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We systematically investigate the power distribution characteristics of microjets generated by prismatic scatterers
with different shapes at sub-THz region (A = 8.57 mm). Among these prismatic scatterers, the hexagonal-type one shows
better focusing feature than the others. Aiming at the hexagonal-type one, we propose a double-layer scatterer composed
of a Teflon hexagonal prism as an outer layer and a semiconductor cuboid as an inner layer. Aiming at the double-layer
scatterer, we further study the effects of refractive index, size, and shape of the inner cuboid on microjet’s features. The
study allows us to present an optimized double-layer scatterer, which has a side length A /2 (1) and a refractive index 2.0
(1.4) for the inner (outer) layer. We show that the optimized scatterer can produce an ultra-strong, ultra-narrow microjet
with a power enhancement of ~ 30 and a full width at half maximum (FWHM) of ~ 0.26A, and the microjet is just located
at the output face. The microjet keeps compact within the distance range of A from the output face. These features and
effects are explained from the viewpoint of ray optics theory. According to the optimized double-layer scatterer, we further
study the multi-frequency focusing features of the microjets, and find that the microjet remains good features at harmonic
frequencies 2 fj and 3 f. In addition, we investigate the effect of an Au sphere presence in the center of the microjet on the
power distribution. The results show that a spherical dark spot with a size similar to that of the Au sphere emerges in the
area where the Au sphere is placed. The feature can be used to measure the size of a metallic particle.

Keywords: photonic microjet, hexagonal prism, harmonical frequencies, localized surface plasmon resonance

PACS: 42.25.Bs, 42.25.Fx, 42.50.St

1. Introduction

To improve the resolution in applications such as in mi-
croscopy, it is required to consider the limitation imposed by
electromagnetic wave diffraction./!! Over the past years, some
researches have been done to solve this problem,!'™ such
as metamaterials, >3 diffractive optics,[!! and microspherical
particles.*) Among these, a typical method to obtain the
subwavelength resolution is to produce photonic nanojet by
wavelength-sized dielectric scatterers, such as microspheres
and microcylinders, " under the irradiation of plane wave. Re-
cently, the methods of producing terajet by cuboids at terahertz
and sub-THz frequencies have also been proposed both in sim-
ulation calculation and in experimental manufacture.!!%!1] Tt
has been verified that the refractive index ratio between the
cuboid and the background medium should be less than 2 to
generate a terajet just at the output face of cuboid. In the case
of air background medium, the cuboid with an optimal refrac-
tive index of 1.41 can generate a terajet with power enhance-
ment ~ 10, FWHM ~ 0.47A, and focal length ~ 0.11!]

In this work, we investigate the effect of the shape of
polygonal scatterer on power distribution of microjet gener-
ated under the irradiation of plane wave. We also investigate
the effects of harmonic frequencies and presence of an Au
sphere in the microjet on the power distribution. Firstly, we
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study the microjets generated by scatterers of different polyg-
onal prisms, and find that the microjet generated by the hexag-
onal prism displays better features that are characterized by
following three parameters: (i) power enhancement, which is
defined as the ratio between the power densities at the point
of focus with and without the presence of scatterer, (ii) focal
length (FL), which is defined as the distance between the po-
sition of the maximum power density along the y axis and the
position of output face, and (iii) FWHM at focal position and
output face, which is defined as full width at half-maximum
along the transversal x axis. Secondly, we propose a double-
layer scatterer, which is composed of a Teflon hexagonal prism
as the outer layer and a semiconductor cuboid as the inner
layer, and study the effects of refractive index, size, and shape
of the inner insert on the features of microjet. According to
the three characteristic parameters, we obtain an optimized
scatterer and further study the multifrequency focusing char-
acteristics of microjets generated. Thirdly, we also explore the
function of Au sphere present in the center of the microjet.

2. Structural model, principle, and numerical
method

Figure 1(a) shows the schematic diagram of bottom faces

of different prismatic scatterers, including triangular, quadran-
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gular, hexagonal, octagonal prisms and cylinder. To locate mi-
crojets just on the output face of scatterers (FL = 0), all the
adopted prisms, with the heights along the z axis H = 1.2R
and the bottom faces inscribed on the same circle with ra-
dius R = 8.57 mm, possessed the same optimal refractive in-
dex n = 1.41 (Teflon).['%!!] Figure 1(b) shows the schematic
diagram of bottom face of the proposed double-layer scat-
terer. The outer Teflon hexagonal prism has a refractive index
nsige = 1.41 and a side length Lgige = R on the xy plane, while
the semiconductor interior cuboid has a refractive index njpgert

and a side length Li,s¢ along the x axis and y axis.

(a) OF

R =L, Teflon

Prismatic scatter

]

Plane wave

(b) e E .
Combined scatter  Insert, Minserts Linsert
Y
— @g —
Microjet
—_—
—_——
Plane wave L=R
T

Fig. 1. Schematic diagram of bottom faces of (a) different prismatic scatter-
ers, including triangular, quadrangular, hexagonal, octagonal prisms, and
cylinder, and (b) proposed double-layer scatterer composed of an outer
Teflon hexagonal prism and an inner semiconductor cuboid under irradia-
tion of a polarized plane monochromatic electromagnetic wave.

For convenience, an xyz Cartesian coordinate system was
fixed in the center of the prismatic scatterers. A z-polarized
plane monochromatic wave was incident into the scatterers
along the y axis. In essence, the overlap of power flow scat-
tered by prisms resulted in the formation of a microjet spot,
which is just on the output face of the scatterer as shown in
Fig. 1. The formation of the microjet spot could be simply con-
sidered as the focusing of the scattered wave by a prism lens.
It is obvious that a higher refractive index scatterer results in
a microjet with a shorter focal length (FL < 0) and a stronger
light intensity. Considering our expectation for nearly zero
FL and strong power enhancement, we adopted a double-layer
scatterer composed of an inner cuboid with a lower (higher)
refractive index and an outer hexagonal prism with a higher
(lower) refractive index. In the case that the interior cuboid
has a lower refractive index than that of the outer prism, the
presence of cuboid gives rise to the focal length and hence

makes the microjet just located at the output face of the scat-
terer. In the case that the interior cuboid has a higher refractive
index, it just has an opposite effect. So, in this sense, the in-
ner cuboid with a lower (higher) refractive index functions as
a buffer (acceleration) layer.

Aiming at the structure depicted in Fig. 1, we conducted
numerical simulation on power distributions of the light wave
scattered by prisms with different shapes. The simulation was
carried out with the aid of a commercial software CST mi-
crowave studio and a transient solver in time-domain was em-
ployed. A hexahedral mesh and open boundary condition were
adopted. The simulation was also performed on an Au sphere
with a varied diameter placed in the center of the microjet gen-

erated by the double-layer scatterer.

3. Numerical results and discussion

3.1. Characteristics of microjets generated by scatterers of
different polygonal prisms

First of all, we study the effect of prismatic scatterer’s
shape on the power distribution characteristics of the micro-
jet. As shown in Fig. 2(a), under the irradiation of plane
wave with A = R = 8.57 mm, all the polygonal prisms can
generate microjets. Among these polygonal prisms, the tri-
angular type one generates a decentralized but not compact
microjet. By appropriately designing the angles of the tri-
angle bottom face of the triangular prism, the microjet gen-
erated can be shaped. The argument is clarified by Fig. 2(b),

(a) 0 Triangular prism

.
> >

Triangular prism >

Quadrangular prism

60°—60°—60°

Apex angle

onal prism 45°_90°—45°

Octagonal prism

>

Cylinder

30°—120°-30°

Fig. 2. (a) Contour of power flow scattered by triangular prism, quadran-
gular prism, hexagonal prism, octagonal prism, and cylinder with A = R =
8.57 mm, and (b)contour of power flow scattered by triangular prism with
the angles of triangle bottom face: 60°-60°-60°, 45°-90°-45°, and 30°—
120°-30°.
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Table 1. Performances of microjets generated by different three-dimensional dielectric prisms with n = 1.41 under the irradiation of plane

wave with A = R.

Scatterer shape FL () Power enhancement FWHM (1) on output FWHM (1) on focus
Triangular prism —-0.0483 - 0.17 0.18
Quadrangular prism —-0.0006 ~8 0.51 0.51
Hexagonal prism 0.1011 ~12 0.70 0.57
Octagonal prism 0.0999 ~13 0.70 0.58
Cylinder 0.0087 ~13 0.60 0.59

where the results of three different triangular prisms with the
angles of 60°-60°-60°, 45°-90°—45°, and 30°-120°-30° are
comparatively shown. It can be seen that the width and focal
length (hence the shape) of the microjets change considerably
as the apex angle is increased from 60° to 120°. Since in the
case of triangular prism the output face is reduced into a line, it
increases difficulties in using microscopy. Thus, we no longer
carry out further study of the triangular prism.

The data in Table 1 show the power enhancement, FL,
and FWHM of the microjets generated by different polygo-
nal prisms, including triangular, quadrangular, hexagonal, oc-
tagonal prisms, and cylinder separately. As the scatterer is
changed from quadrangular to hexagonal prism, the power en-
hancement of microjet increases from 8 to 12 and the FWHM
increases from 0.514 to 0.57A. As the edge number of bottom
face of polygonal scatterer further increases from the hexag-
onal prism, the increase of power enhancement then slows
down, only from 12 to 13. Instead, the FWHM continuously
increases with the edge number of the polygonal scatterer in-
creasing. Thus, the hexagonal prism is a compromised choice
among these prismatic scatterers. The microjet generated has
a comparatively strong power enhancement ~ 12 and a com-
paratively narrow FWHM ~ 0.57A at the focus, but its fo-
cal length is ~ 0.10114 > 0. Considering that the scatterer
with a higher refractive index can generate a microjet with a
shorter FL, a double-layer hexagonal scatterer formed by an
inner cuboid with higher refractive index and an outer Telfon
hexagonal prism is proposed to generate a microjet with better

features as shown in Fig. 1(b).

3.2. Characteristics of microjets generated by combined

double-layer scatterers

For the double-layer hexagonal scatterer in Fig. 1(b), we
comprehensively study the effects of refractive index nijpgert,
side length Linr, and shape of the interior layer on the fea-
tures of microjets generated. For the application such as mi-
croscopy, we expect a strong power enhancement to ensure a
bright field of view, a narrow FWHM to ensure subwavelength

resolution and a zero FL to ensure the imaging position. Be-

sides, we prefer that the light spot still keeps compact (nar-
row FWHM) within a certain distance along the y axis and the
light intensity decays slowly, which ensures enough room to
accommodate the Au spheres of different sizes and facilitate
the study of the interaction between metal particle and light
(see Subsection 3.4).

3.2.1. Effect of refractive index njert Of insert on char-
acteristics of microjet

To study the effect of refractive index njpserr Of inner
cuboid on the features of microjet generated, we adopt the
double-layer scatterer with njee;y = 1.8, 1.6, 1.5, 1.4, and 1.3
and obtain corresponding contours of power flow shown in
Fig. 3(a). Figures 3(b) and 3(c) show the power distribution
along the y axis and x axis, respectively. As njnserr decreases
from 1.8 to 1.3, the focus position (the position of the maxi-
mum power) moves farther along the y axis, while the maxi-
mum power declines significantly and the FWHM widens.

To verify that the refractive index of inner cuboid still
follows similar adjusting function for microjets generated by
smaller double-layer hexagonal scatterer, we adopt similar
double-layer scatterers with Lgge = 5 wm, A = 500 nm, njpgery
in arange of 1.1-1.6 and calculate power distribution along the
y axis and x axis as shown in Figs. 3(d) and 3(e), respectively.
In Fig. 3(d), when njnser < 1.3, the microjet generated com-
pletely shoots out (FL > 0), and hence can be utilized outside
the scatterer. Among the scatterers with njgerr < 1.3, the scat-
terer with a lower refractive index generates a microjet with
lower power enhancement. Thus, we select the double-layer
scatterer with njnserr = 1.3 to study the interaction between mi-
crojet and Au sphere (see Subsection 3.4) because the microjet
generated has a longer FL and a relatively strong power en-
hancement. Compared with the scatterers of higher nipger(, the
scatterer with njpserr = 1.3 generates a microjet with a much
flatter power distribution curve along the y axis as shown in
Fig. 3(d). The microjet prolongs for quite a long distance,
which facilitates the study of interaction between light and Au

sphere located in microjet.
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Fig. 3. (a) Contours of power flow scattered by double-layer scatterer composed of outer hexagonal prism (Lgige = R, A = R, ngjge = 1.4) and inner cuboid
(Linsert = Lside, Minsert = 1.8, 1.6, 1.5, 1.4, 1.3); power distribution along (b) y axis and (c) x axis of microjet generated by the above scatterer; power
distribution along (d) y axis and (e) x axis of microjet generated by double-layer scatterer composed of hexagonal prism (Lgige = 5 pm, A = 500 nm,

ngige = 1.4) and cuboid (Lipgert = Lside, Minsert = 1.6, 1.4, 1.3, 1.2, 1.1).

3.2.2. Effect of side length Lj,s ¢ of insert on charac-
teristics of microjet

In this part, we adopt the double-layer scatterers com-
posed of the outer hexagonal prism (ngge = 1.4, Lgige = 5 pm)
and inner cuboid (ninsert = 1.3, Linsert = Lside» Lside/z’ Lside/4a
and Lgge/8) to study the effect of inner cuboid’s side length
Linsert on the features of microjet. As the contour of power flow
shown in Fig. 4(a), the microjets generated by the double-layer
scatterers with ni,serr = 1.3 all shoot out. Figures 4(b) and 4(c)
show the power distribution along the y axis and x axis, re-

spectively. As Liysert decreases from Lgige to Lgge/8, the FL
becomes shorter, the power becomes larger and the FWHM
becomes narrower. It can be explained as the fact that since the
refractive index of inner layer is lower than that of the outer
layer, the interior cuboid functions as a buffer layer to delay
the focusing procedure. The larger the buffer layer, the more
obvious the delay effect is. As Liysere decreases from Lgge /4 to
Lgide /8, the delay effect has changed very little. Thus, we no

longer continue to reduce Liyger¢ nOr study the effect it brings.
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Fig. 4. (a) Contours of power flow scattered by double-layer scatterer composed of hexagonal prism (Lgge = 5 um, A = 500 nm, ngjq. = 1.4) and cuboid
(Linsert = Lside» Lside /2. Lside /4 and Lgige /8, Ninsert = 1.3); power distributions along (b) y axis and (c) x axis.
3.2.3. Effect of insert shape on characteristics of microjet

After the discussion of the refractive index nipsere and side length Lingere Of the inner layer in double-layer scatterer, now we
come to study the effect of insert shape on the features of microjet. As shown in Fig. 5, the power distributions of microjets
generated by different double-layer scatterers, which separately chooses equal-sized cuboid and cylinder as the inner layer, are
very close to each other, along the y axis and x axis. This indicates that the shape of inner layer is not an important factor

influencing microjet features.
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Fig. 5. Power distributions along (a) y axis and (b) x axis of microjets generated by double-layer scatterers composed of outer hexagonal prisms
(Lsige = 5 um, A = 500 nm) and equal-sized inner layers (Binsert = 1.3, Linsert = Lside /4) of different shapes (cuboid, cylinder).
3.2.4. Optimized double-layer scatterer FWHM, three double-layer scatterers are selected and marked
in yellow in Table 2 for the better features. The first (second,
third) selected scatterer is formed by an interior cuboid with
Rinsert = 2 (1.9, 1.8), Lingert = Lside /2 (Lside /2 Lside/4) and an
outer hexagonal prism with ngge = 1.4 and Lgge = R. The

According to the above discussion, two important factors
to influence the features of microjet generated by double-layer
scatterer are refractive index nipsere and side length Lipgert Of the

inner layer. Thus, we investigate the characteristics of micro-
first scatterer generates a microjet with the strongest power

jets generated by double-layer scatterers with different com-
enhancement ~ 28.5 and the narrowest FWHM both on focus

binations of njger and Lipsere a8 shown in Table 2. With ex-
pectations of strong power enhancement, zero FL and narrow  (~ 0.2411) and in output face (~ 0.2621), with a nearly zero
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FL ~ —0.066A and dz ~ 0.1904. The second one generates
a microjet with a strong power enhancement ~ 25.2, a narrow
FWHM on focus (0.2641) and output face (0.2881), with a
nearly zero FL. ~ —0.0604 and dz ~ 0.2354. And the third
one generates a microjet with a power enhancement ~ 14.3, a
still narrow FWHM (0.408) both on focus and in output face,
and an ideal zero FL = 0 and the longest dz ~ 0.624A1.
Moreover, we investigate the power enhancement curves
of the microjets generated by three selected scatterers, within
a distance range of 0-2A, away from the output face, as shown
in Fig. 6(a).
(Minsert = 1.8, Linsert = Lside /4) has the flattest power enhance-

The microjet generated by the third scatterer

ment curve and the slowest power decay. We also investigate
the FWHM curve of the microjets in the distance range of 04
along the y axis as shown in Fig. 6(b). The microjets gen-
erated by the the first (Bipsert = 2, Linsert = Lside/2) and sec-
ond (Minsert = 1.9, Linsert = Lside /2) scatterers have much nar-
rower FWHM and more compact light spots. Two microjets
still keep narrow FWHM ~ 0.5A4 when the distance is A far
from the output face. With comprehensive consideration of
power enhancement, FL, FWHM, and the dz, we select the
first double-layer scatterer as an optimized scatterer to analyze
the multifrequency focusing features of the microjets in the
next part.

Table 2. Features of microjets generated by double-layer scatterers of different values of njpgery and Lipgery (A = R = 8.57 mm).

Tinsert Linsert Enhancement FL (A) FWHM on backside (1) FWHM on focus (1) dz (A)
2.0 0.5a 28.496 -0.066 0.262 0.241 0.190
2.0 0.25a 15.484 -0.027 0.307 0.289 0.020
1.9 0.5a 25.225 -0.060 0.288 0.264 0.235
1.8 a 24.186 -0.079 0.335 0.308
1.8 0.5a 21.595 -0.048 0.312 0.312 0.288
1.8 0.25a 14.259 0.000 0.408 0.408 0.624
1.6 a 20.492 -0.038 0.416 0.436
1.6 0.5a 16.567 -0.012 0.412 0.419
1.6 0.25a 13.074 0.006 0.487 0.556
1.5 a 12.671 0.060 0.616 0.556
14 a (no) 12.193 0.101 0.700 0.567
1.3 a 9.629 0.201 1.000 0.667
1.3 0.25a 11.863 0.105 0.766 0.616
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Fig. 6. (a) Power enhancement of microjets in distance range of 0-24, and (b) FWHM of microjets in distance range of 0-A, generated by three selected

scatterers.

Next, we try to explain why zero FL is desired by ex-
emplifying one possible application of the microjet in mi-
croscopy. Consider the case that the double-layer scatterer
acts as a field diaphragm in an optical system of the micro-
scope. For a traditional microscope, the light of incidence first
passes through the objective lens and a magnified real image is
obtained and viewed by a field diaphragm, which is located at
the front focal plane of the eyepiece. The real image is further
magnified by the eyepiece and a virtual image is obtained that

is finally seen by the observer. In the imaging process, the res-
olution of the microscope is determined by the first imaging
process of the objective lens, and the field diaphragm is only
used to limit the beam field of view.

In the case that the designed scatterer is applied to the
microscopy, the scatterer’s output face is precisely located at
the front focal plane of the eyepiece. Accordingly, the inci-
dent light is successively focused by the objective lens and the
scatterer. Consequently, a real image with higher resolution is
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generated and located just at the output face of the scatterer,
also at the front focal plane of the eyepiece. That is the reason
why zero FL is desired. As a result, the real image appears at
scatterer’s output face and is magnified by the eyepiece.

Subsequently, we further discuss why the use of the de-
signed scatterer enables the improving of the resolution of mi-
croscopy. This can be interpreted in the viewpoint of physical
optics. The imaging process of the incident light by the micro-
scope objective can be regarded as a diffraction process. The
incident light is diffracted by the objective lens and a diffracted
image is produced at the image plane of the objective lens,
named the Airy spot, i.e., the microjet here, which has a nar-
rower width of FWHM less than 0.54. This compact Airy
spot means that by use of the designed scatterer, the diffrac-
tion limit can be broken through and the resolution is thus pro-
moted.

Apart from the merit of resolution improvement, the scat-
terer proposed here also suffers the beam astigmatism. To clar-
ify this point, in Fig. 7 we show the power distributions of
above-mentioned three selected double-layer scatterers on the
yz-plane and xy-plane. One can see that a quasi-symmetric
light spot is observed in each case. This is characterized
by the fact that the power distribution on sagittal plane (xy-
plane) plane is more compact than that on meridional plane
(yz-plane). This phenomenon may be explained by the differ-
ence between the geometric shapes of the scatterer projected
into the yz- and xy-planes, which are hexagonal and rectangu-
lar, respectively. The different geometric shapes projected into
the yz- and xy-planes cause the beam astigmatism and hence
the quasi-symmetric light spot.

MNinsert = 20a Liusert = Lsixle/Q

T
| Y

Minsert — 1.9, Linscn = Lsidc/Q

Fig. 7. Contours of power flow scattered by (a) the first selected scatterer
with nipgert = 2 and Linsert = Lsige /2, (b) the second selected scatterer with
Rinsert = 1.9 and Lipsert = Lgide/2, and (c) the third selected scatterer with
Ninsert = 1.8 and Lingery = Lgide /4 on yz-plane (left column) and xy-plane
(right column).

According to the ray optics, the beam astigmatism is de-
termined mainly by the dimension of the field of view. In re-
spect to the scatterer system considered here, it is determined

mainly by the dimensions of the scatterer projected onto the

yz- and xy-planes because both determine the beam size. This
means that one can adopt the following measures to reduce
the astigmatism effect. One is to reduce the whole size of the
scatterer and/or the differences between the dimensions of its
projection onto the yz- and xy-planes, and the other is to adopt
an anisotropic scatterer with a graded refractive index. Specifi-
cally speaking, the refractive index increases with the distance
from the center of the hexgonon increasing, i.e., the farther
from the center it is, the larger the refractive index is.

3.3. Characteristics of microjet generated by optimized
scatterer at harmonic frequencies

Aiming at the optimized scatterer, we next investigate
the effects of harmonic frequencies on features of the mi-
crojet generated. The characteristic parameters of micro-
jets generated by the optimized scatterer at the fundamental
(fo =35 GHz, A4y = 8.57 mm), second (f] = 2fo, A1 = Ap/2)
and third frequency (f> = 3fp, A2 = A9/3) are shown in Ta-
ble 3. It is seen that the focal length is —0.0664g, —0.026A,
and —0.015Ag, the power enhancement is 28.5, 39.4, 30.1,
and the FWHM is 0.262A, 0.1402¢, 0.084 A, respectively. In
three cases, the power enhancement is strong (> 28), the FL
is nearly zero, and the FWHM is very narrow (< 0.26519).
All the microjets generated at harmonic frequencies have bet-
ter features than the microjets generated by cuboid.!!%!!] The
power distributions along the y axis and x axis are shown
in Figs. 8(a) and 8(b), respectively. As can be observed,
the strongest intensity of microjet is obtained at the second
harmonic frequency, with a power enhancement ~ 39.4. In
Fig. 8(b), we obtain the power distribution curve normalized
by this maximum intensity among all three cases, and find that
the microjets generated at the second and third harmonic fre-
quency still show good shapes. In practical applications, it
provides more flexibility in choosing light wavelength.

Table 3. Characteristics of microjet generated by optimized double-layer
scatterer formed by outer hexagonal prism (njpserr = 1.41, Lgige = L) and
inner cuboid (Minsert = 2, Linsert = Lside /2) at harmonic frequencies.

f(GHz) Focal length (1) Power enhancement FWHM (1) 6z (1)

35 —-0.066 28.5 0.262 0.19
70 -0.026 39.4 0.140 0.11
105 -0.015 30.1 0.084 0.08

Similarly, we study the features of microjet generated by
the second selected double-layer scatterer formed by an outer
hexagonal prism (nipsert = 1.41, Lgjge = L) and an inner cuboid
(Minsert = 1.9, Linsert = Lside/2). The features and power dis-
tribution along y axis and x axis of the microjet are shown in
Table 4, Figs. 8(c) and 8(d). The second selected scatterer
also has good multifrequency focusing properties, with strong
power enhancement (25, 33.4, 18), near-zero FL (~ 0) and
narrow FWHM (< 0.291) at harmonic frequencies.
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Fig. 8. Power distributions of microjets generated by optimized scatterer along (a) y axis and (b) x axis; power distributions of microjets generated by
the second selected scatterer along (c) y axis and (d) x axis at harmonic frequencies.

Table 4. Characteristics of microjet generated by the second selected
scatterer formed by outer hexagonal prism and inner cuboid (nipsery =
1-99 Linsen = Lside/z)-

f(Hz) Focal length (1)  Power enhancement ~ FWHM (1)
35 -0.060154387 25 0.287649638
70 -0.026418228 33.4 0.15589776
105 0.018434305 18 0.159926893

3.4. Interaction between Au spheres and microjet

We also study the effect of an Au sphere present in the
microjet on the power distribution. As mentioned in Subsub-
section 3.2.2, we place a gold sphere (Ga, = 4.561 x 107 S/m)
into the microjet generated by double-layer scatterer com-
posed of an outer hexagonal prism (ngjge = 1.4, Lsjge = 5 pum,
A =500 nm) and an interior cuboid (Mipeert = 1.3, Linsert =
Lg4e). The inner cuboid has a smaller refractive index than
that of the outer prism, which acts as a buffer layer and makes
scatterer generate a microjet with a relatively long focal length
and a relatively slow intensity decay. This provides enough
room to place Au sphere of different size in the microjet.

Figure 9(a) shows the contours of power flow scattered by
the double-layer scatterer, with Au spheres of different diam-
eters (day, = 0.024, 0.084, 0.144, 0.24, and 0.264) present
separately in the center of the microjet. Figures 9(b) and 9(d)
give the power distribution along the y axis and x axis, re-
spectively. Comparing with the microjet in the case of no Au

sphere present, the power distribution curve in Fig. 9 shows
the following features. Firstly, the power has a sharp increase
at the position of Au sphere edge denoted as the red circle in
Fig. 9(c). When da, = 0.0214, 0.04A, 0.06A, and 0.08A, the
size of metal particle is much smaller than wavelength. For
the case of da, = 0.024, since the radius is only one percent
of the wavelength, a localized surface plasmon is observed
at the interface between Au sphere and air medium. When
dau > 0.14A, this phenomenon gradually disappears. It can
be explained as the fact that the extinction spectrum of the lo-
calized surface plasmon is red-shifted with the increase of the
particle size.!'>"'4] It means that the resonance wavelength in-
creases with the increase of Au sphere’s diameter. Thus, in
the case of a fixed wavelength and an increasing Au spherical
diameter, the localized surface plasmon phenomenon weakens
and fades away. Secondly, after a sharp increase, the power
declines to 0 quickly due to the metal absorption of Au sphere
as shown by a spherical dark spot in the microjet in Fig. 9(a),
and there appear locally sunken phenomena in power distribu-
tion curves along the y axis and x axis in Figs. 9(b) and 9(d).
The relationship between the size of dark spot and the diam-
eter of Au sphere is further studied, and the results show that
the length of spherical dark spot along the x axis and the y axis
are close to the diameter of Au sphere, as shown by the red
and black fitted lines in Fig. 9(e).
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Fig. 9. (a) Contours of power flow scattered by double-layer scatterer (Lgige = 5 pm, A = 500 nm, ngge = 1.4, Linsert = Lside» Minsert = 1.3) with
Au spheres with different diameters present in the microjet; power distributions along ((b), (c)) y axis and (d) x axis; (e) fitted line of relation

between length of dark spot and diameter of Au sphere.

In addition, we study the effect of an Au sphere present
in the microjet generated by quadrangular prism (L = L, = R,
A = R = 8.57 mm) on the power distribution. In the case of an
Au sphere with different diameters (day, = 0.084, 0.144, 0.24,
0.264, and 0.31) present in the microjet, a spherical dark spot
emerges there due to metal absorption shown in Fig. 10(a).
The dark spot is also seen as a locally sunken phenomenon in
power distribution curve along y axis and x axis in Figs. 10(b)
and 10(c), respectively. The lengths of dark spot along x axis
and y axis are close to the diameter of Au sphere as shown by
the red and the black fitted lines in Fig. 10(d).

In the case that Au sphere present in microjets gener-
ated by the double-layer hexagonal scatterer (A = 500 nm,

dau < 0.11), there occurs localized surface plasmon reso-
nance phenomenon at the interface between Au sphere and air
medium. Since the features of plasma are greatly affected by
the properties of the medium, the phenomenon can be used for
sensing the complex environmental medium.!">! In the case
of quadrangular prism (A = R and da, > 0.081), the local-
ized surface plasmon does not emerge because the size of Au
sphere is not matched with the wavelength. However, the
spherical dark spot in microjet due to metal absorption exists
in both cases. Since the length of dark spot has an approxi-
mately linear relation with the diameter of Au sphere, the fea-

ture can be used to measure the size of a metallic particle.
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4. Conclusions

We have demonstrated power distribution characteristics
of photonic microjet generated by scatterers with different
shapes, including triangular, quadrangular, hexagonal, octag-
onal prisms, cylinder, and double-layer hexagonal scatterers.
The demonstration focuses on the effects of the refractive in-
dex, size, and shape of the inner layer of the double-layer
scatterer on the power distribution of microjet generated. The
demonstration also focuses on effects of harmonic frequencies
and an Au sphere present in the microjet. Some conclusions
can be made below.

(i) Microjet is formed by overlapping the light waves scat-
tered by the micro-particle in nature. It can be simply modeled
as the focusing of scattered light waves by a polygonal prism
lens, and the polygonal prism functions as a lens.

(i) As the scatterer is changed from quadrangular to
hexagonal prism, the power of microjet increases significantly.
As the edge number of bottom face of polygonal scatterer fur-
ther increases from the hexagonal prism, the increase of power

then slows down. Instead, the FWHM continuously increases
with the edge number of the polygonal scatterer increasing.
Thus, the hexagonal prism is a compromised choice. Based
on the hexagonal prism, a double-layer scatterer is proposed
to improve the features of microjet generated.

(iii) Both the refractive index and the size of inner layer of
double-layer scatterer are important factors influencing micro-
jet features. As the refractive index and size increase, the focal
length becomes short and the power enhancement increases.

(iv) The optimized double-layer scatterer is formed by a
hexagonal prism with Lg4. = R, nsige = 1.4 as the outer layer,
and a cuboid with Lipse;t = Lgide /2, Minsert = 2 as the inner layer.
It generates a microjet with a strong power enhancement of
~ 28.5, a narrow FWHM of ~ 0.262A and a nearly zero FL.

(v) A study on the effect of harmonic frequencies on the
features of microjet shows that the microjet generated at the
second harmonic frequency 2 fj has the largest power enhance-
ment, while that generated at the third harmonic frequency 3 fy
has the narrowest FWHM. The multifrequency focusing mi-
crojets all show good shapes.

034201-10



Chin. Phys. B 31, 034201 (2022)

(vi) In case of an Au sphere present in the microjet, a
spherical dark spot emerges there due to metal absorption.
The length of the dark spot is very close to the diameter of
Au sphere. In the case that the size of gold sphere is much
smaller than the wavelength (A = 500 nm), a localized surface
plasmon resonance phenomenon is observed at the interface
between Au sphere and air medium.
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