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Toward High-Speed Nanoscopic Particle Tracking via
Time-Resolved Detection of Directional Scattering

Paul Beck, Martin Neugebauer, and Peter Banzer*

Owing to their immediate relevance for high precision position sensors, a
variety of different sub-wavelength localization techniques has been
developed in the past decades. However, many of these techniques suffer
from low temporal resolution or require expensive detectors. Here, a method
is presented that is based on the ultrafast detection of directionally scattered
light with a quadrant photodetector operating at a large bandwidth, which
exceeds the speed of most cameras. The directionality emerges due to the
position dependent tailored excitation of a high-refractive index nanoparticle
with a tightly focused vector beam. A spatial resolution of 1.1 nm and a
temporal resolution of 8 kHz is reached experimentally, which is not a
fundamental but rather a technical limit. The detection scheme enables
real-time particle tracking and sample stabilization in many optical setups

sensitive to drifts and vibrations.

1. Introduction

In the past, multiple approaches for the localization of single
nanoparticles or multi-particle structures have emerged from
the growing interest in ultra-precise positioning techniques for
nanometrological applications.['! These include scanning probe
microscopy, which always involves a probe tip placed close to
the sample,l?l but also all-optical solutions that aim to go be-
yond the diffraction limit, such as fluorescence microscopy
approaches,>”7] camera-based interferometric detection of light
scattered by a particle, utilizing the diffraction-limited optical
image of a point-like emitter,®1! photodetector-based localiza-
tion of a particle in an optical trap!'>!3] or via detection of the
total intensity of scattered light with two separate detectors.']
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In general, spatial and temporal resolu-
tion are usually limited by technical as-
pects of the corresponding techniques,
such as camera frame rates or similar.

Here, we combine concepts of the
fast detection methods utilized in trap-
ping experiments with an easy-to-operate
particle-on-substrate arrangement. The
localization principle is based on the
position-dependent directional scattering
by a dielectric nanoparticle, resulting
from the tailored excitation with a tightly
focused vector beam.!'>"'7] The direction-
ality results from interfering magnetic
and electric dipole moments excited in
the particle. This method has been al-
ready demonstrated in previous (low-
speed) position sensing experiments,
proving the capability of this scheme to provide ultra-high spa-
tial resolution in the sub-Angstrém regime.!'82!] However, the
detection scheme in these experiments relies on a CCD camera,
making it difficult to reach high temporal resolution while keep-
ing the costs for the detection low.

In the present study, we enhance the temporal resolution of
the technique by detecting the scattered light with a quadrant
photodetector (QPD). This allows for a tremendous increase in
detection speed, while the spatial resolution of the detection is
comparable to recent experiments.['*-22] This fast, high-precision
particle tracking can be directly employed as a stabilization mech-
anism via a suitable feedback loop-based approach.

2. Theoretical Concept

The underlying idea enabling precise localization is based
on position-dependent directional scattering from a dielectric
nanoparticle upon tailored excitation with unconventional elec-
tromagnetic fields. This directionality in scattering is centered
around an effect originally described by Kerker(?*l who showed
that the superposition of the emission of transverse and orthog-
onally aligned electric and magnetic dipole moments, excited
by a linearly polarized plane wave in a particle, can lead to a
strong forward-backward asymmetry of the scattering. This phe-
nomenon is usually referred to as Kerker scattering or Huygens
dipole.[?*%7] A scatterer featuring non-zero electric and magnetic
polarizabilities is required to observe this effect.[?®?%! For such a
scatterer, the spectral positions of dipole resonances are linked to
the particle size. However, the aforementioned scheme of plane-
wave excitation is obviously not suited for encoding position in-
formation of the scatterer relative to the excitation field in the
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Figure 1. a) Focal electric and magnetic energy density distributions for
a radially polarized beam tightly focused by a microscope objective with

numerical aperture (NA) of 0.9. The fields are split into transverse (E,,

H,) and longitudinal (E,, H,) components. The insets show the relative
phases of each component respectively. The focal plane (xy) is shown. A
square area of side length 2.44 = 1.52 pm is shown. The plots are normal-
ized to the maximum value of the total field intensity /,,, = |E|> + |H|? in
Gaussian units. b), c) Analytically calculated emission patterns of a dipo-
lar emitter sitting above an interface (grey) excited by the local fields of a
tightly focused radially polarized beam. The plots show the emission pat-
tern in the x-y plane depending on the emission angle 6(°). The upper
half-space consists of air with a refractive index n; = 1, whereas the lower
half-space (grey) is filled with glass (substrate) with n, = 1.5. The inset
in b) shows the scatterer modelled analytically as a point dipole (small
cross) with distance r (particle radius) to the surface. b) Emission pattern
for the dipole being placed on the optical axis, c) for the scatterer being
displaced by Ax = 50 nm away from the optical axis. The interference of

electric (p, + p,, red) and transverse magnetic (m,, blue) dipole emission
leads to strongly directional scattering (black, total emission pattern).

observed directional scattering effect. In order to facilitate Kerker
scattering for localization, position dependent particle-light in-
teraction is crucial. This way, the scattering pattern varies for a
displacement of the scatterer with respect to the excitation field,
which is not the case in the scheme envisioned originally by
Kerker. This can be achieved by tailored excitation with, for ex-
ample, a tightly focused radially polarized beam. Such fields ex-
hibit unconventional and striking features, such as a strong lon-
gitudinal electric field component E, at the center!’>!%l and an
azimuthal magnetic (H,) as well as a radial electric field com-
ponent (E,) for off-axis positions.**! In addition, the focal spot
exhibits cylindrical symmetry. The normalized focal electric and
magnetic energy density distributions and the corresponding rel-
ative phases, calculated using vectorial diffraction theory®!l are
shown in Figure 1a.

In first approximation, the focal fields exhibit a linear depen-
dence for a region of r < 4, that is, close to the optical axis!'®]:

E(x,y) x xEje, + yEe, +1EJe, (1)
H(x,y) x —yH/e, + xHe,. ()
Here, we also take into account the relative phase difference of

7/2 between the transverse and longitudinal components.3233
The non-uniform energy density distributions together with the
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beam-inherent symmetry and phase differences offer an excel-
lent tool for the tailored excitation of a dielectric nanoparticle,
which supports both electric and magnetic dipole resonances.
If such a particle with a diameter smaller than the focal spot is
placed in the described fields, the dipole moments p « Eand m «
H are excited,****] besides smaller contributions by higher-order
modes. Amplitude and phase of the dipole moments strongly de-
pend on the local fields.*®) Accordingly, a scan of the nanoparticle
across the focus results in a superposition of a longitudinal elec-
tric (p,) and transverse magnetic (m,, m,) dipole moments, to-
gether with minor contributions of transverse electric dipole mo-
ments (p,, p,)- The latter ones can be neglected here for several
reasons. First, the longitudinal electric field component of the ex-
citation field is noticeably stronger than the transverse one in the
region of interest. Second, the excitation wavelength of 630 nm is
closer to the magnetic dipolar resonance, and hence m, and m,
are excited much more efficiently than p, and p,. A third reason
is directly linked to the far-field emission of the individual dipole
moments (for more details see ref. [18]). The interference of the
emission of longitudinal and transverse dipole moments results
in a total emission pattern yielding a strong transverse direction-
ality, which depends on the relative amplitudes and phases of the
excited resonances and therefore on the local fields. For the ana-
Iytical calculations of the dipole emission patterns shown in Fig-
ure 1, we take into account the experimental parameters for a sil-
icon sphere of diameter 156 nm, coated with a 6 nm oxide shell,
placed on a glass substrate (n, = 1.5). We assume local excita-
tion by the fields shown in Figure 1a. Relative phases and ampli-
tudes follow from numerical calculations of the particle and the
given excitation field. In the analytical calculation, we further ap-
proximate the distance of the point-like dipoles with respective to
the substrate by the total particle radius of r = 84 nm, including
the SiO, shell. The resulting far-field patterns are shown in Fig-
ures 1b,c, which correspond to the cases of a particle on the opti-
cal axis (b) and for a displacement of 50 nm in positive x direction
(). The local electromagnetic fields induce the dipole moments
p.=p, =0, p, = 0.2487 +i0.1345 (electric), m, =m,=m, =0
(magnetic) for on-axis position and p, = 0.0226 +i0.0417, p, = 0,
p. = —0.2408 +i0.1302, m,, = 0, m, = —0.1147 +i0.0657, m, = 0
for Ax = 50nm. Due to the close proximity of the scatterer to
the interface, the near-fields are evanescently coupled to the glass
substrate. Within the substrate, the scattered light is dominantly
directed along the angle of total internal reflection 6., with 6, =
41.8° for the given refractive indices and wavelength of the emit-
ted light. The coupling as well as the approximation of the particle
as a point dipole with distance r (particle radius) to the substrate
are illustrated in the inset in Figure 1b. The overcritical angular
range corresponds to transverse wavevectors k, = (kl +k})"/* >
k,, where k, = 27/ 4 is the vacuum wavenumber. We notice that
for an on-axis particle position, only a longitudinal electric dipole
moment p, is excited, resulting in symmetric scattering with re-
spect to the optical axis (see the two equally strong peaks at the
critical angle). In contrast, for an off-axis position depicted in Fig-
ure 1c), the superposition of p,, p,, and m, dipole components
yields a highly asymmetric pattern (pronounced lateral scatter-
ing). As mentioned before, the asymmetry is dominated by the
interference of p, and m,,. In conclusion, the position of the par-
ticle relative to the beam is encoded in the observed direction-
ality of the scattered light. Experimentally, the angular emission
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Figure 2. Lower part of the experimental setup with the analysis section
highlighted by the grey dotted box. The incoming radially polarized mode
is tightly focused by the upper NA = 0.9 microscope objective (MO). The
silicon nanoparticle is placed in the focal plane with a 3D piezo positioning
stage. After interaction with the sample, the light is collected bya NA = 1.3
oil-immersion MO in order to collect the scattered light also in an angu-
lar range beyond that of the incoming beam in the range 0.9 < NA < 1.3.
In order to detect only light emitted into the above mentioned overcritical
angular range, the inner part of the beam is blocked by placing a circular
aperture stop in the plane of an intermediate BFP image. This intermediate
image plane is again imaged onto a conventional quadrant photodetector
(QD) in order to measure the directionality of the angular emission spec-
trum.

spectrum can be accessed by imaging the back focal plane (BFP)
of a high-NA immersion-type collecting microscope objective
(MO). The implementation of BFP imaging will be discussed in
the following. We will show in the following that the actual exper-
imental detection and analysis of the BFP data can also be done
with a quadrant photodetector rather than a camera, which offers
high-speed capabilities.

3. Implementation

For the experimental implementation (see Figure 2) of the afore-
mentioned excitation scheme we use a setup similar to the one
described in refs. [19, 32, 36]. However, the detection part of the
setup has been modified substantially to enable a high temporal
resolution in the tracking of individual nanoparticles.

We first generate a collimated radially polarized doughnut
mode using a tunable g-plate.’”] The beam (HeNe laser with a
wavelength of 633 nm) is tightly focused by a microscope objec-
tive with an NA of 0.9 onto the silicon nanoparticle, which was
deposited on a glass substrate (n, = 1.5) using a custom AFM-
in-SEM-based manipulation system.[*®] The silicon sphere has a
diameter of 156 nm with a silicon oxide shell of approximately
6nm. The glass substrate is mounted on a 3D piezo positioning
stage, which allows for moving the sample precisely with respect
to the focal spot. In this experiment, we aimed for a very com-
pact and mechanically stable construction in order to also detect
small-amplitude vibrations in this proof-of-concept study. In con-
trast to other setups utilized before, we include a very rigid metal
rail construction, which connects all components for the prepara-
tion of the incoming beam. The rail itself is fixed to the holder of
the upper microscope objective and the frame of the piezo stage.
After interaction of the focused beam with the sample, the scat-
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Figure 3. False-color BFP images. For these images, the QD has been re-
placed by a CCD camera, with the detection plane at the same position.
a) Image of the full BFP for on-axis particle position, yielding a symmetric
emission pattern. The coordinate system and the black circles indicate the
different angular ranges. b) BFP image for the same particle position. The
angular range k;/kq < 0.9 is blocked by the aperture stop inserted in the
intermediate image. c) Schematic depiction of the size of the BFP image
with respect to the quadrant detector. The image was recorded for a rela-
tive particle displacement of Ay = 50 nm from the optical axis, leading to
a highly asymmetric power distribution on the detector.

tered and transmitted light is collected with an oil-immersion
microscope objective of NA = 1.3. The part of the light not in-
teracting with the particle will be observed in an angular range
within a solid angle corresponding to NA < 0.9 only. Only light
scattered by the particle can enter an angular range beyond this
solid angle. By imaging the back focal plane (BFP) of the collec-
tion MO with an additional lens, we can access k-space and, thus,
the angularly resolved scattering of the particle and transmission
of the incoming beam through the sample. In previous low-speed
position-sensing experiments(!#1%32] the BFP was analyzed with
a spatially resolving detector (camera). By using a camera, light
scattered and transmitted into the range below the illumination
NA and light scattered into a range beyond including the su-
percritical angular range can be easily distinguished from each
other. For illustration, Figure 3a shows a BFP image recorded
post-measurement with a camera for a particle position on the op-
tical axis, yielding symmetric scattering. In the post-processing,
only the overcritical angular range with k,/k, > 1 (i.e., NA > 0.9)
is taken into account. The actual particle position was encoded
in a differential signal between light scattered along positive and
negative k, or k, direction. Here, we now extend this Kerker scat-
tering based localization method to the high-speed regime by us-
ing a quadrant photodiode as a detector instead and by running
a time and frequency-resolved analysis. We prove that even with-
out high spatial resolution of the detector, we can measure the
scattering directivity and localize a nanoparticle with high preci-
sion coming close to previously reported values,['#132] but with
much higher temporal resolution. The latter can be achieved eas-
ily, because even basic photodetectors typically operate at band-
widths of a few 100 kHz, whereas such detection speed is hardly
achievable with cameras. However, it is important to note that
the scheme proposed here can only provide high spatial localiza-
tion precision if the BFP to be imaged onto the quadrant pho-
todetector is spatially filtered, in order to take into account the
angular range NA > 0.9, where only scattered light is present. In
the experiment, we first image the BFP of the lower MO onto
a circular aperture stop (see Figure 2), matched in dimensions
such that the angular range NA < 0.9 is blocked before imaging
it onto the detector. By doing so, the central region of the image
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is blocked, as shown in Figure 3b. In order to illustrate the po-
sition and orientation of the image with respect to the quadrant
detector and the influence of a particle displacement, we show
an exemplary BFP camera image for a particle displacement of
Ay =50nm (Figure 3c). The quadrants are labeled by A, B, C,
and D. The asymmetry of the intensity distribution reveals the
strong position dependence of the scattering pattern. In order to
quantitatively analyze the position dependent asymmetry of the
power distribution in the BFP image on the quadrant photodetec-
tor, we define so-called directivity parameters similar to the ones
employed for camera measurements.®-232] The four quadrants
of the detector integrate the respective intensity distributions.
Hence, we define the directivity parameters as differential and
normalized signals for the chosen orientation of the quadrants
with respect to the coordinate system indicated in Figure 3:

_ (Pa+ Pc) = (Pg+ Pp)

b, = P,+P,+P.+P, (3)
A B C D

D:(PA+PB)_(PC+PD). (4
Y P,+ Py + P+ P

Here, P,,..., P, denote the integrated intensity distribution,
i.e., the optical power measured by each individual quadrant.
With this definition, a symmetric scattering pattern (on-axis
particle position) leads to D, = D, = 0, which can be used as a
reference position, whereas an uneven power distribution results
in nonzero values depending on the particle position. In order
to relate the experimental directivity values to the actual particle
position, we choose a suitable calibration procedure similar to
the one employed in ref. [18-21]. To this end, we scan the particle
across the focal fields in an area of 200 nm x 200 nm around the
optical axis in steps of 20nm while measuring and evaluating
parameters D, and D, at each point of the scan. The aforemen-
tioned linearity of the focal fields in the region r < 4, as described
by Equations (1) and (2) translates to the directivity parameter.
Accordingly, it is possible to fit planes D, (x,y) and D,(x,y) to
the measured calibration data and combine them into a single
matrix equation. The obtained relation can now be inverted
in order to retrieve the particle position x(D,, D,), y(D,, D,)
from the experimental directivity values. An example of such a
calibration plane for D,(x,y), together with the measurement
data it is based on, is shown in Figure 4. Such a calibration is
performed prior to every individual measurement in order to
also account for slight changes in the beam profile over time that
might occur due to drifts of beam-shaping optical components.

4. Experimental Section

As a first step and in order to quantitatively verify the precision
of the measurement technique described above, the built-in
capacitive position sensor of the piezo stage was utilized to
measure the particle position, while simultaneously recording it
using the optical reconstruction method. Despite the fact that the
optical approach will outperform the capacitive one in spatial and
temporal resolution, this cross-check is ideal for a preliminary
verification of the method. Furthermore, the optical approach
inherently measures the actual position of the particle relative to
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Figure 4. Employed calibration technique. The particle is scanned through
a rectangular area of 200 nm x 200 nm around the optical axis in the focal
plane in steps of 20 nm and the parameters D, and D, are computed for
each position. The plot shows the experimentally obtained directivity val-
ues (red dots) for each particle position and the D, (x, y) planar fit. The very
good agreement of fit and measurement data confirms the expected linear
dependence of the directivity parameters.

the illumination and not just relative to the origin of the stage’s
coordinate origin, which can have advantages when applied in
real-world systems. For demonstration, the oscillation of the
particle on its substrate was measured by inducing a 700 Hz
vibrational frequency with an external loudspeaker placed close
to the setup. This frequency is well below the detector bandwidth
and thus easily detectable. Figure 5a shows the overlay of the
time-resolved one-dimensional particle position x(t) resulting
from the optical position reconstruction (blue) and the corre-
sponding position data recorded by the piezo stage (red). The
two datasets were in very good agreement with each other. How-
ever, it was apparent that the oscillation amplitudes (maximum
particle displacement) differed for both approaches. Also, the
reconstructed position data were subject to a lower-frequency
modulation. For further analysis, the Fourier spectrum of the
time-resolved signals shown in Figure 5a was computed in order
to extract the most prominent oscillation frequencies. The low-
frequency range of the resulting spectra, computed using a fast
Fourier transform (FFT) algorithm,*°! are shown in Figure 5b,
confirming the good agreement already observed in the position
data. However, the 700 Hz oscillation is more prominent in
the spectrum related to the optical measurement. Further, an
assembly of peaks around 100 Hz was noticed in the spectrum of
the reconstructed position, which was hardly present in the piezo
sensor data used as a reference, causing the aforementioned
modulation. The two observations were attributed to the fact
that the built-in piezo stage sensor only measures displacements
of the moveable part of the stage with respect to its housing. In
contrast, the optical measurement is also sensitive to relative
displacements between excitation field (focused beam) and
particle. A second reason for the deviations was the higher noise
level of the internal sensor of the positioning stage in the con-
sidered frequency range compared to the optical method. After
applying a bandstop filter spanning the interval [50 Hz, 150 Hz],
both position data were again overlapped, resulting in an even
better overlap. The serrated shape of the piezo data mainly
resulted from the limited resolution of the built-in sensor. After
this demonstration of the general applicability of the quadrant

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Excitation of an oscillation with a well-defined frequency using a vibration-generating source while simultaneously recording the position
optically (blue) and with the built-in sensor of the piezo stage (red). a) Unfiltered time-dependent position data x(t). b) Fourier spectra of both x(t)
datasets and c) improved overlap of both datasets after application of bandstop frequency filter in the range of [S0 Hz, 150 Hz].
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Figure 6. Fourier spectrum of the time-resolved position data x(t). A par-
ticle oscillation with a frequency of 8 kHz is purposely excited in the setup
and detected with the quadrant photodiode. The log-log plot clearly fea-
tures a peak in the spectrum, which corresponds to the excited oscillation.

detection scheme to the Kerker based localization technique, the
aim was to determine the full experimental capabilities in terms
of detection speed. Oscillations of increasing frequency were
externally excited to the setup and the attempt was to detect them
by tracking the particle position via the time signals and their
Fourier transform. The limits obtained in this proof-of-concept
study were by no means ultimate, but rather defined by the
coupling strength of external vibration source to the particle
(on its substrate). The coupling efficiency strongly decreased for
higher frequencies. Technically, up to sub-millisecond temporal
steps of the data recording (125 ps) were tested, which is equiv-
alent to a limiting frequency of 8 kHz as shown in Figure 6 in
a log-log plot. The maximum detection speed obtained with the
described approach already exceeds the frame rate of cameras
of comparable cost. Furthermore, the optical method presented
here outperforms the piezo-internal sensor, which does not
allow anymore the retrieval of this highly frequent motion of the
particle (or the stage). However, with the measured 8 kHz, the
fundamental technical limit had not been reached, which would
be ultimately set by the detector bandwidth and equals ~300kHz
for the detector utilized here. In addition to this remarkable
temporal resolution, the method also provided quite a high
spatial resolution. In order to determine the spatial resolution
achieved in this proof-of-concept study, a calibration map was
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Figure 7. Calculation of spatial resolution. The plot shows a temporal sec-

tion of the time-resolved directivity D, (t), leading to an estimate for the
measurement uncertainty.

again considered for a particle displacement along the x-axis as
described above. From this map, shown in Figure 4, the maxi-
mum change in directivity AD, , per nanometer displacement of
the particle was read. A value of AD, , = 0.41% was obtained for
both directivity parameters. The noise level of the acquired signal
was obtained from the unprocessed time-resolved directivity
parameters D, (t), D,(t). The corresponding data (for D, only)
are shown in Figure 7. Both parameters for the system were
recorded without any additional external source of vibrations
and the fluctuations of the directivity around the mean value
(standard deviation o) were considered. Owing to the fact that
the amplitude of the fluctuations could be substantially reduced
by a modification of the photodetector signal amplification
in the course of the experiments, the major part of it was at-
tributed to the QD and its amplifier. The described approach
led to an estimate for a 2c-noise level of 6D, = 0.46% and
8D, = 0.42%. Ultimately, the experimentally achievable spatial
resolution could be computed by dividing the uncertainty 6D,
by the signal strength AD,  for both parameters individually.
A spatial resolution of §x = 6D, /AD, = 1.1nm in x direction
and 6y =6D,/AD, =1.0nm in y direction was reached. This
localization precision was about one order of magnitude worse
than the one achieved in previous camera-based experiments.[!’]
However, the obtained values were hardly comparable, because
the definition of localization precision differs substantially
among the two studies. In ref. [19], the resolution is calculated

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 8. Trajectory of the silicon nanoparticle for a time interval of 50 ms.
The plots show the relative position Ax(t) = x(t) —x(t = 0) and Ay(t) =
y(t) — y(t = 0). We plot both the position data after application of a low-
pass filter with a cut-off frequency of 8 kHz as well as the unaltered position
data (inset). The color code indicates the temporal evolution.

using the pixel intensity distribution in differential BFP camera
images, leading to an estimate of the stochastic uncertainty.
The definition via single camera images necessarily includes
time-averaging. In the present study, the time-resolved detection
of the parameters calls for a different measure of uncertainty
and resolution via the described signal-to-noise approach.

The combination of high resolution in both the spatial and
temporal domain further enables the tracking of particle motion
in 2D over relatively long time periods. Figure 8 shows the par-
ticle position for a total time interval of 50 ms. Here, two sets
of data from the same measurement are plotted. The trajectory
presented in Figure 8 represents the particle position after ap-
plication of a low-pass filter with a cut-off frequency at 8 kHz,
whereas the inset shows the unfiltered reconstructed position
data. Therefore, the former represents a noise-reduced trajectory,
whereas the latter indicates the measurement uncertainty. The
color code visualizes the temporal evolution for both data sets.
The data show the drift of the particle position on the order of
several nanometers over time, superposed by smaller-scale oscil-
lations and the aforementioned uncertainty of approximately one
nanometer. The observed particle trajectory mainly results from
thermally and mechanically induced motion within the setup.
Here, the actual reconstruction of the particle position is per-
formed in the post-processing of the recorded data. However, an
instantaneous reconstruction (which is reasonable from a tech-
nical point of view) would enable 2D live tracking of the particle
position with high spatial and temporal resolution. Taking the
approach one step further, such live tracking also paves the way
toward stabilization of positioning stages based on the compen-
sation of the measured displacements via a feedback-loop.

5. Conclusion

In this work, we extended the localization scheme presented in
previous studies to the high-speed regime. We experimentally
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reach a spatial resolution of approximately one nanometer, com-
parable with other state-of-the-art localization techniques. The
spatial accuracy is mainly limited by high-frequency electronic
noise, resulting from the detector and the corresponding ampli-
fication circuit. Further, we experimentally demonstrate a tempo-
ral resolution of 8 kHz, which exceeds the frame rate of common
low-cost cameras substantially and could only be achieved by
specialized, expensive high-speed cameras. However, the afore-
mentioned experimentally achieved temporal resolution is by
no means a fundamental limit but rather a technical limita-
tion. It results from the weak mechanical coupling of our high-
frequency oscillation source to the setup components. The actual
fundamental limit is set by the bandwidth of the photodetector.
The bandwidth of common pin-type silicon photodiodes typically
reaches several 100kHz, strongly depending again on the am-
plification of the signal. Hence, both spatial and temporal reso-
lution mainly depend on the employed off-the-shelf photodetec-
tor. The method can also be extended to non-spherical particles,
opening up the possibility for lithographical manufacturing of
resonant structures such as cylinders. In addition, more complex
structures could enable a stronger directionality due to the contri-
bution of higher-order multipolar resonances. The extension to
metal nanoparticles is also possible by employing the properties
of a transversely spinning dipole close to an interface.[324]

In terms of possible applications, high-speed real-time track-
ing of the nanoparticle in combination with a feedback loop can
serve as a sample stabilization mechanism via instantaneous
compensation of the measured particle displacements with the
piezo actuator.[*! This enables reduction of noise in sensitive op-
tical setups, mostly resulting from mechanical oscillations of in-
dividual components. The aforementioned integrated on-chip ar-
rangement of both scatterer and detectors!?'#>-] constitutes an
easy-to-implement and compact solution for such a stabilization
mechanism. Using a multi-particle setting or more sophisticated
illumination fields instead of a single scatterer and a simple exci-
tation beam would further render the implementation more flex-
ible and powerful by extending its capabilities and making it en-
tirely alignment-free.
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