Journal of Optics
https://doi.org/10.1007/512596-024-02248-4

RESEARCH ARTICLE

®

Check for
updates

Spectroscopic characterization of tin prepared by microwave
technique

Maryam A. Hussein'® . Kadhim A. Aadim’

Received: 31 August 2024 / Accepted: 9 September 2024
© The Author(s), under exclusive licence to The Optical Society of India 2024

Abstract

In this study, a microwave induced plasma jet (MIPJ) system was used to generate a non-thermal plasma jet with a stan-
dard frequency of 2.45 GHz in the microwave power range of 800 W at atmospheric pressure. Argon (Ar) gas was flowed
around the burner in an adjustable ratio using a flow meter and controller. The effects of the microwave induced plasma
jet (MIPJ) parameters, including applied voltage and Ar flow rate, on the macroscopic MP parameters were investigated.
The parameters examined included plasma frequency (Wp.), Debye length (A ), electron density ("), particle tempera-
ture (7¢), and number of particles (Np ). The spectral emission lines were analyzed and identified using the photometric
method of emission spectroscopy. The results showed that the MPJ temperature decreased with increasing applied voltage,
while an increase in the Ar-Ar gas flow ratio resulted in an increase in the Ar-Ar gas density, which led to an increase
in the plasma frequency and Debye length. The nanoparticles were characterized using UV-Vis spectroscopy. The optical

parameters of the samples showed a strong dependence on the average crystal size.

Keywords Microwave induced plasma jet - Optical emissions spectroscopy - Applied voltage - Argon gas - Optical

parameters - Plasma parameters

Introduction

A plasma is an ionized gas, i.e. a collection of charged par-
ticles (ions and electrons), where the term ionized includes
the presence of one or more free electrons [1]. Plasmas have
free charged particles, with positive and negative charges
being stored roughly in the macroscopic phase. This occurs
when elements in a particular state of matter are heated
to temperatures above thermal energy and well above the
bonding temperature [2]. Due to the high electron tempera-
tures in these plasmas, heavy particles, i.e. electrons, are
connected, and although elastic collisions are less effective
than heavy particle collisions, they can still transfer energy
to other processes, such as activation and ionization or dis-
sociation of molecules, which explains the great interest in
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these plasmas [3]. Microwave plasma technology is widely
used in modern industrial applications, including material
processing, surface treatment, sterilization and decontami-
nation [4]. Microwave plasma torches are particularly ver-
satile and can be operated with noble gases such as argon
(Ar) and helium (He), as well as nitrogen (N2), oxygen (02)
and even ambient air. This versatility significantly expands
their range of industrial applications. A key advantage of the
microwave plasma torch is its high coupling efficiency (up to
90%), which effectively concentrates the microwave energy
into the plasma within the short-circuited waveguide. This
high efficiency is crucial for optimizing the energy transfer
process as it ensures that most of the microwave power is
effectively utilized, improving overall efficiency and reduc-
ing energy losses. The microwave plasma torch is an inven-
tion similar to the magnetron used in domestic microwave
ovens. These magnetrons are inexpensive, numerous and
compact. To operate the magnetron of a domestic microwave
oven, a voltage (4 kV) with a frequency (w=2.45 GHz) and
an average power of approximately (1 kW) must be sup-
plied to the cathode of the magnetron. A higher power volt-
age transformer is used to generate the voltage, which is
then rectified using a half-wave voltage doubler circuit. In
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other words, the magnetron operates at a frequency of 60 Hz
(alternating current) [5]. The purpose of the optical emis-
sion spectrometer (OES) [6] is to collect data on the char-
acteristics of the plasma [7]. The following Eq. (1) is used
to obtain the electron temperature (Te) in the local thermo-
dynamic equilibrium (LTE) in (eV) [8]. Te is given by [9]:

+C (1)

T, =1n [Iji}\ﬁ} - _ L

Ajigi K éT

Where:

(I;;) the intensity,

(A1) the wavelength,

(kp) the Boltzmann constant,

(g;) the statistical weight,

(Aj)) the probability of transition for spontaneous emis-
sion (i toj level ),

(E;) the excitation energy (eV),

(C) the Constant.

Can be used to determine the density of electron from the
line width as Eq. (2), while the electron number density is
often calculated using the Stark broadening [10]. The 7eis
given by [11]:

ANFWHM
HG—TX Nr (2)

where: (n,) the density of electron in cm™, (wy) the theo-
retical line width, (Full Width at Half Maximum FWHM)
AA of the spectral line, (,) the reference electron density
which calculate = 10'7cm = for neutral atoms [12].

The length of Debye, or distance (4p), is given by [13]:

KT, T,
Ap =[S g = 3)
nee e

where:

(Ap) the electron Debye length, (€,) permittivity of free
space, (e) the charge of electron (C).

The no. of particles in the Debye-sphere (Np) as depen-
dent on density and temperature of electron [14]

4 3 6T33/ 2
Np = ~Smedp = 138 x 10° )
The frequency of plasma (w,,.), which described as [15]:
nee? 8.98/- 5)
Wy, = = O. Ne
Pe co me
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Nanoscience, is a broad field of science that studies and
uses different techniques to obtain stable and new means of
nanoparticles compared to the original materials, nanoparti-
ales become important due to their remarkable physical and
chemical properties [16].

One of the primary goals of this work is to comprehend
the processes that control the formation of plasma reactivity
specie.

Experiment part

A simple design was employed to construct an atmospheric
microwave induced plasma jet (MIPJ) system using read-
ily available and inexpensive equipment procured from
the local market. The microwave generator was operated
at (Wp. = 2.45 GHz) and coupled to a homemade tapered
rectangular waveguide. Figure 1 shows the design of the
atmospheric microwave induced plasma jet (MIPJ) system
used in this study. The taper of the rectangular waveguide
was varied from 72 mm to 5 mm to increase the electric
field intensity in the region of interest, achieving an increase
of about 2.6 times of the original value. A discharge tube
made of quartz with different inner diameters (5—1 mm)
and thicknesses was placed perpendicular to the waveguide
and acted as an important barrier. The discharge tube was
located 29 mm from the edge of the waveguide, where the
electric field intensity is believed to reach its maximum, and
had an open bottom end away from the waveguide surface.
Integration of a UV-NIR spectrometer (S3000) into the
system allowed direct recording of diagnostic data at dif-
ferent gas flow rates. Plasma spectroscopy analysis allowed
the extraction of quantitative and qualitative information,
including elemental composition. The electron density (ne)
and temperature (7¢) of a plasma can be derived from the
shape, wavelength, and fluctuations of the emission lines
[17]. Of particular importance is the temperature (7. ) of a
plasma, which is a key thermodynamic parameter because
it can be used to characterize and predict various plasma
properties, including the relative energy level distribution
and particle velocity distribution.

Result and discussion
Diagnostic of argon gas flow rate

In Fig. 2 we see the intensity distribution of the plasma
spectrum captured by the OES. The experimental setup
consisted of 2.45 GHz argon (Ar) gas with discharge rates
between 0.5 and 2 1/min and a voltage of (185) volts. Many
Argon peaks are visible in the spectrum and most agree with
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Fig. 2 Different levels of the argon gas flow rate (0.5-2 /m) are characterized by a difference in intensity with respect to wavelength

NIST data [18]. Nitrogen (N2) absorbs in the range of 270  constant, the gas flow rate ranged from (1/2 to 2) I/min.
to 410 nm with a maximum at 337.13 nm. The Argon (Ar])  Most of the plasma peaks were detected in the wavelength
spectrum always shows a maximum at 811.53 nm regard-  range of 200 to 1000 nm. It is clear that the emission of
less of the gas flow rate. When the applied voltage was kept ~ the Arl gas and the interaction intensity between the plasma
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Fig. 3 The relationship between intensity and wavelength at the maximum apex for various flow rates of gas levels

particles increase. This finding is consistent with the work
conducted by A. J. Mohamed and M. K. Khalaf [19]. Fig-
ure 2 shows the active plasma species produced by the argon
gas in this system.

The spectrum of metallic tin (Snl) shows peaks in the
range of (220.97-284.00) nm. Gas flows of 0.5 to 2 I/min
and a constant applied voltage of 185 V were considered
for the determination of these peaks. A study using NIST
(National Institute of Standards and Technology) data
showed that the maximum peak of (Snl) occurs at a plasma
wavelength of (284.00) nm and a gas flow rate of (2) L/min.
Figure 2 shows that the peak height increases with increas-
ing gas flow rate. I know. Abbas and K.A.Aadim are right
[20].

The following two figures measure temperature and
electron number density, and the electron density (n.)
is obtained, calculated using Eq. (4), as shown in Fig. 3
[21]. Boltzmann plots the data of the most significant peak
according to Eq. (1) and E, and the electron temperature
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(T.) can be determined from the decay of the linear cor-
respondence of the obtained curve, as shown in the Fig. 4.

As the gas flow rate increases at a constant applied
voltage, as shown in Table 1, the results clearly show
that the electron temperature increases by (0.485-0.583)
eV and the electron density increases by (11.486x 107
-13.176 x 10"¢m 3. The correlation between the electron
temperature and intensity in this system and the gas flow
rate used to generate the plasma is shown in Fig. 5.

Table 1 parameters of a microwave plasma jet (MPJ) in
Tin with several ranges of gas flow rates.

These results are consistent with those of (K.A. Aadim,
G.H. Jihad) [22]. Gas molecules acquire energy from elec-
trons. This means that there are more Argon molecules in
the atmosphere and therefore more electrons to collide with
gas atoms. The increased energy exchange from particles to
gas atoms leads to an increase in the gas temperature. This
process also primarily limits the electron emission from
ions and atomic species in the Ar plasma. This means that
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Fig. 4 Boltzmann plots for change values of gas flow-rate (0.5-2)l/min at the constant gas flow-rate of 5 I/min

Table 1 Parameters of a microwave plasma jet (MPJ) in Tin with several ranges of gas flow rates

Gas flow rate I/min T, FWHM n, W, Ap Ny
(V) (nm) x10'7 (em™) x10'2 (Hz) %10 (cm)
0.5 0.485 1.700 11.486 9.624 4.830 542
1 0.526 1.800 12.162 9.903 4.888 595
1.5 0.542 1.900 12.838 10.175 4.826 604
2 0.583 1.950 13.176 10.308 4.942 666
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Fig.5 Correlation between gas rate of flow (0.5-2) litres per minute and particle density and temperature

@ Springer



Journal of Optics

with increasing Argon flow rate, the lower energies in the
electron energy distribution function become more promi-
nent, while the higher energy tail decreases. Therefore, the
electron density increases with flow rate due to the gradual
ionization occurring inside the plasma jet tube.

In addition, a large fraction of the Argon (Ar) molecules
passing through the plasma tube undergo tertiary ioniza-
tion because the field potential is sufficient to induce such
ionization. Therefore, the gas enters the plasma state as it
passes through. Therefore, the electron density is lowest at
0.5 /min and highest at 2 I/min, especially considering that
the applied voltage is 185 kV; this indicates that an excess of
Argon (Ar) is flowing through the plasma. The gas flow rate
is directly related to the observed plasma properties. Neutral
particles gain some electrons, while others lose them (neu-
tral atoms). As can be seen in Fig. 5, the collapse process
increases the electron density and temperature, which is
triggered by the acceleration of the newly released electrons
and the collision electrons of the external field. This pro-
cess is called secondary ionization. The result is an increase
in gas flow due to electrical failure. This is consistent with
[23], as follows:

Absorbance spectra

As shown in Fig. 6, the UV-visible absorption spectrum of
Sn nanoparticles is shown. The results show that the absorp-
tion increases with the increase of the gas flow measurement
value. The absorption coefficient is calculated according to
the following formula [24]

A
a =2303 (6)

Here, absorbance (A) and depth of film (t) are defined. More
gas flow measurement readings meant more opportunities
for the substance to be struck.

As can be seen in Fig. 7, the parameters of the prohibited
energy gap, were determined using the equation that fol-
lowed [25]:

ahv=A(hv—E,) (7)

The symbol (E,) denotes the forbidden potential gap, (hv)
denotes the energy of the photon and (A) remains constant.

0.7
—Sn,F=0.5
0.6 —Sn,F=1.0
—Sn,F=1.5
0.5

Absorbance

—Sn,F=2.0

600
4 (nm)

700 800 900 1000 1100

Fig.6 The absorption spectra of thin coatings of Snproduced by a plasma jet at varying gas flow rates
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Fig. 7 Straightforward transition of SnO,, produced by plasma jet at various gas flow rates

The value of the r coefficient varies depending on the type
of transition: (1/2) denotes an allowed straight-line transi-
tion. An impermissible straight-line transition is denoted by
(3/2) while an allowed transition is denoted by (2). Inter-
mediate transitions and (3) denote forbidden intermediate
transitions [26]. We note that the transition is direct, as
shown in Fig. 7 and the observed decrease can be attrib-
uted to the fact that the material experiences more photon
impacts due to the increase in gas flow rate. As a result, the
material absorbs more photons, stimulating the generation
of electrons and holes. Hence, the gap in the energy values
decreases. The energy gap decreases from 4.4 eV to 4.1 eV
can also be attributed to the manipulation of atomic disper-
sion and crystal phase transitions, as well as the material
changes caused by the change in gas flow rate [27].

Conclusions

The generation of tin plasma using an atmospheric micro-
wave plasma jet is an efficient, safe and cost-effective
method for generating tin nanoparticles. The experiments
found that the emission intensity increased with increasing
gas flow rate. It is also worth noting that both the electron

density (") and the plasma frequency (Wp.) increased with
increasing gas flow rate. On the other hand, the Debye
length (A p) and the electron temperature (7;) decreased
with increasing gas flow rate. These findings demonstrate
the effectiveness of nanoparticles in various fields, and the
results show the effectiveness of nanoparticles in many
fields, such as: B. Wound treatment and cancer treatment.
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