a Langmuir monolayer
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on top of the bottom electrode, followed by a top Ti/Al electrode
deposition via electron beam evaporation of a metal target while
the device substrate is held at room temperature. With Si bottom
electrodes (passivated with the native oxide), we have observed
the electrical signatures of device switching that require the
presence of the bistable, mechanically switchable molecules.
The voltage characteristics of these signatures are independent[4]

of device size between 50 �m2 and 0.0025 �m2. If a metal, such as
Pt or Au, is used as the bottom electrode, the current through
the MSTJ increases significantly. However, no switching signa-
ture that can be attributed to a molecular-based bistability is
observed.[11, 12]

We report here on the use of single-walled carbon nanotubes
(SWNTs) as a wiring alternative for molecular-scale devices.
SWNTs have the appropriate nanometer dimensions, an intrinsic
stability against oxidation, and a high carrier mobility.[13, 14]

Several advances have been made towards the incorporation
of SWNTs into molecular electronic devices. They include the
development of high quality nanotube syntheses[15] and inte-
grated molecular-SWNT chemical and biological sensors.[16, 17] A
further challenge is to engineer molecular switches that will bind
to SWNTs without tarnishing the intrinsic appeal of these unique
wires. The engineering of nanotube ± molecule interfaces has
been vital in establishing methods to treat SWNTs in solution.[18]

For example, Dai and co-workers[19] have reported on the
noncovalent yet irreversible binding of pyrene-labeled protein
molecules to SWNTs. The pyrene passivation was, however,
incomplete. In order to utilize single-strand SWNTs in molecular
electronic devices, the SWNT surface must be completely and
uniformly passivated so as to avoid electrical shorts between the
top and bottom electrodes. This challenge involves the custom
design of molecular switches as well as the development of new
fabrication methods.

Based on some previous experience,[20] we have synthesized[21]

a switchable, nondegenerate [2]catenane (NDC4� ; Figure 1a)

which consists of a tetracationic cyclophane containing two
diazapyrenium units that is interlocked with a crown ether
containing a tetrathiafulvalene (TTF) unit and a 1,5-dioxynaph-
thalene (DNP) ring system. Previously, we had reported[20] on the
synthesis of the corresponding degenerate [2]catenane DC4�,
where the crown ether contains two hydroquinone rings, and its
constituent tetracationic cyclophane TCP4�. See Figure 1b and
1c, respectively, for the molecular formulas of these two control
compounds. 1H NMR spectroscopy was used to study the redox-
controlled switching process of NDC4� by recording the
spectrum before (Figure 2a) and after (Figure 2b) addition of
two equivalents of the oxidant, tris(p-bromophenyl)aminium
hexafluoroantimonate. Oxidation of the TTF unit to its dication
and circumrotation of the tetracationic cyclophane to the DNP
site cause large shifts in the signals for the DNP and TTF units,
diagnostic of ring movement.[9] Addition of reductant (Zn
powder) leads to a reversal of the switching process and
restoration of the original spectrum.

Silicon wafers, coated with a 2000 ä thermally grown SiO2 film,
were used for the experiments. SWNTs were synthesized[22] using
Dai's templated chemical vapor deposition technique.[15] Atomic
force microscopy (AFM) topographic measurements of the
SWNTs revealed that they were 1 ± 2 nm diameter tubes, which
implies that they were either single strands, or perhaps small
ropes with between one and three tubes. The SWNTs in our
devices had to meet several criteria. First, they had to be long
(�20 �m) and straight to allow for the top electrode alignment.
Second, we selected for low resistivity, ohmic, semiconducting
SWNTs by carrying out room-temperature, voltage-gated trans-
port measurements on them. The silicon-water substrate was
employed by using the substrate as the back gate. Typical
resistances for a 15 �m segment of a SWNT were �0.1M�

(measured at 100 mV). All selected tubes exhibited at least a
factor of five (and up to 500) gating response (VG�5 V).

We previously reported[3, 7] on MSTJs incorporating a poly-Si
bottom electrode and a closely related [2]catenane,
where bipyridinium units replace both diazapyreni-
um units in NDC4�, along with appropriate controls.
Although this original bistable [2]catenane was
partially water-soluble as its tetrakis(hexafluorophos-
phate) salt, when dimyristoylphosphatidyl (DMPA�)
anions were used as the counterions, the [2]catenane
tetracations formed high quality Langmuir ± Blodgett
(LB) films.[23] We similarly found that the [2]catenane
NDC4� could be prepared[24] as a stable LB monolayer
when DMPA� counterions were employed (stoichi-
ometry: 1 NDC4� :6 DMPA� :2 Na�). We also prepared
four control devices. One was simply a junction
formed by the top Ti/Al electrode and the bottom
SWNT electrode, but with no molecules present. A
second control device contained eicosanoic acid
within the junction, a third, the nondegenerate
[2]catenane DC4�, and finally, the fourth device
contained the tetracation cyclophane TCP4�.

The structures of the films were monitored on the
surface of the Langmuir trough by Brewster angle
microscopy (BAM) and then by AFM and surface

Figure 1. a) The template-directed synthesis of the nondegenerate [2]catenane NDC ¥ 4PF6. The
structural formulas of b) the degenerate [2]catenane DC ¥ 4PF6 and c) the tetracationic
cyclophane TCP ¥ 4PF6.
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Figure 2. 1H NMR spectrum of NDC ¥ 4PF6 at 500 MHz in CD3CN at room
temperature a) before and b) after addition of two equivalents of the oxidant,
tris(p-bromophenyl)aminium hexafluoroantimonate. The connecting lines show
the shifts in the signals for the protons of the TTF unit and the DNP ring system
that result from circumrotation of the crown ether ring through the tetracationic
cyclophane.

potential microscopy after transfer to a SWNT-coated wafer
(Figure 3a and 3b). For both the LB films and the transferred
monolayers, features of the NDC4�/DMPA� lipid film revealed

Figure 3. Tapping mode surface characterization using AFM of the NDC ¥ 4DMPA
films on top of the electrically contacted SWNTs. The monolayer a) was prepared
from a pure water subphase, while the other one b) is from an aqueous CdCl2
subphase. c) A schematic representation of an SWNT±MSTJ device.

characteristic supramolecular domains that were observed using
both BAM and AFM. As in the case[3] of the original [2]catenane
films, phase segregation of the molecular switches from their
phospholipid anchors results in islands rich in NDC4� catenanes
surrounded by islands rich in DMPA� anions.[7] The sizes of these
domains were tunable from �20 �m to �3 �m by varying the
ionic strength of the subphase (using CdCl2).[24] Starting with the
larger domains, a particular device junction is more likely to
include a homogeneously structured molecular film. Such large
domains were, in fact, critical for producing robust device-
switching signatures. The domain features did not appear to be
influenced by the presence of the SWNTs on the transferred films
(Figure 3b).

To complete the SWNT± MSTJ, a top electrode consisting of
20 nm Ti and 400 nm Al was deposited[25] through a custom-
fabricated shadow mask to form a �2 �m wide top electrode
(Figure 3c). These methods permitted the stepwise character-
ization of the nanotubes during each stage of the fabrication
process. All such measurements were done[25] by grounding
either one of the SWNT contacts, or the top Ti/Al electrode,
through a current amplifier and connecting the electrode to a
digital voltage source. These procedures were critical since
SWNTs are sensitive to their chemical environment.[26] For
example, a monolayer coverage of the [2]catenane NDC4� on a
SWNT typically decreases the SWNT conductivity by a factor of
five, and deposition of the top electrode leads to a further
decrease by a factor of two to five. The SWNTs that exhibited the
greatest gating response also showed the largest decrease in
conductivity over the course of the device fabrication, which is
consistent with what is observed[17] for SWNT-based chemical
sensors. For all devices, except the control device, which
contained no molecules, the SWNT conductivity was much
greater than the junction conductivity. The highest junction
resistances were observed when large domain NDC4� catenane
films were prepared. These characteristics ensure that the
molecules constituted the limiting electronic pathway in the
devices.

The decrease in SWNT conductivity in an assembled MSTJ was
further explored using the control device that contained just the
Ti/Al top electrode and the semiconducting tube. The resulting
junction resistance was about half the value of the final
nanotube resistance, which implies that, for this control, the
nanotube is the limiting conductor, since the top electrode
effectively bisects the underlying nanotube.

The electrical signature of bistability for a two-terminal switch
is that of a hysteretic current ± voltage response. From our
previously studied MSTJs, such a response exhibits well-defined
threshold voltages, Vopen and Vclose , for switching between the
high and low conductance states. Measurement of this hyste-
retic response–called a remnant molecular signature[3, 4]–
defines Vopen and Vclose . Once these values are known, a second
measurement, in a process known as device cycling, is carried
out. For example, application of Vclose places the device in the
high conductance state. This state can be checked by monitor-
ing the junction resistance at a small applied bias, Vread , which
does not perturb the state of the device. Application of Vopen then
restores the device back to the low conductance state, a
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situation which may again be checked by monitoring the
resistance at Vread . Device cycling involves repeating this process
several times.

A desired characteristic of MSTJs is that electrically program-
med changes in resistance arise from changes in the conduc-
tivity of the molecular junction, but not from changes in junction
capacitance. Since capacitance changes can lead to hysteretic
responses in SWNT devices,[27] we took particular care to avoid
such artifacts. Previously, we have described[3, 4] how the
remnant molecular signature measurement is reasonably inde-
pendent of junction capacitance. Nevertheless, as a check, we
recorded (Figure 4) remnant molecular signature traces on

Figure 4. Remnant molecular signatures for the devices containing, from top to
bottom, the non-degenerate [2]catenane NDC4� (green), the tetracationic
cyclophane TCP4� (blue), and the degenerate [2]catenane DC4� (red). The read
voltage for these three traces was 100 mV.

devices fabricated using the switchable NDC4� catenane, and
also on devices containing both the tetracationic cyclophane
TCP4� and the degenerate DC4� catenane as controls. Only the
NDC4� catenane devices exhibited clear hysteresis, with a ™read∫
current difference of nearly a factor of four. Furthermore, we
were able to cycle the NDC4� catenane devices between ™on∫
and ™off∫ states (Figure 5) using address voltages defined by the

Figure 5. Device cycling for the nondegenerate [2]catenane NDC4� (green)
contrasted with the lack of cycling for the degenerate [2]catenane DC4� (red). In
both cases, Vread was 100 mV, Vopen was �2.5 V, and Vclose was �2.5 V.

remnant trace while the control devices, for example, those
incorporating the DC4� catenane, could not be similarly cycled.
These measurements indicated that the switchable, nondegen-
erate [2]catenane was required to achieve a useable MSTJ, and
that changes in the junction resistance did not arise from
interface charging effects.

The key outcome of this research is that the MSTJs incorpo-
rating SWNT bottom electrodes were found to operate in a
manner similar to that previously reported[3, 4] for MSTJs utilizing
poly-Si bottom electrodes. In both cases, only bistable, mechan-
ically interlocked compounds, which operate as electrochemi-
cally driven, molecular-mechanical switches in solution, yielded
switching signatures in the solid-state device setting. Control
compounds, including a closely related nondegenerate [2]cat-
enane, yielded no such signatures, either in the solution phase or
in devices. This observation is in stark contrast with the
operation of devices that utilize metal bottom electrodes, such
as Au or Pt. In those devices, no molecular-dependent switching
signature is recorded.[11, 12]

These results have implications for the design of molecular
electronics devices. The construction of many molecular elec-
tronics devices is predicated upon practical considerations, such
as utilizing the sulfur ± gold bond or some other organic ± me-
tallic covalent linkage as a tool for forming self-assembled,
robust organic monolayers. Ideally, the choice of electrode
materials would be based upon first-principles considerations of
molecule ± electrode interactions, but these are still ill-under-
stood. As discussed above, one consideration important to our
(electrochemically switched) devices clearly involves the reten-
tion time of the charge on the molecule, and the higher
conductance of metal/molecule/metal junctions may limit that
time. However, that is not the complete story. We have recently
investigated single-molecule transistor devices,[28] based on
bridging [2]rotaxanes (and various control compounds) between
two Pt ™break-junction∫ electrodes. The electronic responses of
those devices were extremely sensitive to the nature of the
molecule ± metal contact, but almost completely insensitive to
the structural details of the molecule away from the electrode
interface. Organic ± metal chemical interactions are typically
polar, which implies that at zero bias some charge must flow
between molecule and electrodes to equilibrate the chemical
potential through the junction.[29, 30] This phenomenon can give
rise to Schottky-like barriers to charge flow across the interface,
and can also modify the electronic character of the molecule,
and perhaps even mask the electronic signature of the molecule.
For this reason, interfacial chemical interactions involving C, Si,
and O atoms may well be preferred over organic ± metal
interfaces.
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