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Abstract

We report the growth of silver nanowires with varying diameters in porous anodic aluminum-
oxide (AAO) membranes by using the electroless deposition approach. This objective is carried
out in 2 phases. In Phase 1, AAO membranes on high purity aluminum foils are electrochemically
grown by a double anodization procedure. Three different electrolytes, sulphuric acid (H2S04),
oxalic acid (HzC:04) and phosphoric acid (H3P0,), are employed to produce membranes with va-
rying pore diameters. Other parameters such as interpore distance, barrier layer thickness and
membrane thickness are also explored. In addition, characterization to modify the pore diameter
and open the barrier layer of free standing AAO templates has been carried out. In Phase 2, metal-
lic silver nanowires are grown by electroless deposition inside pores with varying diameters in
AAO membranes. AAO membranes immersed in aqueous silver nitrate solutions are thermally
reduced, and the resulting silver nanowires are characterized by using a scanning electron micro-
scope (SEM).
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1. Introduction
Anodic aluminum-oxide membranes have been widely studied due to their numerous advantages in the manu-
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facturing of micro and nanoscale devices for applications in fields such as optics, electronics, and optoelectron-
ics. Nanowires [1], nanotubes [2], nanorods [3], and nanodots [4] have been grown or fabricated in patterns for
use in nanoscale devices using AAO membranes as templates. In particular, nanowires grown in AAO templates
have received significant attention for their use in scientific applications such as information storage [5] and na-
nolenses [6].

The simplest and most inexpensive approach to growing AAO membranes is by a double anodization proce-
dure in which aqueous electrolyte solutions such as sulphuric, oxalic, or phosphoric acid oxidize and pattern an
aluminum foil [7]-[11]. Critical parameters such as interpore distance, pore diameter, barrier layer thickness and
membrane thickness are changed by varying electrolyte concentration, voltage, growth time and temperature.
Fabrication of nanowires within the AAO membranes by techniques such as electrodeposition [12] [13], elec-
troplating [1] and electroless deposition [14] has been demonstrated. Silver nanowires are fabricated in the AAO
pores by the thermal reduction of a silver nitrate solution bath.

In this article, we extensively map the effects of changing the process parameters on AAO membrane features
with through process characterization. We additionally map the process of barrier layer removal and further pore
widening. As a result, we find that we can produce nanowire-filled templates with targeted dimensions, useful in
lensing applications. The following tasks have been accomplished: (a) AAO template anodization using sul-
phuric, oxalic and phosphoric acid; (b) pore widening characterization; (c) membrane release and barrier layer
opening; and (d) electroless deposition of silver nanowire in AAO membranes.

2. Experiments
2.1. Anodization

High purity (99.997%) aluminum foils of 100 micron thickness were employed as anodization substrates. Alu-
minum foils were cleaned by sonification in subsequent baths of acetone, isopropanol and deionized water solu-
tions for 10 minutes each, then dried with compressed nitrogen. The anodization process was carried out in a
two step procedure [10] [15] in each of three different aqueous electrolyte solutions, sulphuric acid (H,SO4),
oxalic acid (H,C,0,4) and phosphoric acid (HsPO,). In the first anodization step, the aluminum foil was im-
mersed in an aqueous electrolyte and an oxide layer with aligned pores was grown. This layer is imperfect, but it
serves to produce regular patterns of dimple arrays in the aluminum substrate. This first oxide layer was re-
moved by chemical etching with a mixture of 1.8 wt% chromic acid and 6 wt% phosphoric acid, exposing the
dimples on the aluminum foil. By performing a second anodization, ordered nanochannels were obtained. Both
anodizations were conducted in an electrochemical cell under constant cell potential with a lead cathode and a
copper anode. The cell was maintained at a low temperature by a refrigerated circulating bath. Porous alumi-
num-oxide membranes were grown with different electrolyte solutions and conditions as shown in Table 1.
Scanning electron micrographs of the top and cross sectional views of as-grown AAO membranes are shown in
Figure 1.

2.2. Pore Widening of AAO Templates

A subsequent wet etching step on the formed AAO templates allows additional flexibility to increase the diame-
ter of the nanochannels. To explore this option, AAO membranes were immersed in a 5 wt% phosphoric acid
solution maintained at 30°C. Etch time was varied to determine its effect on the increase of pore diameters.
AAO membranes produced using each of the three different electrolyte solutions were tested.

2.3. Barrier Layer Opening

In Figures 1(d)-(f) the closed bottom of the AAO nanochannels can be examined. Several applications of AAO
require open channels; this can be accomplished either by chemical etching with acidic solutions [16] [17] or by
ion beam milling [17] [18]. In this work, we opened the channels with acidic solutions.

In order to retain the as-grown pore morphology of AAQ, a protective coating layer is required during the
aluminum metal substrate removal and bottom pore opening procedure. As described by Xu et al. [19], com-
mercially available nail polish (Maybelline, Express Finish) was used as a protective coating. These coatings
have a similar chemical composition to those used by Masuda et al. [18]. Prior to the aluminum metal removal
and the pore opening procedure, the protective coating was applied and allowed to dry at ambient condi-
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Table 1. Operating conditions of different electrolyte solutions for anodic aluminum oxide anodization.

Electrolyte H,SO, H,C,0, H3PO,
Conc 0.3M 0.3M 0.3M
Voltage 25V 60 V 165V
Temp. 0.5°C 1°C 1°C
1% Anod. 480 min 240 min 60 min
Oxide Removal 420 min, 60°C 420 min, 60°C 420 min, 60°C
2" Anod 480 min 240 min 240 min

UTSA 300K 0.8 o100k SE

Figure 1. SEM Micrographs of Top view (a), (b), (c) and Cross sectional view (d), (e), (f) of Anodic Aluminum Oxide tem-
plates grown with three different electrolytes H,SO,4, H,C,0,, and HzPOy,.

tions. Later the aluminum metal was removed completely with a chemical mixture of tin chloride and deionized
water. This etch process was sensitive to process variation and had to be executed according to recipe specifica-
tions. The free standing anodic aluminum oxide membranes as shown in Figure 2 were rinsed with deionized
water and dried with nitrogen. Note the macroscopic size of the membrane shown in Figure 2. A 5 wt% phos-
phoric acid solution was used to open the barrier layer of AAO membranes grown by different electrolyte solu-
tions.

2.4. Electroless Deposition of Silver

Electroless deposition of silver nanowires as described by Kim et al. [14] took place in AAO membranes with
varying pore diameters. AAO membranes were immersed in 0.1 M aqueous silver nitrate solution at a tempera-
ture for 2 hours, forming the silver nanowires by thermal reduction. After a one minute sonification, the nano-
wires were thermally annealed to a temperature of 350°C for 90 min.

2.5. Inspection

AAO membranes and silver nanowires were inspected using a scanning electron Microscope (SEM, Hitachi

$5500).
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Figure 2. Free standing AAO membrane.

3. Results & Discussions
3.1. Anodic Aluminumoxide Membranes

SEM micrographs of the AAO membranes grown by the two step anodization employing three different elec-
trolytes are shown in Figure 1. As shown in Table 2, Pore diameter and interpore distance increased with in-
creasing voltage potential applied for different electrolyte solutions in the following order: H,SO,4 < H,C,0, <
H3PO,. High aspect ratio nanochannels were formed the most quickly in the oxalic solution. The interpore dis-
tance in the oxalic acid-formed membranes was of medium size, with the pore diameter occupying a little less
than a quarter of the cell. The cells were larger in the membrane formed in phosphoric acid, with a similar di-
ameter to interpore distance ratio. Sulphuric acid-formed templates resulted in the most regular arrays of the
smallest cells and pores. In this case the pores occupied about half of the interpore distance. The resulting mem-
branes occupied macroscopically large areas patterned with nanoscopic structures. The results of this step show
that all three process methods result in viable, regularly patterned structures. A wide range of interpore distances,
between 30 and 500 nanometers, was achieved with the processes.

3.2. Pore Widening Characterization

The pore widening characterization of the different AAO membranes at 30, 45, and 60 minute intervals is shown
in Figures 3-5. For the sulphuric acid-formed templates, the walls of the pores were beginning to break through
at 30 minutes with collapse of much of the structure by 60 minutes. The cell walls of the oxalic acid-formed
membranes did not break through during the full 60 minutes, and the phosphoric acid-formed membranes did
not come close to breakthrough. These results are consistent with the respectively increasing cell wall thickness
in the different types of membranes. With increasing pore size, the regularity and symmetry of the pores’ shape
increased.

Porosity variation of AAO membranes was calculated as discussed by Nielsch et al. [8]. The highest porosity
was achieved for sulphuric acid-anodized membranes, and the 60 minute etch resulted in structural collapse and
released alumina fibers as shown in Figure 3(d). High porosity in sulfuric acid-formed membranes is due to its
lower wall thickness than the oxalic- and phosphoric acid-formed membranes. These two membranes have low-
er maximum achieved porosities of 77.87% and 38.36% respectively. (Figure 6)

The results of these tests show that pore diameter can be independently increased over a wide range at fixed
interpore distances in this post-template formation step.

3.3. Barrier Layer Opening Characterization

A thin, dense dielectric layer is formed at the pore bases of the templates during the anodization of aluminum. It
has similar characteristics of the native oxide film, and allows the passage of electrical currents only through
faults in the structure. The thickness of the barrier layer is dependent on the voltage applied during anodization.
Thickness increased in the following order in the given conditions: sulphuric acid (25 V) < oxalic acid (60 V) <
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Table 2. Pore Diameter, Interpore Distance and Growth rate parameters for AAO membranes nodized with various electro-
lytes.

Electrolyte H,SO,4 H,C,04 H3PO,4

Pore Diameter 16 nm 33nm 120 nm

Interpoer Distance 33nm 150 nm 515 nm
Growth Rate 4 um/hr 11.63 pm/hr 1.12 pm/hr
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Figure 3. Pore-widening characterization of H,SO, grown AAO tem-
plates with 5 wt% Phosphoric Acid. (a) As-grown sample, (b) 30 min
etch, (c) 45 min etch, and (d) 60 min etch.

Figure 4. Pore-widening characterization of H,C,O, grown AAO
templates with 5 wt% Phosphoric Acid. (a) As-grown sample, (b) 30
min etch, (c) 45 min etch, and (d) 60 min etch.

phosphoric acid (165 V). In Figures 7-9, the barrier layer is characterized for AAO templates grown with three
different electrolytes. Figure 10 illustrates the etch duration required to open the bottom pores of AAO mem-
branes: 30 minutes for H,SO,, 60 minutes for H,C,0,, and 270 minutes for HsPO,.



R. Kotha et al.

Figure 5. Pore-widening characterization of HsPO, grown AAO templates with 5
Wi% Phosphoric Acid. (a) As-grown sample, (b) 30 min etch, (c) 45 min etch, and
(d) 60 min etch.
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Figure 6. Porosity variation of AAO membranes grown in different electrolyte so-
lutions.

Figure 7. Barrier Layer opening Characterization of H,SO, grown AAO templates
with 5 wt% Phosphoric Acid. (a) As-grown sample, (b) 30 min etch.

3.4. Electroless Deposition of Silver Nanowires in AAO Templates

In this work, the main focus was to fabricate silver nanowires with varying diameters employing AAO templates.
As discussed above, membranes were fabricated with varying pore diameters such as 30 nm H,SO,4, 60 nm
H,C,04, and 200 nm H3PO,. As described by Kim et al., silver nanowires were fabricated by electroless depo-
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Figure 8. Barrier Layer opening Characterization of H,C,0, grown
AAO templates with 5 wt% Phosphoric Acid. (a) As-grown sample,
(b) 30 min etch, (c) 45 min etch, and (d) 60 min etch.
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Figure 9. Barrier layer opening characterization of HsPO, grown Anodic Aluminum-oxide templates with 5 wt% Phosphoric
Acid. (a) As-grown sample, (b) 90 min etch, (c) 180 min etch, (d) 240 min etch, (e) 270 min etch, and (f) 300 min etch.

sition approach. Silver nanowires (lighter gray) were grown in AAO membranes as shown in Figures 11-13.
During the cross-sectioning procedure necessary to attain these images, some wire material was lost. However,
the images clearly show that metal wires with high aspect ratios were formed within the pores of all three types
of membranes, and that the wires filled the pores.

4. Conclusion

In summary, various AAO membrane parameters such as pore diameter, interpore distance and barrier layer
thickness were explored with different electrolytes solutions such as sulphuric, oxalic and phosphoric acids. The
observed template growth rate was the highest in oxalic acid (~11.6 pm/hour) and lowest in phosphoric acid (~1.1
pm/hour). In addition, pore widening characterization to alter cell diameter and bottom pore opening characteri-
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Figure 10. Barrier etch time characterization of AAO membranes.

Figure 13. Silver Nanowires grown in H3PO, AAO templates.
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zation free standing AAO membranes has been accomplished by varying the etch duration in diluted phosphoric
acid solutions. Electroless deposition of silver nanowires was carried out with silver nitrate solution, and nano-
wires with varying diameters were fabricated from AAO membranes grown with different electrolytes. We
demonstrated that macroscopically large AAO templates with a wide range of controllable parameters could be
formed and filled with silver nanowires of high aspect ratios in a relatively inexpensive and simple process.
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