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This paper describes a facile method for the design and fabrication of hierarchical nanopatterns via alu-
minum anodization with an application for creating plasmonic crystals. Fabrication of highly-ordered
anodized aluminum oxide nanopores requires an applied electric potential for anodization, which is typ-
ically set to match the pitch of nanoindentations on Al. This study reports a new voltage regime for Al
anodization conditions where the process yields satellite pores of various shapes, periodicities, and sizes
around the main pores. These new nanopatterned platforms provide an easy route to fabricate hierarchi-
cal metal nanostructures whose energy dispersions are shaped by the mode superposition of the surface
plasmon polaritons originating from multiple periodic lattices.
� 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Anodized aluminum oxides (AAOs) with self-ordered nanopores
(NPs) have been widely studied due to the ease with which
nanopatterns can be created with tunable spacing and size without
the need for a cleanroom facility. In general, NPs can be self-
ordered in honeycomb-like arrangements through a two-step
anodization process in diluted acid electrolytes. To form steady-
state NPs, the field-assisted dissolution at oxide/electrolyte inter-
faces should be balanced with oxide formation at metal/oxide
interfaces and electrostriction stress [1,2]. Therefore, self-
organized NP arrays can only be synthesized under specific
anodization conditions [3], as the interpore distances (Dint) criti-
cally depend on the acid electrolytes and applied voltage (Vapp);
for instance, Dint of � 65 nm in sulfuric acid at 25 V
[4], � 100 nm in oxalic acid at 40 V [4], and � 500 nm in phospho-
ric acid at 195 V [5]. Although Dint is linearly proportional to Vapp

(Dint = Vapp � 2.5 nm/V), it is challenging to obtain NPs with Dint lar-
ger than 500 nm due to structure breakdown or burning at high
voltages [6]. Also, the drawbacks of long anodizing time and
short-range ordering limited by aluminum (Al) domains make it
difficult to apply this technique to plasmonic studies requiring
perfectly-ordered nanostructures for precise control of surface
plasmon resonance based on the Bragg coupling of plasmonic
crystals

To overcome the aforementioned shortcomings of the self-
ordering methods, an anodization method using pre-patterned Al
has been developed. Nanoindentations in Al can be fabricated via
several patterning methods, including photolithography or focused
ion-beam (FIB) milling, generating long-range ordered NPs with a
larger spacing than self-ordering methods. Nanoindentation makes
the anodization process easier upon facilitating nucleation of pores
at an early stage. This anodization occurs because an electrolyte
can readily penetrate through the pre-patterned dimple structure,
and the applied electric fields are guided into the pit regions.
Therefore, the use of pre-patterned Al can significantly extend
the interpore spacing to which hard anodization methods can
barely reach [7,8]. However, as pre-defined patterns fix the geome-
tries of NPs, the fabrication of expensive imprinting molds is addi-
tionally required to diversify NP structures such as hierarchical
NPs.

Several methods have been proposed to achieve varied pattern
geometries from the template-guided anodization approach. The
Dint of NP arrays reduced to 1=
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pre-patterns by developing new self-ordered pores under a specific
value of Vapp [9]. Audrey et al. reported three-dimensional (3D)
microtiered NPs formed by stepping down the Vapp while driving
pore widening between each anodizing step [10]. Wang et al.
reported periodic honeycomb NP formations within nanoindenta-
tions with a diameter greater than 400 nm [11].

Here, we demonstrate template-guided anodization methods to
fabricate NPs with versatile hierarchical geometries. Compared to
previous works that use multiple nanoimprints to build hierarchi-
cal NPs, our fabrication method generates hierarchical NPs with a
single imprint, followed by anodizing Al. Anodization on the
imprinted Al can consistently reproduce correct geometries of
hierarchical NP structures are reproducibly by controlling Vapp

and the type of electrolytes. We used these distinctive structures
as templates to fabricate plasmonic crystals to confirm the exis-
tence of characteristic surface plasmon polariton (SPP) modes from
the periodic arrays of primary and satellite NPs.

Material and methods

Electropolishing

Aluminum foil (99.999% purity, 2 cm � 1.5 cm in size) with a
thickness of 0.3 mm was cleaned in acetone and ethanol. The sub-
strate was electropolished in a mixture of perchloric acid and etha-
nol with 1:8 ratio by volume under 24 V at approximately 5 ℃ for
4 min.

Nano-indentation on Al

All pre-patterns used in this experiment were fabricated by
imprinting on polished Al (99.999 %, company, China) using Si
molds (Lightsmyth Inc., USA) with nanopillars in hexagonal lattice
(500 nm spacing between the centers of two neighboring pores,
200 nm diameter, and 150 nm height) by applying a mechanical
pressure of approximately 2.5 � 104 N∙cm�2. The Si mold stamp
could be reused 30 to 50 times.

Anodization of Al

After pre-patterning, anodization was conducted in a low-
temperature bath to maintain the low temperatures required for
the high voltage. A constant-voltage process was applied at �2
℃�2℃with stirring for 1 hr. The Al foil was the anode, and the car-
bon electrode was the cathode. In order to investigate the influence
of the electrolyte, we used two primary electrolytes, 0.3 M oxalic
acid and 1 wt% phosphoric acid, with variable voltage from 40 V
to 160 V.

Scanning electron microscope (SEM) images

To understand the pore development of AAO NPs with specific
anodizing conditions, top- and cross-sectional views of AAO NPs
were taken using SEM (FEI model, USA). Before taking cross-
sectional SEM images, AAO samples were cut immediately after
soaking in liquid N2 in order to obtain sharply cut edges.

Plasmonic crystal fabrication

50-nm-thick Au was deposited on hierarchical AAO NPs using a
thermal evaporator. Polyurethane (PU, NOA 61, Norland Optical
Adhesives) solution was then dropped on the Au layers, and a glass
coverslip was cast on the solution. After curing the PU using a UV
mercury lamp, the AAOs were etched using phosphoric acid to
release Au/PU/glass. To match the refractive index of the Au inter-
94
faces, the PU was dropped onto the other side of the Au, and a sec-
ond glass coverslip was added. The Au film with hierarchical NPs
was then sandwiched between PU/glass, resulting in a final order
of glass/PU/hierarchical Au NP films/PU/glass.
Results & discussion

Preparation and characterization of hierarchical AAO nanopores

Fig. 1 describes the construction of versatile, hierarchical AAO
NPs using pre-patterned Al foils. Briefly, electropolished Al foils
were pre-patterned by imprinting a mold of Si nanopillars of
hexagonal arrays. Anodizing pre-patterned Al foils develops hierar-
chical NPs with an electrical bias smaller than the potential
matched to the spacing of the pre-patterns (Vapp = a0 / 2.5 nm∙V).
In addition to the bias-dependent control of hierarchical NPs, the
geometries of NPs can also be tuned by changing electrolytes that
govern the acidic anion flow into Al2O3, and thus influencing the
electric field, the viscosity of oxide, and material deformation
[12]. Oxalic acid can develop ordered triangular NPs in the center
of the primary pores. In contrast to oxalic acids, phosphoric acid
can produce many satellite pores surrounding the primary pores.

Before constructing hierarchical NPs, we investigated the nor-
mal anodizing condition by varying Vapp matched with the spacing
of pre-patterns on the Al foils [7]. Because the electric field is
guided only to the recessed region, the primary pores on anodic
oxide formed from the pre-patterned indentation of the Al foil
act as the main building blocks for the lattice basis. Then the
self-ordered sub-pore units of the secondary lattice construct the
hierarchical NP arrays. Fig. S1 shows FE-SEM images of the Al sam-
ples before and after the anodization with 200:100:0.5 (v:v:v) DI
water: ethylene glycol: phosphoric acid at Vapp of 200 V. After
imprinting with a Si mold (spacing a0 = 500 nm, diameter
d = 165 nm, and height h = 150 nm) on a polished Al film, the
indentations of the hexagonal lattices (a0 = 500 nm, d = 165 nm,
and h = 150 nm) were obtained (Fig. S1a). To develop the pores
with the same periodicity as the indentations, Vapp was set to
200 V according to the proportionality constant of 2.5 nm/V (2.5
nm/V � 200 V = 500 nm) [13]. After anodization for 1 hour,
highly-ordered AAO NPs (a0 = 500 nm, d = 186 nm, and h = 3.5 m
m) were obtained on top of the Al due to the electric fields concen-
trated at the centers of the indentations (Fig. S1b). Fig. S1c shows
the bottom side of the oxide layers after etching the underlying
Al. According to the equifield strength model, the uniform thick-
ness of the oxide layer achieved in the hemispherical shape
accounts for the hexagonal unit cells with a scalloped shape [13].
Although a relatively high voltage was applied, the hexagonally
close-packed boundary was maintained without any cracking.
Straight and vertically long NP channels in the array were observed
in the cross-sectional SEM image (Fig. S1d).

Thanks to the non-uniform but periodic electric fields, sub-
pores were developed around the primary pores, resulting in the
formation of hierarchical nanopatterns. Fig. 2 and Fig. S2 illustrate
the FE-SEM images of the hierarchical nanopatterns obtained from
the anodization of the same indented Al foils in 1 wt % phosphoric
acid while varying Vapp from 40 to 160 V. Generally, the 1 wt %
phosphoric acid electrolyte is suitable for pre-patterns with inter-
vals of 500 nm [5]. When Vapp was set significantly lower than
200 V (as following 2.5 nm/V rules [13]), new pores were devel-
oped between pre-patterned pores due to the self-ordering of por-
ous alumina. For example, � 57 nm (diameter) sub-NPs with an
average spacing of 18 nm developed between the primary pores
except for the protective boundary region of circular oxide (i.e.
oxide regions which prevent field enhanced dissolution for Dw = 47-
nm) next to the primary pore with 40 V anodization (Fig. S2a). As



Fig. 1. Schematic description of the fabrication steps of hierarchical AAO NPs and the transformation to hierarchical Au plasmonic crystals.
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the Vapp increased, the diameter of protective oxide boundaries
with a spherical shape expanded until they contacted the oxide
boundaries of the neighboring pores. When the cylindrical oxide
boundaries contacted each other, in contrast, the oxide of the pri-
mary pores transformed into a rigid, hexagonal, close-packing
structure with the approximate values of Dint � 2.5 nm/V, Dp (pore
diameter) � 0.9 nm/V, and Dw � 0.8 nm/V [13–15]. When Vapp

increased to 100 V, the oxide protective boundary thickness
increased (Dw = 160 nm), while the oxide boundary remained in
a circular shape due to the insufficient development toward a
neighboring oxide. A small bias was required to equal one-half of
the voltage of the main pores (Vapp = 100 V) such that the field-
enhanced oxide dissolution occurred at one-half the inter-
distance between the primary pores (Fig. 2a, b). When Vapp was
over 120 V, the formation of hexagonal oxide cells were observed
(Fig. 2c). Interestingly, small triangular pores with monodisperse
size and shape were formed at each corner of the hexagonal cells,
as evidenced in the SEM cross-section image (Fig. 2d). At anodizing
voltages up to 160 V, the size of the triangular holes decreased as
the oxide wall thickened (Fig. S2). The regular hierarchical struc-
tures that consist of the ordered primary and surrounding triangu-
lar pores were used as templates to create plasmonic crystals
supporting surface plasmon polaritons (SPP) [16,17].
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The anodization with the same imprinted patterns but various
acidic electrolytes can achieve the design flexibility of the hierar-
chical structures (Fig. 3). By simply changing the electrolyte to
0.3 M oxalic acid, which was previously used to form self-
ordered 100-nm-spaced NPs [18], Penrose-type NP structures
could be obtained. Similar to the AAO formed in 1 wt% phosphoric
acid, randomly distributed pores with a regular Dint of � 47 nm
were formed around the primary pores when Vapp was set to
40 V (Fig. S3a). Unlike the primary pores, these tiny pores did
not fully develop in the oxide. However, in 0.3 M oxalic acid, these
hierarchical NP structures showed significantly different develop-
ment trends compared to those formed with phosphoric acid. In
the oxalic acid, the oxide protective boundaries (appearing as
bright contrast regions around the primary pores) were signifi-
cantly smaller than those in the phosphoric. When the field-
assisted dissolution occurred, the acid facilitated the chemical
reaction of oxide dissolution. Also, as the acidity increased, the dis-
tance between any two pores became smaller [14]. This high acid-
ity effect of oxalic acid allows the satellite pores to develop further
while maintaining the same shape, even under relatively high Vapp.
With a low Vapp (40 to 50 V), the oxide barriers became very thin.
As a result, many satellite pores (with a spacing of 13 nm for 40 V
and 15 nm for 50 V) were generated between the primary pores,



Fig. 2. Top-view and cross-sectional-view FE-SEM images of hierarchical NPs fabricated by anodizing at (a, b) 100 V and (c, d) 150 V in 1 wt% phosphoric acid. The arrow
indicates triangular sub-pore formation.

Fig. 3. Top-view and cross-section-view FE-SEM images of hierarchical NPs fabricated by anodizing at (a, b) 100 V and (c, d) 150 V in 0.3 M oxalic acid.
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where the oxide/metal interface angle (ho/m) was over 180�(Fig. S3a,
b) [19]. When Vapp increased to 90 V, the diameter of the protective
oxide boundaries increased, and thus the areas of NP nucleation
decreased (Fig. S3c, d). Consequently, a smaller number of tiny
NPs (�43 nm diameter, � 131 nm spacing) were created next to
the external edge of the passivated oxide area, with ho/m larger
than 180�in the presence of thicker oxide boundary. As the oxide
dissolution reached to voltages over 110 V, the circular sub-pores
on the oxide boundaries became distinguishable. Typically, circular
arrangements of approximately ten satellite pores are formed
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around a primary pore. In addition, 2 � 3 NPs can be observed even
in the primary pores at voltages above 110 V (Fig. S3e, f).

Although anodization with Vapp > 150 V typically causes a struc-
tural damage, a new type of NPs in hexagonal cells can be created
at this level of applied voltage. At 150 V, hexagonal oxide bound-
aries developed, as shown in the case with phosphoric acid; how-
ever, with a combination of high voltage and an acidic solution,
NPs could develop even on the oxide barrier. The pore develop-
ment process did not continue significantly toward the thicker
oxide zone; thus, the hexagonal boundary edge was preserved
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(Fig. 3c, d). Previous reports showed that guided anodization using
focused-ion-beam (FIB) [7], nano-sphere lithography [11], or nano-
stamping [9,19] fabricated hierarchical structures. In contrast, the
satellite pores in this study were self-developed via specific
anodizing conditions under the acidic electrolytes without the
need for additional pre-patterns. We found that the size of the
satellite pores followed Dsub = 0.9 nm/V under normal anodization
conditions, and the size of the primary pores increased linearly
with increasing Vapp.

The control parameters and their effective ranges for the fabri-
cation of hierarchical structures in this study are summarized in
Fig. 4. For the formation of hierarchical AAO in 1 wt% phosphoric
acid, selected geometrical features (primary pore diameter, barrier
thickness, triangular sub-pore sizes) exhibited characteristic
dependences on Vapp, as plotted in Fig. 4a. As the applied voltage
increased, the primary pore diameter increased from � 120 nm
to 200 nm, and the barrier thickness increased from � 46 nm to
224 nm. As the barrier grew, the triangular pore size decreased
from � 95 nm to 47 nm. The primary pores of the hierarchical
AAO in 0.3 M oxalic acid increased in size from 112 nm to
260 nm as the voltage increased from 40 V to 140 V. The size of
the satellite pores increased from 13 nm to 141 nm because the
satellite pores promote the dissolution of oxides. (Fig. 4b). When
Vapp was greater than 130 V, the pore sizes of the main and sub-
pores increased rapidly, indicating that the dissolution of oxides
accelerated at this potential level. Furthermore, the fast dissolution
with Vapp > 130 V was confirmed by the disappearance of the pri-
mary pores and the evolution of sub-pores at Vapp = 150 V (Fig. 3c).
Plasmonic properties of hierarchical metallic nanopores

Hierarchical AAO membranes can be used as deposition tem-
plates to fabricate hierarchical plasmonic crystal structures
(Fig. 5). In this study, we show that the hierarchical plasmonic
structures exhibit superposed SPP modes. Hierarchical plasmonic
crystals with hexagonal cells were fabricated by depositing 30-
nm-thick Au onto the hierarchical AAO samples (Fig. 2c). The Au
patterns were successfully transferred onto glass coverslips (re-
fractive index n = 1.52) using an optical glue with a refractive index
matching that of the glass substrates (see Experimental for
detailed fabrication steps). The overall geometrical features are
similar to those of the AAO template, except that the shrinkage
of the triangular-shaped pores ultimately results in triangular dim-
ples due to the grain size of Au. A hierarchical Au film consisting of
Fig. 4. Dependence of applied voltage on the AAO parameters of (a) main pore diameter,
main pore and sub-pore diameter in 0.3 M oxalic acid.
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hexagonal Au cells and NP arrays of periodicity p = 500 nm was
obtained (Fig. S4). Triangular-shaped NPs are located at the six
base vertices of the hexagonal cells, and the main pore of relatively
larger size is located at the center of each cell. This hierarchical
array also contains the trench grating of a honeycomb lattice, as
defined by the grating lines formed in the interfacing region of clo-
sely packed nanodomes. The samples show a high uniformity over
a sizable patterned area, which allows us to investigate their angle-
dependent optical properties.

To understand the SPP characteristics of the fabricated hierar-
chical plasmonic structures, we investigated the reflection and
transmission dispersions of the Au films on hierarchical AAO NPs
with satellite sub-pores around the main central pores (Fig. 5
and Fig. S5). The reflection spectra were measured from the sam-
ples of periodicity p = 600 nm and 50 nm thick Au film on the
top surface. The 50 nm thickness was chosen to support the
long-range SPP modes with a relatively small dissipation. Each
reflection spectrum taken with incident angles ranging from 10�
to 60� was stacked to produce the reflection dispersion maps. In
general, the SPP modes are identified as dark dispersive bands in
convex regions of optical transmittance and reflectance, which rep-
resent the decrease in their detected intensity. In Fig. S5, a dark
band exists between 650 nm to 750 nm with a dependence on
the azimuthal angle. As moving from an azimuthal angle of 0� to
45�, the SPP (0, ±1) and (±1, 0) modes branches out of the disper-
sion curves in transmission spectra. In reflection spectra, the major
SPP mode exists around 600 nm at normal incidence, and the
bright (–1, 0) SPP resonance in reflection corresponds to the dark
band in transmission. The hierarchical lattices (hexagonal NPs
and honeycomb grating) support the major SPP modes that stem
from 600 nm at normal incidence as expected from the lattice peri-
odicity. The incident polarization finds the same structure at every
60� of rotation for the hexagonal lattice. In the reflection disper-
sions with increasing azimuthal angles from 8� (Fig. 5a) to 37�
(Fig. 5d), the SPP mode at 650 nm exhibits Fano resonances accom-
panying strong dips (dark mode) that represent light extinction at
the SPP wavelengths.

In Fig. 6, the asymmetric line shape can be clearly seen while
the double dip in Fano resonance is also present at an incident
angle of 30�. The Fano profiles of reflection and transmission spec-
tra result from interfering contributions of resonant (SPP) states
and non-resonant states (direct scattering) to the zero diffraction
order [20]. The Fano resonances in reflection associated with the
SPP modes move according to the SPP-Bragg relation. A strong
oxide pore wall thickness, and triangular pore size in 1 wt% phosphoric acid and (b)



Fig. 5. Angle-resolved experimental reflection spectra of hierarchical Au film of 520 nm periodicity and 50 nm thickness for azimuthal angles of (a) 8�, (b) 15, (c) 21�and (d)
37�. The color bar represents the normalized intensity of the optical transmission. The solid blue curves indicate the SPP modes from the hierarchical hexagonal Au arrays.

Fig. 6. Individual reflection spectrum with an azimuthal angle of 45�. The dip for
Fano shape resonance is seen for incident angle 9� and 60�. For incident angle 30�
two dips can be seen in spectrum suggesting strong coupling between modes.
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transmission band is centered at 600 nm (bright mode). This low-
energy SPP mode corresponds only to the hexagonal NP lattice
with a low light scattering into high-order transmission paths.
Given the lattice structures with p-polarized light of incidence,
the locations of SPP modes can be calculated using the following
SPP-Bragg coupling condition [21],

k
!

spp

��� ��� ¼ Re
x
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
edem
ed þ em

r� �
¼ k0 sin h cos/þ k0 sin h sin/� iGx � jGy ð1Þ

where h, /, x, c, and k0 are the incident angle, azimuthal angle,
angular frequency, speed, and momentum of free-space light,
respectively, and Gx and Gy are the magnitudes of the reciprocal lat-
tice vectors for the hexagonal array. Gx ¼ 2pp

3a
bx þ 2p

a
by and

Gy ¼ � 2pp
3a
bx þ 2p

a
by , where a is the primitive lattice vectors, and i

and j are the integer orders associated with the mode of the SPP
wave vector kspp. ed and em are the frequency-dependent electric
permittivity of the adjacent dielectric media and the metal (Au).
The SPP Bragg relation remains the same for both the reflection
and transmission spectra. Ordinarily, the minima in the transmis-
sion spectra are associated with the maxima in the reflection spec-
tra. The higher-order modes (–2,0) are visible in the transmission
spectra but not in reflection spectra, thus suggesting a much more
contribution to the resonances from the diffraction modes from
satellite NPs surrounding the central NP. In addition to the SPP char-
acteristics of the fabricated hierarchical plasmonic structures, the
transmission and reflection dispersions of the hierarchical Au films
from hierarchical AAO NPs with triangular sub-pores (Fig. 2c-d)
were also experimentally investigated (Fig. S6 and S7). As calcu-
lated from the SPP-Bragg relation, the honeycomb groove lattice
also supports the SPP modes that branch out into the (±1, 0) and
(0, ±1) modes with increasing incident angles. In reflection spectra,
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at low incident angles between 10� and 30�, a discontinuity in the
reflection intensity can be seen in the SPP dispersion curve (0, –1)
for an azimuthal angle of 37�. This feature represents again the
interfering effects of SPPs from both the central NPs and the sur-
rounding satellite NPs. No anti-crossing feature is observed in the
dispersion, implying that a strong coupling between the two hierar-
chical lattices does not occur. Compared to the plasmonic structures
with a triangular shape, the hexagonal NP lattice supports an SPP
mode at 790 nm at normal incidence, clearly visible in the reflection
spectrum (Fig. S7). The role of hexagonal NPs in the unit cell can be
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further understood from the finite-difference time-domain calcula-
tions (Fig. S8). Without the NPs, the honeycomb lattice only sup-
ports the SPP modes of small transmission intensity. In the
presence of the NPs, the new hexagonal lattice not only adds new
SPP modes in the dispersion but also increases substantially the
transmission intensity up to 6%. The hexagonal NP lattice is hierar-
chically higher. It includes the SPP modes from the honeycomb lat-
tice; therefore, the large optical transmission is observed owing to
the NPs at the low-energy side of the SPP mode created by the hon-
eycomb grating structure. Hence, the hierarchical structure
enhances the Fano-type line shape by supporting both the surface
wave propagation and resonant transmission near the SPP
wavelengths.

Conclusion

In summary, we introduce a facile fabrication of hierarchical
nanopatterns using template-assisted aluminum anodization. This
method provides us with a design flexibility that extends the size
of NPs and lattice periodicity beyond conventional anodization
methods. Electrolyte composition and anodic voltage critically
determine the sample geometries, while this fabrication approach
allows the formation of hierarchical patterns consisting of various
satellite pore structures around fixed primary pores. Moreover, we
demonstrate that these hierarchical AAO patterns can create high-
quality hierarchical plasmonic crystals. Complex SPP modes are
generated by mixing multiple SPP modes excited on the two lattice
parameters of the periodic structures. The SPP modes shows dis-
tinct dispersion curves for different shaped NPs. In the applications
such as harmonic generations or spectral filters, these 3D plas-
monic structures of high-density NPs may have a great advantage
in increasing output efficiencies of devices.
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Appendix A. Supplementary data

Normal anodizing of imprinted Al films; Hierarchical NPs by
anodizing with various biases in 1 wt % phosphoric acid; Hierarchi-
cal NPs fabricated via anodization with various biases in 0.3 M oxa-
lic acid; Au hierarchical plasmonic crystals; Transmission
dispersion of hierarchical Au with NPs; Transmission dispersion
of hierarchical Au with triangular NPs; Reflection dispersion of
hierarchical Au with triangular NPs; FDTD calculations. This mate-
rial can be found at https://doi.org/10.1016/j.jiec.2021.11.034.
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