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SeamleSS heterogeneouS 
device and component copack-
aging technologies are the key 
to future electronic and bioelec-
tronic systems. Such systems will 
be pervasive and include mobile 
and high-performance comput-
ing, high-bandwidth 5g com-
munications with enhanced 
mobile broadband and massive 
Internet of things (Iot) con-
nectivity, implantables and wear-

ables for health monitoring and therapy, 
and advanced driver assistance systems, 
among other features. to realize such 
systems, necessary packaging technology 
building blocks are needed. these in -
clude high-bandwidth interconnections 
with power and signal integrity between 
devices; high-efficiency granular power 
delivery to different voltage domains 
within the devices; seamless rF front-
end module integration with antennas, 
passives, and the beamforming devices; 
compact 3D power converters; and active 
microelectrode arrays with integrated 
power and signal conditioning in bio-
electronics. higher component densities 
with heterogeneous integration are re -
quired to realize any of these building 
blocks and systems, which are enabled 
by nanopackaging.

as described in the December 2018 
special issue of IEEE Nanotechnology Mag-
azine, nanopackaging enables better per-
formance, miniaturization, and processing 
of all the functional building blocks in a 
typical system, such as high-density and 
high-efficiency power storage and deliv-
ery; rF front-end module integration; 
high reliability with miniaturization; and 
low-cost, large-area, and high-volume addi-
tive manufacturing techniques. Figure 1 
summarizes the impact of nanomaterials 
in power, rF, and bioelectronic functional 
integration through some prominent, 
though not exhaustive, examples. this 
special issue selectively highlights three 
key examples of nanopackaging advanc-
es that manufacturers use to realize these 
building blocks. these advances in -
clude power delivery, low-cost additive 
manufacturing of flexible wireless sens-

ing systems, and high-reliability min  iatur -
ized electronics.

Power Delivery
researchers are realizing that power supply 
is a major challenge to future  computing 
systems for mobile pro-
cessors, due to size re -
strictions, and for data 
processing-intensive ap -
plications such as servers 
or data centers, due to 
their need for high effi-
ciency and performance. 
Power supply includes 
power conversion, power 
delivery, and power man-
agement. Current ap -
proaches create several 
limitations in each of 
these subsystems, includ-
ing the following: 

1) power conver-
sion far from the 
load, limiting the 
response time

2) multiple stages of conversion, 
reducing efficiency

3) low-density inductors and capaci-
tors leading to large size

4) large losses due to long intercon-
nections through the board. 

researchers are developing advanced 
substrate-compatible thin-film and thick-
film processes to achieve higher power 
handling with thinner form factors. tradi-
tional power conversion is based on 
switching regulators with inductors or 
transformers as the main storage compo-
nents. however, capacitor-based power 
conversion with switch capacitor networks 

or hybrid resonant converters is emerging 
as an alternative to address the size, elec-
tromagnetic interference, and integration 
limitations of thick magnetic components.

multilayered ceramic capacitors, inno-
vative high-surface-area tantalum or alumi-

num electrode capacitors, 
polymer film capacitors, 
and silicon trench capaci-
tors are key options for 
capacitors efficiently fil-
tering the power supply 
noise. all of these ap -
proaches are used at dif-
ferent levels of the power 
delivery chain, based on 
the current and voltage 
rating, equivalent series 
resistance, frequency sta-
bility, capacitance density, 
thickness, and integra-
tion options. 

 Irrespective of the ap -
proaches, advanced high-
permittivity dielectrics 
that manufacturers can 

synthesize with scalable polymer thick-film 
and printing approaches can bring key par-
adigm changes in the capacitor integration. 
Such high-permittivity dielectrics with nano-
composites are traditionally synthesized by 
ceramic or metal-filled polymers. however, 
innovative nanocomposite or hybrid dielec-
trics are emerging to address the limitations 
of these approaches. Such nanocomposite 
dielectrics can achieve permittivities of 
above 20 and still retain the benefits of 
low-temperature polymer-processing ap -
proaches such as spin coating and additive 
manufacturing. “nanocomposite Capaci-
tors in Power electronics and multiferroics,” 
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by eli S. leland, Peter r. Kinget, Ioannis 
Kymissis, Daniel Steingart, Seth r. Sand-
ers, and Stephen o’Brien, highlights an 
innovative approach for realizing high-per-
mittivity nanocomposites in 3D-printed 
high-density capacitors for integrated 
power convertors or voltage regulators.

low-Cost ADDitive 
MAnufACturing of  
wireless systeMs
nanopackaging technologies have been 
impacting additive manufacturing of 
 flexible systems with scalable and low-cost 
roll-to-roll processing. Driven by Iot 
market needs, these technologies are pro-
jected to create a massive global economy 
in the next 4–7 years. nanomaterials not 
only provide passive functions such as 
low-loss device-to-package printed inter-
connections and transmission lines and 
antenna arrays, but they can also off-load 
the active circuits from rigid silicon chips 
and integrate them into the flex substrates 
with printing and other technologies.

Printed active diodes and field-effect 
transistors can also provide sensing func-
tions and integrate them with wireless 
interfaces directly on flexible substrates. 
“nanotechnology-empowered Flexible 
Printed Wireless electronics,” by aline 
eid, Jimmy hester, Yunnan Fang, Bijan 

tehrani, Syed abdullah nauroze, ryan 
Bahr, and manos m. tentzeris, reviews 
the role of nanotechnology in flexible 
printed wireless and sensing electronics, 
and details the printed 
ramp interconnections. 
this article highlights key 
nanopackaging innova-
tions in flexible electron-
ics including chemical 
surface modifications for 
better metal-polymer adhe-
sion leading to superior 
reliability and metal-semi-
conductor Schottky contacts 
for improved sensitivity. 

the primary role of 
electronic packaging is to 
seamlessly interconnect 
actives to passives with-
out generating intercon-
nected parasitics. With 
the trends toward high-
frequency systems, the 
device–package intercon-
nection losses from wirebonding and flip-
chip tend to dominate the total system 
loss. they also limit the flexibility and 
miniaturization of the system. Die-embed-
ding systems with printed direct intercon-
nections between the chips and the system 
components can address this challenge. 

nanoinks for printed interconnections are 
commercially available from several suppli-
ers and can be processed at a temperature 
of approximately 80 °C. low-temperature 

accelerated photo-sinter-
ing of these printed inks 
are also developed by high-
throughput processing. 

HigH-reliAbility 
MiniAturizeD 
eleCtroniCs
Functional integration is 
achieved with advanced 
designs that are enabled 
with new materials. man-
ufacturers commonly use 
traditional polymer and 
polymer composites in 
packaging applications as 
dielectrics, encapsulants, 
and underfills for reliabil-
ity, thermal interface mate-
rials, and mold compounds 
for fan-out packaging. 

Since fan-out packaging is emerging as the 
mainstream technology for application 
processors in mobile electronic products, 
their properties play a key role. mold 
compounds are being widely investigated 
for better thermal-mechanical (low Cte 
of 4–5 ppm/C and high interfacial  fracture 

figure 1 Nanoscale materials, structures and processes leading to advanced components and functions.

Components
Power:

• Storage Capacitors
• Decoupling Capacitors
• Filter Capacitors
• Inductors and Transformers

RF:
• Inductors
• Capacitors
• Shielding Materials
• Nonreciprocal Components
• Frequency-Selective Surfaces

Interconnections and Reliability:
• Low-Temp Printed Conductors; 
• Transparent Conductors
• Thermal Adhesive or Interface Materials
• Heat-Spreader

Bioelectronics:
• Biocompatibility Films
• Hermiticity of Feedthroughs and Coatings

Nanomaterials and Processes

Materials:
• High k Dielectrics and Nanoparticles
• Nano-inks and Nanopastes
• Conformal Ceramic Coatings
• High-Permeability and Low-Loss Films

Structures:
• Nanoporous Electrodes
• Nanoparticle or Nanowire Composites
• Nanolayered Composites

Processes:
• Printing and Low-Temperature Processing
• Film Lamination
• (Chemical, Physical) Vapor Deposition
• Atomic Layer Deposition
• Electrochemical Processes
• Spin-Coating, Spray-Coating

Systems and Functions

Power and Digital:
• Power Storage
• Power Conversion
• Power Distribution Network for
  2D, 2.5D, 3D Packages 

LTE to 5G RF Systems
• 5G Antenna-in-Packages
• Duplexers
• EMI Isolation
• Matching Networks
• Reconfigurable Components
• Embedded Filters
 

Healthcare: Wearable and Implantable:
• All of the Above
• Biocompatible Microelectrode Arrays
• Hermetic Encpasulants and Coatings
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toughness of 30 J/m2), thermal (high 
thermal conductivity of more than 5 W/mK), 
and electrical (low dielectric loss of less 
than 0.005 for supporting high-speed 
digital or high-frequency interconnec-
tions) characteristics.

other commercialization examples of 
nanopackaging materials are in the area of 
off-chip interconnections and thermal 
adhesive (interface) materials based on sil-
ver and copper nanopastes. however, for 
high-power applications, the residual 
porosity and microstructural instabilities 
have created reliability concerns in high-
power die-attach applications. nanocom-
posites of copper or silver with additives to 
control stress are being developed by mate-
rial suppliers. In a recent key innovation by 
namics Inc., they incorporate additives 
into the nanopaste to fill the pores and to 
stabilize the microstructure while also 

enhancing the toughness of the thermal 
adhesive materials. on the other hand, 
direct copper-to-copper interconnections 
with nanostructured copper interfaces are 
promising to overcome the pitch and reli-
ability limitations of solder-based assembly 
technologies. Such  nanostructured copper 
interconnections are developed by presyn-
thesized inks or pastes that are transferred 
to the interconnection, or by innovative 
nanocopper foams formed in situ on the 
tip of the copper pillar.

With the trend toward low-cost flexible 
electronics for wearable Iot, display, and 
implantable electronics, organic functional 
materials and their packaging in polymer 
films is becoming extremely important. 
Since polymers are not inherently hermet-
ic, they are prone to a diffusion of mois-
ture, oxygen, and other reactive ions. For 
long-term reliability, it is important to pro-

tect the systems with inorganic hermetic 
coatings. “ultrabarrier Films for Packaging 
Flexible electronics,” by ankit Kumar 
Singh and Samuel graham, describes the 
advances in multilayered nanoscale coat-
ings to provide near-hermitic performance. 
researchers are widely investigating this 
technology for the reliability of flexible 
organic semiconductors in display appli-
cations, but it can also be applied to bio-
electronic implants. nanoscale barriers can 
be deposited as ultrathin conformal coat-
ings and can replace bulky ceramic cases 
and hermetic cans that are brazed onto the 
chip carrier substrate in bioelectronics 
implants. this process can eliminate the 
extra volume in the hermetic package, and 
can also lead to better flexibility and fewer 
constraints during implantation.
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