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ABSTRACT

The development of terahertz integrated circuits is vital for realizing sixth-generation (6G) wireless communication, high-speed on-chip
interconnects, high-resolution imaging, on-chip biosensors, and fingerprint chemical detection. Nonetheless, the existing terahertz on-chip
devices suffer from reflection, and scattering losses at sharp bends or defects. Recently discovered topological phases of light endow the pho-
tonics devices with extraordinary properties, such as reflectionless propagation and robustness against impurities or defects, which is vital
for terahertz integrated devices. Leveraging the robustness of topological edge states combined with a low-loss silicon platform is poised to
offer a remarkable performance of the terahertz devices providing a breakthrough in the field of terahertz integrated circuits and high-speed
interconnects. In this Perspective, we present a brief outlook of various terahertz functional devices enabled by a photonic topological insu-
lator that will pave the path for augmentation of complementary metal oxide semiconductor compatible terahertz technologies, essential for
accelerating the vision of 6G communication and beyond to enable ubiquitous connectivity and massive digital cloning of physical and bio-
logical worlds.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0099423

1. INTRODUCTION

Global digitalization, mobile Internet connectivity, and the
emergence of artificial intelligence (AI) based applications have
made data to be the most valuable resource. The tremendous
increase in data creation and consumption demands a higher data
transfer rate in both the wired and wireless domains. Nevertheless,
the current rollout of fifth-generation (5G) infrastructure is just an
interim solution. It cannot meet the exponentially growing demand
for data consumption and massive connectivity due to bandwidth
limitations. The pursuit of meeting these unprecedented demands
has directed the vector toward terabits per second (Tbps) connectiv-

beyond by enabling ultrahigh bandwidth communication paradigms.
The availability of huge spectral bandwidth is the key to achieving
Tbps communication links without additional spectral efficiency
enhancement techniques.”” In addition to offering large bandwidth,
THz waves encompass additional features such as (a) short wave-
length, which allows for highly directional communication links and,
thus, possess higher resilience to eavesdropping;” (b) less susceptibil-
ity to free space diffraction and inter antenna interference, which
enables realization of transceiver and functional components like
antennas at much smaller footprints; and (c) the pencil beam nature,
which will greatly improve the angular resolution and accuracy of
three-dimensional (3D) position estimation. These characteristics of

ity, one of the key goals for the next-generation communication
network, sixth-generation (6G) communication and beyond.
Terahertz (THz) frequency bands are expected to play a pivotal role
in designing future high-speed wireless networks for 6G, 7G, and

THz waves provide a stepping-stone to realizing the vision of 6G
and beyond to unify the physical, biological, and digital worlds by
providing ubiquitous connectivity, low latency, higher energy effi-
ciency, sensing, and high-precision 3D positioning.
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However, to utilize the full potential of THz waves, it is imper-
ative to develop integrated circuits to host hybrid electronic-
photonic components on Complementary Metal Oxide
Semiconductor (CMOS) compatible platform (see Fig. 1). The THz
integrated circuits are essential to improve the performance and
reliability of THz functional components while simultaneously
reducing their size, weight, and power consumption. This will
usher in high-speed on-chip communication, vital for processing
and computing massive volumes of data for seamless integration of
emerging communication devices with emerging 6G and beyond
wireless networks. In addition, the development of THz integrated
circuits will significantly alleviate the performance of a wide range
of domains, such as biological diagnostics,”” high-resolution
imaging,”™” food and drugs quality inspection,” and nondestructive
detection.”® To date, the development of THz integrated circuits
has been hampered due to the lack of miniaturized THz sources
and detectors. Yet, the recent development of electronics’™'' and
photonics'” based miniaturized sources open up a potential avenue
for designing low-cost and highly efficient THz integrated circuits
on an all-silicon (Si) platform (see Fig. 1).

To achieve high-speed data communication, electrical' >'* and
optical™" interconnects are two major research areas. Among
them, the electrical interconnect suffers huge Ohmic losses at THz
frequencies and vyields a low bandwidth-distance product.
Therefore, the energy efficiency of the electrical interconnects sig-
nificantly drops when transmitting the high-speed data over >1
mm due to large channel losses. Optical interconnect overcome the
scaling limitations of the conventional electrical interconnect. In
addition, optical interconnects offer large bandwidth. Nonetheless,
the presence of various sources and electro-optical components
fabricated on III-V semiconductors render the integration with the
Si fabrication process and makes it cost extensive. Optical intercon-
nects are more viable for low density and large distance communi-
cation links (tens of meters to hundreds of meters).'

Although, the high volume data traffic for both short distance
(few centimeters and below) and long distance (tens of meters and
above) communication links are well addressed by electrical' ™"
and optical »'” interconnects, respectively. The gap between the
two regimes provides an opportunity for the insertion of a high-

On-chip THz
source

Topological splitter

Directional coupler

Antenna for THz
transmission

FIG. 1. Schematic of THz integrated circuits with various active (source,
detector) and passive (delay line, directional coupler, antenna) components on
photonic topological insulator (PTI) platform.
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data rate, efficient, and cost-effective terahertz interconnects'®'’

into an existing ecosystem of electrical and optical interconnects to
solve the “last centimeter”'” problem. The performance of THz
interconnects depends on the efficient integration of THz wave-
guiding channels with the existing photonic and electronic compo-
nents. Recent works'®**'°>!°° demonstrate the integration of
dielectric THz waveguide with the existing electronic and
photonics-based system. In addition, recently, significant progress
has also been observed in developing THz integrated circuits by
combing the electronics and photonics solutions.””** Arguably, the
planar waveguide platform is one of the key elements for THz inte-
grated circuits. It offers to host various passive and active compo-
nents to achieve comprehensive functionalities. In this regard,
different waveguide structures inspired by microwave and optics
have been proposed for the THz spectral region. At THz frequen-
cies, the conventional metallic waveguides such as microstrip lines,
coplanar, hollow, and substrate-integrated waveguides suffer from
huge ohmic losses that compound to transmission loss in the order
of several dB/cm”™*® or higher.27 Thus, it is crucial to develop
metal-free photonic waveguides. This has led to the development of
all-dielectric THz waveguides. Inspired by guided wave optics,”
various dielectric waveguides have been investigated that yield low
transmission loss. High resistivity silicon (HR-Si) is an ideal choice
of material, owing to low THz absorption and large non-dispersive
refractive index.”””" In addition, Si ensures compatibility with stan-
dard foundry for rapid prototyping and commercial mass produc-
tion. The development in the assembly process with Si devices also
allows for integration with various active and passive devices for
realizing THz integrated circuits, as illustrated in Fig. 1.

In the quest to develop THz integrated circuits, various dielec-
tric waveguides have been proposed, such as unclad ribbon wave-
guide,m silicon-on-insulator (SOI) waveguides,‘n_34 effective media
cladded waveguide,” and photonic crystal waveguides.””” Among
them, unclad ribbon waveguides are one of the most fundamental
waveguides, where the waves are confined by total internal reflec-
tion (TIR) in the orthogonal axes of wave propagation direction.
These waveguides are cladded by air in both orthogonal directions
and possess low loss and broad bandwidth characteristics. Despite
the low loss, these uncladded ribbon waveguides have limitations in
realizing THz integrated circuits due to the weak mechanical stabil-
ity, lack of self-support, and support for other passive components.
To improve the integrability and mechanical stability, the SOI
waveguides and entirely suspended Si frame structure were
proposed.”®™** However, additional supporting material in SOI
waveguides induces losses that are not negligible.” The losses due
to the presence of substrate were minimized by excavating the
portion of the substrate beneath the waveguide but at the cost of
additional fabrication complexity.”>**** Alternatively, to achieve
mechanical stability, an anchor frame has been utilized.”*"”
Although such a frame provides mechanical strength and integrates
other components, it also incurs additional scattering loss. More
recently, to avoid this scattering loss, effective media cladding was
used at the connection points.”

To avoid the losses due to the presence of mechanical
fixtures and additional substrates, two-dimensional (2D) photonic
crystal (PC) slab waveguides®™” offer a potential solution. Unlike
the waveguides mentioned above, the PC slab waveguides are
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self-supporting and do not require additional anchors or substrates
that incur extra losses. In the 2D PC slab, the defect line acts as the
waveguide where the photonic bandgap provides the in-field con-
finement while TIR ensures the out-of-plane confinement. One of
the major limitations of PC waveguides is narrow bandwidth that
restricts their adoption for wideband applications. To alleviate the
PC waveguide’s bandwidth limitation, a new class of self-
supporting all-dielectric waveguides was recently reported using an
effective medium. The effective-medium cladding was realized
through the periodic perforation of the Si slab, where TIR ensures
the confinement of the wave in both in-plane and out-of-plane
directions.”* All the above-mentioned dielectric waveguides
exhibit low transmission loss and are compatible with standard
planar fabrication techniques. However, they show considerable
bending losses at sharp bends. This restricts their utilization for
miniaturized functional components such as power splitter,
on-chip directional coupler, and delay lines. Furthermore, multiple
components on a single chip induce significant reflections due to
the impedance mismatch, which becomes a severe problem for
THz integrated circuits. One way to reduce the backscattering is to
use non-reciprocal devices.” However, it is challenging to imple-
ment it on integrated platforms due to the weak magneto-optical
effect at THz frequencies."”"" Thus, a paradigm shift in design is
needed to develop a robust, miniaturized, low loss, and cost-
effective THz integrated circuit platform.

Photonic topological insulator (PTI),"~"* the photonic analog
of electronic topological insulator (TI), opens up a new avenue for
developing extremely low loss and miniaturized THz integrated cir-
cuits. The introduction of topology endows the photonic devices
with unprecedented functionalities such as reflection-free transport
of light and robustness against impurities or defects without back-
scattering.”’ With these remarkable properties, PTI is expected to
bring about significant advancement to the field of THz integrated
photonics. Here, we present our perspective on the field of THz
PTIs. We start with a comprehensive overview of different PTIs
along with basic theoretical formalism, discuss the emerging THz
photonic functional devices based on PTI, and conclude with
potential applications.

Il. RECENT DEVELOPMENTS IN PHOTONIC
TOPOLOGICAL INSULATORS

Figure 2 depicts the different types of PTI classified based on
their broken symmetry. The concept of topology was first intro-
duced in electronic systems to characterize the phase of matter.””™*
After the discovery of the quantum Hall (QH) effect back in
1980, quantum spin Hall (QSH),**” quantum anomalous
Hall (QAH),*” and valley Hall®™ effects were subsequently dis-
covered. The most remarkable feature of topological insulators
(TTs) is the presence of surface edge states that are immune to dis-
order and impurities and hold great potential for numerous appli-
cations. The underlying physics of TIs are universal. Therefore, the
analog of TI was later extended to the various domain of physics
such as acoustics®® and photonics.’”*"**®” In photonics, the pho-
tonic topological insulators (PTIs)*® possess similar topological
properties to their electronic counterparts, allowing light to travel
through sharp bends without backreflection. This has opened a
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route for designing efficient photonic devices and integrated
circuits.

This section briefly discusses some of the key demonstrations
of topological edge states in the photonics domain. The pioneering
example of the quantum Hall effect of condensed matter system
was first theoretically described”’””' and experimentally imple-
mented in the microwave domain by utilizing the gyromagnetic
ferrite rods in static magnetic fields.””®” The presence of a mag-
netic field breaks the time-reversal (TR) symmetry and enables the
chiral edge mode to propagate unidirectionally at the insulating
bulk boundary, as shown in Fig. 2(a). The direction of edge states
depends on the magnetic field’s direction, and the edge state’s
robustness was demonstrated by introducing a metallic impediment
in the propagating path. This approach was adopted in various
other experiments’” to show the photonic analog of the quantum
Hall effect. One of the significant drawbacks of quantum Hall PTI
is the requirement of the external magnetic field, which puts a
severe limitation on practical implementation. In addition, the
magnetic property of the material degrades with frequency and
cannot be adopted for THz or optical frequencies. Thus, the need
to eliminate the external magnetic field has led to the development
of quantum spin Hall- PTL.”>’* The quantum spin Hall PTI pre-
serves the TR symmetry compared to quantum Hall PTI. The pho-
tonic counterpart of quantum spin Hall requires an analog of
electron spin degree of freedom and spin-orbit coupling, which is
achieved by creating an artificial spin degree of freedom for pho-
tonic modes.””’® Various optical degree of freedom is utilized as
pseudospins, such as polarization in bi-anisotropic metamaterial,””
transverse electric (TE) and transverse-magnetic (TM) modes of
photonic crystal,”"m’79 chiralities of ring resonators,”” and pandd
orbitals of artificial photonic atoms.”>”’ On an all dielectric plat-
form, the quantum spin Hall PTI’® was realized by deforming the
honeycomb lattice of cylinders into a triangular lattice of cylinder
hexagons, shown in Fig. 2(b). Alternatively, topologically protected
modes were also realized by applying periodic modulation either in
space or time and are known as Floquet PTL®" Until now, the
experimental realization of Floquet PTI has been reported in the
optical regime by introducing helical structure in a 2D honeycomb
lattice of coupled waveguides, as shown in Fig. 2(c).*’ The spatial
modulation of waveguides is equivalent to applying fast and strong
temporal modulation that generates a synthetic gauge field and
leads to the opening of a photonic bandgap.*”

The other class of PTI which exhibits a topologically protected
edge is valley Hall PTI. It is a photonic analog of valleytronic mate-
rial that hosts valley-dependent chiral edge states. For integrated
circuits, valley Hall PTI is an ideal candidate, as it offers robust
transport of light in a highly compact structure with a periodicity
of the order of wavelength.®” The broken inversion symmetry lifts
the degeneracy of Dirac points in a 2D hexagonal lattice and
induces non-vanishing valley-dependent Berry curvature. The
Berry curvature is a quantity that characterizes the topological con-
nection between conduction and valance band, equivalent to a
magnetic field in the momentum space. The bulk-boundary corre-
spondence ensures the valley edge states at the interface of two
photonic crystals with the opposite signed Berry curvature. These
edge states are robust and can bypass the sharp bends provided
intervalley mixing is absent. Utilizing the properties of valley edge
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FIG. 2. Broad classification of photonic topological insulators (PTls). (a) Quantum Hall PTI. (b%Quantum spin Hall PTI. The inset figure is reproduced with permission

from Wu et al., Phys. Rev. Lett. 114, 223901 (2015). Copyright 2015 American Physical Society.

(c) Floquet PTI. (d) Valley Hall PTI. The inset image is reproduced with

permission from Ma et al., New J. Phys. 18, 025012 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY) license.

states, various optical phenomena have been demonstrated theoreti-
cally and experimentally, such as robust waveguiding,”* Klein tun-
neling,”” and valley-spin locking.”® The concept of valley Hall PTI
was recently introduced to the integrated photonics platform at tele-
communication frequencies.”’ " At THz frequencies, the topological
valley photonic chip on the Si platform showed unprecedented
on-chip data rates.'”'” In addition to technological relevance, the
THz topological valley photonics possess a potential outlook for
exploring various fundamental phenomena such as lasing,’™*~*
quantum source,” and topological light-matter interactions.

A. Topological invariants and edge states

Before we discuss the functional components of THz topologi-
cal integrated circuits, this section briefly outlines the underlying
physics of topological photonics. The idea of topology is derived
from the branch of mathematics, which deals with the quantities
that are preserved under continuous deformation. Mathematically,
the different topologies can be characterized by an integer quantity
called topological invariants, which remain invariant under continu-
ous transformation and local perturbations. In the context of pho-
tonic systems, the topological invariants are defined using the
dispersion bands (often called energy band diagram) in reciprocal
(wavevector) space. The topological invariant of the photonic system
is called Chern number"””" which characterizes the quantized collec-
tive behavior of the wavefunctions on the band. Photonic systems
with zero Chern number are referred as the trivial system, while the
systems with non-zero Chern number are called topologically non-
trivial. Photonic systems with identical Chern number are topologi-
cally equivalent which means they are in the same topological phase.

The peculiar and startling phenomena occur at the interface of
two topologically different systems (or an interface of a trivial and
nontrivial system), where highly robust states exist. These unique
states are called edge states that exist within the bandgap of the non-
trivial photonic system. The formulation of Chern number aids to
explain the occurrence of edge states. When two photonic systems
with different Chern numbers are interfaced, the topology does not
allow them to connect directly. A topological phase transition must
occur at the interface, which requires closing the bandgap, neutraliz-
ing the Chern numbers, and then reopening the bandgap while
remaining gapped in the bulks of both the photonic systems. The
topological phase transition at the interface ensures the existence of
gapless frequency states. If the gap remains open during the phase
transition, it signifies that both the photonic systems are in same
topological phase. It typically occurs for the interface between pho-
tonic systems with identical Chern numbers. In general, the opening
of a bandgap is enforced by the system symmetry. Therefore, for a
topological phase transition to occur, symmetry breaking must take
place. In the quantum Hall photonic system, the presence of an
external magnetic field breaks the time-reversal symmetry,” while
for the valley Hall PTL'**>*"% breaking of inversion symmetry
ensures valley-dependent robust edge states. Floquet PTI*”* induces
topological effects by breaking the reciprocity through periodic time
modulation.

B. Mathematical formulation of Berry curvature and
Chern number

To understand the mathematical formulation, we begin with
the eigenvalue problem of the periodic photonic lattice in
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momentum space,

H(k)y, (k) = 2, (K)y,, (k) , e

where A,(k) and (k) are the eigenvalue and normalized eigen
wavefunction of Hamiltonian H(k) at each k for nth band.
Adiabatically changing the k-value along a given energy band
results in the accumulation of non-zero phase with v, (k), referred
as Berry phase.”>”® To calculate the Berry phase, we need to add up
all the phase contributions from each small change of k. The phase
change of two y,, states separated by infinitesimal value of dk can
be evaluated by their inner product as

W)y (k + dk) ) = 1+ dk (y, (0)|Vily, (R)) = el @A,
)

where we used the Taylor expansion to simplify the expression.
Here, dk - A,(k) accounts for the phase shift over dk and A,(k)
specify the rate of change of the phase shift, popularly known as
Berry connection or Berry vector potential, which can be written as

An(k) =i (y, (k)| Vil (K)). 3)

Furthermore, to evaluate the Berry phase, we perform the closed loop
integration of Berry connection over a closed path [ in the k-space,

b= §dkAL(K). (4)
1

The Berry connection defined in Eq. (3) is not uniquely
defined. With the addition of periodic phase change to the wave
function y,(k), the Berry connection transformed. Therefore, for
the ease of numerical calculation, it is crucial to define a quantity
that must be invariant to any arbitrary phase change. The Berry
curvature is that quantity, which remain invariant under any phase
transformation, can be defined by taking the curl of Berry connec-
tion [Eq. (3)],

Qu(k) = Vi x Au(k). )

Then, by using Stokes’s theorem, the Berry phase can be eval-
uated as the integral of Berry curvature,

b, = [dk Q, (k). 6)
S

Now translating the above formalism of the eigenvalue
problem to the 2D periodic photonic lattice [for simplicity trans-
verse electric (TE) modes] yields the eigenvalue problem as

1 W\ 2
Vx|V xH@) = (—) H(), @)
e(r) c
where €(r) is the dielectric permittivity and H(r) is the complex
magnetic modes. Following the eigenvalue formalism of 2D pho-
tonic lattice, the Berry connection can be extracted as
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An(k) =i (Hu |Vi|Hux) =i [ dPr Hp; () €(r)ViHui(r).  (8)

Using Eq. (5), the Berry curvature for the 2D photonic lattice
can be calculated as

OA; A}

Qn(kx: ky) = 8kx % .

)

With the aid of Berry curvature, using Eq. (6), we can calcu-
late the Berry phase that a given photonic mode (here, TE mode)
can acquire for a given 2D photonic lattice. As we mentioned
earlier that the topological invariant, Chern number, for the pho-
tonic systems emerges from the energy band diagram (also referred
as photonic band structure). For 2D photonic lattice, the Chern
number of the nth band is simply the Berry phase over the full
Brillouin zone, defined as

1
C, = b J Ak, (ky, ky). (10)
BZ

To numerically calculate the Chern number of the photonic
lattice, we suggest the reader to follow the review article.’”

lll. PHOTONIC TOPOLOGICAL INSULATORS FOR THz
FUNCTIONAL DEVICES

The remarkable properties of PTIs create many opportunities to
design various THz devices with novel properties, which is crucial
for developing integrated THz solutions. Sections III A-III G present
various emerging applications of PTI for THz frequencies. Figure 1
shows the artistic illustration of the THz integrated circuit that
includes multiple passive (e.g., delay line, directional coupler, and
antenna) and active (e.g., source and detector) components on all
Si-based platforms.

A. Robust THz topological waveguide

THz is considered the next frontier for high-speed wireless
communication,”’ ™’ and the waveguide is one of the crucial com-
ponents in integrated circuits as it connects various active and
passive elements. Hence, developing a low-loss platform for THz
waveguiding is imperative. The unidirectional propagation and
immunity toward defects of edge states make the PTI an ideal
waveguiding platform for THz waves. Yang et al. reported the first
demonstration of THz topological waveguide,'® utilizing the valley
degree of freedom of THz waves. Even with ten sharp bends, the
transmission through the THz valley photonic crystal (VPC) wave-
guides was measured to be near unity. The THz VPC was fabri-
cated using HR-Si (>10kQcm) owing to its low loss and low
dispersion at THz frequencies.”” The VPC was realized by etching
a 2D hexagonal lattice of triangular air holes in 190 um thick
HR-Si slab. The unit cell of VPC consists of an equilateral triangu-
lar hole with a side length /; and other inverted equilateral triangu-
lar holes with a side length I, as shown in Fig. 3(a). Breaking
the inversion symmetry by setting I; # L leads to opening up
of bandgap at the Dirac points, ie, at K and K valleys.
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FIG. 3. Robust on-chip communication on Si-VPC (a) Unit cell of valley photonic crystal (VPC). (b) Optical image of fabricated VPC PTI waveguide. The red line shows
the twisted domain wall highlighted in the inset. (c) Experimentally measured THz transmission from straight and twisted domain wall VPC. (d) Experimental setup of THz
wireless communication showing transmission of uncompressed 4 K high-definition video transmission from Si-VPC chip. (e) Measured bit error rate as a function of data
rate. (f) I-Q intensity constellation diagram for recovered symbols for 108 Gbit/s using QAM-16 from the Si-VPC chip. The figures in (a)—(e) are reproduced with permission
from Yang et al., Nat. Photonics 14, 446-451 (2020). Copyright 2020 Springer Nature. The figure shown in (f) is reproduced and adapted with permission from Webber
et al., J. Lightwave Technol. 39, 7609-7620 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) license.

Correspondingly, the Berry curvature: a “magnetic field” in
momentum space becomes non-vanishing with an opposite sign at
time-reversal valleys (K and K'), resulting in non-zero Chern
numbers with opposite signs. This leads to zero coupling between
forward propagating waves at K and backward propagating waves
at K’ at the domain wall: an interface formed between two VPC
unit cells with opposite signed Chern number [as shown by the red
line in Fig. 3(b)]. The emergence of this zero coupling is the key to
achieving the robust topological waveguiding even at sharp bends.
Figure 3(b) shows the fabricated VPC with ten sharp bends
forming a twisted PTI waveguide. The corresponding THz trans-
mission compared with the straight domain PTI waveguide is pre-
sented in Fig. 3(c). The negligible difference in THz transmission
between the straight and twisted waveguide is the key property of
PTI that allows for denser integration of THz on-chip components.
Utilizing the robust nature of topological edge states, high-speed
communication through a twisted VPC waveguide was also demon-
strated. The THz communication setup is illustrated in Fig. 3(d).
Using 0.335 THz as carrier frequency, the data rate of 11 Gbit/s
with bit error rate less than 107! was experimentally demonstrated
as shown in Fig. 3(e).

Furthermore, utilizing the advanced modulation scheme such
as quadrature amplitude modulation (QAM), Webber et al”’ has

shown markedly higher data rates of 108 Gbit/s using QAM-16.
Figure 3(f) shows the experimentally recorded I-Q diagram corre-
sponding to 108 Gbit/s using QAM-16 from Si-VPC chip.

For on-chip data communication, bandwidth of the topologi-
cal waveguide limits the data rate. To circumvent this, novel pho-
tonic crystal design is required that provides wide bandwidth along
with topological protection. One way to achieve the wide band-
width in VPC waveguide is by increasing the inversion symmetry.
For example, by increasing the size difference of the triangular
holes in VPC waveguide shown in Figs. 3(a) and 3(b), the band-
width can be tuned.'®'"” In addition, applying the inverse design
algorithms to optimize the geometrical parameters such as shape
and size of the holes of VPC unit cell would be an important futur-
istic avenue to explore.'®”

For on-chip communication, data can be transmitted through
the waveguiding channel using a carrier frequency. Reducing the
presence of higher-order modes at a given carrier frequency is
essential since the higher-order modes possess different propaga-
tion constants compared to the fundamental mode at a given fre-
quency. This increases the modal dispersion, thus reducing the
communication bandwidth. In addition, compared to the funda-
mental mode, the higher-order modes are more susceptible to radi-
ative loss at waveguide bends due to weak confinement, thus
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increasing the propagation loss. Therefore, from the communica-
tion perspective, waveguiding channel with a single allowed mode
for the entire bandwidth is viable.

Another important metric that characterizes the performance
of data communication through a waveguiding channel is the “dis-
persion” of the waveguide. Even for a single-mode transmission, a
dispersive waveguiding channel leads to frequency-dependent
group velocities or group refractive index that reduces the effective
bandwidth of the waveguide to be used for on-chip data communi-
cation. In this regard, the edge states of the topological waveguide
exhibit linear dispersion and single-mode characteristics. It reduces
the mode competition and effectively allows the entire bandwidth
of the topological waveguide to be used for data communication.
The group delay for a signal is defined as

o= 22, an
do
where d¢ and dw are the change in phase (radians) and angular
frequency of the signal. GD quantifies the time taken as a function
of frequency for a signal to travel through the waveguiding channel.
Recently, Webber et al.'” has shown small group delay variation
within the bandgap of the valley Hall PTI waveguide. They showed
that the valley Hall PTT waveguide exhibits low group delay within
the bandgap for both the straight and ten-bend waveguides. From
the data communications point of view, it would be essential to
develop on-demand control on tuning the GD through active
modalities. To achieve this, designing an electrical gating or photo-
excitation'”’ could be the path forward. Note that, to access more
bandwidth, carrier frequencies must increase toward upper end of
the radio spectrum eventually operating up to 1 THz or beyond.'"’
Also, at higher THz frequencies, the absorption loss due to free car-
riers in Si decreases'’” which further reduces the propagation loss
on all Si-based THz components. However, to waveguide the
higher frequency THz waves, thickness (T) of the Si waveguide
reduces as per relation, T = - 4 where A is the wavelength of

2_ 2
m-m

waveguiding mode and n; and n, are the refractive index of air and
Si slab, respectively. As the thickness of Si slab reduces, it would be
imperative to develop the THz integrated platform on SOI plat-
form®>'%” for enhanced mechanical support and ease of integration
with other functional components.

In the prospect of designing robust THz waveguides,'™'"* so
far, the valley Hall PTI has been utilized. The exploration of other
PTIs such as quantum spin Hall and Floquet PTIs is still lacking at
THz frequencies. From the application point of view, the other
PTIs may also offer important avenues. For example, the quantum
spin Hall PTI can be used to sort the modes by using the “spin”
degree of freedom of light. It can be further utilized to design
on-chip THz spin-splitters and signal routers.

Similarly, Floquet PTI provides non-reciprocal edge states
akin to quantum Hall PTI, thus offering robust transport of light.
Recently, chip-scale Floquet insulator’* based topological electro-
magnetic circuit with an operation frequency of 0.5 GHz has been
shown for the 5G wireless system. The devised Floquet integrated
circuits offer large bandwidth, strong isolation, and robustness
against defects. In addition, their topological circuits are
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programmable and offer extreme reconfigurability, allowing them
to be used in a multi-antenna full-duplex 5G wireless system. With
unique features such as strong robustness, wide bandwidth, and
chip-scale compatibility, Floquet PTI'’” can be utilized to develop
THz topological integrated circuits for emerging 6G technologies.

B. Integrated THz topological antenna

The high free space path loss (FSPL) combined with the
limited output power from the existing THz sources demand high-
gain THz antennas. To efficiently utilize the THz waves for high-
speed wireless communications, the THz antenna must have the
following properties: (a) high directivity/gain to compensate for
FSPL, (b) wide bandwidth to support large channel capacity, and
(c) high efficiency to maximize radiation to free space. Application
involving antenna require efficient coupling between topological
waveguide modes and free space. At present, the coupling efficiency
is majorly limited by a significant impedance mismatch between
waveguiding modes and free space. In a recent work, Lumer and
Engheta'”® have reported that utilizing topological edge states as
feed lines to antenna arrays can mitigate impedance mismatch, as
shown in Fig. 4(a). The absence of reflected waves in topologically
protected edge states is the key to avoiding impedance mismatch,
significantly simplifying the antenna design. In this context, it is
also shown that the topologically protected edge states in the VPC
PTI waveguide ensure reflection-free out coupling of waves. The
direction of the outgoing beam depends on the effective refractive
indices of valley Hall PTL® For example, in a study by Ma and
Shvets,” the authors have shown that the angle of emergence can be
tuned by changing the interface of PTI waveguides, as shown in
Fig. 4(b). In this study, the authors have used a hexagonal lattice of
triangular holes to realize the valley Hall waveguide. A,is defined as
the perturbation strength that is proportional (Aycr A€) to the per-
mittivity index contrast of the Si and air region of photonic crystal.
Here, Ae = +(eg; — 1) is the change in permittivity after perturba-
tion, here by etching triangular hole in the Si slab. The sign of A,
signifies the orientation of triangular hole. For example, the upward
facing triangular hole has negative A,, while downward facing has
positive A,. Note that, the band structures and the eigenfrequencies
of the photonic crystal with opposite sign of A, are identical
However, the topological indices of the propagating modes in these
two photonic structures are not same. Therefore, building the valley
Hall waveguide by interfacing opposite signed A, photonic crystal
exhibits non-identical properties, as shown in Fig. 4(b).

Following this finding, Zhang et al.'”” demonstrated a highly
efficient directional topological acoustic antenna with less than 10°
beamwidth and high directionality, as shown in Fig. 4(c). Various
works have been reported on the prospect of designing THz inte-
grated antennas by integrating the PC waveguides with dielectric
resonator antenna (DRA)'*® and Luneburg lens.'”” The PTI wave-
guiding platform holds the potential to boost the performance of
these integrated antennas due to the absence of backreflection and
high-directional outcoupling owing to topological protection.

In addition to passive antenna design, the integration of phase
shifters with PTI waveguide will open a whole new avenue for devel-
oping an active topological antenna. Recently, Zeng et al. has shown
a compact, high-precision on-chip electronic THz phase shifter.''’

J. Appl. Phys. 132, 140901 (2022); doi: 10.1063/5.0099423
Published under an exclusive license by AIP Publishing

132, 140901-7


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

PERSPECTIVE scitation.org/journalljap

Topological system

['n-e] £310uyg

['n-e] £310ug

FIG. 4. Various schemes to achieve on-chip THz topological antenna. (a) Artistic illustration of topological feed line to antenna arrays. The figure is adapted from Ref. 106.
Reproduced with permission from Lumer and Engheta, ACS Photonics 7 2244-2251 (2020). Copyright 2020 American Chemical Society. (b) Outcoupling of topological edge
states in valley Hall PTI. Here, A, is the perturbation strength defined in Ref. 83, and by changing the interface of the PTI waveguide by combing different signed A,, angle of
emergence can be changed. The images are reproduced with permission from Ma ef al., New J. Phys. 18, 025012 (2016). Copyright 2016 Author(s), licensed under a
Creative Commons Attribution (CC BY) license. (c) Acoustic topological antenna utilized by valley Hall PTI. The angle of emergence can be tuned by changing the interface of
the PTI waveguide at the end. The images are adapted from Ref. 107, Zhang et al., Adv. Mater. 30, 1803229 (2018). Copyright 2018 John Wiley and Sons.

Their devised phase shifter exhibits phase modulation without signif-
icantly affecting the amplitude of THz waves. Along this line, a
similar strategy can be adopted to design an on-chip THz phase
shifter on PTI waveguiding platform. By precisely controlling the
phase of the THz waves in individual PTT waveguiding channels that
serve as feed lines to the antenna arrays, the angle of emergence and
the width of output beam can be effectively controlled.

C. Robust THz delay line

In the THz integrated circuit, the delay line is a crucial building
block for various applications, including high-speed communica-
tion,"'! interferometers, imaging,112 and time division multiplex-
ing.'"” However, achieving broadband and long delay line with a
small footprint is challenging. The traditional means to achieve delay
lines are either by including long propagation length''* or by
slowing down the light using slow light effect.'” PTI can effectively
address this problem. A broadband delay line can be designed for
THz frequencies by taking advantage of a topologically protected
edge state. Valley Hall,''° quantum spin Hall,”*'"” or a combination
of both PTIs can be employed to engineer the THz delay line. The
negligible bending loss of edge state at the sharp corner allows for
tight meandering that will lead to a long delay line in a smaller foot-
print, as shown in Fig. 5(a). The introduction of topology for robust
optical delay lines was first proposed by Hafezi et al,”” where they
devised topological delay lines using a photonic quantum Hall
system exhibiting robust transport of photons from the input wave-
guide to the output waveguide. The experimental demonstration of
topological delay line in microwave frequencies was reported using

quantum spin Hall PTL'"® The schematic of delay line by introducing
detour type defects in the waveguiding path is shown in Fig. 5(a).
The topologically protected surface electromagnetic waves (TPSWs)
are immune to backscattering at sharp corners in comparison to
topologically trivial guided waves (TTGWSs). Therefore, TPSW
induces delay for entire bandwidth of topological waveguide, as
shown in Fig. 5(b). On the other hand, TTGW reduces the opera-
tional bandwidth due to the presence of reflections [Fig. 5(b)].

Following this, a compact delay line was also proposed by
integrating a topological cavity with VPC waveguide®’ as shown in
Fig. 5(c). The delay time is evaluated using 7 e,y = % — %, where
$(w) and ¢y(w) are the frequency-dependent phase of edge states
with and without the topological cavity. Figure 5(c) shows the cal-
culated delay time for entire the bandgap region of VPC. The spec-
trum is normalized to ”7“, where ay is the periodicity of the
photonic crystal, while c is the speed of light in vacuum. Utilizing
the robust transport of topological edge states, an acoustic topologi-
cal delay was also devised, as shown in Fig. 5(d). Hence, PTI pro-
vides a versatile platform for realizing photonic delay lines with a
small footprint. The translation of this concept to the THz frequen-
cies holds great promise to develop on-chip THz integrated systems
such as interferometers, sensors, and multiplexers.

D. THz isolator and circulator

Circulators and isolators are essential components in inte-
grated circuits as they facilitate signal routing from transceivers and
reduce the crosstalk and reflections from constituent elements.'****°
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FIG. 5. Realization of delay line on various PTI platforms. (a) Schematic of robust delay line by introducing the detour defects in the waveguiding paths. (b) Two compact
detours [shown in (a) produce twice the delay time (red line) compared to one detour (black line). Due to the robustness of topological edge states, the topological delay
line operates for large bandwidth. On the other hand, the trivial waveguide (TTGW) exhibits reducing in operational bandwidth due to the presence of backreflections at
sharp corners of detour. The images of “a” and “b” are reproduced with permission from Kueifu Lai ef al., Sci. Rep. 6, 28453 (2016). Copyright 2016 Author(s), licensed
under a Creative Commons Attribution (CC BY) license. (c) A realization of delay line by integrating arbitrary shaped topological cavity with valley Hall PTI waveguide. ag
is the periodicity of the valley Hall photonic crystal and c is the speed of light in vacuum. The image is reproduced with permission from Ma et al., New J. Phys. 18,
025012 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (d) An acoustic topological delay line by utilizing valley Hall
PTI. Reproduced with permission from Phys. Rev. Appl. 9, 034032 (2018)."** Copyright 2018 American Physical Society.

Traditionally, non-reciprocal devices are used to realize these func-
tionalities by utilizing the magneto-optical effect.”” For example, a
three-port circulator based on Si ferrite photonic crystal was numeri-
cally demonstrated in lower THz frequencies.'”' However, the weak
magneto-optical effect at higher frequencies and the need for an
external magnetic field limit these devices’ miniaturization. In this
regard, the intrinsic property of PTI robustness and unidirectionality
of edge states naturally enables lossless, highly efficient, and minia-
turized isolator solutions.

For circulators, recently, Ma et al."”” had shown that the combi-
nation of quantum Hall and quantum spin Hall PTIs leads to three-
and four-port topological circulators in the microwave region. An
efficient and compact THz topological circulator could be realized by
taking inspiration from microwave frequencies. In addition, the
inclusion of PTI waveguides with topological cavities offers an alter-
nate way to reroute the THz waves with topological protection.

E. Power splitter and directional coupler

Controlling the bandwidth and power along a waveguide chain
is crucial in integrated circuits for various applications, including
feeding networks to phased array antenna, interferometers, and
signal routing. Power splitters and directional couplers serve these
purposes in the integrated circuitry. Power splitters can be readily

realized by bifurcating the domain wall of PTI waveguides, as shown
in Fig 6(a). Compared to PC waveguides, where the power splitter
requires adiabatic changes at the junction points, the negligible
bending loss in PTI waveguides offers an alternative route for a
smaller device footprint. In this regard, utilizing either spin or valley
degree of freedom of light provides an open ground for designing
robust power splitter. By judiciously designing the domain wall in
topological integrated circuits, selective and robust transport of light
can be achieved. As an example, Fig. 6(a) depicts a Y-junction topo-
logical power splitter where electromagnetic waves from input port 1
equally split and directed to port 2 and port 3 without backscattering
even at sharp junction. Furthermore, by engineering the periodicity
and structures of the topological photonic crystal by adopting an
inverse design algorithm, the ratio of power splitting can be tuned
arbitrarily. Recently, Cheng et al.''” demonstrated a broadband split-
ter with topological protection as an exemplary system by utilizing
the spin degree of freedom of light.

Besides, the edge states of PTI waveguides are either spin or
valley selective. As an example, if the forward propagating edge
states in valley Hall PTT are locked with K valley, it cannot couple
with K’ valley, thus by integrating the PTI waveguide with a topo-
logical cavity or mixing the PTI waveguides with different degrees
of freedom, such as valley and spin [see Fig. 6(b)], THz topological
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FIG. 6. Scheme to achieve power splitter and directional coupler at PTI platform.
(a) Schematic of four-port topological power splitter. PC 1 and PC 2 represent the
photonic crystals with opposite Chem numbers, representing different topological
phases. The transport of electromagnetic waves is highlighted with red contours,
localized at domain walls formed by interfacing PC 1 and PC 2. (b) Schematic of
topological circulator by combing quantum spin Hall and quantum Hall PTI.
Reproduced with permission from Ma et al., Phys. Rev. B 100, 085118 (2019).
Copyright 2019 American Physical Society. (d) Schematic of the topological direc-
tional coupler. Reproduced with permission from Gentili et al., Phys. Rev. B 100,
125108 (2019). Copyright 2019 American Physical Society.

2

directional coupler'”” can be realized. In microwave frequencies,
Gentili et al.'>> demonstrated a topological directional coupler by
interfacing a topological metawaveguide with a conventional circu-
lar waveguide, as shown in Fig. 6(c). So far, the experimental dem-
onstrations are limited to microwave frequencies, its translation
into the] 8TII-IAletz'eg%ir;rlle( yould be advantageous for on-chip functional
devices.'®!#412513510°

F. Integration of THz source, detector, and modulator

In the quest for developing THz integrated circuits, highly
compact and efficient THz sources and detectors are essential.
Along this line, various studies have been shown utilizing both
electronic-photonic hybrid approach.'*>'*” For example, a fully
monolithically integrated transmitter which consists of lasers,
optical amplifiers, modulators, and photodiodes was fabricated on
Si and InP in Refs. 126 and 127. These strategies can be translated
on the Si-PTI platform as well. Alternatively, resonant tunneling
diode (RTD), a compact solid-state electronic device, holds the
promise to deliver both the characteristic of the source and detector
at room temperature.'**'*” The device footprint of RTD is smaller
than 2 um'**'*” and shown to produce THz waves with an output
power of sub-milliwatts.'*’ To showcase the potential of RTD, high-
speed THz communication is demonstrated by integrating RTD
with PC waveguides.'*”'*"'** One of the key challenges in integrat-
ing RTD with the Si waveguide is efficient mode coupling and
impedance matching. With the aid of a planar tapered antenna, Yu
et al.'* showed very high coupling (~90%) efficiency of RTD with
PC waveguides. Figure 7(a) depicts various coupling schemes that
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FIG. 7. THz on-chip functional components. (a) Various schemes to achieve an
efficient RTD integration with THz-PTI waveguiding platform. (b) THz modulation
scheme by switching RTD from NDR to PDR regions by applying an external
bias voltage. (c) On-chip ultrahigh Q factor THz topological cavity and its trans-
mission spectra. The image is reprinted with permission from Kumar et al., Adv.
Mater. 34, 2202370 (2022). Copyright 2022 John Wiley and Sons.

could be employed to integrate RTD with PTI waveguides. With
PC waveguiding platforms, several THz integrated communication
modules were realized using RTD as source or detector.”™'*>'*">!*

One of the added advantages of RTD is that it can also be
used as THz modulators if it operates as a mixer as discussed in
Ref. 132. A THz modulator is a crucial component in ultrahigh-
speed communication architecture. Several recent works'**~"*' have
been done to enhance the modulation speed. Despite that, a minia-
turized and efficient THz modulator is still lacking. By oscillating
the RTD between the positive differential resistance (PDR) and
negative differential resistance (NDR),'*~'%” a direct THz modula-
tion is shown. RTD acts as a THz source when it operates in NDR,
as shown in Fig. 7(b) highlighted as point “a.” Thus, by applying
an external bias signal, RTD can be driven to operate in NDR to
PDR [point “a” to “b” in Fig. 7(b)], which leads to ON/OFF modu-
lation'** of THz waves. Current state-of-the-art direct modulation
speed of THz waves using RTD is 30 GHz.'"'* Recently, RTD was
also employed as THz receiver and demonstrated 48 Gbit/s data
rate by introducing pulse amplitude modulation 4 (PAM4).'*
Hence, RTD will play a vital role in enabling miniaturized inte-
grated transceiver solutions for enabling high-speed THz on-chip
and wireless communication.'*>'*’

Alternately, the photonics-based THz source uni-traveling-
carrier photodiode (UTC-PD)"**'** has also been widely adopted
for high-speed THz wireless communication.'”*'”" Photonics-based
technology is a promising path to achieving high power and wide
bandwidth THz waves. Additionally, it has the great advantage of
being compatible with the existing fiber-optic network that provides
a way to distribute wireless-on-fiber over a large distance.”””'”* The
continuous development of semiconductor fabrication technologies
will foster the monolithic integration of UTC-PD with an on-chip
platform. In this regard, integrating photonics-based sources with
various other active components like antenna and detectors on the
Si-PTI platform will become extremely important in the future.
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Interestingly, PTIs have shown remarkable advancement as a
robust platform for photonic sources. In this direction, the initial
works by Bandres et al.”” and Harari et al.’' led to the foundation
for topological laser sources. Following these, Zeng et al. have also
reported a THz quantum cascade laser by utilizing valley Hall
PTL" These devices are compact and robust against structural dis-
orders like sharp bends. They used a topological cavity to enable
regularly spaced robust emission peaks. In addition to lasing appli-
cations, the THz topological cavity will play an essential role in
realizing spectral filters, frequency-selective signal routers,
chip-scale THz spectrometers, demultiplexers, and miniaturized
sensors.'”'** Recently, a phototunable ultrahigh Q factor THz
topological cavity [Fig. 7(c)] is realized that potentially can be used
to realize on-chip THz modulator and demultiplexing devices.'*

G. Reconfigurable THz PTI

So far, the field of topological photonics has witnessed exciting
studies to design various topological phenomena and related func-
tional devices. However, in most of these studies, the topological
properties are static, and their dynamic control has remained
elusive. Active control of PTT is vital for various potential applica-
tions and will enable the exploration of untapped concepts and
functionalities. Recently, a few key works in the direction of recon-
figurable PTI are reported using liquid crystals (LCs),"”” gra-
phene,'” and optical pumping.'”>'*” In a theoretical proposal, the
inclusion of LCs [see Fig. 8(a)] allows changing the background
refractive index by changing the orientation of LCs, altering the
spectral position of photonic bandgap, and topological edge states.
Thus, the combination of LC with THz PTI offers a viable route to
realize reconfigurable THz PTL

Additionally, the integration of graphene with PTI offers an
electrical way to tune the robust edge states. By applying electrical
bias, the chemical potential of graphene can be tuned that could
allow dynamic tuning of the spectral range of edge states.
Furthermore, an all-optical control of the edge state was demon-
strated in the valley Hall PTI'">'*>"” fabricated on all Si platform.
By optically pumping, the complex permittivity of Si changed due
to generation of free carriers, allowing to tune the spectral position
of bandgap and topological edge states. Also, upon photoexcitation,
the free carriers generated at the surface of Si allow intensity modu-
lation of topological edge states'*>'®” that potentially could be used
for topological switch. Recently, with optical pumping, Kumar
et al.'” has shown an active tuning of coupling between a topologi-
cal cavity and waveguide. By fine tuning the intrinsic losses of the
topological cavity with photoexcitation, the coupling between the
topological waveguide and cavity tuned from over coupled to criti-
cally coupled and under coupled regime. In the same line of
dynamically controlling the topological properties of PTI, recently,
an ultrafast reprogrammable plasmonic topological insulator is pro-
posed [see Fig. 8(b)], where the topological edge states can be
dynamically changed at nanoseconds time scale using PIN
diodes."”® Optical control can enable ultrafast, non-contact, and
localized control, which potentially can be used for THz reconfig-
urable PTI. Alternate reconfigurable solutions such as integrating
microelectromechanical systems (MEMS)"*? could allow an effi-
cient THz-PTI device. Demonstrating reconfigurable THz PTI will
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FIG. 8. Various ways to achieve reconfigurable PTI. (a) Schematic of LC integrated
PTI for edge states tunability. The inset shows the different orientations of LC under
the influence of an external electric field. The image is reproduced with permission
from Shalaev et al., New J. Phys. 20, 023040 (2018). Copyright 2018 Author(s),
licensed under Creative Commons Aftribution (CC BY) license. (b) Schematic of
ultrafast reprogrammable plasmonic topological insulator. Reproduced with permis-
sion from You et al,, Nat. Commun. 12, 5468 (2021). Copyright 2021 Author(s),
licensed under a Creative Commons Attribution (CC BY) license.

be a significant milestone toward realizing active THz integrated
circuits and will be a major research thrust in the coming decade.

IV. CONCLUSIONS

In this Perspective, we have discussed the immense potential
of the PTI platform for the technologically crucial THz spectrum.
PTI holds the potential to boost the performance of existing pho-
tonic devices and offers a low loss and versatile platform for devel-
oping novel THz devices. Si has been the material of choice for
realizing THz micro photonics due to the low loss, high refractive
index, low dispersion, ease of fabrication, and integration with
various electronic and photonic components. Such an efficient and
versatile platform will be crucial for enabling a diverse range of
THz functional devices, vital for next-generation high-speed
wireless communication (6G communication and beyond), high-
resolution imaging, and miniaturized sensors. Apart from applica-
tion, PTI will be instrumental in exploring novel fundamental
phenomena, such as lasing, non-Hermitian photonics, quantum
photon-pair generation, quantum integrated circuits, and topologi-
cal polaritonics. Also, the introduction of non-linear effects and
incorporation of deep learning'**~'®” into topological photonics
would offer a new research direction that is expected to open the
door for advanced functionalities of topological photonics, such as
active tunability, bandwidth enhancement, frequency conversion,
strong non-reciprocity, and entangled photon generation.
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