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ABSTRACT: A modified sol−gel technique was developed to
continuously vary the pore diameters in porous alumina
templates for the purpose of growing nanowires. To coat the
pore walls, the porous alumina film is initially soaked in a
methanol/water solution to fill the pores with the desired
concentration of water. The porous alumina film is then
exposed to a solution of 3-aminopropyltriethoxysilane
(APTES) in toluene, creating a surface layer of APTES. The
concentration of water in the pores correlates with the
thickness of the APTES polymer coating that is obtained. This approach exerts greater control over the extent of silane
polymerization than traditional sol−gel reactions by limiting the amount of water present for reaction. Factors such as the
APTES concentration, exposure time, and organic cosolvent choice did not influence the coating thickness. However, the density
and thickness of the APTES coating can be manipulated by varying the pH of the methanol/water solution as well as post-
treatment annealing. Further modification of the pore size was achieved by subsequent reaction of the APTES coating with
poly(methyl methacrylate) (PMMA). The PMMA couples to amine groups on the APTES polymer surface by an aminolysis
reaction. Bismuth telluride nanowires were electrodeposited in the polymer-coated porous alumina templates using previously
established methods. Nanowire diameters were smaller when the nanowires were prepared in modified templates as anticipated.
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■ INTRODUCTION

Although porous aluminum oxide (alumina) was originally
developed in the 1940s and 1950s,1,2 efforts to understand and
modify this material for applications that can take advantage of
the nanoporous structure have continued.3−5 In particular, the
monodisperse, nanoscale pores can be used as supports for
catalysts,6−8 for chromatographic and filtration applications,9 as
optical traps,10 and as a template for nanomaterials.11−15 One
limitation of porous alumina is the lack of a continuous range of
available pore diameters; in general, well-ordered pores have
specific diameters related to the anodization potential and
solution used for preparation (e.g., oxalic acid vs sulfuric acid).
Although porous alumina can be prepared with pores ranging in
diameter from <20 to >200 nm,3,16−18 the pore diameters in
well-ordered materials are not continuously variable within this
range. This impacts the size specificity of filters and the sizes of
nanomaterials prepared in porous alumina templates. In this
paper, a study of coating the pores with varying thicknesses of
3-aminopropyltriethoxysilane (APTES) to vary the pore
diameters in porous alumina is reported.
Use of porous alumina in nanowire synthesis is well-

documented,12−15,19−22 specifically the electrodeposition of
nanowire arrays in metal-backed porous alumina templates.
The template acts as a mask on the metal electrode surface,
causing material deposition to conform to the pore shape and
creating a nanostructured material. A templated array of
nanowires has device implementation benefits versus single
wires because of the forced alignment of all the nanowires and

the structural support provided by the alumina template. A
porous alumina film can be grown with an area in excess of 100
cm2 and a thickness in excess of 100 μm with billions of
nanopores.20 These dimensions are suitable for incorporation
of a nanowire-filled template into macroscale devices,23 and this
is a potentially useful way of utilizing the emergent properties
found in nanoscale-confined systems. Tuning of pore diameters
utilizing polymer coatings on the surfaces of the pores has the
potential to allow for optimization of the nanowire properties
through variations in the wire diameters.
Thermoelectric applications of nanowire arrays provide one

example of the potential usefulness of polymer modification of
porous alumina templates. While porous alumina is a template
of choice because of the dense array of well-ordered pores with
lengths of >100 μm, the material properties of porous alumina
have some drawbacks. The minimal pore size is too large in
many materials to reach the quantum confinement regime of a
<20 nm wire diameter. It is at these small diameters that large
changes in properties are predicted.24−28 Additionally, the
thermal conductivity of porous alumina is 40 W m−1 K−1, a
relatively high value for thermal applications. Coating the walls
of porous alumina with a more thermally insulating polymer
will decrease the pore size while helping to insulate nanowires
from the alumina. Thus, polymer-coated porous alumina would
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offer the ability to study the effects on thermoelectric properties
caused by systematic changes in wire diameter, as well as the
ability to reach the sub-20 nm diameter wires in templates that
are more thermally isolated than uncoated templates. In this
study, the growth of thermoelectric nanowires with pore
diameters of ∼20 nm in polymer-coated alumna templates is
examined.
There are established methods for decreasing the pore

diameter in porous alumina by filling in pores with metal oxide
coatings. Sol−gel methods were originally applied to porous
alumina by Martin et al.12 A metal oxide precursor, such as
alkoxysilane, is made into a sol, and the alumina is dipped in the
sol for an appropriate length of time. The sol reacts with
hydroxyl sites on the alumina surface and eventually builds into
a thick surface layer of metal oxide. Fine-tuning of the coating
thickness, and thus pore diameter, is difficult under these
conditions because of the nature and timing of the dip with
respect to mass transport and reaction kinetics. Another
method for coating porous alumina surfaces is atomic layer
deposition (ALD), developed by Stair et al.,29,30 in which layers
of atoms can be added sequentially to the pore walls. This
provides incredibly precise control of pore diameter but comes
at a cost of throughput and scalability because of the
instrumentation required. Recent work has expanded the use
of wet chemical etching to systematically widen pores in porous
alumina.31−33 These methods use phosphoric acid to slowly
etch away alumina from the pore walls but have drawbacks with
thick templates (>50 μm) because of mass-transfer issues.
Long-range diffusion down the pores is slow, and the etch can
introduce a conical shape to the pores, with wider diameters at
the opening of the alumina.
In this work, we describe a method for adjusting the pore

diameter in porous alumina by depositing an APTES polymer
coating (shown in Figure 1, top), with design aims toward

enhancing thermoelectric nanowire arrays in thick porous
alumina films. The alumina template is first soaked in a solution
with a varying water/methanol composition to introduce a
specific amount of water into the pores. After the template has
been sufficiently filled, it is submerged into a toluene solution
containing 3-aminopropyltriethoxysilane (APTES). This results
in the attachment of APTES molecules to the pore walls
through condensation with hydroxyl groups on the alumna; this
is typically termed silanization. The water inside the pores is
used to cross-link individual APTES molecules with one
another, allowing more than monolayer coverage of the
alumina surface. Via the control of the water composition of
the solution in which the template is pretreated, it is possible to
control the thickness of the APTES coating in the alumina pore
by limiting the amount of water available for cross-linking

APTES monomers. In this treatment, the water acts as the
limiting reagent in APTES film growth. The use of APTES,
rather than an inorganic silane precursor, allows us to further
modify the pore surface in the porous alumina. Through an
aminolysis reaction, we can couple the ester groups of
poly(methyl methacrylate) (PMMA) with the amine group of
APTES (Figure 1, bottom). This will further decrease the pore
diameter and increase the level of thermal insulation inside the
pore.
As a practical example, these surface-modified alumina films

are then used as templates for electrodeposition of an
established thermoelectric material, Bi2Te3. This approach to
pore narrowing is a useful middle ground between the precise
control of pore diameter via ALD methods and the cost-
effectiveness and industrial scalability of traditional sol−gel dip
methods and can serve as a starting point for applications that
require alteration of the pore surface. This type of method is
the opposite of the approach of wet etching, in which the pore
walls are dissolved down rather than built up. Our approach
offers two distinct advantages over wet etching, including
compatibility with thick films of porous alumina and efficient
processing for methods that involve a modified surface. Thick
nanowire templates have advantages in device incorporation,
and if the extent of sol−gel reaction inside the pores is limited,
the coating thickness should be even throughout the full length
of the pore. Additionally, we can use the choice of coating
material to other desirable ends, such as thermally insulating
the nanowires from the porous aluminum oxide template. In
applications in which a new surface is desirable, the coating
method of pore narrowing can combine size specificity and
surface changes in one efficient step. Both layers in our work,
silane and polymer, do impose limits based upon their thermal
stability and are not well-suited for applications that require
high-temperature processing.34 However, there are many
nanowire applications of porous aluminum oxide, such as
electrodeposition, that use temperatures compatible with the
different coatings, including our test system of thermoelectric
Bi2Te3.

■ EXPERIMENTAL SECTION
All reagents were used as purchased unless otherwise noted. Sheets of
aluminum foil (0.13 mm thick, 99.9995% pure) were purchased from
Alfa Aesar. Aluminum films were mechanically polished to a mirror
finish in a two-stage treatment, first with Metadi II diamond polish (1
μm particle size) and then with Allied colloidal silica (0.05 μm particle
size). Polished Al films underwent a double anodization procedure as
described by Masuda35 to form porous alumina with a normative pore
size of 40 nm. The Al film was initially anodized at 40 V and room
temperature for 6 h in an aqueous solution of 0.2 M oxalic acid (solid
oxalic acid from Alfa Aesar, 99.5% pure). The initial porous alumina
film was treated with a heated acidic solution (2 g of CrO3, 95 mL of
H3PO4, and 5 mL of H2SO4) for 15 min to remove the existing porous
structure. After the alumina had been dissolved away, the remaining Al
film was anodized again at 40 V in a 0.2 M oxalic acid solution at 0 °C
for 36 h. Oxalic acid was used for alumina fabrication primarily because
the individual expertise and laboratory infrastructure supported the
fastest turnaround on high-quality films grown in this acid. The typical
thickness of porous alumina films created in this manner is 60 μm. At
this stage, excess aluminum was stripped from the porous aluminum
film by immersion in an aqueous saturated HgCl2 solution.

Some porous alumina films were sent to Thin Film Technology
Corp. where a Ti/Pt film was sputter-deposited onto the nonbarrier
layer side of the porous alumina utilizing a proprietary methodology.
When porous alumina films received the treatment, this step was
inserted between the second 40 V anodization and the HgCl2

Figure 1. Reactions of APTES and PMMA with the alumina surface.
Step 1 illustrates the attachment of the APTES layer (R =
propylamine), while step 2 illustrates the aminolysis between
PMMA and the APTES surface amines (R′ = polymer backbone).
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treatment. The Pt/Ti film was coated with clear fingernail polish
before the HgCl2 treatment to prevent interaction of the metallic thin
film with the mercury. After the mercuric chloride step, the barrier
layer of the Pt/Ti-backed porous alumina was then removed by
immersion in a rapidly stirred 10% H3PO4 aqueous solution for 70
min.
Porous alumina films ready for silanization were pretreated by being

immersed in a soaking solution for at least 1 h to allow full permeation
of the solution into the pores. The soaking solution was a
predetermined mixture of water and methanol, ranging from 100%
water to 100% methanol. Aqueous buffer solutions were made by
equimolar mixing of either acetic acid/sodium acetate or sodium
bicarbonate/sodium carbonate solutions.
3-Aminopropyltriethoxysilane (Aldrich, 99% pure) was dissolved in

toluene (Fisher) for silanization treatments. The APTES concentration
ranged from 0.01 to 10% silane (v/v). Silane solutions were used
under a nitrogen atmosphere. The soaked porous alumina was
immersed in the silane solution for 5−120 min and then rinsed
thoroughly with methanol. Afterward, the membranes were floated
upon a viscous solution of saturated KOH (Aldrich) in ethylene glycol
to clear any pore opening blocked by silane buildup.
For the addition of poly(methyl methacrylate), 1 g of PMMA (MW

∼ 350K g/mol, Aldrich) was added to 100 mL of tetrahydrofuran
(Fisher). The silanized porous alumina film was immersed into the
solution and then stirred and heated under reflux conditions at 80 °C
for 24 h. Afterward, the porous alumina film was floated on a
concentrated base as in the silane preparation, and then the modified
film was soaked in acetone for 10 min to remove PMMA that is
noncovalently associated with the surface.
Electrodeposition of nanowires was achieved by application of the

porous alumina-masked Pt/Ti films described above. With the pores
open, the metal−alumina electrode was affixed to a copper disk
electrode with colloidal Ag paint (Ted Pella). The copper electrode
itself was coated with either fingernail polish or paraffin, depending on
the aqueous or organic nature of the electrodeposition conditions,
respectively. In all electrodepositions, a three-electrode setup was
used: the Pt-backed alumina template as the working electrode, a piece
of Pt gauze as a counter electrode, and a homemade Ag/AgCl (3 M
NaCl) reference electrode with a measured potential of 0.209 V versus
the standard hydrogen electrode. For depositions in which DMSO was
the solvent, a Pt wire pseudoreference electrode was used in place of
the Ag/AgCl electrode. Porous alumina electrodes were soaked in the
electrodeposition solution with vigorous stirring for at least 1 h to
ensure the penetration of the solution into the pores. Electro-
depositions were conducted potentiostatically on homemade potentio-
stats.
The electrodeposition of Bi2Te3 nanowires is described well in the

literature.20,28,36−39 A mass of 0.392 g of Bi metal (Mallinckrodt) and
0.319 g of Te metal (Aldrich, 99.8% pure) were dissolved in 15.75 mL
of concentrated HNO3. This solution was stirred until the metals had
completely reacted with the nitric acid to form Bi3+ and HTeO2

+. The
mixture was subsequently diluted with water to 250 mL. The three-
electrode setup was used with the Ag/AgCl reference electrode in a 1
M KNO3 solution connected to the deposition solution and the other
two electrodes through a salt bridge (the salt bridge was made by
heating a slurry of 2.5275 g of KNO3, 0.75 g of agar, and 25 mL of
H2O until a gel-like consistency was obtained and then carefully
poured into a curved glass tube to cool). Both solutions were cooled
by a circulating ice−water bath prior to and during the experiment;
this minimized acid-derived pore widening in the alumina during the
soaking phase and maintained a sufficient rate of reduction during the
electrodeposition process. An applied voltage of −0.019 V versus the
Ag/AgCl electrode was applied for a typical time of 3−4 h, until
nanowire overgrowth was visible on the template surface.
Scanning electron microscopy (SEM) was used for visualization of

nanostructured features of samples made in this work. A Hitachi S-
5000 scanning electron microscope operating at 10 keV, courtesy of
the Electron Microscopy Lab of the University of California at
Berkeley, was utilized. Secondary electron and backscatter electron
detectors were used in this work. SEM samples were sputter-coated

with a thin Pt layer using a Tousimis Sputter Coater linked to a Bio-
Rad E5400 Controller. X-ray diffraction data were obtained with a
D5000 Siemens X-ray diffractometer utilizing 1.54 Å Cu Kα radiation.

■ RESULTS AND DISCUSSION
There are many variables that can be altered for sol−gel
techniques, including dip time, reagent concentration, and
different drying and annealing procedures. Although this is a
nontraditional dip coating method, these variables can still
affect the resulting coats and need to be studied to establish a
procedure for obtaining coated pores with precise diameters.
Careful control of the silanization process will be shown to
allow for many different controls of pore diameter, roughness,
and coating quality.
The H2O:HOCH3 ratio in the presoaking solution is an

important factor in determining the coating thickness on the
pore walls because the ratio will determine how much water is
available for silane cross-linking reactions. Figure 2 shows

porous alumina that has been treated with APTES under
varying initial soak conditions. In these experiments, the
samples were exposed to the APTES solution for 60 min at
room temperature. There is a clear trend of decreasing pore
size with increasing water content in the soaking solution. As
water content decreases, the APTES has less available reagent
for cross-linking of APTES molecules, resulting in less filling of
pores. The methanol cannot facilitate cross-linking because it is
unable to bridge between silicon centers.
The soaking solution allows for a decrease in pore width in

our templates of up to 18 nm, illustrated graphically in Figure 3
as a function of average pore diameter. Although there is some
overlap of error bars, a clear trend toward smaller pore
diameters with an increasing level of water is exhibited. The
presence of empty pore space with 100% water soaks can be
explained by a combination of diffusion of water out of the

Figure 2. SEM images of porous alumina treated with APTES and a
presoak treatment: (A) 8, (B) 50, (C) 75, and (D) 100% water.
Horizontal gray areas represent the alumina and coating, while
horizontal black columns are the pores.
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pores and chemical equilibrium limiting the maximal extent of
silane cross-linking.
Results from changes in conditions other than presoak water

content are summarized in Table 1. There were no statistical

differences of modified pore width with the starting
concentration of APTES under the conditions studied. This
is likely because water is the limiting reagent in APTES cross-
linking on the pore wall. The lack of APTES concentration
dependence is also consistent with the lack of correlation
between coating thickness and longer APTES treatment times;
at times of >15 min, there is no water for further reaction.
Below 15 min, measured pore diameters were inconsistent
across different areas of the sample. This may be due to a mass-
transfer issue, where a minimal time is required for APTES to
diffuse through the nanoporous structure.
Beyond 15 min, the distance from the alumina surface did

not exhibit a statistically significant effect upon the extent of
pore narrowing, except in areas very near (<5 μm) the surface
with open pores. The silane layer can agglomerate at the pore
openings, nearly closing or closing pores. This phenomenon
prevents further use of the modified porous structure, so a
further treatment is necessary to reopen those pores. Therefore,
after APTES treatment, pores were floated on a concentrated
KOH/ethylene glycol solution for 2−3 min to ensure the pores
were open afterward.
Methanol was the primary cosolvent used in the presoak

solution studies. Dimethyl sulfoxide and acetone solvents were
also studied as cosolvents with water in the soaking solution
and exhibited no effect on the extent of silanization. This may
suggest a high adaptability of this method toward other sol−gel
reactions with more specific solvent requirements.
The range of pore widths can be expanded with multiple

treatments of APTES. The porous alumina template, once

coated, still has available oxo sites on the pore walls from the
APTES that can undergo further cross-linking. Figure 4 shows a

progression of silanization, with panel A representing a single
treatment (100% H2O presoak) and panel B representing a
double treatment (both 100% H2O pretreatment conditions).
Both coating treatments involved dipping the template into the
silane solution for 60 min. This second silanization treatment
narrows the average pore diameter by a further 10 nm, from 22
to 12 nm.
The acidity or basicity of the soak solution plays an

important role in the process of coating the pore walls. Figure
5 shows the pore diameters of coated porous alumina when the
soak solution is buffered with a 1:1 HOAc/NaOAc (pKa =
4.74) or NaHCO3/Na2CO3 (pKa = 10.3) solution at a total
buffer concentration of 0.10 M. The pores soaked in the acetate
buffer, shown in Figure 5A, have pore diameters of 30 (2) nm,
larger than the pores prepared with unbuffered water [22 (4)
nm]. The pores soaked in carbonate buffer have even smaller

Figure 3. Average porous alumina pore diameter and standard
deviation after APTES treatment as a function of the water content of
the presoaking solution.

Table 1. Average Pore Diameters at Different APTES
Concentrations and Reaction Times

percent H2O
soak

APTES %
(v/v)

immersion time
(min)

average pore diameter
(nm)

100 2 60 22 (4)
100 1 60 22 (5)
100 0.25 60 23 (4)
100 10 60 22 (4)
100 2 15 22 (5)
100 2 30 23 (4)
100 2 110 22 (4)

Figure 4. SEM images of porous alumina treated with (A) one water
soak/APTES treatment and (B) two sequential soak/APTES treat-
ments.

Figure 5. SEM images of porous alumina treated with APTES after
being soaked in (A) a 0.05 M HOAc/0.05 M NaOAc aqueous buffer
solution, (B) unbuffered water, and (C) a 0.05 M NaHCO3/0.05 M
Na2CO3 aqueous buffer solution.
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pore diameters, ranging from 10 nm to possibly closed in some
parts of the pores (Figure 5C).
These different pore diameters seen in Figure 5 can be

explained in light of the differing effects of acid and base
catalysis upon silane sol−gel reactions.40 Acid catalysis can
promote the formation of dense, highly cross-linked silane
films, whereas the base-catalyzed reactions can produce lower-
density silica solids. This is based on the nature of the gel
particles; the thin, spindly gel particles formed under acidic
conditions can condense and be deformed in ways that allow
for efficient packing of silica, while the larger, base-generated
gel particles have less space-efficient options for their final
condensation. In our work, this results in thinner, denser coats
of silane under acidic conditions and larger, less dense coatings
under basic conditions.
Additional evidence of density differences comes from data

obtained from annealing coated porous alumina for 2 h at 150
°C after silanization. Figure 6 demonstrates the effect of

annealing porous alumina films that have been coated with
APTES. Postannealing of traditional sol−gel-derived silica41

drives off solvent and promotes further cross-linking, increasing
the overall density of the silica by reducing the volume of the
solid. The size of postannealed pore diameters in an unbuffered
solution is statistically similar to the coating derived from the
acetate buffer soak seen in Figure 5A. Figure 6C shows the
carbonate buffer-presoaked sample from Figure 5C after
annealing.
All samples coated with a 100% water soak solution adjust to

29 (4) nm diameter pores after annealing, regardless of the
buffer conditions of the solution. There is also a visible
smoothing of most of the surfaces after annealing, likely
because of the opportunity for surface energy minimization.
The carbonate buffer-soaked alumina does exhibit some extra
intermittent debris along the pore walls; this is presumably a
mechanical consequence of the extreme density gains upon
annealing.

We also utilized the surface amines of the APTES coating for
further pore modification. The attachment of PMMA is enacted
through transformation of the ancillary ester into an amide via
the amines on the APTES-coated pore walls. The reaction is
shown in eq 1. In this case, R1 is the polymer backbone and R2
is the propyl group of the silane immobilized on the pore wall.

‐ ‐ + ‐ → ‐ +R C(O)O Et H N R R C(O)NHR HOEt1 2 2 1 2
(1)

This is a thermodynamically favored transformation due to
the larger extent of delocalization of the nitrogen lone pair into
the carbonyl system, as compared to that of the oxygen lone
pair of the ester. This transformation has kinetic limitations
because of the difficulty in coordinating the transfer of a proton
between the oxygens and nitrogens involved. This kinetic
barrier can be overcome with heat and time in the form of
overnight reflux. The end result is a long-chain polymer
covalently attached to the pore wall with a chemically resilient
amide bond.
Micrographs for PMMA-treated templates are shown in

Figure 7. The images show the changes in pore wall

morphology and the change in pore size, supporting the
claim that PMMA attaches to the APTES-derived film. The
inclusion of a proton-transfer catalyst (hydroxypyridone)42 had
no apparent effect on the films formed, and variation of
temperature from 80 to 110 °C also had no observed effect.
The pores are narrower after PMMA treatment, decreasing to
from 22 (4) to 12 (5) nm in templates that were treated with
APTES under 100% water presoak conditions. The alumina
that underwent two silane treatements (both 100% water
presoak) went from 12 (4) to <8 nm, beyond the reasonable
resolution of our SEM detector.
Dissolution of porous alumina templates after the creation of

polymer nanotubes has been used to further examine the

Figure 6. SEM images of samples A−C from Figure 5 after annealing
in air at 150 °C for 1.5 h.

Figure 7. SEM images of silanized pores before and after PMMA
treatment: (A) porous alumina silanized after a 100% H2O soak, (B)
subsequent PMMA treatment of sample A, (C) porous alumina
silanized twice (100% H2O soaks), and (D) subsequent PMMA
treatment of sample C.
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nanostructure and morphology of the nanotubes. Attempts to
remove the PMMA nanotubes from the porous alumina
template with either strong acid or base were unsuccessful. The
resultant debris shows no signs of tubule-like structures. This
provides support to the covalent linkage of PMMA to the pore
wall rather than van der Waals association seen in other
polymer nanotubes.43−45 We hypothesize that, if the nanotube
was being held together with van der Waals forces, these
organizing forces would continue to exist after the removal of
the template. There would not likely be fully intact 60 μm long
nanotubes (due to the small diameter and thickness of the
nanotubes), but we would expect small chunks with intact
tubular structure. While there would be some van der Waals
associations in a covalently bound monolayer, the van der
Waals forces are not the structural forces that hold the
nanotube together. In this case, by destroying the surface to
which the PMMA is attached, we in turn destroy the
nanotubular organization of the macromolecules; the non-
optimized van der Waals forces that are present are simply not
able to hold even small parts of the nanostructure together after
the alumina scaffold is removed.
The APTES-modified porous alumina films were used as

templates for nanowires grown via electrodeposition. Porous
alumina templates synthesized in oxalic acid with an initial pore
diameter of 40 nm were used in the coating procedures. The
silanization process was performed after anodized templates
were sent to Thin Film Technologies, where a thin Pt/Ti film
was affixed to the porous alumina to function as an electrode
surface within the pores. Because of the demonstrative purpose
of these experiments, the nanowire procedures used were from
literature and generally unaltered; the optimization of electro-
depostion conditions for the new pore sizes could produce
templates with greater numbers of nanowires with an even
growth front.
The conditions of Bi2Te3 electrodeposition are acidic, with

approximately 0.1 M HNO3 in solution. Images of the Bi2Te3
nanowires are shown in Figure 8. The planar view shows a high
percentage of pore filling, as well as small wires. The cross-
sectional views show nanowires with the desired structural
roughness and appropriately reduced diameters. Given the
nature of electrosynthesis, there is little concern about the
electrical continuity along the rough-looking wires; any break in
conductivity would stop the wire growth. The average diameter
for the wires grown in a 100% water presoak-silanized template
is 22 (6) nm. This standard deviation is larger than that of the
empty templates but may be attributable to the lower resolution
of backscatter imaging as opposed to secondary electron
imaging. The powder X-ray diffraction pattern of the nanowires
inside the modified template is shown in Figure 9. Preferential
ordering is in the 110 direction, consistent with Bi2Te3
nanowires grown in untreated templates.46

■ CONCLUSIONS
We have detailed a process for coating porous alumina with
nanometer-scale precision. The control of water concentration
and pH of the pretreatment soaking solution has a strong
influence on the coating thickness. The pH-related changes in
coating thickness are normalized with a post-treatment
annealing procedure, suggesting that coating density is the
cause of variation. APTES concentration and cosolvent choices
did not affect the coating within the parameters studied, and
the sol−gel reaction time has no significant effect after the
appropriate time for reagent diffusion has passed. We have

demonstrated various solution-based variables for control of
APTES thickness and developed a new method for attachment
of organic molecules to the APTES surface. Additionally,
nanowires of Bi2Te3 have been synthesized in APTES-modified
templates. These nanowires have their diameter controlled by
the dimensions of these modified templates. With the ability to
control pore diameter, we provide a new tool for material
scientists wishing to study the effect of nanometer scaling on a
multitude of physical phenomenon such as thermoelectric,
magnetoresistive, and photovoltaic materials.
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