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Abstract: Supercritical fluid extrusion (SCFE) is an emerging technology with significant potential to revolutionize semiconductor
processing. Traditional methods often rely on harsh chemicals, high temperatures, and vacuum environments, posing challenges in terms
of environmental impact, material compatibility, and processing limitations. SCFE, utilizing supercritical fluids (most commonly carbon
dioxide) as tunable solvents and transport media, offers a compelling alternative. This abstract examines the application of SCFE in
diverse aspects of semiconductor manufacturing, including the deposition of thin films and nanomaterials, the removal of contaminants
and residues, and the creation of advanced packaging structures. The unique properties of supercritical fluids—such as their high
diffusivity, low viscosity, and tunable solvent power—enable precise control over processing conditions, improved material purity, and
enhanced device performance. Moreover, SCFE's inherent sustainability offers reduced waste generation and lower energy consumption,
aligning with the increasing demand for eco - friendly semiconductor manufacturing. This technology holds promise for enabling the
development of smaller, faster, and more efficient semiconductor devices while simultaneously addressing the industry's growing
environmental concerns.
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1. Introduction

The semiconductor industry continually seeks advanced
manufacturing techniques to meet the demands for
miniaturization, enhanced performance, and environmental
sustainability. Traditional fabrication methods often rely on
harsh  chemicals, high temperatures, and vacuum
environments, presenting challenges in terms of
environmental impact, material compatibility, and processing
limitations. Supercritical fluid extrusion (SCFE) emerges as a
promising alternative, leveraging the unique properties of
supercritical fluids—particularly supercritical carbon dioxide
(scCO2) —to address these challenges. This paper explores
the potential of SCFE in semiconductor manufacturing,
focusing on thin film deposition, contaminant removal, and
advanced packaging structures.

2. Literature Review

Supercritical fluids (SCFs) are substances maintained above
their critical temperature and pressure, exhibiting properties
intermediate between liquids and gases. Supercritical CO, in
particular, has garnered attention due to its tunable solvent
capabilities, low viscosity, high diffusivity, and
environmentally benign nature. Research has demonstrated
the efficacy of scCO: in various semiconductor processes:

e Cleaning and Contaminant Removal: scCO: effectively
removes photoresist and etch residues from
semiconductor wafers, minimizing the use of hazardous
chemicals and reducing water consumption.

e Thin Film Deposition: The supercritical fluid deposition
(SCFD) technique enables functional films and coatings
on microelectromechanical systems (MEMS) devices,
ensuring superior step coverage at relatively low
temperatures.

e Drying Processes: Supercritical CO: drying prevents
stiction and collapse in MEMS devices during fabrication,
ensuring structural integrity.

While these applications highlight the versatility of scCO: in
semiconductor processing, the integration of SCFE into
mainstream manufacturing remains underexplored.

3. Methodology

To assess the feasibility of SCFE in semiconductor
manufacturing, a prototype system was developed featuring a
high - pressure extrusion chamber designed to operate with
scCO2. The system facilitates the infusion of scCO. into
various  semiconductor  materials under  controlled
temperature and pressure conditions. The experimental
approach involved:

1) Material Preparation: Semiconductor substrates were
pre - treated to remove native oxides and contaminants.

2) SCFE Processing: Substrates were subjected to SCFE
with scCO., with or without co - solvents, to achieve
desired outcomes such as thin film deposition or
contaminant removal.

3) Characterization: Post - processing, substrates were
analyzed using techniques like scanning electron
microscopy (SEM), atomic force microscopy (AFM), and
X - ray photoelectron spectroscopy (XPS) to assess
surface morphology, film uniformity, and chemical
composition.

4. Experimental Results

The application of SCFE yielded promising results:

o Thin Film Deposition: Uniform metal and dielectric films
were successfully deposited on semiconductor substrates.
The films exhibited excellent step coverage, even on
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features with high aspect ratios, and were deposited at
temperatures significantly lower than those required by
traditional chemical vapor deposition methods.

e Contaminant Removal: SCFE successfully removed
organic contaminants and residues from patterned wafers
while preserving delicate structures. The process
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eliminated the need for aggressive chemicals, thereby
reducing potential environmental hazards.

e Advanced Packaging Structures: The technique
facilitated the formation of void - free underfill materials
in flip - chip packaging, enhancing thermal and
mechanical stability.

Environmental Impact of SCFE
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Figure 1: Performance metrics of SCFE in Thin Film deposition, Contaminant removal and Packaging Adhesion

Supercritical Fluid extrusion also significantly improves

process efficiency, energy consumption and waste reduction

— making it extremely suitable for green and sustainable

manufacturing. Figure 1 represents key performance metrics

of SCFE in semiconductor manufacturing:

1) Process Efficiency: Thin film deposition (92%),
contaminant removal (88%), and packaging adhesion
(95%).

2) Energy Consumption: SCFE requires lower energy per
batch—thin film deposition (40 kWh), contaminant
removal (35 kWh), and packaging adhesion (30 kWh).

3) Waste Reduction: SCFE significantly reduces waste—
thin film deposition (75%), contaminant removal (80%),
and packaging adhesion (85%).

5. Discussion

The unique properties of scCO., such as its low surface
tension and high diffusivity, enable SCFE to penetrate
nanoscale features and remove contaminants or deposit
materials uniformly. The tunable solvent power of scCO-
allows for selective dissolution of specific substances, making
it versatile for various applications in semiconductor
manufacturing. Moreover, the relatively mild operating
conditions of SCFE reduce thermal stress on substrates,
making it compatible with temperature - sensitive materials.

However, challenges persist in scaling SCFE for high -
volume manufacturing. The design of high - pressure
equipment, precise control of processing parameters, and
integration with existing fabrication workflows require
further development. Additionally, the economic feasibility
of implementing SCFE on an industrial scale necessitates
comprehensive cost - benefit analyses.

6. Conclusion

Supercritical fluid extrusion presents a compelling
advancement in semiconductor manufacturing, offering
environmentally friendly and efficient alternatives to
traditional processes. Its applications in thin film deposition,

contaminant removal, and advanced packaging demonstrate
its potential to enhance device performance while addressing
ecological concerns. Future research should prioritize
optimizing SCFE processes, developing compatible
materials, and facilitating the large - scale industrial adoption
of this promising technology.
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