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Abstract: Exceptional points (EPs) in non-Hermitian sys-

tems have attracted significant interest due to their unique

behaviors, including novel wave propagation and radia-

tion. While EPs have been explored in various photonic

systems, their integration into standard photonic platforms

can expand their applicability to broader technological

domains. In this work, we propose and experimentally

demonstrate EPs in an integrated photonic strip waveg-

uide configuration, exhibiting unique deep wave penetra-

tion and uniform-intensity radiation profiles. By introduc-

ing the second-order grating on one side of the waveg-

uide, forward and backward propagating modes are cou-

pled both directly through second-order coupling and indi-

rectly through first-order coupling via a radiative interme-

diate mode. To describe the EP behavior in a strip con-

figuration, we introduce modified coupled-mode equations

that account for both transverse and longitudinal com-

ponents. These coupled-mode formulas reveal the forma-

tion of EPs in bandgap closure, achieved by numerically

optimizing the grating’s duty cycle to manipulate the first-

and second-order couplings simultaneously. Experimental

observations, consistent with simulations, confirm the EP

behavior, with symmetric transmission spectra and con-

stant radiation profiles at the EP wavelength, in contrast to

conventional exponential decay observed at detuned wave-

lengths. These results demonstrate the realization of EPs in a
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widely applicable stripwaveguide configuration, paving the

way for advanced EP applications in nonlinear and ultrafast

photonics, as well as advanced sensing technologies.

Keywords: exceptional points; waveguide; photonic inte-

grated circuit; non-Hermitian photonics

1 Introduction

In recent years, exceptional points (EPs) in non-Hermitian

systems have emerged as a revolutionary concept in pho-

tonics, enabling unique behaviors beyond the realm of

traditional Hermitian physics [1]. EPs are unique singu-

larities in the parameter space of non-Hermitian systems,

where two or more eigenvalues and their corresponding

eigenvectors simultaneously coalesce and become degen-

erate [1]–[3]. Over the last decades, EPs in nanophotonic

systems have been engineered to exhibit a range of novel

properties [4], such as nonreciprocal light propagation

[5]–[11], enhanced sensing [12]–[15], efficient mode conver-

sion [16]–[23], ultralow-threshold lasing [24]–[29].

A recent study showed how EPs in periodically modu-

latedmedia can lead to unconventional phenomena such as

deep wave penetration in lossy media and uniform radia-

tion profiles [30]. However, the EP behavior was observed

under a planar slab waveguide configuration, where the

horizontal dimension of the waveguide is assumed to be

infinite [30], [31]. This planar configuration, although effec-

tive for studying EPs and their basic properties, poses chal-

lenges for practical integration due to its large footprint.

Moreover, it limits further applications in nonlinear and

ultrafast optics, where higher field confinement is critical

for enhancing light–matter interactions [32], [33]. In com-

parison, the implementation of EPs in a strip waveguide

offers substantial advantages, including compact integra-

tion, higher field confinement, and compatibility with more

complex photonic structures.

In this work, we propose and experimentally demon-

strate an integrated photonic strip waveguide configura-

tion that exhibits EPs near the telecom wavelength. We

demonstrate this on a silicon nitride (SiN) platform, chosen

for its favorable optical properties, including low optical

loss, a broad transparency window spanning from visible
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to mid-infrared wavelengths, high Kerr nonlinearity, and

compatibility with CMOS fabrication processes [30]–[33]. By

introducing a second-order grating on one side of the SiN

strip waveguides, we impose a periodic modulation that

couples forward and backwardwaves, both directly and via

a radiative intermediary mode. Theoretical analysis reveals

the formation of EPs, which we optimize through fully vec-

torial electromagnetic simulations. Experimental observa-

tions, consistent with numerical simulations, reveal a dis-

tinct decay-freewave radiation profile at the EPwavelength,

while deviations from this wavelength exhibit conventional

exponentially decaying radiation.

2 Design of exceptional points

A schematic of the design in this work is shown in Figure 1.

The blue and gray regions represent SiN and silicon diox-

ide (SiO2), respectively. A uniform grating is patterned

on one side of the conventional strip waveguide, which

is simple to fabricate through a single etching process.

The SiN strip waveguide geometry is designed to sup-

port a fundamental TE mode in the near-infrared wave-

length range, with a height of h = 300 nm and a width

of 𝑤 = 1,200 nm. With this geometry, the effective refrac-

tive index is approximately neff ≈ 1.568 at wavelengths

near 1,550 nm. The grating is designed to support two dis-

tinctive couplings: direct coupling between forward- and

Figure 1: Schematic of the proposed strip waveguide structure for

exceptional points (EPs). The design features a second-order grating

etched into a SiN strip waveguide cladded by SiO2. The periodic grating

enables coupling between forward- and backward-propagating modes

through direct coupling facilitated by the second-order grating as well as

intermediate coupling mediated by the radiative mode. These two

couplings can be degenerated by engineering the duty cycle (DC=
a∕Λg) of the grating to realize EPs. Default geometric parameters are:

waveguide height h = 300 nm, width𝑤 = 1, 200 nm, etch width

𝑤etch = 400 nm, and grating periodicityΛg = 990 nm, unless otherwise

specified.

backward-propagating waves via the second-order grating

(m = 2), and indirect coupling through a near-vertical radi-

ation mode via the first-order grating (m = 1) [30], [34]. To

satisfy the phase-matching conditions for the above two

couplings, the periodicity Λg should follow Λg = 𝜆0∕neff ,
where neff should be the effective value in the grating, not

in the strip. For simplicity in device design, we set it as

Λg = 990 nm. The duty cycle (DC) of the grating is defined

as the ratio of the high-index region’s length to the total

periodicity (DC = a∕Λg). This DC plays as a key tuning

knob for controlling the coupling coefficients to achieve EPs.

The grating etching width 𝑤etch determines the coupling

strength between the forward- and backward-propagating

modes and also the radiation strength. Here, we fixed this

to be 𝑤etch = 400 nm, which is sufficient for observing the

EP characteristics of our devices.

2.1 Coupled-mode theory and bandgap
engineering for exceptional points

Our device, shown in Figure 1, can be effectively described

by the coupled mode theory (CMT) for second-order grat-

ings, with slight modifications to the formulations pre-

sented in Refs. [30], [34], [35]. As mentioned, our device

supports two distinctive couplings through grating orders

m = 1 andm = 2. The direct coupling between forward- and

backward-propagating modes via the second-order grating

(m = 2) is straightforward. However, the indirect coupling

intermediated by a radiation mode at m = 1 is not intu-

itive at a glance. At this grating order, a zero wavevector

exists in the system, resulting in an intermediary mode that

induces forward-backward coupling. This mode can arise

fromwaves traveling perpendicular to the original propaga-

tion direction or from local standing wave resonances and

is inherently lossy.

While the CMT for second-order gratings in Refs. [34],

[35] effectively describes EPs in 2D gratings [30], it is

limited to slab mode, where transverse electromagnetic

fields are clearly distinguished (no longitudinal compo-

nent exists). However, in strip or channel waveguides,

as in our configuration, the guided modes are inher-

ently quasi-mode, having both transverse and longitudi-

nal field components. This requires modifications to the

conventional CMT to capture the coupling dynamics in

a strip waveguide accurately. To address this, we fol-

low the approach described in Refs. [34], [35]. We denote

electric and magnetic fields of the forward propagating

mode as ea(x, y) = [ex(x, y), ey(x, y), ez(x, y)] and ha(x, y) =
[hx(x, y), hy(x, y), hz(x, y)], respectively. Similarly, the cor-

responding fields of the backward propagating mode

are denoted as eb(x, y) = [ex(x, y), ey(x, y),−ez(x, y)] and
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hb(x, y) = [−hx(x, y),−hy(x, y), hz(x, y)]. While the spatial

field distributions are identical for both propagation direc-

tions–since they represent the same mode–the longitudi-

nal field component ez(x, y) exhibits a sign reversal due

to the opposite propagation direction. This sign reversal

also applies to hx(x, y) and hy(x, y). Assuming that higher-

order diffractions rapidly decay and do not carry energy,

we can write total electric and magnetic fields in the

perturbed waveguide as a superposition of the forward

and backward propagating modes along with the radiative

mode [35]:

E(x, y, z) = A(z)eikgz ea(x, y)+ B(z)e−ikgz eb(x, y)

+ Erad(x, y, z), (1a)

H(x, y, z) = A(z)eikgz ha(x, y)+ B(z)e−ikgz hb(x, y)

+ Hrad(x, y, z), (1b)

where, A(z) and B(z) represent the modal amplitudes

of the forward and backward propagating modes,

respectively, described by A(z) exp(i𝜔b∕𝑣g × z) and

B(z) exp(−i𝜔b/𝑣g × z), along the z axis. The Bragg center

frequency 𝜔b is defined as 𝜔b = 2𝜋vg∕Λg, where 𝑣g

is the group velocity in the medium. The kg = 2𝜋∕Λg

represents the grating vector. The terms Erad(x, y, z) and

Hrad(x, y, z) represent the radiative electric and magnetic

field components, respectively, playing a key role in medi-

ating indirect coupling between forward and backward

propagating modes through first-order diffraction.

After substituting Eq. (1) in Maxwell’s equations and

rewriting the terms (see Supplementary Information), the

modified CMT for a second-order grating in a strip waveg-

uide can be represented as follows:

d

dz

[
A

B

]
=

⎡⎢⎢⎢⎣
iΔ𝜔
𝑣g

ih2

−ih2 − iΔ𝜔
𝑣g

⎤⎥⎥⎥⎦
[
A

B

]

+ h1t(A+ B)

[
−1
1

]

+ h1z(A− B)

[
1

1

]
, (2)

whereΔ𝜔 is the detuning from Bragg center frequency𝜔b.

The intrinsic material losses are neglected in these calcula-

tions. In thematrix, the off-diagonal element h2 corresponds

to the coupling coefficient from second-order diffraction,

which characterizes the direct coupling. On the other hand,

h1t and h1z describe the coupling via the radiative mode.

Notice that, unlike the CMT equation in Ref. [30], here we

introduce two terms to describe the distinct radiative cou-

plings, where h1t and h1z correspond to the indirect coupling

coefficients associated with transverse (x- and y-directions)

and longitudinal (z-direction) fields, respectively.

To qualitatively understand this, we should examine

how the stationary radiative mode facilitates coupling. The

radiative intermediate mode can generally coupled to both

stationary combinations of the two travelingwaves, defined

by the amplitudes (A+ B) and (A− B). In Ref. [30], coupling

to (A− B) is prohibited by symmetry, resulting in a bound

state in the continuum (BIC) mode [36]–[38]. Here, how-

ever, coupling to the (A− B) combination occurs because

the longitudinal electric field component Ez is present in

the strip waveguide and exhibits a sign inversion for the

back-propagating mode. This makes (A− B) the symmetric

combination forEz, while (A+ B) is anti-symmetric and thus

non-radiative. This phenomenon will be illustrated later

with simulation results.

For an infinite periodic medium, the complex eigen-

frequencies Δ𝜔1,2 can be obtained by directly solving the

differential equation [34]:

Δ𝜔1,2

𝑣g

= −i(h1t − h1z )±
√
(h2 + ih1 )

2 + k2. (3)

Here, h2 can be set to a real value by aligning the origin

z = 0 with the symmetry plane [35]. For simplicity, we sub-

stitute h1 = h1t + h1z. For the specific case of Re(h2 + ih1) =
0, the bandgap disappears at k = 0, leading to two degen-

erate modes at kEP = Re(h1), which correspond to EPs. This

condition is consistent with the slab grating configurations

reported in Ref. [30].

Note that, in realizing EPs, it is critical to engineer the

coupling ratio between the direct coupling h2 and indirect

coupling h1 to satisfy the condition Re(h2 + ih1) = 0. This

can be achieved by tailoring the DC of the second-order

grating [30]. To this end, we conducted bandgap simulations

on our SiN EPwaveguide using the 3Dfinite elementmethod

(FEM).

Figure 2(a) illustrates the unit cell of the proposed EP

waveguide. The waveguide consists of a 300 nm-thick SiN

core (𝑤 = 1,200 nm and 𝑤etch = 400 nm) cladded by the

SiO2. Floquet periodic boundary conditions are applied at

opposite boundaries of the unit cell along the propagation

direction. The real part of Ex for the two degenerate eigen-

modes are plotted in Figure 2(b) and (c), representing the

degenerate mode 1 and mode 2 indicated in Figure 2(e),

respectively. Note that, for the given unit cell period, Ex
of mode 1 in Figure 2(b) exhibits a symmetric field profile,

while Ex of mode 2 in Figure 2(c) exhibits an anti-symmetric

profile.
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Figure 2: Bandgap engineering of the second-order grating to realize EPs. (a) Perspective 3D schematic of the grating unit cell used in bandgap

simulations. (b, c) Field profiles (real EX ) of the two degenerate eigenmodes in the EP condition: (b) mode 1 with a symmetric field pattern and (c) mode

2 with an anti-symmetric pattern. The symmetric and anti-symmetric patterns are reversed for the Ez field. (d–f) Band diagrams for various duty cycles

(DCs): (d) 0.4, (e) 0.45, and (f) 0.5. Scatter plot markers represent the real part of eigenfrequencies obtained via the finite element method (FEM)

simulations, and solid curves correspond to the real part of the eigenfrequencies from coupled mode theory (CMT) calculations. Vertical lines and

shaded regions indicate the imaginary eigenfrequencies via FEM and CMT, respectively, representing the radiation loss. (g, h) Field profiles (imaginary

EX and EZ ) of the eigenmodes 1 and 2 marked in (e): (g) top view (xz-plane) and (h) cross-sectional view (xy-plane). In mode 1, radiation arises from the

symmetric EX component, while the anti-symmetric EZ remains non-radiative. Conversely, in mode 2, the anti-symmetric EX field does not contribute to

radiation, whereas the symmetric EZ component shows radiative behavior.

Figure 2(d)–(f) are the simulated bandgap diagrams

for DCs of (d) 0.4, (e) 0.45, and (f) 0.5, respectively. Scatter

marks represent the real parts of the FEM-simulated eigen-

frequencies, while vertical lines indicate their imaginary

parts. Solid lines and shaded regions show the correspond-

ing results obtained by CMT in Eq. (2), demonstrating excel-

lent agreement between FEM simulations and CMT analysis.

The coupling coefficients h1 and h2 are the key parame-

ters that can be obtained by modal profiles, Fourier coeffi-

cients, and Green functions [35]. More detailed calculations

are presented in Supplementary Information Section 1. At

DC = 0.45 (Figure 2(e)), the bandgap closes, indicating

the onset of EP conditions (thus, DCEP = 0.45). However,

deviations from DCEP reopens the bandgap, breaking the

degeneracy, as shown in Figure 2(d) and (f). Notably, the

band-flip phenomenon [39] is observed, where the upper

and lower band modes exchange positions. This behav-

ior highlights the critical role of DC tuning in achieving

EPs.

Figure 2(g) and (h) show the imaginary parts of the elec-

tric fields Ex and Ez for the EP waveguide. Figure 2(g) shows

the top view (xz-plane), while Figure 2(h) corresponds to the

cross-sectional view (xy-plane). The plots labeled 1 and 2

correspond to the red andblack bandsmarked in Figure 2(e)

at k = 0. Mode 1 exhibits strong radiation in the Ex field,

while the Ez field remains non-radiative. In contrast, mode
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2 shows no radiation in the Ex field but exhibits clear radia-

tion in the Ez field. This reversal in the radiative characteris-

tics of transverse (Ex) and longitudinal (Ez) field components

alignswith the CMTdiscussed earlier, where anti-symmetric

field profiles suppress radiation, while symmetric profiles

contribute radiative behavior. Specifically, mode 1 is char-

acterized by a symmetric Ex and an anti-symmetric Ez field

pattern in each unit cell, corresponding to (A = B), whereas

mode 2 exhibits an anti-symmetric Ex and a symmetric Ez
field, associated with (A = −B). As a result, both modes 1

and 2 exhibit some degree of radiation, originating from

either the transverse or longitudinal components, which

diminishes the BIC mode observed in a slab EP configura-

tion [30]. The radial patterns in Figure 2(h) exhibit strong

vertical radiation with minimal horizontal radiation. This

suggests that the radiation field profile can be effectively

observed using a top-view microscope image, which will

be presented later in this manuscript. The field profiles

of Ex and Ez outside the bandgap closing region, along

with the Ey field distributions, are presented in Supplemen-

tary Information Section 2.

2.2 Spectral response and flat radiation
profile at exceptional points

After confirming the bandgap closing in EP setting through

FEM simulations and CMT analysis, we now examine the

spectral characteristics and radiation profiles of the EP

waveguide with a finite grating length L. First, by solving

the CMT equation in Eq. (2) with boundary conditions A(z =
0) = 1 and B(z = L) = 0 under the EP condition [Re(h2 +
ih1) = 0], both A(z) and B(z) become linear functions, as

follows [30]:

A(z) = 1− Re(h1 )(z− L)

1+ Re(h1 )L
, (4a)

B(z) = Re(h1 )(z− L)

1+ Re(h1 )L
. (4b)

The radiation power P(z) can then be calculated as

P(z) ∝ | d
dz
(|A(z)|2 − |B(z)|2 )|, which simplifies to:

P(z) ∝ 2Re(h1 )

(1+ Re(h1 )L)
2
. (5)

Notably, under the EP condition, the radiation power

P(z) is constant across the grating, independent of the grat-

ing coordinate z. This constant power depends only on the

grating length L and coupling coefficient h1. This behavior

represents a unique radiation regime associated with EPs,

in contrast to the exponentially decaying radiation observed

in conventional gratings.

To confirm this non-trivial constant-intensity radia-

tion, we performed finite-difference time-domain (FDTD)

simulations on the same structure. To accommodate a

long grating with up to the number of periods N = 800,

we employed 2.5D FDTD simulations. Figure 3(a)–(c) show

the simulated transmission spectra of our EP waveguide,

where the fundamental TE mode was excited for differ-

ent DCs: (a) 0.4, (b) 0.45, and (c) 0.5. The number of grat-

ing periods was set to N = 400, making the entire grat-

ing length of L = ΛgN = 396 μm, whereΛg = 990 nm.With

these parameters, the EP wavelength appears at 𝜆EP ≈
1,545 nm. At DC = 0.40 (Figure 3(a)), the transmission spec-

trum exhibits an asymmetric Fano lineshape, character-

ized by a sharp peak and dip near 𝜆EP. At DC = 0.50

(Figure 3(c)), the spectrum shows a similar but inverted

Fano lineshape around the same wavelength. These non-

traditional transmission peaks arise from the interplay

between direct coupling and additional indirect radia-

tive coupling and more detailed mathematical descriptions

are provided in Section 3 of Supplementary Information. In

contrast, at DC = 0.45 (Figure 3(b)), the transmission spec-

trum becomes a symmetric lineshape, indicating the real-

ization of EPs [30]. At this specific DC, the resonant modes

coalesce, resulting in a balanced transmission profile with

minimal interference and a pure, symmetric resonance.

This symmetric profile reflects the unique conditions of the

EP, where the system exhibits degeneracy in both resonance

frequency and linewidth.

To further investigate the radiation profiles, we

recorded the radiation intensity 10 μm away from the

waveguide center. Figure 3(d) shows the normalized

electric field profile |E| of a radiated free-space beam at

EP wavelength (𝜆0 = 𝜆EP, red) and a detuned wavelength

(𝜆0 ≠ 𝜆EP, blue) across grating lengths corresponding to

N = 200, 400, 600, and 800 (from top to bottom). For the

EP-tuned wavelength, the beam intensity remains constant

across the entire grating length, independent of the grating

length, while for the detuned wavelength, the radiation

exhibits a conventional exponential decay profile. In every

radiation field, small oscillations appear, which might

be due to Fabry-Perot-type resonances caused by slight

reflections at each interface between the strip waveguide

and the grating region.

The distinct wave propagation regimes are further

highlighted by replotting Figure 3(d) for the detuned wave-

length (Figure 3(e)) and the EP wavelength (Figure 3(f)).

Figure 3(e) and (f) clearly compare the difference between

the conventional regime (detuned from EP) and the deep

wave penetration regime at the EP wavelength. For the

detuned wavelength 𝜆0 ≠ 𝜆EP, the radiation profile exhibits
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Figure 3: Spectral responses and radiation field profiles of the EP and non-EP gratings. (a–c) Simulated transmission spectra for devices with different

DCs: (a) DC= 0.4, (b) DC= 0.45, and (c) DC= 0.5. The spectra exhibit an asymmetric Fano lineshape for DC= 0.4 and 0.5 (non-EP), in contrast to

the symmetric response at DC= 0.45, which corresponds to the EP condition. (d) Normalized radiation field profiles |E| for the EP device in (b) along
the grating for lengths N = 200, 400, 600, and 800. Profiles are shown for cases where 𝜆0 ≠ 𝜆EP (blue) and 𝜆0 = 𝜆EP (red). (e, f) Replotted normalized|E| along the gratings: (e) for 𝜆0 ≠ 𝜆EP, the radiation exhibits conventional exponential decay. (f) For 𝜆0 = 𝜆EP, the radiation profile is decay-free,

showing uniform intensity across the entire grating, regardless of its length.

exponential decay. This arises from the uniform grating,

where an identical scattering rate is applied at each grating

period. That is, once the grating is extended long enough,

the input wave cannot penetrate deeply into the grating. In

contrast, at the EP-tunedwavelength𝜆0 = 𝜆EP, the radiation

profile is decay-free and remains constant, regardless of

the grating length. This unique characteristic of EPs enables

deep wave penetration with uniform radiation across the

entire grating. The radiated power decreases as the grating

length L increases, consistent with Eq. (5), which predicts

that radiation power is inversely proportional to the square

of the grating length. These results strongly align with pre-

dictions from CMT, further validating the unique radiation

characteristics associated with EPs.

3 Experimental results

For experimental validation of the EP waveguide, uni-

form grating waveguides with the dimensions specified in

Figure 1(a) were fabricated, with the exception of the grat-

ing periodicity. In this experiment, a grating period ofΛg =

980 nm was fabricated. A silicon wafer with a thermally

grown 10 μm-thick oxide box layer was used as a substrate.
A 300 nm thick SiN film was deposited via low-pressure

chemical vapor deposition (LPCVD). The grating and edge

couplers were patterned using electron-beam lithography,

followed by a reactive ion etching process and the deposi-

tion of a 1 μm-thick SiO2 top cladding in an LPCVD furnace.

The number of grating periods was set toN = 400, with DCs

of approximately 0.4, 0.45, and 0.5. Considering the fabri-

cation tolerances of ±5 nm, the potential DC variations are
estimated to be approximately ±0.01. A microscopic image

of one of the fabricated devices is shown in Figure 4(a),

while Figure 4(b) and (c) show the infrared camera images

capturing the radiative field profiles for the same device at

different wavelengths.

To characterize the devices, a tunable laser source

(Keysight 81608A) light was coupled to the fundamental TE

mode through tapered fiber-to-chip edge couplers. A polar-

ization controller placed after the laser source defined the

input polarization state. For light injection into the edge cou-

pler, lensed fiberswith amodefield diameter of≈5 μmwere

used. The output light signals were subsequently directed
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Figure 4: Experimental demonstration of the EP waveguide. (a) Optical microscope image of a fabricated device, showing the input/output ports and

radiation. (b, c) Infrared camera images of the EP waveguide (DC ≈ 0.45), capturing the radiation profiles with optical input from the left: (b) 𝜆0 ≠ 𝜆EP

and (c) 𝜆0 = 𝜆EP. At 𝜆0 = 𝜆EP, deep wave penetration through the devices and relatively flat radiation are observed, whereas 𝜆0 ≠ 𝜆EP results in

conventional exponential decay. (d–f) Measured transmission spectra for devices with DCs of approximately (d) 0.4, (e) 0.45, and (f) 0.5. The symmetric

spectrum at DC ≈ 0.45 confirms the EP condition, while the asymmetric Fano profiles at DC ≈ 0.4 and 0.5 indicate detuned configurations.

to the photodetector (Keysight 81635A) through the other

port of the chip. Simultaneously, infrared images were cap-

tured from the top (WiDy SenS 320), focusing slightly off

the waveguide surface to take the radiation beam profile.

Figure 4(d)–(f) plot the normalized transmission spectra for

devices with DCs of approximately 0.4, 0.45, and 0.5, respec-

tively. For DCs deviating from DCEP, the spectra exhibit an

asymmetric Fano lineshape, consistent with the simulated

results in Figure 3(a) and (c). This asymmetric profile arises

from interference between a discrete resonancemode and a

continuumof states, a hallmark of Fano resonance behavior

[40]. The two opposite Fano lineshapes are a strong indica-

tor for identifying an EP setting, suggesting that the EPs are

likely to exist between the two DCs. Indeed, at DC ≈ 0.45,

corresponding to DC= DCEP, the Fano asymmetry vanishes,

and the transmission spectrum becomes symmetric. This

symmetric resonance profile indicates the coalescence of

the system’s resonant modes at the EP, resulting in balanced

transmission with minimal interference.

Figure 4(b) and (c) show the captured radiation pro-

files at 𝜆0 ≠ 𝜆EP (≈ 1,550 nm) and 𝜆0 = 𝜆EP (≈ 1,477 nm),

respectively, for the EP device with DCEP ≈ 0.45. At the

detuned wavelength from 𝜆EP, the radiation beam exhibits

typical exponential decay, as shown in Figure 4(b). In con-

trast, at 𝜆0 = 𝜆EP, the radiation profile extends signifi-

cantly, approximating a uniform intensity distribution, as

shown in Figure 4(c). For identifying the 𝜆EP wavelength,

we referred to the spectral response in Figure 4(e), which

measured 𝜆EP ≈ 1,477 nm. We assume this 𝜆EP difference

between the simulations and experiments is due to the

discrepancy in periodicity and further fabrication imper-

fections. We also annealed the chip to lower the propaga-

tion loss, which might reduce the waveguide height as well

(we observed color difference in the waveguide under the

same microscope, which is a strong indicator of thickness

variations).

4 Conclusions

In this study, we proposed and experimentally demon-

strated EPs on a SiN strip waveguide, showing the uncon-

ventional deep-wave penetration and uniform-intensity

radiation profile, along with EP-indicating transmission
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characteristics. The one-side patterned second-order grat-

ing facilitates couplings between forward and backward

propagating waves, both via direct second-order coupling

and indirect first-order coupling through an intermediate

radiation mode. We introduced a modified CMT for second-

order grating that incorporates both transverse and longitu-

dinal field components, improving the theoretical descrip-

tion of coupling dynamics in strip waveguide-based second-

order grating configurations. Compared to slab-based mod-

els, which account only for transverse components, our

model reveals that the BICmode is not supported even at the

bandgap closure with EPs, due to the additional radiative

contribution from the longitudinal field component. The-

oretical analysis using CMT revealed the existence of EP

bandgap when the first- and second-order coupling coeffi-

cients h1 and h2 satisfy the condition Re(h2 + ih1) = 0. This

condition can be achieved by adjusting the DC, which con-

trols the ratio of h1 to h2. FEM simulations confirmed the

existence of EPs and identified 0.45 as the DCEP that balances

h1 and h2 to realize the EP band. The spectral characteristics

and radiation profiles of the EP waveguide were examined

through both FDTD numerical simulations and experimen-

tal measurements, which consistently demonstrated sym-

metric resonance lineshapes at DCEP and constant-intensity

radiation profiles at the EP wavelength (𝜆0 = 𝜆EP), in con-

trast to the asymmetric Fano lineshapes and exponential

decay observed at detuned conditions.

The implementation of EPs in SiN strip waveguides

offers significant potential for advancing integrated pho-

tonic applications, particularly by leveraging the high con-

finement of strip waveguides to enhance nonlinear pro-

cesses [41]. The unique and relatively underexplored roles

of EPs in nonlinear and ultrafast optics could be explored

through the enhanced optical density of states and EP prop-

erties, advancing processes such as frequency conversion,

optical parametric processes, and ultrafast light modula-

tion. Future research could explore these nonlinear effects

in EP-enabled SiN devices or in other material platforms,

particularly in configurations like coupled waveguides and

microresonators. Furthermore, EPs hold promise for other

applications, including enhanced sensitivity in optical sens-

ing [13] and optical mode conversion via encircling EPs [17],

[18], [21].

In conclusion, this work demonstrates the feasibility of

engineering EPs within SiN strip waveguides, contributing

to the advancement of non-Hermitian photonics. While we

focused on the implementation of EPs on a SiN platform,

the method outlined in this study can be extended to other

material platforms and wavelength regimes. By combining

the unique properties of EPs with the compactness and high

nonlinearity of the hosting material platform (e.g., SiN, as

in this study), this work establishes a foundation for next-

generation photonic devices, offering transformative poten-

tial for integrated photonics utilizing EPs.

Acknowledgment: Thisworkwas performed, in part, at the

Center for Integrated Nanotechnologies (CINT), an Office of

Science User Facility operated for the U.S. Department of

Energy Office of Science by Los Alamos National Labora-

tory and Sandia National Laboratories. The authors thank

Soomin Kang for helpful discussions contributing to the

theoretical analysis.

Research funding: Thisworkwas supported by theNational

Research Foundation of Korea (NRF) funded by the Korean

government (MSIT) (RS-2023-00210997, RS-2023-00283153)

and partially by the Electronics and Telecommunications

Research Institute (ETRI) grant funded by the CT R&D pro-

gram of MSIT/IITP (2019-0-00008).

Author contributions: SK conceived the idea. SH developed

theoretical analysis and performed simulations. MH fabri-

cated the samples. HY and SL characterized the samples.

SK supervised the project. All authors contributed to the

manuscript preparation. All authors have accepted respon-

sibility for the entire content of this manuscript and con-

sented to its submission to the journal, reviewed all the

results and approved the final version of the manuscript.

Conflict of interest: Authors state no conflict of interest.

Data availability: The datasets generated and/or analyzed

during the current study are available from the correspond-

ing author upon reasonable request.

References

[1] M.-A. Miri and A. Alu, “Exceptional points in optics and photonics,”

Science, vol. 363, no. 6422, p. eaar7709, 2019..

[2] Ş. K. Özdemir, S. Rotter, F. Nori, and L. Yang, “Parity-time symmetry

and exceptional points in photonics,” Nat. Mater., vol. 18, no. 8,

pp. 783−798, 2019..
[3] A. Li, et al., “Exceptional points and non-Hermitian photonics

at the nanoscale,” Nat. Nanotechnol., vol. 18, no. 7, pp. 706−720,
2023..

[4] H. Meng, Y. S. Ang, and C. H. Lee, “Exceptional points in

non-Hermitian systems: applications and recent developments,”

Appl. Phys. Lett., vol. 124, no. 6, 2024, https://doi.org/10.1063/5

.0183826.

[5] L. Feng, et al., “Experimental demonstration of a unidirectional

reflectionless parity-time metamaterial at optical frequencies,”

Nat. Mater., vol. 12, no. 2, pp. 108−113, 2013..
[6] L. Chang, et al., “Parity-time symmetry and variable optical

isolation in active−passive-coupled microresonators,” Nat.
Photonics, vol. 8, no. 7, pp. 524−529, 2014..

https://doi.org/10.1063/5.0183826
https://doi.org/10.1063/5.0183826


S. Hasanli et al.: Exceptional points in a passive strip waveguide — 1309

[7] Y. Huang, Y. Shen, C. Min, S. Fan, and G. Veronis, “Unidirectional

reflectionless light propagation at exceptional points,”

Nanophotonics, vol. 6, no. 5, pp. 977−996, 2017..
[8] B. Peng, et al., “Parity-time-symmetric whispering-gallery

microcavities,” Nat. Phys., vol. 10, no. 5, pp. 394−398, 2014..
[9] M. Peng, H. Zhang, Q. Zhang, T.-X. Lu, I. M. Mirza, and H. Jing,

“Nonreciprocal slow or fast light in anti-pt-symmetric

optomechanics,” Phys. Rev. A, vol. 107, no. 3, p. 033507, 2023..

[10] H. Lee, A. Kecebas, F. Wang, L. Chang, S. K. Özdemir, and T. Gu,

“Chiral exceptional point and coherent suppression of

backscattering in silicon microring with low loss mie scatterer,”

Elight, vol. 3, no. 1, p. 20, 2023..

[11] H. Lee, et al., “Chiral exceptional point enhanced active tuning and

nonreciprocity in micro-resonators,” arXiv preprint arXiv:2410.22535,

2024.

[12] H. Hodaei, et al., “Enhanced sensitivity at higher-order exceptional

points,” Nature, vol. 548, no. 7666, pp. 187−191, 2017..
[13] J. Wiersig, “Review of exceptional point-based sensors,” Photonics

Res., vol. 8, no. 9, pp. 1457−1467, 2020..
[14] M.-N. Zhang, L. Dong, L.-F. Wang, and Q.-A. Huang, “Exceptional

points enhance sensing in silicon micromechanical resonators,”

Microsyst. Nanoeng., vol. 10, no. 1, p. 12, 2024..

[15] W. Mao, Z. Fu, Y. Li, F. Li, and L. Yang, “Exceptional-point-enhanced

phase sensing,” Sci. Adv., vol. 10, no. 14, p. eadl5037, 2024..

[16] V. A. Vysloukh and Y. V. Kartashov, “Resonant mode conversion in

the waveguides with unbroken and broken pt symmetry,” Opt.

Lett., vol. 39, no. 20, pp. 5933−5936, 2014..
[17] J. Doppler, et al., “Dynamically encircling an exceptional point for

asymmetric mode switching,” Nature, vol. 537, no. 7618, pp. 76−79,
2016..

[18] J. W. Yoon, et al., “Time-asymmetric loop around an exceptional

point over the full optical communications band,” Nature, vol. 562,

no. 7725, pp. 86−90, 2018..
[19] H. K. Gandhi, A. Laha, S. Dey, and S. Ghosh, “Chirality breakdown in

the presence of multiple exceptional points and specific mode

excitation,” Opt. Lett., vol. 45, no. 6, pp. 1439−1442, 2020..
[20] A. Roy, S. Dey, A. Laha, A. Biswas, and S. Ghosh,

“Exceptional-point-induced asymmetric mode conversion in a

dual-core optical fiber segment,” Opt. Lett., vol. 47, no. 10,

pp. 2546−2549, 2022..
[21] G. Elbaz, A. Pick, N. Moiseyev, and G. Shmuel, “Encircling

exceptional points of Bloch waves: mode conversion and

anomalous scattering,” J. Phys. D: Appl. Phys., vol. 55, no. 23,

p. 235301, 2022..

[22] Q. Liu, T. Wang, Q. Lei, D. Zhao, and S. Ke, “Nonreciprocal

topological mode conversion by encircling an exceptional point in

dynamic waveguides,” Opt. Lett., vol. 48, no. 15, pp. 4089−4092,
2023..

[23] Y. Choi, Y. S. Choi, S. H. Song, K. Yu, N. Moiseyev, and J. W. Yoon, “A

principle of non-Hermitian wave modulators by indefinitely small

physical controls,” Laser Photonics Rev., vol. 17, no. 6, p. 2200580,

2023..

[24] L. Feng, Z. J. Wong, R.-M. Ma, Y. Wang, and X. Zhang, “Single-mode

laser by parity-time symmetry breaking,” Science, vol. 346,

no. 6212, pp. 972−975, 2014..
[25] M. Sakhdari, N. M. Estakhri, H. Bagci, and P.-Y. Chen,

“Low-threshold lasing and coherent perfect absorption in

generalized pt-symmetric optical structures,” Phys. Rev. Appl.,

vol. 10, no. 2, p. 024030, 2018..

[26] M. Y. Nada and F. Capolino, “Exceptional point of sixth-order

degeneracy in a modified coupled-resonator optical waveguide,”

JOSA B, vol. 37, no. 8, pp. 2319−2328, 2020..
[27] M. A. Masharin, A. Samusev, A. Bogdanov, I. Iorsh, H. V. Demir, and

S. Makarov, “Room-temperature exceptional-point-driven

polariton lasing from perovskite metasurface,” Adv. Funct. Mater.,

vol. 33, no. 22, p. 2215007, 2023..

[28] K. Zamir-Abramovich, N. Furman, A. Herrero-Parareda, F. Capolino,

and J. Scheuer, “Low-threshold lasing with a stationary inflection

point in a three-coupled-waveguide structure,” Phys. Rev. A,

vol. 108, no. 6, p. 063504, 2023..

[29] A. Fischer, et al., “Controlling lasing around exceptional points in

coupled nanolasers,” npj Nanophotonics, vol. 1, no. 1, p. 6,

2024..

[30] A. Yulaev, et al., “Exceptional points in lossy media lead to deep

polynomial wave penetration with spatially uniform power loss,”

Nat. Nanotechnol., vol. 17, no. 6, pp. 583−589, 2022..
[31] S. Kim, et al., “Photonic waveguide to free-space Gaussian beam

extreme mode converter,” Light Sci. Appl., vol. 7, no. 1, p. 72, 2018..

[32] S. Kim, et al., “Dispersion engineering and frequency comb

generation in thin silicon nitride concentric microresonators,” Nat.

Commun., vol. 8, no. 1, p. 372, 2017..

[33] W. Geng, et al., “Nonlinear photonics on integrated platforms,”

Nanophotonics, vol. 13, no. 18, pp. 3253−3278, 2024..
[34] A. Hardy, D. F. Welch, and W. Streifer, “Analysis of second-order

gratings,” IEEE J. Quantum Electron., vol. 25, no. 10, pp. 2096−2105,
1989..

[35] R. Kazarinov and C. Henry, “Second-order distributed feedback

lasers with mode selection provided by first-order radiation

losses,” IEEE J. Quantum Electron., vol. 21, no. 2, pp. 144−150, 1985..
[36] C. W. Hsu, B. Zhen, A. D. Stone, J. D. Joannopoulos, and M. Soljačić,

“Bound states in the continuum,” Nat. Rev. Mater., vol. 1, no. 9,

pp. 1−13, 2016..
[37] K. Koshelev, S. Lepeshov, M. Liu, A. Bogdanov, and Y. Kivshar,

“Asymmetric metasurfaces with high-q resonances governed by

bound states in the continuum,” Phys. Rev. Lett., vol. 121, no. 19,

p. 193903, 2018..

[38] F. Yesilkoy, et al., “Ultrasensitive hyperspectral imaging and

biodetection enabled by dielectric metasurfaces,” Nat. Photonics,

vol. 13, no. 6, pp. 390−396, 2019..
[39] S.-G. Lee and R. Magnusson, “Band flips and bound-state

transitions in leaky-mode photonic lattices,” Phys. Rev. B, vol. 99,

no. 4, p. 045304, 2019..

[40] A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, “Fano resonances

in nanoscale structures,” Rev. Mod. Phys., vol. 82, no. 3,

pp. 2257−2298, 2010..
[41] A. Pick, Z. Lin, W. Jin, and A. W. Rodriguez, “Enhanced nonlinear

frequency conversion and Purcell enhancement at exceptional

points,” Phys. Rev. B, vol. 96, no. 22, p. 224303, 2017..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2024-0701).

https://doi.org/10.1515/nanoph-2024-0701

	1 Introduction
	2 Design of exceptional points
	2.1 Coupled-mode theory and bandgap engineering for exceptional points
	2.2 Spectral response and flat radiation profile at exceptional points

	3 Experimental results
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


