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ABSTRACT: One-dimensional Au nanoparticle arrays encapsulated within free-
standing SiO2 nanowires are fabricated by thermal oxidation of Au-coated Si
nanowires with controlled diameter and surface modulation. The nanoparticle
diameter is determined by the Si nanowire diameter and Au film thickness, while
the interparticle spacing is independently controlled by the Si nanowire
modulation. The optical absorption of randomly oriented Au nanoparticle arrays
exhibits a strong plasmonic response at 550 nm. Scanning transmission electron
microscopy (STEM)−electron energy loss spectrum (EELS) of nanoparticle arrays
confirmed the same plasmonic response and demonstrated uniform optical
properties of the Au nanoparticles. The plasmonic response in the STEM-EELS
maps is primarily confined around the vicinity of the nanoparticles. On the other
hand, examination of the same nanowires by energy-filtered transmission electron
microscopy also revealed significant enhancement in the plasmonic excitation in
the regions in between the nanoparticles. This versatile route to synthesize one-
dimensional Au nanoparticle arrays with independently tailorable nanoparticle diameter and interparticle spacing opens up
opportunities to exploit enhanced design flexibility and cost-effectiveness for future plasmonic devices.
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Plasmonic nanoparticle arrays are promising for a broad
range of applications, including biosensors,1 surface-
enhanced Raman spectroscopy,2 waveguides,3 nano-

antennas,4 and negative index materials.5 The array properties
are based on electromagnetic field enhancement at the metal−
nanoparticle surface, which is controlled by the nanoparticle
array material and geometry, the dielectric constant of the
surrounding media, and the wave polarization and direction.3,6

For example, one-dimensional plasmonic nanoparticle arrays
with a small interparticle spacing in the near-field coupling
regime allow the electromagnetic wave to propagate below the
diffraction limit and through 90° bends without significant
loss,3 making these structures well-suited for waveguides. In
contrast, particle arrays with a large interparticle spacing can
have sharp plasmonic peaks through far-field interparticle
coupling,6 offering high sensitivity for sensors.
A variety of nanofabrication processes have been demon-

strated to produce planar and freestanding plasmonic nano-
particle arrays with tailored geometries.6−26 The most
commonly used method for fabricating nanoparticle arrays on
planar substrates uses electron-beam lithography, metal

evaporation, and lift-off.6 A range of array geometries is
enabled through the patterning and deposition process, while
the process is often not scalable nor cost-effective. Alternative
methods that create nanoparticles by annealing planar7 or
patterned8 Au thin films coated on Si substrates reduce cost,
but they produce arrays with limited control over nanoparticle
diameter and interparticle spacing. Several maskless processes
that combine the top-down and bottom-up hybrid approaches
were utilized to dewet and transform surface metallic layers into
metallic nanostructure arrays, providing a greater flexibility for
the array geometry.9−15 However, these approaches still face
barriers toward large-scale device production. Solution-based
nanoparticle assembly through linker molecules16 also greatly
reduces the cost and enables large-scale fabrication, but at the
expense of full controllability in the interparticle spacing and
uniformity of the particles. Laser heating17 and in-fiber
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fabrication18 provide a cost-effective and high-throughput
method, but the interparticle spacing has been limited to the
micrometer scale. The controlled aggregation of nanoparticles
has been enabled by either placing drops of nanoparticles in an
aqueous solution on prepatterned trenches19 or encapsulating
aggregates of nanoparticles in polymeric shells.20 Meanwhile,
these methods typically require complex multilevel processing.
Au nanoparticle arrays observed in thermally oxidized Si
nanowires that were grown by the Au-catalyzed vapor−liquid−
solid (VLS) method21−26 provide better engineering strategies
in manipulating diameter and interparticle spacing. However,
the Rayleigh instability-driven linear dependence of interpar-
ticle spacing on nanoparticle diameter or the simple diffusion
process limits fully independent control over diameter and
interparticle spacing.
This paper reports a versatile method to synthesize self-

organized one-dimensional Au nanoparticle arrays encapsulated
within freestanding silicon dioxide (SiO2) nanowires. This
process provides independent and precise control of nano-
particle diameter and interparticle spacing along the length of
the wire. This is achieved by thermal oxidation of Au-coated Si
nanowires with highly tailorable and reproducible diameter and
surface modulation created by deep reactive ion etching
(DRIE). The nanoparticle diameters are determined by the
volume of the deposited Au film on the surface of the wire, and
their interparticle spacing is defined by the surface modulation
wavelength of the starting Si nanowire. Optical absorption
measurements of a suspension of randomly oriented SiO2-
encapsulated Au nanoparticle arrays with 80 nm diameter
particles and 230 nm interparticle spacing showed a plasmonic
response with an intense peak at 550 nm. Scanning
transmission electron microscopy−electron energy loss spectra
(STEM-EELS) of individual nanoparticle array wires confirmed
the same plasmonic response and high uniformity in the Au
nanoparticle properties. Additional energy-filtered transmission
electron microscopy (EFTEM) analysis showed optical
coupling between adjacent Au nanoparticles in the array.
These results demonstrate that this fabrication method
provides a cost-effective and scalable approach to create free-
standing one-dimensional nanoparticle array building blocks

with increased flexibility for future plasmonic devices including
biosensors,1 surface-enhanced Raman spectroscopy,2 wave-
guides,3 nanoantennas,4 and negative index materials.5

RESULTS AND DISCUSSION

Versatile Route to Synthesize One-Dimensional Au
Nanoparticle Arrays. As illustrated in Figure 1, SiO2-
encapsulated Au nanoparticle arrays fabricated by thermal
oxidation of Au-coated Si nanowires with smooth and
modulated surfaces are compared to show the greatly enhanced
control and uniformity in particle diameter and interparticle
spacing obtained using surface-modulated wires. In this work, Si
nanowires with smooth surfaces were grown by the Au-
catalyzed VLS method. Our previous work indicates that an
intrinsic variation of Au catalyst size induces a batch of starting
Si nanowires to have a distribution of diameters in a single
growth,27 and the values range from 20 to 50 nm in this study.
This distribution of starting material geometry allowed rapid
analysis of Au nanoparticle arrays as a function of starting wire
diameter and volume of deposited Au. In the process illustrated
in Figure 1a, the Au catalyst particles were selectively removed
from the Si nanowire tips28 prior to coating the top side of the
wires with a uniform 10 nm thick Au film. The Au-coated Si
nanowires were then thermally treated in a tube furnace at a
temperature of 850 °C under pure, dry O2 flow. It has been
shown previously that the Au weakens the covalent bond
between Si atoms and increases the extraction and oxidation
rate of Si at the Si−Au interface.29 For these Au-coated Si
nanowires, the movement of Au toward the core of the wire is
enhanced to reduce the surface and interfacial free energy. As
the Au-enhanced oxidation process advances,29 each Au-coated
Si nanowire is transformed into a crystalline Au nanowire
encapsulated in a freestanding SiO2 nanowire, as shown by the
transmission electron microscope (TEM) image in Figure 1b.
After complete oxidation of the Si wire, the solid Au nanowire
then breaks into a nanoparticle array to reduce the interfacial
energy between the Au core and SiO2 shell, as shown by the
TEM image in Figure 1c.27 The nanoparticle diameter and
interparticle spacing for the Au nanoparticle array in Figure 1c
varied from 10 to 16 nm and 30 to 47 nm, respectively.

Figure 1. SiO2-encapsulated Au nanoparticle arrays fabricated by thermal oxidation of Au-coated Si nanowires with smooth (a−c) and
modulated (d−g) surfaces. (a) Schematic process for a one-dimensional Au nanoparticle array formed using smooth nanowires. (b) TEM
image of a Au nanowire within a SiO2 shell during oxidation of the 20−50 nm diameter Si nanowire with 10 nm thick Au film. Scale bar, 50
nm. (c) TEM image of a Au nanoparticle array formed within the SiO2 shell after complete oxidation of the nanowire. Scale bar, 50 nm. (d)
Schematic process for a one-dimensional Au nanoparticle array formed using Si nanowires with controlled surface modulation. (e) As-etched
array of vertically oriented Si nanowires. (f and g) Evolution of Au nanoparticle array formation inside the SiO2 nanowire. The starting Si
nanowire had a maximum diameter of 200 nm (convex region), a minimum diameter of 80 nm (concave region), a modulation wavelength of
630 nm, a length of 5.6 μm, and a Au layer thickness of 20 nm. Scale bar, 200 nm.
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The transition of a smooth-surface core metallic nanowire
into a one-dimensional nanoparticle array has been reported for
several dielectric-encapsulated metallic nanowire systems such
as Au/SiO2, Au/TiO2, Au/Al2O3, Au/Ga2O3, and Cu/
TiO2.

30,31 This trend is explained by Rayleigh instability theory
which describes the thermodynamic instability of an infinite
cylindrical wire due to capillary-induced surface tension.22

When a modulation wavelength is greater than the circum-
ference of a cylindrical wire, kinetics predicts that the wire is
fragmented to a row of particles via atomic diffusion to
minimize the interfacial energy between the wire and the
matrix.32,33 The atomic diffusion increases with increasing
gradient of the curvature of the wire surface. Elevated annealing
temperatures typically make the atomic diffusion high enough
to overcome the kinetic limitation. The wire ruptures at
multiple points along its length and finally becomes fragmented
into a row of particles. In the system here, continued thermal
treatment following complete oxidation of the Si gives rise to a
sinusoidal modulation of the Au nanowire diameter with a
wavelength that depends on the starting diameter of the Au
wire.34 The amplitude of the modulation grows with time,
ultimately causing the wire to break into an array of spherical
Au nanoparticles with an interparticle spacing equal to the
modulation wavelength. Rayleigh theory predicts that the
modulation wavelength will grow with increasing Au wire
diameter. The average particle diameter versus interparticle
spacing for Au nanoparticle arrays synthesized from smooth Si
nanowires with different starting diameter, and consequently
Au wire diameter, is shown by the gray symbols in Figure 2a.
The dashed gray line in this figure shows that the ratio of the
particle diameter to interparticle spacing follows a linear
relationship with a slope of 3, which falls within the observed
values of 2.3 and 4.5 for the Rayleigh instability.22,27,35

Therefore, it is not possible to independently tune the
nanoparticle diameter and the interparticle spacing on smooth
wires because the ratio is fixed, which restricts the use of these
wires for plasmonic applications.
The limitation enforced by the Rayleigh instability can be

overcome to create one-dimensional arrays with highly
tailorable Au nanoparticle diameter and interparticle spacing

by introducing controlled modulation in the Au wire diameter
during Au-enhanced oxidation. The process demonstrated in
this work is illustrated in Figure 1d (see Materials and Methods
section and Supporting Information for details). Briefly,
nanowire array features were patterned on a thermally oxidized
Si substrate using projection lithography and then were
transferred vertically into the Si substrate by DRIE, leading to
Si nanowires with a uniform diameter and modulated surface.
Figure 1e shows an as-etched array of vertically oriented Si
nanowires. During DRIE, alternating etching and polymer
deposition cycles were optimized to create scalloped profiles
(concave- and convex-shaped segment regions) with predefined
surface modulation wavelengths along the length of the Si
nanowires in the array.36 Each batch of surface-modulated Si
nanowires was then coated with a deposited Au thin film of a
specified thickness and thermally treated in a flow of dry O2.
During Au-enhanced oxidation, the Au atoms in the concave
region of the Si nanowire migrate to the convex region, which
results in a surface-modulated crystalline Au wire, as shown by
the field emission scanning electron microscope (FESEM)
images in Figure 1f and g. Over a wide range of geometries, the
controlled surface modulation introduced by the scalloped Si
sidewall overcomes the intrinsic modulation due to the
Rayleigh instability. In these cases, the Au wire breaks at the
points where its diameter is the narrowest. The initial phase of
the fragmentation process is observed in several regions along
the wire in Figure 1f and g. Continued thermal treatment of the
same batch of wires resulted in well-controlled Au nanoparticle
arrays with uniform particle diameters of 200 ± 10 nm and
interparticle spacings of 622 ± 17 nm, as shown in the FESEM
images of Figure 2b. Our previous work indicates that this trend
is consistently observed within an ensemble of nanowires.37

Independent and Precise Control of Nanoparticle
Diameter and Interparticle Spacing. In this process, the Au
nanoparticle diameter and interparticle spacing can be adjusted
independently by controlling both the Si nanowire modulation
wavelength and the deposited Au layer thickness, as shown by
the data plotted in Figure 2. Each symbol in Figure 2 represents
the average of the particle diameter and interparticle spacing
within a single wire formed by a thermal treatment at 850 °C

Figure 2. (a) Distribution of Au nanoparticle arrays with controlled interparticle spacing and diameter formed by the same thermal treatment
at 850 °C for 2 h. (b−e) Corresponding FESEM images: the top image in each colored box was taken at an accelerating voltage of 5 kV, and
the bottom image was taken at an accelerating voltage of 20 kV. All scale bars, 200 nm. Each symbol represents the average of the particle
diameter and interparticle spacing within a single wire resulting from the following Au coating thickness/modulation wavelength: (gold star)
20 nm/630 nm; (gold dot) 10 nm/630 nm; (gold triangle) 5 nm/630 nm; (red star) 20 nm/430 nm; (red triangle) 5 nm/430 nm; (blue dot)
10 nm/230 nm; (blue star) 20 nm/230 nm; (green pentagon) tapered nanowires with 10 nm Au coating; (gray asterisk) smooth nanowires
with 10 nm Au coating.
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for 2 h. To calculate the diameters and interparticle spacings of
the Au nanoparticles in the SiO2 nanowires, various numbers of
nanowires ranging from 4 to 12, which are represented by the
number of symbols in each group shown in Figure 2, were
taken into account. The gold triangle, circle, and star symbols in
Figure 2 compare Au nanoparticle arrays fabricated by fixing
the modulation wavelength at 630 nm and varying the
deposited Au thickness to 5, 10, and 20 nm. As shown in
this plot, the three Au thicknesses produced arrays with tightly
controlled interparticle spacings of 637 ± 31 nm and uniform
nanoparticle diameters of 88 ± 6, 118 ± 6, and 200 ± 10 nm,
respectively. Alternatively, the interparticle spacing can be
modified while maintaining the same nanoparticle diameter by
tuning the Au thickness and the modulation wavelength. As
shown by the gold triangle and blue star symbols, Au
nanoparticles with diameters of 85 ± 8 can be fabricated by
coating 5 nm of Au on Si nanowires with a modulation
wavelength of 630 nm or by coating 20 nm of a Au layer on
nanowires with a modulation wavelength of 230 nm.
Finally, nanoparticle arrays with different nanoparticle

diameters and interparticle spacings can be made by fixing
the Au layer thickness while varying the modulation wave-
length, as shown by the FESEM images in Figure 2b−d. For the
nanowires with a Au layer thickness of 20 nm and modulation
wavelengths of 230, 430, and 630 nm, the nanoparticle
diameters are 80 ± 10, 120 ± 19, and 190 ± 10 nm, while
the interparticle spacings are 238 ± 21, 435 ± 38, and 622 ± 17
nm, respectively.
This versatile nanofabrication method also allows independ-

ent control of the nanoparticle diameter and/or interparticle
spacing along the length of the same nanowire. For example,
the nanoparticle diameter can be varied while maintaining a
fixed interparticle spacing. The top image of Figure 2e shows a
tapered Si nanowire with a 130 nm modulation wavelength and
a diameter that increases from 65 nm at the top to 125 nm at
the bottom of the nanowire. The nanoparticle array formed by
Au-enhanced oxidation of the wire after deposition of a 10 nm
thick Au layer is shown in the bottom image of Figure 2e. The
nanoparticle diameter increases monotonically from 37 nm at
the top to 47 nm at the bottom of the nanowire, while the
interparticle spacings are maintained at 130 ± 7 nm.
Optical Absorption of Randomly Oriented Nano-

particle Arrays. The plasmonic properties of the one-
dimensional Au nanoparticle arrays were characterized by
measuring the extinction spectra of a randomly oriented
population of 6 μm long nanowire arrays suspended in an
isopropyl alcohol (IPA) solution. The spectrum shown in
Figure 3a was collected on a batch of wire arrays composed of
80 nm diameter Au nanoparticles with a 230 nm interparticle
spacing encapsulated within a 100 nm thick SiO2 shell. The
measurement was conducted using a UV−vis spectrometer
(PerkinElmer Lambda 9500) with unpolarized light. The
transmitted beam energy was measured and referenced to the
incident beam energy to extract the extinction energy. The
measured spectrum shows an intense extinction peak at 550
nm. Extinction consists of two distinct processes including
scattering and absorption. The ratio of the scattering cross-
section to the absorption cross-section is dependent upon the
size of metallic nanoparticles and their surrounding medium.38

To experimentally identify a dominant contribution to the
observed optical properties, individual one-dimensional Au
nanoparticle arrays were also characterized by dark-field
scattering. For this measurement, nanowires were dropped

onto a glass slide at a density low enough to isolate a single
nanowire in the beam path. The array was illuminated with
unpolarized white light from a tungsten−halogen lamp using an
oil dark-field condenser (NA = 1.2−1.43). The light scattered
from the arrays was then collected with a 100× objective lens
and imaged with a digital CCD camera using an upright
microscope (Nikon TE 200U). As shown in the inset of Figure
3a, the scattering image displays a uniform, strong green color
at 520 to 570 nm, which is consistent with the position of the
extinction peak, suggesting a dominant contribution of the
scattering.
For comparison to theory, a finite difference time domain

(FDTD) electromagnetic simulation was performed for a one-
dimensional nanoparticle array composed of five spherical
crystalline Au nanoparticles with a diameter of 80 nm and an
interparticle spacing of 230 nm encapsulated in a SiO2
nanowire with a diameter of 100 nm (n = 1.47) surrounded
by IPA (n = 1.38). The incident electric field was swept from

Figure 3. (a) Calculated (top) extinction spectrum of individual Au
nanoparticle chains in isopropyl alcohol (IPA) solution and
measured (bottom) extinction spectrum of the one-dimensional
Au nanoparticle chain ensemble in IPA solution. Inset (top):
Illustration of optical extinction measurement of a freestanding
one-dimensional Au nanoparticle array chain ensemble in IPA
solution. Inset (bottom): Dark-field microscopy images of the
individual one-dimensional Au nanoparticle array; the green color
agrees well with the plasmonic peak. (b) EELS of the individual
one-dimensional Au nanoparticle array. The surface plasmon peak
is at 2.25 eV. Inset (top): STEM image showing the area (orange
box) in the vacuum region from which a spectrum image was
obtained. The yellow box is the area that was used for drift
correction during the experiment. Inset (bottom): Energy maps
extracted from the spectrum image data with a window of width 0.5
eV centered at the indicated energy positions of 2.25 ± 0.25 eV
(left), 3.25 ± 0.25 eV (middle), and 4.25 ± 0.25 eV (right). The
energy intensity around the nanoparticle is enhanced at the
resonance energy. Note: The halo only occurs along the axial
direction because the thick 100 nm oxide in the radial direction
prevents electrons from being collected.
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parallel to vertical with respect to the long axis of the nanowire,
and the average response is plotted in Figure 3a. The peak
position in the simulated spectrum is 558 nm, which is red-
shifted compared to the measurement. There are two possible
reasons that can contribute to this slight difference in peak
position: (1) the 12% variation in the nanoparticle diameter
and interparticle spacing could contribute to the shift, and (2)
the randomly oriented nanowires during the measurement can
be viewed as disorder in the perfect one-dimensional array. As
demonstrated previously,39 disorder partially cancels the
interparticle interaction, causing a blue-shift of the plasmon
peak.
The plasmonic resonance at 558 nm corresponds to the

coupled plasmonic dipolar modes of the Au nanoparticles.
Because the nanoparticle diameters are larger than 50 nm, the
nanoparticle can support a quadrupole resonance plasmonic
mode.40 To efficiently couple incident light into the
quadrupolar mode, the phase of the incident light must change
significantly across the nanoparticle.41 The rapid spatial phase
change occurs more easily at higher frequencies. Thus, the
higher scattering intensity at short wavelengths is due to the
excitation of the quadrupolar mode.42 In addition, the transition
between optical bands contributes to the strong extinction at
shorter wavelengths. Applying a Lorentzian fit to the
experimental and the simulated resonant responses gives a
full-width at half-maximum (fwhm) of 76 and 60 nm for the
experiment and simulation, respectively. The discrepancy in
fwhm can be explained, in part, by the smaller number of
nanoparticles included in the simulation as compared to
experiment. Schatz et al.40 showed theoretically that the peak

width broadens as the number of nanoparticles increases. An
array of five Au nanoparticles was used in the simulation, while
the fabricated arrays contained 30 nanoparticles along each 6
μm long wire.
STEM43 was used to characterize the plasmonic response of

individual Au nanoparticles in the one-dimensional arrays. By
scanning the electron beam probe with a spot size of only 1 nm,
it is possible to excite and collect the EELS of individual
nanoparticles. Figure 3b shows the EELS44 along with the
corresponding dark-field STEM image of the nanoparticle array
that was collected from the same batch of nanowires used for
extinction measurements. The EELS spectrum has a large peak
at 2.25 eV (552 nm), which is consistent with the resonant
peak positions in the extinction measurement and simulation.
The energy map of the same nanoparticle array was collected to
spatially resolve the energy distribution around each nano-
particle, as shown in the inset of Figure 3b. In the map collected
at 2.25 eV with an energy window width of 0.5 eV, a uniform
halo extends away from the surface of each nanoparticle in the
array, which indicates there is an excitation of the surface
plasmon at the resonant energy. The map extracted at 3.25 eV
also shows weak intensity maxima adjacent to the nanoparticles
corresponding to the gradual decay in the intensity around this
energy region in the energy loss spectrum. We observe that the
maxima in both maps are primarily located at localized regions
surrounding the nanoparticles with no significant intensity in
the region in between the nanoparticles.

Interparticle Plasmonic Excitation along Nanoparticle
Arrays. To study the interparticle interaction along the array,
the nanoparticles in the array were simultaneously excited by

Figure 4. EFTEM images at (a) 1.6, (b) 2.2, and (c) 3.2 eV of an individual Au nanoparticle chain. Scale bar, 200 nm. Theoretical distribution
of the electromagnetic field intensity |E|2 at (d) 1.6, (e) 2.2, and (f) 3.2 eV of the chain with surface modulation when the light is incident
along the chain;. Theoretical distribution of the electromagnetic field intensity |E|2 at (g) 1.6, (h) 2.2, and (i) 3.2 eV of the chain with surface
modulation when the light is incident perpendicular to the chain direction. The electric field is greatly enhanced around the plasmonic
resonance energy from both the simulation and experiment result. Beyond or below the resonant energy, the electric field is not as strong as at
the resonance energy. The arrow in the figures indicates the polarization direction.
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EFTEM with a parallel incident electron beam.45 Figure 4a−c
show raw EFTEM images collected for series of energy loss
values centered at 1.6, 2.2, and 3.2 eV with a predefined energy
width of 0.2 eV, further confirming that the resonance occurs at
2.2 eV (560 nm) and the plasmonic response of this structure is
not sensitive to the surrounding environment (IPA versus
vacuum). At the plasmonic resonance of 2.2 eV, a bright
contrast is present both around and between the nanoparticles,
indicating significant plasmonic enhancement in between the
nanoparticles when multiple nanoparticles along the array are
simultaneously excited. This is further supported by a
comparison of the energy loss spectra from local positions in
STEM-EELS and EFTEM spectrum images. Figure 5 shows
STEM and TEM images along with the energy loss spectra
from three different positions in a vacuum: the first being close
to a nanoparticle (marked position 1 in red), the second, in
between the nanoparticles (marked position 2 in blue), and
third, away from these locations (marked position 3 in green).
It is evident from the STEM-EELS results in Figure 5a that with
the probe positioned in between the nanoparticles (i.e., none of
the nanoparticles in its vicinity are excited) the energy loss
feature at 2.2 eV is significantly weaker than that obtained with
the probe positioned close to the nanoparticles and that the
overall spectrum is comparable to the background spectrum
obtained with the probe positioned away from the nano-
particles. On the other hand, in the EFTEM mode in Figure 5b,
where all nanoparticles are simultaneously excited, it is clear
that the energy loss spectra extracted from positions near and in
between the nanoparticles are almost identical and significantly
higher than that extracted from a position away from the
nanoparticles.
To interpret the EFTEM maps shown in Figure 4a−c and to

correlate the optical plasmon mode46 to the spatial distribution

of the energy loss probability, electrodynamic simulations were
performed on the individual one-dimensional nanoparticle
arrays (COMSOL Multiphysics 4.2a, RF Module) of SiO2-
encapsulated, spherical crystalline Au nanoparticles with a
diameter of 80 nm. The surface modulation was modeled as
two SiO2 cones with a height of 115 nm, a base diameter of 100
nm, and a top diameter of 60 nm mirrored at the center plane
of the nanoparticle. The surrounding environment is a vacuum
with n = 1. Figure 4d−i plot the distribution of the total electric
field intensity |E|2 at the center Au nanoparticles for incident
energies of 1.6, 2.2, and 3.2 eV under the incident electric field
parallel (Figure 4d−f) or perpendicular (Figure 4g−i) to the
long-axis of the nanoparticle array. Strong agreement is
observed between the simulated electromagnetic field distribu-
tion and the experimentally measured electron energy loss
probability. The electron loss probability is related to the
photonic local density of states (LDOS), and |E|2 represents the
scanning near-field optical microscopy intensity that is given by
the LDOS.47,48 At the resonant energy of 2.2 eV, the highest
field intensity occurs around nanoparticles, and the field
gradually decreases between adjacent nanoparticles. In contrast,
the field intensities around and between the nanoparticles are
weak when the incident energy is lower or higher than the
resonance energy, indicating electromagnetic coupling between
the nanoparticles near the resonant energy of an individual
array. Furthermore, additional simulations shown in the
Supporting Information (Figure S1) confirm the presence of
a coupled resonant mode that is dependent on the interparticle
spacing inside the nanowire. On the basis of these simulations,
we observe that the results from the EFTEM maps in Figure
4a−c are consistent with the coupled resonant mode. However,
an unambiguous experminental verification would require
additional studies involving EELS-EFTEM studies on nano-

Figure 5. (a) STEM and (b) EFTEM images (top) with corresponding electron energy loss spectra (bottom), wherein the spectra have been
extracted from positions 1, 2, and 3, identified by color in the respective images on top.
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wires with interparticle spacing in the range corresponding to
that indicated in Figure S1 in the Supporting Information.

FUTURE WORK AND OUTLOOK
To assess whether our method can be tuned to further decrease
the ratio of the interparticle spacing to the particle diameter,
thereby better inducing strong plasmonic couplings as well as
understanding limitations of the process, endeavors to explore a
wider range of process parameters are in progress. We also
foresee that by removing the sonication process following the
DRIE the vertically aligned nanowires can be maintained on the
substrate, where further insight into the influence of the
plasmonic Au nanoparticles on light−matter interactions would
be revealed by polarized-light experiments. Furthermore, to
better understand the morphological transitions from Au
surface layers to Au nanowires to Au nanoparticle arrays,
endeavors to evaluate fundamental parameters such as
interfacial surface energies are also in progress.

CONCLUSIONS
In summary, a versatile nanofabrication approach was
demonstrated to synthesize self-organized one-dimensional
Au nanoparticle arrays encapsulated within freestanding SiO2
nanowires by oxidation of Au-coated Si nanowires with surface
modulation. This technique leads to a versatile platform for
creating Au nanoparticle arrays with highly tailorable nano-
particle diameters and interparticle spacing. Specifically, the
final nanoparticle diameter is determined by the volume of the
Au coating, while the interparticle spacing is controlled by the
modulation wavelength of the starting Si nanowire. The
plasmonic responses of a randomly oriented population of
arrays with nanoparticle diameters of 80 nm and interparticle
spacings of 230 nm were collected using extinction measure-
ments. A strong plasmonic peak was observed at 560 nm, which
agrees well with the uniform green color in the far-field
scattering images of individual one-dimensional nanoparticle
arrays and the spectrum obtained by FDTD simulation. STEM-
EELS further confirmed the plasmonic response and the
uniform optical properties of the Au nanoparticles. EFTEM
measurements showed plasmonic excitation along the one-
dimensional nanoparticle array that is consistent with the
existence of a coupled resonant mode predicted in simulations.

MATERIALS AND METHODS
Si Nanowire Synthesis and Au Film Coating. Free-standing Au

nanoparticle arrays formed by oxidizing Au-coated Si nanowires with
smooth surfaces can be used as a baseline for comparison to nanowires
having surface modulation. The smooth-surface nanowires were grown
by the VLS method using Au as a catalyst. The diameters of the
starting nanowires in each batch varied from 20 to 50 nm, which
contributes to a wide distribution in the final nanoparticle size. Prior to
Au-enhanced oxidation, the catalyst metal was removed from the
nanowire tips by selective wet chemical etching. The nanowires were
removed from the substrate by sonication, dispersed onto a sacrificial
Si3N4-coated Si substrate, and then coated with a uniform layer of 10
nm thick Au metal along the entire length of the nanowire. To ensure
an intimate contact between the deposited Au layer and the Si
nanowire, the nanowires were exposed to a brief buffer oxide etchant
(JT Baker BOE 10:1) dip for 30 s to remove the native oxide before
loading into the evaporator. After Au metal deposition, the nanowires
were then thermally treated in a 15 in. diameter tube furnace at a
temperature of 850 °C under O2 with a flow rate of 0.8 L/min for 2 h.
Nanowire Surface Modulation. Surface-modulated Si nanowires

were fabricated to study the effect of the starting nanowire diameter,

modulation length, and Au layer thickness on the final nanoparticle
diameter and interparticle spacing. Uniform diameter nanowires with
three different modulation wavelengths of 230, 460, and 630 nm were
fabricated using a modified DRIE process. The fabrication process
began by forming a dense array of 6 μm long, vertically oriented Si
nanowires with a nominal diameter of 1.2 μm diameter and a center-
to-center pitch of 3 μm on a 3 in. diameter n++ Si substrate (resistivity
<0.005 Ω·cm). The nanowire array features were patterned using
projection lithography (GCA 8000 i-line stepper), and the pattern was
transferred into the Si substrate using a modified DRIE (Alcatel
Speeder 1000) process. During DRIE, the alternating etching and
polymer deposition cycles were optimized to create the desired surface
modulation (concave and convex segment regions) along the length of
the nanowire.

Materials Characterization. The nanowire morphology studies
were performed by FESEM and TEM imaging techniques using a Leo
1530 MERLIN operating at 5−20 kV and a TEM JEOL 2010F
operating at 80 keV, respectively. The surface plasmon studies were
performed by STEM, EELS, and EFTEM imaging techniques using
the TEAM-0.5 (The National Center for Electron Microscopy,
Berkeley, CA, USA) TEM, which was operated at an accelerating
voltage of 80 kV. This system uses a high-brightness Schottky field
emission electron source in combination with a Wein-filter
monochromator and a high-resolution Gatan-Tridiem energy filter
for EELS and EFTEM image acquisition. Under optimized
experimental conditions, the energy spread in the electron beam was
0.12 eV (fwhm). The STEM-EELS experiments were performed using
a convergent electron probe that was approximately 1 nm in diameter,
and the energy-loss spectrum at each pixel was acquired with an energy
dispersion of 0.01 eV/channel. The EFTEM images were acquired in
the energy-loss spectral range 1−6 eV, using an energy selecting slit
width of 0.2 eV. The images were acquired with a spatial sampling of
256 × 256 pixels and a field of view of 1 μm × 1 μm.

Optical Characterization. Numerical simulations for the
cylindrical and spherical arrays were performed using a FDTD
simulator (Lumerical). In the simulation setup, an array with five
spherical Au particles was simulated. Each 80 nm diameter Au
nanoparticle was encapsulated in SiO2. The surface modulation was
modeled as two 115 nm tall cones mirrored about the center plane of
the nanoparticle, where the diameter at the base of the cone is 100 nm
and the diameter at the top of the cone is 60 nm. The surrounding
environment was IPA with a refractive index of 1.38. Perfectly matched
layers were applied at the boundaries of the unit cell. The transmission
spectra were collected using a power monitor that was placed 400 nm
away from the bottom of the array plane. The absorption was
calculated by subtracting the transmittance from unity. The electric
field distribution of the nanoparticle array was simulated using a
COMSOL Multiphysics 4.2 RF module. The simulation setup for the
array geometry is the same as that used in the FDTD models. The
surrounding environment was air with a refractive index of n = 1, and
perfectly matched layers were applied at the boundaries of the unit cell.
The |E|2 was calculated and plotted.
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Etching conditions for the four types of surface-
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nanoparticle simulated in Figure S1 (PDF)
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