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ABSTRACT: Efficiently interfacing free-space light with subwavelength wave-
guides remains a major challenge in integrated photonics, particularly at visible
wavelengths relevant for spectroscopy and photocatalysis. We demonstrate a
lithography-free coupling strategy using individual silica (SiO2) microspheres
integrated onto suspended silicon nitride (Si3N4) membranes. When illuminated
with a focused Gaussian beam, the microspheres excite resonances that
evanescently couple into the underlying waveguide with efficiencies up to 50%,
as measured by integrating-sphere microscopy. The coupled spectrum spans 500−
780 nm, and axial beam translation reproducibly shifts the dominant wavelength
from 550 to 710 nm, providing straightforward spectral tunability. Crucially, both
experiments and full-field simulations reveal that the in-coupled light is launched
directionally, while the wavelength-matched out-coupling and in-coupling efficiencies show excellent agreement, consistent with
reciprocity. This combination of broadband operation, postfabrication tunability, and controlled directionality establishes
microsphere coupling as a reconfigurable route for visible-light integrated photonics, enabling selective light delivery for chip-based
photocatalysis and multiplexed lab-on-chip spectroscopy.
KEYWORDS: whispering-gallery mode, in-coupling efficiency, directionality, silicon nitride, microspheres, evanescent coupling

■ INTRODUCTION
Integrated photonics promises compact, high-bandwidth
platforms for communications and spectroscopy, yet remains
constrained by the difficulty of coupling free-space or fiber
light into submicron waveguides.1−3 While these waveguides
enable low-loss, densely integrated devices, their mode profiles
are severely mismatched to ∼10 μm free-space or fiber modes,
yielding only ∼1% coupling without dedicated structures.4−7
To overcome this mismatch, lithographic edge couplers, such
as inverse tapers, expand the on-chip mode, routinely achieving
efficiencies greater than 90% with broad bandwidths.8,9 Grating
couplers, which diffract normally incident light into the
waveguide plane, simplify wafer-scale testing but typically
deliver efficiencies of around 60−70% in Si3N4 with
bandwidths of 40−100 nm.10 While these devices are highly
effective for fixed band datacom, all lithographic couplers are
inherently static: once fabricated, their wavelength acceptance
and output direction cannot be adjusted.3,10,11 This immut-
ability limits applications requiring postfabrication wavelength
selectivity or directional routing.
One emerging area that highlights this limitation is chip-

based photocatalysis.10,12−14 Photocatalytic reactions rely on
nanostructures with sharp-wavelength-dependent absorption.
Plasmonic Au and Ag nanoparticles exhibit resonance across
the visible to near-infrared (NIR) region, depending on their
geometry and environment,15,16 whereas semiconductor
catalysts, such as TiO2, require ultraviolet excitation.

17,18

Delivering light selectively at these resonances and routing it to
distinct regions on-chip would enable programmable or
multiplexed reactivity.19−21 A similar need arises in lab-on-
chip spectroscopy,22−25 where distinct analytes or detector
elements benefit from site-specific illumination.
Microspheres provide an alternative route toward reconfig-

urable coupling. Braginsky et al. first established dielectric
microspheres as ultrahigh-Q resonators,26 while Cai et al. later
demonstrated near-unity coupling efficiency with tapered
fibers,27 laying the foundation for their use as versatile
coupling elements. Building on this foundation, Shu et al.
experimentally achieved 16.8% (per direction) by coupling a
focused free-space laser into a silica microsphere and collecting
through a single-mode fiber at 1550 nm.28 Beyond fiber
geometries, attention has shifted to planar waveguides.
Tsintzos et al. simulated the coupling of quantum-dot emission
from nanowires into silica-on-silicon waveguides via a
microsphere, predicting coupling efficiencies of ∼40−50%
across the 880−940 nm range.29 Kushwaha et al. reported
nanojet-mediated in-coupling into glass slab waveguides in the
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800−880 nm range.30 Most importantly, Ogura et al. studied
polystyrene microspheres on ultrathin Si3N4 films and reported
qualitative control of guided-light directionality under 532 nm
excitation.31 Collectively, these works demonstrate the
versatility of microspheres. However, in planar waveguide
platforms operating at visible wavelengths, the evidence
remains qualitative or simulated, with no quantitative
demonstration of absolute efficiencies, broadband wavelength
tunability, or controlled directional launching.
Here, we establish a lithography-free microsphere−wave-

guide platform that directly addresses these gaps. By
integrating SiO2 microspheres onto suspended 50 nm Si3N4
membranes and interrogating them with a custom integrating-
sphere microscope, we quantify free-space coupling efficiency,
spectral tunability, and directionality in these nanophotonic
waveguides. Focused Gaussian illumination excites overlapping
morphology-dependent Mie resonances, with the efficiently
guided-coupled resonances identified as whispering gallery
mode (WGM)-like resonances that evanescently transfer
energy into guided modes spanning 500−780 nm. Translating
the incident beam continuously tunes the dominant coupled
wavelength from 550 to 710 nm, while positioning the focused
beam at different azimuthal locations around the microsphere
rim enables unidirectional launching in any preferred direction
within the membrane plane. Absolute in-coupling efficiencies
approach 50%, which, to the best of our knowledge, is among
the highest values reported for free-space coupling into Si3N4
waveguides in the visible range (500−780 nm). Full-field
simulations support this result by identifying the WGM-
mediated coupling pathway and confirming directional
launching into the waveguide. Crucially, this performance
approaches that of advanced Si3N4 grating couplers in the
visible range (59% efficiency with a bandwidth of approx-
imately 50 nm),32 yet it is achieved without lithography and
with postfabrication reconfigurability.
These results establish microsphere coupling as a versatile

strategy for visible-light integrated photonics. By uniting high

efficiency with broadband tunability and directional control,
our approach opens pathways toward reconfigurable on-chip
platforms for photocatalysis, multiplexed spectroscopy, and
other applications that require selective light delivery beyond
the static limits of lithographically fabricated couplers.

■ RESULTS AND DISCUSSION
The substrate consists of a 50 nm-thick Si3N4 thin film, which
serves as the optical waveguide due to its low optical losses and
mechanical robustness.33,34 This film is deposited on a 200 μm
thick Si wafer that has nine 100 μm × 100 μm etched windows,
leaving suspended Si3N4 membranes in those regions (Figure
1a). SiO2 microspheres with a diameter of 5 μm deposited
onto the substrate act as free-space light in-couplers (see
Section 1 of the Supporting Information (SI) for fabrication
details). The microsphere efficiently couples the Gaussian
beam into the waveguide through morphology-dependent Mie
resonances. In dielectric microspheres, WGMs correspond to
the high-angular-order subset of these resonances, with fields
localized near the sphere periphery.35−37 In our excitation
geometry, these WGMs trap and guide the incoming beam
along the microsphere’s circumference, with a fraction of the
trapped light leaking into the waveguide via evanescent-field
coupling.
Figure 1b provides a schematic illustration of the

experimental configuration used to monitor the propagation
direction of the in-coupled light and quantify the in-coupling
and out-coupling efficiency. Light coupled in at the edge of one
silica microsphere propagates through the waveguide until it
reaches another silica microsphere, where it is out-coupled to
the far field or the silicon substrate, where it is absorbed. A
single 5 μm SiO2 microsphere placed onto the waveguide is
used to quantify the efficiency of light in-coupling by assuming
that all waveguided light is absorbed by the silicon substrate
when it reaches the end of the suspended membrane (Figure
1c). In contrast, multiple microspheres uniformly placed on
the waveguide act as discrete out-couplers of light, which are

Figure 1. Tunable in-coupler design: (a) Schematic of 5 μm SiO2 microspheres stamped on a TEM grid used to study both in and out-coupling of
light. (b) Light is coupled into the Si3N4 waveguide by one microsphere, followed by distal out-coupling at another microsphere or absorption
when it reaches the Si support. Dark-field optical images: (c) isolated 5 μm SiO2 microsphere on a Si3N4 membrane; (d) uniform distribution of
microspheres on the suspended Si3N4 membrane (waveguide) and on the Si3N4 thin film on Si substrate. The dashed white line shows the border
of one suspended membrane.
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used to image the directionality of the in-coupled and guided
light (Figure 1d). Finally, as an initial step toward plasmon-
mediated catalysis using guided modes, we demonstrate the
excitation of gold nanocubes (AuNCs). For these experiments,
AuNCs were first deposited onto the waveguide surface by
drop-casting, after which multiple SiO2 microspheres were
transferred onto the surface, with one microsphere acting as
the primary light in-coupler.
Light In-Coupling Experiments

A custom-built integrating-sphere microscope is used to
quantify light in-coupling efficiency by placing a single SiO2
microsphere on a 50 nm-thick suspended Si3N4 membrane
(see Section 2 in SI for details of the experimental setup and
calculations). When the microsphere is illuminated with a
focused beam of power Pin, part of the light is scattered into
the air (Pscattered), and part of it is scattered into the waveguide
at a sufficiently large angle that it becomes trapped (Pwaveguide).
The in-coupled light propagates through the waveguide and is
eventually absorbed by the Si substrate, due to its large
absorption coefficient (∼104−103 cm−1 at 500−780 nm).38
The remaining light does not interact with the microsphere
and is either reflected (Preflected) or transmitted (Ptransmitted)
through the substrate. Therefore, the fraction of light in-
coupled into the waveguide can be calculated by
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Efficient light in-coupling into the waveguide requires optimal
excitation of the microsphere’s peripheral, high-angular-order
WGMs. The WGMs are most efficiently excited when the
incident Gaussian beam is focused at the sphere’s equatorial
periphery.35−37 To concentrate the light at the equator of the
microsphere, which has a diameter of ∼5 μm, we focus the
Gaussian beam roughly 2.5 μm above the waveguide. At this
height, the beam overlaps maximally with the sphere’s edge,
driving the high-Q circulating WGMs (Q is defined as Eres/
FWHM, where Eres is the resonance energy of the WGM and

FWHM is the full-width at half-maximum). In simulations,
these modes exhibited Q values ranging from 364 to 1924 (SI,
Figure S5). The trapped light could then extend an evanescent
field tens of nanometers beyond the sphere’s surface, where it
overlaps with and couples to a mode in the adjacent Si3N4
waveguide, achieving efficient energy transfer.39

The microsphere was excited with linearly polarized light at
λ ∼ 585 nm, with the electric field aligned parallel to the
waveguide as illustrated in Figure 2a,b. Following the standard
WGM convention, transverse electric (TE) WGMs are defined
as those with electric fields tangential to the sphere surface (Er
= 0, where Er denotes the radial electric-field component),
while transverse magnetic (TM) WGMs possess a radial
electric field component (Er ≠ 0).40,41 Figure 2b presents the
spatial profile of in-coupled light at the microsphere’s
equatorial plane, obtained by raster-scanning the focal spot
in steps of 100 nm. The maximum in-coupling efficiency of
50% is measured at the edges of the sphere. This is further
illustrated in Figure 2c, where a line cut through the
microsphere center reveals two distinct peaks, corresponding
to in-coupling at the left and right edges. At the left and right
edges, the incident polarization projects radially with respect to
the local sphere surface, thereby exciting TM modes, which
couple efficiently into the waveguide.42,43 In contrast, at the
top and bottom edges, the polarization projects tangentially,
corresponding to TE modes, which exhibit weaker cou-
pling.42,43 Excitation at the center of the microsphere resulted
in a substantial decrease in in-coupling efficiency to
approximately 6%, highlighting the spatial sensitivity of the
coupling mechanism and supporting preferential excitation of
peripheral WGM resonances when the beam overlaps with the
microsphere rim. A comparable maximum in-coupling
efficiency was obtained from an additional microsphere from
the same batch, reaching 48%, close to the 50% maximum
measured for the representative sphere (SI, Figure S10).
Figure 2d plots the wavelength-dependent in-coupling

efficiency at different positions on the microsphere. When
the excitation beam is focused near the sphere’s edge, the

Figure 2. Light in-coupled into the waveguide by a 5 μm SiO2 microsphere. (a) Schematic illustrating different pathways of light interaction with
the system. (b) Spatial profile of the in-coupled light at different locations on the microsphere when illuminated at the 585 nm resonance
wavelength. (c) Line profile of in-coupled light along the microsphere’s center. (d) Wavelength-dependent in-coupling efficiency at the left edge,
right edge, and center of the microsphere.
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spectrum exhibits a series of narrow, periodic resonances
superimposed on a broad envelope, with the overall coupling
maximum centered at λmax = 585 nm. These sharp periodic
resonances, together with the edge-selective excitation
response, are characteristic of WGMs, which originate from
constructive interference of light confined within the sphere by
total internal reflection.44 We analyze the fine spectral structure
by fitting each resonance with a Lorentzian line shape, thereby
determining its resonance wavelength (λres), FWHM, and
corresponding Q-factors. The average spacing between
adjacent WGMs is approximately 57 meV. The complete set
of the extracted spectral parameters is provided in Table S1 of
the SI.
The broad underlying envelope arises from the interplay of

two coupling processes: (i) free-space excitation of multiple
WGMs in the microsphere and (ii) evanescent transfer from
those WGMs into the waveguide mode of the 50 nm Si3N4
membrane.45−48 Within this interplay, the WGM whose
tangential propagation constant and near-field overlap best
match the guided mode couples most strongly, producing a
dominant maximum at λmax. Neighboring modes contribute

progressively less, shaping the overall spectral envelope.47,49

Sixteen resonances are resolved in the measured spectrum
(Figure 2d, left), and full-field simulations at 555, 600, and 715
nm (SI, Figure S6) confirm distinct surface-field distributions
with varying field profiles at the microsphere−waveguide
interface.
We systematically shifted the axial focus from 0 to 3.75 μm

by varying the position of the Gaussian beam waist relative to
the Si3N4 membrane (Figure 3a). This tuning reproducibly
reweighed the coupling channels and shifted the spectral
envelope maximum from 550 to 710 nm (Figure 3b). This
shift occurs because tuning the focus alters the tangential
wavevector distribution at the microsphere−waveguide inter-
face,36,50,51 thereby changing the relative efficiencies with
which neighboring WGMs couple into the guided mode. Such
behavior is consistent with prior free-space studies, where
modest changes in excitation position,30,52 impact parameter
(beam-to-rim offset),36 or injection angle53 selectively
enhanced or suppressed different WGM families, altering
observed line shapes from Lorentzian to Fano-like52 without
shifting the eigenfrequencies themselves. It is further supported

Figure 3. Tuning the peak in-coupled wavelength via axial focus. (a) Schematic of the Gaussian-beam waist positions relative to the Si3N4
membrane. The axial coordinate z0 is defined normal to the Si3N4 membrane plane. The beam waist positions are z0 = 0, 1.25, 2.5, and 3.75 μm,
with z0 = 2.5 μm corresponding approximately to the microsphere equator. (b) Corresponding waveguide in-coupling spectra showing a monotonic
shift of the spectral maximum with focus height.

Figure 4. Simulation of light in-coupling into the waveguide by a single SiO2 microsphere. (a) Schematic of the excitation setup: frequency-domain
field and power monitors are positioned within the waveguide to measure the fraction of light coupled into it. (b) 2D Electric field distribution at
the sphere−waveguide interface: visualization of light interaction at the coupling region. (c) Cross-sectional field profile of the microsphere:
representation of how light is distributed inside and around the sphere. White outlines indicate the sphere and waveguide. (d) Wavelength-
dependent in-coupling efficiency, with total in-coupled light (purple, left axis) and forward fraction (orange, scatter, right axis).

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.5c02800
ACS Photonics 2026, 13, 4966−4973

4969

D
ow

nloaded from
 pubs.​acs.​org/​apchd5/​article-pdf/​13/​17/​4966/​66535185/​acsphotonics.​5c02800.​pdf by guest on 04 Septem

ber 2026

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c02800/suppl_file/ph5c02800_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c02800/suppl_file/ph5c02800_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02800?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c02800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by position-dependent coupling studies in microsphere−
waveguide systems, where varying the sphere−waveguide gap
and the transverse offset of the microsphere relative to the
waveguide core systematically reweights closely spaced WGMs,
modifying their relative coupling efficiencies while the
resonance positions remained fixed.49 On our platform, axial
focus thus provides a single, robust control that redistributes
power among accessible WGMs and deterministically enhances
those that couple most efficiently into the waveguide.
Simulation of Light In-Coupling by a Single Microsphere

We employed three-dimensional finite-difference time-domain
(3D FDTD) simulations using Lumerical to model light in-
coupling into the waveguide mediated by a single microsphere.
A 5.067 μm diameter SiO2 sphere was placed on a 50 nm-thick
Si3N4 membrane and illuminated with a linearly polarized
Gaussian beam focused at the sphere’s equator (Figure 4a).
Motivated by the experimental observation that radial field
projection at the left and right edges produces stronger
coupling than tangential projection at the top and bottom
edges, the simulated incident electric field was oriented radially
with respect to the local microsphere surface. This
configuration selectively probes the TM-like coupling pathway
that is most efficient for evanescent transfer into the underlying
Si3N4 waveguide.

44,45 The simulated sphere diameter was
chosen to match the experimentally measured value from a
scanning electron microscope (SEM) image (SI, Figure S1d).
To analyze the modal field structure of the resonances, we

position two electric-field monitors in the simulation: one
oriented parallel to the waveguide plane at the microsphere’s
equator, Eparallel, and the other perpendicular to the waveguide
plane passing through the sphere’s center, Eperpendicular. For a
resonant wavelength of 555 nm, the Eperpendicular monitor
revealed periodic electric-field maxima and minima around the
sphere’s circumference (Figure 4b), consistent with high-
angular-order circulating modes. Complementarily, the Eparallel
monitor showed strong field enhancement localized at the
sphere’s rim (Figure 4c). Together, the circumferential field
periodicity and rim-localized enhancement identify the
efficiently coupled simulated resonances as WGMs. Notably,
in the Eperpendicular monitor, the strongest enhancements were
observed at both the upper and lower edges of the
microsphere, with the lower edge field penetrating the
underlying waveguide. This spatial asymmetry arises due to
the broken radial symmetry induced by the presence of the
underlying high-index Si3N4 membrane.

54 Such symmetry
breaking is advantageous, as it facilitates efficient evanescent-
field coupling and optimal phase matching between the WGMs
and the guided modes of the waveguide, significantly
enhancing the microsphere’s overall light-in-coupling effi-
ciency.50

The spectral characteristics of the in-coupling were then
evaluated. Figure 4d (solid line, purple) presents the simulated
wavelength-dependent light in-coupling efficiency over the
500−780 nm spectral range. The spectrum consists of a series
of discrete, sharply defined resonances with periodic spacing,
forming an overall peak envelope that qualitatively follows the
experimental response in Figure 2d. Each resonance was fitted
with a Lorentzian line shape to extract the resonance
wavelength λres, FWHM, and Q. A complete set of these
spectral parameters is provided in Table S2 of the SI.
Although the simulated and experimental spectra show a

similar overall spectral shape, the experimental resonances are

noticeably broader and partially overlap with each other. We
suggest that this spectral broadening can be attributed
primarily to two factors: (i) the finite spectral bandwidth of
the excitation laser, which varies from 2.3 to 7.3 nm across the
investigated wavelength region, and (ii) the line width
broadening induced by scattering due to surface roughness
of the microspheres. Even minor surface imperfections (on the
order of 2−8 nm) have been reported to significantly reduce
WGM quality factors, typically by one to two orders of
magnitude.55 Such a reduction in Q broadens the line widths
of individual resonances, causing neighboring WGM peaks to
overlap and contributing to the convoluted experimental
spectrum.
Across the 500−780 nm spectral window, experimentally

measured quality factors (Q) ranged from 24 to 63,
corresponding to FWHM values of 9−36 nm. For the
simulations, the Q ranged from 364 to 1924, and the
FWHM ranged from 0.3 to 2.1 nm. On average, the
experimentally observed Q-factors were approximately 24
times lower than their simulated counterparts, an order-of-
magnitude reduction consistent with the combined influence
of finite laser bandwidth and surface-induced scattering losses
in the physical system.54,55

To mimic the effects of laser spectral broadening and surface
roughness in the simulations, we applied Lorentzian line shape
broadening by convolving each WGM with a Lorentzian
function centered at its resonance wavelength, using FWHM
values extracted from the experimental spectrum. This
procedure broadens the sharp resonances in the simulated
spectrum (SI, Figure S7), yielding a broadened spectral profile
that more closely resembles the experimental spectrum in
Figure 2d; details are provided in section 4.4 of the SI.
Despite the differences in resonance sharpness, the

simulated and experimental spectra exhibited excellent agree-
ment in the resonant whispering-gallery mode wavelengths and
the average mode spacing. The simulated mode spacing was 56
meV compared to 57 meV experimentally. The peak envelope,
however, was centered at 561 nm in simulation and appeared
red-shifted to 585 nm in experiment. This difference can be
attributed to minor discrepancies in the assumed refractive
indices of SiO2, slight variations in the microsphere radius from
nominal values, and differences in the excitation conditions,
such as the exact beam focus position between the
experimental and simulated configurations.
Having established the spectral characteristics and simulated

mode profiles, we next examined how the coupled light
propagates within the waveguide. Directionality was quantified
as the fraction of in-coupled light guided forward, backward, or
laterally, as schematically illustrated in Figure 4a. The
wavelength dependence of these fractions is shown in SI,
Figure S4c. At λ = 555 nm (Figure 4d), 46% of the incident
light couples into the waveguide, of which 84% propagates
forward, 13% laterally, and 3% backward. These fractions
correspond to 39%, 6%, and 1% of the incident light in the
respective channels (SI, Figure S4b). While the absolute
coupling efficiency varied across WGMs, the forward channel
consistently dominated, with an average of 88% of the coupled
light traveling in the forward direction (Figure 4d). These
results highlight the highly directional nature of the coupling,
suggesting the potential of this platform for targeted light
delivery to catalytic sites or optoelectronic devices at specific
spatial locations.
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Directional Out-Coupling

Numerical simulations of light in-coupling by a single SiO2
microsphere revealed that light predominantly propagates in
the forward direction. To investigate this behavior exper-
imentally, multiple microspheres were deposited onto the
waveguide (see section 1 of the SI for details), forming a
uniform distribution. A single, isolated microsphere positioned
near the center of the waveguide served as the in-coupler, while
light out-coupled from neighboring microspheres was used to
quantify the out-coupled intensity as a function of distance and
angle from the in-coupler.
When the SiO2 microsphere was excited with linearly

polarized light at λ = 550 nm outside of the suspended
membrane region of the substrate, no out-coupling was
observed from neighboring microspheres, even from a
microsphere only ∼8.4 μm away from the illuminated sphere
(SI, Figure S8a). This indicates that most of the light is
absorbed by the underlying silicon before it can reach
neighboring out-couplers. In contrast, when the microsphere
was excited on the suspended Si3N4 membrane, strong out-
coupling was observed from neighboring microspheres at
distances up to ∼50 μm, demonstrating efficient waveguiding
via the low-loss suspended Si3N4 (SI, Figure S8b).
To achieve directional propagation, the laser is positioned at

the edge of the in-coupler microsphere opposite to the
intended direction of light travel. In Figure 5a, the purple
crosshair marks the laser position on the rim of the in-coupler
microsphere. The orange wavy arrow indicates the selected in-
plane launch direction of light, θi, defined with respect to the
in-coupler center. The out-coupling angle, θo, is defined from
the same center as the in-plane azimuthal angle of the position
vector connecting the in-coupler to each distal out-coupler.
Owing to the uniform distribution of microspheres on the
membrane (Figure 5b), the measured intensity and angular

distribution of out-coupled light directly reflect the direction-
ality of the guided light launched by the in-coupler.
Figure 5c,d schematically illustrate directional in-coupling

achieved by edge-excitation, where downstream microspheres
out-couple guided light. The corresponding optical images
(Figure 5e,f), show light injected at θi = 135° and 315°, with
out-coupling observed exclusively along the respective
trajectories. In Figure 5g, the out-coupled light intensity and
angle θo from various microspheres on the waveguide are
plotted for different in-coupling angles θi (0°, 45°, 90°, 135°,
180°, 225°, 270°, 315°). A clear linear correlation is observed,
indicating controlled directional propagation of waveguided
light, in agreement with simulation results.
Additionally, the radial intensity of out-coupled light as a

function of distance exhibits a decay profile characterized by
both exponential attenuation, due to scattering by micro-
spheres, and a 1/r dependence, consistent with 2D radial
diffusion in slab waveguides.56 This hybrid decay reflects the
2D nature of the guided mode, where light spreads laterally
while being partially scattered at each microsphere, which acts
as a localized out-coupling site (Figure 5h). From the fitted
decay constant L = 1/0.049 = 20.4 μm (Figure 5h) and an
average intersphere spacing Δx = 10.3 μm, the average out-
coupling efficiency of the microspheres is estimated to be 40%
at 550 nm (see Section 5.2 of the SI for details of calculation).
This value closely matches the independently measured single-
microsphere in-coupling efficiency of 42% at the same
wavelength (SI, Figure S9), which is expected considering
the reciprocity of light coupling and propagation within the
system.57

As a proof of concept for reconfigurable photocatalysis, we
tested whether guided light could excite localized surface
plasmons in AuNCs deposited on the waveguide. A single
microsphere in-coupler launched guided light toward the
AuNCs, producing faint scattering spots that SEM confirmed

Figure 5. Directional out-coupled light from silica microspheres on the Si3N4 waveguide. (a) Schematic of laser positioning on the in-coupler
microsphere, defining the in-plane launch angle θi and out-coupling angle θo. (b) Bright-field optical image of the waveguide with stamped SiO2
microspheres. Schematics of light in-coupled at θi = 135° (c) and 315° (d), with corresponding experimental optical images (e, f) showing out-
coupled light along the respective directions. (g) The intensity of light out-coupled from each microsphere on the waveguide, together with its
corresponding out-coupling angle (θo), plotted as a function of in-coupling angle (θi). (h) Radial intensity of out-coupled light as a function of the
distance from the in-coupling microsphere. Excitation angles θi are defined with an accuracy of ± 9° due to the finite beam radius (σ ≈ 0.38 μm at λ
= 550 nm) relative to the microsphere radius (2.5 μm).
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to coincide with AuNC clusters (SI, Figure S11). These
preliminary results demonstrate that the platform can deliver
guided light to plasmonic nanoparticles, enabling on-chip
plasmon-enhanced spectroscopy and photocatalysis.

■ CONCLUSION
We have introduced a lithography-free microsphere−wave-
guide coupling platform that efficiently transfers free-space
light into suspended Si3N4 membranes. A single 5 μm SiO2
microsphere achieves absolute in-coupling efficiencies up to
50%, with reproducible tuning of the dominant wavelength
from 550−710 nm via axial beam translation. Directional out-
coupling experiments further confirm that light can be steered
along chosen trajectories, with the extracted out-coupling
efficiency showing excellent agreement with the wavelength-
matched in-coupling efficiency, consistent with reciprocity.
Full-field simulations support the WGM-mediated coupling
mechanism by reproducing the resonance spacing, modal field
profiles, and directional launching of guided light.
By combining high efficiency, broadband operation,

postfabrication tunability, and directional control, microsphere
couplers offer a practical alternative to static lithographic
devices. This platform provides a reconfigurable and
straightforward route for visible light delivery in integrated
photocatalysis, lab-on-chip spectroscopy, and other wave-
length-selective nanophotonic applications.
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