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ABSTRACT

Radial and longitudinal nanosized In  ,03—SnO; heterostructures were produced by applying a suitable methodology of transport and condensation.
Sequential evaporation —condensation over In-seeded alumina promotes the formation of a radial heterostructure, driven by the direct vapor -
solid growth mechanism. The single-crystalline In ;03 nanowire nucleates and acts as the backbone for condensation of a polycrystalline SnO 2
sheath. Fabrication of longitudinal heterostructures over sapphire is achieved through the application of a nanosized gold catalyst: the gold

particles promote nucleation according to the vapor ~ —liquid —solid mechanism, and lead to the formation of single-crystalline In .03 nanowires
with a gold droplet at the apex. Gold maintains its catalytic activity even during subsequent evaporation of SnO » and induces the nucleation
of a SnO single-crystal nanowire from the termination of an In  ,03 nanowire. The electrical characterization of the longitudinally assembled
In,03—Sn0O, structure highlighted a peculiar behavior, as the heterojunction of two n-type semiconducting oxides was revealed, tin oxide
being reversely biased. These results hold great potential for the application of precisely shaped heterojunctions.

The increasing scientific interest in quasi one-dimensional method8 has recently achieved the direct integration of
(1-D) systems such as nanowires and nanorods has stimulatetlinctional nanostructures into nanodevices. A series of
their functional exploitation, and single-crystalline 1-D nanoprototypes has been demonstrated, such as single GaN
nanostructures are nowadays emerging as building blocksnanowire field-effect transistofspassive diodes, active

for a new generation of electrodi@ and optoelectronic  bipolar transistors and complementary inverted-like struc-
nanometer-scaled devicé3The fabrication techniques of ture$? using a crossed-wire design, and single-crystalline
homogeneous 1-D nanostructures have pursued the controbranched nanowires.

over shape, aspect-ratio, and crystalline arrangement to @ |n the field of ionic metal oxides, the structural and
considerable degree, and the improvement of the synthesisunctional properties of 1-D nanostructures and their great
functional potential are attracting almost the same consid-
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from the work of Wang and co-worket$,and a series of
different materials have been produced, for example, ZRO,
SnQ, 2 MgO,* Si0,,*® and 103,167

Further improvement of the preparation methodologies
addresses the capability to fabricate heterogeneous structures
and chemically nonhomogeneous 1-D nanostructures with . |:> E{}
novel functional propertie® The key step for device
fabrication is the transition from self-organized structures
to patterned assembling (a wide review on the topic is
reported in ref 19). Different approaches and preparation b
methodologies have been implemented for this purpose, and
several systems have been described in the literature up to
now: parallel core-shell metal dielectric semiconductor
nanowires? core—-shell metallic nanowires and nanotul3és,
or the axially modulated doping of Si nanowifBssilicon, |:> ,:>
and metallic wires modified by an electron be#&rResearch
is also developing the controlled growth of multiple wire Figure 1. (a) Schematic of the VS growth of radial heterostructure
types and ternary compounéfsSelf-assembled branched (not to scale). Is0; nanowire (red) nucleates from the oxidized In
structures have been obtained very recently via the catalyzedseed over the alumina substrate, then coverage with tin oxide (green)

epitaxial growth of oxide nanowires on suitably seeded is pursued. The duration for the second step results in partial
backboneg coverage of the nanowire and eventually accomplishes formation

i . ) . of the radial heterostructure. (b) VLS growth of longitudinal
While superlattices of different HV semiconductors have  heterostructures (not to scale). The growth of agOknanowire

been synthesize, and selective doping of single oxide (red) is catalyzed by Au nanoparticles (yellow) on a sapphire

nanowire has been carried out for the creation of a nano-Substrate. The Au particle at the apex of theglnnanowire also

‘unction2’ no tematic proaress has been aained on thepromotes the nucleation of a Sp@anowire (green) during the

juncti ! SYS IC progress has gai . second condensation step, leading to formation of the longitudinal

synthesis of 1-D heterostructures composed of two oxides. heterostructure.

Such a junction may allow exploitation of the different

intrinsic electronic band-structures of each oxide in fields

such as Shottky-like barrier diode gas sendbssjar cells? condensation step. Nucleation of indium and tin oxide
and lithium ion batterie® nanowires occurs at 80C and 600°C, respectively. Precise

The present work reports on the fabrication ofQg— control of both the condensation conditions and the growth
SnG nanosized systems, assembled in either radial or linear’ate: as well as proper seeding of the substrate, are reffliired

heterostructures. The capability to tailor the morphology, the fqr obtaining indium and tin oxide nanowires with similar
crystallinity, and the composition of the heterostructures size.

through rational control of the evaporatienondensation For the radial heterostructures, an In buffer layer (5 nm

parameters and the usage of a catalyst will be demonstratednominal thickness) was preliminarily deposited on an alumina
As schematically shown in Figure 1a, the vapeolid substrate by direct current sputter.ing. Decomposi'tionmgn

(VS) proces# was used to fabricate a radial,@s—Sn0, precursor powders (99.99% purity) took place in a tubular

heterostructure. The 38;—SnQ, radial heterostructure was ~ furnace at a temperature of 150C€. The condensation
obtained starting from crystalline 48; nanowires prepared ~ occurred at a temperature between 750 and “@@own-

on alumina substrate. Second, the condensation o $a® stream from the constant Ar flow (50 sccm). During transient
carried out, accomplishing the formation of the heterostruc- heating of the furnace, metallic indium nanoparticles oxidized
ture with In,Os nanowires as the backbone. In order to control t0 form In;O; micrograins, acting as effective seeds for
the size of the nanowires and allow a patterning capability, hanowire nucleation. As shown in Figure2h of condensa-
the substrate was preliminarily seeded with indium nano- tion led to the growth of single-crystalline wires, tens of
particles®2 No catalyst metal was therefore used for prepara- microns in length. The lateral dimension of the.(g
tion of the radial heterostructure: this approach relies on hanowires ranged between 40 and 300 nm, and the size
the VS process as the main mechanism for the synthesis andlistribution is presented in Figure 2. It turns out that the
guarantees the achievement of a highly pure and catalyst-preliminary indium seeding of the substrate is fundamental
free nanostructure. in narrowing and reducing the size of the@ nanowires.

The advantage offered by metal catalysts for the fabrication ~ The condensation process was repeated starting from the
of nanowire&33has been used for the longitudinal assembling SnG;, precursor (99.99% purity). Oxidized tin was nucleated
of the heterostructure (see Figure 1b). In fact, the sapphireover an 1nO; nanowire, which serves as the backbone for
substrate was preliminarily seeded with gold nanoparticles. the radial heterostructures. The duration of $d€position
In this case, g0z nanowires were produced via the vapor  discriminated the formation of a radial Sp€In,O3 hetero-
liquid—solid (VLS) mechanism. As the gold droplet located structure, with the 05 nanowire fully or partially covered
at the apex of the b®; nanowire, Au effectively promotes by tin oxide. The diameter of the radial heterojunction, after
the nucleation of the SnOnanowire during the second short Sn@ condensation, ranged between 150 and 300 nm.
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symmetrically along the indium oxide backbone, as sche-
matically illustrated in Figure 4. In the early stage of
condensation, nucleation of crystalline Sndbmains oc-
curred as a result of epitaxial growth on the®g single
crystal. Eventually, lattice mismatch between the cubi©in
and the tetragonal SnQattices constrains the size of the
grains and results in polycrystalline coverage. After long-
time SnQ condensation, Snk@ompletely encircles the J0s;
core. Indeed, the transverse energy-dispersive X-ray (EDX)
line-scan of the distribution of In and Sn (Figure 3e) reveals
that In peaks in the inner part of the heterostructure and that
Sn is radially distributed. The broadening of the signals is
due to the spreading of the electron beam. The presence of
contaminants is excluded within the sensitivity of EDX.

Figure 5 summarizes the results on the structural charac-
terization by transmission electron microscopy (TEM). The

100 nm 200 nm

3072 compositional image provided by scanning TEM high angle
g” é _ annular dark field (STEM-HAADF) imaging highlights the
g /é?% § inner 1n,O5; nanowire. Tin oxide condensed in the form of

35"%' o?j@m“ﬁg N;ém@m N@mm - N I ] polycrystals, as visible because of the fine contrast variations

in both TEM and STEM-HAADF images. Lateral dimen-
_ _ _ sions of Sn@ crystalline domains are about 50 nm. The
Figure 2. Secondary-electron scanning electron microscopy (SEM) selected area electron diffraction (SAED) pattern shows that
images of radial heterostructures. (a)®g nanowire bundle after the nanowire exhibits monocrystalline arrangement, with

the VS growth and (b) detail of a single,; nanowire (60 nm in . ) .
width). (c) In,Os nanowire completely decorated by Snéiter a Bragg reflections fitted by the cubic phase ot®a. The

20-min condensation. (Bottom) Comparison of the lateral size hanowire is oriented in the [100] direction of the crystal
distribution of the nanowires grown on In-seeded (red) and unseededlattice. The reflections pertaining to tin oxide are not

d (um)

(blue) substrate. systematically arranged, but, in this case, the (101) reciprocal
Subsequent long-time condensation (20 min) of Sp® lattice vectors are aligned with the (321) direction ofOg
In,0; nanowires (Figure 2¢) completed the Srebeath. This evidence indicates that the monocrystalline arrangement

Figure 3a,b shows the morphology and the elemental of the I,O; backbone drives the crystallization of some tin
distribution of tin and indium in a radial heterostructure. ©xide domains with a specific orientation relationship to the
Indium is present over the entire structure, while no presencelattice of IO, and supports the proposed model for ordered
of Sn was recorded in the central part. This evidence indicates@ssembling of the radial heterostructure.
that tin oxide nucleates at different positions along the As far as the linear heterostructures are concerned, Figure
nanowire and that the SpQrystalline domains develop 6 shows that gold-seeded sapphire promotes the growth of

500 nm

Figure 3. Compositional analysis of radial heterostructures: (a) secondary-electron image of the heterostructure; (b) the corresponding
EDX colored map for indium (red) and tin (green); (c) the STEM image of a radial heterostructure, revealing the presence of a inner dark
core along the structure; {&€) STEM image at higher magnification and the transverse EDX line-scan showing the indium-based core; (f)
TEM panoramic view of the same heterostructure, highlighting the polycrystalline arrangement of theh®a®.
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Figure 4. Model for the condensation of Sa@olycrystals over
the lateral sides of the }@; single-crystal nanowire. The early
ordered arrangement of Sp@ driven by epitaxial growth.

Figure 5. Structural characterization of a radial heterostructure.
(Main Picture) TEM image of the heterostructure, in which the
contrast variations reveal the polycrystalline arrangement for tin
oxide. (a) STEM-HAADF compositional image of the apex. The
bright contrast of the inner core highlights the®3 nanowire. (b)
SAED pattern of the heterostructure. The systematic rows of Bragg
reflections pertain to the cubic phase of@3. Extra reflections
are attributed to Sn® with a specific orientation relationship to
the lattice of InOs. The arrow marks the common direction shared
by the (110) and (321) Bragg reflections of tin and indium oxides,
respectively.

In,O3 single-crystal nanowires, with preferential orientation
normal to the substrate. The conical shape of th&4n
nanowires is due to the slow reduction of the size of the Au

3556

Figure 6. Morphological characterization of longitudinal hetero-
structures. (a) SEM image of the;®s nanowires produced by VLS
growth; each wire is terminated by a gold nanoparticle (arrows).
(b) SEM image of I1nO; nanowire with the Sn® nanowire
originating from its apex. (c) TEM image of the termination of
SnG nanowires with catalytic Au particles. (d) TEM image of the
crystalline Sn@ nanowire and the faceted Au nanoparticle.

catalyst during condensation at 9%0. A single-crystalline

tin oxide nanowire originates from the catalytic Au particle
at the end of the WD; nanowire. A beak-like structure
terminates each nanowire, and is caused by the cooling
transient at the end of the condensation process, according
to ref 34. In addition to the formation of the linear
heterostructure, multiple condensation of tin oxide polycrys-
tals on the lateral sides of 485 nanowire still occurs, but it

is of minor importance with respect to the growth of the
nanowire because of its very high rate of growtt600 nm/

s). According to the VLS mechanism, the diameter of the
Au catalyst determines the lateral dimensions of bot®4n
and SnQ nanowires.

TEM imaging, carried out along different zones of the
heterojunction, and the complementary SAED and conver-
gent beam electron diffraction (CBED) analyses (Figure 7)
show the cubic single-crystalline arrangement of ai®©in
nanowire (Figure 7, area 1), which grows along the [110]
direction, in agreement with the results of ref 16; the single-
crystal tetragonal (cassiterite) arrangement of a tin oxide
nanowire along the [101] direction (Figure 7, area 2); the
simultaneous presence of crystalling®g and SnQ crystal
lattices in the region of the junction; and the sharp interface
between indium oxide and tin oxide nanowires (Figure 7,
areas 3 and 4).

Typically, charge carriers in metal oxides are generated
by structural defects, mainly ionized oxygen vacancies and
cation interstitials, and the material features a high density
of electronic states and behaves as a wide band gap
semiconductof®

Figure 8 reports the—V characteristic of a double-isotype
n-type heterojunction formed by SaQpolycrystals)-1n,Os
(nanowire}-SnQ, (nanowire). The applied voltage drops in
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Figure 7. Structural characterization of longitudinal heterostructures. (Main Picture) TEM panoramic view of@h@émowire, with the
SnG, nanowire extending lengthwise. The black arrow marks the termination of the isa@wire and the catalytic Au nanopatrticle,

which assisted the VLS growth of heterostructure. (1) SAED pattern showing the cubic single-crystal arrangement for the indium oxide
nanowire. (2) CBED pattern and high-resolution image from the tin oxide nanowire, demonstrating its single-crystalline tetragonal (cassiterite)

arrangement. (3,4) highly magnified TEM view and corresponding SAED pattern of the heterojunction, where superimposition of both
indium and tin oxides has been recorded.

6.0x10° — . T . ; . T . T nanowires serving as the backbone for radial heterostructures.
: During repeated evaporation, volatile species from SnO
4.0x10° | : . powders condensate on the@3 backbone in the form of
° polycrystalline domains, and lead to partial or full coverage
2.0x10° | 00 . of In,O3 nanowires, depending on the duration of the
- St condensation process. Condensation time also determines the
S 00 c;go'c;c}ééoo?oopp ““““““““““ thickness of the SnOlayer. The epitaxial relationship
oOOO : between the indium oxide and tin oxide lattices in the early
20x10°F | o : T stage of the formation of the heterostructure was recorded.
40x10° b © i Differently, the presence of gold catalyst on sapphire
o substrate results in the oriented growth of®ananowires
6.0x10° L . ; . . according to the VLS mechanism. The crystalline Au particle
-2 -1 0 1 2 assists the VLS growth of both indium and tin oxide
vV (volt nanowires. The preservation of this catalytic activity is
Figure 8. Current-voltage characteristic of the SaQpolycrys- fundamental for obtaining the linear heterostructures. Similar

tals)—ln2Q3 (nanowire}-SnQ, (nanowire).heterojunction measured methodology was applied for the fabrication of gallium
by two piezo-actuated nanoprobes inside the SEM. . . . . .
arsenide/gallium phosphide superlattices, but it has never
the reverse biased heterojunction, which is asymmetric for been reported for oxidé€ During the sequential evaporation
positive and negative voltages; the slightly rectifying be- of SnQ, gold droplets act as preferential sites for the
havior has to be ascribed to the different shape and crystallinenucleation and growth of single-crystalline Sn@nowires.
state of the Sne¥or the two heterojunctions. In the voltage This self-assembly methodology proved effective for obtain-
range betweer-0.5 and 0.5 V, the currentoltage relation- ing linear heterojunctions with precise spatial control of the
ship is compatible with the presence of an inverse saturationposition of Sn@ nanowires, overcoming the drawback of
current, which, fom-type heterojunctions, depends linearly nucleation of disordered hierarchical heterostructures, which
on the app|led VOItag@.AS the inverse current Is alSO I|near|y iS typ|ca| of the Sequentia| Seeding of an active Catglyst_
dependent on the temperature, theV deviation from . — .
. : . . . . Electrical characterization of a single Ssifblycrystals)-
linearity at higher applied voltages is ascribable to self- -
. In,0s—SnQ, structure indicates the presence of a hetero-
heating effects. ) . . . .
junction of twon-type semiconducting oxides, and forecasts

In summary, the ability of fabricating axial cershell and h hnological loitati f the interf .
linear metal-oxide heterojunctions, and effective rational the technological exploitation of the interface properties.

control of the entire growth process was demonstrated. The

critical parameter leading the formation of different shapes ~Acknowledgment. The work was partially funded by the

is the presence of active catalysts driving the nucleation European CommissiomN@nostructured solid-state gas sen-

mechanism. sors with superior performaneANOS4 STREP Project
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