
A.A. Savelyeva, E.S. Kozlova: Numerical Modeling of Radiation Focusing by... doi: 10.18287/JBPE21.07.030304 

J of Biomedical Photonics & Eng 7(3)   30 Sep 2021 © J-BPE 030304-1 

Numerical Modeling of Radiation Focusing by Dielectric 
Microcylinders with Several Layers 

Alexandra A. Savelyeva1,2* and Elena S. Kozlova1,2 
1 IPSIRAS – branch of the FSRC “Crystallography and Photonics” RAS, 151 Molodogvardejskaya str., Samara 443001, 
Russia 
2 Samara National Research University, 34А Moskovskoe Shosse, Samara 443086, Russia 

* e-mail: lexis2450@gmail.com 

Abstract. In this paper, the light focusing by dielectric microcylinders with 
several layers was numerically studied by using the finite element method 
implemented in COMSOL Multiphysics. Different materials for the top layer were 
proposed during the research (refractive indices are 1.59, 1.8, 1.9) while the core 
was proposed from fused silica glass (refractive index is 1.45). It was shown that 
the dielectric shell allows to increases the maximum intensity of the formed 
photonic nanojet. Choosing the design of a two-layered microcylinder it is 
possible to form a compact focal spot (TE-polarization) or increase the length of 
the produced photonic nanojet. Obtained results were verified by another 
software package FullWAVE which implements a finite difference time domain 
method. The simulation results are in good agreement. © 2021 Journal of 
Biomedical Photonics & Engineering. 
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1 Introduction 
Compression of light into a narrow beam is one of the 
priority tasks in nanophotonics [1–3]. Ultra-narrow light 
spots or nanojets are widely used in modern optical 
instrumentation. The problems of nanojets formation and 
optimization of their parameters are being actively studied 
by the world scientific community due to their importance 
in different areas [3–5] and mostly in biomedicine [6–8]. 
They are used for micromanipulation [9, 10], optical 
tweezers [11–13], for fluorescence enhancement in Raman 
spectroscopy [14], in histological studies [15], in vivo 
application [16].  

A nanojet is an ultra-narrow light spot spreading over 
several wavelengths [17–20]. The main parameters 
which are primarily of interest to researchers are the 
maximum intensity, the distance from the optical element 
to the peak of the intensity, the full width (FWHM) and 
depth (DOF) at half maximum of intensity. In their 
research, scientists try to optimize the nanojet in such a 
way as to obtain the most compact light spot with 
maximum intensity in focus and maximum length. There 
are many articles on the generation and optimization of 
nanojets using different optical elements [17–26]. In 
study [18] authors report about narrow photonic nanojet 

which is formed by an engineered two-layer 
microcylinder of high refractive-index materials. Finite 
element analysis showed that under 632.8 nm 
illumination, the full width at half maximum of the beam 
waist can reach 87 nm. In Ref. [21], using numerical 
simulations it was shown that when focusing light with a 
wavelength of λ = 550 nm by a micro-flat-ended cylinder 
with a refractive index n = 4, the full width at half 
maximum can reach 70 nm. Using the COMSOL 
Multiphysics software package it was shown in Ref. [23], 
that a triangular prism made of quartz glass and 
illuminated by laser light with wavelength of 4 µm forms 
a focal spot the maximum intensity of which exceeds the 
intensity of the incident radiation for 5 times. The 
FWHM of obtained nanojet was 0.38λ. In Ref. [26], for 
the first time, authors numerically demonstrate that the 
size of the nanojet formed in the localized region of the 
dielectric mesoscale sphere can be significantly reduced 
by introducing a nanohole at its shadow surface. 

The improvements are often made to the design of the 
focusing optical element for optimization of the nanojet 
parameters. For example, metal cores [27, 28] and 
shells [29, 30], multilayer dielectric structures [31, 32] 
can be used. Two types of spheres: an ordinary dielectric 
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sphere and a sphere with a metal core are considered in 

Ref. [27]. The best result in light focusing was achieved 

using a two-layered sphere. In Ref. [28], the authors 

proposed a method for light focusing by multilayer 

cylinders with metal shells made of gold, silver, and 

copper. It is shown that metal coatings affect the location 

of the nanojet. For a microcylinder made of gold and 

silver, a focal spot with FWHM = 293 nm was obtained. 

In Ref. [30], we proposed an unusual design of a 

polyester cylinder with silver film and a gap on the 

shadow side. A series of numerical simulations were 

carried out in which the hole diameter was varied. It was 

shown that a microcylinder with a radius of 2.1749λ and 

with a silver film of 90 nm and a hole of 100 nm formed 

a light field with a maximum intensity of 10.61 a.u. 

which is 1.4 times higher than the intensity of light field 

formed by the ordinary polyester cylinder. In Ref. [31] 

the authors consider five-layer cylinders as a focusing 

elements. The selection of radius and refractive indices 

was carried out using a genetic algorithm. The research 

showed that the parameters of the generated nanojets can 

be controlled by changing the focusing elements design. 

For example, a five-layer microcylinder designed in this 

study managed to generate an ultra-long nanojet with 

length of 107.5λ (λ = 632.8 nm).  

In this paper, we investigate the focusing process of 

TE- and TM-polarized electromagnetic light with a 

wavelength λ = 633 nm by two-layered circular dielectric 

microcylinders. In the first part of the study, the influence 

of dielectric shell on photonic nanojet formation by using 

numerical experiments in COMSOL Multiphysics 5.1 

which implements the finite element method (FEM) was 

evaluated. The two-layered structure of microcylinders is 

optimized. In the second part, the obtained results were 

verified by another software package FullWAVE 

2020.03 which implements the finite difference time 

domain method (FDTD method). It showed good 

agreement with COMSOL Multiphysics. 

2 Materials and methods 
In our research, we discuss the process of linearly 

polarized laser light focusing by two-layered dielectric 

microcylinders. The wavelength λ was chosen equal to 

633 nm. The total cylinder diameter is fixed at 2 µm, and 

the core diameter (Dcore) is varied from 1.2 µm to 1.9 µm. 

The refractive index of the cylinder core is n1, and the 

refractive index of the cladding is n2. The numerical 

simulation scheme is shown in Figure 1, where Dcore  is the 

core diameter and Dsh  is the shell diameter of cylinder. 

This paper demonstrates the results of the numerical 

simulations obtained using the software package 

COMSOL Multiphysics which implements FEM [33, 34] 

for solving next wave equation: 

∇ × µ!"#(∇ × %) − ($% )*! − &'
()!

+% = 0, (1) 

where µr is the relative permeability, E is the vector of 

electric field intensity, k0 is the free-space wavenumber, εr 
is the relative permittivity, j is the imaginary unit, σ the 

electrical conductivity, ω is the angular frequency of 

incident light, ε0 is the permittivity of vacuum. This 

method is widely used in various studies of light 

focusing [35–37]. 

	
Fig.1 - Scheme of numerical simulation. 

A triangular mesh with the following parameters were 

used in modeling: a step of l/60 for areas where the 

refractive index changes and l/40 for regions with 

constant refractive index. These steps provide numerical 

convergence (standard deviation is 0.001%).  

After the main simulation results were obtained by 

using the COMSOL Multiphysics, a series of additional 

simulations was made for the cylinders with the best 

designs. For additional simulations FDTD-method 

implemented in the FullWAVE software package from 

RSoft Design Group was applied. This algorithm used 

the Maxwell’s system of equations [38]: 

/
*+
*, = 0123;
− *-

*, = 012%,
 (2) 

where H is vector of the magnetic field, D and B are 

vectors of the electric and magnetic induction.  

FDTD method was firstly proposed by Kane S. Yee 

in Ref. [39]. Currently, this method is widely used by 

scientists in various studies, for example in 

Refs. [40 – 44]. 

The following parameters of a rectangular grid in 

space were used here: a 20 nm step along transverse and 

longitudinal coordinates. The temporal step cDt was 

chosen equal to 10 nm according to Courant condition. 

These steps ensure the convergence of the numerical 

method (the standard deviation is 0.001%). While 

analyzing simulation results the averaging of the 

intensity distribution for 10 periods was made. 
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3 Results and Discussion 

3.1 Numerical simulation using FEM-method 
In this section, the main study obtained by using numerical 

simulations in the software package COMSOL 

Multiphysics is presented. Firstly, TE-polarization is 

investigated. We considered microcylinders with core 

made of fused silica glass (n1 = 1.45 [45]) and shell made 

of SiN (n2 = 1.9 [46]). During the simulation results 

analysis, we evaluate the following parameters of the 

nanojet: the maximum intensity Imax, the focal length F, 

FWHM, and DOF, which are presented in Table 1. 

It can be seen from Table 1 that the best design of a 

two-layered cylinder is the case when Dcore = 1.7 μm. The 

results for this microclinder are marked as bold. Despite 

the fact that the maximum intensity of the nanojet is 

observed for a simple dielectric cylinder with a refractive 

index of n1 = 1.45, a two-layer cylinder makes it possible 

to increase DOF by about 2 times. This fact can simplify 

the use of such nanojets in applications.  

Table 1 Parameters of the focal spot formed by the two-

layered microcylinders with n1 = 1.45 and n2 = 1.9. 

Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

2.0 7.97 0.78 0.37 0.02 

1.9 5.10 0.91 0.43 0.13 

1.8 3.44 1.32 0.54 0.21 

1.7 4.81 1.66 0.47 0.07 

1.6 5.13 1.79 0.49 0.25 

1.5 2.87 2.35 0.59 0.62 

1.4 2.51 2.05 0.67 0.52 

1.3 2.83 2.23 0.77 0.60 

1.2 2.51 2.05 0.67 0.82 
 

	 	
(a) (b) 

	 	
(c) (d) 

Fig. 2 Dependence of the Imax (a), DOF (b), FWHM (c), F (d) on the core diameter for TE-wave. 
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(a) (b) (c) (d) 

Fig. 3 The intensity distribution for ordinary microcylinder (a) and intensity distribution for two-layered microcylinders 

with n2 =1.9 and Dcore = 1.6 (b); n2 =1.8 and Dcore = 1.5 (c); n2 =1.59 and Dcore = 1.9 (d) illuminated by TE-wave. 

Next, we propose the shell from titanium oxide-

organic polymer (n2 = 1.8 [47]). The obtained results are 

presented in Table 2. 

Table 2 Parameters of the focal spot formed by the two-

layered microcylinders with n1 = 1.45 and n2 = 1.8. 

Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

2.0 7.97 0.78 0.37 0.02 

1.9 5.06 1.06 0.35 0.19 

1.8 3.26 1.69 0.62 0.31 

1.7 4.47 1.49 0.48 0.17 

1.6 5.24 1.86 0.53 0.24 

1.5 4.13 2.10 0.30 0.35 

1.4 3.10 2.61 0.63 0.65 

1.3 3.34 2.22 0.62 0.56 

1.2 4.01 1.82 0.58 0.48 
 

From Table 2 we can see that the best design is 

represented by a two-layer cylinder with Dcore = 1.5 μm. 

It can be noticed that the two-layered cylinder does not 

give such a high intensity in the focal spot as ordinary 

cylinder, but nevertheless, the depth of the formed focus 

is much higher than that is for the other presented models. 

At last, we simulate similar cylinders, but for the shell 

made of polystyrene (n2 = 1.59 [45]). The results are 

presented in Table 3. 

From Table 3 we can see that a two-layered cylinder 

with a core diameter Dcore = 1.9 μm allows the formation 

of the tight focus with the best parameters: high intensity 

and smallest FWHM and DOF.  

To simplify the analysis of the obtained results we 

presented the dependence of focal spot characteristics in 

Fig. 2. 

It can be seen from Fig. 2 that all shells lead to 

increasing of the focal length, FWHM and DOF. 

However, in each case of different materials for shell 

DOF (Fig. 2(b)) grows faster than FWHM (Fig. 2(c)). 

The maximum intensity is decreasing while using thick 

coatings (Fig. 2(a)).  

Table 3 Parameters of the focal spot formed by the two-

layered microcylinders with n1 = 1.45 and n2 = 1.59. 

Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

2.0 7.97 0.78 0.37 0.02 

1.9 10.43 0.56 0.17 0.00 

1.8 5.91 0.99 0.43 0.23 

1.7 5.06 1.27 0.49 0.20 

1.6 5.56 1.30 0.47 0.15 

1.5 5.83 1.39 0.47 0.13 

1.4 5.52 1.75 0.52 0.52 

1.3 4.88 2.98 0.48 0.20 

1.2 4.62 2.74 0.51 0.20 
 

Distributions of intensity obtained while focusing of 

TE-polarized light by ordinary cylinder with n1 = 1.45 

and by two-layered cylinders with optimal ratio of core 

and shell are presented in Fig. 3. 

It can be seen from the Fig. 3 that the nanojet for a 

two-layer cylinder has elongated shape in case of n2 equal 

to 1.9 (Fig. 3(b)) and 1.8 (Fig. 3(c)). Moreover, it is 

formed at some distance from cylinder boundary. From 

the analysis of the Fig. 3(d) we can conclude that the 

dielectric shell with a refractive index which is a bit 

higher than the core refractive index allows to reduce the 

geometric dimensions of the focal spot and increase the 

intensity in focus. 

Then we present series of numerical experiments for 

the same designs of microcylinders, but for TM-polarized 

plane wave as incident light. We briefly described the 

obtained results which are shown in Tables 4–6 and in 

Fig. 4.  
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(a) (b) 

	 	
(c) (d) 

Fig.4 Dependence of the Imax (a), DOF (b), FWHM (c), F (d) on the core diameter for TM-wave. 

	 	 	 	
(a) (b) (c) (d) 

Fig. 5 The intensity distribution for ordinary microcylinder (a) and two-layered micrcylinders with n2 =1.9 and 

Dcore = 1.7 (b); n2 =1.8 and Dcore = 1.7 (c); n2 =1.59 and Dcore = 1.7 (d) illuminated by TM-wave. 

It can be seen from Fig. 4 that the influence of shell 

on focusing process is not so significant as in the case of  

TE-polarization. Shells with high refractive indeces lead 

to decreasing of the maximum intensity. Fig. 4(b) shows 

that thick coatings of high refractive index lead to 

decreasing of the DOF and the optimal value of shell 

thickness is about 200–400 nm. It can be seen from 

Fig. 4(d) that all shells lead to increasing of the focal 

length. It should be mentioned that the polystyrene shell 
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does not significantly affects on all parameters of the 

nanojet. 

Table 4 Parameters of the focal spot formed by the two-

layered microcylinders with n1 = 1.45 and n2 = 1.9. 

Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

2.0 5.56 0.82 0.70 0.18 

1.9 4.62 1.12 0.68 0.17 

1.8 4.86 1.11 0.70 0.30 

1.7 4.70 2.43 0.68 0.25 

1.6 4.41 2.22 0.70 0.41 

1.5 4.09 1.98 0.70 0.52 

1.4 4.36 1.96 0.70 0.57 

1.3 4.34 1.75 0.71 0.56 

1.2 1.83 1.60 0.71 0.54 
 

Table 5 Parameters of the focal spot formed by the two-

layered microcylinders with n1 = 1.45 and n2 = 1.8. 

Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

2.0 5.56 0.82 0.70 0.18 

1.9 4.82 1.07 0.68 0.18 

1.8 5.00 0.84 0.74 0.18 

1.7 4.54 2.16 0.68 0.34 

1.6 5.08 2.36 0.71 0.23 

1.5 4.19 2.44 0.73 0.46 

1.4 4.36 2.31 0.70 0.53 

1.3 4.60 2.15 0.71 0.57 

1.2 4.09 1.94 0.74 0.57 
 

It can be seen from the Table 4–6 and Fig. 4 that the  

two-layered microcylinders form a nanojet with a maximum 

DOF of 1.44λ, which is almost 3 times greater than the 

maximum intensity of the nanojet formed by a conventional 

dielectric cylinder. At the same time the FWHM was 

preserved and a decrease in the maximum intensity of the 

focal spot is about 20% of the maximum value. The 

distribution of intensity obtained while focusing of the TM-

polarized light by the ordinary cylinder with n1 = 1.45 and by 

two-layered cylinders with optimal ratio of the core and the 

shell is presented in Fig. 5. 

Table 6 Parameters of the focal spot formed by the two-

layered microcylinders with n1 = 1.45 and n2 = 1.59. 

Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

2.0 5.56 0.82 0.70 0.18 

1.9 5.26 0.94 0.71 0.19 

1.8 4.86 1.11 0.71 0.20 

1.7 4.76 1.27 0.68 0.19 

1.6 5.03 1.18 0.71 0.17 

1.5 5.41 0.90 0.71 0.18 

1.4 5.46 0.96 0.71 0.25 

1.3 5.30 1.19 0.69 0.28 

1.2 5.24 1.31 0.74 0.28 
 

It can be seen from Fig. 5 that using a shell makes it 

possible to form a single peak, in contrast to using a 

uniform microcylinder with a refractive index of 1.45, 

which forms a focal spot with two aligned peaks. In 

addition, nanojets obtainedin the case of using a two-

layered microcylinder has a more elongated shape. 

Moreover, they are located at a considerable distance 

from the boundary of the cylinder. 

3.2  Сomparison of numerical results with 
FDTD-method 

In this section, the results of numerical modeling for 

cylinders with a similar design are shown. But in this case 

FDTD-method implemented in the FullWAVE software 

package was used for numerical calculations. The results 

of light focusing by microcylinders with the best designs 

are presented in Table 7. 

Table 7 Parameters of the focal spot formed by ordinary microcylinders and two-layered microcylinders with the best 

designs. 

Polarization n1 n2 Dcore, μm Imax, a.u. DOF, λ FWHM, λ F, μm 

TE 

1.45 - 2.0 8.18 0.73 0.32 0.00 

1.45 1.9 1.6 5.03 1.13 0.33 0.60 

1.45 1.8 1.5 4.17 2.02 0.51 0.39 

1.45 1.59 1.9 11.12 0.51 0.25 0.00 

TM 

1.45 - 2.0 5.53 0.85 0.70 0.15 

1.45 1.9 1.7 5.05 1.58 0.70 0.31 

1.45 1.8 1.7 4.89 0.74 0.44 0.48 

1.45 1.59 1.7 4.63 1.36 0.45 0.64 
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Table 7 shows that the results obtained using 
FullWAVE based on FDTD method are in good 
agreement with the results of COMSOL Multiphysics 
based on FEM. 

The obtained results have a big potential in different 
biomedicine applications [48–50]. In particular, one of 
the most important stages of sample preparation in 
biomedical research is cell separation [48]. It is necessary 
to purify the target cell population and minimize 
intercellular interactions prior to biomedical analysis. An 
optical tweezer or an optical scalpel which is laser 
radiation focused into a nanojet can be used to separate 
cells [51]. The fluorescence-based optical detection and 
imaging technologies are widely used in 
biomedicine [49]. However, low fluorescence intensity 
decreases the detection sensitivity and the image 
brightness. Photonic nanojets can concentrate an incident 
light in the subwavelength rangeforming a narrow high-
energy beam and, thus, increase energy density and 
enhance fluorescence [52]. The extensive results on the 
nanofabrication of plasmonic structures stimulated the 
usage of photonic nanojets for patterning substrates 
suitable for surface-enhanced spectroscopy, specifically, 
surface-enhanced Raman scattering (SERS) and surface-
enhanced infrared absorption (SEIRA) [50]. 

4 Сonclusions  
In this paper, the process of laser light focusing by two-
layer dielectric microcylinders of the circular cross-section 
is investigated. For numerical modeling COMSOL 
Multiphysics based on the finite element method (FEM) 
was chosen. Obtained results were verified by FullWAVE 
based on the finite difference time domain method (FDTD 
method). We investigated the effect of cladding on the 
focusing of TE- and TM-polarized laser light with a 
wavelength of 633 nm. The refractive index of the core 
was fixed at 1.45 (fused silica glass [45]), while the 
different refractive indices for the cladding were taken into 
account: 1.9 (SiN [46])), 1.8 (titanium oxide-organic 
polymer [47]), and 1.59 (polystyrene [45]). It has been 

shown that claddings with a higher refractive index than 
the core refractive index make it possible to increase the 
depth of the focus and shift the focus away from the 
cylinder boundary. For example, the design with a shell 
refractive index of n2 = 1.8 can increase the depth of the 
field 3 times for both TE and TM waves. At the same time, 
if the difference between the refractive indices of the core 
and the cladding is not too large a two-layer microcylinder 
can focus the TE-wave in a narrow focal spot the spatial 
parameters of which are extremely small. For example, a 
two-layer microcylinder with the core and the shell 
refractive indices of 1.45 and 1.59, respectively, formed a 
more compact focal spot (FWHM = 0.32λ, DOF = 0.16λ) 
with an intensity (Imax = 11.12 a.u.) 1.4 times higher than 
the intensity of the focus formed by an ordinary cylinder 
with a refractive index n = 1.45. The proposed designs of 
two-layer microcylinders are easier to manufacture than 
designs presented in Refs. [31, 53]. 

The obtained results can find application in various 
fields such as nanosensorics [54], nanolithography [55], 
and microscopy [56], and biomedicine [48–50]. As it was 
mentioned before, the investigation of the photonic 
nanojet formation can be useful for successful in all 
stages of biofluids and biosamples [57] study:from 
preparation [51] to imaging [52]. 
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