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With the miniaturization and integration of microelectronic components, the demand for high-thermal-conductivity electronic packaging materials has grown substantially. Diamond/copper (Dia/Cu) composites have become a focus of research due to their ultra-high thermal conductivity and low coefficient of thermal expansion. However, poor interfacial bonding and high interfacial thermal resistance between diamond and copper limit their practical performance. This paper reviews strategies to enhance interfacial bonding, including diamond surface metallization (e.g., electroless plating, magnetron sputtering, molten salt method, vacuum electroplating, and embedding) and copper matrix alloying (e.g., gas atomization and alloy smelting), and evaluates their effects on thermal transport properties. Additionally, the influence of preparation processes—such as vacuum hot-pressing sintering, high-temperature high-pressure sintering, spark plasma sintering, and melt infiltration on the microstructure and thermal conductivity of composites are discussed. Key factors including diamond surface roughness, particle size, volume fraction, and sintering conditions (e.g., temperature, pressure, and dwell time) are analyzed. Experimental and computational studies demonstrate that systematic optimization of these factors enhances the thermal conductivity of Dia/Cu composites, providing critical insights for developing next-generation high-performance electronic packaging materials.
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1 INTRODUCTION
The relentless advancement of high-power density and miniaturization in modern microelectronics has positioned thermal management as the paramount challenge for ensuring device reliability (Wu et al., 2024; Moore and Shi, 2014; Jiang et al., 2015). To mitigate this thermal bottleneck, substantial research efforts have been directed toward developing advanced electronic packaging materials with superior thermal transport capabilities. Contemporary packaging materials are systematically classified into three distinct categories based on composition: ceramic-based, polymer-based, and metal-based systems. While ceramic (AlN: 170–320 W m-1·K−1) and polymer (epoxy: 0.2 W m-1·K−1) systems face inherent thermal limitations, copper matrix composites—particularly diamond-reinforced variants—offer superior solutions (Li et al., 2022a; Gu et al., 2016; Dai et al., 2020).
Diamond/copper composites integrate the extreme anisotropic thermal conductivity (1,200–2,000 W m-1·K−1) and ultralow CTE (≈1 × 10−6 K−1) with copper’s processability (400 W m-1·K−1) (Ward et al., 2009; Dai et al., 2020). However, interfacial thermal resistance (TBR >10−7 m2 K·W−1) caused by weak metal-ceramic bonding degrades performance via phonon scattering. Current efforts focus on interfacial engineering strategies, including diamond surface metallization and matrix alloying, to minimize TBR and optimize thermal transport (Zhang et al., 2018; Dai et al., 2020).
The relentless advancement of high-power-density microelectronics demands packaging materials capable of dissipating heat fluxes exceeding 1 kW/cm2 to ensure device reliability. While ceramics (AlN: 170–320 W m-1·K−1) and polymers (epoxy: <0.2 W m-1·K−1) systems are thermally inadequate, diamond/copper (Dia/Cu) composites offer unmatched potential by synergizing diamond’s anisotropic thermal conductivity (1,200–2,000 W m-1·K−1) and ultralow CTE (≈1 × 10-6 K−1) with copper’s processability (400 W m-1·K−1; Cui et al., 2024; Dai et al., 2020). However, interfacial thermal resistance (TBR >10−7 m2 K·W−1) arising from weak diamond-Cu bonding remains a critical bottleneck, degrading thermal transport via phonon scattering. Recent studies emphasize interfacial engineering—such as surface metallization (e.g., W, TiC coatings) and matrix alloying (e.g., Zr, B)—to mitigate TBR. Yet, the scalable fabrication of defect-free carbide layers and precise control of interfacial crystallography for phonon matching remain unresolved (Li R. et al., 2022). This work addresses these gaps by systematically optimizing metallization parameters and alloy compositions to achieve TBR <5 × 10-8 m2 K·W−1, bridging the divide between lab-scale innovation and industrial viability.
2 DIAMOND SURFACE METALLIZATION
Diamond surface metallization involves depositing carbide-forming elements (e.g., W, Mo, Cr, Ti) through various coating techniques to create a continuous carbide interlayer (Zhang et al., 2023). In unmodified diamond/copper composites, pristine diamond surfaces exhibit poor interfacial adhesion The copper matrix forms weakly bonded interfaces, exhibiting excessive thermal boundary resistance (TBR > 10−7 m2 K·W−1) that severely degrade thermal conductivity (typically <400 W m-1·K−1).The metallized carbide layer addresses these limitations through three mechanisms: (i) enhancing interfacial bonding strength via chemical interactions, (ii) reducing porosity-induced thermal resistance through conformal coating, and (iii) protecting diamond from graphitization during processing. Established metallization methods include electroless plating, magnetron sputtering, molten salt synthesis, vacuum electroplating, and embedded powder sintering (Zhou et al., 2023).
2.1 Electroless Plating (ELP)
Electroless plating, also known as chemical plating or autocatalytic plating, is a metal deposition method that reduces metal ions in a plating solution to metallic form and deposits them onto substrate surfaces through the action of appropriate reducing agents, without the application of external electrical current. Typically, the surface of the substrate to be plated requires pretreatment, particularly for non-conductive and hydrophobic materials such as diamond. Li et al. (2022b) formed a thin TiC coating on diamonds using molten salt with NaCl-KCl-NaF, then applied electroless plating of Cu. The hot-pressing diamond/Cu composite with 60 vol% modified diamonds exhibits the best thermal conductivity of 495.5 W·m−1 K−1. However, ELP has limited industrial adoption due to three critical drawbacks. First, ELP relies on physical metal attachment rather than atomic diffusion bonding, leading to poor coating-substrate adhesion (interfacial strength <50 MPa). Second, the deposited metallic layer may catalyze the graphitization of diamond at elevated temperatures, significantly degrading its intrinsic thermal conductivity. Third, the non-uniform nucleation and growth characteristics of electroless plating often lead to incomplete surface coverage, particularly on geometrically complex substrates (Liu L.-Y. et al., 2023).
2.2 Magnetron sputtering
Magnetron sputtering utilizes an electric field to generate a plasma discharge in a low-pressure argon environment. Electrons accelerated by the field ionize argon atoms, producing argon ions and secondary electrons. The ions are then accelerated toward the cathode (target material), where their bombardment sputters target atoms via momentum transfer, forming the coating layer. The sputtered atoms and secondary electrons migrate to deposit on diamond surfaces, forming uniform coatings. Sang et al. (2021) employed this technique to deposit tungsten coatings (45–300 nm thickness) on diamond particles, followed by pressureless infiltration of liquid copper into the coated diamond bed to fabricate diamond/copper composites. Characterization revealed that tungsten coatings exceeding 93 nm thickness demonstrated optimal effectiveness in enhancing composite densification and reducing interfacial thermal resistance between diamond reinforcements and the copper matrix (Zhao et al., 2021).
2.3 Molten salt coating (MSC)
Molten salt coating involves a diffusion-driven metallurgical reaction where modified metal powders are dissolved in chloride-based salt baths. At elevated temperatures (typically 600°C–900°C), diamond particles react with molten metallic species over 1–2 h to form chemically bonded carbide interfacial layers. Li et al. (2022b) systematically investigated chromium carbide formation on diamond surfaces by introducing NaF into a ternary NaCl-KCl-LiCl molten salt system within 600°C–750°C. Their experimental investigations demonstrated that NaF served as an effective activator, enabling the formation of Cr7C3 coatings at temperatures below 697°C through enhanced ion mobility. In a separate study, Kang et al. (2013b) synthesized molybdenum carbide (Mo2C)-coated diamond particles via MSC, followed by vacuum pressure infiltration to fabricate copper-diamond composites. Microstructural characterization revealed that the Mo2C interlayer significantly improved wettability between diamond reinforcements and copper matrix. The composite containing 65 vol% Mo2C -coated diamond exhibited exceptional thermal conductivity of 608 W m-1·K−1, representing a 142% enhancement compared to uncoated diamond counterparts.
2.4 Vacuum micro-evaporation plating (VMEP)
Vacuum micro-evaporation plating (VMEP) enables low-temperature (<500°C) synthesis of interfacial compounds through activated metal-diamond reactions under vacuum, offering cost-effective processing with minimal structural damage. Wu et al. demonstrated that VMEP-processed Cu/diamond composites achieve thermal conductivities up to 846.5 W m-1·K−1 when employing large diamond particles (400 μm diameter) (Wu et al., 2019). This enhancement arises from optimized interfacial bonding that facilitates coherent phonon transport, with conductivity scaling proportionally to particle size due to reduced interfacial defect density. However, its application in precision thermal management components is constrained by high equipment costs, limited geometric adaptability, and diamond degradation risks under prolonged high-pressure sintering. Addressing these limitations requires prioritized development of low-temperature activating agents and pulsed pressure strategies to optimize interfacial engineering while mitigating mechanical/thermal damage.
2.5 Powder encapsulation and sintering (PES)
PES employs solid-state carbon-metal interdiffusion at 900°C–1,200°C to create adherent carbide interfacial layers. To further optimize interfacial properties, Li et al. achieved 670 W m-1·K−1 in Cu-WC composites through W2C/WC graded interfaces formed at 1,050°C (Li et al., 2015). Similarly‌, Shen et al. enhanced this to 726 W m-1·K−1 via MoC interlayers using pressure-assisted melt infiltration (Shen et al., 2012). The nanostructured carbide interfacial layers in these studies‌ effectively suppress interfacial phonon scattering by establishing coherent crystallographic continuity with the matrix phase. However, PES faces three limitations: (1) Diamond graphitization (>900°C) degrading thermal properties; (2) Thermal stress-induced delamination (ΔT >800°C) in large components; (3) Stoichiometric heterogeneity in carbide phases (e.g., Cr3C2/Cr7C3 mixtures from EBSD). Mitigation strategies include thermal gradient optimization and precursor particle size control for scalability.
3 MATRIX ALLOYING
Matrix alloying represents a widely implemented interface engineering strategy for copper-based diamond composites. This non-destructive processing approach involves pre-introduction of strategic alloying elements (e.g., Zr, B, Cr) into the copper matrix prior to composite fabrication. During thermal processing, these active elements diffuse toward diamond-copper interfaces, reacting with surface carbon atoms to form epitaxial carbide transition layers. Such interfacial engineering simultaneously optimizes phonon transport pathways through crystallographic matching and enhances interfacial bonding strength, ultimately elevating the composite’s thermal conductivity (Liu et al., 2020).
3.1 Gas atomization
Gas atomization enables the synthesis of Cu-Zr alloy powders (0.25–1.0 wt% Zr) through high-velocity inert gas fragmentation of molten metal streams (Zhu et al., 2022). Chu et al. demonstrated that hot-press sintering of gas-atomized Cu-Zr with diamond yields composites where Zr content critically governs interfacial carbide evolution (Chu et al., 2013). At 0.5 wt% Zr, discontinuous ZrCx nanostructures (two to five nm thick) form at diamond-Cu interfaces, optimizing phonon transmission to achieve 615 W m-1·K−1 thermal conductivity. Excessive Zr (1.0 wt%) promotes continuous ZrCx interphases (15–20 nm thick), introducing phonon scattering at ZrCx/Cu boundaries that elevate interfacial thermal resistance (Chu et al., 2013). This nanoscale control of carbide discontinuity highlights the precision required in alloy design for thermal management applications.
3.2 Alloy smelting process
Alloy smelting enables precise interfacial engineering through thermochemical synthesis of modified Cu matrices. Weber et al. demonstrated Cr-B co-alloying via pressurized melt infiltration creates metastable CrBx interfacial phases, achieving 600 W m-1·K−1 at 60 vol% diamond loading (Weber and Tavangar, 2007). Bai et al. further optimized this strategy, showing 0.3 wt% B addition precipitates discrete CrB2 nanostructures (three to eight nm) at interfaces, yielding 868 W m-1·K−1 – a 44.7% enhancement over unmodified systems (Bai et al., 2018).
Critical analysis reveals carbide interlayers require dual optimization: (1) intrinsic thermal conductivity >400 W m-1·K−1 and (2) thickness control (50–100 nm). Sub-30 nm layers inadequately relieve lattice mismatch stresses, while >150 nm interphases induce phonon scattering at grain boundaries. Ciupiński et al. validated this through Cu-0.65Cr composites with 81 ± 5 nm Cr3C2 layers, achieving 687 W m-1·K−1 (92% of Hashin-Shtrikman theoretical limit) via gradient thermal protocols (Ciupiński et al., 2017). These findings establish atomic-scale interface tailoring as paramount for maximizing thermal transport in electronic packaging materials (Zhong et al., 2024).
4 OPTIMIZATION OF FABRICATION PROCESSES FOR DIAMOND/COPPER COMPOSITES
The selection of fabrication methodology critically governs the microstructure development, relative density (>98% theoretical), and interfacial integrity of diamond/copper composites, making process optimization essential for achieving superior thermal conductivity. Established consolidation techniques include vacuum hot-press sintering, high-pressure high-temperature (HPHT) sintering, spark plasma sintering (SPS), and melt infiltration, each with distinct interfacial engineering mechanisms. A typical sketch of the preparation process of composites is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The sketch of the preparation process and the application of composites (Zhang and Lei, 2024).
4.1 Vacuum hot-press sintering
Vacuum hot-press sintering integrates thermal activation and uniaxial pressure (typically 20–100 MPa) within vacuum chambers (<10−3Pa) to consolidate diamond-copper powder mixtures. The applied pressure facilitates particle rearrangement and plastic deformation, enhancing interfacial bonding through solid-state diffusion. This synergistic effect enables composites with near-theoretical density and optimized thermal pathways (Tan et al., 2020; Liu X. et al., 2023; Zhang et al., 2024).
Shen et al. (2010) fabricated diamond/Cu-5wt%Si composites via low-pressure sintering (25.5 MPa) at 1,000°C for 10 min, achieving a thermal conductivity of 455 W m-1·K−1. Advanced interfacial engineering was demonstrated by Zhang et al. (2015), who employed tungsten-coated diamond particles with electroless copper overlayers. Subsequent consolidation at 900°C under 80 MPa for 30 min yielded composites with 721 W m-1·K−1 thermal conductivity, attributable to the graded W-Cu interfacial architecture.
4.2 High-temperature high-pressure (HPHT) sintering
HPHT sintering leverages extreme conditions (three to six GPa, 1,000°C–1,300°C) to induce atomic-scale dissolution-reprecipitation mechanisms between diamond and copper matrix (Hayat et al., 2022). This process achieves metastable phase equilibria through: (1)Diamond surface graphitization inhibition via pressure-stabilized sp3bonding; (2)Liquid-phase enhanced copper diffusion along diamond grain boundaries; (3)Stress-assisted recrystallization for void elimination (Chen et al., 2013).
Yoshida and Morigami (2004) synthesized 70 vol% diamond/Cu composites using 90–110 μm diamonds under 4.5 GPa at 1,200°C, achieving a record thermal conductivity of 742 W m-1·K−1. While HPHT enables ultra-dense composites (>99.5% density), its practical implementation faces challenges including technically demanding equipment specifications (multi-anvil hydraulic systems) and prohibitive operational costs for large-scale production.
4.3 Spark plasma sintering (SPS)
SPS employs pulsed direct currents (1,000–5000 A) and uniaxial pressures (30–100 MPa) to achieve rapid densification (≤500°C/min) via joule heating and electron bombardment-activated surface diffusion (Liu et al., 2019). While enabling near-full densification, SPS-fabricated composites exhibit inherent constraints: interfacial porosity (5–15 vol%) and limited component dimensions (<50 mm diameter), restricting thermal conductivity optimization. Liu et al. demonstrated SPS-processed 50 vol% diamond/Cu composites achieve exceptional high-temperature tribological performance (friction coefficient: 0.133; wear rate: 2.1–2.7 × 10−6 mm3/Nm at 500°C), attributed to in situ formation of CuO lubricants from oxidized debris. Pan et al. enhanced thermal transport by integrating ZrC/Zr bilayer coatings via SPS, attaining 609 W m-1·K−1 at 60 vol% loading through controlled zirconium-carbon reactions (Pan et al., 2019). These advances highlight SPS’s dual capability in tailoring interfacial chemistry and rapid prototyping, though scalability remains hindered by residual porosity and dimensional limitations (TAO et al., 2014).
4.4 Melt infiltration technique
Beyond the aforementioned consolidation techniques, emerging methodologies such as chemical vapor deposition (CVD) and cold-press sintering demonstrate niche potential for fabricating diamond/copper composites. To achieve next-generation thermal management materials (κ > 900 W m-1·K−1), researchers should focus on synergistic optimization.Melt infiltration leverages capillary forces and external pressure (1–15 MPa) to drive molten metal through diamond beds, with infiltration kinetics governed by pressure-particle size synergies. Increased pressure enhances flow velocity, while larger diamond particles (>500 μm) reduce capillary resistance through widened interstices, promoting coherent Cu-diamond interfaces (Dai et al., 2020). Kang et al. achieved 680.3 W m-1·K−1 in Cu-B/diamond composites via 10 MPa infiltration, where continuous B4C layers optimized interfacial bonding (Kang et al., 2013a). Bai et al. elevated this to 868 W m-1·K−1 through B-alloyed matrices, while Dai et al. (Bai et al., 2018) demonstrated record 930 W m-1·K−1 conductivity in Cu-0.5Zr composites via ZrC-induced acoustic impedance matching (Dai et al., 2020). Acoustic impedance matching uses intermediate layers (e.g., ZrC) to reduce phonon reflection by bridging impedance gaps between matrix and reinforcement, enhancing thermal conductivity. These breakthroughs underscore the criticality of carbide-mediated interface engineering in balancing infiltration dynamics and phonon transport efficiency. Future advances demand synergistic optimization of alloy chemistry and pressure-temperature protocols to surpass 900 W m-1·K−1 thresholds for next-gen thermal management.
5 CRITICAL PERFORMANCE DETERMINANTS
5.1 Diamond surface roughness
Compared to smooth diamond surfaces, roughened diamond surfaces increase the contact area with modifying elements, thereby promoting carbide nucleation and enhancing the thermal performance of diamond/copper composites. Merabia and Termentzidis (2014) employed molecular dynamics simulations to study interfacial roughness effects on thermal boundary conductance (TBC) in solid-solid systems (Merabia and Termentzidis, 2014). They found TBC remains constant at low roughness (approaching flat interface values), but exceeds planar interface levels under significant roughness, demonstrating boundary-dominated heat transfer mechanisms. Wu et al. (2019) demonstrated a thermal conductivity improvement of 45% (685 W m-1·K−1) in modified diamond/copper composites by surface roughening via molten potassium nitrate treatment. This enhancement was attributed to optimized interfacial interactions resulting from the increased surface roughness.
5.2 Diamond particle size and volume fraction
The thermal conductivity of diamond/copper composites is governed by percolative networks formed by diamond particles, with their size and volume fraction critically dictating phonon transport efficiency. At low volumetric loadings (<35 vol%), uniform dispersion creates excessive interparticle distances that impede phonon-mediated heat transfer (Monje et al., 2014). Increasing diamond content to 60–70 vol% establishes low-thermal-resistance percolation pathways, yet exceeding 70 vol% induces defect proliferation through incomplete copper infiltration, generating interfacial voids and cracks that dominate phonon scattering. This dual-phase behavior results in a characteristic thermal conductivity maximum at critical diamond loading. Surface modification (e.g., carbide coatings) elevates this threshold by enhancing interfacial phonon coupling, as demonstrated by Zhu et al. where optimized composites achieved 602 W/(m·K) at 35 vol% loading through tailored carbide interfaces (Zhu et al., 2020). Particle size (>400 μm) synergistically enhances this effect by reducing interfacial scattering sites per unit volume. These findings underscore the necessity of balancing percolation physics with defect minimization for maximizing thermal performance (Feng et al., 2010).
5.3 Sintering parameters
Sintering process parameters significantly influence the thermal conductivity of diamond/copper composites by modulating both intrinsic material properties and interfacial interactions. The sintering temperature directly governs the interdiffusion behavior between diamond and copper matrix, as well as the inherent characteristics of both phases (Kang et al., 2013b). Excessive temperatures (>1,050°C) induce diamond graphitization, whereas optimized interfacial reactions can be achieved through controlled sintering durations (e.g., 9 min), as demonstrated by Xia et al. Furthermore, applied pressure emerges as a critical factor in thermal transport optimization. Enhanced pressure promotes densification through improved diamond-copper consolidation, thereby reducing interfacial defects and elevating thermal conductivity (Lei et al., 2020; Wang et al., 2020). Ciupiński et al. (2017) achieved a maximum thermal conductivity of 687 W m-1·K−1 in chromium-coated diamond/copper composites by optimizing pulsed plasma sintering parameters, specifically employing a sintering temperature of 850°C with a 10-min holding time.
6 DISCUSSION
6.1 Interfacial engineering synergy
Surface metallization techniques (e.g., TiC/WC interlayers via magnetron sputtering) establish chemically bonded interfaces that simultaneously enhance wettability and suppress thermal boundary resistance (TBR <10−8 m2 K·W−1). These layers mitigate phonon scattering by reducing interfacial defects, as evidenced by the 846.5 W m-1·K−1 achieved in vacuum-metallized composites. Matrix alloying complements this approach: Zr doping (0.5 wt%) generates discontinuous ZrC nanostructures (two to five nm) that enable phonon impedance matching, pushing thermal conductivity to 930 W m-1·K−1. Crucially, the synergy between carbide crystallography (e.g., Cr7C3 vs. Cr3C2) and sintering dynamics (e.g., pressure-assisted recrystallization) dictates interfacial coherence, with graded architectures (W2C/WC) demonstrating superior phonon transmission.
6.2 Process-defect interplay
While high-pressure sintering and melt infiltration achieve dense composites (>740 W m-1·K−1), their scalability is hampered by energy-intensive protocols. Spark plasma sintering (SPS) offers rapid densification but introduces interfacial porosity (5–15 vol%), underscoring the trade-off between process efficiency and microstructural perfection. The thermal transport hierarchy—dictated by diamond size (>400 μm), loading (60–70 vol%), and surface roughness—reveals a percolation threshold: exceeding 70 vol% disrupts copper infiltration, while suboptimal sintering temperatures (>1,050°C) trigger graphitization-dominated failure. These phenomena highlight the necessity of multiscale parameter coupling, where atomic-scale interface design must align with macroscopic process constraints.
Despite progress, critical challenges persist: (1) Multi-property synergy—mechanical robustness must be reconciled with ultrahigh conductivity; (2) Cost-effective fabrication—emerging techniques like additive manufacturing require development to circumvent high-energy processes; (3) Atomic-level interface engineering—crystallographic orientation effects of carbide layers on phonon scattering demand fundamental exploration (4) Industrial translation—metallization protocols (e.g., molten salt, vacuum plating); necessitate parameter standardization for large-area production. Current limitations in diamond/Cu composites include inadequate interface phonon control, high-energy fabrication dependence, and non-standardized industrial protocols. Future directions demand: ML-guided carbide gradients with topological diamond architectures, laser-assisted cold spray additive manufacturing, and plasma-enhanced infiltration for defect-free interfaces. Quantum-enabled thermal mapping via NV centers and digital twin-assisted metallization could establish ZT-like standards, bridging atomic engineering to scalable production.
7 CONCLUSION
This review highlights interfacial engineering and process optimization as critical enablers for diamond/copper composites in high-power electronics. Surface metallization and matrix alloying synergistically enhance bonding and reduce thermal resistance via carbide layers and phonon transport optimization. While HPHT sintering and melt infiltration yield high-density composites, scalability and cost barriers remain. Precise control of diamond morphology, size (>400 μm), volume fraction (60–70 vol%), and sintering parameters is essential to maximize thermal conductivity (>900 W/(m·K)) and minimize defects. Future work must prioritize hybrid strategies (e.g., surface roughening with multilayered coatings), scalable manufacturing, and interfacial phonon dynamics to meet next-generation microelectronics demands. The synergistic integration of interfacial phonon engineering with hierarchical multiscale architectures (nanoscale interface design to macroscale structural optimization) represents the fundamental strategy to overcome thermal transport barriers exceeding 1000 W/(m·K) in next-generation thermal management composites.
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