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ARTICLE INFO ABSTRACT

Keywords: Hot spot and photonic nanojet (PNJ) are subwavelength focused beams generated from the microsphere or
Microcylinder microcylinder. In this paper, we proposed a method of excitation of high-order resonant modes in microcylinder
Hot spot

with a high-refractive index cladding and modulation of local modes at the exit end to generate the hot
spot. A hot spot with a full width at half maximum waist of 66.70nm(4/8.47) on the surface is obtained
and explained by the wave superposition theory modulated by local modes. The influence of local structures
and refractive index on the waist, effective length and exit direction of the hot spot is discussed. The focal
position of the hot spot can be gradually moved out and converted to the nanojet by engineering the local
modes of the microcylinder. Also, a cubic array chip is suggested for decreasing the difficulty of manufacture.
And it shows that number and position of the hot spot can be controlled by adjusting the refractive index
and height of the local structure. This work provides a possibility for potential applications in the fields
of high-throughput super-resolution near-field imaging, localized excitation and imaging of single-molecule

Micro-optics
Local modes

fluorescence.

1. Introduction

The ability of mesoscale dielectric particles (microspheres or micro-
cylinders) to localize the optical wave below sub-wavelength volumes
has attracted tremendous attentions in recent years. Photonic nanojet
is a high-intensity narrow focus beam which can be generated from
microparticles illuminated with a plane wave. PNJ has the charac-
teristics of high-intensity super-resolution focusing and easy assembly
[1], which has broad applications in Microsphere-assisted Microscopy
[2-5], Fluorescence Sensing [6,7], Photolithography [8]. The mecha-
nism of PNJ’s formation, the characteristic of microspheres with dif-
ferent structures and their key parameters (such as full width at half
maximum (FWHM), peak intensity, effective length (L)) have already
been extensively discussed in resonant or non-resonant conditions [9-
19]. And optical phenomena in Janus particles also attracts great
attentions [20-22].

In addition, hot-spot engineering also has the ability to localize
optical waves to sub-wavelength scale, and the waist is below the
diffraction limit. Hot spots of metal nanoparticles are created by the
optical resonant excitation of localized surface plasmons. Due to the
characteristics of great enhancement of electromagnetic field intensity,
it is widely used in the field of surface-enhanced Raman spectroscopy
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(SERS) [23]. In order to obtain high-resolution and single-molecule-
level detection, some research has used nanojet to excite hot spots
of SERS metal nanoparticles [24,25]. Recent reports indicate that di-
electric mesoscale particles can generate hot spots with the size of
approximately 1/5 [26-28]. Hot spots in super-enhancement focusing
[29] and magnetic field intensity enhancement [21] has been dis-
cussed. However, the focus of hot spots is localized inside the particles,
relevant applications (super-resolution imaging or single-molecule de-
tection) cannot directly utilize its best optical performance part. And
the construction of hot spots which is beyond the diffraction limit and
manufacturing-friendly is still under discussion.

In this paper, we propose a method to generate the hot spot by uti-
lizing a high-refractive index cladding and modulating local modes at
the exit end of the microcylinder. The hot spot with FWHM of 66.70 nm
(4/8.47) on the surface is achieved. The focal position of the hot spot
can be adjusted and even be extended outward gradually by modulating
the height of the local structures. Within a certain range, FWHM
changes regularly with local structures. Field localization can be shifted
from hot spot to nanojet by changing the refractive index and structural
parameters. Based on this method, we introduce a cubic array chip to
decrease difficulty of fabrication. Also, we can manipulate parameters
of the local structure to control the number and position of the hot spot.
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Fig. 1. Schematic of the model used in the numerical simulation.

2. Method and design

The simulation model is showed in Fig. 1, the transparent dielectric
microcylinder is considered as a 2D structure extending infinitely along
z-axis. Cartesian coordinate system is adopted here. The model is con-
centric with coordinates (0, 0). The microcylinder consists of an inner
core of the refractive index n; with a radius r,, a shell of the refractive
index n, with a radius r, and two symmetrically embedded parts(local
structures) of the refractive index n, with height h and distance w
between each other. FWHM is the full width at half maximum of the
focus. 1, is the peak intensity of the focal point. The effective length L
is the distance from the point of I, to the 1/e value point of I.,,,. We
use the commercial finite element software COMSOL to calculate the
electric field distribution of the model. The background is the air with
the refractive index of 1. The illumination wave is a z-axis polarized
plane wave propagating along y-axis. The maximum mesh size is 5 nm
for model, 25 nm for background and the minimum mesh size is 0.4 nm
for model to ensure accurate calculation. Perfect match layers are set
for all boundaries.

3. Results and discussion

Generally, the localized beam formed by the high-refractive index
microsphere can obtain a narrower waist or better imaging perfor-
mance [30-32]. According to the higher index of refraction, the fraction
of evanescent fields outside the Mie particles can be significantly in-
creased [33]. The high-refractive index material is used as the cladding
layer of the microcylinder to increase the mode order. The refractive
index of the cladding is set as n, = 3.5 (Al,Ga,_,As [34], corresponding
wavelength 4 = 565 nm in vacuum). In this case, the internal refractive
index must be set properly to form a narrow localized optical beam:
if the difference between the internal and external refractive index is
small, the transverse width of the focal point is wider [35]; while the
refractive index contrast between the microcylinder and surrounding
media is higher than 2, the localized optical beam will focus inside
[36]. Thus, we select the normal glass with n; = 1.43. And the radius
r; = 64, r, = 6.2A. The embedded. parts spacing w is 0.2 um.

As depicted in Fig. 2(a), the embedded parts and the microcylinder
generate WGM resonance together when h = 2.970 um. The resonance
enhances the focal intensity and changes the local modes in embedded
parts which makes the energy flow output in the set direction to form a
narrow and intensity-enhanced localized optical beam (hot spot) when
h = 2.983 um, as showed in Fig. 2(b). The FWHM of the surface of the
structure is 66.70 nm (4/8.47)(red curve in Fig. 2.(d)) which breaks the
diffraction limit. Comparing inset 1 and 2 in Fig. 2; the spot size and
energy of the local modes in embedded parts change with h. Comparing

inset 3 and 4, it is found that except for the embedded parts, other
parts of the microcylinder still keep original modes, but electric field
intensity is weakened. And it is the change of the local modes in the
embedded parts that causes the energy redistribution. The energy is
coupled from the spot along the shell to the central hot spot, so that
its intensity is enhanced to 58 times of the incident intensity. Under
the resonance state, the transmission wave and the evanescent wave
existing in the near region superimpose locally and generate fringes
[37]. Destructive interference between fringes and hot spot results in
energy redistribution, and then shrink the hot spot waist. Adjusting h
is essentially to modulate the degree of wave superposition in local
modes, which in turn affects destructive interference of fringes to the
hot spot. Streamlines of Poynting vectors are showed in Fig. 2(c), the
color bar represents the P, value. The optical vortices can be clearly
seen in the enlarged image. From the perspective of energy flow: energy
exchange occurs at the optical singularity. Regulating h is also to adjust
the block degree of optical singularity to main lobe. We simulate and
plot the transverse intensity profiles of two structures in Fig. 2(d). The
FWHM of a single dielectric microcylinder with n = 1.43 is 327 nm
(4/1.73). In comparison, the FWHM of our proposed structure is greatly
reduced by 4.88 times.

The variations of FWHM and I, of the hot spot at different
positions along the y-axis from the surface are depicted in Fig. 3(a).
It shows that the FWHM at 75 nm and 150 nm away from the surface
is still less than 100 nm and 140 nm, respectively. Moreover, change
the parameters w and h in 1 nm steps separately, the variations of
FWHM and I, are plotted in Fig. 3(b). The change range of h and w
is about 20 nm. The star-label data represents the smallest FWHM. The
local modes of the embedded parts and the main mode of the cylinder
determine the minimum waist together. With the increase of h or w,
the FWHM gradually increases, and the I, first increases and then
decreases. Because the destructive interference effect on the hot spot
gradually weakens as h or w increases.

The variation curve of L with h is shown in the black curve in
Fig. 3(c), and the overall trend of L increases as h increases. In order
to express the optical characteristics of the hot spot and show the
constraint relationship between waist, effective length and intensity,
we introduce the quality criterion Q of nanojet: Q = (I,,,, X L)/FWHM
[38], as shown in the blue curve in Fig. 3(c). The variation trend
of Q with h is similar to that of I.,, both of which achieve the
maximum value at h = 2.983 um. This indicates that there is the
best compromise relationship between FWHM, L and Imax under this
structural parameter. Fig. 3(d) is the change curve of the focus position
of the hot spot. Dashed lines are structure boundary. We can find
that as h increases, the focus position of the hot spot is gradually
moving outward. This reveals that one can change the local structure
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Fig. 2. (a) The electric field distribution of WGM resonance with h = 2.970 um. (b) The Electric field distribution with h = 2.983 um. The external hot spot is showed in enlarge
image. Inset 1 and 2 are Ez distribution of (a) and (b). Inset 3 and 4 are enlarged view of electric field distribution of corresponding number. (c) Streamlines of Poynting vectors

of (b). (d) The transverse intensity profiles of different structures.

parameters so that the hot spot is not fully localized in the interior, but
gradually moves outward.

We plot the changing process of electric field distribution of hot spot
with the focal gradually moving outward in Fig. 4(a)-(d). From these
four images, it can be seen that the focus of hot spot is gradually moving
outward with the increase of h. Modulating the height of the local
structures will affect the wave superposition at the hot spot, which will
cause the focus of the hot spot to move outward. In the supplementary
material, video 1 and video 2 respectively show the change of whole
electric field distribution, local electric field distribution and focal
position of hot spot in more detail as h gradually increases. We found
that as h increases, the focus position moves outward and the length
of the hot spot also becomes longer. The gradually outward movement
of the hot spot is beneficial for applications such as super-resolution
imaging and single-molecule detection, so that we can take advantage
of the good optical characteristics closer to the focus. In addition, we
also found that changing local structural parameters, such as h and
refractive index n,, the hot spot can be transformed into nanojet, as

depicted in Fig. 5. When n, = 2.7, h = 5.404, the nanojet can be
obtained. The focus point is exactly at the border, and the electric
field distribution is showed in Fig. 5(a); when n, = 3.0, h = 5.964, the
classic nanojet is generated and its electric field distribution is showed
in Fig. 5(b).

Next, we plot the scatter diagrams of the FWHM and effective length
L of the hot spot changed with h when n, = 3.5(red), n, = 3.405 [34]
(blue, corresponding wavelength is 654 nm in vacuum), n, = 3.306 [34]
(green, corresponding wavelength is 654 nm in vacuum) in Fig. 6(a),
and (b), respectively. By comparing three scatter plots in Fig. 6(a), the
FWHM scatter plot with n, = 3.5 is generally lower than the other
two, and it is obvious that the narrowest FWHM can be obtained when
n, = 3.5. It demonstrates that the larger n, is, the narrower the FWHM
can be obtained. Besides, the compression on lateral and longitudinal
field distribution of hot spot are weakened with the decrease of n,. As
shown in Fig. 6(b), the smaller the n,, the longer the L. The average
value of the proportion of inside-hot-spot drops from 29.78% of n, = 3.5
to 23.91% of n, = 3.405, 19.34% of n, = 3.306. Thus the effective
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Fig. 3. (a) FWHM (black) and I, (red) curves at different y from the surface. (b) Above and below are curves of FWHM and I, varying with w and h, stars represent resonance.
(c) The L (black) and quality criterion Q (blue) of the hot spot as a function of the h. (d) Focal position of the hot spot as a function of the h, dashed lines indicate structure

boundary.

Fig. 4. The electric field distribution of the hot spot with different h. (a) h = 2.965 um. (b) h = 2.974 um. (¢) h = 2.985 um. (d) h = 2.999 um. The red box marks the location

of the hot spot.
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length can be increased by decreasing the n,, so that the hot spot
gradually extends outward at the expense of waist. There is always 55
T T X T
an objective trade-off between obtaining a narrower waist or a longer .
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effective length. Fig. 7 shows the hot spot quality criterion as a function 50 B 1.=3.405
of the h and n,. The Q has the maximum value when n, = 3.5, h 45 . n2:3.30 6 i
= 5.28. In such parameter, the hot spot combines the advantage of =
AT . 40
narrow FWHM and high intensity.
If the n, increases gradually, the light tends to be transmitted close 35 )
to the normal line because of the refraction angle becomes smaller. 30 b
The hot spot in the middle part will be focused completely inside and (=4
the internal energy loss is extremely large due to the total internal BT |
reflection. Simulation shows that when n, is greater than 4.5, the 20 =) =
modulation of h cannot form a centrally located hot spot in the near 151 N \
field of the structure, but can guide the energy flow to emerge from ) \,A
. @ T -
both sides to form a narrow multi beams. As shown in Fig. 8, the 10 |- A\ o\ o\ l] o
c o SR - . =] A B o
electric field distribution characteristics of the hot spot can be simply 5L . . e\
P . . o
divided into two types after n, is greater than 4.5. The central hot spot il | | . " . |
is focused totally inside but form two hot spots from both sides in type- -6 4 2 0 2 4 6
I, as illustrated in Fig. 8(a—c). While the central hot spot can still be h/A
generated in type-II in Fig. 8(d) with FWHM of 64.5 nm when n, is 4.5.
It cannot converge at the center but will form two long localized beams Fig. 7. The quality criterion Q of hot spot as a function of the h and n,.

from both sides in type-II in Fig. 8(e—f) after n, is greater than 4.5.
Besides, we popularize this method to the cubic array chip, as
depicted in Fig. 9. The unit cell is made up of three materials: the
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Fig. 8. Two types of electric field distribution after n, greater than 4.5. (a) h = -0.78 um, n, =4.5. (b) h = 2.927 um, n, =4.6. (c) h = 2.825 um, n, =4.7. (d) h = 2.893 um,

n, =45. () h = 2.554 um, n, =4.6. () h = 2.949 um, n, = 4.7.

Fig. 9. Three dimensional diagram of cubic array chip, enlarged diagram is a unit cell.

shell (green) is TiO,. The inner core (yellow) is glass [39], the width
along x-axis is 1 um for both sides and 2 um for the middle part. The
spacing between inner core and shell is 100 nm. The embedded height
is h. A 50 um-thick SiO, is adopted as the substrate (blue). The left
and right sides are replaced with periodic boundary conditions. The
period is 16 um. The structure is illuminated perpendicularly along
the positive z-axis. When h = 0.3 um, n = 1.53, two hot spots with
FWHM of 108 nm are generated on both edge of surface, as shown in
Fig. 10(a); when h = 1.5 um, n = 1.42, two hot spots with FWHM of
89 nm are generated on both sides of surface, as shown in Fig. 10(c);
when h = 1.8 um, n = 1.40, three hot spots with FWHM around 120 nm
can be obtained, as shown in Fig. 10(e). A zoomed-in view of the
electric field distribution of the hot spot can be seen in Fig. 10(g—
j). The streamlines of Poynting vectors is depicted in Fig. 10(b), (d),
(f), respectively. Because the change in height of three cuboids at
the bottom is used to fit the circular curvature, multiple directions of
the energy flow are generated internally, and finally multi-beam are
outputting under the guidance of the embedded parts. The number
and position of the outgoing beams can be controlled by adjusting the
embedded height h and the refractive index n. This method reduces
the processing difficulties, and the addition of substrate and array is

convenient for use. This structure can be fabricated by combination of
two-photon laser direct writing technology and atomic layer deposition
technology. Multi-beam is widely used in microfabrication and data
storage [40,41].

4. Conclusion

In conclusion, we discuss the formation and evolution mechanism
of the hot spot and nanojet by modulating of local modes of the
engineered microcylinder. The effects of local structures and refractive
index on the FWHM, effective length, hot spot exit direction and the
modulation rule are given. Using Al, Ga,_,As with refractive index of
3.5, a narrow hot spot with high resonant mode and good internal
optical transmission is constructed. The FWHM of 66.70 nm (4/8.47) is
realized through local modes regulation at the outlet. Without cutting
the structure, FWHM is still less than 100 nm and 150 nm at 75 nm and
140 nm away from the surface, respectively. Numerical analysis shows:
(1) When the volume and shell radius of the microcylinder are fixed,
the overall highest resonant mode of the microcylinder depends on the
refractive index of the inner core and the shell, the local modes of
embedded parts and the main mode of the microcylinder together form
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Fig. 10. (a), (c) and (e) are the electric field distribution when h = 0.3 um, n = 1.53, h = 1.5 um, n = 1.42 and h = 1.8 um, n = 1.40, respectively. (b), (d) and (f) are the
streamlines of Poynting vectors of (a), (c) and (e), respectively. (g), (h) are the enlarged images of the dashed area on the left and right of (a), respectively. (i), (j) are the enlarged

images of the dashed area of (c) and (e), respectively.

the minimum width of the hot spot; (2) Changing the embedded height
h regulates destructive interference to shrink the waist. It is found that
FWHM is positively correlated with the local structural parameters (h
and w) within the change range of h and w of 20 nm. Reducing the
refractive index n, and modulating h can make the hot spot gradually

extend outwards and transform the hot spot to the nanojet. (3) Con-
sidering the manufacturing difficulty of spherical structure array, this
work provides a design of cubic array chip with TiO, cladding. The
implementation of this array provides a possibility for high-throughput
super resolution near-field imaging, localized excitation and imaging
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of single molecule fluorescence. The idea of modulating local modes in
this work provides a new way for the design of microcylinder to localize
optical wave in the future.
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