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Abstract

As assilicon-based chalcogenide, Si,Te; has recently attracted attentions as an emerging layered two-dimensional (2D) mate-
rial. In this study, various Si,Te; nano-structures, including vertical, titled, and horizontal plates, nanotapers, and nanowires
were grown by controlling the growth conditions in a chemical vapor deposition. The Si,Te; nanotapers and nanowires were
synthesized with Au as a catalyst while only nanoplates and microplates were obtained without catalysts on the substrates.
The microplates were found to be composed of multiple nanoplates overlapping with each other. Vapor—Solid model is pro-
posed to dominate the growth of the nanotapers while Vapor-Liquid-Solid is dominant process for the growth of nanowires.
The different morphologies of the Si,Te; nanostructures may find potential applications in electronics and optoelectronics.

1 Introduction

As an emerging silicon-based semiconductor, silicon tellu-
ride (Si,Te;) exhibits a strong optical response which may
have potential applications in near infrared photodetectors,
light emitting diodes, and energy storage devices [1]. Si,Te,
exhibits a layered, trigonal crystal structure in space group
P31c with lattice constants a=7.429 and c=13.471 A [2].
The Te atoms form an h.c.p lattice and the Si atoms appear
to form dumb-bells between Te layers [3]. The crystals show
easy cleavage perpendicular to the ¢ axis, due to a weak
bonding between those Te layers where no Si atoms are built
in.

Most investigations on Si,Te; were focused on bulk mate-
rials and performed 50 years ago [4-8]. The bulk Si,Te,
was reported to be a p-type semiconductor with indirect and
direct electronic bands [4]. Zwick and Rieder investigated
the optical absorption properties of bulk Si,Te; and yielded
a direct band-gap energy of 2.13 eV at room temperature and

M Keyue Wu
wukeyue @wxc.edu.cn

College of Electrical and Photoelectronic Engineering,
West Anhui University, Lu’an 237012, Anhui,
People’s Republic of China

Department of Physics and Materials Science, University
of Memphis, Memphis, TN 38152, USA

Research Center of Atoms Molecules and Optical
Applications, West Anhui University, Lu’an 237012, Anhui,
People’s Republic of China

Published online: 28 April 2018

2.34 eV at 4.2 K [5]. Ziegler and Birkholz investigated the
photoelectric properties of bulk Si,Tes, and their photocur-
rent measurements showed that the maximum absorption
was observed at 2.2 eV with a shoulder at 1.9 eV and another
maximum at 1 eV [6].

Recently, several groups also studied the properties of
Si,Te; [9-12]. For example, Shen et al. reported a theoreti-
cal investigation showing the tunable the band gap and band
structure of Si,Te; with different orientations of Si dimmers
[9]. Juneja et al. reported that the n-doped Si,Te; exhibited a
thermal conductivity below 2 W/mK and an unprecedented
ZT of 1.86 at 1000 K by theoretical calculations [10].

Over the past decades, one-dimensional (1D) nanostruc-
tures of various materials and of different morphologies have
been successfully synthesized. Nanowires (NWs) are aniso-
tropic in shape and have been explored in many applications
including nanoelectronics [13, 14], nanophotonics [15, 16],
biosensors [17], thermoelectrics [18, 19], and energy con-
version [20]. In additional, the two-dimensional (2D) nano-
structures with tunable size, morphology, phase, as well as
crystallographic orientation often exhibit distinct physical
and chemical properties and are attractive for today’s nano-
technology development [21-25]. Designing, controlling,
and rational growth of 1D and 2D nano-architectures with
complex structure configurations therefore play a central role
for future applications in this field.

As a new one and two-dimensional functional material,
Si,Te; nanoplates and ribbons were recently synthesized
by chemical vapor deposition [1], which has stimulated a
great interest to revisit this silicon based semiconductor.
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Recently, we investigated the temperature dependent pho-
toluminescence of 2D Si,Te; nanoplates synthesized by a
CVD method [26].

Here, we report the synthesis of Si,Te; nanoplates, nano-
tapers and nanowires by a CVD process. The morphology
and structure of the obtained samples were characterized by
various techniques. The growth mechanisms of microplates
and nanotapers were proposed and the effects of growth con-
ditions such as substrate temperature and time were studied.
This work suggests that 1D and 2D Si,Te; nanostructures
can be achieved by a controlled CVD growth for future
applications. These nanostructures have potential applica-
tions in memory devices, field emission, optoelectronics.

2 Experimental details

Tellurium (30 mesh, 99.997%) and silicon (325 mesh, 99%)
powders were purchased from Aldrich and used as source
materials for Si,Te; nanostructures preparation. Both Te and
Si powders were placed in a ceramic crucible and loaded
into a high temperature tube furnace. SiO,/Si and Au coated
Si0,/Si substrates (The thickness of Au film is from 40 to
80 nm) were placed downstream of gas flow in the furnace.
The quartz tube was first evacuated and then introduced with
high purity nitrogen gas to maintain a pressure at 9.12 Torr.
The nitrogen flow rate was set at 15 sccm by a mass flow
controller. The furnace was then heated to 850 °C at a heat-
ing rate of 20 °C/min. The growth was conducted from 550
to 650 °C and allowed for a total time of 3—5 min, and then
the ceramic crucible and substrates were cooled down to
room temperature.

The morphology of the Si,Te; nanowires was analyzed
with a scanning electron microscopy (SEM). The crystal
structure was characterized by X-ray diffraction (XRD)
with Cu Ka radiation (\=1.54 A). Raman spectroscopy
was measured by using a DXR Raman microscope with an
excitation laser of 532 nm and 2 mW power.

3 Results and discussions

In the synthesis of Si,Te; nanoplates, control over the
morphology of the samples can be achieved by tuning the
substrates temperature. Table 1 provides a summary of the
growth morphology, growth conditions, substrate tempera-
ture range, growth time, and the use of catalysts.

Figure 1a shows the vertically aligned Si,Te; nanoplates
grown at 650 °C. The size of the nanoplates is about 1-2
micrometers with thickness of tens to hundreds of nanom-
eters. The size, thickness, and orientation may vary, depend-
ing on the growth condition and time. With the decrease
of the substrate temperature, vertically aligned Si,Te,
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Table 1 Morphologies of Si,Te; nanostructures achieved under dif-
ferent conditions

Growth mor- Si/Te source Substrate Catalysts Growth
phology temperature temperature time
0 0 (min)

Vertical nano- 850 650 None 3-5
plates

Titled nano- 850 600 None 3-5
plates

Flat plates 850 550 None 3-5

Nanotapers 850 580 Au 34

Nanowires 850 600 Au 4

nanoplates change to title nanoplates as shown in Fig. 1b.
The average size of these nanoplates is larger than those
vertical nanoplates. Further decreasing the substrate tem-
perature to 550 °C, the size of the nanoplates continues to
increase up to 10 um but flat plates as shown in Fig. 1c. The
growth of the flat plates is consistent with the observations
by Keuleyan et al. [1]. It can be seen from Fig. 1c that the
large Si,Te; nanoplates are composed of several small nano-
plates stacking over each other. By changing the tempera-
ture, the different morphologies of Si,Te; nanoplates were
obtained with the same conditions for the sources.

Figure 2 shows the SEM images of Si,Te; nanotapers and
nanowires grown under similar conditions as the nanoplates
but on the Au-coated substrates. Figure 2a shows the growth
of conical structures of Si,Te;, which were obtained under
580 °C for about 4 min. The structures have thick bottom
about 3 um in diameter and sharp tips at the top. One can see
that there are round caps on each of the cones, which are the
Au catalysts. This seems to suggest that the growth at the tip
of the structure is faster than the horizontal direction due to
the presence of the catalysts [27]. From the inset of Fig. 2a,
the tapered structures are formed by stacking of nanoplate-
lets along the vertical direction. The energy dispersive X-ray
(EDX) mapping of Si,Te; nanoplates were studied in our
previous work [26], which confirmed the ratio of Si:Te as
2:3. The same composition was also obtained on the Si,Te,
nanowires reported in this study. This growth mode implies
that VLS may be responsible for the vertical growth but the
horizontal growth is still dominated at the bottom. Figure 2b
shows an SEM image of Si,Te; nanowires grown at the sub-
strate temperature of 600 °C for 4 min. The nanowires with
length up to 50 um and diameter of hundred nanometers are
obtained. The thickness of the nanowires is very uniform
in contrast with the nanocones. Again Au catalysts are seen
on the tips of the nanowires. The inset of Fig. 2b shows an
individual nanowire with Au on the tip. The presence of a
gold nanoparticle at the end of the nanowire suggests the
VLS mechanism dominates the growth process, in which
the gold catalyst induces the nucleation and growth of the
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Fig. 1 SEM and optical images of Si,Te; nanoplates. a vertically alighned nanoplates; b nanoplates growth with a titled angle; ¢ flat plates; and
d optical image of flat plates
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Fig.2 SEM images of Si,Te; nanotapers (a) and nanowires (b) grown at different temperatures
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nanowires [28]. The other noble metals such as Pt, Ag, etc.
were also tried to use as catalyst, which did not show success
growth of Si,Te; nanowires.

Figure 3 shows the XRD and Raman spectra of Si,Te,
nanoplates and nanowires. The XRD patterns shown in
Fig. 3areveal a very strong (004) diffraction peak of Si,Te;
at 26.5° along with a few other weak peaks at 27.5°, 36.1°,
40.2°, 47.3°, 54.5°, 60.5°, which are the diffractions of
Si,Te; with the indices of (112), (114), (006), (116), (008),
and (118), respectively (JCPDF 00-022-1323). The (112) dif-
fraction peak for the nanowires is stronger than other peaks
because the random orientation of the nanowires. However,
the (004) peak is the strongest one in the XRD pattern of the
nanoplates, which clearly indicates the growth direction of
(001), i.e. layer by layer growth. No diffraction peaks from
other materials were observed in the nanoplates, indicating
of pure phase of Si,Te; materials. The XRD measurements
confirm that the obtained nanoplates and nanowires are
Si, Te, with trigonal structure (space group P31c).

Figure 3b shows the Raman spectra of the Si,Te; nano-
plates and nanowires. The Si,Te; nanoplate shows a very
strong peak at 138 cm™! and one relatively weak peak
located at 326 cm™!, which are respectively assigned to A,
and E, modes. The nanowire shows a very similar spectrum
as that of horizontal nanoplates except that the E, mode is
hard to see due to noise. The Raman data of Si,Te; nano-
structures are in good agreement with the previous reports
[1,26].

The vertical nanoplates may be explained by vapor—solid
growth model because of the importance of solid—solid
interface as reported by Keuleyan et al. [1]. The flat Si,Te;
nanoplates may be due to the growth mechanism of VLS.
The process of growth is illustrated as follows. Te at the
center of the furnace vaporizes first because its lower vapori-
zation point (T, =450 °C) and condenses on the substrate as
initial nucleation sites, on which the Si react with Te to form

(a)
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Fig.4 a—c SEM images of growth process of Si,Te; microplates. d—f
Schematic diagram of growth mechanism of Si,Te; microplate. Scale
bars are a 2 ym; b 5 um; and ¢ 5 pm

Si,Te;. Figure 4 shows the evolution of Si,Te; microplates
at different stages, i.e. grown for different times and the
corresponding schematic diagrams. It can be seen that the
nanoplates may be formed initially and additional nanoplates
also grown adjacent to the previous. As more nanoplates
stack on each other, the microplate is formed as illustrated
in Fig. 4d-f.

The Si,Te; NWs grown at different substrate tempera-
tures as shown in Fig. 2a, b suggest that the morphol-
ogy of Si,Te; changes from nanotaper to nanowire as the
substrate temperature increases. This phenomenon may
be explained as following: In the VLS growth method,
liquid nanosized droplets are formed on a substrate via an
eutectic reaction between Au nanoparticles and the Si,Te,
solutes provided from vapor-phase precursors in the CVD
system. The continued feeding of the Si,Te, reactants into
the liquid droplets supersaturates the eutectic which leads
to nucleation of the solid semiconductor. The solid/liquid
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Fig.3 a XRD patterns nanoplates and nanowires. b Raman spectra of nanoplates and nanowires
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Fig.5 a SEM image and b schematic diagram of growth mechanism
of a Si,Te; nanotaper

interface forms the growth interface, which acts as a sink.
The continued semiconductor incorporates into the inter-
face to form the nanowires and the Au droplets are on the
top [29]. In fact, there are two competing interfaces during
the nanowire growth, i.e. the liquid/solid interface between
the eutectic and the nanowire and the gas/solid interface
between the reactants and the exposed surface of the grow-
ing nanowire. The first interface results in the VLS growth
and axial elongation of the nanowires while the second
interface results in VS growth and thickening the nanow-
ires in the radial direction. Both mechanisms depend on
the growth condition such as the pressure, flow rate, tem-
perature and ratio of reactant species. For example, Dayeh
et al. [30]. investigated the InAs nanowires grown with
different As/In (V/III) ratio. They found that the growth
mode changed from VS to VLS with the decrease of V/III
ratio, i.e. VS growth is over VLS growth at higher V/III
ratio. During our experiment, the Te/Si ratio changes with
both the growth time and temperature. At low substrate
temperature, growth of the Si,Te; nanotapers is favored
due to the high Te/Si ratio because Te has low vapori-
zation point, which leads to a growth by VS over VLS.
However, the VLS growth gradually dominates as the Te/
Si ratio decreases at high temperature, which results in
the growth of nanowires. It should be pointed out that
the temperature affects the vapor pressure of Si and Te in
the growth chamber, and therefore influences the growth
mode. However, the composition of the obtained materials
may not be affected as being observed in the growth InAs.
Further study is being performed to look into the details.

Figure 5 shows the SEM image of tapered shape Si,Te,
nanostructure and its schematic diagram of growth mecha-
nism. This is a combination of VS and VLS growth. In the
initial growth of the Si,Te; nanotapers, the morphology
shows pyramid shape, which is due to VS growth model
[31, 32]. In the following growth process, the VS is then
replaced by VLS mode. The taper-shape Si,Te; is com-
posed of nanoplates with much small size and usually lim-
ited by the catalysts.

4 Conclusions

In summary, Si,Te; nanoplates, microplates, nanotapers and
nanowires were synthesized via a chemical vapor deposition
method. It was found that catalyst Au, substrate temperature
and growth time played an important role in the synthesis of
Si,Te;. Si,Te; nanotapers and nanowires are obtained with
Au as catalysts, while only nanoplates and microplates are
obtained with catalyst free substrates. Substrate temperature
affects the size of Si,Te; nanoplate, which increases with
the decrease of temperature. The growth time also affects
the morphology of the Si,Te; nanostructures. The growth
mechanism of microplates is due to Te self-catalyzed VLS
while the nanotaper is a result of growth switch from VS to
VLS mode.
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