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Abstract: Recent advances in silicon (Si) microphotonics
have enabled novel devices for the terahertz (THz) range
based on dielectric waveguides. In the past couple of years,
dielectric waveguides have become commonplace for THz
systems to mitigate issues in efﬁciency, size, and cost of
integration and packaging using metal-based waveguides.
Therefore, THz systems have progressively evolved from
cumbersome collections of discreet components to THzwave integrated circuits. This gradual transition of THz
systems from numerous components to compact integrated
circuits has been facilitated at each step by incredible advances in all-Si waveguides allowing low-loss, low dispersion, and single-mode waveguiding operation. As such,
all-Si waveguides position themselves as highly efﬁcient
interconnects to realize THz integrated circuits and further
large-scale integration in the THz range. This review article
intends to reevaluate the evolution stages of THz integrated
circuits and systems based on all-Si waveguides.
Keywords: communications; integration; photonic crystal;
silicon photonics; terahertz; waveguide.

1 Introduction
A lot of research effort has been dedicated to the terahertz
(THz) range in recent years. The THz range is a gold mine in
terms of available spectral bandwidth yet to be exploited [1]
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and covers the frequencies from around 100 GHz to 10 THz.
These are higher frequencies associated with higher
channel capacities as dictated by the Shannon theorem.
Hence, it can be conceivable to achieve data rates as high
as one terabits/s in wireless communications [2]. Such
ultrahigh-frequency together with broad bandwidths could
open the doors for other applications such as space
exploration [3, 4], nondestructive and noninvasive imaging [5], and sensing [6], in addition to communications [7].
However, the full potential of the THz spectrum has yet
to be realized. A noticeable challenge that hinders the
development of technologies and applications in the
THz range is the lack of high-power sources and highsensitivity detectors. This arises from the inherent difﬁculty
of generating THz waves with artiﬁcial sources [8]. It is
desirable to seek efﬁcient integration with diverse components and sources to compensate for the decrease in
available power. This will require THz range interconnects,
which have been restricted to metal-based transmission
lines for a long time. The metal-based approach has led to
bulky THz systems with numerous individual components
associated with high insertion and ohmic losses. This has
motivated research for all-dielectric waveguides platforms
in replacement for metal-based waveguides to reduce the
loss. All-silicon (Si) waveguides inspired by the recent
progress of Si photonics [9–12] speciﬁcally have been of
particular interest. Indeed high-resistivity intrinsic Si has
proven to yield low-loss [13], low-dispersion waveguides
combined with strategic design considerations. Photonic
crystals [14–18], which are typical photonic nanostructures, are examples of built-in all-Si waveguide platforms, where the wave conﬁnement and waveguiding
function are based on the photonic bandgap (PBG) effect
[19]. The ﬁrst notion of THz integrated circuits based on an
all-Si platform was proposed in 2012 by Fujita et al. [20].
They reported a photonic crystal slab for the THz waves
integrated circuit. In their work, they illustrated an integrated frequency-domain multiplexing transceiver based
on photonic crystal slab. Meanwhile, photonic crystal
structures have been ideal for realizing high-Q compact
cavities employed for sensing applications [21, 22]. These
results are considered to be the ﬁrst generation (1G) of
This work is licensed under the Creative Commons Attribution 4.0
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THz integrated circuits. Subsequently, in 2016 Yata et al.
presented a fully realized two-channel photonic crystal
diplexer for THz wave applications [23] that inspired
further integration work towards the realization of a
multichannel transceiver built-in photonic crystal. Despite
promising results, the realized transceivers had a relatively
limited bandwidth, which motivated further investigations
to increase the absolute bandwidth, including the array
approach as reported in [23].
Other approaches sought to replace photonic crystal
waveguides with more efficient structures, including
effective medium (EM) waveguides [24] and unclad waveguides [25, 26]. EM waveguides and unclad waveguides are
based on total internal reﬂection (TIR) rather than PBG to
achieve in-plane conﬁnement and guiding of THz-wave.
This approach yielded a broader bandwidth operation. In
addition, metal packaging was developed to support the
waveguide platforms [27, 28]. Hybrid integration [29] with
active devices such as resonant tunneling diodes (RTDs)
yielded communications modules for THz ﬁber communications [30, 31]. Developed broadband waveguides have
enabled broadband components for nondestructive imaging applications [32, 33]. Progress made up to this point can
be designated as the second generation (2G) of THz integrated circuits.
By leveraging the technologies achieved in 1G and 2G,
it is possible to achieve much larger-scale integration that
will efficiently combine sources and detectors such as RTD
and photomixers and passive components such as antenna
and couplers and guiding components such as hollow
waveguides and fibers. Such integration will enable a wide
range of applications such as wireless communications,
sensing, imaging, and radars in a single compact all-Si
platform that can be fabricated from a simple and costeffective etching process. This will be the third-generation
(3G) of THz integrated circuits. Two leading technologies
will include topological photonic waveguides, which yield
very low loss for waveguide bends and low dispersion [34].
Novel backside coupling technique shows promises for
array applications [35].
This review article intends to explore the different
stages of THz range integrated circuits and the waveguide
technologies that have enabled them. We will begin with
THz systems before the integration era by focusing on
waveguiding techniques leading to photonic crystal slabs
and 1G THz integrated circuits. Here, we will provide a review of THz waveguides, focusing on the operation principle and design of photonic crystal waveguides. The second
section will cover more evolved THz waveguides, including
EM waveguides and unclad waveguides at the center of
2G THz integrated circuits. In the last section, we discuss

large-scale integration toward the realization of 3G THz
integrated systems. Here we will discuss the challenges and
the potential of the 1-THz band and related technologies.

2 The road to THz integrated
circuits
In this section, we intend to explore waveguides for the THz
range preceding the hybrid integration era. This includes
metallic hollow waveguides, planar transmission lines,
polymer fiber, photonic crystal waveguides, etc. We look
into the performances of each waveguide in terms of
key metric including bandwidth, loss and integrability for
the realization of THz-range integrated components and
systems.

2.1 THz waveguides: a review
A key performance index for a waveguide is its propagation
loss which is highly correlated to the geometry and the
material properties. Waveguides made of metal are associated with significant ohmic losses as the wavelengths are
shorter in the THz range [36–38]. Therefore, dielectric
materials are preferred to metal. However, waveguides
made of dielectric materials are also associated with losses,
mostly due to dielectric absorption of the THz waves. In
comparison, high-resistivity Si exhibits low loss and has
been the material of choice for highly efﬁcient THz
waveguides.
For a long time, metallic waveguides such as hollow
waveguides [39–41] have been a standard for interconnecting with external power sources, testing, and packaging for
the THz range. This is because waveguides in the THz range
are built upon well-established waveguides in the microwave region, such as the metallic rectangular and circular
waveguide [42]. As most metallic waveguides, metallic
hollow waveguides rely on guided wave by metallic media
(GMM) principle, i.e., the waves are conﬁned within the
metallic walls of the waveguide. Hollow waveguides yield
good performance in the microwave region, but when
extended to the THz region, the physical size of these
waveguides is signiﬁcantly reduced. This renders foundry
processing difﬁcult as extreme accuracy is sometimes
required for manufacturing. Another difﬁculty associated
with the physical size of the metallic waveguides in the THz
range is the difﬁculty of interconnecting with planar components of a different scale, generally leading to a modal
mismatch at the interface with the hollow waveguide. In
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most cases, a matching structure that can progressively
convert the modes from the large aperture of the metallic
waveguide to a much small aperture is needed. Besides, the
nonplanar proﬁle of these waveguides makes it difﬁcult to
achieve compact packaging. This is a crucial hindrance for
THz integrated circuits. More design considerations have to
be taken. In addition, because ohmic losses are increased
with metal material, the overall performance of the THz
system built using such waveguide can be signiﬁcantly
reduced, knowing that there is a lower available power
in the THz region compared to the microwave region. The
reported loss for WR2.8 waveguide (710 × 355 µm) is
∼0.2 dB/cm for the lower limit of the WR2.8 band 260 GHz
and ∼0.4 dB/cm for the upper limit 400 GHz [43]. Parallelplate waveguides have been widely used for the generation
and transmission of THz waves. They consist of two conducting plates positioned closely together. These waveguides offer single-mode operation. Reported propagation
loss was 0.3 dB/cm in 0.1–4 THz [44]. Other waveguides
include dielectric-coated hollow metallic waveguides. These
waveguides also suffer from increased ohmic losses in the
THz range. However, propagation loss has been reduced by
employing dielectric coating on the metallic waveguide’s
inner walls, as reported in [41, 45–51]. The reported propagation loss of 0.01 dB/cm was achieved in [41]. The dielectric
coating allows the electric ﬁelds to vanish at the interface
with the wall gradually. In contrast, the ﬁelds do not vanish
at the wall’s interface for metallic rectangular and circular
waveguides but penetrate the metal wall where absorption
occurs. The loss can be further reduced by optimizing the
thickness of dielectric cladding. Increasing the thickness of
the cladding translates into reducing the inner diameter of
the waveguide, allowing modal matching with THz pulses
and higher coupling can be achieved between the dominant
mode of the waveguide and propagating THz waves [52]. The
increase of the coupling efﬁciency with the dominant mode
is associated with a reduced coupling efﬁciency with higherorder modes. A further reduction of coupling with higher
modes eventually leads to the suppression of those modes
and further to a single-mode operation that is ideal for a
waveguide. Polymer ﬁbers physically resemble the dielectric hollow waveguide as they present a circular proﬁle. A
noticeable difference is the diameter of the waveguide. In
the case of polymer ﬁber waveguides, the diameter is subwavelength, i.e., the diameter is smaller than the operating
wavelength. The waveguiding is analogous to that of the
circular metal waveguide, and the losses here are a combination of radiation loss and material absorption. The radiation loss originated from nonuniform variations of the
diameter, whereas absorption loss results from the polymer
material. A propagation loss at 300 GHz was reported as low
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as 0.01 dB/cm [53]. It is particularly difﬁcult to manufacture
ﬁber with a uniform diameter in the THz range. The diameter
for such ﬁber can be as small as the tens of microns scale for
mid to higher THz frequencies. THz waveguides with a more
planar proﬁle have been extensively employed. This includes transmission lines such as coplanar, microstrip, and
stripline transmission lines. The interest in these waveguides for the THz range has not been greatly signiﬁcant
because these transmission lines are associated with high
dispersion and attenuation [36]. The electromagnetic waves
leak both in the substrate and the air for microstrip and
coplanar transmission lines. Propagation loss for coplanar,
microstrip and stripline waveguides can be as high as
10 dB/cm, 15 dB/cm, and 6 dB/cm, respectively [54]. Photonic crystal waveguides are an example of waveguides for
the THz range with a planar proﬁle. But contrary to the
traditional transmission lines, photonic crystal waveguides
have no substrate. Therefore, substrate absorption loss is
suppressed. In addition, strong in-plane conﬁnement is
achieved because of the PBG effect, yielding very small
leakage into the air. Photonic crystal waveguides with
extremely low propagation loss have been recently reported
[13, 55, 56]. We cover photonic crystal waveguides in-depth
as they are essential for THz integrated circuits, as we intend
to demonstrate. Noteworthy waveguides built upon photonic crystal structure include photonic crystal ﬁbers and
substrate integrated image guides (SIIG). In the case of
photonic crystal ﬁbers, they can be viewed as optical ﬁber
with a photonic crystal core. As such, the guiding mechanism is the PBG effect. Early reports of such waveguides go
back to 1996 with the report of single-mode silica photonic
crystal ﬁbers for light-wave region [57] and have since been
efﬁcient ways to generate THz waves [58]. In the case of SIIG,
their structure is composed of a dielectric core and two low
refractive index porous walls on each side of the core.
Consequently, their guiding mechanism is TIR. SIIG with
propagation loss as low as 0.35 dB/cm was reported in [59].
Ribbon waveguides also rely on TIR as a guiding mechanism. Their structure is simple and only comprises highindex dielectric core such as graphene core [60]. Such
structures have reported a propagation loss of 0.087 dB/cm
when operating 100–130 GHz. We provide illustrations for
these waveguides in Figure 1, and Table 1 summarizes each
waveguide’s performance.

2.2 Photonic crystal slabs and their wave
confinement
After realizing the potential of the THz range, research efforts have been dedicated to making the most out of what
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Figure 1: Low-loss waveguides for the THz range, (a) parallel plates
waveguide, (b) metallic rectangular waveguide, (c) metallic circular
waveguide, (d) circular waveguide with dielectric coating,
(e) polymer ﬁber, (f) coplanar showing substrate in aquamarine
color, (g) slot line, (h) stripline, (i) photonic crystal waveguide,
(j) photonic crystal ﬁber, (k) SIIG with dielectric substrate, (l) ribbon
waveguide. The colors gray, yellow, and blue represent silicon,
metal, low-index dielectric material, respectively.

appears to be an endless spectral bandwidth. However,
challenges related to the generation, manipulation, and
transmission of THz waves arose and forced researchers to
seek effective methods for controlling THz waves. The solution to this problem was found in photonic crystal slabs.
Photonic crystal slabs are two-dimensional (2D) structures
made of semiconductor material through which an array of
holes is perforated, as illustrated in Figure 2. Consequently,
the resulting structure exhibits a stop-band, also known as
PBG, where the electric ﬁeld is oriented parallel to the slab
plane and where no transverse-electric (TE) ﬁelds exist
because the array of holes created a periodically varying
refractive index in the structure. For the components made
of photonic crystals, the wider the bandgap, the better it is
for applications requiring large bandwidth. The size of the
bandgap can be controlled by the arrangement of the holes
of the array. Indeed, there is quite a degree of freedom in
designing photonic crystal waveguides. With the desired
bandgap size as a design starting point, different arrangements of the array of holes can be found to meet that
criterion. Key design parameters for photonic crystals
include the lattice constant, i.e., the distance between the

Table : Performances of various THz waveguides.
Reference

Waveguide type

[]
[]
[]
[]
[]
[]
[]
[]
[]
[]
[]

Parallel plates waveguide
Hollow rectangular waveguide
Circular coated hollow waveguide
Polymer ﬁber
Microstrip line
Coplanar waveguide
Slot line
Photonic crystal
Photonic crystal ﬁber
Ribbon
SIIG

Frequency (GHz)

Propagation loss (dB/cm)

–
–
–
–
Up to 
Up to 
Up to 
–
–
–
–

<.
.–.
.
<.
.


<.
∼
.
.

Confinement principle

Integrability

GMM
GMM
GMM
TIR
GMM
GMM
GMM
PBG
PBG
TIR
TIR

No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes

Figure 2: THz waves in photonic crystals,
(a) photonic crystal slab showing PGB
effect and removable holes (purple region)
to create waveguide track, (b) photonic
crystal waveguide showing PBG effect and
removed holes to create waveguide track,
(c) illustration of TIR.
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centers or two adjacent holes and the hole diameter. The
methods for ﬁnding the right values for a and d varies from
simple parameter sweeps to more advanced algorithm [64,
65]. The ﬁrst occurrences of photonic crystals go back to
1973 when the periodic structures in integrated optics were
reported [66–68]. Photonic bandgaps, as described, provide a degree of control of THz waves, as they can be
engineered to block out THz waves for a given frequency
range. The PBG can also be used to further the control and
manipulation of THz waves. In 2005, Fujita et al. demonstrated the concept of simultaneous inhibition and redistribution of spontaneous light emission in photonic crystal
slab [69, 70]. Indeed, there are two optical modes in a
photonic crystal slab: “slab modes” and “vertical modes”.
Slab modes are conﬁned in the 2D photonic crystal slab
plane by satisfying TIR for the vertical direction. In
contrast, vertical modes do not satisfy TIR and are leak out
of the slab. Manipulating these modes allows control of
spontaneous light emission in 2D photonic crystals. Speciﬁcally, with a photonic crystal structure incorporating a
single quantum well that emits light with a TE polarization
parallel to the slab plane, the spontaneous rate decreases
due to the PBG effect. In contrast, the emission rate into the
directional normal to the slab plane increases via energy
redistribution. Reduced spontaneous emission is associated with an increase of redistribution by the same amount
in the PGB region as reported in [69]. This implies that 2D
photonic crystals can effectively be used to control THz
waves. Subsequently, in 2012, Kakimi et al. demonstrated
that THz waves could be trapped into a photonic crystal
slab [71]. Trapping and controlling THz waves in photonic
crystals can be achieved by leveraging the resonance state.
The resonance state is reached when the lattice constant of
the photonic crystal is equal to the wavelength in the medium. THz waves normally incident to the plane of photonic crystal slab in the resonance state are trapped inside
the photonic crystal, and the in-plane resonant mode is
excited. The trapped wave then gradually leaks out of the
photonic crystal.
However, the degree of wave confinement in the photonic crystal slab depends on the material absorption of
photonic crystal [71]. With the appropriate amount of absorption, THz waves can effectively interact with the absorption and decay in the slab and not leak. This provides
another means to control trapped THz waves in photonic
crystal slabs. Integrated circuits at this stage can be viewed
as the 0th generation of THz integrated circuit components.
The choice of photonic crystal slabs to implement interconnect for THz integrated circuit components is also
motivated by the possibility of fabrication process in one
single micro-electro-mechanical system (MEMS). An entire
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THz integrated circuit component can be fabricated in
an all-Si platform from a single etch process, reducing
production costs. However, advanced components such
as waveguides must be integrated into photonic crystal
slabs to achieve all-Si THz integrated circuit circuits and
systems.

2.3 Photonic crystal THz Si waveguides
Photonic crystal waveguides are realized by creating a line
defect into photonic crystal slabs. Precisely, an entire row
of through-holes is filled with semiconductor material
to create a path for the waves to propagate, creating a
waveguide. The waveguiding principle for photonic crystal waveguides translates into ﬁeld conﬁnement that is
dependent upon PBG. In TE bandgap region, the propagation of THz waves with in-plane polarization is inhibited. Early reports on photonic crystal waveguides go back
to 1999 when light transmission in photonic crystal
waveguides at light-wave region [19] was ﬁrst observed.
Subsequently, linear waveguides and waveguide bends
were introduced in [72–75] around 2000. Until 2006, the
pioneering work on 2D photonic crystal waveguides for
ﬂuid sensing by Hasek et al. demonstrated photonic crystal
waveguides for practical applications such as sensing.
Indeed, there is extensive literature exploring PBG and its
potential for manipulating THz waves but not as much on a
proof of concept for real-life applications. In their work,
Hasek et al. provided experimental proof of concept to
theories on measurements methods for ﬂuids and deoxyribonucleic acid (DNA) for sensing application in the
healthcare industry [76, 77] using a 2D photonic crystal
waveguide implemented in a high-density polyethylene
[78]. However, it is noted that other photonic crystal
structures, such as the parallel plates photonic crystal
waveguides, were also widely used [79].
Such structures are metallic and are bounded by parallel plates in the vertical direction and by a square lattice
of holes in the horizontal axis. This is because parallel
plates have widely been used to demonstrate efficient
guiding of THz waves with little distortion. However, parallel plate waveguides are less efficient at a higher level of
integration, and given that they are made of metal, the
losses are quite significant. In addition, the beam can only
travel in one direction, hence giving very little control.
Therefore, spatial confinement and directional control can
be achieved by combining a 2D photonic crystal waveguide
with parallel plates. In the meantime, as progress on
photonic crystal slabs and photonic crystal waveguides
was being made, there was still a crucial issue to address,
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namely the loss in photonic crystal waveguides. In 2009 Li
and Zhao reported a Si photonic crystal waveguide with
the lowest propagation loss of 9.9 dB/cm at 280 GHz in
270–330 GHz [80]. In 2013, Tsuruda et al. demonstrated a
photonic crystal waveguide with reported loss as low as
0.2 dB/cm for both straight waveguides and waveguide
bends [13, 56] for 0.315–0.329 THz. Such low loss was
achieved by employing a 200 µm-thick high resistivity
(20 kΩ) Si combined with proper lattice constant and hole
diameter values. The bending degree is an additional
design parameter to consider achieving low propagation
loss. In general, it is preferable to seek a gradual transition
of the waves propagating through the bend. Subsequent
research on photonic crystal waveguides reported low
propagation loss across an improved bandwidth with
high resistivity intrinsic Si. In 2015, Otter et al. introduced
variable attenuators and resonators into the photonic
crystal waveguide [81]. By illuminating the waveguide with
a laser light to generate free carriers in Si waveguide, the
propagation loss of a photonic crystal waveguide can be
increased so that it behaves as an attenuator. Other defects,
such as L3 defects, i.e., removing three adjacent air holes,
can create a compact cavity in photonic crystal slabs. Such
cavity resonators are essential for applications such as
sensing, which has been a key target application for the
THz range [82–86]. Although many resonators were realized for the millimeter waves, they were mostly made of
metal, as reported in [87, 88]. In addition, most millimeterwave resonators did not have a planar form factor. For THz
integrated systems, resonators made of low-loss materials
and having a planar proﬁle are better suited.

2.4 The first generation of THz integrated
circuits on all-Si platform
High-resistivity all-Si photonic crystal slabs have proven
to be effective for integrating THz range components,
including straight waveguides, waveguide bends, grating
couplers [89] but also attenuators and resonators. A combination of such components can lead to more advanced
devices for novel applications. Indeed, as reported in [20], a
multichannel transceiver that implements photonic crystal
waveguides and waveguide bends can be realized. It is
possible to realize multiple input-output transceivers with
photonic crystal waveguides. In which case, each waveguide will correspond to a distinct carrier channel. It is
possible to adjust the carrier frequency of each channel by
using a resonant cavity tailored to operate at the desired
carrier [85, 90]. All channels can afterward be connected
using waveguide bends. Such multi-component integrated

system applications go beyond multiplexing and are
extended to simultaneous sensing/probing for industrylevel testing and targeted broadcasting.
Further integration with oscillators and detectors can
enable novel applications. For this purpose, one of the
most promising devices is the RTD. RTDs are very compact
and can operate as oscillators and detectors at THz bands
[91]. The current–voltage graph of RTD exhibits a negative
differential conductance (NDC) region. Biasing the RTD
with a voltage at the beginning of the NDC makes the RTD
device operates as a detector. In contrast, choosing a bias
voltage inside the NDC makes the RTD device operates as a
fundamental THz oscillator. Photomixer such as unitraveling photodiodes [92] usually requires two laser
sources to generate THz waves and requires physically
large components, hence not suited for THz integrated
systems at present. In [89], Suminokura et al. reported the
integration of RTD with THz photonic crystal waveguides.
They reported a tapered slot antenna integrated RTD chip.
Different schemes for integrating RTD chips into the photonic crystal waveguide include the end-ﬁre and parallel
coupling (Figure 4) [89]. In the case of end-ﬁre coupling,
the RTD chip is directly attached to the end of the photonic
crystal waveguide to align the tapered antenna with the
waveguide track. When the RTD operates as an oscillator,
THz waves originating from the RTD are released into the
photonic crystal waveguide through the tapered slot antenna. In contrast, for parallel coupling, the RTD rests on a
photonic crystal waveguide so that the center of the RTD is
aligned with the waveguide track. For an RTD oscillator
coupled this way, THz waves are coupled to the waveguide
through the chip’s substrate. These coupling schemes
directly impact the coupling efﬁciency, a key performance
index for hybrid integrations of this sort. The coupling
efﬁciency indicates how well power is transmitted from
the RTD chip to a photonic crystal waveguide and vice
versa. End-ﬁre coupling and parallel coupling have reported coupling efﬁciencies lower than 10%. Which
means that there is a lot of power loss and there is a need
for better coupling schemes. At this stage, there have been
reports of THz integrated systems with passive devices
(waveguides, grating couplers) but also active devices
(RTDs) built in all-Si platform. In 2017, Okamoto et al.
reported a THz sensor based on photonic crystal platform
integrated with waveguides, high Q (∼10,000) cavity, RTD
source and detector. This sensor is representative of 1G
THz systems and is illustrated in Figure 3. Key issues to
address for 2G THz integrated circuit components include
the limited bandwidth of photonic crystal platforms, the
low coupling efﬁciency of active device integration, and
practical packaging.
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Figure 3: Terahertz sensor realized in all-Si platform. Photonic
crystal cavity acts as sensor. This device is representative of the 1G
THz integrated systems.

3 The second generation of THz
integrated systems based on
silicon platform beyond photonic
crystals
In the previous section, we have established the need for
THz integrated systems propelled by all-Si photonic crystal
components, including photonic crystal straight waveguides and waveguide bends, diplexers, resonator cavities,
and RTDs. However, the integrated systems at that stage
yielded a very limited operation bandwidth, and attempts
to resolve the bottleneck of the bandwidth issue have not
been successful. This section explores more advanced
components built upon the pioneering work on photonic
crystal slabs and photonic crystal components, including
EM waveguides, more recent unclad Si wire waveguides,
and their packaging technologies. We will also see how
these novel devices have contributed to establishing the
second generation of THz integrated systems.

3.1 Effective medium waveguides
An EM is a composite material with properties inherited
from combining all the properties of the different constituents that make up the composite material. For dielectric
effective medium waveguides, there are two constituents,
namely the dielectric material and air. This is because EM
structures are created by introducing an array of throughholes into a dielectric slab. All-Si EM waveguides have
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gained popularity because the reduced transmission loss
and wideband operation, as reported in [24]. In their work,
Gao et al. reported a waveguide core cladded with EM. In
comparison with photonic crystal waveguides, the inplane guiding mechanism in EM waveguides is based on
TIR, not on PBG. In addition, the diameter of the holes and
the perforation period dimensions are extremely small,
which ensures that the resulting structure behaves like a
homogenous structure [93]. As a consequence, EM waveguides exhibit an enhanced bandwidth and low dispersion. For the design of the EM structure, a hexagonal lattice
can be employed with a lattice constant smaller than the
guided wavelength. Because the EM structure is composed
of intrinsic Si and air, the resulting effective refractive index is between Si’s refractive index and air’s [93, 94]. As
such, larger holes will yield an EM structure with an
effective index closer to air, while smaller holes will yield
an effective index closer to Si. This creates a 2D index
contrast that helps conﬁne the waves within the waveguide
core by TIR. The guiding mechanism of EM waveguides is
thus solely based on TIR made possible by the high index
contrast in both transverse dimensions. However, due to
the low cladding index in both planes, i.e., EM cladding
and air cladding, EM waveguides typically support two
fundamental modes, one parallel to the slab (TE) and
another one perpendicular to the slab (transverse magnetic
(TM) mode). These modes are associated with electricﬁelds having distinct relative permittivities that can be
approximated using the Maxwell–Garnett approximations
and given by the following equations [95]:
(ε0 + εSi ) + (ε0 − εSi )ζ
(ε0 + εSi ) − (ε0 − εSi )ζ
εy = εSi + (ε0 − εSi )ζ

εx = εSi

where ε0 and εSi are, respectively, the permittivity of air and
Si, and ζ represents the ﬁlling factor of the air in Si. The
value of the ﬁlling factor is dependent upon the pattern of
the array of holes. For example, for a square lattice in
which the holes are arranged in square patterns, the lattice
constant is estimated as πd2 /( 4a2 ), where d is the hole
diameter, and a is the lattice constant, i.e., the distance
between the centers of two adjacent holes. And for a hexagonal lattice, the value of the ﬁlling factors can be esti√̅
mated as ( πd2 )/(2 3 a2 ). These values for the ﬁlling factor
can be deducted from algebraic considerations of the lattices. The choice of the lattice, however, can be motivated
by robustness. In which case, the isosceles lattice has been
preferred compared to other lattices [55]. In the case of EM
cladded dielectric waveguides, additional considerations
have to be made. Notably, careful considerations must be
taken for the desired propagation mode and the degree of
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conﬁnement that will impact the waveguide transmission.
For the propagating modes supported by the EM waveguides, it is noted that the relative permittivity must be
selected to enable single-mode propagation. Notably,
lower relative permittivity generates a lower propagation
constant which causes the cutoff frequencies of the higher
modes to be moved up to higher frequencies in the operation band. Therefore, attention must be paid to choose the
right relative permittivity. The realization of broadband
THz integrated systems employing EM structures depends
on the efﬁcient integration of functional components.
Building upon highly broadband EM waveguides, subsequent research reported Bragg ﬁlters [96], planar lens
[97–100] and beam splitters [32, 33].

3.2 Unclad waveguides
Despite the performance of EM waveguides and their
potential for THz integrated circuits, the main hindrance
for their use is the difficulty of fabrication associated with
the small size of the holes that constitute the EM structure.
Indeed, high precision machining would be required
to manufacture subwavelength hole diameter. Unclad
waveguides were introduced by Headland et al. in 2020 to
address this issue [25]. The term “unclad” refers to the
absence of cladding as these waveguides are substrateless and entirely cladded by air. The main motivation is to
reduce the complexity of the structure by removing the EM
structure. Long before unclad structures, Si on insulator
technology was used for THz range waveguides in which
the waveguide core was laid on top of an insulator substrate in most cases Si dioxide (SiO2) [101, 102]. However,
SiO2 is typically more absorbent than high-resistivity Si,
which renders such waveguides more lossy due to absorption loss of the substrate material.
Intuitively, losses should be reduced by removing a
portion, even the entire substrate. Such considerations led to
suspended waveguides [103, 104]. Suspended waveguides
are micro-scale waveguides entirely substrate less. However,
the suspended waveguides are not self-supporting, which is
not very practical for physical handling. Photonic crystal
structures are usually employed to provide support for suspended waveguides. However, photonic crystal structures
have typically limited bandwidth and increased dispersion
in the PBG region. This renders suspended waveguides
narrowband and dispersive. Subsequent research was oriented toward Si on glass waveguides [60, 103]. However, for
THz integrated systems, all-Si components are preferred.
Such consideration led to the most recent unclad waveguides. Unclad waveguides have been developed as an

extension of EM waveguides by removing the in-plane EM
cladding structure and introducing protective Si frame [25].
The resulting waveguide offers more simplicity and greater
freedom in choosing crucial design parameters such as
waveguide thickness, which translates into faster analysis,
simulations, design, and fabrication. Like EM waveguides,
unclad waveguides can be fabricated in all intrinsic Si, thus
enabling monolithically integration with various functional devices and physical supporting elements entirely
made of Si. The appearance of the supporting element can
be designed to ﬁt physical packaging and for handling and
testing [25].
All-Si unclad waveguides establish a platform for the
integration of Y-branches, couplers, and multiplexers. The
absence of EM cladding facilitates hybrid integration. Unclad waveguides have reported transmission loss as less
than 0.1 dB/cm, making it possible to achieve more complex designs requiring higher and more complex bending.
90-degree-bends Y-branches were realized based on unclad
structures as well as evanescent couplers [25]. Structures
like resonators were also reported in suspended waveguides using one period of photonic crystal structure [26].

3.3 Second generation THz integrated
systems
The 1G of THz integrated systems established the potential
of such compact systems based on photonic crystal components. The 1G faced some challenges, including the
limited bandwidth and the low coupling efficiency for
active devices including RTD. Novel devices accelerated
the 2G with improved performances in terms of bandwidth.
In parallel with the development of EM waveguides and
unclad waveguides, a lot of effort sought to improve the
integration of RTD and all-Si platforms integration for
increased coupling efficiency. Hybrid integration with
active components is crucial as a serious hindrance of THz
systems is the lack of available power. In 2018, Yu et al.
presented a compact Yagi–Uda and tapered-slot coupling
structures for the integration of RTDs with the main goal of
improving previously reported coupling efﬁciency (<10%)
and 5 GHz bandwidth [20, 21, 85]. Both coupling structures
were built on InP substrate. This way, THz waves radiation
from the antenna are coupled to the photonic crystal
waveguide through the chip’s substrate. This is because
the permittivity of the substrate is higher than that of the
air. Improved coupling efﬁciency was achieved with
maximum efﬁciencies of ∼56% and 50% for Yag–Uda and
tapered slot antenna, respectively. A 3-dB bandwidth of
41 GHz was realized for the tapered slot antenna against a
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3-dB bandwidth of 11 GHz for the Yagi–Uda antenna. The
limited bandwidth of the Yagi–Uda structure is attributed
to the components, namely the directors, the dipole, and
the reﬂector, which are innately resonant components. On
the other hand, the tapered structure with its exponential
proﬁle operates as a progressive matching structure between the large size photonic crystal and the small size of
RTD. The coupling efﬁciency of the tapered slot structure
can be further increased by improving the exponential
proﬁle of the taper, such as to realize a mode converter
as was reported in [29]. The improved coupling efﬁciency
of 90% was reported by employing the metallic mode
converter. The 3-dB bandwidth was also improved up to
50 GHz. These improvements are also attributed to an
improved coupling scheme, notably the embed coupling,
as illustrated in Figure 4(c). THz range integrated communication modules were realized employing this coupling
scheme, as shown in Figure 5(d). These modules incorporated a dielectric taper as an input/output interface which
can be used for coupling with hollow metallic waveguides
for testing or wired and wireless THz ﬁber communications,
as illustrated in Figure 5(e) and (f) [30, 31]. Figure 5(a)–(c)
show additional THz range communication application
employing a straight photonic crystal waveguide [13]
(Figure 6), a horn antenna and RTD module [29]; and a
dielectric rod array antenna, [105] respectively. Silicon integrated mixers on a Si photonic-crystal platform have been
also reported as shown in Figure 7 for 0.3-THz band using
RTD Figure 7(a) [106] and 0.2-THz band based on Schottky
diode Figure 7(b) [107].
THz integrated systems will need compact packaging
structures even with improved passive components and
highly efficient THz sources. Fortunately, sturdy, compact
metal-based packaging structures for THz range waveguide platforms have been reported, as illustrated in
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Figure 8 [27, 28]. For the design of packaging structures,
metal is preferred because of ease of manufacturing for
devising requiring high precision machining. Alternative
materials such as PEEK (Polyether Ether Ketone) have
been gaining increased attention to reduce the metal
footprint on the environment. But the stage of development of such material is still at its earliest, and it is
challenging to achieve accurate machining. Packaging for
waveguide components was reported in [27, 28] for all-Si
waveguide platforms, but the employed packaging strategy can easily be extended to diplexers, Y-branches,
planar and nonplanar antennas. This marks the 2G of THz
range integrated systems. With the possibilities the 2G
THz integrated systems offer, various applications related
to all ﬁelds such as healthcare, transportation, and security could change the way we live in the upcoming
years. Exploring such applications is the next frontier of
THz integrated systems. A comparison of all Si waveguides and their performances is provided in Table 2,
and Figure 6 provides pictures of reported all-Si planar
waveguides.

4 Summary and future
perspectives
This review article summarizes the evolution of THz range
integrated components and the technologies that have
made the integration possible. In particular, we have
detailed recent advances made on planar all-Si platforms
as “THz silicon photonics”, focusing on waveguides platforms. The starting point was a photonic crystal slab, which
allowed trapping and controlling THz waves, leading to
photonic crystal waveguides. Photonic crystal waveguides

Figure 4: Coupling schemes for hybrid integration with RTD, (a) end-fire coupling, (b) parallel coupling, (c) embed coupling, and (d) backside
coupling.
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Figure 5: THz communication applications,
(a) 4K video transmission over 50 cm-long
photonic crystal waveguide [13], (b) 4K
video transmission with dielectric rod
array antennas [105], (c) wireless
transmission of 4K video using a horn
antenna and an RTD module shown in
(d) [29], (d) RTD integrated module with the
RTD chip as inset [30], (e) experimental
setup showing the transmission of 4K
resolution video over THz ﬁber wired link
[30], (f) 4K resolution transmission over
THz ﬁber wireless link [31].

rely on the PGB effect for wave confinement, and recent
progress reported photonic crystal waveguides with low
propagation loss and low dispersion with limited bandwidth. Photonic crystal waveguides served as a canvas
for 1G of THz integrated circuit components. Subsequently,
EM waveguides sought to increase the limited bandwidth
of photonic crystal waveguides, leading to waveguide
with over 40% relative bandwidth. Most recently, unclad
waveguides exhibited enhanced bandwidth, low loss, and
versatility. With their enhanced performances, these structures were used for THz integrated components, establishing 2G THz integrated circuits. The third generation (3G) for
THz integrated components will be oriented towards largescale integration. The two driving technologies will be
the robust topological waveguides [34] and the backside

coupling for active devices [35] which is, illustrated in
Figures 4(d) and 9. Table 3 provides a summary of generations of THz integrated components.
Higher data rates would be required for further
advanced applications of THz band, implying that higher
bandwidths are required for future systems. This could be
achieved by increasing the operation frequency for
example, to 1 THz-band from 0.3-THz band. As the operation
frequency increase, the absolute bandwidth also increases.
Figure 10(a) shows the possible absolute bandwidth as
a function of frequency for unclad waveguides. Unclad
waveguides exhibit increased bandwidth with the frequency. The improvement of the absolute bandwidth will
also enable the higher resolution sensing/imaging applications [111] which can be used in healthcare for single-
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Figure 6: Planar all-Si waveguide platforms and respective simulated field distribution, (a) photonic crystal waveguide with equilateral lattice
[108], (b) photonic crystal waveguide with isosceles lattice [108], (c) Bragg-mirror suppressed waveguide [34], (d) topological waveguide [109],
(e) EM waveguide [24], (f) unclad waveguide [25].

Figure 7: THz mixers integrated into Si photonic crystal platform. (a) RTD [106], (b) Schottky diode [107].

strand DNA detection [112] or in security for enhanced
detection of concealed weapons [113]. Another noticeable
advantage of the 1 THz band could be the reduction of
propagation loss as the operation frequency increases for
all-Si components, i.e., as the frequency increases, the absorption loss due to free carrier Si could be decreased [114].
In contrast, the loss associated with metal-based components increases with the operation frequency [43]. This
phenomenon is illustrated in Figure 10(b), emphasizing the
superiority of high-resistivity intrinsic Si material compared
to metal.

Despite the attractiveness of the 1-THz band, great
challenges have to be addressed to take full advantage of
the untapped spectral bandwidth. Namely, the physical
size of the devices in the 1 THz band becomes small. For
example, the photonic crystal platform reported in [81] has
a lattice constant of 240 µm and a hole diameter of 72 µm for
a 0.3-THz band. Using the scaling law, we can estimate the
lattice constant and the hole diameter for the 1 THz band at
∼80 µm and ∼24 µm, respectively. These are small dimensions that require higher accuracy machining during
the fabrication process. Otherwise, fabrication errors are
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Figure 8: Packaged THz modules, (a) RTD integrated module with photonic crystal waveguide [28], (b) straight waveguide module [27].
Table : Comparison of planar all-Si dielectric waveguides.
Reference

Waveguide
type

[, ]

[]

Photonic
crystal
Photonic
crystal
Photonic
crystal
EM

[, ]
[]
[]
[]

[]
[]

Operation frequency
range (GHz)

Relative
bandwidth (%)

Reported propagation
loss (dB/cm)

Demonstrated applications

–

∼.

–



–

–

–

∼

<.

Communications ( Gbit/s)

–

>

.

Topological

–

∼

<.

Unclad
Suspended
EM

–
–
–

∼
∼%
∼%

.
.
–

Communications ( Gbit/s), K video
transmission
Communications ( Gbit/s), K video
transmission
Communications ( Gbit/s), sensing
–
Communications ( Gbit/s)

Communications (. Gbit/s), HD video
transmission, sensing
Liquid sensing

Table : Summary of THz integrated technologies based on Si waveguides.
Generation

Waveguide
technology

Hybrid integration
of active device

Demonstrated application

Comments

First generation

Photonic crystal

THz sensor []

Second
generation

Effective medium

Parallel coupling
End-ﬁre coupling
Embedded coupling

Early stages of THz integrate components
based on photonic crystals
High-performances waveguides for
enhanced THz IC components

Unclad

Third generation

Photonic crystal

Embedded coupling

Effective-medium
Topological

Backside coupling
Novel coupling
scheme anticipated

Unclad

THz ﬁber communications
[, ]
THz imaging [, ]
Wireless communications
[]
On-going

Large scale integration based on all-Si
platform
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Figure 9: Backside coupled RTD hybrid integration with photonic
crystal platform, (a) experimental setup for characterization
showing unclad waveguide bend as inset, (b) slot antenna RTD chip.
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likely to lead to poor performance of the device. Such
stringent requirements are even more exacerbated with
unclad waveguides with EM structures. For example, the
EM waveguide reported in [24] has a lattice constant a of
100 µm and a diameter d of 90 µm for the 0.3-THz band.
This translates to a lattice constant a of ∼33 µm and a hole
diameter d of 30 μm at 1 THz band, hence a hole separation
of 3 µm. Figure 10(e) shows the hole diameter as a function
of the frequency for unclad structures. It can be observed
that the hole diameter d reaches d < 50 μm at 1 THz.
Establishing high precision machining coupled with new
waveguiding techniques will be one of the next research
axes for THz integrated components to transition from 2G to
3G. Figure 10(c) and (d) shows the trends of output power
and responsivity of existing signal generators based on
multipliers, and ZBD (zero biased Schottky diode) detectors
as reported by Virginia Diodes Inc. [115, 116]. It can be

Figure 10: Advantages and challenges for the 1 THz band, (a) absolute bandwidth as a function of the frequency for the unclad waveguide,
(b) attenuation as a function of the frequency of high resistivity silicon (red) and metal (black), (c) resp. of ZBD, (d) output power of signal
generator and (e) hole diameter of Unclad waveguide as a function of frequency.
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observed that operation at higher frequencies will be
challenging due to the limited output power and low
responsivity. It will be crucial to seek alternative higher
power sources. These challenges also highlight the future
research axes in the ﬁeld of THz silicon photonics in
general.
For large-scale integration, various components will be
required. This includes the high power THz sources that
could be an array of THz diodes for power combining [117].
Having the higher THz sources can help improve the
responsivity of THz detectors as a higher power is injected
into as local oscillator signals. This emphasizes the importance of array structures for future THz systems as alternative solutions to limited signal generators and detectors.
The research on array conﬁgurations for such active devices
is still at its earliest stage. Therefore, this is a research axis
that can have a great impact on the future. Especially,
coherent oscillation by synchronized arrayed THz oscillators for various advanced applications including multilevel
modulation communications, high resolution sensing, imaging and ranging. Backside coupling technique is promising for array of active devices. The coupling schemes
employed in 1G and 2G of THz integrated systems included
parallel, end-ﬁre, and embed coupling. A much more recent
coupling scheme, namely the backside coupling, might be
at the center of 3G THz integrated systems. The backside
coupling scheme is illustrated in Figure 4(d). It can be
observed that the major difference with embed coupling is
the way the substrate is in direct contact with the Si platform, i.e., the antenna is oriented in the same plane as the Si
platform. This is because on-chip antennas innately radiate
downwards through their substrate. This has been proven
with lens-coupled on-chip antennas [118] that can efﬁciently extract power from the chip as the lens is put in
direct contact with the high-index substrate, allowing index
matching to occur at the interface substrate-lens [119]. Endﬁre antennas have been widely used for the integration of
RTDs with all-Si waveguides [29]. However, because endﬁre antennas innately radiate forward and THz waves are
naturally attracted downwards towards the substrate that
has a refractive index higher than that of air, the resulting
coupling efﬁciency employing such antennas was typically
limited. This motivated research for alternative coupling
schemes to take advantage of the natural way THz waves
are attracted downwards in an RTD chip with a semiconductor substrate. Consequently, the chip is inserted
backward in the Si waveguide for backside coupling to
maximize the power ﬂow between RTD and all-Si waveguide. This coupling technique was validated earlier in
2021, employing the experimental setup illustrated in

Figure 9. For the implementation, a broadband unclad
waveguide bend was employed. Experiments revealed
maximum coupling efﬁciency of ∼75%. This coupling efﬁciency can be further improved with appropriate antenna
design considerations. This coupling scheme widens the
scope of active devices that can be integrated with all-Si
waveguide platforms.
A major motivation that led to 2G was the improvement of the limited bandwidth of THz integrated systems
built upon photonic crystals. Indeed, the limitation of the
bandwidth of such components is attributed to the limitation of the PBG itself. In addition, it is not common for
devices built upon PBG to exploit the full PBG for operations such as wireless communications. This is because
the behavior of most components is frequency-dependent.
As a consequence, the performance of the device is quite
nonuniform across the entire operation bandwidth; hence
the operation is limited to just a portion of the PBG where
performance is the best. As such, it is preferable to seek
other types of structures, not relying on PBG to take
advantage of the full available bandwidth. Topological
photonics has emerged as a promising technology for
alternative structures. THz topological photonics find their
origins in the topological phase of light [120, 121]. Early
reports on topological photonics have demonstrated photonic topological insulators (PTIs). The development of
PTIs has been facilitated by the absence of backscattering
[122, 123].
Inspired by PTIs, subsequent efforts have developed
valley Hall photonic crystals (VPCs) and their practical
applications. VPCs are ideal structures for reflection-less
waveguides that are of great interest for THz integrated
systems. They are likely to yield reduced loss without
backscattering and low dispersion as they can be built in
high resistivity Si. In 2020, Yang et al. reported the ﬁrst
experimental demonstration of the topological phase of
THz wave for on-chip communication [34]. Their work
employed VPC and successfully demonstrated near-unity
transmission over the operation band, even with structure
incorporating sharp bends. Such performance of VPCs is
attributed to topological valley kink states. Valley kink
states allow robust topological transport of THz waves even
across sharp bends. In addition, valley kink states are
linear in the bandgap [34], translating into linear dispersion in VPCs. This is indicative of a very little signal delay at
different frequencies, hence broadband operation. VPCs
also support single-mode operation. It has been observed
that only one kink state was found in the bandgap. It is
noted that topological bandgap and photonic crystal
bandgap are quite different. The former originates from
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Bragg reﬂections, and the second originates from the
breakage of the inversion symmetry. The difference between photonic crystals and topological photonics like
VPC extends beyond the origin of their respective bandgaps. The structure of photonic crystal and VPC is quite
different. Typical photonic crystal is created by introducing
an array of through-holes arranged mostly in a triangular
pattern into a Si slab. In contrast, VPC is created using
holes of different sizes arranged in hexagonal [120, 123].
Valley kink states in topological waveguides with linear
dispersion and single-mode operation have outperformed
typical photonic crystal waveguides in operation bandwidth and overall loss. Record data rates of 108 Gbit/s were
reported in 2021 by Webber et al. for 10-mm topological
waveguides [110]. This highlights the potential of topological structures for high data rates communication applications. To achieve higher data rate, the increase of the
bandwidth of PBG of VPC will be a crucial future subject.
Other research axes include the development of phase
shifters and variable attenuators. These components are
lacking in the 0.3-THz band or the higher frequency THz
bands, and their research needs to be accelerated with a
focus on hybrid integration with all-Si planar platforms.
Antennas with a beam steering function will be required for
advanced wireless applications. Efficient and versatile
input-output interfaces beyond hollow waveguide packaging with three-dimensional integrated technology like
“LEGO®” will open novel unexplored applications. This
constitutes another potential research axis toward the
realization of 3G THz integrated components.
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