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ABSTRACT Plasmonic nanostructures can induce a number of
interesting responses in devices. Here we show that hot electrons
can be extracted from plasmonic particles and directed into a
molecular electronic device, which represents a new mechanism of
transfer from light to electronic transport. To isolate this phenom-
enon from alternative and sometimes simultaneous mechanisms of
plasmon—exciton interactions, we designed a family of hybrid
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nanostructure devices consisting of Au nanoparticles and optoelectronically functional porphyin molecules that enable precise control of electronic and

optical properties. Temperature- and wavelength-dependent transport measurements are analyzed in the context of optical absorption spectra of the

molecules, the Au particle arrays, and the devices. Enhanced photocurrent associated with exciton generation in the molecule is distinguished from

enhancements due to plasmon interactions. Mechanisms of plasmon-induced current are examined, and it is found that hot electron generation can be

distinguished from other possibilities.
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n exciting advance in the arena of

photovoltaic devices is the incor-

poration of plasmonic nanostruc-
tures. The plasmonic component serves to
enhance or direct optical scattering, which
can yield interesting properties. Plasmons
are collective oscillations of electrons that
can be excited with optical radiation or
electrons. The plasmon resonance is deter-
mined by the composition, size, and shape
of the particles and the dielectric properties
of the environment. Plasmons produce a
large local electrical field resulting in en-
hanced optical scattering that has been
exploited in surface-enhanced Raman spec-
troscopy' and nano-antennae-based devices>
Plasmonic nanostructures can be designed
to enhance scattering; examples include
enhanced photoluminescence in quantum
dots,* increased absorption in solar cells,
and increased photoconduction in metal—
organic hybrids.® Recent attention is focused
on energy transfer between nanostruc-
tures.”® For example plasmonic enhancement
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in nanorods facilitates Forster resonant energy
transfer in a directional manner.® In these cases,
optical energy is transferred and excitons are
created, illustrating that plasmonic interactions
can increase electron/hole generation in a
device by scattering light to increase ab-
sorption, by directing light to absorbers and
exchanging optical energy between adja-
cent particles.

Optically excited plasmons can dephase
to produce electron—hole pairs within a
metal. These “hot” carriers relax through
electron collisions, coupling to lattice vibra-
tions, emission, or coupling to nanostruc-
tures.'®'" In photoemission'%'® and during
electron energy loss measurements in elec-
tron microscopy, hot electrons are emitted
under very high electric fields. Hot electrons
have been implicated in enhanced photo-
catalysis,"* "7 and recently, Mukerjee et al.'®
have explicity demonstrated plasmon-
induced dissociation of hydrogen. The ability
to exploit hot electrons between solids has
been demonstrated,’®?° and Knight et al.*’
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Figure 1. Family of hybrid optoelectronic devices with controlled variation in photoconduction properties. (a) Arrays of Au
nanoparticles are deposited on insulating substrates and linked with thiophenylethynyl-terminated porphyrin molecules (c).
(b) Atomic force microscopy illustrates the control of size and density of monodispersed and bimodal distributions of
nanoparticles. (d) Absorption properties of dithiol-PZn,-linked Au nanoparticles in devices (top) are compared with those of

the dithiol-PZn,, supermolecules in THF solution (bottom).

have demonstrated hot electron transfer in a Schottky
doide.

A question arises as to whether hot carriers asso-
ciated with the plasmon resonance can be liberated
and harnessed into an optoelectronic device. We have
previously demonstrated plasmon-induced current in
Au-porphyrin nanostructures by field focusing,® the
same mechanism that operates in SERS. The ability to
exploit plasmon-induced hot electrons in molecular
devices would enable a new strategy of device design
with the potential of dramatically increased light
harvesting. In order to determine if it is possible to
extract hot carriers from plasmons that can contribute
directly to electrical current in molecular electronics,
we design a family of hybrid optoelectronic devices
consisting of Au plasmonic nanoparticles linked with
photoactive, thiophenylethynyl-terminated metallo-
porphyrin structures. This platform allows systematic
variations in the optical absorption of the molecules
and the plasmon resonances. Combinations of these
variations yield devices in which the mechanisms of
photocurrent enhancement can be systematically
investigated.
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Figure 1 shows the attributes that are controlled to
produce devices with the necessary property varia-
tions. Gold nanoparticle arrays are connected to con-
tact pads that enable temperature- and wavelength-
dependent measurement of electronic transport.
The particle size, distribution, and density are varied
to adjust the plasmon resonance energy of the arrays
(Supporting Information). The top two images in
Figure 1b illustrate the increased coverage with de-
position time. The bottom two show the morphology
difference of a bimodal array with 40 nm/20 nm par-
ticles and one with 40 nm/15 nm particles. Figure 1b
illustrates typical array morphologies; the range of
optical properties is shown in the electronic absorption
spectra of Figure 1d. As expected, the primary Au
plasmon resonance is evident at ~524 nm; the peak
position is dominated by the 40 nm particles and does
not shift much, while the peak amplitude increases
with particle coverage. Coverage increases with de-
position time from 5 to 200 min. The peak at ~640 nm
is broad; the spectral breadth of this peak varies with
particle size, distribution, spacing, and aggregation,
while its maximum reflects the average degree of
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particle—particle electronic coupling.?? See Support-
ing Information for analysis protocol.

The separation of the particles is such that the
devices do not conduct current until the molecular
linkers are attached. Optically active o,w-dithiol-
terminated meso-to-meso ethyne-bridged (porphinato)-
zinc(ll) supermolecules (dithiol-PZn,;) shown in Figure 1c
were synthesized as previously reported.”®> ?° These
molecules exhibit near barrier-less charge transport
and global electronic delocalization. The optical ab-
sorption spectra (Figure 1d) show that dithiol-PZn,
manifests a high oscillator strength sharp absorption
band (S¢—S,) at ~450 nm and a quasi-allowed absorp-
tion (So—S;) centered at ~650 nm that is polarized
along the highly conjugated molecular axis. In contrast,
dithiol-PZn, and dithiol-PZn; feature broad Sy—S,
absorption manifolds that span a ~375—525 nm spec-
tral domain and identically polarized long wavelength
So—S; absorptions that gain in intensity and progres-
sively red shift with increasing numbers of PZn units
(Figure 1d). Note that S,—S; electronic relaxation
occurs at unit quantum yield in the femtosecond time
domain; excitation into either absorptive manifold thus
gives rise to ultrafast formation of identical low energy
electronically delocalized S, states.

To examine the mechanisms of photoconduction,
the temperature and wavelength dependences of the
transport properties were measured, and we consider
first the case of the devices functionalized with dithiol-
PZn;,. As shown previously,”’ the dark transport
mechanism of porphyrin-linked AuNP devices can be
described as thermally assisted tunneling, which con-
sists of both thermionic emission and tunneling and
is represented by eq 1, where [ is the current, V is
the applied voltage, T is the temperature, k is the
Boltzmann constant, t(y) is an elliptical function, and
@ is a function of both elliptic functions v(y) and t(y).

OV (KTt ¢ V2O
h= E( T > P\ 7 oagye)

dini Ve
dv Vo <12(kT)3> @

Differential analysis based on eq 2 was carried out on
over 20 devices. The fits (red dotted lines) to the
transport data shown in the Supporting Information
(Figure S3) illustrate agreement between this model
and the experiment. The fit factor © is a function of
applied field and the barrier height. The fits of eq 2,
shown yield ® = 1.34 x 1078 t0 3.69 x 107, for the
range of arrays tested. These values correspond to the
situation where the number of active junctions in the
array is small and barrier heights are on the order of
10—30 meV.

Further, the global conductivity of the devices is
related to the barrier height so that comparing devices
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Figure 2. Photocurrent at 180 K, conductance while illumi-
nated with 405 (shown in blue), 533 (shown n green), and
655 nm (shown in red) light, subtracted from dark conduc-
tance, of four hybrid devices that utilize dithiol-PZn, linkers.
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Figure 3. Optical absorption spectra of the four dithiol-
PZn,-linked AuNP arrays (left axis is absorption in arbitrary
units) relative to the dithiol-PZn, (monomer) solution spec-
trum (right axis). Inset displays a closer examination of the
high wavelength peak located at ~650 nm.

of similar conductivity implies that the barrier height is
nearly constant. Figure 2 shows the photoconductance
of four devices containing dithiol-PZn, linkers that
display differences in nanoparticle coverage and plas-
mon coupling. The photocurrent in Figure 2 is the
effect of optical illumination on electronic transport.
The magnitude of the photocurrent scales with the
height of the plasmon resonance peak and with nano-
particle coverage, as shown in Figure 1d. Therefore, we
compare here device 1, which has higher coverage,
with devices 2—4. These devices consist of similar
40 nm/20 nm particle distributions with the exception
that device 1 has a higher coverage. The enhancement
due to blue (405 nm) excitation is the largest; green-
induced (533 nm) and red-induced (655 nm) enhance-
ments are similar to each other in magnitude. Figure 3
superimposes the absorption spectra from the four
arrays with that of the monomer. Note that, for the
dithiol-PZn;-based devices, green light overlaps the
plasmon primary peak but no molecular absorption
band, red overlaps the second plasmon peak and the
low energy molecular absorption, and blue does not
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Figure 4. Temperature dependence of conductance (Arrhenius analysis) and din(/)/dV (differential analysis) in inset for the

four devices in Figure 2.

overlap any plasmon peak but overlaps the shoulder of
the S¢—S, molecular absorption.

Photocurrent enhancement could result from sev-
eral possible mechanisms. (a) Plasmon-induced elec-
trical fields can focus photon flux to the junction and
increase optical absorption, that is, the nanoantenna
effect. (b) The plasmon could reduce the tunneling
activation barrier and therefore increase the tunneling
transmission probability. (c) Absorption in the metal
could cause a temperature increase. (d) Photoassisted
tunneling could occur. (e) Plasmon-generated charge
carriers, “hot electrons”, could contribute directly to the
current. We consider each possibility in the context of
the dithiol-PZn,-based devices.

For the case of the dithiol-PZn;-based devices,
photocurrent is observed at all wavelengths. With
exposure to blue light, no plasmons are excited since
the wavelength is far from the plasmon resonance
(Figure 3). The observed photocurrent derives from
exciton creation in the porphyrinic linker, which can be
referred to as conventional photoconduction. Red
illumination excites both the plasmon peak and the
molecular absorption: exciton generation occurs, and
field focusing increases the local photon flux, further

CONKLIN ET AL.

contributing to photocurrent. Green illumination, in
contrast, excites only Au plasmons; note that, at
533 nm, dithiol-PZn; features minimal absorptive oscil-
lator strength. Consequently, while the field focusing,
nanoantenna effect certainly operates at this wave-
length, it does not lead to increased charge carrier
concentration within the molecule. There must be other
mechanisms by which the plasmons enhance the
photocurrent at an irradiation wavelength of 533 nm.
To determine whether the tunneling activation en-
ergy is affected by the plasmon excitation, two anal-
yses of the temperature dependence of transport
were performed (Figure 4). In the classical Arrhenius
analysis, the slope of the In(conductance) versus 1/T
yields an “apparent” activation energy. The compar-
isons from 180 to 300 K find negligible differences in
the activation energy of photocurrent compared to
dark current for all irradiation wavelengths. More
rigorously, fitting the temperature dependence of
light-induced conductance to the thermally assisted
tunneling model and again comparing the dark current
and photocurrent reveals that there is no difference in
activation energy (inset in Figure 4). Therefore, plas-
mon excitation is not affecting the tunneling barrier.

ACNT AN T2
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Govorov et al.?® calculated the temperature increase

of gold nanoparticles in liquid. Using this equation to
estimate the order of temperature increase AT for gold
nanoparticles in air, all terms in the heat transfer
equation are the same except for the thermal conductivity,
k, and dielectric constant, ¢, of air compared to water,
AT o< 1/kand AT «< /(e + &,). The thermal conductivity of
air is 0.024 W/min K and for water is 0.6 W/min K, which
leads to an estimate of a higher temperature increase by a
factor of 30. The dielectric constant of air is 1 compared to
1.8 for water leading to a decrease of about a factor of 2.
The light flux in our measurements ranges from 0.83 to
3.08 W/cm?, which leads to negligible temperature in-
Crease even assuming maximum absorption for particles
up to hundreds of nanometers in diameter.

In an analogous calculation for heat dissipation
through a SiO, substrate, Mangold et al.?° estimate a
temperature increase of 0.55 K for a gold nanoparticle
array on a 150 nm substrate using Q = AAT/d, where Q
is heat conduction, 4 is the thermal conductivity of
silica, and d is the substrate thickness. This calculation
is for a light flux of 1 kW/cm?. In our configuration, the
substrate thickness is a factor of 1000 larger and the
flux is a factor of 1000 smaller, leading to an estimate of
negligible temperature rise.

Photoassisted tunneling is a mechanism analogous
to microwave rectification,***' whereby the plasmon
induces an oscillating voltage between particles that
allows electron tunneling between the particles at the
plasmon frequency. The superposition of a small dc
voltage biases the tunneling probability resulting in
additional dc current. Two types of control samples
were constructed to test for this process: arrays with no
molecules and arrays linked with a conducting but not
optically active dithiol-terminated molecule (4,4'-(1,4-
phenylenebis(ethyne-2,1-diyl))dibenzenethiol). In all
cases, there was no photocurrent at any illumination
wavelength, indicating that photoassisted tunnel-
ing between the metal particles does not occur
(Supporting Information Figure S4 and Figure S5).

The remaining possibility is that “hot” charge carriers
induced by the plasmon contribute to the photocurrent.
The results in Figures 2 and 3 clearly distinguish situations
in which molecular absorption, plasmon-mediated ab-
sorption, and plasmon-induced tunneling contribute to
the photocurrent. With blue (405 nm) illumination, ex-
citon generation in the molecule occurs but there is no
plasmonic excitation. With red light (655 nm), exciton
generation and plasmonic focusing can occur. Little ex-
citon generation in the molecule can occur with 533 nm
excitation given its low extinction absorption at this
wavelength, so neither conventional photoexcitation
nor the nanoantennae effect operates effectively at this
wavelength. Yet photocurrent is observed at this wave-
length in all devices that utilize PZn, linkers. In plasmon-
induced transport, an additional source of carriers is
available for tunneling, either in resonant tunneling
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through the molecule or via an inelastic process, depend-
ing on the energy. The photocurrent measured at 533 nm
indicates that it is possible to extract these carriers in an
electronic device, in this case based on molecular junc-
tions. This source of current is, in principle, large and could
lead to extremely high energy transduction efficiencies.
The femtosecond lifetimes of the plasmonic state
imply that the extraction of electron/holes is unlikely;
however, several photochemical and photoemission
studies provide evidence that slower relaxation chan-
nels can exist. Surface photochemistry on rough Ag
electrodes and on metal nanocrystals has been in-
duced by optical excitation.>?>”3 These reactions re-
quire electron or hole exchange (i.e., vibration of the
carriers). Gerber and colleagues'® observed enhanced
electron emission in a photoemission measurement
that interrogated Ag particles at the plasmon reso-
nance. Nakanishi et al3® designed an array-based
chemical sensor that implied that plasmons may
involve hot electrons, and recently, Knight et al.”'
suggested that hot electrons can overcome a
Schottky barrier. Meanwhile, theoretical calculations
by Zelinskyy and May®’ provide evidence that plasmon—
molecule interactions might induce increased mea-
surable current at metal junctions, in spite of the
expected short plasmon lifetime. Our results unam-
biguously show that, by imposing an electric field
between the nanoparticles, hot electrons can be ex-
tracted and can contribute to the properties of a
molecular electronic and/or energy harvesting device.
The analyses of the devices based on the PZn; linker
distinguish plasmon-induced hot carrier transport
from exciton formation as the molecular absorption
manifolds lie outside the wavelength range that gives
rise to plasmon excitation. While this demonstrates
that plasmon-induced hot carriers can contribute to
device function, it also implies that more complex
behavior can be engineered with different constituent
choices. Figures 5 and 6 compare the behavior of
devices fabricated with dithiol-PZn, and dithiol-PZn;
linkers to those that feature dithiol-PZn; connectivity
between nanoparticles. The nanoparticle arrays in
devices 6 and 7 are similar as is evident in the AFM
images of the morphology (Figure 5a). Both consist of
bimodal arrays with approximately equal coverage of
40 and 15 nm particles; consequently, they exhibit
similar plasmonic properties as indicated in the ab-
sorption spectra (Figure 6b). The primary difference
between these two devices lies in the optical proper-
ties of the porphyrin-based linker. In device 7, the
exciton-based photocurrent results from 405 nm illu-
mination; the plasmon-induced hot electron current
results from 533 nm illumination, and a similar magni-
tude of photocurrent at 655 nm can be attributed to
a combination of field focusing and hot electrons.
The broad absorption band with high oscillator strength
for the dithiol-PZn, S;—S, transitions in device 6 results in
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Figure 5. Photoconduction at 180 K of hybrid devices linked with dithol-PZn;, dithol-PZn,, and dithol-PZn,. Conductance
while illuminated with 405 (shown in blue), 533 (shown n green), and 655 nm (shown in red) light, subtracted from dark

conductance is compared.
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Figure 6. (a) Temperature dependence of conductance (Arrhenius analysis). Inset: din(/)/dV (differential analysis). (b) Optical
absorption spectra of the dithiol-PZn,-linked Au nanoparticles in devices (black, left axes) overlaid with the molecular
absorption spectra (tan, right axes) and the first (aqua) and second (orange) plasmon peaks.

alarger absorption cross section at 405 nm relative to that
manifest in device 7, which relies on a dithiol-PZn, linker.

Whereas the 405 nm illumination wavelength ex-
cites the molecular linker on the high energy shoulder
(e ~ 0.1 x 10° M~ cm™") of the S¢—S, manifold in
device 7, the corresponding extinction coefficient for
the dithiol-PZn; linker of device 6 at 405 nm is approxi-
mately 1 order of magnitude higher. This greater
extinction coefficient for blue excitation in device 6
gives rise to a higher photocurrent contribution that
derives from exciton generation. Similarly, the long
wavelength S;—S; absorption at ~650 nm of the
device 7 dithiol-PZn; linker possesses an exctinction
coefficient at 655 nm that exceeds that of the device 6
linker; consequently, for red excitation, a lower degree
of photocurrent enhancement is observed for device 6

CONKLIN ET AL.

relative to that measured for device 7. Device 5 features
a dithiol-PZns linker and Au nanoparticles that are
predominately 15 nm in diameter, which contrasts that
for devices 6 and 7 which feature approximately equal
coverage of 40 and 15 nm particles and accounts for
the observed differences in the intensity of the plas-
mon peaks for these devices. This combination of
linker- and AuNP-dependent absorptive properties
results in disparate degrees of photocurrent enhance-
ment for blue, green, and red light excitation relative to
that observed for devices 6 and 7. The lower red
photocurrent in devices 5 and 6 relative that measured
for device 7 suggests that, for long wavelength excita-
tion, maximal photocurrents should be observed when
the laser irradiation wavelength approaches the S4—$;
absorption maximum, which is polarized along the
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highly conjugated molecular axis; note that for the
dithiol-PZn; and dithiol-PZn, linkers of devices 5 and 6,
this wavelength corresponds, respectively, to ~750
and 800 nm. These differences serve to illustrate how
the design of both the molecular absorption and the
plasmon resonances of the arrays could be used to
engineer a wide range of device properties.

In summary, we demonstrate that hot electrons
can be extracted from plasmons and exploited in

METHODS

Device Fabrication. The devices were fabricated by immer-
sion of glass substrates functionalized with 3-(aminopropyl)-
trimethoxysilane (APTMS) in solutions of citrate-stabilized gold
nanoparticles (Ted Pella). The nanoparticle size distribution
and surface density were controlled by the immersion time in
the solution (Figure S1). Gold contact pads with a separation of
approximately 70 um were deposited by a thermal evapora-
tion through a physical mask. Transport properties of the
arrays were measured. Molecular linkers were attached to
those arrays that exhibited no conductivity. Attachment of
the optically active o,w-dithiol-terminated meso-to-meso
ethyne-bridged (porphinato)zinc(ll) supermolecules (dithiol-
PZn,) was achieved under inert atmosphere using solvents
distilled and subjected to freeze—pump—thaw cycles in liquid
nitrogen to remove water and residual gases. Approximately
1 uM concentration solutions of each S-acetyl-protected
dithiol-PZn,, derivative were prepared in distilled tetrahydro-
furan and 4 uL/mL of NH,OH, exposing the thiol functionality.
Devices were prepared by incubating AuNP arrays with such
solutions for ~1 h.

Measurement Protocols. Conductivity measurements were
conducted with an electrometer (Keithley 6517A) before attach-
ment of the dithiol-PZn,, complexes to ensure that there was no
conductance prior to attachment of the molecular linkers.
Temperature-dependent conductance measurements of AUNP
arrays linked with monomer (PZn,), dimer (PZn,), and trimer
(PZn3) supermolecules were carried out from room temperature
to 80 K. Wavelength-dependent conductance measurements
performed under illumination with red (655 nm), green
(533 nm), and blue (405 nm) laser diodes. The power densities
for the red, green, and blue laser diodes were 0.83, 1.81, and
3.08 mW/mm? respectively. Reported photoconductance
values are normalized by photon flux.

Design and Synthesis. The synthetic route to S-acetyl-pro-
tected dithiol-PZn,, compounds is illustrated in Figure S2.
Synthetic procedures and characterization data for these com-
positions have been reported elsewhere.®2°

Optical Absorption Fitting Procedures. The optical properties of
the AuNP arrays were determined by optical absorption spec-
troscopy. The optical spectra were analyzed using standard
fitting software (Origin). The spectra were fit with Gaussian
peaks located at approximately 200, 525, and 650 nm to mimic
the substrate, primary, and coupled plasmon resonances, re-
spectively, and two at the known absorption maximum for the
AuNP-porphyrin complexes. Peak positions and heights were
varied until regression analysis yielded the optimized fit. In all
cases, the R? factor was >0.999.
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