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ABSTRACT

In this paper we present a simple method of Ge nanoparticles synthesis in spark discharge
generator (SDG) in pure argon flow. The sizes of the obtained primary particles are in the range of
5-15 nm and particles themselves are combined in agglomerates 80-200 nm in size. Transmission
electron microscopy images as well as energy dispersive X-ray analysis and X-ray diffraction analysis
prove that the nanoparticles consist of crystalline germanium. Specific energy consumption of

nanoparticle synthesis is 1,37 kW-h/g.
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INTRODUCTION

Recent years have seen an increase in
using various materials in the form of nanoparticles
as well as their potential and functional applications
in hi-tech fields. For example, the embedding of
germanium nanoparticles into the oxide layer in the
floating gate of the MOS memory devices gives a
lower leakage current and a lower writing voltage.
Such MOS devices with a nanoparticle embedded
SiO, gate dielectric have been studied both
experimentally’-® and theoretically*. Also germanium
is a promising material for replacing a carbon in the
anode of lithium-ion batteries. It allows to increase
the specific capacity of the battery anode by 5

times and the volume capacity by 10 times®. Such
batteries have been investigated both with pure Ge
nanoparticles®® and GeO, particles°.

The germanium aerosol produced in
SDG can be used in aerosol printing to fabricate
semiconductor elements, for example transistors. It
can be done by simply replacing the silver electrodes
with germanium ones in the existing setup''.

Also, the Ge nanoparticles demonstrate
photoluminescent properties'? like quantum dots.

This paper is a continuation of our previous
investigations'-'® of nanoparticle synthesis. In this
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work we have improved the gas discharge chamber
by removing all plastic and fiberglass parts and silicone
hoses. The new chamber has been made of stainless
steel and glass. These changes have improved the
purity of the neutral gas in the chamber and allowed
us to obtain unoxidized Ge nanoparticles. Prior to
our experiment, only synthesis of silicon nanoparticles
out of other semiconductor materials has been
demonstrated in spark discharge. 87

MATERIALS AND METHODS

In SDG, the capacitor storage is charged up
to the breakdown voltage of the interelectrode gap
and spark discharge occurs. During the discharge,
a current of the order of hundreds of amperes flows
through the gap. Due to the joule and radiation
heating of the electrodes surface, the electrode
material evaporates and subsequently condensates
into the nanoparticles.

The basic scheme of the setup was similar
to the one presented earlier''. The interconnections
were assembled from standard stainless steel
vacuum fittings KF-16 and KF-25, and the synthesis
chamber was tailored of heat-resistant glass. The
volume was pumped to a pressure of 10 Pa, and
then filled with the argon of purity 6.0. The synthesis
was carried out in argon flow from a gas cylinder.
The electrodes were clamped in collet-type holders,
one of which was made movable for the gap distance
adjustment. We used one pair of electrodes. The
synthesis chamber was cooled outside by blowing
air with a fan.

Gas was fed into the synthesis chamber
through one of the electrodes having a tube-like
shape. We will call it the anode because during
the first half-cycle of oscillation, when the current
amplitude is maximal, there was a positive voltage
on it. The anode was a tantalum tube with outer
diameter of 8 mm and inner diameter of 4 mm.

For cathode, we used a n-type doped
single crystal germanium in the form of cylinder
with a length of 30 mm and a diameter of 8 mm
with polished ends. The specific resistance of this
germanium was 0.005 Ohm-cm, which corresponds
to a doping concentration of 10" cm™."8

The purpose of choosing different materials
for cathode and anode was to obtain germanium
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nanoparticles using blanks of germanium rods that
are easier to manufacture than rods with a hole. We
have chosen tantalum as an anode material due to
its refractoriness to obtain erosion predominantly
from the germanium electrode, as the melting
point of tantalum is 3017°C compared to 938° for
germanium.

The electrical high voltage circuit contained
a voltage source and a capacitor storage was made
of KVI-3 capacitors with a total capacity of 39 nF.
The capacitor storage was charged to the voltage at
which the gap breaks and damped oscillations occur
in the circuit. After the breakdown, the voltage source
disconnects for a while, then the next charging cycle
begins. The frequency of charging the capacitors
storage can be adjusted.

Nanoparticles aerosol passed through
a nanofiber filter AFA-RMV-20, onto which they
were precipitated for X-Ray diffraction analysis
(XRD) on the Thermoscientific ARL X'TRA X-Ray
diffractometer equipped with a parabolic mirror (AXO
Dresden) and a pinhole collimator.

For the Transmission electron microscopy
(TEM) analysis, a TEM grid was attached to the
filter. After collecting the particles, it was conserved
in hexane to prevent oxidation of nanoparticles
during its extraction from the chamber, storage and
transportation to the working volume of the TEM
instrument. We used JEOL JEM2100 transmission
electron microscope with energy dispersive X-ray
(EDX) spectrometer X-MAX N Oxford Instruments
for the elemental analysis.

Mass output was determined by weighing
the electrodes before and after the experiment on a
Sartogosm CE-224 C balance.

The particle size distribution in the flow
was measured using a TSI SMPS 3936 Aerosol
spectrometer. In fact, these measurements give
an equivalent size of the primary nanoparticles
agglomerates. As the spectrometer was calibrated
to measure aerosols in the air flow and nitrogen
properties are close to the air ones, the flow of argon
with aerosol was diluted 1:10 with nitrogen 6.0 before
flowing to the spectrometer input. The path of the
aerosol from the synthesis site to the entrance to
the spectrometer was 70 cm.
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RESULTS AND DISCUSSION

Figure 1 depicts the results of agglomerates’
size distribution measurement made in aerosol
flow downstream the synthesis chamber. Since
nanoparticles produced in SDG tend to agglomerate
and SMPS spectrometer uses an electrical mobility
detection technique it shows size distribution of
agglomerates and not the primary particles. The
agglomerates size distribution mode is 120 nm. To
reduce agglomeration one can use higher gas flow
rates and shorten path from the site of synthesis to
place of analysis. In our experiments with flow rate
of 1 slpm and the path length between synthesis
chamber and spectrometer of 70 cm the particles
manage to agglomerate considerably.

Transmission electron microscopy images
show that the primary particles have a nearly
spherical shape of 5-15 nm in diameter (Fig. 2a,b).
Almost all particles have a crystalline structure.
Selected area electron diffraction pattern shows the
characteristic rings of the germanium crystals (Fig.
2c). Energy dispersive X-ray analysis (EDX) of primary
particles indicates the presence of a small amount of
oxygen (Fig. 2d,e). When scanning along a particle,
the intensity of germanium changes, and the oxygen
intensity remains constant. This probably indicates
that a very thin oxide film is present on the surface of
the particles. The particles are united in agglomerates
with dimensions of ~100 nm.

Figure 3a presents a photograph of the
germanium particles deposited on the filter. The
particles have a dark-brown color that does not
change with time (over several days).

X-ray diffraction was measured for the
particles in amount of several mg together with
the filter on which they were deposited. Then the
XRD pattern of the clean filter without particles was
captured and subtracted from the first graph. The
result is shown in the Fig. 3b. In X-ray diffraction
patterns 3 characteristic peaks of germanium with
a cubic lattice of the spatial group Fd3m are clearly
visible, namely for planes (111), (220) and (311).
No peaks of GeO or GeO, was found. It means
that powder consists of pure crystalline germanium
particles. As the XRD analysis was carried out
24 h after deposition of the particles on the filter and
has not shown presence of germanium oxides, it may
indicate the resistance to oxidation of germanium
nanoparticles due to the formation of a very thin and
strong oxide film on the surface.
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Fig. 2. TEM study of germanium particles obtained at a
storage voltage of 2.0 kV, a frequency of 100 Hz, a flow
of 1 slpm, a pressure of 150 kPa, a gap of 2 mm: a) TEM
image of agglomerates of nanoparticles; b) high resolution
TEM image of primary particles; c) the electron diffraction
pattern; d) the site selected for EDX; e) EDX profile
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Fig. 3. a) Photo of germanium nanoparticles deposited

on the filter; b) X-ray diffraction pattern of sample with

Ge nanoparticles compared to the XRD reference data
(AMCSD No 0009269)

The mass output rate of germanium
nanoparticles was 9.6 mg/h at a storage voltage of
2 kV, a discharge frequency of 160 Hz, a gas flow of
1 slpm, a pressure of 150 kPa, and a gap between
electrodes of 2 mm. This corresponds to a specific
energy consumption of 1,37 kW-h/g. As the mass
output rate is linear on pulse repetition frequency
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and spark energy'®, it can be further increased
by increasing the pulse frequency and storage
voltage. This is promising result for using SDG
generated Ge nanoparticles in different applications.
In this experiment we had to limit electrical power
because the temperature of the glass synthesis
chamber reached a critical value. The erosion of the
tantalum electrode was 1.7 mg/h, which confirms
our assumption that with tantalum anode and
germanium cathode we will have mainly germanium
particles in resulting powder composition.

CONCLUSION

We have shown a simple method of
synthesizing germanium nanoparticles in SDG with a
output rate of 9.6 mg/h, which can be even enhanced
by increasing spark frequency and discharge voltage
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after organizing better cooling of the synthesis
chamber.

The particles have a primary size of 5-15
nm and are combined in agglomerates, the X-ray
analysis confirms that they consist of crystalline
germanium.

The obtained germanium nanoparticles
have a wide range of potential applications, including
aerosol printing, lithium batteries, MOS memory and
many others.
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