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ABSTRACT
The absence of a suitable standard device platform for terahertz waves is currently a major roadblock that is inhibiting the widespread adoption
and exploitation of terahertz technology. As a consequence, terahertz-range devices and systems are generally an ad hoc combination of
several different heterogeneous technologies and fields of study, which serves perfectly well for a once-off experimental demonstration or
proof-of-concept, but is not readily adapted to real-world use case scenarios. In contrast, establishing a common platform would allow us
to consolidate our design efforts, define a well-defined scope of specialization for “terahertz engineering,” and to finally move beyond the
disconnected efforts that have characterized the past decades. This tutorial will present arguments that nominate substrateless all-silicon
microstructures as the most promising candidate due to the low loss of high-resistivity float-zone intrinsic silicon, the compactness of high-
contrast dielectric waveguides, the designability of lattice structures, such as effective medium and photonic crystal, physical rigidity, ease and
low cost of manufacture using deep-reactive ion etching, and the versatility of the many diverse functional devices and systems that may be
integrated. We will present an overview of the historical development of the various constituents of this technology, compare and contrast
different approaches in detail, and briefly describe relevant aspects of electromagnetic theory, which we hope will be of assistance.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0158350

I. INTRODUCTION AND BACKGROUND

Global demand for wireless data traffic has grown mono-
tonically over the past few decades,1 owing to the combination
of increasing mobile internet access with greater interest in data-
intensive services.2 However, this increase cannot be supported
indefinitely using current technologies. Any given wireless com-
munications technology is characterized by its air interface, i.e.,
the physical medium over which the transmission of information
occurs, and at the time of writing, all of our mobile phones employ
the microwave and lower millimeter-wave ranges of the electromag-
netic spectrum for this purpose. As a consequence, a very large num-
ber of users must compete for limited spectrum resources, spurring
a considerable amount of research effort into strategies for network
congestion mitigation.3 In the presence of noise, however, there are

fundamental limitations to the achievable data throughput with a
given fixed bandwidth allocation,4 and so continued traffic growth
must ultimately demand broader available spectrum. It is therefore
necessary to explore higher-frequency alternatives in order to meet
the future demand, and it is for this reason that frequency allocations
are increasing above 100 GHz5 with the express purpose of catering
to the future 6G communications standard. Higher frequencies are
envisaged as a means to ease congestion in both air-access networks
and backhaul networks alike,6,7 the latter being enhanced by the
prospect of airborne nodes in cases where it is not possible to install
a physical cable.8 In other words, relevant standards committees are
gradually turning their attention toward the terahertz range, which is
usually defined as the span from 100 GHz to 10 THz. This portion of
the electromagnetic spectrum, situated between the microwave and
optical ranges, offers extremely wide untapped spectral bandwidth
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that holds significant potential for high-speed wireless communica-
tions applications using point-to-point line of sight links between
fixed nodes.9–11

The viability of high-speed terahertz communications has been
validated by a series of experimental demonstrations over the past
decade or so. Given that there have been several excellent reviews on
the topic,9–13 only a brief summary is warranted here. The majority
of noteworthy demonstrations of terahertz-range communications
have utilized carrier frequencies below 500 GHz, with early demon-
strations of more than 10 Gbit/s taking place at 300 GHz,14 and
more-gradual adoption in the vicinity of 400 GHz,15–17 offering
single-channel data rates in excess of 100 Gbit/s over distances up
to ∼10 m. For longer-range transmissions, i.e., over a 100–500-m
distance, and with data rates of 50–115 Gbit/s, 300 GHz remains the
most popular choice of carrier frequency18–20 due to higher avail-
able power and an atmospheric window. Lower frequencies in the
vicinity of 200 GHz are incidentally also receiving attention for sim-
ilar reasons.21,22 Conversely, carriers above 500 GHz are limited to
data rates below ∼30 Gbit/s,23–26 typically over a distance of cen-
timeters, and at ∼1 THz, only basic demonstrations have thus-far
been achieved.27,28 The advantage of lower terahertz frequencies is
also supported by link budget analysis29 that has shown that fre-
quencies in the vicinity of 300 GHz can support 0.3–0.9 Tbit/s for
1-km links, but this falls to less than 1 Gbit/s for links operating
from 500 GHz to 1 THz—even if transmit power is kept constant
with respect to frequency. Future extension in distance and chan-
nel capacity is therefore contingent upon the existence of improved
high-power sources and highly efficient devices and systems. Real-
world adoption of terahertz-range communications technology will
therefore begin at the lower end of the spectrum, and then opera-
tion frequencies will be progressively raised, thereby mirroring the
trajectory of research advancement. This translation from a labo-
ratory setting toward end-user technologies will require efficient,
compact, hand-held systems that can be produced affordably and
in large volumes.

Despite the great need and demonstrated potential, the tera-
hertz range is currently lacking in commercially viable real-world
applications due to technical challenges, chief among them being
signal-to-noise issues due to high losses in existing transmission
lines and connectors, as well as significant free-space path losses, and
low available power.30 Second, there is also a lack of a purpose-built
integration platform for terahertz waves, and as a result, thorough
understanding of a given terahertz experimental setup or demon-
stration generally requires unorthodox ad hoc combinations of sev-
eral different fields of expertise, making further advancements and
innovations challenging. In contrast, a standardized terahertz inte-
gration platform would allow developmental and design effort to be
consolidated into standard libraries of optimized functional com-
ponents. Exploration of this possibility is the main subject of this
article.

The term “integration” is essentially a guiding principle for
streamlined design and manufacture that enables us to build a sys-
tem through the interconnection of different standard functional
building blocks that are fabricated simultaneously on a common
semiconductor substrate. This concept was initially pioneered by
the electronics industry31 and was a key enabling factor in the great
market penetration of digital electronics, as well as the ubiquity
of personal computers and cellular phones in our daily lives.

Thereafter, the underlying paradigm of device integration was
adapted to light-waves, leading to the development of photonic inte-
grated circuits (PICs) that offer diverse functional building blocks,
including laser sources, optical filters, and modulators, which are
interconnected through nano-scale optical waveguides.32

Speaking of light-waves, it merits mention that infrared-range
fiber-optics currently comprise the majority of the backhaul net-
work of the contemporary globalized internet, and so the infrared
range is just as critical as integrated electronics to the interconnect-
edness of our modern globalized digital world. Furthermore, the
infrared range is certainly higher-frequency and broader-bandwidth
than the congested microwave spectrum, and fiber-based commu-
nications technology is already widely available. Taken together,
these facts beg the question: why not bypass the terahertz range
altogether, and adapt fiber optics to wireless infrared communica-
tions in order to support ongoing growth in mobile data traffic? To
answer that, we must consider the physical properties of infrared
waves. First, the shorter wavelength of infrared waves is highly sus-
ceptible to scintillation and other atmospheric effects, such as fog
and dust, as well as greater sensitivity to misalignment.12,33 Further-
more, infrared links will suffer interference from incoherent light
sources, such as artificial lighting in indoor environments and sun-
light outdoors.34,35 Finally, and perhaps most importantly, there are
safety concerns associated with infrared radiation. Specifically, the
manner of coherent, collimated, directional beam that is required to
support high data rates is supplied by a laser beam,36,37 and expo-
sure thereto can cause very serious eye damage and even permanent
blindness.38 This risk is exacerbated by the fact that the human eye
will focus infrared radiation onto the retina, combined with the lack
of an autonomous aversion response, such as blinking, against this
invisible light. For these reasons, it is ill-advised to rely solely upon
infrared waves to address the growing demand for increased wire-
less traffic, and so the terahertz range must be fully exploited if
we are to continue the growth of wireless data capacity in mobile
networks.

Although our discussion has thus-far been centered around
future wireless communications technology, this is not the sole
viable use of terahertz waves. Indeed, early interest in terahertz
technology was spurred by the prospect of astronomical investiga-
tions,39 with the promise of rich information about the interstellar
medium and gas clouds,40,41 and the capacity to monitor star for-
mation42 by exploiting key molecular resonances in this range.
Terahertz waves have also historically served as a valuable tool to
study the cosmic background radiation and the early universe,43,44

much of which has red-shifted from higher frequencies. Aside
from astronomy, the terahertz range also finds several valuable
and specialized sensing, imaging, and inspection applications owing
to the unique properties of terahertz waves.45,46 Terahertz radi-
ation is non-ionizing because an individual photon carries little
energy. This is in contrast to x rays, for which a single photon
carries sufficient energy to ionize atoms, and hence long-duration
or intense exposure is injurious to health. On the other hand,
terahertz radiation is somewhat akin to x rays because they can
penetrate a variety of optically opaque materials, especially non-
polar substances,47,48 and even to a modest degree in biological
tissues.49 A terahertz-range wavelength is also less than a mil-
limeter, which translates to high spatial resolution when deployed
in imaging, and radar applications,50–52 and is an advantage over
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millimeter-wave and microwave alternatives. Terahertz waves have
therefore shown promise as a noninvasive diagnostic tool for dis-
eases, including skin cancers45,53,54 and dental caries.55,56 Terahertz
imaging may also be applied to the electronics industry, offering
detailed inspection of wafer quality and doping profile,57,58 as well
as a tool to visualize semiconductor dynamics on the femtosec-
ond scale.59 The object-penetrating properties of terahertz waves
are also valuable for the automotive industry, offering contactless
inspection of multi-layer paint coatings that are subject to stringent
quality-assurance requirements.60,61 Terahertz-range object pene-
trating imaging can serve to identify internal voids and defects in
plastics that are entirely hidden to the naked eye62,63 and can also
monitor the glass-transition of these materials in real-time.64 The
terahertz range is also of interest to the pharmaceutical industry to
monitor tablet coating quality65 and chemical composition.66 This
latter point is of key interest, as the chemical composition of con-
sumer drugs is of critical importance to quality assurance, and can
be identified by exploiting certain terahertz-range molecular reso-
nances.67 Finally, the terahertz range has shown promise for security

applications68 to identify hidden weapons,69 illicit substances,70 and
explosives.71

The lack of a suitable standard terahertz integration platform
has meant that the systems that facilitated the most impressive
and valuable demonstrations of terahertz-range sensing, imaging,
and spectroscopy have historically been oriented toward free-space
propagation. In other words, a directed, unguided terahertz beam
must serve as the physical link between all components of the
system—sources, detectors, beam splitters, modulators or choppers,
frequency-dividers, and so on—as well as any analyte or sample
of interest. It is a downright cumbersome architecture in which
bulky optics must be mounted upon posts, physically separated with
respect to their focal lengths, and manually aligned by an expe-
rienced operator. The resultant system is only really suited to a
laboratory setting and hence can never be adapted to commercial-
scale manufacture and distribution. Thus, although these systems
have repeatedly shown their worth in a research context, their size,
cost, challenging assembly, and the need for intermittent adjustment
render them unsuited to real-world applications and operation by

FIG. 1. A vision of a substrateless all-silicon terahertz integration platform based on low-loss all-silicon waveguides to connect various monolithically integrated passive
functional building blocks and interfaces, as well as hybrid-integrated active devices. Inset images are reproduced with permission from C. M. Yee and M. S. Sherwin, Appl.
Phys. Lett. 94, 154104 (2009). Copyright 2009 AIP Publishing LLC; Headland et al., APL Photonics 3, 126105 (2018). Copyright 2018 AIP Publishing LLC; Gao et al.,
Opt. Express 27, 38721–38734 (2019). Copyright 2019 The Optical Society; Yang et al., Nat. Photonics 14, 446–451 (2020). Copyright 2020 Springer; Headland et al., J.
Lightwave Technol. 38, 6853–6862 (2020). Copyright 2020 IEEE; Headland et al., Optica 8, 621–629 (2021). Copyright 2020 The Optical Society; and Rivera-Lavado et al.,
IEEE Trans. Terahertz Sci. Technol. 13, 34–43 (2023). Copyright 2023 IEEE.
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lay-people. This has been a key impediment to the widespread adop-
tion of terahertz technology, leading to a pronounced asymmetry
between the rich litany of promising laboratory demonstrations and
the sluggish uptake of real-world uses of terahertz waves. In order
to address this problem and achieve the full potential of terahertz
technology, it will be necessary to eschew free-space beams entirely,
and instead transfer terahertz waves with fixed interconnect. Put sim-
ply, what the terahertz range needs right now is a good integrated
waveguide.

Ideally, a terahertz waveguide should be very efficient given
intrinsic SNR issues that are faced by terahertz technology, includ-
ing low available power and high free-space path loss of terahertz
waves.30 This problem would be severely compounded if a poor
choice of device platform led to fundamentally lossy interconnect
and inefficient components. The ease and compactness of routing,
as well as the capacity to incorporate a variety of functional devices,
will be significant factors. Compactness is critical given the long
wavelength of terahertz waves relative to the optical range. Broad-
band operation is another essential requirement, as a major part of
the appeal of terahertz waves is the large available spectral band-
width, and so it is important that the device platform itself does not
become a bottleneck in this regard. Finally, affordable fabrication
cost is also a requirement for widespread adoption. The realiza-
tion of all of these criteria would open the door to commercially
viable terahertz systems, and thereby enable real-world deployment
of terahertz-wave technology.

In this tutorial, we will present general considerations regard-
ing appropriate micro-scale waveguides to serve as the basis for
an integration platform for the terahertz range. The overarch-
ing message is that, due to several factors including markedly
lower propagation loss, compactness, monolithic device structure,
affordable and scalable manufacture with high yield, structural
rigidity, and versatility, dielectric waveguides are the most promis-
ing avenue toward suitable terahertz-range interconnect, and
this is a conclusion that echoes the contentions of terahertz-
range researchers at the turn of the millennium79,80 and of the
millimeter-wave engineers that came before them in the 1970s.81

We believe that the time has come to put these many-decades-
old insights into practice to refine the broad concept of “efficient
terahertz-range dielectric waveguides” into a viable general-purpose
terahertz-range platform and to use this platform to implement
terahertz-range integrated circuits and systems. Toward this end,
we will carefully expound and justify our preference for substrate-
less all-intrinsic-silicon dielectric waveguides, in particular, and
we will also present and contrast several different approaches to
design and realize them. We will also explore the passive func-
tional devices that may be integrated directly with these waveguides
in order to construct useful circuits and systems, as illustrated in
Fig. 1. Finally, we offer our perspective on the future of all-silicon
substrateless integration platforms for terahertz waves, including
the need for hybrid integration techniques to incorporate active
terahertz devices, such as sources and detectors of terahertz
radiation.

Throughout this article, we employ a phase convention that
treats phase delay as negative and phase advance as positive, and
is favored in engineering. In physics, the converse convention is
generally preferred. Either is valid, but mistakes can arise when we
erroneously combine formulas that are drawn from both academic

traditions. It is therefore most important to be consistent, and wher-
ever possible, to consider whether the physical interpretations of our
results make sense.

II. THE EARLY DAYS

In terms of data transmission speed, the optical fiber represents
the apex of human achievement, with staggering demonstrations,
such as links in excess of 1 Pbit/s.82,83 The current ubiquity and
importance of optical fibers is therefore hardly surprising. Indeed,
the entire earth is currently surrounded by a network of under-
sea transcontinental links,84,85 which is necessary infrastructure to
support the modern globalized internet. It is not an exaggeration
to say that we are currently living in the “optical fiber era” and
have been since roughly the 1980s, as the first non-experimental
deployment of an optical fiber took place in the mid-1970s, and
the first transatlantic cable was laid in 1988.86 Prior to this, the
millimeter-wave range was the only viable avenue to explore high-
bandwidth communications technology, e.g., for trunk lines to
aggregate several telephone circuits.87 The millimeter-wave range
was also envisaged for short-range communications, high-precision
radar, and sensing applications.88 In order to support these appli-
cations, researchers of this pre-fiber era were seeking a suitable
integration platform for millimeter-waves, and they noted the many
benefits of dielectric waveguides,81 including lower loss than planar
metallic transmission lines and smaller size than hollow metal-
lic waveguides—closely related arguments to those that will be
presented in Sec. III C.

The years prior to the fiber era saw significant research effort
dedicated to “dielectric image lines,”81,90,93–95 composed of a dielec-
tric core situated upon a conducting ground plane, as depicted in
Fig. 2(a), as well as “nonradiating dielectric waveguides”89 that were
sandwiched between conductive planes, as shown in Fig. 2(b). The
metal planes served to suppress of the surface-tangential polariza-
tion for truly single-mode operation,81 but this predictably came
at the expense of dramatically increased loss in the terahertz
range.96

A number of noteworthy demonstrations of useful functional
devices were reported in the epoch in question. Some such achieve-
ments include microwave-range bends for routing97 and V-band
tapered rod antennas for off-board access,98 as well as frequency-
selective passive devices, such as tunable microwave bandpass filters
at ∼20 GHz99 and the ∼55-GHz shunt-coupled resonators,90 shown
in Fig. 2(c). Incidentally, these devices are closely related to those
which will be reviewed in Sec. VIII A. Another noteworthy passive
device demonstration is a 3-dB hybrid coupler, which was used to
feed a balanced IF downconversion mixer operating at ∼60 GHz.100

This mixer is an example of an active device that is incorporated
directly into the dielectric waveguide-based integrated circuit, which
was a topic that was of great interest during that time. A popu-
lar active device for this purpose was the Gunn diode, which is
capable of exhibiting spontaneous microwave and millimeter-wave
oscillation in response to applied DC bias,101 and has been incor-
porated into dielectric cavity resonators for stable tunable local
oscillators.102,103 The innate nonlinearity of Gunn diodes can also
offer mixing action while simultaneously oscillating, thereby realiz-
ing a “self-oscillating mixer” capable of direct downconversion in a
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FIG. 2. A selection of noteworthy early millimeter-wave dielectric waveguide works (i.e., up until 1981), showing (a) a depiction of a dielectric image line, reproduced with
permission from R. M. Knox, IEEE Trans. Microwave Theory Tech. 24, 806–814 (1976). Copyright 1976 IEEE; (b) a non-radiating dielectric waveguide, reproduced with
permission from T. Yoneyama and S. Nishida, IEEE Trans. Microwave Theory Tech. 29, 1188–1192 (1981). Copyright 1981 IEEE; (c) a bandpass filter based upon two
coupled disk resonators, reproduced with permission from S. Shindo and T. Itanami, IEEE Trans. Microwave Theory Tech. 26, 747–751 (1978). Copyright 1978 IEEE; (d)
the physical structure and measured conversion gain of a Gunn diode-based self-oscillating mixer, operating at 60 GHz, from Ref. 91; and (e) a PIN junction-based phase
shifter integrated with a dielectric waveguide, operating at 70 GHz, reproduced with permission from H. Jacobs and M. M. Chrepta, IEEE Trans. Microwave Theory Tech. 22,
411–417 (1974). Copyright 1974 IEEE.

single compact two-terminal component.104 This compact hybrid-
integrated receiver was incorporated into a 60 GHz image-line,91

as shown in Fig. 2(d). More classical, circuit-oriented approaches
to construct transceiver systems were also pursued,105 i.e., by inter-
connecting all required functional blocks of the system, including a
dielectric rod antenna and a dielectric ring-based filter, together with
millimeter-wave dielectric image lines. Finally, phase shifters using
PIN diodes to modulate the cross section area of the dielectric guide
were demonstrated at frequencies as high as 70 GHz,92 as shown in
Fig. 2(e). This latter demonstration may be of interest to terahertz-
range researchers, as integrated phase shifters are highly sought-after

in the terahertz range due to their role in dynamic beamforming
front-ends, which are a firm requirement of the majority of wireless
applications of terahertz waves.106 Perhaps we terahertz engineers
of the present day can draw inspiration from such five-decades-old
millimeter-wave technology.

Interest in millimeter-wave-range dielectric waveguides and
circuits predictably diminished from the 1980s onwards because
optical fiber has consistently provided a preferable avenue to
increase network capacity, i.e., by using as much optical fiber, and
as little microwave-range transmission line, as possible. As stated
in Ref. 107, “Obviously, the deeper fiber can penetrate toward the
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subscribers, the more bandwidth can be provided.” Thus, the past
four decades have seen network operators bringing the optical fibers
progressively closer to the consumer; from the trunk and backhaul
to the node, then to the curb, to the premises, and finally, into the
home or office itself.107,108 During this time, the nanoscale structures
for the manipulation of light-waves have dominated all dielectric
waveguide-oriented research, reflecting the priorities of network
operators, and this has spurred drastic improvements in optical
fibers109 and in integrated nanophotonics.32,110 However, there is a
final frontier that will not ever be traversed with a fiber, and that is
the air interface of wireless devices. As stated in the Introduction,
the infrared waves that are carried by fibers are wholly inadequate
for this purpose, and this motivates exploration of millimeter-
wave and terahertz wireless technology. Thus, we now find our-
selves back at the starting point of this brief historical account:
searching for a suitable integration platform for high-frequency
devices.

III. APPROPRIATE INTERCONNECT FOR THE
TERAHERTZ RANGE

An integration platform is characterized first and foremost by
the interconnect that connects its constituent functional building
blocks together. This section will explore fundamental aspects con-
cerning the appropriate choice of interconnect for the terahertz
range.

A. Material properties
The constituent materials that comprise a given waveguide

are of critical importance, not just to performance but also to the
very nature of the physical confinement mechanism. Thus, we com-
pute the electromagnetic properties of materials of interest using
the Drude model,111 which describes electrical resistance of mate-
rials in terms of the random scattering of free charge carriers, i.e.,
electrons and holes. It is noted that this model applies exclusively
to uniform bulk materials, and so it cannot directly account for
structural concerns such as physical defects, surface roughness, or
disorder in crystalline morphology. The Drude model serves to
evaluate complex, frequency-dependent conductivity112

σ̃(ω) = σDC

1 − jωτ
; τ = σDC

ω2
pε0

; ωp =
√

Nq
ε0meff

. (1)

The scattering relaxation time, τ, which is the mean time interval
between collisions for a given carrier. Given that frequent collisions
are an impediment to the flow of electrical current, τ is related
to DC conductivity113 through the plasma frequency, ωp. This can
be understood as the frequency at which electrons displaced from
equilibrium will oscillate due to the attractive force of the surround-
ing lattice of ions.114 The free-carrier concentration, unit charge of
an electron, and equivalent mass of a carrier are N, q, and meff,
respectively.

Given that there is an essentially limitless number of metals to
choose from, we will analyze gold as an exemplar, with DC con-
ductivity of σDC = 4.1 × 107 S/m and scattering relaxation time of
τ = 0.15 ps.115,116 The calculated terahertz-range material properties
of gold are plotted across the entire terahertz range in Fig. 3(a).

FIG. 3. Drude model of terahertz-range material properties of (a) gold and (b)
2 kΩ cm intrinsic silicon, where the imaginary component is enhanced for visibility,
and the bulk material attenuation is indicated at specific frequencies of interest.

It can be seen that the real component of conductivity decreases
with respect to frequency, reaching half-maximum in the vicin-
ity of 1 THz, at which the imaginary component reaches its peak.
In other words, gold transitions from being a good conductor at
the lower end of the terahertz range into a poor conductor at the
higher end.

Aside from the complex conductivity in Eq. (1), the Drude
model can also determine the frequency-dependent complex relative
permittivity112,113

ε̃(ω) = ε∞ −
ω2

p

ω2 + j ω
τ

, (2)

where ε∞ is the real-valued relative permittivity in the limit of high-
frequency. It is noted that Eqs. (1) and (2) are equivalent, as both are
complete descriptions of a given material’s electromagnetic proper-
ties. The reason that we have presented these dual descriptions is
that it is generally more intuitive to speak of conductors in terms of
conductance and dielectrics in terms of their dielectric constant.

It is of interest to analyze a dielectric using the Drude model,
and as before, we select an exemplar material: intrinsic silicon, as
it is a high-index, low-loss, non-dispersive material in the terahertz
range.117 Intrinsic silicon wafers of different grades of purity are
available, with lower-grade silicon tending to be more lossy because
of the presence of impurities acts analogously to doping the silicon
with free carriers. A given intrinsic silicon wafer is typically iden-
tified by its DC resistivity, ρDC = 1/σDC, which depends upon the
concentration, N, of free carriers,112 as well as the carrier mobility,
μ, which has been determined empirically for silicon118

σDC = qNμ; μSi(N) = μmin +
μmax − μmin

1 + ( N
Nfef
)χ , (3)

where μmin = 92 cm2/V s, μmax = 1360 cm2/V s,
Nref = 1.3 × 1017 cm−3, and χ = 0.91 is a dimensionless fitting
parameter. The constraints given in Eq. (3) are combined and then
solved numerically for N, and the result is then used to compute the
plasma frequency and scattering relaxation time via Eq. (1). Finally,
Eq. (2) serves to determine complex permittivity using ε∞ = 11.7.
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We select a conservative nominal resistivity of 2 kΩ cm from
which we derive plasma frequency ωp = 170 Grad/s and relaxation
time τ = 0.20 ps.119 The relative permittivity of intrinsic silicon is
shown in Fig. 3(b), and it can be seen that the real component is
near-constant over our frequency range of interest, which is indica-
tive of low material dispersion. The imaginary component, which is
associated with loss, is close to zero. It can also be seen that material
loss monotonically decreases with respect to frequency; the maxi-
mum loss-tangent value of tan δ = Imag(ε̃Si)/Real(ε̃Si) = 7.6 × 10−4

is encountered at the lower-frequency limit of the terahertz range,
and at 1 THz, it has reduced to less than half of this value. Thus,
the material loss of silicon follows an inverse trend with respect to
gold; the former is most lossy at low frequencies whereas the latter
is lossiest at high frequencies. Furthermore, while gold transitions
from a good conductor to a poor conductor, the properties of sili-
con are essentially stable and consistent across the entire terahertz
range.

B. Propagation loss in-guide
Efficiency is of critical importance to terahertz systems, owing

to innate SNR issues associated with terahertz waves,30 and so the
intrinsic loss of interconnect is of utmost importance. Thus, prop-
agation loss in waveguides is the subject of this section. We will
begin by analyzing hollow metallic waveguides, as they are currently
the dominant form of wired interconnect in the terahertz range, as
well as the basis of all terahertz instrumentation systems that offer
port-access,120–122 where the standardization of mating flanges123

allow for highly convenient and repeatable alignment and modular
devices.

1. Metallic waveguides
Reflection at an air–conductor interface is the confinement

mechanism of hollow metallic waveguides. A finite air-volume is
wholly enclosed by electrical conductors in two dimensions, thereby
restricting field propagation to the remaining dimension. Confined
fields repeatedly scatter from the guide’s walls, and in each case,
induced conduction currents mediate the generation of the reflected
wave, causing progressive Ohmic loss along the length of the guide.
This loss is quantified with the amplitude attenuation coefficient,
αamplitude

ohmic ,

∣Ã(l)∣ = ∣Ã(0)∣ ⋅ exp (−l ⋅ αamplitude
ohmic ), (4)

where l is propagation length, and ∣A(l)∣ is signal amplitude. For the
fundamental TE10 mode of a rectangular metallic waveguide,124

αamplitude
ohmic = Rsurface

a3bβk0η
(2bπ2 + a3k2

0), (5)

where a is the long-edge width of the guide, b < a is the short-
edge height, k0 = 2π/λ0 is the free-space wavenumber, β is the
in-guide phase constant, η =

√
μ0/ε0 is the impedance of free-space,

and Rsurface is the surface resistance of the lossy metal. In order

to extract surface impedance from the complex Drude conduc-
tivity that we calculated in Sec. III A, we employ the following
expression:116

Zsurface = Rsurface + jXsurface =
√

jωμ0

σ̃(ω) + jωε0
. (6)

Equations (1), (5), and (6) are sufficient to compute the theoret-
ical propagation loss of a hollow metallic waveguide in the terahertz
range. All that remains is to select the physical dimensions of the
guide, and a typical hollow waveguide will have a 1:2 cross-sectional
aspect ratio (i.e., b = a/2) in order that the first undesired TE and
TM modes will exhibit the same cutoff frequency, as this maximizes
single-mode bandwidth. The IEEE recommends125,126 to operate
hollow metallic waveguides in a subset of the single-mode region
that spans from ∼20% above the fundamental cutoff frequency up
until ∼5% below the first higher-order mode, in order to avoid strong
dispersion and loss. This yields 40% relative bandwidth, which is the
total frequency span divided by the center frequency. At this center
frequency, a = 0.8λ0, and in our analysis, we select this electrical (i.e.,
wavelength-relative) size, and so an entirely different waveguide is
modeled for each and every frequency considered. This is because we
are interested in the performance of a class of waveguide, as opposed
to a single guide of fixed physical size. This also allows for evaluation
of propagation loss across the entire terahertz range, as opposed to
being restricted to the operation bandwidth of a given waveguide.
The result is shown in Fig. 4. It can be seen that the reduction in
conductance with respect to frequency, which is shown in Fig. 3(a),
causes a corresponding increase in propagation loss in hollow metal-
lic waveguides from ∼0.04 dB/cm at the lower-frequency end to
>1 dB/cm at 1 THz.

The measured propagation loss of several terahertz-range hol-
low metallic waveguides is taken from the literature127–133 and plot-
ted alongside the theoretical calculation in Fig. 4. It can be seen that
they follow roughly the same trend with respect to frequency and
that measured loss is consistently higher than our theoretical model.
Note that the two cases in which the divergence from theory is high-
est employed 3D printing to fabricate the waveguides,128,132 which
has a tendency to leave an irregular surface finish. For this reason,
we conclude that the deviation from theoretical prediction likely due
to surface roughness,134,135 which we did not consider in our analysis
because it varies from case to case.

Aside from hollow metallic waveguides, planar metallic trans-
mission lines are also of interest due to their prevalence in active
terahertz chips, as they are needed to make electrical contact with
terahertz active devices, such as two-terminal diodes.136–139 It is
often not possible to incorporate a groundplane into the transmis-
sion line structure at micro-scale, and so all conductors must be in
the same plane, as in a coplanar waveguide. A few published reports
of propagation loss140–142 are included in Fig. 4, and it can be seen
that the coplanar waveguide is markedly less efficient than hollow
metallic waveguides. This is due to the strong concentration of inter-
action between terahertz waves and lossy metal inside the slots that
define a coplanar waveguide’s track, and it is a result that general-
izes across planar metallic transmission lines. Thus, planar metallic
transmission lines should be treated as a terse necessity when dealing
with active terahertz devices, but since they cannot practically guide
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FIG. 4. Theoretical propagation loss of gold hollow rectangular waveguides and substrateless, unclad intrinsic silicon waveguides, across the entire terahertz range. Material
properties are derived from the Drude model. Guide dimensions are specified relative to a wavelength in order to isolate the impact of changing Drude loss, and so every
single point on each curve should be considered a separate waveguide structure. Reported propagation loss from the literature is also included for verification and to provide
insight into realistic performance. The frame-tethered guides discussed in Sec. V, and the valley photonic crystals in Sec. VI C are not included in this plot, as they exhibit
increased loss due to structural reasons that are not related to the material-absorption losses that are most relevant to the present section. Inset diagrams are of the same
scale, and show modal field distributions in linear scale.

waves over any reasonable distance, it is good practice to utilize as
little as possible.

2. Dielectric waveguides
Propagation loss in a dielectric waveguide is closely related

to the intrinsic absorption of the dielectric material that com-
prises the waveguide core. This can be computed from the complex
permittivity

αamplitude
bulk = k0 ⋅ Imag(ñ) = k0 ⋅ Imag(

√
ε̃), (7)

as the propagation of a monochromatic plane wave in a lossy
dielectric of complex refractive index ñ is of the form Ã(l)/Ã(0)
= exp (− jk0ñ∗l), with magnitude component exp (−k0l ⋅ Imag(ñ)).
It is noted that the complex index must be conjugated in order to
account for the discrepancy between the engineering phase con-
vention and the physics-oriented Drude model. It is also com-
mon to describe loss in terms of a power absorption coefficient,

αpower
bulk = 2αamplitude

bulk , which relates exponential reduction of power to
propagation length.

Unlike hollow metallic waveguides, dielectric waveguides are
unshielded, meaning the modal field distribution is nonzero in the
region outside the waveguide core, and decays exponentially with
respect to distance. Thus, the overall loss of guided waves can be
found by averaging the bulk absorption coefficient at each point in
the transverse plane, weighted by power flux density at that point,

αpower
guide =

∬S∣P⃗mode(p⃗)∣ ⋅ αpower
bulk (p⃗)dS

∬S∣P⃗mode(p⃗)∣dS
, (8)

where S is the infinite-extent transverse plane of the guide, P⃗ is
Poynting vector of guided mode field, and p⃗ is position in the plane
of S. It is noted that this quantity will be frequency-dependent,
even if the bulk material absorption is wholly non-dispersive, as the
spatial arrangement of modal fields is dependent upon the shape
and electrical size of the guide core. In the case considered here,
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bulk absorption is binary; either αpower
bulk (p⃗) = αpower

bulk Si in the guide, or
αpower

bulk (p⃗) = 0 outside. Thus, we may factor out the absorption coef-
ficient and define the “confinement factor,” Γ, as the proportion of
guided fields that exists within the material of the guide core,

αpower
guide = αpower

bulk ⋅
∬G∣P⃗mode(p⃗)∣dG

∬S∣P⃗mode(p⃗)∣dS
= αpower

bulk Si ⋅ Γ( f ), (9)

where G is a finite-sized surface defined as the intersection between
the guide core and the infinite transverse plane S. This assumes
the surrounding material is lossless, as in a vacuum, but if the
guide were to consist of more than one lossy material, we must
take the sum of product of each material’s power coefficient with
confinement factor.143 An example of such a guide is the silicon-on-
glass platform,144–149 which is based more-directly upon established
nanophotonic conventions.150,151 This approach bonds a micro-
scale silicon waveguide onto a lower-permittivity glass substrate,
yielding improved robustness and convenient handling and posi-
tioning, which are highly beneficial. However, the substrate generally
exhibits greater bulk absorptivity than high-resistivity intrinsic sili-
con, and as a result, the reported propagation loss shown in Fig. 4
is essentially equivalent to that of hollow metallic waveguides. The
silicon-on-glass platform therefore has no substantive advantage
over the efficiency of the current dominant form of terahertz-range
interconnect.

Returning to the substrateless all-silicon guide, we consider
the simple case of a guide that is clad on all sides with air. Inci-
dentally, this structure is called a “dielectric rod waveguide” and is
covered in detail in Sec. IV. For the core dimensions, we select a
rectangular cross section with a 1:2 aspect ratio in order to maintain
consistency with the previous example of a hollow metallic wave-
guide. Modal field distributions are computed using the commercial
software package CST Studio Suite, and confinement factors are
extracted therefrom. It is noted that there is no special significance
to the particular values of field confinement that are chosen, other
than being in the single-mode region of the waveguide. The result is
plotted in Fig. 4, together with the propagation loss in bulk intrinsic
silicon, which serves as an upper-bound. We include two different
grades of silicon in order to explore the impact of purity upon wave-
guide performance. It can be seen that, in contrast to the hollow
metallic waveguide, the propagation loss of a silicon waveguide actu-
ally decreases with respect to frequency, which is of great benefit
to high-frequency operation and to scalability across the terahertz
range.

Interest in terahertz-range all-silicon dielectric waveguides is
more recent than in hollow metallic waveguides, making them less
prevalent in the literature. Nevertheless there have been several
reports,74,152–155 which are displayed in Fig. 4 for comparison with
the theory. In all of these cases, the resistivity of the monocrys-
talline silicon wafer deployed was nominally between 10 and 20 kΩ
cm, according to the manufacturer. It can be seen that, although
they are close, the reported loss is higher than the theoretical pre-
diction that is obtained with high-purity silicon, and in the case at
∼0.9 THz,155 it is higher than even moderate-purity silicon. Reasons
for this may include scattering due to an imperfect surface finish,
analogous to the impact of surface roughness that is described in
Sec. III B 1. Another factor may be absorption of terahertz waves
in the nonzero-humidity air that surrounds the guide, which is not

accounted for in our analysis. Nevertheless, it remains clear that all-
silicon terahertz guides strongly outperform the alternatives. Finally,
it merits mention that it is practically challenging to accurately char-
acterize the propagation loss of low-loss integrated guides because
propagation loss is extracted by comparison of the transmission loss
of different-length straight waveguides, which are limited to a few
centimeters. As a consequence, the difference in transmitted power
between guides can be less than 0.1 dB, which is comparable to align-
ment and calibration error. This issue is particularly significant at
higher frequencies due to the proportional reduction of all physical
dimensions, and hence the results at ∼0.9 THz155 must be treated
with caution.

C. The benefits of substrateless all-silicon guides
1. Efficiency

Both the theoretical analysis and the reports from the litera-
ture lead us to the same conclusion: all-silicon dielectric waveguides
exhibit significantly lower loss than hollow metallic waveguides, and
furthermore, this advantage becomes more pronounced at higher
frequencies. It is only at the lower-frequency limit of the terahertz
range (i.e., below 200 GHz) that performance is comparable. This
is the primary reason why we prefer dielectric waveguides over hol-
low metallic waveguides for terahertz-range operation and is also a
key motivation to write this tutorial. It is also observed in Fig. 4 that
this advantage is essentially lost if a glass substrate is included. Thus,
for the future advancement of terahertz technology, we strongly
advocate for substrateless all-silicon dielectric waveguides.

2. Compactness
The inset diagrams to Fig. 4 show that the cross-sectional area

of an all-silicon dielectric guide’s core is significantly smaller than
the hollow metallic waveguide’s inner volume, at just ∼10% of its
area. This is because, while a hollow metallic waveguide requires
a minimum transverse width of a half-wave above cutoff, a dielec-
tric waveguide of high-index core is miniaturized by the fact that
the in-medium wavelength is smaller than in free-space. Additional
to that, the physical robustness of a hollow metallic waveguide
depends upon metal walls are significantly thicker than the micro-
scale inner volume, especially for higher-frequency guides, and this
increases the minimum guide-to-guide separation. Thus, silicon
dielectric waveguides exhibit a clear compactness advantage over
hollow metallic waveguides.

3. Rigidity and structural robustness
Silicon guides are not the only candidate core material avail-

able. Indeed, there have been several reports in the literature
of flexible polymer fibers with comparable efficiency.156–159 How-
ever, although fibers of this sort are well suited for long-distance
cabling,160 they do not hold their shape due to their flexibility, mak-
ing them less suitable for a fixed device platform than the rigid
crystalline structure of intrinsic silicon, which is resistant to all forms
of deformation. In additiona, silicon has a low coefficient of thermal
expansion, which augments its physical stability,161 as well as high
thermal conductivity due to its diamond-like molecular structure,162

for heat management.
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4. Cost-effective, scalable fabrication
Silicon is a low-cost and abundant material due to its criti-

cal importance in integrated electronics, which has led to a highly
streamlined global supply chain. As a result, it its generally not dif-
ficult to find suitable high-resistivity single-crystal intrinsic silicon
wafers at low cost, making terahertz-range technology an inciden-
tal beneficiary of the electronics industry. The fabrication technique
that is most commonly deployed in order to shape this low-loss
material into micro-scale terahertz waveguides is “deep reactive ion
etching,” also known as the “Bosch process,” as it was pioneered in
the 1990s by the corporation of the same name.163–165 This is a mask-
based plasma etching technique that is prized for its ability to define
vertical, high-aspect-ratio side-walls with sub-micrometer precision,
and was initially developed for compact micro-accelerometers and
gyroscopes for use in automotive safety applications.163,164 There-
after, deep reactive ion etching has been deployed for a broad variety
of micro-structures ranging from gears and watch parts166,167 to
arrays of microscopic needles for transdermal drug delivery,168 and
of course, to terahertz technology. It is noted that as dielectric
waveguides are not the sole terahertz-range use for deep reactive
ion etching, as it has also facilitated large-scale arrays of terahertz
dielectric resonators,119,169–171 which require a deep etch in order
to define micro-scale silicon volumes. In addition, terahertz-range
hollow metallic waveguides can be fabricated using deep reactive
ion etching, by defining trenches in a series of silicon “platelets,”
coating their surfaces with metal, and finally stacking the metalized
platelets together in order to enclose the hollow internal volume of
the guide.172 The high precision offered by deep reactive ion etching
leads to very low surface roughness, which accounts for the fact that
the lowest-loss metallic waveguides cited in Fig. 4 (i.e., relative to the
theoretical trend-line) were fabricated in this way,130,133 in contrast
to the guides fabricated with more-standard six-axis numerical-
control machining.127,128 Thus, the highest-quality terahertz-range
hollow metallic waveguides utilize the same process as substrateless
all-silicon dielectric waveguides, albeit with one important distinc-
tion: while the former necessarily demands that several layers be
etched prior metallization and stacking, the latter only a requires a
single layer, and without any metallization or assembly. This repre-
sents an intrinsic cost reduction; all components of a given device
may be fabricated at the same time, together with the guides that
interconnect them, and in a single-mask etch process. Further-
more, this single mask may be re-used in order to fabricate several
copies of a given device or system, leading to considerable cost-per-
unit reduction provided there is sufficient demand for large-volume
manufacture. This, combined with the intensive streamlining of the
semiconductor foundries that serve the digital electronics indus-
try, points to the possibility of mass-produced terahertz devices,
which will be necessary for the widespread adoption of terahertz
technology.

5. Versatility
As will be seen in Sec. VIII, many diverse functional passive

devices for terahertz-domain signals processing can be implemented
directly with substrateless micro-structured silicon and connected
together with integrated dielectric-waveguides. Given that different
applications of terahertz waves demand distinct fundamental com-
ponents, the diversity of the devices reported in Sec. VIII informs

the number of different classes of terahertz-range system that may
be implemented. Furthermore, monolithic co-integration of differ-
ent devices avoids the need for interposers to bridge heterogeneous
ad hoc combinations of components, which increases overall sys-
tem size and the complexity of assembly, and frequently poses a
performance bottleneck. On the other hand, an all-intrinsic-silicon
platform is somewhat limited in that only passive devices can be
implemented in this way, and hence terahertz waves must be cou-
pled from an external source. This introduces precisely the same
issues mentioned above, i.e., increased overall system size and a
performance bottleneck at the interface. To address this, there is
a rapidly growing body of work in terahertz hybrid integration, in
which an active III–V terahertz chip is fabricated separately to the
all-passive, all-silicon integrated circuit, and then the two are assem-
bled together.137,138,173–179 The best approach for hybrid integration
currently remains an open question, but it is firmly necessary in
order for substrateless all-silicon micro-scale photonics to develop
into practical hand-held devices for real-world applications.

IV. DIELECTRIC ROD WAVEGUIDES
Perhaps the most straightforward form of all-silicon waveguide

is the dielectric rod waveguide (DRW), which is a micro-scale beam
of silicon that is clad with air on all sides, as in the analysis presented
in Sec. III B 2. The simplicity of this structure makes it an intuitive
starting point to familiarize oneself with the general principles of
dielectric waveguides.

A. A brief introduction to dielectric waveguide
mode theory

Prior to delving into the terahertz dielectric rod waveguide
literature, we will briefly analyze the physical mechanism of field
confinement within a dielectric waveguide, as well as the relation-
ship between confinement and dispersion, which is defined as the
variation of wave speed with respect to frequency.

The general procedure for analysis of dielectric waveguides,
which is adapted from Ref. 180, is as follows: First, a “phase
constant,” β, is defined as a variable. This quantity relates the change
in phase experienced by a guided wave, Δϕ, to the physical distance
traveled, l,

Δϕ(l) = −l ⋅ β. (10)

Given that this quantity concerns wave-speed, the phase constant
can be related to an effective modal index, nmodal via the free-space
wavenumber, k0,

nmodal =
β
k0

; Δϕ(l) = −l ⋅ k0 ⋅ nmodal, (11)

and in multi-mode guides, each is associated with a different modal
index and phase constant. Second, a mathematical expression for the
cross-sectional modal field distribution that is dependent upon β is
assumed. Boundary conditions are then applied to the index conti-
nuities of the slab guide, for both the electrical and magnetic field
components, yielding two constraints for each physical boundary.
These restrictions are combined mathematically in order to produce
a single equation that is solely dependent upon β and is called the
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“dispersion relation.” Finally, the dispersion relation is solved, pro-
ducing a full description of the guided slab-mode’s dispersion and
field distribution.

We consider the modes of a substrateless dielectric slab wave-
guide, as shown in Fig. 5(a), which exhibits refractive-index discon-
tinuities in only one transverse dimension, and for which analytical
solutions are available. The analysis of this simple structure is useful
and instructive, which is appropriate to maintain manageable scope
in the context of a tutorial, but can be readily generalized to more
sophisticated geometries. In contrast to Sec. IV, the material of the
guide core is treated as a lossless dielectric material of frequency-
independent refractive index ncore = 3.42, corresponding to intrinsic
silicon. As it is substrateless, the core is enclosed on both sides
with empty space, nclad = n0 = 1.00. These simplifications will essen-
tially decouple the analysis from any specific choice of operation
frequency and allow us to present results in more general, relative
terms.

Phenomenologically, light rays are confined into the core
region by total internal reflection, which occurs each time the ray
is incident upon the interface between the core and the cladding.
There is a specific, unique angle of incidence for which a given
ray will have a 2π phase difference with the twice-reflected ray,
and hence they will be in-phase, and this uniquely identifies the
fundamental mode of the guide. In contrast, reflection angles that
exhibit phase mismatch will progressively lose energy due to the
destructive interference that occurs with each reflection, and the lost
power is radiated into the cladding material. As a result, non-leaky
propagating modes are identified by a well-defined right-angled tri-
angle formed by the wavevector of the ray traveling in the bulk
core material, the phase constant of the propagating mode, β, and
a quantity that we define as the transverse propagation constant,
which is associated with in-guide spatial change within the cross-
sectional plane of the guide, and normal to the slab boundaries, i.e.,
the x-direction,

kx =
√
(k0ncore)2 − β2. (12)

If we attempt to construct an equivalent triangle in the cladding
region then the result will be an imaginary number, indicating a
nonphysical solution; transverse wave propagation does not occur
in the cladding material, and so there can be no such wavenumber.
However, negating the argument of the square-root operation yields
a decay constant that the decrease in evanescent fields with respect
to distance from the waveguide core in the transverse dimension,

αx =
√

β2 − (k0nclad)2, (13)

and can be considered a kind of dual to the transverse propagation
constant. Note that, for the non-leaky, confined propagating modes
that we consider here

ncore > nmodal > nclad, (14)

and hence both kx and αx are real-valued. This requirement is
a direct consequence of the fact that non-leaky confinement in
an unshielded dielectric waveguide is founded upon total internal
reflection, which only occurs if the ray originates from the higher-
index side of a dielectric boundary. If, on the other hand, the

cladding were of a higher index than the core, then finite transmis-
sion would occur at each instance of ray reflection at the core’s edge,
causing progressive leakage loss.

1. Slab waveguide, TE-modes
For TE slab-modes, the electric field component is wholly par-

allel to the slab boundary, i.e., the y-dimension, as shown in Fig. 5(b).
Propagation occurs in the z-direction, and the magnetic field has
components in both the x- (surface-normal) and z- (propagation)
dimensions. The electric field component takes the following form:

Ey(x) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ea,1 ⋅ exp (−αx[x − h/2]) if x ≥ h/2,

Ec ⋅ cos (kxx + φ) if ∣x∣ ≤ h/2,

Ea,2 ⋅ exp (αx[x + h/2]) if x ≤ −h/2,

(15)

where φ is a spatial-shift variable, Ec, Ea,1, and Ea,2 are complex
amplitudes, and h is the physical thickness of the guide core. The
sinusoid pattern in the core is the result of spatial beating between
counter-propagating rays, and the exponential decay outside is
a regular feature of total internal reflection. To satisfy boundary
conditions, this function must be continuous across the index-
discontinuities at both surfaces. Thus, by substituting x = ±h/2 into
Eq. (15), we obtain the following relationships between the complex
amplitude terms:

Ea,1 = Ea,1 ⋅ exp (0) = Ec ⋅ cos (kxh/2 + φ), (16)

Ea,2 = Ea,2 ⋅ exp (0) = Ec ⋅ cos (−kxh/2 + φ). (17)

The tangential magnetic field component must also be continuous
across the index discontinuities at both surfaces of the slab. Thus,
we make use of Faraday’s law of induction, having made some sim-
plifications based on the assumption of time time-harmonic waves
traveling in nonmagnetic, lossless media free of charges

∇× E⃗ = −∂B⃗
∂t
= − jω

μ0

∂H⃗
∂t

. (18)

The curl operation on the left-hand side is also simplified by the fact
that the E⃗-field only has nonzero components in the y-dimension,
and so ∇× (ŷ ⋅ Ey) = −x̂ ⋅ ∂Ey

∂z + ẑ ⋅ ∂Ey
∂x , from which we may extract

the desired, boundary-tangential component of the magnetic field

− jω
μ0

Hz(x) =
∂Ey

∂x

=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

−αxEa,1 ⋅ exp (−αx[x − h/2]) if x ≥ h/2,

−kxEc ⋅ sin (kxx + φ) if ∣x∣ ≤ h/2,

αxEa,2 ⋅ exp (αx[x + h/2]) if x ≤ −h/2.
(19)

Once again, we equate the terms of this expression at x = ±h/2, from
which we obtain, two expressions for the spatial shift term,

φ = arctan(±αx

kx
) ∓ kxh

2
. (20)
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FIG. 5. Illustrated mode definitions for a substrateless dielectric slab, showing (a) numbering convention and assumed function form, and (b) distinction between TE- and
TM-modes. Both (a) and (b) share the same Cartesian axis. Modal analysis of (c) a TE, and (d) a TM slab waveguide, with the frequency-dependent modal electric field
magnitude distribution shown as inset to the plots. (e) Marcatili’s theoretical analysis181,182 of a dielectric rod waveguide, with the formulation of the problem’s geometry
illustrated as inset. The fundamental mode is also computed with a full-wave numerical modesolver implemented with CST Studio Suite for comparison. Frequency is given
abstractly, in terms of the size of the slab relative to a wavelength, in order to maintain the generality of the theoretical analysis; given that f = c/λ0, f [h/λ0] = f [Hz] ⋅ h/c.
Thus, the electrical size of slab thickness can be treated as an expression for frequency in alternative units.
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Equating the two expressions yields the dispersion relation for the
fundamental TE0 mode of the slab waveguide,

0 = kxh − 2 ⋅ arctan(αx

kx
). (21)

Since Eqs. (12) and (13) show that kx and αx are defined by β, the
dispersion relation is likewise dependent upon this single variable.
The existence of higher-order TEm modes is accounted for via the
observation that each of the two tan(⋅ ⋅ ⋅) terms in this expression
is π-periodic. Thus, there are infinitely many distinct dispersion
relations that apply to this guide

mπ = kxh − 2 ⋅ arctan(αx

kx
). (22)

The positive integer m designates the number of nodes in the spatial
distribution of Ey. This is solved numerically, i.e., by optimizing the
value of phase constant, β, to satisfy the dispersion relation. There-
after, it is straightforward to compute the modal index and field
distribution, as shown in Fig. 5(c) for the first three modes: TE0, TE1,
and TE2.

There are two salient frequency-dependent effects revealed by
the TE modal analysis shown in Fig. 5(c). First, for lower frequen-
cies, modal fields tend to be delocalized outside of the core (i.e.,
lower value of confinement factor, Γ), which can also be thought
of intuitively as a larger wavelength having trouble fitting into the
waveguide core, being squeezed by the slab boundaries, and conse-
quently spilling out into the surrounding space. Despite this weak-
ened confinement, these modes are unable to leak or radiate into the
surrounding space in the absence of any kind of bend, interruption,
or irregularity in the mode volume. It can also be observed that the
modal index is decreased alongside the weakening confinement, and
this variation in wave speed with respect to frequency is known as
dispersion. This too makes intuitive sense, as a lesser proportion of
modal fields exist within the dielectric volume of the core, and hence
we may imagine that the mode is less slowed-down by the higher bulk
index (i.e., ncore) therein. These two phenomena tend to generalize
across all-dielectric waveguides of all types; lower frequencies are
associated with weaker confinement and faster phase velocity. On
the higher-frequency end, the electrical size (i.e., relative to a wave-
length) of the slab waveguide is larger, and it can be observed that
the TE1 mode begins to propagate once h = 0.153 ⋅ λ0. This value
is read directly from the modal index plot in Fig. 5(c), as opposed to
being obtained through the inversion of a closed-form mathematical
expression, because the dispersion relation is itself a transcenden-
tal equation that must be solved through numerical optimization.
We wish to remark that it is most often favorable to operate a given
waveguide below this point, i.e., in its single-mode region. This is
because co-propagating modes will travel at different speeds, intro-
ducing interference and potentially degrading signal integrity. For
intrinsic silicon, the single-mode region of this waveguide is there-
fore the span from DC up until frequency is equal to f = 0.153 ⋅ c/h.
In practical terms, however, we cannot make use of this entire fre-
quency span because of the extremely weak confinement at low
frequencies.

2. Slab waveguide, TM-modes
In addition to TE-modes, it is also of interest to investigate the

orthogonal polarization, namely, TM-modes. A very similar proce-
dure of analysis is employed in the latter case, albeit assuming that
the only nonzero magnetic field component is in the y-dimension,

Hy(x) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ha,1 ⋅ exp (−αx[x − h/2]) if x ≥ h/2,

Hc ⋅ cos (kxx + φ) if ∣x∣ ≤ h/2,

Ha,2 ⋅ exp (αx[x + h/2]) if x ≤ −h/2.

(23)

The lateral propagation constant terms retain their earlier defini-
tions. In this case, we deploy Ampère’s law in order to extract the
tangential electric field component, which takes the following form
in linear, isotropic, lossless dielectric media of bulk refractive index
n,

∇× H⃗ = jωε0n2E⃗. (24)

This leads to the following dispersion relation for the TM-polarized
slab mode:

mπ = kxh − 2 ⋅ arctan(n2
core

n2
clad
⋅ αx

kx
). (25)

At this point, the key distinction of this analysis from the disper-
sion relation of TE-modes [Eq. (22)] becomes apparent; Ampère’s
law has extracted the bulk index of the core- and cladding-materials,
ultimately introducing them as additional factors in the dispersion
relation. As a consequence, the TM mode tends to exhibit weaker
confinement and a lower modal index for a given slab-thickness, as
can be seen in Fig. 5(d).

3. Rectangular dielectric waveguides using Marcatili’s
approximation

Having analyzed the confined modes of air-clad dielectric slab
waveguides, we now return to dielectric rod waveguides. This is a
class of channel waveguide, which is a general term for any dielectric
waveguide that exhibits index variation in both transverse dimen-
sions. This is in contrast to slab waveguides, which exhibit index
variation in only one transverse dimension (the x-dimension), and
are therefore wholly unconstrained in the plane of the slab (i.e., the
yz-plane), allowing for free-space-beam-like propagation in these
two dimensions. For this reason, the guide itself does not clearly
define a propagation direction, and the actual trajectory followed
by guided waves is the result of the initial y-dimension field dis-
tribution launched into the guide, subject to in-plane diffraction
according to Huygens’ principle.183 On the other hand, a channel
waveguide can indeed constrain the number of propagating modes
in both transverse dimensions, and in doing so, restricts propa-
gation to a single well-defined direction that is orthogonal to the
two-dimensional cross section of the waveguide. In the context of
integrated systems, this means that dielectric channel waveguides are
generally of greater value and interest than slabs, as they facilitate
convenient routing in a planar circuit, serving as general-purpose
interconnect, or “wires,” between components. That is not to say that
slab waveguides are of no value whatsoever, in fact they have several
terahertz-range uses that will be discussed in Secs. VII C and VIII B,
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and in the nanophotonic range, they are the basis for arrayed wave-
guide gratings184,185 and echelle gratings,186 which are required for
frequency-channelization in lightwave technologies. Nevertheless,
dielectric channel waveguides are more generally useful. Unfortu-
nately, however, the analysis of channel waveguides is markedly less
straightforward than that of slabs, and so we must either employ
of fully numerical methods to extract modal fields, as in Fig. 4, or
make use of simplifying approximations. Having already pursued
the former approach, we now present the latter.

We make use of Marcatili’s method,181,182 which approximates
the modal field distribution as a pair of separable spatial func-
tions that each varies in only one transverse dimension, and thereby
renders the analysis tractable. The cross-sectional modal field distri-
bution is treated as the product of two one-dimensional functions,
one being a function of x and the other a function of y, and both
of these spatial functions are simply the field distributions of differ-
ent slab modes. In order to maintain consistency with the analysis
in Fig. 4, we consider a rectangular cross section waveguide of 2:1
aspect ratio, for which the electric field is polarized tangentially to
the long-edge, as illustrated in the inset to Fig. 5(e). In this case,
the y-dimension function corresponds to the field pattern of a TE
slab-mode, and the x-dimension is a TM-mode in a slab of double
thickness. The corner-external regions are left unconsidered in this
analysis because they do not provide any boundary conditions that
are relevant to the constituent slab modes. According to Ref. 182,
these conditions/approximations allow us to write

βchannel =
√
(k0ncore)2 − k2

y,TE − k2
x,TM, (26)

where kx,TM is the transverse propagation constant in the double-
thickness TM slab, and ky,TE is the transverse propagation constant
in the orthogonal dimension. Substituting Eq. (12) reduces this
expression to

βchannel =
√
−(k0ncore)2 + β2

TE + β2
TM,2⋅h. (27)

The result of this approximation is shown in Fig. 5(c) for several
propagating modes, and it can be seen that the dependence of modal
index upon frequency is inherited from the slab waveguides upon
which this approximation is based.

It is of interest to validate the analytical model of the channel
waveguide, and as the fundamental mode is generally of the most
interest to practical applications, we make use of it as an example
case. Modal index is computed using the numerical mode solver that
is included in the commercial full-wave simulation software pack-
age CST Studio Suite, as in the case of the insets to Fig. 4, and the
result is plotted in Fig. 5(e). It can be seen that very close agreement
is obtained, validating Marcatili’s method. Note that higher-order
modes are not considered in this comparison as it would introduce
visual clutter while providing little additional insight.

The upper limit of the single-mode bandwidth is constrained
by the onset of higher-order modes. The lower-frequency end is also
constrained by the de-localization of modal fields into the surround-
ing space, which ultimately renders the guide leaky once the modal
index falls below n0 = 1 (i.e., free-space), in a non-leaky-to-leaky
transition called “crossing the light-line.” Bearing these constraints
in mind, a frequency range from h = 0.11 ⋅ λ0 to h = 0.175 ⋅ λ0 is

given as a guideline for the specific channel-guide geometry consid-
ered here. This is a 45% span of relative bandwidth, but it is good
practice to leave a modest margin, and so the practical, usable single-
mode range is ∼40%. Thus, if h = 200 μm, then the recommended
operation range will be from 165 to 250 GHz, and for h = 100 μm,
it is from 330 to 500 GHz, although it is noted that these particular
values only hold for a pure silicon core of this specific aspect ratio.

B. The development of terahertz-range dielectric
rod waveguides

This section describes the engineering advances that supported
the translation from the theoretical analyses such as that which is
presented above toward practical demonstrations of terahertz-range
dielectric rod waveguides composed of pure silicon. Much of the
work described here was performed below 100 GHz and made use
of dielectrics other than intrinsic silicon, and so it is not all strictly
within the topic scope of this article. However, it is included to pro-
vide a broader and more complete context for the development of
the relevant terahertz-range technology.

1. Tapered termination
Interfaces are required in order to utilize any given waveguide

structure as interconnect, or else there will simply be no way to
launch or receive the guided mode. In the context of dielectric
waveguides, this is a question of index-matching the high effec-
tive index of the guide, nmodal to the unity-index of free space,
n0 = 1, in order to suppress reflections. To this end, we observe in
Figs. 5(c)–5(e) that modal index is dependent upon the electrical
size of the guide’s cross section, with a thinner waveguide having
a lower index. In the extreme case, the guided-mode index of a nar-
row channel guide will cross the light-line and leak spontaneously
into the surrounding space. In other words, a sufficiently electrically
narrow dielectric waveguide will cease to behave as a waveguide, and
will begin to operate as an antenna. Fortunately, it is very conve-
nient to transition between the well-confined wide waveguide and
the free-space-matched narrow guide; all we need to is longitudi-
nally taper the guide section over a distance of a few wavelengths,
forming a spike. As early as the post-war period of the 1940s, linear
tapers were being used to radiate the guided mode of a microwave-
range dielectric rod waveguide composed of polystyrene, for end-fire
antennas.187

Aside from antennas, the tapered-spike structure is also the
fundamental basis of port-coupling to hollow metallic waveguides,
which is of critical importance as a near-field interface to terahertz
instrumentation systems.120–122 The guided mode of a hollow wave-
guide is a fast-wave, meaning that its modal index is lower than
that of free-space, and hence is certainly lower than that of a non-
leaky dielectric waveguide. Thus, from the perspective of a dielectric
waveguide, the problem of index-matching is essentially the same as
in the case of free-space; we must transition to a faster wave, and
so we can likewise use a tapered-spike termination. Efficient cou-
pling is achieved by inserting the spike directly into the empty space
that comprises the inner volume of the hollow metallic waveguide
such that the energy that is radiated from the tapered spike will
be injected directly into the hollow guide. As with tapered dielec-
tric rod antennas, this manner of tapered-spike coupler was first
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FIG. 6. The historical development of dielectric rod waveguides for terahertz
frequencies, showing (a) a cylindrical polystyrene rod that serves as a microwave-
range dielectric rod waveguide, and is coupled to a circular hollow metallic
waveguide by means of a cylindrical tapered spike for index-matching, reproduced
with permission from C. Chandler, J. Appl. Phys. 20, 1188–1192 (1949). Copyright
1949 AIP Publishing LLC; (b) a systematic study into various different taper and
feed-horn shapes for Teflon millimeter-wave end-fire antennas operating in the
vicinity of 80 GHz, from S. Kobayashi, R. Mittra, and R. Lampe, Proceedings of
the Antennas and Propagation Society International Symposium. Copyright 1980
IEEE. Reproduced with permission from IEEE; and [(c) and (d)] a dielectric rod
waveguide composed of sapphire that is capable of operation above 100 GHz,
i.e., the terahertz-range, reproduced with permission from Lioubtchenko et al.,
IEEE Microwave Wireless Compon. Lett. 11, 252–254 (2001). Copyright 2001
IEEE. None of these studies made use of intrinsic silicon as the core dielectric, but
they nonetheless cemented many of the engineering conventions of contemporary
substrateless all-silicon photonic devices.

demonstrated in the microwave range in the 1940s, using a low-
index polystyrene taper inserted into circular metallic waveguides,188

as shown in Fig. 6(a). This port coupling facilitated the exploration of
these dielectric guides as interconnect in microwave-range circuits,
with consideration paid to the implementation of resonators and
bend structures. Subsequent years saw the same manner of cylindri-
cal tapered-spike coupler used to feed microwave-range dielectric
antennas,191 and by the 1960s, a rectangular cross-sectional profile
had been adopted for both guides.192

2. Reaching higher frequencies
Following the initial microwave-range demonstrations of

dielectric rod waveguides, translation to the millimeter-wave region
was facilitated by low-loss polymer dielectrics, such as Teflon,193

which opened the door to operation at frequencies as high as

∼80 GHz. This supported investigations into optimized taper struc-
tures for millimeter-wave antennas,189 as shown in Fig. 6(b). This
study, along with others from that period,194 also looked into flar-
ing the output of the metal waveguide at the launching point of
the dielectric waveguide mode in order to avoid the sharp discon-
tinuity in modal cross section area at the mouth of the hollow
metallic waveguide, which is a consequence of the weakly confined
mode’s evanescent fields suddenly expanding into the unconfined
surrounding space after the hollow guide is terminated. How-
ever, this particular refinement is only really necessary because
of the low index (n ∼ 1.4) of the Teflon dielectric. On the other
hand, if a higher-index dielectric were employed then the resul-
tant stronger field confinement would render this flared transition
unnecessary.

By around the time of the turn of the millennium, dielec-
tric rod waveguides reached operation frequencies of more than
100 GHz, and thus entered into the terahertz range.190,195 This was
enabled in part by the use of higher-index low-loss dielectric mate-
rials, such as sapphire (n > 3),190 as shown in Figs. 6(c) and 6(d), as
well as gallium arsenide.195 It can be seen that, in addition to low
propagation loss, highly efficient coupling from the hollow metal-
lic waveguide is indeed achieved without the use of a flared metallic
waveguide, owing to the strong field confinement within the high-
index core. Not only that ceramics and intrinsic semiconductors also
exhibit a more physically rigid and robust structure at the small,
micro-scale core dimensions that are required for single-mode oper-
ation in the terahertz range. On the other hand, it can also be seen
in Fig. 6(c) that the high-frequency sapphire dielectric rod wave-
guide now requires a dielectric support structure that is composed of
styrofoam, as the smaller-core, higher-index dielectric can no
longer be simply held by the walls of the hollow guide, as in the
low-index-core example in Fig. 6(a).

C. Demonstrations of silicon dielectric rod
waveguides in the terahertz range

High-frequency dielectric rod waveguides translate very nat-
urally to intrinsic silicon as its properties are similar to those of
sapphire, and this brings dielectric rod waveguides more firmly into
the purview of this article. Utilizing silicon for the core dielectric also
has notable supply-chain benefits, as silicon is a lower-cost196 and
more-plentiful material. Silicon dielectric rod waveguides were ini-
tially utilized for end-fire antennas operating in the frequency range
from 110 to 150 GHz,197 as shown in Fig. 7(a), and it can be seen
that the device is affixed to the flange-coupler using a low-index
styrofoam support structure during characterization of antenna per-
formance. Thus, the first all-silicon waveguide for terahertz waves
was an end-fire antenna, which incidentally mirrors the develop-
ment of the polystyrene microwave-range devices that came before,
in the 1940s. This manner of end-fire all-silicon antenna was later
deployed in the frequency range from 220 to 325 GHz by reducing
the cross-sectional guide dimensions.198

Aside from antennas, silicon dielectric waveguides have also
been deployed as point-to-point interconnect between hollow
metallic waveguides in a manner that is quite similar to that which
is illustrated in Fig. 6(c).190 For instance, one systematic study
investigated progressive step transitions as an alternative to lin-
ear tapers,199 as shown in Figs. 7(b) and 7(c). It was found that a
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FIG. 7. Demonstrations of all-silicon dielectric rod waveguides that operate at frequencies in the vicinity of 100 GHz and beyond, showing (a) a dielectric rod waveguide
as an end-fire antenna, from Ref. 197; [(b) and (c)] an exploration into the possibility of step-taper transitions, as opposed to wedge-shaped linear tapers, reproduced with
permission from Marconnet et al., IEEE Trans. Electron Devices 56, 721–729 (2009). Copyright 2009 IEEE; [(d) and (e)] dielectric rod antenna-based broadband board-to-
board interconnect that makes use of a tapered slot antenna structure as opposed to the more-conventional hollow-waveguide launcher, from Ref. 78; and [(f) and (g)] a
demonstration of frequency-dependent contactless power transfer between two dielectric rod waveguides that are arranged together upon a polystyrene block, from Ref. 200.

two-step taper outperforms a single step, likely because it is a closer
approximation of a progressive linear taper transition. Another
study exploited the unshielded nature of the guide for tunable
sidewall loading, and demonstrated that a MEMS-actuated high-
impedance surface brought into the guide’s proximity could serve
as a phase shifter with a maximum tuning range of 32○.201 This
technique is wholly dependent upon the existence of evanescent
fields that extend outside the bounds of the waveguide core, and

so it cannot be extended to shielded guides such as hollow metallic
waveguides.

A hollow waveguide is not the sole viable means to launch
the guided mode of an all-silicon terahertz dielectric rod wave-
guide. One recently demonstrated planar alternative is a broadband
V-shaped tapered slot antenna,78 allowing the dielectric rod wave-
guide to serve as interconnect between two physically separated
boards, as shown in Figs. 7(d) and 7(e). The use of a broadband cou-
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pler accommodated relative bandwidth beyond the 40% of hollow
metallic waveguides, but it is noted that this engenders a conscious
choice to operate the dielectric rod waveguide in its over-moded
region, and so care must be taken to avoid exciting undesired higher-
order modes. That study also the possibility of explored contactless
power transfer, i.e., with an airgap between the waveguide and the
receiving board, which was enabled by the evanescent fields that
surround the dielectric waveguide. A similarly contactless power
transfer technique may also be achieved between two dielectric
rod waveguides by bringing them into proximity, and allowing the
frequency-dependent transfer of power via evanescent fields,200 as
shown in Figs. 7(f) and 7(g). It is noted that this airgap-transfer
technique will be discussed in greater detail in Sec. VIII B, as its
innate frequency-dependence can be exploited to realize frequency-
division diplexers, but have included it in in the present section
because the study illustrates a certain fundamental and important
limitation of dielectric rod waveguides: the absence of any kind of
physical support for the waveguide core.

The two lines of the near-field coupler shown in Fig. 7(f) are
separate, disconnected, individual pieces of silicon that must be
physically placed into close proximity with each other in order to
transfer terahertz waves across the airgap. As a consequence, the
waveguide core itself must be manually handled during positioning,
which innately engenders risk of breakage, as the guide is essen-
tially just a micro-scale “hair” of crystalline material. Furthermore,
this risk would be markedly exacerbated if miniaturization of core
dimensions were attempted in order to achieve higher-frequency
operation. The manual assembly also renders it extremely challeng-
ing to accurately ensure a specific micro-scale airgap width, and
these difficulties would multiply if more than one such airgap cou-
pler were included in the circuit. As such, an accurate structure
could only really be assured in a device without any airgaps, and
instead exhibits a single united waveguide core. This significantly
restricts the achievable complexity of integrated circuits that may
be implemented in this platform, which accounts for the prevalence
of straight waveguides in the dielectric rod waveguide literature,
both as fixed point-to-point interconnect and as end-fire antennas.
Furthermore, the assembly of the two disconnected lines must nec-
essarily be performed upon some form of physical support structure,
table, or board, such as the styrofoam support in Figs. 6(c), 7(a), and
7(f), and the circuit board in Fig. 7(d). In electromagnetic terms, this
lower-index material can essentially be considered equivalent to a
“substrate,” and so terahertz-range dielectric rod waveguides cannot
be considered “substrateless” in a strict sense.

V. FRAME-TETHERED GUIDE
It would be greatly beneficial to integrate some form of physical

support directly together with the waveguide core, without compro-
mising the substratelessness that yields the great efficiency advantage
that is shown in Fig. 4. One prospective avenue to achieve this is
in-plane support that is also made of low-loss silicon, and so it can
be fabricated together with the integrated guide. The selection of an
appropriate means of support is a serious engineering consideration,
and so is a major focus for the remainder of this tutorial.

One prospective avenue for in-plane support is to attach the
guide to an adjacent frame structure with integrated tethers (also
called “anchors”), which are narrow beams of intrinsic silicon, as

shown in Fig. 8. This enables handling without the need for physical
contact with the guide core, and it also facilitates practical packag-
ing structures,152,204 as shown in Figs. 8(a) and 8(b). The frame rests
upon shelves that are built into the package, holding the guide core
suspended above a trench, preventing interaction between the wave-
guide core and the material of which the package is composed. The
supporting tethers have also significantly increased the viable struc-
tural complexity, yielding compact bends,202 as shown in Figs. 8(c)
and 8(d), as well as spirals.203

Given that the tethers are composed of exactly the same
material as the waveguide core with which they are in physical con-
tact, guided waves will experience each pair of tethers as a momen-
tary expansion of the core’s cross-sectional width. This irregularity
in core dimensions has the potential to introduce loss through
radiation, in-guide reflections, and could even form an unwanted
waveguide itself if the tethers were wide enough. In order to miti-
gate this loss, the tethers are generally made as narrow as possible
while maintaining physical structural viability; smaller tethers are
invariably weaker. This critical trade-off is numerically explored in
detail in Ref. 203, as shown in Figs. 8(e) and 8(f), and a tether that is
about ten percent of the width of the guide is found to be appro-
priate. For the chosen configuration, each pair of tethers causes
∼0.04 dB loss, and the separation between adjacent pairs is 1.5 mm.
Thus, the tethers alone contribute ∼0.3 dB/cm to progressive loss.
For comparison, the propagation loss of a moderate-purity silicon
guide surrounded by free-space would be ∼0.1 dB/cm, according to
Fig. 4. Conversion to linear units reveals that, after 1 cm of prop-
agation, ∼7% of the initial power has been lost due to the tethers,
while only ∼2% is intrinsically dissipated by the guide core. The total
loss is therefore ∼9%, and Fig. 4 shows that the computed loss of
a hollow metallic waveguide over the same distance is ∼13%. We
may conclude from this rough analysis that the physical structure of
the frame-tethered guide contributes significantly higher loss than
the absorption of the materials from which it is constructed, render-
ing its performance broadly comparable to that of a hollow metallic
waveguide—and in a markedly more fragile structure. This fragility
may be improved somewhat by strengthening the tethers, but this
will inevitably increase the progressive loss; if either the tether width
is increased to 50 μm or the pitch is reduced to 0.7 mm, then the loss
due to the tethers alone will exceed that of a hollow metallic wave-
guide. Thus, the use of integrated supporting tethers unfortunately
appears to largely undermine the primary advantage of substrate-
less all-silicon guides, i.e., efficiency. On the other hand, other
advantages such as compactness, cost-effective manufacture, con-
venient routing, and the versatility of viable functional devices, still
apply.

VI. PHOTONIC CRYSTAL TECHNIQUES
It is desirable to provide support to the waveguide core without

compromising the low loss that makes all-intrinsic-silicon so attrac-
tive. It would therefore be beneficial to avoid irregularities in the
guide core, and instead clad the guide width some manner of homo-
geneous medium. However, this article is solely concerned with
all-silicon structures; how might we construct a suitable cladding
using only a single material? The answer is to use regular lattice
structures, such as a photonic crystal. In this section, we explore
the possibility of cladding an all-silicon terahertz guide with such
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FIG. 8. A selection of waveguide devices that are affixed to supporting frames using arrays of narrow integrated tethers, showing [(a) and (b)] a straight waveguide for the
millimeter-wave range, reproduced with permission from Malekabadi et al., IEEE Trans. Terahertz Sci. Technol. 4, 447–453 (2014). Copyright 2014 IEEE; (c) bend structures
and (d) associated measured transmission, reproduced with permission from Verstuyft et al., Opt. Express 30, 6656–6670 (2022). Copyright 2022 Author(s), licensed under a
Creative Commons Attribution 4.0 License; (e) an micrograph of a supporting tether for a terahertz-range waveguide; and (f) associated numerical study into the relationship
between tether width and insertion loss, for a guide that is 90 μm-thick and 210 μm-wide, reproduced with permission from Akiki et al., IEEE Trans. Terahertz Sci. Technol.
11, 42–53 (2021). Copyright 2021 IEEE.
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a medium, but first we must introduce the concept of photonic
crystals.

A. A brief introduction to terahertz-range photonic
crystals

Photonic crystals are a light-wave adaptation of the wave
mechanics of quantum particles within the crystalline structure of a
semiconductor material, and, in particular, the phenomenon known
as an “electronic bandgap.”209 The fundamental concept of a pho-
tonic crystal is to artificially pattern a given dielectric material with
a periodic lattice structure in order to mimic the phenomenon of
an electronic bandgap at a larger physical scale, yielding a medium
in which light within a certain wavelength range cannot propagate.
This idea was concurrently conceived of in 1987 by two independent
scientists with different motivations. Eli Yablonovitch was seek-
ing to improve the efficiency of lasers, which suffered significant
loss due to spontaneous emission of undesired photons, and so a
“photonic bandgap” offered as a way to inhibit this phenomenon.210

John, on the other hand, sought to trap light within a defect in
the lattice.211 These two remarkable gentlemen jointly agreed that
“photonic crystal” was the appropriate term for this theoretical
medium, and with that, an entire field of research was born. A
few years later, Yablonovitch reported the first artificial photonic
crystal, complete with an experimentally verified photonic bandgap,
by drilling a three-dimensional periodic hole structure into alu-
mina,205 as shown in Figs. 9(a) and 9(b). In later years, the concept
was adapted to a perforated two-dimensional slab structure,212,213

and facilitated the experimental realization of Yablonovitch’s orig-
inal vision and motivation, namely, the inhibition and control
of spontaneous photon emission,206,214 as shown in Figs. 9(c)
and 9(d).

The first experimental demonstration of a terahertz-range pho-
tonic crystal was reported207 during the intervening half-a-decade
between the first microwave-range photonic crystal205 and early
light-wave photonic crystals.212,213,215 As shown in Figs. 9(e) and
9(f), this demonstration made use of a three-dimensional micro-
scale woodpile structure composed of intrinsic silicon. We will
henceforth focus upon terahertz-range demonstrations of pho-
tonic crystals, as opposed to optical-range, as such work is some-
what tangential to the focus of the review, and is only included
due to its historical significance. If readers are interested in the
topic, a number of exemplary review articles have been ded-
icated to nanoscale photonic crystals for the manipulation of
light-waves.216–218

Following the initial demonstration of a terahertz-range three-
dimensional woodpile photonic crystal,207 a two-dimensional pho-
tonic crystal was implemented by drilling an array of through-holes
into a low-loss plastic dielectric.219 This two-dimensional through-
hole lattice was later implemented in an intrinsic silicon wafer,220

essentially hybridizing the two aforementioned early terahertz-range
demonstrations, and it was at this point that the photonic crystal
structures that are most directly relevant to the subject of this tuto-
rial began to take shape. In that work, the photonic crystal medium
was enclosed within a metallic parallel-plate waveguide in order to
allow for excitation with a free-space beam. However, the presence
of metal engenders undesired Ohmic dissipation, and so subse-
quent work employed specialized quasi-optical apparatus in order

to impinge a terahertz beam upon the edge of an all-intrinsic-silicon
photonic crystal slab, for a truly substrateless photonic crystal struc-
ture that is wholly free of metals,208 and is shown in Figs. 9(g) and
9(h). This paved the way for demonstrations of bandgap tailoring
via physical lattice parameters,221 drawing attention to the versatil-
ity of terahertz photonic crystals. In terms of practical applications,
it has been found that the light-trapping properties of photonic
crystal can serve for a high-quality absorber of terahertz waves,222

in order to suppress standing waves in applications of terahertz-
range communications. In addition, the aforementioned bandgap-
tailoring techniques can be combined with this manner of absorber
in order to realize a terahertz-range version of a contactless tag
reader.223

B. Demystifying photonic band diagrams
Photonic band diagrams are the primary tool for understanding

the electromagnetic properties of a photonic crystal in an abstract
way, i.e., as a medium, as opposed to studying wave propagation
through a finite-sized piece, as in Fig. 9. This manner of plot was
originally developed to study the behavior of quantum-mechanical
particles in a crystalline medium,224,225 and was later adapted to pho-
tonic crystals,226,227 and so is not just a useful tool; it is also evidence
of the lineage of this field, and the translation from semiconductor
physics to lightwave engineering. That said, photonic band diagrams
are a fairly esoteric plotting convention that is not always immedi-
ately intelligible to non-experts, and for this reason, we will provide
a brief explanation here.

Photonic band diagrams are founded upon Bloch’s theorem,228

which states that all solutions to the wave equation in a periodic lat-
tice must also be periodic, and of the same manner of periodicity
and symmetry as that lattice, albeit allowing for finite phase shift
between adjacent cells. His original work pertained to the quantum-
mechanical behavior of electrons in a molecular crystal lattice, but
the result generalizes to the behavior of electromagnetic waves in
the larger-scale artificial crystals that are of interest to us here. As a
consequence, the field distributions within a photonic crystal can be
decomposed into the product of a periodic “envelope” distribution
and a phase shift term. This latter term is determined by the Bloch
wavevector, β⃗, which is the phase shift across adjacent cells divided
by the physical separation there between. The Bloch wavevector can
therefore be viewed as equivalent to the phase constant that is given
in Eq. (10), but as a multi-dimensional quantity with components
in all lattice vector directions. The explanatory example given in
Fig. 10(a) is a two-dimensional square lattice for the sole reason
that the lattice vectors map to Cartesian dimensions, making the
analysis markedly more intuitive. However, we wish to remark that
the same treatment can readily be applied to other classes of peri-
odic structure, such as the triangular lattices displayed in Figs. 9(c)
and 9(g).

Bloch’s theorem allows us to extract a complete description of
wave propagation within a photonic crystal of infinite extent by sim-
ply analyzing a single unit cell of the structure. All we need do is
interpret Bloch’s theorem as a set of electromagnetic boundary con-
ditions that enclose that single period: the field must be expressible
as the product of a complex amplitude term and a spatial phase
shift given by the Bloch wavevector. The resultant solution is a set
of eigenmodes, each at specific frequencies, which are indexed by
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FIG. 9. Evolution from the original demonstration of a photonic crystal structure to the first all-silicon substrateless photonic crystal slab, showing [(a) and (b)] the world’s first
artificial photonic crystal, which exhibited a microwave-range bandgap, reproduced with permission from Yablonovitch et al., Phys. Rev. Lett. 67, 3380 (1991). Copyright 1991
American Physical Society; [(c) and (d)] experimental demonstration of inhibited spontaneous emission within a two-dimensional photonic crystal slab, where measured data
points are shown as circles, and exhibit closest correspondence to theoretical prediction when surface recombination velocity is vs = 1.2 × 103 cm/s, from Ref. 206; [(e) and
(f)] the first terahertz photonic crystal, made of silicon, Reprinted with permission from Özbay et al., Opt. Lett. 19, 1155–1157 (1994). Copyright 1994 Optical Society; [(g) and
(h)] the first substrateless all-silicon photonic crystal slab medium for terahertz waves, reproduced with permission from C. Yee, N. Jukam, and M. Sherwin, Appl. Phys. Lett.
91, 194104 (2007). Copyright 2007 AIP Publishing LLC.
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FIG. 10. An explanatory example of a simple square-lattice 2D photonic crystal, showing (a) the physical structure in question, showing the orientation of the magnetic field
vector component; (b) the Bloch wavevector space, including an example Bloch wavevector and illustration of other vectors that are redundant therewith due to various
symmetries in the lattice; (c) the irreducible Brillouin zone within the Bloch wavevector space, with an illustration of the final redundancy to be removed in order to arrive at
this irreducible zone; and (d) the resultant photonic band diagram, calculated with CST Studio Suite’s eigenmode solver. Each point on the horizontal axis is associated with
one of the two-dimensional Bloch wavevectors on the perimeter of the irreducible Brillouin zone. Insets show the phase shift across adjacent cells together with the first two
propagating modes.
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Bloch wavevectors. By repeating this procedure for the set of all
possible Bloch wavevectors, we obtain the aforementioned complete
description.

At this point, it is useful to note certain forms of degener-
acy that enable us to reduce the problem space. First, in terms of
boundary conditions, a phase shift of Δϕ between adjacent cells is
equivalent to Δϕ + 2π, and so there is an infinite number of higher-
order modes that also satisfy the same boundary condition. Thus,
the Bloch wavevector is wrapped in the range from −π/a to π/a,
never exceeding a 2π phase shifts between adjacent cells. In this
way, we obtain the finite-sized Bloch wavevector space that is shown
in Fig. 10(b). The second form of degeneracy that we exploit is
rotational symmetry, as the backward-propagation is equivalent to
forward-propagation when viewed from a different angle (i.e., 180○

rotation of the lattice), and so the negation of a given Bloch wavevec-
tor can be disregarded as redundant. This allows us to exclude the
entire double-negative quadrant of the Bloch wavevector space (i.e.,
−π/a < βx, βy < π/a). In a similar way, the spatial mirror symme-
try of the square lattice in the x and y dimensions allows us to
disregard the two remaining negative-valued quadrants, leaving us
with positive-valued Bloch wavevectors. The final form of lattice
symmetry that may be exploited in the remaining double-positive
quadrant is reflection in the diagonal line y = x, and this leaves us
with the triangle that is shown in Fig. 10(c), which is known as the
“irreducible Brillouin zone,” and is so-named because no further
exploitable symmetries remain. Every single Bloch wavevector that
is outside of this reduced space will therefore be redundant with one
that is inside, and so the set of eigenmodes that correspond to all
Bloch wavevectors inside the irreducible Brillouin zone are a com-
plete description of permissible wave propagation in the photonic
crystal lattice structure.

In the context of photonic band diagrams, it is generally con-
sidered sufficient to consider only the Bloch wavevectors around the
perimeter of the irreducible Brillouin zone, as features of interest
will most often occur at the edges, and especially at corners.229,230

The established convention is to label each vertex of the perimeter of
the irreducible Brillouin zone, and then “unfurl” this perimeter into
a straight line segment that serves as a unitless, numberless visual
index of all Bloch wavevectors under consideration. Finally, solv-
ing the eigenmodes of all Bloch wavevectors along this line, and
plotting the frequencies at which these modes propagate against
the unfurled path around the irreducible Brillouin zone’s perime-
ter, will yield a photonic band diagram such as that which is shown
in Fig. 10(d). Because of the aforementioned phase-wrapping of
the Bloch wavevector, each such propagating mode exhibits an
infinite number of harmonics at higher frequencies, which is why
more than one line, or “band,” is plotted in the photonic band
diagram.

At low frequencies, the fundamental band presents as a straight,
diagonal line. This is because the physical structures that comprise
the lattice are too small to behave as individual features or scat-
terers, and so the medium is experienced by an electromagnetic
wave as a kind of average of the two constituent media. This is
also known as an “effective medium,” which is a concept that will
be covered in more detail in Sec. VII. As frequency is increased,
the fundamental band begins to curve downward, away from the
diagonal line of the effective medium approximation, and the phys-
ical interpretation of this band-curvature is dispersion. It can also

be observed that, due to this curvature, the first and second modes
never meet. Thus, not all frequencies are assigned to a specific prop-
agating mode, and this is evident in the photonic band diagram as
a gap in-between two adjacent bands of propagating modes. This is
termed a “photonic bandgap,” with the physical interpretation being
that wave propagation is not permitted within the photonic crystal
for this span of frequencies. This is also the cause of the stopbands
that are observed in the transmission responses given in Fig. 9. It
merits mention that the photonic bandgap occurs in the vicinity of
300 GHz, and that the 300-μm pitch approximately corresponds to
a wavelength in bulk-silicon at this frequency, and to a third of a
wavelength in the air medium that fills the holes, and so we may
roughly interpolate to a half-wavelength period. We may therefore
say that the periodicity of the lattice is of “wavelength-scale,” which
is a general requirement for the formation of a photonic bandgap,
but will correspond to a different absolute physical scale in each spe-
cific case, depending upon the materials employed and their physical
arrangement.

C. Photonic crystal waveguides
We return now to the topic of waveguiding platforms for tera-

hertz waves. In view of the above discussion, a photonic crystal may
seem an unusual choice for this purpose given that its main interest-
ing property is the photonic bandgap, which forbids the propagation
of electromagnetic waves, and hence is essentially the opposite of a
waveguide. On the other hand, we may think of a photonic crystal
as a kind of all-dielectric mirror; a counterpart to the metal walls
that enclose hollow metallic waveguides. This allows us to construct
very well-defined boundaries that will confine propagating waves
within a waveguide core. The core itself is implemented by leaving
a single row of cylindrical through-holes absent, thereby creating a
narrow track along which the bandgap medium is interrupted, and
hence terahertz waves may be allowed to propagate.231–233 This is
called a “defect row,” which is a class of “line defect.” Similar to
the tether structures presented in Sec. V, the photonic crystal is
an all-silicon periodic support structure, but in this case, the elec-
tromagnetic behavior is more akin to a uniform medium that is
impenetrable to terahertz waves, and thus it avoids periodic scat-
tering loss due to irregularities. On the other hand, the fact that this
waveguiding mechanism depends upon the existence of a photonic
bandgap limits operation to the span of frequencies over which this
bandgap can be maintained. Not only that, the cumulative action of
the periodic scatterers at either side of the line defect has a tendency
to produce dispersion that can accelerate the phase velocity of guided
waves beyond that of free-space, thereby crossing the light-line, and
becoming leaky. Thus, in practice, a photonic crystal waveguide’s
operation bandwidth is generally in the vicinity of 10%, meaning
that the ratio of operation bandwidth spanned to center frequency is
∼ 1/10. For context, the recommended operation range of a hollow
metallic waveguide is ∼40%.

Photonic crystal waveguides have been demonstrated in the
vicinity of 1 THz using 44 μm-thick silicon,72 as shown in Fig. 11(a),
which shows that this material and lattice structure are strong
enough to be self-supporting for thickness below 50 μm. Not only
that, to our knowledge this is the world’s first demonstration of a
substrateless all-silicon terahertz waveguide in the literature, as the
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FIG. 11. Self-supporting 2D photonic-crystal waveguides at terahertz frequencies.
(a) The world’s first terahertz-range photonic crystal waveguide reported in the
literature, which operated at ∼1 THz, showing curved slab boundary that served
as input coupling for a free-space beam, reproduced with permission from C. M.
Yee and M. S. Sherwin, Appl. Phys. Lett. 94, 154104 (2009). Copyright 2009 AIP
Publishing LLC; (b) physical structure and simulated propagation of a photonic
crystal waveguide, both with and without bends; and (c) the band diagram structure
of the photonic crystal waveguide in (b), where the fundamental guided mode is
shown in red, the first higher-order mode is in blue, and the bounds of the photonic
bandgap are black, from Ref. 153. It is also noted that this plot is transposed with
respect to the convention shown in Fig. 10, as we are unable to substantially alter
previously images taken directly from previously published work in order to suit our
current plotting convention.

silicon dielectric rod waveguides that pre-date it190,197 required phys-
ical support, and so they are not technically substrateless. This early
photonic crystal waveguide study did not report propagation loss,
and it is noted that an accurate reading of propagating loss would
have been very challenging given that terahertz waves were coupled
to the guide by focusing a free-space beam to the slab edge, render-
ing repeatable alignment challenging, and generating non-negligible
reflections at the high index-step at the edge. However, a guide of a
similar sort with 200 μm-thick silicon was later reported to exhibit
0.04 dB/cm propagation loss at 330 GHz, and less than 0.1 dB/cm
from 326 to 331 GHz.153 The structure of this latter photonic crys-
tal waveguide can be seen in Fig. 11(b), together with an illustration
of the hollow-waveguide interface that supplies terahertz waves. It
can be seen that the tapered-spike coupler is essentially identical
to those which were introduced in Sec. IV B 1, for dielectric rod
waveguides. The adaptation of this efficient near-field interface to
photonic crystal waveguides offered sufficient precision to charac-
terize the propagation loss of the guide due to repeatable alignment
and low reflection. Additional to facilitating hollow-waveguide cou-
pling, the tapered spike has also been exploited to couple to terahertz
polymer fibers,176 as the strong field delocalization that occurs at the
narrow tip is closely correlated with the loosely confined, wide-area
mode of the fiber. This structure can also serve as antenna,234 in
much the same manner as described in Secs. IV B 1–IV C, or even
as a feed antenna for a high-gain dish.235 Aside from tapers, other
far-field interfaces that have been integrated with photonic crys-
tal waveguides in the 300 GHz-band include grating couplers236,237

and matched dielectric resonator antennas.238 Finally, contactless
evanescent coupling can be exploited for board-to-board connectors
between separate photonic crystal waveguide devices, and thereby
opening the door to modular systems.239

A band diagram for the 300 GHz-band photonic crystal wave-
guide reported in Ref. 153 is given in Fig. 11(c), showing that the
fundamental mode begins to propagate at ∼310 GHz, and becomes
leaky at ∼340 GHz, for a ∼9% relative bandwidth. The band diagram
also reveals another important detail: highly pronounced curvature,
which indicates strong dispersion that can negatively impact per-
formance and degrade signal integrity. For this reason, subsequent
work on photonic crystal waveguides has sought to alleviate this
dispersion by means of dispersion engineering mediated by opti-
mization of the lattice and track width,240 and by suppression of
the Bragg mirror effects associated with the periodic modulation
of waveguide track width.241 However, both of these studies were
solely concerned straight guides, and so it is not clear whether neces-
sary routing structures such as bends may be incorporated into these
refined photonic crystal waveguides. In contrast, the prior study in
Ref. 153 included 60○ bends, which can be seen in Fig. 11(b), and
are an essential fundamental component for routing terahertz waves.
This facilitated terahertz-wave transmission through a folded 50-cm
length of guide with 28 bends. However, the bandwidth of these
bend structures was strictly limited, and, in general, it is challenging
to implement bend structures in defect-row-based photonic crystal
waveguides.

Aside from defect rows, there are other viable approaches to
construct a line defect-based waveguide within a photonic crystal
medium. We may make use of a photonic crystal that exhibits bro-
ken inversion symmetry, and hence the unit cell has a clearly defined
“up” and “down.” If this structure is mirrored and placed into direct
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contact with its mirror-image as shown in Fig. 12(a), the interface
between the two forms another kind of line defect that may be
employed for single-mode terahertz-range waveguiding,75,242–245 as
can be seen in the photonic band diagram shown in Fig. 12(b). This
manner of waveguide is called a “valley photonic crystal,” which is a

FIG. 12. Terahertz-range valley photonic crystal waveguides, showing (a) the
mirror-symmetry of the periodic structure, reflected in the plane of the line defect;
(b) the associated photonic band diagram, where the propagating mode is shown
in red, and the regions in which propagating modes exist in the photonic crystal
are colored in green; (c) a simulation of wave propagation in a guided-wave struc-
ture with ten bends; (d) measured transmission through the ten-bend structure,
an equivalent straight waveguide, and a photonic crystal sample that lacks a line-
defect; and (e) measured propagation loss. All of these materials are from Ref.
75.

class of “photonic topological insulator,” and it guides electromag-
netic waves at the boundary between two impenetrable photonic
crystal media. This particular configuration is known as a “zigzag
interface” in which the edge of the large triangle is in proximity to
the symmetry plane, but if the points of the triangles were inter-
leaved then a “bearded interface” would be realized,246 yielding a
different edge state with a distinct band structure. In contrast to
the above-discussed conventional photonic crystal waveguides, this
interface-guided structure does not have a finite waveguide core vol-
ume, which is a unique property among dielectric waveguides, in
general. Thus, although the propagating mode is bound to the line
defect at the interface, the guided waves must necessarily exist in the
surrounding photonic crystal medium at adjacent sides, as can be
observed in Figs. 12(b) and 12(c). This may seem counter-intuitive,
and so it merits mention that the existence of a photonic bandgap
does not mean that terahertz waves are not permitted in the pho-
tonic crystal medium at all, but rather, that wave propagation is not
permitted, and so the guided waves cannot propagate away from the
line defect.

The valley photonic crystal waveguide has one very interest-
ing property; unlike conventional photonic crystal waveguides, it is
essentially immune to bending loss. This property was tested in Ref.
75 with a structure with ten bends, shown in Figs. 12(c) and 12(d),
and it can be seen that the loss contributed by the bends is essentially
negligible away from band-edges. On the other hand, the absence
of a waveguide core presents a drawback: modal fields are not well-
localized within a core, and so it is challenging to directly launch
the propagating mode of a given valley photonic crystal device. This
is generally addressed with a mode converter, which is essentially
a short length of conventional defect-row photonic crystal wave-
guide after the spike coupler that acts as a transition, and introduces
minor additional coupling loss. Another issue is that, because the
modal fields of the null-core guide are wholly within the cladding
lattice structure, terahertz waves will be strongly affected by dis-
order and in that lattice. This may be a contributing factor to the
vulnerability of photonic topological insulators to back-scattering
from structural defects that can arise from non-ideal fabrication, as
reported in Ref. 247, although it is noted that this study employed a
slow-light waveguide, and was carried out at nano-scale, where fabri-
cation is generally less reliable, and so it is not entirely clear whether
the conclusions thereof directly apply here. Furthermore, that article
was published in the same year of writing, which indicates that the
precise nature of propagation loss in photonic topological insulators
remains an open questions. The propagation loss of the terahertz
valley photonic crystal is given in Fig. 12(e), and it can be seen that it
is low in the vicinity of 337 GHz, but for the majority of the operation
bandwidth, it is in the range from 0.2 to 0.5 dB/cm. This renders the
valley photonic crystal’s propagation loss comparable to the frame-
tethered guides discussed in Sec. V—and with markedly reduced,
∼10% relative bandwidth, as in the case of the conventional photonic
crystal waveguides discussed above. Thus, although valley photonic
crystal are an effective solution to the issue of bending loss in pho-
tonic crystal waveguides, they do not address all limitations and also
present certain additional issues of their own.

VII. EFFECTIVE MEDIUM TECHNIQUES
Section VI C showed that, while photonic crystal medium is a

very effective and low-loss means to provide robust support to the
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waveguide core in an all-silicon structure, the fact that confinement
depends upon a photonic bandgap limits operation bandwidth to
∼10%. It would be beneficial to devise an all-silicon cladding lattice
structure that can maintain the ∼40% bandwidth of the dielectric rod
waveguides that are presented in Sec. IV, i.e., by using total internal
reflection-based confinement in lieu of a bandgap. In this Section,
we will explore an alternative form of periodic lattice, namely,
effective medium, which is capable of tailoring a desired effective
index across a broad range of values between that of intrinsic sili-
con and free-space. Fortunately, the associated theory is markedly
more straightforward and intuitive than that of photonic crystals,
and this simplicity translates to enhanced freedom in the design
of terahertz-range devices, as the functionality and behavior of the
lattice structure may be conceptualized more readily.

A. A brief introduction to effective medium theory
An example of a commonly used effective medium structure

is given in Fig. 13(a). Similar to the photonic crystals shown in
Figs. 11(c) and 11(g), it is an equilateral triangular lattice of cylin-
drical through-holes that is wholly parameterized by hole pitch, a,
and hole diameter, d. However, the lattice constant of an effective
medium is significantly smaller than a guided wavelength within
the medium, λg , and this critical distinction leads to markedly dif-
ferent electromagnetic behavior. While a photonic crystal relies on
the collective action of an array of scatterers in order to produce a
photonic bandgap, an effective medium simply mixes the two media
together, and the resultant composite structure is experienced by a
terahertz wave as a (fictional) third medium with an intermediate
effective refractive index that is mediated by the geometry of the lat-
tice. Crucially, the lattice geometry may be tailored, offering freedom
to engineer a given desired effective index.

It is possible to analyze an effective medium using a photonic
band diagram, as in the example given in Fig. 10, where the sub-
wavelength requirement simply translates to small values of Bloch
wavevector, corresponding to small phase change across the span of

FIG. 13. Effective medium theory, showing (a) an illustration of the geometry of an
equilateral lattice of cylindrical through-holes, as well as the requirements of the
effective medium theory approximation, i.e., the lattice period a must be signifi-
cantly smaller than a guided wavelength λg, from Ref. 74; and (b) the computed
effective modal index of a TE slab mode within a lattice of through-holes that is
perforated through a finite-thickness slab.

a single period of the lattice. In this region, the fundamental band
appears as a diagonal straight line with no curvature whatsoever, as
shown. However, the level of detail afforded by a full band diagram is
simply not required to model an effective medium, as the subwave-
length approximation allows us to compute an effective index based
solely upon the volume fraction of the constituent media, which is
expressed as a filling factor, ξ. In the case of the lattice that is illus-
trated in Fig. 13(a), this is found by taking the ratio of a semicircle’s
area to that of an equilateral triangle

ξ = π
2
√

3
⋅ (d

a
)

2

. (28)

This may be employed to compute a bulk effective index using
the Maxwell–Garnett approximation, which is dependent upon the
orientation of the holes248

n2
bulk, � = εbulk, � = εSi ⋅

(εair + εSi) + (εair − εSi)ξ
(εair + εSi) − (εair − εSi)ξ

, (29)

n2
bulk, ∥ = εbulk, ∥ = εSi + (εair − εSi)ξ. (30)

The label “∥” indicates that the electric field vector is oriented in
parallel to the axis along which the cylindrical through-holes are
aligned, and conversely, “�” identifies the orthogonal field compo-
nent. It is also noted that the absolute scale of the lattice (i.e., a) does
not play a role in the analysis of bulk effective index nor does the
actual frequency of operation. This great simplicity is providence of
the effective-medium approximation; once a structure is firmly in
the realm of “electrically small,” i.e., a≪ λ, it no longer really mat-
ters exactly how small—our sole concern is the volume fraction of
the constituent materials. Incidentally, this also renders the effective
medium somewhat robust against minor deviations, imperfections,
and defects in the lattice structure, as their impact upon this volume
fraction is minimal.249

Finally, we may substitute the values of bulk index given in
Eqs. (29) and (30) for the core index, ncore, which appears in Eq. (12),
in order to obtain a dispersion relation for the perforated slab. Solv-
ing the TE dispersion relation in this way yields the results given in
Fig. 13(b), where it can be seen that the effective modal index of the
perforated slab medium is mediated by the hole size. The achievable
range of effective index under variation of filling factor is diminished
for lower frequencies due to the dispersion effects associated with
dielectric slab waveguides. This may be understood intuitively as the
delocalized modal fields interacting more with the surrounding air,
which is not dependent upon the hole geometry, and less with the
perforated slab itself.

B. Channel waveguides enabled by effective medium
Surrounding a solid silicon core with a lower-index effective-

medium lattice realizes an efficient waveguide with ∼40% single-
mode bandwidth,74 as shown in Figs. 14(a)–14(c). This performance
is equivalent to that of the wholly unclad dielectric rod wave-
guides discussed in Sec. IV, while at the same time incorporating
a supporting frame for convenient handling. Unlike the frame-
tethers in Sec. V, the effective medium causes no progressive loss,
which is why the overall propagation loss per-centimeter shown in
Fig. 14(c) is equivalent to that of a single tether shown in Figs. 8(e)
and 8(f).203 Furthermore, as the confinement mechanism is total
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internal reflection, we avoid the bandwidth limitations and strong
dispersion imposed by bandgap-based confinement, which were the
primary disadvantages of the photonic crystal waveguides presented
in Sec. VI. The effective medium-clad guide is capable of supporting
both TE and TM polarizations, whereas photonic crystal guides will
most often only support TE. On the other hand, effective medium
tends to be a less physically robust cladding material than pho-
tonic crystal, as there is a preference for a low effective index in
order to maximize contrast with the core, leading to a highly porous
medium.

Effective medium-cladding was initially demonstrated with
straight waveguides,74 and has since proven compatible with rout-
ing structures, such as bends154 and planar crossings.251 The latter
cited work shows that the geometry of the effective-medium lattice
offers an additional degree of design freedom, as hole-size in the
vicinity of the crossing was engineered in order to tailor the propa-
gating mode’s behavior for reduced crosstalk. On the other hand, the
cladding lattice presents certain restrictions upon viable geometries,
as the morphology of viable guide-core dimensions and curvature
are essentially pixelated by the lattice, either a hole is filled or it is
not. Efforts have been made to compensate for this limitation by
means of progressive distortion in the vicinity of a bend structure,
such that a specific desired filling factor can be maintained, as shown
in Fig. 14(d).154 However, this was implemented with circular-bend
geometry, and so it may not translate especially naturally to other
curves such as spirals203 and adiabatic bends.252 Additional to that,
the lattice distortion makes bend-internal features finer, leading to
potential issues in fabrication, and makes bend-external holes larger,
which may push the limits of the effective-medium approxima-
tion. It is significantly more straightforward to simply strip-back
the lattice geometry in the vicinity of bends and other routing
structures, leaving regular lattices for support where required, and
allowing designers to concern themselves solely with the contours
of the solid silicon core, as shown in Fig. 14(e). This approach
opens the door to “unclad microphotonics”; a general approach for
constructing all-silicon substrateless photonic circuits with unclad
waveguides that are housed within a solid protective frame and are
clad with effective medium over short lengths wherever physical
structural support is required.76 In terms of performance, both the
effective-medium clad and unclad microphotonics are essentially
equivalent, with the sole trade-off being that unclad microphoton-
ics offers greater convenience of routing at the cost of reduced
physical robustness. Both approaches were initially introduced in
the frequency band from 260 to 400 GHz, using 200 μm-thick sil-
icon, but have since been proven to operate as high as high as
1.1 THz, and remain self-supporting, if the slab thickness is reduced
to 80 μm.155

C. Integrated quasi-optics
While Sec. VII B above has considered effective medium solely

as cladding, here we will explore the possibilities availed by propa-
gation within the effective medium itself, i.e., as a slab waveguide,
with engineerable index mediated by lattice geometry. In such an
arrangement, there is no reason in particular to restrict ourselves to
a uniform lattice, but rather, hole radius may vary with respect to
position, thereby attaining a gradient-index (GRIN) structure capa-
ble of manipulating, redirecting, and steering the flow of guided

FIG. 14. Channel waveguides enabled by effective-medium cladding that is imple-
mented using a through-hole lattice, showing (a) a straight waveguide, together
with (b) a micrograph that shows the detail surrounding the core, and (c) char-
acterization of propagation loss, from Ref. 74; (d) a micrograph of an effective
medium-clad bend structure that requires lattice distortion in the vicinity of the
bend, from Ref. 154; (e) a photograph of an unclad microphotonic bend structure,
which is held by the frame using ordinary tweezers during characterization, from
Ref. 250; and (f) an illustration of the concept of unclad microphotonics, in which a
passive photonic circuit composed of unclad guides is surrounded by a protective
frame, and is structurally supported using effective medium, from Ref. 76.

waves, for integrated optics.253 It is also noted that this manner
of GRIN beam-steering device can be made extremely broadband
as it is founded upon the principle of optical ray-tracing, which is
frequency-independent.
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The first use of GRIN media in substrateless integrated all-
silicon photonics was to construct wide-aperture lens antennas for
photonic crystal waveguide devices.73,254 In both cases, an end-
fire antenna offering ∼20 dB gain was obtained, and in Ref. 73,
seven distinct ports shared a single Luneburg lens, for a multi-
beam antenna with a 120○ field of view, shown in Fig. 15. The
operation bandwidth of these antennas was limited by the choice
of photonic crystal waveguide feed as they were published in
2018—before the advent of effective medium-clad guides in 2019.
It is noted that effective medium-clad waveguides are also entirely
compatible with integrated lens-based antennas,255 offering broader
bandwidth and the potential for dual-polarization operation. Aside
from beamforming, a GRIN medium can also serve as a progres-
sive index transition from the high-index silicon to the low-index
surrounding space in order to suppress reflections at the radi-
ation surface of the slab-edge.73,255,256 On the other hand, the
choice of the slab’s edge as the radiator surface leads us to the
primary limitation of antennas of this sort; a slab-edge can only
have appreciable aperture size in a single dimension that is par-
allel to the plane of the slab, and so strong diffraction occurs in
the out-of-plane dimension, causing a fan-beam. This effect fun-
damentally limits achievable gain for GRIN-slab antennas of this
sort, as truly high-gain antennas must exhibit large aperture in both
dimensions.

Antennas are not the sole viable usage for integrated GRIN
optics. If the terahertz waves are maintained within the silicon slab,
without interfacing to free-space, it is possible to launch a collimated
wavefront directly into a silicon slab waveguide of the sort that is
described in Secs. IV A 1 and IV A 2. Thus, terahertz waves are con-
fined to a slab-mode in the out-of-plane dimension, but within the
plane of the slab, they behave as an unconfined beam. This paradigm
allows us to mimic classical free-space optics setup in a wholly
integrated format, in which a slab-guide medium replaces free-
space, and the lenses that capture and direct terahertz radiation are
fabricated together and in perfect alignment. The concept of ter-
ahertz slab-mode beams was first demonstrated using a photonic
crystal feed integrated together with a half-Maxwell fisheye lens,258

but it was found that strong reflections from the photonic crys-
tal adjacent to the feed-point led to trapped radiation within the
slab, ultimately causing interference that degraded signal qual-
ity. This was later addressed by replacing the photonic crystal
medium, with an effective medium-clad dielectric slot waveguide,
as shown in Fig. 16(a). This achieves broadband matching to the
lens while strongly localizing guided waves at the feed-point, for
a well-defined focal spot that is suited to this manner of GRIN
lens.257 The motivation behind the invention of this slab-mode
beam platform is related to certain points that were raised in
the Introduction: a large portion of the most impressive demon-
strations of terahertz-range technology have taken place upon an
optics table, using bulky, manually aligned lenses, which is simply
untenable in real-world applications. On the other hand, slab-
mode beam devices allow us to mimic such classical optics setups
in an integrated, mass-producible, hand-held format. One such
example is an integrated liquid sensor that was adapted from the
well-known classical method of optically probing liquids known as
attenuated total reflection, as shown in Figs. 16(b) and 16(c).257

This technique depends upon oblique reflections that make it
possible to separate the forward- and backward-traveling waves,

FIG. 15. The first Luneburg lens for the terahertz range, showing (a) physical
structure, in which seven distinct photonic crystal waveguide feeds simultane-
ously interface with a single GRIN lens and [(b) and (c)] measured radiation
patterns, showing multi-beam operation in the E-plane, and broader beamwidth
in the H-plane, from Ref. 73.

and for this reason, it cannot be realized using ordinary channel
waveguides.

VIII. FUNCTIONAL PASSIVE DEVICES
FOR TERAHERTZ–DOMAIN PROCESSING

At this point, we will shift the focus of our discussion away
from the various guided-wave structures that are amenable to sub-
strateless all-silicon micro-scale photonics, and move toward passive
devices that may be integrated directly into the platform. Thus, this
section is not dedicated to the structure and performance of a sin-
gle waveguiding platform, but rather, it draws from all of them. The
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FIG. 16. Miniaturization and integration of classical terahertz optical setups using
slab-mode beams, showing (a) an illustration of an integrated half-Maxwell fisheye
lens, with inset micrograph of the feed structure; and [(b) and (c)] an attenu-
ated total reflection-based liquid sensor device enabled by the fact that oblique
reflections are supported in a slab-guide, from Ref. 257.

operation of these devices can be viewed as a form of signals pro-
cessing, albeit directly in the terahertz frequency range. This sort
of signals processing is markedly more basic and limited than dig-
ital and even analog signals processing, which incidentally cannot

operate at such high frequencies. Thus, we must instead rely on
the physical interaction of guided waves with certain engineered
irregularities in the guide geometry, in a manner that is closely
related to the broad discipline of microwave engineering124 albeit
with dielectric structures instead of metal.

The ability to incorporate functional devices is a decisive factor
in the viability of a given microstructure as a platform for tera-
hertz waves. This is because, taken in isolation, a waveguide is just
a pipe that cannot do anything other than convey electromagnetic
waves from one point to another. The real strength of waveguides
is their capacity to interconnect different functional components in
order to form a terahertz circuit. In other words, without the devices
described in this section, a waveguide is just a waveguide—not a
platform.

A. Filters, resonators, sensors, and switches
A cavity resonator is a volume defined by reflective walls that

surround it on all sides. Terahertz waves may be confined within
this structure provided the internal field pattern, or mode of reso-
nance, which is constructively reinforced by reflections from these
walls. Whether or not this condition is met depends upon the size
of a wavelength relative to the cavity, and hence it is a frequency-
dependent effect. At least one of these walls must be only partially
reflective in order to allow coupling into the cavity, and due to reci-
procity, any pathway inwards is also a way out. In other words, the
capacity to excite a given mode of resonance is directly related to
progressive leakage of the trapped energy within said mode of reso-
nance. For this reason, there is no such thing as a “perfect resonator”
that can confine energy indefinitely without leakage, as this would
make it impossible to couple energy into the cavity in order to excite
the mode of resonance; it would not resonate, and thus cannot be
called a resonator. A true resonator is therefore able to trap energy,
but only partially. The degree to which energy is trapped is related
to the amount of power that is admitted by the partially reflecting
walls; strong rejection will confine radiation more strongly, lead-
ing to more-stringent frequency selectivity and slower decay of the
trapped power, but also renders coupling into the resonator more
challenging.

The dielectric mirror-like properties of photonic crystal make
it ideal for the reflective boundaries of a dielectric cavity resonator,
and the cavity volume enclosed thereby is defined by simply remov-
ing a small cluster of holes to realize a point defect in the lattice.
The realization of a resonant cavity of this sort was incidentally the
primary motivation behind the development of the first substrate-
less all-silicon integrated waveguide,72 which initiated the line of
inquiry to which this tutorial is dedicated. In that work, the cavity is
placed between two truncated sections of waveguide, and the mode
of resonance was excited by non-propagating evanescent waves that
extend through two periods of the photonic bandgap medium, as
shown in Fig. 17(a). In this way, the resonator interrupts the guide
in series. Only at the frequencies at which strong resonance occurs
can energy remain in the cavity for long enough to allow progres-
sive leakage to accumulate appreciable power at the other side of
the defect, leading to the stringent frequency selectivity that can be
seen in Fig. 17(b). The quality-factor may also be enhanced further
by means of optimized lateral offset to the point defect in order to
fine-tune the evanescent interaction with guided waves.261,262 Aside
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FIG. 17. Resonator structures and their applications, showing (a) and (b) a series-fed photonic crystal resonator operating at ∼1 THz, reproduced with permission from C.
M. Yee and M. S. Sherwin, Appl. Phys. Lett. 94, 154104 (2009). Copyright 2009 AIP Publishing LLC; [(c)–(e)] a parallel-fed photonic crystal resonator-based sensor device
at ∼300 GHz, from Ref. 259; [(f) and (g)] a defected Bragg mirror-based resonator implemented in a frame-tethered waveguide structure at ∼200 GHz; (h) a demonstration
of photo-switchability of resonance in a closely related resonator at ∼100 GHz, where the legend denotes optical illumination power, reproduced with permission from
Hanham et al., IEEE Trans. Terahertz Sci. Technol. 7, 199–208 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0 License; and (i) a
photo-switchable terahertz micro-disk resonator at ∼300 GHz implemented with an effective medium-clad waveguide, from Ref. 260.

from series-feeding, it is also possible to realize shunt-configuration
by placing the cavity adjacent to the photonic crystal waveguide,
and interfacing with the evanescent fields that extend laterally
away from the guide core, and this has been demonstrated at

∼300 GHz, as shown in Fig. 17(c).259 The pathway taken by tera-
hertz waves at the resonance frequency is indicated in the diagram,
but this configuration also allows for dual operation; frequencies
that are unable to resonate within the shunted cavity simply remain
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in the original waveguide for a notch-filter response from ports
1 to 4.

It is possible to implement photonic crystal cavities in other
classes of substrateless all-silicon terahertz waveguide. For instance,
if a periodic series of irregularities is introduced into a broadband
channel waveguide, this creates a Bragg mirror, which can also be
thought of as a one-dimensional photonic crystal. This effect has
been exploited in order to realize a terahertz-range bandstop fil-
ter in an effective medium-clad waveguide structure, by means of
periodic modulation of the waveguide core width,249 offering strong
in-band rejection and steep roll-off at ∼300 GHz. Aside from band-
stop filters, it is also possible to use this manner of one-dimensional
photonic crystal medium to define the partially reflective bound-
aries of a linear resonant cavity. This has been implemented using
arrays of through-holes in frame-tethered guides,203,204 as shown in
Fig. 17(f), for a device operating at ∼200 GHz, and subsequently in
effective medium-clad guides.260

In terms of applications, the strong frequency-selectivity
of cavity resonators can be of great assistance when locking
to coherent active devices, such as oscillators and mixers,175,177

as it offers a stable reference for the local oscillator. Unshielded
dielectric cavity resonators are also natural sensors, as the mode
of resonance will incorporate evanescent fields that extend into the
air-filled surrounding space, but are unable to propagate away. For
this reason, the empty space occupied by these evanescent fields
must also be considered part of the volume of the resonant cav-
ity. Thus, bringing an analyte or sample close to the resonator
will detuning or dampen the resonant response. In this way, liq-
uid sensors capable of detecting very small, nanoliter volumes have
been implemented using an offset series-fed photonic crystal res-
onator, by passing a narrow polymer pipe through a hole adjacent
to the point-defect.262 A related demonstration showed that a shunt-
feed photonic crystal cavity is capable of detecting a thin piece
of polymer tape placed directly onto the cavity,259 as shown in
Figs. 17(d) and 17(e). This manner of resonant polymer-tape sen-
sor demonstration was later adapted to valley photonic crystals,263

which employed a ring resonator264,265 instead of a linear cav-
ity. Incidentally, a ring resonator does not make use of reflections
to trap energy, but rather, it bends a linear section of waveguide
track around upon itself in order to form a closed loop, and
resonance occurs at frequencies for which a round-trip around
the ring track is in-phase with the original wave. As in the case
of cavity resonators, energy is coupled to the ring by means of
evanescent interaction, but in this case, only shunt configuration is
viable.

As an aside, we wish to remark that resonator structures are
not the sole viable means to realize an integrated all-silicon terahertz
sensor device. On the contrary, an unshielded dielectric waveguide
can readily interact with a given analyte that is either placed in
contact with the core, or in the vicinity of the surrounding evanes-
cent fields, and the properties of the analyte will be reflected in a
change in transmission through that waveguide. However, the lack
of a resonator decreases the strength of interaction, and so this
must be compensated by prolonging the interaction with a longer,
straight section of waveguide as sensor. This approach has previ-
ously been demonstrated for an unclad microphotonic biosensor,266

i.e., by functionalizing the silicon core’s surface with streptavidin
molecules that immobilize antibodies. A related demonstration uti-

lized a dielectric rod waveguide to probe the contents of a sealed
microfluidic liquid channel,267 with no physical contact between the
guide and the liquid.

Returning to integrated resonators, it is noted that reso-
nance may only be sustained in low-loss materials, such as intrin-
sic silicon, as a lossy material would rapidly absorb the con-
fined radiation. Thus, if it were possible to modulate material
loss, this would avail us of switchable resonators. The photoelec-
tric effect may be exploited to this end. When visible light is
incident upon silicon, a portion of the energy absorbed by this
semiconductor excites free carriers, thereby raising the conduc-
tivity of the material.268 This phenomenon may also be thought
of as photo-induced doping. Thus, a sufficiently intense visible
light source shone upon a given all-silicon terahertz resonator can
switch its resonance off. This was initially demonstrated using
the waveguide-tethered structure described above,204 as shown
in Fig. 17(h), and then with effective medium-clad disk res-
onators,260 as shown in Fig. 17(i), and valley photonic crystal ring
resonators.269

B. Frequency–domain channelization

As stated in the Introduction, one of the primary motivations
for the development of terahertz technology is to exploit the vast,
untapped spectrum as RF bandwidth for high-speed wireless com-
munications applications. For practical reasons, it is advisable to
divide a given terahertz link’s broad bandwidth into a set of contigu-
ous, smaller-bandwidth manageable channels that can be downcon-
verted and processed separately. This is because, if a single wideband
channel were utilized, the associated intermediate-frequency (IF)
circuitry would also need to accommodate the exact same absolute
spectral bandwidth, which translates to far greater relative band-
width after the link is received and down-converted. For argument’s
sake, if a link with 80 GHz bandwidth is operating at 400 GHz,
then the relative RF bandwidth, i.e., the ratio of bandwidth to car-
rier frequency, is just 20%. However, if an IF frequency of 50 GHz
is employed, the relative bandwidth of the down-converted signal
increases in proportion to the ratio of the carrier and IF frequencies
to 160%, or 9:1, necessitating advanced, expensive, wideband equip-
ment. On the other hand, if the same RF bandwidth were divided
into four to ten equal allocations that are down-converted indepen-
dently, the downconverted relative bandwidth would be in the range
from 15% to 40%, which is much more manageable.

Terahertz-range frequency–domain multiplexing may be per-
formed by applying an optical signal with more than two laser lines
to a single optoelectronic source.178,273,274 In this scheme, at least two
optical laser signals are modulated and linearly combined together
with an unmodulated, CW laser signal. All of these signals are of dif-
ferent frequencies, and the beat between each modulated signal and
the unmodulated signal corresponds to a terahertz-range frequency,
which the optoelectronic source extracts via optical rectification
to extract the envelope of the overall light-wave signal. However,
this has the potential to introduce undesired nonlinear effects, such
as inter-modulation distortion and shot noise, which can degrade
channel quality.178 On the other hand, such nonlinear effects can be
avoided entirely if we instead make use of a passive multiplexer to
divide the terahertz–domain signals directly, as opposed to a non-
linear device. Furthermore, a passive multiplexer can make use of
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FIG. 18. An abstract illustration of the claim that passive multiplexing of multiple
independent sources can increase overall transmit power in a broadband spec-
trum allocation. The output power of a single source is fixed, but the amount of
bandwidth that it occupies is variable. Thus, spreading a single channel across the
entire bandwidth reduces the peak power spectral density (PSD) of that channel.
Conversely, reducing the channel’s bandwidth will concentrate this fixed amount of
transmit power within a narrower set of frequencies, thereby increasing the peak
power spectral density, and leaving room for more channels, as observed in these
plots. This is one of the primary motivations to realize passive frequency–domain
multiplexers for the terahertz range.

an independent terahertz source for each individual channel, and in
doing so, essentially combine the power from all of those sources. In
other words, a larger number of channels leads to a higher amount
of total link power, as shown in the abstract scenario given in Fig. 18.
Incidentally, the link-budget analysis29 that is cited in the Intro-
duction makes implicit usage of this manner of multiplexer-based
power-combining because it models the link as a contiguous set
of 1-GHz channels carrying 10 mW. Thus, when modeling a 76-
GHz span in the atmospheric transmission window from 300 to
376 GHz, for instance, this means that 76 individual sources are
combined into a single high-power 760 mW link using a 76-channel
passive multiplexer. Although such a passive multiplexer does not
yet exist in the terahertz range, there have been several noteworthy
efforts of related devices implemented with all-silicon microstruc-
tures, which will be described below. In this context, a device that
splits terahertz waves into two channels is termed a “diplexer,”
three channels is a “triplexer,” and any number larger than that is a
“multiplexer.”

Several dielectric waveguide-based passive terahertz frequency
splitters exploit the principle of frequency-dependent delocalization
of modal fields, which is observed in Figs. 5(a) and 5(b). Accord-
ing to the analysis presented in Sec. IV A, lower frequencies are
weakly confined in an unshielded dielectric waveguide, meaning that
a greater proportion of modal fields occupies the surrounding space.
A consequence is that, if a given object is placed into the vicin-
ity of the guide, then lower frequencies will tend to interact with
that object more strongly than the more-stringently confined high
frequencies. This effect can be exploited for frequency-dependent
power transfer,200,239 i.e., by bringing two waveguides into close

proximity and allowing them to exchange energy via evanescent
interaction. Low frequencies are transferred more readily, but are
also coupled back into the originating waveguide quickly, making it
possible to tailor the length of the coupled-line section to select a
given specific desired wavelength. In the context of substrateless all-
silicon terahertz devices, this was pioneered using photonic crystal
waveguides,270,275 as shown in Figs. 19(a) and 19(b), and it can be
seen that lower frequencies (i.e., below ∼325 GHz) are indeed trans-
ferred out of the originating guide with this short-length coupler.
This defines a lower-frequency “cross” channel of 6.5 GHz band-
width, as well as a higher-frequency “bar” channel, which spans
16.7 GHz. Evanescent couplers have also been deployed to realize
valley photonic crystal-based frequency-division diplexers,271 and
isolation was enhanced in that work using a shunt-coupled ring
resonator of the same sort that was described in Sec. VIII A, as
shown in Fig. 19(c). As before, only the lower frequencies (i.e., below
∼340 GHz) are able to interact strongly with the ring resonator,
as can be seen in Fig. 19(d), thereby allowing a coupled channel
to be defined at ∼330 GHz. However, the choice of this resonator
stringently limits the achievable bandwidth of this coupled path
to ∼0.6 GHz, in contrast to the ∼14-GHz “bar” channel. Another
demonstration of a valley photonic crystal-based device exploited
the fact that that evanescent couplers in this platform essentially
place one mirror-image “edge” in close proximity to another, and
if the distance is sufficiently small then the structure approaches the
state of having no edge, as there are insufficiently many rows of pho-
tonic crystal in-between the edges to sustain the bandgap. This effect
is frequency-dependent, and has been exploited to construct an inte-
grated terahertz triplexer276 that operates from ∼300 to ∼350 GHz,
with individual channels offering 13, 7, and 5 GHz bandwidth.

Evanescent interaction between parallel dielectric channel
waveguides can be exploited to transfer terahertz waves across a
micro-scale airgap,200,239 and this translates very naturally to the
unclad microphotonics platform that is presented in Sec. VII B, as
the exposed, lattice-free sections of waveguide offer the freedom to
structure the junction as-needed. This was initially demonstrated
at ∼300 GHz76 using a short-length evanescent coupler to transfer
low frequencies into a ∼45 GHz “cross” channel and maintain the
un-transferred high frequencies in a >70 GHz “bar” channel. The
span of these channels shows that the broader bandwidth of this
class of waveguide, in comparison to photonic crystal techniques,
translates to diplexers that are implemented in the platform. It is
for this reason that this exact diplexer structure was later repur-
posed to a hybrid-integrated dual-channel receiver module,178 and it
is also noted that closely related structures have been implemented
in effective medium-clad waveguides,154 albeit as part of a funda-
mental investigation into cross-talk. On the topic of cross-talk, poor
isolation is a disadvantage of this structure. In Ref. 178, for instance,
isolation of just 7 dB is reported for the “bar” channel, meaning that
the transmission of the desired signal is only ∼2.2-times greater than
that of the undesired, and this is generally considered insufficient
for practical communications applications. Efforts to address this
have included utilizing a longer coupled-line section, as shown in
Figs. 19(e) and 19(f), for a diplexer operating at ∼700 GHz,272 which
exhibited 101 GHz for the “cross” channel and 37 GHz for the “bar.”
As a result, the lower frequencies are transferred twice across the
junction, to form the “bar” channel, and the high-frequency “cross”
channel is transferred once. The fact that a full transfer of power
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FIG. 19. A selection of integrated passive diplexers and multiplexers, showing [(a) and (b)] an evanescent coupler-based diplexer implemented in a photonic crystal waveguide
platform, from Ref. 270; [(c) and (d)] a coupled ring resonator-based diplexer implemented in a valley photonic crystal waveguide, reproduced with permission from Kumar
et al., Nat. Commun. 13, 5404 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution 4.0 License; [(e)–(g)] an evanescent coupler-based diplexer
using unclad microphotonics, from Ref. 272; and [(h)–(j)] a gratingless integrated tunneling multiplexer offering four ports, from Ref. 77.
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from one guide to another has been completed innately engenders
strong isolation, as there is simply no power left in the originating
guide. This is evidenced by the two strong minima in the frequency
response shown in Fig. 19(g), each being at the center of the oppos-
ing channel’s bandwidth. However, this effect only holds for a single
specific frequency, and so the strong ∼45-dB maximum isolation is
not observed over the entire 3-dB bandwidth of either channel. An
alternative approach has integrated all-silicon filters together with
the diplexer,277 and thereby achieved strong cross-talk suppression
across the entire bandwidth of each channel.

All of the devices presented in the paragraphs above have, in
one way or another, made use of the principle of frequency-selective
evanescent interaction between adjacent lengths of channel wave-
guide. This is the most common approach toward channelization
of terahertz waves, but it is not the sole means, as the integrated
quasi-optics principles introduced in Sec. VII C have facilitated
some interesting and useful specialized devices. For instance, an
integrated Bragg-mirror based stopband filter249 has previously been
implemented in a dielectric slab waveguide as an array of effective-
medium stripes that intercept a collimated slab-mode beam.257 If
this filter was implemented in a channel waveguide, the reflected
power would simply be sent back toward the source, but the use of
slab-mode beams allows for oblique incidence, i.e., by orienting the
stripes diagonally. Thus, the stopband of the filter is deflected away
from the originating waveguide and is collected by an integrated
lens. This enables a broadband diplexer operating at ∼300 GHz with
channels of ∼50 and 115 GHz bandwidth, as well as strong isola-
tion. Another example of an integrated quasi-optical device totally
eschews lenses of any kind, instead relying on evanescent coupling
from a channel waveguide to a slab waveguide, and so power that is
coupled thereto from the channel waveguide will propagate away as
a slab-mode beam. The geometry of the junction is tailored in order
to realize a frequency-scanning focused beam in the slab, which is
collected with a series of inverse flares in order to define separate
channels. This approach has been utilized to realize a four-channel
integrated multiplexer operating a ∼350 GHz, with 13–20 GHz per-
channel, as shown in Figs. 19(h)–19(j).77 To our knowledge, this is
the highest number of channels ever reported in a terahertz-range
passive multiplexer device to-date.

C. Power splitters and combiners; directional couplers
While the devices presented in Sec. VIII B have purposely

defined separate paths for different frequency bands, those to which
we will dedicate the remainder of this Section aim to split the entire
operation bandwidth across two paths. This broadband division of
terahertz power within an integrated circuit allows for two copies of
a given signal to be propagated independently and input to different
components. This finds uses in quadrature modulation communica-
tions schemes, as a local oscillator may be distributed to independent
I- and Q-modulators concurrently. Another example is for syn-
chronization in order to provide a stable reference to estimate the
phase change through a device under test. Power-splitting is also
a necessary building block to construct larger components, such
as Mach–Zehnder modulators,278,279 which independently delay the
two copies of a signal prior to recombining in order to effect con-
trollable selective destructive interference. This latter example avails
us of the second main use of broadband power dividers: due to

FIG. 20. An integrated Y-junction implemented in an unclad microphotonics plat-
form, showing (a) a photograph of the entire device, (b) a micrograph that shows
the details of the junction itself, (c) transmission response, (d) an illustration of the
principle of an interferometric sensing experiment that uses the Y-junction as a
depth guage, where the port coupler serves as near-field sensor, (e) a photograph
of the sensor in deployment, and (f) measured response, where the distance to
the plane may be estimated by the free spectral range of the interference fringes.
All of these materials are from Ref. 76.

reciprocity, any structure that can split a signal can also merge inde-
pendent signals together, and so a Mach–Zehnder modulator will
generally make use of two of the same structure, i.e., one to split and
one to merge following the delay stage. The latter mode of operation
can also be employed to combine power from multiple synchronized
sources. Thus, devices of this sort can both split and merge power.
There is also a third mode of operation that essentially combines the
prior two configurations; a source is attached to one of the branching
paths, as in the power-combining mode, and a detector to the other,
as in a splitter. This latter configuration is essential for instrumenta-
tion systems that are intended to measure reflection, e.g., in vector
network analyzers can measured a two-port device’s S11 as well as
S21, as the amount of the source’s power that is incident upon the
detector depends upon reflection that occurs following the merger
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FIG. 21. An integrated quasi-optical beam splitter device, showing, (a) an illustra-
tion of the device structure and deployment in an imaging experiment, with inset
micrographs, (b) measured and simulated splitting ratio, (c) the simple imaging
target employed, composed of absorptive foam taped to a reflective mirror, and (d)
the result of the imaging experiment.

of the two paths. This can also be employed for monostatic radar,
i.e., in which electromagnetic waves are emitted and received by a
single antenna.280

The most straightforward form of substrateless all-silicon inte-
grated power splitter is a Y-junction, which is essentially a waveguide
track that is progressively widened until it is ultimately forked into
two symmetrical paths. This physical structure is visually evocative
of the even-division that it is intended to perform, and so students of
integrated photonics rarely experience difficulty in understanding its
functionality; it appears to split into two even paths it does indeed do
just that. Electromagnetically, the widening of the track is necessary
to allow higher-order modes to propagate, leading to modes with
exhibit maxima that are not situated in the center of the waveguide
track. These higher-order maxima ultimately form the individual

single-mode paths following splitting. Y-junctions of this exact sort
have been implemented in unclad microphotonics,76 as shown in
Figs. 20(a) and 20(b), and were shown to exhibit less than 0.5 dB
splitting loss from 280 to 390 GHz, as observed in Fig. 20(c). It is also
noted from the results in Fig. 20(c) that the transmission between
the two branched paths is non-negligible, and although this is gen-
erally undesirable for most applications, it was exploited in the cited
work to supply a reference signal in a demonstration of an interfero-
metric near-field depth-guage sensor, as shown in Figs. 20(d)–20(f).
The Y-junction structure was later adapted to operation in the vicin-
ity of 1-THz in a thinner wafer,155 and the same interferometric
sensing technique was enhanced with external optics to serve as a
3D-imaging radar.

Aside from Y-junctions, broadband power splitters have also
been implemented using free-space optical principles by leveraging
what is known as a “half-mirror,” which is a diagonally oriented,
partially reflective structure that has previously been retrofitted to
terahertz time–domain spectroscopy systems in order to allow for
simultaneous probing of transmission and reflection of a given
sample.281 When combined with the integrated quasi-optics tech-
niques presented in Sec. VII C, this principle allows for a broadband
integrated four-port directional coupler. As shown in Fig. 21(a),
a collimated slab-mode beam is impinged obliquely upon a sin-
gle diagonal stripe of effective-medium, which serves as a partially
reflective barrier that is intended to reflect roughly half of incident
power toward a 90○ angle, and the reflected and transmitted paths
are independently collected by separate integrated optics.282 How-
ever, the half-mirror’s reflectivity is dependent upon the size of the
holes that comprise the effective-medium structure, and in this case,
this renders the device quite sensitive to tolerances. From the mea-
surement results shown in Fig. 21(b), it is clear that the reflection is
markedly stronger than transmission, and this is ascribed to over-
etching of the holes. Thus, further refinement and innovation is
required in order to enhance this concept’s robustness to tolerance.
Despite this asymmetrical response, however, the integrated beam
splitter proved sufficient for a simple demonstration of terahertz
imaging, as shown in Figs. 21(c) and 21(d).

IX. CONCLUSION
A. Summary and comparison

This tutorial article presents an overview of efforts toward the
realization of a suitable general-purpose integration platform for
terahertz-wave devices and systems. Section III justified our prefer-
ence for substrateless dielectric waveguides composed of high-purity
intrinsic silicon, Secs. IV–VII present different waveguiding struc-
tures that have been developed, and Sec. VIII describes several
functional devices that may be directly integrated therewith. We
have also presented key aspects of relevant electromagnetic theory,
which we hope will be instructive and useful to readers, as well as
a number of historical accounts on the development of the current
state-of-the-art (see Secs. II and VI A).

In summary, dielectric waveguides for millimeter-wave cir-
cuitry had a brief “heyday” as a prospective high-volume commu-
nications technology for trunk and backhaul systems prior to the
widespread adoption of optical fiber, as discussed in Sec. II. Contem-
porarily, terahertz-wave technology is envisaged as a viable means to
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TABLE I. A comparison of the different all-silicon substrateless waveguide structures reported in the literature, which contrasts key salient aspects of suitability as a general-
purpose platform for terahertz waves. It is noted that these rankings are subjective, based upon our own appraisal in view of the entire content of this tutorial, and hence the
distinction between the individual labels are not based directly upon numerical data.

Guide Efficiency
Single-mode

bandwidth (%) Dispersion Bends/routing
Robustness

and handling Compactness

Hollow metallic waveguide Poor 40 Good Good Excellent Poor
Dielectric rod waveguide Unreported 40 Good Poor Poor Fair
Frame-tethered guide Fair 40 Good Good Poor Good
Conventional photonic crystal waveguide Good <10 Poor Poor Great Great
Valley photonic crystal Fair <10 Fair Great Great Fair
Effective-medium-clad waveguide Excellent 40 Good Good Fair Good

provide high-volume short-range wireless links, and thereby offer
an air access network that is complementary to fiber. Terahertz
waves are also envisaged for a broad variety of useful and attrac-
tive sensing and spectroscopy applications. The practical real-world
uptake of all of these applications of terahertz waves is contingent
upon the availability of a general-purpose integration platform, and
selection of the appropriate platform is itself a consideration that
hinges upon the specific choice of waveguide that serves as inter-
connect. Hollow metallic waveguides are currently the dominant
form of terahertz-range interconnect, but it is our strongly held
contention that a substrateless, all-intrinsic-silicon approach has
more potential. When testing this contention, it is appropriate to
benchmark performance against that of more-mature hollow metal-
lic waveguides; if there is no significant benefit, we will simply be
“reinventing the wheel.” This is incidentally the same reason why
we have omitted silicon-on-glass guides from our review, as Fig. 4
shows the efficiency is comparable to hollow metallic waveguides.
The benchmarked comparison of all-silicon guides is summarized
in Table I.

Section III showed that the low absorption, low material dis-
persion, and high refractive index of pure intrinsic silicon is innately
suited to produce efficient, compact waveguides. This was shown
theoretically using a simple, idealized arrangement in which a beam
of silicon is surrounded by free-space on all sides, and Sec. IV
explored terahertz-range implementations of such a structure. In
reality, however, physical support is always required, and so a dielec-
tric rod waveguide cannot be considered “substrateless” in a strict
sense, and the supporting medium may introduce absorption and
leakage losses due to the unshielded nature of the guide. Fixed-width
airgaps between guides are also precluded, the overall complexity of
routing in the circuit is limited, and the guide core itself must be
physically handled during assembly, which are all practical draw-
backs. Thus, it is clear that a substrateless all-silicon integration
platform must have some form of in-plane structural support. As
described in Sec. V, the guide may be connected to a supporting
frame by means of narrow integrated silicon tethers. However, these
structures cause progressive loss due to scattering, leading to perfor-
mance close to that of hollow metallic waveguides; frame-tethered
guides have been reported with 0.45–0.85 dB/cm propagation loss
in the range of 500–750 GHz.203 This partly defeats the primary pur-
pose of an all-dielectric platform, i.e., superior efficiency. The tethers
are also innately fragile, as reinforcement would innately engender

further loss, making for an unfortunate trade-off between efficiency
and stability.

The photonic crystal waveguides discussed in Sec. VI avoid the
lossy tethers and instead utilize a supporting hole-lattice structure
that leverages a photonic bandgap for in-plane field confinement,
and this approach achieved <0.1 dB/cm propagation loss in the range
326–331 GHz.153 The lattice structure is quite robust and is the
only class of substrateless all-silicon waveguide to have been imple-
mented in a silicon wafer of less than 50 μm thickness.72 However,
bends severely restrict the operation bandwidth in conventional
photonic crystal waveguides, which limits the routing freedom. Val-
ley photonic crystals address this limitation with sharp, lossless,
zero-radius bends that are unique among dielectric waveguides and
drastically reduces the footprint area in comparison to gradual (e.g.,
conventional circular) bends. On the other hand, this compactness
advantage is diminished by the large lateral area that the domain-
wall-guided, core-less mode occupies, which demands that adjacent
tracks must be spaced far apart. This wide-area mode is inciden-
tally also vulnerable to any irregularity in the lattice that it occupies.
Aside from these points, the most significant drawback of photonic
crystal waveguides is their reduced, ∼10% single-mode bandwidth,
in contrast to the 40% single-mode bandwidth offered by dielectric
rod waveguides, frame-tethered waveguides, and hollow-metallic
waveguides like. Not only that, waveguides of this sort generally
suffer from strong dispersion, which further reduces usable band-
width in applications, such as communications. The consequences
of this bandwidth-reduction issue merit a moment’s considera-
tion. As stated in the Introduction, the great spectral bandwidth
offered by terahertz waves is a major motivation for the development
of terahertz communications technology, and the bulk of note-
worthy demonstrations of terahertz-range communications have
taken place below 400 GHz. In view of these two facts, we wish
to remark that 10% bandwidth at 400 GHz (i.e., 40 GHz) is the
same amount of spectrum as 40% at 100 GHz, where Fig. 4 shows
that the efficiency-advantage of dielectric waveguides over metallic
waveguides becomes negligible. Thus, moving from millimeter-
wave hollow metallic waveguides to terahertz-range photonic crystal
waveguides does not actually yield broader bandwidth; we have rein-
vented the wheel once more. On the other hand, one could argue that
the available relative bandwidth is less critical than the management
of network resources within each band. Viewed from that perspec-
tive, an upward shift, e.g., from 100 to 400 GHz, may be beneficial to
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ease congestion at lower frequencies, even if there is no increase in
absolute bandwidth.

The terahertz-range effective-medium techniques waveguides
presented in Sec. VII were developed specifically to address the
bandwidth limitation of photonic crystal while maintaining an in-
plane supporting frame—all that we need do is simply shrink the
supporting hole-lattice. This not only recovers the 40% single-mode
bandwidth and achieves propagation loss as low as ∼0.05 dB/cm
from 260 to 400 GHz74 but also opens the door to gradient-index
integrated optics for wide-aperture antennas and integrated quasi-
optical systems. Bends and routing structures are also offered, and
the design of such features can be made more convenient by sim-
ply stripping back the in-plane effective-medium support prior to
curving the guide, yielding the unclad microphotonics platform.
On the other hand, these bends are necessarily of gradual curva-
ture and hence occupy greater footprint area than those of valley
photonic crystals. Another advantage of photonic crystal is that it
tends to exhibit more physical strength than effective medium for
more-robust devices.

B. Recommendation for future platform
Our survey of the literature has led us to the conclusion that

micro-scale all-silicon effective-medium-clad waveguides are cur-
rently the most promising candidate for a general-purpose terahertz
integration platform. It is the only reported solution for which the
in-plane support does not compromise the intrinsic efficiency of
high-resistivity float-zone silicon, while exhibiting 40% single-mode
bandwidth on-par with hollow metallic waveguides. In addition to
that, the innate compactness, ease-of-routing, and the great vari-
ety of useful viable passive functional devices will all be of great
benefit to future integrated systems for terahertz waves. That said,
alternative waveguiding structures do have some advantages, such
as the compact resonators of photonic crystal waveguides and the
zero-radius bends offered by valley photonic crystals. Fortunately,
none of these waveguiding structures are mutually exclusive, as all
are fabricated from the same material, and in the same way. Thus,
we can imagine a combined approach that is primarily composed
of effective-medium-clad waveguide, but is capable of transition-
ing to another class whenever relevant specialized functionality is
required.

C. Further work
There remain several gaps in the current capabilities that are

offered by substrateless all-silicon microstructures, and so further
exploration and research effort is required. It would be highly
beneficial to interface two separately fabricated all-silicon circuits
together without creating a bottleneck, and to this end, compact,
broadband and efficient interposer structures between dielectric
waveguides are highly desirable. Related to that, it would be par-
ticularly attractive and convenient to allow for an out-of-plane,
vertical-coupling access mechanism, in order that terahertz waves
may be supplied or extracted at positions other than the circuit’s
edge. Unfortunately, however, initial efforts toward this aim have
made use of coupled-line techniques, which ultimately limited the
bandwidth,239 and so fresh new ideas are required for a broad-
band out-of-plane coupling solution. Other gaps are revealed by
perusal of the functional devices that are detailed in Sec. VIII;

while the largest number of channels offered by any passive ter-
ahertz multiplexer is currently just four,77 we should ideally have
closer to a 100 channels,29 but there is no clear pathway toward
the realization of this aim with a realistically compact form-factor.
Section VIII also shows that, among the classes of passive func-
tional devices considered, namely resonators, frequency–domain
channelizers, and power splitters, comparatively little research
has been dedicated to the latter. Given the key usefulness that
this structure offers instrumentation and spectroscopy applica-
tions, i.e., the capacity to simultaneously measure the transmission
and reflection of a given sample,281 it would be of great benefit
to extend the operation bandwidth to beyond 40%. This would,
however, engender operating dielectric waveguides beyond their
single-mode bandwidth, and hence special consideration would be
required in order to suppress undesired effects associated with
higher-order modes, such as the potential for dispersion and
interference.

Active devices such as sources, detectors, and mixers of tera-
hertz radiation may be incorporated by means of hybrid integration,
in which fundamentally heterogeneous integrated circuits based
on different semiconductor processes are fabricated separately and
then assembled together. In this way, it is possible to combine a
III–V semiconductor-based chip that bears a terahertz active device
together with a substrateless all-silicon terahertz circuit, and allow
them to exchange terahertz waves via direct physical contact. At
the lower end of the terahertz range, dielectric waveguides have
been backside-coupled to optoelectronic sources at 137 GHz,174

and connected to surface-mounted bolometers,173 with the latter
achieving broadband operation by utilizing the guide in its multi-
mode region. Aside from dielectric rod waveguides, photonic crystal
waveguides have been coupled to surface-mounted Schottky barrier
diodes, for a subharmonic mixer operating at ∼100 GHz.177 In that
work, the robust in-plane lattice of the photonic crystal is benefi-
cial for physical support, which is a critical concern for this manner
of assembly. It is for this reason that, at higher frequencies in the
vicinity of ∼300 GHz, the majority of demonstrations of hybrid inte-
gration have made use of photonic crystal waveguides,137,138,175,176,178

using a Vivaldi antenna-like coupler as an adiabatic transforma-
tion. On the other hand, this choice of guide also limits achievable
bandwidth, and to address this, the concept of hybrid integration
has been extended to the more-broadband unclad microphotonics
platform, with a small chip of the same cross section as the wave-
guide core is accurately positioned in a corresponding recess in the
waveguide’s cladding.179 In this arrangement, the chip’s substrate
essentially behaves as a short length of dielectric waveguide, and
hence allows terahertz waves across the full operation bandwidth to
pass naturally between the chip substrate and the guide core. As a
result, this hybrid-integration junction can support the entire 40%
single-mode relative bandwidth offered by unclad microphotonics.
That said, the cited work is only a proof-of-concept study for this
technology, and so there are many challenges that must be addressed
in order to extend it into a full terahertz-range hybrid-integrated
chipset.

We offer one final thought for your consideration. From the
perspective of communications, the ultimate aim of terahertz-range
engineering is to produce an air interface that is worthy of optical
fiber. Does it not stand to reason that we should base it upon the
self-same optical waveguide principles?
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