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ABSTRACT: We have utilized DC and AC transport
measurements to measure the resistance and capacitance of
thin films of conjugated oligophenyleneimine (OPI) molecules
ranging from 1.5 to 7.5 nm in length. These films were
synthesized on Au surfaces utilizing the imine condensation
chemistry between terephthalaldehyde and 1,4-benzenedi-
amine. Near edge X-ray absorption fine structure (NEXAFS)
spectroscopy yielded molecular tilt angles of 33−43°. To
probe DC and AC transport, we employed Au−S−OPI//
GaOx/EGaIn junctions having contact areas of 9.6 × 102 μm2

(109 nm2) and compared to previously reported DC results on the same OPI system obtained using Au−S−OPI//Au
conducting probe atomic force microscopy (CP-AFM) junctions with 50 nm2 areas. We found that intensive observables agreed
very well across the two junction platforms. Specifically, the EGaIn-based junctions showed: (i) a crossover from tunneling to
hopping transport at molecular lengths near 4 nm; (ii) activated transport for wires >4 nm in length with an activation energy of
0.245 ± 0.008 eV for OPI-7; (iii) exponential dependence of conductance with molecular length with a decay constant β = 2.84
± 0.18 nm−1 (DC) and 2.92 ± 0.13 nm−1 (AC) in the tunneling regime, and an apparent β = 1.01 ± 0.08 nm−1 (DC) and 0.99 ±
0.11 nm−1 (AC) in the hopping regime; (iv) previously unreported dielectric constant of 4.3 ± 0.2 along the OPI wires.
However, the absolute resistances of Au−S−OPI//GaOx/EGaIn junctions were approximately 100 times higher than the
corresponding CP-AFM junctions due to differences in metal−molecule contact resistances between the two platforms.

■ INTRODUCTION

A long-standing goal in molecular electronics is to understand
the influence of molecular structure on electrical conduction
across metal−molecule−metal junctions.1−14 Currently, there
are a variety of testbeds for measuring electrical transport across
molecules such as the break junction,15,16 the conducting probe
atomic force microscope,17 the scanning tunneling micro-
scope,18 the eutectic gallium indium alloy (EGaIn) junc-
tion,19−21 the Hg drop junction,22,23 the conducting polymer
junction,24,25 the surface diffusion mediated junction,26 and
others. However, limited reproducibility of experimental results
across different platforms remains a vexing issue that has several
possible causes including different types of molecule−electrode
contacts (e.g., metal type and chemisorbed vs physisorbed
contacts), dissimilar ambient environments (e.g., air vs solvent
vs vacuum), and widely varying effective electrical junction
areas (i.e., the electrode areas in direct contact with molecules);
see Results and Discussion below.27−29 It is well-known that
estimated resistances per molecule can be about 8−9 orders of

magnitude smaller in single and few molecule junctions (so-
called small area junctions) than junctions consisting of large
numbers of molecules (103 to 1012) (large area junctions).28,30

In an excellent review, Akkerman et al. noticed that the
estimated resistance per molecule progressively decreases with
decreasing junction area, but a good explanation for this general
observation across testbeds is lacking.31 Therefore, a central
question in molecular electronics is How reproducible are the
electrical characteristics for a given molecular architecture
across different types of junctions?29

To identify and quantify the factors that cause large
discrepancies between testbeds, our goal was to compare
transport measurements on well characterized oligophenyle-
neimine (OPI) wires 1.5−7.5 nm in length using two different
junction platforms, namely large area junctions fabricated with
the “EGaIn-technique” (EGaIn = eutectic indium gallium alloy,
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Figure 1a) and small area junctions fabricated with conducting
probe atomic force microscope (CP-AFM, Figure 1b) top
electrodes.32−34 These two platforms have vastly different
junction areas of approximately 9.6 × 102 μm2 and 50 nm2,
respectively, and they also employ different metals (EGaIn/
GaOx vs Au) for the top contact. Thus, these two junctions
could be expected to yield very different results for OPI wires.
On the contrary, however, we find that certain key measured
values described below are identical within error. We note that
the OPI system is a good test-case for platform comparison
because different charge transport mechanisms are observable
in this system. For example, previous CP-AFM results have
shown that there is a clear change in transport mechanism from
tunneling to thermally assisted hopping as OPI wire length
increases.34−37 The crossover in transport mechanism manifests
itself in both the length and temperature dependence of
resistance, providing a rich data set for comparison between the
two junction testbeds. Initial questions included whether the
crossover from tunneling to hopping is observable in large area
EGaIn junctions and whether the crossover length and
temperature dependence (i.e., activation energy in the hopping
regime) were the same as measured by small area CP-AFM
based junctions.
In the new EGaIn based data reported here, a clear transition

in transport mechanism is indeed observed near 4 nm in wire
length, as has been reported previously using CP-AFM.34−37

That is, for wires <4 nm, the conductance decreases
exponentially with length with a decay constant β of 2.92 ±

0.13 nm−1, and for wires >4 nm, the apparent decay constant β
is 1.01 ± 0.08 nm−1, similar to the values found by CP-AFM
(i.e., 3.0 ± 0.08 and 0.9 ± 0.07 nm−1,37 respectively).
Furthermore, for long wires, the transport is thermally
activated, consistent with hopping; the activation energy of
0.245 ± 0.008 eV also agrees very well with previous CP-
measurements (0.280 eV).37 From the general molecular
electronics perspective, it is gratifying that these two platforms,
which differ by 7 orders of magnitude in terms of the contact
areas they provide, can achieve such similar results.
Furthermore, the EGaIn results reported here represent the
first time a clear crossover behavior from tunneling to hopping
has been observed in a large area junction, providing
confirmation of this important result. However, the resistances
of the OPI wires, normalized for effective electrical contact area,
differ by 2 orders of magnitude between the two platforms.
This is likely due to a combination of imperfect area
normalization and differences in contact resistance, a point
we will return to later.
Importantly, the EGaIn platform also allows AC impedance

measurements on molecular junctions.38,39 Thus, an additional
goal of this work was to perform AC impedance measurements
on OPI wires for the first time. These new data corroborate and
extend the DC results. Specifically, a simple equivalent circuit
consisting of a contact resistance RC in series with a parallel
combination of the OPI resistance (ROPI) and capacitance
(COPI) was sufficient to fit the Nyquist and Bode plots. The
ROPI from AC measurements also showed a crossover from

Figure 1. Schematic illustration of the OPI wire based junction. The OPI monolayers are attached to the Au via metal−thiolate bonds and form a
van der Waals contact with the top electrode (not drawn to scale). (a) The top-electrode is a non-Newtonian liquid metal stabilized in a through-
hole in PDMS. EGaIn = eutectic alloy of Ga and In, GaOx = native gallium oxide layer which is highly conductive and 0.7 nm thick, PDMS =
polydimethylsiloxane.38,44,69 (b) The top electrode is Au coated AFM tip (∼50 nm in thickness).36,37,51 Tilt angle α is defined as the angle of the
SAM with respect to the surface normal. The illustrations are not drawn to scale.
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tunneling to hopping near 4 nm, similar to DC measurements.
Furthermore, the dielectric constant of the OPI films normal to
the substrate was extracted for the first time from COPI and the
result agreed well with theoretical calculations of conjugated
SAMs.40 In general, the agreement obtained for OPI wires
between the EGaIn and CP-AFM testbeds provides a good
example of the consistency and reproducibility that can be
obtained in current molecular electronics experiments based on
well-characterized π-conjugated molecular films.

■ EXPERIMENTAL METHODS
Materials and Reagents. Au pellets were purchased from

Mowrey, Inc. (St. Paul, MN). Silicon wafers were purchased from
Wafer Net (San Jose, CA). 4-Aminothiophenol (4-ATP), tereph-
thalaldehyde, 1,4-benzenediamine, and benzaldehyde were purchased
from Sigma-Aldrich (St. Louis, MO) and used as received. Absolute
ethanol was purchased from Decon Laboratories (King of Prussia,
PA), and dimethyl sulfoxide (DMSO) was purchased from Fisher
Scientific (Waltham, MA). 4-Formylthiophenol (4-FTP) was synthe-
sized according to the literature.41,42

Synthesis of OPI Wires. Au substrates were prepared by electron
beam evaporation. Cr (50 Å) was first evaporated on bare Si wafer
followed by 500 Å of Au using a CHA evaporator (SEC 600) at a rate
of approximately 1 Å/s and base pressure of ≤2 × 10−6 Torr. The Au
substrates were then immersed into purged solutions of 1 mM 4-ATP
(absolute ethanol) or 4-FTP (DMSO). After 24 h, the SAM-coated Au
substrates were removed from the thiophenol solution and rinsed
thoroughly with absolute ethanol to remove physisorbed molecules
before immersing them into Ar purged 20 mM solution in ethanol
containing the next dialdehyde or diamine derivative depending on the
wire design. Detailed synthesis procedures for OPI wires can be found
in reference 45.
Surface Characterization (RAIRS, XPS, UPS, and NEXAFS).

Reflection−absorption infrared spectra (RAIRS) were collected with a
Nicolet iS50 spectrometer with a Harrick Seagull accessory for grazing
angle specular reflectance measurements. The incident angle for the p-
polarized IR beam was 84° from the surface normal. For each sample
and background, an average of 300 scans at a resolution of 2 cm−1

were collected after 15 min of purging with dry air. The XPS, UPS, and
NEXAFS spectroscopy were performed at the SINS (Surface, Interface
and Nanostructure Science) beamline at the Singapore Synchrotron
Light Source (SSLS).43 We measured all the samples at room
temperature in an ultrahigh vacuum (UHV) chamber with a base
pressure of 1 × 10−10 mbar. A sputter-cleaned gold foil was in electrical
contact with the samples to calibrate the photon energy of the Au 4f7/2
core level peak at 84.0 eV. The photon energy resolution was 50 meV.
We used a photon energy of 350 eV to probe the C 1s and S 2p states,
and of 550 eV to probe the N 1s state. In UPS measurements, we used
a photon energy of 60 eV and applied −10 V to the sample to
overcome the work function of the analyzer. The UPS spectra were
referenced to the Fermi edge of Au (Figure S3). All XPS and UPS
spectra were normalized by their photon flux of the synchrotron light
recorded during the measurements. We carried out the angular-
dependent NEXAFS spectra at C K-edge in the Auger electron yield
mode with a Scienta R4000 electron energy analyzer. The synchrotron
light was linearly p-polarized with a polarization degree of 90% and the
photon energy resolution was 200 meV. We normalized the NEXAFS
spectra to the incident photon flux, and then normalized to have the
same absorption edge step height well above the absorption edge. Two
incident angles (θ, the angle between the incident light and the sample
surface), normal incidence (θ = 90°) and grazing incidence (θ = 20°),
were used to record the NEXAFS spectra in order to calculate the tilt
angle (α, the angle between the long axis of the molecular wire and the
surface normal) of the OPI molecular wire (see detailed methods in
Supporting Information page S7).

Junctions with GaOX/EGaIn Top-Electrodes. The method to
form electrical contacts has been reported elsewhere.44 The GaOx/
EGaIn confined within a through-hole in the transparent rubber
PDMS (polydimethylsiloxane) served as the top-electrode with a
geometrical area of 9.6 × 102 μm2. We placed the top-electrode gently
in contact with an Au bottom-electrode that supported the OPI wires
for conducting the transport measurements. The J (V) measurements
were carried out using a Keithley 6430 source meter and data were
acquired using LabView 2010. We measured the impedance of these
junctions using an impedance analyzer (model Solartron 1260A with
1296A dielectric interface) in reference mode with a standard 10 pF
capacitor as the external reference. Before we started the impedance
measurements, we determined the J (V) characteristics of the devices

Figure 2. (a) Molecular structure and stepwise wire growth of OPI wires starting from 4-FTP. (b) Molecular structure of OPI wires capped with
benzaldehyde, and the corresponding RAIRS spectra (c). (d) Normalized peak area of the CN (1625 cm−1) stretch mode as a function of the total
number of Schiff base reactions.
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and recorded the values of J over the range of biases of −0.50 to 0.50 V
(one trace ≡ 0 V → 0.50 V → −0.50 V → 0 V) at intervals of 20 mV.
The scan rates for the current voltage measurements were in the range
0.06−0.1 V/s. The temperature dependent J (V) measurements were
performed in a probe station (Lakeshore CRX-VF) at a pressure of 3 ×
10−5 bar.

■ RESULTS AND DISCUSSION
Wire Synthesis and Characterization. Figure 2a shows

the stepwise growth of OPI wires starting from a monolayer of
4-formylthiophenol (4-FTP); the stepwise growth from a SAM
of 4-ATP is shown in the Supporting Information. This method
facilitated high yield, subnanometer control of wire length
along the sample normal as shown previously.45 Figure 2b
shows the wire capping step, i.e., amine terminated wires with
even (4-FTP, Figure 2b) and odd (4-ATP, Figure S1) numbers
of phenyl rings were reacted with benzaldehyde to obtain a
consistent terminal group which facilitated reproducible
electrical characterization. Figure 2c displays the reflection
absorption infrared spectroscopy (RAIRS) spectra of capped
OPI wires with odd numbers of phenyl units. The intensity of
the CN stretch peak (1625 cm−1) and CC stretch peak
(1500 cm−1) increased with the number of repeat units as
expected. Figure 2d represents the normalized peak area of the
imine stretch as a function of the total number of click steps,
which increases approximately linearly.
Figure 3 shows the angle-dependent NEXAFS spectra of

OPI-3, OPI-7, and OPI-11, and the tilt angles (α; defined in

Figure 1) of the molecular wires (spectra of OPI-5, and OPI-9
are plotted in Figure S2). The values of α for all five molecules
we measured are between 33° and 43°, which is in line with
other reported values of α for SAMs of molecular wire systems
on Au surfaces with a standing-up phase.46 Thus, the NEXAFS
data reveal that the OPI molecular wires from n = 3 to 11, i.e.,
from short to long wire regimes, are tilted.
DC Characteristics. Figure 4a displays the J(V) character-

istics of OPI wires measured with the EGaIn technique. The
J(V) data are often interpreted using the general tunneling

equation (eq 1) where β is the decay constant, d is the length of
the OPI wire (in nm), and J0(V) is the hypothetical current
through the junction for d = 0 nm.

= β−J V J V( ) ( )e d
0 (1)

Equation 1 implies that at a given bias, the current density (J)
decreases with increasing d. Figure 4b shows the semilog plot of
J at V = −0.5 V versus d revealing two distinct regimes of the
exponential decay of J with a crossover near 4 nm. The error
bars represent 1 standard deviations derived from a total of 60
scans recorded at 3 different sample locations. The change in
the value of β indicates that the transport mechanisms in the
short and long molecular wires are different. The red solid lines
represent fits to eq 1. The short molecular wires (OPI 2−OPI
5) yield β = 2.84 ± 0.18 nm−1, while the long molecular wires
yield an apparent β = 1.01 ± 0.08 nm−1 (“apparent” because
tunneling does not occur in this regime; see below). The
absence of hysteresis in the J(V) curves obtained from both
platforms indicates that charging effects can be neglected. We
wish to note that the role of defects in the EGaIn junctions
have been studied in detail and can be neglected provided
ultraflat bottom-electrodes are used and the geometrical
junction area is kept below 9.6 × 102 μm2.47,48

The value of β depends on various factors including the
nature of the bonds in the molecular backbone, energy level
alignment, and transport mechanism.49,50 The β value of 2.84 ±
0.18 nm−1 is typically observed for aromatic monolayers in the

Figure 3. Angle dependent C K-edge NEXAFS spectra of OPI-3, OPI-
7, and OPI-11. The black and red traces correspond to 20° and 90°
incident angles, respectively, measured from the sample surface.

Figure 4. DC J−V measurements on EGaIn junctions. (a) The average
J(V) traces for the Au-OPI//GaOx/EGaIn junctions for OPI wires of
different lengths. (b) J vs molecular length at V = −0.5 V. The red
solid line represents fit to eq 1. Error bars represent 3 standard
deviations.
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tunneling regime, but the very low value of β = 1.01 ± 0.08
nm−1 is characteristic for hopping (note that here we did not
change the nature of the backbone of the SAM or the nature of
the molecule-electrode interfaces). In hopping transport, charge
is injected into the molecular backbone from one contact, and
driven along to the other contact via the applied electric field.
This regime has different temperature, bias, and length
dependences than the tunneling regime.36,37,51−55 Lateral or
intermolecular charge transport can be neglected since the
electric field is very large along the sample normal
(approximately 2 MV/cm). Nevertheless, it is very clear that
there is a change in the length dependence when wire length
crosses over 3−4 nm.
To confirm the mechanism crossover, we performed

temperature dependent J(V) measurements on short (OPI 4)
and long (OPI 7) molecular wires. The J(V,T) data are shown
in Figure 5. Junctions with the short molecular wire OPI 4
show temperature independent J(V) curves indicating that
charge transport in these short wires is dominated by through
bond tunneling. On the other hand, the temperature dependent
J(V) curves for junctions with OPI 7 indicate that the long
molecular wires display activated hopping transport. We
determined the activation energy, Ea, by fitting the plot of ln
J versus 1/T at V = 0.6 V (Figure 5d) to the Arrhenius equation
(eq 2):

=
−⎛

⎝⎜
⎞
⎠⎟J V T J V

E
k T

( , ) ( ) exp0
a

B (2)

where kB is the Boltzmann constant. For junctions with OPI 7
wires, we found Ea = 245 ± 8 meV.
The origin of the activation energy, Ea, may be rationalized

on the basis of the Marcus theory of electron transfer, which is
expressed by eq 3:56,57

π
λ

λ
λ

=
ℏ

− + Δ °⎛
⎝⎜

⎞
⎠⎟k

k T
G

k T
H exp

( )
4ET 2

B

2
2

B (3)

where kET is the charge hopping rate, H is the effective
Hamiltonian that couples initial and final states, ΔG° is the
voltage-dependent thermodynamic driving force, λ is the
reorganization energy and includes contributions from
electronic and nuclear rearrangements, and T is the temper-
ature. Thus, Ea can be expressed as (λtotal + ΔG°)2/4λtotal. The
obtained value of 245 ± 8 meV for Ea is comparable to our
previous result for OPI wires by CP-AFM,37 and decreases with
applied bias as shown in Figure S5. This decrease is likely due
to the increase in |ΔG°| with applied V. Our previous work on
oligonapthalenefluoroeneimine (ONI) wires34 and oligo-
tetrathiafulvalene-pyromelliticdiimide-imine (OTPI) wires35

has shown that Ea is influenced by molecular conformation
(e.g., planarity), and the HOMO−LUMO gap (extent of
delocalization). For OPI wires, the ultraviolet (UV) visible
absorption spectra indicate that conjugation does not extend
over the entire wire, i.e., the optical band gap does not reduce
beyond OPI-3,37 consistent with the picture that the charge
makes multiple hops along each chain. Ea may depend on
torsional motions within the OPI wires that transiently couple

Figure 5. Variable temperature EGaIn DC bias measurements for (a) OPI-4 and (c) OPI-7 wires. The activation energy was calculated from the
Arrhenius plot of ln J(T) versus (1/T). Error bars represent one standard deviation.
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conjugated subunits along the chain.51 Indeed 245 meV
corresponds very well to the typical torsional vibrations in
conjugated molecules. If ΔG° is estimated to be around −25
meV (for low bias), then the solution to Ea = (λtotal + ΔG°)2/
4λtotal yields total reorganization energy of ∼1.1 eV. Detailed
analysis of Ea is, however, not our principal focus here.
AC Characteristics. An important advantage of the EGaIn

molecular junction versus other platforms is that it can be
employed easily to measure AC transport by impedance
spectroscopy.38,39,58 The complex impedance Z is more general
than resistance since it contains amplitude and phase
information.59 Figure 6a shows the frequency dependence of

the modulus of the complex impedance (|Z|) for different
molecular wires (OPI-2 to OPI-12) formed on Au. The
Nyquist plots (Figure S6) show only one semicircle which
indicates the presence of one capacitor (COPI) in the equivalent
circuit. The modulus |Z| increases over 4 orders of magnitude as
the estimated molecular length changes from 1.5 nm (OPI 2)
to 7.5 nm (OPI 12). The frequency dependence of |Z| is nearly
constant at low frequencies (dominated by the resistance of the
molecular wire), but decreases with increasing frequency as the
capacitive reactance (Xc = 1/ωnCOPI) decreases with frequency
ω.38,39

To fit the impedance data, we used an equivalent circuit
consisting of a contact resistance RC in series with a parallel

combination of a constant phase element (CPE) and ROPI. The
CPE is modeled by an additional exponential empirical
constant (n) on the reactance equation that is often used to
account for nonideal capacitance due to defects in the
semiconductor material (e.g., grain boundaries and surface
roughness). For n = 1, the CPE is the same as an ideal
capacitor. Table S1 shows that n = 0.99−0.994 for the short
wires but then monotonically decreases to 0.975 for the long
wires. In this study, we used e-beam deposited Au films that
generate relatively small grains with deep grain boundaries,
compared with smooth surfaces, i.e., template-stripped Au
substrates (more later). Thus, there are defects in the wires
caused by the topography of the Au films resulting in n values
slightly lower than 1. The small decrease in the value of n as a
function of wire length is likely caused by a small increase in the
number of defects with wire length. Importantly, the plateau
value at low frequency in Figure 6a is equal to the sum of RC
and ROPI.
Figure 6b shows the phase ϕ against the frequency. The

phase increases to 90° as the frequency increases, and high
frequency impedance is dominated by the capacitance (for
capacitors, ϕ is 90°, while for ideal resistors, ϕ is 0°). From
Figure 6a,b, it is therefore clear that up to a roll-off frequency
associated with the kinks in the |Z| vs ω and the ϕ vs ω curves,
the wires exhibit resistive behavior. For frequencies higher than
the roll-off ω, the response becomes increasingly capacitive. We
were able to fit the Figure 6a behavior to eq 4 based on the
equivalent circuit described above.

ω
ω

ω
= +

+
−

+

⎛
⎝⎜

⎞
⎠⎟Z R

R
R C

j
C R

R C1 1n

n

nC
OPI

OPI
2 2

OPI
2

OPI OPI
2

OPI
2 2

OPI
2

(4)

The values of ROPI, COPI, and n for each wire obtained from the
fit are summarized in Table S1.
Figure 7a displays the molecular length dependence of ROPI

obtained by impedance measurements. Clearly short OPI wires
show a different trend compared to the long molecular wires.
Near a molecular length of 4 nm, the OPI wires show a
transition in the slope. Modifying eq 1, we can relate d to ROPI
where ROPI,0 is the pre-exponential factor.

= βR R e d
OPI OPI,0 (5)

When we fit the data in Figure 7a to eq 5, the short molecular
wires (OPI 2−OPI 5) yield β = 2.92 ± 0.13 nm−1, while the
long molecular wires yield an apparent β = 0.99 ± 0.11 nm−1.
These β values are close to the values estimated using the DC
J(V) data (Figure 5) indicating the consistency in our transport
measurements. Figure 7b shows the variation of contact
resistance with molecular length. The contact resistance is
likely dominated by the molecular wire//GaOx interface which
is of van der Waals type. The molecular length independent RC
indicates that the van der Waals type interface is similar for all
the molecules as observed for other molecular systems with
GaOx/EGaIn as top contact.38,39

COPI is plotted as a function of 1/d in Figure 7c and it follows
a straight line fit given by the parallel plate capacitance relation
(eq 6)

ε ε=C A d/OPI 0 r,OPI geo (6)

where ε0 is the permittivity of the free space, εr,OPI is the
dielectric constant of the wires, and Ageo is the geometrical area
of the electrode. Fitting COPI values to eq 6 gave a value of εr,OPI

Figure 6. EGaIn AC Impedance measurements. (a) Frequency
dependence of |Z| for different OPI wire length. (b) The phase
angle vs frequency plots.
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of 4.3 ± 0.2. This parallel capacitance model holds for our
system because the separation between the plates (length of
OPI films) is much smaller than the contact area. The error
bars were tabulated using the nonlinear least-square method
from a total of 15 scans at 3 different sample locations.
Recently, Ratner et al. used first principle calculations to

show that the dielectric constant is strongly influenced by the
SAM properties such as polarizability, surface coverage, tilt
angle, and configuration.40 Our obtained εr,OPI value of 4.3 is
approximately 17−20% different than the calculated εr values of
conjugated polyyne SAMs. Even though our OPI wires contain
more polarizable repeat units than polyyne SAMs, the nonzero
dihedral and tilt angles of the OPI wires disrupt molecular
planarity and suppress electron cloud polarizability by the
electric field, which presumably results in lower εr,OPI values.

Comparison of EGaIn and CP-AFM Measurements.
When comparing molecular electronics testbeds, it is important
to identify quantities that are intensive, i.e., independent of the
junction area, versus extensive, i.e., dependent on junction area.
Considerable uncertainties in junction areas can make
comparison of extensive quantities difficult. However, intensive
quantities should be directly comparable.

Measured Intensive Quantities. The area independent
transport characteristics such as β, crossover length, hopping
decay slope, and Ea are summarized in Table 1 for both CP-

AFM and EGaIn junctions. There is remarkable agreement
between the intensive transport characteristics of EGaIn and
CP-AFM junctions. The β values for instance agree within 10%,
the crossover lengths are identical, and the activation energies
agree within 13%. Collectively, these results indicate excep-
tional reproducibility in these key area-independent transport
parameters across two very different platforms for charge
transport.

Measured Extensive Quantities. On the other hand, it is far
more challenging to compare absolute resistance values for the
two junctions as resistance depends on the number of
molecules in active electrical contact. Further, the geometrical
contact areas for the EGaIn and CP-AFM junctions differ by a
factor of ∼107. Computational work by Landau et al. has shown
that for junctions with tens of molecules, the conductance
should scale linearly with the number of contacted molecules.60

Thus, the total resistance can be described by eq 7:

= + + = = ΓR r r r n r A r1/ 1/ 1/ 1/ ... / /OPI mol OPI (7)

where r is the resistance per molecule, and nmol is the number of
molecules in the junction, which is determined by the surface
coverage (ΓOPI) and junction area (A). The surface coverage for
OPI wires on Au was found previously to be 3.5 molecules/
nm2.45 Note that this coverage value is the same for both the
EGaIn and CP-AFM platforms as both used OPI wires grown
on Au prepared by the same method. With the use of this
coverage value, the total number of molecules within the CP-
AFM junction is approximately 200, and 3 × 109 for the EGaIn
junction based on the geometrical contact areas.
Figure 8 displays the estimated single molecule resistances r

as a function of d for CP-AFM junctions along with the
measured AC and DC r values for the EGaIn junctions. The
initial values (black squares vs blue triangles) differ by a colossal
6−7 orders of magnitude. The relevant sources of discrepancies
between the two testbeds are discussed below.

Correcting for the Effective EGaIn Electrode Contact Area.
Akkerman et al. summarized in a review that the observed
resistance per molecule increases with increasing geometrical
area of the junctions.28 In other words, the observed resistances
per molecule in large area SAM based junctions are 7 orders of
magnitude larger than those values obtained from single
molecule experiments.28 Whitesides et al. postulated that one of
the “culprits” for this large discrepancy could be the difference

Figure 7. EGaIn AC impedance results. (a) Resistance of the
molecular wires (ROPI) vs length. Red solid lines are fits to eq 5. (b)
The contact resistance (RC) as a function of wire length. The red
dashed line is a guide to the eye. (c) Capacitance of the molecular
wires (COPI) vs inverse length. The red solid line represents the fit to
parallel plate capacitance relation (eq 6). Error bars represent 3
standard deviations.

Table 1. Comparison of Intensive (Area Independent)
Transport Characteristics of CP-AFM and EGaIn Junctions

junction
platform

βTunneling
(nm−1)

crossover
length (nm)

activation
energy (meV)

βHopping
(nm−1)

CP-AFM37 3.0 ± 0.08 4 280 0.9 ± 0.07
DC EGaIn 2.84 ± 0.18 4 245 ± 8 1.01 ± 0.08
AC EGaIn 2.92 ± 0.13 4 NA 0.99 ± 0.11
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between effective electrical contact area (area of the electrode
in direct contact with molecules) and the geometrical contact
area.61,62 Their results showed that the effective contact area of
the EGaIn top contact is approximately 10−4 times smaller than
the geometrical contact area for alkyl thiol SAMs on a template-
stripped Ag substrate.61 In that work, a correction factor of 10−3

was reported to account for the surface roughness of the
EGaIn/GaOx top-contact and an additional roughness factor of
10−1 was included for the template stripped bottom-contact.
Correcting for the Au Substrate Roughness. In this study,

the relatively large roughness associated with thermally
deposited Au (not template-stripped) further reduces the
total number of contacted molecules. The correction factor for
the bottom Au electrode was calculated using a similar method
outlined by Whitesides et al. based on a high resolution STM
image of the Au electrode.61 The STM image pixel count within
the first 2 Å from the topmost average plane of the image in
Figure 9 was calculated, and this resulted in an additional
roughness correction factor of 10−1.5. This correction,
combined with the factor of 10−3 mentioned above for the
EGaIn electrode, gives a combined area correction factor of
10−4.5. The red and green data points in Figure 8 show the r vs
d behavior after correcting by this factor. It is clear that there is
still a large difference between the EGaIn and CP-AFM values
of r of approximately a factor of 102.
Role of Contact Resistance and Electrode Work Function.

Importantly, based on the red and blue data points in Figure 8,
we estimate that the contact resistances per molecule for DC
EGaIn and CP-AFM junctions are approximately 500 and 1
MΩ, respectively, a substantial difference. These contact
resistances (at d = 0 nm) were extrapolated from linear fits
of the semilog plots of r vs d in the tunneling regimes (red and
blue symbols in Figure 8). It is well-known that contact
resistances are strongly influenced by the work function of the
electrodes and nature of contact (physisorbed vs chem-
isorbed).49,63−67 For example, we have previously reported
that contact resistance for SAMs of alkyl thiols decreased by 2
orders of magnitude with increasing work function of the metal
contacts.64 That is, contact effects can result in orders of
magnitude changes in absolute resistance; the effects are
comparable to the corrections for effective contact area. It is not
surprising that the contact resistance is substantially higher for
EGaIn versus CP-AFM junctions given the presence of the
GaOx interlayer and the lower work function of EGaIn versus
Au top contact (4.2 vs 5.1 eV). In EGaIn junctions, the native
0.7 nm thick layer of GaOx acts as a protective barrier that
prevents the bulk EGaIn from alloying with the bottom-

electrode. It has been shown that resistance of GaOx is about
100 times more than that of bulk EGaIn.17,38,39,61 For these
reasons, we believe that the difference in the observed values of
r between the CP-AFM and EGaIn junctions of 2 orders of
magnitude (after correction for effective electrical contact area)
is caused by contact resistance between the SAM//top-
electrode.

■ CONCLUSION
DC and AC electrical characterization have been measured for
a set of systematically synthesized conjugated oligophenylenei-
mine wires varying between 1.5 and 7.5 nm in molecular length
via the EGaIn top contact approach. The EGaIn junction
affords access to both AC measurements and high precision
variable temperature measurements which are critical for
understanding transport mechanisms. The DC bias J−V results
indicated a clear crossover from tunneling to hopping transport
near 4 nm. Thus, this crossover was confirmed in a large area
junction previously observed only in CP-AFM based junctions.
Variable temperature measurements indicated thermally
activated transport for long wires with activation energy of
0.245 ± 0.008 eV in line with previously reported CP-AFM
data. AC impedance spectroscopy measurements were utilized
to calculate the wire resistance, wire capacitance, and for the
first time, the dielectric constant of the wires. The AC results
also indicated a similar crossover from tunneling to hopping
transport near 4 nm with a decay constant β of 2.92 ± 0.13
nm−1 in the tunneling regime, and 0.99 ± 0.11 nm−1 in the
hopping regime. Our results show excellent overall agreement

Figure 8. A semilog plot of resistance per molecule versus molecular
length for OPI wires obtained from CP-AFM37 and EGaIn testbeds.
Representative error bars are shown on select points.

Figure 9. (a) Scanning tunneling microscopy image of a typical Au
substrate. (b) Surface area available for contact (white area) estimated
via digital analysis of the STM image in (a). The contact area (3.1%)
was estimated as the number of pixels within 2 Å from the topmost
average plane of the image in (a).
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between EGaIn and CP-AFM junctions for the measured
intensive (area independent) quantities such as the length
decay constant, crossover length, and activation energy. On the
basis of these results, we conclude the differences in estimated
resistance per molecule (extensive, area dependent quantity) in
our large and small area junctions reflect correction factors for
effective contact area due to roughness and contact resistance
due to differences in the work function of the electrodes. Future
work will exploit the impedance spectroscopy and variable
temperature approaches afforded by the EGaIn junctions to
examine the connection between wire architecture and
transport in the hopping regime.
Studies that compare charge transport characteristics for a

given molecular structure to gauge reproducibility across
different testbeds are rare, though there are prior examples.
For example, Chiechi et al. found good agreement between
EGaIn and CP-AFM junctions based on monolayers of
photosystem I.68 However, due to the lack of cross testbed
studies, a general explanation for the large observed discrepancy
in absolute resistances per molecule is lacking.29 In agreement
with Whitesides et al.,61 our results indicate that the surface
roughness of the electrodes can account for 5 orders of
magnitude of spread in the data. We believe in our case that the
moleculeelectrode contact resistances account for 2 orders of
magnitude difference in absolute values of r. More studies are
needed to confirm whether effective contact areas and contact
resistances can in general account for the large spread of r
values across other small and large area junctions.
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