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ABSTRACT: A major obstacle for transforming large-area
molecular junctions into a viable technology is the deposition of
a top, metallic contact over the self-assembled monolayer (SAM)
without chemically damaging the molecules and preventing an
interface-limited charge transport. Often a thin conducting layer is
softly deposited over the SAM to protect it during the deposition
of the metal electrode which requires conditions under which
organic molecules are not stable. We report a new protective layer
based on carbon paint which is highly conductive and has metallic-
like behavior. Junctions made of SAMs of n-alkanethiolates
supported by Au were characterized with both dc and ac
techniques, revealing that carbon paint protective layers provide a solution to three well-known challenges in molecular junctions:
series resistance of the leads, poor interface conductance, and low effective contact area related to the roughness of the interfaces.
Transport is constant with coherent tunneling down to 10 K, indicating the carbon paint does not add spurious thermally activated
components. The junctions have both high reproducibility and good stability against bias stressing. Finally, normalized differential
conductance analysis of the tunneling characteristics of the junctions as a function of molecular length reveals that the scaling voltage
changes with molecular length, indicating a significant voltage drop on the molecules rather than on the molecule−electrode
interface. There is a clear inverse dependence of the scaling voltage on length, which we deduced has a tunneling barrier height of
close to 2 eV. The paper establishes the reliability of carbon paint protective layers and provides a procedure for discriminating
genuine molecular effects from interfacial contributions.

■ INTRODUCTION
Molecular tunnel junctions work at the nanoscale where
quantum effects dominate and are in many ways comple-
mentary to existing technologies.1−5 Large-area junctions are
based on self-assembled monolayers (SAMs), or monolayers of
covalently linked molecules, and are, unlike single-molecule
junctions, in principle scalable.5 It remains challenging,
however, to fabricate these junctions on large scales as the
SAMs are not stable under typical fabrication conditions. To
avoid damage to the SAMs during fabrication and to block
diffusion of metallic atoms and associated formation of metal
filaments, conductive protective layers (PLs) on the mono-
layers have been used, such as conductive polymers,3,6,7

electron-beam-deposited carbon (e-C),8,9 nanoparticles coated
with a thick layer of polymer,10 multilayer graphene
(MLG),11−13 or reduced graphene oxides (rGO),14 but they
introduce artifacts such as series resistance that limits the
minimum SAMs thickness that can be measured and unwanted
temperature effects in the electrical characteristics of the
junctions; in addition, some PLs limit scalability (see Table 1).
This paper describes a new PL based on carbon paint (CP)
with the following advantages: (i) it can be directly spin coated
onto SAMs and protects the SAM during thermal deposition of
the Au top contacts, (ii) it does not introduce temperature

effects in the tunneling characteristics of the junctions down to
8.5 K, (iii) it can be readily incorporated in existing, scalable
fabrication processes, (iv) it has a very low contact resistance
(R0) with the SAMs, (v) it does not introduce stray
capacitances (Cstray), and (vi) it does not suffer from parasitic
currents across the CP layer. Using normalized differential
conductance (NDC) analysis,15−17 we show that the voltage
primarily drops over the molecules, ensuring that molecular
effects dominate the electrical characteristics. These features
make the CP a potentially important PL for applications in
molecular electronics.
It is well known that metal contacts cannot be directly

deposited onto the SAMs due to damage induced by the
impinging metal atoms and clusters and the typically high
processing temperatures encountered in metal deposition,2,18

apart from a few notable exceptions.18−21 For this reason, a
large number of alternative fabrication techniques have been
proposed, but most of them suffer from one or more
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disadvantages (see Table 1 for a brief overview). To avoid
direct metal deposition onto the SAMs, liquid−metal electro-
des, such as Hg22,23 and eutectic gallium−indium alloy
(EGaIn),24,25 have been used, but such junctions lack the
mechanical stability required for potential applications. Akker-
man et al.26 used a conductive polymer poly(3,4-ethylene
dioxythiophene) polystyrenesulfonate (PEDOT:PSS) as a PL,
but this approach only works for hydrophilic SAMs, and the
PEDOT:PSS film itself adds a thermally active component to
the junction characteristics. Puebla-Hellmann et al.10 proposed
Au nanoparticles stabilized with a 3 nm thick layer of
polyvinylpyrrolidone as a PL, but the role of the
polyvinylpyrrolidone and how it interacts with SAMs are
unknown. Lee et al.11,27 showed that MLG is an interesting PL,
but large-scale transfer of MLG obtained by chemical vapor
deposition on Cu is still a technological challenge, and the
presence of residual polymers (used for transfer) and Cu
complicates reproducibility.28,29 Others have used solution-
exfoliated graphene and rGO,30−33 but the role of the ions
within the graphene layers is not understood.
Carbon paints, also called carbon inks, are cost effective,

readily available, and highly conductive.34,35 They are based on
suspensions of 0.2−2 μm graphite particles (carbon black is a
mixture of carbon-based materials obtained from incomplete
combustion) in organic solvents (such as isopropanol, water,
or methyl ethyl ketone).9,36−38 These CPs may contain,
besides an organic solvent, a stabilizing polymer (such as
cellulose resin, fluoroelastomer, poly(acrylic acid), polyvinyl
butyral, or polyimide siloxane)36−38 and therefore require
curing at elevated temperatures (65−150 °C) to yield
conductive films (of 0.02−1.20 kΩ/sq depending on the
thickness of the films typically ranging from 2 to 25 μm).36,37

The surface roughness and resistivity of the CP films typically
vary from 2.5 nm to 5.0 μm35,38−43 and from 5.7 × 10−4 to
11.7 × 10−4 Ω cm, respectively.44 CPs without stabilizing
polymers37 are available and form highly conductive films
simply by drying in air (thus annealing is not required). These
materials can be readily spin coated, inkjet printed, or spray
coated on various substrates (e.g., plastics, paper, or metal) and
have been used to fabricate flexible, wearable, diagnostic, and

foldable electronic devices.45,46 Therefore, the CPs are
interesting to explore as protective barriers for applications
in molecular electronics.
The conductance, G, of a molecular junction is generally

described in terms of transmission probability, τ, which can be
further divided into the probability to cross the two interfaces
τC and the molecular body τmol

47

τ τ= ·G NG0 C mol (1)

The overall conductance is a summation of the transmission
through N noninteracting molecules with a maximal
conductance of the quantum of conductance, G0 (= 0.77
μS). In practice, the measured quantity is often the current
density J (in A/cm2) rather than G (J = GV/A0, where V =
voltage; A0 = geometrical area), and different junction
configurations are commonly compared using eq 2

β| | = | | −J J dlog log /2.30310 10 0 (2)

where β is the tunneling decay coefficient (per carbon number,
n−1), d is the width of the tunneling barrier (i.e., the length of
the molecules in n), and J0 (A/cm

2) is a pre-exponential factor.
The consensus value of β for alkanethiolate (S(CH2)n−1CH3,
or SCn in short) based junctions falls in the range of 0.95−1.10
n−1, but high or low values of β are associated with defective
junctions (Table 1).48,49 Table 1 also shows that the values of
J0 vary orders magnitude from 102 to 109 A/cm2 across the
different junction platforms, but it seems that ∼109 A/cm2 is
the upper limit which has been observed for single-molecule
junctions50,51 and junctions with graphene electrodes.11,27

Comparing eqs 1 and 2 and taking τmol ∝ e−βd/2.3 yields the
following expression for J0

τ= · ·J
A

a
G V f R( )0

f

mol
0 C s

(3)

which identifies three main sources in the variations in J0: (i)
the unknown fraction of the junction area, Af, across which the
current flows, (ii) the unknown value of τC,

52,53 and (iii) the
series resistance of the PL, Rs. The fraction of the junction area,
Af, is defined as the ratio between the effective electrical

Table 1. Characteristics of the Different Types of Large-Area Junctions with S(CH2)n−1CH3 or S(CH2)nS

type of junction/technique PLa
PL-induced
T effect scalable β (n−1)

log10(J0) at 0.5 V
[A/cm2]

fractional coveragen

log A
A10
elec

0
ref

large area/micropore MLGb no no 1.06 ± 0.14 ∼8.3c −0.6 11,27
large area/micropore rGOd yes yes 1.27−0.82 4.0−6.3 −5 to −2.5 12,14,71
large area/micropore mGOe no yes 0.89 ± 0.05 ∼7.0c −2 31,33,72
large area/micropore PEDOT:PSSf yes yes 0.45−0.77 5.0−8.6 −4 to −0.3 6,68,69
large area/EGaIn GaOx

g no limited 0.80−0.94 2−4.2 −7 to −4.5 25,73
large area/micropore NP-PVPh no yes 1.00 ± 0.20 ∼5.0c −4 10
large area/direct metal
deposition

NAi NA yes 1.05 ± 0.08 ∼8.7c −0.2 47,74

large area/micropore CPj no yes 1.08 ± 0.05 6.2 ± 0.5 −2.7 ± 0.5 this work
large area/micropore e-Ck yes yes NA NA NA 8,59,75
small area/(STMl) NA NA no 1.02 ± 0.14 ∼8.9c 0 50,51
small area/(AFMm) NA NA no 1.10 ± 0.1 ∼8.2c −0.7 58,63
single-molecule
junction/STM

NA NA no 0.51−1.09 NA NA 50,51,76,77

aPL is a protective layer. bMLG is multilayer graphene. cRoughly estimated from the J(V) curves in the corresponding references. drGO is reduced
graphene oxide. emGO is monolayer graphene oxide. fPEDOT:PSS is poly(3,4-ethylene dioxythiophene) polystyrenesulfonate. gGaOx is gallium
oxide. hNP-PVP is nanoparticles (NP) stabilized with a polyvinylpyrrolidone (PVP). iNA means “not applicable”. jCP is carbon paint. ke-C is
electron-beam-deposited carbon film. lSTM is scanning tunneling microscopy. mAFM is atomic force microscopy. nFractional coverage is estimated
according to Aelec/A0 = J0amol/(G0VτC), with amol = 22 Å2, G0 = 0.77 μS, V = 0.5 V, and τC = 0.05.
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contact area, Aelec = N·amol (where amol is the molecular
footprint), and the nominal, geometrical area of the junction,
A0

54,55

=A A A/f elec 0 (4)

Consequently, values of Af can be 10−3−10−6 due to the
surface roughness of the electrodes;56,57 the interface trans-
mission (τC) of covalent molecule−electrode contacts is about
2 orders of magnitude higher than that of physisorbed
contacts.52,58 The functional effect of the series resistance,

f(Rs), follows standard electronics ( = +G G
R Gtot 1

mol

s mol
) and is

negligible for Rs ≪ 1/Gmol. There is a fundamental difference
between the contact transmission, τC, and Rs. Unlike Rs, τC is
part of the coherent tunneling process and does not behave as
an independent resistor; therefore, τC cannot be accounted for
by standard methods such as four-probe measurements, as is
common practice with Rs. Therefore, it is nontrivial to account
for the change in τC induced by the PL or to separate τC from
changes in Af.
In principle, the PL can affect both τC and Rs: ineffective

coupling or limited density of states reduce τC, while the
charge carrier mobility through the CP affects Rs. The value of
Rs limits the minimum SAM thickness (or value of n in the
case of junctions with SCn SAMs) that can be measured. For
instance, junctions with PDOT:PSS,26 e-C,59 and rGO12,14 are
limited to n ≥ 8. Here, we show that CP-PL yields junctions
with SAMs of SCn with β = 1.09 ± 0.04 n−1 and a high J0 of
106.20±0.53 A/cm2. We observe a high τC and low Rs resulting in
a low enough overall CP-induced resistance to enable one to
measure thin SAMs with n ≥ 4. A high effective contact area
with the SAM due to efficient wetting of the SAM by the CP
explains the observed improvement in τC. To the best of our
knowledge, this paper describes for the first time three different
roles of the contact and evaluates them quantitatively.
Acknowledging and learning how to control them are
important toward the continuous effort of the community to
improve molecular junctions.

■ RESULTS AND DISCUSSION
Fabrication of the Devices. Figure 1 shows a schematic

illustration of the junctions (we fabricated 132 junctions per
1.0 × 1.0 cm2) where the CP layer protects the SAM inside the
micropores during deposition of the Au top electrode. The
micropores (with a diameter of 10 μm) were fabricated in
AlOx on an ultrasmooth template-stripped Au (AuTS) bottom
electrode obtained with template stripping using a previously
reported procedure.60 Since in template stripping a glue
(Norland No. 61) is used, the fabrication process has to be
performed at low temperature and using solvents that are
compatible with the glue.
Figure 2 shows all of the fabrication steps of the devices.

Briefly, Au (150 nm) was deposited on a Si wafer with its
native SiO2 layer by shadow mask deposition (Figure 2A)
followed by template striping (Figure 2B and 2C). On the
entire surface, 35 nm Al2O3 was deposited by atomic layer
deposition at 90 °C (Figure 2D) followed by spin coating of
poly(methyl methacrylate) (PMMA) and patterning with
electron-beam lithography. Then we etched 10 ± 0.5 nm of
Al2O3 by deep reactive ion etching to form micropores (Figure
2E) followed by removal of the PMMA by cleaning with O2
plasma (3 min, pressure ≈ 10−2 mbar). In the second etching
step with aqueous NH4F (40%), the Al2O3 was etched through

to expose the AuTS surface (Figure 2F). The SAMs were
formed by immersion of the substrates in the corresponding
ethanolic solutions of the mercaptoalkanethiols (Figure 2G).
The CP was spin coated on the entire sample at 6000 rpm
(Figure 2H) followed by deposition of the Au top electrode by
shadow mask deposition (Figure 2I) after which the excess CP
was removed by oxygen plasma etching (Figure 2J).

Characterization of Protection Layer. The CP we used
was obtained from Structure Probe Inc. (SPI) and is based on
graphite flakes suspended (density = 0.88 kg/L) in
isopropanol, which forms films with a sheet resistance of 1.2
kΩ/sq for 25 μm thick films37 (for our application, however,
the vertical resistance is important to consider as discussed
below). We chose this CP for the following 5 reasons: (i) it
does not require annealing as the isopropanol readily
evaporates during spin coating (SAMs decompose at elevated
temperatures of >340 K),61,62 (ii) it does not contain
stabilizing polymers which may intercalate with the SAM and
introduce additional resistances and unwanted temperature
effects in the junction, (iii) it is well defined and only consists
of graphite flakes unlike inks based on carbon black (which is
essentially soot) or (reduced) graphene oxides which are
highly defective and contain ions used for exfoliation, (iv) it is
highly solution processable, the suspension is highly stable (see
Figure S1), and its viscosity can be easily tuned by simply
diluting with isopropanol, and (v) it has a work function of
4.34 ± 0.05 eV (Figure 3A) which is close to that of the Au
electrode coated with a SAM (4.2 eV).63 To reduce the film
thickness, we diluted the CP by a factor of 5 with freshly
distilled isopropanol (which leaves no solid residues upon
evaporation) followed by spin coating at 6000 rpm to yield a
film thickness of 1.0 ± 0.2 μm measured using a profilometer
(see Section S1, Figure S2). Figure 3B shows the scanning
electron microscopy (SEM) image of the CP layer. The SEM
image shows that the CP forms a continuous film of graphite
flakes (inset of Figure 3B), and we determined the size
distribution of the graphite flakes from SEM images recorded
on dilute layers of CP on AuTS (see Section S1 and Figure S3).
The size of graphite flakes is 0.18−0.20 μm, which is
independent of the lot number of this commercially available
CP. To investigate the surface roughness of the AuTS−SAM//
CP interface, we deposited CP on AuTS supporting a SAM of

Figure 1. Schematic illustration of the molecular tunnel junction
(AuTS−SCn//CP//Au) with carbon paint (CP) as a protective layer:
TS indicates template stripped, “−” indicates a covalent interface, and
“//” indicates a noncovalent interface.
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SC12 and then used Scotch tape to remove the CP film from
the AuTS surface and expose the CP film that had been in
contact with the Au surface (see Section S1); this template-
stripped CP film was imaged by tapping mode atomic force
microscopy (AFM). The AFM image (Figure 3C) reveals a
root-mean-square surface roughness of 2.1 ± 1.0 nm measured
over an area of 1.0 × 1.0 μm2 (Figure S5 shows the line
profiles) which falls in the range of previously reported values
for exfoliated graphene and rGO films.35,39−43 The line profiles
reveal the presence of “pits” with a depth of 20 nm, which are
about 50 times smaller than the thickness of the CP film; this
indicates that the CP layer forms a continuous film and that
the Au top electrode cannot form direct contacts with the
SAM. The area available to form electrical contact is estimated
from AFM image analysis of each surface using nasoscope
software as reported before.55 The AFM image of the CP layer
(Figure S6C) yields an available area of 13%. For the bottom
electrode, Figure S3 shows the AFM image of AuTS−SAM
inside micropores (with a diameter of 10 μm) and the
estimated area available to form electrical contact is ∼11% of
the geometrical surface area of the bottom electrode (Figure
S6B). Thus, the value of Af for the junction (i.e., multiplication
of available area for the top and bottom electrode) is on the
order of ∼10−2, which is about a 2 orders of magnitude
improvement over cone-shaped tip EGaIn junctions for which

Af = 10−4. This observation can be explained as the graphite
flakes are likely deposited in a parallel orientation with respect
to the SAM during spin coating.
X-ray photoelectron spectroscopy (XPS) was used to study

the chemical composition of the template-stripped CP film.
We carried out the XPS measurements on freshly template-
stripped CP films from AuTS supporting a SAM of SC12 which
were cleaned in situ by mild sputtering with argon ions at low
acceleration voltages (1.0 kV, 0.1 μA, 300 s). To determine the
batch-to-batch consistency of the CPTS

films, we measured
XPS from CPTS

films prepared from the three different batches
of CP (lot numbers 1220501, 1230420, and 1239429). Figure
S7 shows the XPS survey scans of template-stripped CP films
before and after cleaning with Ar sputtering, Figures S8 and S9
show the corresponding high-resolution C 1s and O 1s XPS
spectra; see section S2 for detailed analysis. The survey scans
(Figure S7) show a strong C 1s peak at 284.3 eV, a O 1s peak
at 532.4 eV, and a weak O(KLL) Auger band between 955 and
985 eV, but Au 4f and S 2p signals are absent (from which we
conclude that Au and the SAM remained intact during
template stripping of the CP layer). The amount of oxygen
decreased from 15 ± 2% to 5 ± 1% after in situ sputter
cleaning. This decrease in oxygen content indicates the
presence of adventitious materials on the ex-situ-prepared
CP films. The residual 5% oxygen in the CP film may originate

Figure 2. Fabrication process of the AuTS−SCn//CP//Au junctions based on SAMs on template-stripped Au inside micropores (with a diameter of
10 μm) with a carbon paste (CP) protective layer and Au top contacts. All fabrication steps are explained in the main text.
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from the solvent (isopropanol), which contains an OH group
(although its presence under ultrahigh-vacuum conditions is
unlikely), or physisorbed water or oxygen introduced during
preparation of the CP films (e.g., during spin coating in
ambient conditions),64 or small amounts of carbon oxide.
For our application, it is important to determine the

temperature-dependent behavior and to quantitfy the vertical
resistance of the CP film since it is placed in series with the
SAM. Figure 3D shows the J(V) characteristics of an AuTS//
CP//Au junction without a SAM with a ∼1.0 μm thick layer of
CP as a function of temperature (see Section S3, Figure S10).
Changes in the applied temperature did not have a significant
effect on the J(V) characteristics. The vertical resistance of the
CP layer is 0.012 Ω (resistivity = 0.10 Ω cm), which was
determined with four-wire (Kelvin) measurements (see Figure
S10B). This resistivity is similar to e-C (0.17 Ω cm), which is
deposited onto covalently grafted monolayers by sputtering in
a vacuum,59 but CP has the advantage of solution
processability similar to that of rGO.14 The CP has a factor
of 3−5 higher resistivity than GO (0.018 Ω cm)65 or
PEDOT:PSS26 (0.033 Ω cm), which is likely caused by the
relatively thick CP film we used here of 1 μm, yet these
alternative PLs suffer from residual ions (dangling OH and
ionized PSS, respectively), and their resistivity depends on the
temperature (see Table 1).14,60,65,66

■ ELECTRICAL CHARACTERIZATION OF THE
JUNCTIONS

To determine the value of β of the AuTS−SCn//CP//Au
junctions, we measured 10−20 J(V) curves across 66−150
junctions for each value of n = 4, 6, 8, 10, 12, and 14 (Table

S1). Using previously reported methods,67 we determined the
Gaussian log-average current densities, ⟨log10 |J|⟩G, for each
measured applied voltage (V) (see Section S4, Figure S11)
which were used to construct the ⟨log10 |J|⟩G vs V curves.
Figure 4A shows the semilog plots for all values of n. The
values of the Gaussian log-standard deviations, σlog,G, are small
(average of 0.32), which indicates that the reproducibility of
the junctions is very good. The yield of nonshorting junctions
is 100%, from which we conclude that the CP layer effectively
protected the SAM during fabrication of the top electrode. The
average yield in working junctions is 74.8% (nonworking
junctions were open circuits due to fabrication errors), which is
similar to other techniques.5,6,10,25,26,48,68

Figure 4B shows that the ⟨log10 |J|⟩G values decrease linearly
as n increases from 4 to 14, but the values of ⟨log10 |J|⟩G for
junctions with n = 4 are similar to those for a control junction
lacking the SAM, i.e., AuTS//CP//Au junction (but junctions
with thinner SAMs are limited by the resistance of the CP
layer); below we show that junctions with n = 4 are dominated
by molecular effects. The resistance of conductive polymers
and graphene oxide protective barriers limited the thinnest
SAM that could be measured to n ≥ 8;12,14,26,59 hence, CP
protective barriers offer a significant benefit allowing for
measurements of thin SAMs with n ≥ 4.
Fitting the data at +0.5 V in Figure 4B to eq 2 yields β =

1.09 ± 0.04 n−1 and log10 |J0| = 6.20 ± 0.53 A/cm2, and a fit to
the +0.05 V data of Figure 4B yields β = 1.10 ± 0.05 n−1 and
log10 |J0| = 5.17 ± 0.36 A/cm2 (errors represent the 95%
confidence levels).11,27 The value of β is very close to
previously reported values of β for junctions with n-
alkanethiolate SAMs, but the value of log10 |J0| is high. The

Figure 3. (A) Ultraviolet photoelectron spectra of the CP film which was obtained by templating the CP film from AuTS−SC12 with Scotch tape.
(B) Scanning electron microscopy image of spin-coated CP film. (C) Atomic force microscope image of CP, which was obtained by template
stripping the CP film from AuTS−SC12 with Scotch tape. (D) J(V) characteristics of a AuTS//CP//Au junction as a function of temperature.
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values of log10 |J0| differ by ∼1 (in log10 units), reflecting a
factor of 10 in the applied voltage (see eq 3). Table 1 shows
that the values of log10 |J0| vary across the different junction
platforms, but it seems that ∼109 A/cm2 is the upper limit
which has been observed for single-molecule junctions50,51 and
junctions with graphene electrodes,11,27 while a slightly lower
value is observed for junctions with MLG layers and junctions
without PL prepared by direct metal deposition, STM, and cp-
AFM-based junctions. The second-last column of Table 1
provides an estimate for the value of Af based on eq 3 with
standard values; the value of τC = 0.05 was chosen to yield a
perfect coverage (i.e., Af = 1) for the highest reported J0 for
junctions with a STM tip as the top electrode. It suggests a
fractional coverage of 0.002 (which is very close to the value
estimated from the AFM images (Figure S6) discussed earlier)
for CP-protected molecular junctions, which is at the high end
of large-area junctions, except for MLG.
Table 1 also shows that the variation of β is large, and some

techniques yield β values as low as 0.45 n−1 or as high as 1.27
n−1, which clearly indicates that those junctions suffered from
defects.49,70 Thus, the CP protects the SAMs during the
fabrication process efficiently without introducing defects that
compromise the value of β while maintaining medium−high J0
values.
Figure 4C shows that the J(V) characteristics are

independent of T over the range of T of 8.5−340 K in
vacuum (1 × 10−5 bar), which indicates that changing T and
the ambient conditions (from 24 °C in air with a relative
humidity of 60% to vacuum) of the devices did not change
their electrical characteristics. In agreement with Figure 3B, CP
behaves like a metal and does not introduce significant

temperature-dependent effects, unlike large-area junctions
based on protective barriers of conductive polymers6,68,69 or
rGO12,14,31,33,71 (expect for highly optimized rGO synthesis
and thin film fabrication;72 Table 1).

Extraction of Charge Transport Parameters. To
establish whether CP compromises molecular effects, we
extracted the transport parameters using a previously reported
method17 based on a second-order Taylor expansion (para-
bolic model, see section S5)
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Here, Geq, V0, and S are the equilibrium conductance
(conductance at zero bias), scaling voltage, and asymmetry
factor (S = 0 for symmetric J−V traces), respectively. The
parameter V0 is closely related to the so-called transition
voltage, Vt, but the latter depends strongly on the chosen
model (e.g., a parabolic model yields Vt  V0, but this identity
fails for a single-level Landauer model17), while the former is
robust and can be seen as a figure of merit.
To investigate how the applied voltage perturbs the

conductance from its equilibrium level, as described by the
term in square brackets in eq 5, we used the normalized
differential conductance, NDC, presentation15,16

= · =I
V

V
I

I
V

NDC
d
d

d log
d log (6)

which is a mathematical tool to exclude the orders of
magnitude variation in Geq as well as to obtain a quantitative

Figure 4. (A) ⟨log10 |J|⟩G vs V traces of AuTS−SCn//CP//Au junctions. (B) Value of ⟨log10 |J|⟩G (measured at V = +0.5 and +0.05 V) plotted
against the number of carbons, n; dashed gray lines indicate the current across the control device without a SAM; red solid lines are fits to eq 2. (C)
J(V) characteristics as a function of T for junctions with n = 10 or 14 or without a SAM for T = 8.5−340 K. (D) Normalized differential
conductance vs V for junctions with n = 4, 6, 8, 10, 12, and 14. Error bars represent 99% confidence levels, and solid red lines are fit to eq 5.
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measure of the I−V power dependence.15 Figure 4D shows the
average NDC curves along with fits to the parabolic
approximation (an NDC derivation of eq 5). We performed
NDC analysis for all of the individual J−V traces obtained from
the junctions with SCn SAMs with n = 4−14 (evens only), and
Figure S12 shows the distribution of NDC values of all of the
junctions in 2D heat map plots. Figures S13−15 show the
histograms of all of the parameters extracted from the NDC
analysis for all of the J−V curves. The NDC curves are highly
symmetrical with S = 0.03−0.05 (Figure S13); this low value of
S indicates that the CP layer did not result in significant
dipoles across the interfaces as expected from the similarity of
the work functions of CP (4.34 ± 0.05 eV; Figure 3A) and Au
coated with an alkanethiolate SAM (4.2 eV).63

The shape of the NDC curves changes significantly as a
function of n: for short molecules (n = 4) NDC does not
exceed 1.12, indicating a close to linear I−V response; the
NDC values increase with the molecular length and reach a
maximal NDC = 2.4 for n = 14 which is close to NDC = 3, the
highest NDC value within the parabolic approximation (Figure
S16 shows the corresponding J(V) plots on a linear scale). This
is indirect support for the high quality of the junction because
both series and shunt resistance attenuate the NDC values
toward 1 (simple resistor).
The variation of NDC with molecular length is reflected in

the value of V0, which is reciprocally proportional to the
number of carbons, n (see Figure 5A). The variation of V0 with
molecular length indicates that the applied voltage falls mostly
on the molecular body, yielding a so-called trapezoidal barrier
as schematically illustrated in Figure S17, where the molecular
transmission probability τm varies with the applied voltage.
This is in contrast to the prevailing approach where the voltage
only widens the accessible energy window of a voltage-
independent transmission probability (for an exception see ref
78). Such energy-window-view suits situations with an effective
buffer between the nano-object and at least one of the contacts
as is the case for STM experiments (Figure S17C) or both
contacts such as encountered for junctions with (molecular)
quantum dots (Figure S17A), where the majority of the
potential drops at the interfaces. In contrast, molecular
junctions, especially those with saturated molecules like
alkanes, have a very low transmission probability, which is, in
principle, lower than the coupling across the interface,
especially for two chemisorbed contacts52,58 (i.e., τmol ≪ τC).
However, in practice, the exact voltage partition depends on
various factors and may significantly drop on the interfaces in
cases of, for instance, poorly conducting PL, nonmetallic
substrates (e.g., silicon79), and low-force CP-AFM and possibly
also for contacts with a very large surface roughness including
cone-shaped GaOx/EGaIn contacts (see ref 60 for details).
The junctions we report here provide a unique example of

the “idealized” case, where the alkyl chains serve as the
dominant insulating part, and therefore, their voltage response
varies with the molecular length. The majority of modern
theoretical treatments do not consider length explicitly, and
therefore, we have to revert to the Simmons model,80 which
predicts a reciprocal scaling voltage−length dependency as
given in eq 715,17,81

ε β=V d9.8 /0 (7)

where ε is the energy barrier for tunneling (ε in eV). Figure 5A
shows the linear relation between V0 and 1/d for the junctions
with d from 6 to 14 with a slope ε = 1.7 ± 0.17 eV; junctions

with SC4 SAMs have a resistance that is very close to the
resistance of junctions without SAMs (Figure 4B) and
therefore deviates from the linear relation in Figure 5A.
While this value may appear low, it agrees with the distance
between the energy of the LUMO and the Fermi level for
alkyl−S−Au SAMs as measured by inverse photoemission
spectroscopy (IPES),82 which is similar to that measured for
alkyl−Si SAMs.83 The rather low barrier is because the
electron-rich substrate stabilizes the molecular energy levels
(also known as energy-level renormalization) which acts to
reduce the HOMO−LUMO gap from ∼9 eV in vacuum to ∼7
eV (i.e., renormalization factor of 1.3).82,83 For EGaIn
junctions we have reported a renormalization factor of 1.5.84

The value of β is remarkably insensitive to the shape of the
potential profile (Figure 5); however, nonlinear current−
voltage characteristics can only be observed when the voltage
drops significantly over the molecules inside the junction. Our
observation that the voltage drops mostly on the SAM implies
that the Rs of the CP is sufficiently low and that τC is
sufficiently high,60 so that molecular effects dominate the
electrical properties of the junctions. Alkyl chains by
themselves have a rather weak voltage effect on the
transmission (parabolic dependence), yet the evidence that
the voltage is not “lost” on the contacts makes CP a promising
contact for other types of functional molecules.

Effective Contact Area. The low contact resistance of CP
(in terms of both Rs and τC) explains both the voltage drop on

Figure 5. (A) Plot of transition voltage (V0) vs 1/n (error bars
represent the standard deviation from five independent J−V traces).
(B) Plot of log(Geq) vs n; solid line is a fit to eq 8.
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the molecules (Figures 4D and 5A) and, at least in part, the
high J0 values as defined in eq 3 (Figure 4B and Table 1). The
value of J0, however, also depends on Af. We estimated the
number of molecules N contributing to the net conductance
from the Geq values extracted from the parabolic fitting (eq 5).
The Geq is linearly proportional to the number of molecules, N
in molecules/cm2 (i.e., parallel conductors), or effective
contact area and exponentially inversely proportional to d (in
n) as described by eq 8.

τ≡ = β−G G NG e(0 V) n
eq 0 C

eq (8)

Figure 5B shows a plot of log(Geq) vs n along with a fit to an
exponential decay, eq 8, to obtain βeq = 1.11 ± 0.05 n−1 and
logGeq,0 = 5.47 ± 0.15 S/cm2. The value of βeq is close to the
value of β obtained from the J(V) curves using eq 2 (Figure
4B). The values of N were used to determine the values of Af,
which are listed in Table 1. The table shows that CP forms
contacts with about 2 orders of magnitude higher effective
contact areas than junctions with cone-shaped EGaIn top
contacts. This observation is in agreement with the
experimentally determined values of Af of 10

−2 (Figure S6).
These results indicate that the relatively high value of Af, the
high τC, and the low Rs all lead to the large value of log10 |J0| =
6.20 ± 0.53 A/cm2. Correction of the experimental value for
the effective electrical contact area gives log10 |J0| = ∼8.2 A/
cm2, which is close to the values observed in single-molecule
junctions (Table 1), indicating that there is room for
improvement by reducing the surface roughness by, for
example, reducing the size of the graphite flakes of the CP.
Contact Resistance. To identify the factor that contrib-

utes to the contact resistance, we characterized the AuTS−
SCn//CP//Au junctions with n = 10, 12, and 14 by impedance
spectroscopy using a sinusoidal perturbation of 30 mV as a
function of frequency (102−106 Hz) at 0 V following
previously reported procedures (see SI for more details).85

Figure 6A shows the frequency dependence of the modulus of
the complex impedance (|Z|) which increases over 3 orders of
magnitude with changing n from 10 to 14. The solid lines in
Figure 6A are fits to the equivalent circuit shown in the inset,
which consists of a resistance (Rs) in series with a parallel
combination of a constant-phase element (CPE) and a resistor
representing the resistance of the SAM (RSAM). In other words,
the CP−PL did not cause significant capacitive effects and only
adds to the value of Rs, which confirms its metallic-like
behavior. The phase (−ϕ) increases from 0° to 84 ± 5° (error
represents the standard deviation from three different
junctions) at high frequencies (Figure 6B) when the
impedance is dominated by the capacitive reactance of the
junction. In Section S6 we show in detail that the junctions do
not suffer from stray capacitances or leakage currents across
the AlOx layer, and the relative dielectric constant of the SAM
of 3.1 ± 0.4 is within error the same as previously reported
values;68,85 these observations further demonstrate that the
junctions are dominated by molecular effects.
The value of RSAM is given by eq 9

= βR R e d
SAM C (9)

where RC is inversely proportional to Geq,0, RC ∝ 1/Geq,0.
Figure 6C shows RSAM as a function of d along with a fit to eq 9
to yield β = 0.93 ± 0.07 n−1, which is close to the value
obtained from the J(V) curves discussed above. The value of Rs
is the sum of the resistance across the CP layer, the metal

electrodes, and all of the cables that were used to connect the
devices to the electrometers. We hypothesize that Rs is mainly
dominated by the internal resistance of the CP layer. To prove
our hypothesis, the resistance (1.44 × 10−3 Ω cm2) of the
AuTS//CP//Au junction was determined from the linear low-
bias regime over ±0.2 V, Figure 3D. The value of Rs is
independent of the thickness of the SAM and has a value of 3.9
± 0.30 × 10−3 Ω cm2 (Figure 6C). We did not measure all of
the individual resistances of the different interfaces, but the
value of Rs is roughly equal to that of the resistance of the
AuTS//CP//Au junction from which we conclude that Rs is
dominated by the internal resistance of the CP layer. The

Figure 6. (A) Frequency dependency of |Z| of the junctions at zero
bias for micropore device with SAM of SCn with n = 10, 12, or 14. (B)
Corresponding phase angle (ϕ) vs frequency plots. (C) Resistance of
the SAM (RSAM) and the contact resistance (RC) vs the number of
carbons; red line is a fit to eq 9.
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intercept of the fit with eq 9 gives the contact resistance of the
CP with the SAM, RC (which also includes contributions from
the Au−S contact), which is associated with tunneling across
the SAM//electrode interfaces and directly relates to τC (eq
3). We found RC = 7.79 ± 0.7 × 10−5 Ω cm2. For the sake of
consistency, we wish to point out that RC × Rs = 3.04 ± 0.02 ×
10−7 Ω cm2 (1/(Rs × RC) = 3.29 ± 0.02 × 106 A/cm2), which
is within error the same as the value of J0 (10

6.2±0.53) measured
with dc methods discussed earlier. Finally, we note that the
value of Rs is independent of n, indicating that variations in the
AuTS−SCn//CP//Au between experiments are insignificant.
Stability of the Junctions. We tested the stability of the

junctions with SAMs of SC8 or SC14 by continuous cycling of
the voltage from 0 to +1.0 to −1.0 to 0.0 V 2000 times (Figure
7A) by measuring the current retention at +1.0 V for 1.02 ×
105 s (Figure 7B) and aging in ambient conditions for 15
weeks (at 24 °C in air with a relative humidity of 60%; Figure
7C). The junctions are stable against voltage cycling and retain
their currents well, but the currents decreased with time during
aging (Figure 7D). Junctions with SAMs of n = 8 are the most
stable, and the currents did not decrease significantly, but for
junctions with n = 14, the decrease of J after 15 weeks is a
factor of 3.1. We believe that the limiting factor is the gold−
thiolate bond which is known to oxidize with time.86,87 It is
well known that the Au−S bond readily oxidizes in air to form
sulfonates, sulfates, and sulfite species.86−88 Oxidation in air,
however, does not result in removal of the SAMs as in the case
of UV-induced oxidation,86 although it will affect the quality of

the SAM. We believe that the junctions with n = 8 do not seem
to be sensitive against oxidation of the gold−thiolate bond due
to their liquid-like nature which results in self-repair and
compensates for the disorder as the molecules in the SAMs
have the freedom to rotate into the defective site.89 In contrast,
thick crystalline-like SAMs are rigid, and the molecules lack the
freedom to compensate for defects. Consequently, junctions
with thick SAMs are more sensitive to defects than junctions
with thin SAMs.

■ CONCLUSIONS

We report a procedure to fabricate high-quality large-area
molecular junctions with commercially available carbon paint
as a new protective layer which offers the following benefits:
(i) It is solution processable, eliminating the need for
complicated transfer steps unlike protective layers based on
graphene, (ii) it is metallic in behavior resulting in a very low
contact resistance (Table 1), (iii) it does not induce unwanted
temperature effects in the junction characteristics over a wide
range of temperatures (8.5−340 K) unlike protective barriers
based on conductive polymers or (reduced) graphene oxides,
(iv) it results in highly stable junctions with excellent retention
(for 1.2 × 105 s) and bias-stressing characteristics (2000
current−voltage cycles), (v) it does not contain polymers
which could intercalate with the SAM obscuring molecular
effects and introduce high resistances, and (vi) it results in
junctions that are completely dominated by molecular effects

Figure 7. Stabilities of the junctions with SAMs SC8, SC14, and SC14. (A) 2000 J(V) curves measured by continuously sweeping the bias between
+1.0 and −1.0 V. (B) Retention characteristics at +1.0 V for 1.02 × 105 s while measuring the current at 15 s intervals. (C) J(V) curves of junctions
and (D) value of J at 0.5 V measured within 1 day after fabrication and after aging for 15 weeks in ambient conditions (at 24 °C in air, relative
humidity of 60%).
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with good reproducibilities and 100% yield in nonshorting
junction yields. For all of these reasons, we conclude that the
CP is potentially an interesting protective barrier material for
applications in molecular electronics.
Normally, only the overall contact resistance (or values of

J0) is reported, but it is unclear which factors dominate the
overall contact resistance. A detailed NDC analysis of the
junction characteristics in conjunction with impedance spec-
troscopy allowed us to identify three factors that contribute to
the overall contact resistance (or J0). In our junctions, the
overall contact resistance was low because the CP layer forms
an intimate contact with the SAMs, resulting in high tunneling
probabilities across the SAM//CP interface (high τC values, eq
1) and high effective contact areas (Af, or the number of
molecules participating in charge transport N, eq 1). Although
the resistance across the CP layer, Rs, still contributes
significantly to the overall contact resistance limiting the
SAM thickness that can be measured to SC4, we believe Rs can
be lowered by reducing the thickness of the CP layer (here we
used 1 μm) by improving the formulation of the CP consisting
of small graphite flakes, for instance, allowing one to spin coat
thinner CP films. Smaller graphite flakes could also improve
the effective contact area the CP makes with the SAMs,
especially relative to graphene-based protective layers as
graphene buckles,90 resulting in areas of noncontact. These
new insights into the factors that contribute to the overall
contact resistance help to improve the design of junction
platforms and guide future experiments where it is important
to measure molecules with very low tunneling resistances (or
high values of τC in eq 1).
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