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Abstract

A variety of nanostructured silicide bundles anddexnanowire arrays with abundant, non-toxic matsrive are
prepared. The Crghanowire and Mgsi/MgO composite nanowire bundles were synthesis#ugy a Si substrate and a
SiO, nanofiber bundle, respectively. The hexagonal Mafainosheet bundles were also synthesized using & Mo
layered material as a template. In addition, Zn@OLKLO and a-Fe,0; nanowire arrays were prepared on
semiconductor or metallic substrates. The growtknpmena and the structural properties of the namsted
materials awere investigated. In addition, the prapons of axial and radial nanowire structureaneexamined.

Abstrak

Pembuatan Berkas Silisda dan Rangkaian Oksida Ternanostruktur. Beragam jenis berkas silisida dan rangkaian
kawat nano oksida ternanostruktur dapat dibuat alerfgahan baku tidak beracun yang jumlahnya bertfimgawat
Nano CrSj disintesiskan dengan substrat Si, sedangkan bbstaas kawat nano komposit MyMgO disintetiskan
dengan berkas serat nano giBerkas-berkas lembaran nano Molstksagonal juga disintesiskan dengan bahan baku
berlapis Mo$ sebagai contoh dasar. Selain itu, rangkaian-raagkeawat nano ZnO, CuO/gQ, dana-Fe0; juga
dibuat pada substrat semikonduktor atau metaliky@alikan dilakukan terhadap fenomena perkembarnigansifat-
sifat struktural pada bahan-bahan baku ternandstru&elanjutnya dilakukan pula pengamatan terhgmapbuatan

struktur-struktur kawat nano aksial dan radial.

Keywords: nanosheet, nanowire, nanowire array, oxides, silicides

1. Introduction

Semiconducting silicides and oxides have been sxtely
investigated for environmentally conscientious &tedcs
[1-2]. Silicides such as CrSMg,Si, and hexagonal (h-)
MoSi, have been proposed as low energy gap
semiconducting materials for low cost thermoelectri
applications [3-5]. On the other hand, oxides, for
example, ZnO, CuO/GO and a-Fe,0;, have been
suggested for photovoltaic and photoelectrochemical
cell applications [6-8]. In addition, low-dimensain
materials have attracted much interest due to their
enhanced or modified optical, electronic and meian
properties compared with those of bulk materials.

Nanostructured devices, or electric devices coirtgin
nanostructured textures,
nanowires consisting of Si, llI-V and 11-VI compais)
have been extensively investigated [9—11]. Howeités,
important to control their morphological and struel
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properties such as the composition, size and dlipsta
quality. These properties greatly depend on theviiro
conditions wherein the morphology is widely changed
into dots, wires, ribbons, belts, sheets, and soTte
growth window for the specific morphology is narrow
and it is usually difficult to obtain a large ared
uniformly distributed nanostructures. Yet applioas
such as thermoelectric generators, solar cells or
photoelectrochemical cells require nanostructuoebet
uniformly distributed over large areas at low cdstus,

a variety of silicide and oxide nanostructures,hsas
nanowires, nanorods and their nanowire arrays have
been synthesized and characterized. Bundle stasctur
consisting of nanowires or nanosheets can also be
considered as high-efficiency nanostructured melteri
for thermoelectric applications. However, these

have been proposed, andsemiconducting nano-sized bundle structures haee be

rarely synthesized. In addition, further refinemehthe
nanowires and arrays will be required for further
development of sophisticated nanodevice technology.
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In this paper, Crginanowire and Mgsi/MgO composite
nanowire bundles were synthesized using a Si satbstr
and a SiQ nanofiber bundle, respectively. The hexagonal
MoSi, nanosheets were also synthesized using a,MoS
layered material as a template. In addition, ZnO,
CuO/Cy0 anda-Fe,0; nanowire arrays were prepared
on semiconductor or metallic substrates. The syethe
of axial CuO/CywO and radial Zr@SiO, core/shell
nanowire heterostructures was also examined.

2. Methods

The oxide and silicide nanostructures were prepased
follows. First, SiQ nanofibers were grown by heat
treatment of the FeSi substrates with Ga droplets.

the nanowire arrays were grown for 5 h at a tentpega
of 1073 °K [16].

The CuO/CyO nanowire arrays were synthesized by the
thermal oxidation of copper substrates in air. The
substrates were placed in a quartz tube, which was
loosely sealed at 1 atmosphere of air. The nanziste
growth was performed by exposure of the copper
substrates to air in a loosely sealed tube under th
following temperature profile. The Cu substrateseve
heated to the elevated temperature range of 873 °K
within 30 min, and were maintained for 1 h [17].

The a-Fe,0; nanostructures were synthesized by the
thermal oxidation of iron substrates. The iron $uties

Afterward, the substrates were degreased, Ga was were loaded into the quartz tube which was opethédo

melted at around 313 °K, then applied by hand & th
FeSi substrates using a steel or wooden stick. As a
result, Ga droplets of mm in size were stuck on the
substrates. The substrates with Ga droplets wecketb
into the vacuum chamber, which was then pumped to a
base pressure of T0Torr. The SiQ nanofiber growth
was performed by exposure of the substrates to the
residual @ for 114 h at the substrate temperature of
1173 °K [12].

CrSk nanowire bundles were synthesized by the exposure
of Si(111) substrates to CegGlapor with an argon carrier
gas at a flow rate of 4500 sccm under atmospheric
pressure. The Si(111) substrates with native oeigers
were placed downstream apart from the ggdwder in

the furnace. The Si substrate and the €sBlirce were
heated up to between 1023-1173 °K [13].

The h-MoS} nanosheet bundles were synthesized using
MoS, powder and a molten salt, comprised of 36.58
mol% NaCl-36.58 mol% KCI-21.95 mol% NaF-4.89
mol% NaSiF;. The salt mixture and silicon powder
(99.999%, 21.85 mol% for the salt mixture) werecpth

in an SiQ-Al,O; crucible with the Mog powder
(99.9%up, 2.73 mol% for salt mixture). They were
thermally treated at 873 °K for 4 h. After the heat
treatment, the salt was removed from the samplegusi
deionized HO. The detailed growth procedure is
described elsewhere [14]. Mg/MgO composite
nanowire bundles were synthesized by the exposure o
SiO, nanofiber bundles to Mg vapor. The detailed
thermal treatment condition is described elsewfiEsg

The ZnO nanowire array was synthesized by the heat
treatment of ZnS substrates with Ga droplets. Poly-
crystalline bulk ZnS crystals were used as the csour
material. Ga was melted around 313 °K, then mapuall
applied to the ZnS substrate using a steel or veicH.

As a result, Ga droplets with a mm size were stiock
the ZnS. The ZnS with Ga droplets were loaded tinéo
quartz tube which was open to the air. The nanowire
growth was performed by air exposure of the Zn$, an
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air. The nanostructure growth was performed by
exposure of the iron substrates to the air for ath
temperatures of 973 and 1073 °K [18].

The ZrQJ/SiO, core/shell nanowire bundles were grown
by the thermal oxidation of ZrSsubstrates with molten
gallium. ZrSp flat plates were used as the seed
substrates. The gallium was melted at around 313°K,
then manually applied to the ZgS$ubstrates using a
stick. As a result, molten gallium layers with &kmess
<1 mm adhered to the ZrSsubstrates. The source
substrates were placed in a vacuum chamber, whish w
then evacuated to a base pressure of Torr. The
synthesis of Zr@SiO, core/shell nanowire bundles was
performed by exposure of the source substratebeo t
leaked air for 24 h at a temperature of 1173 °R].[1

3. Results and Discussion

Preparations of silicide nanowire/nanosheet bundles.
Figures 1(a), (b) and (c) show an SEM image of a
bundle of CrSi nanowires, a TEM image of a part of a
h-MoSi, nanosheet bundle and an SEM image of a
bundle of MgSi/MgO composite nanowire bundle,
respectively. Figure 1(d) shows an SEM image of a
SiOx nanofiber bundle, as a template for the faition

of the MgSi/MgO composite nanowire bundle.

In Figure 1(a), it is observed that well-alignedSCr
nanowires were densely grown to form the bundlg.[13
On the other hand, as shown in Figure 1(b), h-MoSi
thin layered sheets were synthesized, which aretalue
the layered structure of the MpStarting material. It is
also found that the surface of the thin layers0@0()
[14].

In addition, the bundle, which consists of }8g and
MgO, is observed as shown in Figure 1(c). Evendhou
Mg,Si and MgO are randomly distributed, the bundle
structure maintains as the Si@anofiber bundle [15,
12]. As shown in Figure 1(d), it is observed thiae t
highly oriented, well-aligned nanofibers grew in an

April 2014 |Vol. 18| No. 1



26 Tatsuoka, et al.

orderly fashion with a high density on the subssait

has also been observed that the nanofiber is thtim w
about a 20 nm uniform diameter, and the nanofiber i
amorphous [12]. From the experimental results
mentioned above, the nanofibers are found to be
amorphous SiPnanofibers.

Preparations of oxide nanowire arrays. Figure 2(a)
shows an SEM image of the ZnO nanowire array. The
diameters of the nanowires vary from 20 nm, and the
maximum length extends to tens of micrometerssit i
noted that small amounts of Ga or S remain in th® Z
layer. The co-existence of Zngz in deeper regions of
the substrate is also observed [16].

Figure 2(b) shows an SEM image of the Cu-oxide
nanowires on a Cu substrate. High density nanowires
with an average length of about th were observed
[17].

Figure 1. Nanostructured Bundles of (a) CrSi, Nanowires,
(b) h-MoSi, Nanosheets and (c) Mg,Si/MgO
Composite Nanowires. (d) SiO, Nanofibers,
which are Used as a Template for the Synthesis
of M@,Si/MgO Composite Nanowires

Figure 2.

Arrays of (a) ZnO Nanowires, (b) CuO/Cu,O
Nanowires, (c) a-Fe,0; Nanowires and (d) a-FeOs
Nanobelts

Makara J. Technol.

Figure 2(c) and (d) show SEM images ©@fFe0;
nanostructure arrays synthesized by thermal oxidadf
iron substrates in the air at 973 and 1073 °K ,aethyely.

The nanowires and nanobelts cover the surface ef th
iron substrates. Most of the nanowires and nan®belt
become narrow towards the tip, and the length elsten
to tens of micrometers. In addition, the nanowises
generally thinner than the nanobelts. The detailed
structures of the nanowires and nanobelts are ibescr
elsewhere [18].

Figure 3(a) shows an enlarged SEM image of the
CuO/CyO nanowires shown in Figure 2(b). It is noted
that each nanowire is divided into two regions. @ne
the top half part of the nanowire with a diametér o
about 100 nm, and the other part is the bottom dialf
the wires with diameters of several hundred nm.ifThe
features are shown by the arrows in the figure. The
nanowire consists of two regions: one is the tdpgeat

of the nanowire with thin CuO, and the other parthie
bottom half of the wires with thicker @D. The
CuO/Cuy0 interface is clearly seen at the middle part of
the nanowire as shown in Figure 3(b).

Figure 4(a) and (b) show SEM and TEM images of the
CrSi nanowire bundle prepared for 10 min. The
detailed growth temperature profile is shown elsengh
[13]. It is found that the Crghanowires have core/shell
structures.

Figure 4(c) and (d) show SEM and TEM images of the
synthesized Zrg@SiO, core/shell nanowires. As shown in
Figure 4(c), the bundle of the high density of the
nanowires is observed. In addition, the core/shell
nanowires with diameter ~50 nm are clearly shown in
Figure 4(d).

In the paper, the bundle is defined as a collectbn
long nanowires that are highly oriented, well-aédgn
dense and tied together, and have longer and higher
densities than than so-called arrays of wires alsro
fabricated on substrates. On the other hand, ttagy &
formed on the substrates, and nanowires in the anea

well aligned, densely grown, but are clearly sefgata
from one other, and are standing one by one. The
appropriate distance is kept between them.

Figure 3. (a) Enlarged SEM Image of CuO/Cu,O Nanowire
Array, (b) STEM Image of CuO/Cu,O Axial
Interface

April 2014 |Vol. 18| No. 1



Preparations of Nanostructured Slicide Bundlesand Oxide 27

Figure4. (@) Enlarged SEM Image of CrSi, Nanowire
Array, (b) TEM Image of the CrSi,/SiO,
Core/Shell  Structure, (c) SEM Image of
Zr0O,/SiO, Nanowire Bundle and (d) TEM
Image of Zr0,/SiO, Core/Shell Structure

First, the preparations of the nano structured kasndre
discussed. As shown ikigure 1 CrSp silicide, MgSi/
MgO composite nanowire bundles were successfully
fabricated. According to the detailed analysesijsit
found that the growth orientation of the Gr&anowire

is (0001). It is considered that these dense naBowi
bundles were formed by the dense distribution &flSi
which is formed by the reaction between Si and £rCl
To obtain such a structure, it is important thatigh
density of CrCJ should be supplied, then C5$0001)
rods on the Si substrates formed prior to the naeow
growth. It is not difficult to synthesize a varietf
nanostructured materials. However, it is not easy t
fabricate the required shapes of nanostructures
consisting of appropriate materials. For thermdeilec
applications, the bundle structure is preferable. T
fabricate a bundle structure, the distribution and
reactions of catalyst particles should be consitiefFer

the case of the synthesis of GrSianowire bundle
structures, Si atoms are supplied from the sulestradt
only through the CrSirods, but also through the vapor
phase as Si¢l Though only the direct growth of CgSi
nanowire bundles is shown in the paper, it is fasi
that the preparation process for the direct grooftthe
nanowire bundles can be applied to a wide range of
other silicide bundle fabrications.

In cases where the direct growth of the nanowinedbai

is difficult, one alternative preparation method tige
template-assisted fabrication technique. The3ilylgO
composite nanowire bundles are prepared usingitbe S
nanofiber bundles. In this case, the J8igis polycrys-
talline with a nanoscaled domain structure, and the
domains are randomly distributed and oriented m th
nanowires. Another alternative bundle structurehis
nanosheet bundle. In this work, the h-MoBanosheet
bundle is proposed. The silicide nanosheets were
fabricated using MoSas a template material. The MoS
has a layered structure, and the replacement ato&is

Makara J. Technol.

with S sites in the hexagonal MpSeads to the
formation of the single phase h-Mg8rystals [14]. The
applications of the nanostructured silicide bundies
thermoelectric generators are now under investigati

On the other hand, Weat al. reported the fabrication of
the MgGe and MgSi nanorods using Ge nanorod
templates grown on Si substrates [19], which eramges
us to fabricate further sophisticated silicide reinatures,
using well designed Si nanostructures or largeesc8i
nanorods, as templates [20].

Preparations of oxide nanowire arrays are now giseal

As shown inFigure 2 ZnO, CuO/Cw0O, a-Fe03; nano-
wire arrays were successfully prepared. Their titai
structures were reported elsewhere [16-18]. These
nanowire arrays can be formed on semiconducting or
metallic substrates, which is preferable for furthe
fabrication of solar cells or photoelectric devic&e
developments of dye-sensitized, oxide solar cefid a
photoelectrochemical cells are now under investigat

In addition, the preparations of other oxide nano-
structures, such as TJOWGO;, MoQO;, are also under
investigation. For the case of the solar cells and
photoelectrochemical cell applications, the array
structure is preferable, and the nanowires are afgns
grown. However, there should be appropriate spaces
between the wires. In this case, a two-dimensional
ordered arrangement is usually not required. Theesx
are fortunately appropriate for photovoltaic and
photoelectrochemical cell applications.

The morphological control from the nanowire to the
nanobelts is demonstrated for the case cefFe,0;
growth. The morphological property of the nano ysra
much depends on the thermal treatment conditicheof
oxide. In particular, it is essential to discuss th
crystalline anisotropy, surface energy, defectcstmes,
nucleation behavior at the initial stage of thevgig
and the diffusion anisotropy of the constituentsthaf
compounds during the growth. In this sense, the
CuO/CyO axial structure was obtained by controlling
conditions during growth. Oxygen deficiency during
growth causes the formation of £uand CuO/CyO
structures. It is also demonstrated that the B0,
core/shell bundle structure, namely the radial
heterostructure, was fabricated instead of the dtion

of three-dimensional alloy compounds. The results
encourage us to fabricate further sophisticatedwar
structures using silicide and/or oxide. The sikeid
silicide, silicide-oxide or oxide-oxide heterostues
would open development of nanoscaled-semiconductors
technology.

4. Conclusions

It has been demonstrated that silicide nanowire,
nanosheet bundles, and oxide nanowire arrays can be
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prepared for low cost thermoelectric devices, dye- [9] L. Tsakalalos, J. Balch, J. Fronheiser, B. &a@ar,

sensitized, oxide solar cells and photoelectrocbalmi O. Sulima, J. Rand, Appl. Phys. Lett. 91 (2007)

cell applications. In this study, CeSiMg,Si/MgO 233117.

composite nanowire bundles and h-Mo$ianosheet [10] Y. Li, F. Qian, J. Xiang, C.M. Lieber, Mater.

bundles were successfully prepared. In additior),Zn Today. 9/10 (2006) 18.

CuO/CyO and a-Fg0; nanowire arrays were also  [11] A.l. Hochbaum, P. Yang, Chem. Rev. 110/1 (201

fabricated successfully. A variety of novel prepiam 527.

techniques are proposed to obtain the nanostrutture [12] T. Inaba, Y. Saito, H. Kominami, Y. NakanisHi.

bundles and arrays mentioned above. The results Murakami, T. Matsuyama, H. Tatsuoka, Jpn. J.

encourage us to develop the high efficient therexiat Appl. Phys. 45/49 (2006) L1320.

and photovoltaic devices. [13] W. Li, E.C. Meng, T. Matsushita, S.M. Cai, Y.

Usuda, H. Tatsuoka, the 59th Spring Meeting, the
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