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Abstract: This study presents the design and development of a low-cost microwave plasma reactor for surface cleaning applications
using a modified household microwave platform. The system integrates a microwave power source, vacuum-compatible chamber, gas
delivery unit, and monitoring subsystem to generate non-thermal plasma under controlled conditions. Plasma formation occurs through
electron acceleration and avalanche ionization, producing reactive species capable of removing organic contaminants and modifying
material surfaces. The proposed reactor provides an affordable and modular platform for investigating plasma generation, plasma-
surface interactions, and plasma-assisted cleaning. The design aims to support education and interdisciplinary research while reducing

the cost associated with conventional plasma cleaning technologies.
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1. Introduction

Plasma is often referred to as the fourth state of matter and is
formed when sufficient energy ionizes a gas. People use it in
manufacturing electronics and cleaning surfaces because the
particles react easily with materials [1,2,16]

Surface cleaning stands out as one useful case. The process
removes organic dirt without solvents and leaves the inside of
the material mostly unchanged. Regular cleaning methods
need chemicals that can be messy so plasma offers a cleaner
option in places that need high precision. [11,12]

However, commercial plasma cleaning systems are often
prohibitively expensive for many schools and small
laboratories. They usually require vacuum pumps and special
controls that add up fast. Because of that it seems worth trying
to build something simpler and cheaper instead.

This project tries to do that by changing a household
microwave into a basic plasma reactor. The setup adds a
chamber that can hold vacuum along with ways to feed gas
and watch what happens. It might let students look at how
plasma cleans surfaces or interacts with different materials
without spending a lot. Some parts like full automation are
still rough though and it is not clear yet how well it will match
bigger systems. [14]

2. Methodologies
2.1 Reactor Design and Specifications

A low-cost microwave plasma reactor was conceptually
developed using a commercially available household
microwave platform as the microwave energy source. The
proposed reactor consists of five major subsystems: (i)
microwave energy source, (ii) plasma chamber, (iii) gas

delivery system, (iv) vacuum subsystem, and (v) monitoring
and control unit. [14]

The plasma chamber was designed as a cylindrical
borosilicate glass vessel with an inner diameter of
approximately 100 mm, a height of 150 mm, and a wall
thickness of 5 mm. A stainless-steel flange lid equipped with
gas inlet, vacuum outlet, and instrumentation ports was
proposed to maintain controlled operating conditions. The
sample was placed on a ceramic holder inside the chamber to
provide electrical insulation and thermal stability during
plasma treatment.

Vacuum

Figure 1: Front view of model Figure 2: Side View of model
2.2 Operating Conditions

Plasma generation was proposed using a household
microwave source operating at a frequency of 2.45 GHz with
a nominal microwave power of approximately 700 W. An
argon—oxygen gas mixture was selected as the process gas
because argon promotes stable plasma ignition, whereas
oxygen generates reactive oxygen species responsible for
contaminant decomposition and surface activation. [ 14]

The reactor was designed to operate under reduced-pressure
conditions to facilitate plasma generation. Controlled gas flow
and pressure regulation were incorporated to maintain stable
discharge conditions and enable systematic investigation of
process parameters such as gas composition, treatment
duration, and microwave exposure. [1,2,15]
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2.3 Plasma Generation Mechanism

Microwave  radiation  establishes an  oscillating
electromagnetic field within the reactor chamber. Naturally
occurring seed electrons absorb energy from this field and
undergo acceleration. These energetic electrons collide with
gas molecules and generate additional electrons and ions
through impact ionization. The repeated multiplication
process, commonly referred to as the electron avalanche
mechanism, ultimately produces non-thermal plasma
containing ions, radicals, excited species, and ultraviolet
photons. These reactive species participate in contaminant
decomposition and surface activation processes. [1,2,4,16]

2.4 Preliminary Experimental Demonstration

A preliminary proof-of-concept demonstration was
performed to verify plasma generation within the proposed
reactor configuration. Under reduced-pressure conditions and
controlled gas introduction, a stable luminous plasma
discharge was observed inside the borosilicate chamber,
confirming the feasibility of microwave-induced plasma
generation. [1,2,15]

Figure 3: Plasma Generation

To demonstrate the potential surface-cleaning capability of
the system, representative contaminated substrates were
exposed to plasma treatment. Visual examination after
treatment indicated a reduction in surface contaminants and
improved surface cleanliness. Although detailed quantitative
measurements and plasma diagnostics remain subjects of
future investigation, the preliminary demonstration
establishes the feasibility of implementing microwave-
induced plasma technology using a low-cost laboratory
platform. [11,12]

2.5 Performance Evaluation

The proposed reactor was evaluated from engineering,
educational, and economic perspectives. Particular emphasis
was placed on plasma generation mechanisms, subsystem
integration, process stability, and contamination-removal
pathways. Future investigations will focus on detailed plasma
characterization, optimization of operating conditions, and
quantitative assessment of cleaning efficiency through surface
analytical techniques and plasma diagnostic methods.

3. Applications of Microwave Plasma Reactors
in Science

Due to their capability of producing very reactive plasma
species in controlled manner, microwave plasma reactors

have gained popularity as versatile equipment for scientific
research. They find application in several fields such as
material sciences, chemical engineering, environmental
sciences, and biomedical engineering.

3.1 Surface Cleaning and Contamination Removal

Microwave plasma reactors find extensive applications in the
cleaning of organics, hydrocarbons, and oxides from surfaces
of metals, glass, polymers, and semiconductors. The reactive
oxygen species produced in the plasma process help
decompose the contaminants to form volatile compounds,
thus making the surface clean and activated. [11,12]

3.2 Surface Modification and Activation

Plasma treatment can alter surface chemistry and improve
properties such as wettability, adhesion, and biocompatibility.
Microwave plasma reactors are widely employed to activate
polymer and composite surfaces prior to coating, printing,
bonding, and thin-film deposition processes. [3,13]

3.3 Semiconductor and Microelectronics Processing

Plasma technology is used in the semiconductor industry for
applications like wafer cleaning, photoresist stripping,
etching, and thin film processes. Microwave plasma
technology offers a precise controlled environment to work in
the field of microelectronic device manufacturing. [6,7,10]

3.4 Materials Synthesis and Nanotechnology

Microwave plasma reactors can be utilized for producing
nano-materials  like  carbon  nanotubes,  graphene,
nanoparticles, and ceramics. In this case, the highly energetic
plasma atmosphere ensures fast reactions to enable the
production of new materials. [4,5,15]

3.5 Sterilization and Biomedical Applications

Non-thermal plasma generated by microwaves can
successfully kill bacteria, viruses, and other pathogens even
at lower temperatures. Thus, microwave plasma systems have
been widely studied for use in sterilizing medical devices,
wound healing, and modifying surfaces of biomedical
implants. [8,13]

3.6 Environmental Applications

Microwave plasma technology has demonstrated significant
potential in environmental remediation, including the
degradation of volatile organic compounds (VOCs),
decomposition of hazardous gases, wastewater treatment, and
air purification. Reactive plasma species can break down
pollutants into less harmful products. [4,5,8]

3.7 Plasma Chemistry and Fundamental Research

Plasma microwave reactors are an essential tool for research
concerning the physics of plasma generation, electron
avalanche, plasma kinetics, and plasma-surface interaction. It
is an important means through which fundamental studies in
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plasma physics and chemical reactions can be undertaken. [1,
2,4,16]

3.8. Educational and Interdisciplinary Research

The use of low-cost microwave plasma reactors is an
excellent way to facilitate learning and research in an
environment where principles of plasma physics,
thermodynamics, transport phenomenon, material science,
instrumentation, and process control can be merged together.
This helps in understanding plasma technology in a cost-
effective manner. [14]

4. Challenges and Future Directions

4.1 Challenges

Despite numerous benefits that microwave plasma reactors
have to offer in the area of surface treatment and research,
there still exist several difficulties related to their engineering
and operation. The generation of plasma is a very delicate
process as it is extremely sensitive to various operating
parameters, such as pressure, gas mixture, microwave power,
and chamber design. Any changes in the above-mentioned
factors can result in plasma instability, formation of non-
uniform discharge, and inconsistent treatment.

In addition, thermal loading and maintaining proper vacuum
are quite important aspects. Long-term plasma exposure can
increase the temperature in the chamber and thus influence the
performance of reactor's elements. Likewise, maintaining the
vacuum system without any leaks is vital, since the change in
the pressure leads to change in electron dynamics and the
properties of plasma itself.

Moreover, despite being low cost, the proposed reactor cannot
provide the same precision and high throughput as an
industrial one does. Indeed, commercial reactors utilize
sophisticated process control systems and are specially
designed in order to ensure the uniformity of plasma
treatment.

4.2 Future Directions

For future research, emphasis could be placed on optimizing
the performance of the reactor through systematic
optimization of such operating parameters as microwave
power, pressure, gas mixture, and treatment time. Research on
plasma-matter interactions and mechanisms of contaminants
removal would help to obtain more insight into the basic
processes underlying plasma-assisted surface treatment.

The introduction of new sensors, control systems, and real-
time monitoring technologies is another promising research
area. The integration of microcontrollers and feedback control
schemes could enhance process stability, reproducibility, and
safety. In addition, numerical modeling could be applied to
study the distribution of electromagnetic field, plasma
behavior, and heat transfer phenomena inside the reactor.

In addition to surface cleaning applications, the designed
reactor system could also be used in studies of surface
activation, nanomaterial fabrication, sterilization,

environmental cleanup, and plasma-assisted chemistry. As a
result, the development of cheap microwave plasma reactors
has a great potential of creating affordable experimental
platforms for interdisciplinary research and education in the
fields of plasma science and chemical engineering. [11,12]

5. Conclusion

This work presents the design and development of a low-cost
microwave plasma reactor intended for surface cleaning and
educational research applications. The reactor integrates a
microwave source, vacuum-compatible chamber, gas delivery
system, and monitoring components to generate non-thermal
plasma capable of removing contaminants and modifying
surfaces. Although the proposed system is not intended to
replace industrial plasma reactors, it offers an affordable and
modular platform for studying plasma generation and plasma-
material interactions. Future work should focus on
experimental validation, process optimization, and advanced
control strategies to improve performance and broaden
application areas. [11,12]
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