Al,O5; and Sn/Al,O3 nanowires: fabrication and characterisation
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Self-ordered anodised aluminium oxide membranes can be used as a base for the growth of different nanoarrays. In this reported work,
an efficient and effective method is implemented to fabricate highly ordered alumina nanowires (ANWSs) covered with a uniform shell of
12+2 nm Sn nanoparticles (Sn/ANWSs). A two-step anodisation process followed by a selective etching process was used to prepare
highly ordered ANWs with diameters smaller than 36 nm. The thermal evaporation technique was used to ensure the deposition of a Sn
nanoshell on the fabricated nanowires. The fabricated nanostructures were characterised by energy-dispersive X-ray spectroscopy, X-ray
diffraction, field emission-scanning electron microscopy and an ultraviolet-visible-near-infrared spectrophotometer. Analysis of the
scanning electron microscopy images showed that the etching rate is 0.73 nm/min and ANWs are obtained after etching the membrane for
110 min. The measured reflection spectra revealed that Sn/ANWs exhibit a redshift of the UV absorption band relative to the ANWs and a
reflectance of nearly 100% in the near-infrared region. For optical comparison, glass slides were coated with Sn under the same conditions
for 90 and 120 s. The reflection spectrum of the 120 s Sn-coated glass slide shows three modes at 210, 296 and 700 nm because of the

excitation and interference of plasmonic waves.

1. Introduction: In recent years, the fabrication of metal/metal—
oxide nanowires has attracted much interest owing to their
potential use in many applications. These structures are
candidates for the development of new types of sensors, lithium
storage materials, solar cells and blue and ultraviolet (UV)
light-emitting diodes [1-5]. Many metals and metal oxides have
been intensively studied [1-6]. In particular, tin (Sn) and tin
oxide (SnO) nanostructures are usually regarded as promising
future materials because of their high specific capacities, low cost
and natural abundance. The specific capacities of Sn, SnO and
SnO, are ca. 994, 875 and 782 mAh g™, respectively, which are
much higher than that of the conventional graphite anode (ca.
370 mAh g™') [2-4]. In addition, Sn metal is stable at and above
room temperature, malleable and weldable with copper (Cu) and
aluminium (Al). Moreover, it has low electrical resistivity, a
low-melting point (231°C) and high-surface tension (0.544 N/m).
The fabrication and applications of Sn and SnO nanostructures
have been hardly investigated compared with the facilely
obtained nanowires of different metals and metal oxides [3-5].
The fabrication of Sn and SnO nanostructures still present a
challenging task to experimentalists, especially nanowires
and nanorod morphologies, by highly controlled and low-cost
methods.

Anodised aluminium oxide (AAO) membranes with a nano-
porous structure have been widely used as membranes in the fabri-
cation of various nanostructures because of the cheap equipment,
simple technology, high-throughput and high controllability of
the process [7-9]. The diameter, length and shape of the fabricated
nanostructures are controlled by the structural parameters of the
membrane, such as the nanopores’ diameter, thickness and
surface morphology. Up to now, various kinds of nanowires, nano-
tubes, nanorods and nanoparticles have been successfully synthe-
sised using AAO membranes [10—13]. Many different techniques
have been used for the deposition of nanowires inside AAO mem-
branes [14-16]. However, there is a strong demand for an inexpen-
sive and reliable method that can be used to pattern nanowires in
one and two dimensions. One of the most hopeful options is the
use of the AAO membrane and thermal evaporation technique to
obtain nanowire arrays. The thermal evaporation technique has
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merits such as low cost of processing, facile technology and a rela-
tively simple equipment requirement.

In the work reported in this Letter, synthesised alumina (Al,03)
nanowires (ANWs) were decorated with Sn shell nanoparticles. The
ANWSs were fabricated by chemical etching of the AAO membrane
in a phosphoric acid solution at room temperature. The Sn nanopar-
ticles were deposited on the ANWs by the thermal evaporation
technique. The structures and morphologies of the ANWs and Sn/
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Figure 1 SEM images of AAO membrane anodised at 50 V in 0.3 M oxalic
acid for 10 min

a Top view

b Cross-sectional view
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ANWs were characterised by several means including field emission-
scanning electron microscopy (FE-SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD) and and ultraviolet—
visible—near-infrared (UV—vis—NIR) spectrophotometer.

2. Materials and methods: For the fabrication of ANWs coated
with Sn shell nanoparticles, the preparation of a well built-in
uniform AAO membrane is a must. High purity (99.999%) Al
foils of 0.25 mm thickness were used as a starting material. The
Al foils were degreased using a successive immersing process in
acetone and methanol for 5 min at 150°C, and then rinsed in
deionised water for 10 min. The foils were electropolished to a
mirror finish in an electrochemical solution with a volume
mixture of 1:1:1 H3PO4:H,SO4:H,O at 50°C under constant
stirring for 3 min. The AAO membrane was prepared by a
two-step anodisation process [17]. In the first anodisation step,
the clean Al foil was anodised in a 0.3 M C,H,O,4 solution at a
voltage of 50 V and temperature of 9°C for 3 h. After the first
anodisation, the Al,O; membrane was immersed in an etching
solution of H,0, H3PO4 and CrO;z (100 ml:10 ml:1 gm) for 3 h at
room temperature to remove the Al,O; layer. The treated Al foil
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Figure 2 SEM images of AAO and Sn/ANWs

a AAO after etching in phosphoric acid solution for 30 min
b AAO after etching in phosphoric acid solution for 90 min
¢ AAO after etching in phosphoric acid solution for 100 min
d AAO after etching in phosphoric acid solution for 110 min
e Sn/ANWs at low magnification

f Sn/ANWs at high magnification
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was subjected to a second anodisation process under the same
previous conditions for 10 min. Pore widening for the fabricated
AAO membrane was carried out at 6 wt% H;PO, for different
lengths of time to obtain ANW arrays. By using the thermal
evaporation technique (Evaporation plant, Edward, mode 6E), Sn
nanoparticles were deposited on the ANWs at room temperature
and at a pressure of 107> Torr for 120 s.

3. Samples characterisation: The crystal structures of the ANWs
and Sn/ANWSs were investigated using a high-resolution X-ray
diffractometer (model: PANalytical X’Pert Pro, Holland) with
CuKo radiation (A=1.5406 A), operated at 45kV and 40 mA.
The XRD patterns were recorded in the 260 range 10°-90°. The
patterns were analysed by matching the observed peaks with the
standard patterns provided by JCPDS files. Morphological and
chemical composition studies of the fabricated nanostructures
were carried out using FE-SEM (model: ZEISS SUPRA 55 VP
and ZEISS LEO, Gemini Column) equipped with EDX. The
optical characterisation was carried out at room temperature using
a UV—vis—NIR spectrophotometer (model: LAMBDA 950, Perkin
Elmer, USA) in the wavelength range 200-2000 nm.
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4. Results and discussion: Fig. 1 shows top view and
cross-sectional view SEM images of the fabricated AAO
membrane. This membrane has highly ordered and vertically
aligned hexagonal nanopores perpendicular to the Al substrate.
The average pore diameter is around 45 nm and the interpore
distance is around 125 nm. The pore density and porosity of the
AAO are 7.4 x 10° em™2 and 15%, respectively.

To obtain highly ordered ANWs, a controlled etching methodo-
logy of the AAO pore walls is required to leave only an array of the
pure ANWSs at the corners of the hexagonal cells. Figs. 2a—d show
top view SEM images of the AAO membranes at different etching
times of 30, 90, 100 and 110 min, respectively. The pore diameter
of the as-prepared AAO membrane is 45 nm, and the wall thickness
is about 80 nm.

Table 1 shows the resulting structural parameters and morpho-
logies for self-organised AAO membranes fabricated under the
same conditions at different etching times. The data presented in
this Table shows an increase in the hexagonal ordering and the uni-
formity of the fabricated AAO with the etching time as shown in
Figs. 2a and b. The experimental data give an average etching
rate of 0.73 nm/min. At 100 min etching time, as shown in
Fig. 2¢, cracks have appeared on the AAO wall, which was an in-
dication of the formation of ANWs. Uniform sized and high-yield
ANWs of the order of 2 x 10" wire/cm® were produced at an
etching time greater than 100 min. Fig. 2d shows the top view
SEM image for ANWs of 1.23 um length and 36 nm diameter.
The inset of Fig. 2d shows a cross-sectional image of vertically
aligned ANWs of length 3 pm produced by etching the fabricated
AAO membrane for 110 min. Figs. 2e and f show SEM images
for ANWs covered with a shell of Sn nanoparticles to form
Sn/ANWs. The diameter of the S0/ANWs is about 57 nm and the
length is 1.23 pm. As shown, the Sn/ANWs inclined and aggre-
gated into disordered domains because of the gravity field [18].
The enlarged SEM image for the fabricated Sn/ANWSs, Fig. 2f,
gave an estimated tin—shell size of 12 +2 nm.

The manufactured ANWs and Sn/ANWSs were examined by
EDX to identify possible impurities in the formation of the
ANWSs and to determine the percentage weight deposition of Sn
on the ANWs. The EDX pattern is shown in Fig. 3¢ and shows
no traces of elements, such as C, Cr or S, indicating that the nano-
wires are only pure ANWSs. Hence, the pure active dots around each
pore were successfully worked as seeds for the growing of hexagon-
al arrays of ANWs on the Al substrate. The EDX pattern shown in

Table 1 Summary of the resulting structural parameters

Lotchs Dp,nm  d,, Observations Morphology
min nm
0 45 80 e The hexagonal order and  nanoporous AAO
30 62 63 the uniformity of the AAO membrane
90 111 14 templates increased as the
etching time increased
e A linear increase in the pore
diameter as the etching time
increased
e Etching rate =0.731 nm/min
100 118-125 7-0 Cracks appeared on the AAO 2D ANWs
wall, which was an indication
of ANWs formation
110 — ANWs of length 1.23 um and
diameter 36 nm are formed
120 — ANWSs are completely etched 1D ANWs

from the Al substrate to be
free standing

(Pore diameter, Dp and wall thickness, d,) and morphologies for
self-organised AAO membranes at different etching times (feicn)
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Fig. 3b gives a quantitative deposition weight of 1.31% of Sn on the
formed ANWSs during a deposition time of 120 s.

Fig. 4 shows the XRD pattern of nanocrystallitt ANWs and Sn/
ANWs to confirm the structure and size of the fabricated ANWs and
Sn/ANWs. The XRD pattern in Fig. 4a is in agreement with the
cubic phase Al,Oj3 diffraction pattern (Card No. 77-0403). The dif-
fraction peaks are observed at diffraction angles 26 of 38.96° and
45.52°, where the intensity of the second peak is much higher
than the intensity of the first peak and corresponds to the (400)
plane of cubic Al,Oj3. This indicates that the crystallites have a pref-
erential orientation towards the (400) direction. On the other hand,
the XRD pattern of Sn/ANWSs shown in Fig. 4b indicates that the
major growth plane of the Sn particles is (211) at a diffraction
angle of 260=44.50°. The sharp peaks shown in this Figure are a
consequence of the high crystallinity of the Sn nanoparticles.
This is clearly a significance of the alignment of Sn nanoparticles
on the surfaces of the straight ANWs perpendicular to the Al
surface as already revealed in the SEM images in Fig. 2.

In addition, the XRD pattern in Fig. 4b indicates that the crystal
orientation of Sn particles forms a B-Sn tetragonal structure with a
lattice constant a=5=5.83 A and ¢=3.18 A (Card No. 98-004-
0037).

The average particle size (d) was calculated using the Scherer
formula [19], f=FkA/d cosB, where f (radians) is a full width at
half maximum in the 26 scan, k is a constant (0.94), A4 is the
X-ray wavelength (1.54 A for Cu ko)) and 6 is the diffraction
angle. Using this formula and the XRD pattern, the average size
of Sn particles at 20=44.50° was found to be 15 nm. This size is
very close to that measured by SEM. This fact simply means
that the nanoparticles obtained by the above method are

CIEEN atomic%

weight%

OK 36.85 49.60
Al K 63.15 50.40

totals 100.00

element weight%  atomic%

Al K
SnL

totals 100.00

Figure 3 EDX spectra of ANWs and Sn/ANWs
a ANWs
b Sn/ANWs
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Figure 4 XRD patterns of ANWs and Sn/ANWs
a ANWs
b Sn/ANWs

nanocrystallites and in good agreement with the measured size of
the Sn particles.

Fig. 5 comprises schematic diagrams illustrating the growth
mechanism of the ANWs and the S"/ANWs. The AAO membrane
consists of hexagonal cells, each surrounding a cylindrical pore
grown perpendicularly to the initial Al surface [20, 21]. The cell
of AAO is composed of two different layers [22-25]: (i) an inner
layer that forms the common internal walls between the AAO
pores, which is relatively pure Al,O3; and (ii) the outer layer that
surrounds the AAO pore, which consists of Al,O3; and negative

a active dot angle

outer layer

pore diameter

alumina /
Al nanowires

inner layer Al

ion impurities (C,0;2 and OH™). These two layers form the
pores walls and the barrier layer at the bottom of the pores [22].
Under the etching process, the inner layer is more resistant to be
etched than the outer oxide layer with anion-incorporated Al,O5
[18]. The AAO consists of ordered hexagonal cells containing cir-
cular pores at the centre, and a joint area exists among three neigh-
bouring pores (active dots), as indicated in Figs. 5a, b and 2a. When
the phosphoric acid solution diffuses into the pores the pore walls
are dissolved from the attack of H" or OH™ with the pore wall
according to the following chemical reaction [26]

20H™ + Al,0; — 2AI0°" +H,0 (1)
6H' + AlL,O, — 2AI" 4+ 3H,0 2)

As a consequence, the pore size is broadened and the thickness of
the wall is decreased by increasing the etching time as illustrated in
Figs. 5¢ and 2b. With increasing etching time, the interpore layer
between the two adjacent pores is completely dissolved whereas
the corner region (active dots) is partially dissolved because it is
the thickest portion of the pure Al,O; [21] as shown in Figs. 5d
and 2c. The breaking areas of the cells would locate at the
centres of the cell walls. In this case nanowires are formed from
the remains of Al,Os at the corners of the cells as indicated in
Figs. Se, fand 2d. When all pores expand homogeneously, under
perfect conditions a nanowire could be formed in every active
dot. Then, a high yield of 2 x 10’ NWs/cm™ can be fabricated
in this way.

The reflection spectra of the Al,O3; and Sn/ANWs measured at an
incident angle of 5° are shown in Fig. 6. The wavelength was
increased from 200 to 2000 nm in increments of 5nm. The
recorded spectra were normalised with respect to the reflection
from an Al mirror. To figure out the effect of light scattering, reflec-
tion has been carried out using both specular and diffuse configura-
tions. The obtained results should agree between the obtained
patterns by the two configurations within the experimental errors.
This means that the effect of roughness on the total reflectance is
weak over the wavelength investigated. This may be ascribed to
the very small size of the deposited Sn nanoparticles as indicated
by the SEM images in Fig. 2f. Moreover, it is evident that the scat-
tering has very limited effect and can be neglected. There are inter-
esting features in the reflectance spectra of ANWs and Sn/ANWs

active dot after
etching

very thinned active dot

Figure 5 Schematic diagrams illustrating the formation mechanism of the ANWs from AAO

a Original structure of AAO with inner and outer layers
b Active dot angle

¢ Expanded pores with active dot after etching

d Thinned active dot of every three cells

e and /' Final ANWs
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Figure 6 Reflectance spectra of ANWs and Sn/Al,03; NWs (TNWs)

over the wavelength investigated. First, for the ANWSs spectrum
(black line in Fig. 6), there is an absorption band at 847 nm that
can be ascribed to the existence of the AAO barrier layer and the
two absorption bands at 276 and 320 nm are in coincidence with
the Al,O3 absorption bands. Secondly, it is clear that the reflectivity
of the Sn-coated ANWs slightly increased, reaching nearly 100%
compared with that of blank ANWSs in the NIR region, and
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Figure 7 SEM image of Sn on glass substrate at deposition time of 120's,
and reflection spectra of Sn/glass samples fabricated at deposition times
90 and 120 s

a SEM image

b Reflection spectra

Variation of surface plasmon position with Sn deposition time shown in the
inset Table
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changed smoothly with wavelength. Finally, there is an interesting
redshift in the absorption band from 225 to 310 nm. To explore the
reason for this redshift, a glass slide was coated with Sn under the
same conditions for 90 and 120 s and the reflection spectra of these
samples were measured by the same configuration.

Fig. 7a shows the SEM image of a glass slide coated with Sn for
120 s. This Figure shows the grown Sn nanorods with an average
diameter of ~30nm on the glass slide. Fig. 7b illustrates the
reflection spectra of the two samples. For the sample coated for
90 s there are two modes of transverse surface plasmons (TSPs);
a fundamental mode at =310 nm and a higher mode at 212 nm
[12, 27]. The absence of longitudinal surface plasmon (LSP) for
this sample indicates that almost all Sn nanoparticles of spherical
shapes have been deposited on a glass substrate. After 120 s depos-
ition, the TSP modes are slightly blueshifted, as shown in the inset
Table in Fig. 7b, and the weak LSP mode is centred at 700 nm. As a
consequence, the shape of the nanoparticles may change from
spherical to non-spherical. The departure from the spherical sym-
metry of the nanoparticles is ascribed to the plasmonic coupling
effect between the closely distributed nanoparticles on the surface
of the glass slide. Regarding Figs. 6 and 7, the redshift and broad-
ening in the absorption band of Sn/ANWSs can be ascribed to the
interference between the absorption bands of Al,O3 and the TSP
bands of the Sn nanostructures. These findings suggest that our
simple method can be used to fabricate and functionalise ANWs
with active nanoparticles for designing active devices such as
new types of sensors.

5. Conclusion: In this Letter, facile methods have been successfully
used to fabricate ANWs and Sn/ANWSs with diameters of 36 and
57 nm, respectively. The length of the fabricated nanowires can be
controlled through the second anodisation time of the membrane
and in this work it was controlled to a length of 1.23 ym. In
addition, to obtain uniform sized ANWs the pore widening time is
controlled at 110 min. The reflectance of ANWs and Sn/ANWs
were measured using a UV-vis—NIR spectrophotometer and the
average reflectance of Sn/Al,O; slightly increased, reaching nearly
100% in the NIR region. In addition, there is a redshift and
broadening in the Sn/ANWSs absorption band from interference
between the Al,O; absorption bands and the Sn surface plasmon
bands. In summary, the proposed method has merits such as low
cost of processing, facile technology, a relatively simple equipment
requirement and high controllability.
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