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Abstract

We describe the fabrication of single-molecule transistors by self-aligned lithography and in situ molecular assembly. Ultrathin metal-
lic electrodes are patterned with a nanoscale interelectrode separation defined by the lateral oxidation of a thin layer of Al. Highly con-
jugated molecular units are sequentially assembled within the electrode gap by selective design of the molecular end group chemistry. The
assembled devices display evidence of molecular conduction.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A primary goal of the field of molecular electronics is the
realization of electronic switches comprising individual
molecules as the key functional unit [1]. These devices rep-
resent the ultimate in field-effect transistor scaling [2]. The
study of their electronic transport properties can provide a
detailed understanding of electron dynamics at the nano-
scale and will help determine whether or not such devices
are technologically feasible.

Highly conjugated organic molecules synthesized for
such studies are no more than a few nanometers in length,
and the reliable fabrication of electrodes that can be bridged
by a single molecule remains a significant challenge.

In this work, we have developed two new techniques for
the fabrication and assembly of single-molecule transistors.
The first technique involves the patterning of metallic elec-
trodes separated by a nanoscale gap into which a single
0167-9317/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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molecule may be inserted. The electrode fabrication tech-
nique is self-aligned, requiring no extraordinary litho-
graphic capabilities. It is nonetheless capable of producing
sub-10 nm gaps with very high yield. Control of the inter-
electrode separation is determined by the oxidation of a thin
sacrificial layer of Al, which is deposited directly upon the
first electrode.

The second technique involves the in situ assembly of
the molecule within the gap. The assembly is based upon
the ability to chemically distinguish between the three crit-
ical interfaces in the device: metal/molecule; molecule/
molecule; and molecule/dielectric. This is done by function-
alizing individual molecular units with appropriate end-
groups, such that they will selectively attach either to the
metallic electrodes, to the gate dielectric or to other individ-
ual molecular units. By assembling the molecules in this
way, a given device may be designed with specific chemical
or electrical functionality. In addition, the length of the
molecule may be modified by this in situ assembly, relaxing
the requirement that the molecule ‘‘fit’’ precisely in the
interelectrode gap, thus making it easier to wire up conju-
gated molecules.
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2. Electrode fabrication

The critical steps for the self-aligned fabrication of the
nanoelectrodes, shown schematically in Fig. 1, involves
two separate lithographic patterning steps. Only gross
(�lm scale) alignment is required between the two steps,
as nanoscale precision is achieved by a self-aligned process.

Samples are fabricated on heavily doped (n-type) Si sub-
strates upon which a thin layer (�4–7 nm) of ZrO2 has
been deposited by atomic layer deposition. The substrate
serves as a gate electrode [3,4], and the ZrO2 is the gate
dielectric. Because of the high dielectric constant of ZrO2

(�20–24), thicker films may be used relative to SiO2, while
achieving the same effective gate field coupling. ZrO2

provides an additional advantage when Pt is used as
the electrode material, in that Pt grows on ZrO2 in two-
dimensional sheets [5,6], leading to extremely smooth Pt
films which are conductive even at thicknesses of only a
few nm.

The first step in the nanoelectrode formation process is
lithographic patterning of the first electrode. This is done
by electron beam lithography, although virtually any litho-
graphic method may be used. A sample is coated with a
layer of PMMA (poly-methylmethacrylate), to a thickness
ranging from �25 to 120 nm, depending on the thickness of
the metal to be deposited. Exposure of the first electrode
pattern is done in an FEI Sirion scanning electron micro-
scope equipped with a pattern generator and control sys-
tem from J.C. Nabity, Inc. The first electrode pattern
typically consists of a rectangle with dimensions �1 lm
or less on a side. This enables easy alignment of the second
electrode pattern in a subsequent lithographic exposure.

Following exposure and PMMA development, a Pt film
with thickness of less than �5 nm is deposited by electron
beam evaporation, followed by a layer of Al, which is
deposited in situ directly after the Pt. The Al film thickness
is typically �5–30 nm, as determined by a quartz crystal
microbalance. After removal from the electron beam evap-
orator, the sample undergoes liftoff in a mixture of CH2Cl2
and acetone (9:1) at 75 �C. The first electrode pattern cov-
ered by the Al film is shown schematically in Fig. 1a. Al
oxidizes easily in air and is known to form a robust native
Fig. 1. Nanogap fabrication sequence. (a) First electrode is patterned. A
bilayer consisting of the first electrode metal (Pt) and a thin layer of Al is
lifted off. (b) The Al is allowed to oxidize in air. (c) A second lithography
and deposition step defines the second electrode (Pt). (d) The Al is
stripped, leaving the two metal electrodes separated by a nanogap.
oxide layer with thickness of a few nm [7] (Fig. 1b). (It may
be possible to oxidize the Al film in situ prior to removal of
the sample from the electron beam evaporator. This may
afford improved control over the thickness of the Al.)
Because of the thinness of the Al layer, it has been some-
what difficult to determine the precise thickness of the
oxide layer by standard ellipsometric and scanning electron
microscope techniques [7], although efforts continue to fur-
ther characterize these films via high resolution transmis-
sion electron microscopy (TEM).

The second electrode is patterned by electron beam
lithography using a process similar to the first electrode
patterning. The pattern is coarsely aligned to the first elec-
trode using pre-patterned alignment marks. The second
electrode pattern consists of rectangles similar to those in
the first electrode pattern, although they may be narrower
in one dimension, in order to limit the number of molecules
that will assemble between the electrodes. (In this work, the
second electrode width is chosen to be �20 nm.) The nar-
row second electrode pattern runs across the first electrode,
as in Fig. 1c. The electron channel of the transistor will be
formed at the intersection of the two rectangles.

Following exposure and development of the second elec-
trode pattern, a second metal film is deposited by electron
beam evaporation. The metal may be the same as the first
electrode material, or it may be different. For this work, we
have chosen to form the second electrode from Pt. The
thickness of the second electrode is critical. It cannot be
substantially thicker than the first electrode, as it will tend
to form on the sidewall of the Al film, making it difficult to
remove when the Al is stripped. After the second electrode
metal deposition, the sample undergoes another liftoff step
similar to that used for the first electrode patterning. This
leaves a narrow strip of metal running across the first
electrode.

At this point in the process, the Al is removed by immer-
sion in an etchant solution. Depending on the materials
used, the etchant can be either acid or base. In the case
of Pt on ZrO2, the Al is removed in an aqueous solution
of TMAH (tetramethylammoniumhydroxide), followed
by a H2O rinse. This step removes the Al and Al2O3 and
the second layer of metal which was patterned on top of
the first electrode, as shown in Fig. 1d. A narrow gap is
formed between the two electrodes, as shown in Fig. 2
for two different thicknesses of deposited Al. As the Al is
oxidized, the oxide grows both vertically and laterally. If
the extent of the lateral oxidation is a function of the
deposited Al thickness, it will allow for the ‘‘tuning’’ of
the interelectrode gap by controlling the thickness of the
Al and its oxidation.

The yield of this process in terms of the number of
devices on a sample with nanometer-spaced electrodes as
a function of devices patterned is extremely high, �80%.
Devices which fail are typically those for which the second
metal is not cleanly removed when the Al is stripped, leav-
ing ‘‘shorts’’ between the two electrodes. Thus, as men-
tioned above, the thickness of the second electrode metal



Fig. 2. Pt (�4 nm thick) nanogaps on ZrO2 fabricated by the technique shown in Fig. 1. (a) 10 nm gap (30 nm Al) and (b) 5 nm gap (8 nm Al).

Fig. 4. Room temperature output characteristics for an assembled bis-
oxazole molecule in a 4-nm gap device. The gate dielectric was 1 nm SiO2

and 3.7 nm ZrO2.
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must be carefully controlled so as not to exceed the thick-
ness of the first electrode.

Although the electrodes are quite thin (only a few nm),
they have been found to be quite conductive, with sheet
resistances of �103X/h. In order to minimize total series
resistance, macroscopic pads and leads are patterned by
either optical lithography or electron beam lithography.
The metal thickness of these pads and leads is �50–100 nm.

3. Molecular assembly

The molecule used in this work is formed from cruci-
form p-systems that have a terphenyl arm that is crossed
with a conjugated bisoxazole arm [8]. The molecule can
be functionalized with a variety of reactive endgroup chem-
istries [8], enabling its attachment to other organic mole-
cules or its assembly in ordered monolayers on metal
surfaces [9]. Since the molecule is only �2.3 nm long, it is
assembled in the interelectrode gap in two steps, as shown
schematically in Fig. 3. The device is first soaked in a solu-
tion of the bisoxazole molecule which has been functional-
ized to assemble on the Pt electrodes (molecule a in Fig. 3).
This is followed by attachment of the molecule (molecule b
in Fig. 3) functionalized to connect to the free ends of the
previously assembled units, thereby bridging the interelec-
trode gap. Details of the chemical assembly will be pro-
vided in a separate publication [10].
Fig. 3. Modular assembly of bis-oxazole molecule in a nanogap.
Monothiol-terminated molecule (a) is attached to the electrodes, followed
by attachment of diamine-terminated molecule (b).
4. Electrical results

Electrical probing of devices following the first step
shows no significant current. However, following the sec-
ond reaction, a distinctive tunneling current with a magni-
tude up to � a few nA is measured with bias voltages up to
2 V at room temperature, as shown in Fig. 4. The gate
voltage is switched between �1 and +1 V. Gate field mod-
ulation appears to be weak in this range. This may be due
to inefficient gate coupling to the molecule and/or possibly
to the need for increased gate potential in order to effect
noticeable shifting of the molecular energy levels relative
to the Fermi level of the metal electrodes. Further experi-
ments will investigate this issue as well as the behavior of
these devices at low temperature.
5. Conclusions

We have demonstrated a new method for fabricating
electrodes for probing single molecules. The method is com-
pletely self-aligned, relying upon the oxidation of a thin
layer of Al to determine the size of the interelectrode
gap. Using in situ assembly of molecules between these
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electrodes, we observe electron transport through these
molecules.
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