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AAO membranes become essential for fabricating nano-building 
blocks. However, the integration of these nano-building blocks in 
complex machinery is still challenging, mainly due to the fragility 
of these membranes.  In this work, we overcome this drawback by 
developing a new integrative process which enables to support a 
highly-ordered nanoporous membrane onto a mechanically robust 
substrate such as silicon. The fabrication of supported AAO (SAAO) 
membranes is achieved by transferring an AAO layer onto a Si 
substrate via a Au/Au compressive bonding process. Two types of 
AAOs were prepared for this bonding process to demonstrate the 
universality of our technology: mild-anodized AAO (MA-AAO) and 
pulse-anodized AAO (PA-AAO). We also demonstrate that the 
newly developed SAAO membranes are suitable for 
electrodeposition of nanostructures. Problems such as membrane 
handling or electrolyte leakage occurring in conventional AAO 
membranes are avoided, so that Ni nanostructures with well-
controlled dimensions and uniform lengths are obtained. The 
high-aspect ratio Ni nanostructures have the potential to be used 
in various applications, such as biosensing and energy storage. 

 Robust and cost-efficient integrative manufacturing 
processes are urgently required to meet demands for device 
miniaturization. While conventional lithography is reaching its 
resolution limit and current nanolithographic techniques (e.g. 
electron-beam, focused ion beam) are expensive and/or have 
a low throughput, self-organized anodic nanoporous 
membranes (ANMs) such as Al2O3, TiO2 or ZrO2 have been 
widely employed as templates for fabricating nanostructures 
through a bottom-up approach. Advantageously, the 
architecture of these membranes (pore size,1, 2 shape3, 4 and 
inter-pore distance5, 6) can be easily tuned by changing the 
anodization conditions. ANMs have been mostly used to 
fabricate one-dimensional nanostructures of different 
materials such as nanotubes and nanowires (NWs). Recently, 
ordered three-dimensional-NW-like periodic nanostructures 
have been also produced in interconnected nanoporous 

networks made of anodic aluminum oxide (AAO) templates.7 
There are several approaches to synthesize materials within 
the pores of ANMs such as sol-gel chemistry, atomic layer 
deposition or in situ polymerization.8-15 A powerful and 
versatile method to produce nanostructures in ANMs is 
template-assisted electrodeposition. This manufacturing 
process has several advantages over other techniques such as 
ease of operation, reduced costs, and the possibility to obtain 
nanostructures made of a broad range of materials such as 
metals and alloys,13, 16-21 II-VI semiconductors,22, 23 metal 
oxides24-26 and conductive polymers.27, 28 However, for 
template-assisted electrodeposition to become a crucial step 
in an integrative manufacturing sequence, the uniformity and 
stability of the ANMs must be guaranteed. Up to now, most 
ANMs used in template-assisted electrodeposition are 
freestanding membranes, either commercially available or 
produced in-house from bulk metallic sheets.29 In order to 
obtain highly ordered nanopores with a large aspect ratio, 
two- or multi-step anodization processes are performed.29 
During anodization, a continuous oxide barrier layer is formed 
at the metal-oxide interface at the base of each pore.30 For 
electrodeposition, this electrically insulating barrier layer is 
etched away, either using wet chemical etching or reactive ion 
etching (RIE), to open the base of the pores after wet chemical 
etching of the remaining Al.31 Next, a conductive layer is 
deposited on one side, which serves as a working electrode for 
subsequent electrochemical deposition. However, this 
conductive layer replicates the pore morphology, usually 
leading to an incomplete pore sealing, thereby causing 
electrochemical potential fluctuations due to partial 
electrolyte leakage. Unless this is not minimized, the 
electrodeposited NWs are typically non-uniform in length. 
Additionally, the freestanding membrane must be handled 
with extreme care due to its inherent brittleness, thus 
hampering the integration of ANMs in devices. To overcome 
these challenges, supported ANMs have been developed. The 
fabrication includes deposition of a thin layer of aluminum 
(usually limited to 1~2 µm) on a conductive substrate and the 
subsequent anodization.32, 33 The substrate provides a robust 
support and, thus, a good mechanical stability for the 
membrane. However, the limited thickness of the films (< 2 
µm) poses certain disadvantages. The depth of the nanopore is 
limited by the initial metal thickness and, hence, supported 
membranes with high aspect ratio nanopores cannot be  
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obtained. Furthermore, multi-step anodization is not practical 
due to thickness limitations, resulting in highly disordered non- 
uniform pores (large deviations in interpore distance, pore size 
and shape). Furthermore, removing the barrier layer from 
above by using RIE is infeasible as the depth of the nanopore 
increases. To overcome this geometrical challenge, a wet 
etching process has been widely adopted. However, this 
causes pore widening which inhibits device miniaturization.  
Efforts have been pursued to eliminate the barrier layer 
without changing pore parameters. For example, a few studies 
have demonstrated a barrier layer thinning via electrochemical 
method until conduction is sufficient to perform 
electrodeposition.34-37 However, this method fails to avoid an 
inhomogeneous barrier thinning and a dendritic shape of 
nanopores at the bottom of ANMs.38 
 Here, we demonstrate for the first time the fabrication of 
supported AAO (SAAO) membranes with ultrahigh aspect ratio 
(A.R. ≈ 1600) nanopores achieved by transferring an AAO layer 
onto a Si substrate via a Au/Au compressive bonding process. 
The newly developed SAAO exhibits hexagonally well-ordered 
nanopores with ultrahigh aspect ratio on a mechanically 
robust substrate. The pore shape, size, and length can be 
easily tuned during anodization prior to the bonding process. 
As Au is used as the bonding layer, the pores can be readily 
filled by means of electrodeposition. As an example, Ni NWs 
were plated into our SAAO, using simple direct current (DC) 
plating technique at low current densities.  
 The fabrication process is depicted in Scheme 1. 
Experiments are detailed in ESI†. Briefly, AAOs were fabricated 
by two-step anodization from Al bulk sheets. To demonstrate 
the universality of our technology two types of AAOs were 
prepared: mild-anodized AAO (MA-AAO) and pulse-anodized 
AAO (PA-AAO). In the first case, the Al sheet is anodized in 
‘self-ordering regimes’. The mild anodization results in highly-
ordered packed pores whose diameters are kept constant 

along the long axis.29 In the latter case, pore diameter is 
modulated along the pore axis and is obtained by alternating 
mild anodization (MA, anodization at a range of potentials 
where the process is stable and self-ordered in a specific bath) 
and hard anodization (HA, stabilized anodization at a range of 
potentials higher than MA).3 Afterwards, the AAO templates 
are coated with Au via thermal evaporation and placed on a 
Au-coated Si chip with the Au layers facing each other. Next 
the Au/Au compressive bonding process is carried out, during 
which the Au layers of Si and AAO are bonded via diffusion of 
Au under high pressure and temperature. Finally, the 
aluminum remaining on top of the AAO is chemically removed 
and the pores are opened by RIE. The final supported 
membranes are denoted as MA-SAAO and PA-SAAO, 
respectively.  
 Fig. 1(a) shows a representative SAAO with ultrahigh aspect 
ratio nanopores (pore diameter 37 nm, length 60 μm, A.R. ≈ 
1600) after the complete fabrication process. Since the Si 
substrate (3.5 cm × 3.5 cm) is slightly bigger than the Al foil (3 
cm × 3 cm), the Au-coated chip is still exposed on the sides of 
the rectangular sample. The region of interest where AAO is 
formed is located in a circular area at the center of the sample. 
Fig. 1(b), (c) are the top view SEM images of the MA-SAAO 
before and after RIE, respectively. Before etching the barrier 
layer (Fig. 1(b)), the shape of a hexagonally patterned-inverted 
concave structure corresponding to the barrier layer is 
observed with a measured interpore distance of ≈ 100 nm. 
Despite the high pressure bonding process (5 MPa), the fragile 
AAO is completely preserved. The non-anodized Al layer serves 
as a buffer layer, which prevents damage to the underlying 
AAO layer during bonding. After RIE, completely opened 
nanopores with well-defined hexagonal arrays are observed 
(Fig. 1(c)). The measured interpore distance was approximately 
100 nm for the MA-SAAO sample, consistent with the value 
observed before etching. The advantage of the anisotropic RIE 

 

 
Scheme 1 A schematic drawing of the fabrication process of SAAO with ultrahigh aspect ratio nanopores. (A) A typical two-step 
anodization process including electropolishing and first anodization (a), wet etching of the first-anodized AAO layer (b) and second 
anodization (c) for MA-AAO and PA-AAO samples. (B) A general bonding process including Au evaporation (d), Au/Au compressive 
bonding (e), wet etching of Al (f) and reactive ion etching to open the pores (g). The general bonding process is identical for both MA-
AAO and PA-AAO samples.  
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process over conventional wet chemical etching procedures is 
that it only opens the pores without affecting the original pore 
size.39 If larger pores are required, then a pore-widening based 
on wet chemical etching can be performed afterwards.  
 For PA-SAAOs a relatively less ordered barrier layer with an 
interpore distance of approximately 60 nm is observed. The 
less ordered pore arrangement is probably due to the growth 
of small pores at the domain boundary as marked by the blue 
arrows in Fig. 1(d). A high-speed growth rate of pores under 
HA pulse is responsible for this unstable pore growth.40 
Additionally, unlike the MA-SAAO sample, microcracks on the 
PA-SAAO sample are observed (Fig. S1†). The origin of 
microcracks is from the PA process rather than the bonding 
process, as evidenced by a control experiment in which cracks 
are developed immediate after wet etching of Al substrate for 
a PA-AAO without bonding (Fig. S2†). The development of 
those microcracks is a consequence of releasing internal stress 
in the AAO when the Al substrate is removed. To minimize the 
internal stress, a constant interpore distance is prerequisite. A 
constant interpore distance can be achieved by applying a 
constant anodizing potential.5, 6 However, this is demanding 
for pulse anodization because power supplies naturally exhibit 
a rising and falling time that prevents an ideal square pulse. 
The pores closed by the barrier layer can be opened with RIE 
without modifying pore diameter, as is observed in Fig. 1(e). 
 In order to reveal the features of the Si/Au/AAO multi-layer 
stacks, a deep trench was created through the surface of an 
SAAO membrane using a focused ion beam (FIB) milling 
process, and the resulting cross-section was imaged by SEM. 
Fig. 2(a) shows a well-bonded Au layer located between the Si 
and the AAO layer. While the smooth interfaces between 
different layers show that the bonding process is successful, 
the pores of AAO are damaged by the FIB milling even at a low 
ion dose (1 μA). To clearly reveal the feature of pores, the 
membrane is broken mechanically. The corresponding SEM 
image in Fig. 2(b) shows uniform vertically-aligned nanopores, 
which are directly in contact with the bonded Au layer.  

 This membrane configuration exhibits several benefits over 
freestanding membranes and conventional SAAOs in terms of 
further electrodeposition. Compared to freestanding 
membranes, the Si substrate provides a mechanically robust 

 

Fig. 1 A photograph of a representative SAAO (a) with ultrahigh aspect ratio nanopores and SEM images before RIE (the second 
column, b and d) and after RIE (the third column, c and e) on MA-SAAO (b, c) and PA-SAAO (d, e).  

 

Fig. 2 The cross-sectional SEM images of SAAO with ultrahigh 
aspect ratio nanopores, obtained from a specimen prepared by 
a FIB (a), and a manual cleaving method (b). 
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support and prevents the rupture of the membrane. More 
importantly, unlike the pores of freestanding membranes that 
contain inhomogeneous tubular-shaped Au electrodes formed 
by sputtering, our SAAO contains a solid and flat Au electrode 
on a Si chip that completely seals the pore openings. This 
prevents the leakage of electrolyte from the nanopore during 
electrodeposition and helps obtain uniform NWs in length due 
to a more evenly-distributed current. For templates with 
unavoidable microcracks, e. g. the PA-AAO, this is especially 
important, because microcracks usually cause severe 
electrolyte leakage, which results in undesired deposition on 
the backside of the conductive layer and, thus, failure when 
electrodeposition is carried out in a PA-AAO membrane in its 
freestanding form.   
 The advantage of the newly developed SAAO membranes 
over conventional SAAOs is the absence of the barrier oxide 
layer at the conductive surface. Because of the high dielectric 
constant of the barrier, a high current density or potential is 
usually employed for electrodeposition, which frequently leads 
to porous nanostructures due to excessive hydrogen 
evolution.41 Moreover, finding an optimal current or potential 
is not straightforward because the thickness of the barrier 
layer varies as a function of the applied potential in the 
anodization process.13, 42 For these reasons, the remaining 
barrier layer is commonly removed by wet chemical etching. 

However, wet etching results in an increase of the pore 
diameter due to its isotropic etching nature.1 In contrast, our 
SAAO membrane has the pre-opened pore side adhering on 
the Au conductive layer, and the barrier layer on the other side 
can be easily removed by RIE after bonding without influencing 
the pore parameters. Through this configuration, 
electrodeposition takes place directly on the Au conductive 
layer, enabling DC electrodeposition.  
 As a proof of concept, Ni was electrochemically deposited 
into the MA-SAAO template at a constant current density of −2 
mA cm−2. The color of the AAO turned black, indicating a 
successful deposition of Ni throughout the template area (Fig. 
3(a)). The cross-sectional SEM view of the MA-SAAO sample in 
Fig. 3(b) shows uniformly deposited Ni NWs inside the pores 
with an overall length of 5 µm. It is important to note that the 
uniform length was achieved because the nanopores were 
completely sealed by the Au contact layer. A back-scattered 
SEM image (Fig. 3(c)) shows Ni NW arrays standing on a Au/Si 
substrate after etching the AAO. The observed brighter regions 
correspond to the Au layer (due to its higher atomic number). 
The obtained freestanding high-aspect-ratio NW arrays have 
the potential to be used as building blocks for biosensors, 
batteries, solar cells and optical sensors.43-46 Fig. 3(d) shows a 
single uniform NW with a high-aspect ratio of above 130 (the 
diameter and the length are 37 nm and 5 µm, respectively).  

 

Fig. 3 After Ni deposition into our MA-SAAO sample. (a) A representative photograph of our MA-SAAO sample after Ni deposition. 
(b) A cross-sectional view of an SEM image of our MA-SAAO sample with embedded Ni NWs. (c) A top view of an SEM image of 
standing Ni NWs on a Au/Si substrate after etching the AAO. (d) An SEM image of a single Ni NW after release. 
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 Similarly, DC plating was also used for Ni deposition into 
PA-SAAO membranes at a constant low current density of –3 
mA cm−2. Even though the AAO contained a microcrack as 
previously seen in Fig. S1†, Ni was still successfully 
electrodeposited in the AAO as shown in Fig. 4(a). A cross- 
sectional SEM image shows Ni NWs with an overall length of 
approximately 14 µm (Fig. 4(b)). The alternating MA and HA 

segments can be distinguished by the image contrast, which 
results from the difference of amount of Ni grown in the two 
segments. We note that deviation in length of HA segments is 
a general consequence of an unstable pore growth rate during 
HA pulses.47 For detailed observations, Ni NWs were released 
from the template by etching the AAO membrane in 5 M 
NaOH and further sonication. Fig. 4(c) shows a Ni NW bundle 

 

Fig. 4 Ni deposition into a PA-SAAO sample. (a) A representative photograph of our PA-SAAO sample after Ni deposition. (b) A 
cross-sectional view of an SEM image of our PA-SAAO sample with embedded Ni NWs. (c) An SEM image of a bundle of diameter 
modulated Ni NWs after etching AAO, followed by release. (d) An SEM image of a diameter modulated Ni NW. 

Table 1 A comparison among four AAO fabrication processes. 

Process 

 

Feasibility 

Conventional 

freestanding 

membrane 

Thin Al deposited 

SAAO 

Barrier layer thinned 

SAAO36 

SAAO with 

ultrahigh aspect 

ratio nanopores 

RIE process 

(for the smallest pore diameter) 

 × ×  

High aspect ratio nanopores  × 

(But with a dendritic pore 

shape)


 

Two step anodization  ×   

PA process  ×   

A mechanically stable substrate ×    

Direct current plating 

at a low current density 





× 

(Feasible only after 

wet etching process) 

× 
(Remaining barrier layer with a 

thickness of a few nm)



 

Uniformity of electrodeposition ×    

* : feasible, ×: infeasible 
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obtained from a PA-SAAO membrane. An SEM image with 
higher magnification (Fig. 4(d)) shows modulated diameter 
along the NW long axis. The observed segment diameters are 
50 nm and 20 nm, which correspond to the pore sizes of the 
HA and MA regions, respectively.  

Conclusions 

 In conclusion, we report for the first time SAAOs with 
ultrahigh aspect ratio nanopores by bonding anodized AAO 
films onto a mechanically stable Si chips by means of a Au/Au 
compressive bonding technique, followed by an RIE-based 
pore-opening process. Table 1 summarizes the features of four 
different processes for the production of AAO membranes. 
Our newly developed process combines the advantages of the 
other three approaches. Two-step anodization enables the 
formation of highly ordered nanopores with easily tunable size 
and depth, while the RIE process opens the barrier layer 
without causing any changes in the pore parameters. The 
electrodeposition of Ni NWs into MA- and PA-SAAO 
membranes is successfully demonstrated using DC 
electrodeposition at low current densities. The leakage 
problem can be avoided due to the complete sealing of the 
pores. Moreover, the flat conductive Au surface ensures a 
more uniform NW growth during electrodeposition. The high-
aspect ratio standing NW array supported on mechanically 
robust silicon substrates enables the integration of these 
nanomaterials in other functional devices. This integrative 
manufacturing process opens new possibilities in the use of 
nanowires supported on a conductive substrate in various 
applications requiring larger surface area building blocks such 
as biosensing and energy storage. 
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