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Abstract We investigate numerically the modification of the
nonlinear optical properties of a nanoantenna in the trapping
of nanoparticles (NPs) by using both the discrete dipole ap-
proximation method and the finite-difference time-domain
technique. The nanoantenna, which is formed by two gold
nanorods (GNRs) aligned end to end and separated by a small
gap, can emit strong two-photon-induced luminescence (TPL)
under the excitation of a femtosecond laser light which is
resonant with its longitudinal surface plasmon resonance. In
addition, the excited antenna can stably trap small NPs which
in turn induce modifications in the emitted TPL. These two
features make it a promising candidate for building highly
sensitive detectors for NPs of different materials and sizes. It is
demonstrated that sensors built with antennas possess higher
sensitivities than those built with single GNRs and nanorod-
based antennas are more sensitive than nanoprism-based an-
tennas. In addition, it is found that the trapping probability for
a second NP is significantly reduced for the antenna with a
trapped NP, implying that trapping of NPs may occur sequen-
tially. A relationship between the TPL of the system (anten-
na+NP) and the optical potential energy of the NP is
established, enabling the extraction of the information on the
optical potential energy and optical force by recording the
TPL of the system. It is shown that the sequential trapping
and releasing of NPs flowing in a microfluid channel can be
realized by designing two different antennas arranged closely.
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Introduction

Localized surface plasmon polaritons (SPPs) or surface plasmon
resonances (SPRs) excited in nanoparticles (NPs) of noble
metals have been the focus of many studies due to their potential
applications in various fields of nanometer science and technol-
ogy [1]. Among metallic NPs of different shapes, gold nanorods
(GNRs) have received intensive and extensive studies because
of the chemical stability of gold and particularly the existence of
longitudinal SPRs (LSPRs) which significantly modify the
physical properties of GNRs [2]. A typical example in which
the LSPRs of GNRs have been successfully utilized is the
demonstration of five-dimensional optical data storage [3—5].
In this case, the strong polarization and wavelength depen-
dences of LSPRs of GNRs were exploited to realize polarization
and wavelength multiplexing in optical data storage.

It has been known that the LSPR of a GNR, which corre-
sponds to the collective oscillations of electrons along the long
axis of the GNR, exhibits a strong dependence on the dielec-
tric environment surrounding the GNR [6]. This unique fea-
ture has been employed to fabricate sensors of different types
[7-10]. The underlying physical mechanism is the existence
of strongly localized electric field near the surface of the GNR.
It has been demonstrated that the enhancement in local electric
field near the surface of the GNR is so significant that the
detection of the Raman scattering signal of single molecules
becomes possible [11-13].

Basically, the optical properties of a GNR will be affected
by an approaching NP through the modification of its LSPR.
This property has been exploited to build sensors with differ-
ent functions for NPs [8—10]. So far, the design of sensors or
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detectors based on single GNRs generally relies on the detec-
tion of the modification in their linear optical properties such
as scattering. From the experimental point of view, the LSPRs
of GNRs can be detected through the measurements of the
scattering spectra of GNRs by using dark-field microscopy
[14—16]. However, the signal to noise ratio in the scattering
spectra measurements is generally not satisfied for small
GNRs whose extinction is dominated by absorption rather
than scattering [17, 18]. On the other hand, the line width of
the LSPRs of single GNRs, which reflects the homogeneous
broadening of the LSPRs, is estimated to be ~100 meV at
room temperature [15, 16]. For this reason, it is difficult to
accurately determine the shift of LSPRs in most cases because
of the broad line width. In practical applications, the difficul-
ties in both the detection of LSPRs and the determination of
their shift severely hinder the use of this property in making
sensors with high sensitivities.

Very recently, a nanoear built with a gold NP trapped in a
three-dimensional optical potential has been proposed to de-
tect acoustic wave with ultrahigh sensitivity [19]. The princi-
ple of such a nanoear is to characterize the displacement of the
trapped NP caused by the acoustic wave. The measurement of
the displacement or distribution probability of the NP relies on
the detection of the scattering light, offering a resolution of
~1.5 nm for the displacement. In practice, one can monitor the
movement of nanoparticles much smaller than the diffraction
limit by using dark-field microscopy. However, the determi-
nation of the sizes of NPs remains to be a challenge because it
is difficult to establish a correlation between scattering light
intensity and particle size.

Apart from their linear optical properties, the nonlinear
optical properties of GNRs have become the focus of many
studies in recent years [20-25]. Physically, it is anticipated
that the detection of nonlinear optical properties, such as
second harmonic generation (SHG) [20, 21] and two-
photon-induced luminescence (TPL) [22, 23], will offer
higher resolution in both the space and frequency domains.
In experiments, SHG and TPL have been observed in GNRs
of different sizes. Very recently, we demonstrated the exis-
tence of a size-dependent competition between SHG and TPL
in GNRs [17]. In addition, we proposed the use of the TPL
emitted by a single GNR to sense NPs approaching the GNR
from far places [7]. From the viewpoint of practical applica-
tion, however, the sensitivity and feasibility of the sensor need
to be improved significantly. It has been demonstrated that a
further enhancement in local electric field can be achieved in
the narrow gap of a nanoantenna formed by two coupled
GNRs which are arranged end to end [26, 27]. The coupling
strength and the enhancement in local electric field depend
strongly on the gap between the two GNRs. It is expected that
the sensors made of such antennas would possess higher
sensitivities than those made of single GNRs.
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Another advantage of antennas over single GNRs is the
well-defined optical potential well located at the narrow gap
between the two constituent GNRs where NPs can be stably
trapped [27, 28]. For the sensors based on single GNRs, the
TPL of the system depends not only on the size of the NP but
also on its position. Therefore, it is difficult to extract the
information on the size of the NP without knowing the posi-
tion of the NP [7]. In comparison, the stable trapping of NPs
achieved in antennas makes it possible to estimate the sizes of
NPs. Once a NP is trapped by an antenna, the SPR of the
antenna would be significantly shifted [27, 28], leading to a
dramatic reduction in the electric field intensity in the gap
region. Consequently, the possibility of trapping another NP is
greatly reduced until the trapped NP is released.

In this article, we propose a nanoantenna-based device capa-
ble of trapping and sensing NPs flowing in a microfluid chan-
nel. It is revealed by numerical calculation that the trapping
possibility of another NP is reduced significantly once the
antenna has trapped a NP. It is shown that antenna-based sensors
possess higher sensitivities than those based on single GNRs
and nanorod-based antennas are more sensitive than nanoprism-
based antennas. The correlation between the TPL intensity of
the system and the size of the trapped NP has been established if
the material of the NP is known. By monitoring the evolution of
the TPL of the system when the NP is approaching the antenna
from a far place, it is possible to extract the profile for the optical
potential energy of the NP and the optical force acting on the
NP. The design of a practical device capable of sequentially
trapping and releasing NPs is also proposed.

Physical Model and Numerical Method

The antenna-based device we proposed is schematically
depicted in Fig. 1. In practice, it can be fabricated by three
steps. First, an antenna composed of two coupled GNRs is
fabricated on a substrate by using electron beam lithography
and dry etching. Then, it is covered by a dielectric film such as
a polymer film. Finally, a microfluid channel perpendicular to
the long axis of the GNRs is built by using again lithography
and etching. Its width (w) is smaller than the gap between the
two GNRs (g), which is chosen to be g=6.0 nm in this work.
NPs of different sizes and types can flow in the channel filled
with water. The antenna is excited with a femtosecond (fs)
laser light focused by using the objective of a microscope, and
the excitation wavelength is resonant with the LSPR of the
antenna (800 nm). The TPL emitted by the antenna is collect-
ed by using the same objective and directed to a detector (e.g.,
a PMT) connected to the microscope for analysis [17]. For
simplicity, the refractive index of the polymer is assumed to be
the same as that of water in the channel. In addition, we
consider here nanospheres (NSs) made of Au, Si, and SiO,
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Fig. 1 Schematic showing the nanoantenna-based device capable of
trapping and sensing NPs flowing in a microfluid channel through the
detection of the TPL emitted by the system

—

with different diameters (¢) ranging from 3.0 to 5.0 nm. It
should be emphasized that we chose to study GNRs, NSs, and
microfluid channel with small sizes because of the limitation
in computation source. In practice, the sizes of the GNRs,
NSs, and microfluid channel can be scaled up without
influencing most of the conclusions drawn in this work.

The two GNRs constituting the antenna are cigar-like
GNRs composed of a cylinder and two hemispheres. The
length and diameter of the GNRs are chosen to be /=22 and
¢=6 nm, giving an aspect ratio of 3.67. Since the extinction of
small GNRs is dominated by absorption [17, 18], we calcu-
lated the absorption spectra of single GNRs and the antenna
by using the discrete dipole approximation (DDA) method
[29, 30], as shown in Fig. 2. The dipole size was chosen to be
0.5 nm. It can be seen that the LSPR of the GNRs appears at
~775 nm while that of the antenna appears at 800 nm with
enhanced absorption, implying a significant enhancement in
local electric field. The absorption for the antenna shown in
Fig. 2 is the linear absorption. In order to evaluate the TPL
emitted by the antenna, one needs to consider the two-photon
absorption (TPA) of the antenna excited by the fs laser light.

|E()\eXax7va)/E0|4dV'J

J antenna + NS antenna + NS

20 T T

-O-single GNR
-@-antenna

Absorption Efficiency (arb. units)

Wavelength (um)

Fig. 2 Calculated absorption spectra for the antenna and the constituent
GNRs

Very recently, we have established a numerical method to
evaluate the TPL emitted by a single GNR [7] and the method
can be easily extended to the calculation of the TPL emitted by
an antenna. Basically, the TPL emitted by the system com-
posed of an antenna and a N'S can be expressed as follows [7]:

|E()\ex,x,y,z)/E0|4dV .
tenna + NS
E(Xem, X,3,2) [EodV (1)

antenna + NS

ITPL(xay,Z)“U|E0|4J
an

Here, 7 is the quantum efficiency of the GNRs, Ej, is the
electric field of the incident light, and E( Ay, x, 3, z) and E(Ae,
X, ¥, z) represent the electric fields inside the antenna and the
NS at the excitation and emission wavelengths, respectively.
The integration runs over the volume of the antenna and that
of the NS.

Apparently, the TPL of the system depends on the position
of the NS, which is represented by (x, y, z) in the coordinate
shown in Fig. 1. If the origin of the coordinate is chosen at the
gap center of the antenna, then the NS moving in the
microfluid channel can be characterized by z only. When the
antenna-based sensor is used to detect a NS, what we are
concerned is the modification in the TPL intensity of the
system (antenna+NS) rather than its absolute intensity. In
other words, the TPL intensity of the system when the NS is
far from the antenna (i.e., z—o0) can be used as reference for
normalization.

|E()‘Sm7xayvz)/E0|2dV

INor =
J |E()\ex7x,y7z—>oo)/Eo|4dV'J
antenna + NS antenna + NS

|E()‘em7xa%z - oo)/E0|2dV
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Since the TPL of the system (A,,) appears mainly in the
visible light region which is far from the LSPR of the antenna
(Aex), the approaching of the NS does not change so much the
electric field distribution at the emission wavelength (E(Aep,
X, ¥, z)). Therefore, its influence on the TPL can be neglected
and Iyor is further simplified as

[ mOwxra ey
Jantenna + NS (3)

Inor =
| Q.72 — )/ o *dV
antenna + NS

In addition to the evaluation of the TPL emitted by the
system, we need to analyze the optical forces acting on the
NSs flowing in the microfluid channel. In particular, it is
important to know whether a NS can be stably trapped in the
optical potential well formed in the gap of the antenna. For this
reason, we employed the finite-difference time-domain
(FDTD) technique [31, 32] to calculate the gradient forces
acting on the NSs and derived the profiles for the optical
potential wells created for different NSs. In our case, the
optical force is dominated by the gradient force along the z
direction. The y component of the optical force is negligible
due to the symmetry of the structure and the x component of
the optical force is three orders of magnitude smaller than the z
component and will be balanced by the supporting force
provided by the channel. In the FDTD simulation, the grid
sizes in all three dimensions and the time step were chosen to
be Ax=Ay=Az=§=0.5 nm and Ar=0.00095 fs, respectively.
In this case, the condition for convergence calculation, which
is described as cAt< ——L = % [33], is satisfied.

1 1 1
+
(a2 " (ay)? ' (ar)?

Basically, the optical force acting on a NP can be calculated
by using the following formula [34]:

< F>=[[¢< T>-nds (4)

where <T> is time-averaged Maxwell stress tensor and n is
the normal of the surface enclosing the NP. In general, <T>
can be expressed as follows [34]:

<T>= %Re ¢EE* +£BB*—%-I- <5|E\2 +£\B\2>} (5)
Here, E and B represent the electric and magnetic fields on
the surface and I is a unit tensor, € and x are the permittivity
and permeability of the surrounding environment and they
were chosen to be the values of water in this work which are
(8.85x107"%)x(1.33)*F/m and 47x 10”7 H/m, respectively.
In this paper, we calculated the electric and magnetic
field distributions of the system by using the FDTD
technique and the gradient forces acting on the NSs
by using Eq. (4). Once the optical forces are obtained,
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the optical potential energies of NSs can be easily
derived by using the following relationship:

< F(r) >=-VU(r). (6)

Basically, the gradient force acting on a NP moving along
the microfluid channel (i.e., the z direction) can be calculated
by [27, 34]

< F.(z) >= %a/ = |E=(0, 0,2)[ (7)

where o' is the real part of the polarizability of gold. This
formula is valid for small particles (e.g., the Rayleigh particles
considered in this paper) and E, (0, 0, z) demotes the electric
field at the center of the particle which is located at z. For
particles in which the electric field is not uniform, we can use
an averaged electric field intensity, which is defined as fol-
lows, as an approximation.

2

1
< 0,09 >= | [EGena)] v ®)

NS

If the optical potential energy far from the antenna is set to
be zero, then the optical potential energy of a NS at a position
of z can be derived from the optical force F,(z) by using

U.(z) = —J;<FZ(Z) > dz 9)

By combining Egs. (7), (8), and (9), one can easily obtain

1

UZ(Z) = 7WO(

| tewrorar (10)
NS

Thus, the optical potential energy of a NS can be derived by
Eq. (6) through the calculation of the optical force acting on
the NS which can be done by using the FDTD technique. On
the other hand, Eq. (10) indicates that the optical potential
energy can also be obtained by directly calculating the inte-
gration of [E* over the NS,

Results and Discussion
Trapping Au NSs of Different Sizes

When the antenna is excited with a focused fs laser light which
is resonant with its LSPR, a strongly localized electric field
with an enhancement factor as large as ~10°~10% will be
created in the gap region of the antenna [26]. As a result, a
gradient force will be imposed on the NPs flowing in the
channel, driving them toward the gap center. When a NP
approaches the antenna, the localized electric field will be
modified, leading to a redshift of the LSPR. Consequently,
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the strong electric field is weakened in the constituent GNRs
to some extent. It is apparent that the largest shift of the LSPR,
which corresponds to the weakest electric field in the GNRs, is
achieved when the NP is located at the gap center. In this case,
the gradient force acting on the NP vanishes completely. It
means that the bottom of the optical potential well is located at
the gap center.

In our case, the optical forces acting on Au NSs are dom-
inated by the gradient force which is induced by the strongly
localized electric field in the gap of the antenna. Based on the
FDTD technique, we can calculate the gradient forces for Au
NSs with different diameters ranging from 3.0 to 5.0 nm. It
should be emphasized that the optical force acting on a NS and
the corresponding optical potential energy is proportional to
the electric field or power density of the excitation light. For a
power density of P=0.03 W/cm?, we can readily derive the
optical potential wells for Au NSs with different sizes by using
Eq. (6), as shown in Fig. 3. It can be seen that the optical
potential well becomes deeper for larger Au NSs and the depth
of the optical potential well exceeds the kinetic energy of
Brownian motion (kg7), which is indicated by a dashed line
in Fig. 3, for Au NSs with ¢ >3.0 nm. It implies that Au NSs
with ¢ >3.0 nm can be stably trapped in the optical potential
well when the power density of the excitation light exceeds
0.03 W/em®,

In order to estimate the sizes of NPs flowing in the channel,
it is desirable that NPs can be trapped and released one by one.
In Fig. 4, we present the dependence of the optical force on the
position of the NS calculated for single and two Au NSs with
¢=3.0 and 5.0 nm. For single Au NSs, it is found that the
optical force increases gradually when the NS approaches the
antenna. After reaching the maximum, it decreases rapidly and
vanishes at the gap center of the antenna. The maximum
optical force appears to be much larger for the NS with ¢=
5.0 nm. Assuming that an Au NS with ¢$=3.0 nm has been
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Fig.3 Calculated optical potential wells formed in the gap of the antenna
for Au NSs with different diameters at an excitation power density of P=
0.03 W/em®
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Fig. 4 Calculated optical forces imposed on Au NSs with ¢=3.0 and
5.0 nm as a function of the locations of the Au NSs. The empty squares
and circles denote the optical forces acting on the Au NSs by empty
antenna. The filled squares and circles denote the optical forces acting on
the second Au NS by the antenna with a trapped NS

stably trapped at the gap center of the antenna, we examined
the optical force exerted on another Au NS with the same size
near the antenna. As shown in Fig. 4, the optical force exerted
on the second Au NS is reduced dramatically due to the
existence of the first Au NS. Consequently, the possibility of
trapping another Au NS is quite small because the optical
potential energy in this case becomes much smaller than the
kinetic energy of Brownian motion. For an Au NS with ¢=
5.0 nm, a close inspection reveals that the optical force acting
on the second NS almost disappears. Basically, this character-
istic originates from the significant reduction of the local
electric field caused by the trapped NS. In practical applica-
tions, this feature makes it possible to trap and release NPs one
by one by designing an antenna with appropriate gap size.
This is the basic condition for accurately measuring the sizes
of NPs.

Modification in the TPL of the System by NSs of Different
Sizes

Assuming that an Au NS is flowing in the channel, we can
easily calculate the modification in the TPL of the system,
which is expressed in terms of Iyor, as a function of the
position of the NS. It should be emphasized that one can only
monitor the TPL of the whole system in practical devices. In
some cases, the NS being detected may emit TPL when it is
excited by the strong electric field generated by the antenna.
However, we cannot discriminate the TPL emitted by the NS
from that emitted by the antenna. For the NSs studied in this
paper, Au NSs may emit TPL when they enter into the gap
region of the antenna. In this case, we say that the Au NSs are
lightened and they should be considered as a part of the
antenna.
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The dependence of the normalized TPL on the position of
the NS calculated for Au NSs with different diameters ranging
from 3.0 to 5.0 nm are presented in Fig. 5a. It is noticed that the
modification in the TPL is quite sensitive to the sizes of Au
NSs. For the small NS with ¢=3.0 nm, the TPL begins to
decrease at z~6 nm and the minimum Iyor of ~0.82 is ob-
served at the gap center. For the large NS with ¢=5.0 nm, the
modification of the TPL is observed at a longer distance of z~
8 nm. In addition, the minimum Iyor as small as ~0.08 is
achieved. Based on the minimum Iyor achieved at the gap
center where the Au NS is stably trapped, one can easily obtain
the information of the size of the Au NS. Moreover, the
information on the optical potential energy of the Au NS at
the gap center can also be derived by comparing Figs. 3 and 5a.

As mentioned above, an Au NS can be lightened when it
approaches the antenna from a far place. Basically, the SPR of
an Au NS appears at ~530 nm which is far from the LSPR of
the antenna (~800 nm) [35]. Consequently, the electric field
created in the Au NS is quite weak when it is excited at
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E el rd
£ osf = / / .
E /
A ;
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§ 04 F “/ £ —a—single GNR, ¢=5.0nm | 4
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5 02F { — —antenna, ¢=4.0nm ]
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Fig.5 a Dependence of the normalized TPL of the system (antenna+Au
NS or single GNR+Au NS) on the location of the NS calculated for Au
NSs with different diameters. b Dependence of the normalized TPL of the
system on the location of the Au NS with ¢p=4.0 nm calculated for the
nanorod-based antenna and the nanoprism-based antenna
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800 nm. However, the situation is changed when it moves to
the vicinity of the antenna. It is found that the electric field
inside the NS becomes stronger and stronger when it ap-
proaches the antenna. In this case, the existence of the NS
begins to influence the resonant frequency of the antenna and
we should consider it as a part of the whole system. Different
from practical experiments, we can easily extract the TPL of
the Au NS and estimate the contribution of the NS to the total
TPL in the numerical simulations. It is found that the TPL of
the Au NS increases rapidly when it enters into the gap region
and the maximum TPL is achieved when the Au NSs is
trapped at the gap center.

Previously, we showed that the TPL emitted by single
GNRs could be employed to detect NPs [7]. In order to show
the effect of the significant enhancement in the electric field
on the sensitivity of the antenna-based sensor, we compare the
sensitivities of the two types of sensors in sensing Au NSs
with ¢=3.0, 4.0, and 5.0 nm, as shown in Fig. 5a. The sensor
based on a single GNR was formed by removing a GNR from
the antenna and the excitation wavelength was chosen at the
LSPR of the single GNR (775 nm).

For the small Au NS with ¢=3.0 nm, it can be seen that the
minimum /Iyor obtained by the single-GNR-based sensor is
only 0.96. In sharp contrast, the minimum Iyor observed for
the antenna-based sensor reaches 0.82. For the large Au NS
with »=5.0 nm, the minimum Iyor achieved by the antenna-
based sensor, which is only 0.08, is also much smaller than
that obtained by the single-GNR-based sensor (0.41).
Therefore, it clearly indicates that the sensors based on anten-
nas possess much higher sensitivities than those built with
single GNRs. It mainly originates from the significant en-
hancement in electric field in the gap region of the antenna.

We also compared the sensitivity of the nanorod-based
antenna with that of a nanoprism-based antenna in the detec-
tion of an Au NS with ¢=4.0 nm and the result is presented in
Fig. 5b. The nanoprism-based antenna is composed of two
nanoprisms with a side length of 25.5 nm and a thickness of
6 nm, as schematically shown in the inset of Fig. 5b. The
excitation wavelength is chosen at the resonant wavelength of
the nanoprism-based antenna (735 nm). In Fig. 5b, it can be
seen that the minimum /R achieved by the nanoprism-based
antenna (~0.53) is larger than that achieved by the nanorod-
based antenna (~0.39). In addition, the modification in TPL is
observed at ~4.0 nm for the nanoprism-based antenna while it
is observed at ~8.0 nm for the nanorod-based antenna. All
these features indicate clearly that the sensitivity of the
nanorod-based antenna is higher than that of the nanoprism-
based one.

Apart from the detection of metallic NSs, the sensor we
proposed may also be employed to detect NSs made of other
materials. In Fig. 6a, we compare the dependence of Iyor on
the position of the NS for Au, Si, and SiO, NSs with the same
diameter of »=4.0 nm. For Si NSs, the evolution of the TPL
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with decreasing distance appears to be similar to that
observed for the Au NS because Si possesses a large
refractive index. However, the minimum Iyor observed
at the gap center is larger than that observed for the Au
NS. In addition, the distance at which the modification
of the TPL occurs is smaller than that found for the Au
NS. It implies that the sensitivity of the proposed sensor
is lower for semiconductor NSs when comparing with
metallic NSs. As compared with the Au and Si NSs, the
modification in the TPL of the system induced by the
SiO, NS is much smaller. In Fig. 6b, we present the
relationship between the normalized TPL intensity at the
gap center (z=0 nm) where the NS is stably trapped and
the size of the NS calculated for Au, Si, and SiO, NSs.
It should be emphasized that the Si NS may emit TPL
and contribute to the TPL of the system. If the TPL
emitted by the Si NS is much weaker than that of the

0.8+

0.6 -

Ol —B- AuNSs
@ Si NSs
02 —A—SiONSs 1

Normalized TPL (arb. units)
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—l AuNSs
02} @ SiNSs " i
A SiO, NSs
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Fig. 6 a Dependence of the normalized TPL intensity of the system on
the location of the NS calculated for Au, Si, and SiO, NSs with the same
diameter of ¢=4 nm. b Relationship between the normalized TPL inten-
sity at the gap center (z=0 nm) and the size of the NS calculated for Au,
Si, and SiO, NSs

Normalized TPL (arb. units)

antenna, then the Iyor at the gap center can be used to
estimate the size of the Si NS.

Since the modification in local electric field is quite small
for SiO, NSs of all sizes and for Si NSs with small sizes, the
optical potential wells for these NSs are also very shallow as
compared with Au NSs, implying the stable trapping of them
will need much higher power densities. In addition, the small
modification in the TPL of the system makes it difficult to
accurately sense such NPs.

Relationship Between the TPL of the System and the Profile
of the Optical Potential Energy

As mentioned above, a normalized TPL, which is expressed
by Eq. (3), has been introduced to characterize the evolution
of'the TPL emitted by the system. In practice, the evolution of
the TPL of the system during the trapping of a NS can be
easily recorded. However, the information on the optical
potential energy for the NS or the optical force acting on the
NP is difficult to be obtained.

Based on the normalized TPL intensity of the system when
an Au NS is stably trapped, one can easily derive the size of
the Au NS, as shown in Fig. 6b. In addition, the optical
potential energy of the Au NS at z=0 can also be deduced if
the power density or the electric field of the fs laser light is
known, as shown in Fig. 3. Therefore, a relationship between
the optical potential energy of the Au NS at z=0 and the
normalized TPL intensity can be easily established, as shown
in Fig. 7. In other words, the optical potential energy of a NS at
z=0 can be derived by measuring the normalized TPL of the
system when the NS is stably trapped.

Apart from the optical potential energies of NSs atz=0, one
can try to derive the profile of the optical potential energy for
NSs moving in the microfluid channel. Basically, we have two
ways to calculate the optical potential energy of a NS. The first
method is to calculate the optical force acting on the NS and
derive the optical potential energy according to Eq. (6). The
second one is to calculate the integration of the electric field
intensity over the NS based on Eq. (10). In Fig. 8, we compare
the profiles of the optical potential energy obtained by using
these two methods for Au NS with ¢=4.0. The power density
is chosen to be P=0.03 W/cm?. In the second method, the real
part of the polarizability of gold is the only parameter to be
determined. If we make the optical potential energies at z=0
the same for the two cases, it can be seen that the two profiles
coincide perfectly, verifying that the optical potential energy
of'a small NP can be deduced by calculating the integration of
the electric field intensity over the NS.

In practical experiments, what we can directly measure is
the normalized TPL intensity of the system. Therefore, we
need to find out the relationship between the normalized TPL
intensity of the system and that of the Au NS, which is an
integration of |E|4 over the NS. When an Au NS approaches
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calculated for the Au NS with $=4.0 nm

the antenna from a far place, it is noticed that the NS is
gradually lightened. This behavior is manifested in the TPL
emitted by the NS which increases gradually at places far from
the antenna and rapidly at places close to the antenna, as
shown in the inset of Fig. 9. Although the TPL of the NS is
much smaller than the total TPL of the system, it acts as a
probe for the local electric field at the location of the NS. It is
remarkable that the evolution of the TPL of the NS exhibits a
profile quite similar to that of the TPL of the system except
that the former is an increase of TPL while the latter is a
decrease of TPL. In order to compare the two profiles, we
change the sign for the TPL of the N'S and intentionally make
the TPL intensrities for the two profiles equal at z=0. As
shown in Fig. 9, a perfect match between the profile for the
TPL of the system and the transformed profile for the TPL of
the NS is observed, indicating that the normalized TPL inten-
sity of the system is closely related to the normalized TPL of
the Au NS. It further confirms that the normalized TPL of the
system, which is readily detected in practical experiments, can

2 ¢=4.0 nm o ofl 1
-4+ P=0.03 Wem’
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Fig. 8 Optical potential energy of a NS with ¢=4.0 nm as a function of
the position of the NS calculated by using Egs. (6) and (10) which are
based on the FDTD technique and the DDA method, respectively
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be employed to derive the optical potential energy of the NS
and thus the optical force acting on the NS. Once the profile of
the normalized TPL intensity of the system is determined, the
profile of the optical potential energy is given by the depen-
dence of the square root of the normalized TPL intensity of the
system on the position of the NS.

Trapping and Releasing NSs with Two Different Antennas
Arranged Closely

As mentioned above, it is desirable to trap and release NPs
flowing in the channel one by one. In order to realize such a
function, we propose a device composed of two antennas
arranged closely, as schematically shown in the inset of
Fig. 10a. The sizes of the GNRs constituting the antennas
are chosen to be 22 nm* 6 nm and 14 nmx 6 nm, respectively.
The origin of the coordinate is chosen at the gap center of the
large antenna (antenna I). The distance between the gap cen-
ters of the two antennas was set to be 8§ nm. The extinction
spectrum for the device is shown in Fig. 10a where two
LSPRs corresponding to the two antennas are observed at
660 and 818 nm. We employed the FDTD technique to
calculate the optical force acting on an Au NS with ¢=
3.0 nm, and the result is presented in Fig. 10b for two excita-
tion wavelengths which correspond to the LSPRs of the two
antennas. In practice, the Au NS flowing in the channel is first
trapped by the large antenna which is excited with fs laser light
at 818 nm. When the wavelength of the trapping light is
switched from 818 to 660 nm, the NS will be released by
the large antenna and attracted to the center of the small
antenna. In this way, one can realize the sequential trapping
and releasing of NSs. In addition, the TPL emitted by the
small antenna can be used to calibrate the information on the
size of the NS estimated by the large antenna.

Summary

In summary, we proposed the use of a single antenna or two
antennas to trap and sense NPs flowing in a microfluid chan-
nel. The sizes of NPs, which are eventually trapped at the gap
center of the antenna, can be estimated by detecting the
modification of the TPL of the system. It is shown that the
sensitivity of the antenna-based sensors possess higher sensi-
tivities than those built with single GNRs because of signifi-
cantly enhanced electric field in the gap region. In addition, it
is found that nanorod-based antennas are more sensitive than
nanoprism-based antennas. The trapping probability for a
second NP is significantly reduced for the antenna with a
trapped NP, implying that trapping of NPs may occur sequen-
tially. It is revealed that the detection of metallic NPs is much
easier than that of semiconductor and dielectric NPs. In addi-
tion, the relationship between the evolution of TPL and the
profile of optical potential well has been established. The

sequential trapping and releasing of NPs flowing in the
microfluid channel can be realized by designing a device
composed of two antennas arranged closely. The results pre-
sented in this work clearly indicate that the significantly
enhanced electric field created in the gap region of an antenna
can be employed to trap NPs with small sizes sequentially and
the modification in the TPL of the system can be utilized to
extract the information on the sizes of NPs, the optical poten-
tial energy, and optical force.
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