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Fig.1 Logical framework of composition design and co-firing behavior of copper pastes for LTCC internal electrodes!!?2731:3¢]
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Table 1 Comparison of typical metal conductors for LTCC internal electrode pastes!'®2!-27281
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Fig.8 Schematic diagram of the mismatch mechanism between copper

paste and ceramic green tape during co-firing!?”3233]
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Fig.10 Effects of glass content, sintering temperature, and sintering atmosphere on the shear strength and sintering behavior of copper thick films:

(a) effect of glass content on shear strength; (b) effect of sintering temperature on shear strength; and (c¢) schematic illustration of the sintering

mechanism of copper powders under different atmospheres [3¢]
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Table 2 Main factors affecting the co-firing behavior of copper paste in LTCC internal electrodes and their effects

Co-firing
behavior

Main influencing
factor

Mechanism

Ref.

Oxidation
resistance

Sintering atmosphere

Coating integrity

Coating content

Coating method

Oxygen exposure is suppressed, or the oxide layer is reduced
through reduction reactions.
A continuous coating layer reduces local exposure caused by
cracks and pores.

An appropriate coating content improves oxidation
resistance, whereas excessive coating may weaken particle
contact and hinder subsequent sintering connectivity.

A non-aqueous sol-gel route reduces direct contact between
Cu powder and water/oxygen during coating, thereby
lowering the oxidation risk during powder preparation.

[27]

[75]

[76]

[80]

Sintering
densification

Dispersion state of
Cu powder

Glass-phase
composition

Glass-phase content

Crystallization of the
glass phase
Sintering temperature

Holding time

Heating rate

Poor dispersion reduces the packing uniformity of particles
and tends to produce pores after sintering.

The glass composition determines softening, flow, wetting,
spreading, and pore-filling behavior, thereby affecting Cu
particle rearrangement and film densification.
Insufficient glass phase cannot effectively fill interparticle
pores.

Glass crystallization increases viscosity and weakens
liquid-phase flow and wetting ability.

Increasing sintering temperature reduces glass viscosity and
promotes particle migration, rearrangement, and
sintering-neck growth.

Appropriate holding promotes further film densification,
whereas excessive holding may induce abnormal grain
growth and closed-pore formation.

An excessive heating rate may cause concentrated
decomposition of organic components and disrupt film
continuity.

(81]

[65,82]

[81]

[65,82]

[75]

[83]

[75,84]

Co-firing
compatibility

Sintering shrinkage
behavior

Incorporation of
glass phase

Cu particle size

Co-firing compatibility depends on the matching degree
between the full-process sintering shrinkage curves of the
electrode layer and the ceramic substrate.
Appropriate incorporation of the glass phase can shift the
shrinkage behavior of the electrode layer toward that of the
ceramic substrate, thereby alleviating shrinkage mismatch.
Finer particles are more prone to substantial shrinkage in the
low-temperature range.

[27,32,35]

(37]

[85]
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Continued table 2 Main factors affecting the co-firing behavior of copper paste in LTCC internal electrodes and their effects

43k 2 LTCC AR ERIT N T ELMEZ R EERIIE

Co-firing
behavior

Main influencing
factor

Mechanism Ref.

Interfacial
bonding

Glass-phase content

Glass softening point

Coating uniformity

An appropriate glass-phase content promotes migration
toward the interface and enhances wetting and spreading,
thereby improving adhesion between the Cu film and the

substrate.
The glass softening point affects liquid-phase migration at
the interface, thereby determining interfacial wetting and [34]
bonding enhancement.
A uniform coating layer helps reduce interfacial pores in the
Cu film and promotes tighter bonding between the Cu film
and the ceramic substrate.

[34,80,86]

[87,88]

Increasing sintering temperature can initially enhance

Sintering temperature

interfacial bonding, whereas excessive temperature may [86]

induce glass crystallization and interfacial embrittlement.
Under vacuum, the boiling point of the liquid glass phase

Sintering atmosphere

decreases and boiling can occur, reducing the wetted area [86]

and weakening interfacial physical bonding.
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Research Progress on Composition Design and Co-firing Behavior of Copper Pastes for
LTCC Internal Electrodes

Qin Zhou!, Jia Qiang!, Wang Yishu!, Hu Hu’an!, Zou Guisheng?, Guo Fu'?

(1.School of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, China)
(2. Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China)
(3. Beijing Information Science and Technology University, Beijing 100096, China)

Abstract:  With the development of 5G/6G communications and high-density electronic packaging, low-temperature co-fired ceramic (LTCC)
devices require higher performance in high-frequency signal transmission, high-density integration, and reliable service. Internal electrode paste is
a key material in LTCC multilayer interconnect structures, and its composition and co-firing behavior directly affect the electrical conductivity and
service reliability of the electrodes. Compared with noble-metal electrodes, Cu is emerging as an important direction for LTCC internal electrodes
because of its lower cost and stronger resistance to electrochemical migration. However, its susceptibility to oxidation also increases the difficulty
of material composition design and co-firing control. Based on the technical background of the transition of LTCC internal electrode materials
from Au and Ag to Cu, this paper reviews the progress in the component design of organic vehicles, inorganic binders, and conductive phases in
copper pastes for internal electrodes. It focuses on the oxidation resistance, sintering densification, co-firing compatibility, interfacial bonding
behavior, and related influencing factors during co-firing, and further summarizes the current research challenges and future development
directions.

Key words: low-temperature co-fired ceramics; copper conductor paste; internal electrode; composition design; co-firing behavior
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