Research Article Adv. Mater. Lett. 2015, 6(2), 148-152 ADVANCED MATERIALS Letterg

www.amlett.com, www.vbripress.com/aml, DOI: 10.5185/amlett.2015.5681

Fabrication of SnO, three dimentional complex

Published online by the VBRI press in 2015

microcrystal chains by carbothermal reduction
method

Neha Bhardwaj, Satyabrata Mohapatra*
School of Basic and Applied Sciences, Guru Gobind Singh Indraprastha University, Dwarka, New Delhi 110078, India
“Corresponding author. Tel: (+91) 11 25302414; E-mail: smiuac@gmail.com

Received: 08 October 2014, Revised: 09 November 2014 and Accepted: 25 November 2014

ABSTRACT

Three dimensional (3D) complex microcrystal chains of SnO, have been fabricated by simple carbothermal reduction based
vapour deposition method. The structural and optical properties of the as-synthesized materials were well characterized by field
emission scanning electron microscopy (FESEM) with energy dispersive X-ray spectroscopy, X-ray diffraction (XRD), Raman
spectroscopy and photoluminescence spectroscopy. FESEM studies revealed the formation of 3D complex chains of
microcrystals of SnO, of varying shape and size. The SnO, microcrystals have been found to be inter-connected through
oriented attachment, leading to the formation of 3D complex chains of microcrystals. XRD studies showed the presence of SnO,
and Sn in the synthesized material. Photoluminescence studies on SnO, microcrystal chains revealed peaks at 361, 407, 438 and
465 nm. A tentative mechanism of formation of the 3D complex chains of SnO, microcrystals is proposed. These SnO,
microcrystal chains have potential applications as building blocks in novel functional devices. Copyright © 2015 VBRI press.
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8]. Different physical and chemical methods have been
used to synthesize SnO, nanostructures with different
morphologies viz., nanodisks [9], nanosheets [10],
nanobelts [11], nanorods [12], and nanowires [13].
However, it is still challenging to fabricate 3D complex
SnO, micro- and nanostructures with desired shape and
crystallinity.

Oriented attachment (OA) is a special kind of
aggregation which is found to be a promising route to the
formation of complex shaped nanostructures [14-16].
Formation of nanostructures viz., TiO, nanocrystals [17,
18], ZnS nanoparticles [19], ZnO nanorods [20] and CdTe
nanowires [21] have been explained well on the basis of

Introduction

Fabrication of architectures of micro- and nanostructures of
semiconductors is one of the major challenges for
development of novel functional devices. Nanostructured
semiconductors exhibit shape and size-dependent unique
optical and electronic properties, which opens up
possibilities for diverse technological applications. Tin
oxide (Sn0O,), an n-type wide band gap semiconductor (Eq =
3.6 eV), has attracted significant attention as a promising
material for a wide range of applications including gas
sensors, solar cells, catalysts and lithium ion batteries [1-

OA mechanism. The OA mechanism relies on coalescence
and self-organization of adjacent nanocrystals which
generally occur upon collision between nanocrystals with
mutual orientation. Lee et al. [22] reported the formation of
dispersed anisotropic nanostructures by OA mechanism,
under hydrothermal conditions. The OA mechanism has
been successfully used to explain the growth of SnO,
nanocrystals [23]. Zhuang et al. [24] reported the growth of
SnO, nanoparticles by a hydrothermal process involving the
OA mechanism. It is seen that most of the fabricated
nanostructures formed by OA are generally synthesized by
hydrothermal methods [25, 26]. Li et al. [27] reported the
fabrication of 3D complex ZnO microcrystals in vapor
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phase under catalyst free conditions and explained the
intergrowth of ZnO microcrystals by OA of well-defined
ZnO microcrystals. Consequently, the ZnO microcrystals
joined together by a specific rule leading to 3D complex
chain-like structures. The sufficient thermal energy in the
system and the continual impacts among ZnO microcrystals
provided an environment in which the intergrowth of
microcrystals took place similar to that in solutions.

In this paper, we demonstrate a simple procedure to
fabricate 3D complex chains of SnO, microcrystals using
carbothermal reduction based vapor deposition method. 3D
complex chains of SnO, microstructures consisting of inter-
connected SnO, microcrystals have been synthesized and
their structural and optical properties have been studied. A
tentative mechanism underlying the formation of the 3D
complex chains of SnO, microcrystal is proposed.

Experimental
Materials

Tin oxide (SnO,) and graphite powders were used as
starting materials. Tin oxide powder was purchased from
Merck, Germany and graphite powder was brought from
CDH, India. Silver (metal) powder with 99.9% purity was
purchased from Loba Chemie, India. All reagents were of
analytical grade and used as received.

Method

The synthesis of SnO, microcrystal chains by carbothermal
reduction based vapor deposition was carried out using a
horizontal tube furnace with gas flow systems. Briefly, 1:1
mixture of tin oxide and graphite powders along with 1 %
Ag was thoroughly mixed and pelletized. The pellet, on an
alumina boat, was kept in the centre of a one side open-
ended quartz tube and placed within the horizontal tube
furnace. Si (111) substrates with native oxide were placed
in a downstream position from the source material within
the inner quartz tube at a distance of 8-10 cm from the
source material. The source material was heated to 1050°C
for 30 minutes under Ar flow, following which the furnace
was allowed to slowly cool down to room temperature. X-
ray diffraction (XRD) studies were carried out using
Panalytical X’pert Pro diffractometer with Cu K, radiation
(A = 0.1542 nm). Field emission scanning electron
microscopy (FESEM) and energy dispersive X-ray
spectroscopy (EDX) studies on the samples were carried
out. Raman spectra are recorded by Horiba Jobin Yvon
LabRam using a spot size of 1 um and a wavelength of 488
nm. Photoluminescence (PL) studies were carried out using
an excitation wavelength of 325 nm at room temperature.

Results and discussion

Fig. 1 shows the FESEM images revealing the
microstructure of the as-synthesized sample. Formation of
microcrystals of varying shape and size and 3D complex
chains of microcrystals were observed, as shown in Fig. 1
(a-d). The magnified views of single chains of
microcrystals are shown in Fig. 1 (c-d), which clearly show
the presence of 3D complex chains of microcrystals. These
chains are made up of microcrystals connected in a special
fashion with facets attached. Different types of 3D complex

chains of microcrystals were observed. In addition to these
microcrystals of varying shape and size and 3D complex
chains of microcrystals, very few nanowires were also
observed. The observed formation of 3D complex chains of
microcrystals of SnO, is really interesting.

Fig. 1. (a-b) FESEM images of as-synthesized sample showing 3D
complex chains of SnO; microcrystals, (c-d) magnified views of 3D
complex chains of SnO2 microcrystals.

The crystal structure of as-synthesized sample was
characterized by XRD. Fig. 2 shows the XRD pattern of the
as-synthesised sample with microcrystal chains. The
observed peaks are well indexed to the tetragonal structure
of Sn and orthorhombic structure of SnO, in agreement
with the standard data JCPDS 86-2265 and JCPDS 78-
1063, respectively. No other peak corresponding to Ag,
Ag,0, Ag-Sn alloy or any other impurities was observed.
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Fig. 2. XRD pattern of as-synthesized sample with 3D complex chains of
SnO; microcrystals.

Fig. 3 shows the micro-Raman spectra of as-
synthesized sample with 3D complex chains of
microcrystals. The peaks at 396, 623, 792 and 124 cm™ are
assigned to Ay, Ay, Byy and Byy vibrational modes of
SnO,, respectively [28-30]. The modes Ay and By, are
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related to the expansion and contraction vibration modes of
Sn-O bonds. In addition to the fundamental modes, two
modes at 301 and 692 cm™ are also detected. Sun et al. [31]
have reported similar modes and ascribed them to infrared
active E,(3)TO and A,,LO modes, respectively. Dieguez et
al. [32] have attributed the bands between 475 cm™ and 775
cm™ to disorder activated surface modes. The Raman peak
at 432 cm™ is a consequence of surface disorder [29]. The
observed peak at 520 cm™ is from the Si substrate. Besides
the various SnO, modes observed, there is one peak at 107
cm* which is ascribed to B;;mode of SnO [33].
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Fig. 3. Raman spectrum from 3D complex chains of SnO, microcrystals.

Fig. 4 shows the room temperature PL spectrum for the
sample with 3D complex chains of SnO, microcrystals. The
PL spectrum consists of peaks at 361, 407, 438 and 465
nm. Luo et al. [34] have shown that the UV emission from
SnO; is due to near band edge (NBE) emission. In our case,
the peak at 361 nm is attributed to NBE emission from
SnO, microcrystals. The peaks at 407 and 438 nm are
attributed to doubly ionized oxygen vacancies (Vo) [35].
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Fig. 4. Room temperature PL spectrum from sample with 3D complex
chains of SnO, microcrystals.
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The recombination of surface trapped hole with electron
at the deep trap level (V") forms a doubly ionized oxygen
vacancy centre (Vo). Kar et al. [36] have proposed a
mechanism for defect related luminescence properties of
SnO, nanostructures and showed that the defect emissions
are produced when electrons from the conduction band
recombine with the holes at (V™) centres. The peak at 465
nm is attributed to electron transition mediated by defect
levels within the band gap due to oxygen vacancies.
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Fig. 5. Schematic diagrams showing mechanism of formation of 3D
complex chains of SnO, microcrystals.

Understanding of the mechanisms underlying the
growth of SnO, microcrystals and their inter-connected
growth leading to 3D complex chains of microcrystals in an
inert environment is very interesting. Penn and Banfield
[14] explained the formation of micro-chain like structures
of TiO, using the OA mechanism. The mechanism
underlying the formation of 3D complex chains of
microcrystals of SnO, is depicted as a schematic diagram
shown in Fig. 5. The processes involving the formation
mechanism can be summarized as: (i) formation of SnO,
microcrystals due to oriented attachment of SnO,
nanoparticles (Fig. 5 (a)) and (ii) oriented attachment of
SnO, microcrystals resulting in 3D complex chains of SnO,
microcrystals. Similar phenomenon has been reported in the
formation of ZnO microcrystals via OA mechanism [27]. In
our case, the observed 3D complex chains of microcrystals
of SnO, are formed mainly due to the OA process, as
shown in Fig. 5 (b). The key characteristic of the OA
process is that crystals grow along a crystallographically
specific direction. Thermodynamically, the combination of
the building blocks mainly relies on two factors, viz. the
surface energies and the extent of lattice matching of the
attached surfaces. It has been found that only the facets that
have the same or similar surface energies and crystal
orientations can attach together [14-16]. In our case, when
the source material containing SnO,, graphite and Ag was
heated to 1050°C, carbothermal reduction of SnO,
produces vapor consisting of Sn, O and Ag atoms. At the
initial stage, a fraction of the evaporated Sn atoms gets
oxidized in the atmosphere containing O atoms leading to
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the formation of a large number of SnO, nanoparticles.
These SnO, nanoparticles collide with each other and
combine by OA in vapour phase to form SnO,
microcrystals as shown in Fig. 5 (a). A fraction of the
evaporated Sn atoms gets deposited onto the substrates as
Sn nanoparticles. This can be seen from XRD pattern
shown in Fig. 2. In addition, few Sn-Ag nanodroplets form
due to alloying of Sn nanoparticles with very small
concentration of Ag atoms. These few Sn-Ag nanodroplets
formed on the substrate at higher temperature leads to the
formation of very small number of SnO, nanowires by
vapour-liquid-solid (VLS) growth mechanism. In an earlier
work [37] we have reported fabrication of SnO, nanotowers
and interconnected nanowires by carbothermal evaporation
using higher Ag concentrations of 5% and 10%,
respectively. We have shown that the number density of
SnO, nanowires increases with increase in  Ag
concentration. In the present case, very few nanowires are
obtained at a low Ag concentration of 1% as can be seen
from FESEM results shown in Fig. 1 (a-b). At the initial
stage of deposition, the SnO, microcrystals collide
constantly with the substrate and adsorb onto the surface.
After SnO, crystallites were deposited on the substrate, the
subsequent crystallites deposit onto the adsorbed SnO,
microcrystals. Because the adsorbed SnO, crystallites
possess different shapes and orientations, the combination
probability of the succeeding crystallites mainly depends on
the surface energies and structure of the crystallites. Due to
this a suitable structure of the microcrystals is critical for
the inter-connected growth of SnO, microcrystals.
However, our results shown in Fig. 1 clearly show that no
matter whether the succeeding SnO, crystallite is regular in
shape or not, there will always be a suitable site for it to
attach, and generally only the microcrystals with the same
or similar shapes attach together. With more and more
SnO, microcrystals attaching to the existing SnO,
microcrystals one by one in the same way, 3D complex
chain-like microstructures are formed as seen in Fig. 1 (a-
d). We have demonstrated that 3D complex chains of SnO,
microcrystals can be easily fabricated by carbothermal
reduction based vapor phase deposition via oriented
attachment mechanism.

Conclusion

In summary, we report a simple carbothermal reduction
based vapour deposition method for the fabrication of 3D
complex chains of microcrystals of SnO,. FESEM studies
revealed the presence of 3D complex chains of SnO,
microcrystals of varying size. The interconnected growth of
SnO, microcrystals followed the oriented attachment
mechanism resulting in the formation of 3D complex chains
of microcrystals. PL studies revealed peaks at 361, 407,
438 and 465 nm. We believe that the fabricated 3D
complex chains of SnO, microcrystals can find potential
applications as building blocks of novel functional devices.
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