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Abstract We have measured the size, structure, and optical
properties for two sets of nanoparticles synthesized via
electrical-spark discharge between two plane silicon elec-
trodes immersed in deionized water (DI) and 97 % ethanol.
The nanoparticles were characterized by X-ray diffraction
(XRD), ultraviolet (UV)-visible absorption spectrometry, Ra-
man spectrometry, transmission electron microscopy (TEM),
and Fourier transform infrared spectroscopy (FTIR). The size
and optical features of the nanoparticles were studied as
functions of nature of the liquid. Nearly spherical, single-
crystal, and morphologically similar Si nanoparticles with
diameters in the 3—8 and 6-13 nm ranges were formed in
the colloidal solutions of water and ethanol, with estimated
indirect bandgaps of approximately 1.5 and 1.3 eV, respec-
tively. In both cases, the Raman peaks were blue shifted with
respect to those of bulk silicon, a result consistent with the
small diameters of the particles. The silicon nanoparticles
synthesized in water exhibited strong emission in the violet-
blue range, with a double peak near 417 and 439 nm. For
those synthesized in ethanol, blue-green emission centered at
463 nm was detected.
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1 Introduction

Semiconductor nanostructures exhibit novel interesting fea-
tures, in particular the visible photoluminescence (PL) that has
motivated intense research with a view to nanotechnological
applications. In recent years, silicon nanoparticles (Si-NPs)
have attracted much attention due to the unique combination
of their size-dependent optoelectronic properties and their
biocompatibility, which are expected to find a wide range of
applications in photonics [1, 2], electronics [3],
nanobiotechnology [4], and medicine [5]. There is interest in
the properties, fabrication procedures, applications, and char-
acterization of Si nanocrystals.

Semiconductors with indirect band gap are inconvenient
for light-emitting devices because they interact weakly with
photons. Although silicon constitutes no exception, remark-
able luminescence can be observed in this material when the
grain size decreases to the nanoscale dominated by quantum-
confinement effects. Examples are the visible emissions from
porous silicon, which has attracted extensive attention in the
last decade, and from Si-NPs. The numerous reports on Si-NP
fabrication in the literature cover various methods, such as
electrochemical etching [3], chemical route [6], and pulse
laser ablation [7—12]. Among these, the chemical route has
attracted more attention because it offers simultaneous control
over particle size and surface properties, two features of
capital importance in nanoparticle functionalization. How-
ever, this approach has the drawbacks of demanding chemical
products and reducing agents [13, 14] or requiring multistep
procedures for the NP size control.

Alternative, easily implementable techniques free from
these inconveniences are therefore desirable. The electrical
discharge method in liquid environment (EDL) has recently
emerged as one such alternative. EDL generates pure nano-
particle colloidal solutions in a simple experimental setup that
needs no vacuum equipment, introduces small impurity
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concentrations and comprises few production steps. The result
is a cost-effective procedure with high nanoparticle yield
[15-18]. The synthesis can be carried out in water or in a
biocompatible ligand solution, a key to the subsequent suc-
cessful functionalization of the resulting nanostructures [19].
EDL is similar to laser ablation in liquids (LAL). Studies in
the literature show that Si-NPs can be produced by laser
ablation of silicon wafer in different liquid media. Few, how-
ever, are the papers describing the synthesis of Si-NPs in
solution plasmas [17, 18]. Here, we report the preparation of
nearly spherical Si-NPs by spark discharge between bulk
silicon electrodes immersed in deionized water and pure eth-
anol. To our knowledge, the synthesis of Si-NPs based on
electrical spark discharge of Si electrodes immersed in water
and ethanol has never been reported. We studied the micro-
structure, size distribution, and optical properties of the
resulting Si-NPs and show that the liquid medium affects the
size and optical features of the resulting nanoparticles.

2 Experimental Section

Figure 1 schematically shows the three main components of
the experimental setup designed to fabricate Si-NPs: power
supply system, chilling loop, and reactor vessel (glass beaker)
with an anode and a cathode inside. A spark discharge was
ignited in 150 ml of liquid medium (deionized water or pure
ethanol) between two electrodes immersed to a depth of 3 cm.
The silicon plates served as electrodes. The electrodes were
kept at an optimized separation, approximately 1 mm, to
insure a stable discharge. The power supply provided an
alternating current (ac) spark discharge with a repetition rate
of 100 Hz. The peak current of the pulsed spark discharge was
60 A with a pulse duration of 30 ps. The electrical discharge
was initiated by an applied high-frequency voltage of 8.5 kV.
During the discharge, a bluish radiation and bubbles contain-
ing the evaporated material from the electrodes and products
of water and/or ethanol dissociation were observed between
the electrodes. Small particles were formed by condensation
of'the Si vapor coming out of the melting electrode surfaces in
the surrounding liquid. The solution became less transparent
during the discharge. The discharge was somewhat more
stable in water than in ethanol. In the former liquid, we kept
stable discharges for 1 min intervals. When this period was
extended to 10 min, the solution color became gray violet in
deionized water, and dark gray in ethanol. Most of the syn-
thesized products were obtained as suspended powders.
Electrical discharge in liquid media is a simple, convenient
procedure to prepare Si-NPs in colloidal solution. The rate of
production of Si-NPs in ethanol is larger than in water. For
instance, under the aforementioned conditions, the rates in
water and ethanol are 40 and 46 mg/h, respectively. After
pre-sedimentation for roughly 30 min, solid deposits sunk to

the bottom of the vessel. To separate the transparent solution
in the upper part of the vessel from the obtained sediment, the
discharge-treated liquid, except the last 10 ml and sediment,
was carefully poured on a Petri dish. Small quantities of liquid
were removed with a pipette from the dish to allow character-
ization of the synthesized nanoparticles. X-ray diffraction
(XRD) patterns were measured in an X-ray diffractometer
(D8-Advance, Germany) using Cu—K« radiation in the 20°-
100° 20 range. Ultraviolet (UV)-visible spectra of the samples
were recorded in the spectral 200-800 nm region with a Carry
500 spectrophotometer. The particle size and morphology
were investigated by transmission electron microscopy
(TEM), with a LEO 906E (Germany) microscope under an
accelerating voltage of 120 kV. The samples were prepared for
TEM measurements by dropping the solution onto a copper
grid coated with an amorphous carbon film and letting it dry in
air. Fourier transform infrared (FTIR) spectroscopy provided
information on the surface properties of the synthesized Si-
NPs. IR reflection spectra of the Si-NPs were recorded on a
Nexus Fourier spectrometer. The reflection—absorption (R-A)
signals were recorded for 20° incidence on the sample. For
Raman spectroscopy, a droplet of the solution was drawn on
an Al-coated glass plate. Microprobe Raman spectra of the Si-
NPs were recorded by a Raman spectrometer Spectra Pro 5001,
operated with a 532 nm Nd-YAG laser (30 mW power) in the
backscattering configuration with spectral resolution of about
1 cm . PL spectra were measured at room temperature by a SEL
1211A spectrometer with an Xe lamp as an excitation source.

3 Results and Discussion

Figure 2a and b displays the XRD patterns of samples syn-
thesized in water and ethanol, respectively. The peaks are
rather sharp, even though the diffractograms were only meant
to determine the phase composition of the synthesized pow-
ders and were hence obtained from the formed powders after
the colloidal solution dried, i. ., from particles that were not
sorted by size and may well have been clustered. The main
diffraction peaks correspond to the lattice planes of cubic
structured silicon (JCPDS No: 40-1487). No amorphous-
silicon pattern is observed in XRD. In Fig. 2a, the small peaks
hardly distinguishable around 14°, 21°, 30°, and 42° are
assigned to the SiO, amorphous phase, which the spark dis-
charge in water can generate. Not surprisingly, the Si-NPs
grown in water cannot be free from the native oxide. By
contrast, no such peaks are seen in the diffractograms from
the samples synthesized in ethanol.

In order to better understand the size distribution and the
crystalline structure of the Si-NPs, we resorted to TEM. In
Fig. 3, the Si-NPs are the dark circles that contrast with the
bright background. The image, which offers no evidence of
aggregation, shows silicon nanocrystals generated in water
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Fig. 1 Schematic diagram of the
setup for nanoparticles synthesis
by spark discharge in liquids

Water
input

Liquid

and ethanol that are approximately spherical, monodisperse,
and similar in morphology. Electrical discharges in different
liquid media can yield Si-NPs with different size distributions.
The typical size distributions of the synthesized Si-NPs were
determined by measuring more than 160 particles located at
different regions of the grid, as indicated by the histogram on
the right-hand side of each image. The sizes of the Si-NPs
obtained in water, and ethanol are nearly in the 3-8 and 6—
13 nm ranges, respectively. The histograms in Fig. 3 also give
a mean diameter of 5 and 9 nm with very small standard
deviations of 0.2 and 0.5 nm in water and ethanol,

Fig. 2 Typical XRD patterns of a
the silicon nanopowders prepared

by electrical spark discharge in a

water and b ethanol

>
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Electrodes
holders

Water
output

Electrodes

respectively. The mean size of the grains synthesized in eth-
anol is bigger than the size of those obtained in water, in
agreement with previous reports [13].

The colloidal solutions of the Si-NPs in water and ethanol
absorb in the UV-visible, as shown by Fig. 4. In both cases the
absorption gradually increases as the wavelength is reduced.
The absorption tail in the visible is associated with indirect
transitions. For the sample grown in water, the two shoulders
near 370 nm (3.3 eV) and 290 nm (4.2 eV) are associated with
direct-gap absorptions, whereas those of the sample prepared
in ethanol display only one shoulder, near 290 nm. Bulk
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Fig. 3 (Colored online) TEM
images and the size distribution of
the Si-NPs produced by electrical-
spark discharge in a water and b
ethanol. The size distribution of
each image is shown by the
histograms on the right-hand side

silicon is characterized by indirect bandgap absorption from
1.1to 3.4 eVand two direct-gap transitions starting around 3.2
(380) and 4.2 eV (295 nm) [20]. By comparison, the Si-NPs
prepared in water and ethanol display blue-shifted absorption
edges. When compared with the samples grown in ethanol,
those grown in water display a more blue-shifted absorption
edge. This agrees with our discussion of the TEM results,
which indicated that the grain size for Si-NP production in
water is smaller than for production in ethanol.

As already mentioned, Si is an indirect bandgap semicon-
ductor. To estimate the effective gap of the Si-NPs, we have
taken advantage of the following relation between the optical
density and the square of photon energy [9, 10]:

ochu«(hy—Eg)z, (1)

which shows that plots of (ohr/)" versus the photon energy
(hv), where « is the measured absorption coefficient, should
display linear behavior in the region of indirect transitions.
The low signal-to-noise ratio in the tail region of the absorp-
tion spectrum of our samples, synthesized by submerged
electrical discharge, makes the data analysis in this region
rather difficult. Nevertheless, the absorption data from a few
samples showed sufficiently large ratios to allow comparison
with (1). Examples are shown in Fig. 4, the linear approxima-
tion being represented by a dashed line. Good agreement
between the experimental data and the linear fit is observed
in the energy intervals from 2.2 to 3.3 eVand from2to 3.5eV
for the Si-NPs synthesized in water and ethanol, respectively.
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We attribute the difference at lower energies to the existence of
more than one absorption mechanism. It is clear that different
factors can affect absorption in the Si-NPs, including the size
distribution of nanoparticles, surface-state effects, and oxide-
layer defects. The indirect band-gap energy for the produced
Si-NPs was estimated from the intercept of the straight line
with the x-axis to be about 1.5 and 1.3 eV for the samples
synthesized in water and ethanol, respectively. These are
wider than the gap in bulk Si, as one would expect in view
of quantum confinement.

On the basis of a linear combination of atomic orbital
analysis, Delerue et al. [21] have suggested the following
expression relating the band gap of Si-NPs to their size d:

3.73
B~ ot (5). @)

where 3.73 and 1.39 are numbers associated with the assumed
nature of the surface as well as with the symmetry and even
with the size of the NPs.

From (2) and the bandgaps obtained from Fig. 4, we find that
the shifts of AE=E,—E correspond to particles diameter of 5
and 11 nm in water and ethanol, respectively. The former size is
in close agreement with the TEM results, but the discrepancy
for the particles prepared in ethanol is more substantial. The
accuracy of the NP sizes computed from (2) can be influenced
by the size distribution of particles, because the factor 3.73 and
the exponent 1.39 were obtained in 23 for NPs with d <10 nm
and become unreliable for bigger particles.

@ Springer
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Fig. 4 Optical absorption spectra of the colloidal solution of the Si-NPs
produced by spark discharge between silicon electrodes and procedure to
estimate the effective bandgaps of the Si-NPs synthesized in a water and
b ethanol

‘We have found the Si-NPs produced by electrical discharge
to depend on the nature of the liquid. FTIR is a nondestructive
technique yielding direct information on the compositional
properties of the synthesized products. In Fig. 5, the located
peaks at 1,064, 794, and 464 cm ! match those of Si-O
vibration bonds, suggesting that oxide layers are formed on
the surface of synthesized particles. Other weak peaks in the red
curve, labeled 2, are visible at 884 and 1,273 cm ', correspond-
ing to the vibration frequency of Si—C bonds and showing that a
few organic bonds may be formed on the surface of the Si-NPs
synthesized in ethanol. Most probably, the nanoparticles are
formed by primary nucleation of the atoms evaporated from the
electrodes in the plasma plume and subsequent growth of the
embryonic particles, which continues until complete consump-
tion of all Si atoms in the immediate vicinity. When they escape
from the plume into the liquid media, the particles are quickly
cooled and growth is suppressed via reactive quenching with
water or ethanol, which favors formation of Si—O, Si—OH, or
Si—C bonds on the particle surface.

@ Springer

Figure 6 presents the first-order optical bands for the samples
prepared in water and ethanol, compared with that for bulk Si.
In our experiment, the Raman peaks for the Si-NPs synthesized
in water and ethanol are blue shifted (Aw=~2.5 and 1.5 cm ™" for
water and ethanol, respectively) relative to the peaks in the bulk
Si, an indication that very small Si grains are generated in both
cases. The full width at half maximum (FWHM) of the Raman
peak for the Si-NPs synthesized in ethanol is larger than that
coming from the NPs prepared in water, which indicates that
the grain-size distribution is broader.

It is known from the literature that amorphous Si gives rise
to a broad TO peak near 490 cm™ ' [9]. The Si-NPs synthesized
in our experiment show no such peak and are hence crystal-
line, a conclusion that agrees with the XRD results in Fig. 2.

Bulk Si shows no photoluminescence (PL) because its
indirect band gap is narrow. The PL of Si nanostructures can
be explained by a number of effects. As the diameter shrinks
to several nanometers, quantum confinement may efficiently
allow light emission. Since the bulk excitonic radius for Si is
about 4 nm, emission through direct electron-hole recombi-
nation across the I'-I' direct bandgap is expected for
nanocrystals that are smaller than this size [20]. It has been
also reported that the surface states, defects, or impurities can
act as radiative centers and hence play significant roles in
luminescence [21, 23, 24], although the origin of
photoluminescence is still a subject of debate.
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Fig. 6 (Colored online) Raman scattering spectra of the Si-NPs synthe-
sized by spark discharge between Si electrodes in water (curve 1) and
ethanol (curve 2), compared to bulk silicon (curve 3)

Figure 7 shows the PL spectrum under 270 nm wavelength
excitation at room temperature for both Si colloidal solutions.
For clarity, the PL intensity of the colloidal solution prepared
in ethanol is multiplied by a factor 10. The PL of the Si-NPs
generated in water exhibits a prominent emission band in the
violet-blue range with a double peak around 417 and 439 nm,
while that in ethanol shows a blue-green emission centered at
463 nm. This observation is in agreement with previous work
on the luminescence of Si-NPs [13, 25-27]. In the case of the
colloidal solution prepared in water, the mean size of the
generated Si-NPs is about 5 nm as shown by the particle-
size histogram in Fig. 3.

Account taken of the 4 nm exciton Bohr radius for Si, the
intense PL of the Si-NPs is assumed to arise from carrier
recombination in a confinement regime. Nevertheless the
observed violet-blue light emission in the PL spectrum cannot
be simply attributed to quantum confinement of the NPs with

12- —— SiNPS in H20
—— Si NPS in ethanol

10

PL Intensity
o

1

350 400 450 500 550 600 650

A, NM
Fig. 7 (Colored online) Photoluminescence spectra of the Si-NPs col-
loidal solutions synthesized by electrical spark discharge between Si
electrodes in water (curve 1) and ethanol (curve 2)

diameters in the 3—8 nm range, because only a few particles in
this size range were detected in the TEM images. Therefore
radiative recombination via the defect centers on the surface
oxide layer of the Si-NPs or at the interface between the Si
nanocrystal and Si oxide layer is the most likely mechanism
for the observed blue PL. Indeed, according to the FTIR
spectra, these Si-NPs are covered with oxygen (oxide).
Oxide-related defects may well be formed within the surface
oxide layer of the Si-NPs, which would act as radiative centers
for electron-hole recombination [21, 23]. Dangling bonds on
the surface give rise to various surface states deep in the
energy gap. As the electron-hole pairs are generated, most
likely through photoexcitation in the crystalline Si cores, light
emission is observed after recombination of electrons and
holes at the luminescent centers at the core-oxide layer inter-
face or in the oxide surface.

The Si-NPs colloidal solution prepared in ethanol exhibits
a red-shifted PL emission with a peak maximum at 463 nm
and a decreased intensity relative to the observed PL of those
prepared in water. Moreover, the PL maximum is shifted to
larger wavelengths, indicating rather large Si-NPs. The PL
peak of Si-NPs is red shifted as the nanoparticle mean size
increases due to quantum confinement, an effect that occurs
when the nanoparticle size is comparable to the Bohr radius of
the exciton [28]. In the case of the Si-NPs synthesized in
ethanol, the nanoparticle mean size is around 9 nm, signifi-
cantly larger than the exciton Bohr radius. The luminescence
of the Si-NPs is therefore in a weak-confinement regime, with
a lower bandgap and, therefore, an emission red shift [25]. We
believe that Si—C bonds related defects on the surface of these
nanoparticles, as well as the bigger size of the latter, block the
PL process detected in the samples prepared in ethanol. None-
theless, more detailed excitation-spectrum studies are neces-
sary to validate this explanation.

4 Conclusion

The electrical-discharge method in a liquid environment is a
simple, effective technique yielding large amounts of nano-
particles in the form of a suspension in the liquid. The free-
doms to adjust discharge parameters and to choose the liquid
give some control over the nanoparticle properties. The ab-
sorption spectra of the NPs prepared via electrical spark
discharge between Si electrodes show that the bandgaps of
the silicon colloidal solution in water and ethanol are close to
1.5 and 1.3 eV, respectively. The synthesis in ethanol yielded
slightly oxidized Si-NPs, as inferred from XRD, FTIR, and
Raman experiments. The luminescence properties of the par-
ticles showed that the oxidation differs from that in Si-NPs
obtained in water. We have also found that elementary carbon
results from the partial decomposition of ethanol during the
electrical discharge, since FTIR identified a Si—C phase in the

@ Springer
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synthesized particles, the proportion of Si—C being nonethe-
less too low to be detected by XRD. The most likely mecha-
nism for the observed PL of the nanoparticles grown in water
is radiative recombination at the defect centers in the surface
oxide layer. EDL allowed us to produce the Si-NPs with
average diameters of 5 and 9 nm in water and ethanol, respec-
tively. We conclude that the nanoparticles synthesized in water
(<10 nm) are more suitable candidate for bio-imaging
applications.
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