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ABSTRACT

Electronic devices comprising a Langmuir-Blodgett molecular monolayer sandwiched between planar platinum and titanium metal electrodes
functioned as switches and tunable resistors over a 102-10° Q range under current or voltage control. Reversible hysteretic switching and
resistance tuning was qualitatively similar for three very different molecular species, indicating a generic switching mechanism dominated by
electrode properties or electrode/molecule interfaces, rather than molecule-specific behavior.

Molecular electronics holds the promise of scaling integrated intended rotaxane reductietxidation reactions and mo-
circuits down to nanometer dimensions, if specific electrical lecular conformation changes previously reported using a
functions can be engineered into single molecules. A large silicon electrodé, the device behavior in this asymmetric
body of literature describing molecule-containing electronic metal electrode sandwich is thus dominated by the electrode/
devices exists; among the works most cited recently are organic interface properties. We suggest this generic switch-
diodes!? voltage-activated switchés® and negative dif- ing mechanism may widely appear in tandem with designed
ferential resistance elemerit&lolecule-specific electronic  molecule-specific switching, confusing efforts to interpret
switching has been reported for several of these deviceand reproduce the molecule-specific behaviors.
structures, including nanopores containing oligo(phenylene  Two terminal metal/molecular-monolayer/metal planar
ethynylene) (OPE) monolayérsand planar junctions in-  junction devices were fabricated by sequential deposition of
corporating rotaxane and catenane monolaj/ékowever,  the bottom electrode, LangmuiBlodgett (LB) monolayer,
most correlations of switching behavior with synthesized gnd top electrode on a flat insulating substrate to form 1L
molecular properties remain speculative. In a scanning probeand 3 x 6 crossbar junction arrayd.The substrates were
geometry, for example, the OPE monolayers showed only polished100silicon wafers capped with 200 nm of thermal
non-molecule-specific stochastic switchihghe challenge  Si0,. Bottom electrodes of 100 nm thick platinum (Pt) were
of fabricating and characterizing these nanometer-scaleformed by optical lithographic techniques. Scanning electron
organic/inorganic hybrid structures has meant that most micrographs of the Pt electrode cross-section revealed
devices to date contain poorly defined electred®lecule  sidewalls with a minor slope from vertical and a local tapered
interfaces. This is particularly true of the “solid-state” interface to the silicon oxide. Oxygen plasma cleaning of
sandwich devices, where the upper electrode must bethe Pt immediately prior to LB deposition generated a thin
deposited on top of the organic monolayer. Theoretical ~0.4 nm platinum oxide surfadd The Pt surface roughness
transport studies highlight the significance of small changes measured by atomic force microscopy was 0.4 nm RMS over
to these interfaces. a 1um? area. The static contact angle of water wa$ f28
Here we report a platinum/monolayer/titanium device the 200 nm thick thermal Siand 90 for the Pt electrode.
structure that exhibits switching and well-controlled tunable  Three different LB monolayers were investigated: eicosano-
resistancendependenbf molecular species. Instead of the ¢ acid GgH3gCOOH (Aldrich) [Figure 1a] deposited as the
cadmium (Cd) eicosanoate salt, an amphiphilic [2]rotaxane
* Corresponding author. _ o R (Figure 1c here and denoted lais ref 4, where synthesis
TPresent address: Department of Chemistry, University of Southern is also described), which consists of a mechanically inter-
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Figure 1. (a) Eicosanoic acid (%), (b) dc -V measurements
showing the “figure-8” hysteresis loops of three differento C
molecular monolayer devices. All sweeps follow the direction of
the arrows. Successive curves are offsétmA. All devices are a
sandwich structure of 100 nm-Pt/LB monolayer/5 nm-Ti, 200 nm-
Al (inset, top). All voltages are applied w.r.t. the grounded Pt
electrode. These measurements are fram1ljunctions with planar
areas of 10, 10, and 7 &? (inset, bottom). (c) [2]rotaxang.
The dumbbell-only moleculBB is identical toR minus the captive
cyclophane ring. (d) dc voltage-bias measurements of one [2]-
rotaxane “R” device and one dumbbell “DB” device, of areas 25
and 50um?. Curves DB are offset-15 mA. All data at 300 K.

dumbbell-only component oR, labeled DB, which is
identical toR except lacking the interlocked tetracationic

134

cyclophane ring. Eicosanoic acid was chosen as a control
molecule for all our investigations because it forms well
characterized, highly ordered LB films and is intrinsically
an insulator. The [2]rotaxarie is representative of a family
of molecules that incorporate intrinsic mechanical bistability
(in this case cyclophane ring motion) activated by low
voltage reductioroxidation (redox) reactionsThe dumb-
bell DB is a control for the bistable [2]rotaxan®. In
previous studies by Luo et al. of different polysilicon/[2]-
rotaxanef/titanium devices, the currenbltage (—V) char-
acteristics of the [2]rotaxane LB monolayer devices were
reported to be molecule-specific, temperature-dependent, and
correlated with solution phase redox behavior at bias
magnitudegV| < 2 V.4

During LB film deposition, the aqueous subphase was
maintained at pH~8.5 by the addition of tris(hydroxy-
methyl)aminomethane (TRIS) to typical concentrations of
104 M, at 21 °C. For the cadmium eicosanoate films,
cadmium chloride was added to a concentration of 1 mM.
LB transfer of the monolayers onto the Pt oxide surface is
expected to produce a physisorbed molec@iectrode
interface. Coordination bonding between the polar Cd
eicosanoate salt and the Bt® also possible though as yet
unconfirmed. Ellipsometric analysis of the cadmium eicosanoate,
[2]rotaxaneR, and dumbbelDB monolayers yielded average
film thicknesses of 2.8, 3.5, and 3.3 nm, respectively. Water
contact angles were measured for the Cd eicosanoate {109.5
+ 0.2°) and [2]rotaxane films (90+ 2°).

The top electrode of 5 nm titanium (T 200 nm
aluminum (Al) was evaporated (e-beam, 0.1 nm/s<Tip©
Torr) through a shadow mask onto the LB film within 1 h
after monolayer deposition. Previous investigation has shown
that Ti deposited onto an organic monolayer reacts aggres-
sively with the top organic functional groups to form titanium
carbon complexes; this interfacial layer prevents subsequent
Ti penetration through the monolay¥érCrossbar devices
were constructed with lateral wire widths of-10 um Pt
and 5-20um Ti/Al, yielding active junction areas of-5200
um? and thus 10-10° molecules electrically in parallel at
each junction (Figure 1b inset).

All devices were electrically characterized in ambient at
300 K or helium vapor &4 K with 2-terminal direct current
|-V sweeps under voltage-bias or current-bias. Four-probe
measurements confirmed that the electrical contact resis-
tances were< 50 Q at all times. As fabricated, the devices
exhibited an exponentidV curve consistent with direct
tunneling through an insulating film 2.5 nm thickness.
This characteristic was stable for applied bias voltages
between—2 V and+1 V (the voltage polarity convention is
depicted in Figure 1b). Exceeding these limits caused an
irreversible transition to a lower resistance reversible-switch
state. All data presented in this work were acquired after
this “forming” or “burn-in” step and describe the behavior
of the reversible-switch state.

Figure 1b shows the—V hysteresis loops of threext 1
crosspoint Cd eicosanoategCdevices. Each hysteresis loop
is traversed as a “figure-8”, as indicated by the arrows, and
can be cycled repeatedly. Two or three hysteresis cycles are
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shown for each device. For example, device C20_1 of Figure c20
1b began in a statep, = 20 kQ; then application of a
positive bias greater than approximatet).7 V initiated a

discrete transition to a state,R < 2 kQ . Both the Rign 3
and R, states showed nonlinedrV characteristics, but /
neither curve fit a Simmons direct tunneling motfel. 27 1716 J%

~

wH o o

Continuing to negative bias exceeding approximately0

V caused a rapid but continuous transition back to thg,R
state. The bistable figure-8 hysteresis curve was reproducible,
with the loop closing toward the low resistance characteristic 0 10 =
after hundreds of cycles. Both high and low resistance states W
were stable to small applied voltageg¥| < 0.1 V, and 9
showed less than 0.5% change after 125 days. The positive 5 8 01 Loon# i
switching threshold voltagé/s+, varied in successive cycles T T T T T

of the same device and between device8,5 V < Vg; < -1.5 -1.0 -0.5 Voltgg% V) 05 1.0 1.5

+1.5 V. The negative switching threshold voltayfe,, also

varied,—0.5V < Vs_ < —2.0 V. The three devices of Figure  Figure 2. The resistance &f = 0 of a 50um? Cy junction is

1b were measured on three different substrates, fabricateduned continuously from 1.1 to 250 Q and back to 2.1 ®.
independently over a six-month period. Thesg @ata, Data co_IIec_ted al =4 K; beha\_llor at 300 K appears identical.

. . 7o . . The tuning is achieved by applying dc current-bias sweeps toward
including variations between devices, are representative of

X e g successively higher positive currents, numbere€7 1then dc
the total 51 devices on six different substrates characterized.voltage-bias sweeps toward higher negative voltages, numbered

Both the [2]rotaxaneR and the rotaxane dumbbdllB 8—17. Successive curves are offset #9.2 mA. Each positive
display hysteretic behavior similar to the C20 devices. Figure (N€9ative) sweep is a loop traversed counterclockwise (clockwise).
- - ) ., Interim resistance values ®t= 0 are plotted versus loop number
1d shows one device of each molecular species, labeled “R (inset) and remain stable for small applied voltagdés< 0.5 V.
and “DB”, with three hysteresis cycles plotted. Current

densities through the rotaxane monolayers are approximatelynegative feedback to voltage, current, and power. Conversely,

four times higher than through the C20 monolayers. Resis- ity yoltage-bias and negative current-bias give positive
tance ratios between rotaxanggRand Row States are also  faeqnack and thus bistable switching. All three monolayer
higher, ~200 for both devices in Figure 1d and reaching gnecies displayed qualitatively similar resistance tuning
10* in one “DB” type device. These data have been penayior. Both the tuning and switching appeared indepen-

reproduced qualitatively in 65 devices on 10 different geny of temperature, with apparently identical behavior at 4
substrates fabricated over a 12-month period. A similar 54 300 K.

figure-8 hysteresis curve was allso repeate_dl_y observeo_l ONa The remarkable asymmetry of the switching behavior
much smaller 2500 nf"R" device, comprising approxi-  (Figure 1) and the mechanism of the resistance tuning (Figure
mately 16 molecules in parall€l. 2) are not fully understood. Symmetfiand asymmetri¢

In Figure 2 we illustrate that each junction is in fact switching have been previously observed in much larger
continuously tunable between the two extremes of high and mn? LB multilayer devices, but not well explained. Previous
low resistance. Beginning in the high resistance state of aexperiments on rotaxane LB monolayer devices with poly-
Cy device, successive positive current-bias sweeps tosilicon and titanium electrodes reported low-amplitude,
increasing maximum currents follow small counterclockwise temperature-dependent switching, correlated with specific
hysteresis loops, labeled-Z, inducing a stepwise transition molecular structuré.Our data do not contradict these prior
from the Righ ~ 1.2 kQ to the Row ~ 250 Q2 state. The  results. In the present investigation using Pt and Ti electrodes,
junction |-V characteristic remained stable at each inter- the rotaxane, dumbbell, and eicosanoic acid devices all
mediate state for low applied voltages and currep#s € displayed high amplitude, temperature-independent switching
0.5V, |l < Imax0f previous loop); a current bias exceeding behavior. This switching is clearly a generic property of
the previous maximum positive current caused another organic monolayers within this Pt and Ti/Al electrode system.
stepwise transition toward the,R state. The molecular  Control devices with no monolayer incorporated existed on
monolayer devices thus acted as bistable resistance switchesvery substrate; these devices were always metallic shorts
if stressed with high positive voltages as in Figure 1, and as (<50 Q). Symmetric Pt/monolayer/Pt devices fabricated
tunable resistors if stressed by controlled positive currents, separately could be switched to lower resistance, but this
shown here. In the negatie-V quadrant, a current-bias  switching was symmetric, i.e., polarity-independent, and
stress caused repeatable bistable switching from the extremérreversible. Symmetric Ti/monolayer/Ti devices have not
Row t0 Rnign States. A controlled negative voltage-bias been successfully tested; they are almost impossible to
induced a tunable resistance transition from, R- 250 Q fabricate, since exposure of the metallic Ti electrode to the
to Rnigh ~ 2.1 kQ, illustrated in curves 817 of Figure 2. LB trough aqueous subphase 45 min) always produces a
This asymmetry in controlled transitions by positive current- Ti oxide layer. We conclude that the asymmetric switching
bias and negative voltage-bias reflects the asymmetry of theobserved in the Pt/monolayer/Ti devices arises from differ-
figure-8 hysteresis loop; i.e., resistance tuning controlled via ences in top and bottom electrode metals (work function,

Current (mA)

R (KQ)

Nano Lett., Vol. 4, No. 1, 2004 135



reactivity, diffusivity) or electrode-molecule interfaces (e.g., Research Projects Agency in the United States and the
titanium—carbon complexes). The resistance tuning may Carlsbergfondet in Denmark for partial support.

result from partial reconstruction of one of these electrode
surfaces, such as electromigration induced filamé&hts,
incomplete electrochemical reaction of one electrode and the
molecular monolayer. The deposited Ti electrode in particular
is known to react with the top of the organic monolafer;
this reaction may be driven further by the applied voltage
and current stresses. TheV curves #3-7 of Figure 2
suggest an electric field threshold for switchingeat 0.75
V/2.8 nm, or equivalenthE ~ 3 x 10° V/cm. Resistive
powerP = | x V at the point of switching is a few mW.
Neither result, however, is robust across different devices
in our analysis so far. While this generic switching is possibly
a degradation path for molecule-specific functions, it has
already proven useful in molecular electronic circuits for
memory functions and logical programming including de-
multiplexing>1?

We have demonstrated electrical switching and resistance
tuning in Pt/molecular monolayer/Ti devices. Similar hys-
teretic |-V characteristics were observed for three very
different molecular species, striking confirmation that the
electrical behavior of such molecular electronic devices is a
strong function of the moleculemdthe electrodeandtheir
interfacial interactions. True control of molecular device
behavior is conditional upon a deeper physical understanding
of this complete interacting system. Extensive physical
characterization is required to ascertain the exact nature of
the metal/molecule interfaces in each case; careful control
experiments with substitutions of organand electrode
materials are required to help distinguish specific vs generic
behaviors.
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