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ABSTRACT

Spatial mapping of optical force near the hot-spot of a metal-dielectric-metal bow-tie nanoantenna at a
wavelength of 1550 nm is presented. Non contact mode atomic force microscopy is used with a lock-in method to
produce the map. Maxwell’s stress tensor method has also been used to simulate the force produced by the bow-tie
and it agrees with the experimental data. If dual lock-in amplifiers are used, this method could potentially produce
the near field intensity and optical force map simultaneously, both with high spatial resolution. Detailed mapping of
the optical force is critical for many emerging applications such as plasmonic biosensing and optomechanical
switching.

1. INTRODUCTION

Photons have a momentum (h/A) and transfer of this momentum 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 garnered much attention in the area of optical trapping when used in the far field [1-3]. Recently
there has been even more interest to exploit the near-field region to generate an optical force to similarly trap
particles [4-6]. Near-field trapping was demonstrated by Righini et. al in 2007 [7] and more recently has been used
to trap even smaller particles [8]. However, so far little work has been done to map the near-field optical force at
high resolution. If a large probe particle is used, the force of an optical trap has been mapped in the far field in 2006
[9] and the near field in the same year [10]. Optical force is generally related to Casimir force — whereas Casimir
force is calculated using vacuum modes or “virtual” modes, optical force is calculated using actual modes, but both
may be calculated using Maxwell’s stress tensor formalism [6, 11]. Thus, it is on the heels of our work in measuring
the Casimir force with high resolution [12] that we present a method to accurately map the optical force at high
resolution [13].

2. SURFACE PLASMONS

A surface plasmon (SP) is a collective motion of electrons generated by light at the interface between two
mediums of opposite sign of dielectric susceptibility (e.g. metal and dielectric)[14]. Optical antennas have
previously been explored in the visible region[15] to exploit surface plasmon resonance (SPR). Optical antennas are
similar to radio frequency (RF) antennas in that they are resonant structures that respond to specific wavelengths
through the geometrical and material characteristics of the antenna as well as the surrounding environment. Though
both RF and optical antennas have the same fundamental goal of controlling radiation patterns, there exists an
underlying discrepancy. While RF antennas focus on optimization of far-field characteristics in order to obtain
better transmission and reception performance, optical antennas emphasize the near field behavior to for example
create a spot size that is smaller than the wavelength of incoming light.

Because the optical force originates from the divergence of the electromagnetic energy density [16], the

fact that plasmonics can be used to concentrate the electric field to a very small spot can lead to a very large force
density. Based on our simulation and experimental analysis [17, 18], we have chosen a metal-dielectric-metal
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(MDM Au/SiO02/Au) bow-tie antenna design, due to its capability to generate higher near-field enhancement. To
optimize the performance of our design, we simulated the structure using three-dimensional finite-difference time-
domain (FDTD) method. The antenna consists of two triangular arms separated by a gap of nearly 50 nm. The
bowtie is placed on the facet of a cleaved optical fiber. A plane wave is launched with polarization along the long
axis of the bowtie with wavelength of 1550 nm as the source for all simulations. We used a thickness of 40 nm and
30 nm for Au and SiO2 respectively. To get the resonant length of the bow-tie, we found the average intensity
enhancement in the gap between the arms at the level of the top metal surface as we varied the length of the arms of
the bow-tie (see Figure 1). Very fine mesh size was used in the antenna region and PML boundary conditions were
used at the simulation edge, which was placed very far away from the antenna region. Based on this simulation, a
resonance length of 350 nm for one arm was chosen for the rest of simulation and fabrication.
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Figure 1 — Average intensity enhancement at the top surface of the antenna gap as a function of the bowtie
arm length. (Inset) E-field intensity over the antenna region at the resonance condition. There is a central
“hot-spot” and some signal at the edges of the arms as well.

After optimizing our design through simulation, we fabricated our design on the end of a cleaved 125 pm
optical fiber. First, we coated the fiber with the correct MDM (Au/SiO2/Au) thicknesses described above via
electron beam evaporation. The bow-tie structure was then fabricated using focused ion beam (FIB) milling (Hellios
FEI). Using the gallium beam at high voltage (30 keV) and very low current (9.2 pA) a high precision milling was
achieved. The final antenna along with the fiber face is shown in Figure 2.
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Figure 2 — (a) Coated face of cleaved optical fiber. The fiber is coated with 40nm/30nm/40nm Au/SiO2/Au.
(b) Top-down view of bow-tie structure and surrounding box. (c) Oblique angle, showing sidewall angle.

We have then used apertureless near-field scanning optical microscopy (a-NSOM) to measure the near-
field signal generated by our device. Our a-NSOM setup is a modification of a backscattered a-NSOM setup that we
have previously used to characterize the near field of nanoantenna-integrated quantum cascade lasers [17-19]. A-
NSOM was originally pioneered by Hillenbrand [20] to characterize near-field plasmonics. It works by light
scattering off of a vibrating AFM tip and being modulated at that vibrational frequency. It then gets picked up by a
detector which feeds into a lock-in amplifier, and the tip frequency is used as the reference. The output of the lock-
in is fed to a computer which maps to the position of the AFM tip. The lock-in demodulates the signal and the
output gives a map of the light which is scattered from the AFM tip with arbitrary gain. A figure depicting the setup
we have used to characterize the near-field of our antennae is shown in Figure 3. The results of the near-field scan
are shown in Figure 5Se.

3. OPTICAL FORCE SIMULATION

We have used Maxwell’s stress tensor method to calculate the optical force intensity on the AFM tip. Our
simulation area consists of MDM box on top of an SiO2 layer which represents the fiber material. The bowtie is
positioned in the center of the box with the correct sidewall angle created during fabrication. The AFM tip has been
modeled as a sphere with diameter 100 nm (similar to actual diameter of AFM tip). The position of the sphere was
varied, keeping the vertical height constant at 50 nm, and the electric field components at each position were
recorded. As before, a single wavelength source was used and the polarization was kept along the long axis of the
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bowtie. Six plane monitors were placed surrounding the sphere to get the electric and magnetic field components
inside the monitor. The field components then are related to Maxwell’s stress tensor by the following formula:

1
T; =606, EE; + ptopt,, H,H ; _5-51‘/‘ (608, | E[ +atop, | HT?)

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

<F >=1Req T...n.dS)
i 7 ERtAN)

Where, n; is the outward normal to the surface of the six planes mentioned before. Because the z-component of the
optical force is calculated to be ~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, we have only plotted this component. The final map
can be seen in Figure 5d. It is important to note that although the force is attractive, creating a trap, we have only
shown the magnitude of this force.
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Figure 3 — Apertureless-NSOM setup used to visualize the near field of our bow-tie structures.

4. OPTICAL FORCE MEASUREMENT
The minimum force sensitivity of an AFM system, limited by Brownian motion [21, 22], can be calculated

4k, TkB
from Fmin = | —2— , Where kp is the Boltzmann constant, 7' is room temperature, k is the spring constant of
o
the cantilever (3 N/m), B is the bandwidth of measurement (set by lock-in amplifier) used in the force measurement
(7.8 Hz), wy is the resonant frequency of the AFM tip (~101 kHz), and Q is the quality factor of the cantilever
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(~160) for our measurement parameters. In our setup, this leads to a force sensitivity of ~40 fN. Thus, it should be
possible to measure optical force on the order of a fraction of a piconewton with our setup.

The optical force measurement setup uses the modulation of the laser to measure the effect on the
amplitude change of the AFM tip at the frequency of modulation of the laser when the AFM tip is brought near the
region of optical confinement. The laser is modulated at 50% duty cycle at low frequency (1 kHz) because we have
previously shown that phase, and therefore amplitude, require time on the order of ms to respond to an external force
[12]. The trigger out of the laser is used as the reference frequency of the lock-in amplifier and the amplitude signal
of the AFM is used as the signal in of the lock-in, and the output of the lock-in is fed back to the computer to map to
the current position of the AFM tip (see Figure 4).
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Figure 4 — Setup for measuring optical force.

Figure 5 shows the experimental results of the optical force map. To calculate the optical force from the
lock-in output of the above setup we used the following math. First, we took the signal from the lock-in (approx.
0.35 mV) divided by the peak-to-peak signal from the quad detector of the AFM (5 V). This gave us the fractional
change in amplitude at 1 kHz of the signal being modulated by the laser, about 7E-5. We then multiplied this by the
amplitude of oscillation of the cantilever (30 nm) to get the change in amplitude caused by the laser light (2.1 pm).
We then multiplied this by the spring constant of the cantilever (3 N/m) to get the total force (about 6.3 pN). We
then subtracted the background noise level when the laser was turned off to get the final value. The experimental
result shows a central spot on the order of 0.5 pN and lobes at the end of the bow-tie arms where the force is
diminished compared to the central spot, showing good agreement with the simulation. The central spot of the
experimental image is likely larger compared to the simulation due to the fact that in the simulation we considered
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the AFM tip as a sphere instead of using its actual pyramidal structure. We didn’t observe any optical force in the
bowtie whose long axis was not aligned with the incident electric field.

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 tradeoff — 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 tradeoff with bandwidth of the lockin — 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.
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Figure S —(a) Topography showing two perpendicularly aligned bowties and (b) 3-D view. The height in the
3-D view is higher than the total design height of 110 nm because of overmilling with FIB. (c) Experimental
optical force map. (d) Simulation of optical force map. (e) a-NSOM image showing the near-field map.

5. CONCLUSION

In conclusion, we have presented a method for mapping the optical force intensity created by a plasmonic
nanoantenna in non-contact mode with an atomic force microscope. We have used 3-D FDTD simulation to
optimize the design of the antenna and simulate the optical force intensity using Maxwell’s stress tensor method.
The antenna was fabricated on the face of a metal-dielectric-metal coated optical fiber using focused ion beam
milling. We have used a home-made apertureless near-field scanning optical microscope to simultaneously measure
the topography and near-field intensity of the antenna. Finally, we presented a method to map the optical force
generated on the AFM tip due to optical confinement. With dual lock-in amplifiers, this method could map the
topography, near-field, and optical force all simultaneously. We believe that this work has many applications in
areas ranging from optical trapping in biosensing [23-26] to optical switching in telecommunication [27].
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