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ABSTRACT: Visible light emission was observed for
molecular junctions containing 5—19 nm thick layers of
aromatic molecules between carbon contacts and corre-
lated with their current—voltage behaviors. Their emission
was compared to that from Al/AlOx/Au tunnel junctions,
which has been previously attributed to transport of
carriers across the AlOx layer to yield “hot carriers” which
emit light as they relax within the Au contact. The
maximum emitted photon energy is equal to the applied
bias for the case of coherent tunneling, and such behavior
was observed for light emission from AlOx and thin (<$
nm) molecular junctions. For thicker films, the highest
energy observed for emitted photons is less than eV, and
exhibits an energy loss that is strongly dependent on
molecular layer structure and thickness. For the case of
nitroazobenzene junctions, the energy loss is linear with
the molecular layer thickness, with a slope of 0.31 eV/nm.
Energy loss rules out coherent tunneling as a transport
mechanism in the thicker films and provides a direct
measure of the electron energy after it traverses the
molecular layer. The transition from elastic transport in
thin films to “lossy” transport in thick films confirms that
electron hopping is involved in transport and may provide
a means to distinguish between various hopping
mechanisms, such as activated electron transport, variable
range hopping, and Poole Frankel transport.

harge transport in nanoscale molecular junctions and single
molecules with transport distances in the range from <1 to
25 nm has been studied extensively and shown to differ
significantly from that in thicker organic films used in organic
electronics.' ™ Quantum mechanical tunneling is often invoked
to explain transport in single molecules and in organic films with
thickness <5 nm.®"'’ A transition from tunneling to other
transport mechanisms has been noted for thicker devices, and
proposals for this “beyond tunneling’ regime include activated
hopping®''~"* and field ionization.'®~"® While hopping is often
proposed to explain long-range transport in both molecular and
organic electronics, there are several different hopping
mechanisms, including redox exchange, variable range hopping,
multistep tunneling, and others. These hopping mechanisms are
generally distinguished by their dependence on thickness,
temperature, and applied voltage.'”"¢
We have reported extensively on carbon-based molecular
junctions ranging in thickness from 1 to 22 nm, consisting of
aromatic molecules bonded to conducting carbon substrates with
top contacts of Cu or carbon.'®"*”** Transport in such junctions
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has the exponential thickness dependence and temperature
independence consistent with tunneling provided the transport
distance is <~5 nm.**"*>** However, molecular junctions of bis-
thienylbenzene (BTB) with a thickness (d) range from 4 to 22
nm showed transport behavior distinct from tunneling, with two
regimes having attenuation coefficients () of 3.0 + 0.3 nm ™" for
d =4—8 nm and 1.0 + 0.2 nm™ for 8—22 nm, observed over a
wide temperature range from <10 to 300 K.'° High current
densities (e.g, 4 A/cm” at 2 V) at temperatures below 10 K
indicate transport is “activationless” with a low-temperature
Arrhenius slope of <0.5 meV. This behavior is not consistent with
any of the classical transport mechanisms and was attributed to
field ionization of the BTB molecules to generate carriers.

Light emission from inorganic tunnel junctions~>” and in
scanning tunneling microscopy”® " has been reported and
attributed to “hot” electrons reaching a metal contact and then
undergoing photoemission. This process differs fundamentally
from that occurring in organic light emitting diodes (OLEDs),
since hot electron emission is a distinct mechanism from the
electron/hole recombination occurring in OLEDs. Light
emission from hot electrons in molecular junctions has not
been reported to our knowledge, and the few analogous examples
from inorganic materials are dominated by Al/AlOx devi-
ces.”' ™ Here, we show that light emission not only occurs in
carbon-based molecular junctions but also provides a direct
measure of energy losses occurring during charge transport. We
show how hot carrier-induced light emission can be used as a
type of “energy loss spectroscopy,” providing information about
carrier energetics not available from the external circuit, and
which should be valuable for deducing transport mechanism(s).
Of particular interest are the transition from tunneling to
hopping with increasing device thickness and the nature of the
hopping operative for various molecular junction structures. As
described below, the energy loss depends strongly on molecular
structure and is an example of a “molecular signature” relating
molecular structure to electronic behavior.

All-carbon molecular junctions were fabricated as described
previously,”" with one exception regarding the substrate. A
patterned SiOx/Cr/Au substrate with 30 nm Au thickness was
covered by a 10 nm thick layer of electron-beam deposited
carbon (eC) in order to reduce ohmic potential losses in the
pyrolyzed photoresist films used previously.”*** Molecular layers
were deposited on the Au/eC substrate by electrochemical
reduction of diazonium reagents, and the molecular layer
thickness was determined with AFM “scratching” as described

Received: September 23, 2015
Published: January 8, 2016

DOI: 10.1021/jacs.5b10018
J. Am. Chem. Soc. 2016, 138, 722—725


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b10018

Journal of the American Chemical Society

Communication

previously.*® The top contact was 3 nm of eC followed by 20—30
nm of Au, deposited sequentially without breaking vacuum. Al/
AlOx/Au and Al/AlOx/eC/Au tunnel junctions were made by
thermal oxidation of 40 nm thick Al films on SiOx followed by
deposition of a top contact through a shadow mask. The AlOx
thickness was ~4 nm, and thicknesses of component layers are
indicated by subscripts, e.g., Al,,/AlOx,/Au;,. Light emission
was observed with a 50X microscope objective (NA = 0.45) that
was coupled to a CCD/spectrograph by a fiber optic cable. DC
bias was applied to molecular junctions with a Keithley 2602A
sourcemeter operating in 4-wire mode. Transmission by the
optics and the response of the back-thinned CCD detector
limited the usable spectral response to 350—900 nm. Additional
experimental details are included in Supporting Information
(SD).

Current density vs applied voltage (J—V) curves are shown in
Figure 1 for the junctions studied, which included Al/AlOx/Au
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Figure 1. J=V curves for Al/AlOx,/Au;, and Auyy/eC,y/ molecule/
eC3/Auy, junctions (thickness in nm indicated). (A) BTB,, AB,, and
NDIj, and AlOx. The AlOx device broke down at +1.6 V. (B) NAB from
Sto 19 nm.

and Ausy/eC,y/molecule/eC;/Au,, junctions containing multi-
layers of bisthienylbenzene (7 nm, BTB,), azobenzene (7 nm,
AB,), a naphthalene di-imide derivative’” (8 nm, NDIj), and
nitroazobenzene (NAB) with thicknesses of 5, 6, 8, 10, 16, and 19
nm. In all cases, V,, is the bias at the substrate electrode relative
to the top contact, with light emission observed through the top
contact. When Al in Al/AlOx/Au is biased positive, breakdown
occurs for V., >~1.6 V, presumably due to oxidation or
electromigration of the Al contact. The J—V curves for molecular
devices shown in Figure 1 are nearly symmetric with polarity and
show a strong thickness dependence and nonlinear response
described in previous reports on charge transport thr0u§h
molecular multilayers in the 2—22 nm thickness range.”'®"*~""

Light emission from Al/AlOx/Au tunnel junctions is well
established and was used initially to develop the instrument and
junction design. Figure 2A shows the emission spectra for V,, =
—1.8 to —3.8 V (ie, Al electrode negative), from the same
junction that produced the Al/AlOx J—V curve in Figure 1. Note
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Figure 2. Emission spectra (uncorrected) for (A) AlOx, and (B) NABy
with =V, indicated (ie., the substrate was negative in all cases). The
intensity is given as the readout of a silicon CCD detector.

that the maximum photon energy increases with more negative
Vpp and that the emitted intensity increases with junction
current. Past reports have associated photoemission from Al/
AlOx/Au devices with “hot” electrons entering the top contact
(Au) with excess energy relative to the contact Fermi level %7
Coupling to plasmons in the Au then generates a photon as the
electron loses energy in the Au contact.”>** The dip in emission
at ~450 nm has been attributed to interband transitions in Au.”®
The shape of the emission spectrum is a complex function of the
plasmonic properties of the contact material, the dielectric
properties of the layers, the viewing angle, etc., but emitted
photon energy cannot exceed eV, the energy of the electron
traversing the molecular layer. Note that the Au contact is
capable of emitting photons over at least the range from 350 nm
(3.5eV) to 900 nm (1.4 eV), but that this range is “cut oft” (hv,)
by the applied bias to a maximum energy of V.. For tunneling,
transport is elastic, and electrons at the Al Fermi level arrive at the
Au with excess energy relative to the Au Fermi level equal to
eVpp- A plot of the cutoff energy, hv,, vs eV, should therefore be
linear with a slope of 1.0 in the case of tunneling or other types of

elastic transport. Figure 3A shows the experimental hv,, vs eV,
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Figure 3. hv,, as a function of V,,, for (A) junctions with different
molecular structures of similar thickness (the dashed line represents hv,,
= eV,pp and AlOx is shown for comparison) and (B) NAB junctions of

varying thickness.

plot for AlOx, which has a slope of 1.00 + 0.02. The offset to
higher energy compared to the “elastic” line is physically unlikely
and possibly due to the Fermi distribution of electrons in the Al
or to experimental error in the determination of hv,, (see SI).

Figure 2B shows emission spectra for the Auy,/eC,,/NABg/
eC;/Auy, junction that exhibited the J—V curve shown in Figure
1B. All experimental parameters for voltage control and light
detection were the same as those used for Al/AlOx/Au. Although
it is possible to construct NAB junctions with Au top contacts
and observe light emission (see SI, Figure 8), the yield and
lifetime are low, presumably due to Au penetration into the NAB
film as well as Au electromigration. Note also that emission from
the NAB molecular junctions is significantly weaker than that
from Al/AlOx, which may be partially due to eCarbon damping
of the surface plasmons that mediate light emission. Given the
negative substrate bias, light emission could result from electron
transport from the substrate through the molecular layer to the
top contact followed by light emission within the contact. Since
the photoemission spectrum arises from plasmonic light
generation in a metallic contact, its shape is not expected to
vary greatly with molecular structure. However, the onset voltage
and currents of photoemission depend strongly on molecular
structure and thickness, as described next.

Spectra similar to those shown in Figure 2 were obtained for
molecular junctions with the same Auyy/eC,y/ molecule/eC;/
Au,, composition but different molecular layer structures and
thicknesses. The emission curves were obtained from the same
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devices that produced the J—V curves shown in Figure 1 in all
cases. The structures, spectra, and thickness determination for
these cases are provided in SI, and the electronic behaviors of
junctions with thicknesses <S5 nm have been described
previously.”'**° Figure 3A shows plots of hv,, vs V,pp for several
examples, including molecular junctions from AB, NDI, and BTB
with thicknesses of 7—8 nm. The “elastic” line represents the case
where hv,, = eV, and indicates the maximum photon energy
corresponding to elastic or tunneling transport. Note that
emission from AlOx,, BTB,, and NAB; devices is close to the
elastic limit, implying that at least some of the electrons crossing
the junction do so without energy loss. In contrast, NABg, AB.,
and NDI devices show a significant offset from the elastic line,
indicating that carriers have lost energy during transport across
the junction or alternatively that hot carriers with less than eV,
of energy are generated by field ionization within the organic
layer. Stated differently, the average electron energy that can be
generated in the device is eV, with a range of 25 meV due to
the Fermi distribution. Since the thicker junctions emit photons
with significantly less energy than eV, the difference between
eVpp and hv, represents the total loss of energy that occurs
preceding observable photoemission. Note that the magnitude
and slope of the plots in Figure 3A differ significantly for four
junctions with nearly the same molecular layer thickness (NABg,
BTB,, AB,, NDI;). As shown in Figure 3B, the offset increases
with increasing layer thickness for NAB films from S to 19 nm.
Photoemission by molecular junctions represents a type of
“energy loss spectroscopy”, with some important consequences
for deducing electron-transport mechanisms, as described below.
Since hv,, is the maximum energy of carriers reaching the top
contact, the energy loss is readily determined as eV, — hv,. It
should be kept in mind that this expression applies to the most
energetic carriers reaching the top contact. The shape and
magnitude of the emission spectra at energies below hv,, are
determined by many factors already noted, hence the transport
analysis was based solely on hv, and eV,

Figure 4A is a plot of energy loss for selected junctions as a
function of the applied bias. The thinnest devices (NAB;, BTB,,
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Figure 4. (A) Energy loss (eVapP — hv,,) as a function of V,pp for the
indicated junctions. (B) Energy loss at V,pp corresponding to the onset
of detectable light emission vs molecular layer thickness for BTB and

NAB molecular junctions. Slope of each line is indicated.

and AlOx) exhibit energy losses within +0.2 eV of the elastic
limit, and the energy loss is weakly dependent on bias. As noted
above, the anomalous behavior of BTB;, is currently unexplained,
but the offsets from the elastic limit are much smaller than those
for other molecules of similar thickness or for devices thicker
than 7 nm. The remaining devices (NAB;, AB,, NABg, and
NDIy) all show larger losses than the “elastic” cases, and the loss
increases with V.. Figure 4A provides strong evidence that
charge transport of carriers with energies sufficient to stimulate
light emission is a function of molecular structure and that energy
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losses are a fundamental part of the transport mechanism for
devices with layer thicknesses >~5—7 nm (the specific range
depends on molecular structure). Figure 4B shows the observed
energy loss as a function of thickness of NAB and BTB junctions,
with V,,, selected as the onset voltage for light emission. The loss
is linear with molecular layer thickness, with slopes of 0.31 and
0.15 eV/nm for NAB and BTB, respectively. The slopes of the
plots therefore contain information about the facility with which
each molecular structure can generate carriers that arrive at the
top contact through whatever transport mechanism is respon-
sible for transport. Inspection of Figure 4B also shows that the
lines intersect near the elastic limit (i.e., zero on the ordinate) for
a thickness of ~5 nm, consistent with a change in mechanism
from elastic to lossy transport at this distance. Thus, analysis of
the characteristics of light emission from molecular junctions can
provide information about both the nature of transport in
molecular devices and the length at which transitions in transport
mechanisms occur.

Several observations about the light emission results are
important to determining the charge-transport mechanism. First,
light emission is a direct probe of the energy of electrons reaching
the top contact, hence the term “energy loss spectroscopy.” The
shape of the emitted photon spectrum is more dependent on the
contact material than the molecular layer structure, but
nevertheless hv,, indicates the maximum energy of carriers
reaching the contact. Second, light emission for AlOx and thin
molecular junctions (NAB; and BTB;) exhibits minimal energy
loss which depends weakly on bias, hence the transport is elastic.
Many authors have discussed “coherent tunneling” and
“incoherent” or “multistep” tunneling, depending on phase
preservation during transport.””~*' The elastic transport
observed here could be either coherent or multistep, but at
least it conserves the electron energy for molecular layers of <6
nm thickness. Previous reports on many molecular junctions
with d = 2—5 nm showed that transport in thin junctions is
weakly dependent on molecular structure, with similar
attenuation coefficients of # = 2.6 + 0.6 nm for seven different
aromatic molecules in this thickness range.20 Third, the energy
losses observed for thicker molecular junctions (Figures 3 and 4)
clearly rule out coherent or “single step” tunneling as a transport
mechanism. In any proposed “hopping” mechanism, there must
be a means to account for the observed difference in energy
between eV, and hv,. Fourth, the observed energy loss is
strongly dependent on molecular structure for films thicker than
5—7 nm, and such devices also show much larger variation in J—V'
behavior with structure than the 2—5 nm films reported
previously*” (Figure 1A). Whatever the charge-transport
mechanism in the thicker films, these results imply that control
of transport with structure is possible. Finally, the losses of 0.15—
0.31 eV/nm observed for BTB and NAB are reasonable given the
high electric fields of 2—5 MV/cm across the molecular layers
and may support field ionization'® or other transport modes not
observed in organic electronics, where local electric fields are
generally much lower.

Figure 5 shows an energy level diagram that summarizes the
origin of light emission in carbon-based molecular junctions,
based on the current results. Through further analysis involving
characterization of light emission with systematic variation of
bias voltage, thickness, molecular structure, and temperature, we
anticipate additional conclusions about transport mechanisms
and the nature of any hopping “sites”.
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Figure 5. Electron transfer in molecular junctions can be elastic
(“lossless”) and inelastic (“lossy”). Relaxing to the Fermi level of the top
contact results in light emission with energy (hv) that is directly related
to the energy of carriers arriving at the contact.
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