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Optical trapping with plasmonic double nanohole (DNH) apertures has proven to be an efficient method
for trapping sub-50 nm particles due to their suppressed plasmonic heating effect and very high electric
field enhancement in the gap region of the aperture. However, plasmonic tweezers are generally
diffusion-limited, requiring particles to diffuse down to a few tens of nanometres from the high field
enhancement regions before they can be trapped. The loading of target particles to the plasmonic hot-
spots can take several minutes for diluted samples. In this work, rapid particle transport and trapping of a
25 nm polystyrene sphere is demonstrated, leveraging an electrothermoplasmonic flow induced upon
application of an AC field in the presence of a laser-induced temperature gradient. Using this approach,
we demonstrate the rapid transport of a 25 nm polystyrene particle across a distance of 63 pm and trap-
ping at the DNH under 16 s. This platform shows great potential for applications involving simultaneous
trapping and plasmon-enhanced spectroscopies, such as Raman enhancement via the intense electric
field enhancement in the DNH gap.

Introduction

Since the pioneering works on optical trapping by Arthur
Ashkin," the dynamic manipulation of micron and sub-micron
particles down to the sub-wavelength scale enabled by optical
tweezers has inspired numerous studies in various fields,
including biological®® and environmental””® sciences. In a
typical optical tweezer setup, a laser beam focused to a diffrac-
tion-limited spot induces an optical force that stems from gra-
dients in the highly nonuniform focused field. This gives rise
to an attractive or repulsive force on a particle in the vicinity of
the focused field, towards or away from the focal point,
depending on the polarizability of the particle relative to the
surrounding medium. The optical force on particles much
larger than the wavelength of the trapping laser can be
described using a ray optics model. In this model, the optical
force is described by directly considering the momentum
exchange between the impinging light rays and the particle,
stemming from the reflection and refraction of the incident
rays.” To describe the optical gradient force on particles much

“Department of Electrical and Computer Engineering, Vanderbilt University,
Nashville, TN, USA. E-mail: justus.ndukaife@vanderbilt.edu

bInterdisciplinary Materials Science and Engineering, Vanderbilt University,
Nashville, TN, USA

‘Department of Mechanical Engineering, Vanderbilt University, Nashville, TN, USA

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr07073a

9710 | Nanoscale, 2023, 15, 9710-9717

less than the trapping wavelength in the Rayleigh limit (@ <
1), the dipole approximation is considered and is given by the
expression,

_ &y — € —2
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where Fgaq is the optical gradient force, a is the particle
radius, E(r) is the position-dependent electric field of the trap-
ping laser, &,, and &, are the complex permittivities of the par-
ticle and medium, respectively. Despite the widespread appli-
cations of optical tweezers, they suffer some fundamental
limitations. Firstly, the optical gradient force is proportional to
the third power of the particle radius as described by the
dipole approximation. This implies that as the particle size
gets smaller, the optical force decreases by orders of magni-
tude, resulting in higher intensity gradients being required to
trap smaller particles. Secondly, optical tweezers are diffrac-
tion-limited, which implies that the high laser intensity
required to trap sub-100 nm particles can only be achieved by
increasing the laser power. The trapping of various particles
including biological species and nano plastics down to the
100 nm range can be achieved with laser powers between a few
tens to a few hundred mW.”'"'> However, stable trapping of
nanoscopic particles in the sub-50 nm range requires several
hundred mW’, which results in degradation and damage of
the particles over short time spans.' In situ analysis of nano-
scopic particles is of great interest in biological and environ-
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mental sciences. In biological sciences, the trapping of small
extracellular vesicles in the sub-100 nm range is desirable to
investigate the heterogeneity of these species for diagnostic and
drug delivery purposes.>*° The investigation of nano plastic pol-
lution in oceans resulting from the degradation of industrially
produced plastic debris has become of great importance
recently, as this poses a public health threat."® In situ optical
trapping and Raman-enabled chemical characterization of nano
plastics down to the 50 nm range was recently demonstrated
using laser powers exceeding 100 mW,” enabling unambiguous
discrimination between nano plastics and organic matter.
Previous approaches to characterize nano plastics, such as TEM/
SEM, fluorescent microscopy, and nanoparticle tracking ana-
lysis” provide no information about the chemical composition
of these nano plastics. Thus, it is imperative to devise methods
for non-destructive low-power trapping of nanoscopic polymer
particles in the sub-50 nm range.

To overcome these fundamental challenges with conven-
tional optical tweezers, plasmonic nanotweezers have emerged
as promising alternatives, enabling the low power trapping of
nanoscopic particles down to the 20 nm scale,"*"> due to the
extreme confinement of light beyond the diffraction limit.'®
Plasmonic cavities can confine light down to scales on the
order of a few tens of nanometres via the excitation of localized
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surface plasmon resonance (LSPR), which arises from the col-
lective oscillations of surface plasmons in metallic nano-
structures. Plasmonic traps have been widely demonstrated in
literature'>™>'” but still suffer from two fundamental limit-
ations. Firstly, metals are known to be lossy due to the non-
zero imaginary component of the permittivity, which results in
plasmonic heating effects in the presence of high electric
fields at optical frequencies.'® This often gives rise to positive
thermophoretic effects whereby trapped particles are repelled
from the plasmonic hotspot towards colder regions, decreas-
ing the trapping stability.’®*° Jones et al.>* showed that illumi-
nating resonant bowtie plasmonic antennas could result in
thermophoretic depletion of 100 nm polystyrene spheres from
the vicinity of the plasmonic antenna. To mitigate heating
effects in plasmonic traps, plasmonic apertures in continuous
metallic films have been investigated'*>> because they efficien-
tly dissipate heat through the continuous metallic film result-
ing in suppressed photo-thermal heat generation. Particularly,
plasmonic double nanohole (DNH) apertures'**>**?* have
sparked considerable interest owing to their capability to
efficiently trap 20 nm particles and smaller. Trapping of 12 nm
polystyrene beads has been demonstrated with plasmonic
DNH apertures.'”> They have also been used for the trapping
and analysis of various conformational states of single pro-
teins.'* Despite the promising performance of plasmonic DNH
traps, they remain inherently diffusion-limited, requiring par-
ticles to diffuse to a few tens of nanometres from the plasmo-
nic hotspots before trapping can occur. This may take several
minutes for trapping events to occur, depending on the con-
centration of the particle solution. To overcome the diffusion
limitation in plasmonic tweezers, Ndukaife et al>* showed
that by illuminating a single antenna and applying an ac field,
a long-range electrothermoplasmonic flow (ETP flow) can be
induced by the photo-thermal heating of a single antenna,
enabling rapid delivery and subsequent trapping of 300 nm
polystyrene beads to the plasmonic hotspot with radial velocity
magnitudes exceeding 10 pm s . However, efficient delivery
and trapping of sub-50 nm particles using this approach remain
challenging due to the increased diffusion coefficient of smaller
particles and decreased optical force. In this work, we demon-
strate on-demand rapid particle transport and efficient trapping
of single 25 nm polystyrene spheres suspended in deionized
water using single plasmonic double nanohole apertures milled
in a 100 nm thick gold film deposited on a glass substrate. Our
approach of using a plasmonic aperture mitigates heating
effects by efficiently dissipating heat in the continuous gold
film. Despite the suppressed plasmonic heating, we show that a
sufficient thermal gradient is generated at the plasmonic

hotspot, generating ETP velocities exceeding 50 pm s~ .

ETP simulation model for plasmonic
double nanohole aperture

Photo-thermal effects in plasmonic systems give rise to temp-
erature gradients, which result in gradients in the electrical
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permittivity and conductivity of the given medium. An AC field
applied in the presence of gradients in the electrical properties
of a dielectric liquid medium induces an electrical body
force> ™ given by:

fere = ptE1r — 1/2 |Ei|*Vem, (2)

where E; is the local electric field, p¢ is the volume charge
density of the induced free charges, and ¢, is the permittivity
of the medium. The first term in eqn (2) results from a colum-
bic force acting on free charges in suspension throughout the
medium while the second term arises due to microscopic
polarization in the dielectric medium.?” ETP flow modelling of
the system is done using a finite-element-method software,
COMSOL Multiphysics. ETP flow is modelled using a similar
approach previously described in literature. Firstly, the elec-
tric field E in the gap of the DNH and the surrounding media
is solved using the wave equation,

V x V x E — ko*e(r)E = 0, (3)

where k, is the wave number given by 2x/4 and e(r) is the
complex permittivity of the medium. Next, the temperature
field is computed by solving the heat source density g(r) gener-
ated by E, given by g(r) = 1/Re(J-E). Where J is the current
density induced in the vicinity of the plasmonic aperture. The
temperature field T'(r) is then computed by solving the steady-
state heat equation,

V[kVT(r) + pep T(r)u(r)] = q(r), (4)

where «, p, and ¢, are the thermal conductivity, density, and
heat capacity of the medium, while u(r) is the induced velocity
field. For natural thermoplasmonic the
Boussinesq approximation for buoyancy-driven convection is
applied to obtain the body force term given by,>

convection,

Fy = gpp(T)[T(r) = Tol, (5)

where g, p, and f(T) are the gravitational constant, density,
and thermal expansivity of the medium respectively. The ETP
body force given in eqn (2) can be expanded using a perturba-
tive approach®® and decomposed into radial and axial com-
ponents®” given by,

.1 ctem(a—y) 1 10T,
PRy . il ) et 6
Jere g fmba L‘Z + emZw? 2% oz (6)
. 1 oT
fETpr = — ZsmaEZZ Er, (7)

where ¢ and  are the electrical conductivity and AC frequency

respectively. a = * (Be_m) and y = 1 (@) with values
em \ OT om \OT )’

—0.004 K™ and —0.02 K™, respectively.”® The total body force

F in the system is given by the sum of buoyancy convection

and ETP body forces. The fluid velocity field is then computed

by solving the incompressible Navier Stokes equation given by,

p(u(r)V)u(r) + Vp(r) — nV?u(r) = F (8)
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where 5 is the viscosity of the medium and Vp(r) is the
pressure gradient in the medium. FEM simulations for the vel-
ocity field are shown in Fig. 2(d), 3(a) and (c).

Results and discussion

The schematic design of the double nanohole aperture is shown
in Fig. 2(c) and S2b (ESI Fig. 2bt), with S2a showing the top view
SEM micrograph of the DNH. The plasmonic aperture is milled
in a 100 nm thick Au film deposited on a silica substrate with a
10 nm Cr adhesion layer. Two 100 nm diameter holes are made
side by side with their centers 140 nm apart, and a rectangle con-
necting them is milled in the Au film forming a 30 nm gap
depicted in the right panel of S2b. Previous works on DNH aper-
tures in Au films"** made by focused ion beam milling have
shown that this fabrication method often results in the widening
of the top gap of the DNH, as shown in the left panel of S2b. To
account for this effect in FDTD and FEM simulations, the top
gap is taken to be 60 nm wide while the bottom gap is taken to
be 30 nm wide. The DNH sample was first treated with Poly
(sodium 4-styrenesulfonate) (PSS) for 10 minutes and rinsed with
potassium chloride (KCl) for 5 minutes to prevent the negatively
charged polystyrene particles from sticking to the Au surface,
after which the sample was then blow-dried. Subsequently, the
DNH sample was made into a microfluidic chip using 120 pm
thick dielectric spacers, sandwiching the Au film with an ITO-
coated coverslip above the Au film. The DHN is illuminated
under a 40x objective with a 973 nm trapping laser focused to a
spot size of 1.33 pm with its polarization aligned perpendicular
to the center-to-center axis of the 100 nm diameter holes. During
fabrication, a marker is made on the chip to indicate the center-
to-center axis of the DNH aperture. Trapping experiments in this
work are done with fluorescently labelled 25 nm polystyrene
beads with a 532 nm excitation wavelength. A fluorescence lamp
coupled with a 532 nm filter is used for the excitation.
Fluorescence emission from trapped particles is collected with a
CCD camera as shown in Fig. 1(b). FDTD and FEM electromag-
netic simulations are run with Lumerical and COMSOL
Multiphysics, respectively, with the refractive indices of water and
silica taken to be 1.33 and 1.45, respectively. Fig. 2(a) shows an
FDTD simulation of the normalized intensity enhancement of
the DNH in the XY plane at Z = —20 nm, showing over 60 times
enhancement in the local light intensity in the gap region for an
incident laser with a polarization perpendicular to the center-to-
center axis of the DNH.

In Fig. 2(b), we plot the optical power dissipation density in
the vicinity of the DNH for an illumination intensity of 11.4 mW
pum~>, showing the highly non-uniform dissipation of optical
power around the DNH. This shows that the heat generated by
the plasmonic aperture can be fully accounted for within a 500
x 500 x 100 nm® bounding volume cantered around the DNH.
To model the temperature rise in the system, first an FEM simu-
lation is run to determine the total optical power dissipation
density in a 500 x 500 x 100 nm® bounding volume centered
around the DNH to fully capture the optical power dissipation

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic diagram and experimental setup. (a) Schematic diagram showing rapid electrothermoplasmoinc (ETP) enabled transport of 25 nm
polystyrene spheres towards the plasmonic hotspot. The illuminated double nanohole generates temperature gradients which induce an ETP flow
upon the application of an AC field. (b) Experimental setup. D1 and D2 represent dichroic mirrors.
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Fig. 2 Optical and thermal simulations. (a) FEM simulation showing the intensity enhancement in the XY plane at Z = —20 nm. This shows intense
enhancement in the gap of the DNH. The inset shows an SEM micrograph of the DNH aperture. (b) Optical power dissipation density in the XY plane
at Z = —50 nm, showing that the optical power dissipated in the Au film by the plasmonic aperture is very tightly confined to the vicinity of the DNH.
(c) Schematic design of the DNH aperture showing how the axes are defined. (d) ZX cross section at Y = 0 showing the distribution of the tempera-
ture rise and the velocity vector plot, with the vector arrows proportional to the magnitude of the velocity vector resulting from a Gaussian beam
with an intensity of 11.4 mW um~2 and beam diameter 1.33 um. This shows a maximum temperature rise of 15 K and velocity magnitudes exceeding
70 pm s~ for a 10 VAC at 20 kHz.
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resulting from the plasmonic enhancement. The optical power where P, is the incident power, A,, is the absorption of the Au
dissipation density in the rest of the Au film was defined using film without the DNH, and a,, is the absorption coefficient of
the following equation as shown in previous works,>>® the Au film at the illumination wavelength. The first exponen-
tial term in eqn (9) accounts for the effect of the Gaussian
beam where ¢ is the waist radius of the focused laser, while
) ez (9) the second exponential term accounts for Beer’s law. Fig. 2(d)
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Fig. 3 ETP results for an illumination intensity of 11.4 mW pm™2 (a) Radial velocity magnitudes for (b) and (c). (b) Experimental ETP velocity plot in
the XY plane generated using particle image velocimetry (PIV) analysis showing radial velocities exceeding 20 um s~* for a 10 V, 20 kHz applied AC.
(c) FEM simulation for the ETP flow in the XY plane at Z = —2.3 ym for a 10 V, 20 kHz applied AC.
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Fig. 4 Optical and thermophoretic force calculations at X = 0, Y = 0. (a) Maxwell stress tensor calculation for the Z component of the optical force
and the corresponding optical potential along the Z direction for a 25 nm polystyrene bead. (b) FEM temperature rise simulation showing the direc-
tion of the thermophoretic force (black arrows). This shows that the thermophoretic force contributes to the trapping. (c) Finite element method
(FEM) calculations for the Z component thermophoretic force and its potential along the Z axis for a 25 nm polystyrene bead. (d) Total potential
along the Z (X = 0, Y = 0) direction due to contributions from the Z components of the optical and thermophoretic forces. This is obtained by
summing the optical (blue) and thermal (red) potentials.
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shows the highly localized temperature field generated with a
maximum temperature of 15 K along with the ETP velocity
vector plot. Typically, plasmonic antennas often result in sig-
nificant temperature rise exceeding 20 K>*> due to inefficient
dissipation of heat by the surrounding dielectric media in the
vicinity of the plasmonic antenna. With the double nanohole
aperture, the region of the plasmonic enhancement is sur-
rounded by a continuous metallic film which results in
efficient dissipation of heat away from the hot spot, owing to
the high thermal conductivity of the Au film (317 W mK )
relative to water (0.59 W mK™'). Despite the suppressed temp-
erature rise in this system, we show that significant ETP flow is
still generated, as shown by the velocity vector arrows in
Fig. 2(d). In-plane ETP simulations in Fig. 3(a and c) show
radial flow velocity magnitudes up to 20 pm s™* for an illumi-
nation intensity of 11.4 mW pm™> and a 10 V AC bias applied
at 20 kHz. Fig. 3(b) shows the experimental radial velocity mag-
nitudes in the XY plane generated through particle image velo-
cimetry (PIV) analysis using 300 nm polystyrene tracer particles
(ESI Movie 1}), while Fig. 3(c) shows the corresponding simu-
lation in the XY plane at Z= —2.3 pm.

The radial velocity magnitudes in Fig. 3(b and c) are plotted
against the radial distance from DNH in Fig. 3(a). The experi-
mental and simulated plots are in agreement. Next, we applied

t=12s

View Article Online
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Maxwell’s stress tensor technique to calculate the Z com-
ponent of the optical force and potential along the Z axis for a
25 nm polystyrene particle localized at X = 0, Y = 0, as shown
in Fig. 4(a). To realize an efficient ETP-enabled transport and
trapping of 25 nm polystyrene beads, we must consider the
particle-surface interaction force Fpg which arises due to the
interaction between the surface charges on the particle and
their image charge in the metallic film resulting from the
applied voltage. At higher frequencies, the fluid drag force is
dominant over Fpg due to AC frequency being greater than the
charge relaxation time of the fluid. This results in particles
getting pulled away from the hotspot in the Z direction after
they approach the hotspot, as shown in ESI Movie 1.} At lower
frequencies, however, Fps begins to dominate, and this results
in the aggregation of particles at the hotspot due to the radial
component of the ETP force, shown in frame 1 of S3 and ESI
Movie 2,1 as the particles remain close to the surface due to
the prevalence of Fps over the ETP induced drag force, making
it possible for optical gradient force F, to pull particles into
the trap. To experimentally demonstrate ETP-enabled transport
and trapping of 25 nm polystyrene spheres, we used a 10 V
AC voltage applied at 3 kHz. This ensures that Fps dominates
over the ETP-induced drag force, localizing the particle near
the Au surface. As the particle approaches the hotspot, F, pulls
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Fig. 5 ETP transport and trapping of a 25 nm polystyrene particle. (a) ETP transport of a 25 nm polystyrene bead from a distance 63 um away within
16 seconds under an AC voltage of 10 V and 3 kHz frequency. The particle remains trapped at the hotspot after the AC voltage is turned off and gets
released after the trapping laser is turned off. (b) Particle position plot for a 25 nm polystyrene bead trapped at the plasmonic hotspot for two
different laser intensities. This shows increased particle localization at higher laser intensities, where X. and Y. represent the centre of the particle.
(c) Particle position histograms for the position of the particle in (b) along the X axis for two different laser intensities. (d) Particle position histograms
for the position of the particle in (b) along the Y axis for two different laser intensities.
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the particle into the trap and the AC voltage is immediately
turned off. To fully understand the trapping mechanism of
this system despite having an optical potential of about
—0.9KgT shown in Fig. 4(a) we must consider the synergy
between the optical and thermophoretic potentials of this
system. Polystyrene beads of about 25 nm and below are
known to experience negative thermophoresis in contrast to
larger sized beads due to the size dependence of the Soret
coefficient.’*** Using the value for the Soret coefficient pre-
sented in ref. 33, we show the thermophoretic force contri-
butions in Fig. 4(c) using the equation Fyerm = KgT'(1)SyVT(1),
where Ky is the Boltzmann constant, T(r) is the position-
dependent temperature, and St is the Soret coefficient.
Fig. 4(b) shows the attractive nature of the thermophoretic
force for which a thermophoretic potential up to —3KgT was
computed. The thermophoretic potential was obtained by inte-
grating Fiherm along the line Z (X = 0, Y = 0). Considering both
contributions from optical and thermophoretic forces, we
achieved a total potential up to —3.9KgT as shown in Fig. 4(d),
which is sufficient to trap the particle.

The experimental results presented in Fig. 5(a) shows how a
25 nm polystyrene bead is transported over a 63 pm distance
under 16 s. This is captured in ESI Movie 5.1 Once the particle
is localized by the optical force, the AC field is turned off, as
shown in frame 3 of Fig. 5(a). Despite aggregation of particles
at the hotspot prior to trapping, only a single particle gets
trapped at the hotspot, demonstrating the self-limiting nature
of the double nanohole trap, shown in frame 2 of S3. Fig. 5(b)
shows the particle position plot for a trapped 25 nm poly-
styrene sphere at the plasmonic hotspot for two different
intensities corresponding to ESI Movies 3 and 4,7 which were
obtained using a CMOS camera operating at 10 frames per
second. The data presented in Fig. 5(b) was obtained by apply-
ing a custom particle tracking Python code to ESI Movies 3
and 4.1 Furthermore, to accurately obtain the trapping
stiffness, we applied a motion blur correction function®* to the
particle position data in Fig. 5(b) using the same approach
used in ref. 34. We obtained trapping stiffnesses k, = 0.104 f{N
nm™" and k, = 0.108 fN nm™' for an intensity of 11.4 mW
pm~?, using the equipartition theorem 1KgT = 1k;i*, where Ky is
the Boltzmann constant, T is the temperature taken to be
308 K, k; is the trap stiffness, and i* is the particle position var-
iance for i* = x%, y*. It is important to note that it was not poss-
ible to trap 25 nm polystyrene beads away from the DNH aper-
tures using the laser powers described here, showing that we
observed near-field trapping. The realization of high-speed
transport and efficient trapping of 25 nm polymer beads is
crucial for applications such as SERS coupled Raman tweezers
spectroscopy of nano plastics, making it possible to obtain
single particle Raman spectrum rapidly in dilute samples.

Conclusion

Plasmonic apertures in metallic films have emerged as promis-
ing alternatives to plasmonic antennas for trapping nano-
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scopic particles down to the single protein level, with the con-
tinuous metallic films enabling more efficient dissipation of
the heat generated by the plasmonic hotspot compared to plas-
monic antennas. The diffusion limitation in plasmonic nanot-
weezers arises from the requirement for particles to diffuse
down to a few tens to nanometres in the vicinity of the
hotspot, which could take several minutes in dilute samples.
In this work, we have shown that by inducing an electrother-
moplasmonic flow in the presence of a temperature gradient
and an applied AC field, high-speed transport and trapping of
25 nm polystyrene particles can be achieved. Using a 20 kHz—
10 V AC bias and an intensity of 11.4 mW pm™>, we showed
that velocity magnitudes up to70 pm s " could be achieved
(S4). Using this approach, we demonstrated efficient trapping
and transport of 25 nm polystyrene beads. Single particle ana-
lysis is of great importance for studies on nano plastic pol-
lution in seas and oceans, however, existing methods to
analyse these nanoscopic polymers such as TEM/SEM, fluo-
rescent microscopy, and nanoparticle tracking analysis provide
no information on the chemical composition of these par-
ticles. To overcome this challenge, the use of Raman tweezers
microspectroscopy technique for single nano plastics analysis
has shown promising results but however requires powers
exceeding 100 mW for stable trapping of sub-50 nm nano plas-
tics, which is detrimental to target particles, and results in low
SNR. Our platform shows great potential to solve this problem
by enabling low-power trapping of sub-50 nm materials and
enhanced electric field enhancement, which could provide
SERS enhancement simultaneously for trapped particles. To
extend this work for Raman analysis, the aperture can be
tuned to be resonant near the Raman excitation wavelength,
enabling simultaneous single particle trapping and SERS
amplification.
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