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Small tunnel junctions using gold nanoparticles (GNPs) as electrodes have been studied to
fabricate single-electron devices. GNPs connected via dithiol molecules have been used as
small tunnel junctions, and a two-stage dispersion method was used to fabricate dithiol-
connected GNP arrays. In this process, the GNPs were fixed on silane-treated substrates by
immersing the substrate in a colloidal gold solution. For fabricating dithiol-connected
arrays, the inter-particle distance of the dispersed GNPs must be smaller than the GNP
diameter. Consequently, the inter-particle distance controlled by the immersion time (7m1)
was evaluated. For Tim1 values exceeding 8 h, the inter-particle distance was less than the
GNP diameter. A second dispersion of GNPs after treating samples with dithiol realized
particle connections. For the GNP arrays produced with 7im1 values greater than 8 h, the /-
V' characteristics were measured at 77 K, and the yield of devices exhibiting nonlinear /-V

curves was 23%.
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1. Introduction

Single-electron devices have received increasing attention because of their low power
consumption and high charge sensitivity.!™ Small tunnel junctions allow these devices to
operate at higher temperatures. Therefore, single-electron devices using gold nanoparticles
(GNPs) as island electrodes have been widely reported.®'? With the incorporation of GNPs,
high-temperature operation (i.e., over 77 K, the temperature of liquid nitrogen) has been
observed.!!? To fabricate tunnel junctions using GNPs, thiol molecules have been used as
a tunneling barrier; in this process, the thiol’s sulthydryl group binds to the gold surface, and
the thiol molecules form self-assembly monolayers (SAMs) on gold electrodes or GNP
surfaces.!*"!® Dithiol molecules are used as a tunneling barrier because they can link GNPs.
In GNPs connected via dithiol, single-electron charging effects have been observed.'¢2%

Single-electron devices that use randomly placed GNPs are generally fabricated in the
following manner. A colloidal gold solution containing GNPs is repeatedly dropped on a
substrate on which electrodes with a submicron gap have been previously fabricated. GNP
arrays are formed within the gap of electrodes, and single-electron charging effects are
observed.?*?® This method is relatively simple. However, the GNPs may move after
fabrication since the particles are not chemically fixed on the substrate. Thus, the
reproducibility of these experiments is low. In addition, residues from the colloidal gold
solution may remain after the sample has dried. Treating the substrate with silane is an
effective approach for resolving these issues. Silane treatment of a substrate has been shown
to immobilize the particles.?’>® Then, residues on the substrate are expected to be removed
by rinsing.

In this work, a two-stage dispersion method was developed to fabricate dithiol-connected
GNP arrays.>*% Process flow of the two-stage dispersion method is shown in Fig. 1. GNPs
were dispersed on silane-treated substrates by immersion in a colloidal gold solution (the
first dispersion). For this dispersion step, GNPs were regularly aligned two dimensionally
using the effect of an electric double layer (EDL).?® Since GNP connections cannot be
obtained with only one dispersion step, the GNPs were dispersed again after the samples
were treated with dithiol (the second dispersion). The connection of the initially dispersed
GNPs via a second dispersion step results in the formation of dithiol-connected GNP arrays.

In addition, to fabricate dithiol-connected arrays, the inter-particle distance of the initially
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dispersed GNPs must be smaller than the diameter of the secondarily dispersed GNP, where
the inter-particle distance is defined as the distance from the edge of one particle to the edge
of another particle, as shown in Fig. 3(a). Hence, this distance was evaluated and controlled
by changing the immersion time (7im1) for the first dispersion. The current—voltage (I-V)
characteristics were measured for the fabricated GNP arrays, and finally, the yield of devices

exhibiting nonlinear /-JV curves was determined.

2. Experimental methods

The first dispersion was conducted in the following manner. [Step 1] NiCr/Au electrodes
with gaps were fabricated on Si substrates covered by SiO2 (1 um) using electron beam
lithography, shadow evaporation, and a lift-off process. In the shadow evaporation, the angle
for NiCr evaporation was smaller than that for Au evaporation to prevent the NiCr layer from
exceeding the Au layer at the tips around the gap. The gap length was 50-300 nm, and the
electrode thickness at the tip was 20 nm on one side and 45 nm on the other side. Schematic
side-view and top-view illustrations of the electrode gap are shown in Fig. 1(a). [Step 2] The
samples were immersed in acetone and ethanol for surface cleaning. Subsequently, the
samples were immersed in a 1% (v/v) aqueous solution of (3-aminopropyl)-triethoxysilane
for 10 min and rinsed in deionized water. [Step 3] The samples were immersed in a colloidal
gold solution and rinsed in deionized water. The GNPs in colloidal gold solution were
stabilized by citrate. The nominal GNP diameter was 30 nm. The immersion in colloidal gold
solution was performed at 5 °C. Figure 1(b) shows a schematic illustration of the sample
after the first dispersion. The particle coverage was determined from scanning electron
microscopy (SEM) images of the dispersed GNPs. The ImageJ software was used to binarize
the SEM images and to assess the particle coverage.

The second dispersion was conducted in the following manner. After the first dispersion,
the samples were immersed for more than 18 h in 5 mM 1,10-decanedithiol ethanol solution
and then rinsed with ethanol. Next, the samples were immersed in a colloidal gold solution
for 6 h and rinsed in deionized water. The colloidal gold solution was the same as that used
in the first dispersion. The immersion in colloidal gold solution was performed at 5 °C. The
fabricated devices were observed using SEM. The /-V characteristics of the devices were

measured at 77 K, and particle connections within the gap were confirmed. Figure 1(c)
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shows a schematic illustration of the fabricated device with the measurement circuit after the

second dispersion.

3. Results and discussion
3.1 Evaluation of the inter-particle distance of the initially dispersed GNPs
Figure 2(a) shows SEM images of typical GNPs attached to a substrate after the first
dispersion. In all images, the GNPs were regularly aligned two-dimensionally, although
some aggregations of GNPs were also observed. With increasing 7imi1, the number of GNPs
increased. Figure 2(b) shows an SEM image of a sample that was not treated with silane for
Timi = 8 h. The number of GNPs on the substrate is smaller than that on the silane-treated
sample. Figure 2(c) shows the particle coverage plotted as a function of 7imi. Particle
coverages were obtained on several areas for each sample, and each data point in Fig. 2(c)
corresponds to a single sample. The error bars denote the standard deviation. The particle
coverage increased monotonically for 7imi values of 1-10 h and was saturated for values
exceeding 10 h. The particle coverage for 7im1 = 18 h is lower than that for 10 and 14 h
because the SEM image is distorted at high particle densities, and the particle coverage
contains a larger error than those shown by the error bars.

By assuming that the GNP arrangement is a two-dimensional triangular lattice, the inter-
particle distances were estimated from the particle coverage. Figure 3(a) shows a schematic
model of the two-dimensional triangular lattice, where the GNP radius is labeled as r. For

the inter-particle distance d was calculated using Eq. (1).

2nr?

N = Barerr M
where N is the particle coverage. Figure 3(b) shows the dependence of the inter-particle
distance d on Timi1. As Timi increased to 10 h, the inter-particle distance increased; beyond
this value, the inter-particle distance was virtually constant. The value of d for 7imi = 18 h
was estimated to be 23.6 nm using Eq. (1). For comparison, the inter-particle distances were
actually measured for the dispersed GNPs with 7im1 = 18 h. Figure 4(a) presents an SEM
image of the GNPs after the first dispersion. For the region denoted by a dashed line, inter-
particle distances were actually measured via SEM. Figure 4(b) shows a histogram of the
measured inter-particle distances, with an intermediate value of 21-24 nm. Since the

estimated inter-particle distance for 7im1 = 18 h was within the measured range at 23.6 nm,
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the assumption that the GNP arrangement is a two-dimensional triangular lattice is
reasonable.

To compare the EDL length with the estimated inter-particle distance, the EDL length
surrounding a GNP was calculated as follows.?®** The hydrogen ion concentration was
calculated as 3.3 x 10™* nm > at a pH of 3.26, which was the pH of the colloidal gold solution
as measured by a pH meter. Assuming that all citrate ions were trivalent and that the solution
was electrically neutral, the citrate ion concentration was calculated as 1.1 x 10 nm ™. The
ionic strength of the solution / is given by

I=1ynz? @)
where ni and Zi represent the concentration of the ionic species and the valence number of
the ions, respectively. The calculated value of / was found to be 6.6 x 10~ nm . The length
of the EDL 4 is given by

ekT

A= = (3)

where ¢, k, T, and e are the dielectric constant of the solution, Boltzmann constant, absolute
temperature, and unit charge, respectively. If we assume that the minimum inter-particle
distance is twice the magnitude of A, the calculated value of 24 can be estimated as 25 nm.
This value is consistent with the estimated inter-particle distance of 23.6 nm for 7M1 = 18 h.
This result suggests that the saturation of the inter-particle distance is caused by the EDL.

To obtain particle connections via a second dispersion step, the inter-particle distance
must be less than 30 nm, which is the diameter of the secondarily dispersed GNP. For 7Timi
values exceeding 8 h, the estimated inter-particle distances were smaller than 30 nm;

therefore, a connection among the GNPs is expected after the second dispersion step.

3.2 Particle connection via a second dispersion step

Figures 5(a) and 5(b) display images of GNPs attached to a substrate before and after the
second dispersion. The Tim1 of this sample was 8 h, and the two images were obtained from
different areas of a sample with no electrodes. Figures 5(c) and 5(d) display binarized SEM
images of Figs. 5(a) and 5(b), respectively. Figures 6(a) and 6(b) present histograms of the
particle area before and after the second dispersion, where the particle area was defined as

the area occupied by a continuous black region in a binarized SEM image as shown in Figs.
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5(c) and 5(d). Each particle area value was derived from binarized SEM images using the
Imagel software.

In Fig. 6(a), peaks occur in the ranges of 600-800 and 1200—1600 nm?. The top-view area
of a single particle is 707 nm?, as calculated from the GNP diameter (30 nm). Hence, these
peaks correspond to single particles and aggregations of two particles, respectively. The total
frequencies in the range of 600-800 nm? in Figs. 6(a) and 6(b) were 467 and 72, respectively.
The frequency in this range decreased dramatically after the second dispersion, indicating

that virtually all individual GNPs were connected via dithiol after the second dispersion.

3.3 Electric properties of the fabricated GNP arrays

Figure 7(a) shows an SEM image of a fabricated device after the second dispersion process.
Connected GNP arrays were observed in the gap between electrodes. For this device, Timi
was 18 h. Figure 7(b) shows an I~V curve measured at 77 K for the device. A nonlinear -V
curve was observed for this device, as shown in Fig. 7(b). The differential conductance in
the region of |V| > £2.6 V was found to be 0.12 nS. The tunneling conductance for mixed
SAMs of octanedithiol and decanedithiol is 0.5 nS or higher,*> which is larger than the
measured conductance, indicating that several GNPs were connected in series in the gap
between electrodes.

To fabricate GNP arrays, an immersion time of 6 h was implemented for the second
dispersion, with 7im1 values exceeding 8 h. The -V characteristics of the devices were
measured at 77 K. Among 30 fabricated devices, 7 and 2 devices exhibited nonlinear and
linear I-V curves, respectively, and for 21 devices, the gap between electrodes were not
electrically connected. Thus, the yield for devices exhibiting nonlinear /-V curves was 23%.
This yield may be low because some of the inter-particle distances were larger than 30 nm,

as shown in Fig. 2(b), and because there are variations in the GNP diameter.

4. Conclusions

To fix GNPs, substrates were treated with silane. GNPs were dispersed on the substrates by
immersion in a colloidal gold solution. The particle coverage increased monotonically for
Timi values of 1-10 h and was saturated for 71 values exceeding 10 h due to the effect of

the EDL. To obtain particle connections via a second dispersion step, the inter-particle
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distance must be less than 30 nm, which is the diameter of the secondarily dispersed GNPs.
The estimated inter-particle distance for 7im1 values exceeding 8 h was less than 30 nm. After
the samples were treated with dithiol, devices were fabricated by a second GNP dispersion
step. Histograms of the particle area before and after the second dispersion were compared.
The frequency of individual particles decreased dramatically after the second dispersion,
indicating that virtually all single GNPs were connected via dithiol after the second
dispersion step. For 7im1 values exceeding 8 h, nonlinear /-V curves were observed in 23%

of the devices.
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Figure Captions

Fig. 1. (Color online) Side-view and top-view schematic illustrations of the gap between
electrodes. (a) Fabricated electrodes. (b) Fixed particles after the first dispersion. (c)

Fabricated dithiol-connected arrays with a measurement circuit after the second dispersion.

Fig. 2. (Color online) (a) SEM images of samples with various 7im1 values after the first
dispersion. (b) SEM image of a sample that was not treated with silane for 7M1 = 8 h. (c)

Timi dependence of the particle coverage.

Fig. 3. (Color online) (a) Assumed GNP arrangement. (b) 7im1 dependence of the estimated

inter-particle distance.

Fig. 4. (Color online) (a) SEM image of dispersed GNPs for 7im1 = 18 h. (b) Histogram of

inter-particle distances in the region denoted by a dashed line in Fig. 2(a).

Fig. 5. (Color online) (a) SEM image of GNPs after the first dispersion for 7im1 = 8 h. (b)
SEM image acquired after the second dispersion. (¢) Binarized image of (a). (d) Binarized

image of (b).

Fig. 6. (Color online) Particle area histograms for dispersed GNPs with 7M1 = 8 h. (a) Before

and (b) after the second dispersion.

Fig. 7. (Color online) (a) SEM image of a device in which the gap between the electrodes

was connected. (b) /-V characteristics of the device at 77 K.
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Fig. 5. (Color online)
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