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ABSTRACT: Molecular junctions consisting of a Ru-
(bpy); oligomer between conducting carbon contacts
exhibit an exponential dependence of junction current on
molecular layer thickness (d) similar to that observed for
other aromatic devices when d < 4 nm. However, when d >
4 nm, a change in transport mechanism occurs which
coincides with light emission in the range of 600—900 nm.
Unlike light emission from electrochemical cells or solid-
state films containing Ru(bpy)s, emission is bipolar, occurs
in vacuum, has rapid rise time (<S5 ms), and persists for
>10 h. Light emission directly indicates simultaneous hole
and electron injection and transport, possibly resonant due
to the high electric field present (>3 MV/cm). Transport
differs fundamentally from previous tunneling and hopping
mechanisms and is a clear “molecular signature” relating
molecular structure to electronic behavior.

primary objective of the field of molecular electronics is

to control electronic behavior by varying the structures of
molecular layers between conducting contacts in order to
realize electronic functions not possible with silicon. Realization
of this goal will require understanding charge transport in very
thin molecular layers (<1 to 25 nm), in particular how orbital
energies, hybridization, and electronic coupling to the contacts
control electron transport. We describe here a molecular
junction (MJ) containing a molecular layer of a ruthenium
bipyridyl derivative with transport distances (d) of 1.6—12.8 nm
between conducting carbon contacts. Not only do such
junctions demonstrate a clear change in transport mechanism
for d > 4 nm, but they also emit visible light when the applied
bias (V) exceeds ~2.7 V. The change in mechanism and onset
of light emission coincide and indicate a distinct charge
transport mode when V > 2.7 V and d > 4 nm. The new
mechanism is consistent with bipolar injection of carriers into
the highest occupied and and lowest unoccupied molecular
orbitals (HOMO and LUMO) of the Ru(bpy),; centers
followed by recombination and light emission, and it differs
fundamentally from previously reported light emission via
electrogenerated chemiluminescence'
diodes.* ™

or in light-emitting
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Molecular junctions were fabricated by established meth-
ods,”® all with the same Ausy/eC,o/ Ru(bpy);P/eC,o/Auy,
structure, where “eC” is electron-beam deposited carbon™'
and subscripts indicate layer thicknesses in nm. “Ru(bpy),P”
represents a molecular multilayer with the structure shown in
Figure 1A, which was deposited from a phenyl-diazonium
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Figure 1. (A) Structure of the Ru(bpy);P molecular layer deposited
on eC substrate. (B) Schematic illustration of Cr,/Au/eC,o/
Ru(bpy);P/eC,o/Au,, molecular junction.

derivative of Ru(bpy);(PF¢), as described in the Supporting
Information (SI, sections 1 and 2). The resulting MJ structure
shown in Figure 1B was made with high yield by deposition of
an eC/Au top contact, and the Ru(bpy);P layer thickness
varied from 1.6 + 0.3 to 12.8 & 0.7 nm, as confirmed by atomic
force microscopy “scratching”'' as shown in Figure S2.
Characterization by Raman and X-ray photoelectron spectros-
copy of the Ru(bpy)P thin films (SI sections 4 and 5) indicates
that the Ru(bpy);P centers are not modified significantly
during film formation and the P:Ru atomic ratio is 2.1, close to
the expected 2.0.

The current-density vs bias (J—V) curves for Ru(bpy),P MJs
shown in Figure 2A are symmetric with respect to polarity and
show a strong dependence on thickness, similar to other
aromatic MJs reported previously.">™"* The J—V response is
independent of scan rate in a vacuum (Figure S7) and is stable
for thousands of cycles. Figure 2B compares the J—V response
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Figure 2. (A) J-V curves for Cr,/Au;/eC,o/ Ru(bpy);P/eC,o/Auy,
junctions (averages of 8 MJs, in vacuum) with thickness (d, nm)
indicated for each curve. (B) J—V responses of NAB and Ru(bpy),P
MJs with same device structure and thickness. (C) Attenuation plots
for Ru(bpy);P MJs for five bias values and slopes () indicated. (D)
Attenuation plots for Ru(bpy);P and NAB devices for V = 0.5 V.

to those of identical junctions made with nitroazobenzene
(NAB) instead of Ru(bpy);P, with both obtained in a vacuum
(<1075 Torr) at a scan rate of 1000 V/s. For d = 3.2 nm, the J—
V curves are nearly identical, with a small difference shown in
the inset of Figure 2B. This similarity is consistent with
previously reported results on aromatic MJs, in which seven
different molecules with >2 eV range of HOMO and LUMO
ener%ies had statistically identical current densities when d < §
nm."> However, for thicker devices with d = 12.8 nm, the J—V/
responses differ greatly, with J for Ru(bpy),P larger than J for
NAB, by a factor of >30 at V = 2.5 V. Figure 2C shows plots of
In J vs d (i.e, “P plots”) for Ru(bpy),P at several bias values, to
illustrate the dependence of current on layer thickness. At V =
0.2 or 0.5V, there are two distinct slopes, with # = 2.4 nm™" at
d <4nmand # = 0.70 nm™" for d = 5—11 nm, which decreases
to 0.47 nm™' for V = 3 V. Figure 2D compares the /3 plots for
Ru(bpy);P and NAB for V = 0.5 V. Changes in the slopes of
plots have been attributed to transitions between conduction
mechanisms, such as tunneling to activated “hopping”'®™"* or
field ionization.'* As discussed next, the underlying mechanism
in Ru(bpy);P causing the change in f# can be elucidated using
light emission.

Light emission by Ru(bpy); derivatives has been reported for
decades, in electrochemiluminescence,”*® light-emitting elec-
trochemical cells,® and light-emitting diodes.>>*! Figure 3A,B
shows light emission from a Ru(bpy);P MJ with d = 12.8 nm
for positive and negative bias. The sign on the bias is the
bottom contact (30 nm Au) relative to the top (20 nm Au),
and light was always observed through the top contact. Light
emission spectra for Ru(bpy),P devices with d = 12.8 nm,
collected with a spectrograph/CCD system described pre-
viously,”'” are shown in Figure 3A for a bias range of —3.0 to
—4.2 V. The intensities of each spectrum were normalized by
the junction current to yield units of counts s7' mA™L Figure
3B shows spectra from the same device but with reversed bias,
which clearly indicate that emission is nearly identical for
positive and negative bias, with no change in peak intensity or
wavelength with bias polarity. In both cases, the efficiency of
light emission in terms of light intensity per unit of junction
current increases with bias, with a threshold for emission at
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Figure 3. Light emission spectra from Ru(bpy);P junctions for
negative (A) and positive (B) bias, with V,,, = +3.0, 3.2, 3.4, 3.6, 3.8,
4.0, and 4.2 V. (C) Spectra of panel A after correction for instrument
response. (D) Peak emission intensity normalized to junction current
vs Vi, from Ru(bpy);P MJs with d = 3.2, 5.6, 8.3, and 12.8 nm (both
+V and —V bias) and a NAB junction (d = 8 nm). (E) Light emission
vs time for a continuously applied bias of 2.8 V for Ru(bpy),P junction
(d = 12.8 nm) in air, under a vacuum, and in air-protected Parylene.
The weak NAB emission (pink) decreases from 200 to O counts s~

after 3 h in air.

~2.7 V. Correction of the negative bias spectrum for
instrument response using a standard white light source as
described previously'” yielded Figure 3C. Light emission
spectra for four Ru(bpy),P thicknesses are provided in Figure
SS, and their peak intensities are plotted vs bias voltage in
Figure 3D. Note particularly that emission is very weak for d <
8 nm, and a clear threshold for emission occurs at V=27 V. A
similar threshold has been reported for li§ht emission in
asymmetric solid-state Ru(bpy); devices"”™>** with >80 nm
layer thicknesses and likely quite distinct transport mechanisms
(see below). Also, shown in Figure S6 and Figure 3D are light
emission from NAB with the same device structure, with
Ru(bpy);P emission >50 times that of NAB for d = 12.8 nm
and V = 42 V. Unlike Ru(bpy);P, emission from NAB
junctions is polarity sensitive, with negative bias yielding
approximately twice the light intensity of positive bias." We
conclude that Ru(bpy),P light emission is governed by a
distinct mechanism from the hot-electron model described
previously,”'> due to the known luminescence of Ru(bpy),**
complexes.

Light emission by electrochemical cells and solid-state
devices with thicknesses >70 nm is meditated by generation
of Ru** and Ru" centers, followed by recombination to form
excited Ru(bpy);***, which emits light. Light emission from
solid-state Ru(bpy);(PFy), polymers shows strong dependence
on anion mobility and the presence of water or residual solvent,
which were attributed to electrochemical generation of Ru**
and Ru" at the electrode interfaces.”>>® They exhibited strong
sensitivity to bias polarity and the electrode material, and a
delay in light emission of several seconds which was strongly
affected by the counterion identity." Handy et al.* reported
light emission from solid-state 70—100 nm films of Ru(bpy),
derivatives between ITO and Al electrodes with onset delays of
several minutes at 3 V bias and a few seconds at 5 V bias. The
response time and effects of atmosphere on the current
Ru(bpy);P devices are shown in Figures 4 and 3E. The -V
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Figure 4. (A) J—V curves at a scan rate of 1000 V/s and (B) emission
spectra at bias of 3.6 and 4 V of Ru(bpy);P junctions (d = 12.8 nm) in
air and vacuum. Total light emission (solid) and current (dashed) vs
time for bias pulses of 2.8 and 4.2 V: (C) in vacuum and (D) in air.

responses in vacuum were strongly affected by addition of
either air or water vapor, developing the hysteresis shown in
Figure 4A. The J—V response in vacuum is independent of scan
rate, but in air it shows significant variations with scan rate (see
Figure S7). The emission spectra exhibit lower intensity in air
(Figure 4B) and a slight shift in peak wavelength. Small shifts in
peak wavelength (<20 nm) with thickness, bias, and
atmosphere (Figures 4B and SS5) may be due to the effects of
strong applied electric field, as discussed below. As shown in
Figure 4C, a bias pulse in vacuum produces a fast, nearly square
current transient (rise time < 50 ys), with light emission lagging
a few milliseconds for V,,, = 3.6 or 4.0 V. In air (Figure 4D) the
current rises over a period of ~20 ms, and light emission decays
with time. Additional pulse transients are provided in Figure S8.
Finally, the stability of light emission is shown in Figure 3E for
a continuous bias of 2.8 V. In air, emission decreases by ~90%
in 4 h, while in vacuum it lasts approximately twice as long.
Figure 3E also shows the emission of a Ru(bpy);P MJ (d = 12.8
nm) protected by S00 nm of Parylene film deposited in vacuum
(S, section 10). After a brief decline, emission decreases slowly
for >10 h before a rapid decline to near zero. The fast decline of
intensity at short times (<20 min) is likely due to residual water
in the devices.

For d < 4 nm, the transport mechanism of Ru(bpy);P
junctions is likely similar to the quantum mechanical tunneling,
possibly coherent, reported for many examples of conjugated or
aromatic molecules. Electronic coupling between the carbon
substrate and molecular layer reduces the effects of molecular
structure on transport, as described previously for carbon-based
MJs"® and for metal/organic interfaces.””** Light emission is
weak for d < 5 nm and attributed to hot electrons traversing the
molecular layer and emitting light in the top contact.*'* For
NAB, light emission increases gradually with bias, is asymmetric
with polarity, and is not strongly dependent on layer thickness.
However, when d > 4 nm, Ru(bpy);P devices exhibit behaviors
very different from those of NAB in both the magnitude and
attenuation of the current density with thickness (Figure 2B,D)
and a dramatic increase in light emission. The clear threshold
for light emission from Ru(bpy),P MJs at V = 2.7 V (Figure
3D) occurs when the bias exceeds both the difference in
standard electrochemical potentials for Ru(bpy);**/** and
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Ru(bpy);**/* (2.62 V)** and the optical gap determined from
UV—vis absorption of the Ru(bpy);P film on eC (2.68 V)
shown in Figure S9D. The previously reported electrochemical
mechanism may apply to the present devices in air, where H,O
could solvate ions and generate Ru** and Ru’ at opposite
electrodes. However, light emission is slightly stronger in
vacuum and is visible to the eye at 7 K, thus providing evidence
against ion motion being required for conventional electro-
chemistry. An alternative mechanism for both light emission
and the f = 0.7 nm™' region in Figure 2D is depicted
schematically in Figure 5. The 1.3 V HOMO to eC Fermi level
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Figure S. Energy level diagrams for Ru(bpy);P and NAB junctions at
zero bias (A), +2 V (B), and +4 V (C). (D) Same diagram as panel C
with the addition of 1.6 mM PF,~. Arrows indicate possible electron
transfers between contacts and molecular layers.

offset in Figure SA is based on the first oxidation of the
Ru(bpy);P film on eC (+1.0 V vs SCE, Figure S9B), and the
2.68 eV HOMO-LUMO gap is based on the UV—vis
absorption peak of the immobilized film on Aus/eC,, (463
nm, Figure S9D). Figure SB shows a MJ containing an oligomer
of six Ru(bpy);P molecules, with an applied bias of +2 V and
assuming a linear potential profile between the two contact
interfaces. Transport is likely mediated by tunneling, could
involve electrons, holes, or both, may be incoherent, and may
involve energy losses.”'* The observation that strong light
emission occurs when V > 2.7 V directly indicates that there
must be occupied LUMOs near half-occupied HOMOs; hence,
there must be injection from both electrodes into the
Ru(bpy),P film. Such bipolar injection is shown in Figure SC
for V.= +4 V. Note that the high electric field across the
molecular layer (4 MV/cm in the case shown) makes resonant
injection possible for electrons that can tunnel 2—3 nm. This
high electric field can also drive transport of the resulting e
and h* to the approximate center of the Ru(bpy),P film, where
recombination can occur with light emission. We propose that
the change in slope of the B plot results from a second
mechanism involving bipolar injection which becomes possible
at high bias. The onset of strong light emission occurs when
both electron and hole injection can occur, with the attendant
requirement that V' > 2.7 V. The bipolar mechanism becomes
more dominant in thicker films, yielding the increase in light
emission efficiency apparent in Figure 3D. Note also that, since
light emission occurs in the approximate center of the
Ru(bpy),P film, it should have similar intensity for both bias
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polarities. For NAB, the change in # when d > 6 nm may be
due to similar bipolar injection with a larger optical gap, but
NAB is not fluorescent, and light emission is not expected,
except for the hot electron mechanism.

The much faster response time of the current devices (<$
ms) compared to reported Ru(bpy), light-emitting electro-
chemical"*'*?° and solid-state™ cells (seconds to minutes)
may result from the absence of required ion motion to establish
a double layer. However, PF;~ ions are present at
approximately 2 mM in the Ru(bpy),P films and may assist
light emission if they are mobile, as shown in Figure 4D. The
linear potential profile was modified according to classical
Guoy—Chapman double-layer theory, causing partial screening
of the electrodes and more favorable injection of both electrons
and holes. In a formal sense, electron injection into the
Ru(bpy);P LUMO produces a Ru" center and hole injection
produces a Ru’" center, analogous to what occurs in
electrochemical cells, but such designations implicitly assume
that reorganization occurs to complete a redox event.
Preliminary experiments on temperature dependence indicate
that light emission for d = 10.8 nm is visible to the eye at T =7
K, and the Arrhenius slope of In J vs 1/T is <1 meV in the
range of 7—70 K. Therefore, reorganization is not required
preceding transport but may occur during or after electron
transfer. The fact that light emission is at ~700 nm instead of
the optical gap of 463 nm strongly implies that emission occurs
from Ru*** and is the metal-to-ligand charge-transfer
transition””** which also occurs in electrochemical and solid-
state examples. Current experiments address the consequences
of the difference between the absorption and emission maxima
of Ru(bpy);P in carbon-based MJs, but the current results are
strong evidence that reorganization can occur at 7 K in the solid
state.

In conclusion, light emission in symmetric eC/Ru(bpy);P/
eC molecular junctions provides direct evidence for a bipolar
charge injection mechanism which becomes operative when the
molecular layer thickness exceeds 4 nm and the bias exceeds 2.7
V. This mechanism is more weakly attenuated with transport
distance than tunneling, and it may apply to other molecules
with suitable HOMO and LUMO energies. Unlike many
electrochemiluminescent and organic light-emitting devices, the
current junctions do not require a difference in work function
of the two electrodes. Robust light emission for at least several
hours may become a useful feature for MJs, for both
mechanism diagnosis and practical applications. In addition,
the bipolar injection mechanism observed with Ru(bpy),P may
prove valuable in designing symmetric devices for other
applications.>
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