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On-chip photonic resonant cavity plays a critical role in widespread applications including lasing,
sensing, and spectroscopy. However, the excitation of these cavities typically relies on
evanescent coupling within sub-wavelength distances, limiting flexible and precise chip

integration. Here, we demonstrate an on-chip supercoupled topological cavity which is critically
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coupled at 2.3-wavelength distance from a bus waveguide and remains excited even at 3.2
wavelengths, based on the supercoupling mechanism enabled by the valley vortex flow.
Optothermal heating facilitates tunable quality factors and dynamic control of the supercoupling
condition, allowing transitions from overcoupling to undercoupling through the critical point.
Our discovery extends the waveguide-cavity excitation distance to multiple wavelengths,
unlocking new possibilities for designing and controlling on-chip resonant devices, including

supercoupled lasers, sensors, and modulators.
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1. Introduction

Photonic cavity is one of the core components in photonic systems for diverse functions such as
light-matter interaction*l, spectroscopy®®!, and quantum optics(®. Particularly, the chip-
integrated cavities have been widely utilized in photonic integrated circuitsl’*! enabling
numerous on-chip devices including surface-emitted lasers™?%6l  sensors*’-?2 frequency
combs?-261 and filtersl?”-28], In addition to a high quality factor (Q factor), which indicates a
long photon lifetime and a narrower linewidth, the merit of a cavity is also characterized by the
critical coupling condition[?®-321 denoting the most effective excitation. The efficient transfer of
photons from the excitation source to the cavity occurs when the decay rates from intrinsic loss
and coupling loss are balanced. On-chip cavity excitation is typically achieved through
evanescent coupling from a source waveguide. However, the excitation distance is constrained to
the sub-wavelength scale due to the rapid decay of the evanescent field. Achieving evanescent
critical coupling condition thereby necessitates extremely precise alignment and fabrication(®33%],

posing significant challenges in designing integrated photonic cavities.

Extending excitation distance beyond sub-wavelength can potentially address the above
challenges. This can be achieved through modifying waveguide mode tail length using
wavelength- or sub-wavelength-scale structures such as gratingst®®, metamaterials®™, and
photonic crystals8l. However, a compact and efficient long-reach coupling mechanism remained
elusive until the recent discovery of photonic topological waveguide supercoupling®®.
Waveguide coupling spanning from sub-wavelength to multiple wavelengths (A, the wavelength
in free space) can be achieved with minimal coupling loss by leveraging the tunable mode tail
length and momentum-conserved vortex field in valley photonic crystals (VPCs)#0-4%l,
Supercoupling provides a new degree of freedom (DoF) for realizing arbitrary coupling areas
and ratios, enabling the optimization of chip compactness and coupling range. It unlocks the
potential to create multi-wavelength supercoupled cavities, with enhanced tolerance against
alignment and fabrication errors. An extended coupling area also simplifies the design of cavity-
based modulators, allowing for a more flexible configuration that incorporates electro-opticall*4
or acousto-optical®! elements. Additionally, supercoupling allows for the adjustment of
coupling states across multiple wavelengths, facilitating enhanced multiplexing and
demultiplexing by integrating multiple cavities along the waveguide bus without strict

constraints on the spacing between the waveguide and cavities.
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Here, we experimentally demonstrate a supercoupled topological cavity on a terahertz
silicon VPC chip. Exciting the cavity mode over a distance up to 3.2A is achieved using a bus
topological waveguide. Critical coupling condition occurs even at 2.3h. Moreover, the
topological cavity-waveguide coupled system is modified near the critical coupling condition
over a distance greater than a A, showcased by bending the robust bus topological waveguide into
various shapes. Thermal control of the on-chip supercoupled topological cavity is further
exhibited using an optothermal heater, demonstrating active supercoupling conditions from
overcoupling to undercoupling across the critical coupling point, as well as the precisely tunable
Q factors. Our report extends the excitation distance of on-chip resonators, paving the way for

supercoupled resonator devices including far-feed lasers, sensors, and modulators.
2. Results and Discussion
2.1 Supercoupled cavity with a multi-wavelength excitation distance

Figure 1la illustrates the schematics of conventional waveguide-cavity and supercoupled cavity,
where the on-chip waves are fed and transition from a bus waveguide. The intrinsic loss and
coupling loss of a conventional whispering-gallery cavity are indicated by Q factors, Qi and Qc,
respectively, where Q = wo/y, wo is the resonant frequency and v is the loss rate. Critical coupling
occurs at Qi = Q¢ when energy is maximally coupled into the cavity, and the transmittance T of
the bus waveguide becomes zero as T(wo) = 0. Evanescent coupling limits a conventional bus
waveguide (bus WG) in sub-A region of the cavity (blue region) as depicted in the left of Figure
la. The rapid decay of evanescent field causes Q¢ and coupling conditions extremely sensitive to
the coupling distance. In contrast, the excitation of a topological cavity®#64] (rectangular in
right of Figure 1a) can be extended into multiple wavelengths (mA) region (yellow region),
where the supercoupling Q factor Qs allows for the critical supercoupling condition Qi = Qsc.
This is attributed to the tunable mode tail lengths of the topological waveguide and the direct
energy flow from the bus topological waveguide (bus TWG) along the array of unit-cell-scale
vortices (red circles in Figure 1a). These vortices are the superimposition of valley momenta,

excited by the topological edge state and conserved by the Cs3 symmetric VPC bulkst®®,

The coupling condition of the supercoupled cavity relies on the relation between Q; and
Qsc, which is reflected in its T spectrum and the loaded Q factor, Qi. Non-zero transmittance at wo

occurs in both the undercoupling (Qi < Qsc) and overcoupling (Qi > Qsc) regimes, as illustrated in
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Figure 1b, where T(mo) = 0 at critical coupling condition (Qi = Qs). The Qi value varies
according to the coupling conditions, as indicated by the different linewidths. Analytical Q; and
T(wo) can be obtained based on coupled-mode theory°4®l (detailed in Section S1, Supporting

Information) as:

Qrt=Q + Qi (1)
—_0:\2
T(wo) = (252) )

which are plotted in Figure 1c as a function of Qs./Qi (where Qi is fixed to 1 as an example). As
Qsc/Qi increases (black arrow), for instance, when Qsc increases due to a widening gap between
bus TWG and cavity, the system transitions from overcoupling (red region) to critical coupling
(dash line), and ultimately to undercoupling (blue region) conditions. A zero T(wo) is achieved at
the critical point (blue curve), and Qi (hormalized from O to 1) decreases from its maximum (red

curve). This trend is also observed in our active control experiment.

a b c
Overcoupling Undercoupling

Conventional cavity Supercoupled Cavity 1 Critical coupling 1.0
3] 0.8 o
bus TWG g <>
bus WG coboo s 067
Qc vortex nolaon S 8
& 042
c =
© [=]
i & = 022

>1 @ >2 0

101 100 10! 102
Sub-1 Multi-A Frequency () Qsc/ Qi

Figure 1. Valley-Hall photonic supercoupling in waveguide-cavity system and its coupling
conditions. a) Left: schematic of conventional waveguide-cavity coupled system. The bus
waveguide is limited in sub-A region (blue region). Q¢ and Qi indicate coupling and intrinsic
quality factors, respectively. Right: schematic of supercoupled cavity where bus TWG reaches
multi-A (mA) region (yellow region). Red circles indicate valley vortices in coupling region,
allowing for efficient energy transfer with supercoupling factor denoted by Qsc. b) Resonance
spectra with varying relations between Qi and Qsc. T(wo) indicates the transmittance depths,
equaling O for critical coupling Qi = Qsc (black). ¢) Numerical T (w,) and normalized loaded Q)
versus Qsc/Qi. An increasing Q,./Q; (black arrow) indicates the system transitioning from
overcoupling (Qi > Qsc) to undercoupling regimes (Qi < Qsc), crossing the critical coupling point

(Qi = Qsc).



123

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139
140
141
142
143
144

145
146
147
148
149
150
151

WILEY-VCH

The transverse-electric valley vortex in our studied cavity is illustrated by the simulated
eigen modes of hexagonal unit cells in Figure 2a. The honeycomb lattice period is a = 242.5 um
with operating wavelength of A = 909.1 um (0.33 THz). The spatial C¢ symmetry is broken into
Csz by altering the on-site equilateral triangular holes as 1 # I2, where I; = 157.6 um (0.65a) and |2
= 84.9 um (0.35a) are the side lengths. The clockwise and counterclockwise vortices (red circles)
are presented by the circular in-plane Poynting vectors (black arrows) at K valley for unit cells
with 8 >0 and 6 < 0 (6 = 1 - I2), respectively. The phase singularities at unit cell centers are
observable through the simulated 2H; (colormap). Combining bulks possessing reversed valley
vortices forms topological edge states at the interfaces, which reclose the topological bandgap
(right of Figure 2a). Type | and type Il zigzag interfaces are formed exhibiting opposite group
velocities v; (blue) and v, (black), respectively. The lengths of these topological edge mode
tails are determined by the value of & and the corresponding bandwidth*?l. A tunable range from
0.23A to 2.7\ is demonstrated for sub-A to mA waveguide supercoupling®. Here, we use & = 0.3a
with a mode tail length of 0.9A, while longer mode tails are also achievable for more distant

cavity excitation.

A parallelogram topological cavity is constructed using both the type I and Il interfaces
as shown in the left top inset of Figure 2b. The robust topological edge states ensure constructive
interference in nearly arbitrary cavity shapes®®5! when the round-trip accumulated phase is 2nz
(n is integral harmonic order)2l. The simulated power flow in the supercoupling region is
illustrated in Figure 2b (dash box) characterized by coupling distance d and length w. The bus

TWG mode with K valley momentum and positive group velocity v, (blue semi-circles) excites

the counterclockwise valley vortex of each unit cell as indicated by the simulated S (red arrows).
These K-valley-conserved vortices form supercoupling loops (indicated by the blue arrow) as the
flow-in energy channel to the topological cavity, leading to v, in the top arm of the cavity (black
semi-circles) and counterclockwise cavity mode. The arrayed vortices also serve as the cavity
loss channel (indicated by the red arrow) back to the bus TWG with quality factor of Qsc. Fourier
transform of H; in the coupling area (top right of Figure 2b) exhibits localizations at three K

points, highlighting the valley-conserved excitation of the cavity. These valley vortices in the
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coupling region along with the tunable mode extension of topological edge mode therefore

facilitate efficient energy transfer over a mx distance.

We fabricated supercoupled cavities on silicon chip (see Methods) to demonstrate the ma
excitation distance. Figure 2c plots the experimental terahertz power transmittance Sp1 of the bus
TWG, where the sample image is shown in the inset. A straight TWG is applied resulting in a
nearly critical coupling condition of the topological cavity, when d = 2.3\ and T(wo) = -18 dB
(red curve). Moreover, the cavity remains excited when d reaches 3.2\ with T(wo) value of -3.6
dB (blue curve). The simulation results versus varying d are illustrated in Section S2 (Supporting
Information) and the temporal evolution of the supercoupled cavity excitation is displayed in
Supplemental Movie 1. We further optimize the coupling region to reach critical coupling
condition. A coupling distance of 1.8\ with coupling length of 4.3\ is formed through bending
bus TWG into a reversed Q-like shape, as illustrated by the sample image in Figure 2d.
Experimental T (red) is plotted for 4 cavity modes, where their phase spectra £Sz1 (blue) exhibits
positive gradients indicating undercoupling conditions(®3l. Mode 2 approximately reaches critical
coupling illustrated by the undefined phase gradient and T(wo) of <-40 dB. The respective Q) are
2404, 940, 328, and 6579 (fitting is discussed in Methods). The frequency-dependent terahertz
comb stems from the dispersive coupling ratio between two TWGs (see Section S3, Supporting
Information). The mA coupling distance possesses minimal coupling loss as indicated by the
background transmittance >-1 dB when d ranges from 1.8\ to 3.2\ (Figures 2c and 2d). The split
resonant modes could possibly result from scattering perturbation caused by the sharp corners or
chip surface roughness®*%. Our demonstrated multi-wavelength excitation distances represent a
record compared to conventional waveguide-cavity systems (see Table S1, Supporting
Information). Notably, the 3.2\ distance extreme can be further extended by increasing coupling
length w or tuning the symmetry-breaking strength &, while the sub-A supercoupling can be
achieved by trimming mode tails through increasing 6 values. Integrating supercoupled cavity
into conventional integrated systems could also realize larger distance, multi-wavelength cavity
excitation and minimize waveguide crosstalk on a single chip as discussed in Section S4
(Supporting Information). The scalability and a 10% fabrication error tolerance are also

demonstrated in Section S5 (Supporting Information).
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Figure 2. Characterization of the supercoupled topological cavity. a) Simulated valley vortices
and band diagrams of topological edge states. The valley vortex is shown by the phase
singularities (colormap of £H;) and the Poynting vectors (black arrows) for unit cells with 6 > 0
or 3 <0 (8 =1 - I). Two topological edge states exhibit opposite group velocities for type | (v
in blue) and type Il (v, in black) interfaces at K valley. b) Simulated vortex power flow (red
arrows) in the coupling region between bus TWG (blue) and the topological cavity (black). The
vortex array (schematic red circles) forms excitation supercoupling loops (blue arrow) and
provides cavity loss channel (red arrow). Fourier transform result is shown in the top right inset,
demonstrating that the waves in the coupling region possess merely K valley momenta. c)
Experimental resonances of supercoupled cavity with excitation distance of 3.2\ (blue) and 2.3A
(red). d) Experimental transmittance Sy1 (red) and phase £S21 (blue) of the 1.8A-coupled cavity
with bent bus TWG.

2.2 Modifying coupling condition over ma distance
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The supercoupled cavity enables the modification of coupling conditions over a distance of ma,
allowing perturbations to reconfigure the vortex array of the valley Hall waveguide-cavity
system. We showcase the modified coupling conditions of three samples with different bus TWG
shapes at the distance of 1.4A. Figure 3a presents the simulated field profiles |H,|?, with constant
cavity sizes of 6.41 x 2.5) and fixed coupling regions of d x w = 1.4\ x 4.3}, based on the
physical lengths of the topological interfaces. Bus TWGs are configured into V-, U-, and Q-
shapes, each exhibiting various effective coupling lengths wes, defined as the length at which
|H.?> of the waveguide mode profile is 1/e of the maximum value. The respective values of Wes

are 4.8, 4.3\, and 3.7, arising from the distinct valley vortex arrays at the 60° and 120° corners,

as illustrated by the simulated S (red arrows) in Figure 3b for the coupling regions of Q- and U-
cavities (dash boxes), respectively. Valley vortices guide waves robustly propagating forward in
bus TWG, and the on-chip waves take a shortcut through the 60° corner while mainly following
the topological interface at the 120° corner, highlighted by the different power flows at the A
sites (blue triangle in Figure 3b). These topology-protected bending corners result in shifts of the
resonant frequency and different Qsc, contributing to the mi-modified supercoupling conditions.
Such distant modification can also be achieved through versatile waveguide routing™® or by

tuning the mode tails®57-6,

The m) distance control of the coupling condition is experimentally validated via
comparing three supercoupled cavity samples. The measured transmittances T are shown in
Figure 3c. We study mode 1 near 0.329 THz, where three cavities exhibit similar T(wo) < -10 dB
(top of Figure 3c) with respective resonant frequencies of 328.51 (V in blue), 328.97 (Q in
yellow), and 329.03 GHz (U in red). Their phase spectra highlight the different coupling
conditions (bottom of Figure 3c): the Q- and U-cavities (yellow and red) are over coupled,
exhibiting negative phase gradients with phase changes of 2x. In contrast, V-cavity is at the
undercoupling condition indicated by its less than 2z phase change and the positive gradient.
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Figure 3. Tuning supercoupling conditions of the topological cavity by distant modifications. a)
Simulated |H.> of three supercoupled cavity chips with identical cavity sizes and coupling
regions, while excited by different shapes of bus TWGs, denoted by V-, U-, and Q-cavities. The
physical coupling regions measure w = 4.3\ and d = 1.4, with the effective coupling lengths wess
of 4.8, 4.3), and 3.7, respectively. b) Simulated Poynting vector vortices (red arrows) at the
60° and 120° corners. Blue triangles (site A) highlight their different power flows, resulting in
different Qsc for Q- and U-cavities. The vortex arrays are indicated by the simulated and
schematic red arrows. ¢) Experimental transmittances and phases for V- (blue), U- (red), and Q-
cavities (yellow). Undercoupling (blue) and overcoupling (red and yellow) conditions are

illustrated by the positive and negative phase gradients, respectively.

2.3 Active supercoupling conditions

10
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The silicon supercoupled chips demonstrate versatile tunability, which is showcased by our
thermal control experiment for active supercoupling conditions. The experimental setup is
illustrated in Figure 4a, where a continuous wave (CW) laser as the optothermal heater targets
the heating region at the corner of the chip (highlighted by the red box and the inset image) with
beam diameter of 1 mm. This heating region away from the cavity region significantly exclude
the effect of photo-excited carriers in silicon, which could bring phototunable cavity losses. A
thermal sensor records the temperature (7°) at the center of the topological cavity, though a
temperature gradient distribution occurs over the chip. T ranges from room temperature (25.4 °C)
to a maximum of 68.2 °C when the laser input power rises from 0 to 1.24 W. The refractive
index of the silicon varies due to the thermal-optical effect!®, such that the increasing 7 red-
shifts (decreases) the resonant frequency wo and increases the loss rate y. Both the Qsc(7") and
Qi(T") decrease but at differentiate rates, resulting in the tuned supercoupling conditions. The
measured resonance depths T(wo) are plotted in the Qs.-Qi parameter space in Figure 4b, as
derived from Equations. (1) and (2). Starting from overcoupling states, both the Q- (yellow dots)
and U-cavities (red dots) transition across the critical line as the temperature T increases. Active
critical points, where T(wo) = 0, are achieved when Qi = Qs.. Additionally, we verify the
undercoupling condition of V-cavity, of which the results remain in the undercoupling regime

(blue dots) with the absence of critical point. The maximum frequency shift is 1.4 GHz.

The measured transmittance spectra are detailed in Figure 4c versus T for these three
cavities. The critical points are highlighted in the mid and right panels for U- and Q-cavities with
T(wo) < -30 dB, unobservable for V-cavity in the left panel. Moreover, Q-cavity achieves its
critical coupling point at a higher critical temperature 7. = 46.4 °C in comparison with U-cavity
when 7, = 49.8 °C. This further verifies the change of Qs resulting from different bends of bus
TWG (Figure 3b). These various coupling conditions are further illustrated by the phase spectra
in Figure 4d versus 7. At 7. of U- (mid) and Q-cavities (right), the phase gradients change from
negative to positive when crossing the critical coupling conditions, while that of V-cavity (left)
remains positive with less than 2z phase changes. Figure 4e elucidates the actively controlled Qi
(red) and Qsc (blue), calculated from the measured Qi (yellow) and T(wo) using Equations (1) and
(2). When the Qs for all these three samples decrease versus the increasing T, the Qi (red dash)
and Qsc (blue dash) for V-cavity decrease without crossing points, indicating its undercoupling

nature. In contrast, the decreased Qi crosses Qsc at the respective critical points for U- and Q-

11
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cavities when Q; = Qi(7;)/2. Active supercoupling conditions for these cavities are further
detailed in Section S6 (Supporting Information) for all harmonic orders, and a reference
experiment with temperature control is presented in Section S7 (Supporting Information),
indicating a power requirement of 28.4 mW/°C. Our thermal-control experiment provides
insights into integrating versatile active controllers on these supercoupled cavity chips, such as

nonlinear materialst®, MEMs(®3, and high-speed modulation element[6465],
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Figure 4. Active control of supercoupling in topological cavity. a) Image of the thermal control
experiment on the supercoupled topological cavity chip. The temperature is controlled through
an optothermal heater, targeting the heating region. The temperature of the cavity is recorded
using a thermal sensor. b) Experimental results of V- (blue), U- (red), and Q- (yellow) cavities,
represented in the Qsc-Qi parameter space. The positive direction of the dash arrows indicates
increasing temperature 7. ¢, d) Experimental transmittance and phase spectrum of each cavity in
(b) versus temperature 7. e) Experimental loaded Q; (yellow) and the calculated supercoupled

Qsc (blue) and intrinsic Qi (red) for each cavity.

3. Conclusion

In summary, we experimentally demonstrate the supercoupled topological cavity and its active
control. The valley vortex field in VPC system and the tunable waveguide mode tail substantially
extend the cavity excitation distance up to 3.2A. The critical coupling condition has been
achieved when the bus waveguide is 2.31 away from the cavity. We illustrate the precise
modification of the coupling conditions near the critical points by arbitrarily bending the
excitation topological waveguide at a distance beyond A from the cavity. An optothermal method
is further showcased to achieve active supercoupling conditions and precisely tunable quality
factors. Supercoupled cavity with multi-wavelength excitation distance significantly addresses
the short-distance alignment challenges in integrated photonics, introducing new degree of
freedom for designing on-chip resonant devices, including multiplexer-demultiplexers, lasers,

sensors, and modulators.
4. Methods

Sample fabrication: The fabrication of VPC supercoupled cavity was undertaken on a
high-resistivity (>10 kohm-cm) 8-inch silicon wafers. 10 pum-thick photoresist was spun coated,
followed by patterning the VPC design using photolithography. Deep reactive ion etching (DRIE)
method was used to etch the silicon with depth over 200 um. Back-grinding was implemented to

ensure chip thickness of 200 pm.

Experimental Setup: The terahertz signal was generated and received using Keysight
N5222B VNA, with two frequency extension modules (Z-325 and Z-500 type) operating in

13
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frequency band of 325-500 GHz. The terahertz wave was coupled into the silicon chip via a
standard WR 2.2 hollow waveguide, facilitated by a taper coupler affixed to the silicon
membrane. The VNA was calibrated using the standard SOLT (Short, Open, Load, and Through)
waveguide calibration procedure, following which the complex S-parameters of the
supercoupling chips were measured. The fiber-coupled continuous wave diode laser (STHL-525-
6-105) was implemented as a heater. The heating region was positioned at the corner of the
silicon chip to suppress photoexcited carriers in the topological cavity, and to create a
temperature gradient to enable efficient chip cooling. The thermistor (TH10K) was applied to
measure the temperature at the cavity center. Thermal-dependent spectra were recorded under
equilibrium conditions, with temperature variations maintained below 0.5 °C. All resonant
spectra were measured at least thrice for consistency.

Numerical calculation: The band diagrams of the topological edge state, the Poynting
vectors of valley vortices, and the H; profile of the supercoupled cavities were obtained using
COMSOL Multiphysics. The simulated chip transmittances were obtained using CST Studio
Suite. The numerical Q-T plot, the Q factor fitting of the experimental transmittance, and the
estimation of the Qi and Qsc were carried out in MATLAB.

The loaded quality factor was fit from the measured power S-parameter S of the bus

TWG. A Fano resonance function is employed to obtain the Qi and T(wo), expressed by the

formula:
1 (e+9q)?
T 14g% 1+€?
where q is the asymmetry factor and € is the energy detuning from the resonant energy Eo as:
_E-E,
7T

where Eo = Ziwo, wo is the resonant frequency, 7 is the reduced Planck constant. I" is the width of

the resonance, based on which Q factor is obtained by Q = Eo/T".

Supporting Information

Supporting Information is available from the Wiley Online Library.
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448  The on-chip supercoupled cavity device is demonstrated realizing a record cavity excitation
449  distance exceeding three wavelengths, leveraging the valley-conserved supercoupling
450  mechanism in the valley Hall topological system. This optothermal tunable design enables new
451  degrees of freedom for supercoupled photonic cavities in mux-demux, lasers, sensors,
452  spectrometers, and on-chip communications.
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