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We use surface chemistry, spectroscopy, and conjugated organic
molecules to make “molecular junctions” consisting of a single
layer of molecules a few nanometers thick between conducting
carbon and copper electrodes, then we study the behavior of
molecules as circuit elements. The primary goal is to design and
build functional molecular electronic components to greatly
enhance the already powerful world of silicon microelectronics.

Introduction

Molecules may be considered electronic systems, with electrons rapidly moving through
orbitals within molecules and also long distances in biological metabolism and
photosynthesis. The prospect of incorporating molecules into microelectronic circuits
based on silicon and metallic conductors has great potential for enhancing consumer
electronics, providing solar energy conversion, and permitting new functions not possible
with silicon. In order to combine the electronic properties of molecules with conventional
microelectronics, we need to understand how to “connect” to molecules as well as how
electrons are transported through molecules. Once the “rules” of charge transport through
molecules are understood, it should be possible to “rationally design” new molecular
electronic devices for valuable functions not currently possible with silicon. While
Molecular Electronics holds great promise, it also presents significant challenges in
handling and fabrication of devices with dimensions of only a few nanometers.

“Molecular electronics” emerged in the past decade as the study of how electrons are
transported through molecules(1-6), and is distinguished from “organic electronics” by
the short transport distances involved(7). Existing organic field effect transistors and
light emitting diodes generally involve organic layers much thicker than 10 nm, often up
to more than 1000 nm, while molecular electronic devices are based on either single
molecules or molecular layers with thicknesses of 1-20 nm. In this short distance
regime, unusual transport modes such as tunneling and field ionization become possible,
and novel electronic behaviors are anticipated. An attractive goal of molecular
electronics is demonstration of the effect of molecular structure on electronic behavior,
since there is a wide variety of molecules available, and it should be possible to “tune”
electronic properties by variations in structure. Ultimately, it may be possible to
“rationally design” electronic devices with functions and behaviors not currently possible
with silicon or other conventional semiconductors. The basic subunit of molecular
electronics is the “molecular junction” (MJ), an example of which is shown in figure 1A.
“Two terminal” MJs consist of a single molecule or a <10 nm layer of molecules
between conducting contacts, such that the molecule(s) become circuit elements,
possibly combined with conventional components in a “hybrid” microelectronic device.
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Figure 1. A) Schematic of 2-terminal molecular junction, with a bilayer of fluorene
molecules. B) Focused ion-beam/TEM cross section of silicon/nitroazobenzene/Cu MJ;
C) Cross section of PPF/BTB/e-C/Au MJ; D. packaged “chip” of MJs, with wire bonding
between a commercial package and pads on the MJ surface.

Fabrication and Analysis

There have been a wide range of MJs reported in the literature, but this report is
focussed on those containing $yybridized carbon as one or both of the “contacts” in the
MJ. As is well known, carbon is unique in its electronic properties, exhibiting both
metallic conduction and the ability to covalently bond to a variety of other materials and
organic molecules (8). In particular, graphitic carbon forms covalent, conjugated bonds
with aromatic molecules which result from electrochemical reduction of aryl diazonium
reagents (8-10). As will be described below, this bonding results in strong electronic
coupling between the carbon contact and the molecular layer which has significant
consequences to electronic behavior (11). The carbon substrate has been described
previously, and is designated “pyrolyzed photoresist film” (PPF) (12-14), shown in figure
2A.
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Figure 2. A) Images of patterned and blanket PPF. B) AFM or 10x10 um section of PPF
surface. C) Line scan along a thine on PPF, showing an rms roughness of <0.5 nm.

Pyrolysis of conventional photoresist in a reducing atmosphere leads to a very flat but
disordered spcarbon surface, which may be patterned by photolithography prior to
pyrolysis. The surface has a root mean square roughness below 0.5 nm (shown in fig 2B
and C), which is essential for making devices with molecular layers a few nm thick (15).
Deposition of the molecular layer by reduction of diazonium ions followed by AFM
“scratching” to verify the layer thickness results in a modified PPF surface suitable for
vapor deposition of a top contact by electron-beam evaporation (16-18). Figure 1B
shows a TEM cross section of a PPF/nitroazobenzene/Cu MJ after deposition of Cu and
a focussed ion beam sectioning, and 1C shows a similar junction using e-beam carbon as
the top contact. Note that the molecules are not resolved in these images, but it is clear
that the interfaces on both sides of a ~3 nm thick molecular layer are well resolved and
reasonably uniform. Many details about MJ fabrication on PPF/molecular layers have
been published elsewhere (4, 5, 19-21).
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Figure 3. A) Overlay of JV curves from 32 molecular junctions (80 x 80 um) with a 3.8
nm multilayer of nitroazobenzene between carbon and Cu. Dotted line is for an identical
device lacking the NAB layer. B) Same data on a logarithmic axis. Adapted with
modifications from reference(22) .
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Overlays of current density (J) vs bias voltage (V) curves for 32 molecular junctions
containing a 3.8 nm thick layer of nitroazobenzene (NAB) are shown in figure 3A, and
the corresponding In(J) vs. V plot is shown in 3B (22). The JV curves are independent
of scan rate over a wide range, and the exponential increase of current with bias voltage
is consistent with charge transport by tunneling.  Activated events such as redox
exchange are ruled out by the very weak temperature dependence, with no change in the
JV curves between 5 K and 250K. As shown in figure 4, the current density at a
particular bias (0.1 V in this case) decreases exponentially with molecular layer
thickness, also consistent with tunneling transport.

InJy,y (Acm?)

Figure 4. Natural logarithm of current density at a bias of 0.1 V plotted vs. the molecular
layer thickness for nine molecules and a a total of >400 molecular junctions. Error bars
are in the thickness measurement, and error bars for current density of > 4 molecular
junctions are smaller than the points shown. Lines are least squares fits to data for
aliphatic (line A) and aromatic (B) junctions, with their slopes indicaggdAdapted

with modifications from reference (11).

Curve A is for aliphatic molecular layers, with curve B is for eight different aromatic
molecules with Cu as the top contact. Note that the slope of 8" Famralkanes is quite
similar to the 6-9 nm range observed for transport through alkane layers in a variety of
molecular junctions as well as for electron transfer to molecules in electrolyte
solution(19). The lower slope of 2.7 Hrobserved for aromatic molecules indicates that
transport is significantly more efficient through conjugated structures, also consistent
with other observations. However, the various aromatic molecules are not statistically
different from each other, despite significant variations in their molecular orbital
energies. This result was unexpected, but eventually explained by strong electronic
coupling between the molecule and PPF, which affects both the apparent PPF work
function as well as the molecular energy levels. The resulting “leveling effect”
compresses the expected tunneling barriers to a similar value of 1.3 £ 0.2 eV, as is
reflected in both the transport measurements and independent confirmation with
photoelectron spectroscopy (11). A visual depiction of such electronic coupling is shown
in figure 5, calculated for a model system of a 9-ring graphene “electrode” bonded to a
NAB molecule. The orbital shown is the most likely to be involved in tunneling
transport, and it is clear that it has density on both the“electrode” and the NAB. Such
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coupling is a direct consequence of the conjugated, covalent bond between the aromatic
PPF lattice and the aromatic molecules, and may therefore be unique to carbon-based
molecular junctions.

“graphene” electrode

“molecule”

Figure 5. Model structure of NAB bonded to the edge of a 9-ring graphene fragment
representing the $arbon electrode (left). At the right is the HOMO-1 orbital likely to

be involved in transport calculated with density functional theory (B3LYP-6-31g (d)),
showing that it has electron density on both the graphene and NAB.

The levelling effect apparent in figure 4B at least partially frustrates attempts to vary
electronic characteristics by modify structure, although does not rule out structural
control by more dramatic changes in molecular structure. In order to explore thicker
junctions and higher bias voltages, we developed e-beam deposited carbon (e-C) as a top
electrode. One advantage of e-C is shown in figure 6, which compares PPF/NAB/Cu/Au
to PPF/NAB/e-C/Au devices having the same NAB thickness.
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Figure 6. JV curves for the indicated MJs, both with equal thickness of NAB. Scans
were started in positive direction, reversed at +1.5 V, then reversed again at -1.5 V. Cu is
positively biased when -1.5 V is imposed, causing oxidation and migration of Cu into the
molecular layer. See original papers for details (23, 24).

At sufficient negative bias, the positively bias Cu electrode oxidizes and permeates
the molecular layer, thus forming Cu filaments which directly connect the PPF and Cu
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electrodes(23). Since e-C is much less prone to oxidation or electromigration than Cu,
and it becomes possible to scan “all-carbon” MJs to at least +6 V bias. In addition, e-C
is much less likely to penetrate the molecular layer during deposition, since carbon atoms
and clusters are less prone to diffusion than metal atoms. As already noted in figure 1C, a
FIB/TEM cross section of a PPF/molecule/e-C/Au molecular junction exhibits distinct
interfaces between each layer, and also provides an independent determination of layer
thicknesses to confirm the “standard” AFM measurements.

All carbon junctions were constructed from bis-thienyl-benzene (BTB) layers for a
wide range of thickness (4.5- 22 nm) in order to extend transport measurements beyond
the tunneling range shown in figure 4. BTB has been studied in detail as an electrode
modification, and carbon/BTB electrodes show unusual electrochemical effects, such as
rectification and conductance switching. JV curves for PPF/BTB/e-C/Au MJs are shown
in figure 7 for eight different BTB thicknesses on a linear (7A) and natural log (7B)

scale, all at room temperature.
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Figure 7. JV curves for the indicated PPF/BTB/e-C/Au MJs, with the indicated BTB
layer thicknesses (all in nm) at room temperature, on a linear (A) and logarithmic (B)
current density axis. Adapted with modifications from reference(21).

Note first that high current densities are observed through 22 nm thick BTB layers,
which are much too thick for conventional (i.e. “coherent”) tunneling. The InJ vs V plots
for thicknesses above ~10 nm are not linear, indicating are more complex voltage
dependence than the exponential behavior observed for thinner devices. Determination
of the transport mechanism is aided by attenuation plots similar to figure 4, but over the
wider thickness range available with BTB. An example for a bias of 1 V is shown in
figure 8, over a wide temperature range (6K — 300K). Statistical analysis reveals three
linear regions, implying at least three distinct transport mechanisms(21). For thickness
(d) below 8 nm, a slope of ~3.0 fims observed, similar to that for the aromatic/Cu
devices of figure 4. For d>12 nm, the slope is near zero above 250 K, but approached

the 3.0 nritline at low T.
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Figure 8. Natural log of current density at 1 V bias for PPF/BTB/e-C/Au MJs are
various temperatures between 6 and 300 K. Only the thickest MJs indicated activation
energy above 100 meV. See reference(21) for details.

The Arrhenius slope above 250 K is 160 meV, similar to “hopping” transport
observed In bulk polythionene. This result is consistent with hopping mechanism
mediated by redox exchange, with the expected weak dependence on layer thickness.
The slope for d=8-12 nm is 1.0 +0.2 fimand this line is extended to >15 nm
thicknesses for low T. We proposed one possibility of the 1.6 siope region based
on field ionization of the HOMO level of BTB, to generate free carriers and possibly
conducting BTB polarons(21). There are other possibilities, but whatever mechanism is
proposed, it must exhibit linearity of In(J/E) v&Hinearity over 8 orders of magnitude
of current at < 10K.

The results to date enable some rational changes in molecular structure which should
have major effects on transport. Such changes are expected in the thickness regime
above ~7 nm, where the *“leveling” effect of strong coupling is less important.
Modifications presented at the meeting include removal moving the HOMO closer to the
Fermi level using a ferrocene derivative, removal of one thiophene ring from BTB, and
incorporation of an electron acceptor into films in the range of 7-25 nm thickness. When
operating in this range, molecular structure has a much stronger effect on conduction
than that in the tunneling regime.

Conclusions

In closing, we note several distinct properties &f cqrbon as a component of
electronic devices which incorporate molecules as active components. First, the
conjugated. covalent bond between ah carbon substrate and an aromatic molecular
results in strong electronic coupling which significantly perturbs the electronic properties
of the individual components(11). Such coupling may also occur between metals and
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aromatic molecules, but its effects on electronic behavior are not yet apparent(25).
Second, the C-C bond between PPF and the aromatic molecules is thermally quite stable,
permitting temperature excursions from 5K to >600K without significant changes to
junction properties(26). Many likely applications of MJs in microelectronics require
elevated processing and operating temperatures, so thermal stability is important. Third,
spf carbon is not subject to electromigration, unlike many metals, notably Ag, Au, and
Cu. The “all-carbon” molecular junctions may be able to tolerate much higher local
current densities as a result. Finally, the ability to covalently modffgapon surfaces

with a variety of molecules with a range of chemical and electronic properties permits
exploration of many phenomena and properties very distinct from those of conventional
electronic materials, thus aiding the goal of achieving electronic functions difficult or
impossible to achieve with silicon, such as lower cost, low power consumption, chemical
sensing and mechanical flexibility.
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