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Numerical Aperture Dependence of Mie Modes in Low
Refractive Index Particles and Enhanced Collection Using

Metallic Substrates

Sunny Tiwari and Tristan Farrow*

Advancements in utilizing low refractive index dielectric particles have
implications for sensing, lasing, and strong-coupling at nano and microscopic
scales. These cavities offer benefits like ease of fabrication and
biocompatibility, making them promising for a wide range of technologies by
utilizing their narrow linewidth modes. However, optical modes sustained in
these dispersive systems can show distinct behaviors depending on the
detection configuration. This study shows the influence of numerical aperture
(NA) of the objective lens on the detection of Mie modes in a dielectric
microsphere under far-field excitation and collection. It is demonstrated
experimentally and numerically that Mie modes from microspheres outcouple
at different angles, with variations in mode amplitudes contingent on the NA
of the objective lens, thus leading to distinct linewidths while probing with
different NA objectives. Furthermore, it is shown that metallic substrates can
facilitate efficient detection of Mie modes by redirecting scattered modes
towards low angles. This enables mode detection with low NA lenses and
further preventing the inclusion of incident scattered light from higher angles
which otherwise perturb the modes. The results underline the importance of
careful detection strategies to fully harness dielectric particles as optical
platforms for applications in particle detection and characterization.

fabrication, biocompatibility,[®?! and scala-
bility.l'-13] Depending on the geometry and
method of excitation, these cavities support
high-finesse optical modes such as whis-
pering gallery modes (WGMs)!'*15] and
Mie resonances. WGMs have widespread
use in applications like diffraction limited
imaging,[1®18] laging %221 and vectorial
beam generation.[”’) Unlike WGMs emis-
sion, which is inherently non-directional,
Mie modes in resonators with size larger
than the wavelength of the light is di-
rectional in nature.**) This can have im-
plications for coupling to integrated pho-
tonic elements on-chip where directional-
ity of light is essential. Mie resonances,
particularly in small high-refractive-index
particles, are key for subwavelength op-
tics, to enable light manipulation in de-
vices such as optical antennas/®! and
photonic metamaterials.?%?”] Unlike high-
refractive-index particles, which exhibit sig-
nificant losses, low refractive-index parti-

1. Introduction

Dielectric cavities are highly promising for lasing,['?] sensing,!?]
and nanophotonic applications!*”] due to their ease of
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cles have minimal losses, making them

more suitable for practical applications

in nanospectroscopy!®®! due to the ability
to route emission directionally and to achieve sub-diffraction lat-
eral resolution in imaging!?®! by utilizing the photonic nanojet
effect.?" In addition, they have been utilized in the enhancement
and directional control of fluorescence and surface enhanced Ra-
man scattering.!?331:32] However, due to their low refractive index
contrast, dielectric nanoparticles with low refractive indices ex-
hibit weak resonances albeit, attempts have been made to observe
Mie resonances in such materials.3*]

Larger, low-refractive-index microspheres can also sustain
high quality factor modes and have wide implications in super-
resonance effect,* high order Fano resonances,**! probing
strong light-matter interaction facilitated by the sharp reso-
nances at visible wavelengths.3¢%”) The larger surface area of
microspheres onto which molecular layers can be coated and
their emission coupled to the cavity modes***! gives them
an advantage of open optical cavities. However, observing Mie
modes in dispersive optical geometries, such as microresonators,
may lead to variability in linewidth, depending on the detec-
tion scheme.[*”! This type of dependency of linewidth and pro-
file of modes collected from metallic nanoparticles is also stud-
ied in detail*!! and technique such as near normal incidence
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Figure 1. Schematic of the experimental configuration. a) A dielectric microsphere (3um) placed on a glass substrate was illuminated using a loosely
focused white light at an oblique angle. The scattered light was collected using a dry objective lens and was routed to the spectrometer or to the camera
for real and Fourier plane imaging. b,i) Transmission image of the microsphere. ii) Bright field image of the same microsphere under oblique angle
excitation showing the preferred scattering of light along the direction of excitation light. c) Mie spectrum of the light scattered from the microsphere.
d) Fourier plane image of the scattered light. e) Intensity cross-cut of the Fourier plane image along the black dotted line (along k,/ko = 0) showing the
confinement of scattered light at higher angles along the direction of the excitation light.

dark field microscopy!*?! has been proposed to probe reso-
nances with better accuracy. While the effect of detection con-
figuration on WGMs linewidths in low refractive index parti-
cles is well-studied and discussed in terms of optical bending!**!
and geometric eccentricity,*/l probing Mie resonances also re-
quire further exploration under far-field excitation and detection
configuration.

Herein, we perform experimental and numerical studies to
show that Mie modes in low refractive index microspheres ex-
hibit angular dependent outcoupling under far-field oblique ex-
citation and collection, a general configuration used in dark-field
spectroscopy. Using momentum-resolved and dark-field spec-
troscopy, we show that low NA objective lenses are unable to ef-
ficiently collect Mie modes scattered at higher angles, leading to
broadened or diminished resonances. We show that this can be
mitigated by utilizing metallic substrates, which act as optical an-
tenna to enhance and redirect the scattered wavevectors of Mie
modes of microspheres, and higher order modes in nanospheres,
toward lower collection angles. The results provide important in-
sight into the dependence of detection configuration on perceived
Mie scattering linewidths and offer a methodology to optimize
the performance of dielectric microsphere and nanosphere based
optical platforms for nanophotonic applications.

2. Results and Discussion

A dielectric SiO, microsphere of diameter 3um placed on a glass
substrate (Figure 1a) was illuminated using a loosely focused
white light at an oblique angle of 20° with respect to the substrate
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and the scattered light was collected using a dry 60x, 0.70 NA ob-
jective lens (see Supporting Information S1 and S2 for details on
sample preparation and experimental setup). The collected light
was then routed to the spectrometer for spectroscopy and to the
imaging camera to perform bright field and Fourier plane imag-
ing. The microsphere was imaged and located on the substrate
using collimated white light in the transmission imaging config-
uration (Figure 1b(i)). Upon excitation with the white light under
oblique angle incidence, the microsphere scatters light preferably
along the direction of the incident light (shown in Figure 1b(ii)).
Figure 1c shows Mie spectrum from the microsphere with reso-
nant optical modes arising when light interacts with particles of
a size comparable to or larger than the wavelength of the light.
We later show that these observed modes depend strongly on the
collection numerical aperture. The Mie modes are characterised
by the orbital (I) and azimuthal (m) mode numbers and can have
either transverse electric (TE) or transverse magnetic (TM) po-
larizations. Figure 1d shows the Fourier plane image of the scat-
tered light from the microsphere. The light is scattered at higher
angles in the direction of the incoming light, which is the char-
acteristic of the Mie scattering as it is directional in nature.*¥]
The intensity cross-cut (Figure 1e) along the black dotted line in
the Fourier image plane (along k,/k, = 0) in Figure 1d shows the
confinement of the scattered light at higher angles. This shows
thatin the far-field excitation regime, using slant angle excitation,
the generated Mie scattering modes are more confined at higher
angles.

To show the effect of the collection angles on the per-
ceived linewidth of the Mie modes, we performed numerical
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Figure 2. Numerically calculated Mie scattering spectra from a 3um microsphere placed on a glass substrate upon illumination at an angle of 20° with
respect to the substrate. a) Variation of observed mode linewidths for a collection angular range of 0°-15°, 45°-60°, and 60°~75°. For smaller collection
angles, the linewidth of the observed modes are very broad whereas for light scattered along larger angles the modes are sharper. b) Variation of the
mode linewidth as a function of the numerical aperture of the detection optics. c) Energy-momentum image showing the gradual variation of the mode

linewidth as a function of the scattered wavevectors.

calculations using SMUTHI,*! an open-source Python pack-
age that solves three-dimensional Maxwell’s equations in the fre-
quency domain. It employs the T-matrix method to address light
scattering problems by expanding the scattered electromagnetic
field from a particle on a substrate into outgoing spherical vector
wave functions.[**] The numerical accuracy is determined by the
truncation order of the spherical wave (multipole) expansion. A
higher truncation order includes more multipole terms, captur-
ing finer resonances and angular features, while a lower order
may miss higher order modes and lead to inaccurate results. For
larger particles (diameter of particle > wavelength of light), in-
creasing the maximum multipole order improves accuracy and
ensures convergence of the solution. The methodology of ensur-
ing convergence is performed using automatic parameter selec-
tion. For a 3 ym microsphere, convergence of the calculation was
achieved by including multipoles with an orbital angular momen-
tum number of up to 21 and an azimuthal number of up to 20.
Furthermore, the method uses the Extended Boundary Condition
Methods to model light scattering by particles on substrates. The
refractive index of SiO, was taken from ref. [47] and of silver from
ref. [48]. A 3 ym diameter microsphere placed on a glass sub-
strate, was illuminated using a p-polarized plane wave at an angle
of 20° with respect to the substrate. The wavelength range of in-
put light was 500-750 nm and the scattered light was integrated
in the upper hemisphere with different polar angular ranges to
get the scattering intensity to mimic the collection of the light
using an objective lens.

Figure 2a shows the variation of the mode profile and linewidth
for different collection angles. For smaller collection angles
(0°-15°) the observed modes have very large linewidths. How-
ever, when the collection angles are increased (45°-60°), sharper
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modes are observed, which are distinct and are characterized by
TE and TM modes. At larger angles such as between 60°-75°,
the mode linewidth broadens because of the inclusion of the ex-
citation light. Specifically, the intensity of the TM modes starts to
decrease whereas the TE modes become much sharper at higher
angles. This shows that distinct modes from the microsphere out-
couple in different directions with varying intensity.

To further understand this phenomenon, we calculated the
Mie modes as a function of NA of the objective lens (Figure 2b).
With lower collection NAs (0.10 and 0.25), multiple modes get
merged and appear as a single peak with broader linewidth. For
0.50 NA, only the TM modes are visible but with very broad
linewidth. At higher NAs, such as 0.70 and 0.85 distinct TE and
TM modes with low linewidth appear where the TE modes are
relatively more intense than TM modes. For a nominal NA of
0.70, the calculated linewidth for the TE (TM) mode at 654 nm
(638 nm) is 3.8 nm (7.5 nm) or 11 meV (22 meV).

Finally, to better understand the linewidth variation as a
function of scattered wavevectors, we calculated the energy-
momentum*! image of the light scattered by the microsphere
by dispersing the angular wavevectors along k /k, = 0 line with
respect to the wavelengths as shown in Figure 2c. For this, the
Fourier plane image of the scattered light from the microsphere
was calculated for a range of input wavelengths, giving the ra-
diation pattern in terms of azimuthal and polar angles, which
can be expressed as the in-plane wavevector components k, /k,
and k, /k,. To obtain the dispersion of the scattered light, we ex-
tracted a one dimensional cut of the Fourier plane image along a
fixed k,/k, = 0 line and plotted the intensity as a function of k, /k,
(ranging from 0 to 1) and wavelength. The choice of k, = 0 cor-
responds to the central cross-section of the momentum space,
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Figure 3. Experimentally observed Mie modes of a 3um microsphere placed on a glass substrate upon excitation in a slant angle configuration. a,b) Mie
modes observed by collecting the scattered light on the air (glass) side in backscattered (forward) configuration when the microsphere gives the sharpest
modes (red line) and when the sample plane was moved away from the objective lens (black line). c) Bar plot of the variation of the observed linewidths
of the Mie modes upon moving the microsphere away or at the sample plane of the objective lens. The FWHM of the modes showing that the observed
modes can have different linewidths depending on the angular region of the scattered light that is collected by the objective lens. d) Momentum resolved
Mie modes by projecting the Fourier plane image onto the spectrometer slit. The black (red) curve show the spectrum collected by projecting the higher
(lower) k-values of the Fourier plane image where the Mie modes are most intense (less intense).

representing propagation in a single in-plane direction and ex-
cluding off axis contributions.

In general, TM modes exhibit broader linewidths than TE
modes. This difference arises because TE modes have their elec-
tric field predominantly tangential to the substrate surface, re-
sulting in weaker coupling to substrate modes.**] In contrast,
TM modes have a substantial radial (normal) electric field com-
ponent, which couples more efficiently to the substrate. This
enhanced coupling increases energy leakage into the substrate,
leading to higher losses and thus broader spectral peaks than
TE modes. Even for an isolated resonator, the linewidths of TM
are larger than TE modes, because of the more radiative nature
of the TM modes. However, the presence of a substrate prefer-
entially further broadens the TM mode linewidth. Furthermore,
Figure 2a—c shows that TM modes dominate at smaller collec-
tion angles, while both TE and TM modes appear at larger an-
gles, with the TE mode becoming increasingly sharp. This trend
can be understood from the directional nature of Mie scattering
and the field orientation of the modes. The predominantly radial
electric fields of the TM modes, results in stronger scattering at
smaller angles. However, at larger angles, the overall Mie scatter-
ing intensity decreases, and the TM contribution becomes much
weaker. In contrast, the tangential electric fields of the TE modes,
scatter more efficiently at larger angles. As the collection angle
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increases, more TE mode intensity is collected resulting in the
sharpens the of TE modes.

To demonstrate this effect, we performed experiments with a
3um microsphere placed on a glass substrate and illuminated it
with white light in an oblique angle excitation configuration at
~20° with respect to the substrate. The scattered light was col-
lected using an objective lens of 60X,

0.70 NA either from the upper hemisphere (backward scat-
tering configuration) or in the lower hemisphere (forward scat-
tering configuration). Figure 3a shows the Mie spectrum from
the microsphere collected from the air side in the backward scat-
tering configuration. We observed that the microsphere modes
have low linewidth when the microsphere was placed near the
sample plane of the microscope. This is due to the collection of
scattered light from the microsphere with larger numerical aper-
ture (0.7 NA) objective lens. Distinct resonances (both TE and
TM) with narrow linewidths are observed and the spectrum fairly
matches with the numerically calculated Mie scattering spectrum
for 0.70 NA.

The linewidths of the TM and TE modes present at 700 and 720
nm are 8 nm (20 meV) and 3 nm (7 meV), respectively, which is
very close to the values of the mode linewidth that are observed
in the numerical calculations. However, when the microsphere
was shifted away from the objective lens, the mode linewidth

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

increases drastically. This is expected because only the scattered
light from the microsphere at the lower angles (near the k,/k,
=k, /k, = 0) enters the objective lens. The bar plot in Figure 3c
shows the change in the linewidth to 38 nm (100 meV) from 8
nm (20 meV) (TM) and 3 nm (7 meV) (TE) upon moving the
microsphere away from the objective lens. Furthermore, the ra-
dial electric field nature of the TM modes leads to an enhanced
coupling with the substrate. This increases the energy leakage
into the substrate leading to higher losses and thus redshifted
TM peaks at the lower angles. This shows that different collec-
tion angles can show an order of magnitude difference in the
observed linewidth of microresonators. In addition, the observed
Mie modes are also sensitive to the lateral position of the res-
onator at the sample plane as it changes the coupling of different
modes into the objective lens, leading to variations in their inten-
sities (see Supporting Information S3).

Furthermore, we performed similar experiment of probing
Mie modes but in the forward direction, where the light was col-
lected from the glass side. For this, the microsphere was placed
on the glass coverslip and the white light was incident from the
top side. We used the same dry 60X,

0.70 NA objective lens for the collection of the Mie modes. The
objective lens has a correction collar to account for the thickness
of the glass coverslip used in the experiments. Similar to the air
side collection, in the glass side collection of the Mie modes, mov-
ing the microsphere away from the objective lens increases the
linewidth of the modes (shown in Figure 3b). Even in this case,
the observed linewidths can change from 33 nm (93 meV) to 7 nm
(17 meV) (TM mode) and 3 nm (7 meV) (TE mode) depending
on the location of the microsphere with respect to the objective
lens, as shown in the bar plot in Figure 3c.

The observed dependence of the mode linewidths on the
collection geometry in both backward and forward scattering
(Figure 3a—c) indicates that angular filtering plays a crucial role in
determining the measured spectral features. Since different scat-
tering angles correspond to different momentum components
of the emitted light, the numerical aperture and the angular ac-
ceptance of the detection optics directly influence the measured
Mie spectrum. To investigate this effect more systematically, we
performed momentum-resolved spectroscopy on a microsphere
fixed at the sample plane. By imaging the Fourier plane onto the
entrance slit of the spectrometer and selecting specific k-space
regions, we could isolate contributions from different angular
ranges. A 200 pm slit width was used to define the momen-
tum selection (see Supporting Information S2 for experimental
setup for momentum-resolved spectroscopy). The black curve in
Figure 3d corresponds to higher angle (larger k-values) collec-
tion, which shows significantly narrower modes compared to the
red curve obtained from lower angle (smaller k-values) collection.
In both cases, the full k,/k, range was integrated for the chosen
k,/k,. This confirms that the sharpest modes predominantly scat-
ter at higher angles, which is consistent with the NA dependent
linewidth narrowing seen in Figure 3a—c, and demonstrates that
momentum-resolved spectroscopy is an effective approach for se-
lectively probing these modes under far-field excitation.

The above results show that to collect sharper modes, high NA
lens should be used. However, experimentally, in the slant angle
excitation configuration, the light is collected from the top side
objective lens, with a large working distance, which also limits the
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NA of'the lens that can be used under this dark-field spectroscopy
configuration. To address this challenge, we demonstrate that
metallic substrates can redistribute the scattered light wavevec-
tors, particularly those emitted at high angles toward lower an-
gles accessible to low-NA objectives. We show a similar effect in
the collection of the modes of dielectric SiO, nanospheres where
the metallic substrate can increase the collection efficiency of the
higher order modes (TE;;) in the visible regime.

Figure 4a,b shows the calculated Fourier plane image of the
scattered light from a 3 um diameter microsphere placed on a
glass substrate and a metallic substrate (silver film of 40 nm
thickness), respectively. The microsphere was illuminated at 20°
with respect to the substrate. The Fourier plane images show en-
hancement in the scattered intensity and also the redistribution
of the scattered wavevectors toward the lower angles in the case of
metallic substrate. The Fourier plane images are calculated in the
upper hemisphere in the backscattered configuration. Intensity
cross-cuts (Figure 4c) along the k /k, = 0line in Figure 4a,b show
that the scattering (for both TE and TM modes) is more intense
at lower k values in the case of metallic substrate as compared to
the glass substrate, where the scattering is prominent at higher k
values. To compare the effect of the metallic substrate on the scat-
tered Mie modes as compared to the glass substrate, we calculate
the collection efficiency of the modes as a function of the nu-
merical aperture of the collection objective lens. To calculate the
collection efficiency, for each set of incident wavelengths the scat-
tered spectrum of the Mie modes was calculated. After identify-
ing the modes (TE and TM), the corresponding Fourier plane im-
ages were computed for each mode (over a range of wavelengths)
within the upper half space, covering polar angles from 0° to 90°
(corresponding to NA = 0 to 1). The collected intensity was then
obtained by integrating the angular distribution from 0° to a spec-
ified polar angle, or equivalently from NA = 0 to the target NA.
Here, 100 % collection efficiency refers to the total power emit-
ted into the upper hemisphere, which in an ideal case can be col-
lected by an objective lens of NA = 1. The collection efficiency is
defined as the ratio of the power collected with a given NA to the
power collected with NA = 1. Only the emission into the upper
hemisphere was considered in the analysis. This shows that for
a metallic substrate wavevector shifting can improve the collec-
tion efficiency of Mie modes for a given input angle and collec-
tion numerical aperture. The improvement is small when using
a low NA lens, but for high NA lenses the collection efficiency
can reach 80%, compared to around 60% for glass substrates.
See Supporting Information S4 for experimentally obtained Mie
modes of a 3 um microsphere placed on a metallic mirror (thin
silver film coated on a glass substrate). Placing the microsphere
on the metallic substrate leads to a broadening of the TM modes,
while the TE mode linewidth remains similar. Specifically, the
TM mode linewidth increases from ~8 nm (20 meV) to ~10.4
nm (29 meV), whereas the TE mode linewidth stays around =3
nm (7 meV). This broadening of the TM modes arises from their
stronger interaction with the metallic substrate, due to the pre-
dominantly radial nature of their electric field.

Finally using the same concepts and methodology, we show
that metallic substrates can also increase the collection efficiency
of the modes of dielectric nanospheres. Small sized low index
dielectric particles support higher order electric and magnetic
Mie modes in the visible regime, but the scattering efficiency is
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Figure 4. Effect of metallic substrate on the Mie modes far-field patterns and collection efficiency. a,b) Calculated Fourier plane image of the scattered
light from a 3um microsphere placed on a glass and metallic substrate respectively. c) Intensity cross-cut along the k,/kg = 0 line in (a) and (b) showing
the redistribution of Mie modes (TE and TM) towards the lower angles in case of metallic substrate. d) Collection efficiency increment of the modes
in case of metallic substrate as a function of NA. e) Calculated scattering spectra of a 450 nm SiO, nanosphere showing a TE;; mode, for different
collection range. Collection of the excitation light screens the scattering spectrum. f) Intensity distribution of the TE;; mode in the case of metallic
and glass substrate showing the redistribution towards the lower angles while using metallic substrate. g) Collection efficiency increment of the mode
when using a metallic substrate. h,i) Energy-momentum images showing the redistribution of the TE,; mode emission towards lower angles while using

metallic substrate for full scattering wavelength range.

very low. This low scattering efficiency makes it difficult to detect
and further use it for applications. However, attempts have been
made to increase the scattering and collection efficiency by using
metallic dressing as a top coating on the particles and modifying
the Mie modes, as shown in ref. [33]. Herein we focus on redis-
tributing the wavevectors of the scattered Mie modes by using
metallic substrates, without any metallic coating on top which
can alter the dielectric nature of the nanospheres. This wavevec-
tor redistribution increase the collection efficiency of the modes
for a given numerical aperture of the objective lens. Figure 4e
shows the calculated scattering spectrum of a 450 nm dielectric
SiO, nanosphere placed on a glass substrate. The nanosphere
size was selected to have Mie modes (TE modes) in the visible
regime.l?*33 The nanosphere was excited with a p-polarized light
at 30° with respect to the substrate and the scattered light was
collected into the air side to get the intensity in the backscatter-
ing configuration. The mode linewidth of the TE,; mode changes
slightly with a change in the collection angles. However, if the
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collected signal includes any of the incoming unscattered exci-
tation light (as in the 0-75° range, blue curve), the mode is no
longer visible. This shows that to get sharper modes in low re-
fractive index dielectric particles, the incoming light should be
completely removed by using very low NA collection angle, but
this makes the collection intensity of the mode further weaker.
We show that metallic substrate can redirect the emission to-
wards the lower collection angles (Figure 4f, cross-cuts along the
k,/k, = 0 line of Fourier plane images of scattered light) which
increases the collection efficiency of the mode. See supporting
information S5 for the calculated Fourier plane image of the scat-
tered mode form the nanosphere placed on a glass and metallic
substrate. For a nominal NA of 0.70, the collection efficiency can
increase from ~50% to ~80% as shown in the Figure 4g. This
is made possible by the redistribution of the wavevector of the
scattered mode in the case of metallic substrate as shown in the
energy-momentum image where the mode spectrum is plotted
along the wavevectors of the scattered light for both glass and
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metallic substrate (Figure 4h,i). The metallic substrate redis-
tributes the emission throughout the objective lens, which was
however mainly confined at higher angles in the case of glass
substrates. This makes the collection intensity to increase with-
out relying on high NA lenses which can screens the modes. This
improvement comes from the way a metallic substrate changes
the wavevector distribution of the scattered mode, conceptu-
ally similar to k-space translation strategies used in metasurface
holography®® or metallic-dielectric antenna.[?} In the energy-
momentum images (Figure 4h,i), the mode from the metal-
lic substrate is spread more evenly across all collection angles,
whereas for the glass substrate it is concentrated mainly at higher
angles. This redistribution allows more of the mode light to be
collected even with a lower NA lens, avoiding the need for very
high NA optics that can otherwise obscures the mode because of
inclusion of the unscattered excitation light.

3. Conclusion

In conclusion, we have demonstrated the influence of the nu-
merical aperture (NA) of the objective lens on the observation of
Mie mode profiles and linewidths in low refractive index micro-
spheres. Our findings show that Mie modes outcouple at vary-
ing angles, with the amplitudes and resulting linewidths depen-
dent on the NA of the collection optics. Furthermore, we show
that metallic substrates act as optical antennas that redistribute
the scattered wavevectors of Mie modes toward lower angles,
thereby enhancing collection efficiency with low-NA objectives.
A similar effect is observed for dielectric nanospheres, where the
mode collection efficiency increases from 50% on a glass sub-
strate to 80% on a metallic substrate due to this redistribution.
Techniques such as back focal plane filtering can suppress con-
tributions from low-k vectors and mode mixing, leading to more
accurate observation of Mie modes. Given the growing interest
in using dielectric microspheres and nanospheres as soft cavities
for applications in lasing, sensing, and strong coupling, where
linewidth is a key parameter, our results underscore the impor-
tance of accounting for detection geometry and substrate effects.
Future work should extend these approaches to high refractive
index nanoparticles, which support multiple electric and mag-
netic modes in the visible regime, offering further insights into
the role of collection configuration in Mie mode analysis.
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