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Abstract

In this paper, we propose to optimize manufacturing methods of memory cells by produced silicon nanoparticles via
electrical spark discharge of silicon electrodes in water to reduce the energy consumption for low power applications.
The pulsed spark discharge with the peak current of 60 A and a duration of a single discharge pulse of 60 us was used in
our experiment. The structure, morphology, and average size of the resulting nanoparticles were characterized by means
of X-Ray Diffraction (XRD), Raman spectroscopy and transmission electron microscopy (TEM). TEM images
illustrated nearly spherical and isolated Si nanoparticles with diameters in the 3-8 nm range. The optical absorption
spectrum of the nanoparticles was measured in the violet-visible (UV-V is) spectral region. By measuring of the band
gap we could estimate the average size of the prepared particles. The silicon nanoparticles synthesized exhibited a
photoluminescence (PL) band in the violet- blue region with a double peak at around 417 and 439 nm. It can be
attributed to oxide-related defects on the surface of silicon nanoparticles, which can act as the radiative centers for the

electron-holepairsre combination.
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1. Introduction

The size-dependent luminescent and nonlinear
optical properties of semiconductor nano structure
make them attractive candidates for a variety of
technological applications. These materials constitute
unique systems combining collective properties of
solids with structural diversity of molecules which
show distinctive photo-electrochemical properties.
Among them silicon nanoparticles (Si-NPs) have
attracted significant attention for many years due to
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the discovery of their various quantum phenomena
and their possible integration with traditional Si
transistors. Si-NPsare candidate in lasers, charge
trapping, storage elements for future high density,
low-voltage non volatile memory devices, data
storage, energy source and sensor devices. The
devices are based on surface modified wide band gap
semiconductors and photo-electrochemical
photocurrent switching effect. This effect has created
a new platform for novel chemical switches, logic

gates and other information processing devices.
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Further, their promising applications in the fields of
energy and electronic engineering are discussed.

It is well known that semiconductors with indirect
band gap are not convenient for light emitting devices
due to their intrinsic feature of weak interactions with
silicon. However,

photons. Among them is

remarkable luminescence from silicon can be
observed when the grain size decreases to the nano
scale at which quantum confinement effect begins to
be dominant, for example, the visible emissions from
porous silicon, which has attracted extensively
attention in the last decade, and Si-NPs [2]. Si-NPs
present a growing interest due to their particular size-
dependent optical properties leading to important
photonic applications[3-7].To date, various methods
have been developed for Si nanoparticles synthesis,
including electrochemical etching [6], chemical vapor
deposition [7] and pulse laser ablation [8-13]. Here,
we developed a facile and novel procedure to
synthesis Si-NPs by electrical discharge method in
liquid environment which is an interesting technique
because of simplicity of experimental setup, no need
for vacuum equipments, low impurity introduction,
less production steps leading to a cost-effective
procedure to fabricate a high yield of nanoparticles
[14-17]. In the present work, we prepared nearly
spherical Si-NPs by spark discharge between bulk
studied
microstructure, size distribution, and band gap energy

of the Si-NPs produced.

silicon electrodes in  water. We

There are some articles indicating Si-NPs can be
synthesized by laser ablation of silicon wafer
immersed in different liquid environment such as
water, ethanol, and/or aqueous solution of sodium
dodecyl sulfate [8-13]. Nevertheless there are a few
published reports on synthesis of Si-NPs by electrical
discharge method in liquid media. Before, the
preparation of Si nanostructures including nano wires
and nanoparticles by an arc discharge method in water
has been performed by Liu et al. [18]. Kobayashi et

al. could also fabricate Si-NPs through arc discharge
in liquid nitrogen [19]. After etching, they obtained
Si-NPs of 3-6 nm in diameter. Recently, Vonset al.
have produced Si-NPs by spark discharge in gas
media [20]. In this work we produced Si-NPs based
on electrical spark discharge of Si electrodes
immersed in water.

2. Experimental Details

The experimental setup for nano powder synthesis
is schematically shown in Fig. 1. It consists of three
main parts: a power supply system, chilling loop, and
a reactor cell (glass beaker) with an anode and
cathode inside. A spark discharge was ignited in 150
ml of water between two electrodes being immersed
to a depth of 3 cm. The silicon plates were employed
as electrodes. The optimal distance between the
electrodes was kept constant at approximately of 1
mm to maintain a stable discharge. The alternating
current (ac) spark discharge was initiated by applying
a high frequency voltage of 8.5 kV.

High voltage
power supply

Electrodes
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Fig. 1. Schematic diagram of the setup for nano powder synthesis by spark
discharge in liquid

During the spark discharge, a bluish light radiation
and bubbles containing the evaporated material of
electrodes and products of water dissociation were
observed between the electrodes. Small particles were
formed though the mechanism of the condensation of
Si vapor coming out of the melting surface of
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electrodes in result of cooling process in the
surrounding water. With an extension of discharge
time to 10 min, the solution became turbid. Most of
the synthesized products were obtained as suspended
powder. UV-Visible spectroscopy of the samples was
taken by a Carry 500 spectrophotometer in the
spectral region from 250 to 900 nm. Analysis of the
crystalline performed by XRD
diffractometer (D8-Advance, Germany) with Cu-Ka

structures was

radiation in 20 range from 10° to 100°. The samples
for TEM were prepared by dropping of the solution
onto a copper grid coated with an amorphous carbon
FTIR

spectroscopy was conducted to investigate the surface

film and leaving them to dry in air.

properties of Si-NPs synthesized.

3. Resultsand Discussion

Fig. 2 shows the typical XRD pattern of the
synthesized samples in water. It should be noted that
the XRD was performed for the formed powder after
drying of the colloidal solution for the not size-
separated and possibly aggregated (agglomerated)
to determine the phase

particles just aiming

composition of the synthesized powders.
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Fig. 2. Typical XRD pattern of the silicon nano powder prepared by spark

discharge in water.

Therefore the XRD peaks of Si in Fig. 2 are rather
sharp. The main diffraction peaks could be ascribed to
(111), (220), (311), (400), (331), (422), and (333) of
the lattice plane of cubic structured silicon. No

amorphous silicon pattern is observed in XRD. The
small peaks hardly distinguishable around 14°, 21°,
30°, and 42° are described to the SiO2 phase which
can be generated during the spark discharge. FTIR
spectroscopy confirms the possible formation of the
oxide phase on the surface of particles. In Fig. 3 the
vibration modes located at wave numbers 1064, 794,
and 464 cm-1 are attributed to Si-O vibration bonds
which could be evidence for the presence of oxide

layer on the surface of synthesized particles.
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Fig. 3. FTIR spectra for Si-NPs synthesized by spark discharge in water

The results of UV-visible absorption measurement
of suspended nanoparticles obtained in solution are
shown in Fig.4. The spectrum appears to have a
gradual increase in the absorption with decreasing the
wavelength exhibiting two shoulders at about 370 nm
(3.3 eV) and 290 nm (4.2 eV)related to the direct-gap
absorptions and the absorption tail in the visible
region associated with indirect transitions. It should
be noted that bulk silicon is characterized by indirect
band-gap absorption from 1.1 eV to 3.4 eV and two
direct-gap transitions starting around 3.2eV (380 nm)
and 4.2 eV (295 nm)[21]. The nano sized silicon
particles indicate a blue-shifted absorption edge in
comparison to the bulk Si. For the indirect transitions
the absorption data in the region of the band edge can
be described by the following relation:
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Fig. 4. UV-V is absorption spectrum of the Si-NPs produced by spark

discharge between silicon electrodes in water (a) and absorption plotted as

(athv)"vs.hv (b). Dash line is extrapolation for determination of the band

gap energy.
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This equation can be used for the calculation of the
band- gap energy (E,) of the Si-NPs [10, 11]. For this
purpose the absorption data should be re-plotted as
(ohv)"? versus the photon energy hv, where o is the
absorption coefficient measured. In such a plot, a
linear behavior is expected in the region of indirect
transitions. As can be seen from Fig. 4 (b) for Si-NPs
synthesized, good agreement between the
experimental data and a linear fit is observed for the
energy interval from 2.2 to 3.3eV. A difference at
lower energies could be due to the fact that absorption
generated

signal is through more than one

mechanism. It is clear that different factors can affect

the absorption process in Si-NPs, such as the size
distribution function of nanoparticles, the surface
states effect, and oxide layer defects and localized
surface states can play an important role in lower
energy region. The indirect band-gap energy for Si-
NPs produced was estimated from the intercept of the
straight line with the X axis to be about 1.5 eV. The
result corresponds to a shift of AE=E,-E(=0.38 eV
from the band gap of the bulk Si (E;=1.12 eV).

Delarue et al. [22] suggested the following
empirical correlation between a size and electronic
band gap of Si-NPs based on photoluminescence
results and simulations using a linear combination of
atomic orbitals (LCAO):

a
B =B+ () ©)

Where parameters a and b depend on the nature of
the surface as well as a size and symmetry of NPs,
and d corresponds to NP size. For relatively small
(<10 nm) spherical Si-NPs these two parameters were
calculated to be 3.73 and 1.39 for a and b,
respectively. Using the relation (2) and the band-gap
energy obtained from Fig. 4(b), the shift of AE=0.38
eV should correspond to a diameter of particles of 5
nm.

Fig. 5 (a) shows the representative TEM image of
Si-NPs synthesized by spark electrical discharge in
water. TEM observations indicate that Si-NPs
generated in water are nearly spherical, isolated
(without agglomeration) and similar in morphology.
Nearly all particles have a size in the range of 3-8 nm.
The maximum of this distribution is around 6 nm and
the mean size of the particles is about 5+0.2 nm. The
size value obtained for Si-NPs by using relation (2), is
in close agreement with the TEM results. The
accuracy of the calculated NP size from the relation
(2) can be influenced by size distribution of particles,
because the used values of the parameters a and b are
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valid for a size of NPs with less than 10 nm and can

be not available for bigger ones.
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Fig. 5. TEM image (a) and size distribution (b) of the Si-NPs produced via
spark discharge in.

It is well known that Bulk Si has no
photoluminescence because of its narrow and indirect
band gap. Nevertheless, impurities or defects can be
introduced into Si to act as radiative centers. As the
diameter of Si particles shrinks to several nano
meters, it is possible that the nanoparticles become
efficient light emitters resulting from the quantum
confinement effect. The photoluminescence of Si
nanostructures can be explained by the radiative
recombination of electron-hole generated pairs in a
confined quantum system. The main argument in
favor of this interpretation, that has been adopted by
many investigators, is that similar size effects were
observed in Si nanostructures irrespective of the kind
of surface

passivation (hydrogen or oxygen

passivation) [23]. Recently, it has been also reported

that the surface states and defects can play a
significant role in luminescence process of silicon
nano crystals [24-26]. But the origin of the PL is still
a subject of debate. The PL spectra of the synthesized
Si-NPs at room temperature are shown in Fig. 6.
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Fig. 6. The PL spectra for the Si-NPs synthesized via spark discharge in
water. Excitation wavelengths: 270 nm (curve 1) and 365 nm (curve 2).

The PL exhibits a prominent emission band in the
violet-blue range with a double peak around 417 and
439 nm for both applied excitation wavelengths.

It should be pointed out that the excitation
wavelength of 365 nm (3.4 eV) is located near the
direct band gap of the Si-Nps. Nevertheless the
observed violet-blue light emission in the PL
spectrum of our samples cannot be simply attributed
to the quantum confinement effect of the Si-NPs with
diameters in the 3-8 nm range. Because the bulk
excitonic radius for Si is about 4 nm and the emission
through the direct electron-hole recombination across
the I'-I" direct band gap should be observed for nano
crystals with smaller than this size [21]. Note that
only few particles in this size range were detected in
the TEM images of our sample. Besides, we have not
observed any remarkable shift of the emission peak
position when the excitation wavelength moves from
270 to 365 nm.

Therefore radiative recombination via the defect

centers formed in the surface oxide layer of the Si-
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NPs or at the interface between the Si nano crystal
and Si oxide layer is the most possible mechanism of
the observed blue PL of our Si nano crystals. Indeed,
according to the FTIR spectra, our Si-NPs are covered
with oxygen (oxide). Some oxide-related defects
might be formed within the surface oxide layer of the
Si-NPs which might act as the radiative centers for the
electron-hole recombination [24-25]. The existence of
the dangling bonds on the surface results in various
surface states deep in the energy gap. As the electron-
hole pairs are generated, most likely through the
photo excitation in the crystalline Si cores, light
emission is observed after recombination of electrons
and holes at the luminescent centers located at the
core - oxide layer interface or in the oxide surface
[26]. Previously the very similar violet-blue PL
spectra of Si-Nps were reported by Takashi Uchino et
al [27] and Shikan Yang et al. based on the proposed
structural model Uchino also explained the origin of
blue PL from the nano meter-sized silica particles by
a radiative recombination via the defect centers
formed in Si oxide. But the PL spectrum reported for
Si-NPs of the 4.5 nm diameter that was generated
through laser ablation in water by Shikan Yang et al.
the authors attributed to intrinsic nano crystal states
rather than to surface/defect recombination. Therefore
the further detailed excitation spectral studies for the
PL origination are required.

4, Conclusion

There is no doubt that the attention paid to the field
of Si NPs will increase more creative research results
are expected to be presented and this material will
have an immeasurable influence on the future society.
In according to the results and discussion presented
above, Si-NPs have been synthesized by a simple,
inexpensive and effective technique of electrical spark
discharge between bulk silicon electrodes in water.
This method allowed us to produce Si-NPs with the

average diameter of 5 nm. Indeed electrical discharge
in solution is a nano meter-scale engineering
technique with a possibility to scale-up the process.
The synthesis rate of Si nanoparticles in our
experiments by using the present apparatus varied in
range of 10 — 40 mg/ h depending on peak current and
pulse duration of discharge. The synthesis rate
increased with increasing of discharge current and
decreasing of pulse duration. Si-NPs are formed
through the mechanism of the primary nucleation of
the evaporated atoms from the electrodes in the
plasma plume and a growth of the embryonic
particles. The synthesized semiconductor
nanoparticles can be used in wide generation of
memory devices and energy sources with higher
densities, higher speeds, lower power, more
functionality and lower costs. We hope and are
confident around high ability aiming to go beyond
those limitations and potentially replace all or most of
the existing memory manufacturing technologies by
obtained semiconductor nanoparticles via above
mentioned method. Despite available limitations, the
field of conventional memories would continue to
flourish and memory device scientists will find the
way to meet these challenges and may even develop a
‘unified memory’ with low cost, high performance,
and high reliability for future electronic systems.
Progress towards a viable new resistive memory
technology relies on fully wunderstanding the
mechanisms responsible for switching and charge
transport, the failure mechanisms, and the factors

associated with materials reliability.
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