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Abstract. With the accelerated evolution of communication technology towards
6G, the importance of semiconductor manufacturing technology as the
foundation supporting core 6G functions such as terahertz communication and
intelligent metasurfaces has become increasingly prominent. This paper
systematically reviews the development of semiconductor manufacturing
technology, with a focus on the innovative applications of key processes such as
lithography, etching, and packaging in 6G RF front-end, very large-scale
baseband chips, and quantum communication devices. The research shows that
advanced processes such as high k dielectric/metal gate, strain engineering and
three-dimensional heterogeneous integration significantly increase the operating
frequency of terahertz devices (>800 GHz), the response speed of intelligent
metasurfaces (<10 ps), and the computing power density of baseband chips (>20
TOPS/mm?). At the same time, the 6G-specific challenges such as quantum
effects of nanoscale processes, atomic-level precision manufacturing of terahertz
devices, and industrialization of third-generation semiconductor materials were
explored, and strategies such as two-dimensional material integration, low-
temperature process development, and intelligent green manufacturing were
proposed to address future demands. This paper aims to provide theoretical
support for collaborative innovation in semiconductor processes for 6G
communication systems.

Keywords: Semiconductor manufacturing technology, 6G communication
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1 Introduction

6G communications are characterized by Terahertz (THz) band communications, smart
metasurfaces (RIS) and quantum communications. For example, the 6G terahertz band
(0.1-10 THz) requires radio frequency devices to operate at frequencies above 300
GHz, which traditional silicon-based CMOS processes cannot meet due to significant
parasitic effects. There is an urgent need for wide bandgap semiconductors such as
GaN/SiC and three-dimensional heterogeneous integration technology.

At present, the global competition in 6G technology is focused on high-frequency
devices and intelligent communication architectures. Samsung's 140 GHz RF front-end,
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based on the GaN-on-SiC process, has achieved a peak rate of 1.2 Tbps [1]; Huawei's
smart metasurface (RIS) technology relies on high-precision MEMS manufacturing
processes to achieve dynamic beam control [2]. Cornell University has recently devel-
oped a 20 GHz semiconductor chip with an integrated quasi-real-time delay (Q-TTD)
mechanism, which uses a 3D variable TTD reflector structure to increase RF front-end
efficiency by 40 percent and double channel capacity, providing a new paradigm for
6G high-frequency communication [3]. In addition, Nanusens' RF digital tunable ca-
pacitor (DTC) achieves a Q value of over 100 in the 6 GHz band through MEMS-
within-CMOS™ technology, significantly reducing power consumption and extending
device life by 30%, providing an innovative solution for 6G antenna array tuning [4].

This paper systematically reviews the key applications and challenges of semicon-
ductor manufacturing technology in 6G communication, with a focus on the analysis of
lithography process miniaturization, third-generation semiconductor integration, and
three-dimensional packaging technology. By integrating the latest research results at
home and abroad and comparing the advantages and disadvantages of different tech-
nology paths, core issues such as quantum effects of nanoscale processes, manufactur-
ing accuracy of terahertz devices, and material defect control are revealed. This study
provides an analytical perspective on how semiconductor manufacturing processes can
fit and drive performance breakthroughs in key 6G devices, and compares the feasibil-
ity of different technology routes. This paper explores new strategies such as low-tem-
perature bonding of two-dimensional materials and intelligent green manufacturing,
providing possible process optimization directions for addressing the high energy con-
sumption and high cost issues faced by 6G communication devices.

2 Overview of semiconductor manufacturing technology

Semiconductor manufacturing technology covers the entire process from wafer prepa-
ration to chip packaging, mainly including core processes such as photolithography,
etching, chemical vapor deposition (CVD), and packaging. According to the differ-
ences in materials and processes, they can be classified as silicon-based processes, com-
pound semiconductor (such as GaN, SiC) processes [5].

Looking back at the development of technology, as shown in Figure 1, the first gen-
eration of processes in the 1980s was dominated by silicon-based CMOS technology,
which supported the popularization of 2G-4G communication baseband chips. In the
early 21st century, FInFET and extreme ultraviolet lithography (EUV) technologies
pushed the process below 7nm to meet 5G's demand for highly integrated RF frontends
[6]. In recent years, GaN and SiC processes have become research hotspots for 6G
communication devices due to their high frequency and high power characteristics [7].
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Figure.1. Development of semiconductor processes

Lithography is particularly crucial in the field of communications. For example,
EUV lithography can achieve line widths below 7nm, significantly improving the
switching speed and energy efficiency of RF devices such as power amplifiers. In ad-
dition, 3D packaging technology reduces signal transmission loss by stacking antennas,
filters and baseband chips vertically through TSV (through-silicon vias) and heteroge-
neous integration, providing physical support for high-frequency communication [8§]

3 Applications of semiconductor manufacturing technology in
communication technology

3.1 High k dielectric/metal gate technology for performance optimization of
terahertz devices

6G terahertz communication requires that radio frequency devices maintain low inser-
tion loss and high linearity in the frequency band above 300 GHz. Traditional SiO-
dielectrics have insufficient gate capacitance due to dielectric constant (k=3.9) limita-
tions, while HfO: (k=25) -based HKMG technology can compress the equivalent oxide
layer thickness (EOT) to 0.5 nm, increasing the cut-off frequency (fT) of GaN HEMT
devices to 800 GHz. Taking TSMC's 3 nm GAA process as an example, with HfO2/TiN
stacked gates combined with strain SiGe channels, the transconductance (gm) of the
transistor is increased to 4 mS/um, supporting an efficiency of over 65% for 6G base
station power amplifiers [9].

In terms of material innovation, the pre-established piezoelectric heterosubstrate
(PN-POI) developed by the team of Ou Xin from the Shanghai Institute of Microsystem
and Information Technology excites high-order acoustic wave modes through a longi-
tudinal electric field, increasing the electromechanical coupling coefficient of the sur-
face acoustic wave resonator to 36.1% and the phase velocity to 7035 m/s, breaking
through the performance bottleneck of traditional piezoelectric materials in the 6G
high-frequency band [10].



722 R. Yang

The core value of these innovative processes lies in breaking through the physical
limits of traditional materials at high frequencies. High k dielectric significantly in-
creases the gate capacitance per unit area, addressing the bottleneck of insufficient driv-
ing current at high frequencies; Advanced gate stacking structure optimizes channel
carrier transport efficiency. It enables transistors to operate in the terahertz range (>300
GHz), meeting the requirements of the 6G core band; It significantly boosts the power
amplifier's energy conversion efficiency (>65%) and reduces base station energy con-
sumption; It laid the process foundation for the development of 6G RF front-end chips
with higher frequency and higher efficiency, and is a key enabling technology for 6G
ultra-high rate communication.

3.2 Strain silicon and heterogeneous integration technology empower smart
metasurfaces

6G smart metasurfaces (RIS) need to achieve dynamic beam control in the millimeter-
wave - terahertz band, which imposes strict requirements on the reconfigurability and
integration density of antenna elements. By introducing 1.8 GPa channel compressive
stress through embedded SiGe source and drain technology, PMOS switching speed is
increased by 50%, and the response time of the RIS unit is reduced to 10 ps. Meanwhile,
TSV-based 3D heterogeneous integration technology stacks RF switches, phase shifters
and CMOS control circuits vertically, reducing the cell size to 0.1 mm?, providing man-
ufacturability for large-scale RIS arrays (>10* cells).

The 6G baseband concept prototype system, developed by China Mobile in collab-
oration with China Information Technology Mobile, uses a cloud-based heterogeneous
hardware architecture and multi-band fusion fronthaul module to support 0-12 GHz
intermediate frequency signal transmission, and integrates 128 digital channels on a
single chip through 3D heterogeneous packaging technology to achieve a real-time
throughput rate of 16.5 Gbps. It provides computing power support for dynamic beam
control of intelligent metasurfaces [11]. Compared with traditional solutions, this tech-
nology reduces signal processing delay to less than 10 ps and power consumption by
28%|[12].

The combination of strain silicon and three-dimensional heterogeneous integration
technology removes two major obstacles for the practical application of smart metasur-
faces. Significant increase in switching speed and reduction in power consumption:
Strain engineering significantly improves the carrier mobility of transistors, addressing
the response speed (<10 ps) and energy efficiency bottlenecks of high-speed switching
in the millimeter/terahertz band; Achieving ultra-high density integration: 3D hetero-
geneous integration breaks through the limitations of planar layout by vertically stack-
ing control circuits with RF units and compressing unit size to sub-millimeter (0.1mm
2), making it possible to build large-scale, reconfigurable intelligent metasurface arrays
containing tens of thousands of units. The macroscopic benefits are: significantly en-
hancing the dynamic control and response speed of the intelligent metasurface, which
is key to achieving real-time beamforming and channel optimization; Significantly im-
prove space utilization and system integration, and reduce deployment complexity and
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cost; It provides core hardware support for future ultra-large-scale, ultra-low latency
6G smart wireless environments.

3.3  GAA nanosheet transistors support 6G baseband chip energy efficiency
breakthrough

6G baseband chips need to support very large-scale MIMO (1024 antennas) and Al-
coordinated signal processing, presenting dual challenges of transistor density and en-
ergy efficiency. The GAA nanosheet transistor developed by Peking University fea-
tures a stacked Si/SiGe heterostructure with a gate length reduced to 5 nm, an off-state
current as low as 0.01 nA/um, and a drive current density of 4.5 mA/pm, which is 60%
higher than FinFET [13]. This technology enables baseband chips to achieve a compu-
ting power density of over 20 TOPS/mm?, reduces power consumption by 40%, and
meets the decoding requirements of 6G real-time channels.

TSMC's 3 nm process uses HfO»/TiN stacked gates combined with strain SiGe chan-
nels to increase transistor transconductance to 4 mS/um and drive current density to 4.5
mA/um, which is 60% better than the FinFET structure [14]. The Peking University
team further introduced stacked GAA nanosheet transistors, which compressed the gate
length to 5 nm through Si/SiGe heterostructures and reduced the turn-off current to 0.01
nA/pum, pushing the baseband chip computing power density beyond 20
TOPS/mm?[13].

The breakthrough of the GAA nanosheet transistor lies in addressing the extreme
demands of very large-scale baseband chips for both high-density integration and ultra-
low power consumption. Breaking the physical limits of FinFET: Its encirclement gate
structure provides better gate control, effectively supacts the short-channel effect,
makes process miniaturization to 3nm and below possible, and significantly increases
transistor density; A significant increase in energy efficiency: The extremely low off-
state current (0.01nA /um) significantly reduces static power consumption, while the
high drive current density (4.5mA /um) ensures strong dynamic computing power,
achieving a 40% reduction in power consumption while a significant increase in com-
puting power density (>20 TOPS/mm?). The macro benefits are: it provides the neces-
sary, unprecedented computing density and energy efficiency for baseband chips that
handle 6G ultra-large-scale MIMO and complex Al algorithms; Underpin low-latency,
high-throughput operations for complex signal processing tasks such as real-time chan-
nel decoding; It is the core process cornerstone for building 6G ultra-high computing
power and ultra-low power baseband processing platforms.

4 Challenges and prospects

4.1 Semiconductor manufacturing technology challenges driven by 6G

The 6G terahertz band poses atomic-level requirements for device manufacturing pre-
cision. Taking GaN epitaxial layers as an example, the defect density needs to be less
than 10* cm™ to reduce high-frequency scattering loss, but the dislocation density of
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current mass-produced processes is still as high as 10° cm 2, resulting in a 30% decrease
in device linearity [15]. In addition, the line width error (+1 nm) of deep ultraviolet
(DUV) lithography is difficult to meet the requirements of processes below 3 nm, and
extreme ultraviolet (EUV) lithography machines rely on high-cost ASML equipment
with a domestic production rate of less than 5%, which severely restricts process au-
tonomy [16]. In the field of packaging, superconducting single-photon detectors re-
quired for quantum communication need to operate at a low temperature of 4 K. Tradi-
tional packaging materials are prone to interface cracking due to mismatched thermal
expansion coefficients, resulting in a 40% drop in device reliability [17]. In terms of
environmental constraints, GaN wafer manufacturing would consume 500 L of ul-
trapure water per wafer, which would amount to 1.2 million tons per year based on the
global demand for 6G base stations in 2030, and there is an urgent need to develop dry
etching and resource recovery processes [18].

These challenges constitute a key bottleneck for the practical application and indus-
trialization of 6G technology. The generational gap between the demand for atomic-
level precision manufacturing, such as GaN's low defect and ultra-flat interface, and
the current mass production process capabilities restricts the full performance of te-
rahertz devices; 2. Challenges of independent control of core equipment and materials:
The low degree of localization of high-end lithography equipment (EUV) and high-
quality third-generation semiconductor substrates (such as low-defect GaN/SiC) poses
supply chain risks. The ultra-low temperature and high vacuum packaging processes
required for new scenarios such as quantum communication are incompatible with tra-
ditional technologies, and reliability assurance is difficult. The high resource consump-
tion (water, electricity, special gases) and potential environmental impact of advanced
processes (particularly compound semiconductors) conflict with green manufacturing
goals. Overcoming these systemic challenges is an inevitable path for 6G semiconduc-
tor devices to reach mature applications.

4.2  Coping strategies and future outlook

For the bottleneck of process accuracy, atomic layer etching (ALE) and Directional
self-assembly (DSA) technologies can be adopted. For example, the Shanghai Institute
of Microsystem and Information Technology prepared 6-inch silicon carbide-based
lithium niobate substrates with a surface roughness as low as 0.22 nm through the "ion
knife" heterointegration technology, providing atomically flat interfaces for terahertz
filters [10]. In terms of industrial chain collaboration, SMIC, in collaboration with Pe-
king University, developed domestic EUV light sources, which increased the lithogra-
phy resolution to 0.7 nm and the yield to over 85%[19]. In the field of green manufac-
turing, TSMC is promoting dry etching to replace wet processes, reducing wastewater
emissions by 70%, and plans to achieve 100% green electricity supply by 2030 [20].
Future research and development need to be advanced in multiple dimensions. First,
in terms of process innovation: people continue to explore atomic-level manufacturing
techniques (such as ALE, atomic layer deposition ALD), new low-temperature/selec-
tive etching processes, and superconducting integration methods for quantum devices
to break through the limitations of precision and material compatibility. Then there is
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the application of new material systems: research on the application of two-dimensional
materials (such as MoS:, hBN) in channels, gate media, interconnections, and heat dis-
sipation has been deepened, using their unique properties to solve the bottlenecks of
traditional materials. Third, in terms of strengthening industrial chain collaboration and
domestication: People are accelerating the independent research and development and
validation of key equipment (such as EUV) and core materials (large size, low defect
substrate, photoresist) to reduce external dependence; Finally, in terms of intelligent
and green manufacturing: people are deeply integrating Al into process control, yield
management and predictive maintenance to enhance manufacturing efficiency and sta-
bility; At the same time, people are vigorously developing resource recycling technol-
ogies (such as wastewater recycling, specialty gas regeneration) and low-carbon pro-
cesses (such as dry processes, green electricity application) to achieve a win-win situa-
tion of environmental and economic benefits.

In the future, 6G intelligent metasurfaces (RIS) will need customized semiconductor
processes to achieve dynamic beamforming. Quantum communication device manu-
facturing relies on superconducting materials and cryogenic processes, which may give
rise to new manufacturing paradigms. With the deep integration of Al and communi-
cation technology, semiconductor manufacturing will evolve towards intelligence and
greenness, providing a solid support for building high-speed ubiquitous communication
networks.

5 Conclusion

Semiconductor manufacturing technology, as a core driver of communication technol-
ogy evolution, has significantly improved the performance and integration of 5G/6G
communication devices through continuous innovation in key processes such as lithog-
raphy, etching, and packaging. Breakthroughs in high-K dielectric/metal gate technol-
ogy, strain silicon engineering and FinFET three-dimensional structures have increased
transistor drive current density by more than 40 percent, reduced leakage rate to sub-
nanoampere level, and supported efficient transmission in millimeter-wave and te-
rahertz bands. However, the quantum tunneling effect of nanoscale processes, the high
cost dependence of EUV lithography machines, the low yield of third-generation sem-
iconductor materials, and environmental and resource constraints remain the key bot-
tlenecks restricting the development of the industry. In the future, we need to break
through process limits through technologies such as atomic layer etching and two-di-
mensional material applications, strengthen industrial chain synergy and domestic pro-
duction capabilities, and promote green manufacturing to reduce energy and resource
consumption. With the demand for emerging technologies such as 6G smart metasur-
faces and quantum communication, semiconductor manufacturing will evolve towards
intelligence and customization, providing a solid support for building high-speed and
ubiquitous next-generation communication networks.
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