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Ultrahigh Quality Factor Photonic Nanojets
Generated by Truncated Microtoroid Structures

Yajie Chen, Ying Wang, Xintao Zeng, Shifa Pan, Musheng Chen, Yongxi Zeng,

Baoyu Fu, Pinghui Wu

Abstract—A photonic nanojet (PNJ) is a highly confined light
beam that focuses from the shadow side of microparticles. In
46.47ithis work, we propose a PNJ with ultrahigh quality factor
formed by dielectric truncated microtoroid. The key properties
of PNJ, such as the maximum intensity, the length of PNJ, the
full-width at half maximum (FWHM), are studied in detail using
finite-difference time-domain (FDTD) analysis. The results show
that a PNJ with an enhanced intensity of 55.21 times to the incident
light, superlong length of 46.47\ and subwavelength FWHM of
0.77A is formed by semi-microtoroid, thus, an ultrahigh quality
factor of 3308.68 is achieved. More importantly, the properties
of the PNJ are tunable by changing the truncated proportions of
the microtoroid. The structure we proposed has the advantages
of compact structure and simple experimental operation, which
is expected to apply in many research fields, including optical de-
tection, optical data storage, super-resolution image, nanopattern,
nanolithography, and so on.

Index Terms—Photonic nanojet, truncated microtoroid, quality
factor, FDTD.

1. INTRODUCTION

PHOTONIC nanojet (PNJ) is a tightly focused light beam
A with a high-intensity peak, long length and subwavelength
waist that emerges from the shadow surface of a transparent
microparticle. The first report of this phenomenon is Benincasa
et al. in 1987 [1]. The conception of PNJ is proposed by Chen
et al. in 2004 [2]. Since then, the PNJs have attracted much
attentions of researchers for its potential applications, includ-
ing nanoparticles sensing [3]—[5], all optical switch [6], opti-
cal subwavelength detection [7]-[9], optical data storage [10],
super-resolution image [11]-[14], and orbital angle momentum
[15].
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Fig. 1. Schematic diagram of truncated microtoroid structure to generate PNJ.
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Fig. 2.  The xoy plane view of the truncated microtoroid structure.

Many demonstrations show that the key properties of the PNJ,
including maximum intensity, the length of PNJ, and FWHM,
depend on the geometric parameters (size, shape, etc.), refractive
indices of the micro-particles and output wavelength of the
incident light [16]-[20]. For these applications, the enhanced
electric field intensity, the ultralong length of PNJ and narrow
beam waist of PNJs are especially expected by researchers.
Traditionally, the microsphere or microcylinder is employed to
form PNJ [21]-[24]. However, the generate point, which means
the position where PNJ firstly formed, is very close to the shadow
surface of the microstructure in these cases, which constrict
the applications where need long working distance. In order to
improve the quality of PNJ, other geometric structure, such as
microcuboid [25], [26], microfiber [27], [28], microtoroid [29]
and microaxicon [30], are proposed for generating of PNJs.
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Fig. 3.

FWHM of PNJ, (e) power flow of the PNJ.

In this paper, we design truncated- microtoroids with different
truncated proportions to generate PNJs using finite-difference
time-domain (FDTD) simulations. The dielectric microtoroid
can be fabricated by the technique of short-pulse CO5-laser
reflow treatment, which is studied in the researches of micro-
toroid and micro-resonators [29], [31]. The XeFs dry etching
and the COs, laser exposure also can fabricate such a microtoroid
[32]. And then, the focused ion beam (FIB) method [33], [34]
is applied to the microtoroid structure to fabricate truncated
microtoroid with different height. A PNJ with an enhanced
intensity of 55.21 times to the incident light, ultralong length up
to 46.47A, narrow FWHM of 0.77A and high quality factor of
3308.68 generated by the semi-microtoroid. Moreover, the key
properties of PNJs are tunable by changing the different trun-
cated proportions, which means the proposed structure can adapt
to different application fields, including optical detection, optical
data storage, super-resolution image, nanopattern, nanolithog-
raphy and biomedical imaging. Compare with the traditional
microsphere and microcylinder structures, the PNJ generated
from truncated microtoroid structure has long working distance
and higher maximum intensity. What is also worth mention
that the truncated microtoroid is height-tunable compare with
traditional microtoroid or microaxicon.
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The PNJ generated by semi-microtoroid: (a) electric field intensity distribution, (b) 3D electric field intensity distribution, (c) the length of PNJ, (d) the

II. STRUCTURE AND METHOD

The properties of PNJ, including maximum intensity, PNJ
length and FWHM, depend significantly on the dimension and
material of the microparticle. Fig. 1 shows the schematic of pho-
tonic nanojet generated by the proposed truncated microtoroid
structure. The plane wave with a wavelength A = 400 nm is
injected to the surface of the truncated microtoroid along x axis
forward direction. R, and R; are the outer and inner radius of
the truncated microtoroids, which is set as 4A and X respectively.
n,is the refractive index of background medium, in this case we
assume it as air, that is, n, = 1. Here, ng, the refractive index
of the truncated microtoroid, is set as 1.47, which encounter
the refractive index of silica in 400 nm. As for the properties of
PNJ, I,,.x is maximum intensity, which means the enhancement
compare with the incident light. Lpy is the length from the point
of 1/€? value of I,,,, in the formed side to the point of the 1/¢?
value of I, in the decay side. w; stands for full width at half
maximum (FWHM), means the waist diameter of the PNJ.

To better understand of the truncated proportion, the xoy view
of the proposed structure is shown in Fig. 2. The length of whole
microtoroid is set as D = 10X , and the microtoroid is truncated
by different proportions d (5A in Fig. 2) in order to generating
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Electric field intensity distribution of the PNJs formed by truncated microtoroid structure with different truncated proportions: (a) d = 0, (b) d = A, (¢)

d=2A,(d)d=3xr(e)d =4xr,(f)d = 5x1,(g) d = 6A, (h)d = 7x, and (i) d = 8A. (j) maximum intensity differences of the PNJ formed by truncated microtoroid

structure with different truncated proportions.

PNIJ with different properties, which is discussed in detail in next
part.

III. RESULTS AND DISCUSSIONS

The simulations of photonic nanojets generated by trun-
cated microtoroid are employed by using the finite-difference
time-domain (FDTD) method. In order to ensure the accu-
racy of the calculation, the simulation region is set up to be

31 pm x 10 gm x 10 pm and non-uniform mesh with minimum
mesh step of 0.25 nm is applied. Perfectly matched layers (PML)
are arranged around the boundaries.

To begin with, we investigate a case of semi-microtoroid,
that is, d = D/2. Fig. 3(a) shows the electric field intensity
distribution of PNJ generated by the semi-microtoroid and
Fig. 3(b) show a three-dimension (3D) of the electric field
intensity distribution. From figs 3(a) and 3(b), we can roughly
recognize that the maximum intensity of the PNJ generated
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Fig. 6.
formed by truncated microtoroid structure with different truncated proportion.

from the semi-microtoroid is ~50 times of incident light, which
is a large enhancement. It is also worth mentioning that the
PNIJ generated far away from the shadow surface of the semi-
microtoroid. Fig. 3(c) gives the axial electric field intensity, the
length of PNJ formed by the semi-microtoroid is 18.59 pm
(~46.471). The distribution of the PNJ along y axis is depicted
in Fig. 3(c), which gives the subwavelength FWHM of the
PNJ formed by the semi-microtoroid of 0.308 pm (0.771). To
better understand the mechanism of the PNJ formed by the
proposed truncated microtoroid structure, we investigate the
power flow of semi-microtoroid in Fig. 3(e). The energy flow
of the incident light is deflected by the truncated microtoroid
and then converges. A collimation of the incident field by the
microtoroid, and interferences between the field scattered by the
dielectric microtoroid and the incident field can form the focused
beam with small diffraction.

For general research, the PNJs generated by the microtoroids
truncated in different proportions are investigated. Here, D is
supposed as 10A , the d varies from O to 84 in an interval
of X. Fig. 4(a)-(i) give the electric field intensity distribution
results of PNJs generated by truncated microtoroids with dif-
ferent truncated proportions d. We can find out that the PNJs
generated by all cases have a large intensity enhancement to the
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incident light, and the lengths of PNJs are large than 5 pm (10A).
The maximum intensity of PNJ variance caused by different
truncated proportions is shown in Fig. 4(j). We can see from
Fig. 4(j) that the microtoroids with truncated proportions d = 0
and 6A get the maximum of ~59 times enhancement to the
incident light. However, when the truncated proportion d = 8.,
the maximum intensity of PNJ shrinks to 29.3 times of incident
light.

As for the research on the length and FWHM of PNJs gener-
ated from different proportions, the results are shown in Fig. 5
and Fig. 6. All the results are normalized to A. As shown in
Fig. 5(a), it can be seen clearly the length of PNJs changes due
to the different truncated proportions. For quantitative analysis,
the length of PNJs is summarized in Fig. 5(b). It is shown that
the length of PNJ varies from 25A to 60A. When the truncated
proportion d = 8A, the length of PNJ reaches its maximum
of 58.57A. The PNIJs generated by truncated microtoroid with
d = A,d = 3randd = 5A also have long PNJ length of ~50X.
Fig. 6 shows the FWHM with different truncated proportions.
As depicted in Fig. 6(b), the FWHM of PNJs fluctuate from 0.6
to 1.31 and get its minimum of 0.67A with d = 2A. What is
also worth mention that the FWHMs get large than A when the
truncated proportions d = 7X and 8A.
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TABLE 1
THE PROPERTIES OF PNJS WITH DIFFERENT TRUNCATED PROPORTIONS

d (ﬂ’) [max (a' u') LPNJ (/1) M}f (/1) Q
0 59.26 32.70 0.72 2665.68
1 49.18 49.40 0.77 3132.80
2 44.28 44.05 0.67 2874.77
3 52.90 48.72 0.82 3128.09
4 43.51 39.65 0.96 1779.44
5 55.21 46.47 0.77 3308.68
6 59.51 28.95 0.87 1974.57
7 49.32 35.12 1.16 1488.92
8 29.30 58.57 1.26 1361.44
4000 Obviously, the parameters of PNJ can be modified flexibly by
changing the truncated area for more practical applications.
3500 4
3000 - / G e IV. CONCLUSION
2500 - In this paper, we designed a truncated microtoroid to generate
- PNJs using finite-difference time-domain (FDTD) simulations.
2000 4 ¥ Three key parameters of PNJ, maximum intensity, FWHM,
~ B \ and the length of PNJ, is studied in detail. A PNJ with a
130 T~ magnified electric field intensity of 55.21 times to the incident
1000 - light, ultralong length of 46.47 and subwavelength FWHM of
0.77x is formed by semi-microtoroid. Moreover, the truncated
500 T T T T T T T proportion is adjusted to generate PNJ with different properties.

d()

Fig.7. The quality factor differences of PNJs formed by truncated microtoroid
structure with different truncated proportions.

In order to evaluate the property of PNJ generated by the
proposed structure more comprehensively, the quality factor ¢
of PNJ is defined as [35]

Q _ Imax . LPNJ (1)

wf

where the I,.x, Lpny, and wy are defined as the maximum
intensity, the length of PNJ, and the FWHM, respectively. Fig. 7
gives the quality factor () differences of PNJs with different
truncated proportions d. When d = 4,7, 84, the (@ shrink to
less than 2000. We can find that @ reaches its maximum of
3308.68 when d = 5A, which means the PNJ has a great quality
with semi-microtoroid structure. To our best knowledge, this is
the highest quality factor PNJ produced from a microparticle
that has been reported until now.

To summarize, Table 1 shows the properties of PNJs with
different d. Three key properties of PNJ, I}y , Lpny wy, are
listed in this table. With these three parameters changes, the
Q varies from 1361.44 with d = 8\ to 3308.68 with d = 5A.

Finally, the quality factor quality factor is defined to judge the
quality of the PNJs and we concluded that the semi-microtoroid
generated PNJ has the best quality among this study. To our
best knowledge, this is the highest quality factor among the
published researches. The properties of PNJ can be modified
flexibly by changing the truncated proportions for more practical
applications, including nanopatterning, optical sensing, micro-
manipulations, and so on.
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