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Leveraging the entire space of complex dielectric permittivity,
non-Hermitian photonics has fundamentally altered wave propagation

with complex optical potentials and has ushered in a host of new photonic
applications. Through parity-time symmetry and its breaking—a delicate
interplay between gain and loss—even the interaction between just two
entities becomes counter-intuitive and intriguing. Here we realize, through
hybrid IlI-V/Siintegration, a scalable non-Hermitian switching network
onatwo-layerintegrated photonic chip. Our platformis a hybrid, witha
bottomsiliconlayer and a top InGaAsP layer that provides optical gain. By

tuning the gainlevelin the top layer, vertically coupled waveguides operate
below or above the exceptional point, where light is switched across two
layers, among different input-output ports. For a single switching unit, the
switching dynamics are ultrafast, on the order of 100 ps. Inalarge switching
network, non-blocking and other diverse connectivities are established in
single-wavelength and wavelength-selective switching, with high extinction
ratios. Our approach adds scalable non-Hermitian switching to photonic
design toolkits to simultaneously boost the switching time and bandwidth
density to cutting-edge levels, therefore paving the way for compact and
ultrafast monolithic integrated silicon photonics in next-generation optical

information networks.

In today’s era of data-intensive applications and high-speed commu-
nication, the demand for efficient and scalable optical interconnects
has surged substantially across various domains such as data centres,
telecommunications, high-performance computing and beyond. A key
component ofin-package input/output and co-packaged optics mod-
ulesisanoptical switch thatis capable of real-time, high-speed routing
and modulation of optical signals within integrated circuits, preferably
enabling convenient integrationinto asilicon platform. Achieving these
goals requires simultaneously addressing two primary technologi-
cal challenges: rapid reconfigurability for high-speed routing; and an
increased bit rate for modulated lightinput per unitarea, accommodat-
ing awider spectral bandwidth in a more compact footprint, thatis, a
greater databandwidth density. Nevertheless, existing optical switch

platforms are subject to limitationsin one or more aspects, including
speed, footprint, scalability or spectral bandwidth, which often result
in aninability to simultaneously achieve a short switching time and a
high bandwidth density.

Mach-Zehnder interferometers (MZIs)'™* and microring resona-
tors (MRRs)*” are the most prevalent building blocks in constructing
silicon photonic networks. However, MZIs rely on two-arm interfer-
ence whichrequiresam-phase modulationin one arm, oftenresulting
in larger dimensions due to a limited change in the refractive index.
Conversely, MRRs face bandwidth constraints that adversely impact
their data processing capacity. Optical switches based on microelec-
tromechanical systems, on the other hand, offer notable advantages
in large-scale integration and design flexibility. However, owing to
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their intrinsically slow responses, their switching time is typically
limited to a range of tens to hundreds of nanoseconds®'>. Semicon-
ductor optical amplifier (SOA) switches based on IlI-V materials
offer a fast switching speed and commendable bandwidth, but such
switches often have a substantial device footprint and a high energy
consumption™, Hence, there is a pressing need for the develop-
ment of acompletely new platform to break this switching time-band-
width density trade-off and simultaneously push the boundaries on
both fronts.

Here we address this challenge, using a silicon waveguide net-
work with a heterogeneously integrated I1I-V semiconductor layer,
to demonstrate hybrid silicon photonic switching by bringing in
non-Hermiticity. Through such hybrid integration, waveguides in
bothlayers are coupled, utilizing the broad gain spectrum of the llI-V
semiconductor. More importantly, through non-Hermitian tuning,
the switching in our platform is now dictated by the non-Hermitian
phase transition, exhibiting drastically different properties below and
above the exceptional point due to distinctive characteristics associ-
ated with parity-time (PT) symmetry and its breaking'® . By virtue of
non-Hermiticity, three benefits arise: the spectral bandwidth of our
switch spans a broad range of the IlI-V material’s gain spectrum; the
device footprint in our system is minimized to the coupling length,
which enables complete power transfer between two PT symmetrically
coupled waveguides; and the switching time, owing to the compact
footprint, is also minimized, close to the I1I-V semiconductor’s car-
rier lifetime. Together they constitute a scalable optical switching
network with an ultrafast switching time and a high bandwidth den-
sity, capable of non-blocking signal routing and wavelength-selective
switching (WSS) inabroad telecom spectrum. In contrast to traditional
SOAs", our result highlights energy transfer between the 1lI-V and
silicon structures, not only marking a breakthroughinthe large-scale
integration of active gain elements on a silicon substrate with rich
programmable functionalities but also an advance in experimental
non-Hermitian physics.

The hybrid silicon photonic switching network (as demonstrated
in Fig. 1a) is based on an 8 x 8 silicon waveguide grid array that incor-
porates low-loss waveguide crossings to minimize the cross-talk of
light travelling in orthogonal directions in the silicon layer. In each
switching unit, the transition of guided light from the horizontal (x) to
the perpendicular (y) directionis achieved through a curved InGaAsP
waveguide with a 90° bend heterogeneously integrated on top of the
silicon waveguides. The coupling between the InGaAsP and silicon
waveguides is controlled by an oxide layer (SiO,) between them and
further tuned by manipulating the gain of InGaAsP through optical
pumping. It can facilitate the transfer of input light horizontally from
the silicon waveguide to the InGaAsP waveguide, redirecting it per-
pendicularly, and subsequently dropping it to the silicon waveguide
beneath. In this scenario, the effective Hamiltonian of the coupled
InGaAsP-Siwaveguides can be written as

(2 nni)
H= , 1
K B, +ig

where 3, is thereal part of the wavevector of the guided mode in the sili-
conwaveguide, §,is the real part of the wavevector of the guided mode
intheInGaAsP waveguide, respectively, grepresents theimaginary part
of the wavevector in the InGaAsP waveguide (with g> O for gain and
g<0forloss) and k denotes the intrinsic coupling constant between
the twowaveguides, which s related to the thickness of the oxide layer.
Theimaginaryindex of silicon, compared with that of InGaAsP, is neg-
ligible and thus ignored in our derivation. To ensure that 8, =3, =3,
(that is, no wavevector mismatch, where S, is the common real part
of the wavevectors in the two waveguides) and to facilitate complete
energy transfer between the two waveguides, the cross-sections of
the waveguides are carefully designed: 600 x 250 nm for the silicon

waveguide and 750 x 270 nm for the InGaAsP waveguide. With input
fromthe silicon waveguide travelling along the x direction, the evolu-
tion of the optical mode in the two waveguides is

a(x —igoxp% [ cos(gx—6
( 1())=e B e [ (Cl ):|7 (2)
cos @

a(x) —isin(gx)

where q,(x) is the electric field in the silicon waveguide and a,(x) isthe
electric field in the InGaAsP waveguide, and 6 = — sin_l(g/ZK) and
g = kcos 6. Note that 0 (and g) are real (imaginary) in the PT-symmetric
(PT-broken) phase, where |g| < 2|k|(|g] > 2|]).

Inthis coupled waveguide system, the non-Hermiticity (thatis, g)
controls the PT symmetry breaking of the system: |g| < 2|x| for the
PT-symmetric phase and |g| > 2|k| for the PT-broken phase. In the
absence of external pumping, InGaAsPisinherently lossy with|g| > 2|«|,
placing the systemin the PT-broken phase where the two waveguides
are effectively decoupled. In this state, the system remains ‘off’ with
theinputlight staying in the silicon waveguide and travelling directly
to the through port (Fig. 1b). External pumping on InGaAsP turns the
material loss into gain, leading to a phase transition into the
PT-symmetric phase with |g| < 2|«|. Inthis state, the coupling between
the two waveguides is ‘on’, enabling energy transfer between them
(Fig. 1c). According to equation (2), the condition of cos(gx — 8) = 0
corresponds to complete power transfer from the silicon waveguide
to the InGaAsP waveguide, defining the coupling length L needed

m
0+5

between two waveguides: L =
Section1).

The hybrid silicon photonic switching network was fabricated
using wafer bonding for the heterogeneous integration of InGaAsP
with silicon, followed by overlay electron-beam lithography (Fig. 2a;
see Methods and Extended Data Fig. 1). To minimize the reflection
induced by a complex optical potential”, both ends of the InGaAsP
waveguide are tapered to ensure smooth mode transitions (see Sup-
plementary Section 1for details). The device was characterized using
apulsedinput laser at a wavelength of 1,490 nmwith a pulse duration
of 10 ns, synchronized with the patterned illumination on the curved
InGaAsP waveguide from a pump laser at a wavelength of 1,064 nm
with a pulse duration of 20 ns. To achieve a high extinction ratio, the
thickness of the oxide layer between the two waveguides must be
meticulously designed. Inthe onstate, its resultant intrinsic coupling
(k) is sufficiently high to facilitate energy transfer over ashort distance,
ensuring a compact device footprint for high-density integration.
Conversely, in the off state, the large contrast in the imaginary index
between silicon and InGaAsP reverses the effective coupling from
k, leading to a sufficiently low coupling strength to minimize modal
loss despite the material loss of InGaAsP in the absence of pump. In
our case with an oxide layer thickness of 325 nm, the transmission
spectrum of a single switching unit, as a function of the pump power
that shifts InGaAsP from loss to gain, exhibits high extinction ratios
between the on and off states: 15 dB at the through port and 37 dB at
the drop port (Fig. 2b; see Methods, Extended Data Fig. 2 and Supple-
mentary Section 2 for more details). Note that in the on state, optical
gain amplifies the mode resulting in an increased transmission to the
drop port. Moreover, time-correlated measurements (see Methods,
Extended Data Fig. 2 and Supplementary Section 3) show an ultrafast
switchingresponse (At, corresponding to therelative delay timein peak
positions) on the order of100 ps (Fig. 2c,d). As our photonic switching
relies onthe active excitation of carriersin InGaAsP, the response time
is consistent with the carrier lifetime and rise time reported previously
in the literature®®* and at least an order of magnitude faster than the
current state-of-the-art optical switch array>**",

For our single switch units with the through ports cascading
horizontally and the drop ports cascading vertically in two dimensions,

=30pum (see Supplementary
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Fig.1|III-V/Sihybrid photonic switch. a, Schematic of the switch array.
Silicon waveguides on the bottom layer are shown in grey, whereas the InGaAsP
waveguides on the top layer are shown in blue (not pumped) or red (pumped).
The pump patternis depicted via the orange shading. The signal light (depicted
withyellow shading) from eachinput port (I,-Ig) is routed to the perpendicular
direction at the pumped unit, then to the target output port (0,-Os). The inset
shows the layer information of the waveguides in the coupling region. BOX,
buried oxide. b, Working principle of a single switch unitin the ‘off’ state. In

the leftimage, the InGaAsP waveguide is very lossy due to the absence of pump
light, resulting in the system working in the PT-broken phase. Most of the light
staysin thesilicon layer and goes directly to the through port. The rightimage

shows energy flow in the coupling region in the x direction. ¢, Working principle
ofasingle switch unitin the ‘on’ state. The pump light provides gain to the
InGaAsP waveguide on the top layer, resulting in the system operating in the
PT-symmetric phase. In the leftimage, input light from the silicon waveguide on
the bottom layer is coupled to the upper InGaAsP layer and then coupled back to
the perpendicular bottomssilicon layer, and finally travels to the drop port. The
rightimage shows energy flow in the coupling region in the x direction before the
crossing.Inband ¢, the scale bar represents the dimensions in the x direction,
whereas the zdirection has been stretched by a factor of 1.5 to better visualize the
layer information.

we form our non-blocking switch network (Fig. 3). Switching and
routing within the network is defined by the pumping strategy. An
optical signal from a certain input port remains horizontal before it
reaches the pumped switch, and remains vertical afterwards until it
reaches the output port. Inside the pumped switch, non-Hermitian
PT-symmetric hybrid waveguides bend the light downwards. To verify
the non-blocking connectivity, we tested our switchesinan 8 x 8 net-
work (Fig. 3a) with an input wavelength of 1,490 nm. The L-shaped
regions for optical pumping were generated via a spatial light modu-
lator (SLM). We denote our input state across ports I, to Ig by a vector
with the Booleanintensity level (O or1) ateach port, and we measured
the signalsacross the eight output ports, O,-Og, using amonochroma-
tor (see Methods, Extended Data Fig. 2 and Supplementary Section 5
for experimental details). In Fig. 3b-d, we show images taken using a

charge-coupled device (CCD) camerafor three such vectors whenthe
diagonal elements are pumped in the network. Strong signals from
the desired output port(s) can be clearly seen, while the rest of the
output ports stay dark. For 15 input vectors with one, four or all port(s)
launched, we achieved port-to-port non-blocking switching for all
of them, with only 3.1% average intensity cross-talk to the undesired
ports (Fig. 3e; see Supplementary Section 5 for more information).
We attribute this small cross-talk mainly to the unavoidable collection
of the scattering light from the input port and the imperfect pump
pattern generation from the SLM, where the pump region is blurred
and the pump light overstepsits boundary with adjacent switch units.
Furthermore, our switch network can be dynamically reconfigured
withits non-blocking feature maintained, by redistributing the pump
placements (Fig. 3f,g). The new input-output connectivity can also

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-024-01579-9

InGaAsP
waveguide

Single switch unit

Drop portl

C
1.5
—— Pump pulse
_ —— Signal pulse | 3.0
]
c
=1
8 10f
o
o
x
o
82
>
2 o5
o
€
S
a
]
-10 o] 10 20

Time (ns)

Fig. 2| Characterization of a single switch unit. a, Scanning electron
microscopy images of the switch. Left: a single switch unit (outlined by the white
dashed box) in the switch array. Top right: expanded and tilted view of area
highlighted by the red dashed square in the left image. Bottom right: false-colour
image of the area highlighted by the green dashed square in the top-right image,
expanded further to show the layer information. E-beam, electron-beam.

b, Transmission of the through and drop ports as a function of the pump power.
The working ranges of the on and off states are depicted by the red and blue
shaded areas, respectively (see Supplementary Section 4 for amore detailed
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analysis on the insertion loss). ¢, Time response of a single switch unit measured
viatime-correlated single photon counting. The blue curve shows the pump
pulse collected from the surface of the sample, and the red curve shows the
signal pulse collected from the drop port, with a relative peak position delay
of110 + 38 ps. The time zero is set to be the peak position of the pump pulse.

d, Expanded view of the dashed box in ¢, showing the peak positions of the
pump and signal pulses, highlighted by the vertical blue and red dashed lines,
respectively.

be securely established, with minimal cross-talk (2.7% in Fig. 3f and
3.0%inFig.3g).

Incorporating spectral parallelism into our switch network, we
next demonstrate WSS. Wavelength selectivity isintroduced by adding
MRRswith various spectral resonances to the input ports (Fig. 4a). With
this design, each row in our network will now possess a distinct spec-
tral component. For these experiments, we chose three wavelength
(A,5) values, at 1,470, 1,490 and 1,510 nm, a bandwidth that spans a
broad range of 40 nm, leveraging the broad gain spectrum (see Supple-
mentary Section 8) of active semiconductors for WSS. These spectral
components were multiplexed and simultaneously launched into the
switchnetwork from acommoninput stream (Fig. 4a). Using the same
pumpingstrategy asin Fig. 3, wefirst establish one-to-one non-blocking
connectivity (Fig. 4b), where three wavelengths are switched among
five outputs with an extinction ratio (the largest versus the second
largest output port intensities at one wavelength) of over 17 dB for all
wavelength components. More importantly, withthe spectral orthogo-
nality in WSS, more diverse connectivities can berealized by adopting
more diverse pumping strategies. By pumping multiple switches within
the same column, multiple inputs can now be switched and routed
to the same output port (multiple-to-one), where different spectral
components are well-separated using the spectrum measurement,
with a minimum extinction ratio of 16 dB (Fig. 4c,d). One-to-multiple
connectivityisalso viable (Fig. 4e), through the wavevector mismatch
between the waveguidesin two layers. We can control the widths of the
waveguides such that PT-symmetric pumping does not bring about
complete power transfer to the top layer—non-trivialamount of power

still resides in the bottom silicon layer, extending into subsequent
switches and making one-to-multiple connectivity possible when
multiple switches are pumped in the same row (see Supplementary
Section 9). With a versatile pumping strategy, therefore, WSS in our
switch networkis equipped with adiverse, flexible and reconfigurable
input-output connectivity.

We have demonstrated a non-Hermitian hybrid silicon photonic
switch that is distinct from the existing models and has the potential
to boost the on-chip data bandwidth density by around three orders
of magnitude (see Supplementary Sections 8 and 10). In terms of the
switching mechanism, non-Hermitian phase transition across the
exceptional point determines the flow of light exiting the two-layer
hybrid silicon switch unit. Compared with non-Hermitian mode switch-
ing between two states of the same Hamiltonian®**', the switching here
in our work occurs between the PT-symmetric and -broken phases of
two different Hamiltonians, dynamically tuned by the gain-loss param-
eter g. In particular, such continuous tunability across the PT phase
diagram makes our platformideal for studies with rich non-Hermitian
physics, such as slow light at the exceptional point*>*. Of the many
metrics for evaluating an optical switch, our switch excels in size and
switching time, witha compactfootprint of only 85 x 85 pum per unitand
aswitching time onthe order of 100 ps, approaching the fundamental
limit of the carrier lifetime and rise time in InGaAsP with full utiliza-
tion of its broad spectral bandwidth. In a network with the large-scale
and tunable non-Hermitian functionalities formed by our scalable
switch, versatile pumping strategies generate diverse input-output
connectivity, where an excellent extinction ratio is sustained across
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Fig.3|Characterization ofan8 x 8switch. a, Optical microscopeimage of the
8 x 8 switch array. b-d, CCD image of the measurement with the diagonal pump
but different input vectors: input vector 00000001 with an input only at port Ig
(b), input vector 01010101 with inputs at ports|,, I, I and I (c) and input vector
11111111 with inputs at all of the ports (d). The intensity of photoluminescence has
beensubtracted. e-g, Output intensity measured at each output port (0,-Og)
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for three different pump patterns. Each output port is normalized individually
across 15 different input vectors (I1,1;1,15151,15). The inset in each figure shows
the pump pattern (shaded inred). Our device architecture offers sufficient
scalability, where our current 8 x 8 switching network can be fully scalable to a
higher dimensionality (see, for example, Supplementary Section 6).
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Fig. 4 | Demonstration of WSS. a, False-colour schematic of the working
principle, whichincludes three parts: multiwavelength input (withA,=1,470 nm,
1,=1,490 nmand A, =1,510 nm), demultiplexing (MRRs filtering different
wavelengths to different channels) and switching and multiplexing (with the
switch array routing and combining the light to horizontal output ports).

Output ports

b, Schematic of one-to-one switching (left) and the corresponding measured
result (right). c-e, Schematics of switching (left) and the measured results (right)
for two-to-one switching (c), multiple-to-one switching (d) and one-to-multiple
switching (e). Inb-e, output signal is normalized by the through portintensity
(see Supplementary Section 7 for details).

various switching scenarios and multiple wavelengths in the S band.
Our non-Hermitian hybrid architecture with InGaAsP integrated on
top of silicon photonics is universal, providing opportunities for the
exploration of gain materials with nonlinear responses in other visible
and optical communication bands***. Inaddition, our non-Hermitian
hybrid switch is compatible with electrically pumped platforms,
which can be monolithically integrated with silicon photonics®%,
forlarge-scale and high-dimensional information processingin optical
communication and computing tasks.
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Methods

Sample fabrication

The fabrication flow of the IlI-V/Si hybrid photonic switch is shown
in Extended Data Fig. 1. Thermal oxidation was first performed on
the silicon-on-insulator (SOI) wafer to form a layer of SiO, on the top
of silicon layer. Then the wafer was diced to chip scale, patterned via
electron-beam lithography using the ZEP520A positive resist. After
developing in o-xylene, the SiO, layer was dry-etched in inductively
coupled plasmawith CHF;, and thenthesiliconlayer was dry-etched via
reactive-ion etching with SF,/C,F. The patterned sample was cleanedin
N-methyl-2-pyrrolidone, acetone and isopropyl alcohol to remove the
resistand other surface contaminants. Both the patterned SOl chip and
the unpatterned IlI-V chip with an InGaAsP multi-quantum well and InP
substrate were treated with O, plasma in the asher, for surface activa-
tion and further cleaning. The IlI-V chip was flipped and bonded with
the SOl chip using a customized clamping tool, thenannealed at 300 °C
for 15-20 h. After the InP substrate had been removed by a 3:1 mixture
of hydrochloric acid and water, the bonded hybrid chip was patterned
viaelectron-beamlithography again with the alignment process, where
hydrogen silsesquioxane solution in methyl isobutyl ketone was used
as a negative resist (with a flowable oxide (FOX15) to methyl isobutyl
ketone ratio of 2:3). The resist was developed in tetramethylammo-
nium hydroxide solution (MFCD-26) and rinsed in deionized water.
TheInGaAsP multi-quantum well waslater dry-etched withinductively
coupled plasmain a mixture of BCl; and argon gas. Finally, a SiO, clad-
ding was deposited via plasma-enhanced chemical vapour deposition.

Optical characterization

Aschematicof the experimental set-up for optical characterizationis
shown in Extended Data Fig. 2. The input signal laser at 1,490 nm (or
1,470 nm/1,510 nm, repetitionrate 10-1000 kHz, adjustable pulse width
downto<10 ns) was electrically triggered by the pump laser (1,064 nm,
tunablerepetitionrate at10-150 kHz, pulse width ~7-20 ns depending
onthepulse energy). Details of the working principles of this set-up are
discussed in the following sections.

Pump beam. The pump laser was coupled into afibre delay line through
afibre collimator, then coupled back to free space to another delay line
for finer delay tuning. These two delay lines compensate the relative
delay of the electrical triggering between the signal and the pump lasers.
The pump beam was expanded and then attenuated using a variable
neutral density filter. The pump pattern (only when measuring the large
switch array) was generated by the SLM with a computer-generated
hologram. A longpass dichroic mirror (1,180 nm cut-on wavelength),
which reflects the pump beam but passes the signal beam, merges the
input pump and signal beam, and filters out most of the pump light
reflected fromthe sample surface. The objective (x10 or x20, depending
onthe sample size) was used for both input and imaging.

Signal beam. The signal beam first passed through a half-wave plate
thatalignsits polarization with the input grating couplersontheinte-
grated switching array for maximum input efficiency. The beam was
then expanded and collimated using a pair of lenses, reflected by a
polarizing beamsplitter, and focused onto the sample.

Imaging system. The imaging system consists of a CCD camera and
a1,490 nm bandpass filter (BPF) with a full-width at half-maximum
of 12 nm (or a longpass filter, cut-on wavelength 1,350 nm) to filter
out the pump light reflected from the sample surface. The polarizing
beamsplitter also blocks the vertically polarized input light so that the
intensity of the scattered light from the input beam can be minimized
during imaging of the output grating couplers.

Spectrum characterization. Light exiting the output grating couplers
fromthe chip was redirected to the spectrum-characterization system

usinga flip mirror (FM1), and then focused at the input slit of the mono-
chromator using a x5 objective. The spectrum was collected by the
InGaAs detector connected with the lock-in amplifier, with an optical
chopper applied along the optical path to maximize the signal-to-noise
ratio. Aniris (Iris 1) was placed in the image plane so that the desired
output port canbeselected in the camera and spatially filtered before
measurement of the spectrum.

Time-response measurement. The light collected from the sample
was redirected via another flip mirror (FM2) for time-response meas-
urement. Here the light is also selected and filtered using another iris
(Iris 2) onthe image plane, monitoring by another CCD camera. When
flip mirror FM3 was laid down, the light was split into two paths by a
beamsplitter, and attenuated with a pair of variable neutral density
filters to the single-photon level. The downward path measures the
signal light from the output grating couplers on the sample, with a
1,490 nm BPF in front of the single-photon avalanche diode detector
(SPAD1). The other path measures the pump light witha1,064 nm BPF
infrontof the detector SPAD2. Both detectors were connected with the
event timer, which was electrically triggered by the pump laser so that
the histogram of therelative delay between the two optical pulses and
the electrical signal can be measured. Further details are discussed in
Supplementary Section 3.

Data availability

Source data are provided with this paper. All other data that support
other findings of this study are available fromthe corresponding author
uponreasonablerequest.
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