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Abstract
Finite-element simulations of nanoscale molecule interaction with the
evanescent radiation field of an optical resonant microcavity are conducted to
characterize the detection of single transparent molecules using the
microcavity as an extremely sensitive micro/nano-sensor. The model sensor
is an integrated device consisting of a dielectric microdisk and a waveguide
that can be nanofabricated on Si-based dielectric thin film. When the
microdisk is operated at a whispering-gallery mode, a strong evanescent field
arises, surrounding the periphery of the cavity. Foreign target molecules such
as proteins present in the near-field will interact with the electromagnetic
resonant field and induce changes to the resonance. Such induced changes
are investigated in this report and their significance in the detection of single
molecules for nanotechnology development is discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Whispering-gallery mode (WGM) occurs when light travels
in a dielectric medium of circular geometry. After repeated
total internal reflections at the curvilinear boundary the
electromagnetic field can close on itself, giving rise to
resonances. WGM resonances possess very high quality
factors due to minimal reflection loss. If the resonating cavity
is in the microscale, one obtains a very small mode volume and
high finesse. Devices featuring resonant microcavity structures
have high potential for the realization of cavity quantum
electrodynamics [1], microlasers [2], selective and tunable
filters [3], optical switching [4], miniature biosensors [5], and
high resolution spectroscopy [6]. The increasing demands for
compact devices to detect biomolecules open up new research
opportunities and challenges.

Near-field radiation plays an important role in mi-
cro/nanoscale diagnostics [7, 8]. Evanescent radiation–
molecule interactions provide novel concepts and innovative
tools for the exploration of the molecular world and the de-
velopment of nanotechnology. Optical techniques for single
molecule detection have recently attracted much attention in
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the field of life sciences. Optical methods in the far-field can-
not localize the dimension to better than the diffraction limit.
To overcome this restriction, near-field optical techniques are
widely and successfully utilized to study the dynamic prop-
erties of biological molecules. One highly successful exam-
ple is near-field scanning optical microscopy (NSOM). Recent
advances in NSOM in combination with fluorescence tech-
niques have allowed for imaging [9], dynamics [10], spec-
troscopy [11], and resonance-energy transfer [12] of single
molecules. Direct detection of nanoscale transparent enti-
ties without labeling is still a challenge, but may be resolved
through the use of extremely sensitive WGM signals [13].

In this study, we will simulate the interaction of a single
transparent biomolecule with the evanescent radiation field
of a dielectric microcavity. The interaction is governed by
Maxwell’s electromagnetic (EM) theory. The finite-element
method is employed for solving the Helmholtz equations with
appropriate boundary conditions. The simulation model is
verified through benchmark comparisons with analytical and
other published numerical results. The induced resonant
condition changes, such as frequency shift and intensity
variation, due to the molecule–radiation interaction are
investigated.
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Figure 1. Sketch of a WGM microcavity simulation domain and
locations of single molecules.

2. Modeling

Consider a dielectric microdisk coupled with a light-delivery
waveguide as shown in figure 1. A small air-gap separates
the microcavity from the waveguide. The microdisk and
waveguide are made of the same material (silicon nitride) and
are assumed to have a constant refractive index of 2.01 against
the excitation wavelengths [14]. For the sake of calculations,
the foreign target molecules that are present in the evanescent
field are assumed to be of circular geometry. A molecule can
approach the microcavity from any direction. Here we only
consider four exemplary directions, i.e., a molecule is located
in either the upper middle, lower middle, middle left or middle
right position to the microcavity.

The molecule–radiation interaction is governed by
Maxwell’s equations. By introducing time-harmonic waves,
Maxwell’s equations can be reduced to Helmholtz equations
as follows:

1

μ
∇2 Ē + ω2εc Ē = 0

1

μ
∇2 H̄ + ω2εc H̄ = 0

(1)

where Ē and H̄ are the electric and magnetic field vectors,
respectively; and ω = 2πc/λ. c is the speed of light in
the medium and λ is the light wavelength. The complex
permittivity is εc = εcrε0 = ε − i(σ/ω), where εcr is the
complex relative permittivity, ε0 is the permittivity in vacuum
and σ is the electrical conductivity. If the complex index
of refraction, m = n − ik, is given, the complex relative
permittivity can be obtained through the relationship: εcr =
m2 = n2 − k2 − i2nk. The absorption index k for dielectric
media is extremely small and negligible.

In the present study we consider the in-plane TE waves,
where the electric field has only a z-component; and it
propagates in the x–y plane (disk–waveguide plane). Thus,
the fields can be written as:

Ē(x, y, t) = Ez(x, y)ēzeiωt (2a)

H̄(x, y, t) = [Hx (x, y)ēx + Hy(x, y)ēy]eiωt . (2b)

Table 1. Comparison of the theoretical and numerical resonance
wavelengths for an isolated 2 μm-diameter cavity.

Azimuthal
mode
number n

Theoretical
resonance
wavelength (nm)

Numerical
resonance
wavelength (nm)

Relative
error (%)

8 1170.548 1168.92 0.141
10 964.891 964.110 0.081
12 822.9948 822.964 0.004
14 718.755 718.709 0.006
16 638.6908 638.638 0.008
18 575.1338 575.067 0.012
20 523.3831 523.2915 0.018
22 480.2857 480.2722 0.003

Table 2. Comparison of resonance frequencies between the
predictions of FEM and FDTD for the 5 μm-diameter cavity coupled
with two waveguides (FDTD data are cited from [15]).

Resonance frequency (THz)
Radial mode
number FDTD FEM Relative error (%)

1 189.2 189.42 0.12
2 191.3 191.52 0.12
3 187.8 188.04 0.13

At the interface and physical boundaries, the natural
continuity condition is used. For the outside boundaries, the
low-reflecting boundary condition is adopted. Low-reflecting
means that only a small part of the wave is reflected, and that
the wave propagates through the boundary almost as if it were
not present. This condition can be formulized as

ēz · n̄ × √
μH̄ + √

εEz = 0. (3)

The light source term E0z , which propagates inwards
through the entry of the waveguide, is treated as an electrically
low-reflecting boundary and is expressed by

ēz · n̄ × √
μH̄ + √

εEz = 2
√

εE0z . (4)

Versatile numerical approaches can be employed for
solving the EM problem. The finite-difference time-domain
(FDTD) method [15] and the finite-element method (FEM) are
among the most popular. The FEM [16] is very flexible in
terms of the treatment of irregular configurations such as the
circular geometry of the microcavity. Thus, the in-plane TE
waves application mode of the commercial FEMLAB package
(version 3.0) is employed for the finite-element analysis in the
current simulations. The description of the numerical method
is available in the literature [13, 16], and thus, is not repeated
here.

The present FEM simulation is validated through close
benchmark comparisons with analytical and/or published
FDTD simulation results in tables 1 and 2. The resonance
wavelengths of FEM simulation in table 1 for a 2 μm-
diameter cavity made of silicon nitride are obtained under
the asymptotic limit, i.e., the cavity is positioned far away
from its coupling waveguide. The analytical results are from
Quan [17] who used the method of separation of variables
with appropriately defined boundary conditions to find the
intrinsic resonance wavelengths of the given cavity without
a waveguide. The FEM model is also used to simulate the
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resonance of a 5 μm-diameter cavity demonstrated by Taflove
and Hagness [15] who used the FDTD simulation method. In
both simulations, the calculation domain is a 6 μm × 7 μm
rectangular area. The microcavity is coupled to two straight
waveguides at the top and bottom, respectively. The width
of both the waveguides is 300 nm and the gap between the
microdisk and either waveguide is 232 nm. The material
of the microdisk and waveguides is GaAlAs, which has a
refractive index of 3.2 for the considered wavelength range.
The resonance frequencies for radial modes 1, 2, and 3 with
the same azimuthal mode number of 27 are listed in table 2
for comparison. Excellent agreement was found between the
analytical and FEM methods and the FEM and FDTD methods.
We also compared their respective E-field distributions and
found similar patterns among all of the methods.

3. Results and discussion

Under the WGM first-order resonance, an exceedingly brilliant
ring forms along the boundary of a microcavity [16]. Even
though the incident light is very weak, the circulation
overlapping inside the mode ring obviously enhances the mode
intensity and provides a strong evanescent field surrounding the
resonator periphery surface. If single molecules are attached
on the periphery or within the evanescent field, it is expected
that they will interact with the evanescent field. As a result, the
resonance conditions may alter. Understanding such induced
changes is paramount to the design of innovative WGM-based
micro/nano-sensors.

In the following we simulate the interaction of a single
transparent molecule with a microcavity device. The device is
a 2 μm-diameter microdisk coupled with a straight waveguide
0.5 μm wide and is made of silicon nitride. The air-gap
separating the microcavity and waveguide is 280 nm which
is an optimum gap condition [14]. The base resonance
wavelength of the integrated device is found to be 822.93 nm
for first-order resonance at azimuthal mode 12, in the case
without any molecule attachment. The resonance wavelength
shift (RWS) due to molecule attachment is in reference to
this base resonance wavelength of the device. In general,
biomolecules have different shapes and sizes as well as
different optical properties. The refractive index of biological
components in humans varies in the range of 1.35–1.60 [18].
In the present two-dimensional simulations, the biomolecule
phantoms are simplified as circles and the molecular size
discretely varies from 25 to 550 nm in diameter. The refractive
index of the target molecules considered is assumed to be 1.45,
which is a typical value for proteins [19].

Now let us investigate a single molecule of 200 nm
in diameter which is approaching the periphery of the
microcavity from four different orientations as shown in
figure 1. The presence of this molecule changes the resonance
wavelength and the change (i.e., RWS) should be a function
of the approaching distance. The term ‘molecule attachment
distance’ (MAD) is used here to indicate the shortest distance
from a molecule to the microdisk periphery. Figure 2 shows the
simulation data and exponentially fitted curve of the resonance
wavelength shift versus the molecule attachment distance. It
is seen that the distance from the molecule to the microcavity
obviously affects the magnitude of the RWS. When the

Figure 2. The induced resonance wavelength shifts (RWS) when a
single molecule of 200 nm in diameter is approaching the
2 μm-diameter microcavity.

molecule is closely attached to the microcavity surface (i.e.,
MAD = 0 nm), the induced RWS is 0.24 nm, corresponding
to a 112 GHz frequency shift. Such a big frequency shift is
certainly detectable through general optical techniques. The
fitted curve reveals that the RWS decays with increasing MAD
in an exponential manner. At MAD = 500 nm, the RWS is less
than 0.005 nm. The signal change as a function of distance
should be of interest for studies of biomolecular interactions
and protein folding. The slight fluctuation of the simulated data
for different molecule locations shown in figure 2 indicates that
the effect of the molecule approaching direction is not very
appreciable. This is because the EM field of a whispering-
gallery mode is almost axisymmetric.

The MAD also affects the radiation intensity of the
resonance mode inside the microdisk. A molecule which
is closer to the microdisk may scatter more energy from
the evanescent field and thus reduce the resonance intensity.
Figure 3 shows the E-fields of the 2 μm-diameter microcavity
sensor at resonance azimuthal mode 12 for four different
molecule attachment distances. The molecule of 400 nm in
diameter is approaching the microcavity from the upper middle
position. It is seen that the resonance intensity inside the cavity
weakens substantially with decreasing MAD. This indicates
that the presence of a foreign molecule will reduce the quality
(Q) factor of resonance. In addition to the frequency shift, the
Q factor and the scattering radiation intensity may be exploited
as signals for sensing purposes.

The molecule size effect is further disclosed in figure 4,
where the stored energy inside the cavity against the diameter
of the molecule at various attachment distances is plotted. With
increasing molecule size, the stored energy decreases. This
is consistent with the findings in figure 3. The stored energy
decreases rapidly when the molecular size increases from 25 to
150 nm. The attachment distance is also a critical parameter to
determine the intensity decay. For instance, the presence of a
molecule of 500 nm in diameter at a MAD of 200 nm results
in a 50% reduction of the stored energy, whereas the same
molecule at zero MAD reduces the stored energy by 90%. The
closer the attachment, the more significant the molecule size.
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Figure 3. The E-field changes due to a single molecule approaching the 2 μm-diameter microcavity.

Figure 4. Molecular size effect on the stored energy inside the
2 μm-diameter microcavity.

Human tissues have very weak absorption in the near-
infrared (700–1100 nm). The reported tissue absorption
coefficient [20] is generally of the order of 0.01–0.1 mm−1

which corresponds to an absorption index of less than 10−5

in the complex refractive index. Such small absorption
common in dielectric media is negligible when the medium
is very thin, particularly at the molecular level. Thus, most
biological molecules except those containing pigment are
nearly transparent in the near-infrared. When absorption
is significant, the resonance intensity and quality factor
will be substantially lightened. Other means such as
measuring transmission reduction [21] or using cavity ring-
down techniques [22] could be exploited.

The present study is not only important for molecular
detection, but is also of potential application in a wide
range of DNA- and protein-based molecular nanotechnologies,
such as the study of molecular interaction events during
many biological and/or drug-delivery processes. It should be
mentioned that optical microcavity-based detection techniques
are not solely limited to molecules. A referee of this article
brought the detection of a single atom trapped and cooled
in magnetic microtraps under WGM resonance [23] to the
authors’ attention.

4. Conclusion

In summary, molecule–radiation interactions at whispering-
gallery modes were simulated using the finite-element solution
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of Maxwell’s equations. The FEM model was verified.
Excellent agreement was found between the FEM simulation
and analytical results and between the FEM and published
FDTD simulations. The influence of the presence of
target molecules in the near-field of the microcavity on the
whispering-gallery mode resonance is investigated. It is
found that a single biomolecule can affect the resonance
field intensity and alter the resonance frequency/wavelength.
The direction of the approaching molecule is not important.
Both the molecular size and attachment distance determine
the magnitude of the induced changes. With decreasing
attachment distance or increasing molecule size, the shift of
resonance frequency increases and the resonance field intensity
weakens. By measuring these induced WGM signal changes,
it is possible to detect single transparent molecules and/or
to follow up molecular events. This study is significant for
designing extremely sensitive biosensors for nanotechnology
development.
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