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ABSTRACT: By analyzing the thermal motion of fluorescent
dielectric microbeads trapped in the near-field of a silicon
nanocavity, we investigate the influence of the bead’s size and
the trapping laser power on the shape of the optical trap and
the “effective” trap stiffness. We demonstrate that the trapping
potential is proportional to the subwavelength patterns of the
electromagnetic near-field intensity distribution for unexpect-
edly large Mie particle sizes. More especially, we show that
mapping the trapping potential experienced by a 500 nm
diameter bead reveals the nanopatterns of the cavity resonant
mode. This result highlights how photonic force microscopy in
nanotweezers can provide an elegant way to image evanescent
fields at the nanoscale via the thermal motion of optically
trapped fluorescent microprobes.

Mapping the optical near-field

using a fluorescent microbead
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near-field optical microscopy

ptical forces that rely on the mechanical interactions

between light and matter were first used to trap
microparticles by A. Ashkin in 1970." Since then, optical
trapping has enabled countless applications in physics,
chemistry, and biology. This success is mostly based on the
widespread use of single-beam gradient-force optical traps,
better known as optical tweezers, which allow for noninvasive
three-dimensional optical manipulation and force measure-
ments on microscopic objects with unrivalled precision.”

More recently, following the pioneering work of Kawata and
Tani,* near-field optical forces arising from evanescent waves at
the interface of light confining structures have attracted a
growing interest.”® In particular, near-field photonic®™"”
plasmonic”'®™** nanotweezers, in which subdiffraction-limit
light confinement is achieved, have shown promising
capabilities for lab-on-chip applications such as trap-
ping,7_12’19_21 manipulation,'>'**>%3 sensing,ls_17 protein
unfolding,”* or even DNA hairpin unzipping™ at low power
levels.

In the same way that far-field optical tweezers have to be
calibrated by analyzing the trapped objects dynamics to achieve
stable particle manipulation and precise force measure-
ments,”*°"** it is of prime importance to experimentally

and
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determine nanotweezers’ trapping potential. However, unlike
their far-field counterparts, nanotweezers rely on electro-
magnetic modes confined in, or near, nanostructures, leadin,

to non-Gaussian optical traps with complex shapes.”'¥'%*"**
Besides, objects trapped in the near-field of those nanostruc-
tures interact with both the local electromagnetic and
electrostatic fields* and can also experience additional local
heating and convective forces, especially in the case of
plasmonic nanotweezers.”**' For these reasons, the resulting
trapping potential appears very sensitive not only to the
nanoscale features of the nanotweezers and their near-field, but
also to the properties of the trapped object itself, such as its
size, shape, or material, to such an extent that defining an
“effective” trap stiffness becomes sometimes difficult, if not
impossible.”'

In this paper, we provide a detailed description of the
trapping potential experienced by fluorescent polystyrene
microbeads used as Brownian probes to investigate optical
forces in the near-field of a silicon photonic crystal nanocavity.
By analyzing the thermal motion of trapped microbeads, we
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Figure 1. (a) Schematic representation of a fluorescent microbead optically trapped in the near-field of a nanobeam cavity. Fluorescence of the bead
allows for the thermal agitation of the bead to be accurately observed and recorded over the time. (b) Schematic of the experimental setup that
combines an end-fire coupling optical bench at telecom wavelength (delimited by the red dashed line) to a homemade fluorescence microscope
(delimited by the blue dashed line). Telecom light is coupled from a tunable fiber laser to a nanobeam waveguide using a polarization-maintaining
lensed fiber (LF) and detected using a standard detection scheme with a photodiode (PD) and a trans-impedance amplifier (TIA) linked to an
oscilloscope. The fluorescence excitation at 470 nm provided by a blue light emitting diode (LED) is separated from the fluorescence emission of the
microbeads thanks to a dichroic mirror (DM) and a set of excitation and emission filters (ExF, EmF). A CCD camera is used to observe and record
at 24 fps microscope images of the trapping events.

Counts (log. scale)

Figure 2. Experimental images of the trapping potential experienced, respectively, by a (a) 2 ym, (b) 1 ym, and (c) S00 nm microbead. These top-
view images are obtained by mapping and plotting with a logarithmic color scale the position probability distribution of trapped microbeads.

explore the bead size-dependence of the trapping potential NA: 0.75) mounted on a homemade fluorescence microscope,
shape and the “effective” trap stiffness. When decreasing the while the photonic chip is being operated at telecom
bead’s size from 2 pm to 500 nm in diameter, we observe a wavelength.

clear transition from an “averaged” trapping regime toward a Figure 1a also illustrates the fact that, when optically trapped,
“proportional” trapping regime. In light of the literature, it a microbead still experiences some agitation because of its
appears that this “size-effect” occurs here for unexpectedly large thermal energy. The resulting motion of the bead is governed
microbead’s sizes.”’~>® We also analyze how a variation of the by Boltzmann statistics which links the probability of presence
input laser power and, thus, of the depth of the potential well P(r) of the particle with the trapping potential Uy, according
impacts the “effective” shape of the trap. In light of those to the following relation:

results, we eventually discuss the concept of optofluidic near-

field optical microscopy: an original approach to image trap
evanescent fields at the nanoscale via the thermal motion of P(r) o exp [_ k T]
optically trapped fluorescent microprobes. B

where kg is the Boltzmann constant and T is the temperature.”
Tracking the spatial distribution of the successive positions of a

B EXPERIMENTAL DETAILS

As represented in Figure la, the near-field photonic nano- trapped microbead enables therefore to experimentally map the
tweezers used in this work consist of silicon nanobeam trapping potential landscape restraining the bead’s motion.*’
cavities.”” Earlier works have proven their capability to For each trapping event observed, videos of the trapped
efficiently trap objects with sizes ranging from a few microbead’s motion were recorded with a CCD camera, as
nanometers”'® to a few micrometers®'* thanks to the optical shown in Figure 1b. The discretization step of the captured
gradient forces resulting from the strong light confinement images was measured to be 42 nm per pixel. Working with a
achieved at resonance. The nanocavities are fabricated in 500 frame rate of 24 fps, an acquisition time of only a few minutes is
nm large silicon waveguides on a silicon-on-insulator (SOI) long enough to obtain a sequence of a few thousands of images
photonic chip made of a 340 nm thick silicon layer on a 2 ym that can be used to build a valid statistical distribution of the
thick oxide layer. A static microfluidic cell was then assembled trapped microbead’s positions. The successive positions of the
on the photonic chip® and filled with an aqueous colloidal trapped microbead centroid were extracted from each image
solution containing green fluorescent polystyrene microbeads sequence using a particle tracking algorithm (Mosaic group’s
of different sizes, respectively, 500 nm, 1 ym, and 2 ym in Particle Tracker plugin for Image]/Fiji)."' The relatively large
diameter. As shown on Figure 1b, these microbeads can be size of the fluorescent microbeads and the use of optical filters
accurately observed with a standard microscope objective (50X, for fluorescence microscopy make it possible to get images with
1411 DOI: 10.1021/acsphotonics.5b00353
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Figure 3. (a) Top view of the 3D Finite Difference Time Domain (FDTD) calculation of the electric field intensity 35 nm above the nanocavity
surface. (b) AA’ and (c) BB’ cross sections of the calculated field intensity. Scaled representations of the microbeads and the near-field intensity

profile are superimposed on the 3D FDTD simulation results.

a high signal-to-noise ratio, and thus to achieve subpixel
localization of the trapped microbead centroid.*' Two-dimen-
sional histograms of these positions were then calculated with a
grid of 0.5 X 0.5 pixel® unit surface areas, corresponding to 21
nm discretization steps. As a result, discretized maps of the
position probability distribution P(r) were obtained from the
tracking of the microbeads’ motion. Plotting them using a
logarithmic color scale allows recreating experimental top-view
images of the trapping potential experienced by each
microbead.

B RESULTS AND DISCUSSION

Figure 2 shows the trapping potentials measured for different
microbead sizes, respectively, 2 ym (Figure 2a), 1 pm (Figure
2b), and 500 nm (Figure 2c) in diameter. All the results
presented here were obtained on the same nanocavity and in
the same experimental conditions. For comparison, the
calculated electric near-field intensity of the cavity resonant
mode, obtained from 3D Finite-Difference Time-Domain
(FDTD) simulation, is shown on Figure 3a. In order to
support the discussion, two orthogonal cross sections of the
calculated resonant mode electric field intensity are also
provided in Figure 3b,c, with scaled representations of the
different microbeads.

The trapping potential of the 2 ym bead, shown in Figure 2a,
exhibits a single potential well centered on the nanocavity. This
potential well has a large elliptic shape covering the whole
central area of the cavity. Since the trapped microbead volume
overlaps a large part of the cavity near-field, as it can be seen on
the field calculation shown in Figure 3b, several antinodes of
the resonant mode contribute at the same time to the global
trapping force applied on the bead. As a result, the 2 ym bead
appears to be sensitive to the Gaussian envelope of the cavity
resonant mode intensity rather than to each of the antinodes of
the mode. The cross-section of the position probability
distribution along the nanocavity axis, plotted in yellow on
Figure 4, reveals a well-fitted Gaussian profile overlapping the
two main antinodes of the resonant mode. Such a “size-effect”,
leading to the trapping of Mie microparticles on spots of
minimal field intensity, has been already observed and reported
in studies on optical lattices.”’ ~** We refer here to this trapping
regime as the “averaged” regime since the trapping potential
results from the averaged contribution of different near-field
optical traps. In terms of trapping efficiency, this “averaged”
trapping regime leads to a rather loose trap, with stiffnesses k, =
0.24 + 0.01 fN-nm ™" (along the nanocavity axis) and k, = 1.3 +
0.1 fN-nm™" (along the perpendicular direction).

As shown in Figure 2b, the trapping potential of the 1 ym
bead has a more elongated shape joining the two main
antinodes of the resonant mode. Whereas a better lateral
confinement of the bead’s motion is achieved (ky =65+ 16
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Figure 4. Cross sections along the nanocavity axis of the experimental
position probability distributions of trapped microbeads, respectively,
2 pm, 1 pm, and 500 nm in diameter. Whereas the 2 ym bead is
sensitive only to the Gaussian envelope of the trapping field, the S00
nm bead is trapped on either one of the two main antinodes of the
cavity resonant mode. The 1 ym bead marks the transition between
the “averaged” trapping regime (as in the case of the 2 ym bead) and
the “proportional” trapping regime (as in the case of the 500 nm
bead).

fN-nm™"), the bead’s trajectory still covers the whole length of
the nanocavity central area. As it can be seen on the cross-
section plotted in orange on Figure 4, the probability
distribution is non-Gaussian along the nanocavity axis, making
it difficult to define an “effective” trap stiffness k,. Looking more
carefully at this cross-section, the position probability
distribution can be fitted with the sum of three Gaussian
curves. As in the case of the 2 um bead, the central Gaussian
curve, corresponding to a trapping position centered on the
cavity, results from the combined effect of the two main
antinodes of the resonant mode. However, the presence of two
steeper Gaussian curves located on each side of the cavity
center means that the 1 pm bead is also influenced
independently by each one of these two antinodes. Thus, the
1 pm bead trapping potential map illustrates the transition
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between the “averaged” trapping regime, in which two intensity
peaks contribute at the same time to trap the microbead at the
center of the cavity (as in the case of the 2 ym bead), and
another trapping regime, in which the microbead is
independently trapped by each intensity peak. This trapping
regime is referred to as the “proportional” regime since the
trapping potential tends to be proportional to the near-field
intensity distribution, as in the Rayleigh approximation. This
unpredicted coexistence of two trapping regimes is further
evidenced by data showing the nonlinearity between the 1 ym
bead trapping potential shape and the trapping laser power
(data reported and discussed in Supporting Information).

As shown in Figure 2¢, when further decreasing the bead’s
size to 500 nm, the trapping potential finishes shifting from the
“averaged” to the “proportional” regime. The corresponding
experimental map reveals indeed two well-separated trapping
positions above the nanocavity which clearly correspond to the
two main antinodes of the resonant mode. Looking at the
cross-section of the position probability distribution plotted in
red on Figure 4, the distance between the two central potential
wells is about 300 nm, which quantitatively agrees with the
relative position of the two most intense antinodes of the cavity
resonant mode calculated by 3D FDTD. With full widths at
half-maximum of, respectively, 95 and 102 nm, the two
Gaussian curves fitting the experimental probability distribution
are fully dissociated.

In the case of the 500 nm microbead’s trapping, trap
stiffnesses higher than in the case of the 2 um bead are
measured, reaching, respectively, k, = 2.5 + 0.2 fN -nm™! and ky
= 83 + 1.8 fN-nm™' for the stronger trap (on the right of
Figure 2¢), and k, = 2.1 + 0.2 fN-nm™" and k, = 7.2 + 0.6 {N-
nm™' for the other one (on the left of Figure 2c). It appears
here that the trap stiffness soars (of almost 1 order of
magnitude) as the bead size decreases. This behavior is directly
related to the transition from one trapping regime to another,
resulting from the complex subwavelength shape of the
trapping field: Whereas microbeads significantly larger than
the spatial variations of the trapping field are sensitive to an
average field localization, at the cavity scale, microbeads with a
smaller diameter become sensitive to more localized field
patterns, at the subwavelength scale.*” Since subwavelength
field patterns generate higher near-field intensity gradients, the
last case results in higher lateral optical gradient forces.

Interestingly, two additional trapping positions are also
observed on the sides of the nanobeam in Figure 2c. Whereas
side walls of the nanocavity are out of reach for both 2 and 1
um beads for simple geometrical reasons, 500 nm beads are
small enough for being trapped by the evanescent field on the
edges of the cavity, as shown on Figure 3c. Since the involved
surface is now vertical, the microbead centroid is observed at a
distance of approximately 250 nm (one microbead’s radius)
away from each side of the nanobeam. The elongated shapes of
these lateral potential wells can be explained by considering the
unmodulated evanescent field intensity on the edges of the
nanobeam cavity, as it can be seen in Figure 3a. It is worth
noticing that this particular side trapping could be further
enhanced by optimizing the nanocavity design, as it was
recently reported.*

The existence of different trapping regimes in optical lattices
was already investigated in previous studies,”’™>* where it has
mainly found applications in microparticles optical sorting.
However, it is here observed and analyzed for the first time in
the near-field of a photonic nanostructure that enables high
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three-dimensional spatial light confinement. Although recent
studies based on photonic and plasmonic optical lattices have
been reported, none of them has yet focused on the transition
between different trapping regimes.'"'>*"*¥** ! When
confronting the present results with previous works (see
Supporting Information), it is found that the transition
observed here occurs for unexpectedly large particle sizes
compared to the intertrap distance. Two elements may be
considered as possible reasons for this, both probably
contributing at the same time. First, the particular configuration
of near-field optical trapping, where only a small part of the
trapped microbead interacts with the electromagnetic evan-
escent field confined close to the surface of the nanocavity.
Second, the subwavelength lateral light confinement achieved
in the near-field of each antinode of the resonant mode. Be that
as it may, the result is that a particle almost twice as big as the
intertrap distance can be efficiently trapped in either one of two
close but distinct optical traps. This could have interesting
repercussions for on-chip optical trapping of micro-objects. An
illustration of it is provided hereafter by taking advantage of this
result in the field of near-field optical microscopy.

As mentioned above, the “proportional” regime allows for
considering the optical trapping potential as proportional to the
electromagnetic field intensity: Uy, o [E(r)l’, at least to a first
approximation. Tracking the Brownian motion of a trapped
microbead in the “proportional” regime appears therefore as an
elegant way to determine the electric near-field intensity
distribution of the nanocavity with a subwavelength resolution.
We have chosen here to refer to this original near-field
microscopy technique as optofluidic near-field optical micros-
copy. More quantitatively, considering the experimental results
shown in Figure 4, the use of a 500 nm bead as fluorescent
microprobe enables to resolve two intensity patterns separated
by a distance of A/S with a pixel size of a few tens of
nanometers. In the experimental scheme depicted here, such a
subwavelength resolution relies not only on the much localized
interaction between the microsphere and the evanescent field,
but also on the fluorescence of the bead. Fluorescence enables
indeed to decouple the actual observation wavelength (about
510 nm) from the trapping wavelength (1550 nm), thereby
operating an indirect conversion of the infrared evanescent
waves into visible propagative waves which can be easily
observed with a standard microscope and a moderate numerical
aperture objective.

Nonetheless, although the subwavelength resolution is
established, one can wonder why only the two central antinodes
of the cavity resonant mode appear on the experimental near-
field potential image. The microbead being stuck on the two
main intensity peaks actually means that the optical trap is too
efficient for allowing the bead to move around over the whole
cavity surface. In other words, the trapping potential is too deep
for the bead to escape from the two main potential wells and
explore the whole nanocavity near-field. The thermal energy of
the bead, that is, the temperature, acts indeed as a maximum
threshold restricting the amplitude of the bead’s motion inside
the trap. Thus, considering a bead with a given thermal energy,
the trapping potential has to be flattened so that the bead can
statistically explore a larger area.

This statement was experimentally verified by mapping the
potential of a weaker optical trap obtained with a lower input
laser power. As expected, the bead’s motion was observed to
cover a larger extent of the nanocavity surface, allowing for a
wider field of view. Most notably, the cross-section of the
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trapping potential plotted on Figure Sb now reveals four
antinodes of the cavity resonant mode, where only two were
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Figure S. Cross sections along the nanocavity axis of the experimental
trapping potential maps obtained by tracking a trapped 500 nm bead
(a) before and (b) after loosening the optical trap by decreasing the
laser power. The experimental results are fitted with harmonic
potential wells. As depicted in the insets, lowering the depth of the
potential well allows for a trapped particle with a given energy to
access a larger area of the trap.

visible before loosening the trap (Figure Sa). However, this
comes with a decreased contrast of the final near-field image
since the trapped bead tends to more often get over the barriers
separating the different potential wells. From a practical point
of view, it also means that the microbead is more inclined to
escape from the optical trap during the measurement. The
microbead escape rate should yet be kept low enough to give
the bead enough time for covering uniformly the whole area of
interest during the acquisition time. As a consequence, the
trapping potential depth should be considered as a sensitivity
threshold that can be adjusted to some extent to balance the
near-fleld image contrast.

B CONCLUSION

We have reported in this paper on the experimental description
of the trapping potential experienced by polystyrene microbe-
ads in the near-field of a silicon nanobeam cavity. A quantitative
analysis of the influence of the bead’s size and the input laser
power on the trapping potential shape and the “effective” trap
stiffness has been also provided. By gradually decreasing the
size of the trapped microbeads, we were able to explore the
transition between the “averaged” and the “proportional”
trapping regimes in the near-field of a photonic nanostructure.
Evidence has been made that, unlike in the case of previously
investigated optical lattice configurations, this transition
interestingly occurs for unexpectedly large particle sizes
compared to the intertrap distance. More particularly, it has
been found that the nanopatterns of the nanocavity resonant
mode clearly appear in the trapping potential map of a 500 nm
diameter bead. Those results bring us to envisage optofluidic
near-fleld optical microscopy as an original thermally driven
near-field optical microscopy technique, much simpler to

1414

implement than conventional scanning probe microscopy
techniques,sz’53 aiming at revealing the optical near-field of
nanostructures.
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