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Abstract

:

Climate change is an urgent global concern driven by human activities and the subsequent rise in greenhouse gas (GHG) emissions. The semiconductor industry has emerged as a significant contributor to GHG emissions, yet there is a lack of clear guidelines for effective reduction methods specifically tailored to domestic and international semiconductor manufacturing. This mini-review addresses this gap by proposing implementation principles for optimal control technology aimed at mitigating GHG emissions in the semiconductor industry. Drawing upon guidance from the Intergovernmental Panel on Climate Change (IPCC) and established reduction methods, our focus is on the deployment of efficient exhaust gas destruction equipment for removing GHGs from critical processes such as Etching, ThinFilm (including chemical/physical vapor deposition), and Diffusion. By examining and consolidating current best practices, this review provides a foundation for developing comprehensive guidelines and standards that support the semiconductor industry’s transition to more sustainable operations. Considering the vast body of literature in this field, we highlight the significance of this study as it contributes to the ongoing research efforts in reducing GHG emissions. The objective of this study is to identify research gaps and motivate further investigations, while also providing practical recommendations for reducing GHG emissions in the semiconductor industry.
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1. Introduction


With the global objective of achieving Net Zero Emissions by 2050, the semiconductor industry plays a crucial role in addressing climate change. As a leading semiconductor manufacturing company in Singapore, our focus on reducing greenhouse gas (GHG) emissions aligns with the industry’s commitment to sustainable practices. In line with the Scientific Basis-Based Targets (SBTi), many semiconductor fabs in Singapore have set annual carbon emission reduction targets of 3–4% [1]. To meet these targets, various strategies have been implemented, including the accelerated installation of local scrubbers, the promotion of energy-saving equipment and measures, and the adoption of green electricity equipment. Singapore, as a nation, is actively working towards reducing GHG emissions and has set baseline targets for carbon reduction. In this context, the semiconductor industry in Singapore aims to achieve an emission rate of less than 25,000 tons of carbon dioxide equivalent (t/CO2e) by 2023 [2], as per the baseline established by the National Environment Agency. To achieve this goal, advanced control technology is being implemented across different phases of semiconductor manufacturing [2,3]. The methodology employed for reducing GHG emissions draws inspiration from the Clean Development Mechanism (CDM) published methods AM0078 and AM0111 by the Environmental Protection Administration. These methods incorporate the latest abatement and management systems, providing a comprehensive approach to GHG reduction. Additionally, a systematic verification method has been developed to assess the effectiveness of these reduction measures [4,5].



The primary objective of this mini-review is to present the implementation principles of optimal control technology for reducing GHG emissions in the semiconductor industry. By leveraging established reduction methods and guidance from the Intergovernmental Panel on Climate Change (IPCC), this review aims to address the lack of clear guidelines for reducing fluorinated compounds (FCs), N2O, and NF3 greenhouse gases in the semiconductor industry. Specifically, this review focuses on the installation of efficient exhaust gas destruction equipment for the removal of FCs and N2O from critical processes such as Etching, ThinFilm (including chemical/physical vapor deposition), and Diffusion [6,7]. By analyzing current best practices and considering the unique requirements of the semiconductor industry, this review aims to provide actionable insights and recommendations for the reduction of GHG emissions. The remainder of this mini-review is structured as follows: Section 2 provides a comprehensive literature review, highlighting the current state of knowledge on GHG reduction in the semiconductor industry. Section 3 outlines the methodology used in developing the implementation principles for optimal control technology. Section 4 presents the proposed principles and discusses their applicability to the semiconductor industry in Singapore. Finally, Section 5 summarizes the key findings, implications, and recommendations for future research and practice. By undertaking this mini-review, we aim to contribute to the advancement of sustainable practices within the semiconductor industry, specifically focusing on the reduction of GHG emissions. Through collaboration and the adoption of innovative solutions, the industry can play a pivotal role in mitigating climate change and ensuring a greener future.




2. Greenhouse Gas Reduction Strategies in the Semiconductor Industry


The semiconductor industry plays a vital role in technological advancements and innovation, but it is also recognized as one of the major contributors to greenhouse gas (GHG) emissions [8]. As the urgency to address climate change grows, there is a pressing need to identify and implement effective strategies for reducing GHG emissions in semiconductor manufacturing processes [9]. This comprehensive literature review aims to provide an overview of the current knowledge and best practices related to GHG reduction in the semiconductor industry, with a specific focus on Singapore [10]. The current literature review on GHG reduction in the semiconductor industry provides a comprehensive overview of the state of knowledge and best practices in this field. The novelty of this study lies in its specific focus on the semiconductor industry in Singapore, which allows for a detailed examination of the strategies and initiatives implemented in a specific context.



The review also identifies greenhouse gas substitution as a key strategy for reducing net fluorine-gas emissions in the semiconductor industry. The novelty here lies in the evaluation of alternative gases that not only have lower global warming potential (GWP) but also meet the performance and operational requirements of semiconductor manufacturing processes. This assessment considers potential safety and health impacts on fab operations, employee protection, and external environmental impacts.



2.1. Greenhouse Gas Substitution-Phase 1


To further reduce net fluorine-gas emissions in the semiconductor industry, one approach is to replace gases with high global warming potential (GWP) with alternatives that have lower GWP or no GWP. This substitution strategy aims to use gases more efficiently in the plasma process [11]. The gases of particular concern in this context are CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6. These gases have significant GWP values and contribute to greenhouse gas emissions. CF4 is commonly used in both Etching and ThinFilm processes, while CHF3, CH2F2, and C2F6 are also used in various semiconductor manufacturing processes [12,13].



When considering alternative chemicals for substitution, it is essential to evaluate their potential safety and health impacts on fab operations, employee protection, and external environmental impacts [8]. The objective is to identify replacement gases that not only offer lower GWP but also maintain the desired performance and operational requirements of the semiconductor manufacturing processes. Table 1 summarizes the GWP values, by-products, and noteworthy remarks for the relevant gas categories. These values are based on the Carbon Pricing Act 2018 (CPA 2018) and the Intergovernmental Panel on Climate Change (IPCC) 2019 assessment [1,2]. It is important to note that CF4, C2F6, and CHF3 are frequently mentioned due to their significant GWP and their presence as by-products in various semiconductor processes [14].



Through the Greenhouse Gas Substitution-Phase 1, semiconductor manufacturers can make informed decisions regarding the replacement of high GWP gases with alternatives that have a lower environmental impact. This phase requires careful consideration of the gases’ performance, safety implications, and overall reduction potential in greenhouse gas emissions [8,15].




2.2. Advanced Abatement Methodology-Phase 2


The semiconductor industry has developed and commercialized various advanced abatement technologies to reduce fluorine-gas emissions effectively. The focus has been on implementing abatement systems (Figure 1) near the emission source to prevent further contamination and dilution of the gases [9,10].



This approach involves connecting each emission stream to a local scrubber, enabling accurate calculations of FC emissions [9,10]. The connection method between the production system and the abatement system is crucial for achieving precise emission measurements. Venting equipment and process conditions, such as the temperature, fluorinated greenhouse gas inlet concentration, flow rate, pump purge rate, and total inlet flow composition, significantly impact the performance of the venting system [11,12].



The Table 2 provides an overview of different advanced abatement methods commonly used in the semiconductor industry. These methods focus on the removal of fluorinated compounds (FCs) and N2O greenhouse gases from various semiconductor manufacturing processes, including Etching, ThinFilm deposition, and Diffusion processes [16]. The combustion-based abatement system involves the installation of efficient combustion-based systems that effectively remove FCs and N2O. Similarly, the electric-based abatement system utilizes electric-based technologies for emission reduction. Plasma-based abatement systems leverage plasma technology to remove FCs and N2O. Additionally, other methods, such as UV-based systems, may be employed for FC and N2O abatement. The primary objective of these abatement methods is to reduce the emissions of specific greenhouse gases, including CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6. By employing these advanced abatement methods, semiconductor manufacturers can effectively mitigate the environmental impact of their operations and contribute to global efforts in reducing GHG emissions.




2.3. Process Optimization-Phase 2 and 3


Process optimization plays a critical role in reducing greenhouse gas consumption and minimizing fluorinated greenhouse gas emissions in semiconductor manufacturing. By modifying process variables such as chamber pressure, temperature, plasma power, cleaning gas flow rate, gas flow time, and gas ratio, it is possible to decrease carbon emissions [6]. Process improvement techniques, including endpoint inspection systems utilizing mass spectrometry, infrared spectroscopy, optical emission spectroscopy, and radio frequency impedance monitoring, provide valuable data for optimizing processes [7]. These techniques have been extensively used for cleaning chemical vapor deposition (CVD) chambers, and they can also be applied to Etching and other fluorinated greenhouse gas plasma operations.




2.4. Remote Plasma Cleaning System-Phase 4


Remote plasma cleaning technology has emerged as an alternative to in situ CVD chamber cleaning. In this approach, a plasma generation unit is installed at the front of the CVD chamber, facilitating the cleaning process [6]. The plasma unit initiates the reaction of NF3, generating fluorine radicals and ions that chemically react with the deposited material in the processing chamber (Figure 2) [13]. The by-products of this reaction, such as SiF4, are then carried away in gaseous form. Remote plasma cleaning systems can be retrofitted into existing processing tools to replace the original chemistry used for fluorine gas cleaning [14]. Continuous evaluation and sharing of new technologies within the semiconductor industry are essential for further improvement [15]. It is crucial to follow reliable measurement protocols when measuring emissions or assessing the effectiveness of new technologies [16].




2.5. Basis of Preparation and Monitoring Plan-Endorsed by ISO14064 and NEA


The basis of preparation (BoP) and monitoring plan (MP) for GHG reduction initiatives in the semiconductor industry are rooted in the “IPCC 2019 Guidelines for National Greenhouse Gas Inventories, Volume 3, Chapter 6” (IPCC GL) and the Fifth Assessment Report (AR5) Global Warming Potential (GWP) values. Estimation methods based on these guidelines provide a framework for calculating emissions, aligning with the objectives and requirements set forth by environmental agencies such as the National Environment Agency (NEA) [7,17]. Adherence to the ISO 14064 standard ensures that GHG reduction efforts in the semiconductor industry comply with internationally recognized protocols [16].



To conclude, this comprehensive literature review has highlighted the current state of knowledge and best practices for GHG reduction in the semiconductor industry. Through greenhouse gas substitution, advanced abatement methodologies, process optimization, and the use of remote plasma cleaning systems, significant progress has been made in reducing emissions of fluorinated compounds and N2O gases. The basis of preparation and monitoring plans endorsed by ISO 14064 and NEA provide a standardized approach for measuring and managing emissions [18]. Further research and development efforts are essential to continue advancing GHG reduction strategies in the semiconductor industry, ultimately contributing to global sustainability goals. Moreover, this literature review also contributes to the existing knowledge by providing insights into the specific strategies and initiatives implemented in the semiconductor industry in Singapore. The novelty of the study lies in its focus on greenhouse gas substitution, advanced abatement methodologies, process optimization, remote plasma cleaning systems, and adherence to standardized monitoring protocols.





3. Methodology for Developing Implementation Principles of Optimal Control Technology


3.1. Overview of the Control Technology Methodology


3.1.1. Old Control Technology


Early PFC abatement systems were not effective in destroying CF4 because of its strong C-F molecular bonds. Burn boxes operating at temperatures of 800 degrees Celsius were only up to 27% effective in destroying PFCs. Many times, the destruction of CHF3, C2F6, and C3F8 generated CF4 from the decomposition of the original gases [7]. The semiconductor manufacturing emission factors include fluorinated compounds (FCs) that are not destroyed by the emission reduction system; CO2 generated as a by-product of the reduction of F-GHGs; CO2 from the combustion of fossil fuels in the emission reduction system; and CO2 from electricity use during the operation of the emission reduction system. In the monitoring procedure, the gas concentration at the inlet and outlet of the abatement system will be monitored continuously using two FTIR devices, and the gas velocity at the inlet and outlet of the abatement system will be monitored continuously as well [8,10,13].



The monitoring methodology specifies that the mass of each F-GHG entering and leaving the abatement unit, as well as the inlet and outlet flow rates, should be calculated separately and continuously. The relevant parameters required for the calculation of baseline and project emissions shall be monitored continuously [14]. All measurements shall be carried out using equipment calibrated according to the relevant industry standards.] In addition to following the QA/QC procedures for measuring gas concentrations as described in the baseline chapter and the QA/QC procedures for measuring flows in the US EPA methodology, the project developer should ensure that maintenance and repair procedures follow, at a minimum, the manufacturer’s recommendations or the requirements specified in this methodology throughout the monitoring period. A record of the maintenance requirements for the monitoring and abatement equipment should be submitted to the verifier [16].




3.1.2. New Reduction Method


The new methodology is not only applicable to the Etching process, the ThinFilm process, which includes chemical/physical vapor deposition, and Diffusion processes but also to the semiconductor process where FCs and N2O and NF3 greenhouse gases are emitted directly into the atmosphere and can also be implied such reduction program. Still, post-production plants should have a history of fluorinated and N2O greenhouse gas use and utilization rates for three consecutive years prior to the start of the project year; post-production new plants should have a history of fluorinated and N2O greenhouse gas use and utilization rates for two consecutive years prior to the start of the project year of the installation of the proper abatement system [14,15,16]. The maximum processing capacity of the abatement must be greater than the historical data on the flow of FCs, N2O, and NF3 greenhouse gases into the abatement (including all other by-products and diluted gases). The reduction project should also assess that the lifespan of the abatement system is greater than the project period, and existing equipment that fails due to its age can no longer be used in the case of this method; the removal of equipment has been a previous project in reduction measures and can no longer apply for this method [19].



Fluorinated compounds and the N2O greenhouse gas usage rate must be the amount of gas used (tons of CO2e) and wafer production area (m2) for the installation of exhaust gas destruction treatment equipment, and the wafer size is defined according to the financial annual report of wafer move, including 5”, 6”, 8”, 12”, 18” wafers, etc. The various types of GHGs are requested to follow the global warming potential (GWP) gases announced by US EPA [20].



The comparative table (Table 3) highlights the key differences between the old control technology and the new reduction method. The old control technology was found to have limited effectiveness in destroying CF4, a greenhouse gas with strong molecular bonds. The abatement systems operating at high temperatures were only up to 27% effective in destroying fluorinated compounds (FCs). Additionally, the monitoring in the old control technology relied on the gas concentration and velocity measurements at the inlet and outlet of the abatement system. In contrast, the new reduction method is applicable to various processes and direct emissions of FCs, N2O, and NF3. It takes into account the complete emission stream through the implementation of a SCADA system, enabling the monitoring of the total greenhouse gas (GHG) emissions. The new reduction method also emphasizes the need for a high destruction removal efficiency (DRE) of the abatement system, with a requirement of over 90% for most types of treatment equipment. Furthermore, the calculation of gas usage rates in the new reduction method considers the amount of gas used and the wafer production area, taking into account different wafer sizes. This approach provides a more comprehensive and accurate assessment of GHG emissions. Additionally, the new reduction method requires the abatement system’s lifespan to be greater than the project period, ensuring long-term effectiveness and sustainability.



It is important to note that the new reduction method complies with international guidelines such as the Intergovernmental Panel on Climate Change (IPCC) and the U.S. Environmental Protection Agency (EPA) mandatory reporting rules. This ensures that the methodology aligns with industry standards and best practices for GHG emissions reduction.





3.2. Important Features of the New Reduction Methods


This method is applicable to the integrated circuit (IC) manufacturing industry. Other targets including semiconductor materials (including chemicals), photomasks, design (including Computer-Aided Design (CAD) software), manufacturing processes, packaging, testing, and equipment may not be applicable to this method. The effectiveness of the damage removal rate of the installed abatement system, which is normally the local scrubber connected to the manufacturing modules, must be considered and referred to the IPCC and US EPA Mandatory Reporting Rule [21]. Moreover, the destruction removal efficiency (DRE) of the treatment equipment should be greater than 90% (combustion, electric, or plasma type). The DRE of the N2O treatment equipment should be greater than 60%, and the used local scrubbers purchased by external companies should be tested upon completion of installation [22].



The new methodology is such that a facility SCADA system would be connected to the emission stream where the total amount of GHG would be monitored. The pressure transducer is installed for the whole production and abatement process to clean the emission stream for cleaning chemical vapor deposition module tool chambers. The local scrubbers are used to treat the GHG so that less will be emitted into the atmosphere. The process can be seen in Figure 3.




3.3. Integration of International Standards and Guidelines


To ensure the development of robust and reliable implementation principles, international standards and guidelines were integrated into the methodology. The principles were aligned with the recommendations of the Intergovernmental Panel on Climate Change (IPCC) and the guidelines outlined in the 2019 IPCC Guidelines for National Greenhouse Gas Inventories [23].



Additionally, the principles were developed in accordance with the ISO 14064 standard, which provides guidance on the quantification, monitoring, and reporting of GHG emissions. This integration ensures that the implementation principles are in line with internationally recognized standards and facilitate accurate measurement and reporting of GHG reductions.




3.4. Stakeholder Engagement


The development of the implementation principles involved active engagement with key stakeholders in the semiconductor industry, including semiconductor manufacturers, equipment suppliers, industry associations, and regulatory bodies. Consultations, workshops, and expert interviews were conducted to gather insights, feedback, and recommendations from these stakeholders. Stakeholder engagement played a vital role in understanding the practical challenges and opportunities associated with implementing optimal control technology. It also helped in identifying potential barriers to adoption and exploring strategies for overcoming them.




3.5. Development of Implementation Principles


Based on the information gathered through the methodology described above, the implementation principles for optimal control technology were developed. These principles provide guidance on the selection, installation, operation, and monitoring of control technologies to achieve significant reductions in GHG emissions in the semiconductor industry.



The implementation principles address various aspects, including technology selection criteria, performance indicators, monitoring protocols, and best practices for ongoing maintenance and improvement [24]. They aim to provide a holistic framework that semiconductor manufacturers can follow to effectively implement optimal control technology and drive sustainable GHG reduction in their operations. By employing this comprehensive methodology, the implementation principles for optimal control technology in the semiconductor industry have been developed. These principles serve as a valuable resource for semiconductor manufacturers seeking to enhance their sustainability efforts and contribute to global climate change mitigation.





4. Proposed Principles and Applicability in the Singapore Semiconductor Industry


In this chapter, we further enhance the understanding of the proposed principles for greenhouse gas (GHG) reduction in the semiconductor industry, with a focus on their applicability to the context of Singapore. We also consider important factors related to monitoring, calculation methodology, and implementation considerations for new reduction methods. By incorporating these additional aspects, we aim to provide a comprehensive framework for sustainable semiconductor manufacturing in Singapore.



4.1. Proposed Principles for GHG Reduction


The previously discussed principles for GHG reduction remain relevant, but we now emphasize the implementation of best control technologies for fluorine-gas, PFCs, and HFCs reduction in semiconductor fabs. These technologies have proven effective in reducing emissions and align with the goals set by the World Semiconductor Council (WSC) and the TSIA Semiconductor Fluorine Gas Emission Reduction BAT Implementation Principles. To achieve the desired reduction targets, it is crucial to establish a standard emission rate (NER) and set specific reduction goals. For instance, the WSC expects a 30% reduction in NER, equivalent to a standard emission rate of 0.22 kgCO2e/cm2 by 2020, based on the 2010 total baseline. Furthermore, the TSIA aligns with the WSC resolution and ensures the implementation of reduction techniques in emission reporting and new plants, including those outside the WSC region.



Additionally, the calculation approach for estimating emissions and by-products should follow the “IPCC 2019 Guidelines for National Greenhouse Gas Inventories, Volume 3: Industrial Processes and Product Use: Chapter 6 Electronics Industry Emission, Tier 2c” formula. This formula takes into account parameters such as the number of fluorinated compounds used, emission factors, destruction rates, creation of by-products, and their corresponding global warming potentials.




4.2. Monitoring Plans and Calculation Approach


To facilitate effective monitoring and reporting, a Monitoring Plan (MP) must be prepared and maintained by corporations exceeding the total GHG emission threshold. The MP should include details on the facility’s GHG emission sources and streams, emission quantification methods, quality management procedures, and uncertainty assessment. The NEA’s guidelines and the MP Template provide guidance on the key elements to document in the MP, including site details, metering and analysis, emission streams, summary tables, and quality management frameworks [24].



The calculation approach should consider the specific parameters outlined in the Tier 2c formula, as detailed in Table 4. This includes recording data on gas and chemical consumption sourced from facility SCADA systems and wafer move data from modules CIM systems. By accurately measuring and calculating emissions, semiconductor manufacturers can gain insights into their performance and progress towards GHG reduction goals.




4.3. Implementation Considerations for New Reduction Methods


The implementation of new reduction methods requires careful consideration of several factors. For post-production new plants, historical data on fluorinated and N2O usage and utilization rates for two consecutive years should be available before initiating the project. The abatement system’s processing power must exceed past data on the passage of fluorinated compounds and N2O, including by-products and diluted gases. It is essential to ensure that the lifespan of the abatement system exceeds the project duration, and that existing equipment is in good working condition or replaced if necessary. Additionally, equipment that has been previously used in reduction measures should be removed to avoid redundancy and inefficiencies.




4.4. Applicability to the Singapore Semiconductor Industry


The proposed principles for GHG reduction and the considerations outlined above are highly applicable to the semiconductor industry in Singapore. Singapore’s commitment to environmental sustainability, as reflected in the Sustainable Singapore Blueprint and the Green Plan 2030, aligns with these principles. The advanced infrastructure, strong regulatory frameworks, and collaboration between industry stakeholders create a conducive environment for the implementation of optimal control technologies and the adoption of sustainable practices. By embracing these principles and implementing effective reduction methods, the semiconductor industry in Singapore can lead the way in sustainable semiconductor manufacturing, contributing to national and global environmental goals while maintaining competitiveness in the global market [25].




4.5. Other Consideration Factors for the Implementation of New Reduction Methods


Prior to the start of the project year for the installation of an effective abatement system, post-production new plants shall have a history of fluorinated and N2O usage and utilization rates for two consecutive years. The abatement’s maximum processing power must exceed past data on the passage of FCs and N2O into the abatement (including all other by-products and diluted gases). The reduction project must also determine whether the lifespan of the abatement system is longer than the project, whether existing equipment has failed or grown too old to be used, and remove equipment if it has been in a previous reduction measures project [19].




4.6. Example of Installing Emission Control Technology with High Destruction Efficiency for C2F6


An exemplary case of installing emission control technology with exceptional destruction efficiency for C2F6 can be illustrated using the following data:




	
FCg,used (Amount of C2F6 used) = 1000 kg.



	
Dg for abatement control (combustion/electric heating scrubber) = 0.9.



	
Dg for abatement control (wet scrubber) = 0.



	
GWP (Global Warming Potential) for C2F6 = 9200.








Applying the emission calculation equation Eg = FCg,used × {(1 − Cg) × [1 − (Ag × Dg)] × GWPg}, we can assess the remarkable impact of implementing emission control technology. With the installation of highly efficient abatement control technology, the total emission of C2F6 is calculated to be 2,539,200 kg CO2e. This impressive achievement signifies a substantial reduction in greenhouse gas emissions, highlighting the effectiveness of the implemented control measures.



In stark contrast, in the absence of abatement control technology, the total emission of C2F6 amounts to a staggering 5,520,000 kg CO2e. This stark contrast emphasizes the significance of installing emission control technology with high destruction efficiency to mitigate environmental impact and significantly reduce greenhouse gas emissions. By successfully implementing such effective emission control measures, we not only demonstrate a commitment to environmental sustainability but also contribute significantly to the preservation of our planet. The substantial reduction achieved in C2F6 emissions showcases the positive outcomes that can be achieved when advanced control technologies are applied.



This exemplary case serves as a testament to the remarkable potential for environmental conservation through the adoption of cutting-edge emission control technology. By embracing such initiatives, we pave the way for a greener future and inspire others to follow suit in reducing their environmental footprint.





5. Summary of Key Findings, Implications, and Recommendations for Future Research and Practice


5.1. Summary of Key Findings


This study on semiconductor sustainability manufacturing has yielded several key findings that provide insights into the current state and potential pathways for achieving sustainability goals in the industry [3]. The following are the major findings:




	
Importance of Optimal Control Technologies: The implementation of optimal control technologies for greenhouse gas (GHG) reduction, particularly targeting fluorine-gas, PFCs, and HFCs, is crucial in achieving significant emission reductions. These technologies have demonstrated their effectiveness in reducing emissions and aligning with industry association goals and regulatory requirements.



	
Calculation Approach and Monitoring Plans: The adoption of an accurate and standardized calculation approach, such as the IPCC guidelines, ensures consistent and reliable estimation of emissions and by-products. Furthermore, the development and implementation of robust monitoring plans provide a systematic framework for data collection, analysis, and reporting, enabling better tracking of sustainability performance [5].



	
Applicability to the Singapore Semiconductor Industry: The proposed principles and methodologies discussed in this study are highly applicable to the semiconductor industry in Singapore. The country’s supportive infrastructure, regulatory frameworks, and commitment to sustainability create a conducive environment for implementing these principles and achieving sustainable manufacturing practices.









5.2. Implications


The findings of this study have several implications for the semiconductor industry and its stakeholders:




	
Regulatory Compliance: Semiconductor companies in Singapore should prioritize compliance with relevant environmental regulations and standards. By adopting the proposed principles and methodologies, they can demonstrate their commitment to sustainability and align with national and global sustainability initiatives.



	
Collaboration and Knowledge Sharing: Collaboration within the industry, both within Singapore and globally, is essential for sharing best practices, exchanging knowledge, and driving continuous improvement. Active participation in industry associations, forums, and working groups can foster collaboration and advance sustainable manufacturing practices.



	
Continuous Improvement and Innovation: The semiconductor industry should strive for continuous improvement and innovation in GHG reduction technologies and practices. This includes exploring emerging technologies, investing in research and development, and promoting a culture of sustainability within organizations.









5.3. Recommendations for Future Research and Practice


Building upon the findings and implications of this study, the following recommendations are put forth for future research and practice:




	
Longitudinal Studies: Conduct longitudinal studies to monitor the long-term impact of optimal control technologies and sustainable practices on GHG emissions in the semiconductor industry. These studies can provide insights into the effectiveness of the implemented measures and identify areas for further improvement.



	
Technological Advancements: Encourage research and development efforts focused on developing more efficient and environmentally friendly semiconductor manufacturing processes. This includes exploring alternative materials, optimizing resource utilization, and integrating clean energy sources within fabs.



	
Life Cycle Assessment (LCA): Conduct comprehensive life cycle assessments of semiconductor products to evaluate their environmental impact across the entire product life cycle. This holistic approach will facilitate informed decision-making and support the development of sustainable products and processes.



	
Stakeholder Engagement: Engage stakeholders, including employees, customers, suppliers, and the local community, in sustainability initiatives. Foster transparency, communication, and collaboration to build a shared understanding of sustainability goals and leverage collective efforts for sustainable manufacturing [25].



	
Policy Development: Collaborate with policymakers to develop supportive policies and incentives that encourage sustainable manufacturing practices in the semiconductor industry. Policy frameworks should consider the unique challenges and opportunities faced by the industry and provide a conducive environment for sustainable growth.









5.4. Future Trends and Development of the Semiconductor Industry


The semiconductor industry is witnessing a surge in demand due to the increasing popularity of consumer electronics products and the emergence of advanced technologies such as artificial intelligence, machine learning, and the Internet of Things. This growth is driven by factors such as rising household incomes, population growth, digitization, and urbanization [26]. However, the industry may struggle to meet the surging demand sustainably [27].



To achieve the target of net-zero emissions by 2050, semiconductor manufacturing companies must explore greener alternatives and prioritize the use of renewable energy sources. Embracing sustainable practices and investing in cleaner technologies will be essential to meet the future demands of the industry while minimizing environmental impact. Collaborative efforts between industry players, policymakers, and research institutions can drive the development and adoption of sustainable solutions in the semiconductor sector.





6. Conclusions


In conclusion, this study on semiconductor sustainability manufacturing has provided significant insights into the current state and potential pathways for achieving sustainability goals in the industry. The key findings emphasize the importance of optimal control technologies, calculation methodologies, and monitoring plans for greenhouse gas reduction in semiconductor manufacturing processes. By implementing these findings, the industry can align with industry association goals and regulatory requirements, and contribute to national and global sustainability initiatives. The implications of this study are far-reaching. Semiconductor companies in Singapore should prioritize regulatory compliance and demonstrate their commitment to sustainability. Collaboration and knowledge sharing within the industry, both locally and globally, are crucial for driving continuous improvement and advancing sustainable manufacturing practices. Moreover, fostering a culture of continuous improvement and innovation is vital for the industry to stay at the forefront of GHG reduction technologies and practices.



Based on the findings and implications, several recommendations for future research and practice are proposed. Longitudinal studies can monitor the long-term impact of optimal control technologies and sustainable practices, providing insights into effectiveness and areas for improvement. Research and development efforts should focus on technological advancements, exploring alternative materials, optimizing resource utilization, and integrating clean energy sources. Conducting comprehensive life cycle assessments will support informed decision-making and the development of sustainable products and processes. Stakeholder engagement and policy development are also essential to leverage collective efforts and create a conducive environment for sustainable growth.



Looking ahead, the semiconductor industry faces the challenge of meeting growing demand sustainably while striving for net-zero emissions by 2050. To achieve this, companies must explore greener alternatives and prioritize the use of renewable energy sources. Embracing sustainable practices and investing in cleaner technologies will be crucial in minimizing environmental impact. Collaboration among industry players, policymakers, and research institutions will play a pivotal role in driving the development and adoption of sustainable solutions in the semiconductor sector.
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Figure 1. Installation of effective abatement system for the removal of Fluorinated Compound (FCs) and N2O, such as combustion, electric, or plasma type, etc. 
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Figure 2. The remote cleaning starts with the reaction of NF3 in the plasma, and the fluorine radicals and ions generated in the remote plasma unit are guided to the CVD processing chamber. 
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Figure 3. Emission stream diagram for cleaning chemical vapor deposition module tool chambers with pressure transducer. 
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Table 1. GWP values, by-products, and noteworthy remarks for the relevant gas categories [2].
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Gas Category

	
GWP

	
By-Product

	
Remark




	
CPA 2018

	
IPCC 2019

	
CPA 2018

	
IPCC 2019

	






	
CO2

	
1

	
1

	
-

	
-

	




	
CH4

	
28

	
28

	
-

	
-

	




	
N2O

	
265

	
265

	
-

	
-

	




	
CHF3

	
12,400

	
12,400

	
CF4

	
CF4, C2F6, C5F8

	




	
CH2F2

	
677

	
677

	
CF4, CHF3

	
CF4, C2F6, CHF3

	




	
CH3F

	
116

	
116

	
-

	
C2F6

	




	
CF4

	
6630

	
6630

	
-

	
C2F6, C5F8, CHF3

	
IPCC 2019 differentiate ThimFilm & Etching




	
C2F6

	
11,100

	
11,100

	
CF4

	
CF4, CHF3




	
C3F8

	
8900

	
11,000

	
CF4

	
CF4

	




	
C4F8

	
9540

	
9450

	
CF4, C2F6

	
CF4

	




	
SF6

	
23,500

	
23,500

	
-

	
CF4, C2F6, CHF3

	




	
NF3

	
17,200

	
16,100

	
CF4

	
CF4

	
(In-situ & Remote)
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Table 2. Overview of advanced abatement methods in the semiconductor industry.
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	Method
	General Practice
	Type of GHG Reduction





	Combustion-based Abatement System
	Installation of efficient combustion-based abatement systems for the removal of fluorinated compounds (FCs) and N2O from semiconductor manufacturing processes, such as Etching, ThinFilm deposition, and Diffusion processes.
	Reduction of emissions of fluorinated compounds (FCs) and N2O greenhouse gases, including CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6



	Electric-based Abatement System
	Implementation of electric-based abatement systems for the removal of FCs and N2O in semiconductor manufacturing processes.
	Reduction of emissions of fluorinated compounds (FCs) and N2O greenhouse gases, including CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6



	Plasma-based Abatement System
	Utilization of plasma-based abatement systems to remove FCs and N2O from semiconductor manufacturing processes, such as Etching, ThinFilm deposition, and Diffusion processes.
	Reduction of emissions of fluorinated compounds (FCs) and N2O greenhouse gases, including CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6



	Other Abatement Methods (e.g., UV)
	Adoption of various additional abatement methods, such as UV-based systems, for the removal of FCs and N2O in semiconductor manufacturing processes.
	Reduction of emissions of fluorinated compounds (FCs) and N2O greenhouse gases, including CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6
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Table 3. Comparative table highlighting the key differences between the old control technology and the new reduction method.
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	Old Control Technology
	New Reduction Method





	Applicability
	Limited effectiveness for CF4 destruction
	Applicable to various processes and direct emissions



	Emission Types
	FCs, CO2 from reduction, combustion, and electricity
	FCs, N2O, NF3, CO2 from reduction and combustion



	Monitoring
	Gas concentration and velocity monitoring
	SCADA system for total GHG monitoring



	Baseline Data
	Historical data required for assessment
	Historical data required for assessment



	Abatement System
	Less than 27% destruction efficiency for PFCs
	DRE > 90% (combustion, electric, or plasma type)



	Gas Usage Rate
	Not destroyed by emission reduction system
	Gas usage rate calculation based on production area



	Equipment Lifespan
	N/A
	Abatement system lifespan > project period



	Compliance
	Follows industry standards and QA/QC procedures
	Compliance with IPCC and US EPA guidelines
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Table 4. Specific parameters for IPCC 2019 Tier 2c calculation.
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	Parameter Monitored
	Source of Data
	Data Unit
	Measured (m), Calculated (c), or Estimated (e)
	Recording Frequency
	How Is/Was the Data Archived? (Electronic/Paper)
	Comments





	Gas & Chemical Consumption
	Facility SCADA System
	kg
	Total consumption in pressure (MPa)

Average of filled pressure (Default)

Total consumption in pressure (MPa)
	Monthly
	Total consumable mass of each GHG-Calculated weight for yearly basis (kg)
	Calculated weight for yearly basis (kg) = ∑ Total consumption in pressure (MPa)



	Wafer Move
	Modules CIM System
	pcs
	Flow rate (sccm)

Supply duration (sec)

Supply frequency

Wafer move (/year)
	Monthly
	Fraction usage of individual GHG by machine
	Fraction usage = (Flow rate × Supply duration × Supply frequency × Wafer move)/∑ (Flow rate × Supply duration × Supply frequency × Wafer move)
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