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Abstract

:

This study presents the development of a ferrite core inductively coupled plasma (ICP) radio frequency (RF) ion source designed to improve the lifetime of ion sources in commercial ion implanters. Unlike existing DC methods, this novel approach aims to enhance the performance and lifetime of the ion source. We constructed a high-vacuum evaluation chamber to thoroughly examine RF ion source characteristics using a Langmuir probe. Comparative experiments assessed the extraction current of two upgraded ferrite core RF ion sources in a commercial ion implanter setting. Additionally, we tested the plasma lifetime of the ICP source and took temperature measurements of various components to verify the operational stability and efficiency of the innovative design. This study confirmed that the ICP RF ion source operated effectively under a high vacuum of 10−5 torr and in a high-voltage environment of 30 kV. We observed that the extraction current increased linearly with RF power. We also confirmed that BF3 gas, which presents challenging conditions, was stably ionized in the ICP RF ion sources.
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1. Introduction


Most ion implanters utilize indirectly heated cathode (IHC) direct current (DC) ion sources. Over the recent 20 years, considerable progress has been made in extending the lifetime and enhancing the stability of these systems [1,2,3,4,5]. Despite these advances, issues such as filament breakage due to cathode punch-through and tungsten deposition from the halogen cycle persist, necessitating further improvements [6,7,8,9]. This study addresses the problem of cathode hole formation due to thermal electron emission by developing an ion source based on the remote plasma source (RPS) concept, utilizing a ferrite core [10,11,12,13,14,15]. The RPS structure was anticipated to improve the ion source’s lifetime by preventing electrodes from being exposed to plasma, which typically causes erosion and shortens the operational ion source lifetime [16,17,18,19,20]. We selected the ferrite core inductively coupled plasma (ICP) source because we expected it to operate stably, as demonstrated by the RPSs commonly used in etching and thin film processes within semiconductor equipment. Additionally, we anticipated that the ferrite core ICP source would generate plasma with a simple and efficient structure as it transmits external radio frequency (RF) power through the ferrite core without needing electrodes directly inside the plasma. We excluded other ICP methods besides the ferrite core method at the design stage because they were unsuitable for manufacturing with the existing parts (extraction electrode, source bushing) of the currently used ion implanter. RPS systems utilize a high gas flow rate to sustain plasma ignition and operation. However, achieving stable plasma ignition under a low gas flow of less than 5 square cubic cm per min (sccm) and high-vacuum conditions typical of ion implantation processes posed a significant challenge. The low gas flow rates can lead to difficulties in maintaining the necessary plasma density for effective ion generation [21]. To overcome this, our ferrite core RPS design incorporated specific adjustments to facilitate plasma ignition and sustainment under these stringent conditions. After achieving stable plasma ignition, we enhanced the ICP efficiency by utilizing ferrite cores, which ensured stable plasma operation even at reduced gas flow rates. An extensive experimental design was considered to evaluate the performance of this new ion source configuration, focusing on parameters such as ion density, plasma stability, and operational lifetime under various flow rates and vacuum conditions. The performance of the ferrite core ICP source was tested using a test chamber. The extraction current was compared to confirm the ion density by mounting it on the ion source of a commercial ion implanter under optimal conditions [22,23,24,25,26,27,28,29,30]. The extraction current of the argon beam was evaluated, and the process gas, BF3, was additionally evaluated to compare the two gases. We selected BF3 for comparison with argon because process gases combined with hydrogen, such as AsH3 and PH3, are easy to ionize, whereas gases combined with fluorine, such as BF3 and GeF4, are much more difficult to ionize. Therefore, we chose BF3, the most challenging gas to ionize, to demonstrate the effectiveness of our ICP RF source.




2. Materials and Methods


2.1. Ferrite Core ICP RF Ion Source Head


Figure 1a illustrates the design of the ion source, which matches the dimensions of the IHC DC source used in commercial ion implanters. The arc slit’s radius of curvature is identical to that of the extraction electrode, which is responsible for ion beam formation and fits precisely within the vacuum chamber where the ion source is mounted. The area expressed in orange color inside the cross-sectional view indicates where plasma is generated.



Figure 1b shows the side view of the ion source, with half of the cooling block removed to reveal the internal structure. The ferrite core is divided into two main components: the sub-ferrite core and the central ferrite core. The sub-ferrite core is designed to facilitate easy plasma ignition and improve the mobility of process gas under high-vacuum conditions by receiving 50% of the power delivered through a parallel connection of a 13.56 MHz RF generator (REXi-3K, RFPT, Suwon-si, Gyeonggi-do, Republic of Korea). This core ensures stable plasma generation even under challenging low-pressure conditions. The central ferrite core comprises six individual ferrite cores arranged in two parallel cylindrical structures.



This configuration is optimized to enhance the efficiency of the RF ion source, improving ion density and stability. The detailed design ensures compatibility with the existing infrastructure of high-current ion implanters, enabling seamless integration and operation.




2.2. Ferrite Core ICP Source Head Improvement


When applying an ICP source using a ferrite core to the implanter, the primary consideration was creating a structure capable of operating under a vacuum of less than 10−5 torr. The development process involved multiple iterations, aiming to improve the design for better performance and reliability.



In ver. 1.0, this initial version was designed to assist plasma ignition by placing a 100 V DC ignitor aid between the gas inlet and the ferrite core. The test setup involved using argon at a flow rate of 5 sccm under a vacuum level of 3.0 × 10−5 torr. The results showed that plasma ignition was achieved after more than 5 s of applying the 100 V DC. This demonstrated the feasibility of using a DC ignition aid to initiate plasma in high-vacuum conditions.



In ver. 1.1, the goal was to enhance the plasma ignition process and eliminate ignition components by connecting a sub-ferrite core in parallel with the existing central ferrite core for RF power delivery. This approach aimed to concentrate power delivery and facilitate plasma ignition without requiring external DC power assistance. Testing with argon at a reduced flow rate of 3 sccm confirmed that plasma ignition was achievable without the DC ignition aid, indicating a more efficient design. Ver. 1.1 also addressed heat management issues observed in earlier versions by introducing a cooling block. This block allowed process cooling water (PCW) to flow at 10 L per min (LPM), effectively dissipating the heat generated by the ferrite core. This improvement eliminated the need for the DC ignition aid while ensuring stable operation by controlling the temperature of the ferrite core.



In ver. 1.2, RF power was applied through seven pairs of central ferrite cores, with an additional pair of ferrite cores added to enhance ion density. The linear connection between the plasma-generated sub-loop and the central loop was streamlined to minimize plasma collisions with the chamber wall. Additionally, for improved cooling efficiency, we switched to a cooling block that covers all the central ferrite cores, including the sub-ferrite core. The ceramic tubes of the central loop were split into two parts to improve assembly convenience and reduce manufacturing costs.




2.3. Vacuum Chamber Design and Setup


A vacuum chamber was designed and constructed to measure the ignition and density of plasma in the ICP RF source head. The chamber was designed to replicate the dimensions and operational conditions of the source chamber used in commercial ion implanters. The vacuum chamber dimensions are 405.5 mm in width, 755.5 mm in length, and 335 mm in height. This configuration ensured that the experimental setup closely mimicked the ion source’s operational environment.



A turbo pump (MAG W 3200CT, LEYBOLD, Cologne, Germany) maintained high-quality vacuum conditions. The vacuum level was continuously monitored using a hot cathode ion gauge and a vacuum gauge controller (IVC2300, ISVT, Yongin-si, Republic of Korea). The system could maintain a vacuum level of 5.0 × 10−6 torr or lower, adjustable to 5.0 × 10−5 torr based on the gas flow rate. The flow rate of the process gas was controlled using a mass flow controller (MFC) (IMC1300, ISVT, Yongin-si, Gyeonggi-do, Republic of Korea). Precise gas flow control is crucial for maintaining stable plasma conditions.



A source magnet precisely installed to match the magnetic flux in the center of the plasma increased the plasma density of the ion source. The magnetic field strength was adjusted between 0 and 0.01 Tesla using a DC power supply (EX 600-2, ODA Technologies, Incheon Metropolitan City, Republic of Korea).



A double Langmuir probe (ALP-150, IMPEDANS, Dublin, Ireland) was installed by connecting the probe bellows to the back of the source chamber to compare the internal plasma characteristics of ion source heads.





3. Results and Discussions


3.1. Measurement of Ion Density Using Langmuir Probe and Extraction Current at Commercial Implanter


Ver. 1.0 and 1.1 (Figure 2a,b) were installed in the test chamber depicted in Figure 3b, and the plasma density of argon gas was measured at 5 sccm. Figure 4a presents the data obtained as the RF power increased incrementally from 400 to 1400 W. Notably, ver. 1.0 features seven pairs of central ferrite cores, whereas ver. 1.1 includes six pairs of central ferrite cores and one pair of sub-ferrite cores, marking a significant difference between the two versions. Ver. 1.0’s ion density at 400 W was 5.8 × 108 m−3, while ver. 1.1’s increased by 52% to 8.8 × 108 m−3. At 600 W, the ion density of ver. 1.0 increased by 32% to 1.24 × 109 m−3 compared to 9.4 × 108 m−3. This trend continued as the RF power increased, with a 23% increase at 800 W, 39% at 1000 W, 38% at 1200 W, and 42% at 1400 W. The consistent rise in ion density with increasing RF power highlights a clear correlation.



It was verified in the test chamber that plasma initiation and stabilization could be maintained for 2 h or longer. Subsequently, the extraction current was measured using a commercial ion implanter (OPTIMA HDx, AXCELIS, Beverly, MA, USA). In the ion source, plasma exists, and when applying 10 kV or higher energy to the ion source and extraction electrode, it transitions into an ion beam form [31,32,33,34]. The ion density can be determined by measuring the current at the extraction electrode.



In Figure 4b, vers. 1.0, 1.1, and 1.2 were mounted on a commercial implanter, and the extraction current was measured at 5 sccm of argon gas. RF power was gradually increased from 500 to 2800 W in 500 W increments using a 3000 W RF generator and adjusted to 2800 W due to power constraints. At 500 W, the extraction current of ver. 1.0 was 4.2 mA, ver. 1.1 increased by 12% to 4.7 mA, and ver. 1.2 increased by 635% to 26.7 mA. At 1000 W, ver. 1.1 increased by 26% to 10.2 mA compared to 8.1 mA in ver. 1.0, and ver. 1.2 increased by 446% to 36.2 mA. At 1500 W, ver. 1.1 increased by 39% and ver. 1.2 increased by 406%. At 2000 W, ver. 1.1 increased by 35% and ver. 1.2 increased by 418%. At 2500 W, ver. 1.1 increased by 29% and ver. 1.2 increased by 354%. At 2800 W, ver. 1.1 increased by 20%. After installing sub-ferrite cores in ver. 1.1, the extraction current continued to increase, improving by an average of 27% compared to ver. 1.0. Ver. 1.2 showed an average density increase of 452% after adding the 7th ferrite core and streamlining the area where plasma is generated.



In Figure 4c, the extraction current was measured by increasing the argon gas flow rate from 5 to 20 sccm in increments of 5 sccm while ver. 1.1 was installed. As a result, it was confirmed that the extraction current decreased as the gas flow rate increased. RF power was measured by increasing it in 500 W increments from 500 to 2800 W. The extraction current was 5.3 mA at 500 W and 5 sccm, and the flow rate decreased by 13%, 19%, and 36% as the flow rate increased to 4.6 mA at 10 sccm, 4.28 mA at 15 sccm, and 3.4 mA at 20 sccm, respectively. The extraction current at 1000 W and 5 sccm was 11.4 mA, decreasing to 10.2 mA at 10 sccm, 8.6 mA at 15 sccm, and 7.5 mA at 20 sccm, with each increase in the flow rate resulting in decreases of 11%, 25%, and 34%, respectively. The extraction current at 1500 W and 5 sccm was 16.5 mA, decreasing to 16.0 mA at 10 sccm, 13.5 mA at 15 sccm, and 11.6 mA at 20 sccm, with the flow rate increases leading to decreases of 3%, 18%, and 30%, respectively. At 2000 W and 5 sccm, the extraction current was 21.3 mA, decreasing by 2%, 16%, and 27% with each flow rate increase, respectively. At 2500 W and 5 sccm, the extraction current was 25.4 mA, decreasing by 3%, 15%, and 25% with each flow rate increase, respectively. At 2800 W and 5 sccm, the extraction current was 28.1 mA, decreasing by 5%, 17%, and 23% with each flow rate increase, respectively.




3.2. Comparison with Process Gas and IHC DC Ion Source Extraction Current Using High-Current Ion Implanter


The extraction current in argon gas was measured and compared with BF3 in a study evaluating RF power increments from 800 W to 2000 W in 200 W steps, with argon flowing at 5 sccm. The results are shown in Figure 5a. At 800 W, argon exhibited an extraction current of 32.4 mA, while BF3 showed 29.7 mA, representing a 9.1% higher current for argon. At 1000 W, argon reached 36.2 mA, and BF3 reached 34.7 mA, which is 4.1% higher. At 1200 W, argon was at 40.2 mA and BF3 was at 37.4 mA, which is 4.7% higher. At 1400 W, argon reached 46.0 mA and BF3 reached 41.9 mA, which is 9.7% higher. At 1600 W, argon was at 53.3 mA and BF3 at 45.5 mA, which is 21.6% higher. At 1800 W, argon reached 64.7 mA and BF3 reached 49.3 mA, which is 31.2% higher. At 2000 W, argon was at 66.2 mA and BF3 at 54.5 mA, which is 26.2% higher.



The evaluation was conducted In a commercial implanter to confirm the performance of the ferrite core ICP RF source and the IHC DC source. The evaluation conditions included an extraction voltage of 10 kV, argon flow at 5 sccm, source magnet ICP at 1.2 A, and IHC at 3.5 A. Although the source magnet was intended to be evaluated under the same conditions, ignition was not achieved at 3.5 A for the ICP, so it was decreased to 1.2 A until a stable condition was obtained.



The results, which are shown in Figure 5b, indicate that for the ICP, the extraction current was 18.57 mA at 400 W and increased to 25.9, 33.7, 36.0, 42.9, 46.8, and 51.0 mA at 1600 W, with increments of 200 W. For the IHC, the total power was calculated by summing the applied arc, cathode, and filter power supply amounts. The extraction current was 10.2 mA at 897 W, 18.0 mA at 761 W, 26.0 mA at 815 W, 34.1 mA at 867 W, 41.9 mA at 921 W, 48.8 mA at 969 W, and 55.6 mA at 1017 W. The extraction current was observed to be higher than the input power up to 880 W, but the efficiency decreased after that. The source magnet magnetic flux optimized for the shape of the IHC DC source arc chamber can explain the low ICP RF source density growth rate. Plasma was created within 100% of the source magnet flux in the IHC DC source. However, only 25% of the IHC arc chamber area was within the magnet flux in the central ferrite core.




3.3. Ferrite Core ICP Source Lifetime Test


For the stability test of the ICP source, we evaluated the plasma duration at an argon flow rate of 5 sccm and 2000 W. The plasma turned off during the third test after 8, 10, and 9 h, respectively. After the plasma was turned off, it could not be reignited. Upon disassembly and inspection, we found that the sub-ferrite core was broken. The inability to reignite the plasma was due to the RF power not being transmitted effectively because of the broken ferrite core. Additionally, the sub-ferrite core cable was damaged by arcing.



Due to these issues, we measured the temperatures at critical points of the ion source. The temperature of each point was measured using tape that changes color according to temperature (low-temperature label tape: Thermo Label 5E-210, NiGK Corporation (Saitama, Japan), high-temperature label tape: Thermo Label G-1 and G-2, NiGK Corporation). As shown in Table 1, we recorded the temperatures of the ferrite core, cable, and arc slit aperture after 30 min and 8 h of operation as shown in Figure 6. The sub-ferrite core remained below 210 °C for 30 min but exceeded 250 °C after 8 h. The central ferrite core reached 440 °C after 8 h, surpassing the 250 °C threshold, which is the maximum operating temperature for the ferrite core. The sub-ferrite core cable also exceeded 450 °C, even in the 30 min test, indicating that the cable was subjected to unsustainable temperatures of 450 °C or higher. These findings highlight the need for improved thermal management to ensure the longevity and stability of the ICP source during extended operations.





4. Conclusions


This study achieved significant results using a ferrite core ICP RF ion source within an ion implanter to generate an ion beam and measure the extraction current. The sub-ferrite core enhanced the gas’s exercise energy for plasma ignition under high-vacuum conditions. As a result of measuring the ionization efficiency using a Langmuir probe, a 38% increase in ion density was observed. Subsequently, the ICP RF ion source was installed on a commercial ion implanter. High voltage was applied to form an ion beam, resulting in a 27% improvement in the extraction current.



The optimized ver. 1.1 ion source was used to evaluate the extraction current relative to the gas flow rate. It was observed that the current decreased as the gas flow rate increased, indicating that a sufficient mean free path is required for effective gas ionization. The increase in gas density in a confined space prevented sufficient energy acquisition, explaining this phenomenon.



In addition, the experimental parameters, argon ion density and extraction current, were investigated and compared with the process gas BF3. The ion source, equipped with additional ferrite cores (seven pairs in ver. 1.2), demonstrated a remarkably 17% higher ionization efficiency for argon than BF3 gas. We compared the extraction current using the same commercial ion implanter equipment to assess the equivalent performance of the IHC DC source and the ferrite core ICP RF source. Below 880 W, the ferrite core ICP source exhibited a higher extraction current, but the rate of increase diminished at higher power levels. This suggests that while the ferrite core ICP source can generate plasma at lower energies, its efficiency is less than that of the IHC DC source at higher power levels.



An on-time plasma evaluation assessed the ion source’s lifetime, but the plasma did not last beyond 10 h. Temperature measurements at critical areas revealed temperatures exceeded 450 °C, causing the ferrite core to break or the RF cable to melt. These findings indicate that the ferrite core ICP source is unsuitable for mass production. The curing temperature for producing the ferrite core is around 300 °C, and becauseferrite cores cannot withstand temperatures above 450 °C, further research utilizing ferrite cores becomes impractical. In our future studies, will focus on enhancing the plasma efficiency in the ICP RF region without relying on ferrite cores.







Author Contributions


Conceptualization, J.-J.H.; Methodology, J.-J.H.; Formal analysis, J.-J.H.; Investigation, J.-J.H.; Resources, J.-J.H.; Data curation, H.-J.S.; Writing—original draft, J.-J.H.; Writing—review & editing, S.-J.M.; Visualization, J.-J.H. and H.-J.S.; Supervision, S.-J.M.; Project administration, S.-J.M.; Funding acquisition, S.-J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Korea Institute for Advancement of Technology (KIAT), titled “Development of a highly versatile quartz transmittance analysis system based on multi-wavelength laser to improve the semiconductor RTP process” (No. RS-2024-00434898).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data will be made available upon request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Olson, J.C.; Maciejowski, P.E.; Shengwu, C.; Klos, L. Varian Semiconductor Indirectly Heated Cathode Sources. In Proceedings of the 14th International Conference on Ion Implantation Technology, Taos, NM, USA, 22–27 September 2002. [Google Scholar] [CrossRef]

	



Tanaka, K.; Umisedo, S.; Miyabayashi, K.; Fujita, H.; Kinoyama, T.; Hamamoto, N.; Yamashita, T.; Tanjyo, M. Nissin Ion Equipment Indirectly Heated Cathode Ion. In AIP Conference Proceedings, Proceedings of the ION IMPLANTATION TECHNOLOGY: 16th International Conference on Ion Implantation Technology—IIT 2006, Marseille, France, 11–16 June 2006; American Institute of Physics: College Park, MD, USA, 2006. [Google Scholar] [CrossRef]

	



Makov, B.N. The Multiply Charged Ion Source with Indirectly Heated Cathode. IEEE Trans. Nucl. Sci. 1976, 23, 1035–1041. [Google Scholar] [CrossRef]

	



Horsky, T.N.; Chen, J.; Reynolds, W.E.; Jones, M.A. Current Status of the Extended Life Source: Lifetime and Performance Improvements. In Proceedings of the 1998 International Conference on Ion Implantation Technology. Proceedings (Cat. No.98EX144), Kyoto, Japan, 22–26 June 1998. [Google Scholar] [CrossRef]

	



Rathmeli, R.D.; Hsieh, T.J.; Trueira, F.R. Modifications to Improve Lifetime of the ELS Ion Source. In Proceedings of the 2000 International Conference on Ion Implantation Technology Proceedings. Ion Implantation Technology—2000 (Cat. No.00EX432), Alpbach, Austria, 17–22 September 2000. [Google Scholar] [CrossRef]

	



Tang, Y.; Nien, V.; Ku, P.; Yang, H.; Lin, T.; Chen, W.; Tien, E. Performance Improvement on SMIT SHX-III High Current Ion Implanter through the Use of EnrichedPlus 72germanium Tetrafluoride (EnPlus 72GeF4) and Hydrogen (H2) Mixture Gases. MRS Adv. 2022, 7, 1398–1400. [Google Scholar] [CrossRef]

	



Tang, Y.; Byl, O.; Yoon, Y.; Yedave, S.; Tien, B.-T.; Bishop, S.; Sweeney, J.; Woo, S.; Kang, J. Ion Implanter Performance Improvement for Boron Doping by Using Boron Trifluoride (BF3) and Hydrogen (H2) Mixture Gases. In Proceedings of the 2014 20th International Conference on Ion Implantation Technology (IIT), Portland, OR, USA, 26 June–4 July 2014. [Google Scholar] [CrossRef]

	



Tang, Y.; Leong, C.W.; Lim, H.K.; Tiu, C.K.; Tien, E. Germanium Ion Implantation Performance Improvement on Applied Materials’ VIISta HCS High Current Implanter with Use of Germanium Tetrafluoride (GeF4) and hydrogen (H2) mixture gases. MRS Adv. 2022, 7, 1401–1403. [Google Scholar] [CrossRef]

	



Sinha, A.K.; Heiderman, D.C.; Chiu, R.; Koo, B.-W.; Sporleder, D.; Smith, S.M.; Sinclair, F. UpTime® Si2H6/SiF4 Mix for High Productivity Si Implant. In Proceedings of the 2016 21st International Conference on Ion Implantation Technology (IIT), Tainan, Taiwan, 26–30 September 2016. [Google Scholar] [CrossRef]

	



Srivastava, A.; Wilson, A.; Koo, I. Using a Remote Plasma Source for N-type Plasma Doping Chamber Cleans. In Proceedings of the 2014 20th International Conference on Ion Implantation Technology (IIT), Portland, OR, USA, 26 June–4 July 2014; IEEE: Piscataway, NJ, USA, 2014. [Google Scholar] [CrossRef]

	



Cheon, C.; Yoon, J.H.; Jo, S.; Kim, H.J.; Lee, H.J. Importance of Higher-Level Excited Species in Argon Remote Plasma Sources: Numerical Modeling with Consideration of Detailed Chemical Reaction Pathways. Plasma Process. Polym. 2022, 19, 2100251. [Google Scholar] [CrossRef]

	



Wu, T.-F.; Yu, L.-C.; Kumari, A. Remote Plasma Source Chamber Modeling and Generator Design. IEEE J. Emerg. Sel. Top. Power Electron. 2022, 10, 2075–2087. [Google Scholar] [CrossRef]

	



Knoops, H.C.M.; Arts, K.; Buiter, J.W.; Martini, L.M.; Engeln, R.; Hemakumara, D.T.; Powell, M.; Kessels, E.; Hodson, C.J.; O’mahony, A. Innovative Remote Plasma Source for Atomic Layer Deposition for GaN Devices. J. Vac. Sci. Technol. A. Vac. Surf. Film. 2021, 39, 062403. [Google Scholar] [CrossRef]

	



Yeom, H.J.; Choi, D.H.; Lee, Y.S.; Kim, J.H.; Seong, D.J.; You, S.J.; Lee, H.C. Plasma Density Measurement and Downstream Etching of Silicon and Silicon Oxide in Ar/NF3 Mixture Remote Plasma Source. Plasma Sci. Technol. 2019, 21, 064007. [Google Scholar] [CrossRef]

	



Park, K.W.; Lee, T.I.; Hwang, H.S.; Noh, J.H.; Baik, H.K.; Song, K.M. Formation of Stable Direct Current Microhollow Cathode Discharge by Venturi Gas Flow System for Remote Plasma Source in Atmosphere. Appl. Phys. Lett. 2008, 92, 061503. [Google Scholar] [CrossRef]

	



Horsky, T.; Chen, J.; Rutishauser, H.; Sinclair, F.; McIntyre, T.; Reynolds, B.; Cloutier, R.; Trueira, F.; Loizides, B.; Bintz, B.; et al. Performance and Lifetime of the Extended Life Ion Source. In Proceedings of the 11th International Conference on Ion Implantation Technology, Austin, TX, USA, 16–21 June 1996. [Google Scholar] [CrossRef]

	



Su, E.; Chang, A.; Wu, K.; Tsai, J. Extension of the Source Lifetime in HC Ion Implanter with Dedicated Species. In Proceedings of the 2016 21st International Conference on Ion Implantation Technology (IIT), Tainan, Taiwan, 26–30 September 2016. [Google Scholar] [CrossRef]

	



Ikejiri, T.; Hamamoto, N.; Hisada, S.; Iwasawa, K.; Kawakami, K.; Kokuryu, K.; Miyamoto, N.; Nogami, T.; Sakamoto, T.; Sasada, Y.; et al. Development of High Productivity Medium Current Ion Implanter “EXCEED 3000AH Evo2”. In AIP Conference Proceedings, Proceedings of the ION IMPLANTATION TECHNOLOGY 2101: 18th International Conference on Ion Implantation Technology IIT 2010, Kyoto, Japan, 6–11 June 2010; American Institute of Physics: College Park, MD, USA, 2011. [Google Scholar] [CrossRef]

	



Uvais, A.; Jinguji, M.; Sato, Y.; Yotsumoto, T.; Botet, A.; Matsuo, J.; Kase, M.; Aoki, T.; Seki, T. Extending Ion Source Life on High Current Ion Implant Tools with In-Situ Chemical Cleaning. In AIP Conference Proceedings, Proceedings of the ION IMPLANTATION TECHNOLOGY 2101: 18th International Conference on Ion Implantation Technology IIT 2010, Kyoto, Japan, 6–11 June 2010; American Institute of Physics: College Park, MD, USA, 2011. [Google Scholar] [CrossRef]

	



Wu, T.F.; Yu, L.C.; Kumari, A.; Hung, R.Z.; Chen, P.J. Design and Implementation of Remote Plasma Sources for Semiconductor Chamber Cleaning. In Proceedings of the 2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit, MI, USA, 11–15 October 2020. [Google Scholar] [CrossRef]

	



Cha, J.-H.; Kim, S.-W.; Lee, H.-J. A Study on Beam Extraction Characteristics of RF and DC Filament Ion Source for High Current Ion Implanters. Appl. Sci. Converg. Technol. 2021, 30, 92–94. [Google Scholar] [CrossRef]

	



Koike, M.; Sato, F.; Sano, M.; Kawatsu, S.; Kariya, H.; Kimura, Y.; Kudo, T.; Shiraishi, M.; Shinozuka, M.; Takahashi, Y.; et al. Introduction of the MC3-II/GP System, Medium Current Ion Implanter with Enhanced Multi-Charge Beam Current. In AIP Conference Proceedings, Proceedings of the ION IMPLANTATION TECHNOLOGY 2012: 19th International Conference on Ion Implantation Technology, Valladolid, Spain, 25–29 June 2012; American Institute of Physics: College Park, MD, USA, 2012. [Google Scholar] [CrossRef]

	



Povall, S.; Loome, D.; Burgin, D.; Foad, M.A. Novel Ion Beam Extraction Assembly with Improved Lifetime for High Current, Low Energy Ion Implanters. In Proceedings of the 11th International Conference on Ion Implantation Technology, Austin, TX, USA, 16–21 June 1996. [Google Scholar] [CrossRef]

	



Swaroop, R.; Kumar, N.; Rodrigues, G.; Kanjilal, D.; Banerjee, I.; Mahapatra, S.K. Design and Development of a Compact Ion Implanter and Plasma Diagnosis Facility Based on a 2.45 GHz Microwave Ion Source. Rev. Sci. Instrum. 2021, 92, 053306. [Google Scholar] [CrossRef] [PubMed]

	



Tieger, D.R.; DiVergilio, W.; Eisner, E.C.; Harris, M.; Hsieh, T.J.; Miranda, J.; Reynolds, W.P.; Horsky, T. ClusterBoron™ Implants on a High Current Implanter. In AIP Conference Proceedings, Proceedings of the Ion Implantation Technology: 16th International Conference on Ion Implantation Technology—IIT 2006, Marseille, France, 11–16 June 2006; American Institute of Physics: College Park, MD, USA, 2006. [Google Scholar] [CrossRef]

	



Schmeide, M.; Kondratenko, S.; Matsuo, J.; Kase, M.; Aoki, T.; Seki, T. Characterization of Boron Contamination in Fluorine Implantation Using Boron Trifluoride as a Source Material. In AIP Conference Proceedings, Proceedings of the ION IMPLANTATION TECHNOLOGY 2101: 18th International Conference on Ion Implantation Technology IIT 2010, Kyoto, Japan, 6–11 June 2010; American Institute of Physics: College Park, MD, USA, 2011. [Google Scholar] [CrossRef]

	



Inouchi, Y.; Dohi, S.; Tanii, M.; Tatemichi, J.; Konishi, M.; Nukayama, M.; Nakao, K.; Orihira, K.; Naito, M.; Seebauer, E.G.; et al. Increase of Boron Ion Beam Current Extracted from a Multi-Cusp Ion Source in an Ion Doping System with Mass Separation. In AIP Conference Proceedings, Proceedings of the ION IMPLANTATION TECHNOLOGY: 17th International Conference on Ion Implantation Technology, Monterey, California, 8–13 June 2008; American Institute of Physics: College Park, MD, USA, 2008. [Google Scholar] [CrossRef]

	



Horsky, T.N.; Hahto, S.K.; Yamamoto, T. Novel Ion Source for the Production of Extended Sheet Beams. In Proceedings of the 2016 21st International Conference on Ion Implantation Technology (IIT), Tainan, Taiwan, 26–30 September 2016. [Google Scholar] [CrossRef]

	



Inouchi, Y.; Okuda, S.; Fujita, H.; Sasamura, Y.; Naito, M. Beam Current Control of an ECR Ion Source for Medium Current Ion Implanter. In Proceedings of the 1998 International Conference on Ion Implantation Technology. Proceedings (Cat. No.98EX144), Kyoto, Japan, 22–26 June 1998. [Google Scholar] [CrossRef]

	



Nam, S.K.; Economou, D.J.; Donnelly, V.M. Particle-In-Cell Simulation of Ion Beam Extraction from a Pulsed Plasma through a Grid. Plasma Sources Sci. Technol. 2006, 16, 90–96. [Google Scholar] [CrossRef]

	



Spädtke, P. Invited Review Article: Modeling Ion Beam Extraction from Different Types of Ion Sources. Rev. Sci. Instrum. 2018, 89, 081101. [Google Scholar] [CrossRef] [PubMed]

	



Spädtke, P.; Mühle, C. Simulation of Ion Extraction and Beam Transport (Invited). Rev. Sci. Instrum. Online/Rev. Sci. Instrum. 2000, 71, 820–825. [Google Scholar] [CrossRef]

	



Soliman, B.A.; Abdelrahman, M.M.; Helal, A.G.; Abdelsalam, F.W. Simulation of Ion Beam Extraction and Focusing System. Chin. Phys. C 2011, 35, 83–87. [Google Scholar] [CrossRef]

	



Mori, M.; Nakamura, T.; Inoue, N.; Uchida, T. Computer Simulation of Ion Beam Extraction by Finite Element Method. Jpn. J. Appl. Phys. 1980, 19, 1377. [Google Scholar] [CrossRef]








[image: Sensors 24 05071 g001] 





Figure 1. (a) Cross-sectional view left: IHC DC source; right: ferrite core ICP RF source (The orange color indicates the area where plasma occurs.); (b) ver. 1.1 ICP RF source side view (half side cooling block removed). 
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Figure 2. Ferrite core ICP source head cross-sectional view. (a) Ver. 1.0 (red dotted circle: ignitor), (b) ver. 1.1 (red dotted circle: added sub-ferrite core), and (c) ver. 1.2 (red dotted circle: added 7th ferrite core). 
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Figure 3. (a) System diagram of the test chamber and Langmuir probe (The orange color indicates the area where plasma occurs); (b) measurement of the ferrite core ICP source argon plasma ion density in the test chamber. 
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Figure 4. (a) Langmuir probe ion density measurement of ver. 1.0 and 1.1; (b) extraction current measurement ver. 1.0, 1.1, and 1.2; (c) comparison of extraction current compared to RF power according to gas flow rate change in ver. 1.1. 
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Figure 5. (a) Comparison extraction current of Ar and BF3 at ver. 1.2; (b) comparison extraction current of ver. 1.2 ferrite ICP RF and IHC DC. 
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Figure 6. Temperature measurement of (a) sub-ferrite core after 30 min (When it turns from white to black, it indicates the temperature has been reached) and (b) central ferrite core after 8 h (When it changes from black to gray, it indicates that the temperature has reached 440 °C). 
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Table 1. Temperature of ferrite core at plasma on time test.
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	Check Point
	RF 2000 W, 8 h
	RF 2000 W, 30 min





	Sub-ferrite core
	250 °C
	210 °C



	Central ferrite core
	440 °C
	250 °C



	Arc slit aperture
	450 °C
	450 °C



	Sub cable
	450 °C
	450 °C



	Central cable
	210 °C
	210 °C
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