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ABSTRACT: We demonstrate bowtie apertures that were designed and
fabricated by a lift-off process to optically trap individual, 30 nm, silica-coated
quantum dots (scQD). Simulations and experiments confirm the trapping
capability of the system with a relatively low continuous wave trapping flux of
1.56 MW/cm2 at 1064 nm. Additionally, the scQD emits upon trapping via
two-photon excitation from the trapping laser due to strong field
enhancement inside the aperture. This system is an exciting platform for
studying light−matter interactions and mulitphoton processes in single
emitters.

KEYWORDS: optical trapping, two-photon, plasmonics, quantum dot, bowtie aperture

Optical tweezers have been a powerful tool to fix, control,
and manipulate small objects.1 The introduction of

plasmonic structures has further greatly advanced the field of
optical trapping in the past decade. These structures provide
enhanced, localized electric fields that require lower incident
flux and can trap smaller particles when compared to free space
trapping.2−7 Trapping is further enhanced in plasmonic
apertures by self-induced back-action (SIBA),8 a positive
feedback mechanism that increases the trapping force due to
dielectic loading of the aperture when a particle is trapped.
Recently, there have been many plasmonic nanoapertures
designed for trapping particles as small as tens of nanometers.
Trapping with plasmonic apertures has been performed with
circular8 and rectangular apertures.9 Introducing a pinch point
into the aperture, Pang and Gordon used double nanoholes to
trap a 12 nm silica bead,10 and Berthelot et al. fabricated bowtie
apertures on films and on fiber tips to implement 20 nm
polystyrene bead trapping and 50 nm bead manipulation.11 The
opposing prongs at the pinch point of the aperture act as dual
sharp tips to greatly enhance electric fields in the gap,12 giving
rise to a localized field gradient suitable for optical trapping.
This confined fundamental gap mode has also been used to
provide a narrower near-field pattern for lithography,13 higher
throughput near-field scanning optical microscopy,14 and
enhanced molecule fluorescence.15

Various types of particles have been used in optical trapping
studies, including gold nanoparticles,16 nanorods,17−19 globular
proteins,20 single-cell organisms,4,21 polystyrene spheres with11

and without emissive dye,10 and colloidal quantum dots
(QDs).22,23 Colloidal quantum dots (QDs) are attractive
candidates for optical trapping and simultaneous electronic
excitation because their high index of refraction24 increases the

trapping force, and their broad continuum of excited states
makes them strong absorbers.25,26

Colloidal QDs have exciting applications in biomolecule
labeling due to a high photobleaching threshold, good chemical
stability, and tunable spectral properties. The ability to optically
manipulate QDs may help in fluorescent marker placement and
molecular force measurements, but fluxes required for optical
trapping22 and nonlinear excitation23,27 in free space are large
and may be harmful to biological samples. Plasmonics can help
to decrease the required trapping power, but trapping with a
plasmonic structure generally renders QDs nonemissive due to
interactions with the nearby metal.28,29 In this work, these
issues were solved by trapping silica coated quantum dots
(scQDs) using bowtie apertures in a silver film. The bowtie
apertures facilitated optical trapping and two-photon excitation
such that the required flux was over 1 order of magnitude lower
than previously reported for trapping in free space,23 and the
silica coating insulated the QDs from the metal to mitigate
quenching. Also, the bowtie apertures were fabricated by e-
beam lithography followed by lift-off rather than the past
conventional foused ion beam milling procedure to provide
larger aperture quantities for higher throughput device testing.
Bowtie apertures were used to trap single silica-coated

quantum dots (scQD) with a diameter of 30 nm with a
trapping laser intensity of 1.56 MW/cm2 at 1064 nm. Because
of the strong field confinement inside the bowtie aperture, 640
nm scQD emission was detected following two-photon
excitation by the 1064 nm trapping laser. The enhanced two-
photon excitation eliminates the need for a separate excitation
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source and results in a system that self-reports via emission
when trapping is achieved. We show simulations to evaluate
theoretical trapping performance and experimental examples of
single scQD trapping with simultaneously recorded laser
transmission and emission.
Scanning electron microscope (SEM) images of the

apertures used in the experiments are shown in Figure 1a,b,
overlapped with simulated field intensity enhancements. The
dominant gap mode is supported by the aperture when the
trapping beam polarization is oriented across the gap.
Enhancement is a unitless factor that scales the intensity in
the gap relative to the free space intensity. Both apertures, with
gaps of 38 and 56 nm, were used to successfully trap scQDs.
Given that the field enhancement is lower in the 56 nm gap
aperture, the required trapping laser intensity is higher and the
calculated trapping potential suggests it should only be able to
trap larger particles (Supporting Information). The aperture is
realized on an underlying silicon nitride (SiN) membrane
(thickness 100 nm) and is immersed in water. A 3D sketch is
provided in Supporting Information. In this way, the aperture
forms a low-Q Fabry−Perot cavity whose resonance can be
tuned by silver film thickness.30 A 130 nm thick silver film was
used to achieve resonances centered at 850 and 915 nm (Figure
1c). A transmission electron microscope (TEM) image of the
scQDs used in trapping shows particles with a CdSe/CdS core/
shell31,32 center and total sizes that are ∼30 nm in diameter
(Figure 1d), with a mean hydrodynamic diameter of 39.2 nm as
measured by dynamic light scattering (DLS, Supporting
Information). Procedures for the fabrication of the bowtie
apertures and synthesis of the scQDs are provided in
Supporting Information.
It was shown in simulations that bowtie antennas might be

able to tap a quantum dot, with the pumping wavelength near
the resonance of the QD to create a larger dipole for easier
trapping.33 In order to quantify and evaluate the trapping
capability of the apertures, finite-difference time-domain
(FDTD) simulations (Lumerical Solutions, Inc.) were
performed. Maxwell Stress Tensor was used to calculate the
trapping force and then the force was integrated to get the
trapping potential (Figure 2). Simulations were performed on
the 38 nm gap aperture (Figure 1a) with the incident trapping
beam focused on the entrance of aperture. The scQD was

simulated as a 6 nm CdSe core with silica coatings of varying
thickness to produce final diameters of 20, 25, and 30 nm and
was placed close to the silver wall to get the strongest trapping
potential possible. The field intensity before entering the
aperture was recorded, scaled to the experimental incident flux
of 1.56 MW/cm2, and used to calculate trapping potential. The
calculated trapping potential exhibits two local minima due to
field enhancement occurring on both faces of the aperture from
operating near the first-order Fabry−Perot resonance,30 with
the deeper trapping potential at the water−SiN interface.
Optical trapping is considered favorable when the trapping
potential overcomes the ambient thermal energy kBT (T = 300
K), which was observed for particles of at least 25 nm in this
system at the water−SiN interface. The trapping potential at
the front surface of the aperture did not overcome kBT,
regardless of particle size. From the simulations mentioned

Figure 1. (a, b) SEM images of the bowtie apertures used in the experiments, overlapped with field intensity enhancement profiles at 1064 nm. The
confined gap mode is dominant when the polarization is across the gap. (c) The simulated transmission spectra of the two apertures used in trapping
experiments, showing peak resonances are blue-shifted from the 1064 nm trapping laser. (d) Transmission electron microscope image of the silica-
coated quantum dots used in trapping.

Figure 2. (a) Simulated field intensity distribution inside the aperture
showing field enhancement on both faces of the aperture. The 30 nm
scQD is shown in its final position at the bottom of the aperture
touching the SiN membrane. (b) Potential energy calculation results
showing that scQDs of at least 25 nm will have a potential lower than
1 kBT at the bottom of the aperture.
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above, we assumed that the trapped scQD is located at the
bottom of aperture, touching the silicon nitride membrane and
the apex of the bowtie. However, as discussed in literature,34 it
is possible that the QD could move around due to Brownian
motion. Factors not accounted for in the simulations could
potentially enable trapping particles smaller than 25 nm with
this system. As Tsuboi et al.28 suggested, van der Waals forces
between the particle and the surrounding aperture surfaces
could facilitate trapping when potentials do not overcome kBT
of ambient thermal energy, and reduced degrees of freedom for
particle motion inside the aperture should reduce the particle’s
kinetic energy, making escape from the aperture more difficult.
The trap stiffness that a 20 nm scQD experiences inside the
aperture was calculated to be 0.42 and 0.07 fN/nm/mW for the
x and z directions, respectively (Supporting Information),
which are comparable to stiffness measured for similar double
nanohole structures35 and are nearly 2 orders of magnitude
larger than in the case of free-space trapping.22,23

Prior to trapping experiments, the aperture film was
packaged with an aqueous scQD solution based on a procedure
presented by Pang and Gordon.10 A reservoir was made by
cutting a 3 × 3 mm square from a 30 μm thick
polydimethylsiloxane (PDMS) spacer on top of a 80 μm
thick coverslip. Then, a small drop of scQD solution (0.07% w/
v) was placed in the reservoir, and the aperture film was placed
face down on top of the reservoir. A cross section of the sample
packaging is shown in the inset of Figure 3. We can see that our

aperture device is surrounded by silver with size of 7.5 × 7.5
mm square. Its high thermal conductivity (429 W/m/K)
should act as a good heat sink. This implies that our device
temperature should not increase too much under the trapping
laser illumination.6

Optical trapping was achieved by transmitting a continuous
wave (CW) 1064 nm trapping beam through an aperture
packaged with scQDs, as shown in Figure 3. The optical quality
of a 1064 nm trapping beam (Laser Quantum Ventus 1064)
was cleaned with a polarizing filter and a 1064/10 nm laser line
filter, expanded, and slightly defocused to correct for chromatic
aberration of the trapping objective. The trapping objective was

a 100× (1.25 NA) oil immersion objective that formed a spot
radius of 1 μm with 1.56 MW/cm2 of incident flux at 1064 nm.
Emission from trapped scQDs was collected with the same
objective, separated from the 1064 nm trapping beam with a
900 nm short pass dichroic mirror and sent to either a silicon
avalanche photodiode (APD, PerkinElmer SPCM -AQRH-13)
or a spectrometer/CCD camera combination (Princeton
Instruments Acton SP2750A/Pixis 1024) for detection of
two-photon excitation upon trapping. Above the packaged film,
1064 nm transmission intensity through the aperture was
collected with a 60× (0.7 NA) air objective and sent to a Ge
photodiode (Thorlabs DET50B) to monitor jumps in trans-
mission intensity coinciding with trapping events. Sample
positioning was achieved by a three-axis stage (Thorlabs
Nanomax-TS).
Single scQD trapping in the 38 nm aperture using scQDs

shown in Figure 1 is demonstrated in Figure 4 and is

characterized by a stepwise increase in both emission and
transmission intensities at 50 s. Intensity fluctuations are
observed in the emission channel at ∼110 s followed by a
gradual decrease in intensity. Corresponding dynamics in the
transmission channel are absent or undetectably small,
suggesting that scQD emission dynamics (i.e., blinking,
bleaching) may be responsible for the fluctuations observed
in the emission channel. See Supporting Information for further
examples of trapped scQD emission dynamics. Alternatively,
the emission channel may be far more sensitive to very small
changes in particle position due to the nonlinear nature of two-
photon excitation, resulting in large fluctuations in the emission
channel accompanied by an increase in transmission channel
noise. This might also explain the measured signals at 60 and
160 s: there is a small increase followed by gradual decrease in
the emission intensity, with no observable change in the
transmission intensity. We believe that this can be explained by
scQD moving into and then out of the location with stronger
excitation flux. A final possibility is that two particles were
simultaneously trapped and emission ensued for the respective
particles at 50 and 110 s. This final scenario is unlikely,
however, because trapping particles or clusters larger than the
38 nm gap is not expected. Large particles and clusters are
prevented from peak trapping potentials at the bottom of the
aperture.10 In general, the trapping here was more of an one-off

Figure 3. Instrument schematic for simultaneous trapping with 1064
nm laser (gray beam) and scQD emission detection at 640 nm (red
beam). (Inset) Cross section of sample package.

Figure 4. (a) Emission and (b) 1064 nm transmission channels show a
stepwise increase in signal at 50 s, indicating individual scQD trapping.
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event, since we were using a size distribution of particles and a
distribution of different bowtie shapes. Further optimization is
required in order to make trapping routine.
Figure 5 shows spectra collected from the same aperture

before and after scQD trapping and serves as evidence for two-

photon excitation in the absence of a sub-bandgap excitation
source. The spectral range between 520 to 700 nm is dark prior
to trapping, but a scQD emission peak appears at 640 nm after
the particle is trapped. Additionally, the absence of detected
signal at 532 nm rules out second harmonic generation in the
aperture by the trapping beam. The emission and transmission
intensities for this trapping event are given in the Supporting
Information, along with the scQD linear emission spectrum
excited with a 532 nm CW excitation source. Given the
simulated peak intensity enhancement of ∼48× for this
aperture with a scQD in the aperture (Figure 2a, the
enhancement around the scQD not the corner), the enhanced
excitation flux at the trapped scQD is calculated to be 74.9
MW/cm2. This enhanced excitation flux, suitable for two-
photon excitation of QDs,23 can be reached with a very low
incident flux of 1.56 MW/cm2 at 1064 nm, due to the strong
plasmonic enhancement provided by the aperture.36 We note
that the enhanced flux inside the aperture is a factor of five
larger than the flux reported using free space trapping.22

The system presented here offers unique opportunities to
study light−matter interactions inside a plasmonic cavity.37 In
the experiments, scQDs did not stay inside the aperture after
turning off the trapping laser, so the particle can be controllably
placed and removed from the aperture by toggling the trapping
beam, allowing for convenient measurements of the emitter
inside and outside of the cavity. The optical trap also provides
natural alignment of the nanoparticle to the peak field intensity
in the aperture, alleviating concerns over particle placement in a
resonant cavity,38 and the lift-off nature of the aperture
fabrication can enable fabrication of large arrays of apertures,
each designed to operate at slightly different wavelength,
allowing for high throughput cavity resonance optimization.
When combined with our trapping based incorporation of
QDs, this can eliminate the need for postfabrication cavity
tuning and trimming: it is always possible to find and work with
a resonator that is tuned to the emission wavelength of the
emitter. Additionally, the platform might enable studies of

individual QD absorption spectrum over wide wavelength
range. This can be difficult using free-space approaches due to
orders of magnitude difference between the absorption cross-
section of the QD and the diffraction limited focal spot. This
issue can be alleviated with our device due to the confined gap
mode and the fact that aperture nature ensures that orders of
more transmitted light interacts with QD trapped inside the
aperture. Lastly, experiments need not be limited to scQDs.
Emitter−cavity interactions can be investigated for alternative
quantum emitters including nitrogen-vacancy centers in
diamond,39 semiconductor nanorods, and hybrid structures.40

In conclusion, bowtie apertures were designed and fabricated
to optically trap 30 nm insulated QDs, yielding a system with
stable single particle trapping and robust two-photon excitation
at modest flux. Lift-off aperture fabrication was introduced and
FDTD simulations revealed favorable trapping conditions that
may be further aided by nonoptical mechanisms. This system
may enable the high-throughput experimentation of light−
matter interactions and multiphoton processes in various types
of emitters.
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