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anoelectronics is the gateway to a va-

riety of novel electronic devices and

systems with substantially new prop-

erties. It enables the development of

nanoscale electronic devices, covering
radio frequencies in the terahertz range and beyond
up to optical frequencies [1]-[3]. The on-chip integra-
tion of antennas opens new vistas for novel devices
and integrated systems for sensing, detection, wireless
communications, and energy harvesting applications.
However, the requirements of antenna integration into
the chip architecture are different from those of circuit
integration. Nanoelectronic technologies strike a com-
promise between these requirements.

Today;, silicon and silicon-germanium-based mono-
lithic integrated millimeter-wave (mm-wave) circuits
already facilitate the realization of communication
and sensing systems operating at frequencies up to
the mm-wave range [4], [5]. In the near future, Si-
based integrated circuits (ICs) will open up new per-
spectives in communication and sensor technologies.
In this context, monolithic integration of antennas
contributes significantly to the compactness of front
ends and avoids lossy and expensive cable connec-
tions between circuitry and antennas [6]. At mm-wave
frequencies and beyond, the antenna dimensions are
small enough so that even antenna arrays may be inte-
grated monolithically.

Besides developments in semiconductor tech-
nology, the emerging possibility for integration
of antennas within future nanoelectronic device

Note: This article will also appear in the
December 2010 issue of I[EEE Antennas and Propa-
gation Magazine.
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Integrated nanolectronics-based
antennas provide interesting
possibilities for short-range data

transfer such as wireless chip-to-chip

or intrachip communication.

platforms based, for example, on polymer materi-
als, carbon nanotubes (CNTs), graphene, supercon-
ductors, or plasmonic devices, opens up interesting
perspectives. The electronic properties of some
materials will allow an extreme miniaturization of
antennas. For physical reasons, frequencies ranging
from the terahertz region up into the optical region
require close integration of the active or rectifying
device. Furthermore, in some cases, the electronic
properties of the antenna material and structures
are essential for the operation of the antenna. Exam-
ples for this are CNT antennas, nanowire antennas,
plasmonic antennas, and some metallic and super-
conducting antenna structures. We distinguish
between nanoelectronics-based integrated antennas
and nanoantennas. The former are motivated by the
requirements of a nanoelectronic monolithic IC or
system—on—chip. Nanoantennas are nanostructures
themselves. The design of nanoelectronic systems-
on-chip with integrated antennas or nanoanten-
nas should be performed by combining methods of
antenna design and nanoelectronic device design.

In this overview, we first discuss the physical con-
straints limiting the realization of small antennas and
their integration into monolithic circuits. Then we
discuss the conditions and possibilities for monolithic
integration of antennas into semiconductor-based
monolithic ICs. Next, we consider the possible real-
ization of monolithic ICs in connection with novel
materials and devices. In the “Integration of Antennas
with Metal-Oxide-Metal Diodes” section, we discuss
antenna structures with metal-oxide-metal (MOM)
diodes, and then we discuss antennas in plasmonic
devices. The next section deals with superconducting
antennas which, based on various principles, facilitate
design solutions for applications from low frequencies
up to the optical frequency range. The sections after
that deal with CNT antennas and graphene anten-
nas. Finally, alternative materials and fabrication tech-
niques are discussed.

Physical Constraints

in Antenna Integration

The monolithic integration of antennas imposes severe
restrictions on the chip area used by the antenna. In
order to clarify the requirements for the monolithic
integration of the antenna, it is necessary to consider
the fundamental physical limitations of antennas. In
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1948, LJ. Chu discussed the physical limitations of
omnidirectional antennas showing that an antenna
embedded in a virtual sphere with diameter 24, and
hence, exhibiting a maximum dimension of 24, has a
potentiality of a broad bandwidth under the condition
that the antenna gain is equal or less than 4a/A [7].

H.A. Wheeler introduced the concept of the radia-
tion power factor to evaluate the radiation of real
power from a small antenna [8]-[11] and discussed
the effective volumes of various antenna shapes [9].
Physical limitations of bandwidth, gain, and directiv-
ity have been derived for antennas of arbitrary shape
[12], [13]. We would like to stress that, as Schelku-
noff has shown in 1943, arbitrarily high gain can
be obtained from an antenna array of given over-
all length [14]. Superdirectivity antennas, however,
require extremely high currents to produce only a
small radiation field [15].

Integrated nanolectronics-based antennas provide
interesting possibilities for short-range data trans-
fer such as wireless chip-to-chip or intrachip com-
munication. Wireless on-chip communication and
chip-to-chip communication may be a solution to the
increasing complexity and density of interconnect
structures of monolithic ICs. Ultrawideband (UWB)
technology offers high data rates over short distances
without suffering from the multipath interferences
and, therefore, will be suitable for this purpose. Chips
may include planar antenna structures, forming a
multiple-input and multiple-output (MIMO) system.
MIMO transmission provides a significant increase
in data throughput and link range without additional
bandwidth or transmit power due to its higher spectral
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Figure 2. Interchip and intrachip MIMO communication.
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efficiency and link diversity [16], [17]. Figure 1 shows
a wireless MIMO channel model where each receiv-
ing antenna RX; ... RX; receives the signal of every
transmitting antenna TX; . .. TX;. Figure 2 shows two
chips, each with several antenna elements. The mutual
electromagnetic coupling of the antenna elements
occurs both between the antenna elements of a chip
and between the antenna elements of different chips.
The electromagnetic coupling can be performed via
waves radiated into space and surface waves along the
chip surface. The coupling also is affected by the hous-
ing assembly and by scattering bodies.

If the antennas at one side of the transmis-
sion link are confined within a limited space, the
maximum number N of useful channels according
to [17] is limited by

112

N = 872 2 @))
where a is the radius of the smallest sphere enclos-
ing the antennas at the ends of the link. A rigorous
network theoretic framework for MIMO channels is
given in [18].

The Shannon information capacity of space-time
wireless channels formed by electromagnetic sources
and receivers in a known background medium is
analyzed in [19] from the fundamental physical point
of view of Maxwell’s equations. For a given additive
Gaussian noise model, the information capacity is
bounded, depending on the spherical volume enclos-
ing the receiver antennas. A circuit theoretic multiport
model for the design of the wireless MIMO communi-
cation link for optimum capacity is presented in [20].
In this article we show that the channel matrix used
in the information theoretic context can be derived
from multiport circuit models. This channel matrix
can have full rank and therefore support multistream
transmission, even if the antennas are densely packed.
This work is of fundamental importance for the real-
ization of chip to chip transmission links.

Monolithic Integrated Antennas
Today; silicon is the most interesting basic material for
the monolithic integration of antennas. The monolithic
integration of antennas has to be realized in such a way
that the electromagnetic wave is emitted with high
efficiency, is attenuated through the substrate as little
as possible, and does not excite substrate waves. Since
monolithic integrated antennas on the chip area are in
close proximity to the circuitry, and even sometimes
share an area with it, the design of the IC has to be such
that the antenna radiation field does not interfere with
the guided waves in the circuits and interconnects.
Silicon as a substrate for mm-wave monolithically
ICs has been suggested in 1981, when no one believed
in the applicability of silicon in this frequency range,
by the RCA group of A. Rosen [21]. There have been
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research activities since 1985 in the field of silicon
mm-wave ICs (SIMMWICs) at the former AEG-Tele-
funken Research Institute (wWhich became the Daimler
Research Center) and at the Technische Universitat
Miinchen [22]. It has been shown that high-resistiv-
ity silicon with a resistivity greater than 2,000 )- cm
is excellently suited for monolithic integration of RF
circuits at frequencies above 40 GHz since substrate
losses can be neglected in comparison with skin effect
losses and radiation losses. Planar transmitters and
receivers for frequencies up to 100 GHz with inte-
grated antenna structures have been realized [6], [22],
[23]. The requirement to use high-resistivity silicon as
the substrate for fabricating distributed passive circuit
structures and antennas determines the design phi-
losophy of SIMMWICs.

Today, a vast literature exists on monolithic inte-
grated antennas. Using a 0.18 um CMOS copper
technology, a 15 GHz on-chip wireless interconnect
system, integrating antennas in digital CMOS circuitry
facilitating wireless clock distribution over the chip,
has been presented in [24], [25]. A 15 GHz intrachip
wireless interconnect using integrated antennas con-
sisting of a transmitter-receiver pair fabricated in
0.18 um CMOS technology is described in [26]. Fur-
ther work on wireless interchip communication has
been presented in [27], [28], where a transmitter and
receiver pair were fabricated in a 0.18 um CMOS pro-
cess. In this work, a 15 GHz sine wave was transmit-
ted from an on-chip 2 mm long zigzag dipole antenna
and received by a zigzag dipole antenna located 2.2
cm away. An intrachip wireless interconnect sys-
tem using meander monopole on-chip antennas and
operating in a frequency band from 22 GHz-29 GHz
is described in [29]. On-chip UWB radios in that fre-
quency band are discussed there. The on-chip anten-
nas are meander monopoles with 1 mm axial length,
as depicted in Figure 3.

Monopole antennas have been fabricated on high-
and low-resistivity substrates and measured up to
110 GHz [30]. Measurements of monopoles at frequen-
cies up to 110 GHz have shown that antennas on high-
resistivity substrates have a much higher transmission
coefficient than those on low-resistivity material.
Channel modeling of wireless interchip and intrachip
communication has been performed in [31].

One problem in monolithic integration of antennas
is the high chip-area demand of antenna structures,
which would drive up the costs of chips with integrated
antennas. In [32] and [33], the utilization of the elec-
tronic circuit ground planes as radiating elements for
the integrated antennas has been proposed. This allows
for optimal usage of chip area, as the antennas share the
chip area with the circuits. Care should be taken that
the interference between the antenna field and the field
propagating in the circuit structures stays within toler-
able limits. The structure represented schematically in
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Figure 4 contains two antenna patches. Both antenna
patches serve as the ground planes of the circuits.
These circuits contain line drivers T; . . . T, driving over
symmetrical interconnection lines the line receivers
R; ...R,. Furthermore, there is a driver T,, the output
of which is connected to both patches: however, only
one conductor bridges the gap between the patches. The
sum of the currents i; . .. i, flowing in both directions
through the transmission line modes vanishes and is
not exciting the antenna. On the other hand, the cur-
rent i, excites an antenna radiation mode. The circuit
for this current is closed via the displacement current in
the near-field of the antenna. By exciting the intercon-
nection structures in transmission line modes and the
antennas in antenna modes, the interference between
circuit and antennas can be minimized. We don’t need
to use differential lines between the patches. Any
arrangement of N conductors guiding N — 1 transmis-
sion line modes can be used. In general, an interconnec-
tion structure consisting of N conductors can guide up
to N — 1 quasi-transverse electromagnetic transmission
line modes and one antenna mode.

Figure 5 shows schematically the realization of
this principle in silicon technology [32], [33]. The IC is
fabricated on a high-resistivity silicon substrate (=1k
) - cm) of 650 um thickness. The substrate is backed by
a metallic layer. On top of the substrate, a low-imped-
ance layer (= 5() - cm) of 5 um thickness is grown. The

Figure 3. On-chip meander antenna [29].

Patch 2

Figure 4. Differential lines, connecting the digital circuits
under the separate antenna patches.
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CMOS circuitry and the interconnects are embedded in
this top layer. The low-resistivity top layer is required
to achieve circuit insulation. The electromagnetic field
of the circuits is mainly confined in this top layer. The
antenna field is spreading over the whole thickness of
the substrate. Due to the high resistivity of the substrate,
the antenna losses are low. Since only a small fraction of
the antenna near-field energy is stored in the low-resis-
tivity layer, the coupling between the antenna near-field
and the circuit field is weak. Furthermore, the interfer-
ence between the CMOS circuits and the antenna field
can be reduced when the main part of the circuit is oper-
ating in a frequency band distinct from the frequency
band used for the wireless transmission.

Figure 6 shows the simulated current distribution
of a two-patch V-band antenna [32], [33]. The current

Top Metallization Layer

5um
15 um 650 um
High-Resistivity
Silicon Substrate Interconnects
and Active

Ground Metallization T -

Figure 5. Schematic drawing of a chip with an integrated
antenna.

1.1 mm

Figure 6. Top view and current distribution of a two-patch
antenna operating at 66 GHz. Reprinted with permission
from [33]. (Copyright 2010, European Microwave
Association.)

Figure 7. Photograph of the open slot antenna. Reprinted
with permission from [33]. (Copyright 2010, European
Microwave Association.)
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distribution in both patches mainly is concentrated in
the neighborhood of the slots. The antenna behaves
as an open-circuited slot antenna. The guided wave-
length is in the range of 1 mm. The open-circuited slot
with a length of about 1 mm is a transmission line res-
onator with a resonance frequency in the V-band. The
standing wave in the slot excites the radiation field.

Figure 7 shows a photograph of the fabricated open-
circuit slot antenna with CMOS circuits under the
antenna electrode [33]. The measured return loss of
the diced slot antenna from Figure 7 is compared with
the simulation results in Figure 8.

Figure 9 shows the measured insertion loss of
a wireless interchip link formed by two antennas
according to Figures 6 and 7. The measurements have
been performed for two antenna alignments where
the antennas were positioned in each other's radiation
minima and maxima. Both cases were investigated
on-wafer and for diced chips. The chip-to-chip links
show greater insertion loss due to the reflection on the
substrate-free space interface. The worst-case trans-
mission link gain-chip-to-chip link in the direction of
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Figure 8. Measured return loss of the on-chip open slot
antenna. Reprinted with permission from [33]. (Copyright
2010, European Microwave Association.)
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Figure 9. Measured insertion loss of a wireless chip-to-chip
link. Reprinted with permission from [33]. (Copyright 2010,
European Microwave Association.)
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Figure 10. Schematic diagram of a dipole antenna with
integrated metal-oxide-metal diode.

minimum radiation shows an insertion loss of —47 dB,
which is sufficient for high-rate data links.

Integration of Antennas

with Metal-Oxide-Metal Diodes

A promising novel concept for infrared (IR) detectors
is the combination of a nanoantenna with a rectifying
element. The rectifying element extracts a dc compo-
nent from the rapidly varying current delivered from
the nanoantenna. Semiconductor diodes are widely
used, but they encounter frequency limitations for the
mm-wave and long-wave IR regime. It has been dem-
onstrated that MOM tunnel diodes can provide rectifi-
cation for IR and even optical radiation [34]. A schematic
diagram of a dipole antenna with an integrated MOM
diode is depicted in Figure 10. Such MOM diodes are
formed naturally at the overlap area between two
antenna arms, for example, for a dipole antenna [35].
The early work focused on symmetrical MOM diodes,
that is, diodes with the same metal for both electrodes
(antenna arms). Such symmetrical MOM structures
result in symmetrical current-voltage characteristics,
and they need to be biased away from the origin of the
I-V curve in order to yield a nonlinearity needed for
rectification. This results in extra detector noise due to
the bias and added circuit complexity. Recent work has
shown that asymmetrical MOM diodes can be formed
by metal combinations with different work functions,
such as platinum and aluminum, and the resulting
asymmetrical I-V curves posses the required nonlinear-
ity for zero bias [36]. An important issue for rectification
at IR frequencies is the time constant of the rectifying
element. For detection of 10 um long-wave IR radia-
tion, the rectifying element has to be able to respond
to 30 THz antenna currents. For a typical antenna resis-
tance of 100 (2, this limits the tunnel-diode capacitor
area to less than 100 nm X 100 nm, which is challenging
for fabrication. Recent work has demonstrated e-beam
lithographically defined dipole antenna structures with
integrated MOM diodes that showed the expected
polarization response (Figure 11) and antenna-length
dependence of dipole nanoantennas for 10 um long-
wave IR radiation [37], [38]. In the future, we plan to
use nanoimprinting and nanotransfer techniques for
the realization of the complete nanoantenna [39], [40],
as discussed in the following sections.
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Antennas in Plasmonic Devices

Plasmonics deals with unique properties of metals at
optical frequencies to guide and manipulate light sig-
nals at the nanoscale [41], [42]. At optical frequencies,
a local electric field oriented parallel to a CNT or a
thin metallic wire with a diameter in the order of some
nanometers can affect a local charge separation and
generate quasiparticles resulting from the quantization
of plasma oscillations [43].

Figure 12 shows the schematic of a nanoscale plas-
monic optical antenna consisting of a metallic rod with
a small gap in the center filled with a different mate-
rial [44]. The antenna concentrates the received optical
energy in this feedgap and yields a strong interaction
with the material in the gap. The time-varying electric
field due to the incident light wave can exert a force
on the electrons inside the metal and drive them into
a collective oscillation, known as a surface plasmon.
Depending on the application, the gap can be filled by
semiconducting or nonlinear metal, but also by single
molecules, DNA, or protein. Even moderate illumi-
nation yields high plasmonic field intensities. There-
fore, nonlinear devices for frequency conversion and
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Figure 13. Nanoantenna for coupling between microscale
dielectric photonic devices and nanoscale electronics.

Figure 14. Scanning electron microscope images of a probe-
based nanoantenna (a) viewed from 52° angle and (b) side
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Figure 15. Calculated field resonances [46].

Figure 16. Scanning electron microscope images of the
bowtie antennas with gaps of (a) 20 nm and (b) 285 nm [48].

high-speed optical switching may be realized. With
semiconductors in the gap, ultrafast, low-noise photo-
detectors could be realized.

In [45], a silicon nanophotodiode with a surface
plasmon antenna for a large-scale intigrated chip is
described. A surface plasmon resonance structure is
used to achieve an efficient light coupling and short
response time. A silicon oxynitride (SiON) waveguide
integrated structure is applied to feed the light into peri-
odic nanoscale metal-semiconductor-metal Schottky
electrodes, operating as a plasmonic optical antenna.

In [42], chip-scale optical interconnects are pro-
posed where optical antennas are used to bridge the
gap between microscale dielectric photonic devices
and nanoscale electronics (Figure 13).

A resonant optical monopole nanoantenna posi-
tioned at the end of a metal-coated glass fiber near-field
probe is described in [46]. Figure 14 shows the scanning
electron microscope images of this antenna. The base
of the nanoantenna is a fiber-optic probe whose sharp
glass tip has been made by heat-pulling of the fiber.
The fiber has been coated by evaporation with a few
nanometer thick chromium adhesion layers, and, upon
this, comes a 150 nm aluminum coating. The monopole
aluminum nanoantenna of 50 nm width and 20 nm cur-
vature radius has been fabricated by focused ion beam
milling. The antenna is excited by the near field of the
fiber probe. The antennas have been modeled using
CST Microwave Studio. Figure 15 shows the antenna
resonances for a wavelength A = 514 nm and variable
antenna length. The simulations have been validated
by single molecule fluorescence measurements.

By coupling a poly[2-methoxy-5-(2-ethyl-hexyloxy)-
p-phenylene vinylene] (MEH-PPV) polymer to reso-
nance-tuned silver nanoantenna arrays, the enhanced
photoluminescence of the MEH-PPV/silver nanoan-
tennae due to an energy transfer effect in the surface
plasmon resonance coupling between the MEH-PPV
and silver efficient solar cells for photon harvesting
can be realized [47].

Bowtie nanoantennas consisting of gold triangles
with triangle lengths of 75 nm and gaps ranging from
16 nm to 488 nm have been fabricated and investi-
gated in [48]. Figure 16 shows two samples of bowtie
antennas with gaps of 20 nm and 285 nm. The Au
films are 20 nm thick with a 5 nm Cr adhesion layer
and were deposited onto an indium tin oxide coated
fused silica coverslip. Optical excitation of the bow-
tie structures excites the plasmon resonance of the
structure, which could be sensed in the wavelength
dependence of the scattering spectra.

Superconducting Antennas

Using superconductors allows the realization of
superdirectivity antennas, addressed in the “Physi-
cal Constraints in Antenna Integration” section, of
extremely small size. Furthermore, there are numerous
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interesting applications of superconductors for anten-
nas. Superconductors show superior properties, such
as low power loss, low attenuation, and low noise level
[49]. Superconductors allow us to realize extremely
small antennas that exhibit a high radiation quality
factor [50]. Superconducting antennas are well suited
for the combination with Josephson-effect-based
radiation detectors [51]. Superconducting quantum
interference devices (SQUIDs) are extremely sen-
sitive magnetic field sensors and active magnetic
antennas applicable from dc to several 100 MHz [52],
[53]. An electrically small active antenna for the fre-
quency range 50-500 MHz, consisting of a YBa,Cu;0,
half-loop plane antenna and a 200 element SQUID
array amplifier is described in [54].

In [55] and [56], a mixer using a superconductor-
insulator-superconductor (SIS) quasiparticle struc-
ture is integrated with a double-dipole antenna
shown in Figure 17. The receiver operates at 500 GHz,
550-650 GHz, and 1.8 THz. This single-chip supercon-
ducting integrated receiver has been developed for the
Terahertz Limb Sounder (TELIS) balloon project and
is intended to measure a variety of stratosphere trace
gases is presented.

By exciting a bow-tie antenna structure of a high
temperature superconducting YBa,Cu;0;_; thin film
dipole antenna on MgO substrate with 100 fs, 750 nm
laser pulses, the radiation of terahertz pulses from the
bow-tie antenna could be affected [57].

Hot-spot generation in the superconductor allows
fast and ultrasensitive optical detection [58]. A pho-
ton incident on a superconducting nanowire or
nanoribbon yields a temporary generation of a resis-
tive barrier across the nanowire or the nanoribbon
and results in a voltage pulse. The decay time is in
the order of 30 ps. Superconducting nanowire single
photon detectors exhibit broad wavelength response,
short reset time, and low noise and, therefore, are
promising candidates to replace other single photon
detectors, like avalanche photodiodes in applications
such as free-space optical communications, quantum
cryptography networks, and quantum computation
[59], [60]. Superconducting niobium nitride (NbN)
nanowire single-photon detectors with silver opti-
cal antennas for free-space coupling were designed
in [61]. Figure 18 shows the schematics of the device
cross section exhibiting silver subwavelength grating
between adjacent NbN nanowires. 100 nm wide NbN
nanowires with 200 nm pitch on sapphire substrate
are used. Light of 1,550 nm wavelength is incident
from the bottom through the antireflection coating
(ARC). Simulation results have shown a light absorp-
tion as high as 96% for TM polarization.

Carbon Nanotube Antennas

CNTs facilitate an extreme miniaturization due to
slow wave propagation effects [62]. CNTs exhibit
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Figure 17. Microphotograph of the central part of the
superconducting integrated chip with double slot antenna [56].

exceptional electron transport properties, yielding
ballistic carrier transport at room temperature with a
mean free path of around 0.7 um and a carrier mobil-
ity of 10,000 cm?/Vs [63], [64]. Due to the slow-wave
propagation of electromagnetic waves in CNT struc-
tures, the wavelength of electromagnetic waves prop-
agating in CNT structures is considerably smaller
than the free-space wavelength. This effect occurs
due to quantum transport effects in the CNT yielding
a quantum capacitance and a kinetic inductance in
addition to the geometric capacitance and inductance
[65], [66]. In [65]-[67], a simplified equivalent circuit
model of a CNT over ground according to Figure 19 is
presented with a kinetic inductance per unit of length

HSQ Silver Reflector

ARC

TM,L,IKH TE

Figure 18. Niobium nitride nanowire single-photon
detectors integrated with silver optical antennas [61].
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Figure 19. Equivalent circuit model of a carbon nanotube
over metallic ground plane.
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CNTs exhibit a very high inductance
per unit length due to the high kinetic
energy of the electrons.

66

Ly and a quantum capacitance per unit of length Cg
in addition to the geometry-based inductance and
capacitance per unit of length L and Cg, respectively.
CNTs exhibit a very high inductance per unit length
due to the high kinetic energy of the electrons [68].
The high inductance results in an electromagnetic
slow-wave propagation along a CNT transmission
line configuration with a phase velocity in the order
of ¢,/100 to cy/50 [69], where c; is the speed of light in
free space. CNT nanoantennas much shorter than the
operating wavelength can be brought into resonance
and potentially be used as radiation elements [67]. A
CNT nanoantenna is usually an electrically extremely
short antenna, that is, it is considerably shorter than
the free-space wavelength.

The appearance of slow waves makes CNT anten-
nas interesting for wireless communication between

Figure 21. Structure of a graphene layer.
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Figure 22. Nanopatch antenna based (a) on a carbon
nanotube and (b) on a graphene nanoribbon (GNR).
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circuits at the micro- and nanoscale or between
nanocircuits and the macroscopic environment [67],
[70]. Figure 20 shows a schematic drawing of a CNT
dipole antenna.

In [71] an analytic expression for the surface con-
ductance of a single-walled CNT was given that can
be incorporated into the integral equations to account
for the specific electron transport properties. In [72]
and [73], copper and carbon dipole nanoantennas are
investigated using modified Hallén and Pockling-
ton integral equations, which incorporate the CNT
surface conductance. It was found that CNT dipoles
start to go into resonance at much lower frequencies
than initially assumed. This can be explained from
the fact that electromagnetic waves are propagating
along CNTs, forming surface plasmons, which have a
reduced propagation velocity and, thus, have shorter
wavelengths. So, CNT dipoles with several microm-
eters in length start to resonate in the low terahertz
region, where the wavelengths are 50-100 times lon-
ger compared to the length of the CNT dipole. The
fundamental properties of nanotube antennas and the
question for wireless data transfer at the nanoscale
have been discussed in [74]. Wang et.al. investigated
random arrays of aligned CNTs [75].

Linear nanoscale dipole antennas, either made of
metal such as gold or silver or CNTs, have been inves-
tigated [68], [76]. Due to the extremely high aspect
ratio (length/cross sectional area), both metal nanow-
ires as well as CNTs have ac resistances per unit
length in the order of several kiloohm per microm-
eter [76]. This high resistance causes high-conduction
losses and thus seriously decreases the efficiency
and the achievable gain of nanoantennas. In [68], the
efficiency of a CNT dipole antenna is estimated to be
in the range of —60 to —90 dB, which results from the
high-conductance losses. The situation in the case of
metal nanoantennas is similar. Although low-power
levels are sufficient in modern communication links,
the inherent loss introduced by metallic or CNT nano-
antennas limits their applicability considerably. One
approach to bypass the resistance problem could be
the usage of arrays of nanoantennas or a bundle of
parallel nanowires. In this case, the resistance can be
decreased to an acceptable value; however, the slow-
wave effect is lost, as discussed in [77]. Therefore, by
an appropriate choice of geometry and the number of
nanowires, the properties of nanoantenna structures
have to be optimized.

Graphene Antennas

A promising alternative to CNT antennas could be
planar structures such as two-dimensional (2-D) gra-
phene layers. Graphene is a 2-D material consisting of
a monoatomic layer of carbon atoms ordered in a hon-
eycomb structure, as depicted in Figure 21 [78]-[80].
It exhibits an excellent crystal quality and unique
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electronic properties [81]. Morozov et.al. have shown
that electron-phonon scattering in graphene is so weak
that room temperature electron mobilities as high as
200,000 cm?/ Vs can be expected if extrinsic disorder is
eliminated [82].

Like CNTs, graphene also exhibits excellent cond-
uctivity and slow wave properties [83], [84]. The
achievable slow-wave effect in plasmon modes is in the
order of ¢y/100. At terahertz frequencies, a population
inversion in the graphene layer can be realized by optical
pumping or forward bias, which yields an amplification
of the surface plasmon. Graphene allows the realization
of planar structures and active circuits [85].

Figure 22 shows patch antennas based on CNTs and
graphene nanoribbons (GNRs). Theoretical investiga-
tions have shown that antennas with sizes in the order
of several hundred nanometers are suitable to radiate
electromagnetic waves in the terahertz band, that is,
0.1-1 THz [86].

Graphene has also been used as substrate for metal-
lic antennas. In [87], metallic dipole antennas and
arrays of dipole antennas have been paterned on a
graphene layer. The antennas have been operated at
120 GHz. Using the high-resistivity and low-resistivity
state of the graphene, the antenna radiation patterns
could be controlled.

Alternative Materials

and Fabrication Techniques

The antennas described previously are generally
fabricated with conventional technologies, namely
evaporation of the metallic films followed by pattern-
ing via photo- or electron-lithography. In the CNT or
graphene case, the conductive layers have to be grown
epitaxially on the given substrate. Especially when
small dimensions are required, as for the nanometer
gaps required in the plasmonic structures shown in
the “Antennas in Plasmonic Devices” section or in the
nanometer scale MOM diodes of the “Integration of
Antennas with MOM Diodes section, a very interest-
ing alternative could be offered by nanotransfer tech-
niques [88]-[91].

The principle is illustrated in Figure 23. A mold is
first fabricated holding a given pattern, which can con-
tain nanometer features. One can use silicon, quartz,
nickel, or even a flexible polymer like PDMS as mold
material. Structures of few nanometer dimensions
can also be realized using heterostructures from com-
pound semiconductors like GaAs and AlGaAs [39],
[40], [92]. The mold is then coated with a material
that is comparable to an ink, which is transferred to
the substrate by bringing the mold in contact with the
substrate. Commonly, the mold is coated with an anti-
sticking layer and/or the substrate is modified with
a self-assembled monolayer (SAM) acting as covalent
glue promoting the adhesion of the ink. Only the ele-
vated surfaces of the mold come into contact with the
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substrate. Thus, during separation, the material pres-
ent on such surfaces sticks to the substrate and is selec-
tively transferred from mold to substrate.

Figure 24 presents the transferred metal pads,
exhibiting a gap featuring line separations down to
approximately 9 nm. The structures could be trans-
ferred along the complete length of the mold (approxi-
mately 4 m) with an efficiency of about 80%. Structures
containing several lines separated by nanometer gaps
have also been realized [50]. While most of the work
so far has concentrated on the transfer of metallic
films, preliminary indications suggest the possibility
of transferring a complete stack, for instance a MOM
diode. The advantage of the nanotransfer technique
is that a single mold can be used several times, thus
providing a cost-effective nanometer-scale fabrication

Preparation Alignment and Transfer

TEm o,
"

Metal © %%
Separation Gap
:- m
[—————|
Q

Figure 23. Schematic of direct metal-transfer. A metal-
coated high-esolution heterostructure is pressed onto

a substrate, thereby creating nanometer-separated
electrodes.

Figure 24. Transfer metal pads with a gap of a few
nanometers.
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TABLE 1. Comparison between tags based on conductive

ink and on aluminum.

losses in the coil that are not neg-
ligible when using materials with
low conductivity) and a voltage

Paramod VLT Paramod VLT source; these three components
Worst-case Best-case Aluminium are connected in parallel with a
Layer thickness [um] 254(10mils) 254 (1.0mils)  85.00 capacitor. As reference antenna
for the comparison, a commercial
Ryl
Bulk conductivity'# [S/m] 26.25e6 78.74e6 38e6 tag produced by Texas Instru-
Coil resistance R (dc) [1] 3.94 257 298 ments has been considered. The
q i 12 437 specifications of the conductive
Inductance L [uf] 447 ’ ' ink have been taken from a com-
Parasitic capacitance C, [pF] 4.09 451 4.37 mercial product of Paralec called
2 . .

Resonance cap. C, [pF] 26.74 26.87 2713 Paramod VLT, W}FICh is a blend
of polymers and silver flakes. In
Min. field strength Hin [A/m]  0.0285 0.0233 0.0248 Table 1, the results extracted from
Powering range Xmax [M] 1.00 1.07 1.05 the simulations of the tags based
on conductive ink are compared

Q-factor 50.336 61.645 57.764

to the one based on aluminum.

'Texas Instruments, Tag-it TI-RFID Transponder Specifications, www.ti.com
2Paralec, Paramod VLT Inks Specifications, www.paralec.com

capability. In addition, it is possible to repeat the trans-
fer processes at different locations of the substrate,
opening the way for large area applications. An alter-
native route to the fabrication of antenna structures for
monolithic integration is provided through printing,
or, in general, solution-based, techniques. In this case,
the conductive material is mixed with a solvent and
deposited on the substrate via ink jet printing, spray
coating, or from various forms of coating (such as doc-
tor blade or roll-to-roll). The most common example
is provided by conductive inks used in the fabrication
of RFID antennas. To verify that conductive poly-
meric material can be used for RFID tags working at
13.56 MHz, a comparison between standard aluminum
antennas and antennas based on conductive inks has
been performed via electromagnetic simulations [93].
The antenna coil is modeled by the inductance L of the
coil in series with a resistor R (representing the ohmic

Two Inputs (512): Topography
4.00 pm x 4.00 um x 180.1 nm

Figure 25. Automatic force microscope picture of a network
of single wall carbon nanotubes. The larger dots are clusters
of nonseparated nanotubes.
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As can be seen, the performance

of the antennas based on conduc-

tive ink matches that of the more
standard one, as also confirmed by experiments. The
minimum field strength H,;, represents the magnetic
field strength required for providing a voltage of 2.5V
to the tag chip, which is represented by a load resis-
tance of 40 k() The powering range X, is the maxi-
mal distance between the reader and the tag for which
the minimum field strength H,;, can be provided by
the reader to the tag. For this calculation, a reference
reader is assumed with a circular coil of radius 25 cm
and a current-winding product of 1 A. In our study, we
could also show that antennas may be printed using
a conductive polymer, although the powering range
is then reduced to a few centimeters due to the poor
conductivity of the polymer compared to conductive
inks and metals. The advantage of solution-based
processes is that they provide the capability for large
area fabrication on unconventional substrates, such as
glass, plastic, textile, or even paper. Among the various
available techniques, spray coating is very appealing
because of its versatility, simplicity, and reduced cost
[94], [95]. In addition, spray coated films can be con-
formed very nicely to nonuniform surfaces, such as in
the realization of CMOS imagers with sprayed organic
photodetectors. A very interesting and promising tech-
nology involves the CNTs described previously. By
mixing a multitude of such nanotubes with a solvent,
it is possible to prepare a solution that can be depos-
ited with the above-mentioned techniques. Depending
on the electrical characteristic of the embedded nano-
tube, one can obtain a semiconducting or a metallic
film. Such films can be used, respectively, as active
layers of thin film transistors or as electrodes/anten-
nas [96]-[98]. A view of a CNT network is provided
in Figure 25. A very attractive possibility offered by
solution-based processes is to combine passive and
active components as needed, for instance, in RFIDs.
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As shown recently by the micro- and nanoelectronics
research center Interuniversity Microelectronics Cen-
tre (IMEC), a full organic RFID operating at 13.5 MHz
can be fabricated on plastic using roll-to-roll technolo-
gies. The electronic components (rectifier, transistors,
and memories) are based on conductive polymers,
while the antenna was realized using conductive inks.
Using CNT networks, one could probably improve the
RFID performance and realize the complete RFID out
of just one material system.

Conclusion and Outlook

As the structure size of circuit devices and compo-
nents is continuously decreasing, the same will hold
for antennas and radiation elements used in ICs for
on-chip and chip-to-chip communication. Following
the general scaling trend, on-chip antennas will soon
enter the micrometer and even the nanometer regime.

Integrated antennas based on nanoelectronics
provide a tremendous potential for the realization of
novel devices and systems from dc up to the optical
range. The applications will cover wireless intrachip
and interchip transmission at Gb/s rates, field sensors,
and photon harvesting systems.

Intrachip and interchip wireless broadband com-
munication at mm-wave carrier frequencies can be
realized in CMOS technology and will allow the
transfer of Gb/s data rates. Using segmented ground
metallizations as antenna elements allows the inte-
gration of antenna structures without additional chip-
area consumption. A further size reduction of antenna
structures will be possible by integration of CNT and
graphene antenna structures. This will be interest-
ing in connection with future RF CNT and graphene
field effect transistors (FETs) and graphene-based ICs.
With the advancement of miniaturization, MIMO sys-
tems using space multiplexing may also be realized.

Plasmonic antennas will facilitate high-speed opti-
cal communications and light energy harvesting.
Superconducting devices allow the realization of sen-
sitive and fast detectors from dc to optical frequencies.
Alternative materials and fabrication techniques will
open up further possibilities.
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