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ABSTRACT: Traditional nanophotonic sensing schemes utilize
evanescent fields in dielectric or metallic nanoparticles, which
confine far-field radiation in dispersive and lossy media. Apart from
the lack of a well-defined sensing volume, these structures suffer
from the generally limited access to the modal field, which is one
key aspect for sensing performance. Recently, a novel strategy for
dielectric nanophotonics has been demonstrated, namely, the
resonant confinement of light in air. So-called Mie voids created in
high-index dielectric host materials support localized resonant
modes with exceptional properties. In particular, these structures
benefit from the full access to the modal field confined strongly
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inside the void. We utilize these Mie voids for refractive index sensing in single voids with volumes down to 100 attoliters and
sensitivities on the order of 400 nm per refractive index unit. Taking the noise of our measurements into account, we demonstrate
detection of refractive index changes as small as 1 X 107> in a defined volume of just 390 attoliters. The combination of our Mie void
sensor platform with appropriate surface functionalization will even enable specificity to biological or other analytes of smallest

volumes while maintaining said sensitivity.
KEYWORDS: nanophotonic sensing, Mie void, bio sensor

B INTRODUCTION

Sensing applications have been a key driving force behind
nanophotonics and plasmonics'~* and include medical
demands such as the detection of biomolecules and their
conformational changes,s_8 safety-related concerns such as the
measurement of gas concentrations, monitoring of chemical
reactions,” and many more.'’”'® Ultimately, achieving the
highest sensitivities for smallest quantities, possibly even down
to single biomolecules, requires optimization of the sensing
platform.'”~*” Optimization, however, depends on the sensing
application.”*™*> While the quality factor of the resonances is
important to discriminate spectral shifts, also the mode volume
has to be taken into account in order to optimize the sensor
performance.**™** While exhibiting excellent sensitivity and
perforn1ance,43_45 highest quality factors are often observed
for extended modes in gratings or periodic structures, resulting
in very large sensing volumes. In other cases, high-quality
factors are associated with strongly confined modes, hampering
interaction with materials of interest.’® Direct comparison
between plasmonic and dielectric resonances has shown that
sensitivities of dielectric structures can be lower, yet, still offer
benefits in terms of linearity of the response and CMOS
integrability, again underpinning the importance of the
application at hand."” Combining whispering gallery modes
resonators with, e.g, plasmonic nanoantennas is another
powerful alternative approach.**™>°
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Additionally, pushing a sensor to the ultimate limit can also
mean reaching an ultimately small sensing volume. In this
letter we introduce Mie voids as a novel sensing platform,
making use of the unique full accessibility of their modal
fields.>** Mie voids, which are void structures in high
refractive index dielectrics that strongly confine light, are thus
ideal candidates for nanoscale optical sensing as they maximize
the far-field response by maximizing the analyte-resonator
interaction in a well-defined and extremely small volume.>"*
The optical response is in fact so large that the change in
optical properties of individual resonators can be observed
with bare eyes in an optical microscope. Ultimately, we
demonstrate that single Mie voids can report refractive index
changes as small as 1 X 107* inside a volume of only 390
attoliters. We note that these sensitivities are below flat-film
SPR and other extended mode sensing platforms, which,
conversely, cannot address ultimately small volumes.”*> While
plasmonic nanohole arrays have been widely used for refractive
index sensing,”*"*® demonstrations of single plasmonic
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nanohole sensors remain relatively rare. Some studies have
explored single nanoholes to detect individual molecules or
particles, such as virus-like particles’” and DNA translocation
events.”” However, these approaches typically focus on
qualitative detection or analyte trapping rather than high-
resolution, quantitative refractive index measurements. In
contrast, our dielectric Mie void platform enables robust,
label-free refractive index sensing at the attoliter scale with high
signal-to-noise performance. This distinguishes our work from
plasmonic approaches and highlights its potential for ultra-
miniaturized, quantitative sensing. In addition, Mie void
sensors in gallium arsenide or silicon can be fabricated by
standard semiconductor nanolithography process lines. Beyond
the current experiments, surface functionalization can
introduce selectivity to specific analytes and allow for their
discrimination. Mie voids are also ideal as a platform for
microfluidic sensing chips due to the ease of fabricating voids
in, e.g,, silicon substrates and their straightforward integrability
into this platform.'®®"*

Concept. Figure la illustrates the basic concept of Mie void
sensing. The artistic sketch depicts a single Mie void in a
gallium arsenide surface. Such a void supports resonant modes,
confining the radiation to the void re()gion, which allows full
access to the modal field distributions.”” Counterintuitively, it
has been shown the nearly the entire modal field distribution is
confined to the air void, with barely any penetration into the
surrounding material. Mie voids are thus an ideal nanoscale
sensor for liquid analytes, serving not only as the analyte
container of well-defined volume but also supporting a
localized resonant mode and thus ensuring maximized
interaction, providing a distinct benefit over solid nano-
resonators or nanoparticles. In the experiment, we collect white
light reflection spectra from the structures, and record the
changes to the optical response for different analytes. The
setup allows us to measure the reflectance spectra of arrays of
Mie voids as well as individual ones.

Figure 1b depicts the basic working principle. The leftmost
scanning electron microscopy (SEM) images show arrange-
ments of individual Mie voids of varying diameter and
nominally identical depth. The top depicts a spiral of voids
with continuously increasing diameter, and the bottom one
displays a random arrangement of voids with different
diameters. The middle and rightmost columns depict optical
microscope images of the same arrangement of voids in air and
a liquid surrounding of refractive index n = 1.38 (propanol).
One can clearly observe the resonant scattering of the
individual voids in dependence on their diameter. This
manifests itself as a significant color change, that is, resonance
shift for different refractive index surroundings. The images for
the air and liquid surroundings reveal a very strong color
change from an orange-to-red-dominated hue for air-filled to a
purple-to-blue-dominated one for the propanol-filled voids.

B METHODS

The measurement setup is sketched in Figure 2a. We perform
refractive index measurements of liquids inside a flow cell with
a source and drain to flush the cell with liquids, in this case,
propanol and toluene with n = 1.38 and 1.49, respectively.
These values stem from taking the average value of the
refractive index dispersion between 500 and 1000 nm.”*** B
choosing an appropriate mixture of the two liquids, we can
interpolate refractive indices between these two extreme
values. In the experiment, we utilize mixing ratios of (10:0,
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Figure 1. (a) Basic idea of Mie void-based sensing. The well-defined
volume of the resonant nanostructure makes a Mie void an ideal
nanoscale sensor, maximizing interaction of the analyte with the
localized mode inside the void. (b) Scanning electron microscopy
(SEM) images and optical micrographs of arrangements of individual
Mie voids with different sizes and thus different resonance positions.
Each void is associated with a distinct color impression. Changing the
refractive index of the surrounding from 1 to 1.38 for propanol causes
the spectral resonance to shift dramatically, underpinning the working
mechanism of the Mie void sensor.

8:2, 6:4, 4:6, 2:8, 0:10), corresponding to refractive indices of
(1.380, 1.402, 1.424, 1.446, 1.468, 1.490), providing a well-
defined and tunable experimental system to study the sensing
characteristics of this platform. Through a glass window in our
cell, the Mie void sample can be imaged with a 60X Nikon
objective which is part of a microspectroscopy setup based on
an inverse Nikon TE2000-U microscope.”*°® As the substrate
is intransparent, we measure reflectance spectra in a bright-
field geometry. For this, we utilize Kohler illumination and
collect the reflected light with the help of a 4f setup coupled to
a Princeton Instruments grating spectrometer (SP2500i). Both
the illumination and collection paths utilize apertures in the
Fourier plane (A-stop) in order to limit the illumination and
collection to angles close to normal incidence, effectively
reducing the NA of the objective to approximately 0.14. This is
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Figure 2. (a) Sketch of the measurement setup consisting of a fluid cell for the exchange of different analytes with different refractive indices as well
as the illumination and collection path of the white light reflection measurement. (b) SEM micrographs as well as reflectance spectra for different
arrays of Mie voids and the extracted shifts of the modal features with their associated linear regressions. The top radii of the voids are 265, 395,
and 570 nm, with a nominally identical depth of 480 nm. The spectra for the two larger radii have been shifted upward for clarity (by 0.225 and 0.5,

respectively).
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Figure 3. Single Mie void refractive index sensing. (a) 45° tilted-view SEM image of the used Mie void. (b) Reflectance spectra for different analyte
solutions. (c) Extracted peak position with respect to the corresponding refractive index and a linear fit. (d) Simulated electric field intensity
distribution for a void filled with analyte of refractive index 1.38 at a wavelength of 513 nm (resonance peak). (e) Simulated single Mie void
reflectance spectra. (f) Extracted peak positions for the simulated spectra.

necessary as Mie void reflectance spectra are highly angle
dependent also preventing the usage of dark-field spectroscopy.
As we measure in bright-field reflectance geometry, we use an
aperture in the image plane of the collection path (F-stop) to
only collect light from the region of interest (arrays or single
voids). For the single void measurements, we utilize fixed-size
apertures in the collection path. For the 60X objective,
pinholes of 150 ym, 100 ym, or 75 ym diameter were used

depending on the void size (further details in the Supporting
Information, Figure S7).

B RESULTS AND DISCUSSION

Figure 2b presents reflectance spectra for different analyte
combinations. All spectra presented in this work are plotted as
absolute reflectance by normalizing the Mie void signal to the
measured reflectance of the adjacent GaAs substrate and
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subsequently multiplying by the known reflectance dispersion
of GaAs. The data shown corresponds to three different arrays
of voids with different radii as displayed in the SEM images to
the left. The void radii are 265, 395, and 570 nm, respectively
(top radius) with nominally identical depths of 480 nm. The
middle panel shows the reflection spectra in a waterfall plot in
dependence of the different analyte refractive indices.

We first consider the general shape of the measured
reflectance spectra. Looking at the sweep in the middle
corresponding to the medium-sized voids we observe the
distinct resonant peak features of the three lowest-order Mie
void modes, labeled as modes 1 to 3. In comparison, these
modal features are blue-shifted in the spectra of the smaller
voids at the bottom, where only modes 1 and 2 are observable.
Conversely, in the spectra of the biggest voids at the top, the
modes are red-shifted with modes 2 and 3 being clearly visible
and parts of mode 4 shifting into the visible range above 400
nm.

We now turn our attention to the resonance shifts upon
exchange of the analytes. For all three arrays, we observe a
clear red shift for increasing refractive indices, as expected. In
order to analyze these wavelength shifts in detail, we extract
the peak positions from the spectra and plot them over the
corresponding refractive index in the right column of Figure
2b. As only the modes 2 and 3 are entirely within the
measurable wavelength range, we focus our discussion on
these. For all three void sizes, a clear linear dependence
between peak position and refractive index can be observed for
both modes. This result is intuitive as the refractive index
increases the optical path length and therefore the effective
resonator size, thus lowering the energy of a given mode. By
fitting linear functions, we obtain the sensitivity for the
different void sizes and mode orders from these data. We
define sensitivity as wavelength shift of peak position per
refractive index unit (RIU). For mode 2 from biggest to
smallest void the slopes are A1/An = (523 + 7)nm/RIU,
AL/ An = (459 + 9)nm/RIU and AA/An = (433 + 8)nm/
RIU. For mode 3 the biggest void exhibits a sensitivity of
AA/An = (391 + 10)nm/RIU and the medium sized one
AL/An = (323 + 12)nm/RIU. The listed errors are the
estimated parameter error of the linear fits. Additional array
measurements for further void sizes can be found in the
Supporting Information, Figure S1.

One key feature of Mie void sensing is the well-defined and
ultrasmall sensing volume of the single void, which is only on
the order of a few hundred attoliters. This intriguing property
can only be fully exploited when addressing a single Mie void.
Results in Figure 1b already indicate that individual voids are
clearly observable in a microscope with naked eye, thus it
appears more than feasible to also extract the spectral
information.

For these measurements, we have chosen the Mie void
depicted in the SEM image in Figure 3a with a volume of ~370
attoliters (S50 nm top radius, 435 nm bottom radius, 480 nm
depth). For this individual Mie void, Figure 3b displays the
reflectance spectra recorded for the same set of refractive
indices as before. Despite the fact that we are addressing a
single Mie void and thus interrogate only an analyte volume of
370 attoliters, we observe well-modulated spectra with an
excellent average signal-to-noise ratio of 182 (calculated as the
ratio of peak prominence (0.0729) over noise (0.0004), where
noise is defined as the standard deviation of the measured data

points from a high order polynomial fit of the spectra). We
note that the peak prominence and modulation depends on the
pinhole size chosen in the experiment as this determines the
ratio between void signal and background (for more details see
Figure S7). As expected, the spectra undergo a red shift for
increasing refractive indices. We extract the peak position for
each refractive index step and plot it as a function of the
corresponding refractive index in Figure 3¢, which shows the
expected linear dependence. The fit returns a sensitivity of
Al/An = (399 + 7)nm/RIU. We thus observe similar
sensitivities compared to the array measurements, corroborat-
ing the fact that voids only interact very weakly with each
other. The presented error in sensitivity again only signifies the
estimated parameter error of the linear fit. In addition we
extract the average line width of the six measured peaks as the
full width at half prominence to be of 58.4 nm which allows the
calculation of the figure of merit FOM = 6.8/RIU defined as
sensitivity (nm/RIU) over line width (nm).

In order to further underpin our results, we performed full-
wave simulations with the Finite Element Method imple-
mented in COMSOL Multiphysics, (Figure 3d,e). Figure 3d
displays the absolute value of the electric field at the resonance
wavelength. Three field maxima can be observed within the
void, confirming the excitation of a high order mode of the
resonator, in contrast with the low order modes investigated
previously.”' The simulated reflectance spectra are depicted in
Figure 3e and show good agreement with the measurements.
Deviations in the absolute position of the peaks likely occur
due to differences between simulated and real void dimensions.
As we are here interested in a general understanding of the
observed phenomena only, we considered in our simulations
the nominal void dimensions without performing any fine-
tuning of parameters. Figure 3f depicts the simulated shift of
the peak position against the corresponding refractive index.
The sensitivity of A1/An = (381 + 4)nm/RIU is in good
agreement with the measurement.

Another important cross-check is related to the actual active
sensing volume. In our experiment not only the void itself but
also the volume above the sample is filled with the analyte. In
order to investigate its impact, we performed simulations
assuming only the void filled, void and space above filled, and
an empty void with filled space above (see Supporting
Information Figure S2). The simulations clearly prove that a
spectral shift of the features is only observed for an analyte-
filled void and is barely influenced by the analyte above the
sample.

The sensing volume can be further decreased by using
smaller-sized Mie voids. To illustrate this, Figure S3 in the
Supporting Information presents measurements for a Mie
void with a volume of only 100 attoliters, still offering
good sensing performance with a sensitivity of
AL/An = (516 + 13)nm/RIU. Two constraints must be
considered here: First, the resonances will blue-shift, at
ultimate small sizes toward the UV spectral range, which is
outside of the easy-to-access spectral range. Second, the
coupling of the modes with the far field will decrease due to
the decreased volume and thus diminish the observable signal-
to-noise ratio.

Utilizing a sensing platform with ultimate small sensing
volumes on the order of a few hundred attoliters becomes
particularly interesting when pushing it simultaneously to the
smallest detectable refractive index changes, exploring the
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overall limits of the platform. In order to investigate this
behavior, very small refractive index changes have to be
realized in a controlled and reproducible way. In our
experiments, we make use of the thermo-optic effect, that is,
the dependence of the refractive index of a material on its
temperature. In a setup as sketched in Figure 4b, setting a
certain temperature, controlled by a PID feedback loop, allows
us to very accurately choose a specific refractive index and thus
also allows to finely tune this refractive index in ultimately
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Figure 4. Ultimate limits of single Mie void-based refractive index
sensing. (a) Sketch of the measurement cell. (b) Measurement
scheme utilizing the thermo-optic coefficient of glycerol. Via a PID
temperature controller, the sample and analyte temperature and thus
the refractive index can be precisely controlled. (c) SEM micrograph
of the measured Mie void. (d) Reflectance spectra of an individual
glycerol-filled Mie void for temperatures between 30 and SS °C. For
clarity, only the average of all spectra at one temperature is plotted,
making the small blue shift visible. (e) Extracted peak position versus
the applied temperature and corresponding refractive index for a five-
cycle-measurement and 26 individual spectra. A linear regression is
applied to the data points to extract a sensitivity of
AA/An = (494 + 25)nm/RIU. (f) Simulated electric field intensity
distribution. (g) Simulated reflectance spectra corresponding to the
experimental data in (d). (h) Simulated peak shift for the refractive
index range covered in the experimental data in (e).

small steps. To this end, we utilized a cell sketched in Figure
4a. A droplet of glycerol was trapped between a coverslip and a
Mie void sample with a few layers of Kapton tape acting as a
spacer and rim at the edges, sealed with glue. Glycerol as an
analyte was chosen for its large thermo-optic coeflicient of
—23 x 107* (1/K).”

We performed single Mie void spectral measurements
analogous to the previous measurements but now as a function
of temperature, from which we can determine the correspond-
ing refractive index via the thermo-og)tic coeflicient as
described in the Supporting Information.”” The utilized Mie
void displayed in the SEM image of Figure 4c has a top radius
of 610 nm, a bottom radius of 295 nm, a depth of 600 nm, and
a volume of 390 attoliters. For this single void, we measure
spectra from 30 to S5 °C in steps of SK, corresponding to a
refractive index change of 1.15 X 107>, The cycling scheme is
illustrated in the inset of Figure 4e consisting of five cycles
between these extremal values (three times up, two times
down) resulting in 26 individual spectra. For clarity not all 26,
but the average of those measured at identical temperature, are
displayed in Figure 4d (the full data is found in Figure S4 of
the Supporting Information). A small blue shift of the spectra
is visible as the temperature of the analyte is increased. In order
to extract this spectral shift from the measured spectra we
utilized the so-called centroid method.”” This method is robust
against noise as it takes a larger spectral region into account
and is thus generally more suitable to detect very small spectral
shifts.

In Figure 4e, we extract one centroid position per spectral
measurement, resulting in three data points at the maximum
and minimum temperature and five data points for each
temperature setting in-between. The refractive index values on
the upper horizontal axis were calculated via the thermo-optic
coefficient of glycerol and the applied temperature (individual
steps correspond to a refractive index change of just 1.15 X
1073%).

The measurement clearly shows that the change in refractive
index is imprinted on the optical properties and can thus be
extracted. A blue shift in resonance position for increasing
temperature is observable, which matches the negative sign of
the thermo-optic coefficient of glycerol.’” The slope of a linear
fit to the data points yields a sensitivity of
AL/ An = (494 + 25)nm/RIU, comparable to the earlier
measurements. In combination with the peak width at half
prominence of 42 nm this constitutes a figure of merit of FOM
= 11.8/RIU in a single void measurement of 390 attoliters
sensing volume. We note that the observed blue shift for
increased temperatures has to be attributed to the glycerol in
the void with its negative thermo-optic coefficient and cannot
be caused by a change in refractive index in the GaAs, as GaAs
has a positive thermo-optic coeflicient, which would cause a
red shift. This demonstrates again that Mie voids are highly
sensitive to the refractive index inside the void, as this is where
the electric field is concentrated, with very little extending into
the surrounding substrate. Figure 4f illustrates this by depicting
the calculated electric field intensity distribution at resonance.
As for Figure 3d the field distribution is one of a higher order
mode due to the relatively significant size and high refractive
index of the analyte. In Figure 4g, we plotted the simulated
reflectance spectra for refractive indices between 1.4568 and
1.45102 (corresponding to 30 and S5 °C, respectively). The
shape of the reflectance spectra as well as spectral position is in
good agreement with the experiment. In Figure 4h, we have
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drawn the simulated resonance shift over the refractive index,
obtaining a sensitivity of AA/An = 316nm/RIU. The
significant discrepancy might be due uncertainties in the
measured void dimensions used for the simulation or an
incomplete representation of the measurement system through
simulation.The variation in the obtained spectral positions in
Figure 4e demonstrates that we are very close to the detection
limit of our sensing platform. Indeed, the slope of the shift in
combination with this variation in spectral position for
nominally identical measurements determines the detection
limit of our platform, which is a key metric for most sensing
applications. We thus calculate for each temperature the
standard deviation of the peak positions and average over all
six temperatures to determine a standard deviation in peak
position of 6 = 0.26 nm. By requiring a 2¢ separation in peak
position and taking into account the sensitivity of
AL/An = (494 + 25)nm/RIU we deduce a smallest detect-
able refractive index shift of 1 X 107> RIU in a volume of 390
attoliters. This change in refractive index equals a 4K
temperature change in our experiment

As we operate at the limit of our platform and are
susceptible to noise, two additional iterations of this experi-
ment are presented in the Supporting Information Figure S4
yielding similar results. To reach further insight on the limits of
this method, Figure S5 explores the repeatability of nominally
identical measurements after purposeful de- and realignment as
well as de- and refocusing. Over six measurements the spread
in peak position was below 0.5 nm with a standard deviation of
0.21 nm.

The practical implementation of attoliter-scale Mie void
fluid sensing requires precise analyte delivery methods
compatible with the ultrasmall sensing volume. Recent
developments in nanofluidics have demonstrated scalable
techniques for generating monodisperse droplets down to 30
attoliters using nanomicrofluidic geometries, with droplet size
solely governed by the nanochannel height.® Additionally,
integrated silicon microfluidic chips have been developed to
segment analytes into picoliter-scale droplets and deposit them
onto substrates with micrometer-scale accuracy, achieving
attomole-level detection sensitivity.”” Such platforms provide a
viable path toward high-throughput and localized analyte
delivery into Mie void arrays.

We finally mention that our system does not provide
intrinsic material contrast suitable for biofunctionalization.
There are, however, several possibilities to address this point
for our platform. Electron beam lithography can be used to
pattern anchor points on the bottom of the void (e.g., made of
thin gold). Another approach might be based on the use of an
electron beam patterned mask as utilized for quantum dot
delivery on plasmonic Yagi-Uda antennas.”’

B CONCLUSIONS

In summary we have demonstrated the use of Mie voids as a
sensing platform, making use of the full access to the modal
field distribution as well as the well-defined and ultrasmall
sensing volume on the order to a few hundred attoliters.
Specifically, we observe sensitivities on the order of 300—550
nm/RIU, depending on the mode order, and, utilizing the
thermo-optic effect, demonstrate refractive index discrimina-
tion down to 1 X 107* RIU in a volume of 390 attoliters.
Extended mode sensing techniques show sizeably higher
sensitivities, yet, have significantly larger or not such a well-

defined sensing volume. Our ansatz is therefore ideal for the
interrogation of ultrasmall analyte and material volumes, which
can be straightforwardly filled into the cuvette, conveniently
formed by the Mie void itself. In the future, functionalization
can also add speciﬁcity,lé’ﬂ_74 moving beyond proof-of-
concept refractive index sensing. Particularly interesting in our
case is the incorporation of hydrogels and similar material
classes into the void, again making use of the intrinsic full
access to the field and therefore maximizing interaction and in
turn sensitivity.”> Also, the combination with microfluidics and
the read out using a cheap CMOS color camera could render
our ansatz very attractive for automated pharmaceutical and
chemical analytics.

B ASSOCIATED CONTENT
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Additional array sensing measurements (Figure S1),
simulation exploring the difference between filling only
the void volume with an analyte compared to only the
half-space above as well as both (Figure S2), sensing
measurement exploring the lower limits in sensing
volume (Figure S3), calculation of the refractive index
via the thermo-optic coeflicient, additional iterations of
the experiments presented in Figure 4 (Figure S4), test
in repeatability of the single void measurement scheme
(Figure SS), control experiment of the temperature-
dependent measurements in empty voids (Figure S6),
and demonstration of the impact of the real space
aperture size (F stop) on the measured reflectance
spectra as well as their reproducibility (Figure S7)
(PDF)
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