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Carbon/molecule/TiO2/Au molecular electronic junctions show robust conductance switching, in which a metastable
high conductance state may be induced by a voltage pulse which results in redox reactions in the molecular and TiO2

layers. When Ag is substituted for Au as the “top contact”, dramatically different current/voltage curves and switching
behavior result. When the carbon substrate is biased negative, an apparent breakdown occurs, leading to a high
conductance state which is stable for at least several hours. Upon scanning to positive bias, the conductance returns
to a low state, and the cycle may be repeated hundreds of times. Similar effects are observed when Cu is substituted
for Au and for three different molecular layers as well as “control” junctions of the type carbon/TiO2/Ag/Au. The
polarity of the “switching” is reversed when the Ag layer is between the carbon and molecular layers, and the
conductance change is suppressed at low temperature. Pulse experiments show very erratic transitions between high
and low conductivity states, particularly near the switching threshold. The results are consistent with a switching
mechanism based on Ag or Cu oxidation, transport of their ions through the TiO2, and reduction at the carbon to form
a metal filament.

Introduction
A variety of molecular electronic junction structures have been

investigated over approximately the past decade, with the general
objective of investigating how electrons are transported through
one or more molecules positioned between two conductors.1-4

Most studies to date involve metal/molecule/metal junctions,
based on covalent or electrostatic bonds between the molecules
and metals, such as Au/thiol5-7 and Langmuir-Blodgett
structures.8-10 It is generally accepted that both the molecular
structure and the “contact” between metal and molecule are
important to the junction conductance.11-17 At least, the metal
work function, the metal-molecule bond, the presence of dipoles,
and the arrangement of metal atoms at the metal/molecule

interface are expected to significantly affect electron transport
(ET) through a metal/molecule/metal junction, in addition to the
molecular structure itself.

A phenomenon of particular scientific and practical importance
in molecular junctions is “conductance switching”, in which the
junction can be switched between two or more states with
significantly different resistance. If the two states are at least
metastable, the junction could be used as a memory device,
conceivably as small as one molecule. The mechanism(s) of
conductance switching have been the subject of numerous
investigations, and are likely to involve a range of distinct
phenomena. Several switching mechanisms that have been con-
sidered to date include redox reactions of organic molecules4,18-27,
conformation changes,28-31 transient breaking of molecule/
substrate bonds,32 formation of metal filaments,33 and reduction
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of metal ions to form metallic conductors.34,35 A mechanism
involving redox reactions of metals inside the junction to form
and break metallic “short circuits”36-40 is particularly relevant
to the current work, as will be apparent later.

Although gold is used as the substrate and top contact in many
junction paradigms,41-47 alternative structures include Au/
molecule/Ti,5,8,18,48,49-52 Ag/molecule/Hg,53,54 Pt/molecule/
Ti,49-52 Hg/molecule/Hg,55-57 as well as junctions with alumi-
num33 or copper58 as top contacts. A significant concern with
such junctions is the possibility of forming metal filaments, or
“short circuits”, by penetration of metal atoms through the
molecular layer during fabrication or under an applied bias. Metal
penetration through Au/thiol monolayers has been studied
extensively,59-61 and dynamic formation of titanium filaments
has been invoked to explain “switching” between high and low
conductance states in Pt/molecule/Ti junctions.52,62 Our group
has investigated carbon/molecule/metal junctions based on a
covalent bond between a graphitic surface and aromatic
molecules.4,21,58,63-66 The carbon is a pyrolyzed photoresist film

(PPF) resembling glassy carbon with a resistivity of∼0.006
Ω‚cm and a surface with an rms roughness of<5 Å. Vapor
deposition of a top contact of metal or metal oxide completes
the molecular electronic junction. For example, PPF/biphenyl/
Cu junctions show nonlinear current density/voltage (J/V) curves
which depend strongly on molecular structure,58 whereas PPF/
nitroazobenzene/TiO2/Au junctions are rectifiers which exhibit
strong hysteresis.21,22,63,66,67During the course of investigating
PPF/molecule/TiO2/Au and PPF/molecule/AlOx/Au junctions,
we observed redox behavior which greatly affected junction
conductance. Structural changes in the molecular layer were
verified by in situ Raman spectroscopy of junctions under bias,
and two redox states which persisted for several minutes were
identified.21,63Nitroazobenzene (NAB) junctions containing either
TiO2 or AlOx could be cycled between two spectroscopically
distinct states several times, indicating the structural changes are
at least partially reversible. We attribute the redox reactions
occurring in solid state molecule/oxide layers only 5-8 nm thick
to the high electric fields across the active region of the molecular
junction.

The fact that junction conductance is strongly dependent on
the presence of Al or Ti oxides is not surprising, given their low
conductivity. However, the redox activity they promote may
have substantial applications in molecular memory or related
microelectronic devices. During the course of investigating
junctions containing a metal oxide, we observed that the identity
of the “top contact” metal (Au, Ag, Cu, Hg, and Ti) had strong
effects on the electronic behavior for particular combinations of
oxide and metal contact. The current paper describes a comparison
of PPF/molecule/TiO2/metal junctions with different “top contact”
metals, including Au, Ag, Cu, and Ti, and concludes with a
proposed mechanism for generating metal filaments by solid-
state redox reactions.

Experimental Section

Molecular junctions were fabricated and tested as described in
detail previously, using the “crossed junction” design.21,58,63Briefly,
1 mm wide strips of PPF were prepared lithographically on a∼200
nm thick SiO2 layer on silicon. Molecular layers of fluorene (FL,
1.7 nm thick) and nitroazobenzene (NAB, 4.5 nm thick) were
deposited on the PPF by electrochemical reduction of the corre-
sponding diazonium reagents. Strips of metal oxide and/or metal 0.5
mm wide were deposited through a shadow mask perpendicularly
to the PPF strips by electron beam evaporation, to form a 0.5× 1.0
mm junction (area) 0.005 cm2). TiO2 was deposited from rutile
in ∼1.5× 10-5 Torr of O2, and Al2O3 was deposited from alumina
granules. Deposition rates were as follows: TiO2, 0.03 nm/s; Al2O3,
0.03 nm/s; Au, 0.1 nm/s; Ag, 0.1 nm/s; Cu, 0.1 nm/s. The metal and
metal oxide thicknesses determined with a quartz crystal microbalance
are given in parentheses in nanometers (e.g., PPF/FL(1.7)/TiO2 (5)/
Au designates a 1.7 nm fluorene layer and a 5 nmthick TiO2 layer).
Ti metal was deposited at∼1 × 10-6 Torr, at a rate of 0.l nm/s. All
junctions had a final layer of 12 nm of Au to protect metals from
oxidation.

Electronic testing occurred in air, with a “3-wire” configuration
unless noted otherwise. The bias (PPF relative to Au) was applied
between the PPF and Au strips through tungsten probes on 3-axis
micromanipulators. Ohmic losses in the PPF were compensated in
a “3-wire” configuration in which the iR-corrected bias was measured
differentially between a tungsten probe on the undriven end of the
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PPF strip and system ground. Where noted, a 2-wire arrangement
without the voltage monitor was used to avoid erratic behavior during
current transients. Steps and spikes in the current caused sudden
ohmic voltage losses in the PPF, which appeared as an erratic variation
in the voltage axis when three wires were used.

A thick film of a Zn(II)porphyrin polymer was prepared thermally
from a diethynyl Zn(II) dimestiyl porphyrin as described elsewhere.68

Theporphyrin reagent,5-(4-ethynylphenyl)-10,15-(4-ethynylphenyl)-
20 dimesitylporphinatozinc (II), was provided by Jon Lindsey at
North Carolina State University. A 1-2 mM porphyrin reagent in
THF was used for modification, with the uncertainty of concentration
caused by the very small amounts of porphyrin reagent available.
Prior to molecule introduction and subsequent heat treatment, the
carbon film (PPF) was placed in a vial. The vial was sealed with
a Teflon cap and purged with flowing Ar for 10 min through a
syringe needle. A syringe containing the porphyrin solution was
inserted through the Teflon cap, and several drops of the solution
were placed onto the film. The solvent was then allowed to dry
under a continued Ar purge. The vial was transferred to a hot plate
at a temperature of approximately 425°C and the film was heated
for 3 min. The vial was removed from the hot plate and allowed to
reach room temperature under Ar purge. THF was twice syringed
into the vial and sonicated for 1 min to remove physisorbed porphyrin.
The modified carbon film was finally dried with a stream of Ar and
removed from the vial for the deposition of the various oxides and
metals. The thickness of the polymer was approximately 20 nm but
varied somewhat across a given sample.

Results and Discussion

Figure 1A shows a I/V curve for a PPF/NAB (4.5)/TiO2 (5)/
Au(12) junction obtained at 100 V/s. The electronic behavior of
such junctions has been discussed in detail,22,58,69and Raman
spectroscopy revealed that NAB is reduced to a quinoid form
under negative bias (PPF relative to Au).21,63The hysteresis and
conductance changes have been attributed to a redox process
between the NAB/NAB- couple and TiIV/TiIII oxide, resulting
in modulation of conduction band electrons in the TiO2. Figure
1B is a similar voltammogram from a PPF/NAB (4.5)/TiO2 (5)/
Ag (9)/Au (12) junction with identical structure except for the
addition of a 9 nm Aglayer between the TiO2 and Au. As shown
in Figure 1B, addition of Ag has little effect on the I/V curve
for positive bias, with similar current density and hysteresis to
that of the junction lacking Ag. For biases negative of
approximately-1V, however, a sudden and erratic increase in
current is observed, which results in irreversible changes in the
junction electronic behavior (Figure 1C).

The apparent breakdown observed with the Ag containing
junction always occurred for a bias negative of-2 V, although
its onset varied between-1 and-2 V. Hundreds of junctions
containing only Au for the top contact never showed breakdown
for -3 V excursions, and many were tested to-4 or -5 V.
Figure 2A compares PPF/NAB(4.5)/TiO2 (5)/Au junctions with
and without Ag between the TiO2 and Au. After the “breakdown”
occurred in the Ag-containing junction at-1.5 V, the junction
could be cycled between low resistance and high resistance states,
with hysteresis indicated by the arrows in the Figure 2A. Cycling
could be repeated many times, with the transition from low to
high resistance occurring at∼+1.2 V, and the transition back
to low resistance at∼-1.5 V. As shown in Figure 2B, the
“switching” cycle is independent of scan rate for the 10-1000
V/s range. The switching was repeatable for more than 100-

1000 complete cycles, although the cycle lifetime varied from
junction to junction. The ratio of the resistance measured forV
) (0.2 V for the two states ranged from 10 to 100, although
it often decreased slowly with repeated switching.

To explore the generality of the switching effect observed
with NAB/TiO2/Ag junctions, several variations in junction
structure were examined. Comparison of PPF/TiO2/Au and PPF/
TiO2/Ag/Au junctions (Figure 3A) shows that the molecular layer
is not required for switching, but the Ag is. PPF/TiO2(5)/Au
junctions could be cycled hundreds of times between(2 V, with
no change from the I/V curve of Figure 3A. However, PPF/TiO2

(5)/Ag (9)/Au (12) junctions consistently broke down forV <
-1.0 V and then exhibited the hysteresis and cycling apparent
in Figure 3A. Figure 3B shows that substitution of Ag with Ti,
to make a PPF/NAB(4.5)/TiO2(5)/Ti (5)/Au junction prevents
the “breakdown” effect, although the conductance is higher than
PPF/NAB(4.5)/TiO2(5)/Au junctions made without metallic Ti.
Figure 3C shows I/V curves from PPF/NAB(4.5)/TiO2(5)/Cu-
(9)/Au junctions, with Cu substituted for Ag. Positive bias scans
to +3 V (1 and 2) were repeatable without breakdown, whereas
negative bias caused an abrupt current increase at∼-2V. As
was the case with Ag, the Cu junctions could be cycled between
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Figure 1. Current (I) vs voltage (V) curves for PPF/NAB(4.5)/TiO2
(5)/Au(12) junctions, obtained at 100 V/s, with scan direction
indicated by arrows. B and C are results for junctions with an
additional 9 nm layer of Ag between the TiO2 and Au. The dark
curve in C is a(0.5 V scan which preceded the red(1 V scan. The
red scan was initiated in a positive direction, as indicated by the
numbered arrows.

Redox-DriVen Conductance Switching Langmuir, Vol. 22, No. 25, 200610691



high and low resistance states for 10-100+ cycles, and the
current was often erratic during cycling. The hysteresis exhibited
the same pattern as that with Ag junctions, as indicated by the
numbered arrows in Figure 3C. Figure 3D compares a PPF/
FL(1.7)/TiO2(5)/Ag (9)/Au (12) junction to its equivalent lacking
Ag. The behavior is qualitatively similar to that observed with

NAB, although fluorene does not exhibit rectification. The polarity
of breakdown was consistent for PPF/molecule/TiO2/Ag/Au
junctions, occurring predominantly for negative bias in the range
of -1 to-2 V. NAB/TiO2/Ag junctions occasionally broke down
at positive bias but always at significantly higher voltage
magnitude than that causing breakdown during the negative scan.

To determine the origin of the breakdown polarity, an
“inverted” junction was prepared with Ag between the PPF and
NAB, i.e., PPF/Ag(5)/NAB/TiO2(5)/Au(12). The NAB thickness
was uncertain, but deposition conditions were similar to those
which yielded 5 nm NAB films on PPF. As shown in Figure 4A,
the “inverted” junction could be scanned to a bias of-3 V
without breakdown. This bias is significantly negative of that
causing breakdown in any of the PPF/molecule/TiO2/Ag/Au
junctions studied. Furthermore, a scan topositiVe bias caused
breakdown, at∼+2 V in the case shown in Figure 4A. Once
breakdown occurred, the inverted junction could be cycled
between low and high resistance states (Figure 4B), but with
hysteresis opposite to that shown in Figure 2B. The inverted
junction switches from high resistance to low at∼+2 V, and
from low resistance to high at approximately-2 V. To reiterate,
the inverted PPF/Ag/NAB/TiO2/Au junction shows opposite
polarity from the PPF/NAB/TiO2/Ag/Au junction with respect
to breakdown, and the hysteresis loop is exactly opposite.

The reversal of polarity with the Ag on opposite sides of the
NAB/TiO2 layers indicates that breakdown is strongly favored
when the Ag is biased positively relative to the PPF. As a working
hypothesis, suppose a positive Ag bias oxidizes the Ag to Ag+,
then drives the Ag+ ion through the molecule/TiO2 layer. Once
the Ag+ reaches the PPF, it should be reduced back to Ag metal,
since the PPF is biased negative. In effect, the Ag+ is acting as
an ionic charge carrier which matches part or all of the electronic
current in the external circuit. A counter reaction at the PPF
electrode, such as would occur in a conventional redox cell, may
not be necessary if the field is high enough to create an image

Figure 2. (A) I/V curves for PPF/NAB(4.5)/TiO2(5)/Au(12)
junctions at 100 V/s, with and without Ag present. Blue curve is the
same as Figure 1A, red curve is a Ag junction after breakdown
similar to that shown in Figure 1C. Arrows indicate scan direction.
(B) PPF/NAB(4.5)/TiO2(5)/Ag(9)/Au(12) junction after breakdown,
at the indicated scan rates from 10 to 1000 V/s.

Figure 3. (A) Comparison of I/V curves for PPF/TiO2(5)/Au(12) junctions with and without a 9 nmlayer of Ag between TiO2 and Au.
(B) I/V curves for PPF/NAB(4.5)/TiO2(5)/Au junctions with and without a 3 nm layer of Ti between TiO2 and Au. (C) I/V curves for a
PPF/NAB(4.5)/TiO2(5)/Au(9)/Au(12) junction. Blue curves is initial scan between 0 and+3 V, red scan is( 3 V. Scans occurred in order
and direction indicated. (D) PPF/FL(1.7)/TiO2(5)/Au junctions with and without Ag between TiO2 and Au. Blue scan is the first for the Ag
junction, and was initiated in the positive direction. All I/V curves obtained at 100 V/s.
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charge in the PPF. The end result is transport of Ag metal from
the positively biased Au/Ag electrode to the PPF. Once enough
Ag has been transferred, Ag0 is likely to build up on the PPF,
likely forming a Ag filament due to the higher local electric field
near the tip of the growing filament. Filament growth would
proceed until the TiO2/molecule gap is bridged and a direct DC
current path is provided, resulting in a significant increase in
junction conductance. The fact that the PPF/TiO2/Ag/Au junction
also shows the switching effect indicates that the molecular layer
may be largely irrelevant to the process, assuming Ag+ can
penetrate both molecular and TiO2 layers.

Figure 5 shows the switching effect on a third molecule, a Zn
porphyrin polymer, with a thickness (∼20 nm) greater than either
FL (1.7) or NAB (4.5). Consistent with the previous results, the
PPF/porphyrin/TiO2/Ag/Au junction breaks down at about-1.5
V and can be cycled repeatedly between high and low resistance
states. PPF/porphyrin/TiO2(10)/Ag (9)/Au (12) junctions of the
type shown in Figure 5 were cycled for 7500 complete cycles
at 10 V/s with minor changes in the current density and hysteresis.

A junction similar to that yielding Figure 5, but with Al2O3

substituted for TiO2, was investigated to determine if TiO2 was
required for “switching”. A PPF/porphyrin/Al2O3(5)/Au junction
had very low current density, below 0.002 A/cm2 for the range
V ) ( 4 V. However, PPF/porphyrin/Al2O3(5)/Ag(9)/Au(12)
junctions broke down in the range of-2 to-3 V and thereafter
exhibited hysteresis similar to that of PPF/porphyrin/TiO2/Ag/
Au junctions.

Table 1 lists the observed resistance changes for several cases
examined, demonstrating a decrease of at least a factor of 1000
upon “breakdown”. Table 1 also lists the cross-sectional area of
Ag required to produce the observed resistance, assuming the
filaments behave as expected for a bulk Ag conductor, with a
resistivity equal to that of Ag, 1.6µΩ‚cm. For example, the
PPF/NAB/TiO2/Ag/Au junction resistance decreases from> 1
MΩ to 90.1Ω after a negative voltage excursion caused filament
formation. To produce a 90Ω resistance through the 95 Å layer
of TiO2 and NAB would require a filament with an area of∼
170 Å2. This represents a fractional coverage of Ag of only∼3
× 10-12 if the filaments act like bulk Ag. If we instead assume
that each filament has the quantum mechanically limited
conductance40,70of (12.9 kΩ)-1, only∼150 filaments are required
to yield the observed resistance. In either case, the total cross
sectional area of filaments is a tiny fraction of the junction area,
and such filaments would be difficult to characterize by any
spectroscopic technique. The only example of physical evidence
for filament formation of which we are aware is scanning probe
microscopy of filaments in Pt/molecule/Ti junctions reported by
Lau et al.50 XPS depth profiling of the current PPF/TiO2/Ag/Au
junctions was carried out after extensive voltage cycling, and the
Ag penetrated deeper into the junction (see the Supporting

Figure 4. I/V curves for an “inverted” PPF/Ag(5)/NAB/TiO2(5)/
Au junction. (A) Scan initiated in negative direction (100 V/s) in
order shown. (B) After breakdown.

Table 1. Silver Filament Area Required to Yield Observed Junction Resistance

junction figure
observed
resistance

thickness,a

Å
Ag area,b

cm2
Ag area,b

Å2

fractional
coverage of
filaments

Initial
PPF/NAB/TiO2/Ag/Au 1A >1 MΩc 95 7.8× 10-19 0.01 2× 10-16

PPF/TiO2/Ag/Au 3A >200 kΩc 50 3.6× 10-18 0.04 7× 10-16

PPF/FL/TiO2/Ag/Au 3D >500 kΩc 70 2.0× 10-18 0.02 4× 10-16

After “Breakdown”
PPF/NAB/TiO2/Ag/Au 2B 90.1 95 1.7× 10-14 168.7 3× 10-12

PPF/TiO2/Ag/Au 3A 272 50 3.0× 10-15 29.4 5× 10-13

PPF/FL/TiO2/Ag/Au 3D 440 70 2.5× 10-15 25.5 5× 10-13

a Thickness of molecular layer, if present, and TiO2. b Cross sectional area of Ag calculated from observed resistance and the resistivity of Ag,
1.6µΩ‚cm, assuming filaments behave like bulk Ag.c Actual resistance significantly higher69but was not determined due to dynamic range limitations
on the current amplifier.

Figure 5. I/V curves for PPF/porphyrin(20)/TiO2(10)/Au(12)
junction with and without a 9 nmlayer of Ag between the TiO2 and
Au; 100 V/s.
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Information), but such results are not conclusive due to disturbance
of the Ag depth profile by argon ion sputtering.

The intermittent onset of switching is more obvious in the
pulse experiments shown in Figure 6. Negative voltage pulses
were applied to resting junctions and the transient current was
recorded. For-1.0 to-2.0 V pulses on a PPF/NAB (4.5)/TiO2-
(5)/Au junction, a smooth current decay was observed, at least
part of which is capacitive charging current. As noted previously,
the RC time constant for a junction acting as a parallel plate
capacitor is a few microseconds, much shorter than the observed
decay.63,66This response could be repeated for hundreds of pulses,
with only minor variability in pulse shape and magnitude. For
a-1.5 V pulse to a PPF/NAB(4.5)/TiO2/Ag junction, however,
an erratic current response occurs, which varies in fine structure
from pulse to pulse (Figure 6B). As the pulse voltage amplitude
becomes more negative, the current increases rapidly to∼0.6
A/cm2 at -1.75 V, and becomes less erratic (Figure 6C). The
nature and implications of the pulse response are beyond the

scope of the current work, and the important observation is the
fundamentally distinct response when Ag is present in the junction.

Once the molecule/Ag junction is switched into its high or
low resistance state, the junction conductance is quite stable
with time. Figure 7 shows results from a PPF/NAB(4.5)/TiO2-
(5)/Ag(9)/Au(12) junction plotted as conductance vs time. The
conductance was measured as the slope of the I/V curve forV
) (0.2 V. At the times indicated, 100 ms pulses of the indicated
voltage were applied, which switched the junction between its
high and low conductance states. Both states were stable during
repeated voltage scans, provided the voltage was restricted to the
(1 V range. The PPF/FL/TiO2/Ag/Au junction shown had a
mean high/low conductance ratio of 65, although this ratio varied
from junction to junction in the range of 10-100. Both the high
and low conductance states were stable with time, lasting at least
6 h with a conductance change of<10%.

The “switching” behavior observed with Ag or Cu in the PPF/
molecule/TiO2/metal junctions is qualitatively and mechanisti-
cally distinct from that of solid-state junction designs we have
reported previously.21,63,69 PPF/molecule/TiO2/Au and PPF/
molecule/AlOx/Au junctions did not exhibit the sudden current
transients and erratic behavior apparent in Figures 1C and 4-6,
and( 3 V scans were repeatable and stable. The PPF/molecule/
Cu junctions lacking TiO2 had much lower resistance than the
current junctions, and higher current densities (e.g.,∼5 A/cm2

at 0.5 V for PPF/FL/Cu/Au).58Presumably, the more conductive
junctions lacking TiO2 cannot support the high electric fields
required to produce redox reactions in the junction. It is possible
that the PPF/molecule/Hg junctions which exhibit qualitatively
similar behavior to that shown in Figure 2B may involve redox
events, but the Hg did not show the erratic current behavior of
Figures 1 and 6.23,71

The observations that “switching” occurs initially when the
Ag or Cu is positively biased, leads to a persistent increase in
junction conductance, and occurs more readily for the less noble
Cu and Ag than for Au are all consistent with a redox-driven
migration of Ag or Cu from positively biased electrode, as shown
schematically in Figure 8. As proposed earlier, the metal cation
produced at the positively biased electrode is driven through the
junction by the high electric field and then reduced back to the

(70) Zahid, F.; Paulsson, M.; Datta, S.Electrical Conduction through Molecules;
Academic Press: New York, 2003.

(71) Ranganathan, S.; Steidel, I.; Anariba, F.; McCreery, R. L.Nano Lett.
2001, 1, 491-494.

Figure 6. Current vs time results for PPF/NAB/TiO2/Au junctions
with and without Ag for voltage pulses fromV ) 0 to the indicated
voltage att ) 10 ms then returned toV ) 0 at t ) 60 ms. (A)
PPF/NAB(4.5)/TiO2(5)/Au junction for three pulse voltages (B) PPF/
NAB(4.5)/TiO2(5)/Ag(9)/Au(12) junction forV ) -1 and-1.5 V.
(C) Same as B but for-1.75 V pulse; note large change in current
scale.

Figure 7. Conductance of a PPF/NAB(4.5)/TiO2(5)/Ag(9)/Au(12)
junction, measured as the slope of I/V curve forV) (0.2 V. Starting
with a new junction att ) 0, 100 ms voltage pulses were applied
at the times indicated. Each point results from a(0.2 V scan at
various times between pulses.
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metal at the PPF surface. As a metal filament begins to form,
the local electric field is increased at its tip, and additional metal
ions should be reduced preferentially at the growing filament.
When the filament reaches the positive electrode, a large increase
in current occurs due to electronic conduction, and the field is
dissipated, at least locally. Once the filament is formed, it is
apparently stable for low bias (|V| < 1V), for a few minutes to
several hours, to produce the behavior shown in Figure 7. When
the bias is reversed and the PPF becomes sufficiently positive
(>1.5 V), the filament is presumably oxidized and the metal
returns to its initial location. Lowering the junction temperature
significantly increased the bias requied to cause breakdown (see
the Supporting Information), consistent with a thermally activated
redox reaction. This process of formation and removal of the Ag
or Cu filaments was repeatable at least hundreds of cycles,
although disordering and roughening of the metal surface is certain
to occur.

Ag+ and Cu2+ are relatively small ions, and are known to
permeate crystals interstitially. The well-known Ag2S sulfide
ion selective electrode is an example of Ag+ transport through
apolycrystallinesolid.Amemorydevicewithsomecharacteristics
in common with PPF/NAB/TiO2/Ag junctions has been
reported,34-39 in which Ag+ or Cu2+ are transported through a
chalcogenide, Ge-S or tungsten oxide glass, and reduced in the
junction to form a conductive path. Both the molecular layer and
TiO2 in the present junctions are disordered and very thin, so
transport of small cations in a high electric field (∼2 MV/cm at
2 V) is likely. We showed previously with Raman spectroscopy
that redox reactions occur in PPF/NAB/TiO2/Au and PPF/NAB/

AlOx/Au junctions.21,63Although there is not yet direct evidence
of Ag or Cu oxidation in the current junctions, both oxidation
and transport are feasible, and have been demonstrated in
structurally similar devices.

Au by itself does not exhibit “switching” or current transients,
indicating either that its redox potential is too high, or that its
ions do not permeate TiO2 or Al2O3. We proposed that the image
charge in the Au surface may be adequate to support redox
reactions at the PPF surface, although it is difficult to rule out
motion of adventitious ions in this case. When Ti is present as
Ti0, TiII, or TiIII between the TiO2 and Au (Figure 3B), there is
no evidence for filament formation, even for V) - 3V. The
larger currents with reduced Ti compared to the TiO2-only case
implies that reduced Ti provides mobile electrons, but “break-
down” is not observed even for Ve -3 V. Ti is very unlikely
to exist as atomic Ti0 or bare Ti2+, and its strong bonds to oxygen
may prevent transport through the TiO2 film.

The consequences of the current findings to both electro-
chemistry and molecular electronics are substantial, although
somewhat indirect. They provide several more examples of redox
reactions occurring in a 5-10 nm gap between two conductors,
in this case the oxidation and reduction of metals. Solid-state
electrochemistry is well-known in several contexts,72 although
not in such thin films to the authors’ knowledge. The electric
fields and potentials present in the current junctions approximate
those found in electrochemical double layers at electrodes in
electrolyte solution, so sufficient driving force for redox reactions
should be available. The presence of adventitious ions from
residual water or other reagents is difficult to rule out, but
conversely, counterion motion may not be necessary beyond the
metal ion itself moving from the negative to positive electrodes.
As mentioned earlier, transport of Ag+ or Cu2+ through
nanocrystalline TiO2 and a disordered molecular film is certainly
possible, given their transport through denser and more ordered
materials such as sulfides and oxide glasses. Given the possibility
of trace water, oxygen or carbon dioxide in the junctions, it is
difficult to rule out ion formation and transport accompanying
filament formation. As noted previously,21,63,66,69the solid-state
junction may have properties of both a parallel plate capacitor
and a complete redox cell, with trace ions responding to the
applied bias.

With the exception of intentional filament formation in solid
state memory devices, filaments are generally undesirable in
molecular electronic components. In most cases, filaments are
destructive, and mask the effects of molecular structure and
dynamics on the electronic behavior of molecular junctions. The
current results indicate that Cu and Ag are prone to forming
filaments when a high electric field is present, although there is
no evidence that Cu forms filaments in the absence of an oxide.
For example, PPF/fluorene/Cu/Au junctions could be cycled>108

cycles between(0.6 V without observable changes, achieving
current densities of∼5 A/cm2 on each cycle.58,73Nevertheless,
caution is advisable when using Ag and Cu in molecular junctions.
Au and Ti did not form observable filaments under the conditions
examined herein, although Ti oxidation is quite likely given its
negative redox potential. The absence of erratic current transients
in junctions containing Au and Ti is evidence that filaments are
not forming dynamically, and also were probably not present
following junction fabrication. Given the tendency of Ti to form

(72) Riess, I. Comparison between Liquid State and Solid-State Electron
chemistry. InEnyclopedia of Electrochemistry; Bard, A., Strattman, M., Eds.;
Dekker: New York, 2003; Vol. 1, pp 253-281.

(73) Steach, J. Fabrication and Electrical Characterization of Carbon-based
Crossbar Molecular Electronic Junctions, Ohio State University, 2005.

Figure 8. Schematic of proposed mechanism for Ag filament
formation in PPF/molecule/TiO2/Ag/Au junctions. A and B are for
negative bias, and C is for positive (PPF relative to Au).
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oxides with three oxidation states, the conditions of Ti deposition
undoubtedly will affect the stability of Ti layers in molecular
junctions.
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