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ABSTRACT: Fabrication of a percolating conductive device exhibiting “necklace-
like morphology” is being reported utilizing a new route. This device was
fabricated by exploiting the electrostatic self-assembly of citrate capped negatively
charged Au nanoparticles (NPs) (60 nm diameter) over positively charged
poly(allylamine hydrochloride) (PAH) fibrous scaffold and followed by synthesis
of small Au NPs (~10 nm) on the PAH surface. These 10 nm Au NPs were
selectively synthesized over the PAH fiber surface using the surface catalyzed
reduction of Au precursor (HAuCl,), leading to a continuous conducting
network. This conducting device demonstrated a room temperature (RT)
Coulomb-blockade characteristic, which is indicative of “single electron device”.
The deposition of Au NPs was directed by the diameter of PAH fibers and
UV-irradiation exposure time used during the synthesis process. The average
diameter of the fibers was in the ~100—150 nm range, and the polyelectrolyte
(PAH) was fabricated using the electrospinning technique. The size of these
fibers was controlled by tuning the physical properties of PAH solution. Exposure of UV-irradiation for 25 min was sufficiently
enough to deposit Au NPs in close proximity to each other. Longer exposure time (~60 min) resulted in a device which showed
linear Ohmic current—voltage (I—V) behavior. The present process is reproducible, efficient, and resulted in a structurally stable
and robust device.
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Au Nanoparticles

‘Necklaces’

1. INTRODUCTION

During the last couple of years, several nanostructure materials
based on nanofibers had been extensively used due to their
intriguing chemical and physical properties."> One dimensional
(1-D) nanostructures are good candidates to be used in
electronic devices and as sensors. The use of necklace-like
morphologies of nanoparticles (NPs) provides a route for the
fabrication of single electron devices in which both the surface
chemistry and diameter of scaffold can be tailored. Electro-
spinning techniques have been utilized for the fabrication of a
large number of uniform polymers and polyelectrolytes in
nanoscale dimensions.>* The electrospinning process is found
to be very attractive due to its ability and flexibility to fabricate
nanofibers.” Electrospinning is a process where a strong
electrostatic force is applied to the capillary containing the
polymer solution. Initially, fine jets of liquid are formed after
applying a sufficient voltage to overcome surface tension and
ejected towards a ground target from the tip. At the beginning

flight and results in the formation of solidified polymer fibers.
By regulating the solution physical properties and process
parameters, the morphologies of the fibers can be tailored.®’
The dispersion of metal NPs into polymer nanofibers is of
great interest due to their novel properties, and there is a
continuously growing demand for further miniaturization due
to their various types of applications. The incorporation of
metal NPs into polymer nanofibers can be achieved by
electrospinning polymer solution containing the metal NPs,
by self-assembly of metal NPs separately onto the fibrous
surface by electrostatic interaction, or by applying surface
chemistries on the polyelectrolyte scaffold to synthesize NPs.
The electronic properties of metal NPs as a result of single
electron transport of current makes them an ideal material for
nanodevices. Therefore, metallic or semiconductor NPs
decorated over the polymer scaffold generate an exciting
system for designing device functionality. Metal NPs with

of the ejection of liquid, a single jet is formed which was
subsequently divided into multiple filaments due to radical
charge repulsion. The solvent is evaporated during the time of
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Figure 1. (A) UV—visible spectrum of the citrate coated Au NPs. (B) The transmission electron microscopy (TEM) images of the citrate Au NPs.
Inset shows the selected area electron diffraction (SAED) pattern of the same Au NPs. (C) The energy dispersive X-ray spectroscopic (EDS)
analysis of the citrate Au NPs. The spectrum shows the expected peaks for Au, Cu, and C. (D) The X-ray diffraction (XRD) pattern of the PAH-Au
nanofiber shows the diffraction from the (111), (200), (220), (311), and (222) planes of fcc Au NPs.

electrically percolating clusters show different electrical proper-
ties due to their interparticle electron transport.® At nano
domain, the flow of interparticle current takes place through the
transport of a single electron as proved by transport studies on
a s.ingle-electron,9 their 2-D and 3-D assemblies,'®'" and single-
electron devices'” like transistors. Thus, the percolating clusters
of metal NPs are shown to be promising candidates to fabricate
single-electron devices.

Among the different metal NPs fabricated over fibers, Au
NPs are promising because of their unique electronic, optical,
and magnetic properties. 1-D arrays of Au NPs within a
semicrystalline polymer poly(ethylene) oxide (PEO) were
fabricated by Kim and coworkers,"> and it was observed that
there is a 50 nm increase of fiber diameter after addition of Au
NPs to PEO. Wang et al. incorporated Au NPs to
poly(vinylpyrrolidone) (PVP) by the electrospinning route.'*
Han et al."”> and Li et al.'® deposited Au nanostructures over
nanofibers utilizing different physical or chemical routes. Dong
et al. assembled different metal NPs (Au, Ag, Pt) onto nylon-6

nanofibers by the hydrogen bonding interaction.'” Sui et al.
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fabricated self-assembled Au NPs over silica nanofiber by the
electrospinning method.'® There are few other research groups
who fabricated polymer nanofibers containing various metal
NPs.'”?® Very recently, few other groups fabricated metal—
polymer composite nanofiber by the electrospinning meth-
0d.*"** There are several other reports for the reproducible
fabrication of 1-D percolating Au NP assemblies.* >* S.
Maier’s group demonstrated that the 1-D chains of Au NPs can
be characterized by studying their spectral position® and the
inter-particle coupling effect can be utilized for the fabrication
of plasmon waveguides in integrated optical devices.”* Roth’s
group highlighted the adjustment of size-dependent catalytic,
electrical, and optical properties of gold cluster assemblies and
discussed significant issues in modern applied nanotechnol-
ogy.”> They studied the kinetics of initial nucleation and
subsequent cluster growth during sputter deposition of a gold
layer over silicon substrate. Recently, Miiller-Buschbaum’s
group studied the growth of Au nanowires over polymers
using a novel flow-stream technique.*®
group demonstrated the structure formation and packing of the

Very recently, the same
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Figure 2. Schematics drawing of the electrospinning setup for the fabrication of PAH nanofibrils.

Au NPs after a 5 s spray cycle deposited over conducting
polymer, poly(3-hexylthiophene) (P3HT).>” Faupel’s group
reported an easy approach for the fabrication of nanowires
using vacuum evaporation techniques.28

In the present study, we report a new method for the
fabrication of a percolating conductive device exhibiting
“necklace-like morphology”. The fabrication of this device is
based on three main process steps. During the first step,
polyelectrolyte poly(allylamine hydrochloride), PAH, was
fabricated using the electrospinning technique, where we
were able to tailor the size of these fibers in the submicrometer
size range which was used as a scaffold for NP depositions.
Then, the fabricated cationic PAH fibers were decorated with
negatively charged, citrate capped Au NPs (60 nm diameter)
using electrostatic interactions. During the third step, smaller
size Au NPs (~10 nm diameter) were synthesized selectively
on the PAH surface using the surface catalyzed reduction of Au
precursor (HAuCl,), leading to a continuous conducting
network. This device was tested for conductivity measurements
and demonstrated a room temperature (RT) Coulomb-
blockade characteristic, which is indicative of “single electron
devices”.

2. EXPERIMENTAL SECTION

2.1. Reagents and Instruments. Hydrogen chloroauric acid
(HAuCl,-3H,0), poly(allylamine hydrochloride) (PAH), and dodecyl
trimethylammonium bromide (DTAB-99%) were purchased from
Sigma-Aldrich and used as received. Citrate capped Au NPs were
purchased from BBI International and used as received. De-ionized
(DI) water was used for any type of wet chemistry and processing. The
Au NPs, the PAH nanofiber, and the deposited Au NPs over PAH
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nanofiber were characterized using several spectroscopic tools like UV-
visible absorption spectra, TEM, EDS, FE-SEM, and XRD analyses.
The specification of all these instruments, the process parameters for
the electrospinning set-up, UV-irradiation sources, and parameters for
conductivity (I-V, current—voltage) measurements are given in details
in our earlier report.

2.2. Fabrication of PAH Nanofiber by the Electrospinning
Method and Selective Deposition of Citrate Coated 60 nm Au
NPs over PAH Fiber. The PAH nanofibers were fabricated by the
electrospinning method as discussed in detail in our previous work.”
In brief, an aqueous solution of poly(allylamine) hydrochloride (PAH)
(25 wt %) was prepared using DI water. Cationic surfactant,
dodecyltrimethylammonium bromide (DTAB), was added to the
PAH aqueous solution, which was used to lower the surface tension.
Approximately 5—9 wt % of DTAB was optimized to obtain a stable
Taylor cone, resulting in nanofibers with uniform size distribution.
The importance of the Taylor cone and other specifications for the
electrospinning instrument are given elaborately in our earlier paper.”®
The schematics of the electrospinning setup are shown in Figure 2.
The substrate containing the PAH nanofibers was immersed in a
solution containing citrate capped 60 nm Au NPs overnight, and Au
NPs were allowed to self-assemble onto the PAH surface using
electrostatic interactions. The tri-sodium citrate capped negatively
charged Au NPs were purchased commercially and synthesized using
the Turkevich method.’® The particles were suspended in DI water
with a concentration of 1 X 10! NPs/mL. Then, the chip containing
PAH fibers was taken out from the Au NPs suspension, washed with
DI water, and dried. The sample was analyzed for Au NPs deposition
using FE-SEM analysis. Finally, the chip containing Au NPs deposited
on PAH fibers was immersed into HAuCl, solution which contains
2 mL of 1.23 X 10™* M HAuCl, solution and 2 mL of DI water. The
chip was exposed to UV-photo-irradiation for 25 min continuously.
After UV exposure, the chip was taken out from the solution, rinsed
with DI water gently, and then dried. The resultant sample was
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Figure 3. FE-SEM analysis of uncoated PAH fibers (A,B); SEM analysis of 60 nm Au NPs deposited on PAH nanofibrils using electrostatic self-

assembly (C—E).

characterized for its surface morphologies using FE-SEM analysis. It
was observed that smaller size Au NPs (~10 nm) were synthesized
and deposited on a PAH fibrous surface filling the gaps between 60 nm
Au NPs. It was observed that 10 nm Au NPs were synthesized
selectively on the PAH surface in close proximity to each other and
were deposited in between 60 nm Au NPs. Finally, this device was
tested for its conductance using two point current—voltage (I-V)
measurements.

2.3. Preparation of Samples for Various Characterizations.
The negatively charged citrate coated Au NPs were used as received,
and the absorbance value was measured using a UV-vis spectropho-
tometer. The details of sample preparation for the other character-
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izations like TEM, EDS, XRD, FE-SEM and I—-V studies are discussed
details in our earlier report.>

3. RESULTS AND DISCUSSION

3.1. UV-vis Spectroscopy, Transmission Electron
Microscopy (TEM), Energy Dispersive X-ray Spectrosco-
py (EDS), and X-ray Diffraction (XRD) Analysis. Citrate
capped negatively charged Au NPs showed an absorption max-
ima ~530 nm as shown in the UV—vis spectrum in Figure 1A.
The peak at a A, of 522 nm is due to surface plasmon
resonance (SPR) of spherical Au NPs.*' ~** Figure 1B showed

dx.doi.org/10.1021/am401864j | ACS Appl. Mater. Interfaces 2013, 5, 9949—9956
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the transmission electron microscopy (TEM) image of the Au
NPs at lower magnification. From this analysis, it was found
that the average diameter of the Au NPs was ~60 + 5 nm. The
majority of the particles were monodispersed with uniform size
distribution. The inset of Figure 1B shows the selected area
electron diffraction (SAED) pattern of the Au NPs, which
confirmed the single crystalline nature of the Au particles.
Figure 1C represents the energy dispersive spectroscopy (EDS)
analysis of the Au NPs. The spectra consist of different peaks
due to the presence of elements such as C, Cu, and Au. The
presence of C and Cu peak is due to the C-coated Cu TEM
grid used for TEM analysis, and the Au peak is due to the
citrate coated Au NPs solution. Figure 1D shows the X-ray
diffraction (XRD) analysis of the citrate coated Au NPs
solution which shows diffraction from the (111), (200), (220),
(311), and (222) planes of fcc Au NPs with the calculated
lattice constant of 0.406 nm matching with the literature (a =
0.4077 nm given by JCPDS file number 4-0784).>* The XRD
pattern of the Au NPs after deposition over PAH fiber was also
performed which showed almost similar types of patterns like
Figure 1D. On the basis of these characterizations, it was
confirmed that the citrate coated Au NPs that were used for
our study have a 4., at 530 nm and the average particle size of
~60 + 5 nm. The detailed studies of the morphology of the
fiber after deposition of two different varieties of Au NPs were
discussed in detail below using the FE-SEM study.

3.2. Field Emission Scanning Electron Microscopy (FE-
SEM) Studies. PAH was fabricated into nonwoven nanofibers
using the electrospinning technique. By controlling the solution
properties such as concentration, surface tension, and viscosity,
a stable Taylor Cone was obtained. A stable Taylor Cone is
important to obtain fibers with uniform size distribution. On
the basis of EF-SEM analysis, it was found that the diameter
of these electrospun fibers ranged from approximately 50 to
150 nm (Figure 3A,B). The average diameter of these fibers was
around 100 nm. The diameter of these fibers was controlled by
optimizing solution concentration, surfactant to PAH ratios,
applied voltage, and the distance between the solution tip and
collector. Figure 3C—E represents FE-SEM images under
different magnification, where 60 nm Au NPs self-assembled
onto PAH fibers using electrostatic interactions. It can be
observed that the deposition of Au NPs was directed by the
structure of PAH fibers. The self-assembly of Au NPs whether
single (singlet), double (doublet), or more was directed by the
structural morphology of the polyelectrolyte scaffold. For
instance, fibers with an average diameter of approximately
100 nm resulted in a necklace consisting of a 1-D array of 60 nm
Au NPs, whereas larger size fibers resulted in clusters of 2 or 3 Au
NPs. The interparticle spacing between these particles ranged
between 20 and 150 nm. Due to the interparticle repulsion
between the negatively charged Au particles, the major challenge
was to assemble these particles in close proximity, so that the
resultant necklace is conducting. This device was not conducting
when the voltage was applied across the electrodes.

In order to make this device percolating, initially, 60 nm
citrate capped Au NPs were deposited and finally 10 nm Au
NPs were directly synthesized on PAH fibers. The interparticle
gaps between 60 nm Au NPs were filled by synthesizing Au
NPs using PAH surface catalyzed reduction of HAuCl, using
UV photo-irradiation. The synthesized Au NPs were
approximately 10 nm in diameter and were deposited on the
PAH surface filling the gaps in between 60 nm Au NPs
selectively. The deposition of these particles was fairly discrete,
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Figure 4. FE-SEM images (A,B) of 60 nm Au NP deposited on PAH
fibers followed by controlled deposition of 10 nm Au NP using 25 min
of UV-irradiation at different magnifications.

with an interparticle spacing of 1-2 nm. A highly controlled
deposition of 10 nm Au NPs was achieved by regulating the UV
exposure time. In these nanostructures, there is no special
interconnection between the particles beyond the physical
contact mediated by the size and morphology of the PAH
scaffold. On the basis of FE-SEM analysis (Figure 4A,B), the
NPs appears to be percolating due to their close proximity to
each other. Figure 4A,B represents the high magnified FE-SEM
image of a PAH fiber with Au NPs deposited onto its surface.
These images represent the deposition of Au NPs in close
proximity to each other, where the deposition of Au NPs was
directed by the structure of a scaffold. A longer UV-irradiation
exposure time (60 min) resulted in excessive Au NPs
deposition leading to a continuous wire-like structure as
shown in Figure SA—C. Similarly, Figure SA represents a low
magnified FE-SEM image showing Au NPs deposition on PAH
fibers using 60 min of UV-irradiation exposure time (longer
exposure time), connecting two gold pads on the chip.
Excessive deposition of Au NPs on the PAH fibrous surface
was observed; 60 min of UV-irradiation was used during the 10 nm
Au NPs synthesis (see Figure SB,C).

dx.doi.org/10.1021/am401864j | ACS Appl. Mater. Interfaces 2013, 5, 9949—9956
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Figure 5. FE-SEM images (A—C) of 60 nm Au NP deposited on PAH fibers followed by excessive deposition of 10 nm Au NP using 60 min of UV-

irradiation.

3.3. Mechanism of the Au NPs Deposition over PAH
Fiber. Negatively charged citrate capped Au NPs (~60 nm)
were deposited onto positively charged PAH nanofibers using
electrostatic interactions. The deposition of these NPs was
controlled by controlling the diameter of PAH fibers. Thin
fibers resulted in 1-D array of NPs, whereas thicker fibers
resulted in clusters of NPs deposited on the PAH nanofibers
surface. The deposition of these NPs was not in close proximity
to make this device as percolating. The average distance
between two individual 60 nm Au NPs in close proximity were
~10—20 nm while they were deposited as a single particle in
1-D arrays (as Figure 3E) although in a few places the average
distance is little more. Smaller sizes of Au NPs (~10 nm) were
synthesized selectively on the PAH surface to make this device
percolating. This synthesis was based on the PAH surface
catalyzed reduction of HAuCl, into zero-valent Au NPs in
the presence of UV-irradiation. The presence of PAH and
controlled UV-photo-irradiation was necessary to synthesize
controlled deposition of Au NPs. In the syntheses process, the
amino group (—NH,) of PAH acts as reducing agent to reduce
AuCl,” to Au (0) and oxidize itself to imine.*® Initially, PAH
formed a complex with AuCl,”, and then, the electron transfer
process from polymer to gold ions is initiated in the presence of
UV-irradiation. Finally, all the Au™> was reduced to Au(0).*®
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The smaller Au NPs (~10 nm) were synthesized and
selectively deposited on the PAH fibers, filling the gaps
between 60 nm Au NPs. The amount of Au NPs deposited
onto PAH fibers was controlled by controlling the UV-
irradiation exposure time precisely. Shorter exposure time
resulted in discrete Au NPs on PAH fibers, whereas longer
exposure time (more than 30 min) resulted in continuous wire
type structures as shown in Figure SC. We believe that larger
Au NPs (60 nm) will impart robustness in this device by
minimizing the thermal fluctuation effects as compared to
smaller Au NPs (10 nm) and those 10 nm Au NPs were
synthesized to make this device percolating.

3.4. Conductivity (/-V) Measurements of This Device.
A percolating conductive device exhibiting “necklace-like
morphology” was used to connect any two Au electrode pads
on the chip, which were separated by specified gaps. The
conductivity (current—voltage, I—V) behavior of this device
was tested by using a two point probe measurement across Au
electrode pads. Figure 6A represents the low magnified FE-
SEM image showing a PAH fiber with Au NPs deposited onto
its surface, connecting two gold pads on the chip for two point
conductivity measurements. It was found that the majority of
these Au electrode gaps on the chip, which were connected by
PAH/Au NP fibers, were conductive. Figure 6B represents the

dx.doi.org/10.1021/am401864; | ACS Appl. Mater. Interfaces 2013, 5, 9949-9956
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Figure 6. (A) FE-SEM image of the Au NPs deposited over the PAH
fiber used for the two points testing in the conductivity measurement.
(B) Conductivity (I-V) testing of the device obtained by using 25 min
of UV irradiation during Au nanoparticle synthesis. (C) Conductivity
(I-V) measurements of the device obtained by using 60 min of UV
irradiation during Au NP synthesis.

conductivity measurement across two Au electrode pads
separated by a SO ym gap (largest gap on the chip) connected
by Au particles deposited on the PAH fibrous surface. The
measurements were made for a bias voltage of —10 to 10 V. This
device was conducting with nonlinear current—voltage (I-V)
characteristics and a significant threshold bias of V7 is required
for current flow. This threshold voltage of 2.2 V was indicative of
a Coulomb blockade effect at 298 K as shown in Figure 6B. This
observation is consistent with 1-D electron transport that is
expected from necklace-like morphology device.’” In single
electronics, the charging energy of these particles is inversely
proportional to the particle diameter. For smaller sized NPs
(conducting islands) with diameter of 10 nm or less, the charging
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Scheme 1. Formation of Au NPs “Necklaces” on PAH Fibers

Au Nanoparticles
tNecklaces’

energy of these particles dominates the thermal fluctuations.
Consequentlz, single electron effects can be visible at room
temperature.”® For a device with single isolated particle of
diameter d, to be 10 nm, the estimated bias V} = ¢/2C =
e/(4meeod) is ~50 mV corresponding to a barrier energy of
S0 meV (2kT at RT), where C is the capacitance, &, is the
electric permittivity in vacuum, and & is the charge of an
electron.®® In our device, discrete 10 nm Au NPs contributed
towards the Coulomb blockade effect at RT, whereas larger
particles act as conducting wires. These isolated particles are in
series, and the net capacitance Cr is given by:

1 1 1 1 n

t—t+—t..=—=
c cC C  2meeyd

n

c C

where n is the number of clusters of small NPs. The effective size
of the particle is d/n, and coulomb blockade voltage V1 = ¢/2Cr =
n(e/2C) = nV, (V, is the coulomb blockade for a single
particle). An increase in the threshold voltage (V) from SO mV
for a single particle to 2.2 V for the necklace at RT will require
approximately 44 NPs. On the basis of our study, it was found
that the resistance of this device was around 2.48 X 10% Q, which
is consistent with the resistance range reported by Loubat et al.*’
for different size range devices. This device was stable and robust
during the current—voltage measurements within the limits of
bias used. On the other extreme, when the UV exposure time
was more than 30 min, it resulted in excessive depositions of 10
nm Au NPs (as shown in Figure SA—C), making the device
behave as a conducting wire. This device exhibits linear Ohmic
current—voltage characteristics as shown in Figure 6C. The
resistance of this device showing Ohmic behavior was found to
be around 4.0 X 10* Q, which is consistent with that reported by
Colm Durkan*' and Konstantin Likharev*® for similar type
devices. The deposition of Au NPs was controlled by the size of
PAH fibers, resulting in a device with “necklace-like” morphologies,
which was used to control 1-D electronic transport across two Au
electrodes as shown in Scheme 1.

4. CONCLUSION

In summary, we were able to fabricate a Au/PAH conductive
device which is structurally stable and robust. The deposition of
Au NPs was directed by utilizing the structural morphologies of
the scaffold and controlling the surface catalyzed syntheses of

dx.doi.org/10.1021/am401864j | ACS Appl. Mater. Interfaces 2013, 5, 9949—9956
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Au NPs selectively on the polyelectrolyte (PAH) surface. The
resultant device was found to be conductive with nonlinear
current—voltage behavior. A significant threshold voltage of
2.2 'V was required for current flow, and this threshold voltage
is an indication of the Coulomb blockade effect at 298 K and is
expected from necklace morphologies. By controlling the
polyelectrolyte solution properties, we were able to fabricate
fibers having an average diameter in the range of 100 + 50 nm.
The composite nanofiber was nonconducting after the first 60 nm
Au NP deposition. During the second stage of depositions,
Au NPs were selectively synthesized on the PAH surface using
a surface catalyzed reduction of HAuCl, and UV-irradiation
treatment. The average diameter of the synthesized Au NPs was
approximately 10 nm. The deposition of 10 nm Au NPs was
precisely controlled by regulating the UV-irradiation time and
was approximately 25—30 min. Approximately 25 min of UV
exposure time was sufficient to make this device percolating.
Longer UV-irradiation time showed excessive deposition of Au
NPs, and the resultant device was conducting and showed
linear Ohmic current—voltage behavior. The diameter of the
polyelectrolyte fibers and the deposition of Au NPs were
regulated by the process parameters. The present process is
extremely efficient, reproducible, and robust. This will provide a
route to fabricate structures with necklace-like morphologies
exhibiting 1-D electron transport. Moreover, we believed that
this new polymer—NP memory device could have an important
impact in the future of information technology by providing the
high-speed, high density memory needed for future advanced

computers, digital electronics, and single electron transistors.
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