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Unidirectional Giant Exciton Emission into a Photonic Waveguide
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Efficient coupling of nanolight sources into photonic waveguides is crucial for integrated photonics,
quantum technologies, and biosensing. Practical implementations require light sources with simultaneous
high brightness and unidirectional emission. However, it is fundamentally incompatible between strong
electromagnetic field confinement and directional radiation. Here, we demonstrate the simultaneous giant
excitonic photoluminescence (PL) enhancement and unidirectional emission from a two-dimensional InSe
film integrated with an asymmetric plasmonic nanocavity. A 3500-fold PL enhancement is achieved by
engineering spatial, spectral, and orientational overlap between cavity modes and out-of-plane excitons in
InSe. Symmetry breaking within the nanocavity ensures precise control of emission interference, yielding a
record-high directivity exceeding 15 dB. The design achieves a high coupling efficiency of 24% and
supports guided light propagation of 140 pm. Our results establish a scalable approach for the ultracompact
integration of nanoscale light sources into monolithic photonic circuits and will advance the development

of on-chip nanophotonics.
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Two-dimensional (2D) semiconductors, with their exotic
optical properties and ultrathin dimensions, hold trans-
formative potential as nanoscale light sources [1-3].
Their unique merits of miniaturized device footprints, low
power consumption, and good compatibility offer a versatile
platform for advancing integrated photonics [4], quantum
technologies [5], bioimaging [6], and biosensing [7]. One
crucial step towards the aforementioned applications lies in
the efficient coupling of excitonic emission from 2D
materials to photonic waveguides. A common approach
involves the direct integration of 2D materials atop or
beneath waveguides [8,9]. However, this method suffers
from limited near-field evanescent coupling efficiency due
to the inadequate overlap between waveguide mode and 2D
materials. An alternative strategy embeds the 2D material
within a slab waveguide, which improves coupling effi-
ciency by aligning the emission with the waveguide
modes [10,11]. Nevertheless, the intrinsic omnidirectional
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emission of 2D materials inevitably introduces the increased
loss, uncontrolled light paths, and unwanted interference.
Moreover, the inherent thin-film nature of 2D materials
leads to weak light absorption [12] and low quantum yield
[13], severely limiting the propagation distance and restrict-
ing their practical applications.

To address the aforementioned challenges, extensive
research endeavors have been dedicated to enhance the
emission directionality and intensity of nanoemitters
through various nanostructures, including Yagi-Uda anten-
nas [14,15], metasurfaces [16,17], V-shape antenna [18],
Mie nanoparticles [19,20], and nanoparticle-on-mirror
(NPOM) nanocavity [21,22]. The NPOM nanocavity,
composed of a metallic nanoparticle and film with a
nanometric gap layer, exhibits unparalleled ability to
confine light to an ultrasmall volume [23] with extremely
large field enhancement [24]. Benefiting from the bottom-
up fabrication procedure, 2D materials can be precisely
embedded in the region of maximum intensity within the
gap layer [25]. This leads to a significant enhancement in
light absorption as well as an acceleration of the emission
rate due to the Purcell effect, resulting in orders of
magnitude increase in photoluminescence (PL) intensity
[26]. Meanwhile, the NPOM nanocavity can function as a

© 2025 American Physical Society
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FIG. 1. Asymmetric nanocavity for enhancing and directing
excitonic emission into a photonic waveguide. (a) Schematic of the
integrated system comprising an Au nanocube dimer-on-mirror
nanocavity, a 2D InSe layer, and a Si nanowire waveguide.
(b) Energy diagram of PL processes in the InSe-coupled nano-
cavity, showing absorption (A®;) and emission (7®,) enhance-
ment mediated by cavity modes I and II, respectively.
(c) Interference model illustrating directional emission enabled
by symmetry breaking in the nanocavity.

nanopatch antenna to direct emission towards surface
normal by using a high radiative dipolar mode [27].
However, this out-of-plane (OP) directional emission is
misaligned with the waveguide on the chip, eventually
delivering a low coupling efficiency. In fact, in-plane
directionality and a large Purcell factor are inherently
mutually exclusive. Achieving a high Purcell factor
requires an ultrasmall mode volume, which in turn neces-
sitates strong transverse field confinement. This spatial
localization corresponds to a broad spectrum in the spatial
frequency domain, as dictated by Fourier transform, and
consequently restricts directional emission in the far
field [28].

To overcome this dilemma, we develop an approach that
simultaneously enhances and directionally controls the
exciton emission of 2D InSe using an asymmetric nano-
cavity with an Au nanocube dimer-on-mirror (NDOM)
configuration. The delicate control of plasmon hybridiza-
tion via the symmetry of the dimer enables optimal spatial,
spectral, and orientational matching between the plasmonic
modes and the OP exciton of InSe, leading to an over 3500-
fold enhancement in PL intensity. Meanwhile, the sym-
metry breaking in the dimer introduces an internal phase
retardation across the nanocavity, which enables the emis-
sion with a high directionality through constructive and
destructive interferences in two opposite directions.
Consequently, this nanocavity antenna demonstrates the
unidirectional launching of exciton emission into a Si
nanowire waveguide, achieving a remarkably high cou-
pling efficiency and a long-guided distance.

The concept of our design is schematically illustrated in
Fig. 1(a), where the exciton emission from 2D InSe is
enhanced by the asymmetric nanocavity and then direc-
tionally routed to a Si nanowire waveguide. To achieve
simultaneous enhancement of absorption and quantum

yield, the nanocavity is designed to support two spectrally
distinct plasmonic modes, which arise from plasmon
hybridization within the nanocavity, as illustrated in
Fig. S1 of the Supplemental Material [29]. As depicted
in the energy diagram [Fig. 1(b)], cavity mode I is
energetically aligned with the excitation energy to boost
the absorption efficiency. The as-excited electrons and
holes subsequently relax into excitons, which then couple
to cavity mode II. This mode spectrally overlaps with the
exciton emission energy, enhancing the radiative decay rate
through the Purcell effect. Furthermore, the symmetry
breaking of nanocavity perturbs the charge distribution
(see Fig. S2 of the Supplemental Material [29]), which
modifies the phase and amplitude of exciton emission. As a
result, the originally omnidirectional OP exciton emission
is reshaped into a directional pattern via interference, as
shown in Fig. 1(c), facilitating efficient coupling into the
photonic waveguide.

To validate the design, we perform full-wave electro-
magnetic simulations of the InSe-coupled nanocavity. The
excitation (633 nm) and emission (980 nm) wavelengths of
InSe are used as references. Nanocubes with edge lengths
of /;, =110 nm and /p = 90 nm are chosen to spectrally
align cavity modes I and II with these wavelengths. As
shown in Fig. 2(a), the corresponding resonances demon-
strate strong field confinement in the nanogap (see Fig. S3
in the Supplemental Material [29]), thereby ensuring a
strong plasmon-exciton interaction. The corresponding
enhancements in excitation and emission rates are pre-
sented in Fig. 2(b). The excitation process, governed by the
local electric field E and the excitonic transition dipole
moment p [52], follows ., o |p - E|>. Notably, mode I
substantially enhances the OP local field E, within the gap
region, which aligns well with the OP exciton p, of InSe.
This electric field-dipole alignment leads to a pronounced
excitation rate enhancement, exceeding a factor of 960 near
the nanocube corners [Fig. 2(b), left panel]. On the other
hand, the emission rate is determined by the photonic
environment, namely, the local density of optical states
(LDOS), which scales as p «n, - Im{G(r,r)} -n, [26].
Here, n,, represents the orientation of the transition dipole
moment, and G(r, r) refers to the dyadic Green’s function
at the position r. Mode II compresses the optical field into
an ultrasmall mode volume with an orientation matching
that of the excitonic dipole, thereby enhancing the LDOS
and boosting the emission rate. This leads to a sevenfold
enhancement in quantum yield at the emission wavelength
compared to bare InSe [Fig. 2(b), right panel].

To elucidate the far-field emission characteristics, mode II
is modeled as two coherently oscillating dipoles, P; and P,,
laterally separated by a distance d [Fig. 2(c), inset]. The
resulting scattering pattern arises from the interference
between their radiated fields. Directional radiation is
achieved through constructive interference along one direc-
tion and destructive interference along the opposite [53].
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FIG. 2. Simulated PL enhancement and directional emission in
a 2D InSe-coupled nanocavity. (a) Simulated scattering spectrum
of the InSe-coupled nanocavity. The inset shows the excitation
geometry under p-polarized side illumination. (b) Enhancement
maps of excitation rate (left) and quantum efficiency (right)
within the nanocavity, normalized to those of out-of-plane (OP)
excitons in bare InSe. Dashed lines indicate the lateral boundaries
of the nanocube dimer. (c) Two-dipole model describing unidi-
rectional radiation from NDOM nanocavity. The green and
yellow lines indicate phase differences along the negative (®;)
and positive (@g) x directions, respectively, while the gray line
shows the relative dipole amplitude (P;/P,). (d) Simulated
magnetic field (H,) distribution demonstrating unidirectional
emission from the InSe-coupled nanocavity.

Symmetry breaking in the dimer modifies the relative amp-
litude (P;/P,) and phase difference @ r = (A¢ =+ kd)
between the two dipoles. Here, k is the wave vector and
A¢ represents the internal phase retardation between two
dipoles, which depends on their plasmon resonance con-
dition [54]. Our simulation reveals that an asymmetric
nanocavity, with nanocube lengths of /; = 110 nm and
Ig = 90 nm, functions as a unidirectional antenna. At an
emission wavelength of 1 = 980 nm, analysis of the simu-
lated surface charges [see Fig. I(c) and note 1 of the
Supplemental Material [29]] yields P,/P, = 1.02 with
®; = 0.86x and ®p = 0.28x. This indicates that the asym-
metry results in suppressed radiation in the negative x
direction and enhanced radiation in the positive x direction,
thereby achieving directional scattering [53]. The coupling
between the asymmetric nanocavity antenna and the emitter
significantly modifies the emission profile, such that the OP
exciton emission is fully governed by the nanocavity
antenna [55]. Figure 2(d) shows the simulated emitted
magnetic field (H,) distribution from OP exciton coupled
asymmetric nanocavity. A strong preferential propaga-
tion along the positive x direction is clearly observed,
which exhibits excellent agreement with the theoretical
predictions.

The asymmetric nanocavity was fabricated using a
bottom-up approach (see Methods of the Supplemental
Material [29]). The inset of Fig. 3(a) displays a scanning
electron microscope (SEM) image of the resulting nano-
cavity, revealing a tightly packed nanocube dimer with
edge lengths of /=110 and 90 nm. The measured
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FIG. 3. Experimental demonstration of PL. enhancement and

directional emission of 2D InSe-coupled nanocavity. (a) Mea-
sured scattering spectrum of InSe-coupled nanocavity, exhibiting
two distinct resonant modes aligned with the excitation and
emission wavelengths of InSe. The inset shows a SEM image of
the nanocavity. (b) PL spectra of InSe with (green) and without
nanocavity (yellow), revealing pronounced PL enhancement. (c),
(d) In-plane angular emission patterns of InSe without (c) and
with (d) nanocavity. The dots and solid lines represent the
experimental and simulated results, respectively. (e),(f) Depend-
ence of PL enhancement (e) and emission directivity (f) on the
dimension of the right nanocube, while the left nanocube
dimension is fixed at 110 nm. The dots and solid lines represent
the experimental and simulated results, respectively.

scattering spectrum of the nanocavity [see Fig. 3(a)]
exhibits a distinct double-resonance feature, indicating
resonant alignment between the cavity modes, the excita-
tion laser, and the exciton emission. PL. measurements
further confirm this coupling effect. As shown in Fig. 3(b),
the PL intensity from InSe monolayers is dramatically
enhanced when coupled to the nanocavity, consistent with
the simulated results in Fig. 2(b). Specifically, a more than
3500-fold enhancement in PL intensity is observed com-
pared to uncoupled regions (see note 2 of the Supplemental
Material [29]).

To resolve the angular distribution of the emitted light,
we employed the back focal plane (BFP) imaging tech-
nique (see Methods of the Supplemental Material [29]).
Figures 3(c) and 3(d) show the polar plots of emission
patterns extracted from the BFP images (see Fig. S4 of the
Supplemental Material [29]). In the absence of the cavity,
the emission exhibits an omnidirectional emission pattern
[Fig. 3(c) and Fig. S4(a) of the Supplemental Material
[29] ], where the ring-shaped distribution, along with its
radial polarization (see Fig. S5 of the Supplemental
Material [29]), clearly verified the OP dipole emission
characteristic [56,57]. In contrast, when coupled with the
nanocavity, the emission pattern is significantly reshaped
into a single-lobe profile [Fig. 3(d)], indicating a transition
to unidirectional emission. This demonstrates the role of
the nanocavity in modulating the emission profile through
coupling between the OP exciton and the antenna mode of
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the cavity. Notably, the measured far-field patterns are in
excellent agreement with simulations, as shown by the
comparison between experimental data (dots) and numeri-
cal results (solid lines) in Figs. 3(c) and 3(d).

To quantify the directionality of emission, we introduce a
parameter of directivity D, which is defined as the loga-
rithmic ratio of the emitted power S(¢, ) in the positive
and negative x directions [58]
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where Oy, = 64.2° denotes the maximum collection angle
of the objective, 6,,;, = 34.2°is the minimum polar angle for
the waveguide collection, and 6 = 45° corresponds to
azimuthal collection half angle. According to Eq. (1), the
emission directivity D in Fig. 3(d) is determined to be
15.2 dB, which surpasses previously reported values for
emitter-coupled nanoantennas (see Table S1 of the Supple-
mental Material [29]), while maintaining an ultracompact
footprint of ~0.024%. Furthermore, systematic measure-
ments on 5 nearly identical nanocavities (/; = 110 and
[g =90 nm) yield an average directivity of 15.2 0.9 dB
and a PL enhancement factor of 3497 + 165, confirming a
good reproducibility (see Fig. S6 of the Supplemental
Material [29]).

In the following, we examine the influence of nanocavity
symmetry on the PL. enhancement and emission directivity,
as shown in Figs. 3(e) and 3(f). The symmetry is tuned by
varying the right nanocube size form /p = 80 to 120 nm,
while keeping the left nanocube fixed at /; = 110 nm.
Both the PL enhancement factor and emission directivity
initially increase and then decrease with increasing Iy,
showing peak responses at [z = 110 and 90 nm, respec-
tively. The offset in optimal [y reflects distinct physical
origins: PL. enhancement maximizes when the geometry of
cavity balances excitation rate and quantum yield, while
directivity peaks when the interference contrast between
two symmetry-controlled dipoles is largest. Numerical
simulations reproduce these trends and support this inter-
pretation (see Supplemental Material [29], Figs. S7 and S8
for more details).

To demonstrate the directional coupling, a Si nanowire
waveguide with a diameter of 320 nm was positioned in
close proximity to the asymmetric nanocavity (see Methods
of the Supplemental Material [29]), as shown in Fig. 4(a).
Facilitated by the asymmetric nanocavity antenna, a sub-
stantial portion of OP exciton emission is funneled into the
waveguide. This is evidenced by simulations of the
magnetic field distribution (Hy) shown in Fig. 4(b), which
reveal efficient coupling into the waveguide’s fundamental
TM, mode with the field tightly confined within the core.
Experimentally, directional coupling is confirmed by the
PL images obtained under horizontally polarized excitation
[Fig. 4(c)]. In the top panel, the strong signal from the left
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FIG. 4. Unidirectional coupling of exciton emission into a
photonic waveguide via an asymmetric nanocavity. (a) SEM
image of the integrated system comprising an asymmetric nano-
cavity and a Si nanowire waveguide. The inset shows a magnified
view, demonstrating the precise alignment between the nano-
cavity and the waveguide (scale bar: 200 nm). (b) Simulated
emission profile from an OP dipole source positioned beneath the
nanocube dimer, demonstrating directional coupling into the
waveguide. (c) PL maps of the integrated system (top) and the
bare Si waveguide (bottom) under horizontally polarized ex-
citation. (d) Coupling efficiency between the OP dipolar emitter
and the Si waveguide as a function of dimer-waveguide sepa-
ration at the emission wavelength (1., = 980 nm). (e) PL spectra
measured at the distal end of the waveguides with varying
lengths. (f) PL peak intensity at the distal end versus the
waveguide length, with experimental data (points) fitted by an
exponential decay (line).

spot originates directly from the asymmetric nanocavity,
whereas the spot on the right corresponds to the out-
coupled light at the distal end of the waveguide. By
contrast, in the absence of the nanocavity [Fig. 4(c), bottom
panel], the PL signal from the left side of the waveguide
diminishes by a factor of 4.6, accompanied by the dis-
appearance of distal emission. This demonstrates the role of
the asymmetric nanocavity in enhancing and directing the
exciton emission from InSe.

Quantitatively, the coupling efficiency, defined as the
ratio of guided mode power to total OP exciton emission,
was extracted from simulations [Fig. 4(d)]. The coupling
efficiency increases as the separation S between the nano-
cavity and waveguide decreases, reaching up to 24% when
the structures are assembled using our nanomanipulation
technique [Fig. 4(a)]. Figure 4(e) presents the PL spectra
collected at the waveguide output for various lengths.
A guided distance of up to 140 pm is achieved due to
the large emission enhancement and coupling efficiency
enabled by the directional nanocavity antenna. The peak PL
intensities exhibit an exponential decay with increasing
waveguide length, yielding an attenuation coefficient of
0.026 pm~!, as shown in Fig. 4(f). This loss is primarily
attributed to self-absorption in the InSe layer and Ohmic
loss of Au substrate, which could be mitigated by employ-
ing low-loss dielectric materials beyond the cavity region.
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In summary, we have demonstrated the directional
coupling of exciton emission from 2D InSe to a Si nanowire
waveguide through an asymmetric plasmonic nanocavity.
Our design effectively addresses the fundamental incom-
patibility between strong field confinement and narrow
angular emission, which is constrained by the Fourier
transform limit. The asymmetric nanocavity serves as an
efficient directional coupler, guiding the exciton emission
toward the Si waveguide with high coupling efficiency and
extended guided distance. Owing to its material and
spectral flexibility, the platform can integrate with a wide
range of quantum emitters, including other 2D semicon-
ductors and colloidal quantum dots. This integration offers
a promising route toward deterministic waveguide coupling
of single-photon sources, facilitating the development of
scalable quantum photonic integrated circuits for appli-
cations in information processing, sensing, and secure
communication. By utilizing high-quantum-yield gain
materials, such as perovskite quantum dots, the same
structure can function as a low-threshold on-chip nanolaser
under optical pumping [59]. Additionally, its particle-on-
mirror geometry allows for quantum tunneling-based elec-
trical excitation, paving the way for compact, and electri-
cally driven nanolight sources [60]. The design is also
compatible with large-scale fabrication using either top-
down lithography [61] or bottom-up self-assembly tech-
niques [62], which can be used to fabricate arrays of
directional emitters. When combined with other photonic
components, such as plasmonic waveguides, these emitter
arrays can serve as active, ultracompact, and multifunc-
tional building blocks for next-generation integrated nano-
photonic systems.
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