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ABSTRACT: One concept to build up hybrid electronic devices based on
molecules or nanoparticles with rectifying properties is based on nanoscale
objects that are immobilized between two electrodes composed of different
metals forming asymmetric contacts. Following this concept, we introduce an
optimized procedure to fabricate heterometallic nanoelectrodes with a
separation of only 5 nm. Gold nanoparticles (AuNPs) with a diameter of 15
nm, stabilized with 4-mercaptophenylamine, were used to form electrode1-
molecule/AuNP/molecule-electrode2 devices comprising at most a small number of AuNPs. Immobilization was performed by
dielectrophoretic trapping. The molecular properties of 4-mercaptophenylamine are reflected in transition voltage spectroscopy
features of the device. Cyclic current−voltage measurements on 20 functional devices revealed distinct differences in
conductivities based on minor differences in device geometry. Analysis of the electron transport characteristics discloses that
under these experimental conditions an asymmetric contact configuration alone is not sufficient for building up a molecule-based
rectifier.

■ INTRODUCTION

Hybrid device technologies based on molecules or nano-
particles or, more general, nanoscale objects are considered to
supplement silicon-based nanoelectronic approaches when
miniaturization limits are reached. Following the concept of
integrating molecular electronic devices into traditional CMOS
circuitry nanoelements with tailored functionalities are
employed to increase integration density.1 In this context,
one major challenge is to fabricate nanodevices bearing rectifier
functionality in a reliable way. In principle, two approaches can
be applied in order to establish the functionality of a rectifier.
One approach is to immobilize a nanoscale object with intrinsic
rectifier properties between homometallic nanoelectrodes, like
proposed by Aviram and Ratner2 for molecules. However, using
this approach, immobilization occurs in a nondirectional
manner, and thus the forward direction of the diode cannot
be predefined. A second concept to construct a rectifier is to
immobilize isotropic nanoelements between different nano-
electodes, i.e., in a heterometallic nanogap, and, thus, to
construct asymmetric contacts.3−5 Hence, unequal work
functions of the metals or different transmission coefficients
between the molecular anchor groups and the electrodes result
in the formation of a rectifier. The latter approach should
become feasible, if the two electrodes building the nanogap are
fabricated from different metals, i.e., possess significant different
work functions and are separated by a few nanometers only.
Several electronic testbeds exist in the laboratory which can

be used to connect nanoscale objects to two electrodes

composed of different metals, such as scanning probe
methods,6 hanging mercury drop junctions,7 nanopore devices,8

crossed wire junctions,9 on-wire lithography techniques,10

electroplating,11 or junctions with top electrodes defined by
nanotransfer printing.12 However, these methods are not
adjustable to CMOS fabrication technology. Lithographically
fabricated metallic nanoelectrodes may be the most suited
approach to realize this type of device.13,14 Recently, we
introduced a fabrication route for homometallic nanoelectrodes
with a separation of only 3 nm utilizing e-beam lithography.15

In this context, we demonstrated that the final limits of
patterning accuracy derive from proximity effects. We
succeeded in minimizing these proximity effects to a large
extent by a nanoelectrode pattern design based on simulations
involving the proximity effect-related exposure dose. Applying
this optimized e-beam lithography process, we were able to
fabricate nanoelectrodes bearing separations of only 3 nm in a
highly reproducible manner.
However, if a rectifier function shall be approached,

heterometallic nanogaps are needed. To this end, approaches
for fabricating heterometallic nanogaps involve the electro-
deposition of a second metal on a lithographically preformed
electrode,16,17 a molecular lithography technique,18 or a self-
alignment procedure.19 Here, we introduce a highly reprodu-
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cible process for the fabrication of a pair of heterometallic
nanoelectrodes combining an optimized e-beam lithography
process15 with a self-alignment procedure19 to form hetero-
metallic nanogaps as small as 5 nm. To study the effects that
arise from the different metals, gold nanoparticles (AuNPs)
capped with mercaptophenylamine (MPA) have been synthe-
sized and immobilized in the nanogap. The resulting
asymmetric “electrode1-molecule/AuNP/molecule-electrode2”
devices were characterized by cyclic electron transport
measurements, transition voltage spectroscopy (TVS),20−22

and scanning electron microscopy (SEM). We will show that
devices resulting from immobilization of MPA-AuNPs in
hetereometallic nanogaps reveal different transport character-
istics depending on small differences in the device geometry.
Hence, an asymmetric contact configuration alone is not a
sufficient requirement for building up a molecule-based rectifier
under these conditions.

■ EXPERIMENTAL METHODS
Chip Design. The heterometallic nanoelectrodes were

deposited on a 1 × 1 in.2 silicon wafer covered with a 300
nm insulating silicon oxide layer. This chip was cut into 3 × 3
samples with dimensions of 6 × 6 mm2 each (see Figure 1). On

each sample nine nanoelectrode arrays with six heterometallic
nanogaps were fabricated by electron beam lithography (EBL)
in a lift-off process. The size of the nanogaps formed in
between the central Pt electrode (thickness 13 nm) and the
peripheric AuPd electrodes (thickness 10 nm) can be tuned
between 5 and 20 ± 2 nm according to the size of the
nanoelement which is supposed to be contacted.
Fabrication of Heterometallic Nanogaps. The first step

in the fabrication of the heterometallic nanogaps was the
definition of the platinum electrodes by EBL in a lift-off
process. The previously optimized double-layer resist stack15

(Figure 2) was employed also in this case. The undercut layer,
PMGI (1% polymethylglutarimide in cyclopentanone, micro
resist technology GmbH), was spin-coated with a speed of 4000
rpm for 60 s (thickness 45 nm), baked on a hot plate at 250 °C
for 7 min, and preexposed for 1 min with UV light (320 nm).

Next, the structure defining resist, PMMA (1% poly(methyl
methacrylate) in ethyl lactate, molecular weight 950K, AR-P
679.02, Allresist GmbH), was spin-coated with 2000 rpm for
60 s (thickness 25 nm) and baked at 180 °C for 7 min.
The nanoelectrode structures were written by EBL with the

Gaussian vector scan system EBPG 5000+ (Vistec Electron
Beam GmbH) applying an acceleration voltage of 50 kV. The
pattern for the Pt-electrodes were written with a dose of 390
μC cm−2, a beam current of 5 nA, and a beam step size of ds =
10 nm. The exposed areas of PMMA 950K were removed by
development in an isopropanol/H2O (7:3) mixture for 100 s,
and the development was stopped by rinsing the sample with
demineralized water for 30 s. Next, PMGI was developed by
immersing the sample into the developer MF-21A (Micro-
Chem) for 40 s. This second development procedure was
stopped by rinsing the sample with demineralized water for 60 s
and blowing dry with nitrogen. Because of this procedure, using
a double-layer resist stack and a two-step development process,
the undercut in the PMGI layer can be controlled (Figure 2).
The Pt electrodes were deposited by an e-gun-evaporator at

the pressure of p < 1 × 10−7 mbar. The metallization step
started with a 1 nm thin titanium adhesion layer (deposition
rate 0.05 nm/s) and proceeded with a 13 nm Pt layer
(deposition rate 0.3 nm/s). Subsequently, an 11 nm Al layer
was evaporated on top of the Pt electrode with the same
deposition rate. After the metallization process, the sample was
exposed to air whereby the aluminum was oxidized. Thus, an
augmented Al2O3 layer on top of the Pt layer with an overhang
of about 13 ± 2 nm was formed for the following self-alignment
process. The size of the overhang can be controlled by the
thickness of the Al2O3 layer. After lift-off (warm acetone, 1.5 h)
the predefined Pt electrodes (rms = 1 nm) with a width of 400
nm and a length of 6 μm with the Al2O3 hard mask on top
remain.
The same double-layer resist stack and development

procedure as described above for the definition of the Pt
electrodes was applied to fabricate the AuPd nanoelectrodes. In
the EBL step the parameters were adopted to the smaller width
(20−500 nm) of the AuPd nanoelectrodes (exposure dose 400
μC/cm−2, beam current 100 pA, beam step size 1.25 nm). After
development a Ti adhesion layer (1 nm) and a 10 nm AuPd
layer were evaporated with a deposition rate of 0.2 nm/s
followed by lift-off. As a result of this process, AuPd
nanoelectrodes were defined (Figure 3). The separation

Figure 1. (a) Layout of a 6 × 6 mm2 Si/SiO2 sample. (b) Magnified
section displaying one array comprising six heterometallic nanogaps,
formed between the central Pt electrode and the peripheric AuPd
electrodes (contact pad size: 100 × 100 μm2; AuPd). (c) SEM image
of the inner part of one nanogap array showing the six heterometallic
nanogaps.

Figure 2. Illustration of the process steps used for patterning nanoelectrodes by EBL with SiO2 (300 nm; gray), PMGI (45 nm, blue), PMMA 950 K
(25 nm, yellow), and platinum (13 nm, violet).

Figure 3. Schematic of the self-alignment step using the Al2O3 hard
mask to form the gap between the central Pt and the AuPd electrodes.
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between the Pt and the AuPd electrodes corresponds to the
nanometer sized gap predefined by the Al2O3 hard mask on top
of the Pt electrodes. Next, the Al2O3 layer was removed using
the developer tetramethylammonium hydroxide (TMAH, AZ
326 MIF) in an ultrasonic bath. Subsequently, the wafer was
washed in demineralized water for 2 min in isopropanol for 30 s
and then blown dry with nitrogen. Finally, the contact pads (22
nm thickness, 100 × 100 μm2) were patterned by optical
lithography using a standard procedure.
Synthesis of 4-Mercaptophenylamine-Capped Gold

Nanoparticles (MPA-AuNPs). MPA (4-mercaptophenyl-
amine)-stabilized AuNPs were synthesized applying a solid
phase supported approach, corresponding to the recently
developed preparation protocol for aminooctanethiol (AOT)-
capped AuNPs.23 Thereby citrate-stabilized 15 nm AuNPs were
immobilized on aminosilanized glass beads from aqueous
solution (pH 5.5), acidified with HCl (0.1 M), and treated with
an ethanolic solution of MPA in order to induce ligand
exchange. Immobilization avoids aggregation of the partially
protonated citrate-stabilized AuNPs upon acidification of the
solution as well as electrostatically induced aggregation of the
negatively charged citrate ligands and positively charged
ammonium ligands, as described in the literature.24 By
ultrasonication MPA-AuNPs were released from the solid
support, and ligand exchange was completed (Figure 4). Free

citrate molecules and excess of thiol ligands were removed by
repeated centrifugation and redispersion in acidified water. In
order to optimize dielectrophoretic trapping of the particles
inside the nanogaps, the pH value, and thereby the degree of
protonation, was systematically varied in HEPES buffer
solution.
The synthesized MPA-AuNPs were characterized by electron

microscopy (STEM, TEM) as well as by pH-dependent UV−
vis spectroscopy, dynamic light scattering (DLS), and ζ-
potential measurements.
Current−Voltage Measurements on MPA-AuNPs.

MPA-AuNPs were immobilized in between heterometallic
nanoelectrodes applying dielectrophoretic trapping
(DEPT)25,26 from a HEPES buffer solution at pH = 7.5 or at
pH = 2. Successful trapping was achieved applying a dc
electrical field (Udc = 0.7−1 eV for t = 2 min) as described
earlier.27 Subsequently, electrical characterization was per-

formed using a Keithley 6430 sub-femtoampere remote source
meter at room temperature under vacuum.

SEM. Scanning electron microscopy images of the nano-
electrodes and the MPA-AuNP devices after electrical
characterization were obtained with a SU8000 Series UHR
Cold-Emission FE-SEM, at 10 kV acceleration voltage.

XPS. XPS measurements were performed using the PHI5000
VersaProbe II with monochromatic Al Kα radiation in large
area mode (1.4 mm × 200 μm, 100 W, 20 kV). Survey scans as
well as core level spectra of Pt 4f, Au 4f, O 1s, N 1s, and C 1s
were recorded. Quantification of the survey scans was
performed with the help of MULTIPAK Software.

■ RESULTS AND DISCUSSION
Heterometallic Nanogaps. Heterometallic nanoelectrodes

with a separation of 5 ± 2 or 13 ± 2 nm, respectively, and a
yield of over 50% were obtained applying the optimized
fabrication process based on EBL and the self-alignment
procedure, as described above. Figure 5 shows SEM images of a

5 nm gap and a 13 nm gap between an AuPd and a Pt
electrode. In this way, structural control over nanoelectrodes
fabricated from different metals and forming heterometallic
nanogaps was achieved with nanometer precision.

MPA-AuNPs. The TEM analysis (Figure 6) of the MPA-
AuNPs synthesized according to our solid phase supported
procedure reveals nanoparticles with a mean diameter of d =
15.2 ± 2.1 nm (based on 165 measured nanoparticles). The
UV−vis spectra exhibit the typical plasmon peak for AuNPs. To
demonstrate the degree of dispersion, we particularly
monitored the spectral position of the plasmon peak maximum
(λmax), which is red-shifted upon particle agglomeration.
The amine group of the MPA ligand can be protonated or

deprotonated depending on the pH of the surrounding
solution. Therefore, we performed investigations concerning
the pH-dependent agglomeration behavior of MPA-AuNPs.
UV−vis and DLS measurements revealed that small agglom-
erates exist in solutions comprising a pH of 5, reflected by
broadening of the plasmon peak maximum ranging from 500−
580 nm (Table 1 and Table S1, see Supporting Information),
although the positive ζ-potential of 24.3 ± 2.2 mV points to a
positively charged ligand shell. A distinct UV−vis absorbance
with λmax = 528 nm observed for particles at pH = 3 indicates
that nearly no agglomerates exist, corresponding to individual
particles, most likely stabilized by electrostatic repulsion
between the positively charged ligand shells. In order to
immobilize single AuNPs in between the nanogaps, we
concluded that the pH of the nanoparticle solution used for
immobilization in the dielectrophoretic trapping experiments
should be adjusted to values <3. In this regime individual or at
least small agglomerates of AuNPs are present in solution and
trapping of large agglomerates should be avoided. Comparing

Figure 4. Preparation scheme of mercaptophenylamine (MPA)-
capped AuNPs.

Figure 5. SEM image of a 5 nm gap (a) and a 13 nm gap (b) between
an AuPd and a Pt electrode.
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MPA-AuNP solutions at pH = 2 and at pH = 7.5, we found
indeed that using solutions with a pH = 2 only small
agglomerates or even a few single nanoparticles were trapped.
Transport Measurements. In order to prove the impact of

asymmetric contacts of a molecule connected to two dissimilar
electrodes, like in “nanoelectrode1-molecule-nanoelectrode2”
devices,5 cyclic I/U measurements were performed on MPA-
capped AuNPs immobilized between a AuPd and a Pt
nanoelectrode (Figure 7). Thus, dissimilar contacts between

the amine-terminated MPA-AuNP and the respective nano-
electrode were formed. In this study we obtained 20 functional
devices from 324 fabricated ones, i.e., from 324 trials to
immobilize a MPA-AuNP by dielectrophoretic trapping
between heterometallic nanogaps. Here, functional device
means that more than 10 I/U curves were obtained in a
reproducible manner, and the analysis of the measurements
indicated molecular properties. The finally taken SEM images
revealed in 10 cases a countable number or even very few MPA-
AuNPs between the heterometallic nanoelectrodes. It should be
noted that due to a strong influence of SEM imaging on the
electronic properties of the device, these characterizations were
done only after transport measurements. For all that, about
50% of the analyzed MPA-AuNP devices could be detached
from the leads and transferred to the SEM without destroying
the nanoelectrodes due to induced overvoltage.
The first obvious result of the transport investigations was

that the conductivities of the 20 functional devices (for a
source-drain voltage (USD) of 1 V) span a rather large range
from 0.1 pS to 30 nS. However, a major number of MPA-AuNP
devices (7 from 20) displayed conductivities at the upper limit
of this conductivity range. Therefore, the devices were classified
into two categories. Devices of category A (7 devices) exhibited
a conductivity of 5−30 nS; i.e., these devices revealed large
conductivities with only a small variance. On the other hand,
devices of category B (13 devices) displayed conductivities in
the range 2 nS−0.1 pS; i.e., in this category all other devices
were merged. In Figures 8 and 9 sets of typical I/U
measurements, Fowler−Nordheim plots, and SEM images for
each category are shown (see also Supporting Information for
another example of a category B device).
Comparing devices of categories A and B (Figures 8 and 9),

it is quite evident that besides the I/U characteristics also the
Fowler−Nordheim plots differ distinctively. Fowler−Nordheim
plots are obtained from I/U data by plotting ln(I/U) vs 1/U
(transition voltage spectroscopy (TVS)). According to Beebe,20

the transition from direct to Fowler−Nordheim tunneling is
indicated by a minimum in the Fowler−Nordheim plot. This
minimum is denoted as transition voltage (Utrans) and is
proportional to the tunneling barrier height (ϕB). Devices of
category A exhibited noisy TVS curves without significant
minimum in the measurement range from 0 to 1.7 V.
Contrarily, MPA-AuNP devices of category B revealed low
noise TVS curves with distinct minimum. From this minimum
we deduced a tunneling barrier height of ϕB,exp = 0.85 ± 0.1 eV.
This value is in good agreement with literature data for
tunneling barrier heights corresponding to phenylene groups29

ranging from 0.67 to 0.82 eV and confirms that the MPA
molecules form the tunneling barrier in category B devices. On
the other hand, the absence of a distinct minimum in the TVS
curves of category A devices, i.e., devices with high conductivity,
and the noisy I/U characteristic point to another transport
mechanism.
The experimental I/U characteristics were further analyzed

employing a fit routine based on the tunneling model of
Simmons:3,28

π
π

π

=
̅

Φ − − ̅ * Φ −

− Φ + − ̅ * Φ +

⎜ ⎟

⎜ ⎟

⎪

⎪

⎪

⎪

⎧⎨
⎩

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟
⎫⎬
⎭

I
eA
hd

eU d m
h

eU

eU d m
h

eU

2 2
exp

4 2
2

2
exp

4 2
2

B B

B B

2

(1)

Figure 6. (a) SEM image (transmission mode, scale bar represents 100
nm) and (b) corresponding histogram of MPA-AuNPs deposited from
ultrapure water at pH 5.5, revealing a mean diameter of 15.2 ± 2.1 nm.

Table 1. Analysis of MPA-AuNPs in Solution at pH 3 and 5,
Including λmax and fwhm determined from UV−vis
Absorption Spectra, Hydrodynamic Diameter (Dh), and ζ-
Potential, Evaluated from DLS Measurements

pH 3 pH 5

λmax/nm 528 529
fwhm/nm 60 75
Dh/nm 91 129
ζ-potential/mV 36.8 ± 3.5 24.3 ± 2.2

Figure 7. Schematic of “AuPd-MPA/AuNP/MPA-Pt” devices; the
transmission coefficients between the respective molecular end groups
and the metallic electrodes (T), the decay constant of phenylene
(βphen), and the molecular length of MPA (dMPA) are indicated.
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with A = contact area, ϕB = mean tunneling barrier height, d ̅ =
mean tunneling distance, m* = effective electron mass, and h =
Planck’s constant. Using this fitting procedure, detailed
information on the formed devices like the mean tunneling
barrier height and the mean tunneling distance were obtained.
From these data the mean decay parameter (βd) for devices of
category A and B can be deduced using the transformation:

β π̅ = * Φ
h

m
4

2 B (2)

The mean decay parameter (βd) for devices of category A and
B obtained in this way are given in Table 2 together with the
values for the mean tunneling distances. So far, it can be noted
that both differ considerably, and the tunneling distance for
devices of category A is about 0.5 nm smaller than the
tunneling distance in devices of category B. This result is in
accordance with the measured conductivities and the
corresponding SEM images given in Figures 8 and 9. While

the nanoelectrode gap in category A devices is bridged by an
array of MPA-AuNPs and thus, a conduction pathway is likely
built, only a few MPA-AuNPs are present in the gap of category
B devices. It cannot be excluded from Figure 9d that there is a
vacuum gap as small as 0.5 nm between the AuPd-electrode and
the nearest MPA-AuNP.
In order to compare the mean decay parameter deduced

from experimental I/U curves with theoretical values, we made
a rough estimate of the tunneling current through a MPA-
AuNP in contact with two electrodes using the single-channel
Landauer formula for conductance (Gmol).

29−31 For this
purpose we considered the geometry of our “AuPd-MPA/
AuNP/MPA-Pt” devices (see Figure 7) in detail. Two
tunneling barriers were formed by the molecular capping
layer of the AuNP (between AuPd-electrode and MPA-AuNP,
on one hand, and between MPA-AuNP and Pt-electrode, on
the other). Furthermore, an additional tunneling barrier might
be created in some devices by a vacuum gap remaining between
the MPA-AuNP and one nanoelectrode resulting in a reduction
of the conductivity. We observed this situation earlier in
symmetrical BP3-AuNP devices.32 However, for a first
approximation, we calculated the tunneling current through
our device without possible vacuum gap. The single-channel
Landauer formula for conductance (Gmol) is given by29−31

β= = −G
I

U
G d T Texp( ) L Rmolecule 0 (3)

with G0 = quantum of conductance, β = decay constant, d =
molecular length, and TL/R = transmission coefficients for left
metal−molecule and right metal−molecule contact. Applying
this formula to our device geometry, i.e., two molecular
junctions in series: “AuPd-MPA/AuNP/MPA-Pt”, the follow-
ing formula for conductance (Gdev) is derived:

= +G G G1/ 1/ 1/dev MPA1 MPA2 (4)

β= −

× +
‐ −

‐ ‐ ‐
−

G G d T T

T T T

( exp( ))

( )

Ndev 0 Phen MPA Au S AuPd

Pt N AuPd N Pt N
1

(5)

We employed the subsequent set of parameters: βPhen = 4.6
nm−1,33 dMPA = 0.61 nm, TAu‑S = 0.81,29 TAuPd‑N ∼ TAu‑N =
0.19,34 and TPt‑N = 0.29 deduced from the experimental single
molecule conductance of diaminobenzene in contact with Pt
electrodes given in Kiguchi et al.35 Thus, the theoretical device
conductance was obtained: 435 nS. This value is by a factor of
about 10 higher than the measured conductivities of our MPA-
AuNP devices of category A pointing to the fact that tunneling
is a favorable transport mechanism in these devices. The
smaller conductivities of the experimental devices of category A
compared to the rough theoretical estimation can be explained
by one of the following reasons. First of all, our parameter set is
deduced from parameters or experimental values given in the
literature, and an error limit of at least 20% should be
considered for all β-values and transmission coefficients.
Second, a small additional gap between the MPA-AuNPs and
the electrodes may even remain in the devices of category A. A
vacuum gap with a width of dvac = 0.1−0.2 nm would already
explain the difference between theoretical and measured device
conductivities. This vacuum gap could be induced by a
remaining positive charge of the MPA ligand shell after
immobilization, leading to a repelling from one electrode.
Third, if the assumed device geometry is not applicable and
more than one nanoparticle is needed to bridge the gap

Figure 8. Representative measurements for MPA-AuNPs devices of
category A: (a) I/U characteristic (black) and exponential fit according
to the tunneling model3,28 (dashed red). A positive voltage in the
diagram corresponds to application of a positive bias voltage to the
AuPd electrode, Pt electrode grounded. (b) Fowler−Nordheim plot.
(c) SEM image.
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between the nanoelectrodes, the conductivity of the device is
further reduced.
However, the measurements of the device conductivity were

reproducible; a part of the theoretical parameter set for the β
values and transmission coefficients has been used successfully
by us in other cases,27,33 and the statistic points to a physical
limit of the device conductivity of category A devices. In order
to verify that the MPA ligand shell is still intact after
immobilization, we performed XPS measurements of these
MPA-AuNPs on Pt surfaces. XP spectra provide information on
the relative quantity of the elements and the chemical identity
of the organic compound. The obtained Pt 4f, Au 4f, N 1s, and
C 1s core level spectra show peaks with binding energies
corresponding to the adsorption of MPA on Au, as expected.
However, the O 1s core level spectrum reveals an unexpected
peak with a binding energy of 534.5 eV (see Figure S2). Since
the examination of the C 1s core level shows no evidence of
carbonyl or carboxyl formation, this peak was assigned to water
molecules incorporated into the MPA ligand shell. The value of
the O 1s binding energy can be attributed to electron-deficient
oxygen involved in hydrogen bonds to amine groups.36,37 Thus,
water molecules linked to MPA by hydrogen bonds were
identified.

Elemental quantification in terms of the atomic percentage
ratio of carbon and oxygen was calculated from spectra by
integration of the areas of C 1s and O 1s peaks after application
of a Shirley background subtraction and correction for atomic
sensitivity factors. The experimental carbon to oxygen ratio is
2.5 to 1, corresponding to a MPA to H2O ratio of 1 to 2 taking
the increasing attenuation of the C 1s photoelectrons by the
thicker molecular overlayer into account. Furthermore, a small
amount of chloride (Cl 2p) with an experimental carbon to
chloride ratio of about 70 to 1 was obtained. These data reveal
that the ligand shell of MPA-AuNPs includes besides MPA
molecules also incorporated water molecules and chloride
counterions. Based on these results, a detailed scheme of the
ligand shell around the AuNPs with partly protonated amine
groups, interlinked water molecules, and chloride ions is given
in Figure 10.
The device conductivity for the enlarged capping layer

(Gdev‑large) applying the single-channel Landauer formula and
including an additional shell of water molecules has been
calculated, with dH2O = 0.24 nm (corresponding to the thickness
of a shell of one water molecule including hydrogen bonds) and
assuming βH2O ∼ βCOOH = 11.2 nm−1, TAuPd‑H2O = TPt−H2O ∼
TAu‑COOH = 0.08.29 The resulting Gdev‑large amounts to 10.1 nS.
This value is in astonishing agreement with the measured
device conductivity (5−30 nS), confirming that tunneling is the
relevant transport mechanism in such devices. We like to point
out that the roughly estimated Gdev‑large, based on the device
geometry schematically displayed in Figure 10, can vary easily
by a factor of 10 depending on the assumed parameter set, the
thickness of the water shell, and the number of involved MPA
molecules. So far, we assumed only a single conductance
channel while in category A devices up to four MPA-AuNPs fit
into the gap between the electrodes, and a small number of
molecules may bridge AuNP and electrode in each connection

Figure 9. Representative measurements for MPA-AuNPs devices of category B: (a) cyclic I/U characteristic (black) and exponential fit according to
the tunneling model3,28 (dashed red). A positive voltage in the diagram corresponds to application of a positive bias voltage to the AuPd electrode.
(b) Normalized differential conductivity calculated from the I/U data. (c) Fowler−Nordheim plot. (d) SEM image.

Table 2. Transport Parameter of MPA-AuNP Devices

category A category B

Gexp (U = 1 V) 5 nS−30 nS 0.1 pS−2 nS
ϕB,exp 0.85 ± 0.1 eV
ϕB,lit

29 0.67−0.82 eV

(βd) 10.2 ± 2 20.2 ± 2

d ̅ 0.63 ± 0.1 nm 1.1 ± 0.2 nm
dvac 0.15 ± 0.1 nm 0.65 ± 0.2 nm
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(for detailed discussion see Supporting Information). However,
the small range of experimental values for the conductivity of
category A devices suggests well-defined ligand shells with
minor variances.
The existence of water molecules loosely bound by hydrogen

bonds to the amine groups of the MPA capping layer is in
agreement with the noisy I/U curves of category A MPA-AuNP
devices (Figure 8), especially regarding the increasing noise
corresponding to increasing voltage. The water molecules are
expected to move in high electrical fields. Furthermore, the
expected rectifier functionality arising from MPA-AuNPs
immobilized in heterometallic nanogaps due to different
transmission coefficients, i.e., different values of TAuPd‑N and
TPt−N, or the different binding energies, BEAu−N = 0.35 eV and
BEPt−N = 1.42 eV,38 will be masked by the water molecules in
category A devices, resulting in symmetric I/U curves.
Category B devices, on the other hand, show a largely

reduced conductivity (5 orders of magnitude) compared to
category A devices. This behavior can be explained only by an
increased vacuum gap between MPA-AuNP(s) and one
electrode. In consequence, the transport mechanism of these
devices is tunneling, and the magnitude of the tunneling current
is mainly determined by the size of the vacuum gap. Category B
devices can be regarded as asymmetric junctions like molecular
junctions in scanning tunneling microscopes (STM), i.e., with a
strong coupling to the substrate (electrode1) and a weak
coupling to the tip (electrode2). Like in STM configuration the
voltage drops mainly over the vacuum gap, and the opening of a
conduction channel involving a HOMO or a LUMO of MPA is
directly monitored as a peak in the normalized differential
conductance (Figure 9b). Transport measurements performed
using these devices exhibit clearly the transition from direct to
Fowler−Nordheim tunneling (TVS, Figure 9c). The small
asymmetry of the I/U measurements obtained from the
category B device (Figure 9) is in accordance with the donor
character of MPA (i.e., |ϕB,HOMO| < |ϕB,LUMO|). A possible
asymmetry in this kind of devices is based on different
activation energies for hole and electron transport, i.e., the
difference |ϕB,HOMO| − |ϕB,LUMO|, and not on differences in
contact properties.

■ CONCLUSION

In conclusion, we have developed a procedure to fabricate
asymmetric nanodevices based on dielectrophoretic trapping of
molecule capped AuNPs in a heterometallic nanoelectrode gap.
This new method allows to predefine the transition coefficients
between the molecular anchor groups and the respective
nanoelectrodes by a suitable selection of the metals. Especially,
anchor group/metal pairs with large differences in transition
coefficients are expected to form asymmetric voltage drops
across the interfaces and thus show rectifying properties. Using
mercaptophenylamine (MPA)-capped AuNPs, two categories
of devices were identified based on their respective electronic
properties. One device category is characterized by a rather
small and widespread conductivity, which is attributed to very
small vacuum gaps between the nanoparticle and (at least) one
electrode. The asymmetry of I/U characteristics of these
devices is determined by the difference in activation energy for
electron and hole transport, like in STM experiments. The
second device category reveals high and weakly varying
conductivities pointing to the formation of asymmetric AuPd-
MPA/AuNP/MPA-Pt devices. The expected rectifier function-
ality arising from these devices due to different transmission
coefficients is assumed to be masked by the water molecules
incorporated into the ligand shell.
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(32) Manheller, M.; Karthaüser, S.; Blech, K.; Simon, U.; Waser, R.
Electrical Characterization of Single Biphenyl-Propanethiol Capped
4nm Au Nanoparticles. Proc. 10th Int. Conf. Nanotechnol. (IEEE-Nano)
2010, 919−923.
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