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The properties of the photonic nanojet generated by a two-layer dielectric microsphere are studied. Simulation results
indicate that this novel structure can generate a photonic nanojet outside its volume when the refractive index contrast
relative to the background medium is higher than 2:1 in the condition of plane wave incidence. When the refractive
index is smaller than 2, we show that an ultralong nanojet generated by the two-layer hemisphere has an extension of
28.2 wavelengths, and compared with the homogeneous dielectric hemisphere, it has superior performance in jet length
and focal distance. Its dependence on the configuration and refractive index is investigated numerically. According to the
simulation of the two-layer dielectric microsphere, a photonic nanojet with a full width at half maximum (FWHM) less than
1/2 wavelength is obtained and the tunable behaviors of the photonic nanojet are demonstrated by changing the reflective

indices of the material or radius contrast ratio.
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1. Introduction

A specific phenomenon named photonic nanojet was first
numerically discovered in Ref. [1]. When a plane-wave il-
luminates a dielectric microsphere, a high-intensity electro-
magnetic beam (photonic nanojet) will appear and propagate
from the shadow-side surface. A photonic nanojet is a non-
evanescent propagating beam!?! with a high intensity that can
significantly exceed the intensity of the incident light (), and
it can extend farther than the incident wavelength (). More-
over, photonic nanojet has a subwavelength waist and its mini-
mum full width at half maximum (FWHM) beamwidth can be
smaller than the classical diffraction limit.

A photonic nanojet can provide a high-intensity elec-
tromagnetic beam in a narrow space, so it can be used
to detect nanoparticles of size well below the classical
diffraction limit?®! and it is available for photolithogra-
phy on the nanoscale.*] Due to their superior perfor-
mance, photonic nanojets have good application prospects
in microscopy,®®! low-loss waveguide,[*!%! and ultrahigh-
density optical storage.!!!] Besides microspheres, researchers
have designed many structures to obtain photonic nano-
jets, such as microdisk,"?! axicon particles,!'*] hemispheric
shell,['¥] elliptical particles,!'>! irregular particle,!'®! and mi-

croparticle array.[!7-19]
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However, the results of the previous research show that
the photonic nanojet generated from a microsphere can only
exist outside of the structure under the condition of the re-
fractive index contrast relative to the background lower than
2:1,1201 50 the microsphere with n > 2 cannot be used in air.
In this aspect, the application range of photonic nanojet would
be limited. From the point of view of application, researchers
expect that the photonic nanojets extend as far as possible
in the propagating direction. To achieve this goal, some re-
search about photonic nanojet has been done. Studies found
that a composite particle with graded-index can lengthen the
nanojet.[>=23! Later, Shen ef al. showed that for a two-layer
microsphere, the effective length of the photonic nanojet could
be extended to 22A.1%*! Further study found that an extra
long photonic nanojet can be generated by liquid-immersed

5,12-271 but the low intensity and wide beam

microparticle
waist restrict its application. Besides, Liu et al. found that a
photonic nanojet generated from a truncated dielectric micro-
sphere is tunable through variation of the cutting thickness. %%

Inspired by the research mentioned above, in this paper, a
novel structure, i.e., a microparticle with a two-layer dielec-
tric hemisphere configuration, is proposed. This two-layer
dielectric hemisphere can combine the superiorities of mul-
tilayer structure and truncated dielectric microsphere. Com-

paring with the conventional microsphere, the two-layer di-
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electric hemisphere can easily focus on the outside when the
refractive index contrast relative to the background medium is
higher than 2:1, and generate a photonic nanojet far from its
flat surface. In addition, the photonic nanojet from the novel
structure has superior performance in the jet length and the
focal distance compared to that from the homogeneous hemi-
sphere. It is possible to obtain such microparticles experimen-
tally with the development of the fabrication techniques. Ther-
mal reflow process?®! and ion exchange technique?%3!1 show

the viability in future experiments.

2. Numerical model

Here we consider a dielectric composite hemisphere con-
sisting of a core and a concentric shell with different refrac-
tive indexes. Figure 1(a) shows the schematic diagram of the
two-layer dielectric hemisphere. Figure 1(b) shows the key
parameters of the two-layer dielectric hemisphere, which con-
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sists of a core with the radius R, = 1.5 um and a shell with
the radius Ry = 3 um. Their reflective indices are n. and ng,
respectively. The surface of the hemisphere overlaps with the
x—y plane and its center is at the origin of the coordinate sys-
tem. The whole structure is placed in the air. Light source, an
y-polarized plane wave with wavelength A = 400 nm and unit
intensity, propagates along the z-direction and impinges on the
two-layer dielectric hemisphere from left.

We use four key parameters to characterize the photonic
nanojet quantitatively: the peak intensity Ip, the focal distance
f from the shadow side surface to the focal point, the effective
length L, which is from the focal point to the point where the
intensity drops to 1/e of Ip, the jet length D, which is from
the shadow side surface to the point where the intensity is 21
(intensity of the incident light), and the FWHM w of the focal
point in the y-direction. In this paper, we choose the wave-
length as the unit of the parameters.

Ip Ip/e 2[(]
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Fig. 1. (color online) (a) Schematic diagram of two-layer dielectric hemisphere. (b) The two-layer dielectric hemisphere illuminated

(b)
—»

by a plane wave and key parameters of the photonic nanojet.
3. Result and discussion

We use CST simulation software to study theoretically the
characteristics of photonic nanojets, which are generated at the
shadow side surface of the two-layer dielectric hemisphere il-
luminated by a plane wave. Figure 2(a) shows the situation of
photonic nanojet formation from a conventional microsphere
in air with R = 3 pum and n = 2 (silicon nitride?*). It is clear
that the microsphere focuses the incident light mostly inside its
volume. In order to focus on the outside, we consider a two-
layer dielectric hemisphere with R, = 1.5 pm, n, = 2.0 and
Ry =3 um, ng = 2.8 (Brookite) as an example. Figure 2(b) is
the optical field intensity distribution in the y—z plane of the
two-layer hemisphere. The results show that the two-layer di-
electric hemisphere can focus the incident beam away from
the surface. So we can easily obtain photonic nanojets out-
side a two-layer dielectric hemisphere when the refractive in-
dex contrast relative to the background medium is higher than
2:1. That is to say, we can fabricate particles by some high
refractive index materials such as barium titanate,!'*! doped

semiconductor,?* diamond, 2! and potassium tantalate. (331

r

|

Fig. 2. (color online) Normalized intensity distributions of photonic
nanojets generated from (a) a homogeneous dielectric microsphere with
R =3 pum, n = 2.0 and (b) a two-layer dielectric hemisphere with
Ry =3 um, ng =2.8 and R, = 1.5 um, n. = 2.0.

Although truncated microspheres such as hemispheres
can also achieve the goal mentioned above, the photonic nano-
jet generated by the two-layer dielectric hemisphere has su-
perior performance in jet length and focal distance, especially
for low refractive index materials. The simulation results show
that the photonic nanojet generated from the two-layer dielec-
tric hemisphere has a good performance when the refractive
index of the material is less than two. The two-layer dielectric
hemisphere composed of conventional optical materials also
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has the capacity to generate a high quality photonic nanojet.
Figures 3(a) and 3(b) show the simulation results of a hemi-
sphere placed in air with different structures. From Figs. 3(a)
and 3(b), we find that the photonic nanojet generated from the
two-layer dielectric hemisphere has a jet length D of 28.2A,
which is almost three times as long as that of the homogeneous
dielectric hemisphere. The FWHM increases compared with
the homogeneous dielectric hemisphere while the focal dis-
tance increases by 5.754 (f increases from 2.84A to 8.591).
Although the intensity of the focal point decreases to 36%
compared with the homogeneous dielectric hemisphere, it is
still a high intensity. From the above, the two-layer dielectric
hemisphere can focus the incident beam outside its volume
when the refractive index contrast relative to the background
medium is higher than 2:1, such a capability may provide more
choice of material to fabricate the microparticles. Moreover,
the ultralong jet length will make the nanojet more viable in
rough surfaces of samples and far-field applications.
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Fig. 3. (color online) Normalized intensity distributions of photonic
nanojets generated from (a) a single dielectric hemisphere with R =
3 um, n = 1.8 and (b) a two-layer dielectric hemisphere with Ry =3 um,
ns = 1.8 and R, = 1.8 um, n. = 1.5. The lower panel plots the intensity
profile along the z direction, and the transverse profile at the focal point
is also shown in the inset.

The light distribution through the two-layer hemisphere
at different incident wavelengths from 400 nm to 1000 nm is
investigated. Figures 4(a)-4(d) show the normalized intensity
distributions of photonic nanojets at different incident wave-
lengths through a two-layer dielectric hemisphere (Ry = 3 pum,
ns = 1.8, and R, = 1.5 um, n. = 1.5). As the incident wave-
length increases, the focal distance f decreases from 3.21 um
to 1.72 um. The light through the core region tends to scatter
from optically denser medium to optically thinner medium, so
that emergent light focuses far away from the surface. The
longer the wavelength of the incident light is, the weaker the
refraction effect is, besides, less light enters the core region,
therefore, the focal distance f decreases with increasing inci-
dent wavelength. At the same time, as the incident wavelength
increases, the peak intensity Ip decreases while the FWHM
increases. The two-layer hemisphere illuminated by a plane-
wave with a wavelength of 400 nm can generate a photonic
nanojet with better performance. So we choose 400 nm as the
incident wavelength in the simulation below.

A =400 nm

A =600 nm A =800 nm

—— A=400 nm
50T (o) —— A=600 nm
— A =2800 nm
40F —— A =1000 nm
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w
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Fig. 4. (color online) (a)—(d) Normalized intensity distributions of pho-
tonic nanojets at different incident wavelengths through a two-layer
dielectric hemisphere with Ry = 3 um, ng = 1.8, and R; = 1.5 um,
ne = 1.5. (e) The intensity profiles along the z direction of photonic
nanojets at different incident wavelengths, and the transverse profiles at
the focal point are also shown in the inset.

Considering structural differences from production pro-
cesses of microparticles, the effect of the radius contrast ratio
on photonic nanojet is studied. Figures 5(a)-5(j) show that
the photonic nanojets generated from two-layer hemispheres
in air with different radius contrast ratios. The plane wave
with wavelength A = 400 nm and unit intensity impinges on

114201-3



Chin. Phys. B Vol. 26, No. 11 (2017) 114201

the two-layer dielectric hemisphere from the top. The ng, nc,
and R, are kept at 1.8, 1.5, and 3 um respectively, while the ra-
dius contrast ratio is varied from 10:0 to 10:9. It is obvious that
the radius contrast ratio plays an important role in determin-
ing the properties of the photonic nanojet. From the intensity
distribution, the key parameters of the photonic nanojet vary
a lot when changing the value of Ry : R.. We obtain an ultra-
long nanojet with jet length D of 11.28 um (~ 28.201) when
Ry : R. = 10: 6. The simulation results show that we can obtain
an ultralong photonic nanojet by adjusting the radius contrast
ratio. Even with a radius contrast ratio lower than 10:7, the
two-layer hemisphere could focus the incident light to a single
point rather than a series of disconnected points in Ref. [14].
In Figs. 5(a)-5(f), as the radius contrast ratio decreases,
the focal distance f and the effective length L become longer
while the intensity becomes weaker. In contrast, in Figs. 5(g)—
5(j), as the radius contrast ratio decreases, f and L become
shorter while the intensity becomes stronger. The change of
the structure is the reason why the key parameters do not vary
monotonously. Figure 5(a) shows that in homogeneous dielec-
tric hemisphere, the light through the core region is focused
with a lesser angle against the axis compared to the light trans-
mitting through the margin, due to the difference of the inci-
dent angle at the convex side of the hemisphere.!!3] In fact,
more than one focal point can exist along the propagation di-
rection. By changing the core material from optically denser
medium to optically thinner medium, the light through the core
region tends to scatter, so that emergent light focuses far away
from the surface. When R, increases, more light transmitting
through the core leads to a longer focal distance f. As the ra-
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dius contrast ratio decreases, the light through the core and the
margin tend to get close with considerable intensity, finally
merging into a single focal point in the intensity distribution
and form a photonic nanojet with a long jet length. However,
as the contrast ratio decreases continuously, less light trans-
mitting through the margin and light through the core is almost
dominant, so f and L become shorter. Photonic nanojets gen-
erated from hemispheres with different radius contrast ratios
from 10:5 to 10:9 can be used in practical applications.

The refractive index of the materials has an influence on
the intensity distribution. Figures 6(a) and 6(b) show the focal
distance f, the FWHM w, the intensity Ip, and the effective
length L of the photonic nanojet when the reflective index (ns)
of the shell is varied from 1.4 to 1.8. In Fig. 7, as ng increases,
the focal distance f, the FWHM w, and the peak intensity Ip
decrease. Figures 7(a) and 7(b) show the simulation outcome
of two-layer dielectric hemispheres with different reflective in-
dices (n.) of the core material. It can be seen that the peak
intensity Ip increases with the reflective index increasing from
1.3 to 1.7, while the effective length L, the focal distance f,
and the FWHM w are up to their maxima, respectively. In the
two cases mentioned above, all parameters change a lot with
increasing reflective indices of the materials. It is worth noting
that the focal distance f and the FWHM w have the same trend.
Moreover, the minimum of FWHM w is 167.8 nm (ng = 1.6,
n. = 1.3), which is smaller than the classical diffraction limit
A/2. That is to say, the photonic nanojet generated by the

two-layer dielectric hemisphere can be tunable by changing

the reflective indices of the materials.

Ry R.=10:3 Ry:R.=10:4

Rs:R.=10:8 Rs:R.=10:9

Fig. 5. (color online) Normalized intensity distributions of photonic nanojets generated from hemispheres (Ry = 3 um, ng = 1.8,

ne = 1.5) with (a)—(j) different radius contrast ratios.
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Fig. 6. (color online) Four key parameters of photonic nanojet as a
function of the shell refractive index (ns) for the two-layer dielectric
hemisphere with Ry =3 um and R, = 1.5 pm, n, = 1.3. (a) Focal dis-
tance f and FWHM w as a function of ns. (b) Peak intensity /p and
effective length L as a function of ns.
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Fig. 7. (color online) Four key parameters of photonic nanojet as a
function of the core refractive index (n) for the two-layer dielectric
hemisphere with Ry =3 pum, ng = 1.8, and R, = 1.5 pm. (a) Focal dis-
tance f and FWHM w as a function of n.. (b) Peak intensity /p and
effective length L as a function of n.

We notice that the effective length L becomes complex
in both cases. We choose Fig. 7 (change the material of the

core when ng = 1.8) as an example. A small value of n. means

a small value of n¢/ng, which leads to a small critical angle,
and the internal reflection between the core and the shell dom-
inates while less light transmits through the core. So the low
ne in this case causes low values of Ip, f, and L. As n¢ in-
creases, the critical angle increases gradually and more light
passes through the periphery of the core, so the focal distance
f and the effective length L increase accordingly, then the fo-
cal point tends to be close. When the two adjacent points with
considerable intensity are close enough, they may be consid-
ered as one, so the effective length L can be extra long at the
moment. As n. continuously increases, the internal reflection
on the boundary between the core and air dominates, and the
core tends to focus the light more efficiently, resulting in a
shorter effective length L. However, the increase of ng affects
not only the light through the core, but also on the light through
the margin, so the effective length L in Fig. 6(b) become more
complex.

In addition, we use a parameter called figure of merit!?!]
Q to characterize the photonic nanojet. Kong ef al. defined the
figure of merit Q as (Ip x L)/w. Figures 8(a)-8(d) show the L,
w, Ip, and Q as a function of the refractive indexes of the shell
(ns) and core (n.), respectively. Figure 8(a) shows that we
can obtain a photonic nanojet with L = 11.35A (ns = 1.8 and
ne = 1.45), and it is clear that the effective length L of the pho-
tonic nanojets can be ultralong when ny is slightly larger than
n.. FWHMSs of most photonic nanojets in the simulations are
below the incident wavelengths, and lower FWHMSs, which are
below a half of the incident wavelength, are obtained when ng
is much higher than n.. However, the peak intensity Ip weak-
ens when ng < n. because of the internal reflection between
the shell and the core, and the maximum /Ip (ng = 1.55 and
ne = 1.75) is 17.5 times as high as the minimum /p (ng = 1.8
and n, = 1.3). The distribution of Ip directly affects the distri-
bution of Q. Figure 8(d) shows that the photonic nanojets with
long effective length L (when ng > n.) have lower Q because
of the lower Ip, however, it does not mean that the quality of
those photonic nanojets is poor. Here, we choose two exam-
ples to explain. Figures 8(e) and 8(f) show the normalized in-
tensity distributions of photonic nanojets with the lower figure
of merit (Q = 200) and the higher figure of merit (Q = 1093),
respectively. Obviously, the photonic nanojet with lower Q in
Fig. 8(e) is more practicable in reality than the two discon-
nected focal points with higher Q. It is shown that photonic
nanojets with high quality can be generated when ng > n., and
we can change materials to optimize the parameters of the pho-

tonic nanojets.
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Fig. 8. (color online) (a) The effective length L, (b) FWHM w, (c) intensity Ip, and (d) figure of merit Q as a function of the refractive indexes
of the shell (n) and core (n¢). In each illustration, the part above on the dotted line represents the situations when ng > ne. The normalized
intensity distributions of photonic nanojets generated from hemispheres with (e) ns = 1.8, nc = 1.55, and (f) ny = 1.3, nc = 1.55.

4. Conclusion

This paper introduces a two-layer dielectric hemisphere
to realize a photonic nanojet far away from its surface. This
configuration can focus the incident beam outside its volume
when the refractive index contrast relative to the background
medium is higher than 2:1. Compared with the homogeneous
dielectric hemisphere in the same condition, the focal distance
increases by 18.36A with a focal distance f of 8.59A.

Moreover, the calculation results show that the effect of

radius contrast ratio and refractive index of material on prop-
erties of the photonic nanojet is obvious. We obtain an ultra-
long nanojet with jet length D of 11.28 pm (~ 28.20A1) when
Rs : R. = 10 : 6. In our simulation calculations, the smallest
FWHM w is 167.8 nm (ng = 1.6, n. = 1.3), which is smaller
than the classical diffraction limit /2. In such a case, the
photonic nanojet with high Q combines the merits of both high
spatial localization and high peak intensity, and with the longer

D brings a convenience when working in a long distance. The
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photonic nanojet generated by the two-layer dielectric hemi-

sphere is tunable by changing the reflective indices of the ma-

terials or the radius contrast ratio. We believe this study will

be helpful in fields of nano-optics.
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