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orous anodic aluminum oxide (AAO)

templates are increasingly finding

many applications in sensors due to
its high-density nanopores with increased
surface area, in photonic crystals,' and in
electro-osmotic pumps for liquid-based
nanoscale separations.2 AAO and other nan-
oporous materials are very attractive as a
template for cost-saving and very efficient
nanofabrication.>~® AAQ is formed by elec-
trochemical oxidation of aluminum in acidic
solutions to form regular porous
channels.”~° The diameter of the pore de-
pends on the electrolyte nature, its temper-
ature and concentration, the current den-
sity, and other parameters of the
anodization process.”

However, current existing technology in
AAO templates produces very simple nano-
structures such as single nanorod or nano-
tube structures which limit their available
surface area or functionalities.'>'® Recently,
several attempts at double-walled nano-
tubes were reported using sol—gel meth-
ods and electrochemical deposition within
AAQ, which only offer limited control of
there parameters such as nanotube size, di-
ameter, thickness, and spacing between
nanotubes.’~ 17

In addition, AAO templates can be ap-
plied to various materials to increase their
functionality. For example, hafnium oxide
(HfO,), zirconium oxide (Zr0O,), and zinc ox-
ide (ZnO) tubes, with high aspect ratio and
a small size of nanotubes or nanowires, are
expected to improve the sensitivity of
chemical sensors and to reinforce thermal
stability and toughness of the materials
analogous to carbon nanotubes.’ In this
study, we expand the potential applications
of AAO templates by utilizing atomic layer
deposition (ALD) to create far more com-
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ABSTRACT Nested multiple-walled coaxial nanotube structures of transition metal oxides, semiconductors,
and metals were successfully synthesized by atomic layer deposition (ALD) techniques utilizing nanoporous anodic
aluminum oxide (AAO) as templates. In order to fabricate free-standing tube-in-tube nanostructures, successive
ALD nanotubes were grown on the interior template walls of the AAO nanochannels. The coaxial nanotubes were
alternated by sacrificial spacers of ALD Al,0s, to be chemically removed to release the nanotubes from the AAO
template. In this study, we synthesized a novel nanostructure with up to five nested coaxial nanotubes within AAO
templates. This synthesis can be extended to fabricate n-times tube-in-tube nanostructures of different materials
with applications in multisensors, broadband detectors, nanocapacitors, and photovoltaic cells.

KEYWORDS: atomic layer deposition - nested multiple-walled coaxial
nanotubes - coaxial sacrificial spacer layer - porous alumina templates - chemical
nanotube release

plex nested multiple-walled nanostructures
within AAO templates. Atomic layer deposi-
tion is a thin film growth technology based
on a sequence of two self-limiting reactions
between gaseous precursor molecules and
a solid surface to deposit films in a layer-by-
layer with atomic resolution. Since gas
phase reactants are utilized, conformal
coatings can be achieved with very high as-
pect ratio geometries on three-dimensional
(3D) porous structures. Such template-
guided, conformal depositions by ALD can
produce concentric nested multilayered
nanotubes and thus enable the fabrication
of multilayered nanotube architectures in-
side the nanopore templates. In this paper,
we report for the first time the synthesis of
novel highly ordered multiple-walled tube-
in-tube nanostructures with up to five
nested coaxial nanotubes embedded in
AAO templates. This template-guided ALD
technique also allows for remarkable con-
trol of nanotube thickness, diameter, and
spacing within atomic resolution. Therefore,
our newly developed technique can be
readily extended to synthesize n-times
nested multiwalled nanostructures of
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Figure 1. (a) SEM micrograph top view of the nanopore
structure of an AAO template with polished surface by ion
milling, and (b) cross-sectional SEM micrograph of a cleav-
age site through an AAO template revealing the smooth sur-
face morphology of the straight nanopores.

different materials for numerous applications including
chemical and biosensors, broadband detectors, nanoca-
pacitors, and photovoltaic devices. It is noteworthy
that the benefit derived from the tube-in-tube concept
for sensor applications lies in the dramatic increase of
the reactive surface area. Already, the simplest case of
a double-walled nanotube of metal oxides will increase
the reactive surface area at least four times, which ren-
ders these nested tube-in-tube nanostructures very at-
tractive in multisensing capability. Furthermore, we can
expand this process strategy for building multiwalled
nanotubes of different metal oxide materials for sens-
ing complex multianalytes. Broadband sensing capabili-
ties can be engineered by substituting a specific sen-
sor material for one of the multiple tubes and
alternating the remaining tube material to target differ-
ent chemicals for detection.

RESULTS AND DISCUSSION

Figure 1a shows a representative SEM image of the
pore structure of the AAO after the surface was pla-
narized by ion milling. The pore size is in the range of
200—300 nm, and the wall width between pores is
around 50 nm. The cross-sectional SEM image of Fig-
ure 1b confirms that the pores are all parallel to each
other and extend across the whole template thickness
of 60 wm. Figure 1b demonstrates the excellent surface
finish of the inner pore walls of the template that is criti-
cal for obtaining highly ordered tube-in-tube nano-
structures because our ALD thin film coating tech-
niques replicate the surface finish on an angstrom scale.
High quality internal interfaces are required to repro-
ducibly grow nested films by ALD.

As a first step, we successfully fabricated single nan-
otubes of insulating ZrO,, semiconducting ZnO, and
metallic Pt by conformally coating the inside walls of
the AAO nanopores. Figure 2a shows an SEM micro-
graph of partially released single-walled ZrO, nano-
tubes. Figure 2b shows SEM views of cleavage sample
of partially released single ZnO nanotubes, and Figure
2c shows again a cleaved sample of partially released
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Figure 2. SEM images of free-standing single-walled nano-
tubes (a) ALD synthesized nanotubes of insulating high-k
ZrO,; (b) ALD synthesized nanotubes of semiconducting
ZnO; (c) ALD synthesized metallic Pt nanotubes.

single Pt nanotubes, which were obtained by dissolv-
ing the alumina template in NaOH solution. In our pre-
vious work, energy-dispersive X-ray spectroscopy (EDS)
mapping of the cross-sectional AAO template coated
with ZrO, and ZnO proved that the characteristic X-ray
signal of Zr and Zn is uniformly distributed across the
entire length of 60 um of the AAO pores.’® Our EDS
analysis confirms that ALD allows for thin film confor-
mity on complex patterned surface topographies with
high aspect ratio and atomic level control of film com-
position and film thickness. The length and diameter of
ZrO, nanotubes are dependent upon the pore length
of the AAO template, the pore diameter, and the opti-
mized ALD deposition conditions.'®!" Utilizing (trimeth-
yl)methylcyclopentadienyl platinum (MeCpPtMes) as
precursor for ALD Pt deposition, we found that the
depth penetration into the nanoporous template satu-
rates at around 15 pm from the surface even with expo-
sure times exceeding 30 s. This is attributed to the com-
bined effects of AAO pore size and the (MeCpPtMes)
precursor diffusion rate, which is inversely proportional
to the square root of the molecular weight for this Pt
precursor.'”

Figure 2 indicates there is plenty of space inside
the single-walled nanotubes within the AAO template
for additional nanotubes to be grown by ALD. In the
next process step, we utilized the first single-walled
nanotube as the template surface for subsequent
nested ALD film growth. Therefore, we can extend the
synthesis into multilayered tube-in-tube structures by
successively growing a second and third coaxial nano-
tube each with smaller dimensions inside the predeces-
sor nanotube.

It is not technically feasible to grow free-standing
nested coaxial nanotube structures by ALD. Instead,
atomic layer deposition requires a solid surface to grow
specific films layer-by-layer. The tube-in-tube structure
can be achieved by successively growing a second and
third coaxial tube each with smaller dimensions inside
of the predecessor startup nanotube. For our fabrica-
tion strategy, we devised a sacrificial spacer process
separating the active coaxial nanotubes during ALD
film deposition. In order to fabricate such multiple-
walled tube-in-tube structure using the ALD template
method, two layers of 15 nm HfO, films were deposited

Wwww.acsnano.org



AAO pores FirstHfO, layer by ALD Al,O; layer by ALD
A S e N N St S S S S S S St La
a) Al b) Al o Al
Second HfO, layer by ALD Remove HfO, layer on surface Etch away Al,0;

S S S S S S —

d) Al e) Al f) Al

Figure 3. Schematic depiction of process sequence to synthesize free-standing HfO, nested coaxial tube-in-tube nanostruc-
tures: (a) start with fabrication of nanoporous AAO template, (b) first coating of inner pore walls with HfO, by ALD, (c) ALD
deposition of sacrificial spacer layer consisting of Al,O3, (d) second coating of ALD HfO, layer on top of sacrificial spacer layer,
(e) sputter removal of the ALD composite layers from surface of the AAO template in order to expose the sacrificial spacer

layer and the AAO template walls, (f) releasing and separating the coaxial HfO, nanotubes by chemical dissolution of the alu-
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mina AAO template walls and the sacrificial ALD Al,O3 spacer layers in aqueous NaOH solution.

inside of the AAO pores, separated by 25 nm of Al,Os.
The details of our fabrication strategy are shown in the
two-dimensional schematic drawing of Figure 3a—f;, us-
ing HfO, as an example. The reason for choosing to
grow ALD Al,0s nested nanotubes as sacrificial spacers
is compelling. ALD Al,Os constitutes chemically the
same material as the alumina template, and thus both
the sacrificial spacer and the remaining alumina tem-
plate wall structure can be simultaneously removed by
1 M NaOH solution to separate the nested coaxial nan-
otubes. Following the ALD deposition of the three lay-
ers, the sample surface was again polished by ion mill-
ing to expose the surfaces of AAO and ALD grown
alumina spacer to NaOH solution, as depicted in Fig-
ure 3e.

Figure 4a clearly confirms that a free-standing
double-walled HfO, tube-in-tube structure was synthe-
sized after removing the AAO template and the sacrifi-
cial spacer. The dimension of the spacer gap between
the two active nanotubes can be engineered with the
precise control in the angstrom range over layer thick-
ness afforded by ALD. The free-standing nanotube array
is schematically depicted in Figure 4b, generalizing the
concept of coaxial nanotubes with completely exposed
inner and outer surface areas. Such multilayered nano-
tubes can find many applications in biosensors and
chemical detectors, which benefit from the increased

surface area of the nested nanotube detector material
interacting with the environment. Therefore, coaxially
nested nanotube structures with exposed surfaces of-
fer a considerable advantage over nanorods in terms of
area available for surface reactions.

Another key requirement for our fabrication method
is the subsequently completed exposure of the sur-
faces of the coaxial nanotube structures by wet chemi-
cal release procedures. While sodium hydroxide (NaOH)
solution is the preferred means to dissolve the AAO
template, the dissolution process needs to be opti-
mized for the various materials. Various process param-
eters and etch chemistry characteristics responsible for
the releases of ALD ZnO nanotubes from AAO tem-
plates were investigated. We observed that the etch
chemistry of aqueous NaOH solution exhibits insuffi-
cient selectivity between the Al,05; template and the
ALD ZnO nanotubes. Figure 5a presents the thermody-
namic modeling diagram showing the distributions of
the fraction of all A" species at different pH values cal-
culated at 298 K for 0.001 mM APP* solution. The forma-
tion of solid alumina is in the pH range of 4.2 to 9.8,
and the maximum solubility of Al,O; is at pH below 4.2
and above pH 9.8. The thermodynamic modeling dia-
gram of Figure 5b shows the distributions of the frac-
tion of all Zn?" species at different pH values calculated
at 298 K for 0.001 mM Zn?* solution. The thermody-

Lo J

Figure 4. (a) High-magnification tilted SEM top view of resultant coaxial HfO, nanotubes following release from the AAO
template and removing the sacrificial spacer Al,0; layer to expose both the inner and outer surfaces of the nested nano-
tubes. (b) Schematic model highlighting the design of arrays of free-standing coaxial nested nanotubes.
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Figure 5. Thermodynamic modeling diagram showing the distributions of the fraction (a) AI** species vs pH, (b) Zn** spe-

cies vs pH.

namic modeling indicates that zinc always has soluble
species at any pH value. The existence of crystalline ZnO
is in the pH range of 9.2 to 11.5. The maximum solubil-
ity of crystalline ZnO is at pH below 9.2 and above pH
11.5, which explains why NaOH solution at pH 13 par-
tially etched and degraded the ZnO surface. On the ba-
sis of the thermodynamic modeling work, a buffered
NaOH etch solution in the range of pH 10.3—11.0 was
implemented to remedy these challenges. Experimen-
tally, pH 11 was used to successfully remove AAO (Fig-
ure 2b).

In the example of Figure 4, there was only partial re-
lease from the AAO template, where the nested co-
axial nanotubes are still attached to the substrate, leav-
ing them free-standing in upright position. For many
practical applications, the embedded nanotubes have
to be released by removal of the AAO template in or-
der to collect and to incorporate the resultant nano-
tubes in device structures. Certain applications call for
attached upright standing coaxial nanotubes, while
other applications require completely chemically re-
leased and detached coaxial nanotube structures. Fig-
ure 6 demonstrates that we can harvest by sonication
large numbers of completely detached individual nano-
tubes with high aspect ratios of 300 and above.

Figure 7a displays a transmission electron micros-
copy (TEM) image of randomly dispersed HfO, nano-
tubes after release from the template and separation
by sonication, while Figure 7b shows a high-
magnification view of a single nested coaxial HfO, nan-
otube. With extended exposure time during ALD pro-
cess, the length of HfO, tube-in-tube nanostructures of

Figure 6. SEM micrograph showing large numbers of high
aspect ratios coaxial ALD HfO, nanotubes after dissolving
AAO template in NaOH solution. Subsequent sonication
completely separates the ALD nanotubes for use in device
applications.

O
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50 wm can be achieved as seen in Figure 6, which cor-
responds to the AAO template thickness. The release of
the nanotubes and complete detachment from the
AAO template create opportunities for medical applica-
tions. Coaxial nanotube assembly of ALD ZrO, is ex-
tremely hard and durable ceramic nanotubes that can-
not easily be machined by conventional techniques to
these accurate dimensions on the nanoscale. These
hard ceramic nanotubes could find applications as du-
rable pipet tips in medical research and could serve
various other functions in medical catheters or stents.

The application potential becomes evident in Fig-
ure 7b, which displays the TEM image of the HfO, co-
axial structure revealing minute details of the smooth
morphology of the outer tube and the inner nested
nanotube wall. The TEM images show a diameter of ap-
proximately 300 nm for the inner nanotube. However,
the tube diameter can be custom tailored and continu-
ously shrunk for the envisioned application by modulat-
ing the two-step anodization fabrication process for
the AAO template.

Figures 4 and 7 demonstrate that there remains suf-
ficient space inside the two nested coaxial nanotubes
to continue our process of growing additional nano-
tubes by the ALD technique. In principle, our process
of synthesis and assembly of nested multiple tube-in-
tube nanostructures can be extended to n-layers. The
only limitation is the initial diameter of the pores of the
template and the thickness of the individual coaxial
ALD nanotube layers. Since ALD growth affords supe-
rior layer thickness control in the angstrom range, these
parameters can be modulated over a wide range, thus
allowing the number of n nanotube layers that can be
experimentally achieved to be adjustable at will. A dem-
onstration of the technical feasibility of fabricating up
to n-times nested nanotubes is provided by the SEM mi-
crograph of Figure 8. In this top-down SEM image, we
show a total number of five nested coaxial nanotube
structures. With a reduction of the thickness of the nan-
otube walls, we can easily increase the number of
nested nanotubes. Using various ALD processes, we
have coated the interior walls of nanoporous templates
with insulating transition metal oxide layers, electri-
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Figure 7. (a) TEM micrograph of several chemically released and separated coaxial HfO, nantubes. (b) High-magnification
TEM image of a single tube-in-tube clearly showing the coaxial double-wall structure of released individual HfO, tube-in-

tube structures.

cally conducting layers, and semiconducting layers
such as ZnO and TiO,. Such ALD semiconducting nano-
tubes can be alternated with electrically conducting
tubes or insulating tubes, thereby offering intriguing
possibilities for novel device architectures in the area
of photovoltaics and other applications. Our process
strategy of template-based ALD with sacrificial spacers
is a powerful and very versatile fabrication technique
because we can change at will the material type and the
sequence of the nested coaxial multiple nanotubes.
This flexibility to alternate between insulating, semicon-
ducting, or conducting nested nanotubes will meet
the requirements of many diverse device architectures.

Figure 8. Top view SEM micrograph illustrating five nested
coaxial ALD layers consisting of triple coaxial HfO, nano-
tubes separated by a gap and two sacrificial ALD Al,0;
spacer layers.

EXPERIMENTAL SECTION

The AAO template was prepared by a two-step anodization
procedure. After annealing high purity (99.999%) aluminum foil
at 500 °Cin a quartz furnace tube for 3 h under the constant flow
of nitrogen, electrochemical polishing was performed to pro-
duce a smooth surface. After electrically polishing the Al foil, an-
odization was performed in 0.2 M oxalic acid at room tempera-
ture with an applied voltage for several hours. Higher voltage
than 40 V was applied to control the pore size of anodic alumi-
num oxides (AAO), resulting in pore diameters of a few hundred
nanometers.?’ The AAO substrates were subsequently trans-
ferred to the ALD reaction chamber in order to grow nested
multiple-walled nanotubes within the AAO pores. In this work,
we established the ALD process for Pt as a representative for
metal nanotubes and ZnO and TiO, representing semiconduct-
ing metal oxide nanotubes. For the example of insulating mate-
rials, we utilized the transition metal oxides of ZrO,, HfO,, and
Al,O;. ALD is a thin film growth technique that requires the se-
quential exposure of the sample to two chemical precursors to
saturate the sample surface and to react with each other.2"?2 The
technical details of the ALD process conditions and the differ-
ent chemical precursors and deposition parameters utilized for
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CONCLUSIONS

Multiple-walled coaxial nanotubes of five nested lay-
ers were successfully fabricated by the template replica-
tion method using ALD thin film technology. We have
demonstrated nested coaxial nanotubes with the abil-
ity of alternating different materials such as insulating
transition metal oxides, semiconductors, and metals us-
ing template synthesis technique. Subsequently, we
have released and detached the nanotubes in order to
expose their surfaces for potential sensing and detector
applications. For this purpose, a sacrificial spacer pro-
cess was developed. The resultant coaxial nanotube
structures are highly ordered and absolutely conformal
with the template pore structure and can achieve very
high aspect ratios of 300 and above. This template-
driven ALD technique for the fabrication of multiple
tube-in-tube structures is not restricted to porous AAO
templates but can be extended to polycarbonate nan-
oporous membranes, as well. Alternating different ma-
terials in the nested nanotube assembly enable custom
design of broadband sensors and detectors and present
application potentials in photovoltaics and for medical
research.

TABLE 1. Chemical Precursors and Deposition Parameters
for the ALD Process

deposition growth

materials  temp precursor | precursor Il rate
(°Q (Kcyde)
10, 250 tetrakis(dimethylamido)zirconium  H,0 vapor 1
n0 150 diethyl zinc H,0 vapor 2.3
Pt 300 (trimethyl)methylcyclopentadienyl oxygen 0.5
platinum

Ti0, 250 titanium isopropoxide H,0vapor 0.3—0.4
Hf0, 250 tetrakis(dimethylamido)hafnium ~ H,0 vapor 1
AlL0; 300 trimethylaluminum H,0vapor 1

all of the nested nanotubes investigated in this study are listed
in Table 1.101123

Following the ALD deposition of the aforementioned materi-
als, the AAO sample surfaces were polished by ion milling to ex-
pose the template surface and the ALD grown alumina spacer
to the NaOH solution. A 1 M NaOH solution was used to etch alu-
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mina for all ALD nanotube materials except for ZnO nanotubes.
For the case of ZnO, 0.1 M NaOH was used to achieve etching of
the alumina template while minimizing the etch attack of the
ZnO nanotubes. It is also essential to perform a post-ALD depo-
sition annealing procedure for ZnO nanotubes at 600 °C for 10
min in air, in order to obtain high quality smooth surface mor-
phologies of the ZnO nanotubes.

The TEM micrographs were recorded with JEOL 2100F model

and SEM micrographs were obtained with JEOL JSM 6060 LV.
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