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IN THIS ARTICLE, THE PARTICULAR
importance of nanotechnology-enabled mate-
rials associated with additive manufacturing
techniques for the realization of radio-frequency
(RF) components and modules for Internet of
Things (IoT') and millimeter-wave (mm-wave)
applications is discussed. First, a look into the
preparation of functional nanomaterial inks for
chemical sensing applications and the surface
modification processes required for their excel-
lent printability is provided. The focus then
shifts toward numerous applications realized
through the implementation of the previously
listed techniques. These applications discuss
origami [morphing/four-dimensional (4D)-
printed] structures, taking advantage of the
unique benefits of bending and folding on the
printed conductive nanomaterials-based traces
on a paper substrate for the fabrication of fold-
able reconfigurable RF architectures. Then,
the synergistic integration of inkjet-printed car-
bon-based nanomaterials sensors with ultrahigh
performance flexible printed antenna struc-
tures—utilizing nanoparticles—for the Internet
of Skins, smart cities, and 5G applications is
described. We then demonstrate the critical
importance of nanomaterial-based inks in the
development of robust three-dimensional (3D)-
printed RF interconnects with groundbreaking
performance, opening the door for the next
generation of electronics manufacturing and
packaging on virtually every substrate up to fre-
quencies in the sub-THz range.

A LOOK AT CURRENT APPLICATIONS

Additive manufacturing technologies (AMTs)
such as inkjet and 3D printing have gained sig-
nificant consideration in the past years especially
in the field of nanotechnology and flexible elec-
tronics. AMTs are capable of producing flex-
ible, conformal, and rollable devices by printing
onto flexible substrates. In addition, introduc-
ing the third dimension allows the deposition
of new nanotechnology-enabled materials with
mechanical, topological, and physical proper-
ties unavailable in the realm of two-dimensional
(2D) printing. The 3D- and inkjet-printing
techniques offer a dramatically reduced setup
cost, high repeatability, wide scalability, and

environmental friendliness as compared to the
traditional subtractive processes such as milling
and lithography. AMTs involve a layer-by-layer
deposition of different materials to form com-
plex 3D objects without wasting much or any
material [1], [2].

Among its numerous advantages, inkjet print-
ing offers an casy realization of multilayer struc-
tures by sequentially depositing different types
of inks to form each layer. This results from the
fact that it is capable of the direct deposition of
a wide range of materials such as conductive,
dielectric, and semiconductor inks on a variety of
substrates including paper, glass, semiconductor
wafers, and polymers [3]-[5].

Additionally, 3D-printing technologies
focus on the ability to print free-form 3D
objects both with and without support materi-
als, which cannot be produced by conventional
subtractive manufacturing tools, such as inte-
rior cavities and meshes that allow the tuning
of dielectric constant values. The typical feature
size achieved using inkjet-printing technology
and 3D-printing technology is 1-20 um and
10-50 um, respectively, making them very
suitable for the realization of RF and mm-wave
applications such as IoT motes, 5G systems, and
smart skins (SS).

This article discusses the critical importance
of nanotechnology to the additive manufactur-
ing of a groundbreaking new generation of flex-
ible microwave electronics and systems (whose
typical structure is shown in Figure 1).

FABRICATION OF ULTRASENSITIVE
FLEXIBLE AND ROBUST CHEMICAL
SENSORS

Among commonly used flexible substrates,
Kapton polyimide films possess particularly
attractive mechanical and electrical properties
as well as thermal and chemical stabilities. Their
highly hydrophobic surface (with a water con-
tact angle of 76° [6]) normally allows for the
material deposition with hydrophobic fluids
(solutions, suspensions, inkjet inks, and so on)
but inhibits deposition with hydrophilic flu-
ids. However, fabrication of an entire flexible
electronic device often needs the deposition
with both hydrophobic and hydrophilic fluids
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on the same substrate, which raises the
need for surface modification of Kapton
films to adjust their surface properties
(particularly surface hydrophobicity) to
facilitate the fabrication of flexible elec-
tronic devices.

Traditionally, polyimide films are
surface modified with a number of ap-
proaches such as plasma [7], [8] and
ion-beam [9], [10] etching, ultraviolet/
ozone exposure [7], [11], acid [7], [12]
and/or base [13], [14] treatments, and
laser ablation [15], [16]. These traditional
methods, which use harsh conditions,
not only produce health-threatening and
environmentally hazardous by-products
or wastes but also compromise the struc-
tural integrity and the properties of the
polyimide substrates. To alleviate these
issues, several mild and environmentally
friendly wet chemical approaches have
been developed, which can minimize the
compromise to the structural integrity
and the properties of the substrates, to
surface-modify Kapton polyimide films,
thus efficiently tuning their surface prop-
erties. The resulting surface-modified
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Kapton films allowed for excellent print-
ability of both hydrophobic and hydro-
philic inkjet inks.

One of these novel surface modifica-
tion approaches involved the use of two
oppositely charged weak polyelectrolytes,
polyethylenimine and poly(acrylic acid),
to build, in a layer-by-layer fashion, a
thin film of polyelectrolyte multilayers
(PEMs) on Kapton HN films [6]. This
work is the first demonstration of using
only weak polyelectrolytes to efficiently
surface-modify Kapton films. Compared
to strong polyelectrolytes, weak electro-
lytes have the advantage of controlling
the PEM properties more systematically
and simply [17]. This work is also the
first to make use of the surface properties
of the additive particles embedded in the
polyimide matrix.

As a conceptual demonstration of
the general applications of this PEM-
based surface modification approach, a
flexible and robust gas sensor was fully
inkjet printed on the resulting Kapton
film with a homemade water-based gra-

phene oxide (GO) nanoparticle ink and
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FIGURE 1 A system schematic of a typical loT wireless sensor module.
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a commercial organic solvent-based silver
nanoparticle (SNP) ink and assessed for
its sensitivity to 2.0-ppm diethyl eth-
ylphosphonate (DEEP), a G-series nerve
agent simulant. The adhesion sustain-
ability tests showed that the electrical
conductivity and morphology of the sen-
sor were insensitive to repeated bending
around a 1-cm radius [6].

A second approach, which was inspired
by the in vivo antagonizing interaction of
heparin and protamine, used two envi-
ronmentally friendly clinical biomolecules
to deposit heparin-protamine complex
on Kapton HN films in water-based salt
solutions at neutral pH, room tempera-
ture, and atmospheric pressure [18]. This
bioenabled approach is not only the first
to utilize clinical biomolecules for sub-
strate surface modification, but also the
first surface modification approach per-
formed under minimally destructive and
maximally mild conditions.

After the surface modification, two
types of reduced graphene oxide (rGO)-
based flexible, ultralightweight, and
miniature-sized gas sensors, with one
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functionalized with a chemoselective
compound [2-(2-hydroxy-1, 1, 1, 3, 3,
3-hexafluoropropyl)-1-naphthol] and the
other not, were inkjet printed with a
homemade water-based GO nanopar-
ticle ink and a commercial organic sol-
vent-based SNP ink on the resulting
Kapton films and tested for their sensi-
tivity to dimethyl methylphosphonate
(DMMP, a nerve agent simulant). The
sensors survived a standard Scotch tape
peel test and were shown to be insen-
sitive to repeated bending to a small
0.5-cm radius.

Figure 2(a) shows an optical image
of a flexible gas sensor that was inkjet
printed on a piece of Kapton HN film
that has been surface modified with
this bioinspired approach. Figure 2(b)
includes a scanning electron microscopy
(SEM) image of an inkjet-printed silver
interdigitated electrode (IDE) focused
on the individual silver nanoparticles.
Figure 2(c) shows an SEM image of
the rGO film focused on the nanoscale
rGO wrinkles. Figure 2(d) details the
sensing behavior, upon exposure to
2.5-ppm DMMP vapor, of the sen-
sors with (black solid line) and without
(gray dashed line) the chemoselective
compound 2-(2-hydroxy-1, 1, 1, 3, 3,
3-hexafluoropropyl)-1-naphthol.

To further enhance the sensitivity,
novel approaches were developed that
effectively modify the materials and the
geometry of inkjet-printed IDEs, thus,
drastically enhancing the sensitivity of
the sensors. First, a novel layer-by-layer
wet chemical approach was developed to
uniformly deposit semiconducting sin-
gle-walled CNTs (SWCNTs) on flexible
Kapton films. Second, silver IDEs were
inkjet-printed on the resulting SWCNT
film. Finally, the dense silver IDEs were
converted into their highly porous gold
counterparts [19]. The following reac-
tion was used to convert the dense silver
IDE:s into their dense Au-AgCl compos-
ite counterparts:

3Ayg(s) + HAuCHK (aq)
— Au(s) +3AgCI(s) + HCl(ag). (1)

Highly porous gold IDEs were
obtained via selective dissolution of
AgCl with a saturated aqueous NaCl
solution. The porosity of the resulting

To further enhance the sensitivity, novel
approaches were developed that effectively
modify the materials and the geometry of inkjet-
printed IDEs, thus, drastically enhancing the
sensitivity of the sensors.

highly porous gold IDEs was estimated
to be as high as 67%. Figure 3(a) shows
an array of such-fabricated flexible gas
sensors, while Figure 3(b) reveals such a
single sensor (at a higher magnification)
with more morphological details. Fig-
ure 3(c) shows the nanoscale SWCNTs
deposited on the Kapton film, while Fig-
ure 3(d) reveals the inkjet-printed dense
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silver IDEs focused on the individual
silver nanoparticles.

After the conversion of the dense sil-
ver IDEs to their highly porous gold
counterparts, the resulting gold IDEs
were morphologically similar to the
starting silver IDEs [Figure 3(b)] under
low magnifications, but they were dif-
ferent in color. SEM analyses of the
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FIGURE 2 The characterization of an rGO-based flexible gas sensor that has been inkjet-printed
on a Kapton HN film that was surface modified with the bioinspired approach. (a) An optical
image of the sensor. (b) A high-magnification SEM image of a silver IDE of the sensor showing
the individual silver nanoparticles. (c) A high-magnification SEM image of the rGO patch of the
sensor focused on the nanoscale wrinkles of rGO. (d) The sensing behavior of the sensors with
(black solid line) and without (gray dashed line) the chemoselective compound 2-(2-hydroxy-1,
1,1, 3, 3, 3-hexafluoropropyl)-1-naphthol upon exposure to 2.5-ppm DMMP [18].
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gold IDEs show their highly porous
nature [Figure 3(e)]. Figure 3(f) shows
the sensing behavior, upon exposure to
2.0-ppm DEEP vapor, of the sensors
with dense silver IDEs (dash-dot line)
and with porous gold IDEs (solid line),
indicating that the conversion of the
original inkjet-printed dense silver IDEs
into their highly porous gold coun-
terparts increased the sensor sensitiv-
ity by more than five times. This work
suggested that the electrode material
and/or the Schottky contacts between
the electrodes and the semiconducting
SWCNTs might have played an impor-
tant role in the gas sensing process.

INKJET PRINTING OF FOLDABLE
ELECTRICAL METAL TRACES ON
CELLULOSE PAPER FOR ORIGAMI
ELECTRONICS

One of the key limitations in the real-
ization of low-cost complex multilayer
flexible integrated sensors and commu-
nication systems for IoT applications
is a reliable implementation of flex-
ible conductive traces and interconnects.
Although the cost can be significantly
reduced by using low-cost organic sub-
strates such as paper, most conductive
inks are inflexible as they go through the
sintering process and typically crack or

break when bent or folded.
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FIGURE 3 The characterization of semiconducting SWCNT-based flexible gas sensors fabricat-
ed on a Kapton HN film. (a) An optical image of an array of such sensors. (b) A scanned image
of an inkjet-printed silver-electrode sensor. (c) A high-magnification SEM image of the SWCNT
film of the sensor focused on the individual nanoscale SWCNTs. (d) A high-magnification SEM
image of a silver IDE of the sensor showing the individual silver nanoparticles. (e) A high-mag-
nification SEM image of a resulting highly porous gold IDE of the sensor showing the individual
gold nanoparticles after the dense silver IDEs have been converted into their highly porous
gold counterparts. (f) The sensing behavior of the proof-of-concept SWCNT-based sensors
with dense silver IDEs (dash-dot line) and with porous gold IDEs (solid line) upon exposure to

2.0-ppm DEEP vapor [19].
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This problem is even more pro-
nounced in realization of via holes for
multilayer structures that are typically
achieved by drilling (conical-shaped)
holes in the substrate then filling them
with conductive epoxy [20] or using
inkjet-printing conductive ink on via
sidewalls [21] to create electrical contact
with other substrates for multilayer struc-
tures [1], [22], [23]. However, these via
geometries are complex to ensure better
side-wall coverage for inkjet printing,
similarly the conductive epoxies typi-
cally feature limited flexibility that cracks
when bent. This section introduces a
unique state-of-the-art methodology to
realize through substrate drill-less via
holes and flexible conductive traces that
do not require physically etched vias and
still maintains a very good electrical con-
ductivity and RF performance when bent
or folded.

INKJET-PRINTED DRILL-LESS

VIAS ON PAPER

Interconnects are fundamental to realize
the next generation of multilayer electri-
cal and RF structures for IoT, SS, and
5G technologies. Vias provide an electri-
cal pathway between intermediate layers.
However, they can introduce significant
parasitic inductance and capacitance that
can affect the overall performance of
the system. Moreover, the design is fur-
ther complicated for flexible structures
where the vias can crack under bending
and create unwanted local reflections
and standing waves. Therefore, effi-
cient interconnect/via design is essen-
tial for high-performance RF circuits
and components. Previously, a number
of techniques were introduced to real-
ize microvias that include laser [23] or
chemical [22] etching for a fully inkjet-
printed via with polymer-based ink with
sidewalls that were inkjet printed with
conductive ink for metallization to cre-
ate an electrical short between the layers
[24]. In [25], a stepped via approach was
used to realize vias on relatively thick
substrates with a diameter of 2 mm and
conductivity of 7.4 + 2Q.

A state-of-the-art technique to real-
ize highly flexible fully inkjet-printed
drill-less vias and through-substrate
conductive traces was introduced in [26]



that took advantage of high porosity
of a normal (110- um-thick) cellulose
paper to absorb the solvent-based sil-
ver nanoparticle (SNP) ink, creating an
electrical short across the thickness of
the paper after curing. A cross-section-
al view and surface profile of cellulose
paper for a different number of layers
of SND ink is shown in Figure 4. It
can be seen that SNT ink went through
almost half the thickness of the cel-
lulose paper when ten or more layers of
SND were inkjet-printed on one side of
the substrate. Therefore, through-sub-
strate conductivity (electrical short) can
be realized by simply printing on both
sides of the paper.

To evaluate the electrical and RF per-
formance of these vias under bending, a
tully inkjet-printed multilayer substrate-
integrated waveguide (SIW) was fabri-
cated on cellulose paper in [26] where
the sidewalls of the SIW were electrically
shorted by a through-substrate conduc-
tor wall as shown in Figure 5. It was
shown in [26] that the performance of
SIW did not change when bent from a
flat configuration to a 10-mm radii of
curvature. The high flexibility of the
conductor traces as well as the through-
substrate shorted conductor walls is
mainly attributed to the fiber-like bulk
structure of the printed silver within the
paper, which tends to have the capability
to accommodate for a large amount of
stress without breaking.

SHAPE-SHIFTING TUNABLE

RF STRUCTURES

The high flexibility of the conductive trac-
es outlined in this section can be used
to realize 4D shape-shifting, fully inkjet-
printed RF structures that can tune their
clectrical, mechanical and RF behavior
in response to change in their ambient
conditions by simply changing the shape
of the structure. This is in contrast to con-
ventional techniques use varactors [27],
[28], diodes [29]-[31], microelectrome-
chanical systems, or change the electrical
properties of the substrate [32] to tune
the frequency response of the RF struc-
tures. However, these techniques feature
limited tunability (15-20% frequency
shift), expensive, laborious, and become
unrealistic for large RF structures.

(e)

FIGURE 4 A cross-sectional view and surface profile of 1-mm-wide inkjet-printed lines with
SNP ink for different number of layers [26]. (a) A one-layer cross-sectional view; (b) a one-
layer surface profile; (c) a five-layer cross-sectional view; (d) a five-layer surface profile;
(e) a 10-layer cross-sectional view; and (f) a 10-layer surface profile.
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FIGURE 5 An exploded view of a fully inkjet-printed SIW [26].
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Some of the early examples of these
4D structures included an origami-
inspired reconfigurable antenna that was
realized using copper tape on cellulose
paper and could change its resonance fre-
quency by varying its height [33]. Such
REF structures are lightweight, compact,
and features high tunability, that is why
they have found applications in many
areas including aerospace [34], biomed-
icine [35], and deployable mechanical
structures [36]. However, conventional
fabrication technologies either use copper
tape or custom-made substrates [37] that
limit their usability in practical applica-
tions. Therefore, the fully inkjet-printed
flexible conductive traces presented in
this section presents an attractive alterna-
tive to realize such structures due to its
low cost, simplicity, high repeatability,
and good RF performance.

A novel 4D fully inkjet-printed tunable
frequency selective surface (ESS) was real-
ized in [2] and [38] using inkjet-printed
dipole elements across the foldlines of a
Miura-Ori (origami) structure on a cel-
lulose paper as shown in Figure 6(a). Note
that simple dipole elements were used in
this case as a proof-of-concept demon-
stration of highly tunable RF structures
that maintain good electrical and RF
response even undergoing extreme bend-
ing and folding. Moreover, special bridge-
like structures were employed along the
dipole structures that allow the dipoles,
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as shown in Figure 6(c), to curve along
the foldlines instead of forming a sharp
bend as the Miura structure is folded,
thereby further improving the flexibility
of the conductive traces. The simulated
and measured results show more than
15% tunability, which can be significant-
ly improved by introducing more folds
along the length of the dipole structures.
Moreover, the response of the Miura FSS
remains unchanged with respect to the
angle of arrival of the incident wave.

INTERNET OF SKINS WIRELESS
PRINTED FLEXIBLE SYSTEMS

The different nanomaterials innovations
described previously, from the printed
sensing elements to the substrate prepara-
tion techniques, and the nanomaterials-
based inks have permitted the realization
of novel systems whose features and form
factors would have previously been tech-
nologically unattainable. One particularly
fruitful area for such developments has
been that of wireless SS, whose advent
was triggered by the increasing availabil-
ity of low-cost additive manufacturing
tools for flexible and thin-circuit rapid
design and fabrication.

From a wireless technology stand-
point, such skins can be broadly classi-
fied into two distinct groups: chipless
and nonchipless. This classification,
while seemingly quite trite, has far-
reaching consequences on the design

—_—
Fold

Bridge-Like Structures

FIGURE 6 (a) The fabrication process for single-layer Miura FSS, (b) a close-up picture of fabri-
cated design, and (c) micrograph of dipole elements with different folding angle 6.

24 | |EEE NANOTECHNOLOGY MAGAZINE | FEBRUARY 2019

considerations required for the imple-
mentation of given systems in either cat-
egory, which we will cover and provide
examples of in the sections “Chipless
Skins” and “Semipassive Approach.”

CHIPLESS SKINS

In chipless skins, any information—
whether structurally encoded such as an
identification number, or environmental-
ly modulated such as for a sensor—needs
to be embedded and communicated at a
single frequency of operation at a given
instant. Such linear devices can therefore
only be assembled from elements that
provide a recognizable signature in the
RF and mm-wave ranges.

With this in mind, proper character-
izations of the high-frequency properties
of the sensing material films described
previously become essential. Such an
effort, reported in [41], describes such
analysis and the modeling of the fully
inkjet-printed carbon-nanotubes-based
breath sensor shown on Figure 7(c),
in the 500-MHz to 2-GHz frequency
range. The modeling approach uncov-
ered an equivalent electrical model for
the sensor, shown in Figure 7(d), whose
intrinsic (solely associated with the CNT
film and, therefore, variable upon sens-
ing) and extrinsic components provided a
very accurate matching of the S-parame-
ters measured characterization data.

Chipless SS have also recently dis-
played significant improvements in their
wireless communication capabilities with
the introduction of flexible sticker-like
reflectarray structures, such as the tag
displayed in Figure 7(a). In recent efforts
([39], [40], [42], [43]), the identification,
localization, and polling of such a fully
printed humidity-sensing skin operat-
ing in the 30-40 GHz band was dem-
onstrated at a range exceeding 50 m,
representing more than an order of mag-
nitude increase in the reading range of
chipless tags.

SEMIPASSIVE APPROACH

While the previously reported recent
progress of chipless skins is opening new
and exciting application avenues for fully
printed SS, these remain significantly less
capable than their dc-powered nonlinear
counterparts. Nevertheless, the unique



nanomaterials-enabled abilities leveraged
for the design and printing of chipless
tags can similarly be strategically imple-
mented into semipassive targets/sensors,
such as the one shown in Figure 7(b).
This flexible 28-GHz-operating printed
system reported in [44] integrates an
ultrahigh-sensitivity fully inkjet-printed,
polyaminobenzene sulfonic acid-func-
tionalized, CNT-based ammonia sensor,
a fully printed backscatter-modulating
reflectarray, and commercial integrated
circuits and flexible amorphous-silicon
solar cell. The tag, exploiting the same
clectromagnetics principles responsi-
ble for the unprecedented range of the
chipless tag shown on Figure 7(a), dem-
onstrated, at the time of its publication,
the longest reported range for a back-
scatter device and an ability to sense and

(©)

communicate the presence of ammonia
in real time using only 200 x#W of har-
vested indoor-lighting-sourced power.

THE 3D PRINTING OF
FUNCTIONAL DEVICES

INKJET PRINTING OF

PASSIVE ELECTRONICS

In the last decade, there has been rapid
growth in 3D printing, with recent ad-
vances bringing additional functional-
ity to previously mechanical structures,
including the integration of 3D-printed
electronics. The utilization of nanopar-
ticles in this field is critical for sever-
al technologies, from traditional fused

deposition modeling (FDM), stereo-
lithography (SLA), 3D inkjet printing, and
many more additive processes. Nanopar-

28100000000000€F

ticles enable the deposition of functional
materials through continually shrinking
orifices, which enables increased resolu-
tions for next-generation applications.
Current aerosol jet, inkjet printing, and
direct-write technologies have resolutions
as low as 10-20 um, and to realize func-
tional and dispensable inks and pastes,
there becomes a necessity of nanopar-
ticle solutions.

Utilized in practically every circuit,
passive resistor, inductor, and capacitor
components are crucial for the progression
of functional additive manufacturing,
with high-performance devices being
reliant on functional nanomaterials.
Multilayer capacitors have been demon-
strated utilizing a multilayer approach of
SU-8 and poly(4-vinylphenol) and silver
nanoparticle inks for utilization in the

Cext,end T

Zo,! SWCNT Film Zo!

ji Ct—:‘xt,end

(d)

FIGURE 7 (a) An inkjet-printed flexible chipless humidity sensor prototype next to a standard credit card [39]. (b) A printed Van-Atta reflectarray
wireless sensing system [40]. (c) A photo and (d) an equivalent model of a flexible, fully inkjet-printed SWCNT-based IDE breath sensor [41].
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This article reviewed the recent nanotechnology-
empowered advances in RF electronics achieved
through additive manufacturing.

2.4 GHz industrial, scientific, and medi-
cal radio band [45]. Similarly, printed
ferromagnetic inductors were realized
with the use of a nanoparticle ferromag-
netic ink. Utilizing cobalt nanoclusters
that are coated with sodium dioctylsul-
fosuccinate to prevent conglomeration
and oxidation [46]. The use of a 50-um
layer of the ferromagnetic ink demon-
strates a size reduction of 12.5%, while
maintaining a self-resonance frequency of
5 GHz. The expansion of utilizing inkjet
printing for 3D printing enables the use
of functional materials in complex, high-
resolution, multimaterial 3D structures
that is just beginning [47].

DIRECT WRITE OF FUNCTIONAL
DEVICES FOR STRETCHABLE
ELECTRONICS

The utilization of direct write technolo-
gies over aerosol jet or inkjet enables
the deposition of higher-viscosity solu-
tions between 1 cP to 1X10°cD, al-
lowing for a wider range of compatibility
with nanoparticle solutions. For exam-
ple, electrically conductive adhesives
(ECAs) utilizing silver flakes (Figure 8)
enable constant high conductivity up to
1.51 X 10*Scm™ that remains con-
stant within an order of magnitude
with a strain of 240% [48]. The abil-

ity to strain and maintain conductivity
is critical for next-generation stretchable
electronics, and nanomaterial-based
stretchable conductors enable high-per-
formance reconfigurable antennas. By
3D printing the ECA silver flake material
via direct write on an FDM-deposited
thermoplastic polyurethane elastomer, a
strain-sensitive object is demonstrated for
2.4-GHz applications [49]. Utilizing an
nScrypt direct-write tool with the ECA,
several resonators are printed onto a sili-
cone substrate, each acting as a bandstop
filter for chipless RF identification pur-
poses. As cach resonator changes shape
or decouples from a transmission line
due to deforming, the system response
varies accordingly, and with each resona-
tor correlated to the fingers on a hand,
a chipless smart surface is fabricated to
enable wireless and battery-less hand ges-
ture sensing [50].

ADDITIVE MANUFACTURING
FOR HIGH-PERFORMANCE 3D
RF INTERCONNECTS

The field of microelectronic packag-
ing for wireless applications is currently
focusing on several key technological
developments: low-loss materials, low-
loss interconnects, and efficient system-
level integration. For decades, epoxy

FIGURE 8 A direct-written hand gesture sensor using silver flakes [50].
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mold compounds (EMCs) featuring
micron-scale silica and AIN particle
loadings have been utilized for chip
encapsulation, enabling the control of
the dielectric constant, loss tangent, and
coefticient of thermal expansion of the
encapsulant [51], [52]. The inclusion
of nanoparticles has also been inves-
tigated for the enhancement of EMC
fracture toughness with thermal stress
[53]. Interconnection between a wireless
chip and a packaging substrate, such as a
lead frame, is typically achieved through
thermosonic wire-bonding techniques.
These wire bond interconnects are inex-
pensive and used widely throughout
industry, however passive compensation
circuits are typically required to account
for the high series inductance (approxi-
mately 1nHmm™) found in bond
wires [54], [55].

The development of efficient inter-
connects plays directly into SiP design
schemes, where active radios and passive
components (antennas, bypass capaci-
tors, matching networks, and others) are
all integrated within a single package to
reduce system losses and allow for device
miniaturization. This section focuses on
the development of low-loss and robust
3D RF interconnects using nanoparticle-
based inks with additive inkjet-printing
fabrication technology for mm-wave
wireless SiP packaging.

INKJET-PRINTED 3D RAMP
INTERCONNECTS WITH
NANOPARTICLE-BASED
CONDUCTIVE INK
Recent efforts in the development of
low-loss RF interconnects have intro-
duced additive inkjet-printing technol-
ogy as a candidate for replacing standard
wire-bonding techniques with wireless
packages [56], [57]. As previously high-
lighted, silver nanoparticle-based inks
allow for the patterning of conductive
features on a wide variety of substrates
in a low-temperature (<200 °C) fashion.
This process eliminates the thermosonic
bonding process used with wire bonding
and, as a result, reduces the physical and
thermal stresses placed on a die during
the interconnection process.

A 2D side-view schematic of inkjet-
printed 3D ramp interconnects is shown



in Figure 9(a). First, an SU-8 photore-
sist-based dielectric ink is printed to pat-
tern the 3D ramp structures bridging
the top of the packaging substrate to the
top plane of the die. Once the 3D ramps
are patterned, a silver nanoparticle-based
ink is printed to pattern coplanar wave-
guide (CPW) RF interconnects directly
onto the printed ramps, providing a 50-Q
RF interconnect for a surface-mount
die. Finally, thermal sintering takes place
at 180 °C for 1 h in order to achieve
conductive features while maintaining a
low-temperature process. Figure 9(b)—(d)
includes images of fully printed 3D ramp
interconnects for integration with wire-
less devices on the die level. S-parame-
ter measurements of these interconnects
vield a line loss of 0.6 — 0.8 dB mm™!
at 40 GHz along with an inductance of
0.4 — 0.5 nH mm ', approximately half
of the inductance of a typical wire bond
[54]. Integration with active Ka-band
devices (26.5-40 GHz) is currently a
focus in order to further evaluate the
effectiveness of nanoparticle-based ink-
jet printing for mm-wave wireless pack-
aging [58].

FULLY PRINTED THROUGH-MOLD
VIAS FOR APPLICATION-SPECIFIC
WIRELESS PACKAGING

The efforts presented in the “Inkjet-
Printed 3D Ramp Interconnects With
Nanoparticle-Based Conductive Ink”
section demonstrate the effectiveness of
inkjet printing silver nanoparticle-based
and polymer-based inks to realize 3D
RF interconnects from a substrate to a
die. However, truly 3D integration is
still lacking.

To realize high-aspect-ratio 3D RF
interconnects, inkjet printing can be
combined with SLA 3D printing in a
purely additive fashion. The combina-
tion of these technologies allows for the
development of smart die encapsulants
with embedded vias, or through-mold
vias (TMVs), to interface with subse-
quently printed topologies above an
encapsulated die [57]. Figure 10(a)—(d)
presents process-flow schematics for the
development of printed TMVs within die
encapsulants [59].

The use of silver nanoparticle-based
inks with inkjet printing is critical to

We demonstrated the realization of 4D fully
inkjet-printed reconfigurable frequency

RF architectures based on shape tunability,
which opens a new opportunity in the area
of reconfigurable RF structures.

the realization of these embedded via
structures due to the low-temperature
processes and conformal nature of ink-
jet printing combined with 3D print-
ing. The effects of printing conformally
onto 3D slopes is investigated in [57],
where it is determined that printed in-
terconnects can be achieved with slopes
up to 65°.

Die-Attach

IC Die

Figure 10(e) shows a perspective
image of a TMV test vehicle with 35°
slope TMVs fabricated with 3D SLA-
printed photopolymer ramp structures
and inkjet-printed silver nanoparticle RF
CPW interconnects. The interconnects
presented in this effort yield a line loss
of less than 0.5 —0.6dBmm™" up to
60 GHz, demonstrating a fully printed

Interconnect Lines

Dielectric
Ramps

Packaging Substrate

(d)

FIGURE 9 An inkjet-printed 3D RF interconnects with silver nanoparticle ink. (a) A cross-sec-
tion schematic of printed RF interconnects; (b) a perspective image of the inkjet-printed CPW
interconnect samples; and (c) and (d) detail micrographs [56]. IC: integrated circuit.
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FIGURE 10 The smart wireless encapsulant process flow [59]. (a) A 3D print partial encapsulant
with die and inkjet-print-sloped TMV using silver nanoparticle-based ink. (b) A cap partial
encapsulant with photopolymer resin leaving an exposed TMV interconnecting to the embed-
ded die. (c) An inkjet-printed antenna, passive, or other SiP component. (d) The 3D-printed
final encapsulant. (e) Fully inkjet/3D-printed TMVs using silver nanoparticle-based ink [57].

low-loss RF interconnect for integra-
tion with wireless SiP design schemes,
enabled through the utilization of con-
ductive nanoparticle-based inks.

CONCLUSION

This article reviewed the recent nano-
technology-empowered advances in RF
electronics achieved through additive
manufacturing. The presented printed
structures prove the potential applica-
tions provided by the AMTs involving a
variety of the nanomaterial-based inks on
a diverse choice of substrates.

We demonstrated the realization of
4D fully inkjet-printed reconfigurable
frequency RF architectures based on
shape tunability, which opens a new
opportunity in the area of reconfigurable
REF structures. In addition, we highlight-
ed the role of nanoparticles-based inks in
the birth of low-cost and power-autono-
mous printed motes for the IoT and mm-
wave 5G cellular networks.

As we have shown, this rise in matu-
rity has provided a new framework with-
in which the RF research community
has been able to imagine and demon-
strate entirely printed passive electronics
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with the integration of 3D-printed RF
interconnects. In addition, taking full
advantage of the presented additive
manufacturing approaches would be by
developing reliable and scalable manu-
facturing means with repeatability and
process variations comparable to exist-
ing approaches.
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