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Recent advancements in computational material optimization strategies are unveiling innovative
solutions to address the stringent demands of advanced technology nodes, constrained by
fundamental physical, chemical, and electrical limitations. By leveraging advanced material
property simulations, computational material exploration, and Al-driven or -enhanced process
modeling, significant strides have been made in alleviating bottlenecks that impact critical process
yield and device performance metrics. Focus areas include next-generation interconnect materials,
optimization of low-k dielectrics, and enhancements in process reliability - all recognized as
pivotal in overcoming scaling limitations and enabling the progression of next-generation
semiconductor technologies.

Copper-based back-end-of-line (BEOL) interconnects, historically foundational to semiconductor
architecture, are increasingly limited at nanoscale dimensions due to resistivity escalation. This
phenomenon degrades signal integrity and significantly reduces the scaling benefits of RC delay
and power reduction. Reliability concerns, such as electromigration and dielectric breakdown,
further underscore the inadequacy of conventional interconnect materials. To address these
constraints, high-throughput screening using quantum mechanical computations has enabled the
identification and evaluation of novel interconnect solutions, such as intercalated graphene, which
exhibits superior electrical and thermal properties. In parallel, advancements in optimizing
amorphous low-k dielectric materials to reduce parasitic capacitance, unlock further
transformative opportunities for improved device performance and scalability.

Amorphous materials, in general, are emerging as critical enablers of semiconductor technologies
due to their distinctive electronic, optical, and mechanical properties. The low-k dielectric
materials mentioned above, essential for reducing parasitic capacitance, continue to face persistent
challenges related to growth kinetics, thermodynamic stability, and reliability. Systematic
exploration of the density-stability-property optimization landscape using novel methods has led
to the discovery of new bonding configurations and defect mechanisms, exemplified by
advancements in the synthesis of amorphous boron nitride.

The integration of machine learning (ML)-driven methodologies into predictive technology
computer-aided design (TCAD) workflows is fundamentally transforming semiconductor
optimization paradigms. Hierarchical Al frameworks, which synergistically combine neural
networks with quantum mechanical simulations, are enhancing the capability and precision of
material property predictions and process optimizations. These frameworks are also used in
modeling complex reaction mechanisms that improve thin-film deposition processes. By bridging
atomistic insights with feature-scale simulations, generalized solutions applicable across diverse
semiconductor manufacturing workflows are being developed, pushing towards the ultimate
virtual fab paradigm.



In summary, material optimization strategies and Al-driven methodologies both represent
paradigm shifts in addressing longstanding challenges associated with semiconductor scaling.
Advances highlighted here—in interconnect technologies, low-k dielectric optimization, and
deposition process reliability, combined with predictive modeling capabilities—are expected to
enable the semiconductor industry to achieve unprecedented levels of performance, efficiency, and
scalability in the development of next-generation technologies.



