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1. Introduction

Modern photonic technologies can offer various advantages over
purely electronic ones, including faster signal processing and low
energy consumption based on specially designed micro- and
nanoscale devices. Optical chips for various applications such as
LiDARs," biosensors® and optical computers that transmit and
process information using photons are under development.® The
main components of such devices, regardless of the specific task
being solved, are light sources and waveguides that transmit and
redirect optical radiation.” Silicon is one of the most commonly
used semiconductors in nanophotonics technology for wave-
guides, with a transmission region corresponding to the infrared
region of the spectrum.”® However, silicon is not suitable for direct
light generation, therefore efficient Si waveguide-compatible emit-
ters operating effectively at these wavelengths are needed. It
defines interest of the integrated photonics community to devel-
opment of a new generation of light sources on a chip compatible
with modern semiconductor technologies for increasing photo-
and electroluminescence based on various emitter mechanisms
such as Errelated light sources, Ge-on-Si lasers, III-V-based Si
lasers and etc.”

Special attention is paid to excitonic light sources.® They
offer several advantages, including strong light-matter inter-
action, unique optical properties, wide spectral range, the
potential for quantum devices and all-optical transistors.’ They
are highly efficient, versatile, and enable precise control of light
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inspiring possibilities for creating new on-chip light emitters for various integrated photonics applications.

emission properties.'® Excitonic devices hold potential for

quantum computation, while all-optical transistors offer new
possibilities for signal processing.'" One of the most promising
sources of excitonic luminescence with high-efficient coupling
to waveguides are 2D materials, due to their large exciton
binding energy, which can reach hundreds of meV.'> 2D mate-
rials can be easily integrated into other systems or devices,"*'*
as well as assembled into heterostructures with the desired
functionality.">"®

Transition metal dichalcogenides (TMDs) are widely known 2D
materials as perfect sources of excitonic photoluminescence.'>"”°
The dipole moment orientation of excitonic emitters determines
their coupling to waveguides. In case of TMDs, dipole moments
of bright excitons are randomly oriented in-plane that lowers
the efficiency of their radiation coupling to waveguides.>' Con-
trary, gray excitons, found in thin films of layered III-VI mono-
chalcogenides like InSe, can be potentially suitable to solve this
problem.?** These excitons allow the electron and hole to be
separated into different layers, creating a dipole with an out-of-
plane orientation.*

InSe offers the large band-gap tunability: its optical band
gap blue-shifts as the number of layers decrease.”® InSe has weak
electron-phonon scattering® and a low effective mass,”**° result-
ing in high carriers mobility. The absence of inversion symmetry in
certain polytypes of InSe crystals enables second-harmonic genera-
tion for all layer thicknesses.*® These properties make InSe a great
choice for various photonic and optoelectronic applications.*

Efficient delivery of radiation from the emitter directly to the
integrated circuit requires strong optical coupling between the
emitter and the on-chip waveguide system. Such on-chip
systems can be a compound of a large number of subwave-
length particles supporting excitation of optical resonances.
All-dielectric nanoparticles made of transparent materials with

This journal is © The Royal Society of Chemistry 2026
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Si waveguide

Fig. 1 The sketch showing optical coupling between the resonant silicon
waveguide structure and the excitonic source localized in the InSe film.

a high refractive index are becoming increasingly popular alter-
natives to metal-based ones for light control in an integrated
circuit.**® These particles support excitation of both electric
(ED) and magnetic (MD) dipole Mie resonances and are compa-
tible with modern complementary metal-oxide-semiconductor
technologies (CMOS). By arranging such nanoantennas into
one-dimensional chains and exciting the MD resonance in each
particle, it is possible to achieve efficient propagation of radiation
along the chain due to near-field optical coupling between
neighboring particles.>® It has been shown numerically, that
placing InSe thin films and TMD heterostructures on such chains
leads to increased optical coupling with the waveguide.*>*

In this study, we experimentally demonstrate efficient cou-
pling between integrated resonant waveguide structure based
on Mie-type nanoparticles and thin films of InSe. To this end we
fabricate silicon waveguides with embedded Mie nanoantennas
and InSe flakes of specific thicknesses placed on the waveguides
(see SI, Section S1 for the fabrication details). They support MD
excitation which is field-complementary with excitonic emitters
localized on defects in the InSe film covering the waveguide
(Fig. 1). Micro-photoluminescence (u-PL) experiments demon-
strate an increase in emission intensity due to the enhancement
of the optical coupling of the emitted light with the waveguide
structure on the chip and due to the Purcell effect associated
with the local field resonant enhancement. We support our
experimental findings with numerical simulations that show
the efficient coupling between out-of-plane excitons and inte-
grated waveguides composed of resonant Si nanoparticles.

2. Sample under study

A typical array of silicon resonant nanoparticles waveguide
(RW) made of a SOI-based wafer with a 2 um-thick oxide layer
and 220 nm-thick Si layer is shown in Fig. 2(a-d). The sample
consists of several parts: a central part in the form of silicon
nanodisks shaped as truncated cones and two 140 + 5 nm-wide
strips with the grating couplers at the edges (Fig. 2(a and b)).
The distance between the disks is 50 + 5 nm, the diameter
of the disks is 220 = 10 nm and the height of the disks is

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Scanning electron microscope (SEM) image of the chain before
the film transfer. (b) Optical microscope image of the sample. (c) SEM
image of the grating at the end of the waveguide. (d) SEM image of the
chain combined with the InSe film.

170 £ 5 nm. Inter-disk spacing of 50 nm is chosen based on
fabrication constraints, specifically the resolution limits of
lithography and etching. Increasing the inter-disk spacing
significantly reduces the near-field coupling between disks,
thereby degrading the overall transmission through the wave-
guide (see SI, Section S7). Nanoparticle parameters are selected
to increase the efficiency of optical coupling between dipole
emitters in InSe film and resonant waveguides due to the
excitation of Mie-type resonances in the disks.*’ More specifi-
cally, the geometric parameters are selected to resonantly excite
modes within the spectral range corresponding to the InSe
film’s emission wavelength (approximately 950-960 nm). To
achieve this, we conducted numerical simulations of a single
nanodisk under plane wave excitation with polarization
perpendicular to the sample plane, as well as simulations of a
nanodisk within the chain excited by a TM mode source through
the waveguide input port. The results, presented in SI Section
S8, reveal enhanced scattering within the target spectral region,
confirming that the chosen disk dimensions optimize coupling
efficiency by aligning the resonant scattering with the InSe
emission spectrum. There are two focusing grating couplers at
the ends of the waveguides, which are used to direct light out of
the chip for measuring the fraction of radiation coupled to and
transmitted through the waveguide (Fig. 2(c)). A silicon slab
with a thickness of 50 = 5 nm is also formed between the
substrate and the waveguide system, and the total height of the
structure is 220 £+ 10 nm. Numerical modelling of the system using
the finite-difference time-domain (FDTD) method shows that this
feature of the manufactured sample does not have any significant
effect on the optical properties of the system under study. For the pi-
PL measurements, a reference array of conventional rib waveguides
(CW) without chain of nanodisks is also fabricated.

Further, the InSe flake obtained by employing the mechan-
ical exfoliation technique is transferred onto the central part of
the waveguide. Fig. 2(b, ¢ and d) show the combination of the
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film and RW in the experimental sample. The average film
thickness measured by atomic force microscopy is 15 &+ 5 nm.
This value is optimal because, on the one hand, reducing the
thickness of the film would lead to a blueshift in the photo-
luminescence spectrum®® and, on the other hand, increasing
the thickness can negatively affect the transmission of the
hybrid waveguide. Additional modeling (see SI, Section S10)
demonstrates that for film thicknesses below approximately
40 nm, the coupling efficiency remains largely unchanged.
However, for thicker films, the spectral overlap between the
nanodisks’ resonance and the film’s emission spectrum
decreases, leading to a reduction in the coupling efficiency.

3. Optical spectroscopy
measurements

We perform the optical spectroscopy to characterize the reso-
nant waveguide systems fabricated in our experiments. In these
measurements, we use a home-built setup, the detailed repre-
sentation of which is shown in SI, Section S3.

A schematic illustration of the experimental configuration in
reflection scheme is shown by the inset image in Fig. 3. It
enables simultaneous visualization of the entire sample, as well
as the focusing of laser light on the input grating. Moreover, it
allows the radiation transmitted by the output grating to be
collected and spatially filtered. The TM-polarization of the laser
beam is selected by the Glan-Taylor prism. The measured
transmission spectrum of the RW is further normalized to
the same spectrum obtained for the CW.

The experimental dependence of the relative transmission
on the wavelength is shown in Fig. 3 by the red curve. The
maximum at 915 nm corresponds to the most efficient optical
coupling between the nanoparticles of the chain due to which
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Fig. 3 Relative transmission spectra of the waveguides. Inset at the
bottom shows a schematic illustration of the experimental configuration.
Inset to the right shows the electric field distribution in the central disk
cross-section at 937 nm.
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the radiation propagates along it with the least losses. The
relative transmission of the system is numerically calculated
using FDTD method. For modeling, we use a Si waveguide
170 nm-high and 140 nm-wide with a central part in the form of
a chain of 29 silicon nanodisks with a height of 170 nm and a
spacing of 50 nm, covered with a 15 nm-thick InSe film. The
disk diameters are set to a uniform distribution in the range
220 £+ 10 nm in order to take into account fabrication imperfec-
tions. As in the experiment, a 50 nm-thick slab is placed
between the sample and the oxide layer.

The source of the fundamental TM-mode is placed before
the chain of nanodisks, and a power monitor, which is used to
measure the transmission, after the chain. A similar simulation
is carried out for the rib waveguide of the same length. In the
simulations we use the perfectly matched layer boundary con-
ditions. Dividing the spectrum for the nanoparticles chain by
the spectrum of the conventional waveguide gives the relative
transmission (gray curve in Fig. 3). The blueshift of the experi-
mental spectrum can be explained by the imperfection of the
fabricated structure. To elucidate the origin of the resonant
feature observed in the transmission spectrum of the nanodisk
waveguide, we conducted a multipole decomposition of the
excited electric currents into Mie modes (see SI, Section S8).
The analysis revealed that the magnetic quadrupole contribu-
tion dominates the total scattering cross-section, followed by
significant contributions from the electric dipole and magnetic
dipole modes. Additionally, we performed conceptual simula-
tions to compare the coupling efficiencies of different Mie
modes in the nanodisks with out-of-plane dipole emitters in
the InSe film. Further details are provided in SI, Section S9.

4. Micro-Raman measurements

Raman spectroscopy is employed for structural characteriza-
tion of the samples. Typical Raman spectrum of the InSe flake
(Fig. 4(b)) consists of modes characteristic for B-InSe polytype**:
Ey(1) (41 em™ ), Ay,' (115 em ™), E,> (178 em™ 1), E, ' (186 cm ™ Y),
Ay (227 em™') and a weak contribution of A,, phonons
(198 ecm™").** In addition to point measurements, the samples
are investigated by Raman mapping. Fig. 4(c) represents the
intensity distribution of the Algl peak. Some enhancement
(2-3x) of the Raman signal observing in the flake region above
the resonator may be caused by the interference enhancement
of the Raman signal by the resonator. The effect is similar to
that was observed in thin flakes and films deposited on SiO,/Si
substrates.”> The Raman map of the A,,' peak position
(Fig. 4(d)) reveals that its frequency varied by no more than
0.6 cm ™', which is within the spectrometer resolution. Accord-
ing to the data obtained for a 10-15 nm-thick flake,*® the strain
shift rate of the A,, Raman line is —2.5 cm™'/%, thus, the
variation of strain within the flake is significantly less than
0.24%. This indicates that, although placing the flake onto a
waveguide is expected to cause strain in the InSe flake, the
properties of InSe in the vicinity of the resonator are close to the
properties of an unstrained InSe flake.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Raman scattering studies: (a) Unit cell of B-InSe. (b) Typical Raman spectrum of the InSe flake under study. Inset shows an optical image of the
area of by Raman mapping. (c) and (d) Raman scattering maps demonstrating the peak intensity and frequency distribution of the Algl Raman line in the
vicinity of the waveguide. Dashed curves are the borders of the flake and the waveguide.

5. Micro-photoluminescence
measurements

The p-PL measurements of the sample are carried out at 7= 8 K
using the setup shown in SI, Section S4. The sketches at the top
of the Fig. 5(a and b) illustrate the measurement concepts and
the graphs below show the experimental results. The left figure
corresponds to the excitation of the film located directly on the
RW (red curve) and on the substrate without the structure (gray
curve) and the collection of PL radiation emitted in back-
scattering, while the right figure corresponds to the collection
of PL through a grating coupler (radiation from the film in this
case is blocked by a diaphragm) of the RW (red curve) and the
CW (gray curve). From the Fig. 5(a), one can significant PL
enhancement for the InSe film located on top of the resonant

nanodisks. These results are in line with other recent reports
where all-dielectric resonant nanostructures were employed to
boost light-matter interaction in 2D semiconductors.*”*® From
the Fig. 5(b), one can also compare radiation coupling effi-
ciency for the RW and CW. To do this, we divide the PL power of
the RW at a wavelength of 950 nm by the corresponding value
for CW. As a result, we get a 2.5-fold increase in the radiation
coupling efficiency.

The main factors of PL power enhancement in the
experiments are:

1. Local pump field enhancement due to the resonant
nanophotonic structure under the InSe film leading to the
increased absorption of the pump radiation.*’

2. Increase in the rate of spontaneous PL emission due to
the Purcell effect.*’
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Fig. 5 p-PL measurement results. The sketches above the graphs show the concept of measurements in the corresponding cases. (a) Spectra of pu-PL
emitted in backscattering (red curve corresponds to the RW and gray curve corresponds to the InSe flake on the substrate). (b) Spectra of u-PL extracted
through the grating coupler (red curve corresponds to the RW and gray curve corresponds to the CW).
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3. Increase in the number of emitters due to local strain in
the film.>"*°

4. Optical radiation redirection effect: antennas not only inject
radiation into the waveguide, but also re-scatter it into the
objective lens.

We perform numerical modeling to quantify the individual
contributions of different mechanisms to the total PL enhance-
ment. Detailed simulation parameters and results are provided
in the SI, Section S6 “Different mechanisms contributing to PL
power enhancement.” Specifically, we demonstrate a 1.5-fold
increase in pump absorption for the InSe film positioned on
the nanodisks compared to the substrate, nearly a 2.5-fold
enhancement of the Purcell factor, and an approximately 11-
fold increase in emission directivity for the experimental
configuration, where the back-scattered PL signal is detected
from the same region on the film as the excitation spot.

We also calculate the fraction of radiation coupled into the
waveguide:

2Pgrat
ZPgral + Pback + Ploss

x 100%,

where Py, is the power on one grating (known from the Fig. 5(b)),
Pyacr is the power in the back reflection (known from the Fig. 5(a))
and Py is the loss power (power of radiation absorbed in the
waveguide). The last parameter is estimated from the calculated
transmission of the waveguide (see SI, Section S5). According to the
Fig. 5, the final result for the efficiency of the radiation coupling
into the waveguide is 33% for the RW and 13% for the CW.

6. Contributions from variously
oriented dipole emitters in InSe

The investigated nanoparticle waveguide is initially designed to
couple efficiently with the out-of-plane dipole sources representing
gray excitons in the InSe film placed on top of the structure. We
perform additional modeling to clarify the dominant role of these
emitters in the total PL radiation coupled into the waveguide. For
this purpose, we consider variously oriented dipole emitters in the
InSe film and numerically estimate for them the Purcell factor and
radiation coupling efficiency (amount of the radiation power
transmitted through the waveguide, normalized to the emitter
power). In each simulation an electric dipole of the same power is
placed above the central disk of the waveguide system: in its center
and on its edge (which are considered to be two most probable
positions due to the film strain). Three types of dipole orientation
relative to the waveguide system are schematically shown at the
top of the Fig. 6: out-of-plane (marked with the blue color), in-
plane along the waveguide (marked with the red color), and in-
plane across the waveguide (marked with the violet color). The
bottom part of Fig. 6 shows the comparative pie-charts for these
three dipole configurations, both for the resonant waveguide
composed of nanodisks and the conventional rib waveguide.
Different colors in these pie-charts correspond to the same colors
used for marking different dipole orientations in the upper sche-
matics. All contributions are normalized to the sum value,
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The dipole emitter orientation in InSe
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Fig. 6 The influence of dipole emitter orientation in InSe on the Purcell
factor and the transmission (@amount of power transmitted through the
waveguide, normalized to the dipole power) of the RW and the CW.

combined of the all considered dipole configurations. For exam-
ple, if we integrate all the power collected at the output waveguide
port from different emitters located in the InSe film on the
resonant waveguide, than 89% of it will be produced by the out-
of-plane dipoles, 10% by the dipoles oriented along the waveguide,
and only 1% by the dipoles oriented across the waveguide (see the
upper row of the pie-charts for transmission). Similar logic is used
for the Purcell factor contribution for different dipole configura-
tions. For example, in the case of a dipole placed at the center of
the resonant waveguide, the Purcell factor of an out-of-plane
orientation is three times greater than for both in-plane orienta-
tions. Through analysis of these numerical results one can state
that dipoles with out-of-plane orientation provide the highest
contribution in all the studied cases. It proves the initial claim
that gray excitons with out-of-plane orientation play the dominant
role in the observed effects.

7. Discussion

A promising development of this work is the decreasing of
absorption losses in the waveguide. It can be achieved through
the use of other materials, for example, silicon nitride (SizN,),
which is transparent at the visible and NIR wavelengths.>' How-
ever, in this case the design of the waveguide system will likely
require modifications, since SizN, (12~2.0) does not have as high
refractive index contrast with the SiO, substrate (n~1.5) as Si
(n~3.6). In addition, the transition to a single-photon operating
mode of an excitonic emitter may be relevant for quantum optics
problems. For this purpose, 2D TMDs films can be used, which
can compete with more popular single-photon emitters, such as

colour centres in diamonds and InAs/GaAs quantum dots.**"

8. Conclusion

We design and experimentally validate a resonant silicon
waveguide with a central part in the form of a chain of

This journal is © The Royal Society of Chemistry 2026
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Mie-resonant nanodisks that provides efficient optical coupling
with gray excitons in InSe thin film placed on top. The disk
parameters are chosen to increase the efficiency of optical
coupling between dipole emitters in InSe film and resonant
waveguides. Experimental results demonstrate an increase in
optical coupling by a factor of 2.5 compared to a conventional
rib waveguide. The result obtained in this study may be useful
for a variety of integrated photonic applications.
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