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Fabrication of High-Density, High Aspect Ratio,
Large-Area Bismuth Telluride Nanowire Arrays
by Electrodeposition into Porous Anodic Alumina
Templates**

By Melissa S. Sander, Amy L. Prieto, Ronald Gronsky,*
Timothy Sands, and Angelica M. Stacy

Wires with diameters of a few tens of nanometers or less
are attracting considerable fundamental and technological
interest because of their unique properties relative to the
bulk. The properties of nanowires can be harnessed for a vari-
ety of applications, for example those requiring high current
or redundancy, in dense arrays consisting of parallel wires.
While several nanowire array fabrication methods have been
developed, template-based approaches are well suited for pro-
ducing arrays with uniform diameters and high aspect ratio
wires.' ¥ In particular, porous anodic alumina templates have
many desirable characteristics, including tunable pore dimen-
sions over a wide range of diameters (~7-300 nm) and lengths
(to >100 um), good mechanical and thermal stability, and
well-developed fabrication methods.”®! In this work, we have
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employed anodic alumina templates to fabricate nanowire ar-
rays of BiyTe;, which have potential applications in thermo-
electric devices due to the predicted enhanced thermoelectric
properties of nanowires relative to the bulk.”'?! We have de-
posited nanowire arrays by electrochemical deposition, which
offers advantages over other deposition methods because it
ensures electrically continuous wires and enables good control
over stoichiometry. We describe a method to produce high-
density (~5x10° cm™), high aspect ratio (>1000), uniform, nar-
row diameter (45 nm * 5 nm) Bi,Te; nanowire arrays over
large areas (>1 mm?). This fabrication methodology may be
applied to produce a wide range of both elemental and com-
pound nanowire array systems.

There have been several previous reports of nanowire array
fabrication by DC electrodeposition into porous anodic alu-
mina templates;[n’m] however, there has been little emphasis
on producing thick, dense, large-area templates suitable for
facile assessment of the array properties over a homogeneous
composite structure and potential incorporation into device
structures. The fabrication of nanowire arrays with these char-
acteristics is difficult due to the extremely narrow diameter,
high aspect ratio pores, as well as the fragility of the tem-
plates. In previous reports, DC electrodeposition into alumina
templates was used to produce nanowires by first fabricating a
freestanding template and subsequently depositing an elec-
trode layer for electrodeposition. In recent work, we used this
technique to fabricate BiyTe; nanowire arrays with a high
degree of wire nucleation (in >80 % of the pores) and com-
plete pore filling in ~10-20 % of the pores.l'” In the new fabri-
cation approach reported here, several processing steps that
lead to template damage or contamination have been elimi-
nated, allowing reproducible fabrication of dense arrays with
high aspect-ratio wires over large areas.

A schematic of the method employed to fabricate the nano-
wire arrays is shown in Figure 1. In this approach, first, one
surface of an Al foil is mechanically polished, the thermal
oxide layer is chemically removed, and a Ag film is sputter-
deposited onto the Al to serve as an electrode in subsequent
electrochemical deposition. Then, the Al is anodized to pro-
duce a nanoporous alumina template for nanowire array fab-
rication. The Al foil is prepared for anodization by mechani-
cal polishing followed by electrochemical polishing in a
method adapted from previous work."®! After anodization,
the template is transferred to an aqueous solution for Bi,Te;
nanowire electrodeposition. Before electrodeposition, the
template is allowed to soak for approximately one to two
hours at room temperature in the 1 M HNOj solution in or-
der to dissolve the barrier layer at the base of the pores (this
step also causes slight pore widening). The oxide barrier layer
in films prepared by anodization on the Ag substrate is thin-
ner than in films prepared in aluminum, which allows for
removal of the barrier layer without simultaneous dissolution
of the entire anodic film."”) We employ the deposition param-
eters for producing highly crystalline, textured, stoichiometric
thin films of Bi,Te; established in prior work.P%?? At the
beginning of the deposition, the template becomes nearly uni-
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Fig. 1. Schematic of the process employed to produce nanowire arrays by DC
electrodeposition into porous anodic alumina templates.

formly black, indicating that Bi,Tes; has
been deposited into the pores. After depos-
iting for several hours, the entire surface of
the template is gray, indicating that Bi,Tes
has been deposited up to the top of the
pores and overfilled the template.

Scanning electron microscopy (SEM)
images of a Bi,Te; nanowire array/template
composite in cross section are shown in Fig-
ure 2. The electrode layer is polished away
to reveal the bottom surface of the compos-
ite (Fig. 2a). This image indicates that
nucleation of wire material occurred in a
significant percentage of the pores. How-
ever, after polishing away the overfilled
Bi,Te; from the top of the pores, it is evi-
dent (Fig. 2b) that only a small number of
pores filled completely to the top of the
template. To determine the amount of
nearly complete pore filling, the top surface
of the template/array composite is mechani-
cally polished down by ~5 um (Figs. 2c and
2d). Approximately 70 % of the pores are
filled to within 5 um of the top of the tem-
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plate. The lack of complete pore filling may be due to varia-
tions in the rate of wire nucleation and/or wire growth, as well
as blockage of wire growth due to defects in the pores of the
alumina templates. The larger area image of the top surface of
the array (Fig. 2d) is representative of images taken from var-
ious points across the top of ~1 mm? regions.

The structure along the length of the nanowires was deter-
mined from SEM images of templates cleaved along the wire
axis. An image of wires within the alumina template is shown
in Figure 3. The wires are dense, parallel, and of nearly uni-
form diameter along the length of the template. Defects
resulting from the anodization process of the alumina are also
visible, as indicated by the arrow in Figure 3.

The array/template composites were also assessed by ener-
gy-dispersive X-ray spectroscopy (EDS in the SEM) and
X-ray diffraction (XRD). The composition of the arrays is
approximately 2:3 Bi/Te as determined by EDS. XRD pat-
terns from the arrays are dominated by the 110 Bi,Te; peak,
indicating that there is strong texturing along the wire axis.
Two smaller Bi,Te; peaks (220 and 300) are also apparent,
and a broad low-angle peak is attributable to the alumina
template.

While these nanowire arrays have relatively high wire den-
sities (~5x10° cm™), it may be possible to attain even greater
pore filling to yield higher wire densities and maximize the
nanowire contribution to the properties of the wire-matrix
composite. One way to increase pore filling may be to
improve the template quality using a two-step anodization
process[23] or by nanopatterning the initial Al surface.**! Such
methods have been employed to produce very uniform diame-

Fig. 2. SEM images of a Bi,Te; nanowire array composite in cross section. Light areas are due to Bi,Tes
nanowires, dark regions are empty pores, and the surrounding gray matrix is alumina. a) Bottom sur-
face of array after mechanically polishing away Ag electrode film. b) Top surface after polishing away
overgrown Bi,Te;. ¢) Top surface after polishing off ~5 um of the nanowire array composite. d) Larger
area image of (c).
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Fig. 3. SEM image of nanowire array composite along length of the wires. The
arrow indicates a defect in the alumina template. (Slight surface texturing is
due to a carbon film evaporated onto the specimen before imaging to prevent
charging effects.)

ter, nearly perfectly cylindrical, well-ordered pores with a very
low density of defects. It may also be possible to increase pore
filling by improving mass transport in the deposition environ-
ment with ultrasonication during deposition and careful con-
trol over the bath temperature.*”!

In summary, by employing DC electrochemical deposition
into porous anodic alumina templates, we have demonstrated a
method to reproducibly fabricate high-density, high aspect
ratio, narrow Bi,Te; nanowire arrays. SEM studies indicate
that the individual wires are dense and parallel, with approxi-
mately 70 % of the pores of the anodic alumina templates com-
pletely filled, giving a wire density of ~5x10°cm™. The final
composite thickness is ~55-70 um, and the average wire diame-
ter is ~45 nm, giving wire aspect ratios of greater than 1000.
The composition of the arrays has been determined to be
Bi,Te; by EDS and XRD. Because the array-template compos-
ites have a high wire density over a large area (>1 mm?) and
are relatively thick, they can be easily handled, and the proper-
ties of the nanowires can be readily assessed using standard
bulk and thin film assessment techniques. Moreover these com-
posites are suitable for direct incorporation into existing device
structures for potential thermoelectric or other applications.

Experimental

Nanochannel templates were produced from pieces of Al foil (99.9995 %,
AlfaAesar). Coarse mechanical polishing (of the Al foil and the nanocomposite
arrays) was performed with 1 um diamond polishing paste, and the composite
arrays were finely polished prior to SEM imaging using a suspension of colloi-
dal SiO,. Before anodization, the Al was electrochemically polished in a solu-
tion of 95 vol.-% H3POy, 5 vol.-% H,SO,, 20 gL" CrO; at ~85°C with Pt
gauze as the counter electrode at ~10-20 V for ~10-30 s. Immediately prior to
electrode deposition and anodization, the Al working piece was immersed in a
solution of 3.5 vol.-% H3POy,, 45 gL’1 CrOj3 at ~90 °C for at least two minutes
to remove any oxide from the surface. Typical anodization conditions were
30 Vin 4 % oxalic acid at ~2-5 °C. After anodization, the template was rinsed
with Millipore H,O and transferred without drying to the electrochemical
deposition solution. Bismuth telluride was deposited at —-0.46 V vs. Hg/Hg,SO,
(in saturated K,SO,) in an ice bath using concentrations of 0.075 M Bi and
0.1 M Te in 1 M HNOj in a three-electrode configuration consisting of the ref-
erence electrode, a Ag-sputtered alumina template as the working electrode
assembly, and Pt gauze as the counter electrode. The reference electrode was
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immersed in a separate beaker of 1 M KNOj; and connected to the beaker con-
taining the deposition solution by a KNOs/agar salt bridge.

The array structure was studied using a JEOL 6340F SEM, under typical
working conditions of 5 kV. The arrays were coated with a thin carbon layer
prior to imaging. EDS was conducted in a JEOL 35CF SEM. A Siemens D5000
diffractometer was employed for XRD.
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Molecular Recognition of Caffeine by Shell
Molecular Imprinted Core—Shell Polymer
Particles in Aqueous Media

By Stephen R. Carter and Stephen Rimmer*

Molecular imprinted polymers (MIPs), first introduced by
Mosbach!'?! and Wulff,** are widely reported materials that
can be used as biomimetic molecular recognition elements.
They are prepared by polymerization of monomers bearing
bonds to a template molecule. Removal of the template leaves
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