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Abstract: The effects of perturbations of whispering gallery modes
(WGMs) in cylindrical microcavities by embedded particles are studied by
FDTD modeling. The principal effects are: i) spectral shift of the WGM-
related peaks caused by the variation of the average index, ii) broadening of
the WGM peaks introduced by the scattering, and iii) splitting of the WGM
peaks due to formation of symmetric (SSW) and antisymmetric (ASW)
standing waves. The focus of this work is on the last effect. We show that it
can be maximized by placing the nanoparticle inside the cavity at a position
corresponding to the antinode of the radial distribution of intensity of
WGM. It is demonstrated that in this case the magnitude of splitting reaches
several angstroms for 5 pm cavities with index 1.59 supporting moderately
high quality (Q=10°) WGMs. We show that for relatively small particles
with radius <70 nm and index contrasts <0.2 the magnitude of SSW/ASW
splitting is linearly dependent on the size and index of the nanoparticle. This
allows developing biomolecular sensors based on measuring this splitting in
porous cavities. It is predicted that a similar effect of splitting can occur in
semiconductor microdisks and pillars where the role of embedded dielectric
nanoparticles can be played by self-assembled quantum dots.
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1. Introduction

High quality (Q) whispering gallery modes (WGMs) in microcavities can be perturbed by
nanoparticles located near the surface of the cavity that can be used for sensing bacteria,
proteins, DNA, and viruses [1-4]. In modestly high Q cavities (0<10°) label-free biomolecular
detection is typically provided due to spectral shift and broadening of the WGM resonances.
The sensitivity of biomolecular sensors has been increased up to a single molecular level [5]
in ultra-high 0>107 cavities due to the fact that the response of the cavity is enhanced by the
heating effects caused by a nanoparticle.

One of particularly interesting effects reported for ultra-high Q microspheres [6, 7] and
disks [8, 9] is connected with lifting of the degeneracy of counterpropagating (clockwise and
anticlockwise) WGMs caused by surface roughness or by any perturbation near the surface.
The magnitude of the observed splitting was rather small, typically in the picometer range
with respect to the visible or near infrared wavelengths in these experiments.

The motivation behind this work is to investigate if this effect can be increased up to a
level which would allow the development of sensor devices based on measurements of such a
splitting. We focus on a situation where a nanoparticle is located inside the cavity. Such
situation can be realized in microdroplets with nano-inclusions [10]. However limited index of
water (1.33) or glycerol (1.47) droplets complicates observation of this effect due to reduced
Q-factors of WGMs. In this work we focus on the case of cylindrical cavities with larger
index (1.59). For achieving sensor functionality such structures can be realized in porous
materials such as porous silicon [11]. We employed techniques of built-in sources of light to
calculate spectra of WGM-related eigenstates in contrast to scattering techniques [10] used in
previous studies of droplets. Emission properties of cylindrical cavities with embedded
nanoparticles have been analyzed in the context of obtaining unidirectional light emission
properties [12, 13], however the phenomenon of the splitting of WGM-related resonances has
not been thoroughly studied in such cases.

We studied these effects for a two-dimensional (2D) model system consisting of a 5um
diameter microcylinder with index n.=1.59 supporting WGMs with moderately high
0~1.4x10° and an embedded nanocylinder with various indices of refraction (1<n,<2.2) and
radii 0<R,<120 nm. We show that in the presence of such nanocylinder, the traveling WGMs
inside microcylinder give rise to symmetric (SSW) and antisymmetric (ASW) standing waves.
Due to the different overlap of SSW and ASW with the nanocylinder, they have different
energies that determine the magnitude of SSW/ASW splitting. We show that by placing the
nanocylinder in an optimal position inside the cavity, corresponding to the antinode of the
radial intensity distribution of the WGMs, the SSW/ASW splitting reaches several angstroms
in the visible regime that is easily detectable using conventional spectrometers. We study how
the magnitude of the splitting depends on the location, refractive index and size of the
nanocylinder. The results of these studies can be used for developing sensors based on
permeable or porous materials.

It should also be noted that the results of this work have a relevance to the case of WGMs
in semiconductor microdisks and micropillars with embedded quantum dots (QDs) [14, 15].
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Recently such structures attracted significant interest due a possibility of strong light-matter
coupling between a single QD and a high Q cavity mode [14] under resonant conditions. The
results of our work show that besides their excitonic resonant properties, QDs can also be
considered as being a nonresonant dielectric “perturbation” (due to their different index) for
WGMs in a cavity, leading to the SSW/ASW splitting. Although this splitting is expected to
be rather small (subangstrom), it needs to be distinguished from the Rabi splitting when
interpreting the spectra of such systems.

2. Perturbation positional dependence

We start by presenting results of studies of WGM perturbations as a function of the position
of a nanocylinder. The spectral response of the cavity was obtained by numerical modeling of
the EM field distribution based on 2D finite difference time domain simulations using the
FullWAVE™ software [16]. The side excitation of WGMs was modeled by using a
unidirectional source of light placed inside the cavity close to its surface, as schematically
illustrated in Fig. 1(a). This source launches plane waves at a grazing angle of incidence to the
cavity’s sidewall that results in the building up of counterclockwise WGM traveling waves.
We used a 13 fs transverse electric (TE) polarized Gaussian pulse to generate a comb of TE;"
WGMs with radial number n=1 and various angular / numbers. To find the WGM spectra in
the cavity, we performed a Fourier transform of the electric field monitored at the antinode of
its radial distribution, as indicated in Fig. 1(a). The numerical convergence was checked for
the calculation parameters which include spatial mesh (4¢/30 for 45=540 nm) and sufficiently
long time interval (400 ps). The computational domain 6x6 um* was surrounded with a
perfectly matching layer of width 0.5 ym.
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Fig. 1. (a) Sketch of the cylindrical cavity with the built-in source of light and the monitor
where the field is calculated. The position of the nanocylinder is determined by distance d
measured between the center of the nanocylinder and the upper edge of the cavity (d<0 means
the nanocylinder is inside the cavity). (b) Spectrum of WGM resonances for an unperturbed
Sum diameter microcylinder cavity with the index n.=1.59. Spectra (c) to (g) represent WGM
peaks perturbed by a nanocylinder of radius R,=50 nm and index n,=1.7 located at different d.
In order to separate the spectra, each successive spectrum is divided by 10*. The insets illustrate
the difference of intensity distributions for the ASW at 540.846 nm and for the SSW at 540.912
nm in terms of their overlap with the nanocylinder. (h) The dependence of SSW/ASW splitting
on the position of nanocylinder represented by d.

For comparison purposes we presented in Fig. 1(b) a WGM spectrum of an unperturbed
cavity (without a nanocylinder). This spectrum illustrates a TE;;' WGM peak at 540.83 nm
with Q=~1.4x10°. The spectra presented in Figs. 1(c-g) illustrate the effects of WGM
perturbation by the nanocylinder located at various depths d.
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As illustrated in Fig. 1(c), when the nanocylinder is outside the microcylinder (d= 50 nm),
the main effect is a dramatic broadening of the WGM resonance (Q=3100) caused by the
scattering losses introduced by the nanocylinder. The shift of the peak by 0.093 nm is
determined by the increased effective index experienced by the WGM in microcylinder.
Similar effects are obtained for the nanocylinder located at the surface of the cavity (d=0), as
illustrated in Fig. 1(d). In this case, an increased long wavelength shift of the resonance is due
to the larger overlap of WGM EM field with the high index nanocylinder (1,=1.7). Generally,
our results show that the broadening effects can be significant in such cases. It should be
noted however that for smaller perturbations (An= n,~n.<0.1, R,<<50 nm) the resonance was
found to be not spoiled to a significant degree in qualitative agreement with the analytical
theory [4] and with the results of modeling for droplets [10] and microspheres [17].

As represented in Fig. 1(e) when the nanocylinder is completely embedded in the cavity
touching its surface from inside (d=—50 nm), the perturbation manifests itself by the
appearance of a double peak structure. An increased scattering of the WGM by the
nanocylinder in a backward direction leads in this case to the formation of clockwise traveling
WGMs. Both counterpropagating waves are phase matched and their interference leads to the
formation of an antisymmetric standing wave (ASW) peak at 540.846 nm and a symmetric
standing wave (SSW) peak at 540.912 nm.

The splitting between ASW and SSW peaks can be qualitatively explained by the different
overlap of these waves with the high index material represented by the nanocylinder. This
interpretation is supported by calculations of the WGM intensity distributions for two peaks at
540.846 nm and 540.912 nm, as illustrated in insets at the top of Fig. 1. In these calculations,
we propagated longer pulses with the bandwidths comparable to the widths of these spectral
peaks, and with the center wavelength resonant with the peak positions. By analyzing the time
evolution of these intensity maps, we verified that both resonances are indeed standing waves
as opposed to an uncoupled traveling TE;;' WGM at 540.83 nm in Fig. 1(b). For ASW at
540.846 nm the overlap of intensity pattern with the nanocylinder is minimized (left inset),
since the intensity has a zero at the center of nanocylinder. This explains not only the shorter
wavelength of ASW, but also the fact that this wave does not effectively interact with the
nanocylinder. This results in nearly the same Q-factor (= 10°) of this peak as in the reference
structure illustrated in Fig. 1(b). In contrast, the SSW at 540.912 nm has a maximum at the
center of nanoparticle (right inset) that explains both a smaller Q-factor (= / 0% observed for
this peak and its location at a longer wavelength.

If the nanoparticle is placed deeper (d=—150 nm) inside the cavity, the resulting
perturbation of the WGM increases which is seen due to increased splitting in Fig. 1(f). But
when the particle moves in the cavity deeper than the antinode of the radial intensity
distribution of TE411, the WGM perturbation is reduced, as illustrated by smaller SSW/ASW
splitting at d= —350 nm in Fig. 1(g). The plot in Fig 1(h) shows this dependence of the
splitting on the radial position of the nanoparticle. It is seen that the maximal SSW/ASW
splitting is achieved for nanocylinder located at the radial antinode of WGMs at d=—150 nm.

3. Index contrast dependence

The dependence of the positions of SSW and ASW peaks originating from TE,,' peak on the
refractive index contrast of perturbation, An= n,-n., is shown in Fig. 2(a). In these
calculations we fix the position of the nanocylinder at d=—R,=—50 nm corresponding to the
situation illustrated in Fig. 1(e). Generally, the positions of the peaks are determined by the
average index experienced by the corresponding waves. The ASW peak is found to be shifting
only slightly with An, as illustrated by the red dashed line in Fig. 2(a). It is interesting to note
that this peak was also found to have almost the same Q=10 in a very broad range of index
contrasts, —0.6<An<0.7, as illustrated in Fig. 2(b). As it was already mentioned in the previous
paragraph, this behavior is due to the small overlap of ASW with the nanocylinder. In
contrast, SSW has maximal overlap with the nanocylinder that results in very strong shift of
this peak with An, as illustrated in Fig. 2(a) by the blue dashed line. Strong scattering of SSW
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by the nanocylinder also explains pronounced decay of Q-factor of this wave with An, as
illustrated in Fig. 2(b).
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Fig. 2. (a) Dependence of WGM spectra on the index contrast An= n,- n. of the perturbation.
The red dashed line and the blue dashed line show behavior of ASW peak and SSW peak
respectively. The perturbation setting is as shown in the inset. The size of the cavity and the
nanocylinder, and the spectrum scaling is the same as that for Fig. 1. Dependence of (b) quality
factors and (c) splitting of SSW and ASW peaks on the index contrast An of the perturbation.

Fig. 2(c) shows the dependence of the splitting (| Assw - Aasw|) between SSW and ASW
peaks on the perturbation index contrast. The results are presented for three SSW/ASW pairs
of peaks originating from unperturbed WGM peaks TE,', TE4 !, and TE,,'. It is found that
the splitting behaves linearly in the limit of small contrasts. For |An|>0.2 however the splitting
displays a marked nonlinear behavior that indicates that such a particle can no longer be
considered as a small perturbation. Thus, the results presented in Fig. 2(c) show that
SSW/ASW splitting of the order of several angstroms can be caused by the embedded
particles with R,=50 nm and the amount of splitting is proportional to the index contrast
introduced by the nanoparticle.

4. Perturbation size dependence

In the previous analysis the particle was assumed to be small compared to the wavelength in
the medium (R,=50 nm << Ay/n~340 nm). It is interesting to consider the case of larger
nanoparticles where the behavior of ASW resonances should be very different due to the fact
that the field can become quite significant at the edges of the particle despite that it has a null
at the center of the particle.

In order to model the behavior of ASW for larger particles we used a similar setting with
the nanocylinder with index n,=1.64 placed at d=—R, that corresponds to the case of the
nanocylinder touching the surface of microcylinder from inside. The radius of the
nanocylinder was varied from 0<R,<300 nm. The dependence of both peak (SSW and ASW)
positions on R, is presented in Fig. 3(a) for a WGM originating from TE4' resonances. It can
be seen that in the limit of small sizes (R, <50 nm), as expected, the red curve in Fig. 3(a)
representing the ASW peak shows nearly the same wavelength (=540.83 nm = resonance
wavelength of the unperturbed TE4,"), however for larger particles it shows an increasing long
wavelength shift. It is interesting to note that for particles with R,>80 nm the slope of the red
curve exceeds that of the blue curve (representing SSW peak) which leads to the crossing of
these curves around R,=105 nm.

In Fig. 3(b) we plotted the dependence of splitting between SSW and ASW pairs of peaks
as a function of R, calculated for two different WGM resonances. All dependences
demonstrate pronounced minima around R,=105 nm, where both SSW and ASW EM field
have the same degree of overlap with the embedded particle. The behavior of the curves in
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Fig. 3(a) indicates a crossing rather than anticrossing trend around R,=105 nm, since the on-
resonance SSW/ASW splitting is found to be smaller than the linewidths of the individual
peaks. Because of the difficulty of determining such small splittings, they are not shown in
Fig. 3(b) below the horizontal cut-off line at 0.01 nm.
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Figure 3. Dependencies of (a) SSW and ASW peak positions and (b) SSW/ASW splitting on
the radius (R,) of the nanocylinder (n,=1.64) embedded at d= —-R, deep inside 5 um
microcylinder (n,=1.59). The rest of the simulation setting is as for Fig. 2.

5. Conclusions

The optical phenomena studied in this paper are determined in a fundamental way by the
effect of the formation of standing WGMs in a cylindrical cavity caused by embedded
nanoparticles. A similar effect has been known [6-9] for the surface perturbations. We found
that by placing the nanoparticle at the antinode of the radial distribution of intensity of
WGMs, it is possible to achieve SSW/ASW splittings of the order of several angstroms for
cavities with moderately high quality (Q~10°) WGMs. Such cavities can be realized in
permeable or porous materials such as porous silicon, and can be characterized by using
conventional spectroscopic tools. We showed that in the limit of relatively small particles
(Rp<50 nm) with limited index contrasts (An<0.2) the splitting between SSW and ASW peak
is linearly dependent on the size and index of the nanoparticle. This suggests the possiblity of
developing biomolecular sensors based on the measurement of this splitting. If bacteria,
proteins, DNA, and viruses are trapped at an optimal depth inside the cavity, they should
produce a certain SSW/ASW splitting which can be used to identify these nano-objects. The
values of the splitting determined in this work on the basis of 2D modeling can be used as a
rough estimate of the effects which are expected to be observed in such 3D cases.

On the basis of the simple 2D model used in this work, it is possible to suggest that similar
SSW/ASW splitting phenomena can take place in completely different material systems, e.g.
as semiconductor microdisks [14] and pillars [15] with quantum dots. Self-organized QDs can
play the part of embedded dielectric particles causing perturbations of WGMs in
semiconductor cavities. This should result in a subangstrom SSW/ASW splitting which
should be clearly distinguished from the normal mode splitting phenomena arising from
strong coupling with the excitonic oscillator. Thus the results of this work can be useful for
interpreting spectroscopic studies of high O semiconductor cavities and photonic molecules
with embedded quantum dots.
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