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ABSTRACT: Temperature-dependent transport of hybrid
structures consisting of gold nanoparticle arrays functionalized
by conjugated organic molecules [(4′-thiophenyl)ethynyl-
terminated meso-to-meso ethyne-bridged (porphinato)zinc(II)
complexes] that possess exceptional optical and electronic
properties was characterized. Differential conductance analysis
distinguished the functional forms of the temperature and
voltage dependences for a range of sample particles and
molecular attachments. Thermally assisted tunneling describes
transport for all cases and the associated mechanistic
parameters can be used to determine the relative roles of
activation energy, work function, and so forth. These results provide the basis on which to examine plasmon-influenced
conduction in hybrid systems.
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The electrical properties of molecules have been of interest
for decades in the context of molecular electronics, driven

in part by the search for post CMOS computation solutions.
Experimental approaches to characterizing transport properties
have included assembling monolayers on metal surfaces and
using planar or tip shaped electrodes or attaching molecules at a
break junction of a metallic nanostructures or nanowires.1−6 In
parallel, the understanding of transport in granular media has
been evolving.7 One development here has been the use of
molecular linkers to control spacing between metallic nano-
particles in an array.8 In the case of electronic transport studies,
this configuration is analogous to those used in molecular
electronics systems, where a substantial number of related
results have been reported.
Against this background, we are interested in determining the

transport mechanisms relevant to molecule-gold nanoparticle
(AuNP) hybrid assemblies that take advantage of meso-to-meso
ethyne-bridged (porphinato)zinc(II) complexes (PZnn struc-
tures). These molecules have been designed to exhibit near
“barrierless” transport and global electronic delocalization;
congruent with these properties, PZnn supermolecules feature:
(i) high oscillator strength with S1→Sn and S1→S0 transitions
that extend deep into the near-infrared spectral region, (ii) the
largest hole polaron delocalization lengths yet measured for
single molecules, and (iii) unusually large polarizabilities.9−15

Transport in related conjugated multiporphyrin structures has
been examined.16−18 Recently, utilizing α,ω-di[(4′-thiophenyl)-
ethynyl]-terminated PZnn (dithiol-PZnn) supermolecules, a

new mechanism of plasmon-induced current was demonstrated
in a system in which these structures are linked to metal
nanoparticles.19,20 Understanding the dark current mechanisms
is a prerequisite to exploring the basis of the new transduction
phenomenon.21

Previous research has shown that alkanethiol monolayers act
as insulators; electron transport through such interfaces occurs
unambiguously via tunneling.4,7 For such systems, exponential
transport dependences are well documented with barrier
heights independent of molecular length.4,13 In contrast, π-
conjugated molecules with molecular orbitals near the electrode
Fermi energy mediate electron transport.22,23 For these
molecules, barrier heights are molecular length dependent,
resonant tunneling occurs at appropriate energies, and hopping
mechanisms are found to contribute in specific cases. However,
transport in both insulating and π-conjugated systems is rarely
found to be temperature independent, as would be expected for
tunneling through a single molecular conformation, even down
to 40 K.4−8,21 Deviations from this expectation would arise
from thermally induced changes in the molecule-metal contact
geometry or the distribution of molecular configurations.
Consequently, transport properties are often described with
an empirical relationship that expresses the extent of the
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attenuation in terms of an exponential decay constant
determined from fitting of experimental data (often referred
to as the β factor); in related butadiyne-bridged (porphinato)-
zinc(II) molecules, β was determined to be on the order of
0.040 Å−1.16,18 While treatments that utilize empirical temper-
ature-dependent attenuation factors have been effective in
comparing the behavior of various transport systems, these are
less satisfying with respect to mechanistic clarification.
In this Letter, we examine the transport properties of unique

supermolecule/nanoparticle assemblies and take a different
approach to the transport analysis, though based on familiar
fundamental principles. We experimentally investigate the
electronic properties of random arrays of two-dimensional
gold nanoparticles (AuNPs) consisting of metal junctions
linked by optically active dithiol-PZnn supermolecules. The
conductance of the assemblies was determined as a function of
bias voltage, particle size, particle distribution, and the dithiol-
PZnn supermolecule. Using normalized differential conduction
analysis, we find that the mechanism is thermally assisted
tunneling (TAT), where the response is independent of the
particle size and distribution. The nanoparticle arrays were
prepared by cleaning glass substrates in piranha solution for 15
min, rinsing with ultrapure milli-Q water, and cleaning in UV
ozone for 90 min. The substrates were immediately placed in a

nitrogen glovebox and immersed into a 5% solution of 3-
aminopropyl-methyl-triethoxysilane (APTES, Sigma-Aldrich)
in anhydrous toluene (Sigma-Aldrich) for 60 min. The
amine-functionalized glass substrates were then immersed in
various citrate-stabilized AuNP solutions (Ted Pella) for 5−220
min. It was found that the immersion time to provide high
particle densities was AuNP size dependent with larger particles
requiring longer times. The conductivities of the devices were
characterized before and after molecular attachment to quantify
possible substrate surface conduction and provide a baseline for
zero conduction. The syntheses of dithiol-PZnn structures have
been described previously.19 Adsorption of dithiol-PZnn onto
the AuNP arrays was performed under nitrogen atmosphere.
To an acetyl-protected dithiol-PZnn solution (∼1 μM in THF),
4 μL/mL of NH4OH was added to deprotect the thiolate
functionality. The glass substrates with AuNP arrays were then
immersed into this solution for 1 h. The substrates were rinsed
with THF and dried under nitrogen. Transport measurements
were performed using a probe station (Lakeshore Desert
Cyrogenics) with an electrometer (Keithley 6515A). The
length of the porphyrin-based linker dictates the required
interparticle spacing between AuNPs. Nanoparticle morpholo-
gies were characterized with atomic force microscopy (Veeco
3100).

Figure 1. (a) General device configuration in which gold contact pads with a separation of approximately 70 μm were evaporated on top of the
AuNP arrays. The expanded region shows an AFM micrograph of the active device area for a bimodal (40 and 15 nm) AuNP array along with a
schematic representation of the various dithiol-PZnn linkers. (b) The inverse temperature dependence as a function of logarithmic conductance of
AuNP arrays linked with dithiol-PZn3 supermolecules for samples with various AuNP distributions. (c) The apparent activation energies at 220 K for
AuNP arrays linked with dithiol-PZn3 (black), dithiol-PZn2 (red), and dithiol-PZn1 (blue). All samples, regardless of linker molecule or AuNP
distribution, exhibit a decrease in activation energy with increasing conductance until it reaches the minimum, approximately 8.6 meV.
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Over 20 devices were analyzed in which nanoparticle arrays
varied in diameter (40, 30, 20, and 15 nm), bimodal
distribution (40/30 nm, 40/20 nm, and 40/15 nm), and
surface coverage (37−83%) (Figure 1). The arrays were linked
with a monomeric [5,15-bis[(4′-thiophenyl)ethynyl]-10,20-
diarylporphinato]zinc(II) complex (dithiol-PZn1) and two
different α,ω-di[(4′-thiophenyl)ethynyl]-terminated PZnn
supermolecules, a dimer (dithiol-PZn2), and a trimer (dithiol-
PZn3). Temperature-dependent conductivity measurements
were carried out from room temperature to 80 K. The device
configuration can be seen in Figure 1a; gold contact pads with a
separation of approximately 70 μm were evaporated on top of
the masked AuNP arrays; an example of a bimodal array (40
nm/15 nm) of AuNPs is shown in Figure 1a inset. Unlike
previous work involving nonconductive alkanethiols adsorbed
AuNPs,7 the conductivity of the porphyrin linked AuNP arrays
was found to be only a weak function of AuNP size, distribution
and molecular length. The current−voltage responses were
near-linear and clear temperature dependence was observed
over the entire temperature range.
When the barrier to transport is small, on the order of the

size of the linker molecules, tunneling and thermionic
(Schottky) emission are generally regarded as the two possible
conduction mechanisms. Thermionic emission is strongly
dependent on the barrier height and temperature, thus it is
easily distinguished from a direct tunneling mechanism. The
Poole-Frenkel effect, where the electric field assists thermal
ionization of trapped charge carriers, and thermionic emission,
where the electric field lowers the barrier height, results in the
same functional form of the temperature dependence.24 Figure
1b compares the temperature dependence of conductance for
nine arrays with sizes ranging from 15 to 40 nm and linked with
dithiol-PZn3. Temperature dependence is often interpreted in
terms of Arrhenius or hopping models but this analysis requires
a priori assumptions of the details of the model. The data in

Figure 1b can be fit reasonably well to an Arrhenius model (T−1

dependence), or a variable-range hopping model (T−1/2

dependence). This does not provide a definitive mechanistic
description since the hopping model exponent is often varied to
describe site disorder and hence fit a range of properties and it
is not clear what energy is determined in the Arrhenius analysis
(as discussed below). However, there is more information
inherent in the data that we analyze after considering the
implications of the “apparent” activation energy.
Figure 1c compares the apparent activation energies obtained

from an Arrhenius analysis of AuNP arrays linked with dithiol-
PZnn supermolecules and differing with respect to overall
conductance. The two factors that can affect the conductance
are the number of pathways of connected nanoparticles and the
degree of molecular coverage on the metal surface. The former
does not affect the activation energy, but the latter does in that
the barrier height is a function of AuNP work function, which is
modulated by dithiol-PZnn adsorption coverage. Adsorption in
general decreases the work function of a metal surface and this
is specifically shown to be true for thiol on gold surfaces.25,26

Note also that the three dithiol-PZnn structures have the same
thiol bond to the gold and apparent activation energies
approach the same minimal value of 8.6 meV at 220 K, as
expected since the thiol-gold bond is the dominant determinant
of barrier height. This is convincingly shown for the current
versus activation energy data displayed for devices that exploit
dithiol-PZn1 and dithiol-PZn3 linkers (Figure 1c), and while the
data is not as extensive for devices that exploit the dithiol-PZn2
linker, the trend is consistent. In our case, increased dithiol-
PZnn porphyrin coverage would lower the work function and
increase the overall conductance and furthermore, and
converge at complete surface coverage. For this reason, the
variation in the activation energy was attributed to the extent of
the surface coverage of the molecule on the AuNPs, and all
analyses of mechanism were carried out on samples with similar

Figure 2. Differential analysis of transport of functionalized AuNPs showing temperature dependence of d ln(I)/dV for a variety of AuNP arrays and
supermolecule linkers. (a) Comparison of a low conductivity (40 nm/30 nm bimodal) and high conductivity (40 nm/15 nm bimodal) AuNP arrays
linked with dithiol-PZn3 supermolecules. (b) Comparison of AuNP arrays linked with dithiol-PZn3 (40 nm/15 nm bimodal) and dithiol-PZn2 (40
nm/15 nm) supermolecules. (c) Comparison of a AuNP array (40 nm/30 nm bimodal) linked with dithiol-PZn3 supermolecules with an array (40
nm/15 nm bimodal) linked with dithiol-PZn1. (b,c) Comparison of AuNP linked arrays of similar conductivity. The dotted lines are the fit of eq 2
with theta as the fitting parameter.
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conductivities, ensuring that the work functions were likewise
similar. The ambiguity in the mechanism from a priori analyses
of the temperature dependence can be addressed by employing
current-normalized differential conductance, which allows the
temperature dependence, the field dependence, and the
temperature dependence of the field dependence to be
examined.27 With these interdependencies, complex transport
mechanisms may be distinguishable.
Figure 2 shows the transport properties for arrays linked to

dithiol-PZn1 and supermolecules dithiol-PZn2 and dithiol-PZn3.
For each type of dithiol-PZnn-linked array, two examples are
compared: one with higher overall network conductance and
one with lower conductance. As noted above, this enables
comparison of high molecular coverage (higher conductance)

and lower coverage (lower conductance). We performed
analysis of transport of functionalized AuNP arrays by fitting
possible transport mechanisms (Table 1). For example,
inspection of the functional form from current-normalized
differential conductance of a thermionic emission or Poole-
Frenkel model reveals an inverse temperature dependence.
However, differential analysis of the temperature dependence
for high and low conductance (Figure 2a), and comparisons of
dithiol-PZn3 linked arrays with dithiol-PZn2 (Figure 2b) and
dithiol-PZn1 linked (Figures 2c) arrays demonstrate that the
thermionic emission model does not fit to the behaviors of
PZnn-Au NP arrays. Similar analysis for other possible
mechanisms, led us to propose that thermally assisted tunneling
is the mechanism controlling transport.

Table 1. Functional and Differential Forms of Electronic Transport Mechanisms
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Figure 3. Idealized band diagram for AuNP arrays linked with dithiol-PZnn structures of varying length. (a) The flat band condition, where EF is the
Fermi energy of the AuNPs in relation to the HOMO−LUMO levels of the dithiol-PZnn supermolecules. Ea is the energy at some level above the
Fermi level in which thermally assisted tunneling occurs. (b−d) The cases for dithiol-PZn1, dithiol-PZn2, and dithiol-PZn3, respectively, with an
applied voltage across the junction.
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The early foundational papers by Murphy and Good and
Roberts and Polanco provide a framework within which to
consider the possibility of multiple transport paths.28,29 They
considered a continuous range of transport behaviors between
direct tunneling as one limiting case and thermionic emission as
the other. Furthermore, Roberts describes thermally assisted
tunneling as the case where the major contribution to the
tunneling integral does not arise from the Fermi level, but from
an energy level above the Fermi level. If thermally assisted
tunneling contributes significantly to transport, the measured
apparent barrier heights are smaller than the expected barrier to
transport since this contribution comes from the energies that
are above the Fermi energy. This is analogous to a nonideal
Schottky barrier. In cases between the two limits, transport
consists of both thermionic and tunneling or field emission and
is represented by the functional form in eq 1, where I is the
current, V is the applied voltage, T is the temperature, k is the
Boltzmann constant, t(y) is an elliptical function, and Θ is a
function of both elliptic functions v(y) and t(y).
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The fit curves (red dotted lines) in Figure 2 show that in all
cases the functional form of eq 2 is in excellent agreement with
the measurements. This is true regardless of the nanoparticle
distribution, the molecular linker, and the conductance. In
contrast, for both the Fowler-Nordheim and Arrhenius cases,
the differential analysis results in no temperature dependence,
while thermionic emission and Poole-Frenkel hopping result in
inverse temperature dependences. Thermally assisted tunneling
exhibits a vastly different cubic temperature dependence, which
easily distinguishes it from both the thermionic emission and
Poole-Frenkel mechanisms.
The work function of the nanoparticles with chemisorbed

dithiol-PZnn linkers is not known but comparison of Θ and the
Arrhenius behavior provides useful insight. As noted above, Θ is
associated with thermally assisted tunneling and is a function of
applied field and the barrier height.30 The fit of eq 2, shown in
Figure 2 yields Θ =1.34 × 10−8 − 3.69 × 10−7, 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 similar in magnitude to those obtained from
Arrhenius analysis (10−30 meV). The Θ determined from the
measurements increases as a function of dithiol-PZnn molecular
length, which can be understood as a decrease in the local
electric field due to the increased particle separation. Similarly
an observed increase in Θ as a function of decreasing
conductivity is consistent with a decrease in the apparent
barrier height expected for higher molecular surface coverage
on the AuNPs. So not only does this approach identify the
transport mechanism, it provides parameters associated with
local properties.
This transport process is illustrated in Figure 3, which shows

an idealized band diagram as a function of molecular length.
For a given applied bias and equal number of junctions, the
increased molecular length implies a lower local electric field.
At temperatures above 0 K, there is a distribution of electrons
above the Fermi energy (not shown in the schematic diagram).
The energy at which the majority of tunneling occurs is above

the Fermi energy (at temperatures above 0 K) but below the
LUMO and, therefore, likely associated with an energetic metal
or molecular state, as expected for a thermally assisted
tunneling mechanism. Interestingly, Sedghi et al. come to a
similar conclusion regarding the mechanism of charge transport
mediated by meso-to-meso butadiyne-bridged (porphinato)zinc-
(II) structures by comparing single molecule measurements
with calculations of transmission coefficients.16 They associate
increased temperature dependence with the alignment of the
Fermi level and molecular orbitals.
In summary, we report the conductance properties of two-

dimensional arrays of AuNP linked by various length optically
active α,ω-di[(4′-thiophenyl)ethynyl]-terminated meso-to-meso
ethyne bridged (porphinato)zinc(II) structures (dithiol-PZnn
supermolecules). Differential conductance analysis distin-
guished the functional forms of the temperature and voltage
dependences for a range of sample configurations and
molecular attachments. The conduction is attributed to
thermally assisted tunneling, with the variation from 8−45
meV in apparent activation energy assigned to variations in the
AuNP molecular coverage, while variation in conductivity
derives from the modulation of the electric field across the
junction as a function of molecular length. The theta parameter
in the thermally assisted tunneling model allows for the
comparison of the role of structure and properties in similar
transport systems. These results provide the basis on which to
examine plasmon-influenced conduction in hybrid systems.
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