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Abstract

CrossMark

Ultra-thin anodic aluminum oxide (AAO) membranes are efficient templates for the fabrication
of patterned nanostructures. Herein, a three-step etching method to control the morphology of
AAO is described. The morphological evolution of the AAO during phosphoric acid etching is
systematically investigated and a nonlinear growth mechanism during unsteady-state anodization
is revealed. The thickness of the AAO can be quantitatively controlled from ~100 nm to several
micrometers while maintaining the tunablity of the pore diameter. The AAO membranes are
robust and readily transferable to different types of substrates to prepare patterned plasmonic
nanoarrays such as nanoislands, nanoclusters, ultra-small nanodots, and core—satellite
superstructures. The localized surface plasmon resonance from these nanostructures can be easily
tuned by adjusting the morphology of the AAO template. The custom AAO template provides a

platform for the fabrication of low-cost and large-scale functional nanoarrays suitable for
fundamental studies as well as applications including biochemical sensing, imaging,

photocatalysis, and photovoltaics.

Supplementary material for this article is available online
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Introduction

Template assisted nano-patterning, an effective strategy for
high-throughput fabrication of nanoarchitectures with precise
structural control and good reproducibility, has been applied
to prepare metal, semiconductor, polymer and carbon
nanoarrays ranging from dots, rings, pillars and tubes to
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pores, holes and meshes [1-7] for photovoltaics [8, 9], nano-
lasers [10] and chemical and biological analyses [11, 12].
Compared to the serial writing process in electron beam
lithography [13-15], this low-cost technique is suitable for
large-scale nanofabrication as well as preparation of ultra-
small nanostructures due to the high resolution down to
10nm [16, 17].

The anodic aluminum oxide (AAQO) membrane is one of
the most common nanotemplates for the preparation of
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multifunctional nanomaterials [11, 18-20]. In particular,
ultra-thin AAO films can be transferred onto different types of
substrates to produce nanoparticle arrays with variable parti-
cle diameters from 15-400 nm and interparticle spacings from
50-400 nm [21-29]. However, the use of AAO membranes in
template-assisted nano-patterning is not yet well developed
due to the difficulty in controlling the AAO film thickness/
aspect ratio precisely. The difficulty originates from the
unsteady-state growth of ultra-thin AAO and intractability in
manipulation. Besides, modulation of the AAO pore diameter
by chemical etching always leads to variations in the film
thickness. Efforts have been made to circumvent these diffi-
culties, for example, by growing a barrier layer-free AAO
directly on conductor-coated substrates [30]. However, fab-
rication of layer-free AAO is only applicable to specific
substrates and so the full potential of AAO membranes has
not yet been realized.

The film thickness of a stencil mask is vital to the pro-
duction of customized nanoarrays. For example, precise
control of the film thickness is required in electrochemical
deposition to fabricate nanowires, nanorods, and nanotubes
with the desired thickness. Besides, the pore length-width
ratio is essential when using nanomasks in shadow deposition
to produce complex superstructures [31-35]. Herein, a three-
step etching method to address the aforementioned problems
is designed and described. This method enables selective
etching of specific areas on the AAO membrane and conse-
quently, the membrane thickness can be continuously and
quantitatively reduced to 80 nm while the AAO pore diameter
is maintained. The protocol is demonstrated by the fabrication
of patterned plasmonic nanoarrays with various morphologies
including nanoclusters, nanoislands, ultra-small nanodots, and
hetero core—satellites structures as well as modulation of the
plasmonic modes.

Methods

Preparation of the ultra-thin AAO membrane

The AAO membrane was formed on an aluminum foil
(99.999%, 0.2 mm in thickness) by using the two-step ano-
dization method [36]. The aluminum foil was degreased with
acetone, annealed at 400 °C for 30 min under vacuum to
remove mechanical stress, and electropolished in a 1:4 solu-
tion of perchloric acid and ethanol at 15 V for 5 min. The first
anodization was performed by applying a DC voltage of 40 V
in 0.3 M oxalic acid at 0 °C for 12 h. The thermometer was
placed near the surface of the AAO film during anodization to
measure the temperature accurately. The alumina formed in
the first anodization process was dissolved by chemical wet
etching in a solution of phosphoric acid (6 wt%) and chromic
acid (1.8 wt%) with a volume ratio of 1:1 at 75 °C for 2 h. The
aluminum foil was subjected to a DC voltage of 40 V in the
same solution as the first anodization step but for short ano-
dization time to produce the ultra-thin AAO membrane. After
the second anodization step, the AAO membrane was
immersed in 5 wt% phosphoric acid at 30 °C to perform top

etching. The AAO was spin-coated with a PMMA layer
(950PMMA A4 from MicroChem) at 600 rpm for 8s and
3000 rpm for 60 s (Laurell spin coater WS-400BZ-6NPP-Lit).
The PMMA /AAO membrane was annealed at 250 °C for 2 h
to form an AAO membrane with PMMA filling the pores.
The remaining aluminum foil was etched by fixing the sample
at the bottom in a CuCl, solution. In our experiments, the
concentration of CuCl, solution was limited to 100g1™" to
avoid violent reaction. In addition, 200 ml CuCl, solution was
appropriate for an aluminum foil with dimensions of
30mm X 30mm X 0.2 mm. Removal of the AAO barrier
layer and bottom etching were carried out in a 5 wt% phos-
phoric acid solution. Finally, the PMMA layer was dissolved
in acetone and then the remaining AAO membrane was rinsed
with distilled water for several times and transferred onto the
desired substrate. It should be noted that AAO membranes
broke during the rinsing if there was excessive acetone on the
sample or the acetone is totally evaporated.

Preparation of plasmonic nanoarrays by electron beam
evaporation

Ag and Al was evaporated onto the AAO coated substrates by
electron beam evaporation at 8 x 10 *Pa at a rate of
0.15nms™"'. The film thickness was measured by a film-
thickness monitor (Taiyao FTM-V). After evaporation, the
AAO membrane was stripped with a tape leaving the ordered
plasmonic nanoarrays. The shadow deposition was conducted
by placing the AAO membranes bottom up on the substrate to
let the protuberance structures of AAO in contact with the
substrate. Here the AAO membranes were anodized for
10 min with ¢ = 20min, 7, = 25min, d = 65nm and
h = 260 nm, respectively. In the first evaporation, 60 nm
thick silver nanoislands were fabricated at the central loca-
tions of the AAO pores. Then the second evaporation was
conducted by placing the AAO membranes with an incident
angle « to the evaporation direction to produce the satellites.
The AAO membranes were placed 8 cm off the vertical center
of the evaporation source to change the incident angle and the
vertical evaporation distance was 30 cm. The value of the
incident angle v was calculated based on the aspect ratio of
the AAO. The AAO membrane were kept rotating during the
second evaporation and finally hetero core—satellites struc-
tures were fabricated.

Instrumentation and data acquisition

The scanning electron microscopy images were acquired on the
field-emission scanning electron microscope (FE-SEM, FEI
Inspect F50). The UV-visible absorption spectra were acquired
from a PerkinElmer LAMBDA 750 spectrophotometer and
Imagel] software version 1.48 was used to conduct the statis-
tical analysis of the nanoparticle scale. The Raman scattering
spectra were collected on a Jobin Yvon LabRAM HRS800
micro-Raman spectrometer equipped with a 514 nm wave-
length argon ion laser. The cumulative exposure time was 5 s
and laser power density was about 5 x 10’ mW cm ™2 The
substrate was maintained for 30 min in the 10~’ M Rhodamine
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Figure 1. (a) Schematic illustration of the preparation of ultra-thin AAO membranes by the three-step etching method. Optical photos of
AAO membranes: (b) fabricated on aluminum foils for different anodization time, (c) floating on water after removal of aluminum foils, (d)
tumbling in acetone when removing PMMA, and (e) transferred onto a silicon wafer substrate.

6G solution and then taken out and rinsed thoroughly for
Raman analysis. Baseline correction was performed to remove
the background and fluorescence signal and the EF was cal-
culated using a standard formula [37].

Results and discussion

Figure 1(a) illustrates the fabrication of the ultra-thin AAO
membrane by the three-step etching method. The process
begins with a typical anodization method [38] in which the
initial film thickness of the AAO, hy, is determined by the
anodization time. The variation in A leads to different color
which can be used to roughly gauge the film thickness, as
shown in figure 1(b). The AAO is composed of a close-
packed array of hexagonal cells, each containing six pro-
tuberances at the vertex of the hexagonal cell and a cylindrical
central pore which extends down to the alumina barrier layer
between the pore bottom and Al foil. After anodization, top
etching is conducted by immersing the AAO in a phosphoric
acid solution to enlarge the pore diameter, d, and reduce the
film thickness, h. Afterwards, the AAO surface is spin-coated
with a PMMA protective layer on top of the AAO pore.
However, routine spin coating cannot offer efficient protec-
tion of the AAO membrane thereby leading to unavoidable
enlargement in d when adjusting /# in subsequent etching
procedures. In this study, melt infiltration is adopted to melt

the PMMA layer into the AAO nanopores at 250 °C for 2 h by
considering the molecular weight of the PMMA and its glass
transition temperature [39—43]. More detailed information
about the melt infiltration method and performance of the
PMMA protection layer are described in the online supple-
mentary data is available online at stacks.iop.org/NANO/28/
105301 /mmedia. The PMMA layer provides complete cov-
erage of the surface of the AAO pores and protects the
membrane enabling continuous tuning of 4 in the ensuing
etching procedures while d is fixed. After melt infiltration, the
remaining aluminum foil is removed in a CuCl, solution.
After the aluminum is removed completed, the PMMA /AAO
membrane is automatically outstretched on water by surface
tension as shown in figure 1(c). The membrane is then rinsed
in water and transferred to a phosphoric acid solution to etch
the barrier layer while % is further adjusted to the desired
value during subsequent bottom etching. After etching, the
PMMA layer is dissolved in acetone and the ultra-thin AAO
membrane exhibits a flexible characteristic and keeps fluctu-
ating in acetone as shown in figure 1(d). Finally, the intact
AAO membrane is rinsed with distilled water and transferred
to the substrate of choice. Figure 1(e) shows that the diameter
of the AAO membrane is 2.5 cm and larger samples can be
prepared by using bigger anodization equipment.

The three-step etching method provides precise control of
the AAO morphological parameters. Here, #; is the top
etching time, #, is the barrier layer removal time, #3 is the
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Figure 2. SEM characterization of the ultra-thin AAO membrane. (al)—(a4) AAO pore widening by increasing the top etching time,

t; = 0 min, 10 min, 20 min, and 30 min, respectively. (b1)-(b4) AAO membranes with tunable film thickness by adopting a different bottom
etching procedure. The AAO in (b1-b4) is anodized for 10 min for #;, = 20 min, #, = 25 min, and 3 = 0 min, 10 min, 20 min, and 30 min,
respectively. (¢), (d) Large-area SEM image of an ultra-thin AAO membrane and corresponding SEM image at 45°. (e) Bottom view of the
AAO membrane with the barrier layer. (f) Calculated scale distribution of the pore diameter in (al)—(a4). The scale bars in the SEM images

are 100 nm.

bottom etching time, and ¢ is the total etching time. Here, #,
controls d and ¢ determines h, as shown in figure 2.
Figures 2(al)—(a4) shows the SEM images of the AAO
membranes revealing that d can be continuously tuned from
35 to 80nm by adjusting #,. The distribution of d in
figures 2(al)—(a4) is presented in figure 2(f), showing that d is
enlarged at a rate of v, = 1.5nmmin "' during top etching.
Figures 2(b1)-(b4) reveals the thickness variation of AAO
during bottom etching and it is clear that d can be maintained
while % decreases at a rate of v, = 1.6 + 0.2 nmmin .
Besides, v, is measured in the top etching and barrier layer
removal procedures and there is no significant difference as
illustrated in online supplementary figure S1. The empirical
equations based on our experiments results are provided to
estimate d and h:

d=do+ i1 (n
h=hy—upt, ()

where d presents the initial diameter of the AAO pore. The
measured v, is larger than the transversal etching rate v,/2
probably due to the morphological difference. Figures 2(c)-
(e) present the well-defined hexagonal structure of the ultra-
thin AAO membranes fabricated by three-step etching. The
minimum thickness can be adjusted down to ~100 nm and
the corresponding AAO film is almost transparent as shown
in online supplementary figure S2.

To study the growth mechanism of the ultra-thin AAO, the
second anodization process is repeated for about 100 times at
0 °C and the current density versus anodization time curves are
plotted in figure 3(a). During anodization, there are three main
stages as shown by the current density curve [44]. In stage (I), a
compact barrier oxide layer starts to grow quickly in several
seconds on the aluminum surface giving rise to sharp decrease
in the current. In stage (II), the initial barrier oxide thickens
leading to increased series resistance in the anodization circuit.
When the thickness of the barrier layer reaches a certain value,



Nanotechnology 28 (2017) 105301

Q Hao et al

Figure 3. Characteristics of the ultra-thin AAO membrane: (a) AAO current density—time curves at 0 °C and corresponding SEM images of
AAO with a different anodization time. (b) Relationship between the AAO initial film thickness, A, and anodization time. (c) Aspect ratio
tuning of the AAO anodized for 5 min (ky = 200 nm) and 10 min (%, = 330 nm) with d = 35 nm, 50 nm and 65 nm. (d) Initial film
thickness, #( of the AAO membrane anodized for 10 min at different temperature. The scale bars in the SEM images are 200 nm.

the current density drops rapidly to a minimum value. Then the
electric field concentrates on local imperfections on the initial
barrier oxide, resulting in non-uniform oxide thickening and
development of individual penetration paths into the initial
pores [45]. As time elapses (stage III), the current increases
gradually and the pores grow in size by merging with adjacent
ones. In this stage, the major pores morph into a stable U-shape
and the current reaches a steady-state slowly. Evolution of AAO
surface morphology during anodization is revealed by the SEM
images in figures 3(a) and online supplementary S2. Steady-
state growth occurs in stage IV, but it is indistinguishable
experimentally at 0 °C as shown in online supplementary figure
S3. In the entire anodization process, Ay is almost linearly
proportional to the total amount of charge involved in the
electrochemical reaction [19]. Hence, it can be deduced that the
growth rate in the first few minutes is very unstable based on
the current density curves. According to SEM, A increases
nonlinearly with time in the first 10 min as shown in figure 3(b).
The growth rate decreases quickly reaching a minimum after
one minute and then increases gradually to 28 nmmin " after
10 min. Since A can be continuously varied in bottom etching
while keeping d constant, the aspect ratio of the AAO can be
conveniently tuned by adopting the appropriate anodization
time and optimizing the etching procedures. The tuning range
of AAO aspect ratio is illustrated by the bar charts in figure 3(c)

which is plotted based on the supporting data set in online
supplementary table S1. The results show that a minimum
aspect ratio of 1.2 can be obtained. Additionally, sy can be
tuned by adjusting the anodization temperature to obtain thicker
AAO membranes, as illustrated in figure 3(d). The corresp-
onding current density versus time curves are shown in online
supplementary figure S3.

Anodization of the ultra-thin AAO usually takes less than
10min and it is different from the steady-state AAO that
requires several hours. The differences are systematically com-
pared in table 1. In the initial stage, the barrier layer is thicker
than that in the steady state. The dynamic barrier layer thickness
results in dramatic variation in the electric field distribution on
the oxide. As a result, the current density and film growth rate
are unstable in the first 10 min. When the anodization current
reaches a steady state, the thickness of the barrier layer is fixed
and directly proportional to the applied potential [46]. Besides
the barrier layer thickness, the interpore distance in the steady
state is also linearly proportional to the anodizing potential [47].
When the AAO is anodized in 0.3 M H,C,0, at 0 °C and 40V,
it takes at least 5 min to form the patterned hexagonal array with
the interpore distance and pore diameter close to those in the
steady state. The shorter anodization time leads to non-uniform
interpore distance and randomly distributed pore structures as
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Table 1. Ultra-thin AAO versus steady state AAO in 0.3 M H,C,0, at 0 °C.

Ultra-thin at 1 min

Ultra-thin at 10 min ~ Steady state at 2 h

Barrier layer thickness-to-voltage ratio nm V™')  >1.3
Current density (mA cm ) 0.83
Average film growth rate (nm min ") ~120
Interpore distance-to-voltage ratio (nm V™) 2.2-43
Pore diameter (nm) N/A

1.3 1.3 [46]

2.05 1.8 (figure S3)
~28 32 (figure S3) [18]
2.5 2.5 [47]

35 35 (figure 2)

Figure 4. Fabrication of plasmonic nanoarrays by adopting the AAO membranes as masks: (a) SEM images of the patterned plasmonic
nanoarrays fabricated by electron evaporation utilizing ultra-thin AAO as masks. The large-area SEM image exhibits the patterned silver
cluster nanoarray fabricated with a ~100 nm thick AAO mask. (al)—(a5) Evolution of the plasmonic nanoarrays during evaporation with a
layer thickness of 5 nm, 10 nm, 20 nm, 40 nm, and 60 nm, respectively. (a5)—(a7) 60 nm thick metallic nanoislands fabricated by adopting the
AAO masks with d = 65 nm, 50 nm and 35 nm, respectively. (a8) Ultra-small nanodots fabricated by partial removal of the AAO barrier
layer and the etching time for the AAO mask is #; = 1200 s and #, = 1400 s. (b) UV-vis spectra of the Ag and Al plasmonic arrays from
(a5)—(a7) on the quartz substrate. The scale bars in the SEM images are 100 nm.

depicted in figure 3(a). Based on the results, the minimum
oxidation time is 5 min (g = 200 nm) in order to ensure the
patterns of the fabricated AAO membrane.

The AAO membrane serves as the template to prepare
customized plasmonic nanoarrays by electron beam eva-
poration and the results are displayed in figure 4.
Figures 4(al)—(a5) disclose that electron beam evaporation
generates nanocluster structures when the thickness is less
than 10nm and then the clusters merge into nanoislands
afterwards. The large-area SEM image in figure 4(a) shows
the regularity of the AAO membrane which ensures the
homogeneity of the fabricated plasmonic arrays. The versa-
tility of the AAO membrane allows the fabrication of plas-
monic nanostructures with customized size and shape so that
tunable plasmonic modes with different characteristics can be
achieved [48-50]. Figures 4(a5)—(a7) display the SEM ima-
ges of the 60 nm thick silver nanoisland arrays with different

diameters by tuning d in the top etching process. There is no
obvious difference in the SEM images when the metal is
changed to aluminum. The UV-vis spectra in figure 4(b)
show that the variations in d lead to redshifts in the
corresponding plasmonic bands. The redshifts originating
from the phase delay across the nanoparticles [51] can be
utilized in sensing and imaging applications by coupling the
plasmonic bands with the electromagnetic wave of the exci-
tation. The SEM results in figure 4(a8) shows ultra-small
nanodots with a quantum size of 12 £+ 2 nm and more SEM
images are available in online supplementary figure S4. The
ultra-small nanodots are fabricated by controlling #, to par-
tially remove the AAO barrier layer and vary the scale of the
AAO bottom diameter. During the barrier layer removal
process, the bottom diameter of AAO broadens very quickly
so that precise control over #, is vital to the size scale. Fab-
rication of quantum-size nanoparticles with the AAO mask
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Figure 5. (a) Schematic of the fabrication of the hetero core—satellites structures by shadow deposition with an AAO mask. (b) 45° angle
SEM image of the protuberance structures on AAO surface. (c) SEM image of the fabricated hetero core—satellites structures. (d) SERS
spectra of 10~7 M Rhodamine 6 G molecules on nanoislands in figure 4(a5) and on hetero core-satellites. The scale bars are 100 nm.

used to be difficult because the regularity of pores is poor
when dj is smaller than 20 nm, although efforts have been
made by using specific electrolytes or smaller anodization
voltage and a pore diameter of 15nm has been reported
[16, 29, 52]. Here, surface patterning of quantum-size nano-
dots down to 12 nm is realized for the first time. Nanoparticles
with reduced size offer the opportunity to study the quantum
confinement effect where the plasmon resonance is more
sensitive to the quantum nature of the conduction electrons. In
addition, quantum-size particles can improve nanoparticle
integration and increase the surface-to-volume ratios thereby
to the benefit of applications of imaging, sensing and catalysis
as well as novel quantum devices [53].

Controlled assembly of complex plasmonic nanos-
tructures into organized superstructures is a great scientific
and technological challenge. Molecular-linker mediated
assembly methods have been proposed to induce the forma-
tion of core—satellites hetero-assemblies, but these assemblies
are not stable in ensuing chemical and biological functiona-
lization [54]. Here, we present a new method to fabricate
large-scale and patterned hetero core—satellites nanostructures
by utilizing the protuberance structures of AAO and shadow
deposition as shown in figure 5(a). The AAO membrane with
d =65nm and h = ~260nm is placed bottom up on the
substrate to let the top surface with protuberance (figure 5(b))
in closely contact with the substrate. The protuberance
structures undergoing different top etching are shown in
online supplementary figure S5. The gap between the AAO
protuberances provide the extra space on the interstitial
locations of the protuberances, where small nanodots can be

fabricated by optimizing the evaporation angle «. Details
about the shadow evaporation method is described in the
experimental section. In the fabricated core—satellites
nanoarray, each unit consists of a central nanoisland particle
with a diameter of ~65 nm and several surrounding satellite
particles with a diameter of ~10 nm, as shown in figure 5(c).
When the core and satellites are in close proximity, the strong
coupling originating from the high density of sub-10 nm inter-
particle gaps can support extremely intense local electro-
magnetic fields to the benefit of surface-enhanced Raman
scattering (SERS). Figure 5(d) displays the SERS signal of
Rhodamine 6 G molecules from the silver nanoisland array in
figure 4(a5) and core—satellites array in figure 5(b). While the
individual nanosislands typically produce modest SERS, the
plasmonic core—satellites nanostructures exhibit a cascade
SERS signal with an enhancement factor (EF) of up to 10°.
The result is calculated from the expression EF = (Isyface/
IRet) X (NRet/Nsurace) [37]. In addition, SERS spectra as a
function of the R6G concentration and Raman maps revealing
the signal uniformity are shown in figure S6. The results
illustrate that the combination of AAO mask and shadow
deposition provide the platform to design and prepare com-
plex metamaterials for ultrasensitive chemical and biological
detection and sensing.

Conclusion

A three-step etching method is developed to prepare ultra-thin
AAO membranes without breaking the integrity and a
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nonlinear growth mechanism is demonstrated. Since trans-
versal and longitudinal etching of the AAO in phosphoric
acid is independent of each other, this technique enables the
design and preparation of AAO membranes with tunable core
diameter and desired thickness down to 100 nm and mod-
ulation of metallic nanoarrays with tunable plasmonic bands.
Ultra-small nanodots with a quantum size of 12nm are
demonstrated and hetero core-satellites superstructures are
produced. Boasting desirable features such as large-area
fabrication, self-ordered arrays, optical tunability and manu-
facturability of complex metamaterials, the three-step etching
method can be utilized to fabricate custom plasmonics
nanoarrays to investigate light-matter interactions and form
highly sensitive sensing platforms. This approach can be
readily extended to the fabrication of patterned nanoparticles,
nanowires, nanorods, and nanotubes of various materials
including polymers, carbon materials, and semiconductors.
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