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Abstract. The effect of the discrete values of the refractive index of the surrounding medium on the spectral
behavior of the whispering-gallery modes (WGMSs) in the elastic scattering spectra of high-refractive-index silica
microspheres submerged in fluids, such as air, water, and glycerol, is studied. The elastic scattering spectral
measurements, as well as the spectral autocorrelation analysis of these elastic scattering spectra show that the
spectral-mode spacing, the spectral-mode density, and the spectral-mode definition of the WGMs decrease as
the refractive index of the surrounding fluid increases. We believe that this work opens up the way for optofluidic
applications of high-refractive-index silica microsphere-based guided wave optics. © 2017 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: [T 77 TOH50- 121261 1d]
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1 Introduction

Half a century elapsed since the proposal of the cavity
alteration of the spontaneous emission for radio waves by
Purcell.l Since then, optical microresonators have found
many applications in photonics B MicrospheresB# with whis-
pering-gallery modes (WGMs)B with large auality-factors
(Q-factors) coupled to optical waveguides! have found
applications in optical fiber communication and sensingﬂ as
microlasers,ﬂchannel-dropping filters,[ optical switches, 3
tunable filters,E Raman lasers,* rotation sensors,E and
biosensors.[d

In addition to dielectric spheres, semiconductor, e.g.,
silicon, microspheres have been used in channel dropping
and considered for optoelectronic applications. BT Silicon
microspheres have been used for optical modulation appli-
cations in airf¥ and in nematic liquid crystals.m Germanium
microspheres® were studied for electronic- and photonic-
integration applications. Semiconductor microspheres are
extremely important due to their high refractive indices,
which enables the realization of small devices with a high
performance. However, most semiconductor materials are
not appropriate for visible-light applications due to their
absorption losses.

Ultrafine sensing® and biomolecular agent detection® are
also interesting for optical miniature biosensors,B which uti-
lize high Q-factor microsphere resonators.B These sensors
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have taken advantage of either the wavelength shift or the
linewidth broadening of WGMs, induced by the adsorption
of biomolecules onto the surface of the microsphere. 2 While
the wavelength shift of a WGM is caused either by a change
in the refractive index or the size of the microsphere, the
linewidth broadening is frequently due to the scattering
losses that affect the cavity O-factor B Because of the impor-
tance of improving detector performance, increasing the sen-
sitivity of these devices is crucial. Enhanced sensitivity of
microsphere sensors can result from coating the microsphere
with a high-refractive-index surface layer in order to increase
the frequency-shift sensitivity. Ultrasensitive chemical sen-
sors have also been fabricated using film-coated micro-
spheres.E Microspheres have also been used to measure
changes in the surrounding liquid medium’s refractive
index* by dynamically tracking the redshift of the WGMs.

In this paper, we report, for the first time to the best of our
knowledge, the static measurement of surrounding fluid’s
refractive index on the WGM spectral behavior, such as
mode spacing (AA), mode density, and mode definition
[signal-to-background (BG) ratio] of high-refractive-index
(N = 1.9)-doped silica microspheres, submerged in various
fluids, placed on a pure silica optical fiber half coupler
(OFHC), and excited with a tunable dye laser in the visible
spectral region.

We believe that this work opens a way for optofluidic
applications, such as optofluidic dye lasers,B optofluidic
switches,E tunable ﬁlters,E electrowetting based lenses,E
and various biochemical sensors.E

2 Whispering-Gallery Modes of Spherical Optical
Resonators

WGMs in a spherical cavity are explained by LorenzB-
MieB theory. When the optical path inside a cavity is equal
to an integer multiple of wavelength, a standing wave occurs
in the cavity. For large microspheres (a > 1), with refractive
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index N, and radius a, the condition for the WGM is k;a =
2zaN /A = n, where k| is the propagation vector in the
microsphere, A/N; is the wavelength of light in the micro-
sphere, and 7 is an integer quantum (polar mode) number.®
A better approximation of the resonance condition is given
by kya = kN,a = n + 1.856n'/3 — M /(M? —1)/28
Frequently, a dimensionless size parameter x = 2zNa /A
is defined to be used in expressions of this system. The stand-
ing wave condition can then be expressed as a function of the
size parameter, the integer quantum (polar mode) number 7,
and the relative refractive index M = N /N, where N is the
refractive index of the surrounding medium. As shown in the
sketch of Fig. [[(a], the WGMs defined by radial (I), polar (n),
and azimuthal (m) mode numbers exhibit a spectral-mode
spacing Al = A arctan[(M? — 1)'/?]/2zaN(M?* - 1)'/2,
i.e., a spectral distance between two WGMs with the same
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Fig. 1 Sketch of (a) elastic scattering, (b) its autocorrelation, and
(c) second derivative of the autocorrelation spectra.
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radial mode number (/) and consecutive polar mode number
(n).H The mode density of the WGMs is another important
spectral parameter and decreases with decreasing refractive
index contrast between the inside and the outside of the
sphere. As shown in the sketch of Fig. [(b), the spectral-
mode definition (ratio of WGM signal-to-BG signal) of the
WGMs can be measured by performing an autocorrelation®
analysis of the elastic scattering signal.

The spectral autocorrelation analysis related to elastic
scattering spectra was previously performed to study par-
ticles in suspension,™ rough surfaces, B8 polymer films, B
semicontinuous metal films,E and random lasers.® Here,
we are using spectral autocorrelation analysis for extracting
the spectral-mode spacing, spectral-mode density, and spec-
tral-mode definition. The spectral autocorrelation analysis is
performed using the autocorrelation function on the mea-
sured elastic scattering spectra.E

The slope of the autocorrelation signal increases with an
increase of the BG signal with respect to the WGM signal.
The closer the slope of the autocorrelation baseline to the
horizontal, the higher is the spectral-mode definition of the
WGMs.® As shown in Fig. [{c], the minimum of the second
derivative of the autocorrelation spectra can be used to find
the maximum of the autocorrelation spectra.Iill

3 Experimental Setup of Elastic Scattering from
Silica Microspheres

A schematic of our experimental setup is shown in Fig. . A
visible tunable dye laser operating with DCM laser dye with
a lasing spectrum between 615 and 655 nm is pumped by a
frequency-doubled (532 nm) Nd:YAG laser. The dye laser
output is coupled to a silica single-mode optical fiber
(SMOF) with a refractive index of Ngyor = 1.46, which is
coupled to an SMOF OFHC in order to couple light to the
high-refractive-index (N; = 1.9) silica microsphere with a
radius of 12.75 um.

The 90-deg elastic light scattering from the silica micro-
sphere is detected by imaging the silica microsphere on to a
photomultiplier tube with an optical microscope. The wave-
length of the laser light is tuned between 632 and 640 nm
with 4-pm steps. The intensity of scattered light is recorded
per each scan step leading to 2000 data points per spectrum.
A beam splitter is used to observe and position the micro-
sphere to an optimal position for sufficient light coupling.
With a randomly polarized input light, both transverse elec-
tric (TE) and transverse magnetic (TM) modes are excited,
and rich elastic scattering spectra are observed. The mea-
sured elastic scattering spectra contain a collection of TE

PMT

Beam splitter
Optical microscope

High-refractive-index glass microsphere Surrounding fluid

Tunaﬂf laser OFHC I

Fig. 2 The schematic of the experimental setup showing the silica
microsphere placed on the OFHC.

December 2017 « Vol. 56(12)

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 5/13/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Yilmaz et al.: Whispering-gallery modes observed in elastic scattering from submerged. ..

and TM WGMs with different radial mode numbers. The
number of observed WGMs, as well as their Q-factors,
depends on the resolution of the measurement setup.

4 Elastic Light Scattering Spectra from Silica
Microspheres Immersed in Fluids

The silica microsphere is investigated first in air. Figure
shows the 90-deg elastically scattered spectrum for a silica
microsphere in air. WGMs are observed as peaks in the 90-
deg elastic scattering spectrum. Due to the high refractive
index (N; = 1.9) of the silica microspheres, WGMs have
narrow spectral linewidths and are spectrally dense with a
spectral-mode spacing of A4 = 3.24 nm.

Observation of WGMs in water is important for bio-
chemical sensing applications, since sensing experiments are
mostly performed in aqueous solutions. Figure shows
the 90-deg elastically scattered spectrum for a silica micro-
sphere in water (N = 1.33). When compared to air, the spec-
tral-mode spacing (AA) has decreased due to the effective
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Fig. 3 The 90-deg elastic scattering spectra of silica microsphere in
(a) air, (b) water, and (c) glycerol.
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refractive index decrease of the silica microsphere in
water. WGMs extend into the surrounding medium due to
higher refractive index of water compared to air, which is
observed as a redshift and reduced mode spacing in the spec-
trum.2 When compared to air, the BG of the elastic scatter-
ing signal in water has increased due to increased scattering
from the surface of the OFHC.

Glycerol is a high-refractive-index (N = 1.43) transpar-
ent medium in the visible spectrum. Figure shows the
90-deg elastic scattered light spectrum for a silica micro-
sphere in glycerol. Glycerol has a higher refractive index
compared to air and water. The high refractive index of glyc-
erol enhances the scattering from the surface of the OFHC,
thereby the BG signal increases. The WGM spectral-mode
spacing is smaller compared to both water and air immersion
due to the effective refractive index decrease of the silica
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Fig. 4 Elastic scattering autocorrelation spectra of silica microsphere
in (a) air, (b) water, and (c) glycerol.
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microsphere in glycerol. When compared to water, the
decreased WGM spectral definition (ratio of WGM sig-
nal-to-BG signal) in glycerol is due to the increase of the
BG scattering from the surface of the OFHC.

The spectral density of WGMs also decreases with
increasing refractive index of the surrounding fluid medium.
For the microsphere in air [Fig. B(a]], there are ~13 percep-
tible WGMs, whereas in water [Fig. B(b]], the number of
perceptible WGMs is 7, and in glycerol [Fig. B(c]], the
number of perceptible WGMs per mode spacing is 4, respec-
tively. Air (N = 1.00) with the highest refractive index con-
trast with the silica fiber (Ngyor = 1.46) gives rise to the
best optical confinement, resulting in the maximum number
of perceptible WGMs.

5 Autocorrelation Spectra of the Elastic Scattering
from Silica Microspheres

To study the correlation of the elastic scattering spectra with
the silica microsphere size, an autocorrelation analysis is
used in the 90-deg elastic scattering spectra. Figures
show the autocorrelation analysis of the 90-deg elastic
scattering spectra of the silica microsphere submerged in air,
water, and glycerol, respectively. The WGM spectral-mode
spacing (A4) is clearly visible for the silica microsphere in
air, water, and glycerol, i.e., A1 = 3.24 nm, A1 = 2.9 nm,
and AA = 2.83 nm, respectively. As the refractive index
of the outside fluid increases, the WGM spectral-mode spac-
ing (A1) decreases.

WGM spectral definition can be measured by comparing
the WGM signal quality with the BG signal. The slope of the
autocorrelation baseline is minimum [0.4/8 nm in Fig. E(a]]
in air and [0.9/8 nm in Fig. fi(b]] in water, and maximum
[1.0/8 nm in Fig. f(c]] in glycerol, so that the WGMs in
air have the best spectral-mode definition.

The WGM spectral density decreases with the increase of
the surrounding fluid medium’s refractive index (N), as evi-
denced in the autocorrelation spectrum for the microsphere
in air [Fig. f(a]] with ~13 WGMs, in water [Fig. fi(b]] with
~4 WGMs, and in glycerol [Fig. f(c]] with ~2 WGMs per-
ceptible in one-mode spacing, respectively. Again air (N =
1.00) with the highest refractive index contrast, when com-
pared to the silica optical fiber (Ngyor = 1.46), shows the
highest WGM-mode density.

The second derivative of the autocorrelation spectra is
given in Figs. for air, water, and glycerol, respec-
tively. Using the minimum of the second derivative, it is pos-
sible to locate the peaks in autocorrelation spectra of Fig. fil.
The second-derivative spectra in Figs. and locate
the mode spacing in autocorrelation peaks of Figs. fi(a]
and (6] The second-derivative spectrum in Fig. B(c), how-
ever, locates as the minimum another autocorrelation peak
for our case of unpolarized spectroscopy. TE- or TM-polar-
ized spectroscopy might be better suited for recovering the
spectral-mode spacing of A1 = 2.83 nm for the glycerol as
well.

In addition, in Figs. and the minimum of the
second derivative gives us the correct mode spacing values,
whereas, in Fig. B(c], the minimum of the second derivative
gives us some other spectral value. This false positive can be
avoided, if the radius of the microsphere is reduced so
that only one radial order is preserved, resulting in a mode
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Fig. 5 Second derivative of autocorrelation spectra of silica micro-
sphere in (a) air, (b) water, and (c) glycerol.

spacing free of other radial order modes, analog to the free-
spectral range of a Fabry—Pérot resonator.

Compared to the dynamlc WGM redshift method,B
which continuously acquires spectral data, our method is
static and takes snapshots of the elastic scattering spectra and
can be implemented for cases, when continuous data acquis-
ition is not needed.

6 Conclusions

Observation of the WGMs of free-standing monolithic high-
refractive-index silica microspheres immersed in different
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amorphous fluids has been demonstrated. The spectrally
measured WGM-mode spacing (A1) compares favorably
with the optical size of the high-refractive-index silica micro-
sphere and is also evidenced by the spectral autocorrelation
analysis of the elastic scattering spectra. The decrease in the
spectral-mode density of WGMs with increasing refractive
index of the surrounding fluid environment is due to the
decrease of the optical confinement, resulting in a decrease
in the number of WGMs. The increase of the BG with respect
to WGM signal is proportional to the refractive index of the
outside medium, which increases the scattering from the sur-
face of the OFHC, resulting in a decrease of the WGM spec-
tral definition. This work presents an analysis method of the
WGM spectra of high-refractive-index silica microsphere—
silica optical fiber system immersed in static fluid surround-
ings and opens up the way for a variety of optofluidic appli-
cations of high-refractive-index silica microsphere-based
guided wave optics.
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