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Abstract

- Juchen Zhang'

Reflective photonic nanojets (r-PNJs) produced by cylindrical concave micro-mirrors are numerically investigated. Simula-
tion shows that the full-width at half-maximum (FWHM) of the r-PN1J is associated with the angle of the cylindrical concave
mirror. It is found that the FWHM of the r-PNJ can achieve 0.37 of the wavelength, when the mirror with the angle = 130°
is put in air. For the concave mirror immersed in water with §=100°, the FWHM of the r-PNJ can reach about 0.34. Two
symmetric vortexes of Poynting vectors are close to the r-PNJ, which leads to the narrowed r-PNJ. Through combining a
dielectric micro-cylinder with the concave mirror immersed in water, the waist of the r-PNJ can achieve 0.27 of the incident

wavelength.
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1 Introduction

It is known that both lenses and concave mirrors can con-
verge light to the focal spot [1]. Lenses adopt the transmis-
sion mode, while concave mirrors utilize the reflection
mode. However, the limit imposed by the diffraction of
optical waves restricts generation of sub-wavelength focal
spots [2]. The capability of generating photonic nanojets
(PNIJs) that allows overcoming the diffraction limited resolu-
tion [3-5] has been proposed and demonstrated experimen-
tally using microspheres [6—9] and micro-cylinders [10-12].
PNIJs formed by microspheres and micro-cylinders illumi-
nated under a plane wave are distributed at the shadow of
the micro-particles. These PNJs are produced in transmis-
sion mode.

Focusing of a dielectric particle on a silicon substrate
with a nano-gap was investigated in [13]. However, the
calculation of the intensity distribution inside the sphere
was not mentioned. Later, PNJs generated in reflection
mode with wide-angle performance were produced by
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hemispherical particles on metallic substrates in [14] and
three-dimensional dielectric cuboids on metallic substrates
in [15-17], demonstrating the capability to make r-PNJs
localized out of the particles. Recently, it was experimentally
found that a thin rectangular dielectric—-metal structure could
have a function of a flat focusing mirror based on photonic
jet effect in reflection mode in [18]. In [19], a new method to
produce r-PNJs using high refractive index contrast between
a near-unity-index microsphere lens and a high-index dielec-
tric substrate was successfully produced. The FWHM of the
r-PNJ could reach 0.48 of wavelength, which localizes out
of the microsphere. A specific regime of near-field focus-
ing, called s-PNJ, supported by a dielectric micro-cylinder
located near a metal mirror was presented in [20]. In [21],
the detailed physical basis of the s-PNJs was reported.
Several years ago, spherical and cylindrical concave
micro-mirrors utilizing silicon were fabricated in [22, 23].
In [24], silicon spherical and cylindrical micro-mirrors ena-
bled lensless efficient coupling of free light. The microscale
concave surfaces used for displaying colorful iridescence in
reflection were reported in [25]. Recently, reflective photonic
hook was achieved by dielectric coated concave hemi-cylin-
drical mirror in [26]. Herein, we investigated the cylindrical
concave micro-mirror for the r-PNJ generation. At first, we
investigate the influence of the angle of the cylindrical con-
cave mirror on the properties of the r-PNIJs. It is found that
the FWHM of the r-PNJ can achieve less than half of the
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incident wavelength. Then, the concave micro-mirror which
is immersed in water for the improvement of the FWHM of
the r-PNIJ is presented. Poynting vectors close to the r-PNJs
are also studied. It is showed that the waist of the r-PNJ
reaches approximately A/3, and two symmetric vortexes of
Poynting vectors are close to the r-PNJs. The narrower r-PNJ
can be obtained by putting a micro-cylinder on the concave
micro-mirror. Finally, the deformation of the mirror surface
is adopted to show the influences of the manufacturing accu-
racy of the mirror surface on the r-PNJs.

2 Models and methods

To investigate the r-PNJs’ performance, a 2D full-wave com-
putation utilizing the COMSOL Multiphysics finite element
method-based commercial software package [27] is imple-
mented. The schematic diagram of the model is shown in
Fig. 1. The angle of the cylindrical concave mirror with
H=4 pm, L=8 pm, and R=3 pm is defined as 6. In our
simulation, the incident TE-polarization plane wave, with
a wavelength of A=638 nm and E,=1, is added as a back-
ground field into the software package. Perfectly matched
layer absorbing boundary conditions are utilized around the
computational domain. Light intensity is defined as the full
electric field squared. To guarantee the accuracy of the simu-
lation, the maximum element size of the free triangular mesh
is set to 20 nm in the computational domain. Gold medium is
employed at the concave mirror to reflect the incident wave.

Incident plane wave A=638nm
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Fig.1 Schematic diagram of the model: a gold cylindrical concave
micro-mirror illuminated by a TE-polarization plane wave
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For the considered wavelength, the dielectric permittivity of
gold is selected from [28, 29] as €, =—12.241 +1.2048i.
The gold concave micro-mirror is put in a medium with the
refractive index n,=1.

3 Results and discussions

First, focusing performance of the r-PNJ is evaluated by
changing the angle € of the cylindrical concave mirror
shown in Fig. 1. Numerical results of the intensity distribu-
tions of the r-PNJs for angle 6 ranging from 90° to 150° with
a step of 10° are shown in Fig. 2. It is observed that patterns
of the r-PNlJs are different from that presented in [19]. As
can be seen in Fig. 2a, the focal pattern is divided into two
segments, while the intensity of upper pattern is larger than
the lower one. With the increasing of the angle 6, intensity of
the lower pattern becomes larger than that of the upper one,
as shown in Fig. 2b and c. From the simulation results shown
in Fig. 2d, it is indicated that the intensity of the r-PNJs can
be maximized when the angle is chosen as 8=130°. The
FWHMs of the focal spots are less than 319 nm (~/2), as
shown in Fig. 2d. In Fig. 3, intensity distributions of the
r-PNJs generated by a gold concave mirror and an ideal per-
fect-reflection mirror with the radian €= 130° are displayed.
Comparing intensity distributions between them, the r-PNJs
formed by the ideal perfect-reflection mirror are similar to
the gold mirror. The maximum intensity of r-PNJ formed by
the gold mirror is less than that produced by an ideal perfect-
reflection mirror, as can be seen in Fig. 3c. The FWHMs of
the r-PNJs generated by these two types of mirror are close
to 237.2 nm (~0.372).

Then, r-PNJs formed by the concave mirror immersed in
water are investigated. Focusing performance of the r-PNJ
is studied by changing the angle € ranged from 90° to 150°
with a step of 10°. It is showed that the maximum intensity
appears when the angle is selected as #=100° in the simula-
tion. Intensity distribution of the r-PNJ produced by the con-
cave mirror at the angle §=100° is shown in Fig. 4a. Mean-
while, the intensity distribution along x-axis at the focal
plane is shown in Fig. 4b. In comparison of the maximum
intensity of the r-PNJ formed by the concave mirror with
0=130° put in air and the mirror with = 100° immersed in
water, it is found that the maximum intensity of the r-PNJ
can be improved with the mirror immersed in water and its
waist is 191.2 nm (about 0.34), which is narrower than that
shown in Fig. 3a. The FWHM reaches 0.3/ less than 4/2n,
(where n,, is selected as 1.33). Thus, the reflective focus-
ing approach beats the diffraction limit through utilizing
the gold cylindrical concave micro-mirrors. To investigate
the mechanism of diffraction limit broken with this con-
cave mirror, distribution of P, (y-component of the Poynt-
ing vector) of the r-PNJs formed by the concave mirror and
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Fig.2 Reflective photonic nanojets formed by the cylindrical concave
mirrors with different radians. Intensity distributions of the reflected
photonic nanojets produced by the mirror with the radian 8=90° in
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Fig. 3 Reflective photonic nanojets formed by the cylindrical concave
mirrors with the radian = 130°. Intensity distributions of the reflec-
tive photonic nanojets produced by the ideal perfect-reflection mirror

the Poynting vectors close to the r-PNJs are calculated. The
results are shown in Fig. 4c and 4d. The value of P of the
concave mirror immersed in water with §=100° is larger
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(a), #=120° in (b) and €=150° in (c). Intensity distributions along
x-axis at the focal planes for the radians ranging from 90° to 150°
with a step of 10° in (d)
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in (a) and the gold mirror in (b). Intensity distributions along x-axis
at the focal planes for these two kinds of mirrors in (c)

than that shown in Fig. 3a. The distribution of P, is con-
sistent with intensity distribution. From the insert figures
shown in Fig. 4c and d, it is indicated that two symmetric
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Fig.4 a Reflective photonic nanojet formed by the cylindrical con- of the Poynting vector) of the reflective photonic nanojet formed by
cave mirror with the radian 6=100° immersed in water. b Inten- the mirror with the radian #=130° put in air, insert figure: the Poynt-
sity distribution along x-axis at the focal plane for the mirror with ing vectors close to the r-PNJ. d Distribution of P, of the reflective
the radian €=100° immersed in water, the mirror with the radian photonic nanojet shown in (a), insert figure: the Poynting vectors
0=130° put in air as a reference. ¢ Distribution of P, (y-component close to the r-PNJ
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vortexes of Poynting vectors are distributed near the r-PNJs.
It is known that power flows normally couple to the other
planes through the singularities in these vortexes [30]. This
causes high-intensity region at the center line of the r-PNJ
and makes narrower beam waist. In [31], it was reported
that the formation of optical vortices can lead to high light
localization and the FWHM of beam waist less than the dif-
fraction limit given by A/2n was related to superoscillations
[32]. On the other side, the supercritical lens can produce
less than diffraction limit spots without obvious side lobes
[33]. The physical basis for the r-PNJ without side lobes
shown in Fig. 4a may be similar to the high light localiza-
tion shown in [31].

The structure with a micro-cylinder put on the concave
mirror is investigated. The diameter of the micro-cylinder
is selected as 1 pm, and its refractive index is n,=1.46.
Moreover, the cylinder lens and the concave mirror are both
immersed in water. The computation results are presented in
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Fig.5 a Reflective photonic nanojet formed by the cylindrical con-
cave mirror with the radian #=100° and a micro-cylinder with
diameter 1 um and refractive index n,=1.46 immersed in water. b
Normalized intensity distribution along x-axis at the focal plane for

Fig. 5. From Fig. 5a and c, it is indicated that the intensity
of the r-PNIJ is distributed out of the micro-cylinder. With
the assistance of the concave mirror, the FWHM reaches
173 nm (about 0.274). At the focal plane, the FWHM of
normalized Pl is less than 0.271. To investigate the phys-
ics of those results in Fig. 5, three kinds of Gaussian beam
illuminations are adopted. The results are shown in Fig. 6.
In Fig. 6a, the Gaussian beam illumination with the beam
width d represents the main light which propagates twice
through the cylinder. Intensity distribution shown in the left
of Fig. 6a is similar to that of the r-PNJ formed by a cylinder
on the flat mirror shown in Fig. 1d in [20]. The difference of
r-PNJs formed by a cylinder on the concave mirror and the
flat mirror is that partial light without propagating through
the cylinder before reflected by the concave mirror can be
collected by the cylinder at the assistant of the reflection of
the concave mirror. This process is illustrated in Fig. 6b. In
Fig. 6¢, the intensity distribution is close to that shown in
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the structure shown in (a). ¢ Distribution of P, (y-component of the
Poynting vector) of the concave mirror and the cylinder lens. d Nor-
malized |P,| along x-axis at the focal plane for the reflected photonic
nanojet shown in (a)

@ Springer



717 Page 6 of 8 W.Yang et al.

Fig.6 Intensity distributions of the concave mirror with and without a cylinder illuminated under the Gaussian beam with beam width d in (a)
and (b), and 3d in (c). The center offset of the Gaussian beam is d in (b), and all the other parameters are selected the same with those in Fig. 5

Fig. 5a by increasing the Gaussian beam width. In compari-  are closer to the concave surface. The employment of cyl-
son with the structure without using a cylinder, it can be seen  inder on the concave mirror causes optical path difference
that the focal planes of the concave mirror with a cylinder ~ and changes the focal position and properties of the r-PNJ.
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Fig. 7 Reflective photonic nanojet formed by the rough concave mirror with =50 nm in (a), and 6= 100 nm in (b). ¢ The maximum intensity of
the reflective photonic nanojet as the function of the the deformation 6. The parameters are selected as R=3 pm, m; =20, and m, =2

In [21], the effect of the surface roughness of a reflecting
mirror on the maximum intensity of the r-PNJ was presented.
For the circular surface, the deformation at its boundary can
be used to show the effect of rough surface on the PNJs
formation in [34]. Herein, we use the method described in
[34] to show the influence of the manufacturing accuracy of
the mirror surface on the r-PNJs. The radius of the concave
mirror can be expressed as R(¢) =R+ d sin(m;@)sin(m,),
where R is the average radius of the concave mirror, J is the
deformation of the concave surface to the average radius,
my and m, are the two periods of the variations of the cor-
rugated boundary with ¢ being the azimuth angle. In the
simulation, R=3 pm, m; =20 and m, =2 are selected and
the structure shown in Fig. 4a is employed. The results are
shown in Fig. 7. It can be seen that the increase in the rough-
ness of the concave surface leads to worsening r-PNJ dis-
tribution and is expressed in decrease in its intensity and in
stray light intensifies. For the deformation 6 =50 nm, there is
a~15% decrease of r-PNJ maximum intensity in comparison
with the smooth surface. From the results in Fig. 7, it is indi-
cated that the r-PNJ is slightly changed if the deformation &
is less than 50 nm.

4 Conclusion

In conclusion, the capability to generate r-PNJs utilizing a
cylindrical concave micro-mirror working in the reflection
mode has been investigated. It is found that the FWHM of
the r-PNJ can achieve 0.37 of the wavelength, when the mir-
ror with the angle #=130° is put in air. For the concave
mirror with 0=100° immersed in water, the FWHM of the
r-PNJ is decreased to about 0.31. Moreover, two symmetric
vortexes of Poynting vectors distributed close to the r-PNJs
are presented. This may be the mechanism for diffraction
limit broken focusing through utilizing this concave mir-
ror. The waist of the r-PNJ can achieve 0.271 by putting a
micro-cylinder on the concave mirror with the angle =100°

immersed in water. Finally, simulation shows that surface
roughness (6 >50 nm) of the concave mirror can degrade
r-PNJ distribution and stray light intensifies. This result
may be of interest for super-resolution optical microscopy
in reflection mode, such as imaging biomedical particles in
liquid, which is situated at the top of the cylinder.
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