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ABSTRACT: We present spatial mapping of optical force generated near the
hot spot of a metal—dielectric—metal bowtie nanoantenna at a wavelength of
1550 nm. Maxwell’s stress tensor method has been used to simulate the optical
force and it agrees well with the experimental data. This method could
potentially produce field intensity and optical force mapping simultaneously
with a high spatial resolution. Detailed mapping of the optical force is crucial for
understanding and designing plasmonic-based optical trapping for emerging
applications such as chip-scale biosensing and optomechanical switching.
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Incoming light

hotons have a momentum (h/A) and transfer of this mo-

mentum to other objects due to elastic scattering is the
physical origin of radiation pressure and optical force. This has
been known to exist since deduced by Maxwell in 1871, and has
been explored in many applications’ such as solar sails for space
propulsion,” and more recently radiation cooling.>* However,
the force caused by unfocused light is very small, such that for an
application such as a solar sail a huge area is needed.” Previous
work has shown that if the light is focused by traditional lens
optics, a force large enough to measure with a probe particle is
possible and called optical trapping.® This phenomenon has
been well developed by the far-field optics community.®®
Developmental work has been done with a probe particle held
by an optical trap in 2006 to map the force induced by surface
plasmon radiation.” Recently there has been a lot of interest to
exploit the near-field region to generate an optical force to
similarly trap particles.'® ' Near-field trapping was demon-
strated by Righini et al. in 2007"* and has more recently been
used to trap even smaller particles.'* Here, one uses a nano-
antenna to focus the light, instead of a lens, and the light can be
focused past the diffraction limit using an integrated source.
Once the light is focused to this point, a local force in the
piconewton range may be expected, as shown by simulation so
far,'”'>'* Furthermore, one can then use the local trapping
forces toward building a biosensor utilizing surface plasmon
resonance.'®'” Similar structures have been used for sensing."®
In fact, in a microfluidic setup, the optical force could be used to
enhance the attraction of small particles, and therefore mol-
ecules, to the hotspot beyond the diffusion rate."*'*#'%!7 Also,
unlike the usual trapping methods, plasmonic nanostructures
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are ideal for “chip-scale” optical trapping. Most importantly,
this allows trapping in volumes that are many orders of magni-
tude smaller than what could be achieved with far-field optical
trapping.'®*° So far, experimental work done to map optical
forces in the near and far-fields have used large probe particles at
the expense of high spatial resolution.”® There has been little
experimental work in measuring the optical force in the near-
field with a high spatial resolution. Following our recent work
on measurement of Casimir force with nanometer resolution,21
here we present an experimental method to accurately map
the near-field optical force.

A plasmonic nanoantenna can be used to focus light down to
a spot orders of magnitude smaller than the incoming incident
wavelength.'”?*** These antennas work based on the principle
of surface plasmon resonance, a collective oscillation of elec-
trons at the interface between metal and dielectric. Because the
optical force originates from the divergence of the electromag-
netic energy density,23 the fact that plasmonics can be used to
concentrate the electric field to a very small spot can lead
to a very large force densit?r. On the basis of our simulation
and experimental analysis,'”*° we have chosen a metal—
dielectric—metal (MDM) bowtie antenna design due to its
capability to generate higher near-field enhancement. Such
strong optical confinement results in a significant enhancement
in electromagnetic field strength and its gradient within this
region. Thus, near this “hot spot” region, an optical force up to
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Figure 1. Experimental setup for measuring optical force. The antenna
is fabricated on the cleaved tip of an optical fiber, which the AFM scans in
noncontact mode. The signal from the quad detector is fed to the signal
in of the lock-in, and the trigger out of the laser is fed to the reference in
of the lock-in. The laser is operated at 1 kHz at 50% duty cycle.

piconewton levels per milliwatt input power can be achieved,
which is comparable to or higher than the forces achieved using
a far-field osptical tweezer without the bulky optics necessary for
that setup.” Such compactness is crucial for building chip-scale
biosensors.

Our primary goal is to observe the effect of the optical force on
the modulation of the amplitude of the AFM tip when it is
brought in this region of optical confinement. Previously, we
have shown that amplitude and phase require some time (~1
ms) to respond to an external force.”’ Thus, we modulated the
laser in S0% duty cycle at low frequency (1 kHz). The operating
frequency of the laser was then used as the reference signal for the
lock-in (see Figure 1 and Supporting Information Figure.S2 for
details) We then fed the output of the lock-in back to the
computer to map to the current position of the AFM, giving
the optical force intensity (see Figure 4c).

The minimum force sensitivity of our AFM system, limit-
ed by thermal fluctuations,***° can be calculated from F, =
[(4ksTkB)/(w0Q)]"/?, where ky is the Boltzmann constant, T is
room temperature, k is the spring constant of the cantilever (3 N/
m), Bis the bandwidth of measurement (set by lock-in amplifier)
used in the force measurement (7.8 Hz), w, is the resonant
frequency of the AFM tip (~101kHz), and Q is the quality factor
of the cantilever (~160). This leads to a force sensitivity on the
order of ~40 N in our setup. Thus, measuring optical force on
the order of a fraction of a piconewton is not limited by the
thermal sensitivity of our system.

Our bowtie antenna is based on MDM instead of single metal
design as it has shown a considerable improvement in terms of
peak intensity enhancement.'”*° To analyze the performance
of our MDM bowtie antenna, we simulated the structure using
three-dimensional finite-difference time-domain (FDTD)
method. The nanoantenna consists of two bowtie structures
separated by a gap of ~50 nm. The antenna was placed on the
facet of a cleaved optical fiber. A plane wave with polarization
direction along the long axis of the bowtie with wavelength of
1550 nm was used as the source for all performed FDTD
simulations. During simulation, a plane wave was launched
from the inside of the fiber core material at normal incidence to
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Figure 2. Simulated average intensity enhancement versus varying arm
length (L) of the MDM bowtie antenna. The free space wavelength of
the incident plane wave normal to the plane is considered to be 1550 nm
for FDTD simulations. Different layer thicknesses of MDM were kept to
be 40/30/40 nm (Au/SiO,/Au) for all performed simulations. Electric
field enhancement has been calculated in the middle of the gap at the
level the of the antenna top surface using a volume monitor and
normalized with the amplitude of the incident field. The gap of the
antenna was fixed to be 50 nm. Simulations showed maximum resonance
peak intensity at an antenna arm length of 350 nm. (Inset) FDTD
simulation results showing the peak near-field intensity enhancement
distribution at a level S0 nm above the top surface of the antennas (near-
field region). Simulations were performed at the resonance length of the
each arm (L) = 350 nm.

the surface. All material data used in the simulation is from ref
26. A detailed optimization of the bowtie was performed,
similar to our previously published nanoantenna designs.'”*°
Here, we used thicknesses for the two Au and SiO, layers of 40
and 30 nm respectively. To find the resonant length of each arm
of the bowtie, we found the average intensity enhancement at
the antenna gap on the same level as the top metal surface as a
function of the varying length of each arm of the bowtie
(Figure 2). To achieve better accuracy, we used very fine mesh
size near the antenna region. PML boundary conditions were
employed across the simulation boundary and to avoid scatter-
ing effect on the results accuracy (primarily from the PML
boundary layers), we put the boundary layers significantly away
from the antenna region (10 times the antenna length). On the
basis of our simulation, the optimum resonance length of
350 nm for one arm was chosen for the rest of the simulation
and fabrication.

We then used Maxwell’s stress tensor method to calculate the
optical force intensity on the AFM tip. Our simulation structure
consists of a MDM box (similar to fabrication) on top of a SiO,
layer (represents the fiber material). In the box, the MDM bowtie
antenna was positioned at the center with the correct sidewall
angle generated during fabrication. We modeled the AFM tip as a
sphere with diameter identical to the actual AFM tip (~100 nm).
The position of the AFM tip was varied, and the electric field
components at each position were recorded. We used a single
wavelength (1550 nm) plane-wave source to model the incoming
beam that comes from the optical fiber. The polarization of the
plane wave was kept along the antenna axis. We placed six plane
monitors surrounding the sphere to get the electric and magnetic
field components at the different points of that monitor. The
field components are related with Maxwell’s stress tensor'* by
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Figure 3. (a) Scanning electron microscope (SEM) image showing top-
down view of the fiber before FIB milling. Schematic thick circle shows
the core of the fiber. (b) Top-down view of the bowtie antenna
fabricated on the core of the fiber using FIB. The darker area is the
milled region where the laser core material (SiO,) has been exposed. (c)
Sideways view of the bowtie antennas showing the gap between two
arms ~S50 nm.

the following formula

T,']' == eongiEj

1
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where E; and H; correspond to the electric and magnetic field, €,
represents the electric permittivity, and u,, represents the
magnetic permeability for the object on which optical force is
applied (AFM tip in our case). The electromagnetic force acting
on the AFM tip has been calculated by the following formula

(F) = L Re( / T, .n,dS) 2)

2 s
where #; is the outward normal to the surface of the six planes
mentioned before.

Simulations show that the z-component of the calculated
optical force is ~10 times larger than the in-plane (x- and y-)
components, and this component would also have the largest
effect on the amplitude of the AFM tip. Thus, for simulated force
mapping (Figure 4d), we only considered the vertical component
(z-) of the optical force exerted on the AFM tip. While keeping
the vertical distance constant at SO nm (near the average position
of the AFM tip from the antenna top surface®"), we simulated the
z-component of the optical force at different lateral positions (x-
and y-). It is important to note that the actual force is attractive,
creating a trap that can be used for biosensing, but we have shown
the amplitude of the force. The final simulated optical force
mapping result is shown in Figure 4d.

After optimizing our design, we fabricated our devices on the
end of a cleaved 125 um Corning SMF-28E+ optical fiber. First,
the fiber end was coated with Au/SiO,/Au (40/30/40 nm) by
electron-beam evaporation. The bowtie antenna was then fabri-
cated on the surface of the coated fiber optic using focused ion
beam (FIB) milling (Hellios FEI). Using the gallium ion beam at
high voltage (30 keV) and a very low current (9.2 pA), a high
precision milling was achieved. The fabricated antenna on the
face of the fiber optic is shown in Figure 3. Figure 3¢ shows an

oblique angle, magnified scanning electron microscope image of
the bowtie antenna.

We then experimentally measured the electric field enhance-
ment using apertureless near-field scanning optical microscopy
(a-NSOM, see Supporting Information Figure.S1 for details),
first developed by Hillenbrand,?” and the optical force intensity
using noncontact atomic force microscopy. Our custom-made
a-NSOM setup has been previously used to characterize near-
field plasmonics.'”*° In essence, it uses a lock-in amplifier with
the vibrating tip frequency as the reference and the light reflected
off of the AFM tip as the signal. The output of the lock-in is then
mapped to the position of the tip, simultaneously giving the user
amap of the topography and near-field intensity. The AFM near-
field map is shown in Figure 4e. In this way, the optical mode has
been squeezed within a nanometric length scale ~150 nm that is
~10 times smaller than the operating wavelength. During its
operation, the sample was illuminated at ~1 mW and the
polarization of the incident beam was aligned along the long
axis of the bowtie. The exact amount of coupled power to the
nanoantenna was certainly lower than the laser power due to
different coupling losses. Thus, it is difficult to quantify the exact
amount of power confined in the “hot spot,” as done in aperture-
NSOM.*®

Figure 4c,d shows both the experiment and simulation of the
optical force map, respectively. Both show a central spot on the
order of 0.5 pN (see Supporting Information for details) and
lobes at the ends of the bowtie arms where the force is diminished
compared to the central spot, showing good agreement. The
central spot of the experimental image is likely larger compared
to the simulation because in the simulation we considered the
AFM tip as a sphere instead of using its actual pyramidal
structure. The optical force was only observed in the bowtie
whose long axis was aligned with the incident electric field
(Figure 4c). In the lower bowtie, where the polarization was
perpendicular to the long axis, no optical force was observed. The
spatial resolution of this technique is limited by two factors, first,
the radius of curvature of the AFM tip used for the scan, and
second, the bandwidth of the lock-in amplifier used in the
experimental setup. For the radius of curvature of the AFM tip,
there is a trade-off: the smaller the radius, the greater resolution,
but also smaller interaction with the optical force generated by
the nanoantenna, which is why we prefer a tip with a radius of
about 100 nm. There is also a trade-oft with bandwidth of the
lock-in: the greater the bandwidth of the lock-in, the smaller the
spot size of the scan will be, but also the noise will be higher. Note
that the long-term mechanical stability of the sample determines
a lower bound on the scan speed, which determines a minimum
bandwidth one can choose.

In conclusion, we have presented a method for mapping
the optical force intensity created by a plasmonic nanoantenna
in noncontact mode with an atomic force microscope. We
have used 3D FDTD simulations to optimize the design of the
MDM bowtie antenna resonant at an operating wavelength of
1550 nm. Optical force was calculated using Maxwell’s stress
tensor method. After the design process, the antenna was
fabricated on the face of the MDM-coated optical fiber using
focused ion beam milling. We used a homemade apertureless
near-field scanning optical microscope to simultaneously mea-
sure the topography and near-field intensity of the antenna.
Finally, we presented a method to map the optical force gene-
rated on an AFM tip due to the optical confinement. We believe
that this work has many applications in areas ranging from
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Figure 4. (a) Topographical image showing two bowtie antennas where the E-field was aligned along the long axis for the top antenna. Due to FIB
milling, a box was created around each antenna. (b) A 3D view of the topographical image of the top antenna shown in (a). Thickness from the top of the
antenna to the core material is ~160 nm, which is a higher than the designed MDM thickness (110 nm) value because of overmilling of the fiber core
material. (c) Measured optical force map of the bowtie antenna. Resonant top antenna shows a force map with a central spot near the antenna gap and
two side lobes at the end of the fanlike segment. This matches well with the simulated optical force intensity map shown in (d). The simulations have
been performed on identical antenna structure with the box. Green dashed lines in (c—e) demarcate the antenna structure while the white dashed line in
(c) and (d) demarcates the box. (e) Apertureless near-field scanning optical microscope (a-NSOM) image of MDM bowtie antenna. The antenna was

designed to be resonant at a wavelength of 1550 nm and incident electric field was aligned along the long axis of the antenna.

optical trapping in biosensing16'17'29

telecommunication.

to optical switching in
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