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Nanopackaging can be defined as the packaging of devices and systems with nanoscale materials, 

structures, designs and process integration for improved performance, miniaturization, functionality, 

reliability and cost. Nanopackaging seeks to bridge the gap between nanoscale ICs,  and the rest of the 

milliscale and microscale system components. Furthermore, all major aspects of future system integration: 

improved functional density, higher power densities and power efficiency, higher bandwidth with lower 

power, improved thermal management, sensor fusion and integration, and better reliability rely on 

Nanopackaging. These examples are illustrated in Fig. 1. ECTC 2022 showcased some of the 

nanotechnology advances that have been systematically addressing the challenges associated with 

heterogeneous integration. This newsletter article describes these advances in the respective categories.  

Nanopackaging to Enable High-Bandwidth Computing - Fine-Pitch Cu Interconnections: 

Driven by the trend of miniaturization and heterogeneous integration, a groundbreaking pad-to-pad 

assembly and interconnection technology beyond solder microbumps has been recognized as a critical 

building block for enhanced signal integrity and higher bandwidth at a smaller form factor. Nanotechnology 

has played a critical role to close the interconnections gap between the transistor level and packaging level 

and opens up new opportunities for designing the next generation of packaging materials. In this year’s 

ECTC, direct hybrid Cu to Cu bonding has achieved a lot of attention because of its ability to enable BEOL-

like vertical interconnections on a packaging level with nanoscale bonded layers.   

Direct hybrid Cu-to-Cu bonding with dielectrics (e.g., TEOS, SiCN and SiOx) has been widely 

adapted by the memory manufacturers for a projected >8x die stacking. At this scale, the power delivery 

and thermal management have become a bottleneck with existing microbumps due to the elongated chip-

to-chip interconnections and inferior thermal conductivity of underfill material. SK Hynix and Samsung 

have both demonstrated a relatively mature Wafer-to-Wafer (W2W) hybrid bonding for DRAM application, 

where a nanoscaled smooth dielectric along with a precisely-controlled Cu dishing (< 5 µm) achieved by 

chemical mechanical polishing (CMP) is considered as the main enabler of void-free interconnections. 

Though the adaptation of hybrid bonding to Die to Wafer (D2W) is considered more challenging, Samsung 

has successfully demonstrated a 12-Si stack D2W hybrid bonding with a 20% reduction of thermal 

resistance compared to the state-of-the-art microbump. This year, we also found that electron backscatter 

diffraction (EBSD) and high-resolution transmission electron microscopy (HR-TEM) are widely used to 

confirm the Cu grain growth across the bonded interface. To provide a more systematic approach to 

correlate the electrical design, the hybrid bonding conditions and the resulting performance, Applied 

Materials published a modeling platform, Materials to Systems Co-optimization (MSCOTM), to capture the 

effect of process variables (e.g., CMP and misalignment) on the insertion loss and electromigration 

reliability. In the electromagnetic simulation, a 50 nm contact resistance layer was applied to model the 

bonded interface. The insertion loss at high frequency can then be predicted by altering the permeability of 

this thin layer.   



 

Fig. 1: Selected nanotechnology solutions for advancing future packaging (the left-side figure on 

Computing is courtesy of Ravi Mahajan (Intel) ). 

While the hybrid bonding technology continues to advance, some intrinsic limitations still need to 

be addressed before it can be extended beyond the 3D stacking. For instance, the thermal budget typically 

needed for post-annealing is significant, a nonuniform copper density from the routing design creates 

topographical variation after the CMP process. A highly rigorous roughness requirement of less than 1 nm 

is desired for a high bonded strength. In this year’s ECTC, nanotechnology has emerged as a possible 

solution to the aforementioned challenges [1-6]. Chiu et al., from Industrial Technology Research Institute 

(ITRI) has demonstrated a low-temperature Cu-to-Cu bonding using nanocrystalline Cu (nc-Cu) [1]. The 

nc-Cu with 13 nm grain size was deposited by PVD with an overall film thickness of 2 µm. The final 

assembly was then completed with a pre-bonding under vacuum at room temperature followed by low-

temperature annealing at 150 °C for 1 h. The paper from Zhang et. al. provided a thorough guideline of an 

ideal electroplated copper tailored for hybrid Cu bonding [2]. By using a highly engineered electrolytic 

plating Cu formula, a nanograined Cu with a grain size of 100±10 nm has demonstrated multiple desired 

properties, such as a stable as-plated microstructure up to 153 days at room temperature, a high percentage 

of (111) preferred grain orientation, a 7 times faster grain growth rate at 120 °C, and the compatibility to 

standard BEOL geometry. Though the fundamental mechanism that correlates the electrochemistry and 

metallurgical microstructure still remains unclear, the grain engineering at the nanoscale is anticipated to 

be the core technology for the next advancement in hybrid bonding. For direct hybrid Cu to Cu bonding, a 

precisely-controlled Cu recess or dishing after CMP is essential to achieve a void-free bonded interface. A 

3-5 nm Cu recess relative to the dielectric surface is typically desired; however, it is harder to achieve at 

finer Cu pads. With an insufficient Cu recess, the Cu thermal expansion will delaminate the pre-bonded 

dielectric during the post-annealing step. TEL Technology Center proposed a cyclical wet atomic layer 

etching method, which includes two key alternating steps. First, an insoluble, self-limiting Cu passivation 

layer is formed in the complexing solution; and second, the newly formed Cu passivation layer is selectively 

dissolved in the dissolution solution. A well-controlled etching rate of 0.26 nm per cycle, corresponding to 

1 nm per minute, was demonstrated as a promising downstream process to control the Cu recess after CMP.   

Copper that is oriented in <111> direction and nanotwinned has shown promise for low-

temperature bonding at 150 – 200 oC even in mild vacuum of 10-4 to 10-3 torr. The enhanced surface 

diffusivity results in faster bonding, and was of specific interest at ECTC 2022 [3-4]. Beyond the typical 

Cu dielectric bonding, nanotechnology was used to engineer the bonding interfaces for interconnections 



and assembly. Fang et. al. from Semiconductor Technology Innovation Center Corporation showed the 

potential of using Au nanoparticles (NPs) for Cu surface modification [5]. The Au NPs were first deposited 

onto Cu with high-pressure magnetron sputtering. The Au NP deposition not only passivates the underneath 

Cu but also reduces the surface roughness caused by Cu electroplating, and more importantly, accelerates 

the Au-to-Au interdiffusion to form the physical joints. With the Au NP intermediates, direct bonding can 

be achieved at 200 °C for 3 minutes even with a surface roughness of 18 nm, under a pressure of 30 MPa 

without post-annealing. Fraunhofer IZM has demonstrated nanoporous Au (NPG) as a promising 

replacement for existing Cu hybrid bonding for wafer-level packaging [6]. The NPG was fabricated by 

dealloying the Ag from electroplated Ag with 20-25 at% Au, where wet etching or plasma etching could 

be applied. In this paper, 15-100 µm bump sizes were fabricated and analyzed with a most aggressive test 

vehicle consisting of a 1 µm diameter NPG bump at 1.8 µm pitch. The assembly was successfully achieved 

with a 60x60 µm2 bump size at 150°C bonding temperature and 10 MPa pressure. The as-bonded shear 

strength is 10-15 MPa, which can be further enhanced to 30-35 MPa if a higher temperature post-annealing 

is applied to densify the nanostructure.       

Nanopackaging for Sensor Fusion and System Integration with Flexible and Stretchable Substrates:  

Growing market demand for wearable technology in health-monitoring applications has been 

driving key innovations in package integration of flexible electronics. Wearable health-monitoring 

technologies can be classified into many categories: 1) neural recording applications such as continuous 

biopotential recording for electrocardiogram (ECG) or electromyogram (EMG) tracking, 2) biophotonic 

monitoring for monitoring blood flow and oxygenation, 3) electrochemical monitoring for glucose, uric 

acid and other biomarkers such as sweat analytes, and 4) wearable imaging systems. However, as the 

functional demands grow for wearable electronics, so does the need for component integration for power 

telemetry, signal processing and wireless communication. The EPS HIR team reviewed the key building 

blocks for emerging health-monitoring and therapeutic systems a ECTC 2022. The ability to integrate 

power sources (thin batteries, RF induction and energy harvesting), sensors (chemical, electrical, optical 

and MEMS), RF (components and communications) and displays in thin flexible and comfortably wearable 

formats will be critical. Nanopackaging allows such seamless integration of sensors, signal processing and 

wireless communication – all in the smallest form-factor for unobtrusive electronics that are almost 

invisible as on-skin patches such as Band-aid®. Advanced component integration technologies with flex 

and fabric integration are the key enablers for this technology evolution. Nanosensor packaging is becoming 

critical to integrate new health-monitoring functions for continuous feedback to the user. This includes 

muscle function analysis without constraining the user. For example, two papers at ECTC 2022 highlight 

the use of use of EMG sensors to monitor defective muscle function. One of them by Hokoo Kim et al. 

(Georgia Tech), focuses on monitoring volumetric muscle loss (VML) through aerosol jet printing of 

graphene and polyimide stacks [7]. This can replace needle-type wired electrodes that are invasive, 

obtrusive, and restrict the behavior of the subjects. About 3.4 dB in muscle activity is shown between the 

healthy and injured muscles. These are then integrated with flexible or stretchable package substrates 

through a “soft” package for wearable health-monitoring functions. Low-impedance stretchable electrodes 

has always been a key focus at the IEEE-NANO conference, the flagship conference from IEEE 

Nanotechnology Council.  

Nanopackaging for sensors has been enabling new wearable sensor patches with high sensitivity. 

Conducting polymers such as polymer poly(3,4ethylenedioxythiophene):poly(styrenesuflonate) 

(PEDOT:PSS) have been widely investigated for nanosensor applications due to their volumetric 

capacitance owing to their 3-D interpenetrated electronic and ionic structures. However, commercially 

available PEDOT:PSS are brittle and suffer from poor mechanical adhesion. Recent advances in organic 



block copolymers such as poly(poly(ethylene glycol) methyl ether acrylate) (PPEGMEA) enable better 

stretchability of PEDOT:PSS to conform on the skin for surface electromyography (sEMG) [8]. A 

synthesized library of PEDOT with PSS(1)-b-PPEGMEA(x) by varying blocks (1-6) of PPEGMEA were 

tested for stretchability and conductivity. By increasing blocks of PPEGMEA, the stretchability of 

PEDOT:PSS increased at the expense of its electrical properties. Nevertheless, it was observed that the 

longer chain of PPEGMEA such as Block-6 outperform commercially available PEDOT:PSS as sEMG 

electrodes, owing to its elastic modulus match to the skin (~ 10 MPa).  Moreover, Polat et al. (UCSD) 

demonstrated an ultrasensitive piezoresistive composite made from graphene, decorated with gold 

nanoislands, and spray coated with PEDOT:PSS for monitoring swallowing behavior of dysphagia [9]. The 

nanocomposite allows high resolution strain of 0.0001% and a strain gauge factor of 100 due to the 

increased scattering of metallic structures, piezoresistivity of graphene, and complementary conducting 

paths through PEDOT:PSS dough. The nanocomposite was packaged in poly(dimethylsiloxane) (PDMS) 

in different ratios to adhere to the human skin. Fig. 2 shows the epidermal sensor, scanning electronic 

micrograph (SEM) of gold nanoislands, and the synthesized PEDOT:PSS.  

Liquid boluses with different volumes were tested to monitor the tensile strain from skin 

deformation during swallowing. Integrating the epidermal nanosensor with customized PCB allows real-

time and remote monitoring of swallowing activities. This technology can replace the conventional 

technique used such as video fluoroscopy to monitor abnormal swallowing behaviors, requiring patient 

visitation and an experienced pathologist. However, due to the increase demand of wearable electronics, 

wireless communication and advanced fabrication methods are required to allow small form-factors of 

devices ensuring optimal usability and comfortability.  

 

Fig. 2: (a) Epidermal nanocomposite sensor, (b) Gold nanoislands, (c) Chemical structure of 

modified PEDOT:PSS dough adapted from [8]. 

Sensor fusion and reliable seamless wireless connectivity with external electronic readers through 

simplified circuit topologies, advanced telemetry components and 3D package integration are identified as 

the main barriers to the success of this technology. The primary focus of the work in this area is to develop 

a new class of embedded-component flexible fan-out packages with RF or multiferroic telemetry, compliant 

piezoelectric transducers, and passive RF backscattering telemetry to address this barrier. A key advance 

by Hassan et al., at FIU is in the self-healing of interconnects with remote thermal actuation to mitigate 

crack growth and propagation during bending or other flex studies [10]. By modifying silver-polyurethane 

composites with a low-melting point thermoplastic such as PCL (polycapralactone), cracks are healed 

through a thermal actuation. The material flows into the cracks to heal the composites. This can be further 

extended with remote localized heat generation by loading the adhesives with ferrite nanoparticles that 

generate heat through irradiation from an external electromagnetic energy source at 30-100 kHz.  



Laser ablation of copper traces with backside insulated polyimide (PI) attached to oxygen plasma 

treated PDMS introduce a novel approach to fabricate stretchable PCB designs that can easily conform to 

the skin. Packaging devices such as passive and active components are embedded in the elastomer in an 

island-bridge design by serpentine copper interconnects enhance the overall elastic stretchability in 

miniaturized form factors.  Therefore, wireless communication through chip antennas or Bluetooth® allows 

seamless data transfer of EMG, ECG, EEG, or strain sensing for cloud computing with machine learning 

capabilities. New state-of-the-art wearable stretchable electronics will require advanced materials easily 

integrated into high-density prepackaged elastomers for on-demand and continuous monitoring of 

electrophysical signals. Stretchable packages have been evaluated by et al. at ECTC 2022 by Al-Haidari et 

al., (SUNY, Binghampton) with materials based on silver-elastomer composites that are further aided by 

designed serpentine structures [11]. In order to enhance the interconnection reliability between device pads 

and flexible or stretchable substrates, Stemmerman et al., from SunRay Scientific, in collaboration with 

SUNY Binghamton and AFRL, showed innovative magnetically-aligned anisotropic conductive epoxy to 

form stretchable vertical conducting paths between the bonding pads. Stretchability is achieved with 

innovative liquid metal network-forming nanoparticles that are passivated with a native oxide and organic 

moieties for processability.  These passive networks rupture and result in the liquid metal particles (gallium 

alloys) to fuse and form the stretchable conductors.  

Nanopackaging for Vertical Power Delivery: 

Vertical power delivery is becoming a key enabler for enhancing computing performance. In order 

to improve the backside power delivery, nano through-silicon vias are processed from the backside power 

rails to the front-side metal wires to enable high-density electrical connections. In this work by Jourdain et 

al. (IMEC Belgium), various metallization schemes were studied to obtain the lowest resistance [12]. In a 

related work, TSVs were integrated with CNTs to further increase the power integrity at high frequencies 

[13]. Parasitic capacitance and signal losses were shown to be lower, particularly at higher frequencies of 

above 15 GHz. For lowering the impedance, it is also critical to vertically-integrate decoupling capacitors 

close to the processor, either inside the substrate as buried multiterminal components, on the landside as 

surface-assembled capacitors, or eventually in the active or passive silicon interposer as substrate-

embedded capacitors. One key design avenue to increase the power density is to increase the surface area 

through nanoporous silicon and conformal dielectrics and counter electrodes that are typically deposited 

from ALD (atomic layer deposition). Capacitances of > 1 F/mm2 have already been demonstrated and the 

densities are projected to reach above 2.5 F/mm2. Planar capacitors provide multiterminal access to the 

electrodes. This aims to reduce the packaging inductance by cancelling inductance with the current 

propagation in opposite directions. Murata reported such silicon-based decoupling capacitors, as compared 

to MLCC, for high-frequency and high-speed circuit applications [14]. Their previous research work 

include tripod trench structures, enabling higher density and presenting several times smaller area than 

conventional passives. In ECTC 2022, Jatloui et al. described Murata’s latest silicon process method based 

on 3D Nanoporous structures, which allows them to raise the effective density to greater than 1.3 F/mm2 

while reducing the active capacitor area thickness and, as a result, the capacitor thickness to less than 50 

µm. These devices have low ESL (few pH) and ESR (few m Ω), allowing them to obtain high-performance 

PDNs with low impedance over a wide frequency spectrum. 

 Nanopackaging for RF-to-THz applications: 

For radio-frequency (RF), mmWave and THz-enabled 5G-6G systems, nanopackaging provides 

solutions in lowering conductor losses, on-chip and off-chip integration with CNT or graphene nanodevices, 

integrating functional components such as circulators and isolators with anisotropic nanomagnetic 

structures, nonlinear magnetic nanostructures for enhancing SNR, enhanced thermal management and 



others. Nanopackaging will extend the individual nanodevices from graphene, CNT and Cd3As2, wide 

bandgap AlGaN/GaN or p-Diamond FETs to result in THz functional modules. The resulting modules will 

feature ultra-reconfigurable antennas, reflectarrays and intelligent reflective surfaces based on phase-

change-materials, THz Emitters and Detectors amongst others. Graphene has emerged as a material suitable 

for THz plasmonic detection and emission applications due to its high carrier mobility and controllable 

carrier concentration. Because of their electron transport, graphene can attain high intrinsic current-gain 

cutoff frequencies and maximum oscillation frequency of > 100 GHz. However, graphene is susceptible to 

subsequent processes and interactions with adjacent layers creating a strong need for protection and 

encapsulation with thin inorganic ALD coatings. For example, a 10-nm alumina protection is known to 

lower the stress, improve thermal conductance, protect from subsequent plasma etching processes, and also 

improve performance. CNT arrays and graphene composites are also explored to create miniaturized shields 

that can avoid parasitic coupling and improve RF signal integrity. Recent papers also suggest that graphene 

composites can have shielding effectiveness beyond that of copper. Used as films or in fence-wall 

configurations, they can aid in reducing the bulkiness and weight. Examples from ECTC 2022 include 

metaconductor-based low-loss package-level interconnects, inkjet-printed nano-silver or nano-copper in-

package traces, antenna structures with nanomagnetic materials and others. These are briefly described 

below. 

The RF interconnects and components cause considerable conductor losses mainly due to the skin 

effect that forces high-frequency current to flow through only the outermost layer of a conductor. This 

reduces the effective cross-section of the conductor and results in higher RF ohmic resistance. One approach 

to address this issue is to deposit alternate non-ferromagnetic/ferromagnetic superlattice RF conductors, 

referred to as metaconductors [15,16]. Their low RF resistance have been demonstrated in a planar 

conductor architecture. A Cu/Co metaconductor based coplanar waveguide (CPW) transmission line 

structure has shown superior device performance to their monolithic Cu counterpart at 28 GHz, especially, 

for the mmWave applications,. In order to address the structural discontinuity problem at the edge of the 

conductor, the paper by Jeon et. al. (University of Florida, Gainesville) presented a Cu/Co cylindrical radial 

superlattice metaconductor bonding wire for millimeter wave applications [16]. Cylindrical radial 

superlattice (CRS) with Cu/Co is anticipated to be superior to that of Cu/NiFe metaconductors because of  

higher ferromagnetic resonance (FMR) from Co. A metaconductor coated bonding-wire based airlifted 

inductor with a one-port feed is designed, fabricated, and characterized. Surface roughness of 30 nm is 

employed for electrodeposition, which is fully compatible with normal MEMS and CMOS processes and 

thereby suppresses the roughness effect at high frequencies. At 10-45 GHz, the resistance and Q factor of 

an inductor composed of a 10 paired Cu/Co CRS metaconductor coated wire with a bonded wire diameter 

of 25 µm are evaluated, and a 70% resistance reduction and a 56% Q factor enhancement are demonstrated 

when compared to the solid Cu counterpart. Another paper from University of Florida and Cisco Systems 

Inc. reported parametric simulation study of a differential stripline with an insertion loss of less than 0.1 

dB/mm at 28 GHz based on Copper/Cobalt metaconductor (Cu/Co-MC). Such low loss is hard to achieve 

using the latest low loss dielectric materials. At 28 GHz, 10 pairs of Cu/Co metaconductor layers exhibit 

an insertion loss 0.098 dB/mm, while monolithic copper counterparts exhibit an insertion loss 0.142 

dB/mm. 

Additively-manufactured conductor traces also benefit from advances in nanopackaging. Study on 

current carrying capacity of inkjet-printed nano-silver interconnect traces on a mesoporous PET substrate 

is reported by Abbara et al., from SUNY, Binghamton [17]. The low glass transition temperature of the 

substrate limits current handling, resulting in trace failures. The cross-sectional area and sintering procedure 

of nanosilver traces play a part in its current handling. The Joule heating effect changes the conductivity of 

the printed trace. Although the initial resistance of the laser-sintered samples is 2X lower than the oven 



sintered samples in general, electrical current sintering can further reduce the resistance of oven-sintered 

samples. The current-induced sintering in the trace resulted in decreased trace resistance.  

Nanomagnetic antennas has always attracted the attention in RF packaging because of its potential 

for miniaturization and enhanced bandwidth and efficiency. Sturim et al., from Michigan State University 

reported the development of two electrically tiny wire-folded Spherical Helix Antennas employing 

MnFe2O4 nanoparticle thick films [18]. This paper presented an air-filled helix antenna with 16 MHz of 

bandwidth at 1.108 GHz and 1.82 dBi gain. A magnetically filled helix antenna with the same volume 

showed enhanced bandwidth and miniaturization by lowering the frequency. This paper demonstrated the 

utility of magnetic nanocomposites in additive manufacturing. 

Nanopackaging for Thermal Management: 

Lack of energy-efficient and miniaturized Power Amplifiers in mmWave and THz bands escalates 

the need for thermal management. In order to address this issue, nanopackaging traditionally has led to key 

die-attach solutions with nanosilver paste, and recently nanocopper paste. The advent of 2D materials such 

as graphene and boron nitride nanosheets has further increased the options, as shown by Sun et al. from 

Georgia Tech [19]. These are briefly reported here. Ultra-large-scale integration of multifunctional high-

power-electronic devices place rapidly increasing demands on the heat dissipation capabilities that can no 

longer be accommodated with current thermal management designs and materials. At last week’s ECTC 

Packaging conference in San Diego, Zinn et al. from Kuprion Inc. presented a novel copper thermal via 

technology using Kuprion’s engineered ActiveCopper [20]. This engineered copper material allows the 

direct formation and economic integration of large mm-size thermal vias into Printed Circuit Boards 

(PCBs), ceramic and glass substrates, thus maximizing heat dissipation through such insulating materials. 

Modeling conducted using ANSYS  Icepack and input from measured materials properties provided 

evidence that such a design can achieve a heat transfer coefficient exceeding 3000 W/cm2 °K with a 

bondline thickness of 10 m and a measured thermal conductivity of up to 394 W/m°K. This ActiveCopper 

material enables rapid prototyping, is readily integrated into PCB manufacturing and scalable. The material 

can be applied via direct dispensing or large area-type stencil printing. The ActiveCopper material exhibits 

multiple unique features: 1) it comes in a paste form that flows easily allowing for rapid filling of holes of 

any shape, size and thickness; 2) it sinters to bulk Cu in air at normal reflow temperatures of 200 – 235°C 

but can operate at temperatures exceeding 300°C effectively permitting an unlimited number of subsequent 

reflow cycles. The material is easily processed using typical hot-pressing conditions as employed in 

standard FR4 PCB manufacturing. 3) After fusion, the resulting large via has converted into a solid copper 

coin. No other binders are left behind resulting in great thermal performance. 4) The material is fully RoHS 

compliant, safe to handle in air and stored at room temperature ready for immediate use. A further key 

feature is it’s easy CTE tailorability over a wide range (3-17 ppm) enabling to match the CTE of Si, SiC 

and GaN. This new materials system enables many new applications and overcomes the limitations of 

electroplating and the expensive copper coin approach. One can directly bond and solder to the material; it 

exhibits exceptional reliability having passed over 4000 thermal shock cycles (5-10 sec air-to-air transition) 

at -55 to +125 °C. Due to the perfect CTE matching with FR4, no cracking or delamination has been 

observed. The large thermal via application for PCBs is currently being transitioned into full scale 

production with a large PCB manufacturer. Development of formulations for the filling of small vias (25-

60 micron) in glass substrates are under way and preliminary tests revealed very promising results. In this 

case, processing is carried out without pressure or vacuum using standard reflow oven curing in a nitrogen 

atmosphere. Again, the ActiveCopper material has been engineered such that it closely matches the CTE 

of the respective glass substrates to avoid any thermomechanical stresses for high reliability and long life. 

  



Summary 

Nanotechnology will play a key role in realizing future heterogenous integration for all classes of 

products including high-performance computing, mmWave to THz communications and sensor fusion and 

networks for health-care, security, automation and control. ECTC 2022 had several papers showing several 

examples of Nanopackaging to address basic research barriers in the area of hybrid bonding with BEOL 

geometries for off-chip interconnections, vertical power delivery for low-impedance interconnects from 

backside power rails to SoC, advanced nanosensors and integration, mmWave components, and thermal 

management. Although, packaging is today at microscale, these solutions with nanomaterials, 

nanostructures, nanoscale designs and processes will eventually pave way for future packaging at 

nanoscale, leading to nanopackaging of devices for true nanoscale heterogeneous integration.  
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