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On-Chip Active Non-Reciprocal Topological Photonics
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and Ranjan Singh*

Chip-scale non-reciprocity is essential for advancing integrated photonics,
particularly in realizing photonic circulators and isolators for data
communication, signal modulation, and quantum computing. However,
achieving a non-reciprocal silicon chip with a small footprint, high isolation
ratio, low loss, and active control remains a challenge. Here, a non-reciprocal
topological silicon chip based on magneto-optical Indium Antimonide (InSb)
integrated valley Hall system is reported. The valley-conserved non-reciprocal
modes, realized by breaking both time-reversal and spatial-inversion
symmetries, enable ultra-compact and efficient non-reciprocal photonic
devices that outperform conventional chips. A maximum isolation ratio of
64.3 dB and a low chip loss of 2.6 dB is experimentally achieved by fine-tuning
the non-reciprocal critical coupling points of a topological cavity with a small
footprint of 6.4 x 2.512. An all-optical method is also applied to actively

first observed through the Faraday effect
in 1845. Over the past century, non-
reciprocal devices such as wave circulators
and isolators have become essential in
modern electromagnetics. Achieving pho-
tonic non-reciprocity typically involves
breaking time-reversal symmetry via
magneto-optical (MO) effects, ' acousto-
optical (AO) effects,*™3] optomechanical
effects,['*1>]  or time-reversal-symmetry
conserved approaches!’! including dy-
namic electrical modulation!'”! and op-
tical nonlinearity.'®21 Integrating non-
reciprocity into a photonic integrated
circuit (PIC)?! chip holds significant
potential for advancements in quantum

modulate the isolation ratio from 0 to 48 dB. The development of a
non-reciprocal topological silicon chip marks a pivotal advancement in
communication systems, LiDAR, terahertz technologies, quantum computing,

and cryptography.

1. Introduction

Photonic non-reciprocity refers to the asymmetric propagation
of electromagnetic waves in opposite directions, a phenomenon
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computing, telecommunication, and signal
modulation. However, achieving a high
isolation ratio in a miniaturized footprint
with minimal non-reciprocal loss remains
a challenge. Large chip space and long
waveguides are often necessary to integrate
bulky non-reciprocal elements to enhance
weak non-reciprocal effects such as in
AO isolators.>13] Moreover, considerable material losses from
the non-reciprocal elements, like yttrium iron garnet,?! can sub-
stantially reduce chip efficiency, especially in extended interac-
tion areas. Additionally, the intrinsic bending limitations of con-
ventional PIC waveguides require an increased chip footprint to
avoid propagating losses at bending corners. Therefore, develop-
ing a compact, low-loss PIC platform with effectively integrated
non-reciprocal elements is crucial for advancing non-reciprocal
chip technology.

The emergence of topological photonic integrated circuits in
telecom!??) and terahertzl?*! bands (T2PICs) provides a robust
and compact platform that enables efficient waveguide bend-
ing and chip miniaturization. Achieving non-reciprocity on these
topological chips promises to enhance both compactness and
efficiency. While one-way propagation has been observed in
quantum Hall photonic crystals,['?*%] translating this type of
non-reciprocity into a compact, efficient, and low-cost chip re-
mains challenging. This difficulty arises from the fabrication
complexities in scaling MO structures to the micrometer and
nanometer levels, as well as the need to mitigate significant
losses from scattering and material absorption.!?! Valley pho-
tonic crystal (VPC) chips,?’3¢1 which break spatial-inversion
symmetry through manipulating the geometric holes or pillars
on a 2D isotropic slab, eliminate the difficulty in realizing low-
loss MO structures and provide immunity to losses from waveg-
uide bending and defect scattering. VPC waveguide modes also
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Figure 1. Valley-conserved non-reciprocal topological silicon chip. a) Image of the non-reciprocal silicon topological chip integrated with InSb. Forward
(red) and backward (blue) propagations are non-reciprocal and topology-protected, achieved by breaking the spatial and temporal reversal symmetries
(P- and T-breaking). The bottom right inset shows the first Brillouin zone of the VPC, with differentiated K and K’ valleys. b) Band diagrams of the
reciprocal (gray band) and non-reciprocal (red and blue bands) topological edge states for the silicon VPCs with or without InSb under a magnetic field,
respectively. K, indicate the reciprocal momenta and K,z are the effective non-reciprocal momenta, with momentum deviations of q,.. The zigzag

interface is shown in the top right inset. ¢) Image and experimental transmittance spectra for the non-reciprocal 16-bend topological waveguide. S,;

(red) and Sy, (blue) are reciprocal for pure Si-VPC while exhibiting a 1.3 dB difference (0.34 THz) for the non-reciprocal chip.

allow flexible on-chip integration by offering tunable waveg-
uide crosstalk from sub-4 to multi A (A indicates wavelength in
free space) coupling distances.l*’”] Incorporating broken time-
reversal symmetry into these VPC chips would achieve topology-
protected non-reciprocity in the valley Hall system. The resulting
valley-conserved non-reciprocal modes can introduce the nu-
merous advantages of VPC into non-reciprocal devices. Ultra-
compact non-reciprocal chips become achievable due to the
nearly arbitrary waveguide routing and the tunability of waveg-
uide coupling. The efficiency of these non-reciprocal chips is sig-
nificantly enhanced by minimized chip loss, potentially surpass-
ing conventional systems lacking topological robustness.[>¢1]
Furthermore, such non-reciprocal T2PIC devices are built on
complementary metal-oxide-semiconductor (CMOS)-compatible
substrates such as silicon and its compounds, expanding their
application potential.

Here, we demonstrate on-chip topological non-reciprocity by
aligning the MO crystal InSb onto a terahertz VPC silicon chip. A
valley-conserved non-reciprocal mode is thus achieved by break-
ing both the temporal and spatial reversal symmetries, enabling
record chip compactness and efficiency. We demonstrate an
on-chip topological isolator using a compact topological cavity
measuring 6.4 X 2.542, achieving a maximum isolation ratio of
64.3 dB and a low chip loss of 2.6 dB. Adjusting the interaction
volume between InSb and the cavity mode to manipulate the non-
reciprocal critical coupling conditions allows for a tunable iso-
lation ratio ranging from 0 to 64.3 dB. Moreover, the isolation
ratio is controllable via an active optical pump, enabling mod-
ulation depths from 0 to 48 dB. Our topological non-reciprocal
chip and its active control represent a significant advancement
in non-reciprocal devices, promising applications in 6G to future
XG terahertz wireless communication systems, LiDAR (light de-
tection and ranging), quantum computer hardware architectures,
and cryptography.
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2. Results and Discussion

2.1. Valley-Conserved Non-Reciprocal Mode

Non-reciprocity in the VPC waveguide is achieved by breaking
both the spatial-inversion and time-reversal symmetries (referred
to as P-breaking and T-breaking). Figure 1a illustrates the sample
image where InSb is integrated on top of the silicon VPC chip.
The topological valley edge state in the silicon slab emerges at the
interface of VPCs with opposite valley Chern numbers, achieved
through breaking the C; spatial symmetry of the honeycomb lat-
tice to C; symmetry(?836] (P-breaking). This is achieved by alter-
ing the size of the on-site triangular air holes, distinguishing the
Kand K valleys akin to valleytronics in 2D materials,!** as shown
by the first Brillouin zone in the bottom right inset of Figure 1la.
At the zigzag interface of two mirrored VPC bulks, the topologi-
cal edge state enables efficient routing over the sharp corners and
defects due to the valley momentum conservation. On the other
hand, T-breaking is achieved by the gyrotropic nature of InSb un-
der an external magnetic bias B along z-direction. The MO effect
introduces different effective permittivities of InSb along the +x
directions, expressed as e, = ¢, ", where €,’ and €,” de-
note the real and imaginary perm1tt1v1t1es related to the phase
and loss of the propagating wave, respectively. The coupling be-
tween topological edge state and InSb gives rise to both P- and
T-breaking, enabling valley-conserved non-reciprocal mode for
topology-protected and non-reciprocal waveguiding.

The band diagram of the valley-conserved non-reciprocal mode
is schemed in Figure 1b for the transverse-electric (TE) mode
at the zigzag interface, where I, and I, indicate the side lengths
of the equilateral triangles as I, # I, (top right inset). The
time-reversal-invariant silicon structure leads to reciprocal +x-
directional valley momenta as |K, .| = |K_| (gray band), while
the coupling with InSb gives rise to the non-reciprocal effective
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valley momenta |Ky, | # |Ky| (red and blue bands). The non-
reciprocal momentum deviations are defined as g, = Re[K 4, _
K..] (Figure 1b) and the non-reciprocal attenuation coefficients
are given by @ , = Im[Kz, _ K], related to €, ‘ and €, ", respec-
tively. The values of g, and « , are determined by the coupling
volume V¢, between the edge state and InSb (see Section S1,
Supporting Information) as well as the value of the magnetic bias
B. We express a , using non-reciprocal loss rates as y  (a,) =y, +
7 mo+(B), where y indicates the intrinsic reciprocal loss rate due
to the free carriers in InSb, and y . (B) are the non-reciprocal
loss rates from the MO effect. It is noteworthy that g, and « , are
not linearly related, with the relationship dependent on V,,, and
the orientation of the waveguide.

The experimental transmittances of the non-reciprocal topo-
logical waveguides are shown in Figure 1c, indicated by power
S-parameters S,; (from port 1 to port 2) and S;, (from port 2 to
port 1). The sample image is displayed in the inset, where the air
hole sizes are I, = 0.65a = 157.6 um and [, = 0.35a = 84.9 ym
with the lattice period a = 242.5 pm. Robust reciprocal waveg-
uiding through sixteen 60° sharp corners is illustrated with the
experimental transmittances reaching up to —1.1 dB. The out-
of-plane magnetic field of B = 0.632 T gives rise to an experi-
mental isolation ratio of |S,; — S;,| = 1.3 dB at 0.34 THz due to
the non-reciprocal loss y_. An additional 3.9 dB chip loss is ob-
served, which is mainly attributed to the reciprocal loss y,. Im-
portantly, this non-reciprocity is observed across the entire topo-
logical band from 0.325 to 0.345 THz. Additional results of non-
reciprocal waveguiding in various configurations are discussed
in Section S2 (Supporting Information).

2.2. Non-Reciprocal Critical Coupling of Topological Isolator

Combining non-reciprocity with a topological cavity!®! enables
an efficient on-chip topological isolator, significantly improving
the isolation ratio, particularly at critical coupling conditions.
This critical point signifies the complete energy transfer from
the topological bus waveguide to the topological cavity, occur-
ring when the intrinsic cavity loss rate y; (material absorption,
in-plane scattering, and out-of-plane leakage) equals the cavity-
waveguide coupling induced loss rate y_. In a reciprocal system,
the clockwise (CW) and counterclockwise (CCW) cavity resonant
modes are symmetric, reaching critical points at identical reso-
nant frequencies f,; (CW) and f;, (CCW). Both the S,; (CW) and
S;, (CCW) of the bus waveguide reach zero at this point, and
their phase spectra £S,; and «£S;, undergo a discontinuous 2z
phase change with undefined gradients (detailed in Section S3,
Supporting Information). In contrast, the CW and CCW modes
of a topological isolator present detuned resonant frequencies Af
= f,1 —f12, due to the phase difference resulting from momentum
deviations ¢, . The non-reciprocal losses y, lead to different cou-
pling conditions for the CW and CCW modes, with the critical
point of each maximizing the isolation ratios.

Figure 2a illustrates the simulated field profile |y|* (y indi-
cates H, for TE mode) of the on-chip topological cavity without
InSb. The robust topological waveguides allow for a compact par-
allelogram resonator measuring 6.4 x 2.54%. The length of the
topological waveguide mode extent is 0.94 (when |w|* is 1/e of its
maximum at the interface), and the excitation distance between
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the waveguide and the cavity is 1.94. This 1.94 distance ensures
an over-coupling condition where y; <y, such that the v, in-
duces the non-reciprocal critical condition where y; + 7., = 7.
by evanescently integrating InSb near the upper arm of the cavity
(inset image). We showcase the experimental results of two dif-
ferent topological isolator configurations in Figure 2b. The isola-
tion ratio in the left panel is 64.3 dB for an optimized Vg, with
Afnear to 0. The isolation background is —14.4 dB, also referred
to as isolator insertion loss,!?l which can be optimized through
detuning f,; and f;,. The right panel of Figure 2b illustrates the
results with Af of 120 MHz through adjusting V. The isola-
tion ratio is 31.4 dB, and the isolation background is optimized
to —10.3 dB which shows promise for further improvement such
as improving V¢ or B. Notably, the overall intrinsic losses of
our non-reciprocal chips are 3.4 dB (left) and 2.6 dB (right), en-
compassing materials loss, waveguide propagating loss, bending
loss, and terahertz input and output coupling losses. To the best
of our knowledge, this 2.6 dB enabled by the topological silicon
VPC platform is the lowest chip loss among the state-of-the-art
isolators, as shown in Table 1, which also highlights our highest
isolation ratio and smallest cavity size.

We showcase the formation of topological non-reciprocal crit-
ical points in Figure 2c¢, using experimental transmittance (S,
and S;,) and phase spectra (£5,, and £5,,) for topological cavity
without InSb for control (left), a topological isolator (with InSb)
with Bvalues of 0 T (mid-left), 0.632 T (mid-right), and —0.632 T
(right). The over-coupling condition of the pure topological cav-
ity (Figure 2a) is indicated by the negative gradients of £S,; and
£8,,. This over-coupling condition enables that the integration of
InSb drives the reciprocal resonant mode to critical points where
7i+7Yo=7. When B=0T, the transmittance depths of S,; and S,
become lower and £S,, and «5;, show faster phase transitions,
indicating that both the CW and CCW modes are near to the crit-
ical points where y; + y, = y.. When a 0.632 T bias is applied,
the CCW mode (blue) reaches its critical point as y; + ¥, + ¥ mo.
= y., exhibiting an undefined gradient of «S,, with a 2= phase
shift. In contrast, CW mode (red) operates in the under-coupling
regime as y; + ¥, + ¥ mos > ¥ With a positive phase gradient and
a phase shift smaller than z. These coupling conditions are re-
versed when the magnetic bias is switched to the -z-direction at
—0.632 T, where only the CW mode is critically coupled as shown
in the right panel of Figure 2c.

Figure 2d illustrates the experimental evolution of the non-
reciprocal spectra of S,; (red) and S;, (blue) with increasing B
indicated by deepening colormaps. We tune V,,q, by aligning
InSb and the topological chip properly to ensure a critical point
for S,, at B = 0.607 T. The resonance frequencies detune from
the reciprocal initial state (black) to the deep red and blue spec-
tra with increasing Af. CW mode (red) reaches its critical point
when Brises to 0.607 T while the CCW mode (blue) remains over-
coupled. Figure 2e,f highlights the evolution of the isolation ratio
and Af, respectively. Both the CW (red circle) and CCW (blue cir-
cle) isolation ratios increase with B, reaching the maxima of 37
and 14 dB (Figure 2e) at respective resonance frequencies f,; and
fi2- Af (green diamond) increases from 0 to 61 MHz (Figure 2f).
In contrast, these values remain near to zero for the silicon
VPC without InSb (orange square), indicating reciprocal fea-
tures. Notably, the terahertz non-reciprocal waveguide and cavity
modes remain predominantly confined within the silicon slab,!¢!
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Figure 2. Performance of on-chip topological isolator. a) Sample image and simulated field profile |y|? of a silicon topological cavity. Waveguide mode
tail is 0.94 and cavity excitation distance is 1.94. y; and y. indicate intrinsic and coupling loss rates of the cavity. CW and CCW modes are reciprocal
without InSb. b) Image and experimental results for topological isolators. CW and CCW modes are indicated by S,; (red) and S;, (blue), respectively.
64.3 dB isolation ratio (left) and 2.6 dB chip loss (right) are achieved, with frequency detuning Af of 0 and 120 MHz, respectively. c) Experimental
transmittance and phase spectra for topological cavity without InSb (left), and topological isolator at B= 0T (mid-left), 0.632 T (mid-right), and —0.632
T (right), respectively. CP: critical point. d) Evolution of S,; (red) and S;, (blue) versus increasing value of B. The reciprocal reference is shown in black.
e,f) Isolation ratios for CW (red circle) and CCW (blue circle) modes at respective resonance frequencies f;, and f,,, and frequency detuning Af (green
diamond) versus B. Reference results are indicated by orange squares for topological cavity without InSb.

resulting from the out-of-plane evanescent coupling with InSb.
The non-reciprocal critical coupling conditions and isolation ra-
tios are frequency-dependent, as y . exhibits dispersion due to the
waveguide supercoupling mechanism*’ and y, is influenced by
the intrinsic material dispersion of InSb.

Precise control of the coupling volume V,, allows for variable
isolation ratios through different combinations of ¢, and y, pro-
viding additional degrees of freedom in tuning non-reciprocity.
For instance, both CW and CCW critical points can be observed
at arbitrary B through optimizing V,,g,. Figure 3a illustrates the
experimental results of S;, — S,; for CW (red) and CCW (blue)

Adv. Mater. 2025, 37, 2501711 2501711 (4 of 8)

modes, respectively, versus B from 0 to 0.62 T. The CW and CCW
critical points are achieved at B = 0.072 T and 0.550 T, respec-
tively, in contrast to the constant zero value for the reference
cavity without InSb (gray). Figure 3b,c highlights the transmit-
tance and phase spectra, respectively, when B equals 0.026, 0.072,
0.218, and 0.550 T (highlighted in Figure 3a). Both the CW (red)
and CCW (blue) modes start from over-coupling conditions with
negative phase gradients. As y, and y. increase with B, the CW
mode first reaches the critical point at a B value of 0.072 T along-
side an undefined phase gradient characteristic, while the CCW
mode is still over-coupled. S,;(f;;) = —36.9 dB and Af=20 MHz
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Table 1. Comparison between topological and conventional on-chip isolators.
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No. Platform Mechanism Wavelength 4 Isolation Chip loss Cavity size [4?] Active control  Topological protection against sharp
ratio [dB] [dB] bends and fabrication disorders
(e Si MO?) 1550 nm 19.5 6+ GCLY 8417 + 7482 N
()12 Si nonlinearity 1541 nm 20.3 1.1+ GCL ~19 % 13 N N
3)B1 SizNy, MO 1570 nm 28 2.3+ GCL 382.2x63.7 N N
(4021 Si AOP) 1550/ 39.3 10/14 ~451 x 258 N N
780 nm
(5)11%1 SisN, AO 1550 nm 10 (0.7to 1) + ~26647 Electric N
GCL
(6)113 Si AO 1524 nm 16 6+ GCL ~165 x 19 Electric
(7 Si MO 638 um 52 21 ~17x9 Thermal
This work Si MO 882 um 64.3 2.6 6.4x2.5 Optical

Mo Magneto-optical; ® po: Acousto-optical; JaeL: Grating Coupler Loss: >10 dB; and 4 Single waveguide without cavity.

at B = 0.218 T. When B further increases to 0.550 T, the CCW
mode reaches its critical point while CW mode gradually transi-
tions into a deep under-coupling regime, with S, (f;,) = —59.4 dB
and Af=52 MHz.

We further conduct experimental sweeps of the InSb posi-
tion on the silicon chip to showcase the Vg, -dependent non-
reciprocity. The experimental setup is shown in Figure 3d where
arectangular InSb sample is mechanically moved in the xy-plane.
Its position displacements along the x- and y- directions are indi-
cated by wand m, and O (0, 0) represents the top left corner of the
parallelogram topological cavity. (w, m) = (0, 0) corresponds to the
overlap between the bottom left corner of the InSb crystal and the
point O. Figure 3e,fillustrates the CW isolation ratio and Afat B
= 0.586 T, respectively. The compact scan area is 9.9 x 0.6642,
with w ranging from —4 to 5 mm and m ranging from —0.3 to
0.3 mm. A critical line of maximum isolation ratio is observed in
Figure 3e, where the V¢, ensures critical points asy; + 7o + ¥ mo.
=7.. Afreaches the maximum when the InSb primarily overlaps
with the straight top arm of the cavity, with g, being maximally
enhanced. These results provide guidance for precise alignment
(e.g., using bonding techniques) in fabricating topological isola-
tor devices. In Particular, the overlap between the critical line and
the region of maximum Afindicates an isolator with both a high
isolation ratio and an optimized isolation background. This isola-
tion ratio map is also tunable by adjusting B, further enhancing
versatile device integrations. Additional V¢, -dependent results
when changing the z-directional gaps are presented in Section S4
(Supporting Information). The V,,,-dependent results for topo-
logical waveguides are shown in Section S5 (Supporting Infor-
mation).

2.3. All-Optical Control of Isolation Ratio

The silicon non-reciprocal chip allows for all-optical active con-
trol of isolation ratios. Experimentally, a 525 nm laser is focused
on the silicon side of the topological isolator chip, as shown in
the inset of Figure 4a. The laser beam is incident obliquely onto
the sample, focusing near the top arm of the topological cavity.
The photoexcited carriers and the optothermal effects introduce
active losses y,,(F) so that the total intrinsic cavity loss is modified
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asy; +v. +v,(F), where Fis the optical flux. The non-reciprocal
coupling condition is thus actively tunable with a fixed B=0.55T,
as shown by the measurement results of S;, — S,, versus F at f;,
(blue) and f;; (red). CW mode begins at critical point with an iso-
lation ratio of 48.0 dB while CCW mode starts in under-coupling
condition with an isolation ratio of 16.6 dB. The increasing y ,(F)
drives the system into a further under-coupled regime exhibiting
an attenuated isolation ratio, which is fully quenched at pumping
flux above 1.0 x 10° W m™2. In contrast, the isolation is zero in
the absence of the InSb wafer (gray).

By tuning the initial states (zero pump) of CW and CCW
modes into the over-coupling regime through adjusting V,,,, we
actively tune the non-reciprocal isolation ratio from 0 to its max-
imum and back to 0 through optical pumping. As demonstrated
in Figure 4b, the CCW (blue) and CW (red) modes reach their crit-
ical points at Fvalues 0f 1.02 X 10° and 1.11 x 10> W m~2, respec-
tively, and return to zero as F continuously increases, similar to
Figure 4a. The reference zero isolation ratio for the cavity without
InSDh is also presented (gray). The transmittance and phase spec-
tra for this 0-max-0 modulation are detailed in Figure 4c,d, corre-
sponding to F values of 0.54 x 10°,1.02 x 10°, 1.11 X 10°, and 1.61
X 10° W m~. Both the CW mode (S,; in red) and CCW mode
(Sy, in blue) transition from over-coupling to critical-coupling
and under-coupling conditions, as the phase gradients vary from
negative to undefined, and to positive. The CW and CCW crit-
ical points are highlighted in the mid-two panels (F = 1.02 x
10° and 1.11 X 10° W m~2) of Figure 4c,d, respectively. The non-
reciprocity is also completely suppressed at high pumping flux
(1.61 X 10° W m~2) in the right panel with overlapped S,, and S,,.
This possibly results from the photoexcited carriers in InSb that
break the non-reciprocity, as the pumping energy penetrates the
VPC slab. Versatile non-reciprocity trends are achievable through
precise positioning of the InSb crystal. Additionally, this Si-based
non-reciprocal topological chip can be potentially integrated with
CMOS-based modulators!*! for high-speed non-reciprocal mod-
ulation of signals.

3. Conclusion

We have experimentally demonstrated a compact and low-loss
non-reciprocal topological silicon chip. A valley-conserved
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Figure 3. Non-reciprocal critical points and position-dependent isolation ratio. a) Experimental Sy, — S, versus magnetic field B. Both CW (red) and CCW
(blue) critical points are obtained at respective resonant frequencies f,; and f,, respectively, with B from 0to 0.62 T. Zero isolation ratios are observed for
cavities without InSb (gray). The sample image is shown in the inset. b,c) Experimental transmittances and phases for B values of 0.026, 0.072, 0.218, and
0.55 T, respectively, with non-reciprocal critical points highlighted. d) Experimental setup to test position-dependent non-reciprocity. InSb wafer is me-
chanically moved near the upper arm of the topological cavity. x- and y-directional displacements are indicated by w and m, respectively. e, f) Experimental
CW isolation ratio (red) and frequency detuning (blue) through shifting the position of the InSb wafer. A critical coupling line is observed in (e).

non-reciprocal mode is realized for the first time by aligning
magneto-optical InSb with the valley-Hall topological waveguide
and waveguide-cavity, breaking both spatial and temporal rever-
sal symmetries. Our topological non-reciprocal chip achieves
a maximum isolation ratio of 64.3 dB based on the tunable
non-reciprocal critical coupling condition. It also exhibits an ex-
tremely low chip loss of 2.6 dB and a compact cavity footprint at
6.4 x 2.512, significantly outperforming conventional isolators.
Additionally, we showcase active control of the isolation ratio us-
ing an all-optical method, achieving a controllable isolation ratio
ranging up to 48 dB. This experimental demonstration provides
a route for advancing non-reciprocal topological photonics, with

Adv. Mater. 2025, 37, 2501711 2501711 (6 of 8)

potential applications in terahertz communication technologies,
LiDAR chips, quantum computers, and secure communication
networks.

4. Experimental Section

Sample Fabrication: The terahertz VPC chips were fabricated on a 6-
inch-diameter high-resistivity (220 kQscm) silicon wafer with a thickness
of 500 um. A 2-um-thick silicon dioxide layer was deposited on top of the
wafer. The photoresist was spin-coated and patterned using photolithog-
raphy, followed by reactive ion etching to etch the silicon dioxide layer.
Deep reactive ion etching was then performed on the silicon, realizing the
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Figure 4. All-optical active on-chip non-reciprocal topological photonic device. a) Experimental active isolation ratio versus optical pumping flux. Red
and blue curves indicate Sy, — S,; at CW and CCW resonance frequencies, f,; and f;,, respectively, in comparison to the zero isolation without InSb
(gray). Schematic and image of the experimental setup are shown in the inset, where oblique incident laser pumps silicon under magnetic field B = 0.55
T. b) Experimental results of active critical points for CW (red) and CCW (blue) modes. The isolation ratio is actively tuned from 0 to max, and to 0. ¢,d)
Transmittance and phase spectra versus optical flux of 0.54 x 10°, 1.02 x 10°, 1.11 x 10°, and 1.61 x 10° W m~2, respectively.

etching depth of over 280 um. Back-grinding was utilized to reduce the
thickness to 190 um. The InSb was diced from a 2-inch wafer with a thick-
ness of 500 um and crystal orientation of (100). The carrier concentration
is from 3 x 10™ to 3 x 10" cm™3 at 77 K. The charge carrier mobility is
>4 x 10° cm?/(V-s). The polished side was attached to the silicon VPC
chip.

Experimental Setup: The terahertz signal was generated and received
using a Keysight N5222B Vector Network Analyzer (VNA), equipped with
two frequency extension modules (Z-325 and Z-500 type) operating within
the 325-500 GHz frequency band. The terahertz wave was coupled into
and out of the silicon chips via standard WR 2.2 hollow waveguides, fa-
cilitated by the taper couplers affixed to the silicon VPC chips. The VNA
was calibrated using the standard SOLT (Short, Open, Load, and Through)
waveguide calibration procedure, after which the complex S-parameters
were measured. An electromagnet (Phywe, 06480-01) was integrated to
achieve magnetic bias and controlled by a direct current power supplier
(Kepco Power Supply BOP36-28MG). The maximum applied magnetic
field was 0.632 T. A 525 nm fiber-coupled diode laser (STHL-525-6-105)
was employed for all-optical control of the isolation ratio, utilizing photon

Adv. Mater. 2025, 37, 2501711 2501711 (7 of 8)

energy (2.4 eV) larger than the silicon bandgap (1.1 eV). The laser beam is
obliquely incident onto the silicon side of the topological isolator chips,
due to the space constraints between the electromagnets. The Si-VPC
and InSb were held by two tweezers when sweeping the V,,g,, movable
through 3D moving stages. The minimum distance step in Figure 3ef is
50 um.

Numerical Analysis:  The band diagram of the topological edge state
was simulated using the finite-element method (COMSOL Multiphysics),
where the material layered on top of the silicon VPC possesses different ef-
fective permittivities along +x-directions. The simulated field profile of the
topological cavity was obtained using the time domain solver with finite
integration theory (CST Studio Suite). Data processing was performed in
MATLAB.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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