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O
wing to the great enhancement of
light within the nanoscale and its
induced unique optical character-

istics, metallic nanostructures have received
enormous interest in surface plasmon-
basedmolecular detection methods includ-
ing localized surface plasmon resonance
(LSPR), surface-enhanced Raman spectros-
copy (SERS), plasmon resonance energy
transfer (PRET), and metal-enhanced fluo-
rescence (MEF).1�7 For sensitivity and selec-
tivity, significant advances have already
been accomplished, such as single-molecule
detection and tunability of nanoantenna
resonance frequency, respectively.7 How-
ever, the fluctuation of the amplitude in
the sensing signal has been pointed out
as a major drawback in plasmonic-based
molecular detection. Although an ordered
nanoplasmonic array over a large area has
received great interest as a solution for
quantification, reproducibility, and nano-
scale spatial resolution, it is still a challenge
to obtain an orderedmetallic nanostructure
array by conventional fabrication technolo-
gies. Here, we demonstrate a three-dimen-
sional (3-D) ordered plasmonic nanostructure
of the nanocrown array. Each unit of the array
consists of a centric sphere particle (ca. 50 nm
diameter) and six surrounding satellite parti-
cles (ca. 20 nm diameter) with a unique two-
layer arrangement (Figure 1). The nanocrown
array is fabricated easily in a large area by a
thermodynamically driven self-assembled
process (by the deposition of a thin gold film
onto preordered dielectric nanohole patterns,
followed by thermal annealing). This unique
plasmonic substrate can provide several ben-
efits in optical applications by combining
advantages of conventional nanofabrication
methods. First, a nanocrown is optically tun-
able. As reported previously, most of the
plasmonic nanostructures have been tar-
geted to have a resonance wavelength in
the range from visible to near-infrared (NIR)

due to the penetration depth, excitation light
source capability, and spectral change
detectability.1�3,8 In order to satisfy these
constrains, 10�100 nm metallic nanostruc-
tures are required. However, some parallel
fabrication techniques, such as block copoly-
mer lithography, ordered template-based
nanofabrication, and self-assembly methods,
are limited in optical tunability despite suc-
cessful small size patterns in a large area.9�12

Since the nanocrown consists of a 50 nm core
nanosphere on the bottom and six 20 nm
satellite nanoparticles on a higher-plane rim,
various resonance frequencies within the
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ABSTRACT

Although an ordered nanoplasmonic probe array will have a huge impact on light harvesting,

selective frequency response (i.e., nanoantenna), and quantitative molecular/cellular imaging,

the realization of such an array is still limited by conventional techniques due to the serial

processing or resolution limit by light diffraction. Here, we demonstrate a thermodynamically

driven, self-assembled three-dimensional nanocrown array that consists of a core and six

satellite gold nanoparticles (GNPs). Our ordered nanoprobe array is fabricated over a large area

by thermal dewetting of thin gold film on hexagonally ordered porous anodic alumina (PAA).

During thermal dewetting, the structural order of the PAA template dictates the periodic

arrangement of gold nanoparticles, rendering the array of gold nanocrown. Because of its

tunable size (i.e., 50 nm core and 20 nm satellite GNPs), arrangement, and periodicity, the

nanocrown array shows multiple optical resonance frequencies at visible wavelengths as well

as angle-dependent optical properties.
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visible range can be obtained by controlling the dis-
tance between the center and satellite particles. More-
over, a double-layered array of nanoparticles in the
nanocrown can increase spatial density, which will
induce significant improvement of the spatial resolu-
tion. On the other hand, previously describedmethods
fabricate the nanostructure in a single plane so that its
density is inherently limited. Lastly, in analogy to three-
dimensional photonic crystals, the nanocrown pro-
vides angle dependency of far-field optical properties.
Therefore, it can be used as a multichannel nanoan-
tenna which has different resonance frequencies as a
function of excitation angle.

RESULTS AND DISCUSSION

As shown in Figure 2, high purity aluminum plates
are electrochemically anodized to get porous anodic
alumina (PAA), a hexagonally arrayed uniform size
nanohole substrate with a spatial period of 100 nm.
Additional chemical etching on aluminum oxide

modulates diameter of the nanohole from 30 to
80 nm. Here, the final PAA configuration in this study
is the nanohole arrays surrounded by 20 nm thin
nanowalls, 100 nm center-to-center distance, and the
various depths by anodization time (e.g., 100, 200, 500,
and 1000 nm). On top of these PAA substrates, thin
gold films are evaporated and the deposited gold layer
transforms into anarrayof goldnanospheresby a thermal
dewetting process (550 �C for 3 h, N2 environment). In
general, a dewetting process starts from rupturing a thin
liquidfilm to formholes,whicharises fromsurface tension
stresses caused by high temperature and molecular
interaction change between the substrate and the film.
As a next step, the holes grow to form a polygonal
network of straight liquid rims. It leads to accumulation
of the materials along the perimeter of the holes. Even-
tually, droplets are formed via a Rayleigh instability which
is represented by the characteristic wavelength (λm� h2,
where h is the film thickness).13�22 Since preparation of
the PAA substrate, metal film deposit, and dewetting can
takeplaceover a largearea, it is a simple andeffective self-
organization method to fabricate metal nanostructures.
However, unlike spinodal dewetting (i.e., hole formation
by a linear surface instability), heterogeneous dewetting
(i.e., hole nucleation on defects) during film rupture leads
to making randomly located droplets, which results in
metal islands with the broad distributions of size and
space. Therefore, the ordered template is used as a
substrate, in order tominimize heterogeneous dewetting

Figure 2. Fabrication steps of a nanocrown array: (a) pure
aluminum sample, (b) first anodized PAA, (c) self-assembled
aluminum after removing the PAA layer by wet-etching, (d)
second anodized PAA, (e) pore size widened PAA, (f) Au-
coated PAA, (g) self-assembled nanocrown array after an-
nealing (550 �C for 3 h), (h�j) corresponding SEM images of
(e�g), respectively. Insets show the bright-field optical
images. The scale bars in the main SEM and inset images
represent 100 nm and 1 cm, respectively.

Figure 1. Three-dimensional nanoplasmonic probe array:
nanocrown. (a) Schematic diagram for label-free molecular
detection using the nanocrown. The inset shows the sche-
matic representation (with different angles) of the nano-
crown, showing that a single nanocrown consists of larger
spherical gold nanoparticles at the center and six smaller
satellite particles around the hexagon. (b) Secondary elec-
tron microscopy (SEM) image of a nanocrown array from
pure porous anodic alumina (PAA) (80 nm diameter and
500 nm PAA thickness) with a 10 nm gold thin layer on top
after annealing at 550 �C for 3 h. The magnified SEM image
of selected area (red-dotted box) is shown in the inset. The
scale bars in the main panels and inset SEM images repre-
sent 500 and 200 nm, respectively.
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and fabricate a nanoplasmonic probe array with unifor-
mity over a large area. Consequently, we could achieve
the fabrication of a large-area array having one core
nanosphere and six satellite particles on bottom and
top, respectively (Supporting Information Figure S1).
In order to find the optimum experimental condi-

tions for a highly uniform nanocrown array, we first
investigated the nanohole size effect. When the dia-
meter of the nanohole was 30 nm, the size and spac-
ing of nanoparticles are not uniform and regular
(Supporting Information Figure S2a). On the other
hand, when its diameter increased to 80 nm, nanopar-
ticle sizes are clearly divided into two groups, which are
50 and 20 nm in the two different height layers
(Supporting Information Figure S2b). Since isolated
nanohole areas were growing and connected wall
areas decreased with increasing nanoholes, we believe
that heterogeneous dewetting was significantly de-
creased with increasing hole size, and it resulted in a
uniform nanoparticle array. Next, we investigated the
effect of the gold film thickness. When it was 10 nm, a
perfectly ordered nanocrown array was obtained after
thermal annealing. However, in the case of 20 and
30 nm thickness, clear gold nanospheres were not
formed on the PAA template due to the excessive
quantity of gold (Supporting Information Figures S3
and S4). As the third experimental condition, we
changed PAA depths from 100 to 1000 nm. In the case
of the 1000 nm sample, the centric nanospheres in
the nanoholes were not formed because the high
aspect ratio of the hole makes it difficult for gold
to be deposited on the bottom; instead, 5�10 nm size
of nanoparticles was observed at the side walls
(Supporting Information Figure S5). Lastly, the anneal-
ing temperature was controlled in the range between
400 and 600 �C. When the temperature was lower than
500 �C, the annealing process did not take place. On
the other hand, the PAA-based template completely
collapsed after thermal treatment when the tempera-
ture was 600 �C (data not shown).
As shown in the insets of Figure 2i,j, surface colors

are dramatically changed after thermal annealing due
to the uniformity of the size and spacing of gold
nanoparticles in the nanocrown. In order to quantify
the change of optical properties, they were measured
as a function of PAA heights (i.e., the distance between
core and satellite nanoparticles) and the excitation
angle of the light source. Since the bottom layer of
the nanocrown (i.e., aluminum) was a perfectly reflec-
tional surface in the range of visible wavelengths,
optical reflection was measured, and the results were
recalculated to show the absorbance that is the sum of
optical absorption and scattering (Supporting Informa-
tion Figure S6). Figure 3 shows the representative
extinction profiles with respect to PAA heights for the
normal direction of light excitation (i.e., θ = 0). As
height increased from 100 to 500 nm, double

resonance frequencies were observed; the first reso-
nance peak was always shown between 430 and
460 nm, and the magnitude and position of the
resonance peaks slightly increased or remained the
same. In addition, the second peak position was almost
fixed near 560 nm, and the amplitude consistently
decreased with increasing heights. In the case of
1000 nm, four multiple resonance peaks were ob-
served at 415, 450, 530, and 650 nm (Supporting
Information Figure S7). We believe that the core nano-
particle in the nanocrowns is the origin of the second
peak because the resonance frequency of the 50 nm
gold nanosphere is well matched with its peak posi-
tion. Moreover, as the height of PAA increases, the
distance between the core and satellite gold nano-
sphere increases and it results in the amplitude and
position of the first resonance frequency. However, as
shown in Figure S5b, multiple gold nanoparticles on
side walls were created and core nanoparticles in the
center were not generated in the 1000 nm PAA case.

Figure 3. Extinction profile of the nanocrown for normal
excitation as a function of dielectric layer (i.e., PAA) depths:
(a) 100 nm, (b) 200 nm, and (c) 500 nm. The scale bars in the
insets are 200 nm.
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It is considered that the relatively long side wall acts as
an obstacle for gold atoms to reach the bottom of PAA
during deposition. As a result, spherical nanoparticles
are generated on the side wall while the thermal
annealing process is performed. Different sizes of gold
nanoparticles and their interaction in the 1000 nm
sample are believed to generate two different reso-
nances at 530 and 650 nm from 560 nm, whereas
increased resonance peaks at 400�500 nm can be
attributed to the optical properties of the 1000 nm
deep cylindrical photonic structures.
Next, we investigated the angle-dependent optical

properties by changing the excitation angle of the light
source from 0 to 70� (see Supporting Information
Figure S6). As the excitation angle increases, extinction

profiles dramatically change compared to the normal
excitation results (Figure 4). In detail, the change of
resonance wavelength and those extinction ampli-
tudes becomes sensitive as a function of excitation
angle and PAA height, as shown in Figure 5. All
nanocrown samples show significant red shift of the
resonance peak (i.e., second peak in normal excitation)
from 500 to 800 nm as the excitation angle increases
and returns to the similar resonance wavelength of
normal excitation at the angle of 30�. Higher angle
excitation than 30� generated more dramatic change
in the excitation spectra, which was strongly depen-
dent on PAA height. For example, the peak position
was maintained in the 100 nm case, but a 200 nm
sample shows a red shift and a constant resonance
peak. Since the distance between core and satellite
gold nanoparticles increases with an increase of PAA
height and the excitation angle, the order of the
change dramatically increases with PAA height.

Figure 4. Angle-dependent extinction profiles of nano-
crowns. The height of PAA is (a) 100 nm, (b) 200 nm, and
(c) 500 nm.

Figure 5. Angle-dependent extinction profile changes. Three
different PAA heights, (a) 100, (b) 200, and (c) 500 nm, are
fabricated and measured for the optical characterization.
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In order to check the possibility as plasmonic-based
molecular probes, SERS-based molecular sensing was
performed. Nanocrowns show consistent and reliable
SERS spectra of the target molecules (Supporting
Information Figure S8).

CONCLUSION

In conclusion, we have demonstrated a self-assembled
three-dimensional nanoplasmonic probe array, named
nanocrown, by using a simple thermal treatment.
The nanocrown consists of a 50 nm core and six
20 nm satellite gold nanoparticles on an ordered
porous anodic alumina (PAA) template and can be
formed by a thermally induced dewetting process. On
the basis of the advantage of the dewetting, the
nanocrown can be fabricated without the limitation

of the area and the PAA-based ordered template
makes the nanocrown show a perfectly ordered nano-
plasmonic pattern by minimizing the heterogeneous
dewetting, which is the major reason to generate
the randomly distributed nanoparticles. Moreover,
the three-dimensionally located nanocrown success-
fully demonstrates angle-dependent optical properties
and can be controlled by adjusting the distance
between the core and satellite gold nanoparticles.
Owing to large-area fabrication, self-ordered array,
optical tunability in visible wavelengths, and angle-
dependent resonance frequencies, we believe that the
nanocrown will have an impact on the field of molec-
ular sensing for quantitative measurement and multi-
plexing with high spatial resolution, sensitivity, and
selectivity.

MATERIALS AND METHODS
Preparation of the PAA Template. A pure aluminum sheet of

99.999% (1 mm thickness) was electropolished to remove surface
irregularities. After washing the surface, electrochemical anodization
was conducted by using 0.3 M oxalic acid solution overnight. After
this first anodization, the aluminum oxide layer was removed to
expose a uniform dimple aluminum surface by the treatment with
themixtureof1.8%chromicacidand6%phosphoric acidat65 �C for
6 h. Then second anodizationwas applied under the same condition
as the first anodization with varying treatment times to control the
depth of the aluminum oxide nanopore (about 100 nm depth per
1 min). To widen the nanopore diameter of PAA from 30 to 80 nm,
PAA was treated with phosphoric acid of 0.1 M for several hours.

Fabrication of the Nanocrown. The evaporation of gold film was
performed using an e-beam evaporator (Edwards EB3). The
thickness was controlled by the evaporation time. Three differ-
ent thicknesses (10, 20, and 30 nm) of gold film were deposited.
Thermal annealing for the dewetting process was done in a
tube-type furnace at the condition of 550 �C for 3 h under N2

environment. Note that the dewetting cannot be uniformwhen
the gold-coated PAA is slightly tilted.

Extinction Measurements. Owing to the opaqueness of the
nanocrown, reflectance-based extinction was measured. White
light (DT 100CE, Analytical Instrument System Inc.) was illumi-
nated, and the reflected response was collected through an
optical fiber and sent to a spectrometer (Ocean Optics Inc.
SD2000). For the angle-dependent optical properties, the op-
tical fibers were fixed and maintained the same angle for the
excitation and the measurement by a holder (see Supporting
Information Figure S6).
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