
 

American Journal of Advanced Multidisciplinary 

Research and Innovation (AJAMRI) 

 
E-ISSN: XXXX-XXXX   ●   Website: www.ajamri.com   ●   Email: editor@ajamri.com 

 

  

AJAMRI Volume 6, Issue 1, January-February 2024 37 

 

Advanced Semiconductor Materials and the 

Future of High-Performance Computing 
 

Gustavo Manso 
 

Professor University of California, Berkeley 

 

Abstract 
The continuous expansion of artificial intelligence, scientific simulation, cloud computing, 

edge computing, and data-intensive applications is creating unprecedented demands for 

computational performance, energy efficiency, memory bandwidth, and thermal 

management. Conventional silicon-based semiconductor technologies remain the foundation 

of modern computing, but physical scaling limitations and increasing power densities are 

encouraging research into advanced semiconductor materials and heterogeneous computing 

architectures. Materials such as gallium nitride (GaN), silicon carbide (SiC), gallium arsenide 

(GaAs), indium phosphide (InP), two-dimensional materials, graphene, carbon nanotubes, 

and emerging wide-bandgap and ultrawide-bandgap semiconductors offer potentially 

significant advantages for specialized computing and electronic applications. 

This study examines the role of advanced semiconductor materials in shaping the future of 

high-performance computing (HPC). It evaluates material properties, emerging fabrication 

approaches, heterogeneous integration, advanced packaging, thermal management, and their 

potential applications in AI accelerators, high-bandwidth computing, photonic interconnects, 

and energy-efficient data centres. A qualitative comparative methodology based on academic 

literature and technology reports is employed. The analysis indicates that no single material is 

likely to replace silicon across the entire computing ecosystem. Instead, future HPC systems 

are expected to combine silicon with specialized semiconductor materials according to 

workload, frequency, power, thermal, and interconnect requirements. Challenges including 

manufacturing complexity, defect density, wafer-scale integration, cost, supply-chain 

constraints, and compatibility with established semiconductor processes remain significant. 

The study concludes that advanced materials, combined with chiplet architectures, 3D 

integration, advanced packaging, and heterogeneous computing, will be central to the 

development of future high-performance and energy-efficient computing systems. 
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1. Introduction 
High-performance computing has traditionally depended on improvements in semiconductor 

transistor density, clock frequency, architectural efficiency, and memory technologies. For 

several decades, advances in semiconductor manufacturing enabled increasingly powerful 

processors while reducing the cost and physical size of electronic systems. 

However, the computational demands of artificial intelligence, large-scale scientific 

modelling, climate simulation, genomics, computational fluid dynamics, financial modelling, 

and other data-intensive workloads are increasing rapidly. Modern computing systems 

increasingly face limitations associated with power consumption, heat dissipation, memory 

bandwidth, interconnect latency, and manufacturing complexity. 

Artificial intelligence has particularly intensified these challenges. Training and operating 

large AI models requires enormous numbers of mathematical operations and extensive 

movement of data between processors and memory. Consequently, improving computational 

performance alone is insufficient; future systems must also improve energy efficiency and 

data movement. 

Advanced semiconductor materials provide an important pathway for addressing these 

challenges. Although silicon remains exceptionally important because of its mature 

manufacturing ecosystem, alternative materials possess physical properties that can be 

advantageous for particular applications. 

Wide-bandgap semiconductors such as GaN and SiC are already important in power 

electronics and may indirectly contribute to computing efficiency by improving power-

conversion systems. Compound semiconductors such as GaAs and InP provide high-

frequency and optoelectronic capabilities. Two-dimensional materials offer potentially 

attractive electrical and thermal characteristics at extremely small dimensions. 

The future of HPC is therefore likely to involve heterogeneous material integration rather 

than a simple transition from silicon to another material. 

 

2. Literature Review 
2.1 Evolution of Semiconductor Technology 
The semiconductor industry has historically relied heavily on silicon because of its abundant 

availability, excellent oxide properties, mature fabrication processes, and extensive industrial 

ecosystem. 

Progress in semiconductor manufacturing has enabled billions of transistors to be integrated 

into modern processors and accelerators. However, continued scaling has become 

increasingly complex because of leakage currents, power density, short-channel effects, 

fabrication costs, and interconnect limitations. 

Consequently, researchers are investigating new transistor architectures, materials, packaging 

technologies, and computational paradigms. 
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2.2 Compound Semiconductors 
Compound semiconductors combine elements from different groups of the periodic table and 

can provide properties not readily available from silicon. 

Gallium arsenide offers high electron mobility and has been widely used in high-frequency 

and optoelectronic applications. Indium phosphide provides excellent properties for high-

speed photonic communication. 

Gallium nitride and silicon carbide have particularly important wide-bandgap characteristics, 

making them valuable for high-power and high-frequency applications. 

 

2.3 Two-Dimensional Materials 
Two-dimensional materials have attracted substantial research interest because their 

electronic properties can remain attractive at extremely small thicknesses. 

Materials such as graphene, molybdenum disulfide, tungsten diselenide, and related 

transition-metal dichalcogenides are being investigated for transistors, sensors, photonics, and 

other nanoscale applications. 

However, significant challenges remain regarding large-area fabrication, contact resistance, 

defect control, manufacturing consistency, and integration with conventional semiconductor 

processes. 

 

3. Research Objectives 
The study aims to: 

1. Examine the development of advanced semiconductor materials for computing.  

2. Compare the characteristics of major emerging semiconductor materials.  

3. Analyse their potential contribution to high-performance computing.  

4. Examine the relationship between semiconductor materials and AI accelerators.  

5. Evaluate advanced packaging and heterogeneous integration.  

6. Identify technical, economic, and manufacturing challenges.  

7. Explore future directions for energy-efficient HPC systems.  

 

4. Research Methodology 
This study adopts a qualitative, comparative, and conceptual research methodology. 

Secondary information is reviewed from peer-reviewed semiconductor research, materials-

science literature, technical reports, semiconductor-industry publications, and research 

institutions. 

The analysis focuses on: 

 Electrical performance.  

 Thermal characteristics.  

 Energy efficiency.  

 Manufacturing maturity.  

 High-frequency capability.  
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 Optoelectronic potential.  

 Integration compatibility.  

 HPC applications.  

Because the properties and maturity of emerging materials vary significantly, the study does 

not assume that one material will replace silicon. Instead, it evaluates the suitability of 

different materials for specific computing functions. 

 

5. Major Advanced Semiconductor Materials 
5.1 Gallium Nitride 
Gallium nitride is a wide-bandgap semiconductor with high breakdown strength, high 

electron mobility, and strong high-frequency characteristics. 

GaN is already important in power electronics, radio-frequency systems, and fast power 

conversion. In data centres, efficient power conversion can indirectly reduce the energy 

overhead associated with computing infrastructure. 

Its future significance for HPC therefore extends beyond processors themselves to the power-

delivery infrastructure supporting computing systems. 

 

5.2 Silicon Carbide 
Silicon carbide has a wide bandgap, high thermal conductivity, and strong resistance to high 

temperatures and electric fields. 

These properties make SiC particularly valuable for power electronics. More efficient power 

conversion can support energy-efficient data centres and large computing installations. 

Although SiC is not primarily a CPU material, its contribution to HPC infrastructure can 

become increasingly important as computational systems require enormous amounts of 

electrical power. 

 

5.3 Gallium Arsenide 
Gallium arsenide offers high electron mobility and excellent high-frequency performance. 

It has been used in wireless communication, radar, satellite systems, and optoelectronic 

applications. Its potential relevance to HPC is particularly strong in specialized high-

frequency and photonic systems. 

 

5.4 Indium Phosphide 
Indium phosphide is highly significant for optical communication because of its photonic 

properties. 

As HPC clusters increasingly depend on high-bandwidth interconnects, photonic technologies 

may reduce communication bottlenecks between processors, memory, and network 

infrastructure. 
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5.5 Graphene 
Graphene exhibits exceptional electrical and thermal properties and has attracted extensive 

research interest. 

Potential applications include: 

 High-frequency electronics.  

 Thermal management.  

 Interconnects.  

 Sensors.  

 Photonics.  

However, the absence of a naturally large bandgap creates difficulties for conventional digital 

transistor applications. 

 

5.6 Transition-Metal Dichalcogenides 
Two-dimensional materials such as molybdenum disulfide and tungsten diselenide offer 

semiconducting properties at atomic-scale thicknesses. 

Their potential advantages include: 

 Extremely thin channels.  

 Strong electrostatic control.  

 Potentially low-voltage operation.  

 Compatibility with heterogeneous integration.  

However, manufacturing maturity remains considerably below that of silicon. 

 

6. Comparison of Advanced Semiconductor Materials 
Material Major Advantage Potential HPC Application 

Manufacturing 

Maturity 

Silicon Mature ecosystem 
CPUs, GPUs, memory, 

accelerators 
Very High 

GaN 
High-frequency and power 

efficiency 

Power delivery, RF, specialized 

systems 
High 

SiC 
Thermal and high-power 

performance 
Data-centre power infrastructure High 

GaAs High electron mobility 
High-frequency computing and 

communication 
Moderate–High 

InP Photonic performance Optical interconnects Moderate 

Graphene 
Electrical and thermal 

properties 
Interconnects, thermal systems 

Experimental–

Moderate 
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Material Major Advantage Potential HPC Application 
Manufacturing 

Maturity 

MoS₂ 
Atomically thin 

semiconducting channel 
Future nanoscale devices Experimental 

 

Interpretation 

The comparison indicates that advanced materials should be considered complementary 

rather than direct substitutes for silicon. Silicon remains dominant in mainstream computing, 

while alternative materials provide specialized advantages. 

 

7. Advanced Materials and AI Accelerators 
Artificial intelligence workloads have become a major driver of semiconductor innovation. 

AI accelerators require: 

 High computational throughput.  

 High memory bandwidth.  

 Low-latency interconnects.  

 Efficient power delivery.  

 Effective thermal management.  

Advanced semiconductor materials can contribute to these requirements at different levels of 

the computing stack. 

For example, compound semiconductors may support optical interconnect technologies, 

while wide-bandgap materials can improve power-conversion efficiency. Two-dimensional 

materials may eventually contribute to extremely compact electronic devices. 

The most important development is therefore likely to be system-level heterogeneous 

integration. 

 

8. Advanced Packaging and Chiplet Architecture 
Traditional semiconductor scaling increasingly faces economic and physical limitations. 

Advanced packaging offers another pathway for improving computing performance. 

Chiplet architectures divide complex processors into multiple smaller dies that can be 

interconnected within a package. 

This approach can allow different semiconductor processes and materials to be combined 

according to their functions. 

For example: 

 A silicon compute chiplet may provide general-purpose processing.  

 A specialized accelerator may handle AI workloads.  

 High-bandwidth memory may provide rapid data access.  

 Photonic components may provide optical communication.  

 Advanced thermal structures may manage heat.  
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This heterogeneous architecture could become one of the most important pathways for future 

HPC. 

 

9. Thermal Management 
Heat dissipation is a major challenge for high-performance computing. 

As transistor density and computational workloads increase, power density can become a 

critical limitation. Advanced semiconductor materials may contribute through improved 

thermal conductivity or high-temperature operation. 

Graphene and diamond-based materials, for example, are being investigated for thermal-

management applications. 

Advanced cooling approaches may include: 

 Liquid cooling.  

 Direct-to-chip cooling.  

 Immersion cooling.  

 Microfluidic cooling.  

 Advanced thermal interface materials.  

The future of HPC will therefore require simultaneous innovation in semiconductor materials 

and cooling technologies. 

 

10. Case Study: Heterogeneous AI Computing Platform 
Consider a future AI-oriented HPC system consisting of multiple specialized components. 

A silicon-based processor performs general computation, while dedicated accelerators 

execute matrix operations. High-bandwidth memory provides rapid access to model 

parameters and intermediate data. 

Optical interconnects based on advanced compound-semiconductor technologies connect 

multiple computing nodes. Efficient GaN or SiC power systems reduce power-conversion 

losses. 

Advanced thermal materials and liquid cooling systems remove heat generated by densely 

packed computational components. 

This architecture demonstrates how different semiconductor materials can contribute to 

different parts of an HPC system rather than requiring a single material to perform every 

function. 

 

11. Data Analysis 
The comparative analysis demonstrates that semiconductor innovation is shifting from 

transistor scaling alone toward a broader system-level approach involving materials, 

architecture, packaging, memory, interconnects, and cooling. 

The strongest near-term applications of advanced semiconductor materials are likely to occur 

in specialized components rather than general-purpose processors. 
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Wide-bandgap materials already provide practical benefits in power systems, while 

compound semiconductors are important for communication and photonics. Two-

dimensional materials remain promising for future nanoscale electronics but require 

substantial advances in manufacturing. 

 

Table 2. Potential Contribution to Future HPC 
Technology 

Performance 

Potential 

Energy-Efficiency 

Potential 

Near-Term 

Readiness 

Advanced Silicon Very High High Very High 

GaN Power Electronics High Very High High 

SiC Power Electronics High Very High High 

GaAs Devices Very High High High 

InP Photonics Very High High Moderate–High 

Graphene Components Very High High Moderate 

2D Semiconductor 

Devices 
Very High Very High Experimental 

 

Note: The table provides a qualitative comparative assessment rather than experimental 

measurements. 

 

12. Major Challenges 
12.1 Manufacturing Complexity 
Emerging semiconductor materials often require specialized fabrication processes that are not 

fully compatible with conventional silicon manufacturing. 

 

12.2 Defect Density 
Defects can significantly influence device performance, particularly in materials grown on 

substrates with lattice mismatch. 

 

12.3 Cost 
Advanced materials and fabrication equipment can be expensive compared with mature 

silicon technologies. 

 

12.4 Supply-Chain Dependence 
The semiconductor industry depends on globally distributed sources of critical materials, 

equipment, chemicals, and manufacturing expertise. 

http://www.ajamri.com/


 

American Journal of Advanced Multidisciplinary 

Research and Innovation (AJAMRI) 

 
E-ISSN: XXXX-XXXX   ●   Website: www.ajamri.com   ●   Email: editor@ajamri.com 

 

  

AJAMRI Volume 6, Issue 1, January-February 2024 45 

 

12.5 Integration 
Combining different materials within a single computing system creates challenges involving 

thermal expansion, electrical interfaces, packaging, and manufacturing yield. 

 

12.6 Standardization 
New materials and packaging technologies require compatible standards to achieve broad 

commercial adoption. 

 

13. Future Directions 
13.1 Heterogeneous Computing 

Future systems will combine multiple materials and processing technologies within integrated 

packages. 

 

13.2 3D Semiconductor Integration 

Vertical integration can shorten communication distances and increase computing density. 

13.3 Photonic Computing 

 

Optical technologies may reduce communication bottlenecks and improve energy efficiency 

for selected AI and HPC workloads. 

 

13.4 Neuromorphic Computing 

Emerging semiconductor materials may support unconventional computing architectures 

inspired by biological neural systems. 

 

13.5 Quantum-Classical Integration 

Advanced materials may eventually contribute to interfaces between classical HPC 

infrastructure and quantum processors. 

 

13.6 Energy-Efficient Data Centres 

Advanced power semiconductors, thermal materials, and efficient interconnects will become 

increasingly important as AI data-centre energy consumption grows. 

 

14. Discussion 
The future of high-performance computing cannot be separated from advances in 

semiconductor materials. While silicon remains the foundation of mainstream digital 

computing, its continued development increasingly depends on innovations beyond 

conventional transistor scaling. 
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The evidence suggests that advanced materials will initially have the greatest impact in 

specialized areas such as power conversion, high-frequency communication, optical 

interconnects, thermal management, and heterogeneous integration. 

This represents an important change in semiconductor strategy. Instead of asking which 

material will replace silicon, researchers and engineers increasingly need to determine which 

material is best suited to each computational function. 

Such an approach supports a modular computing ecosystem in which different materials are 

combined to maximize performance, efficiency, and reliability. 

 

15. Questionnaire 
Scale: 1 = Strongly Disagree, 5 = Strongly Agree 

No. Statement 

1 Advanced semiconductor materials are essential for future HPC development. 

2 Silicon will remain important in mainstream high-performance computing. 

3 GaN and SiC can improve the energy efficiency of computing infrastructure. 

4 Compound semiconductors can contribute to high-speed computing interconnects. 

5 Two-dimensional materials have significant long-term computing potential. 

6 Advanced packaging is as important as transistor scaling for future HPC. 

7 Thermal management will become a major limitation for future computing systems. 

8 Heterogeneous semiconductor integration can improve HPC performance. 

9 Semiconductor supply chains require greater diversification. 

10 Future HPC systems will combine multiple semiconductor materials. 

 

16. Policy and Industry Recommendations 
1. Increase investment in advanced semiconductor-material research.  

2. Develop domestic and international semiconductor manufacturing capabilities.  

3. Promote heterogeneous integration and advanced packaging research.  

4. Support workforce development in materials science and semiconductor engineering.  

5. Strengthen semiconductor supply-chain resilience.  

6. Encourage energy-efficient semiconductor technologies for data centres.  

7. Support research into advanced cooling and thermal-management technologies.  

8. Develop standards for heterogeneous chiplet and advanced-package interoperability.  
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17. Conclusion 
Advanced semiconductor materials are becoming increasingly important as high-performance 

computing approaches new limits in power consumption, heat dissipation, memory 

bandwidth, interconnect performance, and manufacturing complexity. Although silicon will 

remain central to mainstream computing for the foreseeable future, emerging materials such 

as GaN, SiC, GaAs, InP, graphene, and two-dimensional semiconductors offer valuable 

capabilities for specialized applications. 

The analysis indicates that the future of HPC is unlikely to be defined by a single replacement 

material. Instead, the most promising pathway involves heterogeneous integration, combining 

silicon processors with specialized semiconductor materials, high-bandwidth memory, optical 

interconnects, advanced packaging, and sophisticated cooling systems. 

AI workloads will accelerate this transformation because their computational requirements 

place extraordinary pressure on processing capacity, memory movement, power delivery, and 

thermal management. Advanced semiconductor materials can address these challenges at 

different levels of the computing architecture. 

Ultimately, the future of high-performance computing will depend on a combination of 

materials innovation, architectural design, advanced packaging, energy efficiency, and 

manufacturing scalability. The successful integration of these technologies could enable a 

new generation of computing systems capable of delivering substantially greater performance 

while controlling energy consumption and operational complexity. 
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