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Terahertz (THz) topological photonic structures are promising for last-centimeter communication in intra/in-
terchip communication systems because they support bit-error-free THz signal transmission with topological
robustness. Active and dynamically tunable THz topological photonic components have not yet been experimen-
tally realized. Here, we experimentally demonstrate a THz topological switch (270–290 GHz) based on a valley
Hall photonic crystal structured high-resistivity silicon substrate, in which the THz waves can be dynamically
turned on/off by an external 447 nm continuous-wave laser. Our device exhibited an on/off ratio of 19 dB under a
pumping light intensity of 240 mW∕mm2. The 3 dB switching bandwidth was ∼60 kHz. © 2022 Chinese Laser

Press

https://doi.org/10.1364/PRJ.451344

1. INTRODUCTION

Terahertz (THz) waves are electromagnetic waves with
frequencies between those of microwave and mid-infrared.
This frequency region was previously called the “THz gap”
[1] because of the difficulty in THz signal generation and de-
tection. The rapid development of THz radiation sources
and detectors [2–4] in recent decades has gradually closed the
“THz gap” and demonstrated great potential in many areas,
such as high-speed data transmission in ultrahigh-definition
television systems [5,6]. Newly emerged applications, such
as artificial intelligence and machine learning, also demand
high-speed data transmission among advanced processing units,
such as CPU, GPU, and TPU, in inter/intrachip systems [7,8].
The mismatch between heavy data computation and transmis-
sion among advanced processing units has created a new gap,
the “interconnect gap” [8]. Advances in the THz region may
help bridge the newly emerged “interconnect gap.” For exam-
ple, a THz on-chip photonic waveguide based on a valley Hall
photonic crystal (VPC) structure has been reported recently,
which supports error-free transmission at a data transfer rate
of up to 11 Gbit s−1 [9]. In the VPC channels, the valley kink
states travel only along the paths with the same valley, which
grants these states immunity to backscattering from sharp
bends. Recently, photonic topological edge states have shown

robust edge transport with strongly suppressed backscattering
caused by disorders and sharp bends [10–16], which is inspired
by the concept of topological insulators in condensed-matter
physics [17]. The conventional theory of backscattering sup-
pression relies on the nonreciprocal effect [18,19], which is dif-
ficult to implement in the THz band, because many materials
with the magneto-optical effect are not suitable for THz
devices. Valley pseudospin is a new binary degree of freedom
utilizing different corners of the hexagonal Brillouin zone of
2D Dirac materials [20,21]. The reduction of spatial-inversion
symmetry can generate a nonvanishing valley-dependent Berry
curvature and lead to quantum valley Hall effect without break-
ing the time-reversal symmetry [22–24], which provides a val-
ley kink state at the domain wall between regions of different
topological valley phases. This additional strategy of topologi-
cally robust transport has been implemented in electronics
[25], acoustics [26], and photonics [11]. The valley kink states
are applied in routing, sorting, and splitting electromagnetic
waves [27], which are useful for THz interconnects in an
inter/intrachip system.

To develop a fully integrated THz topological inter/intra-
chip communication system, it is necessary to integrate various
functionalities such as waveguides, switches, and modulators on
the same topological photonic crystal platform. However, most
existing VPCs in the THz regime are limited to passive and
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static configurations, where the behavior of THz signals cannot
be tuned dynamically at will. Experimental implementation of
tunable topological VPC structures is, thus, a crucial step to-
ward fully integrated topological THz communication systems.
Here, we demonstrate a simple and low-cost method for
dynamically tunable THz topological waveguides, based on
which we realized effective on/off switching of THz waves.
A VPC structured THz waveguide based on high-resistivity sil-
icon with four 60° sharp corners operating at ∼270 GHz was
fabricated. The nontrivial topology of the crystal ensures back-
scattering-free light propagation around the path with sharp
turns and allows the structure to be immune to defects and
imperfections. Photoexcited free carriers are initiated by a
pumping beam, which produces a conductive layer on the sil-
icon surface, resulting in absorption of the THz signal. Notably,
our experiments are different from a previous one in the near-
infrared regime [28] that was mainly based on tuning the re-
fractive index of silicon with a femtosecond laser. The femto-
second laser is an expensive and bulky pulsed light source,
which cannot continuously tune the valley photonic crystal
structure. The VPC structure in Ref. [9] is a passive THz wave-
guide, which cannot be tuned actively. In our experiment, by
exploiting a continuous-wave laser at λ � 447 nm with a
power density of 240 mW∕mm2, an on/off ratio of 19 dB
was achieved over a bandwidth of 20 GHz; the 3 dB switching
bandwidth was as high as 60 kHz. Our results have demon-
strated a low-cost and efficient approach to control the data
transmission path in an inter/intrachip communication system.

2. THEORY AND SIMULATION

We designed photonic crystal structures on a high-resistivity
silicon substrate, as shown in Fig. 1(a). The photonic crystal
adopts a honeycomb lattice with a lattice constant a �
340 μm. Each unit cell contains two triangular air holes A
and B with side lengths of d 0 � δ and d 0 − δ, respectively
[Fig. 1(b)]. When these two triangular holes have the same size
(δ � 0), the photonic crystal has C6 point symmetry. Setting
different dimensions of the triangles A and B with a nonvan-
ishing δ breaks the spatial-inversion symmetry and reduces the
point symmetry of the photonic crystal from C6 to C3. Here,
the device pattern contains two different photonic crystal struc-
tures with opposite signs of δ, which are indicated by the cyan

and red regions in Fig. 1(a). The use of the existing valley kink
states to design topological integrated photonic devices at the
interface between these two regions can be found in previous
publications [9,27,28]. Here, the target operating frequency of
our topological photonic device is 270 GHz, which is located in
the frequency range of our vector network analyzer (VNA;
220–325 GHz). A 3D finite-difference time-domain method
(Lumerical, FDTD solutions) was used for simulation. The zig-
zag-type boundary was selected [Fig. 1(c)], which theoretically
conserves the valley pseudospin [9,27,28]. The photonic crys-
tals on both sides of the domain wall possess the same param-
eters (d 0 � 193 μm and jδj � 52 μm) with δ being positive
(negative) in the red (cyan) region. Each unit cell comprises an
equilateral triangular hole with a side length of d 0 � δ and an
inverted equilateral triangular hole with a side length of d 0 − δ.
Figure 1(d) shows the simulated band diagram of the valley
kink state, which matches our expected frequency and exhibits
a topological behavior. Here, we focus on transverse-electric
modes, where the electric fields oscillate in the plane. The
modes propagating in the x−y plane are confined in the z di-
rection owing to total internal reflection.

3. MATERIALS AND METHODS

One of the most intriguing properties of topological valley kink
states is that they are backscattering-free against sharp corners
and preserve the valley pseudospin. To demonstrate this prop-
erty, we employed photolithography and deep reactive-ion
etching to fabricate a straight and a highly bent (trapezoidal)
domain wall on a high-resistivity (>6 kΩ cm) silicon (relative
permittivity 11.7) wafer with a thickness of h � 170 μm, as
shown in Figs. 2(a) and 2(b). Carefully designed terminals in-
cluding a 5-mm-long tapered waveguide and a line-defect pho-
tonic crystal waveguide were fabricated to enable the efficient
coupling of THz light to the valley kink states. At each turn, the
momentum of the guided photons rotates by 2π∕3, and the
intervalley scattering is suppressed, resulting in backscatter-
ing-free light propagation.

The pumping light (λ � 447 nm) in the experiment can
photoexcite free carriers in the high-resistivity silicon substrate.
The photoexcited free carriers attenuate the transmitted sig-
nal beam with photon energies below the bandgap [29], such
as THz radiation [29–33]. The attenuation induced by the

Fig. 1. (a) THz topological photonic waveguide switch based on valley kink state. (b) Unit cell of the valley photonic crystal containing two types
of triangular holes A and B with different sizes of a nonzero δ. The lattice constant is a. (c) Structure of the topological domain wall that supports the
valley kink state. The black dashed line represents the interface between the two domains. (d) Band diagram of the valley kink state. The red dashed
line represents the light line of the air cladding.
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photoexcited free carriers can be described with the Drude
model [34]. In the total internal reflection geometry, the modu-
lation efficiency is much higher than that in the transmission
geometry [30]. In our topological waveguide structure, by ap-
plying a pumping beam to photoexcite free carriers on the sur-
face along the THz path, the transmitted THz signal can also
be modulated effectively.

Figure 2(b) shows the optical microscopy image of the lat-
tice, which includes a “kink”-type domain wall between two
VPCs with opposite δ values. A line-defect structure, also
shown in Fig. 2(b), is used for coupling lights in a silicon strip
waveguide with valley kink states. In the fabricated device, tri-
angular hole A [highlighted with a large red dashed triangle in
Fig. 2(b)] has a side length of 240 μm (245 μm in design), and
triangular hole B [highlighted with a small red dashed triangle
in Fig. 2(b)] has a side length of 159 μm (141 μm in design).
VPCs that have intrinsically a weak topological phase are
protected by certain crystalline symmetry, so they cannot sur-
vive from very strong random disorders that break the
conservation of valley pseudospin. The size of the fabricated
triangular holes has a <10% random disorder compared with
designed parameters. We measured the transmission spectra of
the devices with straight and bent domain walls using a well-
calibrated VNA (AV3672E, 10 MHz–67 GHz) with two
frequency extenders (AV3649A, 220–325 GHz). The trans-
mission was normalized according to the calibration results of
the VNA. When the two WR-3 waveguides are calibrated in
the through standards, two WR-3 waveguides without samples
are directly connected to measure the output power. In this
condition, the transmission was treated as unity (0 dB). The
terminals are carefully designed for efficient characterization of
the valley kink states. Specifically, a tapered waveguide was fab-
ricated and inserted into the WR-3 hollow waveguide to reduce
the impedance mismatching and enhance light coupling effi-
ciency into silicon strip waveguides [27]. Then a line-defect
photonic crystal waveguide was used to achieve efficient exci-
tation of the valley kink states. In our experiments, the relative
positions between WR-3 waveguide and the tapered waveguide
were carefully adjusted by micro-positioner to optimize the

transmission spectra in the VNA. Figures 2(d) and 2(e) show
the simulated and experimentally measured transmission spec-
tra, respectively. In both the simulated and measured results,
the transmission within the bulk band (from 270 to 285 GHz)
with a bent and a straight domain walls had similar values. This
confirms the theoretical prediction that the valley kink state is
topologically robust against sharp bends in the bandgap fre-
quency range. The measured results in our experiments indi-
cate that the topological states still show certain robustness
against the disorders in the fabrication process. The transmis-
sion is less than unity in the simulation because the light source
is placed in the taper, which introduces some coupling loss. The
loss in the experiment in the bandgap is around −4 dB, which is
mainly the coupling loss between the WR-3 waveguide and
tapered coupler. The relative frequency shift between the exper-
imental and numerical transmission spectra can be attributed to
the fact that the size of the fabricated triangular holes is slightly
different from the designed values. The topological bandgap
region is marked in gray in Figs. 2(d) and 2(e), where the topo-
logical theory guarantees the nearly same transmission spectra
of the straight and bent waveguides. It should be noted that, at
some frequencies outside this window, the straight waveguide
can still exhibit relatively high transmission, but the light prop-
agations at these frequencies are not topologically protected.
Consequently, sharply bent waveguides exhibit much lower
transmission at these frequencies.

The transmission spectra (S11) and reflection spectra (S12)
are presented in Figs. 3(a) and 3(b). By comparing the reflected
signals in the devices with straight and bent domain walls, one
can conclude that the sharp bends do not introduce additional
backscattering. The relatively large backscattering signals in the
measured results mainly originate from the terminals of the
valley kink states. The backreflection around 285 GHz in
Fig. 3(b) mainly occurs at (1) the interface between WR-3 hol-
low waveguide and (2) the interface between the line-defect
photonic crystal waveguide and the valley kink states. It should
be noted that such backscattering is not due to the sharp turns
of the valley kink states because sharp turns do not introduce
large intervalley scatterings. This can be confirmed by the

Fig. 2. (a) Optical image of the fabricated straight and bent VPC waveguide. (b) Optical microscopy image of the domain wall with opposite δ on
each side. The black dashed line represents the interface between the two domains. The edge lengths were measured for triangular holes A and B
labeled by red dashed lines. (c) Photo of the experimental setup for measuring the transmission spectra. The tapered structure was inserted into the
WR-3 waveguide. (d) Simulated transmission spectra of the straight and bent VPC waveguide. (e) Measured transmission spectra of the straight and
bent VPC waveguide. The gray area marks the bandgap region.
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experimental results in Fig. 3(c), which shows the measured
reflection spectrum of S11 and S22 when the topological chan-
nels have been turned off by a strong visible light. One can
clearly find that (1) S11 and S22 have different spectra because
of the different relative positions between the WR-3 hollow
waveguide and the tapered structures at the left and right ter-
minals and (2) the energy levels of S11 and S22 remain almost
unchanged even when the topological channels are turned off
[see S12 in Fig. 3(c)]. The experimental results confirm that the
measured backscattering mainly occurs outside the topological
channels, which are also consistent with previous experiments
using near-field mapping [35]. This can be confirmed by the
fact that the Fabry–Perot-like interference in S11 can be greatly
repressed when the valley kink states are turned off by the vis-
ible light, as shown in Fig. 3(c). The propagation loss of the
VPC waveguide is low because (1) high-resistivity silicon shows
low absorption in the THz regime, which was also reported in
Ref. [9], and (2) the valley kink states lie below the light line
and, thus, theoretically have zero radiation loss into the free
space [36]. For these reasons, we expect that the propagation
loss of the VPC waveguide mainly comes from imperfect fab-
rication processes, which is quite small and cannot be accurately
quantified from our current experimental results.

4. RESULTS AND DISCUSSION

A fiber-coupled continuous-wave laser (λ � 447 nm) was used
to photoexcite the device with bent domain walls, as shown in
Fig. 4(a). The pumping laser featured a TEM00 transverse
mode, and the circular light spot had a radius of ∼1.8 mm and
a size of ∼10 mm2. To properly align the light spot with the
topological waveguide (THz propagation path), the laser
(power fixed at 300 mW) was linearly scanned over 4 mm with
a step of 500 μm, as shown in Fig. 4(b). The relationship be-
tween the pumping position and transmission spectrum at five
selected positions is plotted in Fig. 4(c). The attenuation of
the THz wave is from the absorption of photoexcited free car-
riers. When the pumping light spot fully covers the VPC wave-
guide, the transmitted THz radiation interacts with the most
free carriers. When the pumping light spot is moved away from
the VPC waveguide, only a small number of photoexcited car-
riers can drift to the waveguide; thus, the attenuation of the
THz radiation is slight. The transmission spectra are plotted
only in the range of 270–290 GHz to show the transmission
difference more clearly. The lowest transmission is achieved
at position 3, which indicates the best alignment between
the pumping light spot and topological waveguide. Figure 4(c)
also demonstrates that, when the pumping light was shifted

Fig. 3. (a) Transmission spectra of the straight VPC for different S parameters. (b) Transmission spectra of the bent VPC for different S param-
eters. (c) Transmission spectra of the bent VPC with pumping light at 240 mW∕mm2.

Fig. 4. (a) Photo of the experimental setup of the VPC waveguide switch. The pumping light is a fiber-coupled laser at 447 nm. The blue dashed
double-head arrow indicates that the pumping light can be adjusted vertically. (b) The light spot was scanned from position 1 to position 5 to locate
the best pumping position to the VPC waveguide. (c) Transmission spectra of various pumping positions at the same pumping intensity of
30 mW∕mm2. (d) Transmission spectra with different pumping intensity (indicated on respective curves) at position 3.
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2 mm away from the topological waveguide, the attenuation
effect was close to that without the pumping beam. This
suggests that the drift distance of the photoexcited free car-
riers in the silicon substrate was less than 2 mm. Next, the
power intensity of the pumping laser was tuned from 0 to
240 mW∕mm2. In Fig. 4(d), the transmission decreases with
increasing pumping intensity and reaches a minimum of
−23 dB when the pumping intensity is 240 mW∕mm2. By
comparing the transmission of −4 dB without the pumping
light, we determined the on/off ratio to be 19 dB. The pump-
ing intensity did not increase further because the transmission
was already on the noise floor.

Figure 5 illustrates the application scenario of our VPC
waveguide optical switch in a multiprocessor on-chip commu-
nication system. To achieve high-speed communication among
different processors, we should make full use of the 20 GHz
bandwidth in our VPC design. For example, when Chip 1
communicates with Chip 2, the desired data transmission path
is marked by the solid black arrow in Fig. 5. However, the sig-
nal would also be transmitted to Chip 4 by following the

dashed black path, which interferes with the communication
frequency channel between Chips 5 and 4 (marked by the solid
green arrow), leading to the 20 GHz bandwidth resource not
being fully used. Techniques such as wavelength-division mul-
tiplexing can be used to overcome channel interference, but
they lower the data transmission speed and complicate the sys-
tem. Instead, by focusing an external pumping beam on the
topological waveguide (as marked by the round spot in Fig. 5),
interference with the communication channel to Chip 4 can be
eliminated. In practical applications, light from an array of
semiconductor laser diodes can be allocated to different
topological waveguide channels, which form a programmable
information network among the processors in an interchip
communication system. Therefore, our method provides a
low-cost solution to the channel interference issue while main-
taining the communication rate in the THz interconnect
system.

Theoretically, the switching speed of our design is limited by
the lifetime of the photoexcited free carriers in the silicon
substrate. We could not measure the on/off switching speed
directly from 270 to 290 GHz owing to the limited function-
alities of our VNA. We did not perform time-resolved THz
spectroscopy because the lifetime of free carriers in high-
resistivity silicon is usually beyond its measurable range. The
modulation effect from the free carriers is broadband to the
THz signal [30]. Thus, it is reasonable to use a continuous-
wave THz source (100 GHz, from Terasense Group Inc.)
to measure the photoexcited carrier lifetime. The THz source
was normally incident to the VPC device surface, and the
pumping light was shone on the device at an oblique angle
[Fig. 6(a)]. The pumping light was triggered by a transistor-
transistor-logic (TTL) signal at various frequencies ranging
from 0 to 110 kHz. The details of the experimental setup
are provided in Fig. 6(b). Using this method, we could calculate
the lifetime of the free carriers and estimate the switching speed
of the VPC waveguide. The normalized modulation depth was
calculated based on the modulation results at a triggered fre-
quency of zero. The 3 dB modulation bandwidth in the trans-
mission configuration was ∼60 kHz as shown in Fig. 7. The
modulation performance from the free carriers in the total in-
ternal reflection geometry is normally better than that in the
transmission geometry [30]. The modes propagating in the
VPC waveguide are confined in the z direction owing to total

Fig. 5. Schematic of an interchip communication system based on
VPC waveguides. The pumping light can switch off the undesired
channel to eliminate the interference. The black dashed line represents
the undesired data transmission from Chip 1 to Chip 4, which inter-
feres with the communication between Chip 5 and Chip 4 (marked by
the solid green arrow).

Fig. 6. (a) Schematic of photoexcited free-carrier lifetime measurement. The THz signal transmitted through the VPC device and was attenuated
by the photoexcited carriers, which were generated by a modulated pumping beam shone at an oblique angle. (b) Experimental setup for carrier
lifetime measurement.
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internal reflection; it is reasonable to estimate the modulation
speed of the VPC waveguide is approximately or larger
than 60 kHz.

5. CONCLUSION

We proposed and experimentally demonstrated an optical ap-
proach for effectively switching on/off the VPC waveguide.
The bent VPC waveguide based on a high-resistivity silicon
substrate shows immunity to backscattering at sharp bends
and has an operating band from 270 to 290 GHz. THz-absorb-
ing free carriers were generated by a 447 nm continuous-wave
laser to effectively switch off the waveguide. With a pumping
intensity of 240 mW∕mm2, an on/off ratio of 19 dB was
achieved over the entire operating band, and the 3 dB modu-
lation bandwidth was measured to be ∼60 kHz. The optical
switch can easily be integrated into the THz interconnect com-
munication system to actively control the data transmission
channels. The modulation speed was limited by the long carrier
lifetime of high-resistivity silicon; it is expected that the switch-
ing speed can be further increased by using semiconductors
with a shorter carrier lifetime in the future.
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