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This paper presents an innovative interconnect approach called “meta-interconnect,” which utilizes a combination of copper (Cu) and cobalt (Co) metaconductor (Cu/Co-MC) to enhance signal integrity in the millimeter-wave (mm-wave) spectrum. The primary objective is to demonstrate reduced conductor losses from the skin effect compared to Cu at the 112 Gbps Nyquist frequency of 28 GHz. For the first time, a comprehensive parametric analysis is conducted using both simulation and experimentation methods to suppress the skin effect with Cu/Co-MC. Based on the optimization of Cu/Co-MC-based coplanar waveguide (CPW) transmission lines, a minimum insertion loss of only 0.08 dB/mm at 28 GHz, which is 0.06 dB/mm less than that of the Cu counterpart, has been demonstrated, which represents a 42.86% reduction in conductor power losses. Additionally, Cu/Co-MC-based CPWs meet the sub-0.1 dB/mm channel loss target. The study verifies the impact that the thickness and number of Cu/Co-MC layers have on device performances. This provides valuable insights into the optimizing MC configurations, which in this study are 250 nm thick Cu and 40 nm thick Co. Cu/Co-MC pairs with optimized layers and total thicknesses demonstrate significant improvements in insertion loss and thermal noise. These findings highlight the potential benefits of the Cu/Co-MC-based meta-interconnect technology for data center high-speed serial bus applications, offering a promising solution for achieving high signal integrity in the mm-wave spectrum, contributing to the overall understanding and its MCs translation to commercial applications.
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1 INTRODUCTION
The deployment of the millimeter wave (mm-wave) spectrum has led to various applications such as the Internet of Things (IoT), 5G mobile communication (Qualcomm, 2018; Rappaport et al., 2017), vehicle-to-everything (V2X) (Prathiba et al., 2021; He et al., 2020), and edge/cloud computing (Nouri et al., 2020), to name a few. Among them, high-bandwidth data center networking is one of the most preeminent applications for the explosive growth in network data traffic (Razdan et al., 2022; Kim et al., 2019). To enable future 800 Gigabit Ethernet (800 GE) applications, the development of a highly energy-efficient serial/de-serial (SerDes) transceiver with a data rate above 100 Gbps is imperative, which entails more stringent receiver specifications, such as reduced channel budgets from high electrical loss (Kim et al., 2019; Salem et al., 2020; Kim H.-I. et al., 2022). This necessitates a low-loss interconnect at a Nyquist frequency greater than 26.5 GHz, through which an advanced network interface improves the signal integrity of the high-speed transceiver. As shown in Figure 1, the length requirement for 112 Gbps common electrical I/O (CEI) can vary from 5 cm to 1 m per lane (Anon, 2023). In the context of 800 GE applications involving eight lanes of 112 Gbps serial bus, the utilization of a low-loss interconnect can significantly enhance the performance of the SerDes transceiver. Various advanced packaging configurations have been proposed in recent years, including co-packaged optical interconnects (Razdan et al., 2022; Testa et al., 2022), and wireless interconnects (Kim Y. et al., 2022; Hwangbo et al., 2019). However, meeting the insertion loss requirement at 28 GHz remains challenging (Neves et al., 2016). The target of reducing loss to below 0.1 dB/mm is based on the IEEE 802.3 standard for Ethernet, which specifies that the differential mode insertion loss over a 2-m cable must not exceed 19.75 dB. This requirement translates to an approximate loss of 0.01 dB/mm. To address this issue, metaconductors consisting of non-magnetic (e.g., Cu, Al, and Au) and ferromagnetic multilayers (e.g., Ni, Co, and Fe) metals have been employed to minimize the skin effect inside conductors at various frequencies (Bowrothu et al., 2022; Kim et al., 2023). Previous studies have demonstrated the reduction of conductor loss by 32% at 51 GHz using Cu/Fe-MC for V-band (40–75 GHz) (Bowrothu and Yoon, 2020), as well as improved insertion loss in the interconnect at 28 GHz by employing Cu/Co-MC, which reduces electrical resistance by 50% (Hwangbo et al., 2018). For this study Co/Co-MC provides the ideal frequency range between ferromagnetic (FMR) and antiferromagnetic (AFMR) resonances, enabling a superlattice conductor with improved performance at the targeted operating frequency of 28 GHz. Other ferromagnetic materials, such as Ni (Clingenpeel and Yoon, 2017) have an AFMR below the operating frequency, whereas others, such as Fe, have been demonstrated to be promising candidates for performance enhancements at frequencies higher than the targeted frequency in this work (Bowrothu and Yoon, 2020). Nevertheless, these studies have limitations, including insertion losses exceeding 0.1 dB/mm, suboptimal metal thickness configurations, and discrepancies between simulation and measurement results due to architectural differences between microstrip lines and CPWs.
[image: Figure 1]FIGURE 1 | Schematic of the interconnects with 112 Gbps PAM-4 modulation. The metaconductor-based interconnect features low insertion loss at Nyquist frequency, resulting in a larger eye opening and a higher signal-to-noise ratio (SNR) than the Cu counterpart.
Here, we study the metaconductor-based interconnect, the so-called meta-interconnect based on Cu/Co-MC. The objective of this study is to optimize the Cu/Co-MC configuration to achieve an interconnect with an insertion loss of below 0.1 dB/mm toward a data rate of 112 Gbps at 28 GHz. Through a comprehensive parametric analysis utilizing CPW design and prototypes, the reduction of conductor loss will be validated by correlating the measurements from over 200 prototypes. In this work, CPW transmission lines and fabrication methods are chosen over striplines and alternatives due to practical considerations, including complexity, cost, and time. Notably, the impact of the number of Cu/Co-MC layers will be investigated for the first time, offering valuable insights into the optimal configuration of the Cu/Co-MC, and enhancing interconnect performance for 112 Gbps applications.
2 METACONDUCTOR BACKGROUND
Metaconductors are superlattices composed of thin, alternating layers of standard conducting metals and ferromagnetic layers. The superlattice architecture is chosen over alloys or alternative configurations as it allows for the precise control of the material properties needed for designing low-loss RF conductors. The control and repeatability of fabrication techniques ensure that the magnetic properties of the ferromagnetic thin films are consistent when characterized.
For the ferromagnetic thin films used in this work the modification of the magnetic properties of the film due to the copper diamagnetic layers are considered negligible due to the thickness of the individual layers. As a result, the ferromagnetic films are assumed to retain their intrinsic magnetic properties when integrated into the superlattice structure.
Procedures such as those described by Hwangbo et al. (2018) and Bowrothu et al. (2022) can be used to approximate the effective permeability of the superlattice but rely on the material averaging concept enabled by the superlattice architecture. The application of the material averaging concept is difficult to achieve with the use of alternative architectures and as will be discussed later, clearly defined material interfaces/boundaries are required. Cu/Co metaconductors take this into consideration, as these interfaces/boundaries must not only start clearly defined but must remain stable throughout device lifetimes. The Co layers play an important role in maintaining these clear interfaces/boundaries by preventing the intermixing and diffusion of Cu into adjacent Co layers at moderate temperatures or temperatures less than 400C°. Moreover, this property of Co to inhibit Cu diffusion is a focus of active research in the semiconductor industry, as Co has been and continues to be explored as an interconnect liner/barrier to prevent the electromigration of Cu in interconnects, which leads to device failures, such as shorts between closely spaced interconnects.
If the thickness of each of these clearly defined layers is much less than both the skin depth and one-tenth of the wavelength of the operating frequency (λ/10), the individual layers are “perceived” by an electromagnetic wave as a bulk material with averaged properties. This allows for the engineering of material properties not readily found in nature. In the case of metaconductors, the aim is to engineer the effective permeability as close to zero as possible, which increases the skin depth, thereby increasing the cross-sectional area through which current flows, reducing resistive losses.
The initial basis for material averaging assumes that the layer materials are linear, homogeneous, isotropic, and exhibit negligible surface currents. For a transverse electromagnetic wave with wave vector (k), where the electric field is normal to the interface/boundary and the magnetic field (Ht) propagates parallel to the interface, magnetic boundary conditions dictate that the transverse magnetic field must be continuous across the boundary. Using these, the effective permeability of the superlattice may be approximated as follows.
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The magnetic flux (Φi) through a cross-sectional area (Ai) is related to the material’s magnetic field and the material’s permeability, where area is defined by a width (w) and thickness (ti). The total magnetic flux is the sum of fluxes through the individual layers. By simplifying and rearranging terms, an effective permeability may be derived. Using ferromagnetic films with a well-defined magnetic property including a ferromagnetic resonance and range of negative permeability the effective permeability may be engineered to have a value near zero at a frequency of interest by controlling the thickness. Thus, as stated above the cross-sectional area may be increased and I2R losses minimized.
3 DESIGN AND SIMULATION
Cu/Co-MC-based transmission lines were designed using High Frequency Structure Simulator (HFSS, ANSYS Inc.). Low-loss SG3 glass (Corning Inc.) was used as a substrate, with a dielectric constant of 5.3 and a loss tangent of 0.004. Though the dielectric constant and loss tangent are frequency-dependent, the substrate used in this work each varies less than ±0.1 and ±0.002, respectively. These variations were deemed negligible for our modeling. CPW transmission lines were designed, and parametric studies were conducted to investigate:
1. The effects of individual layer thicknesses of Cu (tCu) and Co (tCo) in a Cu/Co-MC with a fixed ratio (R = tCu/tCo) of 6 and total thickness (ttotal) of 2 µm.
2. The effect of the ttotal of the Cu/Co-MC with the optimized individual layer thicknesses of tCu = 240 nm and tCo = 40 nm found by the first study.
In both parametric studies, the number of Cu/Co layers (N) varies either as a function of individual layer thicknesses tCu and tCo or as a function of ttotal.
3.1 Metal thickness scaling
The metal layer thickness of the Cu/Co-MC plays a crucial role in reducing conductor loss. In this analysis, we examined the impact of the different individual layer thicknesses of the Cu/Co-MC while keeping the ttotal fixed at 2 μm and the Cu/Co-MC R at 6. The specific cases studied have N = 2, 3, 6, 10, and 20. For each case, the film thickness of the Cu/Co-MC was as follows: 750 nm/125 nm for N = 2, 500 nm/80 nm for N = 3, 250 nm/40 nm for N = 6, 150 nm/25 nm for N = 10, and 75 nm/12.5 nm for N = 20. Figure 2A presents simulation results, assuming no interfacial roughness, which may be reasonable based on the later fabrication results and a magnetic material that is single-crystalline and uniformly magnetized to saturation. Within the frequency range of 5–45 GHz, we observed that reducing the thickness of each tCu and tCo layer and therefore increasing the total number of layers N leads to a greater reduction in insertion loss. For instance, the solid Cu-based design exhibited an insertion loss of 0.09 dB/mm at 28 GHz, whereas the Cu/Co-MC configurations with N = 2, 3, 6, 10, and 20 layers showed insertion losses of 0.058, 0.056, 0.055, 0.054, and 0.051 dB/mm, respectively. In the numerical analysis, the N = 20 configuration demonstrated the lowest insertion loss. This is attributed to the individual metal layers being much less than the skin depth at the center frequency (e.g., the skin depth of Cu at 28 GHz is 390 nm), making the bulk material effectively “appear” homogeneous to the electromagnetic wave, effectively canceling the eddy current produced from the time-varying magnetic field induced by the applied AC current. Skin depth results in an electromagnetic wave exponentially attenuating away from the surface toward the interior of a conductor. As a result, the Cu/Co-MC, with the thinnest metal layers, experiences minimal conductor losses. On the other hand, if each metal thickness becomes a significant fraction of the skin depth at the center frequency, the electromagnetic field “perceives” an inhomogeneous material and becomes confined to the individual metal layers, leading to increased electrical losses due to eddy current circulation.
[image: Figure 2]FIGURE 2 | Simulation results of Cu/Co-MC. (A) Individual metal thickness variation with the thickness ratio between Cu and Co, R = 6, and (B) variation of the number of pairs with each pair of 250 nm-thick Cu and 40 nm-thick Co. Cu-based devices have an equivalent thickness to the total thickness of the metaconductor.
In the meantime, it is important to note that in physical manufacturing processes, a larger number of layers may result in performance degradation due to fabrication imperfections (e.g., surface roughness), non-ideal shape anisotropy of magnetic materials, and interface tolerances. Also, the increased number of layers may increase manufacturing costs as they must change the deposition step multiple times. Determining the optimal layer thicknesses would be contingent on the specific fabrication method used.
3.2 Total thickness of Cu/Co-MC
Evaluating the impact of ttotal on the performance of Cu/Co-MCs is important to the overall analysis of this study. A CPW unit cell was designed for this purpose, with the individual thickness of the Cu/Co-MC layers fixed at tCu = 240 nm and tCo = 40 nm with an R of 6. Three different ttotal of the Cu/Co-MC were investigated: a) 0.875 μm (N = 3), b) 1.75 μm (N = 6 pairs), and c) 5.25 μm (N = 12). The width of each transmission line was constant, and the reflections caused by impedance mismatches were removed by renormalizing the scattering parameters to match the impedance of each individual line. The simulation results were compared with Cu-based CPWs having an equivalent total ttotal to that of the Cu/Co-MCs. As depicted in Figure 2B, an increase in ttotal results in a decrease in resistance at the mm-wave frequency. The Cu-based designs with a ttotal equivalent to the N = 3, 6, and 12 Cu/Co-MC designs exhibited insertion losses of 0.98, 0.090, and 0.089 dB/mm at 28 GHz. In contrast, the Cu/Co-MC designs with a ttotal for N = 3, 6, and 12 Cu/Co-MC designs displayed resistance values of 0.073, 0.057, and 0.052 dB/mm at 28 GHz, respectively.
4 DEVICE CHARACTERIZATION
To validate the simulation results, CPW transmission lines were fabricated on a 300 μm thick SG3 glass wafer with sub-nanometer surface roughness. Metallization is achieved using a Kurt J. Lesker CMS-18 Magnetron Sputtering System to deposit Cu/Co-MC via RF and DC magnetron sputtering. While sputtering is employed to fabricate the metaconductor in this work, for CEI-112G-LR applications that support interconnect lengths between 1 and 2 m and broader commercial adoption, other methods are envisioned. Specifically, to address scaling and cost requirements, the electrodeposition technique of electroplating optimized for metal conductivities and metal-to-metal boundary roughness is being explored and considered the best candidate to enable practical implementation of Cu/Co-MCs.
To inspect the film quality, plasma-focused-ion-beam (PFIB) cross-sectioning and scanning electron microscopy (SEM) imaging were performed using a Helios™ G4 PFIB CXe DualBeam™ FIB/SEM system after fabrication. Figure 3A compares three cases: (a) N = 3 layers of 500 nm tcu and 80 nm, tCo (b) N = 6 layers of 250 nm tCu and 40 nm tCo, and (c) N = 10 layers of 150 nm tcu and 25 nm tCo, with a fixed ttotal of 2 μm. The SEM images show uniform deposition of Cu/Co-MCs on glass substrates, with smooth interfaces and interfacial surface roughness well below the 25 nm Co layers visible in Figure 3A. The slight waviness in the sections were attributed to milling curtaining effects and artifacts during the PFIB process. Next, the fabricated devices were characterized using a Keysight E8361A performance network analyzer, a probe station, and two GGB 150 um pitch ground signal ground probes, which are calibrated using a GGB CS-5 SOLT substrate. This makes the measurement probes the reference plane for the transmission line measurements. The measurement results depicted in Figure 3B demonstrate interesting findings regarding the Cu/Co-MC with different individual layer thicknesses. Particularly noteworthy is the observation that the Cu/Co-MC with N = 3 and N = 6 exhibits lower insertion loss compared to one with N = 10. These results contradict the simulation results in the previous section and the findings documented in Hwangbo et al. (2018). The discrepancy can be explained by the fact that losses due to the metal-metal boundaries increase as the number of these boundaries increases. Eventually, these boundary losses surpass the reduction in losses achieved by minimizing the skin effect. The losses may be modeled as an interfacial resistance associated with electron scattering at the metal-to-metal boundaries, resulting in additional insertion loss (Pratt and Bass, 2009). Several measures can be used to mitigate this effect. These include improving surface roughness, addressing interfacial defects such as pinholes and dislocations, or introducing vibrational and lattice-matching interlayers. The results indicate that the number of the Cu/Co-MC boundaries play a critical role in influencing the overall device performance, as supported by experimental observation and verification during characterization of the prototyped devices. Meanwhile, the metaconductor configuration featuring thicker individual metal thickness and lower insertion loss offers the additional advantage of simplifying the physical fabrication process. The surface roughness of the Cu/Co-MC devices was measured using a Bruker optical profilometer, revealing an average roughness (Ra) of less than 2 nm for the N = 3, 6, and 12 Cu/Co-MC CPWs.
[image: Figure 3]FIGURE 3 | (A) SEM images of the Cu/Co-MC with N = 3, 6, and 10, and (B) measurement results of the N variation.
Building upon the optimized thickness conditions of tCu = 250 nm and 40 nm tCo, additional samples were fabricated to study the impact of the Cu/Co-MC ttotal on insertion loss. A ttotal based on N = 12, 6, and 3 fixed layers of the Cu/Co metaconductor were fabricated and characterized. The insertion loss plots are illustrated in Figure 4A, and a box and whisker plot based on the measurement of more than 200 samples is shown in Figure 4B. The Cu/Co-MC-based meta-interconnects exhibit an average insertion loss improvement of 0.065 dB/mm for 12P, 0.06 dB/mm for 6P, and 0.041 dB/mm for 3P at 28 GHz when compared to the solid Cu counterpart. Specifically, the average measured insertion losses of N = 12, 6, 3 of metaconductors are 0.088, 0.131, and 0.193 dB/mm at 28 GHz, while the measured insertion losses of the ttotal equivalent Cu devices are 0.153, 0.190, and 0.234 dB/mm at 28 GHz. These measurement results indicate that the thickness-optimized Cu/Co-MCs have an insertion loss below 0.1 dB/mm, meeting our target figure-of-merit and demonstrating a method of achieving better signal integrity for 112 Gbps applications. Based on these findings, it is suggested that further loss reductions can be achieved by adopting a greater number of pairs of Cu/Co-MC.
[image: Figure 4]FIGURE 4 | (A) Measured insertion loss of the Cu/Co-MC and Cu-based CPW. Fabricated CPW has a width of 106 μm and a gap of 24 μm. (B) Box plot of the measured S21 (left) and calculated noise voltage (right) (mean: [image: image] and median: [image: image]).
Achieving low insertion loss is crucial for long-reach interconnect signal quality, but thermal noise in lossy transmission lines also affects signal integrity, leading to distortion, skew, and timing errors. In Figure 4B, the analysis of Cu and Cu/Co-MC transmission lines in the n261 band (27.5–28.3 GHz) shows that Cu/Co-MC exhibits a lower RMS noise voltage (Vn) in the n261 band. The N = 12 Cu/Co-MC CPWs have Vn values of 6.34 μV compared to 7.88 μV for solid Cu. Similarly, for N = 6, 3 Cu/Co-MCs show lower Vn values than solid Cu counterparts. The Cu/Co-MC-based transmission line offers not only reduced insertion loss but also thermal noise improvements, enhancing the signal-to-noise ratio and lowering receiver sensitivity requirements. This makes it advantageous for high-speed data center networks and supercomputer applications.
5 DISCUSSION AND CONCLUSION
The primary objective of this work is to demonstrate reduced conductor losses as compared to Cu at the 112 Gbps Nyquist frequency of 28 GHz. To achieve this, the study performed the first combined simulation and experimental parametric analysis to optimize Cu/Co-MCs. Achieving less than 0.1 dB/mm (0.08 dB/mm) insertion losses for 112 Gbps applications and a 42.86% reduction in conductor power losses as compared to Cu counterparts. The key foci of this study were on determining and understanding the optimal individual Cu and Co layer thicknesses and thereafter the impact of the total thickness of the conductor. Simulations predicted that small thicknesses of Cu and Co at a fixed ratio reduce conductor losses; however, experimental observations contradicted these results, providing the insight that effects of the metal-to-metal boundaries must be considered and incorporated into future research. Additionally, the simulated predictions and experimental observations of the relationship between increased total thickness and reducing conductor losses correlated well. Based on these results and to further bring MCs to the fore, there are other challenges that must be addressed. The most pressing is to address the feasibility of scaling MCs using commercial fabrication processes. Once this is determined, long-term reliability and thermal stability of the Cu/Co-MCs must be examined with a focus on the impact on signal integrity and insertion loss characteristics. Additionally, the upfront and long-term cost implications must also be addressed. It is reasonable to assume at this time that since Co is ∼2x the cost of Cu and Cu/Co-MCs will have additional fabrication complexities, these will translate to increased upfront costs, whether it is possible to offset this by long-term cost reductions or value created by performance enhancements must be established. Finally, work to characterize the electromagnetic interference characteristics of Cu/Co-MC-based devices must be analyzed beyond the simulation work conducted in Kim et al. (2023). These challenges present a path toward verifying that Cu/Co-MC is a viable conductor solution for 112 Gbps applications. In summary by means of simulated and experimentally verified parametric studies, a noteworthy target was achieved and reduction in conductor losses demonstrated in this work. Based on these results there is potential, especially in multiple serial bus configurations, for making Cu/Co-MC-based meta-interconnects a solution for high-speed data center applications and broadband (5G/6G) communication applications.
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