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Abstract: In this paper, we investigate conditions to form whispering gallery modes (WGMs) in small nanocavities (NCs) 

which are designed at the intersection area of couple of nanobeams (NBs) structures. Tapered air-holes at each branch of NBs 

have been employed as a part of mirror accompanied by curved-walls at cross junctions to form a small curved nanocavity. 

Simulations by finite element based commercial software, COMSOL Multiphysics 4.3 show that confined photonic modes 

are well established via WGM mechanism. Variation of modes wavelength and their field intensity profiles have been 

investigated. Quality factor, Q, as high as 198400 is obtained for a particular WGM at mode wavelength 1471.9 nm with 

computed modal volume as low as Vmod≈0.25(λ/n)
3
. 
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1. Introduction 

Photonic crystal (PhC) nanocavities (NCs), with variety 

of geometries, are sort of optical cavities that permit for 

low modal volumes (Vmod) and high quality (Q) factors 

with extended use in subjects e.g. low-threshold 

nano-lasers, cavity quantum electrodynamics (QED) and 

non-linear Optics. For nonlinear optical interactions such as 

frequency conversion, it is anticipated to have multiple 

resonant nanostructures with arbitrary frequency separation 

plus good spatial field overlap [1-4]. 

The confinement of light to small volumes has essential 

concerns for the properties of optical emission within the 

low dimensional region. Photonic bandgap (PBG) materials 

which are also known as PhCs, offer a medium of 

achieving strong photon confinement in volumes on the 

order of (λ/n)
3
, where λ is the photon wavelength and n is 

the refractive index of the host material [1-2,4-6]. 

Optical components such as ultrahigh-Q cavities and 

high reflectivity mirrors have formed the basis of many 

optical devices including lasers and other types of 

oscillators [2,3]. In the past decade, vast efforts have been 

made to employ the current semiconductor technology in 

micro- and nano- fabrication to more reduce the size of 

optical and photonic components towards photonic 

integrated on-chip devices [6-7]. The high-Q PhC NCs with 

high reflectivity micron-scale mirrors in different low 

dimensional structures are examples of this technology. In 

addition, there are other miniaturized technologies with 

balances in quality of confinement compared to size of 

resonator, including micropillars, microdisks, etc [8-14]. 

These technologies can help to confine light in all three 

dimensions within particular modes through whispering 

gallery or Fabry-Pérot [11-14]. 

Whispering gallery modes (WGMs) are the 

electromagnetic waves which undergo total internal 

reflection (TIR) in the rounded dielectric materials and 

retain ultra-high Q factor. The WGMs have attracted much 

attention in the area of photonic integrated circuits and 

optical logic devices [11-14]. 

A narrow rectangular cross section waveguide with one 

array of periodic air-holes along its axis is known as 

photonic wire or nanobeam (NB). Design, fabrication, and 

experimental characterization of PhC nanobeams (NBs) 

containing cavities for applications from optical 

interconnect to biochemical sensors in variety of structures 

were goals of extensive researches [15-18]. 

In this paper, we discuss PhC design in nanotechnologies, 

which use tapered distributed Bragg reflectors (DBRs) for 

confinement in one dimension, and TIR in two other 
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dimensions. It is also possible to have NCs included in the 

middle of the structure, for example by modifying central 

part of a the narrow photonic wire or NBs with sets of 

perfectly periodic or tapered air-holes[4,6,7,18-20]. Also, in 

this paper, conditions for formation of whispering gallery 

modes in the small nanocavities are investigated. Structures 

are designed in a way that at the crossed region of two 

modified nanobeams, confined WGMs to be examined. 

Finite element based commercial software, COMSOL 

Multiphysics version 4.3, has been used for simulations 

[21]. Variation of modes wavelength and their field 

intensity profiles have been explored as well. 

2. Nanobeam Structure and Design 

Structures of NBs which used in this paper include 

photonic wires in the silicon material. Fig. 1(a) shows a 

typical schematic of orthogonal NBs (crossbeam cavity) 

with a central cavity design at intersection region of 

orthogonal photonic wire including tapered air-holes 

mirrors at each branch of the NBs. This kind of structure, in 

principle, may support orthogonal modes with high spatial 

overlap for frequency conversion in nonlinear optics 

[4,15-17]. A typical mesh for our simulations is also shown 

in the Fig. 1(b). 

 

Figure 1. a) Schematic of a central cavity design at intersection region of 

orthogonal photonic wire including tapered air-holes DBRs at each 

branch of the NBs, b) A typical mesh for our crossed NB simulations 

A curved cavity is formed in the central region by 

introducing quarter circles at the junctions, with sharing 

some tapered air-holes of NBs in the NC region in the 

arrangements. The lattice constant and air-hole sizes near to 

and far from cavity region are tapered. In each branch 

confinement along the periodic direction is provided by 

distributed Bragg reflection by the tapered DBRs and 

confinement out of plane is provided by TIR. Confinement 

in the in-plane direction orthogonal to the beam axis is also 

provided by TIR and in the case of beams with overlapping 

PBGs, also by distributed Bragg reflection for minimizing 

crosstalk in waveguide intersections [4]. 

3. Results and Discussions 

In this paper, the WGMs in PhC crossed NBs cavities are 

simulated and analyzed which provided high-Q factors and 

could be integrated with the other photonic devices. 

High-Q factors are achieved from these modes by 

suppressing both the in-plane and the out-of-plane optical 

losses. The WGMs discussed here are transverse electric 

(TE) modes which are supported due to choosing proper 

dimensions and PBG structures. The structure has air-holes 

periodicity along NBs directions which can produce 1D TE 

PBG with size determined by the difference in frequency 

between the first two bands (dielectric and air band). 

It should be noted that the PhCs can have multiple PBGs, 

but the size of the higher order band gaps greatly 

diminishes for finite thickness structures. Furthermore, in 

such structures, higher order band gaps are located above 

the light line, implying that the resonances at those 

frequencies would also have low-Q factors, resulting from 

the lack of TIR confinement. Band gaps for different 

polarizations (e.g. TE and TM) can generate additional 

resonant modes. However, it is difficult to independently 

tune their frequencies, and TM resonances require 

relatively thick membranes that are more difficult to 

fabricate. A cavity with orthogonally polarized resonances 

degenerate in frequency can also be formed by using the 

same parameters for each NB. 

As we can see from the 2D electric field (Ez) patterns 

obtained by FEM simulations and shown in the Fig. 2(a), a 

WGM is supported in a typical PhC crossed NBs cavity 

structure. In simulations, to optimize the design, parameters 

of curvature of wall (R), NB cavity length (l), air-holes 

lattice constant (a), number of periods in tapers inside and 

outside (NTI and NTO respectively), distance between 

air-holes in the tapers (ai, i = 1, 2, ...4), air-hole diameters in 

the taper region (di, i = 1, 2, ...,4), and NB width (w) were 

varied in each NB. 

Fig. 2(b) shows the 3D mode map of electric field (Ez) 

for the same mode at wavelength 1522.9 nm. The 

simulations indicate that these structures possess 

computational modal volume values as low as 

Vmod≈0.27(λ/n)3 (where n is the refractive index) and 

cavity Q factors is as high as Q≈196860 for the WGM with 

that wavelength. 
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As we can see in the Fig. 2(c), (e) and (g), the Sx and Sy 

components of the second-, third- and fourth- order TE-like 

modes supported by the crossed NB are shown respectively. 

The low Q value in some modes is attributed to scattering 

losses arising from the mode profile mismatch between the 

localized cavity mode and the evanescent Bloch mode 

inside the DBRs. The middle column mode maps, Sy, show 

degenerate frequency compared with Sx. The 3D mode 

maps relevant to the first column (Sx) for more clarity are 

shown in d), f) and h). 

 

Figure 2. a) 2D, b) 3D, mode maps for electric field (Ez) of the 

fundamental mode (circles indicate air-holes). The Sx and Sy components 

of the Poynting vector for c) second- e) third- and g) fourth- order TE-like 

modes supported by the crossed NB with parameters: d1,TI=101, d2,TI=136, 

d3,TI=150, d4,TI=140nm, a1,TI=290, a2,TI=310, a3,TI=304, a4,TI=342, 

d1,TO=140,d2,TO=150, d3,TO=136, d4,TO=101, a1,TO=342, a2,TO=304, 

a3,TO=310, a4,TO=290, dN=182nm, aN=350nm, refractive index n=3.19, 

N=5; radii of the curved-walls are 600 nm. The middle column show 

degenerate frequency by Sy compared with Sx. d), f) and h) 3D mode maps 

relevant to the first column for more clarity 

A computational spectrum including marked 

fundamental-, second-, third- and fourth- order TE-like 

WGMs supported by the crossed NBs which were 

discussed in the Fig. 2(a)-(h), is shown in the Fig. 3. Higher 

wavelength modes are also shown in the figure as well. 

Some of the NB cavity WGM demonstrated here present 

simultaneous ultrahigh Q factor and very small modal 

volume. 

 

Figure 3. Fundamental-, second-, third- and fourth- order TE-like WGMs 

supported by the crossed NBs which were discussed in the Fig. 2 (a)-(h), 

are marked. 

To have more insight into the varieties of modes in the 

crossed NBs, 2D profiles of electromagnetic fields and 

Poynting vector are examined by varying parameters, e.g. 

radii of the curved-walls. The Vmod≈0.25(λ/n)
3
 and 

Q≈198400 are achieved for a WGM at λ=1471.9 nm, 

choosing 700 nm for radii of the curved-walls, and the 

results are shown in the Fig. 4. 

 

Figure 4. Formation of the WGM in the crossed NBs, with NTO=4 and 

NTI=4. 2D profile of component of a) electric field, Ez, b) Poynting vector, 

Sx, and magnetic field c) Hy, and d) Hx, of the resonant mode while radii of 

the curved-walls are 700 nm 

4. Conclusions 

In this paper, we presented circumstances to have 

WGMs in variety of small NCs which are designed at the 

intersection area of couple of nanobeams (NBs) structures. 

At each branch of NBs, mixed tapered air-holes have been 

employed as a part of mirror accompanied by quarters of 

circle-shape curved-walls at cross junctions to form a small 

curved nanocavity. Simulations are done using finite 

element based software, COMSOL Multiphysics 4.3, and 

indicated that confined photonic modes are well established 

via WGM formation mechanism. Variation of modes 

wavelength and their electromagnetic field intensity 

profiles over the structures have been investigated. 

Maximum Q value and minimum modal volume, for a 

particular WGM at mode wavelength 1471.9 nm were 

198400 and 0.25(λ/n)
3
 respectively. 
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