
Optics Communications 501 (2021) 127343

a
M
a

b

c
o
2

Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier.com/locate/optcom

Numerical analysis of low-RIWGM resonators excited by a periodically
rrangedmultilayer dielectric planar waveguide
eng Zhang a, Jiansheng Liu a,∗, Jiangtao Cheng b

School of Electronic and Information Engineering, Beihang University, 37 Xueyuan Road, Beijing 100191, China
Department of Mechanical Engineering, 635 Prices Fork Road, Virginia Tech, VA 24061, USA

A R T I C L E I N F O

Keywords:
Integrated optics device
BSW planar waveguide
Whispering gallery mode resonance
Optical coupling

A B S T R A C T

In the applications of whispering gallery mode (WGM) resonators, especially those with low refractive indices
(RIs), optical excitation is always a critical issue due to the lack of suitable and matching waveguide materials.
The Bloch surface wave (BSW) can facilitate achieving an effective coupling, resulting from its field distribution
extending a large portion of its mode energy around the external surface and its easy adjustment of the
effective refractive index. In this paper, a BSW waveguide platform for adaptive excitation of spherical
WGM resonators is proposed, designed, and numerically analyzed. The simulation results show that the WGM
resonator stimulated by BSW exhibits a resonance depth (RD) as large as ∼98% and a high total quality factor
𝑄total ∼3.13×104 which is in the same order of magnitude as its intrinsic value 𝑄intrinsic of 5.8×104. Moreover,
less limited by its constitutive materials, this BSW-WGM platform is robust and especially suitable for fully
integrated applications.
1. Introduction

During the past two decades, many WGM-based applications that
all for ultra-narrow line-widths, large energy densities, or fine sensing
f environmental changes have been put forward and demonstrated [1,
]. In terms of sensing, the low RI (such as SiO2 [3], MgF2 [4],
PDMS [5], etc.) WGM resonators placed in an aqueous environment can
induce a low RI contrast between the resonator and the surrounding
medium (water), which results in the evanescent field of the res-
onator penetrating deep into the analyte solution. Therefore, the WGM
resonators with low RIs can further enhance the analyte-cavity interac-
tions and have great potential in high-sensitivity sensors. On the other
hand, in the applications of WGM resonators, especially those with low
RIs, an efficient excitation mechanism is of crucial importance. Numer-
ous optical devices including standard tapered fiber [6,7], thick tapered
fiber [8,9], optical fiber half-coupler [10,11], prism coupler (triangular
or hemispherical) [12–14], conventional cladding-core-cladding planar
waveguide [15], and photonic chip optical waveguide [16,17] have
been utilized to couple light into WGM resonators. Among these cou-
plers, the standard tapered fiber coupling is one of the most popular
techniques and shows a very high coupling efficiency (∼100%), but
its fragility prevents this coupling protocol from practical applications.
Even though all the thick tapered fiber, the optical fiber half-coupler
and the prism coupling methodologies are relatively robust techniques,
both the standard fiber and the thick tapered fiber coupling methods
necessitate high alignment accuracy, not to mention the fact that
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the optical fiber half-coupler falls short of phase-match control and
the prism coupler fails to make the guided-wave control. Moreover,
although the conventional planar waveguides consisting of cladding,
waveguide layer, and substrate are robust and widely used in integrated
photonic applications, they are excluded from exciting the resonators
with lower RIs due to the lack of suitable waveguide constitutive mate-
rials. Recently, the photonic chip optical waveguide has been proved to
be an efficient coupling technique to the low-RI MgF2 resonators [16],
but it entails a motor-driven stage of nano precision to control the air
gap thickness between the resonator and the waveguide for a good
coupling. In this paper, we propose, design, and numerically analyze
a novel planar waveguide that consists of a periodically arranged
dielectric multilayer for the fully integrated and effective excitation of
low RI WGM resonators.

2. Working principle

The proposed periodically arranged multilayer dielectric planar
waveguide, which is the so called BSW waveguide, supports a spe-
cial propagating mode known as the BSW whose propagation is con-
fined adjacent to the surface of the multilayer waveguide [18–28].
This confined mode is similar to the surface plasmon wave at the
metal/dielectric interface [29]. Unlike the surface plasmon wave suffer-
ing from high metal absorption loss, the BSW greatly reduces loss due to
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Fig. 1. (a) The 3D sketch of the WGM excitation scheme based on the BSW multilayer
waveguide. (b) The 3D sketch of the WGM excitation scheme based on the conventional
planar waveguide. The red line indicates the trajectory of the WGMs.

the all-dielectric environment. The BSW can confine a significant por-
tion of its mode energy in the surrounding external medium, which can
significantly enhance the light-mater interaction strength and therefore
lead to a wide range of applications. For instance, the BSW has been
intensively studied as highly sensitive biochemical sensors in recent
years [20,25,26,30]. This feature of strong mode energy confinement
also offers an effective pathway for BSW to exchange energy with
nearby optical devices due to the sufficient mode overlapping between
the BSW and the mode in external devices. Importantly, assisted by
tuning the thicknesses of the dielectric layers, this unique property of
BSW enables its effective RI to approach and match the RI of the to-be-
coupled optical devices with relatively low RI. This excitation protocol
is quite different from the conventional cladding-core-substrate planar
waveguide, in which the effective RI of its mode cannot be smaller than
that of the substrate.

Fig. 1a shows the schematic of the excitation of a low RI spherical
WGM microcavity resonator on the BSW waveguide. The BSW waveg-
uide consists of a top dielectric layer placed on the one-dimensional
(1D) periodical multilayered structure. The 1D dielectric stack has a
finite number of periods composed of alternating layers of materials
with low and high RIs, respectively, which are sequentially deposited
on a glass slide. With a proper design, the proposed multilayer planar
waveguide could generate the desired BSW for exciting the WGMs in
the low RI microcavity on the waveguide. The microcavity can be
a microsphere cavity, a cylinder cavity, or other shaped cavities. In
this paper, the spherical microcavity is sampled to evaluate the BSW-
WGM excitation protocol by the proposed BSW waveguide consisting
of multilayered structures. A solid gap layer is sandwiched between the
top layer and the microcavity for adjusting the mode overlap between
the BSW waveguide and the WGM resonator and achieving fully inte-
gration of the waveguide and the resonator. Additionally, in order to
demonstrate the advantages of exciting WGMs by BSW waveguide, the
WGM excitation based on a conventional planar waveguide, in which
the 1D periodical multilayers are replaced by a single layer as shown
in Fig. 1b, is also analyzed for comparison purpose.

3. Device design

3.1. Properties of the WGMs in the microsphere resonators

In this work, as the multilayered BSW waveguide is used to stim-
ulate the WGMs in a spherical cavity, the coupling requirements and
conditions between them should be first elaborated. In this respect, the
main factors that determine the coupling efficiency are the effective-
refractive-index matching and the field overlapping between the WGMs
of the resonator and the BSW of the BSW waveguide. Therefore, both
the effective refractive index 𝑛eff and the field distribution of the
WGMs of the spherical cavity need to be matched. Meanwhile, the
2

Fig. 2. (a) Evolutions of the effective refractive index 𝑛eff , the intrinsic quality factor
𝑄intrinsic and FSR of the mode closest to 500 nm wavelength with the microsphere radius
r. (b) The fundamental WGM mode profile.

quality factor Q and the free spectra range (FSR), which are important
merit factors of a resonant cavity, also need to be evaluated. Here,
silicon dioxide (SiO2), a dielectric material with a low refractive index
𝑛SiO2

= 1.4553, is selected as the material of the microsphere cavity.
Considering that biological samples (such as Influenza A virus particles)
are generally contained in aqueous solutions, water with 𝑛c = 1.33–5.16
× 10−5i is taken as the medium surrounding the microsphere cavity,
which is also conductive to the real applications of high-sensitivity sens-
ing. The light wavelength is chosen at ∼500 nm locating at the weak
absorption band of the aqueous solutions. Given that the fundamental
WGM has the highest intrinsic quality factor, only the fundamental
WGM is considered in this work. Using the finite element method
(FEM), 𝑛eff , 𝑄intrinsic, FSR and the field distribution of the fundamental
WGM in the SiO2 microcavity can be obtained. The variations of 𝑛eff ,
𝑄intrinsic, and FSR with the microsphere radius r in the range of 10 μm to
17.5 μm are shown in Fig. 2a and the fundamental WGM mode profile
is shown in Fig. 2b. It can be seen that 𝑛eff of the WGM is around
1.4 and 𝑄intrinsic increases exponentially from 3.78 × 103 to 2.31 ×
105 with r increasing from 10 μm to 17.5 μm, indicating that a larger
microsphere cavity would have a higher 𝑄intrinsic. This observation
provides a criterion to evaluate the WGM excitation protocol by simply
comparing 𝑄intrinsic with the total quality factor 𝑄total.

3.2. Design of the BSW planar waveguide for WGM coupling

Next, the BSW planar waveguide for coupling with WGMs is de-
signed and optimized on the principle of effective RI matching and
mode field distribution overlapping. From the design perspective of
the BSW waveguide, the materials and the geometry of its periodic
structure and the top layer above the waveguide are the most important
factors affecting the properties of the BSW waveguide [24]. Therefore,
the subsequent waveguide design and performance optimization are
based on these aspects.

The commercially available titanium dioxide (TiO2, 𝑛H = 2.5512)
and silicon dioxide (SiO , 𝑛 = 1.4553) are selected as the high RI
2 L
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Fig. 3. PBG for the BSW waveguide. The white zone is the forbidden band. The
ispersion relations for the BSW with the top layer thickness ℎ = 13 nm and for the
WGM with 𝑟 = 15 μm are also shown. The dashed yellow line denotes the light line in
water. The cross-point of the two gray lines indicates the desired 𝑛eff for matching RI
between the BSW and the WGMs.

and low RI materials of the periodic waveguide structure, respectively.
As mentioned in Section 3.1, aqueous solutions are assumed as the
surrounding medium. In order to locate the region where the BSW
can exist, firstly, the photonic band-gap (PBG) or the forbidden band
of the periodic structure need to be determined by the parameters of
the periodic structure. Using the theory provided in [31], the structure
parameters of a 4-period stack with ℎH = 87 nm (TiO2) and ℎL = 135 nm
(SiO2) as the thicknesses of the high RI and low RI layers, respectively,
are obtained. Then the PBG of the period structure is calculated by the
transfer matrix method and is shown as the white region in Fig. 3.
Besides, as the BSW waveguide is covered by aqueous solutions, the
BSW dispersion curves should reside at the right side of the water light
line (dashed yellow line in Fig. 3) and in the PBG region. Moreover,
since the effective refractive index 𝑛eff of the WGMs is ∼1.4, the BSW
dispersion curves should be also around 1.4 for matching that of the
WGMs. To make the waveguide support BSW with 𝑛eff ≈ 1.4, we
need to properly design the thickness h of the top layer. Based on
FEM calculation and according to the desired value of 𝑛eff ≈ 1.4, the
thickness h of the top layer is determined to be ∼13 nm as shown in
Fig. 3.

The effect of the top layer thickness h on the 𝑛eff of the BSW should
be studied for evaluating its influence on the WGMs excitation by the
BSW waveguide and on the fabrication tolerance of the top layer. The
variations of 𝑛eff of the 1D multilayer BSW waveguide with its top
layer thickness h (red line) are plotted in Fig. 4a. The 𝑛eff of the
conventional waveguide is also shown in Fig. 4a (black dotted line).
Since the substrate of the conventional waveguide is made of silica
with a low RI, the effective RI of the TE0 mode in the conventional
waveguide is larger than that of the silica (dash-dotted yellow line in
Fig. 4a). Thus, the conventional waveguide provides an effective index
range to match the WGMs with 𝑛eff larger than the index of silica. That
is, it cannot efficiently excite the microcavity with 𝑛eff smaller than
the RI of silica. The 𝑛eff of the BSW can be designed smaller or larger
than the RI of silica, which is less limited by its constitutive materials.
Obviously, BSW provides a wider range of effective index for matching
that of the silica microcavity. Moreover, by scrutinizing the mode field
profiles of the BSW and the TE0 mode, two conclusions can be obtained.
First, the top layer thickness h of the BSW waveguide has a substantial
impact on the penetration depth of the BSW while the thickness h of
the conventional waveguide has less influence on the penetration depth
of the TE0 mode. Second, at the same h, the BSW squeezes more mode
energy outwards and penetrates deeper into the external medium (see
Fig. 4b, c and d), which facilitates its mode overlapping with that of the
WGMs. In summary, the above analyses show that the BSW waveguide
can not only provide a wider effective index range for matching the

𝑛eff of WGMs, but also enable more sufficient mode overlap between p

3

Fig. 4. (a) Effective RI for the BSW (red line), and that for the TE0 mode (dotted black
line) with respect to the top layer thickness h. The dashed yellow line is the boundary
of the effective RI for the TE0 mode. The light blue line is the effective refractive
index 𝑛eff of the WGMs with 𝑟 = 15 μm. (b) The BSW mode profiles along x direction
at ℎ = 10 nm (black line), ℎ = 13 nm (red line), and ℎ = 15 nm (blue line), respectively
and the TEo mode profiles along the x direction at ℎ = 13 nm (dotted red line), and
= 15 nm (dotted blue line), respectively. (c) The BSW mode profiles at ℎ = 13 nm.
d) The TEo mode profiles at ℎ = 13 nm.

he BSW and the WGMs, indicating that the BSW is most suitable to
timulate the WGMs of spherical microcavities with a low RI.

. WGMs excitation via BSW

In real applications, a properly designed BSW waveguide is highly
esired for stimulating WGMs with high efficiency. Instead of 𝑄intrinsic,
t is the total quality factor 𝑄total, which also takes optical coupling pro-
ess into account, that is adopted by us in evaluating a practical micro
esonator system. The degree of optical coupling, i.e., the percentage of
nput light involved in coupling, can be quantitatively reflected by the
esonance depth RD [32]. To demonstrate and evaluate this excitation
rotocol, the optical properties including 𝑄total and RD of the WGM
ystem based on the BSW waveguide are studied in this work. An
fficient WGM system is featured with a sharp and deep resonance,
.e., a high 𝑄total and a deep RD. According to the coupling theory of
icro resonator, the introduction of optical coupling makes 𝑄total less
han 𝑄intrinsic, and in the under-coupling region, 𝑄total decreases with
he increase of the coupling degree as reflected by RD [32]. From the
erspective of energy coupling, a larger RD is expected. However, to
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Fig. 5. The evolutions of the transmission spectra for (a) the BSW mode and (b) the
TE0 mode with the gap thickness g. The resonant mode field distributions for (c) the
BSW with 𝑔 = 600 nm and (d) the TE0 with 𝑔 = 600 nm.

maintain the high-quality factor characteristics of the micro resonator
as much as possible after coupling, a larger 𝑄total, which is inversely
proportional to RD, is more preferred. Therefore, in order to com-
prehensively evaluate the influences of these two factors on coupling
efficiency, the figure of merit (FOM) is defined by us as the product of
RD and 𝑄total so that a large FOM implies a high coupling efficiency.
In general, except for some applications such as cavity QED [33], the
system is always tuned close to or at the critical coupling (RD = 100%,
𝑄total = 0.5 𝑄intrinsic) to simultaneously achieve a high 𝑄total and a deep
RD [16].

Besides, since the fundamental WGM of a microsphere is equiva-
lent to that of a two-dimensional (2-D) microdisk [34], we used 2-D
Finite-difference time-domain (FDTD) to study the coupling properties
between the WGM and the BSW. The mode of the BSW waveguide
is taken as the excitation source launching at the input port of the
BSW waveguide. Then the BSW propagates along the BSW waveguide
towards the microsphere cavity and eventually couples to it to excite
the WGMs of the microsphere cavity.

Ideally, the thickness g of the gap layer between the WGM resonator
and the BSW waveguide can modulate the strength of the mode overlap
between the WGMs and the BSW. Thus, it is necessary to investigate
the impact of the gap layer thickness g on 𝑄total and RD. In this study,
Teflon with 𝑛g = 1.35 is selected as the material of the gap layer. In
Section 3, it has been predicted that the BSW waveguide with h∼13 nm
s suitable to stimulate the WGMs in the microsphere resonator with
4

Fig. 6. The evolutions of the RD, 𝑄total and FOM for the BSW waveguide system (solid
lines) and the conventional waveguide system (dotted lines) with the gap thickness g.

𝑟 = 15 μm. Fig. 5a shows the transmission spectra of the microsphere
resonator with r∼15 μm excited by the BSW waveguide with h∼13 nm.
As a comparison, the transmission spectra of the same microsphere
resonator stimulated by a conventional waveguide with a thickness
h∼13 nm is depicted in Fig. 5b. It should be noted that h∼13 nm is
the cutoff thickness of the conventional waveguide. Here, the effec-
tive refractive index 𝑛eff of the conventional waveguide reaches its
minimum value, which is also the 𝑛eff value closest to that of the
WGM and is used in simulation (see Fig. 4a). From the transmission
spectra, the resonant wavelength can be estimated and then the mode
field distributions at this resonant wavelength can be obtained (Fig. 5c
and d). Moreover, from the transmission spectra, the RD, the 𝑄total
(defined by the ratio of the resonance wavelength to the full width
at the half-maximum of a resonant peak), and the FOM can also be
obtained (Fig. 6). The RD and the 𝑄total can be tuned by the gap
thickness g, i.e., the degree of the mode overlap between the WGM
and the BSW. With the gap thickness g∼600 nm, the WGM excitation
based on the BSW waveguide allows for a large RD approaching 98%
while simultaneously provides a high 𝑄total of 3.13 × 104, which is
near the critical coupling and in the same order of magnitude as
the 𝑄intrinsic of 5.8 × 104. In contrast, the WGMs stimulated by the
conventional waveguide exhibit a much poorer performance. As such,
the conventional waveguide system cannot simultaneously provide a
high 𝑄total and a deep RD, leading to a poor mode field distribution
at the resonant wavelength (see Fig. 5c and d). The FOM of the BSW
waveguide system is about 5 times that of the conventional waveguide
system. These traits can be mainly attributed to the following two
aspects. First, the BSW waveguide allows its 𝑛eff to go below the RI of
silica, which can match the 𝑛eff of the WGMs in the silica microcavity,
whereas the 𝑛eff of the conventional waveguide is always larger than
the RI of silica. Second, the mode field profile of the BSW is conductive
to enhancing the mode overlap. Moreover, our analyses show that the
FOM of the BSW-WGM system does not obviously change with g in
the range of 500 nm – 700 nm and maintains almost the largest value
therein, allowing a large fabrication tolerance of the BSW waveguide.

5. Conclusions

In this work, we numerically studied the mechanisms of WGMs ex-
citation by the BSW waveguide and unveiled BSW’s excellent capability
in stimulating WGMs in microcavities with relatively low refractive
indices. The BSW waveguide can extend a large portion of its mode
energy to its external surrounding medium, which is conductive to
the sufficient overlap between the BSW and the WGMs and therefore
the generation of low 𝑛eff matching that of the WGMs. Compared
with the conventional waveguide coupling protocol, the ultra-thin top
layer on the 1D periodical multilayer waveguide is less limited by its
constitutive materials and is apt to excite the low RI WGM resonators.
Moreover, the BSW waveguide can simultaneously offer a deep RD as
large as ∼98% and a quality factor 𝑄total as high as ∼3.13 × 104, which
is in the same order of magnitude as the 𝑄intrinsic, in stimulating the
WGMs in low refractive index microresonators.
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