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Abstract. Since 1960, the semiconductor industry has invented Metal Oxide Semiconductor 

Field Effect Transistor (MOSFET) and Complementary Metal Oxide Semiconductor (CMOS) 

technologies. Subsequently, the semiconductor-based integrated circuit industry has led a new 

generation of information revolution, driving the rapid development of various electronic circuit 

technologies worldwide. With the physical limitations of the silicon semiconductor process, 

Moore’s Law is also approaching its physical limit. In the search for new semiconductor 

materials, carbon nanotube semiconductors have become one of the candidate materials for new 

semiconductor materials due to their many advantages, and their many characteristic parameters 

are even better than those of silicon semiconductors of the same size. This article introduces the 

research status, performance characteristics, and comparison of silicon-based and carbon-based 

integrated circuits, as well as the current application scenarios of silicon-based and carbon-based 

integrated circuits in the industry, and the many problems encountered. Finally, this article 

analyses the future development direction of the integrated circuit industry and the possible 

challenges it may face. 
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1.  Introduction 

Looking ahead to around 1960, Bell Labs and Fairchild Semiconductor successively invented silicon-

based field-effect transistors and complementary metal oxide semiconductor technology, namely 

MOSFET and CMOS technology. After early exploration, the semiconductor integrated circuit industry 

followed the business rule of Moore’s Law, which states that the degree of silicon-based circuit 

integration will double every 18 to 24 months, and developed rapidly, ushering in a new era of silicon-

based circuit development, and leading the information revolution, enabling the rapid development of 

the integrated circuit industry. However, since the 21st century, integrated circuits composed of silicon-

based transistors have faced physical challenges [1]. The cost of scaling down silicon-based transistors 

has become increasingly high, the difficulty of scaling down has become increasingly greater, and the 

design of silicon-based semiconductors has become more complex. Although various emerging 

technologies have been invented to counteract the physical characteristics of silicon-based transistors, 

as we approach 2023, the cost of scaling down silicon-based transistors is becoming increasingly high, 

the speed is becoming slower, and the results obtained are becoming smaller, while the expenditure is 
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seriously inadequate compared to the results obtained. At the same time, the physical process bottleneck 

of silicon-based integrated circuits is difficult to break through. The development speed of 

semiconductors, as the cornerstone of the integrated circuit industry and even the entire information 

industry, is gradually stagnating. While the industry is exploring further research directions for silicon-

based semiconductors, it is also exploring more new materials. Among them, due to their excellent 

structural performance, carbon nanotubes have become a new type of semiconductor material that 

people attach great importance to, and people are also investing extensive attention and continuous 

research in carbon-based semiconductors.  

This article will delve into silicon-based and carbon-based integrated circuits, explore the current 

research status and development direction of silicon-based and carbon-based semiconductors in the 

present era, compare the differences and advantages and disadvantages of the two materials in various 

performance aspects, summarize and generalize the current application scenarios of the two materials, 

and further explore the possible future application scenarios, looking forward to the development 

direction of the integrated circuit industry in the future. 

2.  Performance comparison between silicon-based integrated circuit and carbon-based 

integrated circuit 

2.1.  Silicon-based integrated circuit technical description 

CMOS, as represented by silicon-based technology, has had high integration and low power 

consumption since its invention. Therefore, it is widely used in various modern electronic products. 

With the rapid development of integrated circuits, silicon-based technology has transitioned from 

micrometre to nanometre scale for large-scale integrated circuit manufacturing. The volume of field-

effect transistors continues to decrease.  

Currently, the latest manufacturing process has reached 3nm. However, the enhancement of circuit 

performance is progressively diminishing and nearing the physical limits attainable through silicon-

based technology, while the gains in performance and efficiency achievable through advancements in 

the manufacturing process are becoming increasingly limited [2]. Furthermore, due to the different 

transistor structures, the performance differences of circuits under the same process with different 

structures gradually widen, placing higher demands on manufacturing processes.  

2.2.  Carbon-based integrated circuit research progress 

Since its discovery in 1991, carbon nanotubes have been studied as a new type of material. As Moore’s 

Law gradually loses its effectiveness and silicon-based technology approaches its physical limit, people 

have discovered that carbon nanotubes have high-performance potential. Their intrinsic quantum 

capacity is relatively small, making them easy to gate-control, and their carrier screening length is short 

which helps to suppress the short channel effect of transistors. Experimental studies have shown that 

carbon nanotubes have high open state performance and can effectively inhibit leakage current, and 

reduce static power consumption, therefore, making them an attractive option as they balance high 

performance with low power. Thus, carbon nanotubes have high research and development potential as 

well as promising future application prospects.  

As of now, there are mainly three types of carbon nanotube materials, namely, single-walled carbon 

nanotubes, carbon nanotube networks, and carbon nanotube parallel arrays. Among them, carbon 

nanotube arrays are the ideal material for carbon-based integrated circuit manufacturing. The 

dimensional confinement method proposed by the Peking University team is currently the theoretically 

densest and highest purity nanotube parallel array, which can basically meet the basic requirements of 

the carbon-based integrated circuits industry. CMOS manufactured under this material has a saturation 

current of 1.3 mA/µm, a peak transconductance of 0.9 mS/µm, and a steepness of 75 mV/dec at 1V 

operating voltage. The ring oscillator circuit speed can reach 8.06 GHz [9]. However, due to 

technological limitations, further research and development of carbon-based integrated circuit materials 

are required. The reliability and mass production optimization of the circuits still need to be further 
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improved and studied, and various issues related to carbon-based integrated circuits need to be addressed. 

Moreover, there is currently a lack of standardized carbon nanotube materials and process specifications 

in the industry. The advantage of carbon nanotubes on integrated circuits is shown in figure 1 [2]. 

 

Figure 1. Advantage of carbon nanotube on integrated circuits [2]. 

2.3.  Performance comparison and analysis 

Currently, the core focus of research and development in the industry of Very Large Scale Integration 

(VLSI) is not only focused on reducing the size of CMOS circuits, improving circuit performance, and 

reducing power consumption, but also on reducing heat generation and unnecessary power consumption, 

improving circuit efficiency, and further reducing the size of peripherals (such as reducing the size of 

heat dissipation modules) required by the entire system. In recent years, various new transistor structures 

have emerged, but whether the carbon nanotube transistor structure mentioned in this paper has further 

application potential needs to consider whether it can address the main concerns of the industry. 

Experimental data shows that carbon nanotubes have high application potential.  

According to relevant theories, simulations, and experiments, carbon nanotube transistors have a 

higher average carrier mean free path, higher low-field mobility, stronger high-field saturation velocity, 

and higher ballistic injection velocity. Compared to silicon-based transistors, they have a fourfold 

increase in high-field saturation velocity (4 × 107 cm/s) and more than a threefold increase in ballistic 

injection velocity (3 × 107 - 4 × 107 cm/s) [3-5]. The improvement of these performance parameters 

significantly enhances device performance and processing speed. Based on experimental results which 

been mentioned before, it has been demonstrated that carbon nanotube transistors with a gate length of 

120 nm can achieve a current density of 1.18 mA/µm at a working voltage of 1 V, and the gate delay of 

the ring oscillator circuit can be reduced to 11.3 ps, surpassing the performance of silicon-based 

transistors of the same size. This study has proven the high research value of carbon nanotubes [6].  

In summary, compared to CMOS, carbon nanotubes are a new type of material used to build CMOS, 

that combines high performance and low power consumption characteristics, and can further extend the 

effectiveness and meet the future requirements of Moore’s Law. 

3.  Analysis of Very Large Scale Integration (VLSI) applications 

3.1.  Current applications of silicon-based integrated circuits 

In the past 60 years, the semiconductor integrated circuit with silicon as its core has rapidly promoted 

the development of the information revolution. Silicon-based circuits have undergone rapid iteration 

and have developed to their current state. Currently, silicon-based integrated circuits are common in 

electronic devices such as logic devices, storage devices, diodes, and transistors, and are mainly used in 

most consumer and commercial electronic devices such as mobile phones and computers. In recent years, 

they have become the cornerstone of Artificial Intelligence (AI) computing, 5G connectivity, Internet 

of Things (IoT), and other fields. Since the Bell Laboratory manufactured the first transistor in 1948, 
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major companies have successively established themselves and begun to attack the integrated circuit 

industry [7]. The semiconductor process has gradually entered within 100nm from 10μm in 1971 to 

14nm, 10nm, 7nm, 5nm, and the latest 3nm. 

From the silicon-based technology been developed, and compared with other mainstream integrated 

circuit manufacturing solutions, it has lower process costs, higher integration, and can integrate the 

functions of signal processing and other digital modules. It has been widely used and researched in 

academia and industry. Taking the silicon-based RF millimetre-wave phase shifter as an example, due 

to the extremely crowded spectrum resources in the wireless communication industry, countries led by 

the United States have taken the lead in using millimetre-wave bands as a communication method for 

5G communication. Although millimetre-waves currently face many challenges, silicon-based RF 

millimetre-wave phase shifters perform significantly better than traditional millimetre-wave solid-state 

phased array systems manufactured using compound semiconductor processes in terms of cost, 

integration, and production yield while having a smaller circuit size. Therefore, silicon-based RF 

millimetre-wave phase shifters have been widely used in emerging fields such as 5G communication. 

At the same time, as one of the core modules of the silicon-based phased array system, the silicon-based 

RF millimetre-wave phase shifter has also been continuously researched by a large number of scholars 

[8].  

In the x86 processor field, chip companies led by Intel have gradually developed from the 4004 series 

processor with a 10μm process introduced in 1971, following Moore’s Law, to subsequent releases such 

as the 8086 series, Pentium series, Core series, Xeon series processors, etc. Starting in 2014, Intel 

released the first 14nm processor and suspended further research and development in chip processes. 

Instead, they continued to optimize the performance and process of the 14nm architecture, promote 

processor performance, and continue to maintain the ‘Number of transistors that can be accommodated 

on an integrated circuit will double every 18 to 24 months’ under the same standard process. However, 

it is obvious that the performance improvement and efficiency enhancement of both Intel and AMD in 

the field of processors are becoming less and less. Advanced integrated circuits require higher power 

consumption to achieve a performance improvement, and mobile PCs require stronger cooling 

performance to meet the higher cooling demand caused by high power consumption and low efficiency. 

The Development of Intel process technology is shown in figure 2 [9]. 

 

Figure 2. Development of Intel process technology [9]. 

3.2.  Current Applications of Carbon-based Integrated Circuits 

Although carbon-based electronic technology is not commonly seen in the consumer electronics industry, 

it has undergone long-term development. It not only has advantages in performance parameters and size 

but also has great application potential. It can not only replace most of the application scenarios of 

silicon-based integrated circuits but also show tremendous potential in some emerging industries. 
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In digital integrated circuits, carbon-based integrated circuits have excellent parameters due to the 

superior chemical properties of carbon nanotubes. As mentioned earlier, carbon-based integrated circuits 

have advantages such as high carrier mobility, high injection rate, and high strong-field saturation 

velocity compared to silicon-based integrated circuits. At the same time, the manufacturing process of 

carbon-based circuits is simpler than that of silicon-based circuits. These advantages enable carbon-

based integrated circuits made of carbon nanotubes to better meet the requirements of future digital 

integrated circuits for circuit device performance and continue to align with the development of Moore’s 

Law. As the application direction with the highest technological value and commercial value in carbon-

based electronic technology, the development of carbon-based integrated circuits in recent years mainly 

includes four aspects: the exploration of high-performance circuits, innovation of low-power devices, 

demonstration of complete digital logic functions, and research on large-scale integrated systems. In 

2006, IBM constructed a CMOS five-stage oscillator on a carbon nanotube and achieved a maximum 

oscillation frequency of 52MHz, with a gate delay of only 1.9ns [10]. After research and development 

in the academic community, in 2020, the highest oscillation frequency of 8.06 GHz in a PMOS five-

stage oscillator circuit with a gate length of 165 nm, and a gate delay of only 12.4 ps [11]. This 

experiment data surpasses the experimental data of commercially available silicon devices of the same 

size mentioned earlier, fully demonstrating the enormous application potential of carbon-based circuits 

in digital integrated circuits, and proving that the performance bottleneck of carbon-based circuits is not 

limited to this and its performance can be further explored and proven. At the same time, there is also 

greater optimization space for carbon based integrated circuits in terms of power consumption.  

Currently, silicon-based circuits have physical bottlenecks in power consumption and process. In the 

past three years, Qualcomm’s mobile platform processors manufactured by Samsung Semiconductor 

have been known for their high power consumption. Taking Qualcomm’s Snapdragon 8 Generation 1 

mobile platform processor launched in 2022 as an example, in experimental tests, the power 

consumption of Motorola mobile platform equipped with this processor even reached 11.10W, which is 

nearly doubled compared to iQOO mobile platform equipped with Qualcomm’s Snapdragon 870 

processor launched in 2021, which had a power consumption of only 5.52W. Due to the significant 

increase in power consumption and the characteristics of mobile platforms, the motherboard generates 

excessive heat, ultimately seriously affecting performance [12]. The theoretical performance of mobile 

platforms equipped with Qualcomm’s Snapdragon 8 Generation 1 processor does not match its actual 

performance and even shows signs of regression compared with the last generation chip. Therefore, 

carbon nanotubes, as emerging materials for consumer and commercial integrated circuit products, have 

high research value. 

4.  The challenge facing the development of integrated circuits 

Prior to achieving commercialization, the first hurdle to overcome is market restrictions. Currently, chip 

companies led by Intel are actively adopting silicon-based integrated circuits and hoping to further 

expand their performance to continue their development. Therefore, for carbon-based integrated circuits, 

new entrants lack consumer understanding and OEM manufacturers’ trust at the market level. At the 

same time, the failure mechanism of carbon-based integrated circuits is more complex and has a greater 

impact on the overall reliability of the device, especially compared to silicon-based integrated circuits 

with long-term development experience, presenting a certain deficiency. In addition, compared with 

typical design support such as EDA, automated design tools, and design toolkits in silicon-based 

integrated circuits, carbon-based integrated circuits lack these, and the industry needs a set of standards 

and professional tools to promote the development and commercialization of carbon-based integrated 

circuits [13]. 

Finally, regarding the standardization of carbon-based integrated circuits, the production and 

application of carbon nanotube materials are still in the laboratory stage, and the production methods 

and final application framework architecture are not unified. The industry requires a unified set of 

standards to develop production methods for carbon nanotubes, define reference ranges of specific 

parameter standards, and establish corresponding indicators to ensure that carbon-based integrated 
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circuits made from carbon nanotubes can be mass-produced using strict semiconductor industry process 

standards. Only by completing all current challenges can carbon-based integrated circuits truly enter the 

commercialization stage of large-scale mass production with reliability and trust. 

5.  Conclusion 

After more than 60 years of development, the integrated circuit industry has become an essential part of 

people’s daily lives, and the semiconductor industry is almost one of the fastest-growing industries. In 

less than 100 years, the silicon-based integrated circuit fabrication process has been developed to near 

the physical limit, while carbon-based integrated circuits based on carbon nanotubes have been 

developed for over 20 years and now have a certain application base. Various experimental data have 

proven that carbon nanotubes, as a highly potential and widely researched new semiconductor material, 

have research value in extending Moore’s Law, and they are ideal materials for replacing silicon 

semiconductors. They are also a cornerstone for the sustained development of the integrated circuit 

industry and the continued progress of the information revolution. Meanwhile, laboratory results have 

shown that integrated circuits made of carbon nanotubes can replace silicon-based integrated circuits 

and even exhibit performance data beyond that of silicon-based integrated circuits. This means that 

carbon-based integrated circuits have a high degree of commercial potential. In recent years, 

breakthroughs have been made in the preparation of carbon nanotubes in academia, and carbon-based 

integrated circuits have demonstrated advantages in multiple fields, whether it is the high-performance 

and low-power carbon-based integrated circuits or other efficient carbon-based circuit systems, all of 

which prove that the industrialization and commercialization of carbon-based integrated circuits are no 

longer impossible to achieve. Therefore, real success is still dependent on commercialization, and the 

challenges that need to be faced before industrialization include process standardization and the 

establishment of a professional software ecosystem. Carbon-based integrated circuits have obvious 

advantages, but further research and development of carbon-based semiconductors and the borrowing 

of successful experiences from silicon-based semiconductors, along with strong support from various 

companies, are needed to truly realize the industrialization and commercialization of carbon-based 

integrated circuits. 
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