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ABSTRACT

Electronic transport through ruthenium-based redox-active organometallic molecules is measured by self-assembling diruthenium(lll) tetra(2-
anilinopyridinate)-di(4-thiolphenylethynyl) (trans-Ru(ap)s(C'CC¢HsS—). (A) and trans- Ruy(ap)s((C’'CCsHa4).S—). (B) molecules in nanogap molecular
junctions. Voltage sweeps at a high scan rate show low bias current peaks (at +0.35 & 0.05 V for A and +£0.27 + 0.05 V for B), which change
to plateaus in slow bias scans and a second conductance peak at approximatley +-1.05 + 0.15 V. The peaks/plateaus are not observed in the
return bias sweeps, possibly due to charge storage in the molecules. The energy states for the molecular orbitals of these molecules as
estimated from the conductance peaks are in close agreement with the respective energy values from voltammetric measurements in solution.

Recent progress in molecular electronics, particularly single/
few-molecule devices, is of great interest for future nano-
electronics.!? Various organic molecules have been integrated
into device structures to realize components such as recti-
fiers,® negative differential resistance (NDR),*® bistable
switches,>'* tunneling diodes, transistors,'® logic-gates,'6
memory elements,'” and sensors.'®!” Most molecular elec-
tronic studies have employed systems (molecules plus
contacts) in which the conduction is nonresonant, i.e., in
which the molecular orbital energy levels are not aligned
with the contact Fermi levels even under moderate applied
biases.?*?! In such systems, electrical transport measurements
do not provide direct information about energy level align-
ments, and the molecule remains close to charge neutrality.
There have been studies of molecular systems having redox-
active side groups (—NO,, —NH,),?> coordination com-
plexes,?*** imino nitrogen (—N=) inserted in the back-
bone,!'?5 and functionalization with various headgroups
(—CN, —NO,, H;CO,C—, —SH).??> These modified molecular
complexes show various interesting electronic properties,
including variations in the distance between the contact Fermi
level and the closest molecular orbital, and Kondo effects
associated with unpaired electrons. Also, some models
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attribute switching'!'? and NDR* phenomena to redox events,
typically along with a secondary process. Electronic conduc-
tion studies of redox-active molecules with suitable contacts
can allow investigation of the energy-band alignments
between the molecular levels and the contacts within the
active device structure as well as studies of molecular species
in specific charge states.

One approach that has proven useful for contacts suitable
for single/few molecule measurements involves electromi-
gration breaking of photolithographically defined gold (Au)
microwires.?® We have recently adopted these techniques to
efficiently fabricate stable nanogap molecular junctions®>?’
(NMJs) for room temperature measurements. The NMJ
structure has been used to measure the electronic properties
of various organic?”-?® and biomolecular® species.

In this work, the electronic properties of diruthenium-
containing redox-active organic molecules were studied in
metal/molecule/metal (MMM) devices using the NMJ tech-
nique, and the molecular energy states were estimated and
compared with the results from cyclic voltammogram
measurements. Electrical transport measurements were per-
formed through the NMJs containing diruthenium(III) tetra(2-
anilinopyridinate)-di(4-thiolphenylethynyl), trans-Ru,(ap)s-
(C'CC¢H4S—)2 (A) and trans-Ruy(ap)s((C'CCeH4)2S—)2 (B)
molecules (the molecular structures are sketched in Figure
1). Current peaks and plateaus were observed in current—
voltage (/—V) characteristics during voltage scans from zero
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Figure 1. (a) Sketch of diruthenium molecular wires used in this
study. Here n = 1 for molecule A, trans-Ru,(ap)s(C=CC¢HsS—),,
and n = 2 for molecule B, frans- Ruy(ap)s((C=CCcHy4)2S—),.

to higher bias (in both the positive and negative directions)
at fast and slow scan rates, respectively. These features are
absent in the return sweeps, i.e., while driving the bias back
to zero. The positions of the molecular energy levels of
highest occupied molecular orbital (Euomo) and lowest
unoccupied molecular orbital (ELumo), With respect to the
metal electrode Fermi-level (Ef) are estimated from the
locations of the conductance peaks using the ideas of energy
band alignment for MMM junctions with symmetric coupling
at both metal/molecule contacts.?? The estimated Egomo and
Eyumo values for both the diruthenium compounds (A and
B) from the transport measurements are in close agreement
with the energy values estimated from the voltammetric
measurements in bulk solution.

The device engineering starts with the e-beam evaporation
of 200 A of Au on an oxidized silicon substrate coated with
an organic adhesion monolayer of (3-mercaptopropyl)tri-
methoxysilane (MPTMS, purchased from Sigma-Aldrich,
USA). The Au was lithographically patterned into microw-
ires, each containing a notch at the center to localize the
breaking position and connected to large area (~ 100 x 100
um?) pads for electrical probing in a microprobe station. The
relatively stable nanogaps were formed by a room temper-
ature electromigration breaking technique,?” in which volt-
ages are ramped across the Au microwires. The detailed
experimental procedure and the chemical processes for Au
layer deposition,?' nanogap formation, and characterization?’
have been described earlier.?”*! Before molecular deposition,
the NMJ chips were plasma cleaned to remove any residual
MPTMS or other organic contaminants from the gap region
and rinsed with ethyl alcohol to remove the oxides from the
Au layer, followed by rinsing the chip with the solvent,
tetrahydrofuran (THF) and blowing dry with N, gas. The
diruthenium compounds, trans-Ru(ap)s(C'CCcH4SCH,CH,-
SiMes), (A', TMSE-A-TMSE) and trans-Ru,(ap)s((C'C-
CeH4),SCH,CH,SiMes), (B, TMSE-B-TMSE), where tri-
methylsilyl ethylene (TMSE) = —CH,CH,SiMe;, were
prepared and characterized following the previously reported
procedures.?? For electrical transport experiments, the MMM
junctions are formed by self-assembling the diruthenium-
based molecules into the nanogaps using solution-based
techniques. Here, a 2 mM THF solution of the Ru, compound
was treated with a small amount of tetrabutylammonium
fluoride (TBAF) to remove both of the TMSE protection
groups from the original molecule (yielding A and B) in order
to provide thiol end groups to bind to the Au nanoelectrodes.
The NMJ chip was then exposed to the solution for 24 h in
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Figure 2. (a) Schematic of the device structure used in this study.
Inset shows the molecular bridging at the nanogap region. (b)
FESEM image of a sub-2-nm gap formed through an electromi-
gration-induced break junction technique.

a Np-purged glovebox. The chip was rinsed with the solvent
(THF) to clean any residual ions from the molecule-bridged
nanogap junctions. The physical situation of the NMJs
following molecular deposition is sketched in Figure 2a. The
electrical measurements were performed using a Hewlett-
Packard 4156A precision semiconductor parameter analyzer.
Cyclic voltammograms (CV) were recorded following previ-
ously described® measurement procedures using 0.20 M
tetrabutylammonium hexaflurophosphate, (n-Bu)sNPFg solu-
tion (THF, Nj-degassed) on a CHI620A voltammetric
analyzer with a glassy carbon working electrode (3 mm
diameter), a platinum (Pt)-wire auxiliary electrode, and a
silver/silver chloride (Ag/AgCl) reference electrode for
nonaqueous solution (Cypress). The concentration of diru-
thenium species was about 1.0 mM, and the ferrocenium/
ferrocene couple was observed at 0.576 V under the
experimental conditions.

Figure 2b presents a field emission scanning electron
microscope (FESEM) image of a prototype nanogap junction
with sub-2-nm length fabricated using room temperature
electromigration breaking of the Au microwires. FESEM
imaging and individual conductance values through the
empty nanogap junctions are used to infer the gap length as
well as the relative gap width. The general procedure is
presented in our earlier work.?” Prior studies of single/few
organic molecules in electromigrated break junctions have
typically involved deposition of the molecular species on
the Au-microwires prior to electromigration, with the elec-
tromigration often performed at cryogenic temperature.?® The
current technique of fabricating nanogaps does not require
cryogenic temperatures, is well suited for room temperature
measurements, and allows characterization of the gap
conductance prior to molecular deposition. For the room
temperature electromigration technique, we have observed
that the use of a molecular adhesion layer (MPTMS) beneath
the Au allows a higher percentage of NMJs with sub-5-nm
gaps (~ 25% for gap length of 1—2 nm and >40% for gap
length of ~5 nm, as estimated from the empty-gap conduc-
tance values) than can typically be achieved in Au-micro-
wires with metallic (Ti, Cr) adhesion layers. The current
technique also avoids leakage conduction paths, which can
occur through metallic adhesion layers?6333* or inherent
cantilever effects in the case of hanging microwire*>-¢ based
NMIJs. Electronic conduction through the molecules was
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Figure 3. Room temperature /—V characteristics through the
nanogap MMM junctions containing (a) the molecule A and (b)
the molecule B, showing curves measured at scan rates of 0.2 and
0.02 V/s, as indicated. The arrows indicate the direction of the
voltage sweep for the respective portions of the curves. The current
peak at low bias changes to a current step with a slow bias scan.
These features are absent during return sweep to zero bias (i.e.,
scan from higher bias, both positive and negative direction to zero
volt).

ensured by comparing the current levels through a given NMJ
before and after localizing the specified molecular species.
It has been observed that the NMJs with nanogap lengths
comparable to the molecular lengths show enhancement in
junction current after exposing the nanogap chip to the
molecular solution. In the same chip, the NMJs with larger
gap lengths (>~3 nm) do not show any enhancement in
junction current after exposure to the molecular solution.

Parts a and b of Figure 3 show the /—V characteristics
measured through representative Au/A/Au and Au/B/Au
NMIJs, respectively. At least 10 devices were measured for
each molecular species. On average, Au/A/Au NMJs show
an initial low-bias conductance of ~(4.8 4+ 0.8) x 1078 S,
while Au/B/Au NMJs show ~(5.5 £ 0.5) x 107 S. The
stated uncertainties correspond to the maximum deviations
observed over the set of measured devices. The higher
conductance levels observed in the Au/A/Au devices suggest
that molecule A, with a length of 2.1 nm, has less resistance
than the 3.5 nm long molecule B, assuming comparable
numbers of molecules, as will be discussed later. Although
detailed calculations of conductance for these molecules is
not available, this trend is consistent with the expected
decrease in conductance values with increasing length.’7—0
Within a given device type, e.g., within the Au/A/Au devices,
variations in the number of molecules bridging the nanogap,
as well as variations in coupling strength at the S—Au
contact,**> may contribute to the observed spread in
measured conductance values.

For the devices presented in Figure 3, the comparable
empty-gap conductance values (~1 pS) through the nanogaps
prior to the molecular depositions (molecule A and molecule
B) indicate that both the NMJs are of comparable lengths
(~1.5 nm). Normally, the electromigrated junctions provide
a device structure involving single/few molecular species.
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Here, there is a possibility of bridging molecules between
the electrodes within a small region in the nanogap in which
the gap length (L) is comparable to molecular length. FESEM
images of various nanogaps suggest that the region with L
~ 2.0 nm typically extends over a width of 2—3 nm. Since
the molecules A and B are of diameters ~1.3 nm, in the
extreme case of a close-packed array of molecules bridging
the nanogap region, there would be ca. 20 molecules of A
or B bridging the gap in a NMJs. However, the packing
densities of these molecules on a flat Au surface are
significantly less than a monolayer; therefore the actual
number of molecules in the gap is expected to be much less.
Within the measured devices for a given molecular species,
the current measurements do not show clear evidence of
discrete levels of conductance, which would be expected if
the conductance per molecule was uniform, given that it
appears that each device contains a small integer number of
molecules. As has been shown in prior studies which allow
conduction measurements of a much larger number of
devices,® significant spreads in conductance values are
observed in nominally identical, single molecule devices.
These spreads are attributed to variations in contact coupling
or local molecule/contact geometry and likely explain the
lack of clear conductance quantization in the present study.
A systematic variation in the number of molecules within a
gap (for A vs B) should contribute linearly to the junction
conductance* but differences in surface coverage for the two
species are not expected to be large enough to account for
the difference in conductance in A vs B.

As shown in Figure 3a, the NMJ with molecule A exhibits
a current peak at a low bias voltage (V) for the scan
performed at a scan rate of 2.0 V/s (fast scan). The observed
current peak at ~+(0.32—0.45) V (varies from junction to
junction) changed to a plateau (Figure 3a) when the sweep
rate of the applied bias was reduced to 0.02 V/s (slow scan).
This occurs at a voltage equivalent to Ve and with a current
level comparable to that observed at the peak in the fast scan.
These features (peaks and plateau) are prominent during the
scan toward higher voltages in both the positive and negative
directions but are absent during return voltage sweeps to V
= 0. The device is normally in a less conducting state during
these return sweeps. Molecule B (Figure 3b) also exhibits
the hysteresis, and a quasi-plateau is observed at a compa-
rable voltage, although this effect is less prominent.

For the case of fast scans, where the voltage is swept from
0 to a voltage magnitude =1.0 V (positive or negative), and
then immediately returned to zero, the hold time at V = 0
between the sweeps is typically a few seconds. A subsequent
sweep in the opposite bias direction follows the high
conductance state, indicating that the switching of conduc-
tance state (from high to low) was reversed during the hold
period. Subsequent sweeps showed curves which are nomi-
nally the same as those reported in Figure 3 (including
hysteresis) for the respective bias directions. For voltage
sweeps in which the magnitude of the applied voltage is
smaller than the peak voltage, Vpeak (e.g., <0.2 V for devices
with Vpeax ~0.35 V), hysteresis is not observed between
the outbound (0 to £ V) and return (£V to 0) sweeps. For
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Figure 4. The dI/dV versus voltage plots for molecules A and B.
Curves are shown for both fast and slow sweeps for molecule A,
with the slow sweep covering a larger bias range. The slow sweep
curve is offset vertically by —5 x 1078 A for clarity. The peak
voltage can be used to infer the position of the molecular HOMO
and LUMO levels of the particular molecules with respect to the
contact metal Fermi level.

the case of slow scans, comparable hysteresis and switching
between conductance states are observed.

The conductance (G) as a function of voltage provides
more clear signatures of the molecular levels, as well as a
more direct comparison to typical theories. A peak in the
G—V relationship should correspond to the point at which
the Fermi level of a contact is swept through a molecular
level. ¥ Curves representing the first derivative of the
recorded /—V characteristics (dZ/dV vs V plot, using the Easy
Plot scientific data analysis tool) are shown in Figure 4.
During the scans toward higher voltages (0 to £V), conduc-
tance peaks are observed for both fast and slow bias scans.
Conductance peaks were observed in a number (*10) of
devices for each molecule, allowing determination of an
average peak position and maximum deviation from the
mean. Molecule A shows conductance peaks at +0.25 +
0.05 V and £1.05 £ 0.15 V, and molecule B shows peaks
at £0.265 £ 0.05 V and £+0.77 £ 0.08 V. These features
are absent in the return sweeps (£V to 0). For the fast scans
toward higher voltages, a negative differential resistance
(conductance value becomes negative) behavior is observed
starting at a bias of ~£0.38 £ 0.07 V, for Au/A/Au devices,
consistent with the observation of current peaks at compa-
rable voltages in these devices. For the first 100—200 mV
in each bias directions, the conductance for both molecular
species initially decreases with increasing bias for the sweeps
starting at V = 0. This decrease is also observed in
subsequent sweeps, indicating that the effect does not
correspond to a permanent change in device. The mecha-
nisms responsible for this behavior are still under investiga-
tion.

The electronic properties of the NMJs depend mostly on
the position of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
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with respect to the Fermi levels of the metal electrodes and
the coupling strength at the metal/molecule contact. The low
bias conductance is associated with the molecular density
of states (DOS) near the Fermi level.*® The observed peaks
in the G—V characteristics indicate the relative positions of
the molecular orbital energy levels (Enomo and Epumo) in
the respective molecules,® since the peaks are associated
with the points at which the Fermi level of one contact passes
through a molecular level.¥ In these systems, the coupling
strengths at both the metal/molecule contacts play a key role
in determining the electronic states of a molecule, which are
generally broadened due to coupling to the contacts. The
NMIJs in the current work utilized Au—S covalent bonds at
both the metal/molecule contacts. In this situation, the
average electrostatic potential in the molecule (Vi) is
expected to be about half the applied voltage (Vapl),30 1.e.,
the electrostatic potential difference V is divided between
the two contact-to-molecule junctions with a voltage dividing
factor, 7 = Vmo/Vap = 1/2. For this case of comparable
electrostatic coupling (7 = 0.5), the observed conductance
peak positions indicate the nearest energy states (either Enyomo
or Epymo levels) of the molecule. Two conductance peaks
would appear for each HOMO or LUMO level, at bias
voltages equal to Vyeax = £2|Eauw) — Emoill, Where Ey,q stands
for the molecular energy (Enomo or Erumo) and Efay is the
gold Fermi level. Therefore, the conductance peaks observed
in molecule A at Vpeax = £0.25 & 0.05 V and £1.05 &+
0.15 V correspond to molecular energy levels located 0.13
and 0.53 eV away from Eja,. On the basis of cyclic
voltammetry (CV), which will be described in the following
section, it appears that Exowmo is closer to Eyay than is Epywmo.
Therefore, the energy levels observed in G—V analysis can
be identified as |Ef(Au) - EHOMO' = 0.13 eV and |ELUMO -
Efawl = 0.53 eV. On the basis of the work function of Au,
Efan = 5.1 eV with respect to the vacuum level (Ey,).
Therefore, the inferred energy level positions with respect
to Eyac are Exomo = 5.23 eV and Eyrymo = 4.57 eV for
molecule A. Similarly, for molecule B, the observed con-
ductance peaks at +0.265 £ 0.05 V and £0.77 & 0.08 V
correspond to |Egay) — Enomol = 0.13 eV and |1E ypmo — Efaw)
= 0.38 eV, which yield molecular energies of Eyomo = 5.23
eV and Erymo = 4.72 eV, with respect to Ey,..

The molecular orbital energies of redox-active molecules
can be estimated in the solution state using the CV technique.
Figure 5 represents the CVs of both the diruthenium
molecules A" and B’ recorded versus a Ag/AgCl reference
electrode in THF solution. For molecule A', an oxidation
peak was observed at +0.70 V and two reduction peaks were
observed at —0.40 and —1.55 V. For molecule B’, an
oxidation peak was observed at +0.74 V and two reduction
peaks were observed at —0.33 and —1.5 V. The equivalent
work function for a standard hydrogen electrode (SHE) in
electrochemical experiments*’ is 4.43 eV. The potential of
a Ag/AgCl reference electrode is 0.197 eV positive (+ve)
with respect to the SHE potential, i.e, the Exgapgc = 4.63
eV. The above values, along with the observed oxidation
(+0.7 V) and reduction (—0.4 and —1.55 V) peaks in the
CV, yield molecular level energies of Eyomo = 5.33 eV,

Nano Lett.,, Vol. 8, No. 8, 2008



T
- Molecule B'
Molecule A’

-2 -1 0
E/V versus Ag/AgCl

-

Figure 5. Cyclic voltammograms of the (a) A" and (b) B' molecules,
measured with a Ag/AgCl reference electrode. The oxidation (0/
+1) and reduction (0/—1 and —1/—2) states are labeled for both
molecules.
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Figure 6. Molecular energy levels (HOMO and LUMO) of
molecule A as inferred from the d//dV (G—V) analysis (left side of
figure) and CV measurements (right side of figure). The equivalent
electrode work functions in the respective experimental setups have
also been shown for comparison. The molecular level energies
(Enomo and Ep yvmo) were estimated from the oxidation and reduction
peaks (in Figure 5) in CV measurements and from the peak positions
in the G—V plot (in Figure 4).

Eiuvmo = 4.23 eV, and Eruymo+1 = 3.08 eV for molecule A,
all with respect to the vacuum level. A similar approach
yields EHOMO = 5.37 CV, ELUMO =43 GV, and ELUMO+1 =
3.13 eV for molecule B'.

The relative positions of Eyomo and Epymo States are
shown in Figure 6, as estimated from the electrical transport
measurement (left side of figure) through molecule A and
cyclic voltammetry experiments (right side of figure) on
molecule A’, along with the Fermi levels of the respective
electrodes. The good agreement for the molecular levels
energies (within 0.1 eV (0.2 eV) for Eyomo and 0.4 eV (0.4
eV) for Erymo for A (B)) between the energy values
estimated from the peak positions in the G—V plot and
oxidation and reduction peaks in CV measurements provides
clear evidence of the respective molecular levels. The small
differences in molecular levels estimated from the two
techniques can be explained as some corrections due to
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solution versus solid state. The electrode potentials obtained
from a solution voltammetric measurement generally agree
with those measured for a surface-bound species;* therefore,
changes in energy level positions associated with im-
mobilization on the Au surface are expected to be modest.
The same diruthenium molecules show retraceable oxidation
and reduction peaks in solution phase CV measurements and
hysteresis in /—V curves for forward and backward sweeps.
This may be due to the presence of mobile ions to take the
stored charge from the Ru complex during CV measure-
ments. However, in the /—V measurements, neutralization
of the stored charge would occur through the contacts, so
the relatively localized nature of the charge states may
result in storage times significantly different than the
sweep times. The Epymo+: level could not be accessed in
I—V measurements since the required bias (~3.0 V) may
destroy the S—Au contact or may change the electronic
structure of the molecule due to the very high electric
field through the NMJ.

The observed peaks/plateaus in /—V are likely due to
charging events and can be assigned to HOMO/LUMO levels
seen in CV measurements. The features in /—V and peaks
in G—V/CV while passing through molecular energy levels
are believed to be due to exchange of an electronic charge
into or out of the molecular system. Retraceable (forward
and backward voltage sweep) NDR peaks* and conductance
switching? through the molecular systems indicate no
charge storage in the molecular system while driving the
voltage. In the current study, the hysteresis in /—V traces
could be explained by the presence of a molecular state which
becomes charged during the 0 to &V sweep and remains
charged during the return sweep. The charge storage is likely
occurring at the localized molecular levels at the diruthenium
complex, which is not well coupled to the contacts. Reported
measurements through thiolates that contain redox capable
metal centers of cobalt?® and divanadium?* have not observed
charge storage effects, perhaps because the reported range
of bias voltages is too low to access any molecular level or
due to the fact that the metal complexes are spatially close
to the metal electrodes, resulting in relatively strong coupling
between the localized levels and the contacts. A sequential
Coulomb blockade transport model,** which considers a
trapping or localized level close to the Enomo, could explain
the observed behavior. Charging of the localized level during
a bias scan would shift the Egomo toward higher energy,
resulting in a conductance and/or current peak. Provided that
the level remains charged during the return bias sweep, a
lower conductance trace without a peak is expected.

Density-functional theory (DFT) calculations on a com-
parable molecule,® Ruy(DMBA),(C,Fc),, suggest that the
HOMO state consists of sr-antibonding on Ru, and 7z-bonding
between Ru and adjacent carbon, i.e., 7#*(Ru,) + n(C=C),
with an energy of ~4.8—5.0 eV (first oxidation at ~+0.2 to
+0.45 V). The LUMO state consists of d-antibonding on
Ruy, i.e., 0*(Ru,), with an energy of ~3.8—4.0 eV (first
reduction at ~—0.63 to —0.87 V). The sr-orbital overlap on
the central C=C—Ru—Ru—C=C backbone of the molecule
should make the HOMO state relatively delocalized along
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the NMJ. The LUMO is 0* on the Ru—Ru part of the
molecule and the adjacent carbons are off-set by 90° rotation
to the d-orbitals of the Ru planes, making the LUMO state
more localized in the direction orthogonal to current flow.
The values inferred in the present study are in reasonable
agreement with these values.

In conclusion, electronic conduction through diruthenium-
based redox-active organometallic molecules (defined as A
and B in Figure 1) were measured through a MMM device
structure formed using an electromigration technique. The
estimated molecular energy level values of Enomo and Erumo
for the diruthenium molecules (A and B) using electrical
transport measurements are in close agreement with the
values inferred from CV measurements. This provides a tool
to understand the location of the molecular energy levels
with respect to the metal electrode Fermi levels. The current
study demonstrates that devices employing redox-active
molecules, in which the molecular levels are close to the
metal Fermi level, allow resonant tunneling, along with
observation of the molecules in specific charge states. The
resulting devices could provide suitable structures for
memory or chemical sensing applications.
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