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Large-scale Tin (Sn) nanotube arrays have been fabricated using template-based sputtering method. By con-
trolling the growth temperature, two kinds of Sn films with either cross-linked or isolated nanotube arrays
can be prepared after removal of anodic alumina oxide film. Morphology-dependent superconducting prop-
erties and pinning effect of magnetic flux were observed. The magnetic property of the isolated Sn nanotube
arrays is similar to the single-crystal Sn nanowires while cross-linked Sn naotube arrays exhibit a typical
magnetic property of hard superconductor. This method could provide a low-cost and convenient approach
to the fabrication of large-scale ordered metal nanostructures with desirable function.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

One-dimensional (1D) semiconductor nanostructures such as
nanotubes, nanorods, nanowires and nanobelts have attracted consider-
able attention due to their unique physical and chemical properties for
the possible use in field-effect transistor [1,2], optoelectronic sensors
[3,4], solar cells [5,6], photoelectrochemical cells [7,8] and piezotronics
[9]. Meanwhile, metallic nanostructures have also been considered as
one of themost promisingmaterials for extensive applications, including
electrocatalysis [10,11], molecular detection [12] and nanobiosensing
[13]. Therefore, Engineering the shape, size and assembly of 1D metallic
nanostructured materials is an important aspect of nanofabrication,
which describes the coupling between the design and application of
nanodevices.

Up to now, studies of superconducting properties of metallic Tin
nanowires have revealed very interesting behavior associated with
their reduced physical dimension [14–16]. The onset critical field
(Hc) and transition temperature (Tc) can be significantly affected by
the diameter and crystal textures of the nanowires. In addition, the
superconductivity of other Sn nanostructures such as nanosquares
and nanodisks have also been investigated and shape-dependent
rights reserved.
superconducting properties were observed [17]. However, the study
of the preparation and superconductivity of Sn naotubes is seldom
involved.

Porous-template such as anodic alumina oxide (AAO) membrane
has been extensively used as an easyway to fabricate ordered nanowire
and nanotube arrays that possess various length, diameter and gap by
choosing appropriate anodization conditions [18,19]. However, AAO
membranes without the support of barrier layer and Al substrate are
fragile and thus difficulty of handling. More importantly, dissolving of
the membrane usually lead to the collapse of the nanostructures be-
cause of attractive forces between the nanowire/nanotubes and big
bundles are formed due to the sticking together of the nanostructures.
Thus, the potential applications of these nanostructures in the field of
optical sensors and nanobiological devices may be delayed by the
changing of period and orientation. Here we report the use of AAO
film (with Al substrate) as a template for fabricating ordered arrays of
Sn nanotubes. It is found that the film's properties can be tuned by
adjusting the template temperature during sputtering. Thus, two differ-
ent free-standing and transferable Sn films with ordered nanotube
arrays were fabricated by controlling the substrate temperature.
Fig. 1(a) and (b) show the schematic diagram of the two kinds of
nanotube arrays formed at room temperature (RT) and 250 °C without
the support of AAO template, respectively. The superconducting prop-
erties of these nanotube arrayswere alsomeasured. In our experiments,
morphology-dependent superconducting properties and pinning effect
are observed. The results suggest that this method maybe a low-cost
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Fig. 1. Preparation progress of Sn films with vertically aligned nanotube arrays obtained at RT and 250 °C, respectively. (a)–(b) Schematic diagram of the cross-linked and isolated
Sn nanotube arrays formed at RT and 250 °C after removing AAO film, respectively.
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and convenient way to prepare a large variety of self-assembly metal
nanostructures showing desirable performance.

2. Experimental section

2.1. Fabrication of AAO template

The AAO templates were prepared through stable anodization of
high purity Al foil (99.999%) by the two-step process [20–22].
Before anodization, aluminum foil was ultrasonically cleaned in
acetone for 15 min and washed in deionized water and then
electropolished at a constant voltage (10V) for 5 min in a solution
of HClO4 and C2H5OH(v/v = 1:4) at room temperature. The prepared
Al foil was first anodized in H3PO4-C2H5OH-H2O electrolyte system
(0.25 M H3PO4, −5 °C, 195V) for 2 min. The resulting nanoporous
film on the foil was then removed by chromic acid (H2CrO4), leaving
hexagon-like footprints on the surface of the foil. A second anodization
was then performed under the same condition for 2 min to prepare or-
dered AAO nanopore film with a large pore diameter of ~170 nm and
interpore spacing of ~350 nm.

2.2. Deposition of Sn films

Sn films were deposited on AAO substrates by DC magnetron
sputtering using a circular tin target (diameter: 60 mm; purity:
99.99%). In detail, the working chamber was pumped lower than
2 × 10−3 Pa before sputtering, the substrate holder was at a dis-
tance of 6 cm from the target and the applied sputtering power is
maintained at 24 W. The argon flow was adjusted to 10 sccm and kept
the gas pressure of 0.85 Pa during sputtering. The sputtering time was
fixed at 1 min, 2 min, 3 min and 4 min at RT and 30 s, 1 min, 2 min
and 3 min at 250 °C, respectively.

2.3. Characterization

The morphologies of the films were investigated by using field-
emission scanning electron microscope with a operating voltage of 5 kV
(FE-SEM, Philips Sirion 200, Philips, Holland, Netherlands). The structural
properties were determined using a D8 DISCOVER X-ray diffractometer
(XRD) with Cu Kα radiation (voltage: 40 kV, current: 40 mA). The
out-of-plane orientation was determined in the Bragg-Brentano
configuration. The superconducting properties were measured by
physical property measurement system (PPMS) - 9T(EC-II). The
magnetic field for moment versus time (M–T) curve is 0.01 T and the
temperature for moment versus magnetic field (M–H) is 2 K.

3. Results and discussion

Tin was deposited by using magnetron sputtering on an AAO tem-
plate. The morphologies of the AAO template were characterized by
FE-SEM. Fig. 2(a) and (b) show the top-view and cross-section view
images of an AAO template, respectively. Hexagonally nanopore ar-
rays with an average diameter of 170 nm and interpore distance of
350 nm are obtained. It is clear that every nanopore has a conical
opening and all parallel channels at a uniform diameter (as shown
in Fig. 2(b)). Fig. 2(c–f) show SEM images of Sn deposited on AAO
templates with substrate temperature of 250 °C, sputtering power
of 24 W and varying sputtering time t. For t = 0.5, 1 and 2 min, the
nanoporous structure of the AAO film is clearly visible. For t =
0.5 min, the deposited Sn film is composed of isolated nanoaggregates
with an average size of ca.75 nm (Fig. 2c). Smaller nanoaggregates are
observed on the sidewall of nanochannel (inset of Fig. 2c). For longer
sputtering time (t = 1 and 2 min), larger nanoaggregates are observed
and their mean size increases to 115 nm and 175 nm when t is in-
creased from 1 min to 2 min, respectively (Fig. 2d and e). The inset
of Fig. 2d and e (cross-section view) clearly present that those Sn
nanoaggregates hang slightly over the pore edges. At the longest t
(3 min, Fig. 2f), the nanoporous structure of the AAO film is no longer
observed and an ordered array which constitute of isolated Sn nano-
crystal (ca. 250 nm) is obtained. These Snnanocrystals feed the opening
of the nanopore to the full and isolated from one another, which could
be confirmed by its large sheet resistance (>15 MΩ). This metal film
can be transformed onto different substrate through the connecting of
conducting silver glue and then detached from the AAO film by dissolv-
ing the Al substrate and alumina membrane. Fig. 3 shows the top-view
and cross-section FE-SEM images of Sn film with vertically aligned and
isolated nanotube arrays which detached from the AAO film and then
transformed on tin-doped indium oxide (ITO)/glass substrate. Fig. 3a
is the tilted view of the Sn nanotube arrays, it is note that the period
of the nanotube arrays is 350 nm, which is consistent with the period
of the AAO film. The image with higher magnification is shown in
Fig. 3b and nanotube structure can be observed clearly. Fig. 3c shows
the top-view of the Sn nanotube arrays, from which the nanotube
possessing a gradient-changing diameter of length about 500 nm and



Fig. 2. SEM images of AAO template and Sn deposited on AAO template at 250 °C. (a)–(b) top view and cross-section of the AAO template. (c)–(f) Sn deposited onto AAO template
with a time of 30 s, 1 min, 2 min, 3 min, respectively. The top-right insets are the cross-section view (scale bar = 500 nm).
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thickness of about 15 nm was found. The white arrows pointed in
Fig. 3c indicate that thewhole nanotube is composed of three segments
corresponding to diameter of 80, 100 and 175 nm(from top to bottom).
The cross-section view presents that the bottom of the nanotube is a
solid nanocrystal, as shown in Fig. 3d, which also could be found in
the inset of Fig. 2f. The nanotube nanostructure could not be observed
in the inset of Fig. 2f because of the detachment of nanotube induced
by the mechanical shear of AAO template during cross-section speci-
men preparation process.

Fig. 4 show FE-SEM images of Sn films obtained at RT and different
t, ranging from 1 to 4 min with an increment of 1 min. It is observed
that the film morphology changes gradually with t. For t = 1 min
(Fig. 4a), the obtained Sn films reproduce the substrate geometry of
AAO template and the pore diameter (~130 nm) of Sn nanopore film
is smaller than the pore size (~170 nm) of theAAO substrate. Increasing
t to 2 min (Fig. 4b) and 3 min (Fig. 4c) the pore diameter of obtained
films become smaller and some pores are blocked. For t = 4 min, the
characteristic morphology of the underlying AAO film is not observed
and continuous Sn film without pore structure is formed, as shown in
Fig. 4d. The cross-section of the Sn films prepared at different time
can be found in the inset of Fig. 4(a)–(d), respectively. Fig. 5 show the
FE-SEM images of this continuous Snfilm after the removal of AAO tem-
plate. Fig. 5a and b are the low magnification and high magnification
images (tilted view) of the vertically aligned Sn nanotube arrays, re-
spectively. The length of the nanotubes is about 500 nm. The top-view
image (Fig. 5c) also shows the nanotubes possess a changing diameter
along the growth direction which is in consistent with the specimen
fabricated at the temperature of 250 °C. The cross-section image
shows that the nanotubes are cross-linked, as shown in Fig. 5d. The
fraction section (the inset of Fig. 5d) of the nanotube arrays indicates
that the nanotubes have a homogeneous hollow structure.

The growth process could be explained by the effect of substrate
temperature on the surface energy. If the substrate temperature is
high enough metals could spontaneously self-assemble at the surface
of the substrate to minimize the overall energy of the system [23,24].
For low-melting-point metal like Sn, room temperature is enough to
promote coalescence during low-energy deposition such as thermal
evaporation [25]. However, by means of magnetron sputtering, the
deposited Sn film exhibits wetting property (i.e., the film reproduces
the substrate geometry) at RTdeposition, higher temperature is necessary

image of Fig.�2


Fig. 3. SEM images of isolated Sn nanotube arrays formed at 250 °C and detached from AAO template: (a)–(b) lowmagnification and large magnification tilted view of the nanotube
arrays, respectively, (c) top view, (d) cross-section view.

Fig. 4. SEM images of Sn deposited on AAO template at RT. (a)–(d) Sn deposited onto AAO template with a time of 1 min, 2 min, 3 min, 4 min, respectively. The top-right insets are
the cross-section view (scale bar = 500 nm).
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Fig. 5. SEM images of cross-linked Sn nanotube arrays formed at RT and detached from AAO template: (a)–(b) lowmagnification and large magnification tilted view of the nanotube
arrays, respectively, (c) top view, (d) cross-section view. The inset is the fracture section of the nanotube arrays (scale bar = 500 nm).

Fig. 6. XRD patterns of isolated Sn nanotube arrays (red line) and cross-linked Sn nanotube
arrays (black line).
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for the spontaneously self-reorganization of the deposited Sn. The pro-
posed mechanism of growth of the nanotube is shown in Fig. 1. When
the substrate temperature is maintained at RT, due to the stronger attrac-
tive force between anion impurities and Sn ions compared to thermal
evaporation, the metal ions will deposit onto the top surface of the AAO
template and nanocrystal arrays cannot be formed. Meanwhile, Sn
ions will deposit into the nanopores and stick onto the sidewall of the
nanopores, then the first Sn layer is formed. The subsequent layer is
formed by the Sn ions continue to deposit onto the former layer and ex-
tend along the growthdirection. As the deposition progressing, the pore
of Sn film finally closes meanwhile the growth of nanotube terminates.
With a substrate temperature of 250 °C, the growth process of Sn nano-
tube in the nanopore of AAO is consistent with the specimen prepared
at RT while the Sn ions deposit on the top surface of AAO exhibit a
completely different growth mechanism. With ion motion being fa-
vored at the surface of substrate by higher temperature, the surface re-
organization and minimization of the energy of the whole systemwere
achieved. Thus, small Sn nanocrystals formed on the necks between
nanopores at the beginning of the deposition, and then the nanocrystals
become bigger and decrease in number as the time goes on. Eventually,
individual nanocrystals bigger than the pore diameters form an ordered
array over the nanopores of AAO.

The mechanism of the growth of size-changing nanotube inside
the AAO nanopores is not so clear at this stage. But a growth mecha-
nism related to capillary condensation occurred in AAO nanopores
during the deposition can probably be proposed to describe this phe-
nomenon. In recent years, the filling behavior of vapor and solvent in
the nanopores has been studied by using AAO films as a porousmedium
[26–28]. The system presented a pronounced hysteretic capillary filling
of the gas/liquid in the nanopores and eventually a partially filled pore
with meniscus was formed. In the case of film deposition on AAO tem-
plate, Losic et al. [29] found that the gold nanorods with a conical
structure embedded in AAOnanoporeswere formed during the thermal
evaporation and the formation mechanism can probably be attributed
to the capillary condensation theory. In our experiment, we infer a sim-
ilar multilayer hysteretic capillary filling was occurred in the AAO
nanopores (as shown in Fig. 1). However, the magnetron sputtering is
a fast deposition process so that the growth of the diameter-changing
structures terminates early as the top opening of AAO template closes.
Thus, a diameter-changing nanotube structures instead of the conical
nanorod structures was formed in the AAO nanopores.

The XRD patterns of Sn films containing an array of nanotubes depos-
ited at RT (4 min) and 250 °C (3 min) are shown in Fig. 6. The broad
peak at about 26 degree can be indexed to SnO, which comes from the
natural oxidation on the surface of Sn films since the samples were
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Fig. 7. (a) M–T curves of isolated and cross-linked Sn nanotube arrays measured at 0.01 T magnetic field. (b) M–H curves of the Sn nanotube arrays with different morphologies at 2 K.
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stored in atmosphere before the XRD measurement. The results show
that the two Sn nanotube arrays both contain polycrystalline structures
and there is a coexistence of α-Sn (JCPDS 10-0173) and β-Sn (JCPDS
4-0673) in the Sn films obtained at RT. For the Sn films prepared at
250 °C, the main component was almost completely converted into
β-Sn and only a small amount of α-Sn can be observed. The patterns
show very much similar (101) peak for both arrays but present a de-
crease in the intensity of the (200) peak and increase of the (321) peak
for the 250 °C- deposited film compared to that of the film deposited
at RT. Since the high-index facets possesses high surface energy [30],
the RT deposition may induce the growth of Sn film with a preferable
low surface energy (200) plane. Whereas the 250 °C deposition lead to
Sn ion got more energy during the growth and thus high-index facets
(321) with higher surface energy was promoted and simultaneously
(200) plane with lower surface energy was suppressed. A similar de-
crease of (200) peak has been observed for gold nanocrystal cubes to oc-
tahedral with higher-index facets [31]. So the phase transformation and
the changing of the peak intensity can be attributed to a promoted nucle-
ation process and optimized growth orientation at elevated temperature,
which lead to a better crystalline property.

The superconducting properties of the nanotube arrays were mea-
sured by PPMS with magnetic field perpendicular to nanotube arrays.
Fig. 7(a) show the M–T curve for isolated Sn nanotube arrays and
crossed-linked Sn nanotube arrays with a field of 0.01 T, respectively.
It is observed that both of these two samples show a transition temper-
ature (Tc) value close to the critical temperature of bulk Tin (3.7 K).
Fig. 7(a) showsM–H data for isolated Sn nanotube arrays at 2 K. The re-
sult is similar to the observation of Tian et al. [14] in single-crystal tin
wires. The slight irreversibility behavior in our polycrystalline Sn
nanotubes indicates the existence of pinning of magnetic flux which
can be attributed to the defects in the nanotubes [32]. Nevertheless,
theM–H curve of cross-linked nanotube arrays (Fig. 7(b)) shows a larg-
ermagnetic hysteresis which is similar to the typical hard superconduc-
tor that has been explained by Bean critical current model [33,34] and
Kim-Anderson model [35]. The larger magnetic hysteresis existed in
this kind of Sn films can be explained by its worse crystalline quality
formed at RT, thus providing more defects for pinning of magnetic
flux compared to the Sn films prepared at high temperature. What' s
more, the isolated nanotube arrays' sample shows a moment one
order of magnitude lower than the crossed-linked arrays which is con-
sidered associated with the morphologies, that is, the nanotube arrays
formed at 250 °C composed of isolated nanocrystals that possess a
lower weight/unit area thus lead to the decreasing of the moment in
comparison with the crossed-linked arrays formed at RT which with a
film fully covered on AAO template.

4. Conclusions

Vertically Sn nanotube arrays of approximately 500 nm length,
350 nm gap and changing diameter were fabricated using magnetron
sputtering and AAO template. Two kinds of morphologies were gained
by controlling the substrate temperature during sputtering. The Sn film
deposited on AAO film at RT exhibited a wet property and resulted in a
cross-linked Sn nanotube arrays. In contrast, with an increased substrate
temperature, isolated Sn nanotube arrays were obtained. The different
morphologies and crystalline properties affect the superconducting
properties of the arrays. The isolated and cross-linked Sn nanotube
arrays exhibited superconducting properties which are analogous
to single-crystal Sn nanowires and typical hard superconductor, respec-
tively. This research presents a viable approach to fabricate ordered
Sn-Pt bimetallic nanotube arrays toward alloy electrocatalysts formeth-
anol oxidation. Furthermore, this technique can be employed as a gen-
eral method for synthesis of some noble metals such as gold and silver
with desirable array patterns and sizes for the application of surface-
enhanced Raman scattering (SERS) through the rational control of the
experimental conditions.
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