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The controllability of the Coulomb charging energy in nanoparticle arrays has been
systematically and comprehensively studied by tuning various parameters, i.e., the

nanoparticle core size, the nearest neighbor number, the inter-particle distance, and
the dielectric constant of ligands.
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Abstract
We studied the electronic transport properties of metal nanoparticle arrays, particularly focused on
the Coulomb charing energy. By comparison, we confirmed that it is more reasonable to estimate the
Coulomb charging energy using the activation energy from the temperature-dependent zero-voltage
conductance. Based on this, we systematically and comprehensively investigated the parameters that
could be used to tune the Coulomb charing energy in nanoparticle arrays. We found that four pa-
rameters, including the particle core size, the inter-particle distance, the nearest neighboring number,

and the dielectric constant of ligand molecules, could significantly tune the Coulomb charing energy.
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Nanometer-sized metal particles, often called nanoparticles, have attracted more and more re-
search attention in the last two decades, mainly due to their size-dependent properties in electronics
[1], optics [2], and magnetics [3]. These nanoparticles not only provide ideal model systems to
discover and understand novel physical phenomena in small structures [4], but also exhibit exciting
potential in electronic and optoelectronic devices [5].

Nanoparticles can be arranged into one-dimensional (1D) [6], two-dimensional (2D) [7], and
three-dimensional (3D) [8] superlattices, just like the structures made from natural atoms. Due to
this analogy, nanoparticles are often called “artificial atoms”, and the assemblies made from them
are called "artificial solids”. More interestingly, the properties of artificial solids are determined
not only by individual nanoparticles, but also by the coupling between them [9, 10]. At least two
reasons have urged the research in the field of nanoparticles to turn from individual nanoparticles
to nanoparticle assemblies. One is that nanoparticle assemblies have exhibited more and more
interesting collective properties because of the interactions between components [11, 12]. The
other is that nanoparticle assemblies are much easier to be handled for device applications.

In nanoparticle assemblies, the Coulomb charging energy is one of the most important en-
ergy scales and parameters [13]. The Coulomb charging energy of an isolated nanoparticle is
defined as the energy needed to add an extra electron onto an electronically neutral nanoparticle.
In nanoparticle assemblies, it is determined by more parameters, therefore is more complex [14].
Although many research efforts have been devoted to investigate the Coulomb charging energy in
nanoparticle assemblies [15-30], discrepancies still exist about some fundamental questions. One
example is about the estimation of the Coulomb charging energy in nanoparticle assemblies. The
values for the same system obtained by different methods and models can be remarkably distinc-
tive. One more example is about the relationship between the Coulomb charging energy and the
inter-particle distance. Some papers show that the Coulomb charging energy in nanoparticle as-
semblies depends on the inter-particle distance [16, 17], while other paper shows that the influence
of the inter-particle distance can be ignored provided the diameter of particles is smaller than one
micrometer [18]. Although it is well known that the Coulomb charging energy of nanoparticle
arrays can be tuned by changing the diameter of particles, more approaches are still required to
change the Coulomb charging energy to increase its controllability. For example, once devices
made from nanoparticle arrays are done, it is not easy to change the diameter of nanoparticles any
longer. In these cases, we need other methods to tune the Coulomb charging energy of the devices

if required. However, studies on the dependence of the Coulomb charging energy upon different
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parameters often focused on one or two parameters [15, 16, 19, 29, 30]. Therefore, the tuning
of the Coulomb charging energy with different methods is critical not only for understanding the
charge transport process in nanoparticle assemblies, but also for device applications of artificial
solids. In this paper, we measured the electronic transport properties of devices made from spa-
tially well-defined close-packed nanoparticle arrays at different temperatures. Various parameters
were systematically tuned to investigate the relationship between them and the Coulomb charging
energy of corresponding nanoparticle arrays.

The Au nanoparticles used in this paper were synthesized using the wet chemical method. The
detailed process can be found somewhere else [31]. In brief, the tetrachloroauric acid was reduced
by trisodium citrate and tannic acid, forming Au nanoparticles in water solution. Adding different
amount of tannic acid results in Au nanoparticles with different diameters. We controlled the
diameter of the synthesized nanoparticles in the range from 5 nm to 25 nm. Alkanethiols were
used to encapsulate gold nanoparticles. Then, these alkanethiol-capped gold nanoparticles were
dispersed in chloroform.

Two-dimensional nanoparticle arrays were prepared by self-assembly at the air/water interface.
Figure 1 shows transmission electron microscope (TEM) images of close-packed nanoparticle ar-
rays made from octanethiol-capped Au nanoparticles. Here, arrays with only three different core
sizes are presented, i.e., 6.66 nm (Fig. 1a), 10.02 nm (Fig. 1b), and 21.35 nm (Fig. 1c). From these
TEM images, the nanoparticle arrays show three specialities. Firstly, the nanoparticles synthesized
with our method have good monodispersity. The measured standard diversity of nanoparticle with
each size is smaller than 10%. Secondly, nanoparticles are in hexagonal close-packed arrays or-
der, regardless of core sizes. Thirdly, neighboring nanoparticles are well separated from each
other by ligand molecules, i.e., the insulating alkanethiols, which act as tunneling barriers for
charge transport. To illustrate all of the parameters that we can tune in a nanoparticle array, we
draw a schematic unit cell of a nanoparticle array, as shown in Fig. 1d. The parameters associ-
ated with the Coulomb charging energy in a nanoparticle array include the nanoparticle radium
r, the inter-particle distance s, the nearest neighbor number NNN, and the dielectric constant of
the surrounding environment £. A systematical and comprehensive study on the influence of the
Coulomb charging energy by these parameters will be presented in the following.

Devices measured in this work were fabricated by the combination of lithographic techniques
with the self-assembly method. The detailed procedures can be found in our previous paper [32].

Figure 2a shows the schematic of a nanoparticle device. The regions of electrodes and the channel
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were made protuberant so that only these regions could be covered with nanoparticle arrays when
the micro-contact printing was used to transfer 2D nanoparticle arrays from the water surface.
Our fabrication method has several advantages. Firstly, the shape and size of the nanoparticle
arrays under test are well-controlled. Every step in the process of fabrication is separated. We
could make the overall shape of the nanoparticle arrays between electrodes be the same, which
makes the comparison between different devices more reasonable. Secondly, our method ensured
good electrical contact between the nanoparticle arrays and the electrodes. In the fabrication,
we controlled the thickness of the electrodes to be thinner than 30 nm, which is very close to
the diameter of an individual nanoparticle. All of our measurements confirmed that the electric
connection between the electrodes and the nanoparticle arrays under test could be guaranteed.

Figure 2b shows a SEM image of one typical device. The nanoparticle array between two
electrodes is rectangular. It is about 2 ym long and 60 um wide. The large aspect ratio is to make
the array measurable at low temperatures, because nanoparticle arrays with alkanethiol ligands
are very insulating, especially for long alkanethiol molecules. The inset in Fig. 2b shows a high
magnification SEM image of the nanoparticle array between electrodes. The hexagonal close-
packed ordering of the array can be distinguished. This is another advantage of our fabrication
method: to maintain the internal order while controlling the overall shape of the nanoparticle
arrays.

To investigate the electronic transport properties of devices, a cryostat was used to lower the
temperature of samples. The current-voltage curves were measured at different temperatures for
each device. Figure 2c shows typical current-voltage curves of a device made from octanethiol-
capped 10 nm nanoparticles at temperatures ranging from 5 K to 300 K. These curves present
general characters of all devices we measured. Firstly, the curves get more and more non-linear
with decreasing temperature. Secondly, the zero-voltage conductance has a positive temperature
coeflicient. This is a remarkable attribute of an insulator, which indicates that the nanoparticle
array is very resistive. Thirdly, the current starts to be suppressed at low temperature in the low
voltage region. The appearance of the threshold voltage in the current-voltage curves is normally
considered to be the consequence of the Coulomb blockade. These characters are consistent with
other measurements on nanoparticle arrays [15, 26-28, 33, 34].

We first focused on the dependence of the Coulomb charging energy on the nanoparticle core
size. However, before this, we should choose a reasonable method to estimate the Coulomb charg-

ing energy. In published papers, there exist four different methods or models to estimate the
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Coulomb charging energy of nanoparticle arrays. The first one applies the simplest model, using
the formula for an isolated nanoparticle to the case of nanoparticle arrays [23]. In this model, the

Coulomb charging energy is expressed as

62

dreD

ECl =~

where D is the diameter of the nanoparticles and ¢ is the dielectric constant of the surrounding
environment. This model only takes into account the self-capacitance of the nanoparticles and
ignores the capacitance between neighboring nanoparticles. Therefore, the value of the Coulomb
charging energy obtained from this model is supposed to be overestimated. The second model that
were more widely used assumes a metal nanoparticle surrounded by a layer of dielectric material
with the thickness s and another infinite concentric metal layer [15, 20, 22, 27, 28]. The Coulomb

charging energy calculated from this model follows the equation

E ~62(1 1
C2~47reD D+ s

)

This model apparently exaggerates the contribution of the mutual capacitance between neighbor-
ing nanoparticles. It is expected that the value of the Coulomb charging energy deduced from
this model is underestimated. The third method to estimate the Coulomb charging energy of
nanoparticle arrays is from the measured threshold voltage at low temperatures [33]. The thresh-
old voltage of a nanoparticle array means the smallest voltage that should be applied to overcome
the upward potential in the first path connecting the source and drain electrodes. Experimental
and theoretical studies found that the threshold voltage is linear with the temperature [33, 34].
The threshold voltage at 0 K V7(0) can be obtained from the measured V7 at finite temperatures.
To extract the threshold voltages from current-voltage curves at finite temperatures, we used the
method described below. Suppose the relationship between the current and the voltage obeys the
scaling law, I oc (VL” — 1)%, where V7 is the threshold voltage, ¢ the scaling exponent. Then,
m oc (V= Vr)/s. The Vr and ¢ can be obtained by linear fitting. Taking into account the array
geometry, the Coulomb charging energy can be calculated from the threshold voltage V7 (0) using

the following formula
eVr(0)

aN

where « is a prefactor to account the percentage of rising energy steps in the first current path

~

c3 ~

connecting two electrodes for a provided array geometry and N is the number of particles in the

first current path. Normally, N is taken as the number in a straight path without considering
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the meandering of the actual current path. From this point of view, the value of the Coulomb
charging energy got from this model should be a little overestimated. The fourth method takes
advantage of a simple thermally activated transport theory [36], which predicts that the zero-

( Ell )
(; V= o €)CP —

whre E, is the activation energy and kp is the Boltzmann constant. When the thermal energy is
smaller than the Coulomb charging energy, the activation energy can be considered as the same to
the Coulomb charging energy.

We measured the electronic transport properties of devices made from nanoparticle arrays with
different metal core sizes but with the same ligand molecule. We obtained the zero-voltage con-
ductance of each device at a specific temperature by linear fitting the current-voltage curve at small
bias ranging from -0.3 V to 0.3 V. Considering the large distance between electrodes and small
diameter of nanoparticles, the current-voltage curves are safely in the linear range according to the
nonresonance tunneling theory. Our measured current-voltage curves are indeed linear at small
bias. The zero-voltage conductance for each sample was plotted as a function of the inverse tem-
perature, as shown in Fig. 3a. As shown in Fig. 2c, at low temperature, the current is suppressed
when the bias is smaller than a voltage threshold, which makes the zero-voltage conductance im-
measurable. On the other hand, when the temperature is just above the critical temperature, the
current is too low to measure. For reliable measurement of the zero-voltage conductance, we show
the data about 50 K. In the temperature range from 50 K to 250 K, the linear relationship between
the zero-voltage conductance and the inverse temperature in a semi-log scale strongly indicates the
thermally activated model for our devices. For comparison, we calculated the Coulomb charging
energy obtained from four different methods for different metal core sizes. As shown in Fig. 3b,
results from all methods exhibit the same tendency that the Coulomb charging energy increases
with decreasing nanoparticle diameter. Interestingly, the values calculated from the first model
are the largest for each size, while the values from the second model are the smallest. This result
is consistent with our analysis given above that the first model is overestimated and the second
model is underestimated. More importantly, the values from the third model are bigger than that
from the fourth model. As we mentioned, the third model is supposed to be a little overestimated.
Therefore, it is more reasonable to take the values obtained from the fourth method as the Coulomb

charging energy of nanoparticle arrays.
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The inter-particle distance is another parameter that might be used to tune the Coulomb charg-
ing energy in nanoparticle arrays. Although some simulation shows that the inter-particle distance
does not contribute to the Coulomb charging energy significantly provided the particle size is
smaller than 1 um [18], some measurements have demonstrated that it is not the case [16, 17].
Here, we used nanoparticles from the same batch to prepare devices, which ensured the same
core size. Four kinds of alkanethiol molecules with different carbon atoms were used to serve as
ligands. The number of carbon atoms in alkanethiols changes from 4 to 10. The molecular struc-
tures of these four alknaethiols are shown in Fig. 4a. For nanoparticle arrays with each kind of
alkanethiol, we measured several devices. Figure 4b shows the typical zero-voltage conductance
curves as a function of inverse temperature for each alkanethiol-capped nanoparticle array. The
curves show that the shorter the ligand molecules, the higher the conductance of the arrays. This
can be understood from the tunneling mechanism, which predicts that the current is exponentially
sensitive to the inter-particle distance. As we change the length of the ligand molecules, we es-
sentially change the inter-particle distance in the arrays, as confirmed in Fig. 4c. One can also
see that the linear dependence of the zero-voltage conductance upon the inverse temperature in a
semi-log scale holds for all different ligand molecules. This enables us to extract the Coulomb
charging energy for arrays with different inter-particle distances, as shown in Fig. 4c. In our ex-
periments, we determined the interparticle distance by two procedures. First, the average diameter
of nanoparticles D was determined using TEM images of nanoparticles. Second, SEM images of
measured devices were used to measure the center-center distance L between the first and eleventh
nanoparticles aligned in a line in the array, which equals to 10 times of D+s, where D is the di-
ameter of nanoparticles and s is the interparticle distance. It is reasonable to obtain the average
interparticle distance in this way. Our experimental result shows that the Coulomb charging energy
in nanoparticle arrays indeed depends on the inter-particle distance. Increasing the inter-particle
distance leads to the increase of the Coulomb-charging energy. Qualitatively, we can explain this
behavior by using a simple model [35]. This model estimates the pairwise capacitance between

two neighboring nanoparticles with the following formula:

Cu. ~DIn(1 +D/s)

where D is the nanoparticle diameter and s is the inter-particle distance. This model predicts
that the mutual capacitance between two neighboring nanoparticles decreases with increasing the

inter-particle distance, provided the nanoparticle diameter maintains the same. The decrease of
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the mutual capacitance results in the increase of the Coulomb charging energy, which is consistent
with our experimental results. We also note that there is a discrepancy between the data and the
proposed equation in detail, although the global trend is consistent. We attribute the discrepancy
between the model and the data to the uncontrolled interparticle distance between different layers
during device preparation. The model only considers the change of the charging energy due to the
change of the nearest neighbor number. But when we printed more layers on the device, we could
not guarantee that the interparticle distance of each layer was exactly the same. This might be the
reason resulting in the discrepancy between the model and the data.

Another important parameter in nanoparticle ensembles is the nearest-neighboring-number
(NNN). However, this parameter has seldom been tuned so far, mainly because of the difficulty of
experimental implementation [30]. In our device preparation procedure, we could easily change
the dimensionality of the nanoparticle arrays under test from 2D to 3D by increasing the array
thickness layer by layer. In this way, we could increase the NNN of individual nanoparticles in
the arrays. Figure 5a shows the schematic of printing an excess layer of nanoparticle array onto
a device with two layers. We started from a device with one layer of nanoparticle array. After
measuring the electronic transport properties, we printed another layer of nanoparticle array onto
the same device and measured the electronic transport properties again, and so on. Our method
guarantees that every newly printed nanoparticle layer is exactly on top of the previous array and
has the same size and shape.

Figure 5b shows the zero-voltage conductance as a function of the inverse temperature for the
same device with different layers of nanoparticle array. The diameter of nanoparticles was 10 nm
and the ligand was octanethiol. The data show that the zero-voltage conductance increases as the
number of nanoparticle layer increases. This is reasonable because devices with more nanoparticle
layers can provide more current paths. The Coulomb charging energy for the device with different
number of nanoparticle layers extracted from the temperature-dependent zero-voltage conductance
is shown in Fig. S5c. Interestingly, the value of the charging energy decreases rapidly for the
first few layers, then starts to level off for more layers. We can explain this behavior by using a
simple model. The total capacitance of an individual nanoparticle can be written as C = Cyy +
Coumal, Where Cyp is the self capacitance of an individual nanoparticle and C,,ua is the total
mutual capacitance between this nanoparticle and the surrounded neighboring nanoparticles. For
a hexagonal close-packed nanoparticle monolayer, the average NNN is 6. Assume the pairwise

capacitance between two neighboring nanoparticles is C,,, for monolayer, C,,;r = 6C,,. For
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bilayer, the NNN number of each nanoparticle is increased to 9. Therefore, the total capacitance
18 C = Cypp + 9C,,. For trilayer nanoparticle arrays, the NNN number for nanoparticles in the
upper or lower layer is still 9, but 12 for the middle layer. Then, the average total capacitance is
C=Csuy + % + UTC , and so on. This simple calculation also predicts the fast decrease of the
Coulomb charging energy for the first few layers and level off for more layers, which is consistent
with our experimental data.

The fourth parameter that we studied to tune the Coulomb charging energy of nanoparticle ar-
rays is the dielectric constant of the surrounding molecules. In the as-prepared nanoparticle arrays,
the nanoparticles were capped by alkanethiols. To change the molecules surrounding nanoparti-
cles, we used the molecular exchange method to partially displace alkanethiols by dithiolated
oligo(phenylene ethynylene)(OPE) molecules [37, 38]. The molecular structures of octanethiol
and OPE dithiol are presented in Fig. 6a. It is clear that the octanethiol molecule is saturated
while the OPE molecule is conjugated.

For molecular exchange, the as-prepared nanoparticle arrays were immersed in 1mM solu-
tion of OPE molecules for more than 12 hours. The electronic transport properties of the same
nanoparticle arrays were measured before and after molecular exchange. Figure 6b shows the
zero-voltage conductance as a function of the inverse temperature for three devices measured
before and after molecular exchange. The average charging energy before and after molecular
exchange is 8.05+0.87 meV and 5.57+£0.92 meV, respectively. The dielectric constant of alkanes
are typically in the range between 1.9-2.2 [39, 40], and 3.1-3.9 for OPE molecules [41, 42]. In
previous literature, Bernard et al. has investigated the molecular exchange in nanoparticle arrays
using spectroscopy techniques. It was found that only 20%-40% of the surface area of nanoparti-
cle was occupied by OPE molecules after molecular exchange [43]. We believe that it holds true
also for our case because of the similar experimental conditions, which indicates that the dielectric
constant after molecular exchange might be smaller than that of the pure OPE molecules. We take
the dielectric constant for mixed molecules with 20%-40% OPE molecules, giving rise to the value
in the range from 2.14 to 2.88 after molecular exchange. The ratio of the dielectric constant before
exchange to that after exchange is in the range from 0.65 to 1.03. According to our measurements,
the ratio of the measured charging energy is 0.65+0.2, which is in the range of the ratio of the two
dielectric constants. Our results confirmed that the molecules with different dielectric constants
could also be used to tune the Coulomb charging energy of nanoparticle arrays.

In summary, we obtained two conclusions through systematically studies of the charge transport
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properties of close-packed nanoparticle arrays. First, it is more reasonable to estimate the Coulomb
charging energy of nanoparticle arrays from the Arrhenius fitting of the temperature-dependent
zero-voltage conductance. Second, the Coulomb charging energy of nanoparticle arrays can be
effectively tuned by various parameters associated with the capacitance of nanoparticles. The
controllability of the Coulomb charging energy of nanoparticle arrays suggested by our results
will provide more approaches towards desired nanoparticle arrays for fundamental studies as well

as device applications.

Methods

Preparation of Au nanoparticles and self-assembly of two-dimensional nanoparticle arrays
Alkanethiol-capped gold nanoparticles with different diameters were prepared and dispersed in chloroform
according to the method described in the literature [31]. The self-assembly process was performed in a
fume hood. A Teflon beaker was used as a container to produce the slightly convex water surface. Typically,
~400 ul nanoparticle solution was cast onto the water surface. After 10-15 minutes, the solvent evaporated,
leading to the formation of ordered 2D naoparticle arrays.

Fabrication of PDMS stamps and transfer of nanoparticle arrays
Flat PDMS Stamps were prepared using clean silicon chips as masters. The silicon wafers were thoroughly
cleaned by ultrasonic treatment in pure water, acetone, and isopropanol, respectively. Then, the mixture of
a prepolymer gel and a curing agent (Sylgard 184, Corning) was cast on the silicon surface. After degassing
at room temperature for 1 hour, the mixture was baked at 60°C for 1-2 hours. Afterward, the PDMS was
peeled off the master and cut into desired shape.

The Langmuir-Schaefer technique was used to transfer nanoparticle arrays from the water surface onto
solid substrates. Briefly, a PDMS stamps was brought to contact the nanoparticle film for 10 s. Then,
the PDMS stamp was lifted from the film. Normally, small water drops remained at the edge of the PDMS
stamp. A piece of clean soft paper was used to absorb away the water drops, otherwise they wound influence
the quality of transferred nanoparticle arrays. Immediately after the inking of a PDMS stamp, conformal
printing was performed onto a solid substrate.

Fabrication of devices
To fabricate devices for electronic measurements, we used optical lithograph (SUSS MicroTec, MIB4) to

prepare contract pads with 2 um inter-distance. Metals (5 nm Ti + 25 nm Au + 50 nm Cr) were e-beam

10
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evaporated for the pads. The Cr layer was used as the inductive coupled plasmon (ICP) etching resist. A
second optical lithography was used to define the channel between electrodes and also protected by a layer
of Cr (70 nm). ICP etching (TRION) was carried out to etch down the regions that were not protected by
Cr layer. Afterwards, the Cr layer was removed by the chromium etchant (Sigma-aldrich).
Molecular exchange
To introduce OPE molecule into the nanoparticle arrays, the as-prepared samples were immersed in the
1mM solution of OPE molecules dissolved in Tetrafuran for more than 12 hours. After that, the samples
were taken out and rinsed in tetrafuran for several times and blew dry with nitrogen gas.
Characterization and transport measurements

Nanoparticle arrays and devices are mainly characterized by SEM (FEI Quanta 600). We measured the elec-
tronic transport properties of devices with a cryostat (Oxford Ins., OptistatAC-V). The IV curves were mea-
sured using a data acquired board (National Instruments, PCI-6281) together with a homemade LabVIEW
program. A current amplifier (Keithley 428) was used to convert the current to voltage. The temperature of
the devices was controlled by a temperature controller ITC, Model 503). For nanoparticle arrays with dif-
ferent particle sizes, we measured devices made from nanoparticles with diameters of 6.66 nm (3 devices),
7.58 nm (1 device), 9.25 nm (2 devices), 10.02 nm (3 devices), 10.64 nm (2 devices), 11.09 nm (4 devices),
15.81 nm (2 devices), and 21.35 nm (1 device). For nanoparticle arrays with different ligand molecules, we
measured devices made from nanoparticles with ligand molecules of butanethiol (3 devices), hexanethiol
(5 devices), octanethiol (4 devices), and decanethiol (4 devices). For nanoparticle arrays changing the di-
mensionality layer by layer, we measured 3 devices. For nanoparticle arrays with different surrounding

molecules, we measured 3 devices.
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FIG. 1: Close-packed nanoparticle arrays made from alkanethiol-capped Au nanoparticles. a-c, Scan-
ning electron microscope images of two-dimensional dodecanethiol-capped Au nanoparticle arrays with
different core sizes. The diameter of nanoparticles is 6.66 nm (a), 10.02 nm (b), and 21.35 nm (c¢). d,
Schematic of a nanoparticle array, showing the parameters that can be tuned to control the Coulomb charg-
ing energy, including the nanoparticle radium r, the inter-particle distance s, the nearest neighbor number

NNN, and the dielectric constant of the surrounding molecules &.
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FIG. 2: Device structure and the general current-voltage curves measured at different temperatures.
a, Schematic of the nanoparticle devices. The nanoparticle array between two electrodes (5 nm Ti + 25 nm
Au) is well defined by the protrusion region of the substrate. b, SEM image of one typical nanoparticle
device. The nanoparticle array between two electrodes is 60 ym wide and 2 ym long. Inset: A high
magnification SEM image of the nanoparticle array under test. ¢, Current-voltage curves of a typical device

measured at different temperatures, ranging from 5 K to 300 K.
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FIG. 3: The dependence of the Coulomb charging energy of nanoparticle arrays upon the nanoparticle
core sizes. a, The zero-voltage conductance of the nanoparticle arrays as a function of inverse temperature
for different nanoparticle core size. Eight different nanoparticle core sizes are measured, from 6.66 nm
to 21.35 nm in diameter. Octanethiol molecules were used as ligands for all samples here. b, Coulomb
charging energy extracted by using four different methods for nanoparticle arrays of different nanoparticle
core sizes. Values of Coulomb charging energy obtained from different models are shown by different sym-
bols and different colors: simple isolated nanoparticle model (a), Arrhenius activation model (m), threshold

voltage model (@ ), and concentric metal model (V)
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FIG. 4: The dependence of the Coulomb charging energy of nanoparticle arrays upon the inter-
particle distance. a, Molecular structures of four alkane thiols that are used to encapsulate Au nanoparti-
cles. The length of these alkane thiols are different, leading to different inter-particle distances in nanopar-
ticle arrays. The diameter of gold nanoparticles used here was 9.25 nm. b, The zero-voltage conductance
of the nanoparticle arrays as a function of inverse temperature for nanoparticle arrays with different inter-

particle distances. ¢, The Coulomb charging energy as a function of inter-particle distance.
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FIG. 5: The dependence of the Coulomb charging energy upon the dimensionality of nanoparticle
arrays. a, Schematic of the fabrication process to increase the dimensionality of the nanoparticle array
under test layer by layer. b, The zero-voltage conductance of the nanoparticle arrays as a function of inverse
temperature for nanoparticle arrays with different layers, from 1 layer to 7 layers. ¢, The Coulomb charging
energy as a function of layers of the nanoparticle array. The diameter of gold nanoparticles used here was

11.09 nm and the liagand molecule was octanethiol.
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FIG. 6: The dependence of the Coulomb charging energy of nanoparticle arrays upon the dielectric
constant of the surrounding molecules. a, Molecular structure of two different molecules, which have
different dielectric constants. One is octanethiol, and the other is dithiolated oligo(phenylene ethynylene)
(OPE). b, The zero-voltage conductance of the nanoparticle arrays as a function of inverse temperature for
three devices measured before and after OPE molecular exchange. Inset: The Coulomb charging energy for
each device measured before(black) and after(blue) molecular exchange. The diameter of gold nanoparticles

used here was 10.02 nm.
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