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Preface

Metamaterials, first known as left-handed materials (LHMs) or negative-index mate-
rials (NIMs), are artificially constructed effective materials using periodic structures
that are a fraction of the wavelength of the incident electromagnetic wave, resulting
in effective electric and magnetic properties (permittivity and permeability) that
are unavailable in natural materials. The ability to design effective materials with
deterministic electromagnetic properties makes them very attractive for terahertz
applications since natural materials do not respond well to this frequency regime.

Since the discovery and experimental demonstration of artificial material with
negative permittivity and negative permeability by Sir Pendry et al. in 1996
and 1999, the research interest in metamaterials has significantly increased. In
spite of the intense research activities in the last two decades, application of
metamaterials to terahertz frequencies is a recent phenomenon. And, terahertz
metamaterials embedded with active devices are even a smaller portion of this
research landscape. Moreover, the transition from research to real-world application
of terahertz metamaterials is still years behind because of numerous implementation
challenges.

This book intends to close that gap by providing theoretical background and
experimental and fabrication methods in one comprehensive text. This is well suited
for engineers and physicists to be able to design, fabricate, and characterize terahertz
metamaterial devices in commercial planar semiconductor processes.

Three case studies are covered in detail involving terahertz modulator and
detector implemented in commercial gallium arsenide (GaAs) and complementary
metal-oxide semiconductor (CMOS) process for imaging and communication appli-
cations.

The first three chapters provide the introduction, background theory, and exper-
imental methods which give the reader the motivation and basic background to
understand terahertz metamaterials. The last three chapters provide the three case
studies of active metamaterials fabricated in planar semiconductor process for
terahertz imaging and communication applications.

Chapter 1 begins by providing the motivation for working in the terahertz
frequency regime for its numerous important applications and showing, with
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quantitative reasoning, why metamaterials are a suitable technology for that regime.
An overview of technologies for terahertz wave modulators is presented, which is
the primary structure underlying all of the designs in this text.

Chapter 2 reviews some of the basic electromagnetic principles for a basic
understanding of metamaterials. One of the key contributions of this text is the
analysis of terahertz wave modulators using the Drude–Lorentz model.

Chapter 3 covers the experimental methods for modeling, simulating, and char-
acterizing terahertz metamaterials. A section on CMOS fabrication is introduced
with few metamaterial case studies for readers to get familiar with a very accessible
process that can be used for limited terahertz metamaterial applications. For
metamaterial characterization, terahertz time-domain spectroscopy (THz-TDS) and
continuous-wave terahertz spectroscopy (cw-THz) are covered in detail. A section is
also dedicated to the alignment of off-axis parabolic mirrors, which is found in most
terahertz test setups and should be a valuable resource for anyone doing experiments
in this field.

Chapter 4 covers a case study of metamaterial-based terahertz modulator using
embedded HEMT devices which is one of the main contributions to the scientific
literature by the authors. Design principle of HEMT-controlled metamaterial is
covered in detail based on the modulator principle introduced in Chap. 2. Design,
fabrication, experimental setup, and test results are also covered in this chapter.

Chapter 5 covers another case study of an all solid-state metamaterial-based
terahertz spatial light modulator (SLM) using the HEMT-based modulator described
in Chap. 4. The principle behind single-pixel imaging is presented in this chapter
followed by design, fabrication, and test of the SLM.

Chapter 6 presents the last case study of a terahertz focal plane array (FPA) using
metamaterials in a 0.18 �m CMOS process. The principle of resistive self-fixing
detection is covered followed by the design and simulation of the FPA.

Nashua, NH, USA Saroj Rout
Medford, MA, USA Sameer Sonkusale
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Chapter 1
Introduction

The primary purpose of this text is to provide analytic and experimental methods
to design planar metamaterial based wave modulators for terahertz frequencies,
especially for communication and imaging applications. This chapter provides
the motivation for the reader by answering two basic questions: why terahertz
frequencies and why design metamaterials for that frequency regime.

Section 1.1 introduces the fact behind the so-called terahertz gap and illustrates
numerous important examples to show why this frequency regime is interesting.
A brief history of various terahertz technologies is provided for the reader to get
a historical perspective as well as the state of the art. Section 1.2 introduces the
basic concept of metamaterials with a brief history and overview of the topic.
A quantitative reason is provided in Sect. 1.2.3 as to why metamaterials are suitable
for terahertz frequencies. Section 1.3 provides an overview of technologies for
terahertz wave modulators, which is the primary focus of this text.

1.1 Towards Closing the “Terahertz Gap”

The terahertz (THz) regime of the electromagnetic (EM) spectrum is broadly rec-
ognized by the frequency range of 100 GHz to 10 THz1 (where 1 THz corresponds
to a frequency of 1012 Hz, a wavelength of 300 �m, and photon energy of 4.1 meV)
[2, 3]. This region, alternatively called the far-IR, lies between infrared light and the
microwave frequencies as shown in Fig. 1.1a.

Most modern devices are based on the response of the electrons in materials to
applied EM field and the nature of the response is dependent on the frequency of
the EM field. At frequencies few hundred gigahertz and lower, the motion of free
electrons forms the basis of most EM devices characterized broadly as electronics.

1Some define THz to be the submillimeter-wave energy that fills the wavelength range between 1
and 0.1 mm (300 GHz–3 THz) [1].

© Springer International Publishing AG 2017
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2 1 Introduction

Fig. 1.1 The THz gap—(a) THz regime of the EM spectrum extends from 100 GHz to 10 THz,
which lies below visible and infrared (IR) wavelengths and above microwave wavelengths.
(b) Illustration of the THz gap—THz emission power as a function of frequency [4]. Solid
lines are conventional sources and oval shapes denote recent THz sources. IMPATT stands for
impact ionization avalanche transit-time diode, MMIC stands for microwave monolithic integrated
circuit, TUNNET stands for tunnel injection transit time, multiplexer is a Schottky barrier diode
(SBD) frequency multiplier, UTC-PD stands for uni-traveling-carrier photodiode, DFG stands for
difference frequency generator and QCL stands for quantum cascade laser

It is well known that fundamental sources of power in electronics exhibit decrease in
power with increasing frequency. This is a consequence of few main factors such as
characteristic transit distance, for example related to length of a channel in a FET;
second is the saturation velocity of carriers in the device, typically 105 m/s; and
the third being the maximum electric field that is sustainable in a device before
breakdown. The accumulation of these limits has led to practical electronic RF
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sources around 300 GHz with sub-milliwatt power output [5] and much lower power
for frequencies near THz, for example, 15 �W at 1.8 THz for a Schottky multiplier
chain [6].

On the other hand, at infrared through optical and ultra-violet wavelengths the
devices are characterized as photonics. It is also well known that photonics sources
exhibit decrease in output power with decreasing frequency and the fundamental
reason for this is lack of photon energy to meet the band-gap requirements for most
photonics sources: for example, the longest wavelength lead salt laser diodes do not
extend below 15 THz. Thus, in between these two regions, there exists the so-called
THz gap, where the efficiency of electronic and photonics devices tends to taper off
as illustrated in Fig. 1.1b. Because of the lack of natural materials that respond to the
THz region of EM spectrum, this regime is arguably the least developed and least
understood of the EM spectrum [2, 4, 5].

1.1.1 Why Is the “Terahertz Gap” Interesting

The past three decades have seen a revolution in THz systems motivated in part by
vast range of unique applications ranging from imaging, sensing to spectroscopy
[7], as shown in Fig. 1.2. Astronomy and space research has been one of the
early drivers for THz research because of the vast amount of spectral information
available concerning the presence of abundant molecules such as oxygen, water, and
carbon monoxide in stellar dusts, comets, and planets that have unique THz spectral
signatures [8]. The application of THz sources in astronomy is as local oscil-
lator sources for submillimeter-wave heterodyne receivers used to perform high-
resolution spectroscopy [1]. Back on Earth, the two most pervasive applications for

Fig. 1.2 A snapshot of some of the unique applications in the terahertz frequency regime
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terahertz technology have been in the areas of plasma fusion diagnostics and gas
spectroscopy [9]. THz spectroscopy development has been an active research topic
due to its potential in extracting material characteristics that are unavailable when
using other frequency bands. Terahertz spectroscopy has been used to determine
the carrier concentration and mobility of doped semiconductors such as GaAs and
silicon wafers [10, 11] and high-temperature superconductor characterization [12].
THz systems have been developed for biomedical applications that are facilitated by
the fact that the collective vibrational modes of many proteins and DNA molecules
are predicted to occur in the THz range [13]. A further biomedical application of
THz systems is the THz biosensor. A simple biosensor has been demonstrated for
detecting the glycoprotein avidin after binding with vitamin H (biotin) using the
technique of differential THz-TDS [14].

In recent years, terahertz (THz) imaging has captured significant interest due
to its ability to penetrate most dielectric materials and non-polar liquids [15, 16],
allowing stand-off spectroscopy for security screening [17] and illicit drug detection
[18]. Its harmless interaction with human tissue has resulted in wide range of
applications such as bio-detection [19] and skin cancer detection [20], to name
a few. Another attraction of THz imaging is largely due to the availability of phase-
sensitive spectroscopic images, which holds the potential for material identification
or “functional imaging.” THz systems are ideal for imaging dry dielectric substances
including paper, plastics and ceramics. These materials are relatively non-absorbing
in this frequency range, yet different materials may be easily discriminated on the
basis of their refractive index, which is extracted from the THz phase information.
Many such materials are opaque at optical frequencies, and provide very low
contrast for X-rays. THz imaging systems may therefore find important niche
applications in security screening and manufacturing quality control [21]. Interest
in using THz imaging to study cellular structure is also increasing [22].

Another emerging area for the terahertz regime is high-speed wireless commu-
nication. The demand for high-speed wireless access is increasing due to large
amounts of data needed for new emerging applications such as the consumer market
that is already demanding 20, 40 and 100 Gbit/s wireless technologies for Super Hi-
Vision (SHV) and Ultra High-Def (UHD) TV data [23]. Terahertz (THz) carrier
frequencies will offer the advantage of higher data speed, sub-millimeter antenna
size and short range security especially suitable for portable devices. Although they
are susceptible to atmospheric loss, THz digital communication systems have been
demonstrated near certain windows, especially around the 300–400 GHz range that
has shown promise for high bit-rate data transmission [23–25].

Next we show two examples of terahertz systems to highlight the significance of
this frequency regime.

1.1.1.1 Continuous-Wave Terahertz System for Inspection Applications

The unique property of terahertz waves to penetrate most dielectric materials allows
for stand-off spectroscopy of dangerous substances making them an ideal candidate
for security screening applications. One such system, a compact continuous-wave
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Fig. 1.3 Continuous-wave (cw) terahertz system for inspection applications. (a) Schematic
diagram of the imaging system in transmission geometry. (b) Image of a briefcase holding a large
knife and various harmless contents such as a compact disc, a video cassette, and audio cassette
and pens [17]

(cw) 0.2 THz imaging system using entirely electronic generation and detection with
a minimal number of components is shown in Fig. 1.3a [17]. The system consists
of a frequency-doubled Gunn diode oscillator with an output power of 12 mW as a
source, and a Schottky diode as the detector. After being emitted by the Gunn diode,
the beam is focused by an parabolic mirror to a 4 mm spot where it is modulated
by an optical chopper at 1.2 kHz. The chopped beam is focused twice, one on the
sample and again on the diode detector by a pair THz optics. The sample is mounted
on a translation stage to raster scan the object.

Figure 1.3b shows a 0.2 THz cw scan of a standard size leather briefcase,
containing benign and suspicious items. The strengths of the system can be
immediately seen: objects can be recognized fairly easily, and since the radiation
involved is non-ionizing, it poses little threat to human beings.

1.1.1.2 Giga-Bit Wireless Link Using 300–400 GHz Bands

Because of demand for high-speed wireless access, there is an urgency for designing
wireless systems with data speeds of more than 1 Gbit/s. Figure 1.4 shows a
block diagram of a 300–400 GHz band system using a photonics-based transmitter
and receiver [26]. This system is intended for use in short-distance (�0.5 m)
applications. An optical RF signal is generated by heterodyning the two wavelengths
of light from the wavelength-tunable light sources. The optical signal is digitally
modulated by a optical intensity modulator driven by a pulse pattern generator
(PPG). Finally, the optical signal is converted to an electrical signal by the modified
Uni-Traveling-Carrier-Photodiode (UTC-PD). The THz wave is emitted to free
space via a horn antenna with a gain of 25 dBi, and it is collimated by a 2-inch-
diameter Teflon lens. The receiver consists of a Schottky barrier diode and an IF
filter followed by a low-noise pre-amplifier and a limiting amplifier. The envelope
detection is performed by the Schottky-Barrier-Diode (SBD) for amplitude shift
keying (ASK) modulation. The inset in Fig. 1.4 shows the eye diagram at 14 Gbit/s
which is evidently error-free from the clear eye opening.
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Fig. 1.4 Giga-bit wireless link using 300–400 GHz bands. Block diagram of the wireless link
using photonics-based terahertz-wave transmitter. UTC-PD: Uni-Traveling-Carrier-Photodiode.
SBD: Schottky-Barrier-Diode. (inset) Eye diagram at 14 Gbit/s [26]

With 14 Gbit/s data rate, it is clear that we need terahertz carrier frequency for the
demand we have in hand and these examples are promising for the next generation
wireless technology.

1.1.2 A Brief History of Terahertz Technologies

For terahertz imaging, sources and detectors have been the focus of research since
the 1960s and the early 1970s. A powerful source developed for terahertz radiation
was the HCN laser operating at 1.12 THz [27]. Terahertz imaging got its first boost
from the development of far-infrared gas laser and the schottky diode harmonic
mixer in the mid-1970s by Hartwick et al. [28]. At roughly the same time, the
advent of lasers motivated research in far-infrared generation using the difference-
frequency generation in non-linear crystals [29], which served as the seed for the
development of terahertz time-domain spectroscopy (THz-TDS) [30–34], which
still serves as a system of choice for high dynamic range THz spectroscopy.
The THz-TDS system generated a great deal of interest in THz imaging after
first images acquired using the THz-TDS was reported in 1995 [35]. Since the
early days, the field has seen a rapid expansion in new technologies for terahertz
sensing [1] including time-of-flight imaging [36], variety of different tomographic
and synthetic aperture imaging [37–39], multi-element detector schemes, both
microbolometer arrays [40] and electro-optic sampling with high-performance
CCD cameras [41].
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The semiconductor-laser model for terahertz generation has always been a topic
of research interest, given their tremendous success in visible and near-infrared
frequency range. Because of the lack of appropriate interband materials, in the
past, artificially engineered materials to obtain the desired transitions has been
natural route of pursuit for many years by researchers to create terahertz devices.
This pursuit led to the demonstration of the first terahertz quantum-cascade (QC)
laser in 1988 [42] and shorter wavelength of 4 �m (75 THz) in 1994 [43]. It was
only in October of 2001 that the first QC laser with a photon energy less than the
semiconductor optical phonon energy was demonstrated at 4.4 THz (67 �m) [44].
Since then, significant research has led to QC lasers demonstrating spectral coverage
from 0.84 to 5.0 THz [45]. One of the major limitations that has prevented QC lasers
from being a mainstream technology is the inability to deliver THz power at room
temperature. But recent work in 2012 has demonstrated terahertz QC laser operation
up to 200 K [46] and a recent work by Li et al. in 2014 demonstrating powers
>1 W [47], showing a bright future for QC lasers and maybe the technology to fill
the “THz gap.” The success of QC lasers is already evident from their wide range
applications: such as local oscillator sources for submillimeter-wave heterodyne
receivers used to perform high-resolution spectroscopy in astronomy [1, 48] and
in many high-performance imaging applications [49–52], including a real-time,
video-rate terahertz imaging application [45].

Although short range communication using THz waves was first speculated by
Gebbie in 1970 [53], we are still far from realizing systems for our consumer
wireless needs due to enormous challenges associated with the technology and the
medium as well. Due to the increasing demand for high-speed wireless communica-
tion in the last decade, we are starting to see communication systems developed for
the THz regime. A photonics-based 120 GHz system has been successfully demon-
strated multi-channel transmission of uncompressed high-definition TV signal over
a distance of 100 m [54, 55]. With progress in the semiconductor IC technologies, all
solid-state THz communication systems are being developed which contributes to
reduction in size, weight, and cost together with ease of operation [56]. A trial use of
this system was conducted within the live broadcast of the 2008 Olympic Games in
Beijing by Nippon Telegraph and Telephone Corporation (NTT) and Fuji Television
Network Inc. Towards 20+ Gbit/s wireless systems using the 300–400 GHz band
has been experimentally demonstrated using a photonics-based THz system over
a short range, suggesting possible utilization of the band for multi-channel giga-
bit links [26]. Another unique advantage with THz wireless communication is its
secure at a physical level for several reasons: highly directional beams compared to
microwave communications, less scattering of radiation compared to IR wireless,
limited propagation distance due to atmospheric attenuation, encryption of the
beam, large channel bandwidth for spread spectrum techniques which enable anti-
jamming and low probability of detection systems, and hidden THz signals in the
background noise.
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1.2 Introduction to Metamaterials

1.2.1 A Brief History

The first published work on “artificial materials” has been traced back to as early
as 1898 [57], when Jagadis Chunder Bose demonstrated polarization of microwave
electric field using twisted jute [58]. In 1914, Lindman demonstrated “artificial”
chiral materials for microwave frequencies [59]. Bose and Lindman were way
ahead of their times and can be safely considered pioneers in the field of artificial
materials. The earliest demonstration of negative refractive index has been traced to
Prof. Mandlshtam’s lecture notes at Moscow University in 1945 [60]. In 1948, Kock
demonstrated tailoring effective refractive index of media by subwavelenth metallic
inclusions [61]. Since then, negative refraction and backward-wave media has been
discovered theoretically and experimentally by several researchers [62–64].

It wasn’t till 1967, Veselago’s seminal work on simultaneous negative values of
permittivity(�) and permeability(�) [65],2 a systematic analysis of electromagnetic
behaviors in left-handed materials (LHM) was proposed, predicting some exotic EM
behaviors from them. Although some of these behaviors like negative refraction
and backward-wave media had been discovered theoretically in the earlier works,
Veselago also showed some new features like reversed Doppler shift and backward
Cerenkov radiation in LHM.

Like his predecessors, Veselago’s work was ahead of time and went literally
unnoticed for three decades due to lack of natural LHM and lack of experimental
data as well. In 1996, Pendry et al. demonstrated negative permittivity (�) by
realizing artificial plasma using thin wire medium [66], and then in 1999 discovered
negative permeability (�) using the well-known split-ring resonators (SRR) as
magnetic elements [67]. By combining both negative � and �, Smith et al.
demonstrated the first negative refractive index artificial material in 2000 [68].

Since then, metamaterial research has exponentially grown and expanded into
fields previously un-imagined by the pioneers themselves. This includes negative
refractive index [69–73], super-lensing [74–77], perfect absorbers [78, 79], cloak-
ing [80–83], and more generally, coordinating transformation materials [84–87].

During the same time as the research in artificial effective medium for LHM was
progressing, an alternative representation of LHM was being researched by three
groups (Eleftheriades, Oliner, and Caloz-Itoh), using the transmission-line (TL)
approach [88–91]. A conventional transmission line, a series inductance (L) and
shunt capacitance (C), can be considered as a one-dimensional (1D) RHM and dual
to that is a series C and shunt L that supports backward wave and hence can represent
LHM. This new way of looking at traditional transmission line theory has led to a
lot of exotic microwave components and antennas [91].

2Original Russian version was published in 1967.
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Bulk of the research has been focused on passive metamaterials, sub-wavelength
metallic inclusions in dielectric material, allowing for a pre-determined resonant
response of the electrical permittivity or magnetic permeability. Although passive
metamaterials have given us the power to engineer material properties of our
choice, they cannot be changed dynamically. For many potential applications, it
would be desirable to control these properties through means of electrical, optical,
mechanical, temperature methods or any combinations of them.

In 2006, for the first time, dynamical control of the electrical response of the split-
ring resonators (SRRs), a basic building block of metamaterials, was demonstrated
by Padilla et al. [92], through photo-excitation of free carriers in the substrate.
Later that year, Chen et al. [151] also demonstrated electrical control of terahertz
metamaterials using dynamic substrate bias voltage. Since then, research into active
and tunable metamaterials has grown and expanded into fields previously unrealized
using passive metamaterials. This includes photo-controlled [93, 94], electrical con-
trolled [95, 96], temperature controlled [97], MEMS controlled [98] metamaterials.
Although these dynamically controlled metamaterials have expanded the scope of
application, they are still limited by slow response to the control method. It is due
to the fact that the entire substrate of the metamaterial is controlled resulting in
large device capacitance [95] in case of electrically controlled metamaterials and
similar limitations in other control methods. To alleviate some of these limitations
and expand into the next frontier of metamaterial research, it is required to embed
and interface solid-state devices locally into every metamaterial unit.

In 2011, our collaborative work [99] demonstrated the first embedded high
electron mobility transistor (HEMT) devices in metamaterials to create a high-speed
THz modulator. Now we are witnessing another metamaterial frontier, where solid-
state devices are embedded in metamaterial units, resulting in even more exotic
devices previously not realized.

1.2.2 Overview of Metamaterials

Typically, isotropic materials can be characterized by their effective dielectric
(permittivity, �) and magnetic (permeability �) properties. A ubiquitous material
in nature is free space or air, with a permittivity of �0 and permeability of �0. The
relative permittivity and permeability of a material are defined as �r D �=�0 and
�r D �=�0, respectively, from which the refractive index of that material can be
written as n D p

�r�r . Figure 1.5 illustrates the classification of isotropic materials
in the � � � space. In Fig. 1.5, the first quadrant (� > 0 and � > 0) represents right-
handed materials (RHM), which support the right-handed (forward) propagating
waves in most dielectric or optical materials. From Maxwell’s equation, the electric
field E, the magnetic field H, and the wave vector k form a right-handed triplet.
The second quadrant (� < 0 and � > 0) represents the electric plasma where
the incident EM wave decays and supports evanescent waves. Many metals in the
ultra-violet and visible frequency range fall in this quadrant. The third quadrant
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Fig. 1.5 Classification of materials based on dielectric (�) and magnetic (�) properties. First
quadrant represents materials with � > 0 and � > 0, the second represents � < 0 and � > 0,
the third denotes � < 0 and � < 0 and the fourth represents � > 0 and � < 0

(� < 0 and � < 0) represents the left-handed material (LHM) which supports
many exotic electromagnetic properties, such as backward propagating waves, as
predicted by Veselago in 1968 [65]. There are no known natural materials that
exhibit properties of this quadrant. In LHM, the E � H � k triplet is given by the
left-hand rule. The fourth quadrant (� > 0 and � > 0) denotes the magnetic plasma,
which supports evanescent waves and very few natural ferromagnetic materials at
sub-GHz frequencies fall in this category.

Metamaterials are macroscopic composite of periodic or non-periodic sub-
wavelength structures, whose EM property is primarily a function of the cellular
structure allowing great flexibility in creating new effective materials, unavailable
in nature. The sub-wavelength inclusions are like the atomic particle in conven-
tional material and the EM response of the metamaterial is characterized by the
effective permittivity(�) and permeability(�), determined in the homogenization of
the periodic inclusions by averaging the local fields [100, 101]. In the early days,
the term metamaterial referred to negative-refractive index material (NIM), the third
quadrant in Fig. 1.5, phenomena first postulated by Veselago in 1968 [65]. He
theoretically predicted materials with simultaneous negative values of the � and �,
hence giving an index of refraction, n D p

�r�r that is less than zero, a material
not naturally found even today. Along with negative-refractive index, Veselago
also predicted other exotic properties such as reverse Cerenkov radiation, reverse
Doppler shift, and opposite phase and group velocity, among others [65]. In its
long history, metamaterials, Left-Handed materials (LHM), NIM, double-negative
materials (DNG), and backward-wave materials have been regarded as the same
terms. But today, the term metamaterial has a much broader scope than LHM. They
constitute any artificial EM materials constructed from sub-wavelength periodic or
non-periodic inclusions resulting in a user defined effective �, � or both. In terms
of the classification in Fig. 1.5, today metamaterials denote any artificial effective
medium that represents quadrant two, three and four.
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Design of negative-index metamaterial (NI MM) constitutes magnetic and
electric elements that, respectively, give rise to negative � and negative �. Various
types of sub-wavelength resonators for building MMs have been designed and
demonstrated, for example, thin metallic wires [66, 102], Swiss rolls [103, 104],
pairs of rods and crosses [105, 106], fishnet structures [107, 108] and split-ring
resonators (SRRs) and electric variants of it [68, 79, 98–100, 104, 109–112, 151].
Among these resonator structures, the SRRs and their variants are the canonical
sub-wavelength structures used in majority of the metamaterials. In the next two
sections, we will discuss design techniques to realize negative � or negative �

metamaterials.

1.2.2.1 Magnetic Split-Ring Resonator (SRR)

The first artificial magnetic material was demonstrated in the microwave frequency
range by Pendry et al. in 1999 [104] using a “magnetic atom” very similar to
a frequently used split-ring resonators (SRRs) arranged in an array as shown in
Fig. 1.6a. The SRR array is built from non-magnetic conducting sheets on an
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Fig. 1.6 Magnetic split-ring resonators (SRRs). (a) Incident electromagnetic wave propagates
across the SRR array, where the element spacing a is 1/10 of the free space wavelength �0. (b) The
simulated reflection and transmission for an SRR with a D 10 mm. (c) The extracted magnetic
response (solid curves) from simulation results shown in (b) and the response when fit with the
theoretical model listed in Eq. (1.1), where F D 0:20, !0 D 2� � 3:03 GHz, and � D 0:10 s�1 .
(d)–(f) Resonant field distributions in the plane of the metamaterial where (d) shows the resonant
current density (e) the maximum electric field, and (f) plots maximum magnetic field [113]
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FR4 dielectric whose effective material response is shown in Fig. 1.6b, c that
is determined solely by the SRR geometry. The general form of the frequency
dependent permeability of the SRR has the generic form [104, 114]

�eff.!/ D 1 C F!2

!2
0 � !2 � i�!

(1.1)

D �0
eff C i�00

eff (1.2)

where F is a geometrical factor, !0 is the resonance frequency, and � is the resistive
damping factor. The quality factor of the resonator can be expressed as Q D !0=�

where � is the bandwidth of the resonator. The Q is related inversely to the resistive
damping factor (� ). If the Q of the resonator is high enough, the real part of Eq. (1.1)
will result in a negative value around the resonant frequency, yielding an effective
negative magnetic response from the SRR array.

In its simplest form, the SRR can be thought of as an inductor-capacitor (LC)
resonator, with a resonance frequency of !0 � p

1=LC, where the inductance
results from the circular current path in the split ring and the capacitance from
the dielectric in the split gap. When a time varying magnetic field polarized
perpendicular to the plane of SRR is incident on the material as shown in Fig. 1.6a,
it induces a circulating current according to Faraday’s law that causes charges of
opposite polarity to accumulate at the split gap of the split ring, thereby producing a
strong enhancement of electric field as shown in Fig. 1.6e. For frequencies below
!0, the current in the loop and the incident field are in phase, resulting in a
positive response. However, when the frequency of the B-field is in the proximity of
the resonant frequency, !0, the currents in the SRR lag thus resulting in a negative
response. Figure 1.6d–f shows the resonant current, electric, and magnetic field
distributions, respectively, for the excited SRR.

The LC resonator model is very simple but powerful design tool for achieving an
initial resonant response very close to the desired frequency by simply scaling these
variables. In practice, other parameters such as frequency dependent dielectrics
and scattering effects will affect the resonant frequency. EM simulators are used
to iterate and fine-tune the resonant frequency to the desired one. This description
is also helpful for designing dynamic metamaterials, wherein majority of research
focuses on different mechanisms of controlling either the capacitance associated
with the split gap, the length of the resonator or the corresponding resistivity loss.

A potential limitation of SRRs to be used for planar THz devices is that the
magnetic field needs to be perpendicular to the SRR plane for full magnetic
coupling. However the EM plane waves are usually incident normal to the planar
SRR structure with the magnetic field lying in the SRRs plane, which does not
excite the magnetic resonance directly. Variants of the SRR which respond to the
electric field instead, allowing normal incident of the plane wave, is introduced in
the next section.
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1.2.2.2 Electrically Coupled LC Resonator (ELC)

Researchers have been constructing artificial EM materials with � < 0 (artificial
plasmas) for decades now [115–118]. The technology has been reintroduced in
recent years with more physics-oriented understanding [66, 119]. The first artificial
electric material was demonstrated in the microwave frequency range by Pendry
et al. [66], using the straight wire medium, a principle first demonstrated by
Rotman in 1962 [116]. The generic form of the frequency dependent permittivity,
in naturally occurring materials, can be written as a Drude–Lorentz relation:

�eff.!/ D 1 � !2
p

!2 � !2
0 � i�!

(1.3)

where plasma frequency, !2
p , is

!2
p D 4�ne2

m� (1.4)

and n is the carrier density, e is the charge of an electron, � is the damping factor
and m� is the effective mass of carriers. In artificially EM materials, including
MMs, n and m� are related to the geometry of the lattice, giving MMs much greater
flexibility than conventional materials.

For planar metamaterial design, an electrical variant of the SRR, termed Electri-
cally coupled LC Resonator (ELC) as shown in Fig. 1.7a, has become the canonical
structure for implementing negative values of permittivity (�) for frequencies
ranging from low RF to the optical [68, 79, 98–100, 104, 109–112, 151]. One
of the fundamental reasons for using an electric structure such as the ELC is, so
that the plane EM wave can be incident normal to the planar structure as shown
in Fig. 1.7a with the electric field polarized perpendicular to the split gap. The
modified symmetric geometry compared to conventional SRRs enables them to
effectively cancel the magnetic moment and only couple to the incident electric
field vector as shown in Fig. 1.7d–f [120, 121].

The electric response is shown in Fig. 1.7c similar to that of the magnetic
response of the SRR in Fig. 1.6c, where �eff can be expressed as [100, 122, 123]

�eff.!/ D �1 � F!2

!2 � !2
0 � i�!

(1.5)

D �0
eff C i�00

eff (1.6)

where �1 is the frequency independent dielectric permittivity in the supporting
dielectric substrate (e.g., FR4 or GaAs substrate). F is a geometrical factor, !0 is the
resonance frequency, and � is the resistive damping factor. As in the case of SRRs,
if the Q of the resonator is high enough, the real part of Eq. (1.5) will result in a
negative value around the resonant frequency, yielding an effective electric response
from the ELC array.
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Fig. 1.7 Electrically coupled LC resonators (ELCs). (a) Incident electromagnetic wave propagates
normal to the ELC array, where the element spacing a is 1/10 of the free space wavelength �0.
(b) The simulated reflection and transmission for an ELC with a D 10 mm. (c) The extracted
electric response (solid curves) from simulation results shown in (b) and the response when fit with
the theoretical model listed in Eq. (1.5), where �

1

D 4:3(FR4), F D 0:55, !0 D 2� � 2:96 GHz,
and � D 0:05 s�1 . (d)–(f) Resonant field distributions in the plane of the metamaterial where
(d) shows the resonant current density (e) the maximum electric field, and (f) plots maximum
magnetic field [113]

1.2.3 Metamaterials: A Suitable Technology for Terahertz
Devices

As explained in the previous section, metamaterials (MMs) are macroscopic
composites of periodic structures whose electromagnetic (EM) response can be
designed over a large portion of the EM spectrum by, to first order, simply scaling
the dimensions of the periodic structures. MMs are essentially effective mediums
requiring the periodic structures to be fraction of the wavelength (��=10) of
the incident EM wave. For THz MMs, the unit cells are few tens of microns
(3–300 �m) with critical feature sizes of few microns. They also require two
critical materials for the construction, non-conducting substrate and metal layers
separated from the substrate using dielectrics. These scales and the materials make
them the ideal candidate for conventional microfabrication using a large pool
of commercially available integrated circuit (IC) technologies, which allows for
cost-effective, highly efficient means of production. The added benefit of using
conventional microfabrication process; especially integrated circuit (IC) design
processes, it allows researchers and engineers to select a vast range of solid-state
devices to dynamically control the response as well as spectral selectivity of MM
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devices. Both of which are useful properties to develop novel THz imaging and
communication devices previously not possible with available technologies.

In the last decade we have seen a rapid increase in metamaterial devices
created for the THz regime using planar IC fabrication technologies for a wide
range of applications including absorbers, quarter waveplates, switches/modulators,
structurally reconfigurable MMs and MMs with memory effects.

1.2.3.1 Brief Overview of Metamaterial Based Terahertz Devices

The suitability of metamaterials as terahertz device has allowed researchers in
the last decade to create MM devices for terahertz frequencies that are not easily
obtainable in nature, most notably a magnetic response that is particularly rare at
THz frequencies. One of the first THz MM was experimentally demonstrated by
Yen et al. in 2004, showing a strong magnetic response at 1 THz, using a single
planar double SRR array as shown in Fig. 1.8a [124]. Limitation to normal incident
wave with planar magnetic SRRs is explained in Sect. 1.2.2.1.

Along with the fundamental mode of LC resonance in the SRRs or ELCs, higher
mode dipole resonances associated with the sidebars of the SRR or ELC is present
and may couple strongly with the fundamental mode depending on the design. The
dipole resonance can be tuned by changing the distance between SRR sidebars,
which are parallel to the electric field [125], as shown in Fig. 1.8b. Tuning the
dipole resonance independent to the LC resonance is very important in applications
where resonance reshaping due to LC-dipole coupling is undesirable.

Fig. 1.8 Recent progress THz metamaterial devices. (a) Magnetically coupled SRRs [124].
(b) Tuned coupling between the LC and dipole resonances [125]. (c) THz electric MMs with
symmetry geometries [121]. (d) Schematic of a THz MM absorber [79]. (e) Electric MMs with
multiple resonances [127]. (f) Graphene based split-ring resonator [128]
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Although SRRs can exhibit either purely negative electric or magnetic response
for a chosen polarization of electric or magnetic field, the electric and magnetic
resonances are coupled, resulting in a complex bianistropic EM response. A number
of alternative SRR structures have been designed to suppress the magnetic response
in favor of a pure electric response [121], as shown in Fig. 1.8c.

While most applications require the minimum loss related to the MMs, con-
versely, for many applications it would be desirable to maximize the loss. This
is particularly important for THz frequencies where finding naturally occurring
materials as an absorber for a desired frequency is difficult. MM-based absorbers
have been demonstrated with a high absorptivity at terahertz frequencies [78, 79,
122, 126]. A single unit cell consists of an electrical ring resonator and a magnetic
resonator as shown in Fig. 1.8d. The electric resonator is a standard ELC structure to
cancel the magnetic moment and the magnetic resonator is realized by combining
the center wire of the electric resonator on the top layer with a cut wire below it
using a bottom layer metal. The EM responses are tuned to match the free-space
impedance and minimize the transmission at a specific frequency.

One of the drawbacks of metamaterial devices is the narrow spectral range
making it unsuitable for broadband applications. Efforts have been made to broaden
the bandwidth by packing two or more resonators in a unit cell with different
resonances [127], as shown in Fig. 1.8e.

The major limitation in developing high frequency metamaterial devices is the
loss associated with the metal layer and the dielectric as well. Recently, studies
have speculated the use of graphene to construct SRRs [128], as shown in
Fig. 1.8f, allowing high confinement, long lifetimes and fast electrical tunability
compared to the conventional gold structures. Recently, active circuits have been
used to demonstrate loss compensation in microwave metamaterials [129, 130], but
application of the same principle in terahertz frequencies is difficult and yet to be
realized.

1.3 Overview of Terahertz Wave Modulators

Terahertz (THz) wave modulator is a key component in THz systems for wide range
of applications from imaging to communication. A key to high-speed communica-
tion using THz wave is fast and efficient amplitude and/or phase modulator which
is used to encode information in the carrier wave. It is also an important component
in a single sensor THz imaging system where an array of THz wave modulators
in the object plane is used to spatially encode the terahertz wave before being
directed to the single sensor [131, 132]. A set of unique single sensor measurements
corresponding to a set of coded apertures is used to reconstruct the image using
a computational method known as compressed sensing (CS) [133]. A detailed
discussion of such an imaging system is presented in Chap. 5.

Apart from amplitude and phase control, modulators can be used to control
polarization state, spatial propagation direction, pulse shape, pulse length, and many
more characteristic properties of electromagnetic waves. While active modulators
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are well established and considered standard devices in the optical realm, the THz
frequency regime is still in great demand for highly efficient, fast, and versatile
active wave modulators.

Modulators can be categorized by the physical quantity they control, as e.g.
amplitude, phase, pulse length and shape, spectrum, spatial and temporal properties
or by the technique or material system which is employed to modulate the wave.
In most cases, modulators manipulate multiple properties of the THz wave at once,
either on purpose or as a consequence of an undesired side effect. This section will
briefly review some of the technologies developed till date, including metamaterials,
for terahertz wave modulators.

In the past, semiconductors have been used for all-optical modulation of elec-
tromagnetic (EM) waves. Generally, laser pulses are incident on the semiconductor
producing free carriers for time a period associated with the recombination time
(�). Typically, the plasma frequency (!p) of the carriers is above 1 THz (!p >

2� � 1 THz). Then, the surface looks “metallic” for frequencies below 1 THz acting
like a reflective surface for time scales up to t D � . THz wave, co-incident on this
area of high reflectivity, is thus modulated. This technique has been used since the
1990s to create THz modulators [134, 135]. In a more recent approach, spatially
modulated laser light was used to induce one- and two-dimensional, tunable optical
gratings in high-resistivity silicon to modulate terahertz waves [136, 137]. The same
concept can be applied to metamaterials (MMs) where the resonance frequency of
the metamaterial element is shifted by changing the capacitance of the split gap. The
technique was used by Chen et al. to demonstrate a frequency-agile MM device,
which is able to shift the center resonance frequency by 20% using external optical
pumping [93], SEM photograph and measurement results shown in Fig. 1.9.

Although great progress in optically based THz modulators has been achieved, as
described above, an all-electronic approach is an attractive proposition, especially
with a view toward applications. It also allows for control circuit integration in the
metamaterial device for achieving higher modulation speed [99]. Similar to the

Fig. 1.9 Optically pumped frequency-agile THz MM. SEM images of (a) An individual unit cell
and (b) a periodically patterned square array. (c) Experimental measurements as a function of
photoexcitation power [93]
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Fig. 1.10 Electrically controlled THz MM modulator. (a) A voltage bias applied between the
Schottky and ohmic contacts controls the substrate charge carrier density near the split gaps, tuning
the strength of the resonance. Orientation of the incident THz wave is indicated and the polarization
of the electric field, E, magnetic field, H, and wave vector, k, are shown. (b) Diagram of the
substrate and the depletion region near the split gap, where the grey scale indicates the free charge
carrier density [151]

underlying principle of THz wave modulation by photo-doping of semiconductors,
the carrier concentration in semiconductors can be changed by electric injection or
depletion of charge carriers. Chen et al. first reported such a device [151]. A thin
n-type GaAs layer was used to inject carrier into the split gap by applying a bias
voltage across the metal layer and the n-type Gas layer, as shown in Fig. 1.10.
Similar principle of shunting the split gap capacitance by optically pumping the
substrate has also been previously reported [92, 94]. One of the limitations of such
technique is slow modulation speed since an entire substrate is being modulated
by a pulsed voltage source with a large intrinsic capacitor. A similar structure was
fabricated in which a hole array functioned as the GaAs epilayer [138], with 2%
change in transmission peak frequency. Another work fabricated a similar structure
and demonstrated a maximum transmission modulation depth of 52% [139]. Ring
apertures fabricated in silicon were shown to yield transmissive values of 60%, thus
suggesting fabrication of THz modulators by CMOS architectures [140]. In the
last decade the use of two-dimensional electron gases (2DEGs) in semiconductors
has proven useful for control of THz waves and high electron mobility transistor
(HEMT) has been a popular way to implement it [141].

More recently, it has been found that graphene is superior to semiconductors
when used as an electrically driven modulator [142–146], due to its unique
band structure which exhibits a linear dispersion relation between energy and
crystal momentum. This results in extremely high carrier mobilities of up to
20;000 cm2V�1s�1 for both holes and electrons. Furthermore, outstandingly high
carrier concentrations up to 1 � 1014 cm�2 can be obtained in graphene as well
as extremely low carrier concentration at the Dirac point [146]. Thus, the carrier
concentration can be tuned by applying an external electric field to the graphene
layer. Sensale-Rodriguez et al. reported an electronically driven graphene ter-
ahertz wave modulator based on modification of the conductivity of graphene
by controlling intraband transitions in a single graphene layer or alternately in
graphene-semiconductor stacks [146]. The intensity modulation depth was reported
to be about 16% in the frequency range from 570 to 630 GHz at 20 kHz modulation
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Fig. 1.11 Gate-controlled active graphene metamaterial. Schematic rendering of a gate-controlled
active graphene metamaterial composed of an SLG deposited on a layer of hexagonal metallic
meta-atoms. Metallic patterns and dielectric materials are represented by yellow and grey,
respectively. The polarization of the incident terahertz wave is perpendicular to the line electrode,
as indicated by the arrows [147]

Fig. 1.12 Structurally reconfigurable THz MM fabricated on bimaterial cantilevers. (a) Schematic
view of a portion of the metamaterial structure highlighting how the SRRs rotate as the cantilever
legs bend. (b) Unit cell consisting of a split-ring resonator and cantilever legs [98]

speed. Lee et al. demonstrated terahertz wave switching in gate-controlled graphene
metamaterials [147]. The graphene metamaterial was composed of single-layer
graphene on top of a metamaterial with a hexagonal unit cell deposited on a
polyimide substrate as depicted in Fig. 1.11. A maximum amplitude modulation
depth of 90% was reported at the resonance frequency of 0.68 THz.

One method of THz modulation is to thermally tune the electrical conductivity
and thus the optical response of semiconductors or metal oxides [148], special
insulator materials with metallic phase transition [97], or superconductors [149].
An example of a thermally tunable metamaterial modulator is shown in Fig. 1.12
[98]. As a major disadvantage, thermal modulation is comparably slow with time
constants in the range of several tens of milliseconds or longer.

Since most terahertz detectors today measure the incident power or the intensity
of the THz wave, the terahertz modulators described so far are intensity mod-
ulators of the incident THz wave, either in transmission or reflection geometry.
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But there is an important subset of THz imaging which benefits from phase-
sensitive spectroscopic images for material identification. With progress in terahertz
time-domain spectroscopy, quantum-cascade lasers, and continuous-wave terahertz
spectrometers, phase information can now be extracted easily, even in compact
THz systems making terahertz phase modulators a desirable THz component. Given
the difficulty in building terahertz phase modulators, recent demonstration of a
metamaterial solid-state terahertz phase modulator [96] is promising for building
linearly controllable terahertz phase shifters.

Few more methods for designing terahertz wave modulators are compiled in a
very comprehensive review by Rahm et al. in [150]. The results of all the methods
are summarized very succinctly which is reproduced in Table 1.1.

Table 1.1 The table summarizes some characteristic quantities of electrically, optically,
and thermally driven terahertz wave modulators for various material systems

Method Material �=fMod Frequency MA2 Ref.

Electrical GaAs/AlGaAs(2DEG) – 0.1–2 THz 3% [141]

Electrical Meta/nGaAs – 0.72 THz 30% [151]

Electrical GaAs (hole array) – – 33% [139]

Electrical Meta/nGaAs 100 kHz 0.63 THz 36% [152]

Electrical Meta/nGaAs 2 MHz – – [95]

Electrical Meta/HEMT 10 MHz 0.46 THz 33% [99]

Electrical Graphene – 0.57–0.63 THz 9% [146]

Electrical Meta/Graphene – 0.68 THz 59% [147]

Optical Silicon 28 ms 2.5 THz – [153]

Optical Silicon 430 ns 2.5 THz – [134]

Optical GaAs 10 ns 1.4 THz – [154]

Optical Silicon 5 ns 1.4 THz – [135]

Optical InSb (grating) ps – 0.25%,1% [155]

Optical Meta/GaAs – 0.56 THz 80% [92]

Optical Meta/ErAs/GaAs 20 ps 0.75 THz 35% [94]

Optical Meta/SOS – 0.6 THz 70% [156]

Thermal Meta/VO2 – 1.0 THz 70% [157]

Thermal Meta/YBCO – 0.61–0.55 THz 90% [149]

The modulators are evaluated with respect to the modulation bandwidth fMod and the
relaxation time � as well as the operating frequency f . Furthermore, approximate values
of the modulation depth are estimated. The modulation depth was defined by MA2 D
.Emax � Emin/=Emax, where Emax is the maximal transmitted electric field amplitude and
Emin is the minimal transmitted field amplitude. The last column refers to the reference
number as listed in the reference section [150]
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Chapter 2
Background Theory

This chapter reviews some of the fundamental electromagnetic principles for a
basic understanding of metamaterials and metamaterials as terahertz modulator.
Section 2.1 covers the basic electromagnetic properties of materials with non-
positive dielectric parameters, permitivity (�) and permeability (�). In Sect. 2.2,
basic Lorentz oscillator model for permitivity is developed to illustrate the anoma-
lous dispersion behavior that is fundamental to the modulator design. Finally, the
basic principle of wave modulation using metamaterials is formulated in Sect. 2.3.

Complete and rigorous electromagnetic analysis is beyond the scope of this book.
For such in-depth analysis there is an excellent collection of standard textbooks
such as Landau et al. [1], Jackson [2], Kong [3]. For detailed analysis on optical
properties of materials, an excellent reference is Wooten [4]. For further exploration
of metamaterials, readers are referred to texts on metamaterials such as Ramakrishna
et al. [5], Tretyakov [6], Eleftheriades et al. [7], Caloz et al. [8], Engheta et al.
[9], Pendry [10].

2.1 Plane Waves in a Nonconducting Medium

Material response to electromagnetic waves can fundamentally be expressed by the
Maxwell equations at the atomic length scales. However, in most cases we are not
interested in the fast variation of electric and magnetic fields at those microscopic
scales, instead a macroscopic description is sufficiently accurate. At a macroscopic
level, the Maxwell equations are written as

r � D D 	 (2.1)

r � B D 0 (2.2)

r � E C @B
@t

D 0 (2.3)
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r � H � @D
@t

D J (2.4)

where E and H are the macroscopic electric and magnetic fields, D is the displace-
ment field and B is the magnetic induction. Similarly, J and j are the macroscopic
net charge and current densities. These macroscopic expressions are averaged over
lengths that is large compared to inter-molecular distance but still only a fraction
of wavelength of the applied fields, resulting in a homogeneous approximation of
the material. A detailed derivation of these equations from microscopic Maxwell
equations can be found in Jackson [2].

The metamaterials discussed in this text can be macroscopically approximated
as dielectrics or nonconductors that are a devoid of free charge, and the Maxwell
equations (2.1)–(2.4) can be reduced to

r � D D 0 (2.5)

r � B D 0 (2.6)

r � E C @B
@t

D 0 (2.7)

r � H � @D
@t

D 0 (2.8)

In most materials, which are linear and isotropic, the displacement field D is directly
proportional to the applied electric field E:

D D �E (2.9)

where � which is dispersive, i.e., function of the frequency !, D D �.!/E.
The dispersion is associated with the inertia of the dipoles due to the mass of
electrons. In addition to being dispersive, � also requires to be a complex function
on the account of causality where the imaginary part is attributed to the loss or
the absorbed energy in the medium. For a succinct proof of � as a dispersive and
complex function, the reader is referred to Ramamkrishna et al. [5].

A similar analysis holds true for the magnetic permeability,

B D �H (2.10)

where is � is dispersive and a complex function as well.
The causality and analyticity domain of �.!/=�0 allows the use of Cauchy’s

theorem to relate the real and the imaginary part of �.!/=�0, known as the Kramers–
Kronig relations, and is expressed as (Jackson [2])

ReŒ�.!/=�0
 D 1 C 1

�
P

Z 1

�1
ImŒ�.!0/=�0


!0 � !
d!0 (2.11)
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ImŒ�.!/=�0
 D � 1

�
P

Z 1

�1
ReŒ�.!0/=�0
 � 1

!0 � !
d!0 (2.12)

where P means the principal value of the Cauchy’s integral. This relation is regarded
as very fundamental to the dispersion nature of �. This relation allows the calculation
of ReŒ�.!/
 from the experimental data of ImŒ�.!/
 from absorption experiments.

For sinusoidal solutions (e�i!t), the equations for the E.!; x/,etc.

r � B D 0; r � E � i!B D 0

r � D D 0; r � H C i!D D 0 (2.13)

For uniform isotropic linear media, D D �E; B D �H where � and � in
general maybe complex functions of !. For real and positive � and � (no losses),
D and B can be substituted in Eq. (2.13) to get the Helmholtz wave equation (See
Appendix A.1)

�r2 C ��!2
� �

E
B

�
D 0 (2.14)

A plane-wave solution, traveling in the x direction, that satisfies both the
Maxwell’s equation (2.13) and the Helmholtz’s equation (2.14) can be shown to be

E.x; t/ D E0ei.kx�!t/

B.x; t/ D B0ei.kx�!t/ (2.15)

where k is the wave number

k D p
�� ! (2.16)

The phase velocity of the wave is

v D !

k
D 1p

��
D c

n
(2.17)

The quantity n is called the index of refraction that can be expressed as

n D
r

�

�0

�

�0

D p
�r�r (2.18)

The wave impedance Z can be expressed as

Z D E0

H0

D k

!�
D 1

v�
D

r
�

�
D �Z0 � D �r

�r
(2.19)
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2.1.1 Negative Refractive Index

It can be seen from Helmholtz’s equation (2.14) that propagating waves exist in
materials whether � and � are both positive or negative. In this equation, � and
� enter as a product, so it would not appear to matter whether both the signs are
positive or negative. Conventionally, we always express the refractive index n as
Cp

�r�r for positive materials (� > 0; � > 0).
But, one needs to be careful in taking the square root for n D ˙p

�r�r , that is
resolved by proper analysis. In real materials, the constitutive parameters (�; �) are
complex quantities and causality requires the imaginary part to be positive since the
materials are passive. For a left-handed material (LHM), the constitutive parameters
satisfy

�r D ei�� ; �� 2 .�=2; �


�r D ei�� ; �� 2 .�=2; �
 (2.20)

and now the refractive index can be expressed as

n D p
�r�r D ei��=2ei��=2 (2.21)

and causality requires the imaginary part of the each
p

� and
p

� be positive

n D .�0
r C i�00

r /.�0
r C i�00

r / (2.22)

where �0
r D cos .��=2/, �00

r D sin .��=2/, �0
r D cos

�
��=2

�
and �00

r D sin
�
��=2

�
.

If the real part of each of the complex quantity in Eq. (2.22) goes to zero, the
positive imaginary values result in a real n < 0. Therefore,

n D �p
�r�r; �r < 0; �r < 0 (2.23)

A detailed derivation of it can be found in [11, 12].

2.1.2 Propagation of Waves in Left-Handed Material

For plane monochromatic wave proportional to exp.ikx�i!t/, Eqs. (2.1)–(2.4) along
with D D �E; B D �H reduce to [13] (See Appendix A.2)

k � E D !�H

k � H D �!�E (2.24)
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It can be seen from these equations that for materials with � > 0 and � > 0 they
form a right-handed triplet vectors and so the term Right-Handed Materials (RHM),
and for materials with � < 0 and � < 0 they form a left-handed triplet vectors and
so the term Left-Handed Materials (LHM).

This should not be confused with the left-handed chiral optical materials which
are completely different. This has prompted authors to call these backward wave
media [14], negative phase velocity media [12], double negative media [11] or
negative refractive index materials [15].

The energy flux carried by the wave is determined by the Poynting vector S,
given by

S D E � H (2.25)

and the direction of the vector is given by the right-hand rule which is the same
for right-handed materials. Since Poynting’s Theorem is derived by considering
conservation of energy [2], we can think of a matched interface of a right-handed
material with a left-handed material and the energy flow has to be in the same
direction. Therefore, according to Eq. (2.25) the vector S is in parallel with the wave
vector k for right-handed materials and is anti-parallel for left-handed materials.

2.1.3 Propagation of Waves in Single Negative Medium

A single negative medium has either � < 0 or � < 0. For this analysis, we will
assume � < 0 and � D �0. The wave number k can be expressed as

k D !
p

�0j�rjei�e=2 D k0 C ik00 (2.26)

By substituting k (2.26) in a plane wave (E.x; t/ D E0ei.kx�!t/), it can be expanded to

E.x; t/ D e�k00xE0ei.k0x�!t/ (2.27)

The analysis for � < 0; � > 0 is similar. Therefore, the propagating wave in a single
negative media is a decaying wave front.

2.2 Dispersion in Nonconductors

In the previous section, it has been shown that the propagation of EM waves in
nonconducting media is governed by two properties of the material, which was
assumed to be constant: the permittivity �, and the permeability �. It is well known
from optics that the refractive index (n D c

p
��) is a function of !. Thus a prism

bends blue light more sharply than red, spreading white light into a rainbow of
colors. This phenomena is called dispersion and whenever the speed of a wave varies
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with frequency, the supportive medium is called dispersive. Although both � and �

are function of !, in practice, � is very close to �0, for most natural materials, and
its variation with ! is insignificant [16].

2.2.1 Lorentz Oscillator Model for Permitivity

The classical theory of the absorption and dispersion for nonconductors (insulators)
is due mainly to Lorentz. The Drude model is applicable to free-electron metals.
Although these models were based on classical ad hoc formulation, the quantum
mechanical analogs are strikingly similar and to date, the Drude–Lorentz models
are still very useful for developing a feel for optical properties of solids.

The Lorentz model considers an atom with electrons bound to the nucleus using
a model described by a small mass tied to a large mass by spring. The motion of an
electron is then described by

m
�Rx C � Px C !2

0x
� D �eE.x; t/ (2.28)

where m� Px is the damping force representing the energy loss mechanism which
arises due to radiation from an atom due to different scattering mechanisms. The
term m!2

0x is the Hooke’s law restoring force in the electron oscillator model. In
the context of a classical model, there are two main assumptions in Eq. (2.28). The
nucleus has been assumed to have infinite mass and the small magnetic force �ev �
B=c on the electron due to the magnetic component has been neglected.

For a sinusoid electric field with frequency ! as e�i!t, the displacement vector x
is the solution of Eq. (2.28) and the dipole moment p contributed by each electron
is [2]

p D �ex D
�	

e2

me



1

.!2
0 � !2/ � i!�

�
E D 
.!/E (2.29)

where 
.!/ is the frequency dependent atomic polarizability. Assuming a linear
relationship between p and E due to small displacements, 
.!/ is a complex
quantity because of the damping term in the oscillator model.

For N atoms per unit volume, the macroscopic polarization is [4]

P D Nhpi D N
.!/hEi D �0�.!/E (2.30)

where �.!/ D N
.!/=�0 is the frequency dependent complex susceptibility that is
defined in relation to the constitutive parameters as

D D �0.1 C �.!//E D �0�r.!/E (2.31)
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Using Eqs. (2.29)–(2.31), the relative permitivity �r.!/ is

�r.!/ D 1 C !2
p

.!2
0 � !2/ � i!�

; !2
p D Ne2

me�0

(2.32)

where !p is the plasma frequency of the insulator which is the oscillating frequency
in Drude model where the restoring force term me!� is zero. In other words, the
Drude model for metals is obtained directly from the Lorentz model for insulators
simply by equating the restoring force to zero.

2.2.2 Anomalous Dispersion and Resonant Absorption

From the complex permitivity expression in Eq. (2.32), the real and imaginary part
of �r D �0

r C i�00
r can be written as

�0
r.!/ D 1 C !2

p

!2
0 � !2

.!2
0 � !2/2 C !2�2

�00
r .!/ D !2

p

!�

.!2
0 � !2/2 C !2�2

(2.33)

where �0
r D ReŒ�r
 and �00

r D ImŒ�r
. The imaginary part is directly associated with
the absorption of the incident wave and also when the real part is negative. The
frequency dependence of �0

r and �00
r is plotted in Fig. 2.1. Except for a narrow region

around the resonance, �0
r increases with frequency called the normal dispersion. In

the narrow region of the resonance it decreases with frequency called anomalous
dispersion. This region is also the frequency interval of maximum absorption as
will be shown later in this section. The width of this region is equal to the loss
factor � .

With � now a complex function of !, the dispersive medium admits x-polarized
plane-wave solutions, as before,

E.x; t/ D E0ei.kx�!t/ (2.34)

However, the wave number k D !
p

�� is complex, because � is complex. Writing
k in terms of real and imaginary parts of the refractive index

k D ˇ C i
˛

2
(2.35)

equation (2.34) becomes

E.x; t/ D E0e�˛x=2ei.ˇx�!t/ (2.36)
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Fig. 2.1 Real and imaginary parts of the dielectric constant �.!/=�0 in the neighborhood of a
resonance. The region of anomalous dispersion is also the frequency interval for the maximum
absorption

Evidently, ˛=2 measures the attenuation of the wave. Because the intensity is
proportional to E2, it falls off as e�˛x, ˛ is called the absorption coefficient. For non-
magnetic material (� D �0), the complex frequency dependent refractive index n
can be expressed as

n D nR C inI D p
�0

r C i�00
r (2.37)

where the nR and nI are the real and imaginary part of complex n known as the
ordinary refractive index and extinction coefficient, respectively.

Squaring and equating both sides of Eq. (2.37) we get

�0
r D n2

R � n2
I ; �00

r D 2nRnI (2.38)

From Eq. (2.38), the real and imaginary part of the refractive index are

nR D
�

1

2

�q
.�0

r/
2 C .�00

r /2 C �0
r

�� 1=2

nI D
�

1

2

�q
.�0

r/
2 C .�00

r /2 � �0
r

�� 1=2

(2.39)
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Now, the absorption coefficient ˛ can be expressed in terms of the refractive index
using the relation

k D n!
p

�0�0 D k0!.nR C inI/; k0 D p
�0�0 (2.40)

From Eq. (2.40) we can express the absorption coefficient as

˛ D 2k0!nI (2.41)

Typically, for analyzing absorption around the resonance, nI is sufficient indicator
since ! does not change appreciably in that region.

Another optical parameter that provides independent information about the
material in the frequency of interest is the reflection coefficient. From Eq. (2.39),
the reflection coefficient at normal incidence is given by Wooten [4]

R D .nR � 1/2 C n2
I

.nR C 1/2 C n2
I

(2.42)

The plots for the real/imaginary part of the refractive index [Eq. (2.39)] and the
reflection coefficient [Eq. (2.42)] are shown in Fig. 2.2. From the plots, we can
see the implications of the frequency dependence of �0

r and �00
r . The plots show

four distinct regions, transmission, absorption, reflection, and transmission again.

Fig. 2.2 Plots of the real and imaginary part of the refractive index [Eq. (2.39)] and the reflection
coefficient [Eq. (2.42)] for an example material with !0 D 2�0:5 THz, !p D 2�0:36 THz and
� D 2�0:01 THz
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Before the onset of the resonance, the material behaves as a positive refractive index
transmissive material. Then, for roughly the band around resonance (!0 ˙ �=2), the
material behaves as an absorber, reflective after that and for frequencies much higher
than the plasma frequency, its transmissive again.

These plots give an insight on the considerations for building a metamaterial
based modulator. By dynamically controlling the absorption peak, one can modulate
an EM wave passing through the metamaterial around the resonance frequency.

2.3 Metamaterial as a Modulator

As explained in Sect. 1.2.2.2, the electrically coupled LC resonator (ELC) based
metamaterial is suitable for planar design since the incident field can be incident
to the normal of the device plane. For the ELC resonator shown in Fig. 2.3a, the
average permittivity, ignoring the spatial dispersion, is of the Lorentz-like form
[17–19]

�ELC D �a

�
1 � Ff 2

f 2 � f 2
0 C i� f

�
(2.43)

where �a is the permittivity of the background material, e.g. FR4, GaAs substrate,
etc., f0 D 1=

p
LC is the resonant frequency in terms of its equivalent circuit

parameters (Fig. 2.3b), � is associated with the loss (Rloss in Fig. 2.3b), and F is
associated with filing factor of the geometry of the unit cell. The real and imaginary
part of the permittivity from Eq. (2.43) is plotted in Fig. 2.3c for an example design
with f0 D 0:5 THz, � D 0:01 THz, and F D 0:5. The response is similar to the
Lorentz oscillator model of non-conductors derived in Eq. (2.32). As observed in
Fig. 2.2, the absorption of non-conducting materials is maximum in the vicinity

Fig. 2.3 (a) An ELC element used in most electric metamaterial design. (b) An equivalent circuit
of the MM unit cell (c) Average permittivity (real and imaginary) of the MM [Eq. (2.43)] for an
example design with f0 D 0:5 THz, � D 0:01 THz, and F D 0:5
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Fig. 2.4 (a) A conceptual circuit equivalent of a metamaterial based modulator (b) Absorption
and reflectance plot of an ELC based metamaterial with and without the modulation resistance
(Rsw)

of molecular resonance frequency. It follows from that observation that, in order
to design a metamaterial based modulator for a desired frequency, the resonance
frequency of the metamaterial should be designed for that desired frequency and a
dynamic method should be devised to either shift the resonance frequency or weaken
the resonance by adding loss to the resonator.

One such method is shown conceptually in Fig. 2.4a where a resistive element
is used to shunt the MM capacitance of the split gap to weaken the resonance.
Assuming the shunt resistor changes the dissipation factor � from 0.01 to 0.05 THz,
the imaginary part of the complex refractive index [n in Eq. (2.39)], which corre-
sponds to the absorption coefficient, is plotted in Fig. 2.4b. It can be seen from the
plot that the absorption around the resonance frequency (f0 D 0:5 THz) drops by
approximately 40%. The reflectance plot shows little change around the modulation
frequency. Terahertz modulators have been demonstrated based on this principle
of shunting the split gap capacitance by optically pumping the substrate [20, 21]
or electrically injecting carriers [22], a schematic of the basic structure shown in
Fig. 1.10. This is the fundamental principle behind the metamaterial based terahertz
modulator design in this work that is covered in depth in Chap. 4.

Metamaterial based terahertz modulators have also been demonstrated by
dynamically controlling the capacitance or the inductance of the split gap
capacitance. A dynamic terahertz metamaterial was realized by dynamically
controlling the capacitance of the split gap by optically pumping the substrate
and experimentally demonstrated by Chen et al. [23], a schematic of the structure
shown in Fig. 1.9. The same work [23] also computationally demonstrated a
dynamic terahertz metamaterial by controlling the inductance of the metamaterial
unit cell as shown in Fig. 2.5.



38 2 Background Theory

Fig. 2.5 An inductance tune dynamic terahertz metamaterial [23]. (a), (b) The photoexcited
silicon regions form parallel current paths through the meandering loop sections (a) and across
the regular loop sections (b) to effectively modify the inductance of the SRRs. The metal and
silicon regions are displayed in orange and grey, respectively. The dimensions are shown in
micrometers. (c), (d) Simulations of the structure of (a) and the structure of (b), both using the
silicon conductivity values shown in the key
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Chapter 3
Experimental Methods

This chapter covers modeling, simulations and test techniques to successfully design
and implement metamaterials for terahertz frequencies. Modeling and simulation
of metamaterials is briefly covered in Sect. 3.1 with emphasis on the choice of
boundary conditions to leverage the symmetry of metamaterial structures and thus
dramatically reduce simulation time and solid-state memory requirements. Sec-
tion 3.2 covers fabrication techniques using commercial foundry process with 45nm
CMOS technology as an example. Few case studies on terahertz metamaterials are
covered to showcase the power of using commercial semiconductor process for
designing terahertz metamaterials. Finally, Sect. 3.3 covers test and characterization
methods in detail to give the reader a solid background on characterizing terahertz
metamaterials.

3.1 Electromagnetic Modeling and Simulations
of Metamaterials

For most metamaterial design, predicting effective electromagnetic parameters
accurately using analytic methods is not very practical. Therefore, computational
methods for modeling and simulating metamaterials is an important and necessary
step to design and implement metamaterials. Along with accurate geometrical mod-
eling, the computational methods must be able to model several kinds of materials,
including metals with finite conductivity and (possibly dispersive) dielectrics.

© Springer International Publishing AG 2017
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3.1.1 Boundary and Symmetry Conditions

A typical planar metamaterial contains a two-dimensional array of metamaterial
unit cells. Direct simulation of the entire array is not computationally efficient.
A more efficient approach, with a slight penalty in accuracy, is finding the solution
of the Maxwell’s equation for one unit cell with appropriate boundary conditions.
After finding the solution for the unit cell, the complex scattering parameters S11

(reflection) and S21 (transmission) in the direction of propagation are computed.
From the scattering parameters, refractive index (n), impedance (Z), effective
permitivity (�eff), and effective permeability (�eff) can be computed [1–5].

If a mirror symmetry exists in the metamaterial structure that is being simulated,
two oppositely located electric and/or magnetic boundary conditions maybe defined
to emulate the entire array thus saving computation time and memory. The reason
for this is that the boundary conditions work like mirrors and, when two mirrors are
placed in front of each other, infinitely many mirror images of the unit structure are
created. The designer has to ensure that in addition to geometric symmetry, field
symmetry is also matched by the boundary condition.

The boundary condition of a metamaterial unit cell is shown in Fig. 3.1, where
the unit cell is part of a metamaterial array in the X-Y plane. The excitation of
the cell is provided by a linearly y-polarized electromagnetic wave propagating

Fig. 3.1 Typical simulation method for metamaterials using unit cells. Unit cell showing elec-
tric/magnetic boundary conditions used in the Microwave Studio [6] simulations. Periodic
boundary conditions are applied along the x-axis and y-axis to emulate the array of metamaterials
in the X-Y plane. The direction of propagation of the electromagnetic field is along the z-axis, the
electric field is oriented along the y-axis, the magnetic field along the x-axis
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in the z direction. In order to mirror the unit cell, the two walls perpendicular to
the y axis are defined as electric boundaries and the walls perpendicular to x axis
are defined as magnetic boundaries. The top and bottom walls are defined as open
boundaries for the EM wave propagation. Most EM solvers, like Microwave Studio
[6], also allow “periodic” and “unit cell” boundary conditions that can be used to
repeat unit cells in one, two, or three dimensions.

3.1.2 Homogenous Parameter Extraction

Extracting effective parameters (�eff; �eff) for metamaterials is a powerful tool to
characterize the frequency dependence constitutive parameters.

For a homogeneous and isotropic material, the refractive index (n) and the wave
impedance (z) can be expressed in terms of its scattering parameters (S11; S21)
as [1–5]

n D 1

kd
cos�1

�
1

2S21

�
(3.1)

z D
s

.1 C S11/2 � S2
21

.1 � S11/2 � S2
21

(3.2)

where the wavenumber of the incident wave is k D 2�=� and d is the unit cell
dimension. And the relationship between n and z to �eff and �eff is

n D p
�eff�eff; z D

r
�eff

�eff
(3.3)

It is difficult from experiments to measure the scattering parameters but it is easily
calculated from simulations and the full material response can be calculated using
Eqs. (3.1)–(3.3).

3.2 Design for Fabrication in Foundry Processes

Since Pendry’s demonstration of microwave artificial plasma using thin wire
medium in 1996 [7], there has been an explosion of research activities in the area of
metamaterials to artificially tailor materials properties for frequencies all the way up
to visible spectrum [8, 9]. Of particular interest is the terahertz regime (“THz gap”)
that has numerous critical applications but lacks of natural materials responsive to
that regime [10, 11] (see Sect. 1.1.1). As explained in Sect. 1.2.3, the scales of unit
cells and the materials required to construct metamaterial in the terahertz regime
make them the ideal candidate for conventional planar microfabrication.
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Commonly used fabrication technique in the metamaterial community includes
electron-beam lithography (EBL) [8] and nano-imprint lithography (NIL) [12].
EBL features very high resolution and can create patterns with feature size on the
order of a few tens of nanometer [13]. However, EBL is very expensive and time
consuming when used to fabricate large area metamaterial devices, which prohibit
its usage for mass production. NIL is another option to fabricate nanometer feature
size metamaterial. It is simple and features low-cost, high throughput [13]. But
its throughput is very slow at the smallest resolution because its high resolution
template patterning is performed by electron beam lithography. Additionally, it
suffers from the problems of overlay, defects, and template wear [14]. All these
factors render NIL unsuitable for mass production of metamaterial devices.

Commercial Gailum-Arsenide (GaAs) and Complementary Metal-Oxide Semi-
conductor (CMOS) foundry process are matured, low-cost, and suitable for very
high volume production. Aggressive scaling of CMOS process to nanometer
dimensions [15] assures its ability to meet the needs of metamaterial designs for
short wavelengths down to far-infrared frequencies. Therefore, adopting designs
to the vast variety of commercial foundry process will enable metamaterials to
transition from research phase to commercial products that are mass producible.

3.2.1 Typical 45nm CMOS Process

It is beneficial to introduce the structure and dimensions of the commercial 45nm
CMOS process. The commercial 45nm CMOS process usually has 5–12 metal
layers. The 45nm CMOS technology employed in this work has 10 metal layers. The
thickness of each metal layer and the dielectric between neighboring layers are fixed,
which only limits the design freedom in vertical dimension when metamaterials
are implemented on this CMOS process. The cross-section view of the metal and
dielectric layers, along with their vertical dimensions, for the 45nm CMOS process
is shown in Fig. 3.2.

There are 10 metal layers in this CMOS process, which are termed Metal-1 to
Metal-10 in Fig. 3.2a. The thickness of each metal and dielectric layer is named
after the letter in the parenthesis and defined in table shown in Fig. 3.2b. Range of
values shown captures the entire feasible range of values across multiple foundries.

In general the lower level metal layer and dielectric spacer are thinner while the
upper lever metal layer and dielectric spacer are thicker. The thickness of metal layer
and dielectric spacer may vary 10–20% due to foundry process variation.

The bottom layer in CMOS is usually a silicon handle wafer layer. It can be
etched by post processing. The next layer on top of the silicon handle wafer layer is
the bulk silicon layer which carries the transistors. In this work, the bulk silicon is
assumed to be etched down to 200�1000 nm.

There are design rules required by the CMOS foundry limiting the minimum
width of metal traces and spacing between metal traces on each metal layer. The
lower metal layers have smaller minimum feature sizes while the upper metal layers
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Fig. 3.2 (a) The cross-section view of CMOS metal stack. The thickness of each metal and
dielectric layer is named after the letter in the parenthesis and defined in table in (b)

have larger minimum feature sizes. So the design strategy employed in this work
is to implement the higher frequency metamaterials on the lower metal layers and
implement lower frequency MMs at higher level metal layers.

Another important design rule is the metal fill density rule on each metal layer
in CMOS. Typically, the CMOS foundries require us to keep the metal fill density
around 50% on each metal layer for high yield of fabrication. This will invariably
restrict the kind of metamaterial geometries that can be implemented. For example,
babinet metamaterial which has continuous metal layers will violate antenna rules
and is not feasible.

3.2.2 Physical Properties of Metal and Dielectrics at Optical
Frequencies

Conductive material, such as metals have different responses to the low frequency
RF/microwave radiation and IR/optics radiation. At low frequencies, metals attenu-
ate all the incident RF/microwave radiation that is impinged on its surface because
of its high conductivity. At IR/optical frequencies, however, metals are no longer
perfect conductors and the conductivity of metal is frequency dependent. Therefore,
the response of metal to incident IR/optical radiation is also frequency dependent.
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Metal is not a source free medium and is filled with free charge and currents.
The relation between the electric flux density D, current density J, and the induced
curl of magnetic field H when an EM radiation with frequency ! is shined onto the
metal can be expressed as [16]:

r � H D j!

	
� C �

j!



(3.4)

The term � C �
j! is defined as effective permittivity �e that includes both the

dielectric and conductive properties [16]. It is more convenient for us to describe
the response of metal to IR/optics using �e. The second term in �e, which is �

j! ,
is frequency dependent [16]. It is much greater than the � at low frequencies and
that is why metals behave like perfect conductors at low frequencies. When the
frequency of incident radiation approaches IR/optics, �

j! starts to drop and at a
certain frequency, it becomes zero and the metal behaves like a dielectric medium
with permittivity �.

The most suitable model to describe the frequency dependent permittivity of
metal at IR is Drude model [16]. The Drude model uses classical kinetic theory
to describe the macroscopic behavior of electrons in solids where the EM radiation
is impinged on [17].

Using Drude model the dispersivity (frequency dependence) of the permitivity
can be expressed as [18]:

�e D �1 C i�2 D �1 � !2
p

!2 C i!!�

(3.5)

where �1 and �2 are the real and imaginary part of �e, respectively. !p is the plasma
frequency, !� is the damping frequency.

The Drude model, along with experimental data, of Al and Cu, which are the
most commonly used metal in CMOS and, Gold which is mostly used in GaAs
process, is shown in Fig. 3.3 [18].

The most common dielectrics used in CMOS processes include benzocy-
clobutene (BCB), silicon dioxide (SiO2), tetraethoxysilane (TEOS), with polymide
as the passivation layer. Silicon nitride (SiN3) is mostly used in GaAs process. These
dielectrics are quite suitable for terahertz devices but one will have to accurately
characterize these materials for their frequency disperson which then needs to be
incorporated in the design flow

3.2.3 Case Studies

In this section, we will explore numerical simulation based case studies utilizing
CMOS process using the metal stack shown in Fig. 3.2 to design metamaterials for
various applications.
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Fig. 3.3 Experimental data vs. Drude Model (solid lines) of the real and imaginary part of the
permitivity for (a) Aluminum (b) Copper and (c) Gold, most used metals in CMOS and GaAs
foundry process [18]

3.2.3.1 Single Layer Metamaterial Operating at 100 �m Wavelength

The first case investigated is a single layer metamaterial consisting of ELC
resonators implemented on the top layer metal M10. ELC resonators exhibit strong
coupling to applied electric field and negligible coupling to the magnetic field [19].
ELC resonators have been used as a negative index material [20], dual-resonant
terahertz metamaterial [21], and high-speed terahertz modulator [22].

Its dimensions have been carefully tuned to achieve the desired EM response
to incident wave. Its dimensions are depicted in Fig. 3.4a. The electric field inside
and around the ELC resonator at the operating frequency is shown in Fig. 3.4b,
emphasizing the concentrated electric field in the split gap at resonance. The surface
current at the operating frequency is shown in Fig. 3.4c. The transmissivity and
reflectivity of the metamaterial is shown in Fig. 3.4d. At its operating frequency
of 2.835 THz, transmissivity T reaches �25 dB and the reflectivity R is almost 0 dB.

This ELC resonator based metamaterial can be used as a spatial band-stop at THz
frequencies. A negative index metamaterial can be achieved if it is stacked on top
of magnetic metamaterials such as SRR resonator [20]. The operating wavelength
of this ELC resonator based metamaterial can be decreased by scaling down its
dimensions and the lower limit of its operating wavelength is constrained by the
minimum line spacing and width in this metal layer. Additional protection layers on
top of the metal layers, typically polymide, fabricated by foundries may be lossy
and dampen the metamaterial resonance.
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Fig. 3.4 EM simulation results of ELC resonator in 45nm CMOS process. (a) Dimensions of an
ELC resonator metamaterial implemented on the top metal layer M10 in CMOS metal stack. All
units are in �m. l1 D 14, l2 D 16, g D 1:4, w D 0:8, a D 20 (b) Electric field distribution of the
resonator. (c) Surface current distribution (d) Simulated transmissivity T and reflectivity R of the
metamaterial

3.2.3.2 Multi-Layer Metamaterial Design

One of the advantages of using CMOS process is access to multiple layers of
metamaterial, so that you can implement multi-layered metamaterial designs. In
this case, an ELC resonator and SRR resonator are implemented on the Metal-10
(M10) and Metal-9 (M9) layers, respectively. They have distinct resonant frequency
and form a multi-band metamaterial collectively. The three-dimensional view of this
two-layer metamaterial design and its dimension are shown in Fig. 3.5.

The transmissivity T and reflectivity R of SRR on M9 alone is shown in Fig. 3.6a.
The resonant frequency of SRR on M9 is located at 1 THz. The cut-wire effect cause
another dip in T at around 3.5 THz. The simulated transmissivity T and reflectivity R
of the ELC resonator on M10 is shown in Fig. 3.4d. Its resonant frequency is located
at 2.835 THz. The transmissivity T and reflectivity R of the stack of ELC on M10
and SRR on M9 are shown in Fig. 3.6b.
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Fig. 3.5 (a) 3D view of a two-layer metamaterial composed of ELC resonator on M10 layer and
SRR resonator on M9 layer (b) Dimensions of SRR resonator metamaterial implemented on the
metal layer M9 in CMOS metal stack. All units are in �m. l1 D 19, l2 D 18, g D 0:8, w D 0:8,
a D 22

Fig. 3.6 Transmissivity T and reflectivity R of (a) SRR resonator only on M9 and, (b) of two-layer
metamaterial composed of ELC resonator on M10 and SRR resonator on M9

As depicted in Fig. 3.6b, there are two operating frequency bands where T is
very low and R is very high. These two frequency bands are around 1 THz and
3.2 THz, respectively. The resonance at 1 THz is contributed by SRR on M9 layer.
The resonance at 3.2 THz is caused by the combination of resonance of ELC on
M10 and the cut-wire effect of SRR on M9.

The alignment of two-layers of metamaterial is non-trivial. Misalignment may
cause additional coupling that corrupts the desired dual-band response. CMOS
foundry has the advanced technology to ensure the alignment of more than ten metal
layers. It is very difficult to achieve in the university clean room environment. The
dual-band frequency response of this metamaterial can be utilized to build a dual-
band THz antenna featuring compact size and high throughput. It can also be used
in hyper spectral imaging system.
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3.3 Test and Characterization

3.3.1 Terahertz Time-Domain Spectroscopy (THz-TDS)

The significance of the terahertz, or far-infrared, region of electromagnetic spectrum
was shown in Chap. 1, with applications ranging from astronomy to biological
sciences. In spite of its significance, terahertz spectroscopy devices were in infancy
till the late 1980s primarily due to the difficulty of building devices in that frequency
regime. Electronic sources and detectors for millimeter and sub-millimeter waves
were limited to about 100 GHz. Fourier Transform Infrared (FTIR) spectroscopy,
on the other hand, was useful only above 5 THz due to lack of powerful incoherent
sources. The advent of lasers motivated research in far-infrared generation using
the difference-frequency generation in non-linear crystals [23], which served as
the seed for the development of terahertz time-domain spectroscopy (THz-TDS)
[24–28], which still serves as a system of choice for high dynamic range THz
spectroscopy. The THz-TDS system generated a great deal of interest in THz
imaging after first images acquired using the THz-TDS was reported in 1995 [29].

THz-TDS system is based on single-cycle bursts of electromagnetic transients
generated opto-electronically using femtosecond duration laser pulses. Typically,
the single-cycle burst are of 1 ps duration whose spectral density spans from near
100 GHz to above 5 THz. Optically gated detection allows direct sampling of the
generated terahertz wave with sub-picosecond accuracy. From this measurement,
the real and imaginary part of the dielectric function of the medium can be extracted
without the use of Kramers-Kronig relation (Eq. (2.11)).

Compared to other THz spectroscopic systems, THz-TDS systems generally
offer higher signal-to-noise ratio, a wide spectral band (0.1–5 THz), and faster
acquisition time.

3.3.1.1 Terahertz Time-Domain Spectrometer

Figure 3.7 shows the schematic of a terahertz time-domain spectrometer. It consists
of a femtosecond laser source, a beam splitter to split the laser beam into two path,
one for the photoconductive THz transmitter and the other (through the optical delay
line) for the optically gated photoconductive THz receiver. A set of collimating
optics is used to focus the THz wave onto the sample and the THz receiver. An
optical copper is used in the transmitting laser path which along with the lock-in
amplifier serves as coherent mixer to eliminate DC and low-frequency noise in the
system. The computer controls the delay line and measures the amplified, lock-in
detected photocurrent versus path length. After capturing the entire THz pulse, the
desired spectral response is generated using the Fast Fourier Transform (FFT). In
the next few paragraphs we will describe the function of each component of the
spectrometer.
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Fig. 3.7 Schematic of a typical THz time-domain spectrometer using a femtosecond laser source
and photoconductive THz transmitter and receiver

3.3.1.2 Laser Sources

Solid-state laser sources like the Ti:Sapphire laser [30] with wavelength around
800 nm have largely displaced the older dye lasers [31] and they are a mature
and commercial product now. The typical repetition rate of these lasers is about
100 MHz with 10–50 mW of laser power that is sufficient for most of the THz
transmitters and receivers. Recent development of all-solid-state femtosecond lasers
[32] will result in lasers that are more practical, compact, and cost-effective.

3.3.1.3 THz Transmitters and Detectors

Both the THz transmitter and receiver are based on the photoconductive (“Aus-
ton”) switch [26, 33], which consists of a semiconductor bridging the gap in a
transmission line or a dipole antenna structure as shown in Fig. 3.8a. The response
of the voltage biased photoconductive antenna to a pulsed laser source is shown
in Fig. 3.8b. The current through the switch rises rapidly at the incidence of the
laser pulse and decays at a rate proportional to the carrier lifetime of the bridging
semiconductor, generating a picosecond-rate transient current J.t/. The transmission
line or the dipole antenna is designed such that this transient current is radiated into
the free space.

To convert the photoconductive switch to a receiver, a trans-impedance amplifier
(current-to-voltage converter) is connected across the switch instead of the voltage
bias. The electric field in the bridging gap is now provided by the incident THz
pulse. The current only flows through the receiving switch, the photodetector, when
carriers are generated by the incident laser source resulting in photoconductive
sampling of the THz pulse as shown in Fig. 3.8c. Since electronics are not fast
enough to sample the picosecond THz pulse directly, repetitive measurement of the
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Fig. 3.8 (a) Photoconductive “Auston” switch integrated in a THz dipole on a substrate. Laser
pulses are focused onto the gap in the dipole antenna which inject carriers into the substrate, which
are swept across the dipole due to the bias voltage across. (b) Typical current response J.t/ of a
photoconductive switch to a short laser pulse. (c) Photoconductive sampling measures the THz
pulse v.t/ within the sampling interval �

photoconductive sample is used for each sample point. If the photo-carrier lifetime,
� , is much shorter than the THz pulse, the photoconductive switch acts as a sampling
gate for the THz pulse. Since the laser pulse which triggers the transmitter and gate
the detector originate from the same source, the relative delay can be controlled
through a optical delay line (Fig. 3.7) and the entire THz pulse is sampled step by
step.

Although transmitter and receiver structures are similar in principle, photocon-
ductive switches are designed specifically for transmitters [26, 34, 35] and receivers
[26, 36] for better efficiency.

3.3.1.4 Bandwidth Limitation of THz Detectors

The photocurrent transient of the detector J.t/ can be expressed as the following
convolution:

J.t/ D
Z

�.t � t0/E.t0/dt0 (3.6)

where �.t/ is the transient photoconductivity and E.t/ is the incident electric field
of the THz pulse. E.t/ is faithfully reproduced by J.t/ when the photoconductive
transient is much shorter than the THz pulse. The high-frequency response of
the detector is determined by the photoconductive transient and the low-frequency
response is determined by the antenna structure.

The photocurrent decay time needs to be less than 0.5 ps in order to resolve
transients in the THz regime. The intrinsic carrier lifetime in semiconductors is
far slower, therefore the carrier lifetime needs to be reduced below its intrinsic
value, commonly achieved by introducing defect states that have a fast carrier
capture rate, either during crystal growth or afterwards through ion implantation.
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Low temperature grown GaAs (LT-GaAs) [37] and radiation-damaged silicon-on-
sapphire (RD-SOS) [38] are two such examples.

The electric field across the photoconductor can differ from the incident THz
field due to the frequency response of the antenna structure.

3.3.1.5 Collimating and Focusing Optics

An important part of both the transmitter and receiver photoconductive antenna
is the substrate lens. Because of the presence of the substrate on one side of
photoconductive antenna, a substrate lens is required to efficiently couple the THz
radiating pulse from the dipole to the free space and also magnifies the dipole
antenna, increasing the antennas efficiency as well [39].

In order to incorporate the THz source and detector antennas into a spectroscopy
system, a THz optical system required that can guide the THz wave from the source
to the detector and focus it on to a diffraction-limited spot at the sample, and such
a system is shown in Fig. 3.9. The THz radiation which is coupled into free space
using substrate lenses is collimated and focused using a pair of off-axis parabolic
mirrors (OAPM). This parallel, diffraction-limited collimated beam can be focused
to a diffraction-limited spot at the sample using a pair of focusing lenses or OAPMs
(dashed box in Fig. 3.9).

Although the OAPMs are difficult to align, they offer high reflectivity and
achromatic operation over the entire THz range and visible lasers can be used for
alignment. Fused quartz lenses can be used as an alternative for frequencies below
1 THz and up to 10 THz with silicon lenses but alignment with visible light or laser
is not possible. Another useful lens is TPX (poly-4-methyl-pentene-1), a polymer
which has low absorption and dispersion throughout the THz range [40], but is
difficult to polish for their softness.

Alignment of OAPMs is covered in detail in Sect. 3.3.3.

Fig. 3.9 The THz radiation is coupled in and out of the photoconductive antennas using substrate
lenses and collimated using a pair off-axis parabolic mirrors (OAPM). Optionally, a pair of lenses
or OAPMs can be used to focus the THz wave to a diffraction-limited spot at the sample (dashed
box)
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3.3.1.6 Lock-In Detection

Lock-in detection is primarily used when the desired signal is buried in the noise
of the measurement system and cannot be measured directly. The received signal
to be measured, Vsignal.t/, is typically contaminated by offset and noise that can be
expressed as [41]

Vsignal.t/ D VIN C Voffset C Vwhite-noise.t/ C Vflicker-noise.t/ (3.7)

where VIN is the desired DC signal to be measured, e.g. optically gated THz electric
field, Voffset is the DC offset voltage present both in the optics and electronics of
the THz-TDS system, Vwhite-noise is the white gaussian noise in the system which
can be eliminated by simple averaging, and Vflicker-noise.t/ is the flicker noise which
is inversely proportional to frequency (1=f ). Even if we can remove the DC offset
voltage by some calibration method and eliminate the white-noise by averaging,
the measured signal will still be contaminated by the low-frequency drift associated
with the flicker-noise. One powerful technique to remove the offset and the drift
is by intentionally chopping the signal “on” (VIN-ON) and “off” (VIN-OFF) and taking
the difference (VIN-ON �VIN-OFF). It can be seen from Eq. (3.7) that the offset voltage
can be eliminated as well as low-frequency drift that is lower in frequency than the
chopping frequency. And if we average the signal after the difference, the white-
noise can also be eliminated, leaving us with only the noise contribution at the
chopping frequency. Although this method can be implemented using a combination
of analog and digital electronics, an elegant and powerful way is to use a lock-in
amplifier.

A typical lock-in detection application is shown in Fig. 3.10 in which a laser is
used to illuminate a sample and a detector, along with optics, is used to measure
the emitted fluorescence. The laser is chopped at a particular frequency so the
fluorescence turns “on” and “off” at that frequency. The same chopping frequency
is provided as reference to the lock-in amplifier for it to “lock” and determine
the operating frequency. Typically, the reference is converted to a sinusoid using
a voltage-controlled oscillator (VCO) [42] with an adjustable phase which is
multiplied with the input signal and time averaged to form the output voltage Vout

Fig. 3.10 A typical lock-in amplifier application in which one measures the fluorescence from a
sample that is illuminated by a chopped laser source [41]
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Vout D hVsignal.t/ cos .!t C �/i (3.8)

This method will pick out the fundamental Fourier component of the signal,
Vsignal.t/, which is proportional to the desired DC value, VIN. This multiplying
function is carried out by analog or digital electronics called mixer or a phase
sensitive detector (PSD) [42]. Lock-in systems are sometimes referred to as special
purpose correlators [43]. Most lock-in amplifiers are dual phase systems that
incorporate a pair of PSDs which enables them to measure both the in-phase and
quadrature component of the coherent input signal [43], allowing them to measure
the magnitude and phase of the input signal.

3.3.1.7 Terahertz Time-Domain Data Analysis

As with most spectroscopic techniques, THz-TDS requires two measurements: one
reference waveform Eref.t/ measured without the sample or with sample with known
dielectric properties and, the second waveform Esample.t/, in which the radiation
interacts with the sample. In order to observe the spectrum of the measurement,
Eref.t/ and Esample.t/ can directly be Fourier-transformed to obtain the respective
spectra, Eref.!/ and Esample.!/. One such example, where the absorption properties
of methamphetamine (MA) is studied in the frequency range of 0.2–2.6 THz [44],
is shown in Fig. 3.11. An useful trick which helps improve the readability of the
measurement is a differential spectra that can be expressed as

�E.!/ D Esample.!/ � Eref.!/

Eref.!/
(3.9)

This technique is particularly useful when the difference between the sample and
reference is very small.
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Fig. 3.11 (a) THz time-domain transmissive plot of the reference (no sample) and the sample,
MA (methamphetamine) and (b) corresponding THz frequency-domain spectra [44]
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Typically, the time-domain data is modified before performing the Fourier-
transform on it, mostly to remove reflections that are prominent when a sample is
thick. A thick sample is defined as one for which the transit time of the THz pulse is
much larger than its duration. Semiconductor samples typically have their substrate
thickness ranging from 100–500 �m, making them a thick medium. Because the
measurement is done in time-domain, substrate reflections can be windowed out
of the raw data without much loss in spectral resolution or accuracy. The Fresnel
coefficients for transmission and reflection are used to remove the artifacts from
multiple reflections at the boundary of the sample [39].

3.3.2 Continuous-Wave (cw) Terahertz Spectroscopy

Although THz-TDS have their advantages, continuous-wave, or frequency-domain,
terahertz spectrometers are becoming popular because of their low-cost and ease of
operation. Additionally, they offer the advantage of higher resolution with precise
frequency control, compact footprint since a delay stage is not necessary and
typically they use diode lasers which remain more cost-efficient than pulsed lasers
used in THz-TDS.

3.3.2.1 A Continuous-Wave Terahertz (cw-THz) Spectrometer

Optical heterodyning is becoming a established standard for generating continuous-
wave terahertz wave [45], and distributed feedback (DFB) lasers are becoming the
standard in optical source because of their compact size, cost-effective, and hassle-
free solution. A typical continuous-wave terahertz (cw-THz) spectroscopy setup
is shown in Fig. 3.12 as implemented in one of the commercial products, Toptica

Fig. 3.12 Schematic of a typical continuous-wave terahertz (cw-THz) spectrometer. The contin-
uous terahertz wave is created using the beat frequency of two distributed feedback (DFB) lasers
that is transmitted and detected using photoconductive antennas
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TeraScan [46]. Using interferometric frequency control [47], two DFB laser diodes
are tuned to adjacent wavelengths �1 and �2 (e.g., 853 nm and 855 nm). The two-
lasers are superimposed using a combiner and optionally, the two-color laser can be
amplified for higher power. Using a 50:50 fiber splitter, two fiber outputs are created
to irradiate the transmit and receive photomixers made from interleaved metal-
semiconductor-metal structures. Resonant antenna around the photomixers help in
radiating and receiving the terahertz wave of the beat frequency (�1 � �2). The bias
is usually modulated to function as the optical chopper in the lock-in detection as
explained in Sect. 3.3.1.

3.3.2.2 Laser Sources

Distributed feedback (DFB) lasers have established themselves as a compact, cost-
effective, and carefree alternative to traditional lasers like the Ti:Sapphire laser [30].
DFB lasers at 0:8 �m have become the preferred choice for GaAs photomixers
[46–50], because of their high thermal tuning coefficient of �25 GHz/K per diode
[51], resulting in about 2000 GHz scanning frequency. DFB diodes feature a grating
structure within the active region of the semiconductor [48] (see Fig. 3.13a),
restricting their emission spectrum to a single longitudinal mode. Varying the
grating pitch either thermally or electrically tunes the lasing wavelength, and
continuous frequency scans of 2000 GHz can be realized by means of a temperature
sweep of 50 K. For frequency stabilization as well as controlled frequency tuning,
each DFB laser is thermally and electrically regulated by an electronic feedback
as shown in Fig. 3.12. The temperature is mostly controlled by a thermo-electric
cooler (TEC) [52], and the frequency of the laser is measured using a fiber-coupled
quadrature interferometer [47] (see Fig. 3.13b). Alternatively, instead of using a
feedback scheme, the thermo-electric control is calibrated and values stored in a
look-up table that can be used to control the DFB laser, based on frequency sensed
from the quadrature interferometer [52].

Fig. 3.13 (a) Schematic of a polymer DFB laser (not drawn to scale) [48]. (b) Quadrature
interferometer for frequency control of DFB lasers [47]
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3.3.2.3 THz Transmitters and Detectors

Typically, a transmitting photomixer consists of an epitaxial layer of low-
temperature-grown gallium arsenide (LTG-GaAs) with interdigitated electrodes
fabricated on a semi-insulating GaAs substrate. Two-lasers illuminating the
gaps between the electrodes generate difference frequency photocurrents, and
terahertz power is generated as the photocurrents drive the integrated antenna. The
advantages of LTG-GaAs are its short photoconductive lifetime (� < 1 ps) and
its high electrical breakdown (EB > 5 � 105 V � cm�1) [45]. New generation
of terahertz sources and detectors are made up of high-energy ion-implanted
GaAs interdigitated photomixers [46], which offer the advantage of highly
reproducible photoconductive materials. The photomixers are integrated within self-
complementary log-periodic spiral [46] or linear spiral [45] broadband antennas
to achieve nearly constant antenna impedance in the frequency range above about
100 GHz [53]. Alternatively, bow-tie antennas are used for polarized input and
output [52]. In order to suppress back-reflections and for pre-collimation, the
terahertz radiation is coupled to free space via a hyper-hemispherical silicon lens.
Scanning electron micrograph of a photomixer with integrated spiral antenna [45]
is shown in Fig. 3.14a and the SEM picture of an interdigitated electrodes with
integrated bow-tie antenna is shown in Fig. 3.14b [52]. Receiver photomixer and
the integrated antennas are usually adapted to the transmitter antennas for better
sensitivity. The incident THz field is sampled coherently using the same two-color
laser as used for the transmitter.

Fig. 3.14 (a) Scanning electron micrograph (SEM) picture of electrode region and first turn of
spiral antenna for 8 �m � 8 �m photomixer [45]. (b) SEM picture of the interdigitated electrodes
on the pc material with integrated bow-tie antenna, used in a cw terahertz receiver modules [52]
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3.3.2.4 Data Analysis

The detected DC photocurrent (typically � pA) is preamplified using a tran-
simpedance amplifier and measured using lock-in technique. The principle of
lock-in technique is as described in Sect. 3.3.1. Instead of mechanical chopping,
typically, the bias voltage of the transmit photomixer is modulated (� ˙10 V and up
to 10 kHz), which offers the advantage of less noise and no mechanical parts [47].
The photocurrent Iph is proportional to the incident THz electric field, ETHz, and the
phase difference �� between the THz field and the laser beat frequency [46]

Iph / ETHz cos.��/ D ETHz cos.2��L�=c/ (3.10)

where � is the terahertz frequency, c is the speed of light, and

�L D .LS C LTHz/ � LD (3.11)

is the difference between the optical path LD traveled by the laser beat to the detector
and the optical path LS of the laser beat to the terahertz source plus the terahertz path
LTHz from the source to the detector.

One possible way to separate the amplitude and phase of the terahertz signal for
any given frequency is to vary LTHz and thus �L with the help of a variable delay
stage [47, 53]. Alternatively, the phase difference �� can be varied by scanning
the terahertz frequency �, which has the advantages of avoiding any mechanically
moving parts and of a much higher scanning rate (up to 10 Hz, depending on
the selected lock-in time). In this case, the detected photocurrent Iph oscillates as
a function of frequency (see Fig. 3.15a), and the oscillation period is set by the

Fig. 3.15 Example of detected terahertz photocurrent and its transmittance plot [46]. (a) Pho-
tocurrent with and without a sample (˛-lactose monohydrate). The period of interference pattern
�� � 1:5 GHz with a optical path difference �L � 0:2 m (see Eq. (3.11)). (b) Transmittance
T.!/ of ˛-lactose monohydrate for a thickness of d � 1 mm. The red line depicts a fit according
to the DrudeLorentz model. Inset: T.!/ around the absorption feature at 1.369 THz, plotted on a
log scale
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choice of �L. Both the amplitude and phase can be derived from it. The resultant
spectra is extracted by calculating the envelope of the oscillating photocurrent (see
Fig. 3.15b). Using the extremas, the effective frequency resolution for amplitude can
be expressed as c=.2 � �L/ and since phase information can be extracted between
an extrema and its adjacent zero-crossing, the frequency resolution for phase can
be expressed as c=.4 � �L/ [46]. Thus the spectral resolution of the phase can be
adapted easily by varying the optical path difference �L (see Eq. (3.11)).

The transmittance of a sample T.!/ can be determined by comparing the
envelopes of the sample and reference spectra,

T.!/ D Isample
ph .!/

Iref
ph .!/

(3.12)

where Iref
ph .!/ and Isample

ph .!/ are the spectra of the reference and the sample,
respectively. For cases where the difference between the sample and reference is
small, a useful trick to improve the readability of the data is to plot the differential
spectra,

�T.!/ D Isample
ph .!/ � Iref

ph .!/

Iref
ph .!/

(3.13)

An example of the detected terahertz photocurrent with and without a sample
(˛-lactose monohydrate) and its transmittance T.!/ is shown in Fig. 3.15 [46].

3.3.3 Optical Alignment of Off-Axis Parabolic Mirrors

For every THz spectroscopy system, a set of optics is needed to guide the THz
wave from the source to the detector, through the sample if necessary, to make
transmissive or reflective measurements (see Sect. 3.3.1.5). An optical system
involving reflective surfaces (spherical, paraboloidal, etc.) offers many advantages
over refractive systems (Teflon lenses, TPX (poly-4-methyl-pentene-1) lenses, etc).
All-reflective optical systems have wide bandwidth and no chromatic aberration,
allowing it to be tested and aligned at one frequency (e.g., visible) and spectroscopy
at another (e.g., THz) without worrying about realignment.

The parabola is one of the most preferred aspheric surface geometries used for
collimating-focusing optical setups. When a collimating beam is incident parallel to
the optical axis of the parabola (see Fig. 3.16), the beam is focused to a point image
at the focal point of the parabola. Conversely, a point source at the same focal point
generates a collimating beam.

In most spectroscopy setups, including THz spectroscopy, the focal point must
be placed out of the incident collimated beam [22, 54–56]. For this purpose, the
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Fig. 3.16 Principle of design of a 90ı off-axis parabolic mirror (OAPM) with the reflected focal
length (RFL) and the parental focal length (PFL) shown relative to the parabola

most frequently used optics is an off-axis parabolic mirror (OAPM), that is segment
cut out of a large parabola as shown in Fig. 3.16. The optical axis of the OAPM is
the same as that of the parent parabola which is the axis of revolution.

Given all the advantages of OAPMs, the main disadvantage is difficulty in
aligning them. Traditionally, sophisticated interferometer methods such as laser
unequal path method [57] or use of alignment telescopes were used to align the
OAPMs. This methods were time consuming and prone to large errors. In 1992,
Lee published a two step method [58] to align pair of OAPMs using a Helium-
Neon (He-Ne) laser, a beam splitter, an iris diaphragm, and a plane mirror. This
method makes it possible to align the mirrors without knowing the focal length or
the off-axis distance. In the first step, the OAPM is adjusted such that the optical
axis is in plane with two incident parallel beams. In the next step, it is aligned such
that the optical axis is in plane of the incident beams, in the direction pointed by
the incident beams. In this section we will describe an alignment method based on
Lee’s two step method [58], but replacing the He-Ne laser, the plane mirrors and
the iris with simple laser diodes and alignment scales.

3.3.3.1 Alignment Procedure

The alignment procedure is as described in Lee’s work in [58] but adapted to use
collimated laser diodes and fixed apertures instead of the He-Ne laser with beam
spliters and plane mirrors. Figure 3.17 shows the basic arrangement of the laser
diodes (LD1, LD2) and off-axis parabolic mirror (OAPM) to be aligned. A typical
635 nm collimated laser diode modules with a round beam size of �2–3 mm can be
used for the laser sources. For alignment, the lasers can be mounted on a Kinematic
Mount. The two-laser beams (Beam 1 and Beam 2) are made parallel to the surface
of the optical table using a set of fixed apertures (�2–3 mm), that are set at the same
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Fig. 3.17 (a) Top view and, (b) side view of the optical table for vertical alignment

height. Alternatively, Magnetic Beam Height Measurement Tool with alignment
holes can be used to make the lasers parallel to the optical table surface. The laser
beams are also made parallel to each other. If using fixed apertures mounted on posts
in the optical slots, the beams should automatically get parallel to themselves as
well. The distance between the beams �x is determined by the width of the OAPM.
It can be shown that the optical axis of OAPM get aligned better with the incident
beams for larger �x [58].

In this section we use the same rectilinear coordinate system as used in Lee’s
method [58], as shown in Fig. 3.17. In the first alignment, the vertical alignment,
the optical axis of the OAPM is placed in the plane created by the two incident
beams. In the next alignment, the horizontal alignment, the optical axis is made
parallel to the incident beams. The focal point of the OPAM is found where the two
reflected beams meet.

3.3.3.2 Vertical Alignment

In order to bring the optical axis in plane of the incident beams, the steps for the
vertical alignment procedure are:

1. The OAPM is placed on the optical table using kinematic mounts and the optical
axis is made approximately parallel to the incident beams as shown in Fig. 3.17a.
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2. Then the reflected beam 1 is made parallel to the optical table. The same
fixed apertures can be used at two different locations to check the parallelism.
A Magnetic Beam Height Measurement Tool with alignment holes can be used
as well.

3. Next we make the reflected beam 2 parallel to the optical table using the same
method as used above for the reflected beam 1.

4. If the reflected 2 beam moves upward, then we decrease the height of the OAPM.
5. Similarly, if the reflected beam 2 moves downward, we increase the height of the

OAPM (see Fig. 3.17b).

Steps 2–5 are repeated till the both the reflected beams are parallel to the surface of
the optical table, thus bringing the optical to the plane of the incident beams.

3.3.3.3 Horizontal Alignment

Next, in order to make the optical axis parallel to incident beams, the steps for the
horizontal alignment procedure are:

1. A plane mirror, preferably mounted on a kinematic mount, is placed at the
intersection of the two reflected beams. This is not necessarily the focal point
since the optical axis may not be parallel to the incident beams yet.

2. The plane mirror is then tilted to send one of the beams to a point on the OAPM
such that the reflected beam (beam 3 in Fig. 3.18a, b) is above and in-between the
incident beams. To make sure the plane mirror is at the meeting point of the two
beams, a thin paper can be held at the surface of the mirror to see the convergence
of the two beams.

3. Next, the reflected beam 3 is checked to see if it is parallel to the optical
table. It can be done by moving an iris or a fixed aperture on the table with a
fixed height. And like before, a Magnetic Beam Height Measurement Tool with
alignment holes can be used as well.

4. If the reflected beam 3 is propagating upwards, we need to rotate the OAPM
about the y-axis in the direction of the smaller angle of incidence of beam 1
and 2.

5. Conversely, if the reflected beam 3 is propagating downwards, we need to rotate
the OAPM about the y-axis in the direction of the larger angle of incidence of
beam 1 and 2.

Steps 1–5 are repeated till the reflected beam is parallel to the optical table. Then
the optical axis becomes parallel to the incident beams 1 and 2 and the focal point
of the OAPM is where the reflected beam 1 and 2 meet.
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Fig. 3.18 (a) Top view of optical table for horizontal alignment. A plane mirror is put where the
reflected beam 1 and 2 cross each other. (b) Side view of optical table for horizontal alignment. An
angular deviation of the reflected beam 3 is related to a rotation of the optical axis about y-axis
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Chapter 4
High-Speed Terahertz Modulation Using
Active Metamaterial

This chapter covers a case study of metamaterial based terahertz modulator using
embedded HEMT devices. A computational and experimental study of the terahertz
(THz) device resulting from hybridization of metamaterials with pseudomorphic
high electron mobility transistors (pHEMTs), fabricated in a commercial gallium
arsenide (GaAs) process is presented. The principle of modulation introduced in
Sect. 2.3 is further elaborated with a detailed analysis of HEMT based modulation.
The design and fabrication details of the device using a commercial Gallium-
Arsenide (GaAs) process are covered next and finally the experimental methods
and the results are discussed.

4.1 Introduction

Electronically controlled high-speed terahertz (THz) modulation is highly desirable
due to its vast potential of creating low-cost consumer grade devices for applications
ranging from communication to imaging. The demand for high-speed wireless
access is increasing due to large amounts of data needed for new emerging
applications such as the consumer market that is already demanding 20, 40, and
100 Gbit/s wireless technologies for Super Hi-Vision (SHV) and Ultra High-Def
(UHD) TV data [1]. Terahertz (THz) carrier frequencies will offer the advantage of
higher data speed, sub-millimeter antenna size and short range security especially
suitable for portable devices. Although they are susceptible to atmospheric loss,
THz digital communication systems have been demonstrated near certain windows,
especially around the 300–400 GHz range that has shown promise for high bit-
rate data transmission [1–3]. In addition to THz sources and detectors, one of the
key components of a THz communication system is a modulator that is used to
modulate the carrier waves with data streams. Designing high-speed modulators
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for the frequency regime (0.3–10 THz, � D 1 mm–30 �m), so-called terahertz gap
[4], has been a difficult primarily due to lack of suitable materials for constructing
electronic or quasi-optical devices.

In recent years, various methods have been utilized to achieve amplitude and
frequency modulation including photodoping [5], electronic [6], and temperature
control [7]. By implementing schottky diodes other research has achieved both
spatial [8, 9] and phase modulation [10]. These metamaterial devices rely on
layers of n-doped gallium arsenide (GaAs) and initial studies have demonstrated the
potential of these systems for high-speed telecommunications [11], spectroscopy
[10], and imaging [12]. To-date THz metamaterials have shown modulation at
frequencies low in the MHz range, and higher speed modulation has been hindered
by large device capacitance [8], making them unsuitable for the applications that
are demanding high-speed and low-voltage operations.

The motivation to create high-speed modulators has pushed researchers to
use two-dimensional electron gases (2DEGs) in high electron mobility transistors
(HEMTs) to manipulate THz waves [13]. Although HEMT devices have demon-
strated advantages over alternative architecture, such as quantum well structures
and liquid crystals [14], they have been limited to relatively low transmission
modulation values of less than 3%, and maximum modulation frequencies of
10 kHz [15]. One of the keys to high-speed terahertz devices is the hybridization of
semiconductor technology and metamaterials, an area of research still in its infancy.

In this chapter, a metamaterial based THz modulator with embedded HEMT
has been demonstrated to operate at high speed (�10 MHz) and operating at low
voltage (1 V) makes it suitable for high-speed and low-power communication [16]
and imaging systems [17]. The results illustrate modulation of terahertz frequencies
(0.45 THz) up to speeds of 10 MHz, which can fundamentally be designed for much
higher speeds.

4.2 Design Principle of the HEMT Controlled Metamaterial
Modulator

The basic principle of our THz SLM is based on an electronically controlled absorp-
tion coefficient in a metamaterial using embedded pHEMT devices as described
below. For a metamaterial designed with electric-LC (ELC) resonators [18, 19]
shown in Fig. 4.1a, the average permittivity, without factoring spatial dispersion,
can be expressed in a Drude-Lorentz form [20, 21]

N�.f / D �a

�
1 � Ff 2

f 2 � f 2
0 C i� f

�
(4.1)

where �a is the permittivity of the base substrate material (silicon nitride and GaAs
substrate), f0 is the resonant frequency in terms of its equivalent circuit parameters
[Fig. 4.1d], � is associated with the loss [RLOSS in Fig. 4.1d], and F is associated
with filing factor of the geometry of the unit cell.
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Fig. 4.1 Design and fabrication details. (a) Each metamaterial element is based on the electric-
LC (ELC) resonator, patterned using the top 2:1 �m thick gold metal. A pseudomorphic high-
electron mobility transistor (pHEMT) is placed underneath each split gap with their source and
drain connected to each side of the split gap. The gate-to-source/drain (VGS) controls the channel
charge (2-DEG) between the split gap, thus electronically controlling the resonance. (b) Shows
the physical representation of the circuit model LMM and CMM, along with the dimensions of the
metamaterial. (c) Close-up diagram of the split gap shows the placement of the HEMT device with
its drain and source connected to both ends of the split gap. (d) An equivalent circuit of the HEMT-
embedded metamaterial element, where the resistor-inductor (inside the dashed box) represents the
Drude model of the HEMT switch at the operating frequency of 0.45 THz when VGS D 0 V

4.2.1 Circuit Model for the Electric-Coupled LC (ELC)
Resonator

As shown in Fig. 4.1b, the ELC resonator is equivalent to two split-ring resonators
(SRRs) put together with a fundamental mode that couples strongly to a uniform
electric field linearly polarized perpendicular to the split gap, and negligibly to
a uniform magnetic field making it suitable for applications with incident THz
wave normal to the planar structure. The ELC resonator can be represented by an
equivalent RLC circuit as shown in Fig. 4.1d where in its simplest form, CMM is the
capacitor associated with the split gap of the ELC, LMM is the inductor associated
with the circulating current in the two symmetric loops as shown in Fig. 4.1a. And
RLOSS is the resistive loss of the metal (gold) for the circulating inductor current.
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The capacitor CMM, in its simplest form, can be expressed as CMM D �SiN3
A=s

where s and A are the gap width and surface area of the split gap, respectively, and
�SiN3

is the permitivity of silicon nitride. A more accurate form can be expressed
as [20]

CMM D �SiN3

2

�
ln

	
2˛

H

s



W (4.2)

where H and W are the height and width of the split gap as shown in Fig. 4.1a
and ˛ is a geometry dependent constant. It should be noted that this capacitance
calculation still has error in the value due to second order effects such as the
periphery and substrate effect. A more accurate expression of this capacitor can
be found in [20].

The inductor can be expressed in its first-order form as [20]

LMM D �0l

2�

�
ln

	
2l

b



C 1

2
C b

3l
C b2

24l2

�
(4.3)

where l is the length of the inductive loop and b is the width of the conducting
strip. This inductor is also a first-order calculation for demonstrating the principle.
Second-order effects such as mutual coupling between elements and spatial disper-
sion needs to be taken account for more accurate calculation.

When the pHEMT is “off” (VGS D �1 V), the values for LHEMT and RHEMT in
Fig. 4.1d are negligible and the resonant frequency f0 can be expressed in terms of
the equivalent circuit parameters as

f0 D 1

2�
p

LMMCMM
(4.4)

where CMM is the capacitance associated with the split gap of the metamaterial as
shown in the close-up drawing in Fig. 4.1c and LMM is the inductance associated
with the current loop in each half of the metamaterial loop. The damping factor � ,
related to the loss in the ELC, RLOSS, can be expressed as [20]

� D 1

2�

RLOSS

LMM
(4.5)

RLOSS can be approximated as [22]

RLOSS D l

�Pı
(4.6)

where l is the length of the conductor forming the inductive loop, � is the
conductivity of conductor, P is the perimeter of the cross-section of the conductor,
and ı is the skin depth of conductor at f0.
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The ELC usually does not exhibit a strongly dispersive permeability
( N�.f / � �0). Since the dispersion relation is complex, N�.f / D �1.f / C i�2.f /,
the absorbtion of the transmissive terahertz wave is directly proportional to the
imaginary part of the dispersion �2.f / and the maximum absorption occurs at the
resonant frequency f0 known as the anomalous dispersion [23].

4.2.2 Principle of Voltage Controlled Terahertz Wave
Modulator

The pHEMT is a standard device offered in the process, that is constructed using
pseudomorphic undoped InGaAs and a lightly doped schottky layer, 12.7 nm and
22.5 nm thick, respectively, creating a heterojunction. An equivalent heterojunction
is shown in Fig. 4.2a from [24].1 A very high-mobility 2DEG (�3000 cm2=V � s)
is formed at room temperature in the undoped In-GaAs channel layer as predicted
by the band diagram at the interface [24], enabling fast conduction even at THz
frequencies. The gate voltage with respect to the source (or drain), VGS, controls
the charge density in the 2-DEG layer between the split gap. Using the basic layer

Fig. 4.2 pHEMT heterostructure and energy band diagram. (a) Cross-section of a gate-length
planar pHEMT from [24] which is similar to the structure used in this work. (b) Computed
energy-band diagram of the planar doped AlGaAs/InGaAs/AlGaAs quantum well heterostructure
of the pHEMT that is used in this work. The band diagram is computed for VGS of 0 V and �1 V.
The conduction band discontinuity can be seen in the undoped InGaAs channel. For VGS D 0 V
the conduction band falls below the fermi level resulting in a high-mobility (�3000 cm2=V � s)
channel with a computed charge density of NS D 7:37 � 1012cm�2

1Due to reasons of confidentiality with the manufacturing vendor, the proprietary heterostructure
could not be published.
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information provided by the manufacturer, a 1-D Poisson solver [25] was used to
compute the band diagrams for VGS D 0 V and VGS D �1 V and the results are
shown in Fig. 4.2b. The conduction band discontinuity can be seen in the undoped
InGaAs channel which is responsible for creating a high-mobility channel for fast
conduction. For VGS D �1 V, the charge carriers in the 2-DEG is completely
depleted or the metamaterial is “on”. For VGS D 0 V, the conduction band falls
below the fermi level [Fig. 4.2b] resulting in a high-mobility (�3000 cm2=V � s)
channel with a computed charge density of NS D 7:37 � 1012 cm�2 or the
metamaterial is “off”.

When the pHEMT is “on” (VGS D 0 V), a high-mobility, two-dimensional
electron gas (2-DEG) channel is formed between the drain and the source of the
pHEMT which can be described by the Drude conductivity [26]

�2D.!/ D �0

1 C i!�
(4.7)

where �0 is the DC conductivity [Siemens/sq] given by the expression �0 D
e2NS�=m�. Here, e is the electron charge, NS is the two-dimensional carrier density
of the 2-DEG, � is the scattering or relaxation time, m� is the effective electron mass,
and ! the angular frequency of the incident time-varying field. The reader can refer
to the work by Chao et.al. [24] for a relation between carrier concentration and VGS.

This conductance can be represented as a series R-L structure (LHEMT; RHEMT) as
shown in Fig. 4.1d, that can be expressed as

LHEMT D �

�0

and; RHEMT D 1

�0

(4.8)

LHEMT is typically referred to as the kinetic inductance [27] and the RHEMT is the
DC resistance of the 2-DEG channel along with the resistance of the ohmic layer
connecting the pHEMT to the metamaterial split gap as shown in Fig. 4.1c.

In order to find the new resonant frequency f 0
0 and the damping frequency � 0 when

the pHEMT is “on” (e.g. VGS D 0 V), the circuit in Fig. 4.1d can be converted to a
single, parallel R-L-C circuit with elements RE; LE; CMM using series-parallel circuit
transformation [22]. After the transformation, the resonant and damping frequency
can be expressed as

f 0
0 D 1

2�
p

LECMM
(4.9)

� 0 D 2�.f 0
0/

2 LE

RE
(4.10)

For the device under consideration, f 0
0 � f0 and � 0 is dominated by the pHEMT

conductance and therefore, � 0 � � .
The principle of modulation can be demonstrated by plotting the imaginary part

of the dispersion equation (4.1) which is directly proportional to the absorbtion of
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Fig. 4.3 The absorbtion plot
[imaginary part of the
dispersion equation (4.1)] for
VGS D 0 V; f0 D 0:55 THz;

�e D 0:15 THz (green) and
VGS D �1 V; f0 D 0:5 THz;

�e D 0:025 THz (blue)

the electromagnetic wave transmitting through the metamaterial sample. For the
purpose of demonstration, we choose a some realistic values for VGS D �1 V W f0 D
0:5 THz; � D 0:025 THz and VGS D 0 V W f 0

0 D 0:55 THz; � 0 D 0:15 THz.
Figure 4.3 shows the absorbtion plot for our Drude-Lorentz model dispersion of
equation (4.1). As seen from the plot, the primary reason for the modulation is
due to the increase in the damping factor or loss in the ELC resonator due to
the conductance in the pHEMT that shunts the metamaterial capacitor CMM, thus
attenuating the transmissive terahertz wave and hence creating a terahertz modulator
at the resonant frequency of the metamaterial.

Because of the localized pHEMT in the split gap, the device has also been
demonstrated for fast modulation [16] (�10 MHz) that is capable of much higher
speed with proper design. Compared to other electrically controlled metamaterial
[6, 10], where the whole substrate is used to control the resonance, this device
offers element-level control that offers higher switching speed and offers future
opportunity of creating more exotic devices. One such exotic device platform is to
populate such amplitude modulator in an array to implement a terahertz spatial light
modulator (SLM) without any moving parts. A metamaterial based SLM also offers
the advantage of creating hyper-spectral imaging by creating arrays with different
frequencies [28].

4.3 Design and Fabrication

The metamaterial design was fabricated using a commercial GaAs process with
an active device that is a planar-doped pseudomorphic HEMT (pHEMT) based
on AlGaAs-InGaAs-AlGaAs quantum well heterostructure [24]. The technology
utilized for this study is primarily used for mobile phone applications and the
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Fig. 4.4 (a) A close-up microscope photograph of the metamaterial array near the pad. All the
gates of the HEMTs can be seen to be connected together to the pad shown in the picture. Similarly
the drain and sources are connected together to another pad (not in the picture). (b) 3-D drawing
of the cross-section of one of the split gaps with HEMT connected to the metamaterial split gap

THz metamaterial design was adapted for this technology. Based on the design
principle explained in the previous section, the metamaterial device is constructed
of a planar array of sub-wavelength-sized ELC resonators [18, 19] using the top
metal layer, 2:1 �m thick gold (Fig. 4.1a). Each unit cell consists of two single
rings butted together with their split gaps at the outside to accommodate design
rules specific to the implemented technology. A different metal layer forms the gate
of the device and is also used for connecting all the gates within the same row
as shown in Fig. 4.4a. A 0.176 �m thick ohmic layer, which is also utilized as a
routing layer, was primarily used for connecting the source and drain of the HEMT
to the metamaterial (Fig. 4.1c). The line width of the metamaterial is 4 �m and the
split gap is 3 �m. The metamaterial had the dimensions of 42 �m wide by 30 �m
in height. A periodic array of these unit cells as shown in Fig. 4.4a was fabricated,
with period of 55 �m�40 �m, and a total size of 2.0 � 2.6 mm2 with 2200 elements
total. Metamaterial elements were fabricated on a 100 �m thick semi-insulating (SI)
GaAs substrate.

A pHEMT lies underneath each of the split gaps of the metamaterial element,
(two per unit cell), as shown in cross-section in Fig. 4.4b. The gate length is
0:5 �m and has a width 5 �m for each device. The HEMT is constructed using
pseudomorphic undoped In-GaAs and a lightly doped Schottky layer, each 12.7 nm
thick, creating a heterojunction. A 2DEG is formed in the undoped In-GaAs channel
layer as predicted by the band diagram at the interface (Fig. 4.2b) [24]. Unlike
traditional FETs, this channel is formed in an intrinsic (undoped) crystal, resulting
in very high mobility (�3000 cm2=V � s) and charge density (7:37 � 1012 cm�2) at
room temperature, thus enabling fast conduction even at THz frequencies.

The gate voltage with respect to the source (or drain), VGS, controls the charge
density in the 2-DEG layer between the split gap and thus changing the resonant
frequency as explained in the previous section. When the metamaterial is “on”
(VGS D �1 V), the charge carriers in the 2-DEG is completely depleted resulting
in the metamaterial functioning at its designed resonant frequency (f0). And when
it is “off” (VGS D 0 V), the high-mobility channel is formed between the split gap
thus shifting the resonant frequency (f 0

0) as explained in the previous section.
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The same metal layer which is used to form each metamaterial is also used to
connect each element together within the same row as shown in Fig. 4.4. These
wires run perpendicular to the split gaps, and we polarize the electric field of
incident radiation perpendicular to the connecting wires which avoids the Drude-
like response documented in prior works [6]. At the perimeter of the device each
row is connected vertically using the ohmic layer and all elements are connected to
a single bond pad to provide DC bias voltage for the drain and source of the HEMT.
The gates for all HEMTs are connected in a similar fashion to a single bond pad
which provides the DC bias voltage for the gate (see Fig. 4.4).

The entire unit cell was modeled using a commercial finite difference time-
domain (FDTD) solver, CST’s Microwave Studio, in which the metamaterial was
designed to be resonant at 0.46 THz. The physical dimensions of the material layers
in the device were modeled as shown in Fig. 4.1b. The gold and ohmic layers were
modeled as lossy metals based on their respective DC conductivity values. For both
the n+ and Schottky semiconductor layers, we utilize a frequency dependent Drude
model for the conductivity. The 2DEG was simulated as a 2 nm thick Drude layer,
which enables an accurate modeling of the HEMT device in both the conductive
(“off” state) and the depleted (“on” state). This is representative of what occurs in
experiment by applying gate to source voltage (VGS) of 0 V (conductive) and �1 V
(depleted). This method allowed us to simulate the THz transmission of the device
for various DC biases.

4.4 Experimental Setup

A terahertz time-domain spectroscopy (THz-TDS), shown in Fig. 4.5, is used to
demonstrate and characterize the HEMT embedded metamaterial (MM) based
terahertz (THz) modulator. This setup is used to characterize the metamaterial
for DC-biased HEMTs. A detailed description of THz-TDS system is covered in
Sect. 3.3.1.

A 532 nm wavelength 4 W neodymium-doped yttrium aluminum garnet (YAG)
laser beam is used to pump the titanium sapphire (Ti-sapphire) ultrafast laser
that typically outputs a train of optical pulses centered about 800 nm wavelength
(�100 fs in duration), at a repetition rate that varies from 70 to 100 MHz. This
ultrafast pulsed laser is split into two different paths using a beam splitter. One
of the paths is focused onto a photoconductive substrate gap between the two
antenna arms fabricated on a GaAs substrate (Band gap of 1.42 eV = 874 nm).
This fast (70–100 MHz) periodic excitation causes generation of carriers which are
accelerated towards the antenna due to DC electric fields (typically DC bias voltage
of 16 V). The transit time of these carriers in high electric field causes picosecond
transient currents. These currents are made to radiate through antenna like structure
on either side of electrode, which radiates THz electromagnetic radiation where the
central emission frequency can be controlled by virtue of the antenna arms spacing
(�0:3 THz for 80 �m spacing), and ETHz.t/ is proportional to the time derivative of
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Fig. 4.5 Schematic of the terahertz time-domain spectroscopy (THz-TDS) setup used for charac-
terization of the DC-biased controlled metamaterial based terahertz modulator

the current density generated. This radiated broadband THz wave is collimated, to
be carried over a long distance, and focused through the sample, recollimated and
focused on to the detector.

The second path of the split pulsed laser is focused onto the photoconductive
substrate gap of the detector through a controllable delay stage. The detector is
sensitive to the incident THz electric field ETHz.t/ for time increments that are
much less than 1 ps, thus by scanning the delay line a measure of the ETHz.t/ as
a function of time can be accomplished where the Fourier transform of the time
signal calculates the frequency dependent complex electric field spectrum ETHz.f /.
The spectral resolution is inversely proportional to the length of the temporal scan.

On the detector side, a dipole antenna is used on top of a substrate material
with optically generated carriers that boast very short carrier lifetimes, such as
low temperature grown LT-GaAs, Er:GaAs nanoislands, or ion-implanted silicon-
on-sapphire (SOS) [29]. The antenna is unbiased and a current is generated by
combination of the photogenerated carriers which are accelerated by local THz
electric field vector. Due to the short carrier lifetime, the photocurrent can be written
as [30]

I.t/ D 1

T

Z T

0

ETHz.�/�.t C �/d� (4.11)

where T is the repetition rate of the laser source, �.t/ is the time dependent
conductivity relating the free carriers optically excited in the substrate. If �.t/
is a delta function the photocurrent will represent directly ETHz. This current is
passed to a pre-amplifier and lock-in amplifier and outputs a measured DC voltage



4.5 Results and Discussion 77

proportional to ETHz.t/. The reference signal for the lock-in signal comes from the
optical chopper for coherent detection of the DC signal and remove any DC offset
or low-frequency noise in the system as explained in Sect. 3.3.1.

4.5 Results and Discussion

4.5.1 THz Transmission with DC-Biased HEMT

The device was characterized using a THz-TDS as discussed in the previous section.
The incident time-domain THz electric field (Ei.t/) was polarized along the split
gap to drive the metamaterial elements into resonance. At the resonant frequency
of the metamaterial, (0.46 THz), the electric field is concentrated within the split
gaps of the metamaterial and is within the linear regime of the pHEMT device
owing to the low incident power used in experiments. The reference signal was
measured with the sample removed from the beam path in order to normalize the
data and calculate the absolute transmission. In Fig. 4.6a we show the transmitted
electric field as a function of frequency for different VGS values. For VGS less than
�1:0 V, the channel is completely depleted, and transmission shows a resonance at
0.46 THz. When the gate-to-source voltage is increased above �1:0 V, the channel
starts forming between the split gaps, and the metamaterial resonance begins to
diminish. At VGS D 0 V, when the channel is completely formed, shunting the
metamaterial split gap capacitor CMM (see Fig. 4.1d), effectively weakening the
metamaterial resonant response and hence making the metamaterial ineffective. It
can be seen in the transmission data (Fig. 4.6a) that the frequency response shows
no resonance at VGS D 0 V. The principle behind the THz modulation has been
detailed in Sect. 4.2. In order to emphasize the switching ability of the terahertz
metamaterial, we plot the differential transmission in Fig. 4.6b, defined as

Fig. 4.6 (a) Transmittance spectrum of the electric field as function of bias. (b) Differential
transmission of the electric field as defined in Eq. (4.12)
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�TVGS.!/ D TVGS.!/ � T0V.!/

T0 V.!/
(4.12)

The black curve of Fig. 4.6 is a so-called 100% line, and is two successive
transmission measurements divided by each other, both at VGS D 0. For a
differential transmission of VGS D �0:5 V, cyan curve of Fig. 4.6b, �T�0:5 V.!/

is relatively flat with deviations from 100% of about 10% or less. This minimum in
differential transmission is seen to increase for increasing VGS, until at VGS D �3:0

where a value of �T.!/ � 33% is observed, again at 0.46 THz.

4.5.2 Computational Investigation

In recent years there has been considerable interest in 2-DEG formation in HEMTs
as a potential candidate for far-field THz wave interaction [13, 14, 31–34].
A majority of these applications revolve around utilizing the 2DEG instability in
the HEMT channel. In this device the plasmon resonance resulting from the 2-DEG
instability does not play a roll. As such the parameter of interest for us is the near-
field frequency dependent conductivity �.!/ of the 2-DEG. The dynamic response
of the channel carriers can in many cases be described by the two-dimensional
Drude conductivity (Eq. (4.7)) [26, 27]. It was also shown in Eq. (4.8) that the real
and imaginary part of the conductivity can be represented as a series inductor and
resistor in an equivalent circuit model as shown in Fig. 4.1d. It can be observed
from Eq. (4.7) that for low frequencies, the conductivity is purely real and hence
the current is in phase with the electric field in the split gap, for frequencies near the
scattering time-constant both the real and imaginary part is half the DC conductivity
and the phase is 45ı. For much higher frequencies the conductivity asymptotically
approaches zero.

Modification of charge density in a true 2-DEG has no implications on the
capacitance of a metamaterial owing to its infinitesimal thickness. However,
the nature of our FDTD is inherently three-dimensional. Thus, if we simply change
the carrier density, this would falsely modify the capacitance of the metamaterial. In
order to approximate the two-dimensional charge density we restrict the real part
of the permittivity to be equal to epsilon infinity (12.9 �0 for GaAs) and allow
the imaginary part to be modeled by the Drude model. The resulting complex
permittivity can be expressed analytically as

�.!/ D �1 C i!2
p

!c=!

!2 C !2
c

(4.13)

where !c is the collision frequency and !p is the plasma frequency. The collision
frequency !c D 2�� 0.7 THz is calculated with the relation !c D e=m�� where �

is the mobility of the channel along with both e and m� the electron charge and
effective mass in GaAs. The plasma frequency relation is !2

p D e2Ns / �0m�d
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Fig. 4.7 (a) Differential transmission simulated for various 2-DEG carrier concentrations.
(b) A comparison of simulated and experimental differential transmission

where Ns is the two-dimensional carrier concentration and d is the simulated
model thickness of the channel layer. We sweep the carrier concentration (See
Fig. 4.7a) in simulation observing a full resonant metamaterial response with a
completely depleted channel (Ns D 0 cm�2) and a shorted response as the carrier
concentration increased to (Ns D 7:3 � 1012 cm�2). Comparing this simulation with
the experimental data shows excellent agreement (See Fig. 4.7b).

4.5.3 High Frequency THz Modulation

In Sect. 4.5.1 we demonstrated the ability to modulate the THz waveform by
adjusting the gate bias voltage of the HEMT with respect to the drain and
source (VGS). We now turn toward demonstration of high-speed dynamic mod-
ulation. The experimental setup used in Sect. 4.5.1 (Fig. 4.5) is only capable of
measuring steady state signal in the system. In order to measure the dynamic THz
modulation, the standard mechanical chopper used in system was replaced with our
HEMT/metamaterial modulator which serves the same function as the mechanical
chopper with the important distinction that now only a narrow band of frequencies
about the metamaterial resonance is modulated. The modified experimental setup
is shown in Fig. 4.8. Since the effective chopping is only for one frequency
(�0.46 THz), a complete scan will result in a sine wave of that frequency, which
is essentially the Fourier component of the THz pulse at 0.46 THz. Therefore, this
is in indirect but very powerful method to validate the real-time modulation of THz
wave.

In this experiment, a square-wave bias is applied to the gate of the HEMT with
respect to the source and drain, alternating between �1:1 V and 0 V. The same
square wave signal was applied to the reference input of the lock-in amplifier. After
collecting the entire time-domain THz signal we have a sampled signal which can
be expressed as:
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Fig. 4.8 Schematic of the terahertz time-domain spectroscopy (THz-TDS) setup for modulation
measurement. Instead of the optical chopper, the THz modulator is used as a frequency selective
modulator

Vout.t/ D ˛E0 cos.!0t/ (4.14)

where !0 is the resonant frequency of the metamaterial and ˛ is a proportionality
constant related to the parameters of the THz-TDS setup, such as the modulation
depth of the metamaterial, gain of pre-amplifier and the averaging time-constant
of the lock-in amplifier. The assumption that the metamaterial modulates only one
frequency is a simplification of the reality, whereas in reality, the metamaterial will
modulate a narrow band of frequencies depending on the quality-factor (Q) of the
resonance. Therefore, Eq. (4.14) will have the frequencies in that band with their
appropriate coefficients.

The time-domain signal Vout.t/ is plotted in Fig. 4.9a for three different modula-
tion frequencies, 100 kHz, 1 MHz, and 10 MHz. In Fig. 4.9b we plot the spectrum as
obtained from Fourier transforming the time-domain data plotted in Fig. 4.9a. It can
be seen that the peak of the spectrum lies at 0.46 THz indicating modulation of the
metamaterial resonance. Bandwidth of the spectrum remains relatively unchanged
between 100 kHz and 10 MHz, and the amplitude of the spectrum increases. At a
modulation rate of 10 MHz the bandwidth is observed to decrease a bit and the
amplitude falls off from values observed at 1 MHz. The spectrum amplitude has a
non-monotonic dependence as a function of frequency that can largely be attributed
to the THz-TDS setup itself. THz detection using photoconductive antennas (PCA)
has known limitations in THz-TDS at high frequency modulation as documented
in past work [35]. Contributions to the degradation of the spectrum amplitude
from the HEMT/metamaterial device should remain small as there is several orders
of magnitude separation between the gate-to-source modulated voltage and the
input noise voltage as reported in HEMT performance studies [36]. In both the
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Fig. 4.9 Experimental results from high-speed modulation. (a) Time-domain data from the THz-
TDS setup for modulation frequencies of 100 Hz, 1 MHz and 10 MHz. (b) Spectra calculated by
applying Fourier transform to the time-domain data

time-domain signal and the spectrum, the modulation amplitude falls off at higher
frequencies and, for this device, the limit is in the neighborhood of 10 MHz. We
attribute this as being primarily due to the parasitic capacitance and inductance in the
chip assembly and, importantly, not a limitation of either the HEMT or metamaterial
device.
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Chapter 5
A Terahertz Spatial Light Modulator
for Imaging Application

This chapter covers another case study of an all solid-state metamaterial based
terahertz (THz) spatial light modulator (SLM) using the HEMT embedded metama-
terial based modulator described previously. The motivation behind such a design
is first introduced followed by an introduction to single-pixel imaging. Then, the
design and assembly details of the spatial light modulator are discussed. The SLM
is demonstrated by raster scanning a 6�6 image of an occluded metal object behind
a thick polystyrene screen using a single-pixel THz imaging setup.

5.1 Introduction to Single-Pixel Imaging

In recent years, terahertz (THz) imaging has captured significant interest because
of its potential for wide range of applications such as bio-detection [1], security
screening [2], illicit drug detection [3], and skin cancer detection [4], to name a few.
In spite of the intense research activity, simple and low-cost THz imaging systems
are still not a reality. Unlike optical imaging, applying an isomorphic mapping of the
object on to a THz focal plane array is still a complex and expensive problem. The
primary reason for the difficulty is the lack of suitable materials for construction of
imaging devices in the terahertz regime (0.1–10 THz, � D 3 mm–30 �m), so-called
THz Gap [5]. Although real-time terahertz imaging has been demonstrated using
focal plane arrays [6, 7], they tend to have higher complexity and operational cost.
A different approach is becoming more practical for THz imagers where a single-
pixel detector is used instead and the incident THz wave is spatially modulated at
the image plane through a coded aperture based on an advanced signal processing
theory called compressed sensing (CS) [8, 9]. Such a system, which is relatively
compact and low-cost, is schematically illustrated and explained in Fig. 5.1.

The key to single-pixel imaging is to come up with a smallest set of coded
masks at the SLM plane, where the image is reconstructed from those encoded
single-pixel measurements [8–10] (for details, see Sect. 5.1). The electronically
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Fig. 5.1 Schematic of a compact and low-cost single-pixel THz imaging system. A difference
frequency terahertz (THz) source generates a continuous THz wave which is collimated using
focusing optics which illuminates an object that is focused on to a metamaterial based Spatial Light
Modulator (SLM). Using compressed sensing (CS) techniques, coded apertures are generated using
the electronically controlled SLM. The partially transmitted THz wave is then focused on to a THz
receiver antenna which measures the aggregate power of the incident THz wave. Computational
imaging approach is employed to reconstruct the image from coded aperture measurements

controlled SLM avoids any mechanical movements as in raster scan thus further
improving the speed of acquisition. Although compressed sensing (CS) techniques
reduce the number of scans significantly, multiple scans are still required for image
reconstruction. Therefore, it is critical for the SLM to have a high switching speed
with low-voltage operation that can preferably be integrated within a system-on-chip
(SoC) to achieve the speed, power and cost objective for such a system. Significant
amount of research effort has been focused in the area of spatial light modulators
(SLM) including SLMs based on digital micromirror devices (DMD) [11], micro-
electromechanical systems (MEMS) [12], liquid crystal on silicon (LCOS) [13],
and graphene-metal plasmonic antennas [14]. These devices perform well for
frequencies in the infrared (IR) to visible range and are lossy and incompatible for
THz frequencies. These devices can be used in THz SLM applications by creating
optical patterns on THz transmissive devices by a reflection geometry [10]. The
disadvantage of such a setup is higher complexity and cost.

Recent research has demonstrated THz SLMs using all-electronic dynamic
metamaterials used in single-pixel THz imaging systems [10, 15, 16]. These
dynamic metamaterial SLMs are electronically controlled by injecting charges or
depleting them in the bulk semiconductor substrate, which is an inherently slow
process due to the intrinsically large capacitance of what is essentially a large
bulk diode structure [15, 17, 18]. This results in a slow switching speed and large
dynamic power consumption. Moreover, in typical integrated circuit (IC) processes,
this large diode needs 15–50 V to completely deplete the charges. Finally, in such
bulk-bias system, on-chip circuits cannot be used making it incompatible with IC
integration.
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In this chapter, an all solid-state terahertz SLM is demonstrated. The SLM
is built from the metamaterial described in Chap. 4, electrically controlled using
pseudomorphic high-electron mobility transistor (pHEMT) that is embedded in
the split gap of each unit cell [19]. Using a high-speed transistor instead of a
bulk semiconductor for active electronic control, we achieve much higher speed
of modulation (�10 MHz) and consume much lower power.

5.1.1 A Brief Historical Perspective

The principle behind a single-pixel imager was first demonstrated by Golay in 1949
[21], as a method to achieve faster acquisition rate and higher signal-to-noise ratio
(SNR) for infrared (IR) spectrometry. In this remarkable work, he demonstrated
the use of modulating mask pattern to measure the spectral information in a
dispersive IR spectrometer. His work was way ahead of time when he realized the
importance of orthogonal binary digital codes more than two decades before digital
computers were to become standard equipment in many laboratories.

Some 20 years after Golay’s work, there was revival of his instrumentation
techniques but it was not until 1976, until the development of modern computer,
that the work by Swift et al. demonstrated the first single-pixel imager using
binary optical masks based on Hadamard transform [22], what is known today
as compressed sensing [8, 9]. The block diagram of that spectrometer is shown in
Fig. 5.2. As shown in the block diagram, this is a spatial spectrometer which captures
both spatial and spectral information. Therefore, there two sets of Hadamard masks
used in this spectrometer: first set at the entry of the spectrograph to decode the
spatial information and the second set at the dispersed plane where the spectral
information is dispersed on to a spatial plane. A detailed principle of the imaging
theory will be explained next.

Fig. 5.2 Block diagram of one of the first single-pixel imaging instrument to use binary optical
masks based on Hadamard transforms [20]
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Fig. 5.3 Schematic depiction of the single-pixel multiplex imaging process where the SLM is used
to spatial modulate N-pixel image with M-set of known masks and reconstruct the image from the
M single-pixel measurements

5.1.2 Imaging Theory

Typical single-pixel imaging setup involves a light source, imaging optics, a single-
pixel detector and a spatial light modulator (SLM) as illustrated in Fig. 5.3. Light
from an illuminated object is focused on to an SLM which, for binary encoding,
selectively passes light on to the single-pixel detector. A sequence (M) of known
patterns are displayed on the SLM and single measurements are taken using the
detector for each mask or coded aperture resulting in M sets of single-valued
measurements. Prior knowledge of these masks allows for the reconstruction of a
N-pixel image from M measurements. Significant research has been done since the
late 1970s in the field of signal processing and information theory to compress the
amount of measurements such that M � N.

The choice of the type of SLM is usually dependent on the type of the single-
pixel detector. For an imaging system with intensity based single-pixel detector,
binary masks that modulate the intensity are well suited. The field of compressed
sensing/imaging is mostly dominated by random and Hadamard based masks
[8, 9, 20]. Random binary masks are comprised of 1’s and 0’s determined by
standard random distributions such as Gaussian and Bernoulli. Typically, Hadamard
masks are square matrices comprised of (1, �1) where each row is orthogonal to all
other rows, but Hadamard matrices comprised of (�1, 0, 1) and (0, 1) are also used
and it is proven in [20] that the average mean square error for the best mask of
(0, 1) is about four times that for the best mask of (�1, 0, 1). Binary masks have
also been created using S-matrix, created by omitting the first row and column of
the corresponding normalized Hadamard matrix, substituting (�1, 1) with (1, 0).
Using of S-matrix was demonstrated in a terahertz single-pixel imaging experiment
in [10].

If we define a one- or two-dimensional image by a vector X with N-pixels, we do
a single measurement yj for each set of mask with N-elements, the measurements
can be expressed in a matrix form
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Y D ˚X (5.1)

where Y the column vector with M-elements representing the M measurements and
˚ is the M � N matrix representing the M N-element masks used to make the
measurements. For the trivial case of raster scanning the entire image, ˚ is an N �N
identity matrix. For a well-conditioned measurement matrix ˚ , the reconstructed
image X can simply be expressed in the matrix form

X D ˚�1Y (5.2)

Thus, utilizing this new sampling paradigm of compressed sensing (CS), an image
is reconstructed, with a bounded error, using fewer measurements than typically
needed for a given resolution determined by the Nyquist theorem (N) i.e., M < N
[23]. The underlying premise which makes CS possible is that most images of
interest are sparse in nature.

Even after decades of research, two major problems which still plaque single-
pixel compressive imaging: first, it is computationally very intensive due to its
inherent nature of being an NP-hard optimization problem; second, although the
number of measurements is greatly reduced, it is still a serial process making video-
rate imaging a great technical challenge. Next we look at few research works using
spatial light modulators for single-pixel terahertz imaging.

5.2 A Review of THz Spatial Light Modulators

Since the first demonstration of compressive imaging with single-pixel system, there
has been significant interest in extending the technology to larger wavelength in
the terahertz (THz) regime due to lack THz focal plane arrays. However, due to
lack of commercial solid-state spatial light modulators (SLM), early research on
THz single-pixel imaging had to resort to mechanically scanned apertures [2, 3,
24]. More recently, metamaterial based SLMs are showing promise in single-pixel
imaging [10, 15–17, 25, 26].

A single-pixel terahertz imaging setup using CW pumped high-resitivity silicon
(	-Si) as a spatial light modulator was demonstrated in [10], a schematic of the setup
shown in Fig. 5.4. As shown in the schematic, a collimated LED source is spatially
modulated with the desired coded masks using a commercial digital micro-mirror
device (DMD) and focused on to the 	-Si to create the THz SLM. The principle of
operation lies in the fact that CW pumped 	-Si behaves as THz modulator due to
free carrier generation and linear recombination in the semiconductor changing the
complex dielectric constant that can be described by the Drude model [27]

�.!/ D �1 � !2
p

!.! C i� /
(5.3)
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Fig. 5.4 Schematic of a single-pixel terahertz imaging setup using CW pumped high-resitivity
silicon as a spatial light modulator [10]

Fig. 5.5 (a), (b) Design and structure detail of the electronically controlled THz metamaterial
absorber based spatial light modulator (MMA-SLM) [25]. (a) Image of MMA-SLM as assembled
in chip carrier package. (b) Cross-sectional schematic view of a single pixel. (c) Schematic of a
THz compressive imaging setup using the SLM in (a), (b) [16]

A fundamental limitation of this technique is the carrier lifetime of 	-Si of � D
25 �s limits the switching speed to about 10 kHz. Moreover, the LED source, DMD,
and the optics to create the spatial CW pumping make the system complex and
expensive.

Figure 5.5a, b shows the SLM based on multi-resonant, electronically controlled
metamaterial absorber [25]. The overall SLM system architecture is shown
schematically in Fig. 5.5b and consists of metamaterial absorber pixels flip chip
bonded to a Silicon chip carrier with routing to bond pads which are wire-
bonded to a leadless chip carrier (LCC). The metamaterial absorber consists of two
metallic layers with a dielectric spacer lying in-between. The top metal layer is
patterned in order to respond resonantly to the electric component of an incident
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electromagnetic wave. A bottom ground plane layer is spaced relatively close to the
top layer, thus allowing the external magnetic field to couple, as shown in Fig. 5.5b.
The SLM was demonstrated in a single-pixel compressive imaging experiment
using a reflection geometry [16], a schematic of the setup shown in Fig. 5.5c. The
same SLM has also been used in recent works involving single-pixel quadrature
imaging [28] and frequency-division-multiplexed single-pixel imaging [29]. This
electrically controlled SLM is a great improvement over the optically pumped SLM
allowing for simpler and cheaper THz imagers. However, having to use a certain
height of dielectric to design for a desired resonant frequency for the absorber makes
the design very rigid and precludes the use of commercial foundry process where
the vertical dimensions are fixed. Additionally, reflection geometry imaging setups
add to the complexity and hence the cost.

One of the first electronically controlled, all solid-state terahertz SLM was
demonstrated by Chan et al. [15] in 2009 using an active metamaterial design
demonstrated earlier by Chen et al. [17] in 2006. As shown in Fig. 5.6b, c,
the modulator is based on the principle of shunting the metamaterial split gap
by injecting carrier in the substrate using an external bias voltage between the
metamaterial and the substrate. Figure 5.6a shows the SLM assembly of 4 � 4 array
of individual pixels. Each pixel is independently controlled by an external voltage
between the 1 � 1 mm2 Schottky electric pad and the ohmic contact. The SLM was
characterized in a transmissive geometry at 0.36 THz with modulating voltage of
16 V at switching speed of kilo-hertz. Although this work marked the beginning

Fig. 5.6 Schematic of a solid-state spatial light modulator for terahertz frequencies (0.36 THz).
(a) The terahertz SLM (not drawn to scale), a 4 � 4 array of individual pixels shown in (c).
(b) Substrate and the depletion region near the split gap of a single SRR, where the gray
scale indicates the free charge carrier density. (c) Each single pixel on the metamaterial based
terahertz SLM. A voltage bias (16 V) between the 1 � 1 mm2 Schottky electric pad and the ohmic
contact controls the substrate charge carrier density near the split gaps, tuning the strength of the
resonance [15]
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Fig. 5.7 Liquid Crystal (LC) Metamaterial Absorber (MMA) Spatial Light Modulator (SLM) for
THz Applications. (a) 3D cross-section schematic of the MMA array covered with LC. (b) Picture
of the MMA SLM device coated with LC. (c) Close-up of MMA unit cells [30]

of solid-state THz SLMs, there are few drawbacks associated with the bias voltage
being applied across the entire substrate. Biasing the entire substrate precludes it
from being used on systems-on-chip (SoC) applications, a main attraction of solid-
state SLMs. The switching speeds are slow due to the large associated capacitance
of the substrate and the switching voltage is high related to the breakdown voltage
of the substrate.

Although advances have been made in liquid crystal on silicon (LCOS) spatial
light modulator technology [13], there applications in terahertz have been limited.
More recently, metamaterial absorbers embedded in liquid crystals were demon-
strated in reflection geometry as terahertz spatial light modulators [30], Fig. 5.7.
As shown in Fig. 5.7a, the liquid crystal (LC) forms the dielectric in the split
gap of the resonator. By applying a bias voltage and thus electric field across the
LC, the polarization of the LC is changed which in turn changes the resonant
frequency of the absorber, resulting in voltage controlled modulation. This work
showed the viability of using a liquid crystal with metamaterial absorbers with
results of 75% modulation depth at 3.76 THz. Although promising, the use of 15 V
switching voltage, modulation speeds of only 1 kHz and �70% signal absorbtion
are significant drawbacks of the technology to make it a serious contender for
THz SLM.

In the next sections we detail the design and characterization of a terahertz SLM
that aims to solve some the major problems stated in the previous works.

5.3 Spatial Light Modulator Design and Assembly

The basic principle of constructing a terahertz SLM is an array of terahertz
devices that can independently modulate the transmission (or reflection) of terahertz
wave at their respective array positions, thus spatially modulating the transmissive
(or reflective) wave front.
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Fig. 5.8 SLM design and assembly details. (a) The terahertz SLM is a 2 � 2 array of individual
pixels in (b). Each pixel is independently controlled by an external voltage source VGS�i;j (0–1 V)
to control the transmission of the incident THz wave. (b) Each single pixel on the terahertz SLM
contains a 1 � 1:3 mm2, 551 element array of metamaterial ELCs. These elements are connected
together with metal wires and the gates are all connected in a separate metal layer to serve as the
source and gate connection of the pHEMTs, respectively. An external voltage bias VGS controls the
charge carrier density near the split gaps, tuning the strength of the resonance. (c) Experimental
configuration for THz transmission imaging through the SLM. The SLM is placed at the image
plane to spatially modulate the transmissive wave front

The terahertz modulator described in Sect. 4.2 is used to construct the SLM. This
metamaterial consists of a planar array of sub-wavelength-sized electric-LC (ELC)
resonators fabricated using a matured commercial GaAs technology [see Figs. 4.1a
and 5.8b], operating at room temperature using a low supply voltage (1 V), and
consuming less than 1 mW of power.

The principle of modulation is based on electrical control of the metamaterial
resonance (0.46 THz), which in turn changes the damping factor of the Drude-
Lorentz form of effective permittivity for the metamaterial. The control of the
metamaterial resonance is realized by changing the channel carrier density of
pseudomorphic high-electron mobility transistors (pHEMTs) that are embedded in
each of the split gaps of the metamaterial elements, which in turn changes the loss at
the capacitive split gaps and therefore the oscillator strength of all of the individual
ELC elements within a pixel. Because of the localized pHEMT in the split gap, the
device has been demonstrated for fast modulation [19] (�10 MHz) that is capable
of much higher speed with proper design. Compared to other electrically controlled
metamaterial [17, 31], where the whole substrate is used to control the resonance,
this device offers element-level control that offers higher switching speed and offers
future opportunity of creating more exotic devices. A metamaterial based SLM also
offers the advantage of creating hyper-spectral imaging by creating arrays with
different frequencies [25]. A detailed description of the metamaterial design can
be found in Sect. 4.2. Figure 5.9 shows close-up pictures of the metamaterial device
at various magnification ratio.
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Fig. 5.9 (a) Close-up picture of the SLM assembly on a Hi-res silicon that is mounted on PCB
and wire bonded to copper traces on the PCB. (b) Magnified picture of one the dies in the region
shown in the yellow box in (a) below (c) Magnified picture of the die near a pad showing all
the drain/source connection and all the gates connected to the pad. (d) A SEM picture of the
metamaterial structure

To demonstrate the terahertz SLM, a 2 � 2 pixel device was constructed, where
each pixel is 1:0�1:3 mm2 with 551 elements with an active area of 0:88�1:12 mm2

for each pixel as shown in Fig. 5.8b. The 2 � 2 array is die-attached (only at
the corners) to a high-resistive silicon (	-Si) substrate that is mounted on an
FR-4 based PCB with a hole underneath the 	-Si to allow THz transmission as
shown in Fig. 5.8a. Figures 5.9a and 5.12 show the SLM and printed circuit board
(PCB) assembly. All the gates of the HEMTs for each pixel are connected to a
100 �m � 100 �m bond pad and all the metamaterials for each pixel are connected
to a separate bond pad which provides the DC bias for the drain/source connection.
These bond pads are bonded out to the test circuit board such that each pixel can be
biased (VGS) independently thus enabling a 2 � 2 electrically controlled terahertz
SLM. Figures 5.10 and 5.11 show the architecture and circuitry for electronic
control of the SLM. Figure 5.8c illustrates the experimental configuration of the
SLM with respect to the focal point and the image plane of the imaging optics of
the setup shown in Fig. 5.13. The SLM is placed at the image plane to be able to
spatially modulate the wave front.

Please note that the 2�2 size of the SLM is purely a limitation for reasons of cost
and assembly logistics. The cost of fabrication limited our die size to 1:0 � 1:3 mm2

and the SLM assembly of 2 � 2 array enabled a simpler assembly process. Using
this technology, an independently controlled array of an arbitrary size can be easily
implemented, only limited by the yield of the fabrication technology.
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Fig. 5.10 A top level view of the circuit architecture to control the SLM

Fig. 5.11 Details of the circuit, including the part numbers and the values, used to control one of
the SLM’s pixels
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Fig. 5.12 (a) The main printed circuited board (PCB) for electronic control of the SLM that is
mounted using a detachable PCB in the middle. (b) The underside of the detachable PCB is shown
with the 2 � 2 SLM tile mounted on a Hi-Res silicon. (c) The SLM position in the experimental
setup is shown with respect to the THz receiver and the off-axis parabolic mirror (OAPM)

Fig. 5.13 Experimental setup for terahertz characterization and imaging. Schematic diagram of
the continuous-wave (cw) terahertz setup for characterizing the metamaterial SLM. The magnified
picture of the metamaterial is shown in the inset and the yellow overlay shows the geometry of each
unit cell. A fiber-coupled photo-conductive antenna generates the THz wave from laser beat signal
that is collimated and focused by a pair of Off-Axis Parabolic Mirrors (OAPMs). The object, an
aluminum metal cross on a 3.5 mm thick polystyrene screen is placed in the path of the collimated
beam. The metamaterial SLM is placed 15 mm away from the focal point and the single-pixel
THz detector is placed right behind the SLM. The receiver photocurrent is first amplified by a
programmable gain amplifier (PGA) and then lock-in detected by a custom FPGA [32]
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5.4 Circuit Design for Electronic Control of the SLM

Figure 5.10 shows the top level architecture of the circuit to electronically control
the SLM. The VGS of all the embedded HEMTs in a pixel is controlled by an
identical circuit. The VGS of all the HEMTs are represented by one device in the
figure essentially all schottky diodes in parallel. The VGS is switched between 0 V
and �1 V using the MOSFET MS and the pull-up resistor RP. In order to switch
“on” a pixel (VGS D �1 V), the MOSFET MS for that particular pixel is switched
off which pulls drain/source of the HEMTs to Vdd (1 V) and to switch “off” the
pixel (VGS D 0 V), the MOSFET is turned on and the drain/source of the HEMTs
are pulled down to ground. The gate of the MOSFETS are driven by an isolated
switch to eliminate any ground noise from the switching side since that is controlled
by the computer through long wires creating lot of ground bounce. The details of
the control circuit are shown in the next figure.

Figure 5.11 shows the details of the circuit, including the part numbers and
the values, used to control one of the SLM’s pixels. All the HEMTs of a pixel
are represented by the schottky diode DGS. The zener diode Z1 and capacitor C1
are used to filter any large transients during the switching to avoid damaging the
HEMTs. M1 and R1 are used to switch the VGS of the HEMTs as explained in
the previous figure. Capacitor C1 and C2 are used to filter any noise on the 1 V
supply. D1 is for protection against wrong polarity. R2 and C4 are used to filter large
transients at the gate of the MOSFET. C5, C6, and D2 are used to filter and protect
the 5 V supply on the board. IC1 (Analog Devices ADUM3221A) is transformer
based isolated switch that blocks any noise in the switch (S1) side since typically
that is a noisy domain. Switch S1 is connected to the PCB board via a long wire
since this is remote to where the metamaterial SLM is placed. Therefore, R3, R4,
C9, and D4 are used to eliminate the large transients and smooth the transitions. C7,
C8, and D4 are used to filter the noise and protect the 3 V supply used to power the
switching side of the isolator.

Figure 5.12 shows the PCB design for the electronic control of the SLM.
Figure 5.12a shows the mounted PCB with all electronics (except for the switches)
for controlling the SLM pixels. In the middle of the PCB is the daughter card with
the SLM pixels which is mounted on a high-resistivity (Hi-res) silicon substrate
with a hole in the PCB for THz transmission tests. The power supplies are well
grounded and shielded for noise immunity. Figure 5.12b shows the back side of the
daughter card showing the SLM assembly on a Hi-res silicon. The four metamaterial
dies are attached using a high-viscosity die attach to avoid any material in between
the metamaterial and the Hi-Res silicon. The drain/source and the gate connections
for the bond pads are wire bonded to the PCB which is electrically connected
to the right-angle pins that is used to insert the daughter card in the main PCB.
Figure 5.12c shows the picture of the setup near the THz receiver. It can be seen
from the picture that the receiver is placed right behind the SLM as single-pixel
detector.
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5.5 Experimental Setup for Terahertz Characterization
and Imaging

A schematic of the THz imaging and characterization system is shown in Fig. 5.13.
The terahertz SLM is characterized in transmission mode using a commercial
continuous-wave (cw) THz spectroscopy system, TeraScan 1550 by Toptica Pho-
tonics (http://www.toptica.com, 2015). The cw terahertz spectrometer generates
linearly polarized THz frequency from 60 GHz to 1.2 THz using a pair of tuned
lasers (1546 and 1550 nm). The temperature controlled beat frequency is fiber-
coupled to a InGaAs photo-diode with a bow-tie antenna which is bias modulated
(˙1.2 V) at 7.629 kHz.

The THz imaging optics consist of two 76.2 mm diameter 90ı off-axis parabolic
mirrors (OAPMs) each with an effective focal length of fL D 152:2 mm. The
source-side OAPM is fL from the source and back-illuminates the object a distance
200 mm away. The second OAPM, a distance 800 mm from the object, focuses on
the radiation and forms a conjugate image on the SLM 167.2 mm away. The system
has an overall magnification of 0.24, mapping a 35 mm diameter object to 8.4 mm.
Please note, the correct image plane is 184 mm away from the second OAPM
with an overall magnification ratio of approximately 0.5. Given limited Signal-to-
Noise Ratio (SNR), acquiring image with adequate fidelity at the image plane was
challenging.

The choice of our SLM location was based on the optimum SNR vs. resolution.
The THz detector (fiber-coupled InGaAs photo-mixer) is placed right behind the
SLM to measure the aggregate THz radiation power passing through the SLM. Since
the diameter of receiver’s semi-hemispherical silicon lens is approximately the size
of the SLM, we avoid the second set of optics to give us better fidelity i.e. SNR.
The SLM orientated such that the linearly polarized electric field of the THz wave
is across the split gaps of the metamaterial elements. The detected photocurrent is
pre-amplified using a programmable gain amplifier (PGA) and then lock-in detected
(� D 620 ms) using Toptica’s proprietary FPGA module. The detected photocurrent
Iph can be expressed as Iph / ETHz cos.��/ [33] where ETHz is the amplitude of
the terahertz electric field and �� is the phase difference between the terahertz
wave and the laser beat signal at the detector. Therefore, the detected photocurrent
Iph oscillates with the THz frequency with the period set by the length of the
terahertz beam. The frequency response of a sample is calculated by measuring the
envelope of the oscillating Iph. The oscillating period limits the frequency resolution,
which was �0.2 GHz for our setup. The basic principle and working of cw-THz
spectroscopy is covered in Sect. 3.3.2.

For proof of concept, a 15 mm wide aluminum cross placed on a 3.5 mm thick
polystyrene screen was imaged. The polystyrene screen is opaque to visible light
but transparent to 0.45 THz. The object was raster scanned 3 � 3 with a step size of
15 mm and for each raster position the SLM scans a 2 � 2 image resulting in 6 � 6

image size with 7.5 mm physical resolution.

http://www.toptica.com
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5.6 Results and Discussions

5.6.1 Terahertz Characterization of the Spatial Light
Modulator

The spatial light modulator (SLM) was characterized and single pixel THz imaging
was performed in a transmission geometry using the experimental apparatus
described in the previous section (Sect. 5.5, Fig. 5.13). All the characterization was
done without the object, with the SLM and the detector placed at the focal point of
the OAPM for maximum signal-to-noise ratio (SNR).

Figure 5.14a shows the transmission spectra using the envelope of the detected
photocurrent as each of the four pixels is turned “on”(VGS�i;j D �1 V) and

Fig. 5.14 Characterization of the THz spatial light modulator (SLM). (a) Transmission spectra
(447–455 GHz) of the SLM by measuring the envelope of the detected photocurrent Iph as each
pixel is switched “on” sequentially. (b) Table of gate-to-source voltage VGS for each pixel of the
SLM to have 0, 1, 2, 3, or 4 active (VGS D �1 V) pixels used in the SLM characterization in (a),
(c) and also in the imaging experiment (result shown in Fig. 5.15). The last column tabulates the
detector photocurrent at 450.2 GHz extracted from the spectral data in (a) demonstrating a total
amplitude modulation of 36% (1.62 nA) with an average of 9% (0.41 nA) modulation depth for
each pixel. (c) The differential transmission spectra (�Iph) with reference spectra of maximum
transmission, i.e. all the metamaterials are “off” (Iph(VGS D 0 V for all MM)). (d) Real-time
detected photocurrent at 450.2 GHz [32]
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“off”(VGS�i;j D 0 V) sequentially in a clockwise or anti-clockwise direction where
i and j correspond to the row and column, respectively, as shown in Fig. 5.8a.

Figure 5.14b tabulates the gate-to-source voltage (VGS) for each pixel of the
SLM, used to sequentially turn “on” or “off” each pixel for the SLM characterization
and imaging as well. The spectra for each SLM configuration is result of a
frequency scan from 447 GHz to 455 GHz with a step size of 0.005 GHz and lock-
in time-constant of 620 ms. The last column in Fig. 5.14b tabulates the extracted
photocurrent from the transmission spectra at f D 450:2 GHz. Between all 4 pixels
“on” and “off,” an amplitude modulation depth of 36% (1.62 nA) is measured
and an average of 9% (0.41 nA) modulation depth for each pixel at the designed
resonant frequency of 0.45 THz. In order to emphasize the spatial modulation near
the resonant frequency, the modulation spectra for each pixel is plotted relative to a
reference.

Figure 5.14c shows the differential transmission spectra extracted from the data
in Fig. 5.14a. The reference for the differential spectra is when the SLM transmis-
sion is maximum, i.e. all the metamaterials are “off” (Iph_ref.f / D Iph.f /[VGS D 0 V
for all MM]). Then for each SLM configuration the differential spectra is expressed
as �IphN.f / D IphN.f / � Iph_ref.f / where N denotes one of the four pixels.

Figure 5.14d shows the real-time SLM response to a continuous THz wave of
0.45 THz, further demonstrating the SLM action.

5.6.2 Single-Pixel Terahertz Imaging

Single pixel imaging experiments were performed using the experimental setup
described in the previous section (Sect. 5.5, Fig. 5.13). For proof of concept, an
aluminum cross placed behind a 3.5 mm thick polystyrene screen [See inset in
Fig. 5.15a] was imaged. Polystyrene is opaque to visible light but transparent to
0.45 THz, thus an ideal setup for demonstrating THz imaging. For the imaging
setup, the spatial resolution that can be resolved at the object plane by a single SLM
pixel is approximately 7:5 mm � 7:5 mm. An aluminum cross with an arm width of
15 mm and a length of 45 mm was used, as illustrated in Fig. 5.15c, so the whole
object can be resolved with high certainty using a 6 � 6 image size. Since the SLM
array is only 2 � 2, the object was raster scanned 3 steps across and 3 steps down
with a 15 mm step size. For each step, the SLM was used to scan 2 � 2 pixels for
that position thus resulting in a 6 � 6 image with a resolution of 7:5 mm � 7:5 mm.
It should be emphasized again that the 2 � 2 size of the SLM is due to reasons of
cost and assembly logistics. Raster scanning would not have been necessary if we
had implemented a 6 � 6 array of SLM.

To achieve maximum signal-to-noise ratio (SNR), each pixel involves four mea-
surements; two for reference differential photocurrent, �IphN_ref D IphN_ref.VGS D
0 V/ � IphN_ref.VGS D �1 V/, where the photocurrents are measured with only the
polystyrene screen without the metal cross and, two for the differential photocurrent
with the metal cross behind the polystyrene screen, �IphN D IphN_OFF.VGS D
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Fig. 5.15 Single-pixel terahertz imaging. (a) Differential lock-in current (�IphN) as each pixel is
turned “on” and “off” for all 36 pixels. Inset of the scanned object: aluminum metal cross of width
15 mm on a 3.5 mm thick polystyrene screen. The linearly polarized field of the THz transmitter
is shown with respect to the object. (b) Normalized differential lock-in current (�IphN_norm) where
each pixel is normalized to its reference differential lock-in current �IphN_ref. Inset shows �IphN_ref

for each of the four pixels. (c) �IphN_norm is displayed as 6 � 6 gray scale image with a physical
resolution of 7.5 mm. (d) Histogram of �IphN_norm. Twenty pixels (object) with �IphN_norm < 0:78

shown with the vertical dashed line. Inset: A binary image is created using the histogram data with
a threshold value of �IphN_norm D 0:78 [32]

0 V/ � IphN_ON.VGS D �1 V/, for the Nth pixel. Then, the measured differential
photocurrent (�IphN) is normalized with respect to the reference differential pho-
tocurrent (�IphN_ref), which can be expressed as �IphN_norm D �IphN=�IphN_ref. For
each measurement, the frequency was scanned from 450.025 GHz to 450.25 GHz
and the peak-to-peak value of the lock-in photocurrent was recorded. This was
done to remove any phase information in the measurement. In order to save time,
�IphN_ref was measured only once for the 4 SLM pixels assuming it doesn’t change
significantly during the raster scan.

Figure 5.15a displays the differential photocurrent (�IphN) for each of the 36
scanned pixels. The normalized differential photocurrent (�IphN_norm) is plotted
in Fig. 5.15b. The reference differential photocurrent (�IphN_ref) for each of the 4
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SLM pixel is tabulated in the inset of Fig. 5.15b. Note, the maximum value of the
normalized differential current is greater than one due to drifts in measurements
from one scan to scan to another, a source of noise as well.

In order to get a spatial view of the normalized differential photocurrent
�IphN_norm, it is displayed as a gray scale image in Fig. 5.15c. The row and column
index of Fig. 5.15c is related to the pixel number in Fig. 5.15a and b by the
expression 6 � i C j C 1, where i and j are the row and column index of Fig. 5.15c,
respectively. The low fidelity in the image quality is primarily due to the noise in the
system. As mentioned in the previous section (Sect. 5.5), the SLM and the detector
are placed closer to the focal point for measurable signal-to-noise ratio (SNR) at the
expense of lower resolution further lowering the fidelity of the image. One way to
remove the noise in bi-modal distributed pixels is to create a binary image based on
a threshold that is mid way between the two modes of distribution. The histogram of
�IphN_norm is shown in Fig. 5.15c. Since the two distributions (for the object and the
polystyrene screen) are very close to each other due to higher noise in the system,
the threshold was chosen based on the a priori knowledge of the object.

Since the object (aluminum cross) should be composed of 20 pixels, the threshold
was chosen at the 20th “darkest” pixel, �IphN_norm D 0:78. Based on this threshold
value, a binary image was created as shown in inset of Fig. 5.15d. From the binary
image, it can be seen that the aluminum cross placed behind the thick polystyrene
screen, which is opaque for visible light, is identified using the single pixel THz
imaging setup, demonstrating the viability for security screening, one of many
potential applications of THz imaging.
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Chapter 6
A Terahertz Focal Plane Array Using
Metamaterials in a CMOS Process

Metamaterial research has seen some unprecedented growth in the last two decades.
Yet, compact and low-cost metamaterial devices are still infancy. Implementing the
designs in a CMOS process will be a right step towards that goal although a huge
engineering challenge. In this chapter, a method to implement a metamaterial based
terahertz detector is demonstrated. A combination of electromagnetic and circuit
simulations shows the viability of such a design, with the hope of serving as a
reference for metamaterial designers who are interested in using the CMOS process.

6.1 Introduction

As mentioned in Chap. 5, there has been a significant interest in terahertz (THz)
imaging because of its potential for wide range of applications [1–4]. Due to the
difficulty in building THz focal plane array (FPA) detectors, a single-pixel imaging
method was demonstrated in Chap. 5. Although compressed sensing (CS) [5, 6]
techniques can be employed to speed up the frame rate, it is still a slow process
due to calorimetric detection that are thermal-time-constant limited. Moreover,
incoherent THz power detectors have primarily relied on specialized process
technologies for the fabrication of Schottky diodes [7], or bolometers [8], making
it difficult to mass produce them at lower manufacturing cost.

Complementary metal-oxide semiconductor (CMOS) process technologies are
still the choice for low-cost high volume applications. They also provide the
option to build highly integrable supporting circuits that allow complex electronics
systems to be built on the same substrate as the sensor. Therefore it is a natural desire
to implement terahertz technologies in CMOS to commercialize this emerging
technology and make it available to the masses. But THz detection using CMOS
has been limited to below 300 GHz due to lack of suitable low-noise amplifiers [9].
BiCMOS technologies have been developed with integration of silicon Schottky
diodes with cut-off frequencies higher than 1 THz [7, 10].
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Visible light digital cameras have been implemented in conventional CMOS
process technologies with excellent performance [11], resulting in a massive
commercialization of such cameras with 5+ Mega-pixel cameras as a standard
feature even in low-cost mobile phones. However, long wavelength terahertz elec-
tromagnetic waves lack the energy for band-gap transition in CMOS technologies.
Power detectors using field-effect transistors (FETs) as square law devices have
been used for many years [12, 13], but have been limited to lower microwave
frequencies because of low electron mobility and channel resistance, especially in
CMOS technologies. In recent years, FETs have been used as terahertz detectors
[14, 15], explained as non-resonant response to plasma-wave excitation of a 2D
electron gas [16], but their room temperature sensitivity is still questionable for
commercial application.

The first fully integrated CMOS focal plane array operating at 600 GHz was
demonstrated using the principle of distributive resistive self-mixing [17, 18]. This
principle allows FET power detection of frequencies well above the device cutoff
frequency (fT). The authors demonstrated the principle by implementing a 3 � 5

pixel CMOS FPA in a 0.25 �m NMOS technology using an on-chip patch antenna
as broadband receive antenna for each pixel.

Using the same principle to detect THz waves, a focal plane array (FPA) using
metamaterials as the receive antenna is demonstrated in this chapter. The use of
metamaterials allows for frequency selective pixels and since the unit cells are sub-
wavelength in size, multiple resonant frequency metamaterials can be packed into
each pixel allowing for pseudo-color THz imaging providing spectral information
of the imaged objects.

6.2 A 0.18 �m CMOS Foundry Process Technology

The decision to use a certain CMOS technology is primarily related to performance
and cost. The newer and finer technologies offer significant performance advantage
at higher cost. A useful frequency range for THz imaging is 230–360 GHz.
A 0.18 �m CMOS foundry process is a very low-cost process due to its age and
maturity. Therefore, designing a THz FPA in the frequency range of 230–360 GHz
using a 0.18 �m CMOS foundry process is a very desirable device.

The conductive layer and inter-layer dielectric thickness are shown in Fig. 6.1a
for a typical 0.18 �m CMOS process. It has five to six metal layers for connectivity
and the top metal layer is typically a thick layer (e.g. 2 �m) which is used to
design the metamaterial for smaller loss and it’s the first layer after the passivation.
Figure 6.1b shows the cross-section of the FET devices along with the metal layers.
At the very bottom is a 500 �m thick p-type silicon substrate which is opaque to
the terahertz frequencies of operation. Therefore, this technology cannot be used
for any terahertz transmissive designs.
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Fig. 6.1 (a) Conductive film and inter-layer dielectric thickness for a 0.18 �m CMOS foundry
process. (b) Cross-section view of the layers with FET. (Not drawn to scale)

Table 6.1 Properties of the
CMOS materials used for
electromagnetic simulations

Material Unit Value

p-Si substrate relative permitivity 11.9

p-Si substrate conductivity S/m 7.41

Si02 Conductivity S/m 0.00

Si02 relative permitivity 4.10

Si02 Dielectric loss tangent 0.00–0.001

Polymide relative permitivity 3.4

Polymide loss tangent 0.00–0.001

All dielectrics relative permeability 1.00

NFETs are formed in the p-type substrate within a p-well. For isolating active
devices, shallow trench isolation (STI) is used everywhere except the active areas
(RX in Fig. 6.1b). From various flavors of FETs available, a minimum length and
width standard NFET device should be used for the terahertz detection. The standard
NFET device operates at 1.8 V, has an effective gate thickness of 3.5 nm (Cox D
7:9 fF=�m2), minimum drawn length of 0.18 �m, threshold voltage Vth � 355 mV
and mobility �n � 400 cm2=V � s.

The electromagnetic properties of the CMOS materials for simulating the
metamaterials are tabulated in Table 6.1. In a foundry process, all the vertical
dimensions are fixed in a given process and design rules are set for minimum width
and spacing for metal and active layers, among numerous other design rules. Most
foundry processes use chemo-mechanical polishing (CMP) to flatten uneven oxide
layer after each metal and oxide deposition. This imposes design rules on having
minimum density for each metal layers which is typically about 30% for all the
metal layers. This introduces challenges in metamaterial designs since we cannot
have empty areas underneath the metamaterials.
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6.3 Principle of Resistive Self-Mixing Detection

In order to get an intuitive feel of the resistive self-mixing principle, the reader is
encouraged to see the quasi-static analysis of FET square law detector by Ojefors
et al. in [18].

For input frequencies well above the transit frequency, the non-quasi-static
(NQS) analysis with a distributed RC model of the FET channel needs to be
considered as shown in Fig. 6.2. Each segment resembles a quasi-static self-mixing
detector [18], where the transistor is replaced by the segment conductance gn�1.v/

and the external Cgd;ext is provided by Cn. Kirchoff’s junction rule at node n yields

ig;n�1 � ig;n D iC;n (6.1)

This equation is equivalent to

gn�1.vn�1 � vn/ � gn.vn � vnC1/ D Cn
d

dt
.vn/ (6.2)

Fig. 6.2 Non Quasi-static (NQS) analysis of self-mixing. The NQS model with distributed gate-
channel capacitance Cn is shown on the left. On the right, numerical solution of the time and
position dependent gate-to-channel voltage v.x; t/ described by Eq. (6.5) for a 0.25 �m device
excited at the source-gate junction with a small 600 GHz signal is shown [18]
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where each conductance gn can be further expressed by a conductivity per unit
length G.v.x; t//, which depends on the local gate-to-channel voltage v.x; t/ and
the segment length �x as follows:

gn D G.v.n�x; t//

�x
(6.3)

Similarly, the individual segment capacitors can be expressed as

Cn D CoxW�x (6.4)

where Cox is the gate capacitance per unit area and W is the width of the device.
After combining Eqs. (6.2)–(6.4), and reducing the difference equation to a partial
differential equation, for strong inversion it can be shown as [18]

@

@x

�
� .v.x; t/ � Vth/

@v.x; t/

@x

�
D @

@t
v.x; t/ (6.5)

It can be seen from Eq. (6.5), the NQS response is only dependent on the carrier
mobility � and the bias voltage Vg � Vth. The NQS self-mixing response can be
obtained by solving Eq. (6.5) with the following boundary conditions:

v.0; t/ D VRF sin !t C Vg (6.6)

v.L; t/ D Vg (6.7)

Figure 6.2 shows a 600 GHz numerical solution of Eq. (6.5) for the normalized
gate-to-channel voltage v.x; t/ in a 0.25 �m NMOS device as reported in [18].
The initially applied voltage propagates through the channel from the source (left)
towards the drain (right) while it exhibits an exponential damping. After 0.1 �m,
the signal is heavily attenuated, and the channel has essentially reached the drain
potential. Hence, efficient resistive mixing takes place close to the source while the
rest of the device acts as distributed capacitance Cgd and parasitic series resistance.
This allows a long-channel device to be used for direct power detection even at
terahertz frequencies. Distributed resistive self-mixing confines the mixing action
to a much smaller section of the transistor and charges do not need to propagate
through the entire length of the device. However, it is expected that the use of
a shorter device will improve the detection performance as the thermal noise
contribution from the non-modulated part of the channel is reduced. A shorter device
implemented in a more advanced process technology is also likely to have smaller
parasitic substrate capacitances, thus increasing the responsivity.
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6.4 Metamaterial Based Terahertz CMOS Detector Design

6.4.1 Terahertz Detection Using Source-Driven Self-Mixing
Architecture

In the previous section we described the terahertz detection principle using a gate
and drain driven circuit topology. The same result can be achieved by driving the
source end, with the gate and drain as virtual ground. The advantage of this method
is its broadband nature and architecturally suits well for terahertz detection with
metamaterials.

Figure 6.3 shows a simplified circuit schematic of a terahertz detector using
source-driven distributive self-mixing. In contrast to the gate-drain coupling
approach used in the previous section, the RF power from the metamaterial is
provided to the source terminals of the two NMOS transistors NM1 and NM2 in
the present design. The gate and drain terminals of the transistors are connected to
DC bias voltages, thus creating virtual grounds for the RF voltage. In a balanced
configuration, half of the terahertz signal generated by the metamaterial split gap
appears as a voltage across the gate-source junctions (VGS) of each transistor and
contributes to the distributed self-mixing process in the channel. The rectified
output current is extracted from the shared drain node and integrated on an on-chip
capacitor which is compared with a reference using a differential amplifier, serving
as a comparator, to indicate terahertz detection. This configuration eliminates the
need for quarter-wave stubs and coupling capacitors, which are necessary in the
gate-driven detector design [18] in order to tie the RF potential of the gate and
drain together and to provide isolation of the output port from the antenna. Hence,
a wider operating bandwidth can be obtained with the source-driven detector than
with the gate-driven one.

Fig. 6.3 Schematic of the differential source-driven distributed-mixing terahertz square-law
power detector using n-channel MOS transistors in a 0.18 �m CMOS process
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6.4.2 Circuit Architecture for Terahertz Detection

The architecture for terahertz detection of each pixel is based on the source-
driven self-mixing principle as described in the previous Sect. 6.4.1. Figure 6.4
shows a simplified schematic of the implemented architecture in 0.18 �m CMOS
technology. The core of the THz detector circuit is a series connected NMOS pair,
NM1 and NM2, with their sources connected to the split gap of a metamaterial unit
cell in each pixel.

During the reset phase (� is high), the integration cap Cint and the gate of PM1
and PM2 are connected to the bias voltage Vref. Similarly, the gate of PM2 is
connected to Vref through the dummy transistors NM3 and NM4. This sets an equal
currents in the differential stage branches PM1 and PM2. The dummy replica stage
assures that the diff-pair reference mimics any switching effects associated with
the detector NMOS pair NM1 and NM2. Please note, any random or systematic
mismatch in PM1 and PM2 can be corrected by adjusting one of the Vref voltages.

During the detection phase (� is low), the metamaterial is disconnected from the
bias voltage and the terahertz electric field generated in the split gap will generate
a DC current in NM1 and NM2 that is integrated on Cint. This integrated voltage
creates a differential current in the differential pair (diff-pair), PM1 and PM2,
since the reference side of the diff-pair (gate of PM2) should hold constant. The
differential current generated from the diff-pair is fed into a folded cascode stage
(PM3-PM6, NM6-NM9) [19] with a combined class-AB output stage (PM7, PM8,
NM5, NM10) that converts the differential current to voltage output. The purpose
of the class-AM output stage is to be able to drive small resistive load.

Finally, the output of the folded cascode stage will be a periodic signal with the
same periodicity as �, with the pulse width proportional to the incident THz power
which is shown in a simplified timing diagram in the lower-left inset of Fig. 6.4.

6.5 Metamaterial Design for Terahertz Detection

As detailed in Sect. 6.4.1, the method for THz detection is to use the concentrated
electric field in a metamaterial split gap to create a DC current using a pair of source-
driven NFETs. So the metamaterials design will primarily focus on maximizing the
electric field in the split gap. The first experimental demonstration of metamaterial
perfect absorber (MPA) in 2008 [20] used split ring and a cut wire underneath
to absorb EM radiation at a desired frequency. It was shown in that work that
most of the absorbed energy was in dielectric losses occurring in between the two
metamaterial elements where the electric field is large. Unfortunately, that is not an
ideal location for THz detection in planar semiconductor technology.

Since the goal is to maximize the electric field at the split gap, electrical-LC
(ELC) resonator, shown in Fig. 6.5a, is a natural choice. The unit size is 70 �m and
repeated every 120 �m. The pair of NFET detector is placed underneath one of the
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Fig. 6.4 Circuit architecture for terahertz detection. A pair of n-channel MOS transistors (NM1
and NM2) are connected between the metamaterial split gap in the source-driven configuration.
During the reset phase (� is high), the integration cap Cint and the gate of PM1 and PM2 are
connected to the bias voltage Vref. During the detection phase (� is low), the metamaterial is
disconnected from the bias voltage and the electric field generated in the split gap will generate
a DC current in NM1 and NM2 that is integrated on Cint. A dummy replica is used to generate
the reference for the diff-pair and mimic all the switching effects of NM1, NM2. The differential
current generated from the differential pair (diff-pair) PM1 and PM2 is fed into a folded cascode
stage that converts the differential current to voltage output. And the folded cascode is followed
by a class-AB output stage to drive small resistive load. A simplified timing signal with associated
voltage is shown in lower left inset. DC bias currents for the main branches are shown in the figure
and all transistor sizes are tabulated in Table 6.2

split gaps and the drains of the NFETs are connected to the split gap with a set of
vertical vias as shown in the inset. For electromagnetic simulations, a discrete port
with an impedance of 300 � at the end of the vias is used to represent the lumped
circuit equivalent of the NFET detector. Figure 6.5b–d shows the resonant field and
current distributions at the metamaterial plane at 325 GHz. The electric field plot in
Fig. 6.5c shows the enhanced electric field in the split gap and the asymmetry is due
to the load on only one of the split gaps. The magnetic field plot shown in Fig. 6.5d
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Fig. 6.5 Metamaterial design and EM simulation results. (a) ELC with unit size of 70 �m
designed to resonate at 325 GHz. The NFET detector is placed underneath one of the split gaps
with the drains of the NFETs connected to the split gap through a set of vias as shown in the
inset. (b)–(d) Resonant field and current distribution at the metamaterial plane: (b) surface current
distribution, (c) electric field distribution, and (d) magnetic field distribution

also shows that the field in both the halfs do not cancel each other because of the
asymmetric load. That is not an issue with this design since we are not trying to
create an effective material.

The key transfer function for this detector is the voltage output of the discrete
port for a given incident THz power in a unit cell of 120 � 120 �m2. Figure 6.6b
shows a peak of 9.27 V/W at 325 GHz. The S11 reflection plot in Fig. 6.6a shows
that the peaks for the effective medium is not necessarily same as that of peak THz
detection.
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Table 6.2 Transistor sizes
for the terahertz detector
circuit in Fig. 6.4

Transistor W(�m)/L(�m)

NM1-4 0.9/0.18

NM5 10/1.2

NM6,7 10/2

NM8,9 10/4

NM10 30/0.18

PM1,2 10/0.18

PM3,4 5/2

PM5,6 20/0.25

PM7 10/0.25

PM8 60/0.18

Fig. 6.6 (a) The reflection co-efficient S11 plot. (b) Voltage at the discrete port for 1 W of incident
power on each unit cell of 120 � 120 �m2
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6.6 Design of the Test Chip in 0.18 �m CMOS Process

The layout of the test chip is shown in Fig. 6.7. The test chip contains four different
configuration of metamaterials, two different types of resonators (ELC and SRRs)
and for each resonator, two different frequencies as tabulated in Table 6.3.

Each configuration consists of a 3 � 2 array of THz metamaterial detectors
surrounded by passive metamaterials to minimize scattering effect. The diff-pair
output of each element of the 3 � 2 array is connected together and fed to a
folded cascode stage, one for each configuration. The digital circuitry controls
which element is chosen and the diff-pair output current of that selected element
is connected to the folded cascode output stage to generate output. The digital block
contains a set 16 registers that are used to select different metamaterial elements
and some modes for troubleshooting. The registers are written using a shift register
with a standard SPI protocol. A common bias block provides bias currents to all the
blocks.

Fig. 6.7 Annotated image of the layout of the complete test chip in the 0.18 �m CMOS process
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Table 6.3 Design parameters of the four different configurations in
the test chip

Configuration Resonator Unit size (�m) Frequency (GHz)

Config-1 SRR 80 � 80 320

Config-2 SRR 96 � 96 270

Config-3 ELC 70 � 70 325

Config-4 ELC 100 � 100 230

6.7 Circuit Simulation Results

In order to do a complete simulation, the THz voltage at the NFET detectors can
be estimated at the metamaterials split gap from the simulation results shown in
Fig. 6.6a for a known incident power. And that THz voltage can be applied in the
circuit simulations provided non-quasi-static (NQS) model is available for the FETs.
When NQS models are not available, the DC current can be predicted from analysis
or numerical simulation and that current is applied in the circuit simulations. For a
1 mW THz source illuminating about 2 mm2 of the detector area, about 1–5 pA of
detector current is estimated for this design.

All the circuits were simulated using the industry standard BSIM3 models
provided by the foundry. Figure 6.8 shows the simulation results for a single detector
circuit. Figure 6.8a shows the reset and detect pulse with a pulse width of 2 �s
and a period of 200 �s. Figure 6.8b shows the voltages on the two inputs of the
differential pair, one is the detector integrating voltage and the other is a dummy
replica. It can seen from the plot that both voltages are reset to 500 mV and when the
switches are turned off/on for the detection phase, there is about 100 mV switching
feedthrough and it can also be seen that both the integrating capacitors discharging
strongly due to leakage currents of the parasitic diodes of the NFETs. That is the
primary reason for creating the dummy replica stage to cancel the common non-
linear effects. The difference of the voltages are plotted in Fig. 6.8c for a 1 pA
detection current. Figure 6.8d shows the final output of the folded cascode output
stage with a load of 100 k� resistor in parallel with 10 pF capacitor. The plot shows
result of two detector currents, 1 pA (blue) and 2 pA (red). The method of measuring
the difference in the incident THz power is to measure the difference between the
pulse widths and back calculate the incident THz power.



References 115

Fig. 6.8 Circuit simulation results. (a) The reset and detect signal with reset width of 2 �s and
period of 200 �s. (b) Integrating voltages on both sides of the differential pair with 1 pA current
injected on the metamaterial side. (c) Differential voltage of the two integrated voltages. (d) Output
voltage of the folded cascode for two different detection current 1 pA and 2 pA [21]
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Appendix A
Electromagnetic Waves

A.1 Helmholtz’s Equation

Taking the curl of r � E C @B
@t D 0 in Eq. (2.4):

r � .r � E/ D �r �
	

@B
@t




r.r � E/ � r2E D ���
@2E
@t

(A.1)

r2E C ��
@2E
@t

D 0

Similarly, the other part of the Helmholtz’s equation can be solved by taking curl
of r � H � @D

@t D 0 in Eq. (2.4).

A.2 Electromagnetic Waves Are Transverse

Let us consider a plane wave (in x-direction) that satisfies both Maxwell’s and
Helmholtz’s equation

E.x; t/ D E0ei.kx�!t/

(A.2)

B.x; t/ D B0ei.kx�!t/
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Whereas every solution to Maxwell’s equations (in empty space or noncon-
ductors) must obey the wave equation, the converse is not true; it imposes
special constraints on E0 and B0. Let us consider E.x; t/ with three orthogonal
components as

E.x; t/ D �
E0x C E0y C E0z

�
ei.kx�!t/ (A.3)

Since r � E D 0,

@E0xeikx

@x
C @E0yeikx

@y
C @E0zeikx

@z
D 0 (A.4)

Equation (A.4) is satisfied only if

E0x D 0 (A.5)

Similarly, it can be shown that

B0x D 0 (A.6)

Moreover, it can be shown from Faraday’s law, r � E D �@B=@t that

B0 D k

!

�Oi � E0



(A.7)

Thus, Eqs. (A.5)–(A.7) show that the EM plane wave needs to be transverse with
the vectors B0; E0; k forming a right-handed triplet.
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