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Preface

It was May 1996 when we were walking in Alcobendas, Madrid, to find a place
to enjoy a coffee. Once we got updated on personal matters, we were ready to
jump into the scientific and technical issues that always light a spark with us.
The topic that day was the capability of very tiny pieces of metal, deposited on a
dielectric substrate, to resonate at optical frequency in the manner of the old-
fashioned antenna. A research stay at the ETHZ in Switzerland showed that,
besides the exotic application of optical frequency multiplication for time
standard measurements, antennas could move upward in the frequency domain
and get into the optical regime with awesome capabilities yet to be explored.

This was probably the first conversation on optical antennas that we had.
Since that walk, significant advances have been made in this field, and in some
of them, the efforts made at the Infrared System Lab of CREOL (University
of Central Florida), at the Applied Optics Complutense Group (Universidad
Complutense de Madrid), and at the Physics and Optical Science Department
(University of North Carolina at Charlotte) have contributed to a better
understanding and application of this area.

Optical antennas, infrared antennas, antenna-coupled detectors, plasmo-
nic antennas, nano-antennas, resonant optics, meta-surfaces. . . are all
different names representing the same idea: how the electromagnetic inter-
action of light and a wise combination of material and geometry may provide
new elements and devices that did not previously exist. However, naming the
devices we were studying was not our main concern, nor was the visibility of
our findings. The Infrared System lab has been primarily devoted to
complying with the sponsors’ requirements and supporting the students
graduating from the lab. These 20 years of activity in this field have been
mainly focused on the practical application of antenna-coupled devices and
resonant structures.

At times we have been tempted to present this topic as a mere translation
of the radiofrequency and microwave antenna principles to optical frequen-
cies. Although optical antennas inherited some basic ideas from their lower-
frequency counterparts, there are couple of very substantial differences. First
of all, materials, especially metals, that behave as ideal conductors in the
radiofrequency regime become dispersive at optical frequency. Charge carriers
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are not able to follow the incident electric field, and new phenomena,
sometimes degrading device performance, are at play. Secondly, the size of the
elements able to resonate at optical bands is in the range of tens and hundreds
of nanometers. We are then in the nanoworld with all that goes with it. Meso-
optics and nano-photonics are the two areas that aid in understanding this
technology, where the systems are moving closer and closer to the quantum
realm. Besides, fabrication technologies in the nanoscale are complex, hard to
master, and extremely expensive. Therefore, computational electromagnetism
plays a decisive role in sorting out the best possible design that finally goes to
the nanofabrication lab. These labs mainly involve electron-beam lithogra-
phy, focused ion beam, and all of the auxiliary techniques for the precise
deposition of materials. These techniques, although well established and
capable, produce geometries departing from the specification to some extent,
with the result of a loss of performance. The fabricated devices are tested
using dedicated characterization setups, and the measured discrepancies
require further refinement of the models and simulations.

The purpose of this book is to document the advances in technology
achieved by our research groups over the period of approximately 1995–2016 in
the area of infrared antennas and frequency-selective surfaces. Our approach
was primarily experimental and consisted of three main thrusts: design,
fabrication, and testing. The goal was always to have operational devices to
measure, and the comparison between the designed-for and measured
performance “closed the loop,” giving additional insight and guidance for
device optimization. This volume summarizes a large part of our activity in
antenna-coupled detectors, optical antennas, and resonant structures, including
frequency-selective surfaces, resonant polarization elements, and reflectarrays.
Our main goal is to show the reader the practical issues related to the design,
modeling, fabrication, and testing of these devices.

Our over-riding principle was to implement and demonstrate radio-
frequency technology at infrared frequencies, using electron-beam lithogra-
phy. Translation of longer-wavelength designs to infrared by wavelength-ratio
scaling of dimensions provides a starting point, but modifications are needed
because of the non-ideal properties of the metals in the infrared, and because
of the effect of the substrate refractive index.

The two main types of devices were antenna-coupled sensors that had an
electrical connection for signal readout, and frequency-selective surfaces that
were purely passive devices without electrical connection. Owing to the
practical difficulties of establishing connections between the antenna structure
and the sensor, the passive devices were always easier to work with. We did
not pursue antenna-coupled emitters, so antenna-coupled devices were always
seen from a sensor perspective. We were not typically concerned with field
enhancement for its own sake, but rather for the response of the sensor.

viii Preface

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The authors want to recognize those persons who over the years have
contributed to making possible the type of applied research that is described
here: Mohamed Abdel-Rahman, Jeffrey Bean, Christos Christodoulou, Iulian
Codreanu, Kevin Coffey, Alexander Cuadrado, Jeffrey D’Archangel, Aristide
Dogariu, Mahmoud Elshorbagy, José Miguel Ezquerro, Louis Florence,
William Folks, Bill Franklin, Chi Fu, Christophe Fumeaux, James Ginn, José
Antonio Gómez-Pedrero, Francisco Javier González, Michael Gritz, Robert
Hudgins, Edward Kinzel, Fritz Kneubühl, Dale Kotter, Peter Krenz,
Brian Lail, Nuria Llombart, José Manuel López-Alonso, Donald Malocha,
Tasneem Mandviwala, Juan Carlos Martínez-Antón, Christopher
Middlebrook, Charles Middleton, Brian Monacelli, Camilo Moreno, Daniel
Mullaly, Ben Munk, Robert Olmon, Robert Peale, Wolfgang Porod, James
Potter, Menelaos Poutous, Irina Puscasu, Markus Raschke, José María
Rico-García, Jason Schaefer, William Schaich, David Shelton, Manuel
Silva-López, Brian Slovick, Jeff Tharp, Eric Tucker, Sam Walsworth, Arthur
Weeks, Scott Williams, and Guy Zummo.

Finally, it is joy to also recognize the unconditional support and
encouragement that we have received at home from Paz, Irene, Maggie,
and Eddie. Their contributions to the work presented here were indispensable.

Javier Alda
Glenn Boreman

July 2017

ixPreface

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Chapter 1

Introduction

When dealing with light and optics, it is commonplace to constrain our
understanding to the visible range of the electromagnetic spectrum, i.e., the
narrow interval where the human eye is able to respond. However, this anthro-
pomorphic definition of optics is too narrow. On both sides of the visible spec-
trum, we find spectral ranges full of interest that also allow an analysis quite
similar to that given in the visible spectrum. In the high-energy, high-frequency
side, we find that ultraviolet radiation, X-rays, and g-rays are of use in astro-
nomy, medicine, and technology because of their capability to trigger chemical
reactions and generate ionized matter. On the low-frequency, low-energy side,
we have witnessed the development of radiofrequency applications in telecom,
radar, and microwaves. But, when reaching those portions of the spectrum
closer to the visible, the use of millimeter waves, terahertz, and infrared
radiation has produced a variety of devices and technologies that have strongly
expanded the capabilities to sense nature in a different way. In the infrared,
image-forming systems have advanced in accuracy, time response, and analysis
capabilities through improved algorithms and by using hyperspectral techni-
ques and sensor fusion. Beyond thermography, infrared image technology
already distinguishes chemical compounds, and takes full advantage of the
detection of the polarization of light.

Optical antennas, infrared antennas, antenna-coupled devices, rectennas,
plasmonic antennas, nano-antennas, resonant elements, frequency-selective
surfaces, metasurfaces, metamaterials, etc. — all of these names have been
used over the last decades to refer to the analysis and study of the interaction
of light, or more generally, electromagnetic radiation, with metallic and
dielectric structures having dimensions below, or well below, the wavelength
of operation [Fumeaux et al., 1998] [Crozier et al., 2003] [Maier et al., 2003]
[Alda et al., 2005] [Muhlschelegel et al., 2005] [Alda et al., 2006b] [Engheta,
2007] [Boreman, 2008] [Bharadwaj et al., 2009] [Novotny & van Hulst, 2011]
[Knight et al., 2011] [Berkovitch et al., 2012] [Novotny & Hecht, 2012] [Alù &
Engheta, 2013] [Agio & Alù, 2013] [Abadal et al., 2013] [Moddel & Grover,
2013] [Yu & Capasso, 2014] [Zhao et al., 2014] [Chen et al., 2016]. These
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different names and publications refer to different applications requiring
auxiliary elements and subsystems, but all of them share the same foundations
when describing their interaction with light. As a matter of fact, this area started
drawing increased interest when the possibility of manipulating radiation at the
nanoscale was demonstrated using antenna devices. The new elements were
usually the natural and miniaturized counterparts of designs that were already
proven at radiofrequencies and in the microwave range. However, as the
knowledge and understanding of the basic mechanism at work in the optical
range improved, the design of new applications ensued, and elements and
applications that were optical in nature were proposed.

In this book we have summarized more than two decades of research in
this aspect of nanophotonics, even though at the time of our entering in this
field, nanophotonics was not fully defined and was lacking some of the
elements that now are clearly established. The primary reason to move into
the optical antenna arena was the expectation to develop a new kind of
detector in the infrared that could improve on the limited technologies that
were available back in the 1990s. Thus, we were able to witness and
participate in this quest from its inception.

In order to better organize the material in this book, we have divided our
analysis into two main types of devices. The first type, which we call infrared
or optical antennas, corresponds to those elements that provide an electric
signal that is read by external electronics. These devices can be seen as
antenna-coupled devices, and besides the resonant elements necessary to
collect electromagnetic radiation, they also contain a transducer element that
generates a current, a voltage, or a change in some characteristics in the
electric circuit that is external to the infrared antenna device. The second type
of device, which we call resonant structures, includes those elements that
modify some parameters of the incoming radiation: phase, spectral distribu-
tion, polarization state, etc. These changes can be observed in the transmitted
or reflected radiation. These elements can be considered as passive because
they do not provide an electric signal and are not coupled to transducers.
However, in some applications involving phase transitions in the subsystems
of the devices, some signal inducing those phase transitions can be used.

The benefit of the antenna-coupling structure is its spatially compact
sensor and a large collection area [Boreman, 1996]. It should be noted that, in
the quest for ever-smaller pixel sizes, antenna-coupled sensors provide a
platform for denser focal plane arrays as compared to immersion-lens-coupled
sensors, which are constrained by the diffraction limit of the radiation
impinging on the structure. For a nominally half-wave antenna, the pixel
dimension can be distinctly sub-wavelength in spatial dimension. This makes
optical antennas the smallest possible detector, being a small fraction of the
detected wavelength [Tang et al., 2008]. The main idea from a signal-to-noise
ratio perspective is that smaller sensors generate less noise than do larger
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sensors. Using antenna coupling disconnects the usual dependence of sensor
area and collection area. The normal assumption is that noise-equivalent
power (NEP) is proportional to the square root of the sensor area. The

definition of specific detectivity, D� ¼
ffiffiffi

A
p ffiffiffiffi

Df
p

NEP , is such that if NEP is held to a
smaller value by a small sensor area, D� can be referenced to a larger
collection (pixel) area, potentially yielding an increased D�. Over time, we
have seen that some of the expectations in terms of performance of optical
antennas have not yet been fully realized, but, at the same time, new designs in
geometry and material combinations have made possible some other
advances. The tiny dimensions of an optical antenna reduces its capability
to collect large amounts of energy. Furthermore, impedance mismatches —

between free-space, the antenna, and the load in charge of transferring the
signal and power to the external circuit — also limit the performance of these
devices. One might wonder how an element made of metal, that in its
macroscopic form reflects a very large portion of the electromagnetic radia-
tion in the visible and the infrared (the reflectance values are usually well
above 90%), can be tailored to couple the incoming energy towards a load.
The solution for this issue is not easy and, as we will see, requires a good
understanding of the material characteristics and how they can work to
improve efficiency and provide useful devices.

Additionally in the infrared (IR), antenna coupling provides an inherent
control of spectral response, polarization response, and angular response that
is not directly available in classical IR sensors [Schaefer, 1999]. The time
response of infrared antennas is limited by the transduction mechanism. When
rectification is used, the response is in the range of femtoseconds, allowing a
very fast response. The fabrication of optical antennas allows integration with
other auxiliary elements of conventional optical systems, diffractive optics,
waveguides, and control and acquisition electronics. Additionally, some
infrared-antenna-coupled sensors can work at room temperature without the
need of sophisticated cooling subsystems that are required in some infrared
detection technologies. Beyond the still-to-be-realized gains in responsivity
and detectivity, infrared antennas are desirable in some specific applications
where their selective capabilities, small footprint, and room-temperature
operation are of importance in imaging applications [González et al., 2006]
[González et al., 2005].

Since long ago, optical instrumentation has been based on the use of lenses
and mirrors. When diffractive elements became available, optical design could
merge them with classical refracting or reflecting optics. This fact opened the
way to diffractive optics that incorporate Fresnel zone plates, holographic
optical elements, etc. When considering the interaction of light with sub-
wavelength resonant structures, it is also possible to modify the spectral
content (frequency-selective surfaces), the polarization state (polarizers and
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retarders), as well as the phase front of light beams (reflectarrays). These
resonant structures take full advantage of electromagnetism; because their
mechanism is based on electromagnetic resonances at optical frequencies, they
can be considered as new additions to the optical tool kit in the form of
devices that can be grouped under the category of resonant optics. Another
field of application of resonant structures controls and tailors the near field
around them [Crozier et al., 2003]. In this case, the strong field-enhancement
near these devices can be used to boost the emission from a diode laser
[Cubukcu et al., 2006], or trigger a spectral response (Raman spectroscopy,
fluorescence, etc.) that lowers the limit of detection in some cases [Izquierdo-
Lorenzo et al., 2012]. Also, these capabilities can be used to generate optical
trapping and confinement.

As shown in this book, the analysis of infrared antennas and resonant
structures combines an understanding of the basic interaction between light
and matter with the capability to generate devices and elements to detect and
control optical radiation in the infrared. Therefore, we are delighted to show
how the research in this area is full of challenges and rewards for everyone
entering or working in the field.

1.1 Historical Background

Since ancient times, the word “antenna” has been related to the protuberances
that insects have developed to sense their surroundings using mechanical,
thermal, and olfactory terminations. The first appearance of this term defining
these apparatus was perhaps given as a translation of Aristotle from the word
“keraiai” into the Latin “antenna” by Theodorus Gaza in 1476 [Aristotle,
4th century BC]. When electromagnetism began its journey in modern science
and technology, Hertz demonstrated the emission and reception of
electromagnetic waves through air using a spark generator and a metal ring
that acted as emitter and detector antennas. This happened in 1887, and in
1895 Marconi rediscovered the findings of Hertz and began to use the word
antenna to refer to the metallic structures used to generate and receive
electromagnetic waves, which we now know as radio waves. Since then,
electromagnetism and electronics have adopted the term antenna for the part
of a circuit that interfaces between the freely propagating wavefront that
moves through the space and the electronic circuit that performs the
generation or detection functions.

Antenna theory has become one of the most interesting parts of electro-
magnetism because it has combined geometries that are able to harness charge
carrier oscillations to produce the desired patterns of radiating fields in a
variety of angular, spectral, and polarization combinations. The quest for
higher frequencies in the emission and reception of electromagnetic waves has
been boosted by bandwidth hunger and by the need to sense objects and
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elements beyond the visible range. Telecommunication and radar have
provided solutions that have become more optical as they have approached
and surpassed the terahertz band. Nowadays antennas are pervasive and
ubiquitous in daily-use technologies. From the most common case of radio
stations to the implementation of radiofrequency identification (RFID) tags
in products, credit cards, and documents, antennas are part of the technology
that we use every day. As a very common example, any current smartphone
contains a plethora of antennas specialized for dedicated tasks and bands:
Wi-Fi, GPS, near-field communication, radio stations, and of course telecom
bands (3G, 4G and beyond). An adequate design of these antennas is key to
improving performance, avoiding mutual interference between bands, and
obtaining a longer battery life. These designs are much more sophisticated
than the simple dipole antennas used in the first radio stations at the end of
19th century, and they are flat and printed on flexible substrates. At the same
time, microwave, millimeter band, and terahertz devices have demonstrated
a very good adaptation to the new requirements of modern security,
surveillance, and remote sensing applications.

These advances in antenna design and understanding have been made
during the 20th century when electronics have been driving most of the
cutting-edge advances in technology. In the last quarter of the previous
century, we saw how new fabrication tools opened the way to the
manufacturing of tiny structures already in the nanoscale. Then, the
unstoppable push towards higher and higher frequencies in antenna design
reached the optical domain, first in the infrared and finally in the visible
range. When this happened about 30 years ago, it was common for optical
antennas to be considered as any element able to capture optical radiation,
and by extension to radioelectric astronomy, an optical telescope was also
considered as an optical antenna. However, actual optical antennas, seen as
the natural extension of their lower-frequency counterparts, were already on
the scene for some exotic applications and ideas. It is interesting to point out
that a leap forward in the development of optical antennas was made when
nanoscale resolution fabrication was available in the form of electron-beam
lithography. Designs capable of being printed as flat metal geometries were
made to work and began to produce the first results for the reception of light
waves. However, much earlier than these nanofabrication tools were com-
monly applied, some other technologies had already gained their place as
photodetectors. Among them are those based on the photoelectric effect,
which became fully developed with the use of semiconductor materials. Over
the decades, semiconductor detectors, based on the development of the semi-
conductor industry, were refined to improve their performance in terms of
spectral response, cut-off frequency, responsivity, and size. Thermal detectors,
either thermoelectric or bolometric, were also used when semiconductor
elements were not applicable for a given case. In the 1980s and 1990s infrared
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detectors were facing some issues related to their performance in terms of
cooling requirements and signal processing [Dereniak & Boreman, 1996]. This
is when infrared antennas offered an innovative option that could use the
intrinsic beneficial features of microwave and radioelectric design. At this time
optical antennas were seen as a possible option with good added value in
terms of selectivity in polarization, spectral response, short time response, and
directivity. Unfortunately, the one drawback of these devices, their low
responsivity, reduced their ability to challenge the already well-established
technologies. Some decades after those first steps, the response of optical
antennas has improved in terms of better impedance matching and improved
transducers. However, response is still an important issue that will deserve
significant attention in the years to come. The delay in the dissemination of
this detection technology is mainly due to the behavior of metals at optical
frequencies. The characteristics of a perfect conductor are lost in the infrared,
and electromagnetic radiation thus penetrates the antenna structure,
producing dispersive effects that change differently for each metal. Thus,
optical antenna design differs from radioelectric antenna design. In optics, it is
not only the geometry that is important; also, the shape and dimension of the
resonant structure must be combined with a proper choice of metal to
fabricate the structure without neglecting the effect of the surroundings of the
antenna. Moreover, the coupling of the antenna with the transducer and the
transducer efficiency become key factors in the development of a good optical
antenna device [Boreman, 1996]. Up to now, we have described optical
antennas as light detectors that use the currents generated in metallic resonant
structures to produce a signal in the read-out external electronics. In addition,
optical antennas have been proposed as energy harvesters when coupled to
high-frequency rectifiers, mimicking the good results obtained in the radio-
electric and microwave bands, and adapting the designs and constituent parts
to the optical regime [Moddel & Grover, 2013]. Also, when thinking of optical
antennas as emitters, optical antennas excited by optical radiation have made
possible their use in nanoprobing devices that sense molecules in the near field
with nanoscale resolution. Thus, optical antennas are at the core of a wide
array of nanophotonic applications and devices [Novotny & Hecht, 2012]
[Agio & Alù, 2013].

Radar and microwave techniques have also been beneficial for extending
the use of metallic resonant structures to the optical regime. Frequency-
selective surfaces, wire grids and retarders based on resonant elements, and
reflectarrays were part of the technology commonly used in defense and
security applications. Those advances pioneered the field of metasurface
band-gap structures and photonic crystals. As has happened with the optical
antenna designs that inherited the good results already proved in the
microwave band, these passive resonant elements used designs that modified,
using the current generated in the metallic shapes written on typically flat
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surfaces, the spectrum, the polarization, and the phase of the incoming
wavefront. We may say that, as occurred with the use of diffraction and
interference in optical design, these additions to the optical tool kit paved the
way to a new realm that can be called resonant optics [Puscasu, 2001] [Tharp,
2007] [Ginn, 2009] [Yu & Capasso, 2014] [Yu et al., 2013]. With resonant
elements being considered for enhancing near-field phenomena and promot-
ing easier excitation of transitions, Raman spectroscopy, associated with near-
field measurement techniques, makes possible important advances in the
detection and analysis of molecular and biomedical substances. Finally, many
of the results in nanophotonics have used resonant elements in the form of
nano-antennas to reveal phenomena or modify the electric field distribution of
light waves propagating at the nanoscale.

1.2 Organization of the Text

Before delving into the actual findings described in the book, we provide a
short introduction to the basics of electromagnetism applicable to the inter-
action of light with metallic structures having a size comparable to the wave-
length. The special behavior of metals deserves attention, to which Chapter 2
is devoted. The next three chapters are organized according to the manner in
which we have made our contributions to this area. Chapter 3 explains how to
model, design, and validate the proposed geometries through simulation.
Chapter 4 describes techniques used for fabricating the most promising device
designs. The fabricated devices are then tested and characterized to assess
their actual performance and support the expected characteristics previously
modeled or numerically evaluated. A variety of characterization techniques
are described in Chapter 5. Chapters 6 and 7 describe the two main types of
devices that we have developed: those producing an electric signal (antenna-
coupled devices) and those changing the parameters of the light incident on
the resonant elements (resonant optics). Finally, we close the book (Chapter 8)
with a description of actual and future challenges that are currently being
addressed or that will be met in new lines of research and future devices.

Upon completion of the book, the reader will know how optical antennas
and resonant structures work, what their limitations and special character-
istics are, and how the current technology and state of the art has provided
some interesting devices that are applicable to a variety of fields in optics and
photonics.
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Chapter 2

Some Basic Electromagnetism

Classical electromagnetism and photonics share a common foundation. Light
propagation and interaction, even at the nanoscale, is driven by Maxwell’s
equations and macroscopic parameterization of materials through their
optical and electromagnetic properties [Jackson, 1998]. These equations relate

the spatial and temporal variations of the displacement electric field, ~D, and

electric field, ~E, with the magnetic field, ~H, and magnetic induction, ~B.
Maxwell’s four equations in their macroscopic form are given as

∇ · ~D ¼ r ðGauss’ electric lawÞ, (2.1)

∇ ⋅ ~B ¼ 0 ðGauss’ magnetic lawÞ, (2.2)

∇� ~E ¼ � ­ ~B
­t

ðFaraday’s lawÞ, (2.3)

∇� ~H ¼ ­ ~D
­t

þ ~j ðAmpere–Maxwell lawÞ, (2.4)

where the electric charge, r, and current, ~j, refer only to free unbound charges
and currents. If it is necessary to move to the microscopic description of
electromagnetic interactions, these equations still apply just by considering
both bound and free charges and currents. The optical constants of the
materials appear when considering the linear relations between fields:

~D ¼ e0 ~E þ ~P, (2.5)

~H ¼ 1
m0

~B� ~M, (2.6)

9
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where e0 and m0 are the dielectric permittivity and magnetic permeability of
vacuum, respectively. The effect of the material is described by the polariza-

tion, ~P ¼ xee0 ~E, and the magnetization, ~M ¼ xm ~H.
Maxwell’s equations are the cornerstone of electromagnetism. This well-

deserved recognition is based on the multiple consequences derived from
them. One of the most relevant in optics is the existence of electromagnetic
waves describing light. The wave equations for the electric and magnetic

fields, ~E and ~H, can be written as

1
c2

­2 ~E
­t2

� ∇2 ~E ¼ m0
­

­t

�

~j þ ­ ~P
­t

þ ∇ ~M
�

þ ∇ð∇ · ~PÞ � 1
e0

∇r, (2.7)

1
c2

­2 ~H
­t2

� ∇2 ~H ¼ ∇�~j þ ∇
­ ~P
­t

� 1
c2

­2 ~M
­t2

þ ∇ð∇ · ~MÞ, (2.8)

which become the homogeneous wave equation when in vacuum
( ~P ¼ ~M ¼ ~j ¼ 0, and r ¼ 0). These wave equations are obtained by applying
the rotational operator, ∇�, to Faraday’s law and the Ampere–Maxwell law
[Eqs. (2.3) and (2.4)], and using the relation between differential operators,
∇�∇ ¼ ∇ ·∇� ∇2. After that, Eqs. (2.1) and (2.2) are used to replace the
divergence of the electric and magnetic fields, respectively, and finish the
derivation of the wave equations.

From an engineering point of view, a favorable energy budget is one of the
main design concerns. In the case of antenna theory and optical antennas, it is
always important to know how much energy is radiated or received, and how
this energy can be transduced towards the signal acquisition electronics.
Maxwell’s equations also deal with this problem and offer quite a simple
solution. By manipulating Eqs. (2.1) to (2.4), it is possible to arrive at an
expression known as the Poynting theorem, where the power delivered and
transported by an electromagnetic wave is sectioned into meaningful parts.
This relation describes what happens to the energy carried by an electro-
magnetic wave when this energy is evaluated over a given closed volume, v,
limited by a surface, s:

∫
s
ð ~E� ~HÞds ¼ �∫

v

�

~H
­ ~B
­t

þ ~E
­ ~D
­t

�

dv� ∫
v

~j · ~Edv. (2.9)

The left hand side of this equation is the flux of a vector describing the power
leaving the volume, v, through the surface, s. This is the Poynting vector, defined
as ~S ¼ ~E� ~H. On the right hand side we have two contributions. The first one
corresponds to the electric and magnetic energy temporal variations within the
volume, and the second one describes the dissipation loss in the form of Joule
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heating. This last term can also be written using the relation between the current
and the electric field, Ohm’s law,

~j ¼ s ~E: (2.10)

This equation, along with the relation between the electric field, ~E, and the
displacement field, ~D, [Eq. (2.5)], and the magnetic field and the magnetic
induction field [Eq. (2.6)], are also known as constitutive relations. Then,
when using Ohm’s law in the description of the dissipated power, we find that

PJoule ¼ ∫
v
sj ~Ej2dv: (2.11)

Joule dissipation is of great importance when considering bolometric or
thermoelectric transduction mechanisms because thermal dissipation pro-
duces temperature gradients and changes that are sensed using this transduc-
tion mechanism.

In optics it is quite convenient to work with monochromatic waves. The
electric field temporal evolution is written as the following complex number:
~E ¼ ~E0ðx, y, zÞ expð�ivtÞ, where ~E0ðx, y, zÞ represents the spatial distribution
of the field at t ¼ 0, and v is the frequency of its temporal evolution. In this
case, Maxwell’s equations and the wave equations become simpler:

∇ · ~Dðx, y, zÞ ¼ rðx, y, zÞ, (2.12)

∇ · ~Bðx, y, zÞ ¼ 0, (2.13)

∇� ~Eðx, y, zÞ ¼ iv ~Bðx, y, zÞ, (2.14)

∇� ~Hðx, y, zÞ ¼ �iv ~Dðx, y, zÞ þ ~jðx, y, zÞ: (2.15)

This complex representation is quite convenient when working with optical
fields, but we should keep in mind that the actual value of the electric field is a
real number that is expressed as Re½ ~E0 expðivtÞ�. A harmonic, or monochro-
matic, description of optical fields is always possible because any analytic
signal [Mandel & Wolf, 1995] can be expanded as a collection of mono-
chromatic plane waves using a Fourier representation.

2.1 The Drude–Lorentz Model

When considering the optical properties of materials, it is commonplace to use
the Drude model as the applicable framework for describing light–matter
interaction within the electromagnetic formalism.

11Some Basic Electromagnetism

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The electrons of the atoms of a given material are primarily responsible
for the optical properties of solids. These electrons are bound to their atoms
by restoring forces that can be modeled as a damped harmonic oscillator.
When light is incident on the material, the oscillator becomes forced. This
physical situation is usually called the Drude–Lorentz model.

In one dimension, the equation of motion of these electrons is given as the
forced and damped oscillator differential equation:

m
d2x
dt2

þmg
dx
dt

þmv2
0 ¼ �eE, (2.16)

where m is the mass of the charge carrier, g is the damping constant of the
oscillator, v0 is the natural oscillation frequency, e is the electron charge, and
E is the electric field that forces the oscillator (for simplicity we are modeling a
1D case, and therefore the electric field can be considered as scalar). This field
is assumed to be harmonic, having an angular frequency, v, E ¼ E0e�ivt. The
solution of this equation has the following general form:

xðtÞ ¼ �eE0∕m
v2
0 � v2 � igv

exp½�iðvt� fÞ�, (2.17)

where f is the phase shift between excitation and oscillation. The displace-
ment of the charges produces a microscopic dipole, p ¼ �ex, and a
polarization due to the electric field as Presonance ¼ Np, where N is the
number of charge carriers per unit of volume.

We have previously seen that the displacement field, ~D, the electric field,
~E, and the polarization, ~P, are connected through Eq. (2.5). The polarization
vector can be expressed as two contributions: one due to the intrinsic
polarization of the material where the electric susceptibility, xe, is considered,
and another one excited by the field-generated dipoles that are described as
damped forced oscillators. Then, the displacement vector is given as

~D ¼ e0

�

1þ xe þ
�

Ne2

e0m

�

1
v2
0 � v2 � igv

�

~E, (2.18)

where the term inside the square brackets can be identified as the relative
dielectric permittivity that is now a complex number because of the damping
mechanism. This parameter is given as

er ¼ 1þ xe þ
�

Ne2

e0m

�

1
v2
0 � v2 � igv

, (2.19)

which can be split into the real and imaginary parts, er ¼ e0r þ ie00r :
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e0r ¼ 1þ xe þ
�

Ne2

e0m

�

v2
0 � v2

ðv2
0 � v2Þ2 þ ðgvÞ2 , (2.20)

e00r ¼
�

Ne2

e0m

�

gv

ðv2
0 � v2Þ2 þ ðgvÞ2 : (2.21)

The previous equations can be simplified depending on the relative
importance of the natural frequency of oscillation, v0, the frequency of the
incident field, v, and the value of the damping factor, g. The limits for low
frequency and high frequency are

erðv ¼ 0Þ ¼ 1þ xe þ
Ne2

e0mv2
0

, (2.22)

erðv ¼ ` Þ ¼ 1þ xe: (2.23)

In a material with a collection of binding processes, each process adds its term
to the dielectric constant, which now becomes

er ¼ 1þ xe þ
X

M

j¼1

f j

�

Ne2

e0m

�

1
v2
j � v2 � igjv

, (2.24)

where f j describes the importance of the jth resonance.
The previous reasoning shows how a simple physical model is able to

describe the interaction of electrons and external electromagnetic fields. We
should remind the reader here that most materials have a very weak response
to magnetic fields. Therefore, when describing the interaction of light and
matter, most of the phenomena can be modeled in terms of the response of the
material to the electric field. This approach already provides an accurate
description of the electric permittivity, which is closely linked to the optical
properties of materials parameterized by the index of refraction.

2.1.1 Metals

Metals are characterized by the presence of free charge carriers in the form of
an electron gas [Sondheimer, 1952] [Chambers, 1990]. The electrons belonging
to this electron gas can be considered as free charges and therefore are
exposed to the influence of electric fields that move them accordingly. In this
case, the free carrier movement can be described by the forced and damped
oscillator without a restoring force:

m
d2x
dt2

þmg
dx
dt

¼ �eE0 expð�ivtÞ, (2.25)

where the main difference between this equation and Eq. (2.16) is the absence
of the natural frequency that was given by the restoring force experienced by
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the bound electron. Now, electrons are free, and there is no restoring force.
The solution to this equation is quite similar to the one obtained previously
[Eq. (2.17)]:

xðtÞ ¼ eEðtÞ∕m
v2 þ igv

: (2.26)

Then, by applying a similar derivation that only takes into account the
polarization due to the free carriers, we may write the relative permittivity as

er ¼ 1�
�

Ne2

e0m

�

1
v2 þ igv

: (2.27)

Then, after defining the plasma frequency, vp, as

vp ¼
ffiffiffiffiffiffiffiffiffi

Ne2

e0m

s

, (2.28)

we may rewrite the dielectric permittivity as

er ¼ 1� v2
p

v2 þ igv
: (2.29)

If the damping constant is negligible compared with the frequency (g≪v), the
dielectric constant is real. This case will be treated when analyzing plasmons
in section 2.1.5.

2.1.2 Relation between the index of refraction and the electric
permittivity

There exists an intrinsic relation between the index of refraction, n, and the
relative electric permittivity, er. Following the notation and sign convention of
[Fox, 2010], we may write the complex index of refraction as

ñ ¼ nþ ik, (2.30)

where the real part, n, describes the phase propagation of the electromagnetic
wave, and k accounts for the attenuation of the field when traveling through
the material [Monacelli et al., 2005]. The index of the medium can be related
to the dielectric constant for non-magnetic materials as follows:

n ¼ ffiffiffi

e
p

: (2.31)

This relation is obtained when calculating the velocity of propagation of an
electromagnetic wave in terms of the dielectric permittivity and the magnetic
susceptibility. For non-magnetic materials, the relative magnetic susceptibility
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is mr ¼ 1. From the previous relation, we may conclude that the electric
permittivity has to be complex as well. Therefore, we may define

ẽr ¼ e0r þ ie00r : (2.32)

Using this definition and Eq. (2.31), we find that

e0r ¼ n2 � k2, (2.33)

e00r ¼ 2nk, (2.34)

and

n ¼ 1
ffiffiffi

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e0r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e02r þ e002r
q

r

, (2.35)

k ¼ 1
ffiffiffi

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�e0r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e02r þ e002r
q

r

: (2.36)

When the material is weakly absorbing (k≪ n), some approximations can
be made to produce a simpler version of the previous relations. In that case,

n ¼
ffiffiffiffi

e0r
p

, (2.37)

k ¼ e00r
2n

: (2.38)

This means that the index is mainly related to the real part of the permittivity,
and the absorption is mainly related to its imaginary part.

2.1.3 Conductivity

Conductivity becomes a basic parameter in the understanding of the inter-
action of metals and optical radiation. The well-known Ohm’s law relates the
electric field and the current density vector through conductivity. Addition-
ally, the temporal response is of great importance when considering the
anomalous skin effect that corresponds with some deviations of the Drude
model [Shelton et al., 2008b]. Within the Drude–Lorentz model it is possible
to write the differential equation (2.25) in terms of the velocity of the charge
carriers, v. Now, this differential equation becomes linear:

m
dv
dt

þmgv ¼ �eE, (2.39)

and its solution produces the following function for vðtÞ:
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vðtÞ ¼ �et
m

� 1
1� ivt

EðtÞ, (2.40)

where t ¼ g�1. This t can be seen as the momentum scattering time constant.
By definition, the electric current density is given as j ¼ �Nev. Also, from
Ohm’s law, there is a linear relation between the electric field and the electric
current density, j ¼ sE, where s denotes the electric conductivity. Then, by
using these previous relations, we find conductivity as the following complex
quantity:

sðvÞ ¼ s0

1� ivt
, (2.41)

where s0 ¼ Ne2t
m , with the conductivity at v ¼ 0, is the DC electric conductivity.

When comparing the dielectric constant, er [Eq. (2.27)], and conductivity,
s [Eq. (2.41)], we may write the following relation:

erðvÞ ¼ 1þ isðvÞ
e0v

: (2.42)

Therefore, the complex values of the electric permittivity can be used to obtain
the value of the complex AC conductivity. If we consider that s ¼ s0 þ is00,
we may relate both the real and imaginary parts of the dielectric permittivity
[Eqs. (2.33) and (2.34)] to the real and imaginary parts of the conductivity:

s0 ¼ e00r e0v ¼ 2nke0v, (2.43)

s00 ¼ ð1� e0rÞe0v ¼ ð1þ k2 � n2Þe0v, (2.44)

which can also be written as

s ¼ ive0½1� ðnþ ikÞ2�: (2.45)

When considering the meaning of a complex conductivity, it is worthwhile
to consider the relation between the electric field, E, and the current density, j,
given by Ohm’s law [Eq. (2.10)]. In this case, a complex conductivity can be
seen as a phase shift between the incident electric field and the induced
current. As far as the current density describes the movement of electrons, this
phase shift can be seen as reflecting the fact that the electrons cannot be fully
in sync with the electric field that drives their movement.

2.1.4 Skin depth and impedances

When an electromagnetic wave at optical frequencies interacts with a metallic
structure, the wave penetrates the material, and the associated electric vector
for normal incidence conditions can be described as
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EðzÞ ¼ E0 expðigzÞ, (2.46)

where z is the coordinate along the direction of propagation perpendicular to
the interface, and g is the propagation constant within the metal. This constant
can be written in terms of the complex index of refraction [Eq. (2.30)] as

g ¼ vðnþ ikÞ
c

, (2.47)

where c is the speed of light in vacuum. When the metal is shaped as a dipole
antenna and the electric field of the incoming wavefront is aligned along the
dipole length, incremental currents are induced at the dipole location. The
complete analysis should take into account the vector character of the electric
field, ~E, and the induced current densities, ~j, but the previously described
conditions allow a simpler description of the physical mechanism. These field-
induced incremental current densities sum up to produce a current, I , that is
given as

I ¼ w∫
t

0
jðzÞdz, (2.48)

where w and t are the width and thickness of the dipole, respectively. In this
equation, the current density, j, is related to the electric field given in
Eq. (2.46), E, by Ohm’s law [Eq. (2.10)]. After some algebra, the intensity is
written as

I ¼ wsdskinE0½1� expð�t∕dskinÞ�, (2.49)

where the attenuation along the direction of the propagation within the metal
defines the skin depth of the material:

dskin ¼
c
vk

: (2.50)

Therefore, skin depth, dskin, characterizes the region within the metal where
the incoming wavefront is propagating and interacting with the material
before dissipating all of its energy. This value can be used to properly establish
the thickness of the resonant structures deposited on a substrate. Thicknesses
above 3 or 4 times the skin depth already block further propagation into the
metal. By using the optical constants of materials obtained from [Palik, 1997]
and from in situ spectroscopic ellipsometry measurements, it is possible to
evaluate the skin depth as a function of the wavelength for a variety of metals
[Eq. (2.50)] [Cuadrado et al., 2013a]. Some results are shown in Fig. 2.1.

On the other hand, the same electromagnetic wave that excites currents
along the dipole length also establishes a voltage on the dipole, given as
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V ¼ E0l, (2.51)

where l is the length of the dipole. By using Eqs. (2.49) and (2.51), it is possible
to define the following impedance [Ginn et al., 2009]:

Zdipole film ¼ V
I
¼ l

wve0dskin½1� expð�t∕dskinÞ�½2nkþ iðk2 � n2 þ 1Þ� , (2.52)

where w and t are the width and thickness of the dipole, respectively. In this
equation we have made use of the relation between conductivity and index of
refraction [Eq. (2.45)]. This impedance can be rewritten in terms of the electric
relative permittivity, er ¼ e0r þ ie00r , applied to the typical case in the infrared,
where e0r≪ �1. The result can be given in terms of the real and imaginary
parts of the impedance, Z ¼ Rþ iX :

Rdipole film ≃
l

wve0dskin
� e00r
e02r þ e002r

, (2.53)

Xdipole film ≃
l

wve0dskin
� e0r
e02r þ e002r

, (2.54)

Figure 2.1 Spectral variations of the skin depth for various metals typically used in the
fabrication of optical antennas and resonant structures in the infrared. The vertical line at
l ¼ 10.6mm marks the usual wavelength emitted by a CO2 laser. This type of laser is the
most common light source for characterizing and testing these devices (adapted from
[Cuadrado et al., 2013a] and reproduced with permission of SPIE).
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which provides a primarily capacitive response due to the typical large
negative value of e0r for metals in the infrared.

2.1.5 Plasmons

When analyzing the dependence of the dielectric permittivity for metals as a
function of the frequency [Eq. (2.29)], for the case of a weak damping factor
(the term in the denominator becomes real and equal to v2), this permittivity
approaches zero when v ¼ vp. In order to determine what is happening at the
plasma frequency, we may imagine the metal as a crystalline lattice of positive
ions immersed in an electron gas. If the whole electronic cloud moves in one
direction, the positive ions of the lattice will create a force opposed to the
movement direction of the electrons. This force will move the electrons
backwards. The continuous movement of the electrons under a harmonic
excitation can be seen as an oscillation of the electron gas with respect to the
fixed lattice of positive ions.

This oscillation is bounded by the surface of the metal. Then, when the
electron gas reaches the surface, it creates a negative-charge region that is
compensated by a positive-charge region in the opposite direction and also
located at the surface of the metal. The equation governing this movement for
a unit volume of the electron gas is

d2u
dt2

þ
�

Ne2

eom

�

u ¼ 0, (2.55)

where u is the net displacement of the electron cloud center of mass with
respect to the ion lattice, and N is the density of electrons per unit of volume.

The angular frequency of this movement is vplasmon ¼
ffiffiffiffiffiffi

Ne2
e0m

q

. The quantized

oscillation of the electron gas at the surface of a metal is called a plasmon.
Plasmons can be observed by Raman spectroscopy, and they can also be
excited by an appropriate light wave.

Free electrons can also promote the creation of charge oscillations at the
surface of metals. These oscillations are denoted as surface plasmon
resonances, whose existence critically depends on the matching of the wave

vectors, ~k, on both sides of the metal–dielectric interface where the plasmon is
created. The strong dependence of this resonance on angle and wavelength
makes possible its use in a wide range of plasmonic sensors.

2.2 Impedance Matching

The interaction of electromagnetic waves propagating through different
material media and structures can be modeled using a common tool and con-
cept in electrical engineering: impedance and impedance-matching conditions.
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In the optical regime, impedance definitions and matching require some
adaptation to the case of dispersive and attenuating materials [Alù & Engheta,
2008] [Cuadrado et al., 2016] [Xu et al., 2016], including the presence of
parasitic loads around the detecting elements [Engheta et al., 2005] [Cuadrado
et al., 2015c] [Greffet et al., 2010] [Huang et al., 2009].

For the propagation of electromagnetic waves, materials can be
characterized by an intrinsic impedance. This is denoted as wave impedance
and is defined by

Z ¼
ffiffiffiffiffiffiffiffiffiffi

m0mr

e0er

r

¼ m0mr
c
n
, (2.56)

where m0 and e0 are the magnetic permeability and dielectric permittivity of
vacuum, respectively, and mr and er are the relative magnetic permeability and
dielectric pemittivity of the medium, respectively; c and n are the speed of light
in vacuum and the index of refraction of the material, respectively. For vacuum,
the result is known as the vacuum impedance value, Z0 ¼ 377 V. This value is
sometimes used to define normalized load impedances as z ¼ Z∕Z0.

The definition of wave impedance in Eq. (2.56) coincides with the ratio of
the electric field, E, to the magnetic field, H. If er and n can be complex when
describing lossy materials and metals, then Z is a complex impedance that can
take a capacitive or inductive character. In general, the complex impedance is
given as a real resistive part and an imaginary reactive impedance: Z ¼ Rþ iX .

When coupling radiation to an antenna-coupled detector, the propagating
wave interacts with the antenna that is loaded with the transducer element
[Olmon & Raschke, 2012]. The optimum transfer of power between the
propagating wave and the antenna load depends on adequate impedance
matching along the system. This condition occurs when the impedances are
related to each other as complex conjugates. The impedances involved here
are the load impedance, Zl ¼ Rl þ Xl, and the input impedance of the
antenna, Za ¼ Ra þ Xa, where the resistive part, Ra, is sometimes split as a
radiation resistance contribution (responsible for the scattered radiation) plus
a dissipative resistance (responsible for the heating loss at the antenna). When
matching these impedances, the reactive power stored at the LC circuit cancels
because the circuit becomes purely resistive (Xa ¼ �Xl), and both the load
and the antenna equally share the available power [Balanis, 2005]. This
impedance matching can also be described as an equivalent circuit model.
However, resonant elements, such as meander lines, frequency-selective
surfaces, and reflectarrays, are not coupled to any load for transduction.
Then, the impedance problem is primarily related to the description of wave
propagation using impedance matching with the surrounding media.

When moving through an interface between two materials, impedance
mismatch explains how electromagnetic fields are reflected and/or transmitted
by the interface. The reflection coefficient of this interface is given as
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r ¼ Z2 � Z1

Z2 þ Z1
, (2.57)

which, in circuit theory, is typically denoted as G. This equation is equivalent
to the Fresnel reflection coefficient in optics that is written in terms of the
index of refraction of the materials forming the interface. Associated with this
reflection, a transmission can be given as

t ¼ 1þ r: (2.58)

The sign in this equation depends on the sign convention for defining a
positive reflection coefficient across the surface. In this case, a positive sign
means that the reflected and transmitted electric and magnetic fields are
parallel to the incident fields.

2.2.1 Impedance definitions from the energy budget

When obtaining the power balance equation for an electromagnetic wave
[see the Poynting theorem in Eq. (2.9)] we can define the radiated power
associated with the flux of the Poynting vector. Also, electric and magnetic
fields describe the contributions of the pure electric and pure magnetic energy
and power. Finally, the Joule dissipation accounts for losses in the media. This
power distribution can also be linked to the impedances associated with those
contributions. To do that, we define a closed volume, v, where the radiation and
the resonant element are placed. Radiated power is described by the propaga-

tion of the Poynting vector scattered by the resonant element, ~Sscat, as

Prad ¼ ∫
s
~n ~Sscatds, (2.59)

where ~n is the normal vector to the surface, s, enclosing the volume, v. At the
same time, power, P, in an electromagnetic circuit is associated with the
product of voltage, V , and current, I . Also, voltage and current are related
through Ohm’s law as R ¼ V∕I . Then, it is straightforward to relate power
and resistance as

R ¼ P
I2

¼ V 2

P
, (2.60)

and radiation resistance is finally given as

Rrad ¼
Prad

jI j2 , (2.61)

where I is the amplitude of the current flowing in through the antenna feed.

21Some Basic Electromagnetism

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



In the radiation regime, radiation resistance can be calculated analytically
from basic antenna theory for several simple cases [Balanis, 2005]. The case of
a half-wave dipole is given as

Rrad ¼
2p
3

�

l
l

�

2
Z0 ≃ 789

�

l
l

�

2
V, (2.62)

where l is the wavelength, l is the length of the dipole, and Z0 ¼ 377 V is the
vacuum impedance.

Joule heating also contributes to the power budget as a dissipation factor,
and following a similar reasoning as for the radiation resistance, it is possible
to define a loss resistance as

Rloss ¼
Ploss

jI j2 , (2.63)

where

Ploss ¼ ∫
vant

~j� ~Edv, (2.64)

where * means complex conjugation, and the integration is carried out within
the volume of the resonant element, vant. Both loss and radiation resistances
are combined in the electric resistance of the antenna:

Relec ¼ Rrad þ Rloss: (2.65)

Radiation and loss resistance are real valued and contribute to the real
part of the impedance of the antenna or resonant element. However, the
interaction of the electromagnetic wave with the structure also excites electric
and magnetic fields that contain electric and magnetic energy in a reactive
form.

For an antenna-coupled diode, the reactive part is easily identified with
the diode itself and is described as a capacitive load in parallel with the resis-
tive impedance, having a value related to its geometry through its transverse
area, A, and gap thickness, d, and also to the electric permittivity of the
insulator material, e (see Fig. 2.2.a). The diode is located at the feed point of a
two-arm dipole. The capacitance will be important when considering the cut-
off frequency of these devices. More complicated arrangements, such as
transmission lines, can be also modeled using equivalent circuit concepts.
Figure 2.2.c shows the coupling of two dipole antennas to a metal-oxide-metal
(MOM) diode using an asymmetric configuration of coplanar strip lines.
These waveguides work as transmission lines carrying the high-frequency
signal from the dipole antenna to the transducer. The transmission lines show
attenuation, and this effect can be modeled as a resistive load distributed
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along the line. In this configuration, the asymmetry of the transmission lines
can be used to sense a phase delay in the incoming optical excitation equi-
valent to a tilted incidence direction. After transduction in the load, the phase
information of the currents is lost and the signal can be extracted as coming
from the diode connections.

In the case of resonant nanoparticles, the imaginary part of the impedance
can be extracted from the electric and magnetic powers through

X ¼ Preactive

jI j2 , (2.66)

where the reactive power is calculated from the Poynting theorem
[Eq. (2.9)] as

Figure 2.2 An equivalent circuit model depicted for three cases: (a) an antenna detector
coupled to a diode, (b) a nanoparticle within a dielectric matrix, and (c) a system coupling the
signal from two dipole antennas to a MOM diode though two coplanar strips with different
lengths. In this last case, both antennas are excited simultaneously by the incoming optical
radiation (adapted from [Slovick, 2011]).
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Preactive ¼ v∫
v
ðe0rj ~Ej2 þ mrjHj2Þdv, (2.67)

and where we are assuming that the magnetic permeability of the material
is real, and the integration is carried out within the volume of the nano-
particle. At the same time, this evaluation needs to be done in the medium
surrounding the nanoparticle to take into account the contribution of the
media (see Fig. 2.2.b).

2.2.2 Equivalent circuit for antenna-coupled diodes

When antennas work as harvesters of electromagnetic radiation, they couple
the incident power to a load properly connected to the antenna. This loading
of the antenna has to be optimum to deliver as much power as possible from
the incoming wave to the load. Radioelectric antennas perform this job quite
efficiently based on the behavior of the antenna arms as near-perfect metals
with very little absorption. In any case, antennas are commonly characterized
by a complex impedance. This impedance is also denoted as the input
impedance. The real part of the input impedance describes the dissipative and
radiative losses, corresponding to the Joule heating and re-radiated or
scattered radiation, respectively. The imaginary part is strongly dependent on
the excitation frequency. For an optimum power transfer between the antenna
and the load, both parts have to have complex conjugate impedances: the
same values for the real part and imaginary parts as well as opposite signs for
the imaginary parts. At this point, we should recall that, even in this optimum
matching condition, only half of the power collected by the antenna is
delivered to the load [Balanis, 2005]. When moving to the optical regime, the
concept of input impedance and impedance matching remains, but its
realization is not exactly the same. For example, the impedance of a radio-
electric antenna is almost exclusively linked to the geometry of the antenna
and the feed point. However, at higher frequencies, where metals stop behav-
ing as perfect conductors, material properties are of great importance when
considering absorption and resonances. As we have previously explained, the
description of the interaction of light with metals at infrared and visible
frequencies needs the Drude–Lorentz model to explain absorption, reflectiv-
ity, and some other interesting phenomena. From an antenna design point of
view, one of the most relevant changes is the scaling of the geometrical
relations by means of the use of an effective wavelength. This effect is related
to the excitation of the surface plasmon polariton resonances [Cubukcu &
Capasso, 2009] and to the skin depth penetration of the incoming radiation
[Novotny, 2007].

A common type of antenna-coupled IR sensor is the MOM diode. The
impedance interaction between the diode and the antenna determines the
response speed of the diode. The MOM diode can be described by a junction
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capacitance, Cd , in parallel with a nonlinear voltage-dependent resistance,
RdðVÞ. This parallel combination is in series with the resistance, r, which
represents metal-lead resistance and/or spreading resistance [Sanchez et al.,
1978]. An antenna functioning as a receiver of the infrared radiation can be
described by an AC source that is the time-dependent excitation induced by
the incoming light. This is connected in series with impedance Ra þ jXa,
where Ra is the real impedance of the antenna, and Xa is the reactive
impedance that is zero at the resonant frequency. This model is presented in
Fig. 2.2.a. In this model the antenna shows a complex impedance having a
real part, Ra, and a imaginary part, Xa, that is dependent on the frequency of
the excitation. The imaginary part of this impedance cancels out at the
resonant frequency. In this figure, the diode is represented as the parallel
combination of Rd and Cd , in series with r. For this circuit, the RC time
constant is determined by the parallel combination of the diode capacitance,
Cd , and the equivalent diode resistance, Rd , in series with Ra and r. This leads
to a cut-off frequency, f c, of

f c ¼
1

2pRC
¼ Ra þ rþ RdðVÞ

2pðRa þ rÞRdðVÞCd
: (2.68)

While rectification and mixing are still observed above this frequency, its
efficiency diminishes. To minimize the response time of the diode and attain a
high cut-off frequency, the diode capacitance must be small. If the capacitor
considered can be modeled as a small parallel-plate capacitor, the diode
capacitance, Cd , is

Cd ¼ eoxe0A
d

, (2.69)

where eox is the relative permittivity of the oxide in the MOM diode, e0 is the
permittivity of free space, A is the junction area, and d is the thickness of the
dielectric. For a diode with a 25 Å barrier composed of Al2O3, with a relative
permittivity at 28.3 THz approximately equal to 1 [Momida et al., 2007]
[Rajab et al., 2008] and an equivalent resistance of 1 kV, a 75� 75 nm2 or
smaller overlap area is required to obtain a cut-off frequency high enough to
rectify 10.6mm incident radiation. Discussions of impedance matching at IR
frequencies can be found in several contributions, with an excellent discussion
in [Olmon & Raschke, 2012].

2.2.3 Resonant structures

Meander lines, frequency-selective surfaces, and reflectarrays transmit, or
reflect, light according to the characteristics of the element that interacts with
the incoming radiation. A circuit equivalent model is quite useful in this case
to better understand how this interaction occurs and how to analyze the
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results in terms of reflected and transmitted waves along a transmission line
[Munk, 2000]. These structures can be taken as impedance elements located at
the interface between two media (see Fig. 2.3), and spaced by a dielectric film
with thickness comparable to the wavelength (see Fig. 2.4). This dielectric
layer works as a transmission line connecting consecutive impedances.
Therefore, the concept of transmission lines to model the propagation of light
between multiple-layer resonant structures makes the analysis easier and
directly written in electrical-engineering terms.

For example, a meander-line single layer can be modeled as two ortho-
gonal transmission lines, one for each orientation of the electric field. One of
these transmission lines (along the spacing) has a capacitive impedance, and
the other (along the meanders) has an inductive impedance. The net result
along the transmission line is a net phase delay between the two components,
explaining the observed retardation. Figure 2.3 shows how these two trans-
mission lines are associated with the geometry of the structure. Also, in
Fig. 2.4 we show the equivalent circuit of a three-layer meander line. These
structures can work in reflection or transmission. When in reflection, the

Figure 2.3 Equivalent circuit model for a single-layer meander line. Two transmission lines
act as capacitive and inductive loads for the two components of the field. The geometry of
the device is linked to the capacitive or inductive character of the impedance.
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Figure 2.4 A multilayer meander-line structure (center and right) is modeled as a
transmission line (left). The imaginary part of the impedance, X , is capacitive or inductive
depending on the orientation of the electric field vector of the incident radiation (see Fig. 2.3).
For transmissive devices, the transmission line is terminated by the substrate material. For
reflective devices, a ground plane is placed under the meander-line structure. This ground
plane is modeled as a resistive load. Different materials show different impedances.

Figure 2.5 Reflectarrays modeled as a complex impedance associated with the resonant
elements (square patches) followed by a waveguide representing the stand-off layer of the
resonant patches. The ground plane terminates the transmission line as a resistive load to
model its dissipative loss.
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transmission line is terminated with a resistive load that models a dissipative
ground plane (this has been plotted with dashed lines in the equivalent circuit).
Different materials along the transmission line are characterized by different
impedances. If those materials are absorbing radiation, then some resistive
load needs to be included in the transmission line model. These impedance
mismatches will cause reflections at the interfaces.

Reflectarrays can also be modeled using a circuit equivalence. In Fig. 2.5
we show how the plane where the resonant elements are placed can be
described by a complex impedance. In this case the elements are square
patches. The thickness of the layer between the patches and the ground plane
works as a waveguide, and the ground plane reflects back the light (except for
some dissipation given by the resistive load).
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Chapter 3

Modeling, Design,
and Simulation

Infrared antennas and resonant structures take advantage of the successful
designs in the radioelectric and microwave spectra. A quite simple and naïve
approach would be to consider the geometry and shape of those designs and
transfer them into the optical regime with simple wavelength structure size
scaling. However, this translation misses the specific behavior of metals and
dielectrics at optical frequencies, and how these characteristics can strongly
change the geometries and arrangements of a working antenna in the
infrared.

3.1 Material and Fabrication Constraints

Fabrication of optical antennas and resonant structures has been possible only
since technology has provided tools and processes able to produce smooth
metallic surfaces with sizes ranging in the subwavelength scale for the optical
domain. This means that resonant elements are nanophotonic devices and
systems. This tiny size also needs an appropriate approach for the design of
working elements. The first constraint is related to the physical substrate that
the antennas are placed on or embedded in. Most of the antenna-coupled
detectors and resonant structures are written on a dielectric substrate or on a
dielectric stand-off layer deposited on top of a metallic surface that typically
has been evaporated on a dielectric substrate. The thicknesses of these layers
are a fraction of a wavelength, and the substrates are dielectric wafers, or
plastic flexible substrates [Shelton et al., 2007]. When the device is illuminated
from the substrate side, the substrate has to be transparent enough for the
given wavelength of operation. In any case, the optical properties of every
material involved in the proposed design have to be properly included in the
design and modeling of the device. But not only optical properties are
important. When thermal effects are at play, thermal conductivity and
electrothermal coefficients are also of interest and need to be considered.
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In section 2.1.4 we saw how the imaginary part of the index of refraction,
k, affects the value of the skin depth for different materials. This means that
when changing the material, the radiation will interact with different volumes
of the antenna structure, building current distributions that also differ from
material to material. In Fig. 3.1 we have represented the optimum length of a
dipole antenna fabricated with different metals and deposited on a Si wafer
coated with an insulating SiO2 layer. We see that the optimum length
decreases when increasing the skin depth, dskin [Cuadrado et al., 2013a]
[Cuadrado, 2014].

As has been demonstrated, the optimum length of a dipole antenna
working at the first resonant wavelength differs from the l∕2 design
applicable to the radioelectric spectrum. In the optical range, the effect of
the induced surface charge waves gives rise to the concept of effective wave-
length. Novotny [Novotny, 2007] describes the resonant element as a metallic
waveguide, where the electric field fills the material and produces charge
oscillations at the interface between the metal and the surrounding material.
The main conclusion is summarized as the following linear relation:

Figure 3.1 Variation of the dipole length that produces the maximum signal as a function of
the skin depth of the material. The dipole has a width of 200 nm and a thickness of 100 nm,
and is deposited on a Si wafer coated with a SiO2 layer 1.2mm-thick. The wavelength used
in this calculation is l0 ¼ 10.6mm. The line connecting the points corresponding with the
analyzed metals is obtained from the interpolation of the optical constants of the limiting
metals at each portion (adapted from [Cuadrado et al., 2013a] and reproduced with
permission of SPIE).
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leff ¼ a1 þ a2
l0
lp

, (3.1)

where l0 is the wavelength in vacuum, and lp is the plasma wavelength of the
material of the resonant element. The coefficients a1 and a2 depend on the
geometry of the resonant element as well as the dielectric permittivities of
the surrounding medium and the metal. This relation makes it possible to
adapt those designs valid at radioelectric frequencies to the optical range.

3.1.1 The role of the substrate

For the case of dipole or patch antennas deposited onto a substrate, there
exists another wavelength scaling due to the fact that half of the antenna is in
contact with the substrate and the other half is typically embedded in air. We
assume that air is equivalent to vacuum. In this case, the effective wavelength
seen by the resonant element is

leff ¼
l0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
2 ðe0 þ esÞ

q , (3.2)

where e0 and es are the electric permittivities of the vacuum and the substrate,
respectively, and leff ¼ 2.97mm.

These scaling factors have been experimentally demonstrated when
analyzing the antenna response in the infrared at a fixed wavelength [Fumeaux
et al., 2000]. A collection of 30 dipole-antenna-coupled bolometers were
fabricated on a Si wafer, on top of a 200 nm layer of SiO2 for electrical and
thermal isolation. The length of the dipole ranged between 0.7 and 20mm. For
all of the antenna lengths tested, the polarization-dependent signal was
measured as a function of the length, L. The results are plotted in Fig. 3.2
and are presented with measurements obtained at a fixed wavelength
(l ¼ 10.6mm). The measured curve exhibits a first resonance for antennas
with a length shorter than 2.5mm, and was not well defined in the measure-
ment because of the dimensions of the bolometer and bond pads relative to
the antenna length. Past the first resonance, the measurements show a first
minimum around L ¼ 5mm and a second maximum for L ¼ 7.5mm. In this
experiment, the interpretation of the resonant lengths in terms of the free-space
wavelength of the incident radiation is not straightforward because of the
layered substrate.

The minimum appearing at L ¼ 5mm can be interpreted as the mode of
the current distribution showing a minimum value at the feed point where
L ¼ 2l. These results indicate an apparent wavelength, lapp ¼ 2.5mm, that
is a little shorter than the expected effective wavelength obtained from
Eq. (3.2), i.e., leff ¼ 2.79mm. This difference is mostly caused by the effect
of the bond pads adjacent to the antenna arms. The measured width of the
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first resonance is broad enough to contain resonances corresponding to l∕2,
lD, and 3l∕2.

Actually, when thermal and electric isolation is of importance for the
transduction mechanism or for enhancement of a resonance, it is beneficial
to place the antenna on a stand-off layer made of a dielectric material
[Middleton & Boreman, 2006]. The arrangement of optical antennas on
photonic crystals and metamaterial substrates is also of interest because it
allows the spectral response of the antenna to be tuned to that of the photonic
crystal [González & Alda, 2010a] [González & Alda, 2010b] [González &
Alda, 2011]. A simple configuration that works for the infrared is the use of a
Si wafer coated with a SiO2 thin layer. The thickness of this layer is selected to
reduce thermal conduction towards the substrate. From simulation, it has
been found that 1.2mm of this material is sufficient [Cuadrado et al., 2013a].
At the same time, this layer can be dimensioned to constructively enhance the
absorption of the resonant element placed above the coating. Figure 3.3 shows
the periodic behavior of the electromagnetic absorption at the resonant
element (a dipole) caused by the interference produced within the insulating

Figure 3.2 A collection of dipole antennas coupled to Nb nanobolometers are tested at a
fixed wavelength (l ¼ 10.6mm). The response of the antenna is plotted versus the antenna
length. The mean and standard deviation of the signal are shown. Four devices are
measured for every value of L (adapted from [Fumeaux et al., 2000] and reproduced with
permission of Elsevier).
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layer, as a function of the thickness of this layer for a design wavelength of
l0 ¼ 10.6mm. Taking into account thermal and optical properties, it is
possible to optimally adjust the thickness of this layer.

When working with antenna-coupled detectors on a substrate, it is also
important to take into account the direction light is coming from in the final
operating device [Bean et al., 2010]. The antenna is usually located at the
interface between two media: the substrate and the superstrate (typically air).
So, light incidence may take two different configurations: from the substrate
and from the superstrate. The ratio of power delivered (or detected) by an
antenna for these two possible incidence situations is given as [Brewitt-Taylor
et al., 1981] [Rutledge & Muha, 1982]

G ¼ F1

F2
�
�

e1
e2

�

3∕2
¼

�

n1
n2

�

3
, (3.3)

where F1 and F2 are the powers when the incidence is coming from medium 1
and 2, respectively, e denotes the electric permittivity, and n is the index of
refraction. Since the materials surrounding the antenna are dielectric, all of
these variables are real valued. From Eq. (3.3) and for a typical case of air and
Si substrate, this ratio should be around �35, meaning one order of mag-
nitude better response when radiation is incident from the substrate compared
to from the air. If the antenna were emitting, this would also correspond to a
larger radiation on the substrate side. This first approach would indicate a

Figure 3.3 The absorption of the resonant structure (a dipole on a SiO2∕Si) substrate
depends periodically on the thickness of the insulating SiO2 layer. For an incident wave-
length of l0 ¼ 10.6mm, the first maximum occurs around l ¼ 1.2mm, where the thermal
leakage towards the Si substrate reaches an asymptotic value (adapted from [Cuadrado
et al., 2013a] and reproduced with permission of SPIE).
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much better illumination layout from the substrate side. However, this
approach is not always possible because of unwanted absorption bands in the
substrate, or the presence of metallic layers at the bottom of the design that
prevent illumination from the substrate [Codreanu & Boreman, 2002a]. In this
case, the presence of insulating layers also increases the thermal impedance of
the antenna, and produces a large response and a shift of the resonance. This
is especially important in bolometers, where better thermal isolation retains
the dissipated energy at the bolometer location. The shift in resonance
frequency is caused by the decrease in capacitance when increasing the
thickness of the insulating layer, and by the fringing effect, which affects the
electrical size of the resonant element [Codreanu & Boreman, 2002a].
Additionally, some experimental results from actual devices written on coated
wafers show strong antenna response when radiation is incident from the air
side [Alda et al., 2000]. Figure 3.4 shows the responses of antenna-coupled
bolometers with a long dipole design. These devices respond better from the
substrate side, but the enhancement factor is around �1.20, a value much
lower than that predicted from the model. The reasons behind this
discrepancy are the existence of various material interfaces in the structure
that reflect light away from the antenna as well as the tight focus used in those
measurements that includes some angular spectrum contributions at large
angles, which are primarily reflected at the interface.

When using a special hemispherical immersion lens to measure the
angular pattern of an antenna-coupled detector in the infrared, some of the
previous limitations of measurements are removed and the air–substrate
efficiency comparison becomes closer to the theoretical prediction. Figure 3.5
shows the angular pattern of a dipole antenna for different incidence planes.
It also compares the responses for air-side illumination and substrate-side
illumination. In this case, air-side illumination provides a clearly lower
response than illumination through the Si lens [Lail et al., 2009].

An experimental and theoretical study was conducted to investigate the
limits of increased antenna response when illuminating through a high-index
material [Lail et al., 2009]. Antennas were fabricated directly on the flat side
of a Si hemispherical lens. This configuration avoided excitation of substrate
modes that are common with slab substrates. The increase in response seen
depends on the f ∕# of the radiation that illuminates the antenna because of
the angular response characteristics of the antenna. The best experimental
results obtained in that study were a response multiplication factor in the
range of �5 to �7, using a single-layer anti-reflection coating and f ∕1
illumination.

The thermal properties of materials are of great importance when con-
sidering transduction mechanisms involving a change in the temperature of
the transducer, as happens with thermoelectric and bolometric transducers.
The voltage responsivity for a bolometer is given as
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RV ¼ aZthermVbias, (3.4)

where a is the temperature coefficient of resistance, Vbias denotes the bias
voltage applied to the bolometer, and Ztherm is the thermal impedance
describing the heat flow from the bolometer [González et al., 2000] [González
et al., 2004a]. This thermal impedance is strongly dependent on the thermal
material characteristics of the substrate and the structures, including antenna
arms and lead lines. The equation that describes this thermal impedance is

Figure 3.4 Air-side and substrate-side incidence produce different results when measuring
the signal provided by a Nb microbolometer coupled to a dipole antenna made of Al on a Si
wafer 380mm-thick coated with 1.5mm of SiO2 insulation layer. The strong absorption of SiO2

below l ¼ 9.7mm clearly defines two behaviors where air- or substrate-side incidences are
distinguished (adapted from [Alda et al., 2000] and reproduced with permission of Elsevier).
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Ztherm ¼ Rtherm
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ v2
modR

2
thermC

2
therm

q , (3.5)

where vmod is the modulation frequency of the input optical signal, and Rtherm
and Ctherm are the thermal resistivity and thermal capacitance, respectively.
These two parameters are related by a thermal time constant as
ttherm ¼ RthermCtherm. The main conclusion of this model is that a higher
response will be obtained when the thermal impedance increases. However,
this enhanced signal will show a longer time constant, and the device will be
slower to respond [González et al., 2005]. Figure 3.6 shows an experimental
comparison of the signal obtained from a collection of infrared antennas
coupled to microbolometers and fabricated on two types of coatings on a Si
wafer: one coating is a 200 nm-thick thermally grown SiO2, and the other is a
700 nm-thick spun aerogel. Aerogel is considered one of the best isolating
stand-off layers from the thermal point of view. The results show a slower
response from the aerogel devices, which also produced a response 30 times
larger than that of those fabricated on the SiO2 layer.

Figure 3.5 Angular pattern for the E-plane, H-plane, and 45° plane for dipole antennas
coupled to Nb microbolometers. The antenna is fabricated on the flat surface of a
hemispherical immersion lens made of Si. The dipole is oriented along the Y axis (adapted
from [Lail et al., 2009] and reproduced with permission of Elsevier).
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3.1.2 Material characterization

When considering fabrication at the nanoscale, it is important to note that
material characteristics can be strongly affected by the nanofabrication tools
used in the manufacture of devices. Furthermore, electromagnetic dimen-
sional parameters, such as the penetration depth, are comparable in mag-
nitude to the actual thickness of fabricated elements. Therefore, any deviation
of the design geometric parameters will affect the actual performance of
fabricated elements.

In these cases, the experimental characterization of materials being used
to fabricate a given device should be taken as compulsory when refining the
results of modeling and simulation. One of the most important parameters is
probably the complex index of refraction, ñ. This optical constant can be
measured by placing a sample of the material deposited with the same
technique and method that will be used for the fabrication of the actual
devices. Spectroscopic ellipsometry is likely the best technique for such a
measurement, and the obtained results can be directly included within the
computational electromagnetism packages used for simulation of the
fabricated devices [Ginn et al., 2007a]. Some discrepancies between
the results obtained from spectroscopic ellipsometry and reference values in
the literature have been observed [Folks et al., 2008] [González et al., 2009].
These discrepancies are within a 10% range and are likely due to the specific
deposition techniques used to prepare the samples. Although in the visible
spectrum the dispersive character is of great importance, some computational
analyses where the spectral response of dipole and bow-tie antennas are
studied in the infrared show acceptable results within a limited spectral range
when only a constant value for ñ is used [González et al., 2009].

Figure 3.6 An array of 11�12 bow-tie gold antennas coupled to Nb microbolometers
written on two substrates coated with two types of insulating layers: SiO2 and aerogel. Those
devices fabricated on aerogel present a slower response than those fabricated on SiO2, with
time constants, ttherm,Aerogel ¼ 5.1 ms, and ttherm,SiO2

¼ 127 ns, respectively (adapted from
[González et al., 2004a] and reproduced with permission of Elsevier).
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Additionally, the actual geometry of the devices can differ from the
designed geometry. To properly determine the fabricated parameters, a
scanning electron microscope photograph should be taken, and the geometric
parameters that are actually fabricated should be compared with the design
specification. Again, those discrepancies should be considered in a final
refinement of simulations.

3.2 Classical Designs

Antenna design in the radioelectric range is full of geometries adapted to
enhance performance in a variety of situations. When moving to the infrared
we need to cope with some constraints and conditions that alter the design and
capabilities of the proposed geometries. In section 2.1 we have seen how
material characteristics are an important issue that affects scaling, through the
concept of effective wavelength, recognizing ohmic losses and the interaction
of light with the whole structure of the resonant element. Additionally,
fabrication of nanoantennas typically limits the design to two-dimensional
(2D) layouts where the antenna is placed on, or embedded in, dielectric
materials.

However, some very common and successful designs that work in the
radioelectric regime have been translated to the optical range. This is the case
for dipoles, bow-ties, spirals, and patch antennas.

The dipole antenna is probably the simplest case of a working antenna.
Its treatment provides analytical solutions in idealized cases [Balanis, 2005].
A dipole antenna is strongly dependent on the polarization state of the
incident electric field. Because of that characteristic, it served to prove the
capabilities of this technology when optical antennas were first being
developed. The analysis of its dependence on length provided a clear
understanding of the resonant modes of a given infrared antenna with a
dipole design [Fumeaux et al., 2000]. Then, the dipole antenna allowed the
splitting of the thermal non-selective response and the electromagnetic,
antenna-like selective response in polarization [Alda et al., 1999] [Fumeaux
et al., 1999a]. Bow-tie antennas are also polarization-selective devices that
produce a larger signal than dipole antennas because of the larger metal
region exposed to the incoming radiation and larger spectral bandwidth.
Both dipole and bow-tie antennas respond very selectively to linear
polarization. Some other designs, such as spirals [Boreman et al., 1996]
[Fumeaux et al., 1997], respond better to circular polarization adapted to the
helicity of the design: right-handed circular polarization (RCP) or left-
handed circular polarization (LCP) [Cuadrado et al., 2014a]. Figure 3.7
shows this dependence for four antenna designs: dipole, bow-tie, square
spiral, and log-periodic. This polarization sensitivity is an added value that is
intrinsically given by the interaction mechanism of the resonant structures
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with light [Boreman et al., 1998]. An appropriate use of this selectivity may
give rise to polarization-selective pixels made of a proper combination of
antenna-coupled detectors [Krenz et al., 2008] [González et al., 2002] [Simon
& González, 2011] [Cuadrado et al., 2014a]. Polarization-dependent focal
plane arrays have been demonstrated using log-periodic antennas for IR
imaging applications [González et al., 2006] (see Fig. 3.8).

However, some applications, such as energy harvesting or thermal
imaging, require no polarization selectivity and need designs that resonate
with any polarization state. This is possible by combining dipoles in a star-like
design. Figure 3.9 shows a design where the antenna elements are designed not
to be polarization dependent, and to respond to different wavelengths within
the infrared region [Boreman et al., 2006]. A multiwavelength design can also
be obtained by using fractal geometries [Volpe et al., 2011] [Gottheim et al.,
2015] [Cuadrado et al., 2015a], mimicking the case already proposed at lower
frequencies as variations of the Sierpinski triangle [Puente-Baliarda et al.,
1998]. Some of these classical designs can be adapted to have tunability
features [Codreanu, 2001]. One way to accomplish this feature is by
electrically modifying the geometry of the device [Gritz, 2003] [Gritz et al.,
2004]. This can be done, for example, by placing the antenna as an air bridge
suspended on a central electrode. The design will work as a capacitor, where
one of the plates is movable [Gritz et al., 2003a] [Gritz et al., 2005].

Figure 3.7 Response of dipole, bow-tie, square spiral, and log-periodic designs as a
function of the orientation of a linearly polarized incoming wave (adapted from [González &
Boreman, 2005] and reproduced with permission of Elsevier).
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3.2.1 Slot antennas

Another possibility in optical antenna design is the use of slot antennas made
on a metallic layer. A very simple way to see how slots work from a resonance
point of view is by interchanging the roles of the magnetic and electric fields.

Figure 3.8 An 8�8 pixel focal plane array (left) of infrared antennas coupled to commercial
read-out integrated circuits. The signal from each pixel is generated by 28 log-periodic
antennas (right) connected in series (adapted from [González et al., 2006] and reproduced
with permission of Wiley).

Figure 3.9 A collection of star-like antennas connected in series is able to generate signals
independent of polarization for two different wavelengths [Boreman et al., 2006].
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Then, a dipole antenna selectively responds to an electric field aligned along
the length of the dipole. Its slot counterpart will resonate with a magnetic field
aligned along the length of the slot. Figure 3.10 shows this fact in terms of
the near-field distribution of the magnetic and electric fields. This behavior
needs to be considered when combining antennas having complementary
geometries.

An interesting application of the previous characteristic has been
demonstrated in dual-band detection for millimeter waves and IR radiation.
Figure 3.11 shows a device that combines a slot antenna having a dipole-like
geometry sized to resonate in the millimeter-wave band at 92.5 GHz, and a

Figure 3.10 Maps of the electric and magnetic fields are complementary to each other
when comparing the dipole response to the slot response having the same dimensions
(adapted from [Cuadrado, 2014]).

Figure 3.11 A combination of a slot and a dipole antenna used for the simultaneous dual-
band detection of millimeter waves and IR signals. The device is made of Ni and includes a
NiO layer that forms a MOM diode at the center of the dipole and slot geometries. The
spectrum analyzer trace above the IR dipole shows the simultaneous detection of both
signals when two different modulation frequencies are applied to the IR and the millimeter-
wave radiations (adapted from [Abdel-Rahman et al., 2004] and reproduced with permission
of the Institution of Engineering & Technology).
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dipole antenna tuned at 28 THz in the infrared [Abdel-Rahman et al., 2004]
[Abdel-Rahman et al., 2005b] [Abdel-Rahman et al., 2005a]. Both elements
are oriented to selectively receive radiation having the proper orientation of
the electric field. The signal is transduced by a metal-oxide-metal tunnel diode
placed at the center of the slot and at the feed point of the dipole.

Slot antennas can be arranged to perform other tasks, such as making the
transition between free-propagating radiation and wave confinement in a
coplanar strip waveguide. This is the case of tapered slot antennas [Florence,
2012] [Florence et al., 2011] [Florence et al., 2012], which, when properly
arranged, can collect radiation and redirect it into the waveguide maintaining
the field amplitudes. Figure 3.12 shows experimental near-field data obtained
when infrared radiation incides with an angle of incidence of 60° to the plane
of the device at the wide end of the tapered slot.

Figure 3.12 The use of slot antennas as couplers between free propagating waves and
waveguides was demonstrated in two linear designs. One design resembles a conic horn
(tapered slot antenna), and the other uses two slots that converge from the input to a metallic
waveguide. The results are a good match with the electric field obtained from simulation.
The experimental results were obtained by registering the scattered near field excited in the
structure under oblique incidence conditions using scanning near-field optical microscopy
(SNOM) techniques. This characterization method is presented in section 5.8 (adapted from
[Florence et al., 2012] and reproduced with permission of Elsevier).
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3.2.2 Diffractive optical elements and antennas

Another interesting issue related to materials and auxiliary elements is the
integration of optical elements in combination with optical antennas or
resonant elements. We have seen how the thickness of the insulating layer
may enhance the delivered signal through constructive interference. At the
same time, the wafer thickness can be used to focus optical radiation on the
antenna device. This can be accomplished by writing a Fresnel zone plate
(FZP) on one of the sides of the wafer. The design and dimensions of this
FZP are made to focus light on the antenna element located on the other
side of the wafer. In this case, fabrication assures the alignment of the
optics and the detector. When considering the fabrication and optimization
of a FZP, it is interesting to explore not only the classical circular FZP
design, but also some other square or polygonal designs that could be of
interest to better adapt to fabrication constraints [Alda & Boreman, 2008]
[Alda et al., 2006a] [Alda & González, 2009b]. On the other hand, this
combined design increases the collection area from the �l2 value to several
hundreds of l2 [González et al., 2005] [González et al., 2004b]. Figure 3.13
shows a fabricated circular FZP aligned through the wafer with a square
spiral antenna coupled to a Nb microbolometer. The diameter of the outer
circle of the FZP is around 260mm, and the FZP collects energy that
impinges on an antenna device having a lateral dimension of around 5mm.

A further step in the use of FZP is the transformation of this geometry
into a working antenna device. This element combines two functions: the FZP
focuses light through the substrate to the detector at the other side of the
wafer, and at the same time, it generates a current distribution when excited
by electromagnetic waves resonating on the arms of the FZP antenna. The

Figure 3.13 A Soret-type circular FZP is written on a Si substrate having a thickness of
380mm and double-side coated with an insulating layer 200 nm-thick. Both the antenna
and the FZP opaque zones are made of 100 nm-thick gold, and the antenna is coupled to
a Nb bolometer deposited at the center of the square spiral having a size of
500�500 nm2. The measured gain of this arrangement is around �60 when compared
to similar devices without the FZP (adapted from [González et al., 2004b] and
reproduced with permission of OSA).
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transformation is quite simple and results in a spiral antenna with arms of a
size that follows the Fresnel zone arrangement. The mismatch between the
size of the detector at the FZP plane and at its focal point makes the system
suitable for dual-band detection. As can be seen in Fig. 3.14, the FZP antenna
resonates at a frequency around 2 orders of magnitude lower than the infrared
detector located at the opposite side of the wafer (450 GHz versus 30 THz). As
in the previous case, alignment is ensured by fabrication tolerances, and
signals coming from the infrared and millimeter band are routed separately on
each side of the wafer. These designs combine the actual detection at two
separate bandwidths in the same device, expanding the capabilites of
millimeter- and terahertz-band detectors [Kazemi et al., 2005] [Kazemi
et al., 2007b] [Kazemi et al., 2007a].

3.3 Computational Electromagnetism. Methods and
Approaches

Computational electromagnetism has a simple goal: solving Maxwell’s
equations for a wide variety of cases involving different media, different
excitation, and different domains (frequency, time, or both simultaneously).
Most commercial packages applicable to the optical range are extensions of
well-proven tools in the development of radiofrequency and microwave
designs. The equations are the same, but we have previously seen how some
material characteristics change significantly when moving to higher

Figure 3.14 A spiral antenna can be arranged as a FZP that is able to focus light on the
back of the wafer in which it is deposited. This arrangement serves as a dual-band detector
that generates currents on the arms of the FZP antenna and focuses light on an IR detector
that can be, as in [González et al., 2004b], another IR antenna. This system can work as a
millimeter or terahertz detector and an infrared detector. The main advantage of this
arrangement is that both bands are aligned along the same optical axis (adapted from [Alda
& González, 2009a] and reproduced with permission of OSA).
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frequencies, and this fact, along with the meshing limitations associated with
the smaller wavelength, needs special care in this transition to the optical
range.

Currently, there is a large collection of computational electromagnetism
programs that have been developed as multipurpose suites (multiphysics,
CAD integration, etc.), or as stand-alone single-purpose applications.
Universities and companies offer their products and packages under paid or
freeware license, as proprietary or open codes, and working in a variety of
platforms: from basic desktops to mainframe scientific computers and
clusters. The choices are enough to satisfy the needs and resources available,
both in price and computational power. In any case, all of the programs share
an important characteristic that every beginner should know when using
them: they always produce an output, whatever the input is. The user has to
approve the quality of this output using knowledge, reasonable expectations,
and the ultimate comparison to previous proven results or, even better, to
experimental data. It should be remembered that a well-designed experiment
always produces an actual result that includes the evaluation of experimental
uncertainties.

In addition to the main objective of properly solving Maxwell’s equations,
some computational packages include other physical domains that are
relevant for infrared antennas. For example, when considering bolometric or
thermoelectric transduction, thermal behavior becomes as important as
electromagnetism. Then, a correct simulation requires inclusion of thermal
behavior in the calculation.

In this section we briefly describe some of the most common numerical
methods used in the design of optical antennas and resonant structures. There
are also many numerical methods in computational electromagnetism
[Deslise, 2014]. Beyond hardware requirements, licensing, and price limita-
tions, each method is specifically adapted to certain problems and charac-
teristics. The methods presented here are not a complete list, and variations
are sometimes wisely used to analyze scattering, energy budget, or other kinds
of interaction of light and matter [Hafner, 1999] [Mittra, 2014]. Our goal is to
show some the most commonly used numerical methods in the analysis of
optical antennas and resonant structures [Rico-García, 2003].

3.3.1 Green’s tensor methods

Basic electromagnetism uses Green’s tensor, or Green’s function, to obtain
electromagnetic fields produced by dipoles located in a given spatial domain.
Green’s tensor can be seen as the propagating kernel of an integral equation
that adds together all of the individual contributions of the dipole sources
within the volume of the scattered source. Thus, in free space, Green’s
function is given by

45Modeling, Design, and Simulation

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Gð~r,~r0Þ ¼ expðik j~r� ~r0 jÞ
4p j~r� ~r0 j , (3.6)

where ~r, and ~r0 define the position where the field needs to be calculated and
the position of the source, respectively, and k is the wavenumber. In a real
case, Green’s function takes the form of a 3�3 matrix, which is also
technically denoted as a dyadic or Green’s tensor. In a Cartesian 3D
coordinate system, the columns of this tensor can be interpreted as the
contributions to the electric field at position ~r of three dipoles, orthogonally
oriented, representing point sources at the location ~r0 within the volume of
interest where the scattering object is placed [Martin & Piller, 1998] [Martin
et al., 1995].

Computational electromagnetism uses Green’s function to solve the
following equation for the electric field outside the source volume, produced
by a collection of sources radiating from a volume domain:

~Eð~rÞ ¼ ~Eincð~rÞ þ ivmm0∫
v
Gð~r,~r0Þ~jð~r0Þdv0, (3.7)

where Gð~r,~r0Þ can be seen as a matrix, or more technically, a dyadic structure.
The success in solving this problem will depend on the convergence of this
integral equation and the adequate selection of the functions representing
currents ~j, along with the selected coordinate system and volume boundaries.

3.3.2 Method of moments (MoM)

The method of moments expands the currents induced by the incident radiation
in a resonant structure. The expansion uses different types of functions depending
on the problem under consideration. They can take the form of a collection of
modes applied over the entire calculation domain, or a set of functions adapted
to the geometry of the resonant elements. From a fundamental point of view, this
method obtains the scattered field as the contribution of a collection of currents,
~jq, that flow within the interaction volume, v:

~Escatt,pð~rÞ ¼ K∫
v
Gð~r,~r0Þp,q ~jqdv, (3.8)

where Gð~r,~r0Þp,q is the Green’s function that relates the currents to the electric
field, and K summarizes the constants and frequency dependence that do not
vary within the integration volume. This method can be also expressed in
matrix form: ½Z�½I � ¼ ½V �, which resembles Ohm’s law. Actually, the success
of the method in evaluating a valid solution relies on the capability of finding
a suitable current base function, and the proper conditioning of the matrix
problem [Harrington, 1967].
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A variation of the method of moments applicable to periodic structures is
the periodic method of moments (PMM) [Munk, 2000]. This numerical
strategy is very well suited to treat problems involving repetitive cells along
2D structures. Figure 3.15 shows the results of the application of the method
of moments when simulating the polarization characteristics of meander-line
structures in the infrared.

3.3.3 Multiple multipole (MMP) method

While the method of moments is based on current distributions, the multiple
multipole method uses a collection of sources that can be monopolar, dipolar,
or multipolar in nature. These elements are typically located near the interface
between two media (in a scattering problem, one of them is the scattering
object and the other is the surrounding media). Mathematically, this
expansion can be given as

~EðDiÞ ¼ ~EincðDiÞ þ
X

N

j¼1

akðDiÞ~ek, (3.9)

where Di represents the domain where the calculation is made, and ~ek are the
multipolar functions defined in the problem. These multipole functions can be
analytical solutions of Maxwell’s equations and are locally defined around the
source of the multipole. The MMP method fixes the boundary condition
based on the multipole selection. This selection is adapted to the geometric
and material characteristics of the problem and is organized across the
boundary limits of the domains under consideration [Moreno et al., 2002].

Figure 3.15 (a) Because of its geometry, a meander-line structure in the IR is used as a
retarder plate. Its analysis can be done by using periodic method of moments, which
evaluates the currents built up along the repetitive structure. (b) The axial ratio of the
polarization ellipse and phase retardance between TE and TM components for a given
design (adapted from [Tharp et al., 2006b] and reproduced with permission of OSA).
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3.3.4 Transmission line matrix (TLM) method

The TLM approach uses electrical-engineering nomenclature where the
propagation problem is framed using voltages, currents, impedances, and
transmission lines [Johns & Beurle, 1971] [Hoefer, 1985] [Russer & Russer,
2012]. It works in the time domain by discretizing the space domain into nodes
connected through transmission lines that carry information about the
electromagnetic field propagating within the volume of interest. In a 2D
Cartesian system, each node is connected by 4 transmission lines to its neighbor
nodes (in 3D this number is 6). These transmission lines are used to receive or
scatter/emit radiation. A graphical representation of these transmission lines is
given in Fig. 3.16. As far as this radiation can be modeled using voltages related
to the electric field and currents related to the magnetic field, the analysis is
transformed to an equivalent circuit, where impedances of the transmission
lines between nodes are linked to the electric properties of the material in which
the wave is propagating. In the simplest case, this will be the wave impedance

Z ¼
ffiffiffiffiffiffiffiffi

m0mr
ε0εr

q

(see section 2.2). The situation at a given time evolves by

propagating voltages along the transmission lines with a time period adjusted
to reach the neighboring nodes. This constraint is applicable to
any time domain method and links both spatial, Dl, and temporal, Dt,
discretizations using the speed of the electromagnetic wave: Dl ¼ cDt.

Figure 3.16 Voltages propagate through a transmission line connecting neighbors along a
3D cubic mesh.
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3.3.5 Finite differences in the time domain (FDTD) method

The FDTD method probably produces the most intuitive results because it
tracks the temporal evolution of the electromagnetic fields over a given
volume. This is done by discretizing the region of interest with a meshing able
to faithfully represent the geometry and materials under study.

As with any finite difference method, FDTD is strongly dependent on the
meshing density and adaptation of the mesh to the actual geometries. At the
same time, FDTD is also a method requiring a large amount of memory
allocation to store the values of the electromagnetic fields on the given mesh.
The method, once restricted to large computer systems, has become more
generally available as the computer industry has provided desktop systems
able to manage large amounts of memory. Furthermore, this method can
exploit parallelization strategies to evaluate larger meshing volumes and finer
meshing.

At the same time, FDTD algorithms are easy to compute and are
applicable to a variety of materials, including nonlinear, anisotropic, or
dispersive. The method is explicit in the sense that no matrix inversion
algorithm is necessary (as happens, for example with the MoM), and the
results in temporal step nþ 1 only depend on the solution for step n.
Figure 3.17 shows the modulus and phase of a hexapolar mode excited in a
photonic crystal cavity. These results have been obtained from a FDTD script
written in C++ and executed on a regular desktop PC [Rico-Garcia et al.,
2004] [Rico-Garcia et al., 2005].

At the core of the FDTD method is the so-called Yee algorithm, which
evaluates the finite differences along three spatial dimensions and time [Yee,
1966]. The Yee method uses differences centered at each point of the mesh to
discretize Maxwell’s rotational equations (Faraday’s law and the Ampere–
Maxwell law). A full coverage of the foundations of the method and its

Figure 3.17 The photonic crystal cavity made of GaAs cylinders arranged in a rectangular
array can be analyzed by a FDTD algorithm to obtain the modulus and the phase of the
cavity modes (adapted from [López-Alonso et al., 2004] and reproduced with permission of
OSA).
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successive extensions is given, for example, in the Taflove books [Taflove &
Hagness, 2005] [Taflove et al., 2013]. The results given by this method can be
analyzed in more depth by applying multivariate techniques, such as principal
component analysis, that provide better insight into the link between spatial-
temporal and spectral characteristics of the results [López-Alonso et al., 2004],
including the effect of fabrication tolerances [Rico-García et al., 2005].

3.3.6 Finite element method (FEM)

Finite element methods have been applied to a variety of areas where a set of
coupled partial differential equations are solved on a given volume of interest
[Volakis et al., 1998] [Jin, 2014]. Mechanics, thermal analysis, and electro-
magnetism are some of the most successful areas.

FEM and FDTD methods share the necessity of very precise and adaptive
meshing, and therefore these methods are memory-intensive. Typical FEM
algorithms in electromagnetism are devoted to the steady state solution, where
time is no longer an issue and the frequency dependence becomes explicit.
FEM solves the partial differential equation associated with electromagne-
tism. In some cases, Maxwell’s four equations are combined to produce
differential equations using potentials. These are the magnetic vector

potential, ~A, and the scalar electric potential, V , defined as

~B ¼ ∇� ~A, (3.10)

~E ¼ �∇V : (3.11)

These potentials obey some other relations, such as the Coulomb gauge
condition, that make them suitable for use in electromagnetism problems
[Jackson, 1998].

From a numerical point of view, the solution of the corresponding partial
derivatives across the volume of interest is given as a combination of basis
functions. These basis functions are adapted to the geometry (mesh) and the
problem under analysis to produce a reliable solution. On the other hand, an
optimization approach is added to take into account the physical realization
of the problem. In the case of computational electromagnetism, one of the
usual optimization conditions is the minimization of the total energy
integrated over the volume of the meshed cell.

In the design of antennas and resonant structures, FEM algorithms have
been successfully applied to the analysis of reflectarrays (see Fig. 3.18.a) and
to the mutual validation of scattering scanning near-field optical microscopy
(s-SNOM) measurements (see Fig. 3.18.b). An interesting property of FEM is
its capability to analyze different multiphysics problems using the same
geometry but changing the set of differential equations. This fact also makes
possible the interaction between domains to produce results in cases where a
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variety of phenomena occur simultaneously, as happens for example with the
combination of thermal and electromagnetic domains used in the simulation
of thermoelectric antenna-coupled devices (see section 6.1.3). In Fig. 3.18.c we
show the combined results obtained from the electromagnetic domain in terms
of the absorbed power by a dipole antenna. This antenna is arranged as a
linear array in a nano-opto-electro-mechanical system (NOEMS) device,
where its mechanical oscillations depend on the temperature map of the
device.

3.3.7 Material considerations and computational implementation

The experience we accumulated in the design, fabrication, and testing of
optical antennas and resonant elements has made us pay special attention to
a very fundamental issue related to the final reliability of the simulated
results — the accurate characterization of materials.

Most of the computational electromagnetic methods rely on published
results for the value of the physical constants involved in each domain. From
an optical point of view, these constants are the dielectric permittivity,
magnetic permeability, and conductivity. If some models are applicable (for
example the Drude model), it is possible to obtain resistivity, index of
refraction, or penetration depth. If the system is nonlinear, electric and
magnetic susceptibilities should be provided accordingly. Also, when
mechanical or thermal domains are included, density, thermal coefficient of

Figure 3.18 Results from FEM packages. (a) The electric field distribution (modulus) of a
plane wave interacting with a square metallic patch on a dielectric stand-off layer. (b) The
amplitude and phase of the Ez component calculated for its comparison with s-SNOM
measurements on resonant structures. (c) Combining the results from the electromagnetic
domain and the thermal domain, it is possible to obtain the temperature map of an array of
dipole antennas working as a NOEMS device (adapted from [Ginn, 2009], [Ravichandran
et al., 2013], and [Cuadrado, 2014], and reproduced with permission of SPIE).
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resistance, thermal coefficient of expansion, etc., should be part of the set of
physical constants involved in the calculation. Typically, handbooks are used
to obtain the necessary values [Palik, 1997] [Lide, 1995] [Yang et al., 2015].
These material data are constantly revised, and new materials and conditions
are reported in applicable journal papers. The choice of the source of the
material database becomes an important issue when considering the reliability
and quality of the computational results.

As a matter of fact, material characterization in micro- and nanotech-
nology is a significant issue related to the change of material properties
when moving to the nanoscale. Tabulated bulk material properties should
not be fully trusted, and a dedicated revision of those parameters is
sometimes necessary. Furthermore, when considering fabricated devices
and nanostructures, the method for deposition or evaporation may become
relevant to the actual values of the material properties. To solve this
problem, it is highly advisable to check the feasibility of the material
characteristics with measurement techniques applicable to the materials and
structures actually fabricated. Spectroscopic ellipsometry in the visible and
the infrared is a valuable technique to validate the optical properties of
materials and structures. Figure 3.19.a shows the setup of an infrared
ellipsometer used for material characterization of metals and dielectrics used
in fabrication of optical antennas. In Fig. 3.19.b we can see how the
implementation of the optical material properties actually measured with
an infrared ellipsometer improves the fitting of the experimental data with
the results obtained from the simulations (in this case using a method-
of-moments algorithm) [Ginn et al., 2007a].

3.4 Multiphysics Approach

In resonant structures where the incident optical field builds up currents and
generates an antenna-like interaction, the structure is not an ideal entity
suspended in an ideal vacuum volume. These structures are associated with a
substrate, a surrounding element, and, when producing a measurable external
signal, a transduction mechanism (see section 6.1).

Computational electromagnetism packages are able to model some
interactions between physical domains. FDTD methods model dispersive
and dissipative materials and accurately predict the effects of them. FEM
algorithms solve these situations, providing connections with other physical
domains: mechanical and thermal domains, which are useful in determining
the behavior of NOEMS and thermal transduction (bolometers and
thermopiles).

However, using computational tools requiring fine meshing of large
volumes is not always the best approach to understand the effect and role
of the underlying physics. The need for properly combined, convoluted
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boundary conditions, or the existence of variable meshing strategies, may
obscure the meaning of the results and therefore the derived conclusion.

In such cases, different physics may need different approaches. An example
of this case is the modeling of diode transducers, where the diode itself
is modeled as a lumped element with the appropriate parameters, typically
the complex impedance. This device model is inserted into the allocated
position having incoming voltage or current values that drive the diode. This
approach allows a better understanding of the different elements of the optical
nanocircuit and makes possible a simpler calculation of characteristic
parameters, for example, the efficiency of the element [Briones et al., 2013].

Figure 3.19 (a) Photograph of an infrared variable-angle spectroscopic ellipsometer used
for material characterization in the infrared (DTGS is deuterated triglycine sulfate; FTIR is
Fourier transform infrared). (b) Experimental data obtained from an IR spectrometer of
the emissivity of Mn square loops on a ZrO2 stand-off layer on a gold ground plane more
closely match the simulated data when material properties are incorporated into the
computational electromagnetism algorithm (method of moments) (adapted from [Ginn
et al., 2007a] and reproduced with permission of ACES).
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Another example of a proper combination of computational electromagne-
tism results and optics is the case of optical characterization of reflectarrays.
The phase map produced at the resonant structure level is arranged and stitched
among elements to realize a propagating wavefront using the same reasoning as
Huygens’ principle describes: the individual wavelets generated at the resonant

Figure 3.20 A reflectarray composed of a Fresnel zone arrangement of unit-cell elements.
These individual elements, adapted to different predetermined phase shifts, are successfully
modeled using a FEM package. The resulting phase shift is arranged as a phase window to
calculate the performance of the system using propagation kernels to compute the
amplitude distribution at the plane of interest (adapted from [Ginn et al., 2010a] and [Gómez-
Pedrero et al., 2011], and reproduced with permission of OSA).
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elements combine to form the wave that is propagating through the
corresponding media. This approach has made possible the analysis of
the optical performance of reflectarrays, in the same way and with the same
metrics as those used in regular optical systems [Ginn et al., 2010a] [Gómez-
Pedrero et al., 2011]. In Fig. 3.20 we show how the modeling of unit cells
changing the phase according to the reflectarray pattern is modeled as a phase
window to obtain the amplitude distribution at any plane after the
reflectarray. This calculation is done by using wave propagation kernels.
These elements will be treated in more depth in section 7.3.
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Chapter 4

Fabrication

Fabrication of infrared and optical antennas requires high-resolution litho-
graphy so that thin films of the required materials can be deposited and
patterned onto a suitable substrate. Resonant structures, including multilayer
arrangements, are also made with nanofabrication techniques [Tharp et al.,
2008]. Compared to the operating wavelength, the overall size of the antenna
structures themselves is subwavelength in dimension. It is useful to have about
a factor of ten higher resolution available than the overall dimension of the
structure, so that fine features and sharp corners can be implemented in the
design, as seen in the example shown in Fig. 4.1 [González, 2003] [Cuadrado
et al., 2015a].

Experimental research in device development often involves fabrication of
one-of-a-kind devices, or at least small batches of devices. From a flexibility
point of view, this indicates the convenience of electron-beam lithography so
that evolving designs can be changed and adapted according to experimental
results. This has the disadvantage of the relatively slow, serial nature of the
electron-beam writing process. When device designs become more mature,
mask-based optical lithography can be usefully employed to take advantage
of the parallel nature of the process to increase the speed of fabrication and
the device throughput. It is worth considering early on the choice of specific
materials to be used in a device so that compatibility with standard foundry
processes may be obtained if possible.

Several techniques have been used to fabricate optical antennas and
resonant elements. Optical lithography, which is extensively employed in
microelectronics integrated circuit fabrication, has been successfully applied
to the generation of optical antennas in the infrared. In the far-infrared range
the effect of imperfections and lower spatial resolution of optical lithography
is less relevant, and modern deep-ultraviolet optical lithography techniques
are applicable for some devices and structures. However, when the wavelength
of operation shrinks, the constraints on the spatial resolution and fine detail of
the fabricated elements are beyond the limitations of optical lithography. In
these cases, probably the most popular technique is electron-beam lithography
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[Gritz et al., 2003b]. This technique is able to generate nanosized structures
smooth enough to sustain currents on and within the fabricated elements. In
the following section we describe the main steps necessary to fabricate optical
antennas using electron-beam lithography technologies. In addition to this
nanofabrication technology, the need for large-area and low-cost devices has
encouraged the development of cheaper alternative techniques. Among them
we can name nano-imprint technology [Puscasu et al., 2000a] and projection
lithography [Bonakdar et al., 2015].

4.1 Optical and Electron-beam Lithography

The first step in the lithographic process is to deposit a uniform, thin layer of
light- or electron-sensitive material called resist onto the substrate material,
most often a semiconductor wafer. The most common method to apply resist
to the wafer is spin coating. A small amount of liquid resist is deposited at the
center of the wafer, which is attached by a vacuum chuck to a pedestal that
can be spun rapidly after the resist is dispensed. The thickness of the resulting
film of resist depends on the angular rotation speed, the duration of the
process, and the viscosity of the liquid resist. The next step is typically to heat
the wafer to drive off solvent from the resist layer. This has the effect of
improving the adhesion of the resist film to the wafer, and also serves to
anneal residual stresses in the film. At that point, the desired spatial

Figure 4.1 Example of substructure in an infrared fractal antenna (adapted from
[González, 2003]).
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information is transferred into the resist pattern by exposure to either light
(optical lithography) or electrons (e-beam lithography). Exposure to light or
electrons causes breakage of chemical bonds in positive resists, or cross
linking of polymers in negative resists. These chemical changes make the resist
either more soluble to a developer (positive resist) or less soluble (negative
resist).

Both the present generation of ultraviolet optical-lithography systems as
well as typical electron-beam systems have sufficient resolution to accommo-
date most optical and infrared antenna designs. In optical lithography, the
resist layer is selectively exposed by passing narrowband, short-wavelength
light through a reticle or mask that has the spatial pattern information for the
particular layer being fabricated. The resolution limit is approximately given
as the ratio between the exposure wavelength and the numerical aperture of
the projection lens. In electron-beam lithography, a focused beam of electrons
is scanned across the region to be exposed, with the pattern transfer accom-
plished by temporal modulation of the moving electron beam. To facilitate
faster writing speeds, an electron-beam system will usually decompose the
desired pattern into elementary shapes and operate in a vector-scan mode,
scanning the electron beam over only those areas that are to be exposed. This
is much faster than a simple serial-writing process that exposes one pixel at a
time. The typical electron-acceleration voltage used is on the order of tens of
kilovolts. This voltage transforms into the equivalent wavelength of the
electron by means of the de Broglie relation:

l ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2meeV
p , (4.1)

where h is Planck’s constant, and me and e are the mass and charge of the
electron, respectively, where V is the acceleration voltage. For example, for
V ¼ 10 kV, the equivalent de Broglie wavelength is l ¼ 0.0122 nm. Then, the
resolution limit is set by the diameter of the scanning electron beam. The
resolution is also affected by small-angle forward scattering in the resist or
large-angle backscattering from the substrate. Both of these processes result in
some exposure outside the desired areas, referred to as the proximity effect.

Since most structures require successive layers of different materials, an
important aspect of the lithographic process is layer-to-layer alignment,
especially critical for accurate positioning of very small structures. Most
electron-beam systems have the capability to detect alignment marks placed
within the field of view of the instrument, based on electron backscatter from
metallic features. Often there will be a series of nested alignment features,
facilitating both global and local alignment. Alternatively, optical lithography
systems typically have dual-sided imaging capabilities to facilitate positioning
of successive layers or back-side printing.
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4.1.1 Choice of resist

The performance of a resist is specified in terms of sensitivity (the amount of
energy per unit area necessary to create the desired chemical change) and
resolution (the smallest feature that can be reproduced). As a general rule,
resists with the highest resolution are the least sensitive. Photoresists normally
have three components: a resin material that acts as a matrix, an active
compound, and a solvent that controls the mechanical properties, such as
viscosity. Positive resists usually have better resolution than negative resists,
since the unexposed regions are not penetrated by the developer. In negative
resists, the developer penetrates both the exposed and unexposed regions, with
some consequent swelling and distortion of the resist pattern.

Polymethyl methacrylate (PMMA) is a commonly used positive resist
for e-beam lithography. It has high resolution but low sensitivity, requiring a
dose of about 100mC∕cm2. Another characteristic of PMMA is that it has
poor resistance to plasma etching. Research to improve the sensitivity of
PMMA led to new resists with higher sensitivities, for instance, copolymer
P(MMA-MAA), which is prepared by copolymerizing methyl methacrylate
and methacrylic acid. When thick layers of resist are necessary for
implementing a liftoff process, a bi-layer resist structure is often made by
spinning PMMA on top of a P(MMA-MAA) layer. The liftoff is implemented
by immersing the sample in acetone or methylene chloride.

4.1.2 Patterning processes

Two basic processes are used to define the desired spatial patterns on the
substrate where the pattern transfer takes place by having some areas
protected with resist and other areas exposed. In a subtractive process, the
entire substrate is covered by a thin film layer, of which selected regions are
protected by resist. An etch process then removes material from the areas
unprotected by resist. In an additive process, also known as liftoff, the
substrate is coated with a resist layer that is patterned with openings where the
next layer’s material is to be deposited. A thin film of the desired material is
then deposited over the entire surface. The substrate is then immersed into a
solvent solution that dissolves the resist so that the material deposited on the
top of the resist is removed and the material deposited into the openings in the
resist layer remains. Figure 4.2 illustrates the two processes.

In order to ensure a successful liftoff, it is necessary to have a distinct
separation between the material deposited on top of the resist and that
deposited on the exposed substrate. A general rule of thumb is that the resist
thickness should be about three times that of the film that is to be lifted off. To
ensure liftoff with thick layers, a bi-layer resist scheme is commonly used (see
Fig 4.3). A thick layer of resist with high sensitivity is deposited onto the
substrate first, then a thinner layer of resist with low sensitivity but high
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Figure 4.2 Pattern definitions by (a) subtractive etching and (b) additive liftoff (adapted
from [Codreanu, 2001]).

Figure 4.3 Pattern definitions using liftoff with (a) single-layer resist and (b) bi-layer resist
(adapted from [Codreanu, 2001]).
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resolution is deposited on top. Assuming a directional deposition of material,
the linewidth on the substrate will be determined by the high-resolution top
layer of resist. Owing to its higher sensitivity, the bottom layer of resist is
exposed over a wider region, leading to an undercut profile. When the
material to be lifted off is deposited over the bi-layer structure, it does not
come in contact with the bottom layer of resist because of the undercut. This
ensures a distinct break in the top film of material, allowing a clean liftoff of
the pattern adhering to the substrate.

4.2 Thin-Film Deposition Methods

In the fabrication of optical and infrared antennas, it is necessary to be able to
accurately deposit continuous films of known thickness of both metals and
dielectrics onto appropriate substrates. The metals are used to fabricate
ground planes, adhesion layers, and antenna structures. Dielectric materials
are often used as stand-off layers between a ground plane and an antenna, or
as overcoat layers. It is advisable to implement a witness sample in any
developmental deposition process so that physical and optical measurements
can be made on the as-deposited film to determine thickness and complex
refractive index. Several techniques are available for this process. The most
commonly used are evaporation, sputtering, and chemical vapor deposition,
with all of their possible variations.

4.2.1 Evaporation

In the evaporation process, a material is heated to its vaporization
temperature by means of resistance heating (thermal evaporation) or a beam
of energetic electrons (electron-beam evaporation). Thermal evaporation is
achieved by placing the material to be deposited into a crucible of high-
melting-temperature metal such as tungsten. An electric current is passed
through the crucible, raising the temperature of the material to the melting
point and then to the evaporation point. In an e-beam evaporation system, a
high-intensity beam of electrons is focused onto a ceramic crucible containing
the evaporant material. The electron beam is moved magnetically across the
crucible, leading to uniform heating of the material. Evaporation takes place
in a high vacuum environment (typically 10�7 Torr), which implies a long
mean-free path of the evaporated constituents. This tends to make evapora-
tion a directional process, since the evaporant travels in a straight path until it
strikes a surface where a film of material is formed. This characteristic of
evaporation makes it difficult to deposit a continuous film over a step-height
change on the substrate, with the evaporated film often becoming discon-
tinuous on a vertical wall. This can be advantageous for implementing a liftoff
procedure, or for shadow evaporation, where non-continuous films are
required. If a continuous film is desired, a non-directional deposition method

62 Chapter 4

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



such as sputtering is indicated. It should also be noted that the evaporation
process works best for elemental materials, and that alloys and compounds
tend to dissociate under evaporation, making the composition of the resulting
film difficult to control.

4.2.2 Sputtering

In the sputtering process, the target material is bombarded by energetic ions
generated in an electric discharge, physically dislodging the material to be
deposited from the target. The dislodged material travels toward the substrate
because of a voltage difference held between the target cathode and the
substrate. The directionality of the process is affected by the pressure of the
gas in the chamber in which the sputtering occurs. The gas environment can
be inert or reactive, depending on the process to be implemented. Pressure
within a sputtering chamber is generally within the range of 10�4 to 10�1 Torr.
At low pressures, the sputtered material tends to travel in a straight path,
while at higher pressures, the material deposition is less directional, providing
better step coverage of the substrate topology. There are many parameters
that can be varied in a sputtering process, allowing control of the chemical
and physical properties of the deposited film. Because the deposition process is
physical in nature, sputtering can be used with a wide variety of materials,
from metals to insulators. Conductive materials are generally sputtered using
a DC power source, whereas dielectric materials require an RF power source
because of charge accumulation on the target surface. A magnetron sputtering
system uses a magnetic field in the vicinity of the target to force the electrons
into spiral paths, increasing the sputtering rate. Sputtering of alloys or
compounds generally results in a film of similar composition to the target
material.

4.2.3 Chemical vapor deposition

The chemical vapor deposition (CVD) process involves the introduction of
reactive gases into the deposition chamber. Chemical reactions between these
gases deposit a film on the substrate, which is generally held at an elevated
temperature. Controlling the reactant gas flow rates provides control of the
film stoichiometry. An advantage of plasma-enhanced CVD (PECVD) is that
the deposition reaction can occur even for relatively low substrate
temperatures (typically less than 300 °C). CVD processes generally have
good step coverage and produce high-quality films.

4.3 Etching

After thin films are deposited onto the substrate, they can be patterned by
selective etching. Etching is done in either a wet or dry environment. Wet
etching involves the use of liquid etchants, where the exposed material is

63Fabrication

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



removed primarily by chemical processes. Dry etching uses gas-phase etchants
in a plasma environment, where the material removal is a combination of
chemical and physical processes. Wet etch processes are usually isotropic,
whereas plasma etching is generally more directional in nature, providing a
more accurate pattern transfer, as seen in Fig. 4.4. Important criteria for
selecting an etch process are the material etch rate, the capability of a process
to selectively etch a material, and the degree of anisotropy. Oxides, nitrides, or
metals are robust to etch conditions as compared to photoresist, and are
referred to as hard masks. These materials may be selectively etched, usually
with photoresist as the masking layer. The etching of a thin film is typically
continued until the next layer (the etch stop) is reached.

Figure 4.4 Schematic of (a) isotropic and (b) anisotropic etching (adapted from [González,
2003]).
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Chapter 5

Characterization and Testing
of Infrared Antennas

These days, when computational power and resources are widely available, it
is commonplace to rely on numerical tools that have demonstrated their
capabilities to simulate physical phenomena involving electromagnetic radia-
tion and its interaction with materials. However, we should recall that the
scientific method is based on the comparison of the outputs given by physical
models to the results of measurements of those outputs. Furthermore, from an
engineering point of view, simulation is just an extension of the design process,
and only through measurement and testing can the fabricated devices reach
their final realization. A well-executed measurement is always more certain
than simulations and provides the true values of the physical parameters being
analyzed. Therefore, all of our efforts to understand, model, and simulate how
antennas behave within the IR/optical regime should be compared against the
actual measurements of the as-fabricated devices.

In this chapter we explain how experimental conditions and setups have
been adapted for the testing and evaluation of antenna-coupled sensors.

Characterization of antenna-coupled IR sensors falls into several categories:
spatial, angular, spectral, and polarization response. Signal-to-noise ratio and
specific detectivity are also of primary importance when characterizing optical
antennas.

5.1 Spatial Responsivity

The signal obtained from a detector is proportional to the irradiance distribu-
tion integrated over the collecting area of the device. For classical macro-
scopic IR sensors, the photosensitive region is well defined and is usually
described as an effective area within which a constant spatial responsivity is
assumed, with zero response outside. To characterize such devices, one
typically scans a probe beam across the photosensitive region, measuring the
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output of the detector as a function of the position of the probe beam. The
measured output signal is, in general, the convolution of the sensor’s spatial
responsivity and the beam profile. If the dimensions of the photosensitive region
are large compared with the beam, the detector’s spatial responsivity can be
approximated directly as the measured output signal.

An antenna-coupled detector presents a different situation compared
to the usual IR detector, where a physical detection area is clearly defined in
the form of a pixel or limited receiving area. Antennas are subwavelength
structures that can be considered as the minimum-sized detector for an
electromagnetic wave. For the simplest design of a half-wave dipole in
vacuum, this means a length of around 3–4mm for an element in the infrared
(l ¼ 10.6mm), where we have already taken into account the wavelength
scaling due to the dispersive properties of metal in the infrared and the effect
of the substrate refractive index [Novotny, 2007].

On the other hand, antenna-coupled devices respond to the electric field
distribution falling onto them. This field generates currents, and these currents
are finally transduced as an electrical signal that is extracted from the device
(see section 6.1). In any case, the detected signal carries information about
what is happening in the whole antenna structure. Therefore, spatial respon-
sivity can be presented as a map that indicates how each point of the antenna
contributes to the detected signal. At a fundamental level, spatial responsivity
could be given in terms of the electric field. This approach is of importance
when considering the transduction element incorporated at the location of the
feed point, or when the incoming field has some phase, or polarization
distribution, that affects the spatial distribution of the induced currents within
the structure. However, most IR-antenna-coupled devices work, in practice,
with a nearly uniform illumination; the electric field can be considered con-
stant, or slowly varying, along the antenna, and phase variations within the
spatial domain of the antenna are not considered. In these cases, it is more
practical to define the spatial responsivity map in terms of the incident irradi-
ance, Iðx, yÞ (W∕cm2). We will denote the spatial responsivity as Rðx, yÞ.

The ideal way to measure a spatial responsivity map is by placing a very
concentrated irradiance at the antenna plane and scanning it. However, when
a laser beam is focused on the detector, its size is limited by diffraction and by
the special characteristics of laser beam propagation [Alda, 2003]. Sub-
wavelength antenna-coupled IR detectors are smaller than the waist dimen-
sions of laser beams, even when low-f ∕# focusing optics are used. Roughly
speaking, the probe beam will have a minimum area of approximately
pð1.22lf ∕#Þ2, whereas the effective collecting area of the detector is known to
be a fraction of l2 [Fumeaux et al., 1999b]. Therefore, the signal given by the
antenna is due to the simultaneous contribution of the different portions of
the antenna and all of the elements surrounding it that are illuminated by the
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beam (lead lines, bond pads, etc.). In this case, the spatial responsivity
distribution must be obtained by a deconvolution process.

A method of measuring this parameter is simply to scan the detector
across a fixed beam (or to scan the beam across the detector). The retrieved
signal, S, will depend on the position of the antenna relative to the beam. This
situation is mathematically described by the convolution of the spatial
responsivity map (see Fig. 5.1), R, and the irradiance distribution of the
illuminating beam, I :

Sðx, yÞ ¼ ∫
`

�`

∫
`

�`

Rðx0, y0ÞIðx� x0, y� y0Þdx0dy0: (5.1)

If the beam were much smaller than the antenna, Iðx, yÞ� dðx, yÞ, then, by
using the sampling properties of the delta function, the signal would be
proportional to the spatial responsivity. This is the typical method to assess
response non-uniformity when measuring large-area detectors. However,
this is not applicable to IR antennas; consequently, the spatial response
measurement involves deconvolving the spatial response of the antenna from
the data obtained from the raster scan. The deconvolution process is
complicated because the antenna typically has dimensions smaller than the
probe beam used for the measurement. In order for the deconvolution to work
well, a good signal-to-noise ratio is needed, along with an accurate knowledge
of the illuminating beam distribution [Alda et al., 1999] [Alda et al., 2004].

Some deconvolution strategies applicable to similar problems have been
proposed. In the case of spatial response retrieval, the Richardson–Lucy
algorithm [Richardson, 1972] [Lucy, 1974] applied for image enhancement
works very well. An important difference between these spatial response
measurements and the image enhancement case is that, for optical/IR antenna
measurements, the “image” is obtained through a scanning procedure that
typically takes tens of minutes. Therefore, it is not practical to average a large

Figure 5.1 The measured signal (left) obtained after a raster scan is the convolution
between the beam irradiance (middle) and the actual spatial response (right) (adapted from
[Alda et al., 1999] and reproduced with permission of OSA).
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number of images to obtain a lower noise level. The residual noise limits the
accuracy of the results obtained. On the other hand, the Lucy–Richardson
algorithm is iterative. This fact requires the definition of a stop criterion for
the iterations. This criterion relies on a comparison between the actual
measured response and the calculated spatial response obtained when
convolving the irradiance distribution with the results of the Richardson–
Lucy algorithm at a given iteration step. When the mean-squared differences
between these two results are smaller than the noise-related uncertainties of
the measurement process, the algorithm should be stopped and the spatial
response retrieved at that iteration [López-Alonso et al., 2005b].

5.1.1 Probe beam characterization

To produce an accurate deconvolution, we need an accurate characterization of
the irradiance distribution, Iðx, yÞ, of the probe beam at the plane of the
measurement [López-Alonso & Alda, 2006]. In the case of image restoration,
this corresponds to a faithful characterization of the point spread function (PSF)
of the optical system. The plane is chosen to be that of the beam waist where the
irradiance reaches its maximum value. In a limiting ideal case, if the beam were
a circularly symmetric Gaussian beam, only one knife-edge scan per axial plane
would be necessary to obtain the irradiance profile, and this knife-edge data
would follow the error function, erfðxÞ. Although ideally one considers a
diffraction-limited beam, the uncertainties in alignment may introduce some
residual aberrations. Therefore, a typical beam used in these characterizations
will have a waist area of approximately 10l2. Pixelated IR imaging systems do
not have sufficient spatial resolution to provide a fine enough sampling of such a
tightly focused laser beam. Consequently, a knife-edge scanning method is used
to characterize the beam [Schneider & Webb, 1981].

In the simplest practical configuration, a knife edge is moved across the
beam along two orthogonal axes. Light that is not blocked by the knife edge is
detected by a large-area thermal IR detector. To begin the procedures, several
knife-edge measurements are taken at different locations along the propagat-
ing axis near the beam waist. This is necessary to find the beam waist plane.
This plane corresponds with the location having the sharpest knife-edge data.
Once the beam waist is identified, two perpendicular knife-edge measurements
are taken at this plane. These two orthogonal knife-edge data are compared
with another two orthogonal knife-edge results numerically simulated using a
postulated model of the beam (see Fig. 5.2). A Gaussian beam is a reasonable
starting point for this model if the focusing optics are sized to avoid aperture-
truncation effects. The beam model is then refined by the addition of
aberrations and diffractive terms as necessary [Born & Wolf, 1980] [Alda
et al., 1997] [Mendoza-Yero & Alda, 2007]. In the optical train of Fig. 5.3 the
optical system produced a focused spot having a primarily Airy-function
character. In addition, residual alignment errors in the setup produced
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small amounts of spherical aberration and coma, less than l∕20. Thus, for
deconvolution using two knife-edge measurements, the beam was modeled as
a convolution of the Gaussian beam delivered by the laser and the slightly
aberrated Airy function [Born & Wolf, 1980].

As shown in Fig. 5.2, knife-edge data follow a monotonically increasing
behavior. This is caused by the knife-edge movement over the beam, which

Figure 5.2 (a) Normalized knife-edge data (monotonically increasing curve) and its
derivative along the scanning direction. The solid curves represent the simulated knife-edge
data for a Gaussian beam containing coma and affected by diffraction. The dashed lines
around the curves correspond to the actual measured data (extracted from [Alda et al., 1999]
and reproduced with permission of OSA). (b) and (c) Results from two X and Y scans,
represented by the derivative along the knife-edge direction. The solid curves are for the
simulated knife-edge calculated from the aberrated beam model, and the dots are obtained
from the measurements. In this case, the beam model incorporates spherical aberration and
coma, which improves the fitting of the model with the experimental results (adapted from
[Mendoza-Yero & Alda, 2007] and reproduced with permission of Elsevier).

Figure 5.3 Experimental setup used to measure the spatial response of infrared antennas.
A CO2 laser illuminates the detector through an optical train that contains neutral density
(ND) filters, polarization control elements (l∕2 and polarizers), a mechanical chopper for
modulation, and a collimation and focusing optics. The detector is placed on a three-axis
stage. The movement along the optical axis is used to locate the detector at the beam waist
position, and the other two directions serve to obtain the response of the antenna by
scanning the device under the beam (adapted from [Alda et al., 1999] and reproduced with
permission of OSA).
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continuously passes more light to the detector as the knife edge moves to open
the beam. It is sometimes useful to take the derivative of this function to better
visualize the beam dimensions. It is important to note that the Gaussian-like
appearance of the derivative in Fig. 5.2 should not be mistaken for a profile of
the beam distribution. These plots contain the effect of integrating the beam
irradiance along the direction perpendicular to the scan.

A more detailed procedure is possible that avoids the need to construct
an aberrated beam model to use in the deconvolution. A tomographic
reconstruction method can be used, which allows the spatial irradiance
distribution at the antenna (and also the spatial phase) to be determined
directly from a set of knife-edge measurements at the beam waist where the
knife edge is oriented at a set of different angles, once the beam waist location
is found as described above (see left sketch in Fig. 5.4).

The number of angles necessary to reconstruct the incident beam depends
on the smoothness of the amplitude and phase variations of the beam under
test. In Figs. 5.4.a and 5.4.b we show a collection of 18 knife-edge measure-
ments, equally spaced in angle every 10º, and the reconstructed irradiance
distribution after applying a tomographic method based on the Radon trans-
form for a quasi-Gaussian beam in the visible (l ¼ 658 nm) [Quabis et al.,
2001] [Rico-García, 2007].

When considering actual data, some noise filtering, normalization, and
centering of the data set are necessary before applying the tomographic
reconstruction algorithms. These knife-edge measurements can be expressed as

KEðu, uÞ ¼ ∫∫Iðx, yÞdðu� x cos u� y sin uÞdxdy, (5.2)

where u is the variable along the knife-edge movement, and u is the rotation
angle (see Fig. 5.4). From the collection of KEðu, uÞ integrated profiles, it is
possible to obtain the irradiance distribution, Iðx, yÞ, using the inverse Radon
transform,

Figure 5.4 Left: The knife edge is scanned over the beam at different angles, u, along
direction u. (a) The measured knife edges produce (b) the irradiance map (adapted from
[Rico-García, 2007]).
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Iðx, yÞ ¼ ∫
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0
∫
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�`
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∫
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Pðu, uÞe�iru

#

eifðx cos uþy sin uÞ: (5.3)

If we only need the irradiance map for the characterization of the beam,
we can stop here, and even apply the method to a single axial plane. We have
seen that the spatial responsivity map retrieval uses an irradiance distribution
with a flat phase distribution on the plane of the antenna. To refine the
characterization of the probe beam, it is interesting to check how flat and
constant the phase is at the plane of interest. In addition, the information of
the phase would be necessary if the spatial responsivity were to be given in
terms of the electric field. Then, when the phase has to be known or checked,
the same tomographic procedure can be applied for a collection of planes
along the propagation axis [Gureyev & Nugent, 1996] [Teague, 1983]. The
goal is to include the plane of interest, typically the beam waist plane, within
the axial range of those measurements. With this information, both irradiance
and phase can be extracted using the transport of intensity equation,

2p
l

­I
­z

¼ �∇⊥ · ðI∇fÞ, (5.4)

where ∇⊥ ¼
�

­
­x ,

­
­y

�

. This approach can be applied to the case of IR laser

beams and provides an experimental way of characterizing the phase of the
probe beam used for spatial response measurements. Figure 5.5 shows a
collection of irradiance and phase maps at different locations along the
propagation of the beam obtained using this approach.

5.1.2 Experimental setup

Once we know the spatial distribution of irradiance incident on the antenna,
the device is located under this distribution and is moved under the beam. To
do this in the infrared, it is possible to use a measurement station as presented
in Fig. 5.3. The beam is delivered by a linearly polarized CO2 laser with a
TEM00 mode, with enough temporal stability over the measurement time
[López-Alonso et al., 2005a]. The plane of polarization can be rotated by a
half-wave plate. The laser beam is focused onto the device by a set of lenses.
The first lens focuses the beam onto a plane where a mechanical chopper is
placed to modulate the beam. A second lens collimates this radiation, filling
the aperture of the last lens, which should be as free of spherical aberration as
possible while maintaining a low f ∕#. The antenna is typically illuminated
from the substrate side to avoid interference effects occurring at the thermal
isolation layer, and to produce a better coupling of the radiation to the
antenna–detector structure [Alda et al., 2000]. The device has to be mounted
on a three-axis micropositioner stage, and if needed for operation, the

71Characterization and Testing of Infrared Antennas

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



antenna-coupled detector is connected to a current or voltage biasing source.
The detected signal is measured by a lock-in amplifier synchronized with the
mechanical chopper. The beam waist has the largest irradiance along the
propagating direction. Then, a first approach to the plane of the beam waist is

Figure 5.5 Contour maps of (a) the irradiance distribution and (b) phase distribution of a
CO2 laser beam at l ¼ 10.6mm at different axial planes. The phase has been obtained from
the application of the transport of irradiance equation. The laser has an astigmatic profile that
changes orientation when passing through the beam waist region. The planes are spaced
around 100mm along the propagation axis (adapted from [Silva-López et al., 2012] and
reproduced with permission of OSA).
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made by moving the detector along the three axes and by maximizing the
response. Once the antenna-coupled sensor is located at the beam waist, the
position along the axis of propagation of the beam is fixed, and a 2D serial
scan is performed, moving the device in the X and Y directions. A typical scan
with 100�100 points requires around 90 minutes with the measurement setup
in Fig. 5.3. If necessary and possible, some repetitive scans can be made to
improve the signal-to-noise ratio and to decrease uncertainties coming from
the setup, or accumulated during the calculation process [López-Alonso et al.,
2005b] [Rico-Garcia et al., 2008].

If the antenna has a marked polarization selectivity, as happens for
instance with dipole and bow-tie antennas, to obtain a thorough characteri-
zation of the device, it is necessary to measure the spatial response for two
polarizations, one with the electric field parallel to the antenna axis
(co-polarization), and the other with the electric field perpendicular (cross-
polarization). The current waves induced in the arms make the parallel
response larger than the perpendicular one. The parallel response can be
modeled as the sum of two contributions: one arising from a polarization-
independent thermal effect in the substrate and the other arising from the
antenna response. The thermal response is represented by the deconvolution
of the image obtained for the cross-polarization orientation. Finally, the
spatial responses for both polarizations are subtracted to obtain the antenna’s
actual spatial response (see Figs. 5.6.a–c).

Spatial responsivity maps are important when assessing the interaction of
the antenna with the auxiliary elements used as signal extraction lines,
impedance-matching networks, and other supporting structures. The responsi-
vity map can delineate a detection area as that area containing a given amount

Figure 5.6 (c) The resonant response of a dipole antenna obtained by subtracting (b) the
cross-polarized response map from (a) the co-polarized response, to eliminate the thermal
non-polarization-dependent response of the device. (d) Plot of the responsivity map for a
dipole antenna in the IR. The two contours correspond to the fraction of the total responsivity
contained within those lines: 50% and 90% (adapted from [Alda et al., 1999] and reproduced
with permission of OSA).
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of the total spatial responsivity. Figure 5.6.d shows the case of a dipole
antenna where the two contours surrounding the resonant structure contain
50% and 90% of the total responsivity obtained for this antenna.

This spatial responsivity map is of great interest when defining the
detection area appearing in the definition of other figures of merit, for
example, the specific detectivity, D�. Additionally, the shape of the
responsivity map may be used to conform or adapt the irradiance distribution
for better collection and efficiency at a cost of tighter alignment.

5.2 Far-field Measurement: Angular Response

Some antenna arrays have demonstrated a capability to steer the angular
pattern of detection [Slovick et al., 2011b] [Cuadrado et al., 2014b]. An
antenna-coupled detector’s far-field directional properties can be verified by
measuring its angular radiation pattern. At infrared frequencies, this pattern
can be measured by rotating the device while illuminating it with a laser beam.
From an experimental point of view, a far-field measurement might seem to be
easier and less demanding than the near-field characterization just described
in section 5.1. However, when the angular characterization is made for an
antenna-coupled sensor, the illumination conditions have to be very stable and
precisely centered on the device under test. Since the devices are of micrometer
size, the accuracy in pointing and the required homogeneity of illumination
become an issue. An accurate radiation pattern can be measured only if the
device is coaligned with the axis of rotation and the focus of the laser beam, and if
the beam delivered to the antenna is free of artifacts caused by aberrations [Krenz
et al., 2010b] [López-Alonso & Boreman, 2005] [López-Alonso et al., 2005].

In Fig. 5.7 we see how the angular response can be measured. A CO2 laser
operating at l ¼ 10.6mm is focused onto the device. A quasi-collimated beam
obtained from an f ∕8 optical system is used for illumination. Its angular size
(7° full angle) determines the angular resolution of the data. The device is

Figure 5.7 Experimental layout to measure the angular response of infrared antennas. The
devices are typically illuminated from a substrate made of a hemispherical Si lens. The
goniometer specifications and operation are set to maintain the axis of propagation of the
incoming radiation intersecting the antenna device.
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mounted on a five-axis goniometer, which is shown. The fine position of the
antenna-coupled sensor can be manipulated in X , Y , and Z as well as rotated
and tilted about the center of rotation of the goniometer. Because the fine XYZ
positioning range is limited, the goniometer assembly is mounted on a three-
axis nano-mover-controlled stage to allow precise positioning of the device with
respect to the laser focus. The goniometer can thus be moved externally, both
perpendicular or parallel to the laser beam, thus enabling the device under test
to be positioned with eight degrees of freedom. To maintain the desired
accuracy for the measurement, it is necessary to follow a detailed alignment
procedure that ensures the antenna-coupled sensor is located at the focus of the
illuminating beam and that this focus is coincident with the center of rotation
[Krenz et al., 2010b]. This precise positioning is necessary because any position
errors will induce asymmetric artifacts in the measured angular pattern. This
arrangement requires the antenna to be fabricated at the center of the flat
surface of a hemispherical lens [Middlebrook et al., 2006]. This choice reduces
substrate-mode contributions and improves the coupling of the irradiance to the
sensor because of the higher index of Si. Additionally, following a precise
measurement procedure, the effect of the lead lines is determined and used to
extract the signal from the devices under test [Krenz et al., 2011].

Examples of measured infrared antenna patterns using this technique are
seen in Fig. 5.8, which compares (a) a one-element dipole, (b) a two-element
dipole phased array, and (c) an asymmetric configuration of a two-dipole
phased array that steers the radiation pattern. The experimental results (dots)
are compared with the numerical evaluation using a computational
electromagnetism package (HFSS from ANSYS Inc.) [Slovick et al., 2011a].

One open issue is that classical antenna theory states that there is a Fourier
transform relationship between the E fields on the antenna and the E fields in
the far field, at least within the paraxial angular range. The collection area
measurements referred to above do not measure electric fields and thus do not
provide the required near-field measurement. However, with the recent
capabilities of measuring amplitude and phase of fields on IR antennas using
the near-field scanning microscope described in section 5.8, this possibility is
getting closer to being realized. One limitation is that s-SNOM techniques
usually have a fixed angle of incidence. A typical value determined by
experimental constraints is around 60º. With illumination at normal incidence
in such an instrument, antenna E fields could be measured and then Fourier
transformed (and squared) to yield the far-field angular pattern in power units.

5.3 Spectral Selectivity

Due to the lossy behavior of metals at high frequencies, optical antennas show
quite a broad spectral response that is not as narrow as for lower-frequency
antenna devices [Codreanu & Boreman, 2001]. This broadband response may
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be advantageous when incident radiation is broadband, as from a blackbody.
However, a broad resonance is generally of lower response magnitude. Recent
proposals have highlighted the possibility of using temperature as a possible
driving parameter when tuning optical antennas [Cuadrado et al., 2017]. In
Fig. 5.9 we show results of the broadband spectral response for a microstrip
antenna coupled to a bolometer, as well as simulated results for a dipole-
antenna-coupled diode, and for an antenna as a distributed bolometer, for the
case where the device temperature is varied. In each case we can see that
narrow tuning is not possible using these configurations.

The responsivity (output per unit input) as a function of wavelength of an
antenna-coupled sensor can be assessed with a source that is tunable in
wavelength. If one measures the output power of the source as a function of
wavelength with a spectrally flat sensor, and one measures the output from the
antenna-coupled sensor as a function of wavelength, the spectral responsivity
of the antenna-coupled sensor can be measured. This quantity normally tracks
the wavelength resonance of the antenna itself. The problem with this
approach is that the spectral irradiance (W∕cm2∕mm) in the output beam of a
prism spectrometer is not sufficient to reach a good signal-to-noise ratio with
current antenna-coupled IR sensors. Synchrotron sources of course have

Figure 5.8 Experimental data (dots) obtained with the setup shown in Fig. 5.7 compared
with the numerical results obtained from HFSS simulation (solid lines). The angular plots
correspond to the reception pattern of (a) a single dipole, (b) a symmetric two-element dipole
array, and (c) an asymmetric two-element dipole array for beam steering (adapted from
[Slovick et al., 2011a] and reproduced with permission of IEEE).
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much higher spectral irradiance, but their general inaccessibility makes them
inconvenient for sensor measurement. A spectral responsivity measurement
can be made with a tunable laser (see Fig. 5.9.a), for instance, using various
lines in a CO2 laser, but this approach still covers a very narrow bandwidth.
Using different laser outputs can be used as well, but this provides few data
points on the spectral responsivity curve. Broadly tunable sources in the IR
such as quantum cascade lasers may be useful for spectral responsivity
measurements as they become more reliable and commercially available. One
other technique that may be implemented is to replace the sensor in a FTIR
setup with the sensor to be measured. Taking the ratio of spectra measured
with the sensor under test to spectra measured with the normal (spectrally flat)
instrument sensor may give usable data, given the throughput advantages of

Figure 5.9 The spectral response of antennas is broadband due to the losses and
dispersive behavior of metals at IR/optical frequencies. (a) A microstrip antenna coupled to a
bolometer (adapted from [Codreanu & Boreman, 2001] and reproduced with permission of
Wiley). (b) and (c) Numerical evaluation of the current flowing through the junction
(applicable to a metal-oxide-metal diode), and the total absorbed power (for a distributed
bolometer) for a dipole antennas, respectively (adapted from [Cuadrado et al., 2017] and
reprinted under the terms of Creative Commons Attribution 4.0 International License,
http://creativecommons.org/licenses/by/4.0/).
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FTIR instruments, and perhaps using temporal averaging to increase the
measurement signal-to-noise ratio.

In any event, the measured spectral responsivity curve can be compared to
that yielded by computational electromagnetic calculations. If the proper
material dependencies are included in the computations, the results should be
quite similar (see Fig. 5.9.a).

5.4 Polarization Selectivity

An antenna is intrinsically a polarization-selective device, and indeed
verification of a polarization-dependent response is a simple and direct proof
of antenna-coupled sensor response. Therefore, when testing antenna-coupled
devices, one of the first measurements usually checks the response of the
antenna versus the state of polarization of the illuminating radiation. The
antenna design will impact the polarization response; thus, the geometrical
orientation of the antenna arms determines the primary polarization state of
the received radiation (see Fig. 5.10). Dipoles and bow-ties respond strongly
to linear polarization along the arms. The same happens with log-periodic
structures that detect better linear polarization along the orientation of the
teeth. Spiral designs select ideally circular polarization states. Electromagnetic
duality dictates that slots have polarization orthogonal to metallic structures
of corresponding geometry (see section 3.2.1 and Fig. 3.10).

The preferred polarization of an IR antenna for reception is the incident
polarization state that gives maximum response from the antenna-coupled
sensor. Most assessments of polarization response are performed with a linear

Figure 5.10 The preferred direction of polarization coupled to the antenna depends on its
geometry. (a) The dipole antenna resonating along the vertical direction. (b) A slot dipole
antenna. In both images the low-frequency signal-extraction lines are arranged as
orthogonal as possible with respect to the preferred direction of polarization (adapted from
[Codreanu & Boreman, 2002b] and [Abdel-Rahman et al., 2005a], and reproduced with
permission of Elsevier and IEEE).
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polarization state whose orientation can be controlled by rotation of a half-wave
plate. From those measurements a maximum and minimum response orientation
can be determined, and polarization contrast measured. Equal response to both
linear polarizations for a spiral antenna would indicate circular polarization in
reception. Of course, illumination with left-circular and right-circular handedness
can be used for more detailed circular polarization characterization.

At the same time, one sees cross-polarization effects from low-frequency
lead lines, bond pads, etc., the result being that spirals generally have elliptical
polarization on reception, and linearly polarized antennas have a distinct but
non-unity linear polarization contrast. Generally, in the design of an antenna,
one orients the lead lines to be orthogonal to the primary polarization desired
in the antenna (see Fig. 5.10). Besides that, the contribution produced by
absorption and the thermal response of the substrate and signal extraction
lines is not negligible and provides a polarization-independent response that is
added to the polarization-dependent signal. This is why, when analyzing the
spatial response of the antenna structure, it is necessary to subtract the cross-
polarized signal from the co-polarized one (see section 5.1). In Fig. 5.11 we
represent several experimental results where the response of different devices is
plotted against the angle of polarization. When the selectivity is in terms of the
orientation of a linearly polarized field, the larger the difference between
co-polarized and cross-polarized response the better the antenna is resonating
and the lower is the contribution of the auxiliary elements that mask the
desired response of the antenna structure.

For the case of a metal-oxide-metal tunnel diode coupled to an
asymmetric log-spiral antenna, it was found that modulating the sign of the
bias voltage led to a tuning of the preferential polarization state [Boreman
et al., 1998] for received radiation. This can be explained by the existence of
two current modes that propagate on the antenna arms. These two modes are
not balanced because of the capacitance of the transducer (a MOM diode)
and the asymmetries of the antenna and feed structures. By changing the bias
voltage, the balance between the modes is altered, and the signal changes
accordingly (see Fig. 5.12) [Fumeaux et al., 1997].

Figure 5.13 shows a typical example of the experimental setup needed to
measure the polarization response of an infrared antenna with the case of the
analysis of the polarization response of a dipole antenna in the visible
[Fumeaux et al., 1999a] [Rico-García, 2007]. The antenna coupled to a
Ni-NiO-Ni diode is illuminated with a linearly polarized laser beam coming
from a laser diode in the visible. After collimating the beam, three
polarization elements are placed consecutively. The first quarter-wave plate
compensates any residual ellipticity caused by the monomode optical fiber
and assures a linear polarization state after it. The second element is a half-
wave plate that rotates the plane of polarization at will. Finally, another
quarter-wave plate is placed to generate, if necessary, a circular or elliptical
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state of polarization. After passing through this polarization configuration
subsystem, light is focused onto the antenna and the signal is retrieved by
phase-sensitive detection electronics locked in frequency with the modulation
frequency of the diode laser driver. An auxiliary beam splitter is placed along
the optical train to obtain a reference signal of the irradiance reaching the
antenna, and also to see the structure under analysis through the focusing
optics for positioning and device selection purposes.

The signal obtained from the antenna is fitted to the following function:

V ¼ Vip þ Vpcos2ðu� u0Þ, (5.5)

where Vip represents the polarization-independent response, Vp is the depth
of the polarization-dependent signal, and u is the angle of rotation of the

Figure 5.11 Polarization selectivity is one of the simplest tests that verifies the operation of
the antenna at the frequency of measurement. This occurs for different geometry antennas
coupled with (a) diodes or (b) bolometers in the infrared, or (c) even in the visible (adapted
from [Boreman et al., 1998], [Codreanu et al., 1999], and [Fumeaux et al., 1999a], and
reproduced with permission of OSA and Institution of Engineering & Technology).
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linear polarization state with respect to a given reference (typically oriented
along the expected direction of the maximum). Angle u0 represents an
angular shift that describes some residual orientation mismatch between the
antenna structure and the reference frame for polarization measurement.

Figure 5.12 The detected polarization state can be tuned using the bias voltage applied to
a spiral antenna coupled to a Ni-NiO-Ni diode (adapted from [Boreman et al., 1998] and
reproduced with permission of OSA).

Figure 5.13 (a) Experimental setup for characterizing the polarization response of
antennas in the visible. Light coming from a diode laser is collimated and its polarization
state is changed and controlled by a subsystem composed of a quarter-wave plate (QWP), a
half-wave plate (HWP), and a quarter-wave plate (QWP). Finally, a focusing lens illuminates
the antenna, providing the response signal [Rico-García, 2007]. (b) This signal is fitted with
Eq. (5.5) (adapted from [Fumeaux et al., 1999a] and reproduced with permission of OSA).

81Characterization and Testing of Infrared Antennas

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The ideal situation is when u0 ¼ 0. In this case, for a dipole antenna, the
maximum signal is measured at a polarization angle close to zero, u≃ 0,
corresponding to polarization parallel to the antenna dipole axis (see
Fig. 5.13). For a symmetric antenna arrangement, the deviation of the value
of the angle for the maximum signal, u0, can be explained by the mounting
tolerances of the detectors on their chip carriers and by the uncertainties of
the angular orientation of the polarizing elements. The polarization-
dependent contribution to the signal is evidence of an antenna-coupled
effect. In addition to the dipole-antenna response, usually there appears a
response from the electrical connections to the sensor element. These signal-
extraction connections typically respond as long-wire antennas when
illuminated at optical or IR frequencies at polarizations consistent with
their dominant geometry. In Fig. 5.11.c the connecting lines are responding
with a signal that is less than 20% of the maximum detector response. In this
case, the response of each connection can also be represented as the sum of a
constant and a cosine squared oscillating with the polarization angle (see
Fig. 5.13). The two connections exhibit a maximum response oriented
according to the geometry of the connections. This response of the electrical
connection structure is more noticeable in visible-wavelength experiments
than in measurements reported at infrared frequencies. Actually, the
antenna under test behaves as a long-wire antenna in the visible, and as a
half-wave dipole in the IR.

5.5 Noise in Antenna-Coupled Detectors

The performance of an optical detector is limited by the noise of the physical
mechanisms involved in the transduction of the signal. For bolometric
devices, it is possible to model the noise as the addition of three main
contributions: thermal noise, temperature noise, and Johnson noise. These
different sources of noise depend on the geometry as well as the electrical and
thermal properties of the material. For diode sensors, there is also a
contribution from shot noise. Additionally, most sensors also exhibit 1∕f
noise arising from ohmic contacts.

Johnson noise can be described as a voltage source with the following
dependence:

V Johnson ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBTRDf
p

, (5.6)

where kB is the Boltzman constant, Df is the detection bandwidth, and R is the
resistance of the device at temperature T .

Thermal-fluctuation noise appears through the heat exchange between the
device at temperature T and the environment at T0. Typically, this noise is
described as a noise-equivalent power (NEP):
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NEPtherm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8kBAdsSBDf ðT5 þ T5
0Þ

e

s

, (5.7)

where sSB is the Stefan–Boltzman constant, e is the emissivity of the device,
and Ad is the detector area.

Another contribution to noise is called temperature noise, which can be
modeled as the following power fluctuation:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hFtemp

�

2
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBKT2
q

, (5.8)

where K is the thermal conductance of the device.
Shot noise arises from quantization of electric charge and is described by a

current passing through a diode:

I shot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2qIaveDf
p

, (5.9)

where Iave is the average current flowing through the device.
The various noise sources above are given in their traditional forms as

voltage, current, or power. Upon transformation by the sensor transduction
mechanism and read-out electronics, these noises are manifest in the units of
the signal output, typically voltage. These contributions, along with any
amplifier noise, add in quadrature to produce a total noise contribution
coming from the device itself. In most instances, 1∕f noise can be filtered out
by modulating the incident power using mechanical choppers or other
modulation techniques to avoid the high-noise region at low frequencies.

5.6 Signal-to-Noise Ratio and Specific Detectivity, D*

Two of the most important characterization parameters of antenna-coupled
IR sensors are the signal-to-noise ratio (SNR) and the specific detectivity, D�.
To obtain these parameters, the first step is to measure the responsivity, R, of
the sensor, defined as

R ¼ V signal

Fdet
, (5.10)

where V signal is the peak signal voltage, and Fdet is the power falling on the
sensor. For an antenna-coupled sensor, one multiplies the incident irradiance,
I (W∕cm2), by the effective collection area of the sensor, as characterized in
section 5.1. The total collected power can be calculated as
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F ¼ ∫
`

�`

∫
`

�`

R̄ðx, yÞIðx, yÞdxdy, (5.11)

where R̄ðx, yÞ is a normalized and dimensionless distribution proportional to
the spatial responsivity map, Rðx, yÞ, defined in section 5.1. As we may see,
due to the special characteristics of the spatial response of an optical antenna,
specific detectivity requires some adaptation and analysis when applied here
[Cuadrado et al., 2015b].

When measuring optical antennas, the optical flux is typically modulated
by a mechanical chopper at a few kilohertz, and the peak signal voltage is the
peak-to-valley excursion of the sensor output at the chopping frequency,
usually read as the output of a lock-in amplifier.

The RMS sensor noise, Vnoise, is measured in some electrical bandwidth,
Df , generally with an electronic spectrum analyzer. One must be careful that it
is the sensor noise being measured, and not the noise of any post-detection
amplification. This will require that close attention be paid to the amplifier
design so that its noise floor is well below the sensor noise.

The SNR in voltage terms is then given as

SNR ¼ V signal

Vnoise
: (5.12)

In most IR sensors, the RMS noise level is found empirically to be
proportional to the square root of the detector area, Ad . Also, since white
noise power is proportional to bandwidth, the RMS level of electronic noise is
generally proportional to the square root of the electrical bandwidth. In the
case of antenna-coupled IR sensors, the collection area and the sensor area are
not constrained to be identical as in the case of classical IR detectors. The
actual area of the sensor is quite small, while the collection area of the sensor
is on the order of l2, as seen in section 5.1. This can be beneficial in terms of
increasing the SNR.

Most sensor analyses use the specific detectivity, D�, to account for the
basic dependence on area and bandwidth, defined as follows:

D� ¼ V signal
ffiffiffiffiffiffi

Ad
p ffiffiffiffiffiffi

Df
p

VnoiseFdet
: (5.13)

It can be seen that if Vnoise is proportional to
ffiffiffiffiffiffi

Ad
p

[see Eq. (5.7)] and
ffiffiffiffiffiffi

Df
p

[see Eq. (5.6)], then these effects cancel out and the parameter D�

becomes independent of area and/or bandwidth. The area term in Eq. (5.13) is
generally taken as the collection area, which is larger than the sensor area.
This is consistent with the placement of sensors in a focal plane array
arrangement where the spacing between pixels defines the collection area in
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order to avoid pixel-to-pixel crosstalk. So there is potential for antenna-
coupled sensors to have higher values of D� than non-antenna-coupled
sensors. The difficulty up to now has been finding an adequate definition of
the collection efficiency, i.e., the fraction of the power incident on the
collection area of the antenna, Fdet, that actually gets to the sensing element.
This parameter has not been characterized quantitatively to date and remains
a developmental topic in the pursuit of high-performance antenna-coupled IR
sensors. Optimization of the collection efficiency requires that the sensor and
the antenna be impedance matched at the IR operating frequencies of interest.
This has motivated the development of near-field techniques to assess the
feedpoint impedance of IR antenna structures so that impedance-matching
networks can be implemented.

5.7 Biasing Electronics and Modulation

Antenna-coupled detectors deliver an electric signal to external read-out
electronics. In most of the cases, especially when the transduction mechanism is
bolometric, or corresponds to a symmetric metal-insulator-metal diode, an
external biasing is required. Because of their small size, the elements under test
are fragile and exposed to failure due to thermal damage induced by
electrostatic discharge or electric current spikes in the biasing circuit. Although
electrostatic discharge is not merely a thermal process, it causes an increase in
the temperature of the device that could be catastrophic [González et al., 2000]
[Cuadrado et al., 2013c]. On the other hand, if the biasing is reduced too much,
the signal-to-noise ratio is also low, and detected signal becomes less reliable.

The selection of voltage or current source for biasing is also of importance
when considering the effect of the auxiliary elements around the antenna
because the contribution of the impedances of the biasing circuit and the
antenna is different depending on the chosen strategy. Figure 5.14 shows these
two possibilities where the antenna device is part of a voltage divider network.
The voltage signal, Vout, is retrieved from this divider. These circuits also
include a contribution, Rin-chip, that describes the resistance of the auxiliary
elements associated with the antenna in the form of lead lines, bond pads, and
in-chip wiring. Furthermore, when interested in the temporal response of
the devices, the capacitive or inductive contributions of these circuit elements
(in-chip and biasing auxiliary impedances) need to be considered. If the
transduction mechanism is bolometric, the signal changes because the
resistance of the bolometric antenna, R, changes by an amount DR. In this
case, the change in voltage, DV , across the voltage divider is given as

DV ¼ Vbias
Rext

ðRþ Rin-chip þ RextÞ2
DR, (5.14)

and
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DV ¼ IbiasDR, (5.15)

for the voltage and current biasing, respectively. We may note that when
using voltage biasing, all of the elements in the divider and chip (biasing
resistances and in-chip wiring) contribute to the signal obtained from the device.

The voltage extracted from the device, Vout, contains the signal caused
by the irradiance falling on the antenna, DV . To extract it, Vout enters a
low-noise amplifier that also filters out the DC component of the signal.
Finally, the amplified signal, which is proportional to DV , is typically
acquired by a lock-in amplifier synchronized with the modulation of the
incoming radiation.

The reason behind the lock-in detection strategy is the low voltages
involved in the detection. On the other hand, both bolometric and metal-
insulator-metal (MIM) rectification mechanisms are strongly affected by
1∕f noise derived from ohmic contacts (see section 5.5). To avoid this and
thus obtain a better signal-to-noise ratio, the illuminating irradiance falling
onto the devices is modulated, and the signal is typically retrieved using a
lock-in amplifier synchronized with the modulation frequency. This frequency
is limited by the temporal response of the devices. When antenna-coupled
diodes are used for rectification, the transduction mechanism is not usually
the limiting factor in the temporal response, and very high modulation
frequencies well into the megahertz range can be reached. At the same time,
some limitations may appear when modulating the illumination. Laser diodes
used in the visible can be easily modulated at very high frequencies (hundreds
of megahertz) electronically. However, a typical source in the infrared, the
CO2 laser, is usually modulated using a mechanical chopper. In this case, the
modulation frequency is around a few kilohertz. Higher modulation frequen-
cies can be obtained using an acousto-optic modulator.

Figure 5.14 Schematics of the two modes of biasing an optical antenna: voltage bias (left)
and current bias (right) (adapted from [Cuadrado et al., 2013a] and reproduced with
permission of SPIE).
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5.8 Near-field Measurements using s-SNOM Techniques

Spatial responsivity provides an overall response of the antenna-coupled
device when registering the signal provided by the transduction mechanism.
However, what can be done to characterize the response of the device in the
near field when the resonant elements do not produce any electric signal to an
external circuit? We desire a method to analyze the response of frequency-
selective-surface, or meander-line, or reflectarray elements at the same plane
as where they are built.

Computational electromagnetism has an answer to this question, but it is
a result based only on numerical evaluation. These results, although reliable,
should be compared against experimental results. This is where near-field
techniques play a role [Barnard et al., 2011] [Tucker et al., 2013] [Tucker et al.,
2014] [Tucker et al., 2015].

Scattering scanning near-field optical microscopy (s-SNOM) is able to
provide a signal directly related to the electromagnetic response of the
structures under test. s-SNOM uses the tip of a metal-coated cantilever to scan
the near field produced by a resonant structure. The very same near field
calculated from computational electromagnetism can be measured with this
technique. In the most common configuration, the tip and cantilever are part
of an atomic force microscope (AFM) system.

A basic description of a s-SNOM system is a combination of an AFM
and a customized illumination and detection system that incorporates an
interferometer. The detected signal is treated by a dedicated lock-in amplifier
properly set with the parameters of the AFM. During the measurement, the
AFM tip engages with the structure in tapping mode, oscillating at its
mechanical resonance frequency, f tip (typically in the hundreds of kilohertz).
The structure is simultaneously illuminated by an optical excitation coming
from a laser source. This incidence is oblique, and the polarization angle is
selected in such a way that it excites the resonant element, producing a near-
field response to this excitation. The geometry of the incidence beam, its state
of polarization, and the tip orientation, are selected in such a way that the tip
scatters part of the generated near field. The same optics used for illuminating
the field collects the backscattered radiation and forwards it into a detection
arm. The actual backscattered light is composed of several contributions,
including specular reflection components that may be much larger than the
near-field signal and thus constitute a background. It is necessary to suppress
this background to extract the near-field information. This can be
accomplished by dithering (vibrating) the AFM tip at a frequency f AFM.
Because the amplitude of this vibration is small (typically 20 nm), the
background specularly scattered signal does not vary significantly with respect
to the dither frequency. However, the near field (which decays rapidly away
from the surface, resulting in this component) is modulated by the mechanical
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frequency of the AFM, f AFM. The nonlinearity of the near-field contributions
results in their better isolation from the background when detecting the second
or third harmonic of this frequency (2f tip, 3f tip). The background signal is
further suppressed by isolating the linear polarization orientation scattered by
the tip. If we use an XYZ coordinate system as in Fig. 5.15, where the sample
is placed on the XY plane, the tip enhances the Ez component. This becomes
particularly effective if the Ez component is cross-polarized with respect to the
optical excitation. When the sample is illuminated by radiation polarized in
the X direction, much of the background signal can be blocked by a wire-grid
polarizer transmitting only scattered radiation polarized along Z.

To obtain a map of the near field, the sample is moved in a raster-scan
pattern under a static illuminating beam and a stationary cantilever tip driven
in tapping mode. Besides the proper setting of the optical excitation and
retrieval of the interferometric signal, an s-SNOM measurement requires an
appropriate detection setup. The acquisition of the signal relies on the
combination of an interferometer and a phase-locked detection to extract the
frequency components of interest using a lock-in amplifier.

In the s-SNOM technique, the sample is illuminated from the far field. The
sample scatters this wave, producing both far- and near-field components. The
near field contains information that is cut off by diffraction from propagating
into the far field and would ordinarily remain undetectable. Figure 5.15 shows a

Figure 5.15 Example of an s-SNOM system. The beam illuminating the system is directed
with a selected state of polarization towards the sample. The sample is scanned with an
AFM tip that is typically driven in tapping mode. The back-scattered light is collected and
directed towards an interferometric detection arm that combines the scattered radiation with
a reference beam on a detector. The detection arm is also able to select the desired
polarization state to properly suppress the background signal. The signal from the detector is
read by a lock-in amplifier (LIA) driven by the AFM cantilever vibrating frequency, f AFM. If the
detection technique uses the pseudo-heterodyne mode, the mirror at the reference beam
moves harmonically at a different frequency, fmirror (adapted from [Moreno et al., 2017] and
reproduced with permission of OSA).
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diagram of the main elements and subsystems involved in the s-SNOM setup.
The AFM tip locally interacts with the near field and scatters it into the far
field. An optical system collects radiation scattered from the vicinity of the tip.
Then, by bringing the scattered signal into the interferometer, it is possible to
obtain the values of both the amplitude and phase of the near field along
the direction of the tip, generated by the resonant structure. The use of the
interferometer effectively amplifies the tip-modulated signal. It also allows the
extraction of both the modulus and phase of the near field. To obtain the phase,
the near-field signal is combined interferometrically with a reference signal for
which the absolute phase can be controlled. This reference signal is typically
given by a reference leg that uses a flat mirror moved axially along its normal.
One approach is to combine scans with successive registration of the
interference signal for several axial positions of the reference mirror. These
scans are used to fit the phase map. Figure 5.15 shows a general layout of an
s-SNOMmeasuring station. In the infrared, the excitation source is a CO2 laser.
The polarization of the laser is selected in such a way that the currents at the
resonant structure are properly excited. The back-scattered radiation is directed
towards a HgCdTe detector. This detector also receives the signal from a mirror
that is displaced using a piezo stage.

Besides its intrinsic interest when characterizing these decives, the informa-
tion about the near-field distribution actually occurring in the surrounding of
antennas is of great importance when considering resonant structures as elements
for local enhancement of the electric field [Shelton et al., 2011] [Shelton et al.,
2010a]. At the same time, this information provides an experimental test of the
results given by computational electromagnetic packages.

Several detection techniques can be applied to better analyze the signals
retrieved from the s-SNOM system. Among them, pseudo-heterodyne
s-SNOM detection is effective for suppressing the background signal while
providing a measurement of modulus and phase of the electric field
component [Ocelic et al., 2006]. In pseudo-heterodyne detection, the mirror
of the reference beam oscillates and generates sidebands around the
harmonics of the cantilever mechanical vibration frequency. These harmonics
are background free and can be combined to obtain in a single scan both the
amplitude and phase of the near field [Ocelic et al., 2006] [Moreno et al.,
2017]. The main advantages of this approach is the capability to generate
amplitude and phase measurements from a single scan, allowing faster and
more reliable results that are not subject to mechanical drifting or the sample
and tip wearing off over the measurement period.

s-SNOM techniques can also be used to obtain the electric and magnetic
fields, as well as the current distribution maps in optical antennas and resonant
structures [Olmon et al., 2010] [Kinzel et al., 2012]. To do that, it is necessary to
customize AFM cantilevers to properly excite currents that respond to a variety
of electric field orientations. The modified cantilevers are FIB-blunted tips that
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are metalized with selective nanodeposition techniques to create a nanometric
patch that scans the near-field distribution driving the cantilever in lift mode. In
this configuration, the probe scans different locations of the field at various
distances of the sample. The measured response is caused by the local electric
field scattered by the modified tip (see Fig 5.16). From the retrieved signals
obtained for two orthogonal electric field excitation vectors (s and p

Figure 5.16 Left: A Si tip is modified by using focused ion beam (FIB) sculpturing to
remove the tip and prepare a flat surface that is coated with metal (Pt). Right: The scattered
electric field is combined with a reference beam using an interferometric homodyne
technique. This operational mode is able to retrieve both the modulus and phase of the
electric field. The illuminating field can be oriented along s and p polarizations, and the
scattered field also can be selectively retrieved in polarization to finally obtain the electric
field vector (adapted from [Olmon et al., 2010] and reproduced with permission of APS).

Figure 5.17 The modified tip is able to scatter the electric field from a dipole antenna
having a nanometric gap at the feed point. The spatial dependence of two components of
the electric vector at the axial plane of symmetry (upper row) is able to provide enough
information to obtain the magnetic H field. The left maps are obtained from the experiment
and the maps on the right are the results obtained from simulations (adapted from [Olmon
et al., 2010] and reproduced with permission of APS).
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polarizations), it is possible to derive the magnetic field and the current
distributions using Faraday’s law [see Eq. (2.14)] and Hallen’s integral equation
for the given geometry of the resonant element [Hallen, 1956] [Balanis, 2005]. In
other words, the spatial dependence of the electric field allows calculation of the
magnetic field (Fig. 5.17) by means of the curl equation [see Eq. (2.3)]. Actually,
the application of mirror symmetries in the resonant structure when considering
the geometry and the relative position of the sample and the tip makes it
possible to minimize the number of field scans applicable for each case.
Therefore, a proper combination of the s-SNOM capabilities (including a
coherent source and an interferometric homodyne signal detection technique)
and a customized near-field probe tip resembles the operation of a radio-
frequency vector network analyzer adapted to the optical range. Some more-
sophisticated algorithms are of interest to ease data acquisition and generate
better maps of the phase distribution of the field.
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Chapter 6

Antenna-Coupled Detectors

6.1 Transduction Mechanisms in Antenna-Coupled Devices

Optical or infrared antennas are devices that receive optical radiation and
transform it into a current within the resonant structure. This high-frequency
current is transduced by a given mechanism to a change in voltage or current
that is read by external electronics. From this point of view, optical antennas
are light detectors.

Over time, several transduction mechanisms have been proposed and
realized. One of the first used is the rectification of the currents flowing
through the antenna by means of tunnel and Schottky junctions properly
placed at the appropriate location, typically where the current density reaches
the largest value. These elements are considered generically as diodes.
Another simpler transduction mechanism is based on the heating of a bolo-
metric material due to Joule dissipation. In this case, the mechanism is
dissipative and needs electronic biasing to sense variations in resistivity of the
bolometric element. It happens that most of the metals used in the fabrication
of optical antennas have a similar value of the parameter responsible for
the change in resistance with temperature, the temperature coefficient of
resistance (TCR). Some designs use this effect to make the whole resonant
element act as a bolometric transducer, which can be termed a distributed
bolometer. Using the change in temperature caused by thermal dissipation of
currents, thermoelectric transducers based on the Seebeck effect have also
been proposed and tested. In this section we present the basic principles of
these transduction mechanisms.

6.1.1 Diodes

Since the beginning of the use of radioelectric waves, rectification has been
realized in different forms and using a variety of materials. Galena mineral
and cat-whisker connections made the very first rectifiers used during the first
quarter of the 20th century. They were at the core of crystal radios used to
tune, with limited performance, the amplitude-modulated wave emitted by
radio stations.
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In the case of infrared antennas, one of the first transduction mechanisms
practically used were metal-oxide-metal junctions that worked as rectifying
elements. Back in the 1970s, these junctions were demonstrated to rectify
currents generated at metallic antennas for frequencies up to the infrared
domain [Wiesendanger & Kneubühl, 1977] [Sanchez et al., 1978] and even in
the visible [Faris et al., 1973]. Figure 6.1 shows several realizations of diodes
coupled to antennas using different writing technologies, antenna designs, and
materials. In this figure we can see how the surface quality and minimum
feature size improved when switching from photolithographic techniques to
electron-beam lithography [Esfandiari et al., 2005]. When used for infrared
rectification, MOM diodes require a fast response. Actually, tunneling mech-
anisms are fast enough to allow rectification through the junction. Although

Figure 6.1 SEM micrographs of antenna-coupled MOM diodes. (a) A diode fabricated with
photolithographic techniques and resonating at 337mm having an area of around 1mm2

(adapted from [Wiesendanger & Kneubühl, 1977] and reproduced with permission of
Springer). (b) A bow-tie antenna coupled to a Ni-NiO-Ni diode having a contact area of
around 0.012mm2 and able to resonate at 10.6mm (adapted from [Fumeaux et al., 1998]
and reproduced with permission of Elsevier). (c) A Ni-NiO-Ni diode coupled to a dipole
antenna for 10.6mm detection, and also connected to a slot antenna working at the
millimeter-band region, 94 GHz (adapted from [Abdel-Rahman, 2004]). (d) An Al-AlO-Pt
diode coupled to a dipole antenna (adapted from [Bean et al., 2011] and reproduced with
permission of IEEE).
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definitive evaluation of the time constant for these MOM diodes is not
straightforward, estimations supported by experimental results place this
parameter in the range of 10�15 to 10�16 s, depending on the specific diode
geometry [Fumeaux et al., 1998].

Since the very beginning, some limitations were established relating to the
cut-off frequency actually rectified by the junctions. Capacitance of the barrier
was already considered as a critical parameter that, in the case of optical
rectification, requires a very thin insulation layer, on the order of a few
angstroms for a lateral size of a few hundreds of nanometers. When con-
sidering an equivalent circuit of the diode, this comprises a dissipative
resistance, R, in series with a capacitance, Cd . In this case, the cut-off
frequency is given as

ncut-off ¼
1

2pRCd
, (6.1)

where Cd depends on the material and geometry properties of the junction as

Cd ¼ ee0
A
d
, (6.2)

where e is the relative permittivity of the barrier, e0 is the electric permittivity
of vacuum, and A are d are the transverse area and thickness of the junction,
respectively. A higher cut-off frequency, ncut-off , requires a very low capacitance.
This low capacitance could be obtained by increasing the thickness of the
insulating layer, but the currents would not be able to tunnel efficiently through
the barrier and the device would become non-operational. Thus, thickness is
mainly related to the tunnel junction characteristics and, for practical purposes,
it should be limited to a very few tens of angstroms. Some proposals have been
made to include a double insulator layer to increase responsivity and bandwidth
[Rockwell et al., 2007]. Therefore, once the insulator material is selected, fixing
the value of e, the only parameter left to reduce capacitance is the transverse area
of the junction. Areas around 104 nm2 corresponding to capacitances around
10�16 F are possible using e-beam lithographic techniques. From a practical
point, an important advance was made when moving from lithography
performed with optical masks [Wiesendanger & Kneubühl, 1977] to e-beam
lithography [Wilke et al., 1994] [Fumeaux et al., 1998] [Rakos, 2006]. Besides the
gain in minimum feature size and bandwidth, those metal depositions patterned
with e-beam are smoother, and currents generated in the antenna dissipate less
and reach the transducer better. In Fig. 6.1 we show some devices that include
diodes as transducers. Metal-insulator-metal (MIM), metal-oxide-metal
(MOM), or metal-barrier-metal (MBM) are names that have been used over
time to refer to structures where tunneling of charge carriers is responsible for
the rectified current. The successive advances in integration of MOM junctions
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have made it possible to combine a collection of devices to form a working
imaging element in the millimeter and far-infrared regions [Rutledge & Muha,
1982].

The direction of the current depends on the material characteristics of the
metals of the junctions. For asymmetric MOM junctions, electrons flow from
the metal having the highest Fermi level to the metal having the lowest.
However, when the Fermi levels of the metals are equal on both sides of the
junction, it is necessary to apply a bias voltage to select the direction of the
current.

From a basic point of view, the MOM diode rectification mechanism can
be understood by considering the energy diagram of two similar metallic
electrodes separated by an oxide layer of thickness d, as shown in Fig. 6.2.
At equilibrium, the two Fermi levels at each side of the barrier line up and
there is a potential barrier of width d and constant height f0 above the Fermi
level EF . When a potential difference Vb is applied between the electrodes, the
Fermi level of the positive-biased electrode moves down by qVb, where q is the
unit electronic charge. As a result, the potential barrier between the electrodes
has a trapezoidal shape. The electrons above the Fermi level in electrode 1
have a higher probability of tunneling than the electrons from electrode 2.
Therefore, the result of the application of the bias voltage is a net electron
flow from electrode 1 to electrode 2.

Figure 6.2 Energy band diagram at both sides of a MOM diode junction. The barrier has a
width, d, corresponding to the insulator thickness (adapted from [Codreanu et al., 2003] and
reproduced with permission of Elsevier).
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When the MOM diode is integrated with an antenna, the incident IR
radiation induces a time-dependent “optical voltage” across the barrier, thus
rapidly modulating the bias voltage. The total bias voltage across the barrier
can be expressed as

VðtÞ ¼ Vb þ V0 cosðvtÞ, (6.3)

where V0 is the amplitude of the induced voltage of angular frequency, v, in
the terahertz range.

When the induced voltage has the same polarity as the applied voltage, the
separation between the Fermi levels is increased. As a result, the probability of
an electron tunneling through the potential barrier increases, and the overall
electrical current through the MOM structure increases. Following a similar
reasoning, the overall electrical current passing through the diode decreases
when the polarity of the induced voltage is opposite that of the applied
voltage. Therefore, the MOM diode acts as a rectifier.

From an electrical point of view, MOM diodes are described by the
characteristic I�V curve

I ¼ AqV2

4phf0d
exp

0

B

@

�
8d

ffiffiffiffiffiffiffiffiffiffiffi

pqf3
0

q

3V

1

C

A

, (6.4)

where f0 is the height of the tunnel barrier, q is the charge of the electron, h is
Planck’s constant, and A and d are the transverse area and the thickness of the
junction, respectively. To obtain a simpler relationship between the amplitude
of the rectified current, I r, and the amplitude of the induced optical voltage,
V 0, a Taylor-series expansion of the total current, IðtÞ, with respect to the
total bias voltage, VðtÞ, is performed. The magnitude of the rectified current is
related to the amplitude of the induced voltage by the following equation:

I r ¼
1
4

�

d2I
dV2

�

Vb

V 2
0: (6.5)

The rectified current is proportional to the square of the induced voltage
and therefore to the power of the incident radiation. Hence, the MOM diode
acts as a square law detector. The proportionality constant is determined by
the second derivative of the I�V characteristic curve of the diode, evaluated at
Vb. The detector response is obtained by extracting the change in the bias
voltage produced by the optical radiation with respect to the bias voltage set
by the external biasing electronics. Then, the output signal is obtained by
multiplying the rectified current by the electrical resistance of the detector,

Vout ¼ RIr, (6.6)

97Antenna-Coupled Detectors

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



where R is the electric resistance at the bias voltage, Vb. This resistance is
equal to the inverse of the first derivative of the I�V curve at Vb. From this
analysis we can conclude that

Vout ∝

�

d2I
dV2

�

Vb
�

dI
dV

�

Vb

¼ I 00
Vb

I 0Vb

: (6.7)

This ratio between derivatives is also denoted as the sensitivity of the
diode. The validity of this approach can be seen in Fig. 6.3.a. To have a more
sensitive element, it is important to maximize the nonlinear response of the
device (value of the second derivative) and minimize the DC resistance
appearing at the bias voltage. When limiting the operational range to low
biasing voltages, an estimation of the first derivative appearing in Eq. (6.7)
can be given as the resistance when Vbias ¼ 0 V. This resistance depends on
the tunnel barrier, the resistivity of the metal, and the transverse area of the
junction (larger transverse area gives lower resistance). Typical measurements
of this resistance produce values between several tens of ohms and a few
thousand [Fumeaux et al., 1998] [Bean et al., 2011].

This detection mechanism is fundamentally different from the bolomet-
ric effect considered in the next section. This can be seen in Fig. 6.3.b, where
the I�V curves for two different devices are compared. Both elements are
coupled to a dipole antenna having a length of 1.8mm. One of the devices
shows only a thermal detection mechanism (bolometric effect), and the other

Figure 6.3 I�V curves for antenna-coupled devices. (a) Plot of the I�V characteristics
comparing two detection mechanisms: MOM rectification + bolometric, and bolometric-only
effect. Rectification produces a nonlinear behavior, while the bolometric effect has a simpler
linear dependence. (b) Comparison between the actual response of a fabricated antenna-
coupled device working as a MOM rectifier and the I 00Vb

∕I0Vb
ratio described in Eq. (6.7)

(adapted from [Codreanu et al., 2003] and reproduced with permission of Elsevier).
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produces a response where the bolometric response is combined with rectifica-
tion through a MOM junction. The I�V characteristic of bolometric devices is
linear, while the I�V characteristic of the devices exhibiting both detection
mechanisms has a cubic dependence on the bias voltage [Codreanu et al., 2003].

An interesting option for current rectification without tunneling through a
thin oxide layer appeared when considering the capability of charge carriers to
move through barriers with geometries properly designed to work better in
one direction than another [Büttiker, 1986]. This capability is called geometric
rectification and has been proved and tested in geometric diodes and tran-
sistors made of semiconductors [Song et al., 1999] [Song, 2002] [Song et al.,
2004] and metals [Choi et al., 2010], and was also shown in ballistic or
classical transport through junctions [Fleischmann & Geisel, 2002] [de Haan
et al., 2004] [Dragoman & Dragoman, 2013]. However, when moving to
optical frequencies, the same limitations in cut-off frequency appear due to
capacitive effects, and the same solution in geometries needs to be applied.
To overcome these issues, some alternatives have been proposed and realized,
which combine geometries and 2D materials such as graphene [Moddel et al.,
2012] or carbon nanotubes [Sharma et al., 2015]. A review of this topic is
presented in Chapter 10 of [Moddel & Grover, 2013]. Figure 6.4 shows several
designs corresponding to semiconductors, metal and Si-polycrystalline tips,
and graphene geometric diodes and devices.

6.1.2 Bolometers

Those first antennas working at infrared frequencies were mostly coupled to
Nb microbolometers [Neikirk et al., 1982] [Grossman et al., 1991]. The reason
for this choice is related to the easier fabrication of microbolometers com-
pared to diode transducers. However, this physical mechanism is dissipative in
nature and requires external biasing to produce a signal.

The bolometric effect accounts for the change in resistivity, Dr, of a
material when exposed to a change in temperature, DT . When the change in
temperature is small, the relation can be linearized and written as

Dr ¼ arDT , (6.8)

where a is the temperature coefficient of resistance (TCR) of the material.
This coefficient shows the relative change in resistivity per degree and is
positive for metals and negative for semiconductors. Most metals have a
value of around a ¼ 0.004 K�1, nickel showing the largest value of aNi ¼
0.006 K�1 [Palik, 1997]. This is the reason that Ni is often selected as the
material to fabricate microbolometers at the feed point of antenna-coupled
bolometric detectors. The temperature rise caused by the incident radiation
induces a change in the electrical resistance of the bolometer. Therefore, a
bolometer is a thermal detector, sensing a change in its overall temperature.
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From a physical point of view, the process is simple: an electromagnetic
wave builds up currents in a metallic resonant structure. Part of the energy
carried by these currents dissipates as heat [see Eq. (2.11)]. This heat changes
the temperature of the device, and this variation of temperature changes the
resistivity and therefore the resistance of the element under analysis.

This simple picture needs a multiphysics perspective to implement
numerical calculations. Electromagnetic, thermal, and electric circuit domains
are necessary to properly model and understand the phenomena. From the
electromagnetic basics presented in Chapter 2, we need only the Joule
dissipation that will act as a heat source. The total power dissipated in a given
volume, v, is

Q ¼ ∫
v
qðx, y, zÞdv ¼ ∫

v
sj ~Eðx, y, zÞj2dv, (6.9)

where s is the electric conductivity. The thermal transport applicable to this
case involves the heat transfer equation:

­T
­t

Cpd ¼ ∇ðk∇TÞ þ q, (6.10)

Figure 6.4 (a) A semiconductor structure that works as a full wave rectifier at gigahertz
frequencies (adapted from [Song, 2002] and reproduced with permission of Springer). (b) An
asymmetric tunnel diode where the geometry enhances the rectification for a MOM junction
(adapted from [Choi et al., 2010] and reproduced with permission of AVS). (c) The working
principle and the practical realization of a geometric diode at optical frequencies made of
graphene (adapted from [Moddel et al., 2012] and reproduced with permission of Elsevier).
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where the material under analysis is characterized by its heat capacity, Cp,
mass density, d, and thermal conductivity, k. The connection to the elec-
tromagnetic domain is through q, which represents the power dissipated
through Joule heating in Eq. (6.9). The result of computations will be a
temperature map that accounts for the temperature distribution caused by the
incident optical radiation [Cuadrado et al., 2012a] [Cuadrado et al., 2012b]
[Cuadrado et al., 2013a]. Some temperature maps obtained for bolometric
devices are shown in Fig. 6.5. Some typical materials used to fabricate
bolometers are Nb and VOx, where vanadium oxide bolometers have a better
response than niobium ones [González et al., 2003].

Depending on the wiring and on-chip connection of the resonant element
to the external circuit, we may find that the bias current needs to go through a
given path with different materials and temperatures. To make this practical,
it is a good strategy to describe the temperature profile along those paths
where the biasing current flows. Then, the change in resistance is given as

DR ¼ ∫
L

rðlÞaðlÞDTðlÞ
SðlÞ dl, (6.11)

where l denotes the location on line L along the biasing current path. Due to
the multiphysics chain of phenomena, DTðlÞ will be a continuous function
along L, and the dependence of aðlÞ and rðlÞ on l denotes the possibility of
having different materials along path L (see Fig. 6.5). By using this formalism,
it is possible to model antenna devices coupled to nanobolometers, and to
distributed bolometers, where the bolometric effect is produced along the

Figure 6.5 Temperature maps for a dipole antenna (a) and (c) coupled to a Nb nano-
bolometer, or (b) and (c) working as a distributed bolometer. In configurations (a) and (b), the
antenna belongs to the lead line, and in configurations (c) and (d), it is orthogonal. (e) and
(f) The temperature profiles that should be included in Eq. (6.11) for these geometries
(adapted from [Cuadrado et al., 2012a] and reproduced with permission of SPIE).
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whole resonant structure. Also, an appropriate choice of the geometry,
materials, and auxiliary elements can optimize the performance of these
devices [Cuadrado et al., 2013b] [Cuadrado et al., 2013a] [Slovick et al., 2010].
This distributed bolometric case is of interest because its fabrication does not
require two steps of e-beam lithography involving strict alignment constrains.
From the temperature maps in Fig. 6.5 we may verify that the temperature
distribution is about the same for those devices using a microbolometer at the
antenna feed-point as for the distributed bolometer case.

Bolometric transduction is thermal in nature, and this characteristic
makes these devices slower than diodes. However, the longer response time of
antenna-coupled bolometers with respect to the diode counterpart is much
shorter than that of classical or macroscopic bolometers. An evaluation of this
response provides a value of a few milliseconds, allowing modulations of some
hundreds of hertz [Cuadrado, 2014].

6.1.3 Thermoelectric

Thermoelectric transduction is mainly based on the Seebeck effect, which
transforms a temperature gradient into a voltage difference. The temperature
difference is established between two material junctions. Because this effect is
reversible, it has been widely used to control the temperature in active heating/
cooling systems. When used for light detection, the detectors are known as
thermopiles. Classical bolometers and thermopiles are relatively bulky and
slow detectors. However, when optical antennas are used, a low thermal
inertia is associated with the tiny volume, making a more favorable device
performance compared to their macroscopic counterparts.

The basic principle is quite simple. An antenna structure is coupled at the
location of a junction between two thermoelectric materials. This junction will
be the hot junction of the thermopile (at temperature TH). These materials are
part of a thermoelectric circuit that contains another junction at a colder
temperature TC . The reading circuit will extract the Seebeck open-circuit
voltage, VOC, caused by the difference in temperature. This voltage is given as

VOC ¼ ðSA � SBÞDT , (6.12)

where DT ¼ TH � TC, and SA, SB, are the Seebeck coefficients of the materials
used in the thermocouple.

Significant interest has been shown for this type of detector because it
provides a signal without requiring biasing elements. Since the first results
were obtained in 1998 [Fu, 1998], some progress has been made in the analysis
and realization of Seebeck nanoantennas [Krenz et al., 2012] [Szakmany et al.,
2012] [Szakmany et al., 2014a] [Szakmany et al., 2014b] [Briones et al., 2014b]
[Briones et al., 2014a]. By using this transduction mechanism and combining
these structures, it seems possible to build optical-antenna arrays that provide
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a signal directly related to the Stokes parameters of the incoming radiation
[Cuadrado et al., 2014a]. The idea is to place (at the two junctions of the
thermocouple) two antennas that respond to orthogonal polarizations, for
example, horizontal and vertical. In this case, when a given irradiance
polarization state illuminates this antenna arrangement, it will differentially
heat this antenna pair, producing a signal proportional to the difference in
power associated with each of the selected polarization states (see Fig. 6.6).

A solution quite similar to the distributed bolometric case uses a single metal
to generate both hot and cold junctions through geometry [Szakmany et al.,
2017]. This geometry-induced Seebeck effect is a very promising way of making
thermoelectric transduction simpler for both fabrication and modeling (see
Fig. 6.7).

6.2 Phased-array Antennas and Transmission Lines

Phased-array antenna configurations hold promise for synthesis of narrow-
angle-of-arrival reception for infrared sensors. As with all phased-array
antennas, the more antennas that can be combined in phase the narrower the
angular response [Middlebrook et al., 2008a] [Slovick et al., 2011a]. The
limitation for infrared antennas is the loss of the transmission lines used to

Figure 6.6 Map of temperature produced when incident light has a pure state of
polarization given by several Stokes parameters. The dipole configuration (top) is strongly
selective for horizontal (S1 ¼ 1) and vertical polarization (S1 ¼ �1). The bottom configura-
tion is composed of counterrotating spiral antennas that are strongly selective to right-hand
circular polarization, dextro (S3 ¼ 1), and left-hand circular polarization, levo (S3 ¼ �1)
(adapted from [Cuadrado et al., 2014a] and reproduced with permission of OSA).
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combine the antenna signals [Mandviwala, 2006]. Wire transmission lines
provide field confinement in much smaller volumes than do dielectric trans-
mission lines, allowing compact on-chip routing for the infrared-frequency
current waves. In the infrared, either co-planar strip lines [Mandviwala et al.,
2005] or microstrip lines [Mandviwala et al., 2008] have characteristic imped-
ances of a few hundred ohms and hence are a good match to planar antennas;
however, at the present stage of development, their relatively high attenuation
limits the number of antennas that can be usefully interconnected. In the
development of phased-array antennas, it is important to distinguish between
phase-incoherent and phase-coherent interconnections. A collection of
antennas can be arranged close together and connected in series to make a
larger sensitivity area, or a pixel of a focal plane array [González et al., 2004a]
[González et al., 2005] [Mandviwala et al., 2005] [Mandviwala et al., 2006]
[Silva-López et al., 2013]. Figure 6.8 shows this situation for dipole and bow-
tie antenna-coupled bolometers. In these cases, the signal from each bolo-
meter is combined. This type of interconnection does not preserve the phase
information from each antenna, since the current waves from each individual
antenna are dissipated in the corresponding bolometric load.

In contrast to this situation, a phase-coherent combination of current
waves is accomplished using the configuration seen in Fig. 6.9. In this case,
the current waves from each antenna are propagated along the co-planar strip
transmission lines and are combined with phase delay corresponding to their

Figure 6.7 Schematics of a dipole antenna working as a thermoelectric transducer and
fabricated using a single metal structure. The hot and cold spots are defined by a change in
the geometry of the lead lines. The hot spot is coupled to a dipole antenna (adapted from
[Szakmany et al., 2017] and reproduced with permission of Elsevier).
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respective propagation length at the location of the single sensor (in this case,
a MOM diode). The transmission line needs to be short enough to compensate
the high loss in propagation [Krenz et al., 2010a]. As seen in Fig. 6.9, going
from one antenna to two, four, and six added in phase narrows the angular
response in reception. However, a diminishing returns is noted in that the
angular response of the six-element phased array is not significantly narrower
than that of the four-element array because of the transmission-line attenuation.

The relative phase delay with which various contributions are added
determines the look angle of the phased-array antenna. The simplest way to
demonstrate this is to offset the sensor from the equal-phase position at which
it will have maximum response at the broadside of the array. Figure 6.10
[Slovick et al., 2011a] shows an off-broadside response for the situation where
the sensor is located such that the current waves from opposite antennas do
not add in-phase.

Given the development of low-loss infrared transmission lines with good
field confinement properties, phased-array infrared antennas with many
participating antenna elements should be able to synthesize a very narrow
angular response. These may offer the prospect of lensless imaging, which
would be of interest, especially on ultra-small platforms to give rudimentary
vision capabilities in a compact form factor. If phase modulators of sufficient
temporal bandwidth become available to support infrared-frequency phase
shifting, it may be possible to integrate these directly into the transmission lines
to achieve one-dimensional (1D) look-angle variation as the inter-element
phase is changed. This would be an infrared analog of an electronically
scanned array. An alternative configuration would be a set of non-tunable
phased arrays on one chip, each with a slightly different look angle. A pair of

Figure 6.8 (a) An array of dipole antennas coupled to Nb microbolometers and (b) an array
of aluminum bow-tie antennas working as a distributed bolometer combine their signals,
losing the phase information between resonant elements (adapted from [González et al.,
2004a] and [Silva-López et al., 2013], and reproduced with permission of Elsevier and OSA).
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dipole antennas can be also used to combine radiation and is able to measure,
in a manner similar to Michelson stellar interferometry, the coherence function
of light sources [Middlebrook et al., 2008b] and to perform wavefront sensing
[Yang et al., 2008].

Figure 6.9 An array of several dipoles along the same coplanar strip (CPS) transmission
line combine their signals onto a single transducer located at some point along the
transmission line. The angular pattern narrows as the number of elements in the array is
increased (adapted from [Slovick et al., 2011a] and reproduced with permission of IEEE).
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6.3 Rectennas and Energy Harversters

Section 6.1 was devoted to the analysis of high-frequency diodes in the
transduction of a signal for an infrared antenna. Rectification mechanisms
have been typically supported by Schottky-type junctions across insulation
layers between two metals [Fumeaux et al., 1998] [Eliasson, 2001] [Bean et al.,
2011]. This type of transduction is actually forwarding charge carriers along a
selected direction defined by an external biasing voltage, or by the difference
in the work functions of two different metals across the junction of the diode.
This makes possible the generation of an electric current from the high-
frequency oscillations of the external electric field incident on the device. This
property is also interesting from an energy-harvesting perspective and has
been of interest for some time. Antennas coupled to rectifiers are denoted as
optical rectennnas. Several studies and reports have emphasized the
capabilities of rectennas in the collection and generation of electric energy
from optical radiation [Berland, 2003] [Corkish et al., 2002] [Kotter et al.,
2010] [Vandenbosch & Ma, 2012] [Abadal et al., 2013] [Moddel & Grover,
2013] [Sarehraz, 2005]. From a simplified point of view, optical rectennas are
the adaptation to the optical range of rectennas working in the radioelectric
and microwave portion of the spectrum. However, as we have already seen,
the presence of plasmon resonances and the special behavior of metals at
optical frequencies require close attention to cope with the limitations given
by materials and geometries.

Junction diodes are very well suited for the rectification of currents in the
radioelectric and microwave regions. Back in the 19th century, Tesla
envisioned the capability of electromagnetic waves to transmit energy
between two locations. Some other attempts at this were made during the
20th century. These began to produce positive results when microwave
radiation was used for energy transport [Brown, 1984] [Hagerty et al., 2004].

Figure 6.10 When the transducer location along the transmission line changes (see
Fig. 6.9), the traveling signals combine in different positions, steering the direction of
reception accordingly. This figure describes the angular response pattern for a two-element
array and a 0.9mm diode shift (left), and a four-element array with a 1.5mm diode shift (right)
(adapted from [Slovick et al., 2011a] and reproduced with permission of IEEE).
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In the past decade, the dense distribution of radioelectric sources in the
environment has shifted attention to the scavanging of those bands, producing
elements able to retrieve energy from the radioelectric environment [Kurs
et al., 2007]. These technologies are based on rectifying diodes fabricated in
printed circuits and reaching efficiencies of around 85%. The capacitance of
the diode at microwave frequencies does not need to be ultra-low, and the
dimensions of the junctions (area and thickness) are feasible. However, at
optical frequencies, working diodes are hard to fabricate and require
deposition technologies with high lateral resolution to evaporate layers tens
of angstroms in thickness. Moreover, the cut-off frequency [Eq. (6.1)] is
strongly dependent on the diode capacitance, Cd , while the efficiency of the
rectification also depends on the nonlinearity of the I�V curve [see Eq. (6.7)].
Therefore, by considering realistic values of these parameters, the efficiency of
MIM diodes is around 10�6 (the efficiency is given as the ratio between DC
rectified power and the AC optical power arriving to the device). This low
efficiency combines with the losses arising from impedance mismatch between
the antenna and the diode. This impedance mismatch is responsible for
another multiplicative factor of around 10�3 [Briones et al., 2013]. Some other
analyses using photon-assisted tunneling models predict efficiencies well
above the previous figures, reaching percentages larger 44% at the diode level
[Moddel & Grover, 2013] for a polychromatic illumination on an ideal diode.
The large discrepancy between these values is mainly due to the conditions used
for each calculation. The most optimistic figures are mostly calculated for ideal
conditions where impedance-matching problems are solved and rectification
efficiency is not an issue. These efficiency figures may indicate a promising
future for the practical use of rectennas in solar energy photovoltaics.

Other proposals for improving rectification efficiency have been made.
One quite interesting device is based on the rectification being distributed
along a waveguide that also acts as a diode. In this case (see Fig. 6.11), the
wave traveling along a waveguide is progressively rectified when propagating
[Grover et al., 2010].

Figure 6.11 The MIM rectifying junction is distributed along a waveguide. By doing this,
rectification is achieved over a longer distance with better efficiency (adapted from [Grover
et al., 2010] and reproduced with permission of IEEE).
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Another very interesting option for an alternative rectification mechanism
is the geometrical rectification that happens when ballistically moving charge
carriers interact with a potential barrier linked to the geometry of the system
[Fleischmann & Geisel, 2002] [de Haan et al., 2004] [Song et al., 2004]. This
mechanism requires high mobility and a free-mean-path longer than the
physical dimensions of the rectifier. Two-dimensional materials such as
graphene have been proposed for this task [Zhu et al., 2013]. Figures 6.4.a and
6.4.c show some elements working in the microwave and optical spectrum.

109Antenna-Coupled Detectors

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Chapter 7

Resonant Optics

The general class of devices called resonant optics is periodic or quasi-periodic
and consists of metallic unit cells arranged in a 2D array on a dielectric
substrate. We generally used 2D structures in our investigations, with multilayer
structures used on occasion. Some embodiments used metallic ground planes
and some did not, restricting or allowing their use in reflective or transmissive
modes. In this chapter we describe three subclasses of device architectures:
frequency-selective surfaces (FSSs), optical retarders, and reflectarrays.

7.1 Frequency-Selective Surfaces

Initial FSS designs were guided by general principles borrowed from circuit
theory and electrical engineering concepts [Munk, 2000]. This approach treats
FSS designs as RLC circuits, which is a useful perspective when starting a
design. The metal structures are resistive; the straight and folded conductors
are inductive; and the gaps between adjacent conductors give rise to
capacitance. The resonant wavelength and spectral bandwidth of the FSS
are controlled by the geometry of the periodic metallic structures [D’Arch-
angel et al., 2014a] [Puscasu, 2001] [Schaich et al., 2003]. Computation and
optimization of detailed designs were accomplished with periodic method of
moments or finite-element techniques. Figure 7.1 shows how a variety of unit
cells may be implemented.

Frequency-selective surfaces without a ground plane can be designed as
band-transmit or band-reject filters, a diagram of which can be seen is
Fig. 7.2.a. In general, an array of metallic elements will act as a band-reject
filter, reflecting radiation in a narrow band of wavelengths, and transmitting
radiation outside of that band. In addition, the choice of the metallic material
changes the central frequency and bandwidth according to the material
properties, especially conductivity. This is shown in Fig. 7.3 for a crossed FSS
made with different metals [Ginn et al., 2009]. Conversely, an array of slots in
a metallic surface will act as a band-transmit filter, passing radiation as a
narrow band of wavelengths and reflecting the rest of the incident radiation.
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These two examples are shown in Fig. 7.4. There is necessarily some loss
caused by absorption in the metallic structures that somewhat changes the
resonance. The starting designs for these spectral filters are scaled versions of
similar devices in the radiofrequency band. An initial estimate can be made of
the resonance wavelength by evaluation of the primary resonance dimension
of the unit cell (e.g., circumference for a loop, half wavelength for a dipole),
taking into account the effect of the substrate’s refractive index [Puscasu et al.,
2002] [Puscasu et al., 2000b] [Puscasu et al., 2001].

Usually, in the visible and near IR, such filtering functionality can be
achieved with lower loss by using thin-film interference filters. However, in the
far-infrared and terahertz bands, these films become quite thick, possibly
resulting in adhesion problems. In these cases, a FSS band-pass or band-reject
filter is a desirable solution [Monacelli, 2005] [Shelton et al., 2008a].

With inclusion of a metallic ground plane and a quarter-wave stand-off layer
(see Fig. 7.2), an IR FSS can be configured to produce a wavelength-selective
absorber. The ground plane thickness should be sufficient to eliminate any

Figure 7.1 Three different geometries of squares (left), Jerusalem crosses (center), and
slotted patches (right) are able to modify the spectral content of the reflected light (adapted
from [Monacelli, 2005]).

Figure 7.2 (a) An FSS is written on a dielectric substrate that could be transparent to make
possible a transmissive FSS. (b) When using a ground plane, the FSS becomes reflective
and as such is typically used to modify the emissivity of the supporting surface.
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Figure 7.3 Modeled transmission of four cross metamaterial arrays made of three different
metals and perfect electric conductor (PEC) material. The inset shows the fabricated
crosses (adapted from [Ginn et al., 2009] and reproduced with permission of AIP).

Figure 7.4 Two complementary geometries produce complementary spectral behavior for
the reflection and transmission spectra (adapted from [Monacelli, 2005] and [D’Archangel,
2014]).

113Resonant Optics

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



appreciable transmission (a few skin depths). Because of Kirchhoff’s law, the
ability to control the spectral absorption is equivalent to controlling the spectral
emissivity. This allows emissivity to be set high or low in predetermined wave-
length regions.

A single-layer selective-absorber FSS with a simple unit cell (single strong
resonance) will have a simple RLC response with a given spectral location and
width, so the spectral dependence cannot be controlled in arbitrary detail.
Along with the unit cell spacing and geometry, the thickness and the refractive
index of the stand-off layer are additional variables in the design. In Fig. 7.5
measured data show that the modulation of the emissivity is strong, ranging
from 10% to over 95%. Additional complexity in the spectral response may be
generated by additional FSS layers, the use of unit cells with multiple
resonances, overcoat layers, or exploitation of absorption bands of constituent
materials. It should be noted that any radiation that is not absorbed is
reflected, and thus the selective-absorber FSS will have a metallic visual
appearance unless overcoated.

As a demonstration of the potential of an IR FSS for emissivity control,
Fig. 7.6 shows three different metallic unit cells (Jerusalem cross, square loop,
patch) designed for high, medium, and low emissivity in the 8�12mm band.
The model, the emissivity spectrum, and the fabricated devices are shown in
Fig. 7.6. Once the individual designs demonstrated their expected spectral
behavior, these elements were arranged on a 3-inch Si wafer in a typical
random pattern (see Fig. 7.7).

Fabrication of test FSS structures is generally performed with direct-write
e-beam lithography to achieve the spatial resolution specified in the design

Figure 7.5 Spectral emissivity of an FSS having a simple unit cell (adapted from
[Ginn, 2009]).

114 Chapter 7

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 17 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



[D’Archangel et al., 2014b]. Owing to the serial nature of electron-beam
lithography, even with a state-of-the-art system (Leica EBPG 5000 plus), a
4-inch wafer could take 24 hours to write. So it is of interest to have less-costly
approaches for creating large-area FSSs. Imprint lithography is a candidate
approach [Puscasu et al., 2000a] requiring construction of a master tool
for transferring the spatial information (see Fig. 7.8.a). Imprint lithography of
IR FSSs on a roll-to-roll process holds promise for enabling meter-sized
IR FSSs on flexible or rigid substrates (see Fig. 7.8.b). Some process challenges

Figure 7.6 Three different FSSs fabricated to present high (Jerusalem cross), medium
(square loop), and low (square patch) emissivities in the 8�12mm wavelength band.

Figure 7.7 A random spatial pattern populated with three different types of FSSs showing
distinguished spectral emissivities. The image of the fabricated device on a hot plate was
acquired by a thermal camera in the 8�12mm band.
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involve releasing the pattern-transfer material from within narrow high-aspect-
ratio features on the imprint tooling.

Another way to use the lower-cost replication offered by optical lithog-
raphy is to use IR FSS flakes that can be incorporated into a liquid carrier
solution or into a paint formulation. Small arrays, typically 10� 10 unit cells,
are created on a carrier wafer and then released from the wafer and collected for
later use [D’Archangel et al., 2011]. An etch process is used to define the flake
boundaries. Experimental and numerical studies indicate that the main spectral
features of the IR FSS are well preserved in the flakes [D’Archangel et al.,
2015]. Of course, the fill factor of the flakes on a surface has to be accounted
for, since the flakes will typically not completely cover the surface, and the
spectral properties of the underlying surface will contribute to some degree. The
spectral transmittance of the liquid in which the flakes are immersed will also
play a role. In the fabrication process of the flakes, it should be noted that the
flakes should be symmetric about their center (for instance, a ground plane)
because the flakes can be oriented with either side up when delivered to the final
surface to receive the FSS treatment (see Fig. 7.8.c).

In some FSS designs, not only is it possible to modify the reflected
spectrum, but also, by using a leaky-wave design, one can tailor the far-field
pattern of radiation to be steered towards a desired direction [Kinzel et al.,
2015].

7.1.1 Spectral response of frequency-selective surfaces

The characteristic parameter of FSSs is the change in the spectral composition
of its reflected, transmitted, or absorbed radiation [Ginn et al., 2010b]
[D’Archangel et al., 2015] [D’Archangel et al., 2013], which, for some specific
designs involving thermochromic materials, can be tuned within a given range
[Shelton, 2010]. Also, by including active elements into the design, FSSs
can work as detectors, combining infrared antennas and resonant structures
[Kinzel et al., 2013].

Figure 7.8 Large-scale fabrication of FSSs is most successful using imprint fabrication. In
this case (a) a master is necessary that can be applied onto (b) a flexible substrate.
(c) Flakes of FSSs have been proposed as an alternative lower-cost fabrication method
(adapted from [Shelton et al., 2007] and [D’Archangel, 2014] and reproduced with
permission of AVS).
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The relation among reflectivity, transmissivity, and absorption is easily
derived from the energy conservation law:

RðlÞ þ TðlÞ þ AðlÞ ¼ 1, (7.1)

where R, T , and A denote reflectivity, transmissivity, and absorptance,
respectively. Absorptivity, al, is defined as the ratio of the energy absorbed
by the system to the incident energy. If the system is in thermal equilibrium,
this energy has to be emitted by the system, obeying Kirchhoff’s law of
thermal equilibrium. In this situation, the relation between emissivity and
absorptivity is

el ¼ al, (7.2)

where emissivity, el, is defined as the energy emitted by the system with
respect to the energy emitted if the system were a perfect blackbody. Because
absorption is intrinsically related to emission through Kirchhoff’s law,
spectral emissivity is a typical figure of merit for these devices.

Measurements of IR emissivity in the 3�14mm band were made using a
spectro-radiometer incorporating a circular variable filter (CVF). The FSSs
were thermally contacted to a hotplate and brought to a temperature of
200 °C. The emission spectrum was measured by the instrument and was
compared with the emission spectrum of a blackbody at that temperature to
obtain the emissivity as the ratio of these two values. Figure 7.9 shows the
practical realization of a radiometer able to measure the desired spectral
signature of the fabricated FSS.

Figure 7.9 Practical realization of a radiometer to measure spectral emissivity of FSSs in
the range of interest of 3�14mm. The FSS is placed on a controlled hot plate in front of the
radiometer. The system needs to be N2 purged to avoid atmospheric absorption bands in
this region (adapted from [Monacelli et al., 2005] and reproduced with permission of
IEEE).
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7.2 Resonant Optical Retarders

Meander-line waveplates have been traditionally used in the radiofrequency
portion of the spectrum to convert linearly polarized radiation into circularly
polarized radiation. The meander-line structures seen in Fig. 7.10 act as a
phase retarder for the two orthogonal wave components that are polarized
along and perpendicular to the meander axis. The meander line acts primarily
as an inductive element along the meander axis and as a capacitive element
perpendicular to the meander axis, creating the relative phase delay for the
orthogonal polarization components [Tharp, 2007] [Tharp et al., 2006a]
[Tharp et al., 2006b] [Tharp et al., 2007b] [Young et al., 1973].

Use of electron-beam lithography has made fabrication of such structures
feasible at higher frequencies. The ease of fabrication, low fabrication costs,
and compact construction provide a potentially important alternative to
birefringent crystals in the IR, terahertz, and millimeter-wave bands. An
especially attractive characteristic of meander-line waveplates is the ability to
define designs for specific frequencies and phase delays by simple changes in
the lithography [Wadsworth et al., 2011].

A meander line has significant bandwidth in both wavelength and angle of
incidence compared to traditional birefringent crystal waveplates. Shown in
Fig. 7.11.a are measured data on the phase delay of a meander-line waveplate
over the 8�12mm band. Over the range from 8.5mm to 12mm, the desired
quarter-wave phase delay is achieved within about 0.05∕p from the ideal of
0.5∕p. Figure 7.11.b plots the axial ratio of the polarization ellipse obtained
from the device when the incident polarization state is linear and oriented in
such a way that the two orthogonal components along the main directions of
the meander are equal (at 45°). Shown in Fig. 7.11.c are measured data as a
function of angle of incidence for the same structure, again showing very

Figure 7.10 Meander-line structures for the infrared with (a) symmetric and (b) asymmetric
meanders (adapted from [Tharp et al., 2007a] and [Wadsworth & Boreman, 2011a] and
reproduced with permission of IEEE and OSA).
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stable behavior. The same good stability with respect to the angle of incidence
appears in the axial ratio of the ellipse of polarization (see Fig. 7.11.d). This
stability could be of significant benefit for polarization imaging systems,
where broadband spectral response is required, and where fast f ∕# optics is
often desirable. In particular, the angular bandwidth seen in Fig. 7.11 would
allow meander-line structures to be placed in a converging beam. This is in
contrast to birefringent waveplates, which typically must be placed in a
collimated region of the optical system [Wadsworth & Boreman, 2010]
[Wadsworth & Boreman, 2011a] [Wadsworth & Boreman, 2011b].

The power conversion efficiency of meander-line waveplates in terms of
conversion of a linear polarization state into the desired output state (often
circular polarization) is affected by two issues: loss in the metallic meanders
and impedance mismatch between the meander line and the surrounding air.

Figure 7.11 (a) and (c) Relative retardance and (b) and (d) axial ratio for a meander line
designed to work at an angle of incidence of 45° for [(a) and (b)] this nominal angle and for
[(c) and (d)] a collection of angles around this nominal value (adapted from [Wadsworth &
Boreman, 2011a] and reproduced with permission of OSA).
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For reflective waveplates, the peak measured conversion efficiency is 85%
[Wadsworth & Boreman, 2011a]. For transmissive waveplates, the peak
measured conversion efficiency for a two-layer design is 65%, with
approximately 70–75% as the upper limit for an optimized three-layer design
[Wadsworth & Boreman, 2010] [Wadsworth, 2011].

7.3 Resonant Phase Plates

A reflectarray is a quasi-periodic array of individual resonant elements on a
dielectric layer located above a ground plane [Huang & Encinar, 2008]. The
spacing of the unit cells is subwavelength in dimension. This structure
provides a phase shift on reflection that depends on the local geometry of the
unit cell. This is different from a standard phase kinoform element, in which
the phase shift depends on the height of a dielectric layer. In a reflectarray, the
dimension of the unit-cell antennas will typically vary across the array,
producing a phase-delay variation across the surface. From an optics
perspective, this is essentially a wavefront modification on reflection [Yang
et al., 2012] [Ginn et al., 2007b]. These types of structures have been used for
some time in the radiofrequency portion of the spectrum, but are not yet
commonplace in the IR.

An initial demonstration in the IR uses a square-patch design populating
alternating Fresnel zones with elements that successively shift the phase 180°
[Ginn et al., 2008]. In this case, only two designs of the unit-cell resonant
element are necessary. However, by varying the dimensions of the patches, it
is possible to generate smaller phase shifts between adjacent zones (see
Fig. 7.12). Variable-patch reflectarrays achieve a phase shift modification

Figure 7.12 A proof of concept of the reflectarray performance fabricated by writing
(a) three different cell units, producing (b) three phase variations on a optical flat substrate.
They were tested using a Michelson interferometer that showed (c) fringe displacements at
the location of the resonant structures (adapted from [Ginn et al., 2007b] and reproduced
with permission of IEEE).
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upon reflection because the variation in element size changes the resonant
frequency of the patch. A slight variation in the resonant frequency of the
patch changes the phase of the standing wave formed between the patch and
the ground plane, which in turn alters the phase of the re-radiated wave. Each
row is made up of a different sized patch stood off above a ground plane by a
450 nm layer of ZrO2. The substrate is a 50 mm Si wafer, and the ground
plane and patches are Au to reduce absorption losses. The design is based on a
scaled version of a RF reflectarray. Heuristic calculations based on a lossless
transmission line model are useful in predicting the main features of the
behavior of the structure, but finite-element modeling that accounted for the
non-ideal nature of the metal is needed for accurate predictive capability. The
phase response of each row is measured using an IR Twyman–Green
interferometer at 10.6mm, and it is seen that the reflected phase shift depends
on patch dimension. This procedure is repeated with various patch sizes to
produce the phase-shift versus patch-size plots in Fig. 7.12.

The increase in thickness of the stand-off layer detunes the Q of the
resonant element, which allows for a slower phase transition versus patch size.
The slower phase transition reduces the sensitivity of the design to fabrication
tolerances while simultaneously providing less absorption loss (see Fig. 7.13).

A focusing element demonstration was undertaken using patch reflectar-
rays. A 25.4 mm diameter Fresnel zone plate reflectarray was constructed as an
f ∕6 focusing element, with 100 discrete zones and 20 million patch elements.
Only one discrete phase state of the binary reflectarray was populated with
patch elements. The other phase state was simply a combination of the ground
plane and the stand-off layer. The layer thickness was chosen to yield 180° of
phase shift upon reflection, relative to the region without patches. Such surfaces

Figure 7.13 The thickness of the stand-off dielectric layer is of importance when tuning
both (a) the phase change and (b) the amplitude in terms of the size of the patch. Operating
wavelength is l ¼ 10.6mm (adapted from [Ginn et al., 2008] and reproduced with
permission of OSA).
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may also have applications in very low-cost lithographic IR optics, or in
conformal optical surfaces.

Infrared reflectarrays are desirable for many of the reasons they are
desirable for use at lower frequencies, such as reduced cost, weight, and
volume for focusing surfaces [Ginn, 2009]. Reflectarrays facilitate direct
stacking of multiple planar elements, (e.g., filters and polarizers) on the
reflectarray for additional weight and volume reductions. It may also be that
IR reflectarrays will be seen to provide additional degrees of freedom for
aberration correction, since their dependence of magnitude and phase on
angle of incidence distinctly differs from that for usual optical elements.
Figure 7.14 shows the angular dependence of different square patches and
slotted-square patches in terms of the magnitude and phase shift [Ginn et al.,
2010a]. When considering thermochromic materials, the reflectarray can be
tuned within a specific spectral range [Shelton et al., 2010b].

7.3.1 Aberrations and MTF in reflectarrays

Reflectarrays could be, at some point, considered as a variation of Fresnel
zone plates. The local phase shift given by optical path differences in
diffractive elements is produced here by properly suited and designed resonant
structures. However, there are some characteristics that are intrinsic to the
case of reflectarrays. One of them is the off-axis behavior of the reflected light
departing the reflectarray element. When using multilevel phase reflectarrays,
each individual type behaves differently. On the other hand, resonant elements
can be defined to work selectively with polarization. Even when selecting
geometries with square symmetry, the actual response of the reflectarray may
differ under illumination with other polarization orientations. As an example,
Fig. 7.14 shows the irradiance profiles along a fixed direction on the image
plane for two orthogonal states of linearly polarized light. The elements of this
reflectarray are squares, and the two linear polarization states are oriented
along the sides of those squares. However, when considering polarization, the
off-axis contributions are not equal for each polarization. These differences
appear in the irradiance profiles as subtle discrepancies. These discrepancies are
larger as the f ∕# decreases because at larger angles the off-axis contributions
are increasingly different for the two states of polarization. These changes also
reflect the modulation transfer function (MTF) behavior, which is also different
for these two polarizations. This characteristic is only applicable to reflectarrays
and should be considered as a kind of polarization-related aberration.

Besides off-axis and polarization dependence, reflectarrays show a
remarkable chromatic dependence. This dependence is mainly caused by
the Fresnel zone arrangement that is strongly selective with wavelength.
Figure 7.16 shows this behavior for the same reflectarray considered in
Fig. 7.15. The plot in Fig. 7.16.a represents the irradiance along the optical
axis in terms of the distance from the reflectarray, z, and wavelength, l.
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Figure 7.14 (a) Magnitude and (b) phase shift produced by the eight elements of the
subzone reflectarray as a function of the angle and the polarization state (TE, perpendicular,
and TM, parallel, components). The color coding is the same for both graphs. In the key, GP
is ground plane, SQ (square patches) is followed by the size of the patch in nanometers, and
SS (slotted-square patches) is by followed by the size of the slot in nanometers in a 4500 nm
square patch. The wavelength of design is l ¼ 10.6mm (adapted from [Ginn et al., 2010a]
and reproduced with permission of OSA).
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This reflectarray was designed for a focal length and wavelength given by
the cross in this figure. At the same time, when evaluating the MTF for
different wavelengths around the wavelength of design, and maintaining the
same image plane, this MTF drops abruptly, denoting a strong chromatic
aberration.

Figure 7.15 Profiles of (a) the point spread function (PSF) and (b) the modulation transfer
function (MTF) for two orthogonal polarizations. The unit cell of this array has an square
shape. The reflectarray consists of eight phase levels arranged as a multilevel Fresnel zone
plate and has an aperture of f∕0.23 (adapted from [Gómez-Pedrero et al., 2011] and
reproduced with permission of OSA).

Figure 7.16 (a) The irradiance map plotted as a function of the axial coordinate along the
optical axis, z, and the wavelength, l. The cross corresponds to the wavelength of design,
ld ¼ 10.6mm. (b) The MTF drops abruptly when moving from the wavelenght of design,
denoting a strong chromatic aberration of the device. The reflectarray consists of eight
phase levels arranged as a multilevel Fresnel zone plate and has an aperture of f∕0.23
(adapted from [Gómez-Pedrero et al., 2011] and reproduced with permission of OSA).
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Chapter 8

Conclusions and Open Issues

For quite a few years, optical antennas and resonant structures have been the
focus of several well-established fields that nonetheless are pushing the bound-
aries of science and technology. Between the 19th century foundations of electro-
magnetism and the 21st century revolution of nanophotonics, these antenna-like
elements have found their way into cutting-edge laboratories and institutions that
are pursuing the latest advances and contributions to nanoscience and nano-
technology. The research in optical antennas effectively merges the robustness of
a well-founded formalism and the challenge to adapt to the optical regime those
concepts that have been successful at lower frequencies. This quest cannot be seen
as an incremental advance with respect to the previously obtained results. An
understanding of these tiny structures at a subwavelength scale in the visible and
the infrared has required the adaptation of the nanoworld to the quantum level,
where cavity life time, and absorption and emission time constants are at play to
fully grasp and analyze those phenomena. Nonlinear, electrochromic, and ther-
mochromic mechanisms, and their combinations with metal, semi-metals, and
dielectric materials have expanded the capabilities of new devices and applica-
tions. These additions also require appropriate analysis and modeling to properly
include them in the inventory of useful technologies.

Besides the overview that we have provided in this book, there are a variety
of issues that remain as open research topics surrounding the technology of
optical and IR antennas. Among these issues we include the following.

Coupling efficiency. The coupling efficiency from free space (having a wave
impedance of 377 V) to the antenna-coupled sensor is a key aspect of the
practical application of this technology, since coupling efficiency directly
translates to signal-to-noise ratio. The overall efficiency depends on several
aspects. The first step is the coupling from free space to the antenna itself;
i.e., the optimum launching of current waves in the arms of the antenna is a
must. It has been demonstrated [Lail et al., 2009] that high-index immersion
lenses (necessarily with anti-reflection coatings) are useful in this regard,
ultimately gaining perhaps a factor of �50 in the sensor response. It is possible
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to anti-reflection coat a planar metallic film [Macleod, 2010], but the antenna
arms are obviously not spatially uniform planar films. However, there may
yet be a way to exploit this general concept by attempting to match the free-
space impedance to the wave impedance presented by the antenna by
adjusting substrate and/or superstrate indices. It is important to realize that
the desired condition is that propagating current waves are launched rather
than the incoming radiation simply being absorbed in the metallic material, or
reflected back towards the incoming direction. Perhaps a subwavelength
grating structure on the antenna arms could be utilized toward that end.

Another issue surrounding coupling efficiency is the impedance matching
at the frequencies of operation between the antenna (at the feedpoint) and the
sensor load impedance. Quantum-mechanical or density-of-states issues are
not yet able to be completely modeled with computational electromagnetic
codes, but a starting point for many sensors would be a model that encom-
passes dimensions and materials, including the constitutive relations, also at
the quantum level when necessary. Multiphysics models should be able to take
this approach farther to include thermal and mechanical domains.

To begin with the impedance-matching conditions, measured DC current–
voltage characteristics are generally a good indicator of the high-frequency
behavior of diodes. The main concern is that most planar antennas have
feedpoint impedances of hundreds of ohms, and diodes typically have imped-
ances in the 10 kV to 100 kV range. Impedance-matching networks can be
implemented with lumped elements, even at IR frequencies, but such drastic
mismatches are difficult to overcome even over a restricted bandwidth.
Broadband matching will be even more of a challenge.

Measurement of coupling efficiency is an important aspect of solving the
technological challenges, since improvement of any figure of merit is necessarily
dependent on being able to quantify how response changes with design
variations. The most relevant coupling efficiency metric is power coupled into
(or dissipated in) the sensor divided by the power incident within the collection
aperture of the antenna. With a measurement of collection area as mentioned in
section 5.1, the incoming power can be found from the incident irradiance
(W∕cm2). The main measurement challenge is the assessment of local current
and voltage levels at the sensor inputs. Especially given the small current levels,
this is a very sensitive measurement and is easily affected by the impedance
characteristics of the measurement apparatus and the noise level.

Transduction and rectification mechanisms. The practical deployment of
optical antennas strongly depends on all of the figures of merit related to the
quality of the retrieved signal: responsivity, signal-to-noise ratio, specific
detectivity, D�, time constant, etc. The rest of the advantages of the antenna
approach are well recognized in the radioelectric spectrum and are related to
the selectivity in polarization, customized far-field patterns, beam steering,
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spectral resolution and tuning, etc. Most of the good characteristics of
antennas have been successfully translated into the optical range. However,
the quality of the signal is a real concern and deserves further attention to
improve. In this book we have provided some reasons, mostly related to the
behavior of materials at optical frequencies, for the limited strength of the
signal. However, currents are truly built up along the geometries of resonant
structures and directed towards tranducers and read-out electronics. The
current transduction mechanisms are based on thermal effects generated by the
absorbed radiation (thermoelectric and bolometric effects), or alternatively on
the rectification of currents crossing a tunneling barrier between two metallic
regions. When optical antennas are used in optical sensing and detection, the
signal can be amplified and handled by dedicated electronics. In this case,
thermal effects provide a transduction mechanism that allows simpler fabrica-
tion tools. Also, thermoelectric mechanisms, which do not display a dissipative
effect, rely on the thermal properties of materials. However, energy harvesting
and some other applications involving a fast response require nano-scale rec-
tifiers to be coupled to the antenna. This idea has been successfully applied in
the radioelectric regime, where large rectification efficiencies have been dem-
onstrated [MacSpadden et al., 1996] [Hagerty et al., 2004]. MIM transducers
have been refined over the past decades, but applications in the optical and IR
range require very low capacitances that imply stringent fabrication constraints.
In this sense, the concept of an optical rectenna has generated significant
attention [Moddel & Grover, 2013] because of its important implication in a
variety of fields ranging from energy harvesting to optical sensing. Some
interesting results have been obtained by rectifying the charge carriers using
geometry. This approach has shown promising initial results, and much effort is
being made to improve its characteristics, especially the I�V curve and the
overall efficiency of the process [Briones et al., 2013].

In this sense, a better understanding of the rectification process and the
development of new strategies and methods for transducing the signal and for
harvesting radiation towards external circuitry will enable the use of optical
antennas in additional applications.

Low-loss transmission lines. For practical implementation of the phased-
array antenna concept, it is necessary to develop transmission line configura-
tions that have the field confinement advantage of metallic lines (such as
coplanar strip lines) but without the excessively high attenuation of metallic
structures at IR frequencies. Purely dielectric waveguides do not have the
ability to confine and guide fields in subwavelength structures, making them
poor candidates for antenna interconnection and on-chip signal routing.
Alternative material choices, such as SiC or 2D materials, should be examined
for their ability to confine and guide IR radiation with low loss. Achieving
this would allow many more antennas to be co-phased compared to current
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demonstrations with metallic lines, facilitating synthesis of very narrow
beamwidths and participation of large surface areas in sensing functions.

Tunable antennas. One of the appeals of IR antenna technology from its
inception has been the potential for real-time electronic control of the antenna
reception characteristics—wavelength, polarization, and look angle. The
realization of these tuning potentials in high-sensitivity IR sensors would
enable focal-plane-array-based imaging spectrometers, imaging polarimeters,
and gimbal-less field-of-view scanning. That potential has thus far not been
realized in practice because of the lack of low-loss ways to control current
waves in the antenna arms. Control techniques common in the RF range often
do not have the required response times for operation with current oscillations
at 30 terahertz and above. MIM diodes have the potential for these response
times, but the nonlinearity of their current–voltage characteristic is still not
abrupt enough for effective current control, especially at small bias voltages.
They also typically have high impedance, making direct integration into
antenna arms difficult without causing excessive dissipative loss. Other types
of diodes and junctions may be integrated into the vicinity of the antenna
arms without being in the current path. These affect the current flow by
capacitive coupling [Gritz et al., 2005]. Micro-electrical-mechanical systems
(MEMS) also hold promise for placing adjustment structures in the vicinity of
the antenna arms [Agustí et al., 2013]. It may also be possible to integrate
tunable materials (e.g, thermochromics [Shelton et al., 2010b]) into the
antenna structure or its immediate environment. Materials with photo-
switchable response, for instance using photocarrier generation, may also find
application in this regard.

2D materials. The capabilities of bidimensional materials and membranes,
such as graphene, have also attracted a lot of attention because of the low
resistivity and the large free-mean-path of the charge carriers injected in these
structures. Graphene has been proposed and used for the fabrication of
geometrical rectifiers in rectenna devices [Moddel et al., 2012] [Dragoman &
Dragoman, 2013] [Tamagnone et al., 2013] [Zhu et al., 2013]. It is expected that
research in this area will produce a better understanding of the capabilities of
graphene and other bidimensional materials for the generation of resonant
elements and improved transduction mechanisms.

3D antenna structures. The basic idea of conical horn concentrators is
appealing, as has been shown in the literature [Kim et al., 2004]. This class of
structures has the potential to achieve subwavelength concentration unavail-
able with lenslet arrays, reasonably low loss, good packing fraction in an array,
and good collection efficiency. However, presently, the three-dimensional (3D)
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nature of antenna fabrication and metallization is challenging in itself, and
practical integration issues with IR sensors in array format have not been
solved. The fabrication of an array of IR horn antennas presently appears to be
at the limit of current two-photon lithographic techniques in terms of spatial
resolution and field of view [Aumann et al., 2014]. Some other highly directive
devices, such as Yagi–Uda antennas, have been demonstrated [Li
et al., 2007] [Taminiau et al., 2008], and very interesting results have been
realized using planar designs [Kosako et al., 2010]. Also, some actual 3D
structures have been fabricated and demonstrated in the optical regime [Dregely
et al., 2011]. Fabrication of 3D structures is itself a real challenge. Some
sculpturing techniques, such as focused ion beam (FIB), have been
able to shape antenna dipoles and cantilevers for near-field excitation and
measurements. Additive techniques, such as multiphoton lithography, are
reaching sufficient accuracy and reliability to play an important role in the
fabrication of 3D optical resonant elements working at optical frequencies
[Gansel et al., 2009].

Large-area frequency-selective surfaces. Most practical applications of IR
frequency-selective surfaces require substantial areas to be covered. Direct-write
electron-beam lithography is an untenable solution to those requirements
because of the excessive write time and consequent expense. Some potential
solutions exist in developmental stages. Released flakes of metamaterial
incorporated into paints is an interesting alternative, but still requires cost-
efficient lithographic generation of large quantities of material. Imprint
lithography takes an electron-beam-generated master and replicates similar
structures using mechanical pressure. This process has the requisite spatial
resolution for operation in the IR. Roll-to-roll processes are an extension of this
concept to continuous sheets of material. These processes are well-developed,
for instance, in the replication of CDs and could be applied to IR 2D
metamaterials, assuming sufficient capitalization for development of
manufacturing apparatus and robust fabrication processes. Very recently, an
ultraviolet microsphere lithographic technique [Bonakdar et al., 2015] was
proposed and successfully adapted for the fabrication of metasurfaces
containing resonant elements with a wide variety of shapes and forms [Qu &
Kinzel, 2016]. The combination and merging of these techniques should lead to
the ability to generate affordable surface coverage of IR 2D metamaterials.

In summary, optical antennas and resonant structures require a merging
of the concepts of well-recognized physics (concepts that are at the core of the
electronic and nanotechnology revolution) with new ideas and strategies based
on the special behavior of light and matter at the nanoscale, including
quantum physics. Basic science and applied technology must combine in every
problem related to optical antennas. Modeling in this domain requires
multiple points of view (material science, quantum mechanics, photonics,
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etc.). Accurate simulations should incorporate computational packages able
to deal with this multiphysics environment. The available fabrication
techniques are pushed to the limits to obtain higher spatial resolution and
enhance aspect ratio in the realization of the proposed structures. At the
same time, innovative and advanced tools for testing and characterization
are necessary to obtain those figures of merit related to the performance of the
devices (directivity, D�, spectral response, etc.). Also, near-field and far-field
measurements rely on the implementation of experimental setups able to
handle these subwavelength structures with the desired spatial and angular
resolution.

Research on optical antennas and resonant structures is exciting by itself
and is paving the way for some future advances in this technology. This is why
we encourage readers of this book to keep studying and analyzing these
devices, and to envision new applications and uses yet to come.
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index of refraction, 14

J
Johnson noise, 82
Joule dissipation, 93
Joule heating, 10–11

K
Kirchoff’s law, 117
knife-edge measurements, 70
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spectral response, 75
spectral responsivity, 76
spectroscopic ellipsometry, 52
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temperature coefficient of resistance
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temperature noise, 83
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thermal transduction, 52
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wave equations, 10
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