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Description

Capacitive coupled plasmas are widely used in various industrial and
scientific applications, such as material processing, surface treatment, and
the generation of reactive species. The fundamental operation of CCPs relies
on applying an alternating electric field to a pair of electrodes, which ionizes
a gas to form plasma. In particular, the interaction of plasma with a mixture
of gases like argon and oxygen is of great interest due to its relevance in
processes such as etching, cleaning, and thin film deposition [1]. In recent
years, the combination of argon and oxygen in plasma systems has garnered
attention due to the synergistic effects that arise from the presence of both
gases, including the enhanced generation of reactive oxygen species and
their ability to modify material properties. Understanding the behavior of
Ar-0O2 plasma in capacitive coupled systems at low frequencies and low
pressures is crucial for optimizing its performance in various applications.
This investigation aims to explore the fundamental properties of Ar-O2 plasma
under these conditions, focusing on key parameters such as plasma density,
power deposition, ion energy distribution, and reactive species formation. The
behavior of capacitive coupled plasma is primarily influenced by the applied
power, gas composition, and operational pressure. At low frequencies, the
plasma is driven by the oscillating electric fields generated between the two
electrodes. In CCP systems, one electrode is typically grounded, while the
other is powered with an alternating voltage. The electric field causes free
electrons to oscillate, leading to ionization and the creation of plasma. The
frequency of the applied voltage determines the dynamics of the plasma,
including the sheath characteristics and the electron energy distribution
function. At low frequencies, the ionization efficiency tends to be lower
compared to higher frequencies, but the plasma can achieve a more uniform
distribution, making it suitable for applications requiring precise control over
the plasma characteristics [2].

When working at low pressures, the gas density is significantly reduced,
which can affect the ionization process and the overall plasma dynamics?
The mean free path of the particles increases, which can lead to less frequent
collisions between ions, electrons, and neutral gas species. This reduced
collisionality has implications for the electron energy distribution and the
transport of charged species within the plasma. The absence of frequent
collisions also impacts the ion energy, which tends to be higher in low-
pressure plasmas, since ions have more time to accelerate in the electric field
before reaching the electrode. This can be beneficial for certain applications,
such as etching, where higher ion energies are desired to increase the
etching rate or enhance material modification. On the other hand, the lack
of frequent collisions can also reduce the efficiency of energy transfer to
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neutral species, which may lower the production of reactive oxygen species
that are important for certain surface treatments. The addition of oxygen to
argon plasma has a profound effect on the plasma's chemistry and the types of
reactive species that are generated. In argon plasma, the primary processes
involve the ionization of argon atoms and the formation of Ar+ ions, electrons,
and excited states. However, when oxygen is introduced into the system, a
range of complex interactions occur between the argon ions, electrons, and
oxygen molecules. These interactions lead to the formation of reactive oxygen
species, including atomic oxygen, oxygen ions, ozone, and excited oxygen
molecules [3]. These species are crucial in a wide variety of applications,
including surface modification, thin-film deposition, and material etching. The
formation of reactive oxygen species is highly dependent on the ratio of argon
to oxygen, as well as the applied power and pressure conditions. For example,
at higher oxygen concentrations, the production of reactive oxygen species
such as O and 03 is enhanced, which can lead to increased etching rates or
changes in the chemical composition of the surface being treated.

At low frequencies, the plasma sheath behavior also plays an important
role in determining the characteristics of the plasma and the resulting
interactions with the substrate. The sheath is the region near the electrode
where a potential drop occurs between the plasma and the electrode
surface [4]. This region is crucial in determining the energy and flux of ions
and electrons that reach the substrate. In capacitive coupled plasma, the
sheath is formed due to the differences in the mobility of ions and electrons.
Electrons, being much lighter than ions, respond quickly to the oscillating
electric field, while ions are slower and accumulate in the sheath, creating
an electric field that accelerates them toward the electrode. The energy of
the ions reaching the surface is influenced by the sheath voltage, which is
determined by the applied power and frequency. At low frequencies, the
ion energy tends to be higher because the sheath is thicker and ions have
more time to accelerate before they impact the electrode. This can result
in more pronounced sputtering effects and increased surface modification
during processes such as etching or cleaning. In terms of power deposition,
the behavior of the plasma in a capacitive coupled system is governed by
the power coupling efficiency, which is influenced by the pressure, gas
composition, and electrode configuration. At low pressures, the efficiency of
power transfer from the electrodes to the plasma decreases due to the reduced
number of collisions between the charged particles. As a result, the plasma
density tends to be lower compared to higher pressures. This reduced plasma
density is a key factor in the formation of reactive species, as the number
of ionizing collisions between electrons and neutral molecules decreases,
leading to lower overall ionization rates. However, despite the lower plasma
density, the energy deposited into the system can still lead to the production of
significant amounts of reactive species, particularly in the presence of oxygen,
which can enhance the reactivity of the plasma. The reduced collisionality at
low pressures also affects the distribution of energy within the plasma, with
electrons acquiring higher energies as they are less likely to lose energy
through collisions with neutral particles [5].

One of the key challenges in working with capacitive coupled Ar-O2
plasma at low frequency and low pressure is maintaining control over the
plasma properties. The behavior of the plasma is highly sensitive to small
changes in operating conditions, such as the applied power, pressure, and
gas composition. Fine-tuning these parameters is crucial for optimizing the
plasma for specific applications. For example, in etching processes, controlling
the balance between ion bombardment and the production of reactive oxygen
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species is essential for achieving desired material removal rates without
damaging the substrate. Additionally, the ability to control the ion energy
distribution and the sheath thickness is important for tailoring the plasma
interactions with the surface being treated. The investigation of capacitive
coupled Ar-02 plasma at low frequency and low pressure provides valuable
insights into the fundamental plasma dynamics and the role of reactive
species in material processing. By understanding the relationships between
power deposition, plasma density, ion energy, and reactive species formation,
it is possible to optimize CCP systems for a wide range of applications.
Further studies are required to explore the detailed mechanisms of reactive
oxygen species production and their interaction with the substrate, as well
as the development of strategies to improve the efficiency of power coupling
and plasma stability under low-pressure conditions. Such advancements will
contribute to the continued development of technology for applications in
surface treatment, thin-film deposition, and other areas of plasma processing.
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