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ABSTRACT

Highly ordered porous anodic alumina with alternating-sized pores and in hexagonal and
square arrangements has been produced with focused ion beam patterning guided anodization.
Deeper focused ion beam patterned concaves induce better developed pores during the anodization.
Focused ion beam patterning also effectively enlarges the anodization window; ordered
alternating-sized nanopore arrangement and square arrangement with 150 nm interpore distance
can be produced at 40-80 V potentials. Under the guidance of FIB patterned concaves in Moiré
patterns, different alwmina nanopore arrays in Moiré patterns can be obtained after the anodization.

INTRODUCTION

In recent years, nanomaterials have attracted great interest due to their unique electronic,
magnetic, and optoelectronic properties and a broad range of applications in new nano-devices,'®
Among different fabrication methods of nanomaterials, templating based on porous anodic
alumina has the advantage of offering uniform diameter and controlled aspect ratio pores, which
can then be used to create high density and perfectly vertical nanorod and nanowire arrays.

Self-organized porous anodic alumina cannot provide highly ordered nanopores across
large areas, the honeycomb-like structure is limited in only several micrometer scale. Even though
two-step anodization process can increase the area of highly ordered namopore arrays, the
anodization condition is limited in a narrow window: 63 nm (0.3 M sulfuric acid, 25 V),”’ 100 nm
0.3 M oxalic acid, 40 ¥),'*" 500 nm (0.3M phosphoric acid, 195 V), and only hexagonal
arrangement of uniform diameter pores can be produced. Attempts to fabricate porous anodic
alumina with arrangement other than hexagon and with different pore diameter have been made.
Square arrangement of square nanopores was synthesized using nano-indentation.’*'* Similarly,
triangular anodic alumina nanopores with a graphite lattice structure were synthesized with the
suidance of nano-indented graphite lattice structure concaves.!® With the guidance of the focused
ion beam created gradient- and alternating-sized concave patterns, hexagonally ordered gradient-
and alternating-sized nanopore arrays were pro&:ll.lced.20 Moreover, Y-branched anodic alumina

oxide channels were first fabricated by reducing the modization voltage by a factor of 1/7/2.2!

Similarly, after primary stem pores were fabricated by a typical two-step anodization process,
n-branched nanopores were created by reducing the anodization veltage by a factor of 1/4/n. 7%
Moteover, tree-like nanopore arrays were obtained by further reducing the anodization voltage by
a factor of 1/v/m 1o generate the third layer of the branced pores at the bottom of the second laver
of branched pores. All the interpore distances of the above discussed porous anodic alumina were
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determined by the applied voltage with a linear proportional constant of 2.5 nm/V ¥ More work is
needed to make porous apodic alumina with different interpore distances under the same
anodization condition. .

In this study, focused ion beam {FIB) patterned concave arrays are used to guide the
growth of alternating-sized diameter and different nanopore arrangement. The effect of FIB
guidance on enlarging the ancdization window is examined. Anodization of Moiré patterns with
different interpore distance is also studied in order to examine the potential of FIB patterning in
fabrication of different interpore distance pattems.

EXPERIMENTAL PROCEDURE

High purity aluminum foils (99.999%, Coodfellow Corporation, Qakdale, PA) with 8
mm=22 mmx{.3mm size were used as the starting material. After being washed with ethanol and
acetone, they were annealed at 500°C for 2 hirs in high purity flowing Ar gas with 5°C/min heating
and cooling rates to recrystallize the aluminum foils and remove mechanical stress.

For electropolishing, the annealed aluminum foils were degreased in ethanol and acetone
for 3 min, respectively, followed by DI water rinsing after each step. The aluminum feils were then
immersed in a 0.5 wt% NaOH selution for 10 min with ultrasound in order to remove the oxidized
surface layer. After that, the aluminum foils were electropolished in a 1:4 mixture of perchloric
acid {60%-62%): ethanol (95%) (volume ratio) under a consiant voltage of 12 V at room
temperature with 300 rps stirring speed for 5 min.

A dual beam focused Ga® ion beam microscope (FIB, FEI Helios 600 Nano Lab, Hillsboro,
OR} was employed to create different concave patterns to guide the anodization. The accelerating
voltage for the FIB microscope was 30 keV. The beam diameter was ~30 nm. The beam current
was 28 pA. The beam dwell time at each scan was 3 ps. The FIB created patterns were observed in
the SEM mode, which allowed for in-situ monitoring of the surface features of the Al foils at
different stages af the ion exposure.

The FIB patterned Al foils were anodized in 6.3 M oxali¢ acid at 40-60 V and 0°C for 30
min, and in 0.05 M oxalic acid at 80 V and 0°C for 30 min. Far the Moiré¢ pattern, the FIB patterned
Al foils were anodized in 0.3 M phosphoric acid under 20 mA constant current at 0°C for 5 min.
The voltage was ~140 V after a few seconds of anodization. Pore opening was carried out in 3 wt%
phosphoric acid at 30°C for 10 min. The porous anodic alumina patterns were characterized by
scanning electron microscopy {Quanta 600 FEG, FEI Company, Hilisboro, OR).

RESULTS AND DISCUSSION

FIB exposure time effect

Figute 1 shows anodized alternating diameter nanopores with different FIB patterning
exposure time. The interpore distance is 125 nm. After the anodization, the pore sizes increase
with the FIB exposure time even through the anodization condition is the same. When the FIB
exposure titne is only 1 s with the dwell time at 1 ps, both large and small FIB concaves are very
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shallow, less than 3 nm. The diameters of the small and large concaves are 30 nm and 65 nm,
respectively. After the anodization (Figure 1{a)), the small concaves induce small anodized
nanopores with 30 nm diameter. The large concaves induce large nanopores with 40 nm diameter,
but the pore shape is not well defined. The nanopore arrangement maintains the pre-defined
hexagonal pattern. When the FIB expesure time increases, the depth and the diameters of the
concave patterns increase. For example, after 15 s of the FIB patterning, the small pores have 8 nm
depth and 45 nm diameter, and the large pores have 50 nm depth and 80 nm diameter. As a result,
the diameters of the anodized nanopores increase and the shapes of the anodized nanopores
become much more round. When the FIB patterning time is é s and 15 s (Figures 1(b) and L{c)),
the anodized large nanopore sizes are 70 mim and 90 nm, respectively, and the anodized small pore
sizes are 35 nm and 45 nn, respectively. At the same time, the anodized nanopores with different
FIB exposure time maintain the ordered liexagonal arrangement. When the FIB time is 80 s
{Figure 1{d}), the large and small anodized nanuporc diameters are 90 nm and 65 nm, respectively.

Figure 1. SEM images of anodized nanopore pattern with different FIB exposure time: (a) 1 s, (b)
65, (cy15s, (d)8Cs.

The effect of the FIB exposure time is directly related to the concave size and shape. When
the FIB patterning time is short, the concaves are very shallow (Figure 1{a)), and the curvature of
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the concave is verv large, which results in a small electrical field at the bottoms of the concaves
during the anodization. The concaves cannot effectively guide the subsequent anodization; the
anodized nanopores grow slowly and the pore shape is less defined, However, the Ga* implanation
and aluminum amorphization at the concave circumferences are effective enough in maintaining
the pore pattern in the hexagonal arrangement. As the FIB exposure time increases, the patterned
concaves grow larger and deeper (Figures 1(b) and 1{c)), along with more Ga” implanation and
aluminum amorphization. As a result, the anodized pores have larger diameters and more round
pore shapes.

For different FIB exposure time, the pristine Al surfaces among the concaves are also
different. When the FIB exposure time is short (Figures 1(a), L(b), 1{c)), there is an un-anodized
triangular aluminum pillar at the junction of a large concave and two adjoining small concaves,
During the anodization, these pillars act as the effective electrical circuit to anodize nearby
aluminum. Because of the asymmetric nature of the electric field, the pores are not round. The
small pores elongate in the direction of the junction. As the FIB exposure time increases further
{Figure 1(d)), the pristine surface atier the FIB exposure diminishes/disappears, and the FIB
patterning effect on the pore shape becomes less obvious or disappears. As a result, both the large
and small anodized pores in Figure 1{d) are round.

Anodization voltage effect

FIB patterning also enlarges the anodization window for ordered nanopore pattern and
different nanopore arrangement. Two different arrangements are studied here. The first is
alternating-sized nanopores in hexagonal arrangement, and the second is uniform-sized nanopores
in square arrangement. The same FIB patterned concave arrays with 150 nm interpore distance are
anodized at three different conditions: (.3 M oxalic acid at 40 V, 0.3 M oxalic acid at 60 V, and
0.05 M oxalic acid at 80 V. The SEM images of the nanopores after the anodization are shown in
Figure 2. Pore widening was not undertaken on these samples and the images are the pristing
structure after the anodization. As shown in Figures 2{a), 2(c), and 2(e), all these samples keep
growing alternating diameter nanopores in hexagonal arrangement. As shown in Figures 2(b), 2(d),
and 2¢f), all the samples keep growing uniform diameter nanopores in square arrangement.
However, under the traditional self-organized anodization condition. both ordered square
nanopore arrangement and alternating diameter nanopores are difficult to obtzin. Because the
interpore distance is linearly proportional to the applied voltage with a constant of 2.5 nm/V,
even with the guidance of the FIB patterning, the ordered alternating diameter and square
nanopore arrangement with 150 nm interpore distance can only be synthesized at 60 V applied-
potential. In this study, with the FIB patterning, ordered nanopore arrangement can be anodized in
the potential range of 40-80 V, which means deep concaves, Ga' implanation, and the
re-deposition of amorphous aluminum in combination play a significant role in the nanopore
growth. The FIB guidance enlarges the anodization window for obtaining the ordered nanopore
arrangement.
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Figure 2. SEM images of anodized nanopore patterns with the same FIB pattern but different
anodization condition: {a} and {b) 0.3 M oxalic acid under 40 V and 0°C for 30 min, (c}and (d) 0.3
M exalic acid under 60 ¥ and 0°C for 30 min, (e) and (f) (.03 M oxalic acid under 80 V and 0°C

for 30 min, The FTB pattern of (a), (¢), and (e) is alternating-sized concave pattern with 130 nm
interpore distance. The FiB pattern of (b), {d), and {f) is uniform concaves in square arrangement
with 15G nm interpore distance.
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Moiré pattern

Muoiré patterns are the composite patterns created by the superposition of two identical
patterns with a rotation angle, or by superposition of two different patterns with a rotation angle.
There are many different interpore distances in the Moiré pattern. Since the interpore distance is
dependent on the applied voltage with a linear proportional constant of 2.5 nm/V, the Moiré pattern
cannot be synthesized by the conventional self-organized anodization. From the previous
discussion, FIB patterning shows great potential in enlarging the anodization window and
maintaining the ordered nanopore arrangement. Tn this section, Moiré nanopore patterns with
different interpore distances are studied at a certain voltage potential.

Figure 3 shows the SEM images of anodized porous alumina arrays with graphite lattice
structure Moire patterns. The FIB patterned concave arrays are created by the superposition of two
graphite lattice structure concave patterns with identical interpore distance and rotation angle of u.
The interpore distance of the graphite lattice structure concave arrays is 350 nm, and the rotation
angle a is {a) 5°, (b) 10°, (c) 20°, (d) 30°, respectively. Afier the anodization, porous alumina
arravs with various Moiré patterns are obtained; the periodicity of the Moiré patterns is: {a) 6.74
pm, (b) 3.67 um, (c) 1.60 pm, (d) 1.14 pm, respectively,

According to the fundamental theory of Moiré patterns®™*, the periodicity D of the Moiré
patterns depends on the lattice constant of both layers (d, and d;) and the rotation angle «. The
spectral approach, which is based on the Fourier theorv, is used to analyze the Moiré phenomena.
For the Moiré pattern created by the superposition of two hexagonal concave patterns with
different lattice and with the rotation angle of @, the periodicity of the Moiré pattern is:

dyds

D= et )
‘Id12+d22—2d1d2cusu
When d;=d,, the equation can be further simplified into:
d
0= e @

The graphite lattice structure pattern can be considered as hexagonal pattern, as shown in
Figure 4(b), and the interpore distance is v3 times of the original value. According to the spectral

approach, the multiplication intensity of the resulting image is: [(x,¥)= Li(x,¥) T2(x,¥) in the direcr
space. The Moiré pattern periodicity is the distance of the two neighboring spectrum maximum. In
the new hexagonal pattern, only half of the triangular gravity centers exist, such as a, b, and ¢ in
Figure 4(b). Therefore, in the direct space of Moiré pattern, the intensities of the spectrum at a, b,
and ¢ are just [(,¥)=1{x»), and it will not be the maximum of the resulting image. As a result, for

the periodicity of the graphite lattice structure Moiré pattern in Figure 3, dy'=d2"=+/3d, and

3d

= S From this equation, the periodicities of the Moiré patterns of Figures 3(a)-(d) are
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calculated as 6.95 pm, 3,48 pm, 1.75 pm. and 1.17 pm, respectively. The experimentally observed
periodicities are in good agreement with the theoretical value.

Figure 3. SEM images of porous alumina arrays with graphite lattice structure Moiré pattern. The
patterns are formed by anodization of aluminum with superimposition of two identical FIB
patterned graphite lattice structure concaves, the interpore distance is 350 nm, and the rotation

angle between the FIB patterns is: (a) 5%, (b) 10°, (¢} 20°, (d) 30°.

(a).- '. L L |

) - T -

(b).s~

s ] T I
Figure 4. Schematic drawing of {a) graphite lattice structure ndnopore arrangement, (b) ditferent
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view of the same graphite lattice structure arrangement as hexagonal arrangement with three
points in the hexagon,

CONCLUSIONS

With the guidance of the FIB patterned concave arrays, alternating diameter nanopore
arrangement is obtained. When the depth of the FIB patterned concaves is shallow, the diameter
difference of the alternating diameter nanopores is not obvious. The deeper the FIB patterned
concaves, the befter developed the alternating diameter nanopore artays are. The anodization
window of ordered alternating diameter nanopore arrangement and square nanopore arrangement
with 150 interpore distance is enlarged to 40-80 V thanks to the guidance of the FIB paiterned
concave arrays. This guiding effect also enables the creation of patterns with different interpore
distances under the same anodization condition. Moiré pattern with various interpore distance and
periodicity are obtained.
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