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Abstract: Plasmonic optical tweezers with a symmetry-tunable potential well were investigated
based on a heterogeneous model of nano-bowtie antennas made of different noble substances. The
typical noble metals Au and Ag are considered as plasmonic supporters for excitation of hybrid
plasmonic modes in bowtie dimers. It is proposed that the plasmonic optical trapping force around a
quantum dot exhibits symmetry-broken characteristics and becomes increasingly asymmetrical with
increasing applied laser electric field. Here, it is explained by the dominant plasmon hybridization
of the heterogeneous Au-Ag dimer, in which the plasmon excitations can be inconsistently modi-
fied by tuning the applied laser electric field. In the spectrum regime, the wavelength-dependent
plasmonic trapping potential exhibits a two-peak structure for the heterogeneous Au-Ag bowtie
dimer compared to a single-peak trapping potential of the Au—Au bowtie dimer. In addition, we
comprehensively investigated the influence of structural parameter variables on the plasmonic po-
tential well generated from the heterogeneous noble nano-bowtie antenna with respect to the bowtie
edge length, edge/tip rounding, bowtie gap, and nanosphere size. This work could be helpful in
improving our understanding of wavelength and laser field tunable asymmetric nano-tweezers for
flexible and non-uniform nano-trapping applications of particle-sorting, plasmon coloring, SERS
imaging, and quantum dot lighting.
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1. Introduction

In recent years, nano-scale optical tweezers, which could allow the ultra-accurate trap-
ping of single nano-objects, have attracted a great deal of attention because of their potential
ability to precisely manipulate nanoparticles for scientific and practical purposes [1-5].
Among the strategies for nano-scale trapping, plasmonic excitation in nano-structures to
squeeze light into nanoscale offers potential to engineer nano-tweezers for specific applica-
tions such as molecule manipulation, particle sorting, quantum dot lighting, etc. Physically,
the localized electric field can be excited by electron-rich materials with respect to specific
geometries matching to laser excitations [6-10]. The plasmonic force is generated from
plasmon resonant nanostructures due to the enhanced electric field at geometries such as
nano-trench, nano-dot, bowtie dimer, and ring-slit. Amongst these, the bowtie dimer is the
most promising plasmon geometry for high-precision optical nano-tweezer applications,
due to its wide excitation spectrum and giant electric field enhancements [11-14]. Previous
investigations into plasmonic trapping have mainly focused on homogeneous bowtie
dimers for stable and high-precision trapping purposes [15-18]. The optical forces gener-
ated from a gold bowtie antenna were numerically investigated by Cetin [19], who found
that much larger optical forces could be produced when the incident light polarization
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was along the bowtie gap. Lin et al. theoretically examined the plasmonic bowtie notch,
achieving excellent trapping capability with ultralow threshold excitation intensity [20].
Roxworthy et al. experimentally explored plasmonic trapping properties using Au bowtie
nanoantenna arrays, finding that the measured optical trapping efficiencies were up to
20x the efficiencies of conventional high-NA (Numerical Aperture )optical traps [21]. This
potentially benefits applications requiring the high-precision trapping of quantum-scale
nanoparticles. However, for applications such as sorting non-uniform nanoparticles for
display coloring and large-molecule imaging, it is likely that the plasmonics can be spatially
tuned to facilitate the flexible manipulation of nanoparticles. Recently, it has been reported
that the optical properties of heterodimers in the spectra can be controlled from visible
to near-ultraviolet [22,23]. Our previous studies have shown that heterogeneous bowtie
dimer plasmonics can give flexible solutions by asymmetrically arranging the localized
plasmonic electric field [24]. For the optical trapping processes, it would be even more
complex for heterogeneous bowtie dimers due to the pluralistic plasmon excitations re-
quired to support nanoscale optical forces at such heterogeneous antenna. In particular, as
the trapping particle size decreases to sizes comparable to large molecular and quantum
dots, the stable trapping would become even weaker in the heterogeneous bowtie dimer
because of dominant Brownian motion for sub-wavelength particles. While heterogeneous
plasmonics are being considered for the trapping of very small nanoparticles, little is
currently known regarding the non-uniform tunability of noble-metal-based nano-bowtie
antennas for stable optical trapping.

In this paper, we theoretically investigated symmetry-tunable plasmonic trapping
properties of nano-bowtie-antenna-based optical tweezers via numerous simulations us-
ing the finite element method (FEM). Comparative studies on the plasmonic trapping
properties of homo- and hetero-plasmonic bowtie dimers were carried out with respect to
the crucial laser excitation parameters of incident wavelength, laser energy, and incident
angle. The symmetry-tunable plasmonic potential well properties of the heterogeneous
nano-bowtie system were explored in detail. The plasmon hybridization interactions are
proposed to explain the symmetry tunability of the plasmonic trapping phenomena. The
results are potentially important for applications in the field of non-uniform nanoparticles
sorting, including large-molecule imaging and quantum coloring.

2. Modeling and Methods

A 2-D plasmonic noble metal nano-bowtie geometry optical tweezers model for the
comprehensive prediction of plasmonic trapping properties is proposed, in which the
nano-trapping geometry is made of homogeneous or heterogeneous noble bowtie dimers.
Physically, as the plane-wave light with vector "k” is incident on the bowtie dimer, the
electron systems of the noble antenna are initially excited in the bowtie system on a fem-
tosecond timescale. The optical tweezers system then becomes electronically resonant as
the laser wavelength matches to the surface plasmon frequency determined by the specific
designed geometry. We carefully consider the plasmonic optical forces exerted on the Au
sphere by building a self-consistent Helmholtz equation model integrated with optical
force calculations from three types of contributions: gradient forces, radiation pressure
force, and polarization force [25]. The gradient distribution of the localized electric field
plays a crucial role in generating the plasmonic trapping force within the resonant bowtie
dimer. Furthermore, the plasmon polarizability is a key factor that characterizes the optical
response due to the plasmonic interaction between the optical field and nanostructure that
determines the strength of the plasmonic optical trapping properties. Plasmonic coupling
causes localized electric field enhancement, which augments the trapping force. Rayleigh
approximation was taken into account throughout the investigation for all trapped particles
which are smaller than the wavelength of the incident trapping laser. The plasmonically
enhanced local electric field is confined within the near-field of the trap, generating a
considerably strong field gradients and large local field intensities, in return augmenting
optical forces acting on the trapped particle to create a strong stable optical trap. Optical
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forces are calculated based on the dipole approximation, which can be determined by
considering a nanosphere as follows [26]:

F= 150Re{ao}V|E|2+M{ExH*}+GRe{igo(l}V)E*} )
4 2c 2 ko

where ¢ is vacuum dielectric permittivity, «g is the polarizability of a point-like particle, E

is the incident electric field, n is the refractive index of the surrounding medium, o is the

total cross section of the particle, c is the speed of light, H is the incident magnetic field,

and kg is the laser wave vector in free space. Here, E* and H* means the conjugate of E and

H, respectively. Re means the real part of a function.

The first term is the gradient force that provides the spatial confinement in the optical
tweezers, which dominates the second and third terms. The second term is identified as
the radiation pressure force proportional to the Poynting vector, and the third term is a
force arising from the presence of spatial polarization gradients. The combination of the
second and the third terms gives the total scattering force. In fact, the electric field force can
be much larger than the magnetic force in the visible spectrum. Especially, the plasmonic
trapping can be supported in the form of significantly enhanced electric fields comparted
to the magnetic field. As a result, the electric field gradient forces from both the spatial and
polarization contributions play a crucial role in generating the plasmonic trapping force
generated from the resonant noble bowtie dimer.

The trapping potential resulting from the optical forces is a key factor that determines
the stability of the optical trap, and it can be obtained by [27]

T
Ulro) = [ Flr)-ar @)
Numerically, we first built the geometry of the bowtie dimer surrounded by ambient
medium using the Comsol Multiphysics built-in geometry drawing function. Then, the
bowtie geometry and ambient medium were all divided into many small meshes. The
Helmbholtz equation was then discretized at every mesh point to form a large sparse matrix
on the defined geometry. A perfect matching layer (PML) was set outside of geometrical
bowtie dimer. The scattered light from the bowtie was completely absorbed through
the PML in the far field. The boundary condition at the interface between the metallic
bowtie dimer and ambient medium was treated as continuous. We obtained the numerical
solutions of the Helmholtz equation and optical force modeling by solving the built matrix
using the powerful FEM solver of Comsol Multiphysics. In fact, we built the dimer systems
of Au-Ag, Au-Au, and Ag—-Ag based on both the material parameters and geometric
design. The material parameters in the current simulations relate to the permittivity of
Au and Ag. The interaction between the particle trap system and the trapping laser leads
to the generation of optical forces on the particle. In this investigation we focused on
local electric field behavior for the trapping force characteristics, symmetry-tunability of
trapping potential, and optical tweezers characteristics with varying laser parameter.

3. Results and Discussion

2-D images of plasmonic electric field enhancement and the reinforced optical force
for the homogenous Au-Au bowtie dimer with respect to different laser wavelengths are
shown in Figure 1. The laser is linearly polarized in the x direction and propagates along y
axis with an incident angle of 0°. The bowtie edge length is set to 20 nm and an Au sphere
with 5 nm trapping radius is selected for the purpose of plasmonic trapping applications
with small quantum dots in the fields of plasmon coloring, quantum dot lighting, etc. In
Figure 1 it can be seen that the plasmonic electric field is dominantly concentrated between
the bowtie gap for laser wavelengths of 545 nm (a), 560 nm (b), and 600 nm (c). The maximal
plasmonic electric-field image emerged for the excitation wavelength of 560 nm in the
current simulation. However, as the excitation wavelength shifts from the central 560 nm,
the electric field enhancement is attenuated due to the mismatching plasmon resonance for
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the bowtie dimer at wavelengths of 545 and 600 nm. The reinforced trapping forces exerted
on the Au nanosphere at the central excitation wavelength of 560 nm are presented in
normalized form in Figure 1d. Interestingly, it is observed that the dipolar force dominantly
occurs in the x direction (Figure 1e), while the quadrupole force obviously appears in the y
component (Figure 1f). As a result, the 2-D normalized trapping force exhibits almost fully
symmetrical reinforcement around the trapping Au nanosphere, as in Figure 1d. These
results can be helpful for helping to understand the origin of optical trapping behavior
tuning via laser wavelength modulation, facilitating the nanoscale plasmonic trapping
applications of large molecules and quantum dots.
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Figure 1. 2-D images of plasmonic electric-field enhancement localized within gap of a Au—Au bowtie dimer for the different

wavelengths 545 nm (a), 560 nm (b), and 600 nm (c), and the corresponding plasmonic optical forces presented in normalized

form in (d). x-direction component (e), y-direction component (f). The scale bar for optical force in (d-f) is in units of pN.

The bowtie edge length is 20 nm, the bowtie dimer gap is 15 nm, and a trapped 5 nm Au sphere is considered here.

Figure 2 shows the 2-D images of the plasmonic trapping potential well of the homoge-
neous Au-Au bowtie dimer with respect to laser excitation wavelengths and applied laser
electric fields. It shows that the potential well is evidently strengthened at the excitation
wavelength of 560 nm (Figure 2b). Nevertheless, it leads to obvious weakening of trapping
potential well at the red-shifted wavelength of 600 nm (Figure 2c). Here, the applied laser
electric field amplitude is fixed as E =4 x 10° V/m.
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Figure 2. 2-D images of localized plasmonic trapping potential of a homogeneous Au—-Au bowtie dimer at wavelengths of
545 nm (a), 560 nm (b), and 600 nm (c). The laser electric field amplitudes are 2 x 10° V/m, 4 x 106 V/m, and 6 x 10° V/m
for (d—f), respectively. The scale bars have units of 102! J. The bowtie edge length is 20 nm, and the bowtie dimer gap

is 10 nm.
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The calculated trapping potential reaches 14.2 x 10~2! J at the working wavelength
of 560 nm, which is three times larger than the Brownian motion energy taken as KgT. In
order to achieve higher stability of plasmonic trapping, an amplified laser field is usually
required in order to increase the light-force conversion efficiency to overcome Brownian
motion. We observed that the plasmonic trapping potential exhibits dramatic enhancement
with increasing laser electric field from 2 x 10° V/mto 4 x 10° V/m and 6 x 10° V/m, as
in Figure 2df, respectively. When the laser electric field is at 2 x 10° V/m, the trapping
potential well becomes insignificant and disappears in the bowtie gap (Figure 2d). The
enhanced trapping potential reaches 57 x 107! J at the laser electric field of 6 x 10° V/m
(Figure 2f), which is 12 times larger than KgT. This indicates that the trapping potential
can work well to overcome the Brownian motion of the Au sphere for stable trapping of
the Au sphere target via amplifying the laser field. These results could be fundamentally
important for a good understanding of the optimization of laser excitation parameters for
obtaining stable plasmonic trapping in bowtie antennas for specific quantum-dot-scale
optical trapping applications. In recent years, experimental studies have shown that more
abundant optical and electronic properties can be explored for nanoparticle-decorated
triangles for potential applications in SERS and hot carrier devices [28,29]. Experimental
advancements would significantly accelerate the development of plasmonic trapping
applications in a wide range of experimental and industrial fields.

The plasmonic trapping potential well distributions in the x direction along the gap of
the homogenous and heterogeneous dimer geometries for different laser electric fields are
shown in Figure 3. It can be seen from (a) that the plasmonic trapping potential distribution
exhibits symmetry across the gap of the homogenous Ag-Ag bowtie at the excitation
wavelength of 433 nm. The 433 nm excitation wavelength is selected to improve the
trapping robustness compared to the 410 nm resonance wavelength, but simultaneously
brings about the sacrifice of trapping potential value. The maximal trapping potential of
27 x 1072 J appears in close proximity to the inner bowtie tips at the excitation wavelength
of 433 nm, which is five times larger than KgT, at a laser field of 3 x 10° V/m. The smaller
laser field amplitudes of 2 x 10° V/m and 1 x 10° V/m all lead to lower trapping well
potential for the plasmonic bowtie antennas. However, we find that the trapping potential
symmetry has nothing to do with modifying the applied laser field. We can see from
Figure 3b that the potential symmetry is substantially broken for the heterogeneous Au-Ag
bowtie dimer at the excitation wavelength of 433 nm. More interestingly, we can see
that the trapping potential becomes more asymmetrical at the larger laser electric field of
18 x 10° V/m. It can be explained by dominant plasmon hybridization originating from
the heterogeneous noble dimers. The hybrid plasmon causes an asymmetric electric field
gradient, leading to asymmetrical trapping potential across the bowtie’s gap. To explore
the symmetry-tunable properties for robust plasmonic trapping, we further carried out
comparable investigations on the potential well for Au-Au, Au-Ag, and Ag-Ag dimers.
It can be seen from Figure 3c that a strong symmetrical potential well is observed for the
Au-Au dimer at a resonance wavelength of 560 nm. A 2-D image of the symmetry-broken
trapping potential distribution for the heterogeneous Au-Ag bowtie dimer is shown as
an inset in Figure 3c. The potential well is dominantly concentrated at the region close to
the Au tip, indicating that the Au plasmon resonance is playing a role at a wavelength of
560 nm. However, the weakest plasmonic trapping potential appears at the Ag—Ag bowtie
dimer due to the off-resonance laser excitation at the excitation wavelength of 560 nm,
which is typically deviated from the plasmon frequency of Ag. Note that the Au—-Ag bowtie
dimer always exhibits a moderate potential well with symmetry-broken distribution. This
work could be helpful in developing our understanding of symmetry-tunable plasmonic
nano-tweezers for stable and robust plasmonic nano-trapping applications.
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Figure 3. The plasmonic trapping potential distribution along the bowtie gap with respect to
homogenous (a) and heterogeneous bowtie geometries (b) for different laser fields and different
materials (c). The bowtie edge length is 20 nm, the bowtie gap is taken as 10 nm.

The electric-field enhancement spectra and the wavelength-dependent plasmonic
trapping potential tunability for homogeneous Au-Au and heterogeneous Au-Ag bowtie
dimers are shown in Figure 4. We can see from (a) that a dual-peak spectrum centered
at wavelengths of 415 nm and 549 nm for the electric field enhancement appears for the
heterogeneous Au-Ag bowtie dimer. More interestingly, the Fano-resonance profile is
definitely observed for the heterogeneous Au-Ag bowtie dimer. It is attributed to the
plasmon hybridization for supporting interference between the Au—-Ag bowtie plasmons.
However, for the homogeneous Au-Au bowtie dimers, the electric-field enhancement
exhibits a single peak at the central wavelength of 560 nm. Similar to the electric field
enhancement spectrum, the plasmonic trapping potential also exhibits a two-peak structure
for the heterogeneous Au-Ag bowtie dimer compared to that of Au-Au bowtie dimer
with a single-peak trapping potential (Figure 4b). We can see that the highest trapping
potential well can be assured for the heterogeneous Au-Ag bowtie dimer at the excitation
wavelength of 415 nm. However, the robustness is poor due to the extreme sensitivity of
the resonance peak to external destabilization at a wavelength of 415 nm. The robustness of
the plasmonic trapping can be significantly improved for the heterogeneous Au-Ag bowtie
dimer at a wavelength of 549 nm and for the homogeneous Au—-Au dimer at a working
wavelength of 560 nm. These results could be important for understanding the plasmonic
trapping properties in the spectral regime for the noble bowtie dimers with the aim of
improving the stable optical trapping ability.

The plasmonic trapping potential tunability with respect to the edge/tip rounding
of the heterogeneous Au-Ag bowtie dimer is shown in Figure 5. Here, the aspect ratio
of edge/tip rounding is defined as the ratio of L/R, where L means the length of triangle
edge side as seen in Figure 5b, and R is the radius of tip rounding. In this simulation,
we fix L at 23.7 nm and only change the radius of tip rounding to adjust the ratio of L/R.
We can see from Figure 5a that the dual-peak spectrum is significantly enhanced for the
designed bowtie geometry with the edge/tip ratio of 11.02, in which the bowtie tip radius
is taken as 2.15 nm. The smallest trapping potential at a wavelength of 549 nm reaches a
maximum of 43 x 10721 J, larger than 10.4 KgT. This indicates that the trapping potential
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generated at the designed bowtie dimer with the edge/tip ratio of 11.02 could be qualified
for the stable trapping of nano-targets in practical applications. It can be seen that the
trapping potential can be successively weakened by decreasing the edge/tip ratio from 6.77
(Figure 5b), to 4.74 (Figure 5c¢), to 3.65 (Figure 5d), which corresponds to tip radii of 3.5 nm,
5 nm, and 6.5 nm, respectively. However, the maximum plasmonic trapping potential of
3 x 10721 ] (0.7 KgT) would be ineffective for the edge/tip ratio of 3.65 (Figure 5d). It should
be emphasized that the spectrum exhibiting definitive blue-shift with decreasing edge/tip
ratio enables optimization of the trapping potential for possible applications. Additionally,
the other structural control parameters could have an important influence on the plasmonic
optical trapping. More results indicating the influence of structural control parameters
on the plasmonic trapping are shown in Figure S1 in the Supplementary Materials. We
believe that various building geometries are very important for understanding the choice
of appropriate excitation wavelengths. We also calculated the optical properties of Au
nanosphere, single Au triangle, and Au-Au bowtie dimer, as shown in Figure S2 in the
Supplementary Materials.
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Figure 4. The electric-field enhancement spectra (a) and wavelength-dependent plasmonic potential
well (b) for the homogeneous Au—Au and heterogeneous Au-Ag dimers. The bowtie edge length is
20 nm, the bowtie gap is taken as 10 nm.

120 30
St00 @ | P s ® %
'c |
£ | | [ >
2 60 I L/R=11.02 215 “ ) L/R=6.77
£ 40 “\‘ / \\ : 10 "‘
S 20 | “‘u / 3 s 5 \“‘ -
= \ / [ \

| NV \\—»,;,__7 | \_ // \_,_7»77

0= i
300 400 500 600 700 800
Laser wavelength

0L -
300 400 500 600 700 800
Laser wavelength (nm)

12 3 —
10| © { ' | S5 (;[ > e
= h = . | > \/
<~
z 6 | L/R=4.74 215 ’\ L/R=3.65 '
24 “ = \
- b I 1 ”
5 \ g “ #
g2 w‘ P & 05 N/ \ —
0 - ot e SN SE S 0 Y T |
300 400 500 600 700 800 300 400 500 600 700 800

Laser wavelength (nm) Laser wavelength (nm)

Figure 5. The wavelength-dependent plasmonic trapping potential tunability for the heterogeneous
Au-Ag bowtie dimers with respect to the aspect ratio of edge/tip rounding. The aspect ratio of
edge/tip rounding is 11.02 (a), 6.77 (b), 4.74 (c), and 3.65 (d), which corresponds to tip rounding radii
of 2.15 nm, 3.5 nm, 5 nm, and 6.5 nm, respectively.
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Figure 6 shows the calculated plasmonic trapping force on a nanosphere and corre-
sponding potential well extracted from the center point of gap of the bowtie dimer with
respect to the incident angle of the laser. The linearly polarized laser is obliquely incident
at the bowtie dimer system. The incident angle is defined as the angle between the laser
beam and the y axis of the bowtie system. We can see that the trapping force exhibits
a near-linear drop with increasing laser incident angle from 0° to 90°. At an incident
angle of 0°, the trapping force is 17 pN, corresponding to a trapping potential well of
72 x 10~2! J. However, the trapping force decreases to zero at an incident angle of 90°.
Simultaneously, the plasmonic potential well exhibits a similar tendency with respect to
the incident angle. In fact, the gradient electric field at the bowtie gap plays a crucial role
in regulating the plasmonic optical force and potential well. Considering that the localized
electric field enhancement in the bowtie gap can be sensitively dependent on polarized
laser interaction with the bowtie dimer, the localized electric field would become very
weak due to decoupled plasmon polarization interaction at an incident angle of 90°. As
a result, the optical force and trapping potential both exhibit a decreasing tendency with
increasing laser incident angle due to the degenerated electric field caused by decoupling
plasmons. These results could be helpful for tuning the optical trapping properties in
plasmonic bowtie dimers for the specific applications of particle-sorting, coloring, SERS
imaging, and quantum lighting.
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Figure 6. The trapping force exerted on Au nanospheres of a bowtie dimer and the corresponding
potential well with respect to the incident angle of the laser. The Au sphere diameter is 10 nm here.
The bowtie edge length is 40 nm, the bowtie gap is taken as 20 nm. The trapped 10 nm Au sphere is
considered here.

4. Conclusions

In summary, we theoretically investigated the symmetry-tunable plasmonic optical
trapping properties of homo- and hetero-plasmonic noble metal bowtie dimer antennas.
It is proposed that the trapping potential symmetry can be substantially tunable for het-
erogeneous Au-Ag bowtie dimers via modification of applied laser electric fields. The
potential well simultaneously becomes more asymmetrical for the heterogeneous bowtie
dimer at a larger laser field of 18 x 10° V/m. However, the trapping potential symmetry
was not influenced by the applied laser field for the homogeneous Au-Au bowtie dimer
at working wavelength. These results could be helpful for advancing flexible tunable
optical trapping applications in the potential fields of non-uniform nanoparticles sorting,
plasmonic coloring, large-molecule imaging, etc.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2079-499
1/11/3/759/51, Figure S1: The plasmonic potential well vs. laser wavelength with respect to different
bowties and trapped sphere sizes, Figure S2: The calculated enhanced electric field for understanding
of the optical properties of Au nanosphere, single Au triangle, and Au-Au bowties dimer.

Author Contributions: Conceptualization, G.D.; methodology, Y.L.; software, D.L.; validation, G.D.
and Y.L.; formal analysis, G.D. and D.L.; investigation, G.D. and Y.L.; resources, G.D.; data curation,
D.L.; writing—original draft preparation, G.D.; writing—review and editing, G.D.; visualization,
G.D,; supervision, EC. and X.H.; project administration, G.D.; funding acquisition, G.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2017YFB1104700; the National Science Foundation of China, grant numbers
61875158 and 61775177; the Shaanxi Province National Science Foundation, grant number 2019JM-
070; the International Joint Research Laboratory for Micro/Nano Manufacturing and Measurement
Technologies; and the Fundamental Research Funds for the Central Universities.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, Z,; Crozier, K.B. All-dielectric nanotweezers for trapping and observation of a single quantum dot. Opt. Express 2019, 27,
4034-4045. [CrossRef] [PubMed]

2. Zhang, P; Song, G.; Yu, L. Optical trapping of single quantum dots for cavity quantum electrodynamics. Photonics Res. 2018, 6,
182-185. [CrossRef]

3. Righini, M.; Ghenuche, P.; Cherukulappurath, S.; Myroshnychenko, V.; Garcia de Abajo, FJ.; Quidant, R. Nano-optical trapping of
rayleigh particles and escherichia coli bacteria with resonant optical antennas. Nano Lett. 2009, 9, 3387-3391. [CrossRef] [PubMed]

4. Chen, Y.F; Serey, X.; Sarkar, R.; Chen, P; Erickson, D. Controlled photonic manipulation of proteins and other nanomaterials.
Nano Lett. 2012, 12, 1633-1637. [CrossRef]

5.  He, L;Lu, D.Q; Lian, H;; Xie, S.; Luo, C.; Hu, M,; Xu, L.; Zhang, X.; Tan, W. Fluorescence resonance energy transfer based DNA
tetrahedron nanotweezer for highly reliable detection of tumor-related mRNA in living cells. ACS Nano 2017, 11, 4060-4066.
[CrossRef]

6.  Yu, C.; Schira, R.; Brune, H.; von Issendorff, B.; Rabilloud, F.; Harbich, W. Optical properties of size selected neutral Ag clusters:
Electronic shell structures and the surface plasmon resonance. Nanoscale 2018, 10, 20821-20827. [CrossRef] [PubMed]

7.  Zareyi, H.; Vaezzadeh, M. Geometry effect on plasmon frequency in triangular nanoprism. Plasmonics 2018, 13, 1759-1765.
[CrossRef]

8.  Lassiter, J.B.; Sobhani, H.; Fan, ].A.; Kundu, J.; Capasso, F.; Nordlander, P.; Halas, N.J. Fano resonances in plasmonic nanoclusters:
Geometrical and chemical tunability. Nano Lett. 2010, 10, 3184-3189. [CrossRef] [PubMed]

9.  Chahinez, D.; Reji, T.; Andreas, R. Modeling of the surface plasmon resonance tunability of silver/gold core-shell nanostructures.
RSC Adv. 2018, 8, 19616-19626. [CrossRef]

10. Guo, R;; Hakala, TK.; Térm4, P. Geometry dependence of surface lattice resonances in plasmonic nanoparticle arrays. Phys. Rev.
B 2017, 95, 1-11. [CrossRef]

11. Kaniber, M.; Schraml, K.; Regler, A.; Bartl, J.; Glashage, G.; Flassig, F.; Wierzbowski, ].; Finley, J.J. Surface plasmon resonance
spectroscopy of single bowtie nano-antennas using a differential reflectivity method. Sci. Rep. 2016, 6, 23203. [CrossRef] [PubMed]

12.  Lu, TW,; Chen, PY,; Lee, PT. Gold bowtie-shaped dimer arrays in a stretchable substrate with tunable LSPR. Plasmonics 2018, 13,
2183-2188. [CrossRef]

13.  Mayevsky, A.D.; Funston, A.M. Control of electric field localization by three-dimensional bowtie nanoantennae. J. Phys. Chem. C
2018, 122, 18012-18020. [CrossRef]

14. Fang, C,; Liu, Y,; Han, G.; Shao, Y.; Zhang, J.; Hao, Y. Localized plasmon resonances for black phosphorus bowtie nanoantennas at
terahertz frequencies. Opt. Express 2018, 26, 27683-27693. [CrossRef]

15. Jensen, R.A.; Huang, 1.C.; Chen, O.; Choy, ].T.; Bischof, T.S.; Lon¢ar, M.; Bawendi, M.G. Optical trapping and two-photon
excitation of colloidal quantum dots using bowtie apertures. ACS Photonics 2016, 3, 423-427. [CrossRef]

16. Lu, Y.;; Du, G,; Chen, F; Yang, Q.; Bian, H.; Yong, J.; Hou, X. Tunable potential well for plasmonic trapping of metallic particles by
bowtie nano-apertures. Sci. Rep. 2016, 6, 32675. [CrossRef]

17.  Xu, D.; Liu, L.; Teng, E; Wu, E; Lu, N. Trapping analyte molecules in hotspots with modified free-standing silver bowtie
nanostructures for SERS detection. RSC Adv. 2016, 6, 84480-84484. [CrossRef]

18.  Yan, J.H.; Liu, P; Lin, Z.Y,; Wang, H.; Chen, H.].; Wang, C.X.; Yang, G.W. Directional Fano resonance in a silicon nanosphere
dimer. ACS Nano 2015, 9, 2968-2980. [CrossRef]

19. Cetin, A.E. FDTD analysis of optical forces on bowtie antennas for high-precision trapping of nanostructures. Int. Nano Lett. 2015,

5,21-27. [CrossRef]


https://www.mdpi.com/2079-4991/11/3/759/s1
https://www.mdpi.com/2079-4991/11/3/759/s1
http://doi.org/10.1364/OE.27.004034
http://www.ncbi.nlm.nih.gov/pubmed/30876026
http://doi.org/10.1364/PRJ.6.000182
http://doi.org/10.1021/nl803677x
http://www.ncbi.nlm.nih.gov/pubmed/19159322
http://doi.org/10.1021/nl204561r
http://doi.org/10.1021/acsnano.7b00725
http://doi.org/10.1039/C8NR04861D
http://www.ncbi.nlm.nih.gov/pubmed/30403214
http://doi.org/10.1007/s11468-017-0689-8
http://doi.org/10.1021/nl102108u
http://www.ncbi.nlm.nih.gov/pubmed/20698635
http://doi.org/10.1039/C8RA03261K
http://doi.org/10.1103/PhysRevB.95.155423
http://doi.org/10.1038/srep23203
http://www.ncbi.nlm.nih.gov/pubmed/27005986
http://doi.org/10.1007/s11468-018-0736-0
http://doi.org/10.1021/acs.jpcc.8b05805
http://doi.org/10.1364/OE.26.027683
http://doi.org/10.1021/acsphotonics.5b00575
http://doi.org/10.1038/srep32675
http://doi.org/10.1039/C6RA10751F
http://doi.org/10.1021/nn507148z
http://doi.org/10.1007/s40089-014-0132-5

Nanomaterials 2021, 11, 759 10 of 10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lin, Y.C.; Lee, P.T. Efficient optical trapping and detection of nanoparticle via plasmonic bowtie notch. IEEE Photonics |. 2019, 11,
1-10. [CrossRef]

Roxworthy, B.J.; Ko, K.D.; Kumar, A.; Fung, K.H.; Chow, EK.C,; Liu, G.L.; Fang, N.X; Toussaint, K.C., Jr. Application of plasmonic
bowtie nanoantenna arrays for optical trapping, stacking, and sorting. Nano Lett. 2012, 12, 796-801. [CrossRef] [PubMed]
Debu, D.T,; Yan, Q.; Darweesh, A.A.; Benamara, M.; Salamo, G. Broad range electric field enhancement of a plasmonic nanosphere
heterodimer. Opt. Mater. Express 2020, 10, 1704-1713. [CrossRef]

Luo, D.B.; Shi, B.; Zhu, Q.; Qian, L.L.; Qin, Y.P; Xie, ].J. Optical properties of Au-Ag nanosphere dimer: Influence of interparticle
spacing. Opt. Commun. 2020, 458, 124746. [CrossRef]

Du, G,; Yang, Q.; Chen, F; Lu, Y,; Bian, H.; Yong, J.; Hou, X. Localized surface plasmon resonances in core-embedded heteroge-
neous nano-bowtie antenna. Appl. Phys. B 2015, 120, 47-51. [CrossRef]

Albaladejo, S.; Marqués, MLL; Laroche, M.; Sdenz, ] .J. Scattering forces from the curl of the spin angular momentum of a light
field. Phys. Rev. Lett. 2009, 102, 113602. [CrossRef]

Rui, G.H.; Wang, X.Y.; Cui, Y.P. Manipulation of metallic nanoparticle with evanescent vortex Bessel beam. Opt. Express 2015, 23,
25707-25716. [CrossRef]

Saleh, A.A.E.; Dionne, J.A. Toward efficient optical trapping of sub-10-nm particles with coaxial plasmonic apertures. Nano Lett.
2012, 12, 5581-5586. [CrossRef]

Holler, R.PM.; Kuttner, C.; Mayer, M.; Wang, R.; Dulle, M.; Contreras-Caceres, R.; Fery, A.; Liz-Marzan, L.M. Colloidal
superstructures with triangular cores: Size effects on SERS efficiency. ACS Photonics 2020, 7, 1839-1848. [CrossRef]

Cortés, E.; Xie, W.; Cambiasso, J.; Jermyn, A.S.; Sundararaman, R.; Narang, P.; Schliicker, S.; Maier, S.A. Plasmonic hot electron
transport drives nano-localized chemistry. Nat. Commun. 2017, 8, 14880. [CrossRef]


http://doi.org/10.1109/JPHOT.2019.2907273
http://doi.org/10.1021/nl203811q
http://www.ncbi.nlm.nih.gov/pubmed/22208881
http://doi.org/10.1364/OME.396449
http://doi.org/10.1016/j.optcom.2019.124746
http://doi.org/10.1007/s00340-015-6095-z
http://doi.org/10.1103/PhysRevLett.102.113602
http://doi.org/10.1364/OE.23.025707
http://doi.org/10.1021/nl302627c
http://doi.org/10.1021/acsphotonics.0c00642
http://doi.org/10.1038/ncomms14880

	Introduction 
	Modeling and Methods 
	Results and Discussion 
	Conclusions 
	References

