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Abstract

In this work, the effects of different extraction parameters on the particle size of the nanopowders extracted
from thin film samples of different silicon-based compounds were studied. These nanopowders were obtained
by the conjunctional freezing-assisted ultrasonic extraction method. Thin films were different in their structures
and their structural characteristics were determined. Results showed that extraction parameters such as freezing
temperature, ultrasonic frequency and application time are very effective in determining the nanoparticle size,
which is very important for many applications and uses of highly-pure nanomaterials and nanostructures.
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1. Introduction

Silicon compounds play a vital role in modern
technology and industry due to their unique
properties, such as thermal stability, electrical
insulation, and chemical resistance [1-3]. Silica
(SiO,) is widely used in glass manufacturing,
ceramics, and as a filler in rubber and plastics [4-6].
Silicones, a class of synthetic polymers, are essential
in lubricants, sealants, medical implants, and
waterproof coatings due to their flexibility and
biocompatibility [7-10]. In electronics, silicon-based
semiconductors (e.g., silicon carbide, SiC) are crucial
for microchips, solar cells, and high-power devices
due to their superior efficiency and thermal
conductivity [11,12]. Silicon nitride (SisN,) is used
in cutting tools and aerospace components for its
hardness and heat resistance [13,14].

Future developments focus on enhancing silicon-
based materials for sustainable technologies [15-18].
Research is advancing silicon anodes for high-
capacity lithium-ion batteries, improving energy
storage for electric vehicles [19,20]. Silicon
photonics is another emerging field, enabling faster
data transmission in optical computing and
telecommunications [21-25]. Additionally,
nanotechnology is exploring silicon nanoparticles for
drug delivery and environmental remediation [26,27].
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In this work, the effects of some operation
parameters of conjunctional freezing-assisted
ultrasonic extraction method, such as freezing
temperature, ultrasonic frequency and application
time, on the particle size of extracted nanopowders
are studied.

2. Experimental Part

A homemade dc reactive sputtering system
employing a closed-field unbalanced dual
magnetrons (CFUBDM) assembly was used to
deposit nanostructured thin films on nonmetallic
substrates. This system was used to prepare thin films
from several compound materials, such as nickel
oxide (NiO), silicon nitride (SisNy), silicon dioxide
(SiOy), titanium dioxide (TiO), etc. [28-32]. The
operation parameters and preparation conditions of
these samples were separately optimized. More
details on the specifications and operation of this
system can be found elsewhere [33-38].

Highly-pure (99.99%) titanium sheet was used as
a sputter target to be maintained on the cathode of the
discharge system. Argon gas is used to generate
discharge plasma while the oxygen, nitrogen or
methane are used as reactive gases to form silicon
compounds. The mixing ratio of argon and reactive
gas could be precisely controlled in a gas mixer

Printed in IRAQ 55



Iragi Journal of Scientific and Industrial Research
Volume 4, Issue 2, April-June 2025, pp. 55-62

before pumped into the deposition chamber. The
discharge electrodes could be cooled using a cooling
system employing water as a coolant. The crystalline
phase of titanium dioxide nanostructures could be
determined by controlling the operation parameters of
magnetron sputtering system, especially gas mixing
ratio, reactive gas content in the gas mixture, and
anode temperature. Silicon dioxide nanostructures
were prepared using Ar:O2 gas mixture of 50:50.
Silicon nitride nanostructures were prepared using
Ar:N2 gas mixture of 30:70. Silicon carbide
nanostructures were prepared using Ar:CH. gas
mixture of 70:30. Without cooling, the anode
temperature might reach 150-180 °C. Using electrical
heater on the anode can raise its temperature to 400
°C, which sufficiently induces the phase
transformation. Therefore, the anode was cooled
down to approximately 10 °C to avoid such
transformation.

As the deposition time is varied, the thickness of
the prepared film is proportionally varied. Film
thickness was measured by laser-fringes method. The
nanopowder was extracted from thin film samples by
the  conjunctional  freezing-assisted ultrasonic
extraction method. Full description and specifications
of this method can be introduced in reference [39-41]
and schematically shown in Fig. (1). The structural
properties of the extracted nanopowders were
determined by x-ray diffraction (XRD), scanning
electron microscopy (SEM), and atomic force
microscopy (AFM).
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Fig. (1) Schematic diagram of the experimental setup of the
conjunctional freezing-assisted ultrasonic extraction method
used in this work [8]

3. Results and Discussion

Figure (2) shows the XRD patterns of the four
different samples. As shown in Fig. (2a), a single-
crystalline structure of silicon is recognized at 26 =
28.25° corresponding to the crystal plane of (111) of
silicon. Figure (2b) shows the XRD pattern of silicon
carbide sample where three distinct diffraction peaks
are observed at 20 values of 32.58°, 42.64°, and
58.28°, those correspond to crystal planes of (111),
(200), and (220), respectively, while the two peaks
seen at 20 of 22.84° and 46.80° correspond to the
crystal planes of (010) and (210) of the H-rich SiC
compound.
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Fig. (2) XRD patterns of as-prepared Si-based samples (a)
single-crystalline (111) Si, (b) SiC, (c) SizNs, and (d) SiO,
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The existence of hydrogen cannot be completely
avoided due to its strong trace in the reactive gas
(CHa). Figure (2c) indicate the XRd pattern of the
silicon nitride (SisN4) nanostructure, which shows
amorphous structure. This structure is obvious for
nanostructures due to the quantum size effect. A
broad peak can be recognized at 20 of 24.47°, which
is corresponding to the crystal plane of (110) of a-
phase of SizNa. Figure (2d) shows the XRD pattern of
silicon dioxide (SiO;) sample, which exhibits an
amorphous structure identifying the obvious silica
structure in which a diffraction peak at 26 of 24.0° is
distinguished.

Figure (3) shows the FE-SEM images of the four
different silicon compounds prepared in this work.
Figure (3a) shows the morphology of the as-prepared
silicon sample. Approximately spherical particles can
be seen with uniform distribution and no aggregation
over the surface. These characteristics are obvious for
the nanostructures prepared from single-crystalline
silicon target using sputtering technique [42-45]. In
Fig. (3b), the surface morphology of the silicon
carbide (SiC) sample shows reasonable differences in
the aggregated particles with minimum particle size
of about 19 nm. It is clear that the distribution of
particles is not uniform and apparent voids are
observed. Figure (3c) shows the surface morphology
of the silicon nitride (SisN4) sample as spherical
particles are apparently seen with a wide range of
sizes. As well, no aggregation is seen that is an
obvious nature of ceramic materials. Figure (3d)
shows the surface morphology of silicon dioxide
(SiO;) sample where a minimum particle size of
34.55 nm can be seen with completely aggregated
particles forming clusters over the surface. The
morphology of this sample is very similar to that of
the as-prepared silicon when compared to the other
two compounds (SiC and SisNa).

(a) (111) Si '
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Fig. (3) FE-SEM images of as-prepared Si-based samples (a)
single-crystalline (111) Si, (b) SiC, (c) SisN4, and (d) SiO,

Figure (4) shows the atomic force microscope
(AFM) images of (111) Si, SiC, SizN,, and SiO,
nanostructures prepared in this work. These images
reveals distinct surface morphologies and roughness
characteristics for these samples. The (111) Si sample
exhibits a smooth surface with atomic steps due to its
crystalline nature with low roughness, however,
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defects or contamination may increase roughness.
The silicon carbide (SiC) samples shows higher
surface roughness due to its hard, polycrystalline
structure. The grain boundaries and sputtering-
induced defects contribute to irregular topography.
The silicon nitride (SisN4) sample with amorphous or
nanocrystalline, shows moderate roughness and
uniform grain distribution but may have pinholes or
voids from deposition stresses. The silicon dioxide
(SiO,) sample shows typically smooth due to its
glassy, amorphous nature and may show slight
granularity from sputtering conditions. The key
differences between these samples are discussed by
the crystalline versus amorphous structures, as (111)
Si is atomically flat, while SizN, and SiO, are
smoother but lack long-range order. Also, hardness
has a reasonable effect as the high hardness of SiC
leads to pronounced grain contrast [46-48]. Finally,
the deposition effects may impose differences as
sputtering parameters (power, pressure) influence
grain size and defects in SiC and SizN, more than in
SiO,.

10 nm
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Fig. (4) AFM images of as-prepared Si-based samples (a)
single-crystalline (111) Si, (b) SiC, (c) SisN4, and (d) SiO,

Figure (5) shows the variation of nanoparticle size
of the four different samples prepared in this work
with the deposition time, which determines film
thickness. As the deposition time is increased, the
film thickness is increased and hence the layers of the
thin film are further grown. This growth results in the
grains to get larger as observed in this figure. Silicon
dioxide and silicon carbide structures exhibit higher
increase in nanoparticle size than those of silicon and
silicon nitride structures, which in turn show highly
stability in particle size. This is attributed to the
thermally-induced growth of grains in the deposited
films [49-51].
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Fig. (5) Variation of nanoparticle size with deposition time for
the four different silicon-based nanostructures prepared in
this work
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As the nanopowders were extracted from the thin
film samples using the conjunctional freezing-
assisted ultrasonic extraction method, the effect of
freezing temperature on the value of ultrasonic
frequency at which the nanopowder was completely
extracted is shown in Fig. (6). As the freezing
temperature is decreased, lower frequency is required
to extract the nanopowder because lower freezing
temperature lead to further shrinkage of the
nonmetallic substrate and hence the adhesion of the
film to the substrate gets lower.

It is clear that the values of ultrasonic frequencies
required for the extraction of nanopowders are
relatively convergent regardless the grown phase of
silicon compound, however, the silicon nitride
samples needed for higher frequencies due to the
thermal effect leading to better adhesion between the
film and the substrate [52-55].
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Fig. (6) Variation of ultrasonic frequency with freezing
temperature for the four different silicon-based
nanostructures prepared in this work

The variation of nanoparticle size with the
ultrasonic frequency at which the nanopowder was
extracted for the four types of silicon-based structures
prepared in this work is shown in Fig. (7). As the thin
film is typically composed of at least several layers of
silicon compound particles, higher ultrasonic
frequency can vibrate atoms in different layers and
hence extract larger particles. As the silicon nitride
contains larger grains than other three materials due
to thermal effect, their extracted particles are larger
than those of the silicon dioxide and silicon carbide
samples at the same value of ultrasonic frequency.

The time taken to apply the ultrasonic waves to
the thin films sample before the extraction of
nanopowder was completed is an effective parameter.
Accordingly, the variation of nanoparticle size with
application time at frequency of 5 MHz is shown in
Fig. (8) for the four silicon-based thin films. It is
clearly observed that the particle size of the extracted
nanopowder does not show large differences for
application times from 30 to 210 minutes. This is
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attributed to the fact that particles of certain size are
extracted by ultrasonic waves of given frequency
regardless of the application time [56]. Extraction of
particles containing molecules from different layers
within the thin film is carried out at certain range of
sizes as a function of ultrasonic frequency. In case of
silicon nitride structure, larger particles are extracted
due to their further growth within the deposited film.
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Fig. (7) Variation of nanoparticle size with the ultrasonic
frequency for the four different silicon-based nanostructures
prepared in this work
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Fig. (8) Variation of nanoparticle size with the application
time of ultrasonic waves for the four different silicon-based
nanostructures prepared in this work

As the extraction method mainly depends on the
freezing stage, the freezing temperature may be very
effective in determining the particle size of the
extracted nanopowder. Figure (9) shows the variation
of nanoparticle size with freezing temperature for the
four types of silicon-based samples prepared in this
work. It was mentioned before that the lower freezing
temperature leads to larger shrinkage in the substrate
on which the thin film is deposited and hence the
adhesion between the film and the substrate gets
lower and the film surface breaks earlier at the same
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value of ultrasonic frequency. Accordingly, larger
particles can be extracted from the thin film before
partitioning into smaller ones. In contrast, freezing to
relatively higher temperatures leads to smaller
shrinkage in the substrate and the adhesion between
the film and the substrate gets higher. Therefore, the
application of ultrasonic waves can extract particles
from the upper surface layer of the thin film, which
means smaller particles [57,58]. Layer-by-layer
extraction at higher freezing temperatures produces
smaller nanoparticles when compared to the case of
lower temperatures.
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Fig. (9) Variation of nanoparticle size with the freezing
temperature for the four different silicon-based
nanostructures prepared in this work

4. Conclusion

As conclusions, freezing temperature, ultrasonic
frequency and the time taken to apply ultrasonic
waves on nanostructured thin films deposited on
nonmetallic substrates are very effective to determine
the nanoparticle size of nanopowders extracted from
these thin film samples. The conjunctional freezing-
assisted ultrasonic extraction method can be
successfully used to extract highly-pure nanoparticles
with approximately the same size of nanoparticles in
the thin films deposited by physical vapor deposition
methods and techniques. This technique is reliable,
efficient and low cost to produce highly-pure
nanomaterials with as low as possible particle sizes.
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