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Abstract: In the quantum system of Si nanowire (NW), the energy bandgap obviously increases
with decreasing radius size of NW, in which the quantum confinement (QC) effect plays a main
role. Furthermore, the simulation result demonstrated that the direct bandgap can be obtained as
the NW diameter is smaller than 3 nm in Si NW with (001) direction. However, it is discovered
in the simulating calculation that the QC effect disappears as the NW diameter arrives at size of
monoatomic line, in which its bandgap sharply deceases where the abrupt change effect in bandgap
energy occurs near the idea quantum wire. In the experiment, we fabricated the Si NW structure
by using annealing and pulsed laser deposition methods, in which a novel way was used to control
the radius size of Si NW by confining cylinder space of NW in nanolayer. It should have a good
application on optic-electronic waveguide of silicon chip.

Keywords: silicon nanowire; abrupt change effect; quantum confinement; bandgap; simulating
calculation

1. Introduction

Nanostructures, mainly involving nanoparticle, nanolayer and nanowire, have been studied
intensively over the past decade [1–5]. Especially, scientists have made an attention to the nanowire
(NW) structure because of its unique properties and a wide range of device applications in
solid-state lighting, field effect transistor, integrated nanophotonics and nanoelectronics, and energy
conversion [6–13]. Recently, in the quantum system of Si NW, some interesting phenomena and
new effects have been discovered. For example, the quantum ballistic effect has been explored by
Noboru Okamoto et al. (2019) in which the ballistic thermal transport in SiGe polycrystalline NW was
investigate by measuring the length dependence of thermal conductivity in different alloy compositions
and temperatures [14]. The core-multishell structure of NW was exploited by Marcus Meuller et al.
(2019), in which advanced high-mobility NW transport channel was applied in optoelectronics and
photonics integrations [15]. Furthermore, the effect of NW networks on the electrical and optical
properties of conductive films was investigated by Fei Han et al. (2018), which provided insights
that help optimizing random NW networks in transparent conductive films for achieving better
efficiencies [16]. In this year, the NW nanocables were designed by Yong Sun et al. (2020) to be
exploited for diverse applications in flexible electronics and complex wiring configurations [17].

It should be noted that the interesting phenomena and new effects occur in the quantum system
of NW structure. In the article, we have investigated the quantum confinement (QC) effect in Si NW by
using simulation method. It is interesting that the QC effect disappears as the NW diameter reaches to
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size of monoatomic line, where its bandgap sharply deceases. This abrupt change effect in bandgap
energy may be originated from transforming between different dimensions at the symmetry broken
point, in which the quasi-1D shape of NW is transformed to the one dimensional quantum wire. Here,
the abrupt change effect in bandgap energy was observed and studied at first.

2. Fabrication of Silicon Nanowire

The popular methods in fabrication of silicon nanostructures were self-assembly ways from
silicon-rich silicon oxide matrices [18–20] and plasma synthesis [21–24], in which the interesting
method for fabricating silicon nanocrystal was growth under laser photons interaction [25–27]. In our
experiment, the most interesting and simplest method discovered for fabricating silicon nanostructures
was self-assembly growth in annealing process on the silicon amorphous nanofilm produced by using
pulsed laser deposition (PLD) method [28].

The preparing process of silicon NW involves two steps, at first a Si amorphous nanofilm was
produced by using PLD method, subsequent high-temperature annealing of the substoichimetric film
(typically 900~1100 ◦C) generated crystallizing of nanoclusters in the nanofilm and produced a phase
separation between Si crystal and amorphous with the formation of Si nanoparticles, in which silicon
NW was gradually generated with connecting nanoparticles by controlling temperature and time of
annealing, as shown in Figure 1.
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Figure 1. TEM Image of Si NW conformed in the growth process with connecting nanoparticles on
silicon amorphous nanofilm.

In the experiment, a novel method was used to fabricate Si NW, in which the growth process of
silicon NW was confined in the nanolayer of silicon. Here, a third harmonic of pulsed Nd:YAG laser at
355 nm was used to deposit the silicon amorphous nanolayer in PLD process. Then, the Si amorphous
nanofilm was sent into annealing cavity with Ar gas at 1050 ◦C, the silicon quantum dots (QDs) began
to grow and embed in the silicon amorphous nanolayer after annealing for 15min, and the Si QDs were
connected to build the NW structure confined in the nanolayer after annealing for 30min, in which
the Si NW is embedded in the nanolayer of silicon, so the radius size of NW can be manipulated by
controlling thickness of amorphous nanofilm.

The TEM image with cross-cut section in Figure 2 exhibits the Si NW structure confined in the
nanolayer, in which the inset shows the electronic diffraction pattern of Si NW crystal. It is interesting
that in the novel method, the radius size of Si NW can be controlled by confining cylinder space of NW
in nanolayer.
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the electronic diffraction pattern of the Si NW structure.

3. Investigation on Si NW in Simulation

According the experimental result, the simulation atomic model of Si NW has been built. In order
to simulate Si NW structures with various diameters, we have chosen some physical models based
on supercells, which have advantages that are simple and emphasize the QC effect. Their electronic
behavior was investigated by an ab initio nonrelativistic quantum mechanical analysis. The density
functional theory (DFT) was used to calculate the density of states (DOS) on Si NW, which was carried
out with the local density approximation (LDA) and the generalized gradient approximation (GGA) for
the self-consistent total energy methods in the DMol3 and the CASTEP modes [29]. In order to reveal
the QC effect, the detail simulating calculation was carried out with different diameters of Si NW.

In Figure 3, the Si NW structure with a passivation of Si-H bonds could almost be kept in the
symmetry of the cylinder system, in which the angle and length of bonds were changed for reaching to
the lowest combining energy after optimum process in simulating calculation. In the simulation model
of Figure 3, the top picture shows cross-section structure and the bottom picture shows the lateral view
of the Si NW structure.

In the simulating calculation, the DMol3 mode was used to make optimum atomic structure for
obtaining the lowest combining energy, and the CASTEP mode was used to simulate for obtaining the
energy band structure after optimum process. As shown in Figure 4, the Si NW structures with various
radius and their energy bands can be observed in the calculation results, in which the graph (a) exhibits
the NW structure with diameter of 2 nm and its energy band calculated, and the graph (b) exhibits the
NW structure with diameter of 1 nm and its energy band calculated. It was discovered that the direct
bandgap structure can be obtained when the diameter of Si NW is smaller 3 nm, where the quasi-1D
crystallizing occurs due to suitable transferring energy and Kx relaxation:
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x. We have
investigated the dynamic stability of the quasi-1D silicon NW by using first-principle calculations,
which has a real direct bandgap of 1~3 eV at Γ point.
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In the calculation results, the QC effect on Si NW was demonstrated, as shown in Figure 5, in which
the bandgap energy increases with decreasing diameter of Si NW relaying on the formula (along with
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fit curve in the graph): E = d−s, where E describes bandgap energy, d is diameter of Si NW, and s is an
interface parameter with 1.5~2.0.Crystals 2020, 10, x FOR PEER REVIEW 5 of 9 
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4. The Abrupt Change Effect in Bandgap Energy

In the quantum system of Si NW, we have investigated the situation near monoatomic line whose
structures are shown in Figure 6, in which the radius decrease from the top picture to the bottom
picture arriving monoatomic line structure. After optimum process, the convex bonding angle with
86◦ occurs in the monoatomic line structure for obtaining the lowest combining energy, as shown in
the bottom picture and the bottom inset. Here, the symmetry of Si NW is broken from cylinder shape
to monoatomic line shape.
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at lowest combining energy as shown in the bottom inset.
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The several structures near monoatomic line were simulated by using the CASTEP mode.
Furthermore, the calculation results are exhibited in Figure 7, in which the energy band structure (a),
(b) and (c) is respectively related to the top (radius: 0.55 nm), mid (radius: 0.25 nm) and bottom (radius:
0.18 nm) structure in Figure 6. Here, it is interesting that a new effect appears with disappearing of the
QC effect, where the bandgap energy abruptly decreases with decreasing radius of Si NW near the
monoatomic line structure, as shown in Figure 8.
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Figure 7. The energy band constructions respectively related to the top picture structure (a), the mid
picture structure (b), and the bottom picture structure (c) in Figure 6.

The abrupt change effect in bandgap energy may be originated from transforming between two
dimensions at the symmetry broken point. In the bottom picture of Figure 6, the structure near
monoatomic line belongs to the fractional dimension of 1.1~1.5 in quasi-1D situation, and the bandgap
will disappear to become a semi-metal as the structure transforms to the idea line shape, where new
quantum phenomena and effects will appear in the process from the quasi-1D shape to the idea
quantum wire.
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5. Methods

5.1. Preparation of Silicon Amorphous Nanofilm

A silicon wafer (100) oriented substrate was taken on the sample stage in the combination
fabrication system with pulsed laser etching (PLE) and pulsed laser deposition (PLD) devices. A pulsed
Nd:YAG laser (wavelength: 1064 nm, pulse length: 60 ns FWHM, repetition rate: 1200) was used to
etch lines on Si substrate in PLE process. Furthermore, then, a third harmonic of pulsed Nd:YAG laser
at 355nm was used to deposit the silicon amorphous nanofilm in PLD process.

5.2. Fabrication of Silicon NW Structure by Annealing

The silicon amorphous nanofilm was sent into the annealing furnace filled with Ar atmosphere
to make annealing at 1050 °C for 10 min, 15 min, 20 min, 25 min and 30 min. It was discovered by
using TEM analysis that the silicon quantum dots (Si QDs) began to grow and embed in the silicon
amorphous nanofilm after annealing for 15 min, and then the Si QDs were connected to built the NW
structure after annealing for 30 min. Here, the Si NW is embedded in the nanolayer of silicon, so the
radius size of NW can be manipulated by controlling thickness of amorphous nanofilm.

5.3. Transmission Electron Microscope (TEM) Analysis

In the TEM (JEM-2000FX) image, the Si QDs and the Si NW structures were observed in the silicon
amorphous nanofilms, and the compositions were measured on the samples by using analysis in X-ray
energy spectra.

6. Conclusions

In conclusion, we have explored the abrupt change effect in bandgap energy with decreasing
diameter of Si NW near monoatomic line by using simulating calculation, where the QC effect
disappears. In the quantum system of Si NW near monoatomic line, it has been discovered that
the quantum line with special fractional structure occurs and its bandgap sharply decreases. Here,
some advanced concepts with the abrupt change effect in bandgap energy have occurred and a new
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exploring road on nanosilicon will be opened. In the experiment, we have found the novel method
with the annealing and the PLD process to fabricate the Si NW structure and to control the radius
size of NW by confining cylinder space in nanolayer. These results are important for application on
optic-electronic waveguide of silicon chip.
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