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ABSTRACT: With the arrival of the Fourth Industrial Revolution, the inevitable consequence of its development is the
miniaturization of integrated circuit dimensions. Interconnect materials must possess excellent electrical conductivity and
thermal conductivity, as these are crucial for reducing signal transmission delays and preventing chip overheating. The
replacement of aluminum interconnects with copper interconnects represents a revolutionary advancement in the
post-processing technology of integrated circuits, thus propelling the development of the integrated circuit industry.
However, as semiconductor device dimensions continue to decrease, the rapid diffusion of copper atoms towards the
silicon interface poses a significant challenge to the advancement of copper metallization. This diffusion phenomenon
severely impedes the performance and reliability of integrated circuits. In response to these challenges, researchers have

focused on developing effective diffusion barrier layers in copper metallization. These barrier layers play a crucial role in
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preventing the undesired diffusion of copper atoms into the silicon substrate, thereby ensuring the integrity and stability of
the integrated circuits. Moreover, the development of advanced diffusion barrier materials has become imperative to meet
the increasing demands for ultra-thin dimensions, low resistivity, and thermal stability in modern semiconductor devices.
The diffusion barrier layer should meet the following conditions: The diffusion barrier layer should have a high melting
point and maintain good adhesion with both copper and the dielectric layer, so as to ensure that even at elevated
temperature, the layer will not crack due to thermal stress; The diffusion barrier layer should exhibit excellent chemical
inertness, which means that it should not dissolve into copper nor react with silicon; The diffusion barrier layer should
have low resistivity and good thermal conductivity to facilitate efficient electrical and thermal conduction; The diffusion
barrier layer should be deposited uniformly and smoothly onto the dielectric layer to ensure consistent performance across
the integrated circuit.

This paper aims to provide a comprehensive overview of the research progress in diffusion barrier layers for copper
metallization, focusing on key aspects, including challenges, solutions, preparation methods, and materials selection strategies.
Firstly, this paper delved into the critical challenges encountered during the transition from aluminum to copper metallization, so
as to address issues such as reliability, compatibility, and performance enhancement. Various solutions, including process
optimization and material engineering, were explored to mitigate these challenges and improve the overall performance of
copper metallization. Subsequently, this text discussed the preparation methods employed for creating diffusion barrier layers in
copper metallization. These methods encompassed a range of techniques, including vapor deposition, atomic layer deposition,
and electroplating. Each technique offered unique advantages and challenges, and their suitability depended on factors such as
the desired film thickness, deposition rate, and material properties. Furthermore, the text delved into the selection of materials
for diffusion barrier layers in copper interconnects. Commonly used materials included metal-based alloys, carbon-based
materials, self-assembled monolayers, and high-entropy alloys. A systematic review of the barrier properties of these materials
was provided, elucidating their structure-property relationships and their effectiveness in inhibiting copper diffusion. Finally,
prospective strategies for selecting high-performance diffusion barrier materials and choosing appropriate preparation methods
were outlined, particularly focusing on the emerging trend of ultra-thin diffusion barrier layers with sub-nanometer thickness.
This entailed exploring novel materials with enhanced thermal stability, lower resistivity, and improved compatibility with
copper metallization processes. In conclusion, the development of advanced diffusion barrier layers is essential for overcoming
the challenges associated with copper metallization in modern integrated circuits.

KEY WORDS: copper metallization; diffusion barrier layer; thin film fabrication; graphene; self-assembled monolayers;
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Fig.1 Dual-embedded damascus craft wiring in copper metallization
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Fig.5 High entropy alloy diffusion barrier layer materials: a) SEM surface morphology of Si/DB,/Cu thin film stacks
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Fig.6 Changes in microstructure of high entropy nitrides after annealing at different temperaturel®” (The circles in b, d, and f
represent nanolattices): a) TEM cross-sectional image of deposited Cu/HEAN ,/Si structure; b) TEM cross-sectional image of
deposited Cu/HEAN »/Si structure; ¢) TEM cross-sectional image of Cu/HEAN, ,/Si structure annealed at 800 C;

d) TEM cross-sectional image of Cu/HEAN, ,/Si structure annealed at 800 °C; e) TEM cross-sectional image of
Cu/HEAN »/Si structure annealed at 900 °C; f) TEM cross-sectional image of Cu/HEAN, ,/Si structure annealed at 900 C
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[65].

b) HRTEM images of as-deposited Cu/NbMoTaW/TiVCr/Si structure cross sections!®®; ¢c) HRTEM images of
Cu/NbMoTaW/TiVCr/Si structure cross sections annealed at 800 ‘C[®®!; d) HRTEM image of as-deposited
Cu/multilayer film/Si structure!®”! (Inset: magnified image around the multilayer film barrier)
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