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Abstract 

We developed a particle-free linear atmospheric plasma device for hydrophilizing silicon wafers, 

aiming to improve semiconductor manufacturing processes. The device generates a stable plasma 

curtain using argon or helium gas under specific frequency and power conditions, enabling large-

area surface treatment without causing damage. Experimental results demonstrated uniform 

hydrophilization, characterized by a substantial reduction in water contact angle and minimal 

particle emission, outperforming conventional jet-type plasma systems. TOF-SIMS analysis 

confirmed the absence of metal contamination, validating the device’s cleanliness. This technology 

offers a promising alternative to wet chemical treatments, contributing to environmentally friendly 

and efficient wafer bonding processes. 

Keywords: atmospheric plasma; particle-free; hydrophilization; linear plasma device; semiconductor 

manufacturing process 

 

1. Introduction 

Atmospheric plasma, which can be operated in open systems without the need for vacuum 

pumps or exhaust equipment, enables high-density and continuous treatment of reactive species. 

This characteristic has led to its application across various industrial fields, including semiconductor 

processing [1–3], decomposition of hazardous gases [4], detoxification of harmful substances [5], and 

elemental analysis [6–10]. Furthermore, advancements in plasma temperature control technologies 

[11] have expanded its potential use in medical devices [12] and sterilization processes [13]. 

Semiconductor devices are essential to modern society, particularly integrated circuits, which 

are indispensable in communication, computing, and energy management. As global data traffic 

continues to increase annually, concerns regarding rising energy consumption and greenhouse gas 

emissions have intensified [14]. Enhancing the performance of semiconductor devices is considered 

one of the key solutions to these challenges. In semiconductor manufacturing, plasma processes play 

a crucial role in pattern formation via etching, dielectric film deposition through plasma Chemical 

Vapor Deposition, and wafer bonding via hydrophilization and contaminant removal. Historically, 

performance improvements have been achieved primarily through advancements in processing 

technologies for single-material systems such as silicon. However, the limitations of such approaches 

have become increasingly apparent [15–18]. Recent research has focused on photonic devices, which 

offer ultra-low power consumption and ultra-wide bandwidth capabilities [19–21]. In developing 
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these devices, heterogeneous integration of silicon with III–V compound semiconductors has been 

proposed, enabling the realization of high-performance optical communication devices [22–24]. 

Heterogeneous integration refers to the fabrication of integrated circuits by optimally combining 

multiple semiconductor materials with distinct properties, thereby achieving device performance 

unattainable with single-material systems. This approach is especially important for optical 

communication applications. 

Hydrophilic bonding has been proposed for joining dissimilar semiconductor materials. 

Traditionally, wet chemical treatments using oxidizing agents have been employed, but these require 

waste liquid treatment facilities and high-temperature annealing, prompting the need for simpler 

methods [25,26]. Recently, dry bonding techniques using low-pressure plasma in vacuum chambers 

have gained attention [27–29]. However, these methods involve complex processes and pose 

challenges for productivity [30–34]. Consequently, efforts have been made to simplify bonding 

processes by utilizing atmospheric plasma for hydrophilization. 

Jet-type atmospheric plasma devices are commonly used, but they suffer from issues such as 

particle contamination due to electrode erosion, which can degrade cleanroom environments and 

device performance. Additionally, their narrow treatment width limits productivity [35]. To address 

these challenges, we have developed a novel linear-type plasma device with reduced particle 

generation. This device overcomes the limitations of conventional atmospheric plasma systems and 

enables inline integration with other bonding processes. 

In this study, we describe the newly developed particle-free linear plasma generation device and 

present experimental results evaluating its performance. Specifically, we report on the particle 

content within the plasma and the effectiveness of hydrophilization. The objective of this research is 

to propose a new plasma treatment method using atmospheric plasma that can be integrated inline 

with other bonding processes, and to develop and evaluate the performance of the corresponding 

device. This approach aims to achieve both effective hydrophilization of silicon wafers and 

suppression of particle contamination, thereby enhancing the efficiency of high-performance 

semiconductor device manufacturing. 

2. Materials and Methods 

2.1. Fabrication of the Linear Plasma Device 

Traditionally, large-area plasma treatment has been conducted using dielectric barrier discharge 

(DBD) systems, which perform direct treatment by placing the target material inside the device and 

activating the surface via direct discharge [36]. However, for delicate materials such as silicon wafers, 

there is a risk of damage from discharge, necessitating the development of remote treatment 

technologies that enable large-area processing while avoiding discharge-induced damage. 

To address this issue, a new large-area remote plasma treatment device was designed and 

fabricated based on the following principles. As shown in Figure 1, plasma was generated between 

copper and aluminum electrodes by flowing plasma-generating gas and applying alternating 

voltage, resulting in capacitively coupled plasma. The plasma is sustained by secondary electrons 

emitted when ions accelerated by the electric field collide with the electrodes. 

To ensure stable atmospheric plasma generation and minimize electrode damage, high-

frequency power supplies of 13.56 MHz and 27.12 MHz were employed. At frequencies above 1 MHz, 

ions cannot follow the rapid changes in the electric field and become trapped in the discharge space, 

reducing collisions with electrodes. Consequently, plasma is maintained through ionization of gas 

molecules via electron collisions [37]. 

A slit measuring 349 mm × 1 mm was installed at the bottom of the device to emit plasma in a 

curtain-like fashion, enabling large-area remote treatment. As shown in Figure 2, the linear plasma 

device is enclosed in an aluminum housing with only the slit section machined. The housing is 

grounded, and plasma is generated between the internal copper electrodes. The hollow copper 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 August 2025 doi:10.20944/preprints202508.1235.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1235.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 11 

 

electrodes are cooled by circulating a coolant to suppress heat buildup. Additionally, a mechanism 

for uniform gas flow distribution is incorporated within the housing. 

The housing dimensions are 53 mm in height, 405 mm in width, and 40 mm in depth. 

Symmetrical gas and coolant inlets are positioned on both sides, and a coaxial cable adapter is located 

at the center. Plasma generation was successfully achieved by flowing argon or helium gas and 

applying high-frequency voltage at 13.65 MHz or 27.12 MHz. The curtain-shaped plasma emitted 

from the slit allows for single-pass treatment of 12-inch wafers. 

2.2. Performance Evaluation and Comparative Experiments 

To evaluate hydrophilization performance, water contact angle measurements were conducted 

using the B100 instrument manufactured by Asumi Giken Co., Ltd. While additional evaluation 

methods such as surface free energy analysis using diiodomethane [38] and functional group analysis 

via X-ray Photoelectron Spectroscopy [39] were considered, this study focused on basic validation 

using water contact angle measurements. 

The method for measuring the number of particles emitted from the plasma device is illustrated 

in Figure 3. The device was sealed in a clean bag (ASLAB Clean Bags 1-3254-07), and plasma was 

generated. The number of airborne particles inside the bag was measured using a particle counter 

(KC-01E, RION Co., Ltd.). Argon gas was used as the plasma-generating gas, and particles larger 

than 0.1 μm were removed using a filter (FUFL-915-6.35-0.1). Measurements were repeated five 

times, and the average values were used for analysis. 

For comparison, particle emission from a conventional jet-type plasma device was also 

measured. This device is 85 mm in length and weighs 160 g, with a 1.5 mm gap between the high-

voltage and ground electrodes. Plasma is generated by flowing gas and applying 16 kV at 50 Hz, 

which is emitted through a 1 mm diameter nozzle [40–42]. A schematic diagram of a conventional 

jet-type plasma device is presented in Figure 4. The device operates by generating plasma through 

high-voltage discharge between electrodes, which is subsequently expelled from the nozzle outlet.  

Additionally, surface analysis of adsorbed substances after treatment with both the linear and 

jet-type plasma devices was conducted using Time-of-Flight Secondary Ion Mass Spectrometry (TOF-

SIMS, ION-TOF GmbH, Germany). 

 

Figure 1. Method for generating large-area remote plasma. 
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Figure 2. Developed linear plasma device. 

 

Figure 3. Method for measuring the number of particles emitted from the plasma device. 

 

Figure 4. Schematic a conventional jet-type plasma device. 
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3. Results 

3.1. Conditions for Stable Plasma Generation in the Linear Plasma Device 

To determine the operational conditions for stable plasma generation using the developed linear 

plasma device, the relationship between gas flow rate and power output was investigated for both 

argon and helium gases. Figure 5 illustrates the range of conditions under which stable argon plasma 

was generated at a frequency of 13.56 MHz. Stable plasma was observed within a gas flow rate range 

of 5–40 L/min and a power output range of 40–80 W. Figure 6 shows the conditions for stable helium 

plasma generation, which occurred within a flow rate range of 10–40 L/min and a power output range 

of 40–70 W. Compared to argon, helium exhibited a narrower range of stable conditions, particularly 

at higher flow rates where localized arc discharges were more likely to occur. 

 

Figure 5. Conditions for stable argon plasma generation at a frequency of 13.56 MHz. 

 

Figure 6. Range of conditions for stable plasma generation using helium gas. 
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3.2. Evaluation of Hydrophilization Effect 

To assess the uniformity of the plasma treatment effect, argon plasma was linearly irradiated 

onto silicon wafers, and hydrophilization was evaluated via contact angle measurements. Figure 7 

outlines the experimental setup using the linear plasma device. The plasma was generated using a 

13.56 MHz power supply at 60 W, with argon gas supplied at a flow rate of 30 L/min. The plasma 

was irradiated onto a 2-inch silicon wafer at a distance of 1 mm and a scanning speed of 4 mm/sec. 

Prior to treatment, the wafers were immersed in buffered hydrogen fluoride (BHF) for 3 minutes to 

remove the oxide layer and perform cleaning.To verify the uniformity of treatment across the width, 

five silicon wafers were arranged at 80 mm intervals, and contact angles were measured at five points 

per wafer. Figure 8 presents the results. The average contact angle of the cleaned wafers was 72.5°, 

which decreased to 13.1° after plasma treatment. The standard deviation across the width was 3.0°, 

indicating a high level of uniformity in hydrophilization. 

 

Figure 7. Experimental setup for hydrophilization of silicon using the linear plasma device. 

 

Figure 8. Hydrophilization results of silicon using the linear plasma device. 

3.3. Evaluation of Particle Suppression Performance 

The number of particles emitted from the linear plasma device was measured and compared 

with that from a conventional jet-type plasma device. The linear device operated at 27.12 MHz with 

an argon flow rate of 30 L/min and a power output of 165 W. The jet-type device operated at 16 kHz 

with an argon flow rate of 2 L/min and a voltage of 9 kV. Figure 9 shows the particle count results 

across various size ranges: 0.3–0.5 μm, 0.5–1 μm, 1–2 μm, 2–5 μm, and >5 μm.The jet-type device 

generated 5.5 × 10⁵, 1.0 × 10⁵, 2.3 × 10⁴, 1.0 × 10³, and 8.0 particles/L respectively in these size ranges. 

In contrast, the linear plasma device produced fewer than 1.0 particles/L in all size categories, 

demonstrating its capability as a clean plasma source. 
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Figure 10 presents TOF-SIMS analysis results of silicon wafers treated by both devices. 

Aluminum was detected on the surface treated by the jet-type device, likely originating from 

electrode erosion. No significant aluminum peaks were observed on the surface treated by the linear 

device, indicating effective suppression of metal contamination. 

 

Figure 9. Particle emission from the linear plasma device. 

 

Figure 10. Chemical composition of silicon surfaces treated by jet-type and linear plasma devices. 

4. Discussion 

A linear-type atmospheric plasma device capable of emitting plasma in a curtain-like fashion 

was developed, and the conditions for stable plasma generation at a frequency of 13.56 MHz were 

investigated. For argon gas, stable plasma was achieved within a flow rate range of 5–40 L/min and 

a power range of 40–80 W. For helium gas, the stable range was narrower, with flow rates of 10–40 

L/min and power outputs of 40–70 W. Although helium's higher thermal conductivity suggests more 

diffuse discharge, the experimental results contradicted this expectation [43,44]. Helium also has 

higher viscosity [45,46], which should suppress turbulent discharge [47,48]. In practice, stable plasma 

was generated under high-power conditions with helium. However, instability was observed at both 

low and high flow rates, likely due to density fluctuations in the gas stream. These fluctuations may 

cause instability under gravitational or acceleration fields [49,50]. Additionally, low flow rates may 
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allow ambient air to mix into the plasma, further destabilizing it. Therefore, maintaining uniform 

flow conditions is essential for achieving stable plasma generation with helium, similar to argon. 

In the hydrophilization experiments using silicon wafers, the contact angle was uniformly 

reduced across the entire slit width, with an average value of 13.1°. This value is comparable to those 

reported in previous studies [51,52], suggesting that the developed device could serve as a promising 

alternative. Further enhancement of hydrophilicity may be achievable by using oxygen gas or 

optimizing other parameters. 

Particle emission measurements revealed that the developed linear plasma device did not emit 

detectable particles larger than 0.3 μm, indicating its suitability for cleanroom environments in 

semiconductor manufacturing. TOF-SIMS analysis showed no aluminum [53] contamination on the 

silicon wafer surface treated with the linear device, whereas aluminum was detected on wafers 

treated with the jet-type device. This suggests that the use of high-frequency power at 27.12 MHz 

reduces ion collisions with electrodes, thereby minimizing electrode erosion and particle generation. 

While the device successfully generated stable atmospheric plasma across a 349 mm width and 

achieved uniform hydrophilization of silicon wafers, further improvements are needed for 

integration into semiconductor manufacturing processes. Specifically, the hydrophilization effect 

must be enhanced, as the contact angle achieved is higher than that of conventional low-pressure 

plasma treatments. Future work will focus on optimizing gas types, frequencies, and power levels to 

advance atmospheric plasma processing technologies. 

5. Conclusions 

In this study, we developed a novel particle-free linear atmospheric plasma device capable of 

uniformly hydrophilizing silicon wafers over a wide area. The device generates a stable plasma 

curtain using argon or helium gas under high-frequency conditions, enabling remote and damage-

free surface treatment. Experimental results showed that the water contact angle on silicon surfaces 

decreased uniformly across the entire treatment width, with an average value of 13.1°. This value is 

comparable to those reported in previous technologies, and further improvements in 

hydrophilization performance are expected through optimization of gas types and processing 

conditions. 

Moreover, particle emission measurements confirmed that the device emitted virtually no 

particles larger than 0.3 μm, demonstrating a significantly cleaner processing environment compared 

to conventional jet-type plasma devices. TOF-SIMS analysis also revealed no metal contamination on 

the treated silicon surfaces, validating the cleanliness of the device. These results suggest that the 

developed system offers a promising, environmentally friendly alternative to wet chemical 

treatments and is well-suited for inline processing. 

Future work will focus on further enhancing hydrophilization performance and adapting the 

system for semiconductor manufacturing applications by investigating detailed processing 

parameters such as gas composition, frequency, and power. The outcomes of this research lay the 

foundation for next-generation atmospheric plasma technologies that combine high cleanliness and 

processing efficiency, contributing to the advancement of semiconductor device fabrication. 
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