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ABSTRACT: Bias-induced light emission and light-induced photocurrents — Au

were used as independent probes of charge transport in carbon-based eC
molecular junctions containing Ru(bpy),;. The thickness, bias, and temper-
ature dependence of both the total device current and photoemission were v)
compared, as well as their response to bias pulses lasting from a few
milliseconds to several seconds. The device current was exponentially
dependent on the square root of the applied electric field, with weak
dependence on thickness when compared at a constant field. In contrast, light
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emission was strongly dependent on thickness at a given electric field, with a

thickness-independent onset for light emission and a large intensity increase when the bias exceeded the 2.7 V HOMO-LUMO
gap of Ru(bpy);. The apparent activation energies for light emission and current were similar but much smaller than those
expected for thermionic emission or redox exchange. Light emission lagged current by several milliseconds but reached
maximum emission in S—10 ms and then decreased slowly for 1 s, in contrast to previously reported solid-state Ru(bpy); light-
emitting devices that relied on electrochemical charge injection. We conclude that at least two transport mechanisms are
present, that is, “unipolar injection” initiated by electron transfer from a Ru(bpy); HOMO to the positive electrode and “bipolar
injection” involving hole and electron injection followed by migration, recombination, and light emission. The unipolar
mechanism is field-driven and the majority of the device is current, while the bipolar mechanism is bias-driven and involves
electrode screening by PF ions or mobile charges. In addition, significant changes in thickness and temperature dependence for
thicknesses exceeding 15 nm imply a change from injection-limited transport to bulk-limited transport. The current results
establish unequivocally that electrons and holes reside in the molecular layer during transport once the transport distance
exceeds the ~5 nm limit for coherent tunneling and that redox events involving nuclear reorganization accompany transport. In
addition, they demonstrate luminescence in a single organometallic layer without hole or electron transport layers, thicknesses

below 30 nm, and symmetric electrodes with similar work functions.

B INTRODUCTION

The field of molecular electronics investigates charge transport
in mainly organic molecules across distances (d, nm) as short
as one molecule (~1 nm) up to ~30 nm, motivated in part by
the ability to modify transport and electronic properties by
changes in molecular structure, sometimes dubbed “rational
design”. Transport mechanisms over 1—30 nm may involve
tunneling and other mechanisms that differ fundamentally
from those reported for the >50 nm distances commonly
encountered in thin-film transistors' > and organic light-
emitting diodes (OLEDs)*™® widely studied in the field of
organic electronics. Many studies of single molecule and
“ensemble” molecular junctions (MJs) have concluded that
quantum mechanical tunneling is the dominant mechanism for
aliphatic molecules with d < 2 nm or conjugated molecules
with d < 5§ nm. For d > 5§ nm and aromatic molecules, a
transition from tunneling to a different, often activated
mechanism has been reported and attributed to resonant
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transp01‘t,9_11 field ionization," Schottky injection,13 and
hopping mediated by activated, Marcus-like polaron transport
between subunits in an oligomer.'”"® Transport in some cases
with d > 5 nm is temperature-dependent, with apparent
activation energies (E,,) of 200—300 meV,'*"> while other
examples exhibit E,, < 100 meV over a range of 200—300 K or
are activationless, with E, being statistically zero below 200
K197 In the case of bis-thienyl benzene oligomers
between carbon electrodes, current densities exceeding 10 A/
cm® were observed across 22 nm and T < 10 K when the
applied bias exceeded 5 V."?

Molecular junctions with d in the range of 2—40 nm, which
contain metal centers (Ru, Co, Fe, etc.), are of interest to
charge transport mechanisms due to redox levels, which may
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Figure 1. (A) Schematic illustration of the Cr,/Au;/eC,o/Ru(bpy);/eC,o/Au,, molecular junction, with subscripts indicating layer thicknesses in
nanometers. Polarity is always stated as the bottom relative to the top contact, and light emission is monitored above the top contact. Optical
images of 12.8 nm Ru(bpy); molecular junctions with a scale bar: (B) no bias in room light and (C) under 3.4 V bias in darkness. (D) JV curves at
a scan rate of 1000 V/s of Cr,/Ausy/eC,o/Ru(bpy);/eC,o/Auy, in vacuum (red curve) and acetonitrile vapor (blue curve) for d = 5.6, 12.8, 20, and
28 nm. (E) UV—vis absorption, photocurrent, and light emission spectra for 12.8 nm Ru(bpy); MJs. (F) Light emission spectra from 28 nm

Ru(bpy); junctions for a positive bias with V,,,

=28, 32, 34, 3.8, 42, 44, and 4.6 V.

. . 9,10,13,16,18—20 .
be involved in long-range transport.”' ' Of particular

relevance is the bipyridyl complex of ruthenium, Ru(bpy)s,
since it can emit light and has been studied extensively in solid-
state electrochemiluminescence ~** and in OLEDs.”** Past
examples of light-emitting solid-state Ru(bpy); devices had
>50 nm-thick molecular layers and involve electrochemical
generation of Ru*' at one electrode and Ru** at the opposing
electrode followed by diffusion and recombination to produce
excited Ru***, which emits light. As discussed below, such
devices have a slow onset of light emission (seconds to
minutes) and often rely on ion motion to establish ionic
double layers, which promote redox reactions at the electrode
interfaces.”"**?>>%°

We reported recently that MJs containing single layers of
Ru(bpy); oligomers (d = 4 to 13 nm) emit light when d
exceeds ~6 nm and are stable for ~10 h of continuous light
emission (LE) under a bias of 2.8 V.>* Unlike most OLEDs,
the Ru(bpy); MJs had symmetric carbon electrodes and had
behavior distinct from light-emitting electrochemical cells
(LEC) or Ru(bpy); OLEDs, including a much faster LE rise
time, insensitivity to polarity, and weak dependence on solvent
or ion mobility. Using the LEC mechanism as a precedent, we
proposed a bipolar injection mechanism, in which both holes
and electrons are injected from the corresponding electrodes
and excited Ru*** molecules are formed in the MJ interior,
which then emit light. Given the context of previous
investigations of light emission by solid-state Ru(bpy),-
containing devices, the current investigation was directed
toward four questions: (1) Is ion motion involved or necessary
for efficient light emission at a low voltage? (2) Do the shorter
transport distances in molecular junctions and resulting high
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electric fields significantly modify the transport mechanism
compared to LECs with d > 50 nm? (3) What does light
emission reveal about transport in MJs with thicknesses
beyond the limit of coherent tunneling (~5 nm)? (4) Can light
emission provide insights into the transport mechanism,
notably unipolar injection versus bipolar injection? The
variation of MJ current and LE magnitudes and rise times
with an applied bias, Ru(bpy), layer thickness, temperature,
and solvent vapor provide strong support for two transport
mechanisms, one of which results in light emission.

B METHODS

Molecular junction fabrication, electrochemical grafting, thick-
ness measurements, and current—volta%e characterization used
previously published procedures.'”*”*" Grafting conditions
and layer thicknesses determined by atomic force microscopy
are provided in Section S7, Supporting Information. Ru(bpy)
MJs were biased with a Keithley 2602A source measurement
unit, and the light emission spectra were acquired with a
spectrograph/charge-coupled device (CCD) using a procedure
described previously.” Briefly, an optical microscope with a
S0X objective was interfaced to a spectrograph (Andor
Shamrock SR-303i-B with an Andor Newton CCD detector)
with an optical fiber. The MJ devices were measured at room
temperature in vacuum of <107 torr to minimize water
interference. The observed spectra were corrected for the
wavelength-dependent sensitivity of the detector using a
standard calibration process with a blackbody lamp (Ocean
Optics LS-1-CAL or HL2000) to obtain the spectral intensity
(i.e., the intensity per unit wavelength).”>*> Current and light
emission transients were measured using a custom Labview
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Figure 2. (A) Spectra of Figure 1F after correction for instrument response. (B) Peak emission intensity as a function of junction bias for three
different thicknesses (8.3, 12.8, and 28 nm). (C) Corrected light emission spectrum of the 12.8 nm Ru(bpy); junction measured at +3.2 V bias and
variable temperature (80, 150, 200, and 320 K). (D) Peak emission intensity normalized to junction current versus applied positive bias from
Ru(bpy); MJs with d = 5.6, 8.3, 12.8, and 28 nm. Error bars provided for 8.3 and 12.8 nm are standard deviations and, in some cases, are smaller

than the data points.

system, with light monitored by an Andor Si detector (Andor
SR-ASM-0046 UV enhanced silicon detector) and an SRS 570
current amplifier. The spectral response of the Andor Si
detector is provided in Figure S5, Supporting Information. LE
versus temperature was acquired with a fiber optic-coupled, 40
mm focal length lens (OZ Optics), with the fiber coupled
directly to the Si detector, and provided a 50 mm working
distance sufficient to monitor LE in a Janis cryogenic probe
station. The photocurrent experiment in Figure 1E used
previously published procedures.'” Briefly, a 150 W Xenon arc
source was attached with a monochromator through an optical
beam chopper and focused onto the MJ through the top
contact. Photocurrent detection was done using a lock-in
amplifier referenced to the optical beam chopper. JV curves in
Figure 1 are averages of at least four MJs for each thickness,
and transient responses of current and light emission were
replicated at least three times. Examples of reproducibility are
provided in the Supporting Information.

B RESULTS

As shown schematically in Figure 1A, the Ru(bpy); molecular
junction (MJ) consists of oligomers of phenyl-Ru(bpy),
subunits formed by electrochemical reduction of a diazonium
reagent made in situ from the corresponding aromatic
amine.'®*° X-ray photoelectron and Raman spectroscopies
are consistent with retention of the Ru(bpy), center and the
PF¢™ anions in the molecular layer, and the molecular layer
thickness (d) could be varied by the reduction conditions of
the diazonium precursor.”” Figure 1B shows an image of a 250
by 250 ym MJ with a top eC,y/Au,, electrode, which is ~40%
transparent to visible light. Figure 1C is an image of a
Ru(bpy); MJ (d = 12.8 nm) under an applied bias of 3.4 V,
with the only source of light being the MJ itself, indicating
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approximately uniform light emission over the entire junction
area. Light emission has equal intensity for either a positive or
negative bias and is stable for more than 8 h of continuous
operation when encapsulated in a parylene film.>® Detailed
current/voltage responses for the Ru(bpy); MJs with d = 1.5 to
28 nm have been reported previously'® and exhibited two
regions in the attenuation plots (In J vs d). For d < S nm, the
current decreased exponentially with increasing d when plotted
versus applied bias or electric field. When d ranged from 10 to
28 nm, J was nearly constant with thickness at a given electric
field (Figure 2C,D from ref 16). Several additional examples
are provided in Figure 1D to demonstrate the effect of
acetonitrile (ACN) vapor on Ru(bpy); MJs. ACN vapor
caused a major decrease in the current density versus bias (JV)
response for MJs containing lithium benzoate, attributed to
mobilization of Li* and partial screening of the applied electric
field.>* However, in LEC-based devices, removing the residual
solvent drastically reduced the current, and LE required a
much higher bias voltage to be observed.”” The small effect of
ACN on the JV response for Ru(bpy); MJs is a first indication
that possible motion of the PF4™ ions is a minor effect for the
1000 V/s scan rates used for Figure 1D and the 5.6 to 28 nm
thickness range.

Light emission (LE) was visible to the unaided eye and was
monitored quantitatively with a spectr0§raph/ CCD interfaced
to a microscope for complete spectra’”™’ or with a single
silicon photodetector placed directly above the MJ to record
transients. An uncorrected CCD output (A/D counts/s)
versus wavelength spectrum for a 12.8 nm Ru(bpy); MJ is
shown in Figure 1E, along with the absorption spectrum of the
active layer in a complete MJ and the photocurrent spectrum at
zero bias. As described in detail for other molecules, the
photocurrent tracks the optical absorption spectrum, and its
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Table 1. Examples of Solid-State Ru(bpy); Light-Emitting Devices

system Ru(bpy); thickness (nm) peak wavelength rise time (300 K) reference
ITO/Ru(bpy),/Al 70—180 ISmin@3V,5s @45V 25
ITO/Ru(bpy);/Au 100 22
ITO/Ru(bpy);/In:Ga 100 660 nm 2s@3V 26
ITO/Ru(bpy);/In:Ga or Ga:Sn 100 50 s @ 2.75 V (drybox), 2—S5 s (air) 21
Au/eC/Ru(bpy);/eC/Au 12.8 718 nm (756 nm)* 4—-7ms @3V this work
“After instrumental response correction.
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Figure 3. (A) Repeated current versus time at 3.0 V and (B) light emission versus time for a bias pulse of 3.2 V at 80 and 320 K under vacuum (d =
12.8 nm). (C) Total light emission versus time under acetonitrile vapor for bias pulses of 3.2 V and repeated pulses for MJ at rest for several
minutes after a bias pulse. (D) Current versus time (dashed lines) and total light emission versus time (solid lines) for bias pulses of 3.2 V at room

temperature under vacuum and acetonitrile vapor.

sign correlates with whether the highest occupied molecular
orbital (HOMO) or lowest unoccupied molecular orbital
(LUMO) is closer in energy to the electrode Fermi level.'” For
Ru(bpy); MJs, the positive photocurrent indicates that the
HOMO is closer to the electrode Fermi level than the LUMO
and implies that transport involves holes as the main carriers.
Figure 1F shows the bias dependence of photoemission for d =
28 nm, with a minimal change in the spectrum shape and peak
wavelength with a bias. Uncorrected spectra were reported
previously for LE by thicker films of Ru(bpy); polymers and
was attributed to electrochemical charge injection at both
electrodes followed by migration of Ru™ and Ru™ by redox
exchange followed by generation of excited Ru™* and
LE>***” An example is shown in Figure S1 (Supporting
Information) for an ITO/Ru(bpy),(ClO,),/Ga:In device
monitored with a CCD. The uncorrected maximum emission
wavelength of 660 nm was longer than the ~610 nm
wavelength observed in solution, and the rise time to
maximum LE was 1—-2 s at room temperature. Uncorrected
spectra for the current devices have emission maxima of 718
nm for T = 320 K, and the spectra change little with decreasing
temperature to 80 K. Correction of the spectra of Figure 1F for
CCD response by comparison to a white light source®” yields
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the spectra of Figure 2A with six bias values and is red-shifted
approximately 100 nm compared to that of ECL in solution
and ~50 nm compared to the Ru(bpy); polymer in an ITO/
Ga:In LEC. The red shift in the current devices provides an
initial indication that their LE mechanism differs from previous
LEC devices based on Ru(bpy),. Additional uncorrected
spectra of light emission for 5.6, 12.8, and 28 nm Ru(bpy),
junctions are provided in Figure S2, Supporting Information.
Figure 2B shows the peak intensity for four different MJs with
d = 5.6 to 28 nm, and Figure 2D shows the same data replotted
as peak intensity per milliampere of junction current. Both
show onsets above ~2.7 V, and the emission efficiency
increases significantly with thickness. As apparent from Figure
2C, photoemission decreases with lower temperature but with
minor changes in shape. Additional results regarding temper-
ature are presented below.

LEC experiments often involve ion motion and double layer
formation, with a significant rise time of LE following initiation
of an applied bias, as described in several reports summarized
in Table 1. Delay times of several minutes in solid-state
Ru(bpy); LE devices were attributed to counterion motion but
could be decreased to a few seconds by an initially large bias
pulse.”® As an example, the LEC of Bard and Gao (spectrum
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Figure 4. (A) Current transients and (B) light emission transients for bias steps from V' =0 to 3.0 V for 12.8 nm Ru(bpy); MJs and V=0to 32V
for 28 nm Ru(bpy); MJs in vacuum at four temperatures. (C) Light emission-to-current ratio versus time for 12.8, 20, and 28 nm Ru(bpy); MJs in
vacuum at 300 K. (D) Light emission-to-current ratio versus bias in vacuum at 300 K for Ru(bpy); MJs of different thicknesses (8.3, 12.8, 20, and
28 nm), all evaluated at t = 25 ms. Error bars indicate standard deviations and, in many cases, are smaller than the data points.

shown in Figure S1) had rise times of 1—5 s to reach maximum
emission, although light emission began as little as 20 ms after
the bias was applied.”® Both the rise time and emission
intensity depended strongly on polarity, the presence of water
or solvent vapor, and the counterion identity, leading to the
proposal that LE depended on establishing an electrochemical
double layer, which permitted redox reactions.”****” Figure
3A shows current versus time transients of a eC/Ru(bpy),/eC
M]J with d = 12.8 nm for five successive 200 ms bias pulses to
+3 V. The rise time of junction current is <50 us, following a
charging current with an observed RC time constant of ~5 us
(shown in Figure S3, Supporting Information). The current for
T = 320 K is constant for subsequent pulses after a small
decrease (<5%) during the first pulse. At T = 80 K, the current
was smaller and did not show an observable decrease with time
or repetition. LE in response to 200 ms bias pulses shown in
Figure 3B decreases by ~25% during the initial 200 ms at
either 320 or 80 K, and the decrease continues during
subsequent pulses. Figure 3C shows S s pulses to +3 V with a
wait period of 30 or 60 min between pulses at 300 K, during
which the MJ was at zero bias. The LE recovered or exceeded
its initial intensity during the wait periods, indicating that the
intensity decrease is not due to irreversible changes in device
performance. Figure 3D shows LE from a single junction in
vacuum at 300 K before and after exposure to acetonitrile
(ACN) vapor for 30 min. ACN enters the junction and
mobilizes ions, which both magnifies and accelerates the
decrease in LE with time, with a much shorter rise time but a
76% decrease during a 1 s pulse to +3 V at T = 300 K. As was
the case in vacuum, the LE recovered after a wait period of
~30 min, and the LE decay was reproducible for at least three
pulses in ACN vapor. The results of Figure 3 for slow bias
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pulses permit several observations. First, the M] current is
constant and repeatable at both 320 and 80 K, although the LE
exhibits a decay over a period of ~100 ms, which is recovered
and repeatable after resting at zero bias. Second, both current
and LE are activated but are still present at T = 80 K, with
more details regarding temperature dependence below. LE is
observable to the eye even for T < 10 K. Third, the LE rise
time is shorter, and the decay of LE following bias initiation is
more rapid in ACN vapor but also recovers more quickly
during resting and V = 0. The behavior of the MJs is in stark
contrast to that of previous Ru(bpy), devices listed in Table 1,
with a negative response of both current and LE when possible
ion motion is allowed to occur with time, solvent vapor, or
higher temperature. Both current and LE are considered next
for much shorter time scales.

The solid curves in Figure 4A show selected current versus
time responses for a 12.8 nm Ru(bpy); MJ for a +3.0 V bias
pulse at temperatures from 80 to 320 K in vacuum, with
additional temperatures and thicknesses provided in Figure S4.
The observed rise time of ~100 us is weakly dependent on
temperature, while the intensity plateau reached within 10 ms
decreases with temperature, as discussed later. The dashed
curves are from a 28 nm-thick MJ at 320 and 280 K and an
applied bias of 3.2 V and show a slower rise time, which
increases significantly with decreasing temperature. LE from
the same MJs was monitored in vacuum with a silicon
photodetector, with the results shown in Figure 4B. The LE
response for both thicknesses has a different shape from the
current transients, with slower rise times and a discernible lag
in LE response for d = 28 nm. Figure 4C shows the ratio of LE
to current versus time for three thicknesses and T = 300 K on a
logarithmic scale. Although both current and LE have slower
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Figure 6. (A) In ] versus In V plots for different thicknesses of Ru(bpy);. (B) In J versus E? plots of (A). (C) In(LE) versus E*/* plots for different
thicknesses of Ru(bpy); junctions. (D) Light emission to current ratios versus E'/? plots for different thicknesses of Ru(bpy)s. Error bars for higher
E plots are within the size of the data points.

rise times for d = 28 nm, the transient response of the LE/ for four Ru(bpy), thicknesses for a pulse time where both LE
current ratio is thickness-independent, implying constant and current had reached plateaus (25 ms for 12.8, 20, and 28
emission efficiency after ~5 ms. The bias and thickness nm; 10 ms for 8.3 nm). As shown in Figure 4D, the LE/current
dependence of the LE/current ratio at 300 K were examined ratio is approximately constant for V = 2.8 to 4 V for the two
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thinner MJs. For d = 20 and 28, the ratio is much higher
overall and decreases with increasing bias, indicating that the
efficiency of LE is higher for the thicker MJs operated at low
bias. An important observation from Figure 4 is that the
distinct pulse responses for the current and LE imply that they
are governed by different mechanisms and that this difference
is most pronounced for thick MJs compared to thin MJs.

The temperature dependence of both current and light
emission from the transients shown in Figure 4 is shown on a
logarithmic scale versus temperature in Figure SA and in
Arrhenius format in Figure SB. All readings in Figure S were
obtained at t = 25 ms after initiation of a bias pulse, which is
the approximate plateau of both current and LE transients
(indicated by vertical dashed lines in Figure 4A—C). Note that
the scales are different for LE and current; hence, the graphs
are useful for comparing trends rather than relative
magnitudes. The Arrhenius plots are nonlinear over the 80
to 360 K range, but their low and high T slopes are provided in
Figure SC to permit comparison to activation energies
reported for transport in related devices. The apparent
Arrhenius slopes of the current at 25 ms are similar to those
derived from current—voltage behavior previously,16 with
values of 6—28 meV below 200 K and 40—80 meV in the
280—360 K range. Since both LE and current were determined
at t = 25 ms, their ratio provides an indication of LE efficiency,
which is plotted versus T in Figure SD. Note that this ratio
decreases slightly with T for d = 12.8 nm, but for d = 28 nm, it
increases significantly at a low temperature by a factor of 1S5 for
80 K compared to 360 K. The magnitude of the LE efficiency
depends on thickness, bias, and T, but the large changes
apparent in Figure 5D imply that the transport and light
emission mechanisms have quite different temperature
dependencies.

Previous reports from our laboratory and also that of
Karipidou et al."* noted that the current in relatively thick (d >
4 nm) MJs, including those containing metal centers, exhibited
linearity of In J with the square root of the applied bias, that is,
V2, This relation was investigated further with the current
Ru(bpy); MJs, with the results shown in Figure 6 for both
current and light emission. Figure 6A compares plots of In |
versus In V from the data in Figure 1D, with the low-bias
region for d = 5.6 nm having a slope close to unity, which is
expected for ohmic behavior. A transition from a slope of 1.0
to 2.0 is often observed in organic semiconductors at high bias,
attributed to a transition from ohmic to space charge-limited
conduction (SCLC).36 For the current MJs, a transition occurs
for d = 5.6 nm but to a slope of 5.2, with the thicker MJs all
exhibiting slopes of 5—7 in the In ] versus In V format.
Furthermore, plotting the same results as In ] versus the square
root of the electric field (E'/?) shows that all thicknesses
approximately overlap when E exceeds ~1.5 MV/cm. This
behavior at high E is consistent with a field-driven transport
mechanism rather than a bias-driven transport mechanism, as
noted previously,'® and will be discussed further below. Figure
6C shows the light emission response (LE) versus E'/2, with
the LE detector current obtained 25 ms after initiation of a bias
pulse (the same data as that shown in Figure 4). LE and
current plots are obviously very different, with In(LE) being
nonlinear despite a limited range of E and no overlap of LE for
varying thicknesses. Although the onset of LE occurs at quite
different E'/? values for the four thicknesses, the onset in all
cases is at or just below V = 2.8 V. Since current and LE were
both determined at ¢t = 25 ms, it is possible to plot the

12,16,35

efficiency (LE/current) versus E'/* in Figure 6D, with the y-
axis in a logarithmic scale. Although weak LE is observed for d
< 15 nm, efliciency increases greatly once a bias of 2.7 V is
exceeded. The external quantum efficiency as emitted photon
per electron of the MJ current was determined using a standard
light source and inte%ration over all emitted wavelengths, as
described previously,”*” and exceeded 1% for d = 28 nm and
V=32V.

B DISCUSSION

The ability to monitor light emission permits direct
comparison of the dependence of both device current and
LE as functions of bias, temperature, molecular layer thickness,
and solvation. Several differences in behavior for total current
compared to LE are prominent from the results. First, the MJ
current is nearly constant after ~5 ms (Figure 3A), while LE
decreases by ~25% within 200 ms of bias pulse initiation at
room temperature (Figure 3B). The decrease is more
pronounced for both current and LE in the presence of
acetonitrile vapor (Figure 3D) but recovers if the MJ is at rest
for several minutes after a bias pulse (Figure 3C). Second,
strong LE requires a bias above the HOMO—LUMO gap of
Ru(bpy);, with a ~2.7 eV threshold observed for different
thicknesses and a range of electric fields (Figure 6C). The
constant peak emission wavelength for the weak light emission
below V = 2.7 V is distinct from and much stronger than
internal photoemission,””*® which has a bias-dependent peak
emission wavelength shown in Figure S2. Third, the rise time
for LE is slower than that for the MJ current (Figure 4B) and
increases significantly for thicker molecular layers (Figure 4B),
with the ratio of LE/current reaching its maximum value in <1
ms for d = 12.8 nm and >20 ms for d = 28 nm (Figure 4C).
Fourth, while the apparent activation energies for the MJ
current and LE are similar and comparable to previous
observations when d < 25 nm, the ratio of LE/current
decreases by a factor of 15 between 80 and 360 K (Figure SD).
Fifth, the MJ current response is linear in plots of In J versus
E"? for 1000 V/s scans and d > 10 nm (Figure 6B), while
In(LE) versus E"? is nonlinear (Figure 6C). Although the
current and LE approximately track each other with a bias for d
< 13 nm (Figure 4D), they differ significantly when d = 20 or
28 nm. Sixth, In ] at a particular E is approximately
independent of d for E > 1 MV/cm and d = 5.6 to 28 nm
(Figure 6B), while LE at a given E is strongly dependent on
thickness (Figure 6C). As evident in Figure 6D, LE becomes
much more efficient for large d and small E, with a significant
difference in behavior when d exceeds ~15 nm. Not only do
these differences indicate that two transport mechanisms
operate in Ru(bpy); MJs with d < 30 nm, but also the results
are distinct from the thicker (d = 70—180 nm) li§ht—emitting
electrochemical cells studied previously””>*>*° and also
conventional organic semiconductors with d > 50 nm.** Ton
motion is a requirement in the solid-state examples cited in
Table 1 and is responsible for the slow rise time of light
emission. Solvation of PF,~ by acetonitrile should enhance ion
mobility,****** but decreases current and light emission in the
current MJs (Figure 3D) on a 10—1000 ms time scale. In
contrast to establishing a double layer to permit electro-
chemical charge injection, mobile PF~ ions in the current MJs
likely screen the electrodes and partially reduce the electric
field in the molecular layer interior,”* resulting in both lower
current and weaker LE. Furthermore, PF;~ anions should be
much more mobile than Ru-centered cations, thus resulting in
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Figure 7. Energy level schematics of injection mechanisms. (A) Unipolar injection with electron transfer from HOMO to the left electrode, with
the horizontal blue arrow indicating tunneling and red arrows representing activated electron transfer. (B) Bipolar injection involving both HOMO
and LUMO orbitals. (C) Bipolar mechanism assisted by electrode screening, followed by migration of Ru** and Ru*' to junction interior to form

excited Ru*?, which emits light.

an asymmetric electric field profile detrimental to bipolar
injection. The ion motion occurs in a few seconds in the case
of Figure 3C, consistent with the rise times listed in Table 1 for
Ru(bpy); polymers with d > 50 nm. Furthermore, the effects of
ion motion are reversible, with the original response restored
after the ions redistribute evenly at zero bias.

The linearity of In J with E'/? shown in Figure 6B is not
expected for electrochemical charge injection or from classical
Marcus electron-transfer kinetics but is similar to that for
Schottky emission across an interfacial barrier such as a metal
electrode on a semiconductor. Such behavior was reported for
injection from Au into Fe-terpyridine oligomers with d = 15—
30 nm" and for carbon-based MJs when d exceeded ~5
nm.'>'** The E"? dependence is likely derived from barrier
lowering in an electric field, with classical Schottky emission or
Poole—Frankel transport assuming thermal excitation of
carriers over a field-dependent barrier.*' The weak temperature
dependence observed for carbon-based MJs implies a very low
barrier for Schottky emission,'>** although it could be related
to tunneling through a barrier at the interfaces or in the bulk
film. The fact that the current density is weakly dependent on
thickness for d > 5 nm (Figure 6B) at a given electric field,
which we also observed for oligomeric molecules other than
Ru(bpy);,'® is consistent with injection-limited current. As a
result, very similar current densities are observed for both 12.8
and 28 nm Ru(bpy); MJs when they have the same field
imposed. Since the positive photocurrent at zero bias (Figure
1E) implies that the HOMO energy is closer to the Fermi
level,'” electron transport involving the Ru(bpy); HOMOs is
energetically more favorable than the LUMOs. The schematic
energy level diagram in Figure 7A depicts electron transfer
from a Ru(bpy); HOMO to the positive electrode, often
referred to as “hole injection”.

Injection may occur via tunneling (horizontal blue arrow) or
thermally activated hole generation followed by electron
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transfer (red arrows) and is presumably followed by rapid
electron transfers from adjacent HOMOs driven by the electric
field. Unipolar injection should occur when either the HOMO
or LUMO is sufficiently close in energy to the electrode Fermi
level and does not require the similar hole or electron barriers
present in the case of Ru(bpy);. Whether the specific
mechanism for hole injection is Schottky (i.e., thermionic)
emission or a different process, In J is linear with E'/? due to
field-induced barrier lowering, and we refer to the process by
Unlike coherent
tunneling, unipolar injection requires carriers to reside in

the general term “unipolar injection”.

molecular orbitals of the molecular layer, and several steps may
be required to traverse molecular layers in the 5—30 nm
thickness range. In addition, the exponential decrease in
current for d = 5—10 nm'® is likely an indication of an
“injection-limited” current, while the overlap of In J versus E'/>
curves for d = 12—20 nm (Figure 6B) may represent a
transition to “bulk-limited” current.

As stated in our initial report,”® LE in Ru(bpy); MJs is direct
evidence that injection can be bipolar, with Ru*® centers
generated at the positive electrode and Ru*' at the negative
one, followed by diffusion and recombination to form excited
Ru*?*, which emits light. The slower rise time of LE compared
to the MJ current evident in Figure 4 is likely caused by the
time required for Ru™" and Ru*® centers to reach the junction
interior and form Ru***, which occurs by a series of electron
transfers between Ru(bpy); orbitals. As shown in Figure 7B,
the HOMO and LUMO levels for Ru(bpy); are predicted to
be offset from the electrode Fermi levels by ~1.3 &V,
although the photocurrent spectrum implies that the HOMO
is closer. When LE and current are measured simultaneously
25 ms after initiation of a bias pulse, the ratio of LE to MJ
current is related to the external quantum efficiency for
photoemission, and in all cases, the efficiency varies greatly
with thickness and bias (Figure 6D). The low efficiency for 8
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and 13 nm devices indicates that the bipolar current is a small
contribution to the total MJ current but becomes very
significant for 20 and 28 nm devices. The very different field
dependence of LE compared to the MJ current (Figure 6B,C)
is consistent with different mechanisms once the bias exceeds
the 2.67 eV HOMO-LUMO gap of Ru(bpy); (Figure
2B,D).*® Since the unipolar mechanism is field-dependent, its
magnitude for a given bias decreases with increasing thickness.
In contrast, the bipolar LE mechanism depends on the applied
bias rather than the electric field and represents an increasingly
larger component of the total current as d increases. The result
is higher efficiency of LE for thick MJs and low bias (Figure
6D). Qualitative conclusions based on bias and thickness
dependencies include the fact that the unipolar mechanism
occurs in all cases studied, is field-controlled, and is the
dominant component for d < 15 nm. The similarity of the
electron and hole injection barriers for Ru(bpy); enables the
bipolar component, which becomes more eflicient for thick
films, possibly due to increased probability of radiative
recombination in the molecular layer. While LE is an indicator
of bipolar injection for thicker MJs, the distinct temperature
dependencies for 13 and 28 nm (Figure 4D) and the change in
efficiency above d = 13 nm (Figure SD) may also result from a
transition from injection-limited current for small d to bulk-
limited current for d > 13 nm.

However, the mechanism depicted in Figure 7B should be
field-dependent with the onset bias increasing with Ru(bpy),
thickness, contrary to the observation of a nearly constant
onset bias for d = S to 28 nm (Figure 6C). A possible
explanation for this apparent discrepancy invokes electrode
screening by mobile charges, as shown in Figure 7C. Screening
decreases the injection barriers and shortens the tunneling
distance between the electrodes and HOMO or LUMO
orbitals, thus increasing the injection rates at both electrodes.
Once the threshold bias of ~2.7 V is applied, bipolar injection
can occur and is no longer field-dependent. Therefore,
screening can account for the transition from field-dependent
unipolar injection to bias-dependent bipolar injection and light
emission. The mobile charges, which screen the electrodes,
could be PF¢~ moving toward the positive electrode and away
from the negative electrode, or mobile Ru*! or Ru™ centers
formed by injection. The more rapid rise of the current and LE
in the presence of acetonitrile (Figure 3C) may result from
reorientation of ACN dipoles with resulting partial electrode
screening or enhanced transport of PFs~ ions. The slow,
reversible decrease in LE with time in the presence of ACN
may result from additional screening by PF4~, which causes the
electric field in the molecular layer interior to decrease
significantly and retard Ru*' and Ru™ transport. While the
current results do not permit identification of the mobile
charges responsible for screening, the existence of two
mechanisms with distinct field and bias dependence is strong
evidence that significant screening occurs.

The bipolar mechanism with screening of Figure 7C has
some similarities to the electrochemical mechanism underlying
photoemission in Ru(bpy); polymers but also important
differences. Most LEC and OLED devices involve electrodes
with different work functions, while the current MJs have
symmetric carbon electrodes. Electron injection into a LUMO
or ejection from a HOMO followed by reorganization yields
the same Ru'' and Ru"® centers as electrochemical charge
transfer but becomes more eflicient at lower temperatures
(Figure SC), and LE is visible even for T < 10 K. The
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nonlinear Arrhenius plots for both thin and thick Ru(bpy),
M]Js yield apparent E,_ values ranging from 4—90 meV, which
are much lower than those reported for redox exchange in Ru
polymers (200—500 meV)** and transport in OLEDs (~500
meV),* indicating that transport in Ru(bpy); thin films differs
mechanistically from that when d > 50 nm. The near-zero
apparent E,, below 200 K for Ru(bpy); and other aromatic
molecules with d > 5 nm'®* indicates that activationless
injection by tunneling or field emission can dominate the
observed current, in contrast to the widely accepted activated
electron transfer typical of electrochemical charge injection. As
temperature increases above ~200 K, an activated process
contributes to the injection rate, possibly including classical
Schottky emission. We are currently investigating the relative
contribution of thermal and activationless injection mecha-
nisms, as well the specific physical principles, which determine
the effect of structure and orbital energies on the injection rate
and the directly related device current.

In addition to being significantly different from solid-state
light-emitting electrochemical devices, the current bipolar
mechanism is quite distinct from that in OLEDs. Nearly all
existing OLEDs consist of different metal contacts with
different work functions to inject holes at one electrode and
electrons at the other.””**** They also have “hole transport”
and “electron transport” layers between the electrodes and the
light-emitting molecular layer, which strive to make the two
carriers equal in number to maximize efficiency. In contrast,
the current Ru(bpy); light-emitting MJs have a single
molecular component, symmetric electrodes (both disordered
carbon), and nearly symmetric carbon/molecule interfaces. As
a consequence, emission is very similar in spectrum and
magnitude for either bias polarity on the same device,”® with
no requirement for additional layers. Compared to electro-
chemical (LEC) and OLED devices, the Ru(bpy); molecular
junctions are simpler and much thinner, with symmetric
electrodes and a single active molecular layer. They exhibit fast
response and high efficiency and operate with minimal
additional bias voltage over that required to overcome the
HOMO-LUMO gap and result in bipolar injection.
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