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Abstract: In microfluidic detection, the distance between the fluorescent nanoparticles
(FNPs) and the structure is usually in far-field range. In previous work, the enhancement of
emission will decay exponentially with the increase of the distance between FNPs and the
structures, which brings a challenge to the development of high-sensitivity biosensors. In
this paper, a hybrid structure consisting of a silver channel and a microlens is proposed to
enhance far-field directional emission when the FNP is in far-field range. It is shown that the
far-field total power enhancement of our structure is obvious compared to the polymethyl
methacrylate channel. This is due to scattering, constructive interference, and resonance
modes created by the silver channel and microlens. This structure will contribute to high-
sensitivity biosensors.

Index Terms: Directional emission, luminescence, microoptics, microstructure.

1. Introduction

Fluorescent nanoparticles (FNPs) are widely used in light-emitting diodes (LEDs), [1], [2] photocat-
alytic, [3] biosensors [4]-[7] and bio-imaging. [8] However, the luminescence emission of FNPs is
relatively dispersed and the directional emission efficiency is not high, which severely limit their fur-
ther development in biosensing field. Therefore, it is critical to enhance the directional luminescence
emission of FNPs for high sensitivity fluorescence biosensors.

Up to now, some micro/nano structures have been proposed to enhance directional fluores-
cence/luminescence emission. Metallic planar structures, [9]-[11] antennas, [12]-[15] nanoholes
arrays [16] and bull-eye hybrid structures [17]-[19] can induce surface plasmon polaritons (SPPs),
which can enhance the excitation and directional emission of FNPs. For example, directional emis-
sion was achieved by a split-ring resonator or a single V-shaped nanorod antenna based on the
interference between different multipolar moments. [20], [21] But these metal-enhanced emission
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Fig. 1. (a) Schematic of the x-y cross section of the hybrid structure. L = 14 um,H =7 um, R =6 um,
t=0.1 um, W1 =0.9 um, H1 =3 um, R1 =1 um, R2 =7 um. (b) The complex refractive indices n and
k of silver, PMMA and biological solution in the wavelength range of 400—-700 nm. The initial refractive
index of the microlens is 1.5.

has certain limitations: (1) the emission will sharply decrease when the distance between FNPs and
the metal surface increases, and quenching may happen when the distance is shorter than 10 nm,
[22] (2) larger ohmic losses of the metal will reduce the enhancement factor, (3) the large amount
of Joule heat generated by ohmic losses will heat up the local environment, which is unsuitable for
some temperature-sensitive sensing. [23] In order to solve the above problem, dielectric structures
have been proposed to enhance the directional emission of FNPs. [24], [25] The dielectric materials
have less absorption loss than metals from visible to near-infrared band, which can reduce the loss
of emission. For example, the unique photonic band gap of dielectric photonic crystal (PC) can be
utilized to enhance the directional emission of FNPs. [26]-[28] However, the enhancement factor
will decay exponentially with the increase of the distance between FNPs and the PC surface. Then,
dielectric/metal hybrid structures have been proposed to enhance directional emission of FNPs.
[29] However, the distance between the FNPs and the structure is usually in the near-field range.

In microfluidic detection, the distance between the FNPs and the channel is usually in the far-
field range, which possesses a challenge to realize high sensitivity fluorescent sensors by using
traditional micro/nano structures. Besides, the luminescence of FNP is low and the emission is
dispersed, which has a negative effect on the collection of emission signal. Lim et al. designed a
large dielectric microlens on a large metallic channel that can achieve far-field directional emission.
[30] However, its size is relatively large, which is not convenient for the chip integration, and the
fluorescence enhancement is not high. Recently, we proposed a sharp convex gold groove [31]
and a half-cylindrical gold groove [22] to enhance the directional fluorescence emission in the far-
field range, but the enhancement factor is not high due to that the dispersed light can not be well
collected, which limits the sensitivity of fluorescence detection.

In this paper, we propose a hybrid structure consisting of a semicircle silver channel and a
microlens to enhance directional fluorescence emission. We find that the hybrid structure can
achieve far-field directional fluorescence emission enhancement compared to the PMMA channel
due to scattering, constructive interference and resonance modes created by the silver channel and
microlens. In addition, our structure is experimentally feasible and will contribute to high sensitivity
biosensors.

2. Model and Method

The geometrical shapes and sizes of the hybrid structure are shown in Fig. 1(a). We define the
center of the silver channel ‘O’ as the coordinate (0, 0), ‘L/‘'H’ as the width/height of PMMA substrate
and ‘R’ /" as the radius/thickness of the silver channel, ‘o’ as the angle of different silver channel
(e.g., it represents a semicircle channel when « is equal to 0, Fig. S1 in supplementary materials),
‘H1’/'W1’as the height/width of silver support below the microlens, ‘R1’/‘R2’ as the half short/long
axis length of the microlens. Fig. 1(b) shows that the complex refractive indices n and k (n and k
represent the real and imaginary parts, respectively) of silver [32], biological solution, and PMMA

Vol. 11, No. 3, June 2019 2200708



IEEE Photonics Journal Enhanced Far-Field Directional Luminescence Emission

124 a) [—a— z-dipole|
—e— x-dipole
—a— y-dipole

5 8

3

o 6 E 20
3 =
o =15
Q

2‘/»\./

0 . . :
0590 0595 0.600 0.605 0610
Aum)

-5 0 5
x(pum)

Fig. 2. (a) The far-field total power of the dipole for three different polarizations in the semicircle silver
channel, (b-d) the electric field distribution of three different polarizations at wavelength of 600 nm.

[33] varying with the wavelength, respectively. The refractive index of the biological solution is set
as 1.383. [34] The initial refractive index of the microlens is 1.5.

In this work, two-dimensional finite difference time domain (FDTD) method [35], [36] is used to
investigate the enhanced fluorescence of FNP by the hybrid structure. The simulation area is (x, y) =
(—8: 8, —9: 50) um. The boundary conditions are both perfectly matched layers (PML) in x and
y directions. An oscillating electric dipole is used to act as a FNP which is positioned at 3 um
away from the bottom of the silver channel. The central wavelength of FNP is 600 nm, and the
full width at half maximum (FWHM) is 20 nm. The explanation of the dipole source is described
in supplementary materials. A line power monitor is placed at y = 40 um to obtain the far-field
total directional power of the dipole, in addition, a x-y plane electric field monitor is located at z
= 0 um to calculate the electric field distributions. Far-field pattern is obtained by near-to-far-field
transformation analysis, which relies on the field equivalence principle (Huygens’ principle) in FDTD
method.

3. Results and Discussion
3.1 Directional Emission in Semicircle Silver Channel for Different Polarizations

First, we investigate the effect of semicircle silver channel on fluorescence enhancement at different
polarizations. The far-field total power of three polarizations of the dipole is calculated. In Fig. 2(a),
the power of dipole oriented in the z-direction is the largest compared to x and y directions. In order
to further understand the mechanism, we observe the electric field distribution at wavelength of
600 nm, as shown in Fig. 2(b—d). Compared to x and y polarizations, large-area light reflecting,
scattering and interfering occur inside and outside the silver channel in the far-field for z polariza-
tion due to the characteristics of the radiation mode. [31], [37] Therefore, we choose z-direction
oscillation of dipole in the following study.

3.2 Directional Emission in Silver Channel With Different Angles

Then we investigate the effect of silver channel with different angles on fluorescence directional
emission. When « is equal to O degree, it is a semicircle, when « is increased/decreased (the
angle is positive above the x-axis), the silver channel gradually approaches the perfect circle/arc
channel. The far-field total powers for different angles of silver channel are shown in Fig. 3. When «
increases from —30 degree to 30 degree, the far-field total power curves oscillate around the power
curve of the semicircle. Therefore, we conclude that the effect of channel angle on fluorescence
enhancement is negligible. Simultaneously, we find that the power of silver channel at different
angle is higher than that of PMMA channel. The maximum power of the semicircle silver channel
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Fig. 4. Far-field total power map of the hybrid structure for different silver support height.

can be up to 15.0 folds compared to PMMA channel. In addition, semicircle silver channel is easier
to be fabricated in the experiment, so we choose semicircle silver channel in the following analysis.

3.3 Directional Emission in Hybrid Structure Consisting of Semicircle Silver Channel
and Microlens

3.3.1 The Effect of Silver Support on Directional Emission: In order to further enhance the
directional emission of fluorescence, we propose a hybrid structure as shown in Fig. 1. Here, we
study the effect of silver support on directional emission. The far-field total power is obtained when
the height H1 of the support varies from 0 to 6 um as shown in Fig. 4. When H1 is in the range
of 2 ~ 4 um, the hybrid structure can achieve high directional emission at the center wavelength
0.6 um. This is because that the Ag support changes the optical path from semicircle silver channel
to microlens, thus allowing the light to undergo sufficient phase changes before the light reaches
the microlens, and finally achieve better interference in the far field than the situation without Ag
support. [30] Here we choose H1 = 3 um in the following calculations.

3.3.2 The Effect of the Height and Refractive Index of the Microlens on Directional Emission:
We obtain the far-field total power when the height of the microlens varies from 1 um to 6 um as
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Fig. 5. Far-field total power map of the hybrid structure with (a) different height of the microlens,
(b) different refractive index of the microlens.

shown in Fig. 5(a). We find that the height of the microlens has little effect on the fluorescence
enhancement in the long wavelength, while it has a significant effect in the short band. When the
height of the microlens is 1 um, large directional fluorescence power can be achieved at around the
central wavelength of FNP, therefore, we choose R1 = 1 um in the following study. Then, we study
the effect of the refractive index of the microlens on directional emission, the far-field total power
shown in Fig. 5(b) is obtained when the refractive index of the microlens varies from 1 to 6. When
the refractive index of the microlens changes, there is little effect on the fluorescence enhancement
in the long wavelength band, while the enhancement is different in the short wavelength band. In
particular, when the refractive index of the microlens is 3.0, large fluorescence enhancement can
be achieved around the central wavelength of FNP. Therefore, we study the directional emission
enhancement of the hybrid structure when the refractive index of the microlens is 3.0 in the following
study.

Based on the above research, we get the optimized parameters of the hybrid structure: L = 14 um,
H=7um R=6um,t1 =0.1 um, H1 =3 um, W1 = 0.9 um, R1 =1 um, R2 = 7 um, Npicrolens
= 3. Then we analyze the far-field total power and far-field angular radiation distribution of the
FNP in optimized hybrid structure, semicircle silver channel and the PMMA channel, respectively,
as shown in Fig. 6. In Fig. 6(a), the far-field total power of the optimized hybrid structure is the
largest compared to the other structures. The far-field radiation patterns [38], [39] corresponding to
the center wavelength of FNP in the optimized hybrid structure and PMMA channel are shown in
Fig. 6(b). The spatial electric field distribution |E| for the cases of PMMA channel and the optimized
hybrid structure are shown in Fig. 6(c—d), respectively. The optimized hybrid structure can achieve
stronger far-field total power and more converging emission compared to the PMMA channel.
Besides, the highly directional emission can also be achieved in the 3D simulation, which confirm
the validity of the 2D simulation results (Fig. S2 in the supplementary materials).

We select 11 typical positions as shown in Fig. 7(a) for analysis. We obtain the sum of the far-field
total power of the hybrid structure, semicircle silver channel and PMMA channel for these positions,
as shown in Fig. 7(b). The hybrid structure can achieve maximum far-field total power compared
to semicircle silver channel and PMMA channel, which proves the outstanding performance of our
structure in enhancing directional luminescence emission. The sum of far-field radiation patterns
corresponding to the central wavelength of FNP at all the positions in the optimized hybrid structure
are shown in Fig. 7(c), the emission is of good directionality. Besides, we proves that our optimized
structure can achieve good directional emission by using 17 different dipole’s positions (Fig. S3 in
supplementary materials). Our system is complicated, for example, the particle position is random,
and the representative position is selected in the calculation, so the result will have some reasonable
error due to the approximations.
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channel, (b) Far-field angular radiation patterns of optimized hybrid structure and PMMA channel, (c—d)
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Fig. 7. (a) Schematic of the hybrid structure and 11 typical positions of FNPs, such as A(0, —2) um,
B(0,—3) um, C(0, —4) um, D(2.121, —2.121) um, D1(—2.121, —2.121) um, E(2.828, —2.828) um,
E1(—2.828, —2.828) um, F(2, —0.5) um, F1(—2, —0.5) um, G(3, —0.5) um, G1(—3, —0.5) um (b) The
sum of far-field power for different positions of FNPs, (c) The sum of far-field angular radiation patterns
of all the positions.

4. Conclusion

In conclusion, a hybrid structure consisting of a semicircle silver channel and a microlens is pro-
posed to enhance directional fluorescence emission. We systematically study the far-field total
power and the far-field radiation pattern. We find that the hybrid structure can achieve far-field
directional fluorescence emission enhancement due to scattering, constructive interference and
resonance modes. The total power enhancement of our structure is obvious compared to PMMA
channel. If the enhancement of excitation is also included, the emission is anticipated to be further
enhanced. This work will greatly contribute to the development of high sensitivity fluorescence
biosensors.
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