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We demonstrate controlled lifting of the azimuthal degeneracy of the whispering gallery modes (WGMs)
of single glycerol-water microdroplets standing on a superhydrophobic surface by using a uniform elec-
tric field. A good agreement is observed between the measured spectral positions of the nondegenerate
WGMs and predictions made for a prolate spheroid. Our results reveal fewer azimuthal modes than

expected from an ideal spherical microdroplet due to the truncation by the surface. We use this differ-
ence to estimate the contact angles of the microdroplets.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Liquid microdroplets are ideally suited for applications that
benefit from the intriguing properties of the whispering gallery
modes (WGMs) because of their spherical shapes, smooth surfaces,
biocompatibility, and flexible nature [1]. For over 30 years, WGMs
have been used in developing many microdroplet-based applica-
tions in quantum and nonlinear optics, aerosol science, and chem-
ical physics [2]. We have recently demonstrated that the use of a
superhydrophobic surface greatly facilitates such experiments,
and brings together critical advantages over other techniques used
in microdroplet stabilization [3]. In addition to preserving the
sphericity of the microdroplet, the superhydrophobic surface in-
creases the robustness of the experiments against external distur-
bances. Furthermore, this experimental configuration enables the
integration of liquid microdroplets with other optoelectronic com-
ponents. Measurements reported in this letter especially benefit
from this advantage by combining microfabricated electrical con-
tacts with microdroplets.

WGMs of an ideal sphere are identified by polarization (TE, TM),
radial mode order n, angular momentum number [, and azimuthal
mode number m ranging between [, I]. They are described by the
vector spherical harmonics and spherical Bessel functions [4].
Glycerol-water microdroplets standing on a superhydrophobic
surface take the shape of a truncated microsphere. WGM solutions
of an ideal truncated dielectric sphere are similar to those of an
ideal dielectric sphere. In particular, their spectral positions remain
unchanged within the resolution used in our experiments [5]. For
an ideal dielectric sphere, WGMs with the same polarization, radial
mode order, and angular momentum number have 2[+ 1 azi-
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muthal degeneracy. The difference between the ideal and trun-
cated cases should become apparent when the azimuthal
degeneracy of the WGMs is lifted. The experiments reported in this
letter rely on the deformation of microdroplets towards a prolate
spheroid using a uniform electric field applied parallel to the
superhydrophobic surface. Our results reveal fewer azimuthal
modes than expected from an ideal spherical microdroplet. This
is consistent with the truncation by a surface with a high refractive
index that should prevent the propagation of the WGMs that cross
the solid-liquid interface. We use this difference between the ob-
served number of azimuthal modes and that expected from an
ideal microsphere to estimate the contact angle. We note that
degeneracy breaking of the WGMs has been previously demon-
strated for liquid microdroplets [6,7], and solid microspheres [8-
10]. Major differences of our demonstration from the previous ones
include the controlled nature of the deformation mechanism for li-
quid microdroplets, and the use of the superhydrophobic surface.

An illustration of the experimental configuration is shown in
Fig. 1. Photolithography with positive-tone resist was used for in-
dium tin oxide (ITO) contact preparation. During the wet etching
process, HCl was used to dissolve the ITO coating in the center,
and obtain the pattern consisting of two contacts separated by
around 35 pum. Samples were then spin coated with hydropho-
bically coated silica nanoparticles, revealing superhydrophobic
surfaces that are transparent to visible light and contain a nano-
scale surface, as reported previously [3]. Microdroplets with diam-
eters ranging from a few up to ~ 20 pum were generated by an
ultrasonic nebulizer using a glycerol-water solution with 10/90
volume fraction, containing 2 puM Rhodamine B dye molecules.
Upon their generation, glycerol-water microdroplets quickly evap-
orate and reach their equilibrium sizes determined by the relative
water humidity in the ambient atmosphere (measured to be
62 +£5% in the experiments reported in this letter). The equilib-
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Fig. 1. Experimental setup (not to scale). G: cover glass; SH: superhydrophobic
coating; ITO: indium tin oxide contacts. The dashed line shows the deformed
microdroplet under the influence of the electric field.

rium volume fraction of glycerol to water was then 65/35 [11].
Optical experiments were performed within one day following
microdroplet generation. Using microscope images we verified
that the size reduction due to glycerol evaporation was barely ob-
servable during this one day period, in the absence of laser excita-
tion. Our calculations also predict < 1% size reduction in these
conditions [11]. In the optical setup, individual microdroplets were
excited with a cw solid state green laser (1 =532 nm) using a
microscope objective (NA =0.80, 60x) in the inverted geometry.
Excitation powers used in the experiments were between 1 and
10 uW at the focus of the microscope objective. Fluorescence
was collected with the same microscope objective, dispersed with
a 50 cm monochromator (spectral resolution: 0.07 nm), and de-
tected with a CCD camera using 1-3 s exposure times. Voltages
up to ~450 V were used for electric field generation.

It is well known that an isolated liquid droplet is distorted into a
prolate spheroid in the direction of a uniform electric field, when
the deformation is small [12,13]. The deformation is usually de-
fined as D = (r, —1¢)/(1p + 1) wWhere r, and r, are the semimajor
and semiminor axes of the spheroidal droplet parallel and perpen-
dicular to the applied field, respectively. Deformation is in general
a function of the resistivity, permittivity and viscosity ratios of the
droplet to the surrounding air, and the electrical capillary number
defined as C, = rerz/y where 1o, €,E and 7y are the equivalent ra-
dius of the droplet, the permittivity of air, electric field strength
far from the droplet, and surface tension coefficient, respectively.
Since the conductivity of glycerol is much higher than that of air,
the deformation of an isolated glycerol microdroplet in air can be
approximated as D = 9C,/16 [12,13].

For a microsphere that is slightly distorted towards a spheroid,
the azimuthal degeneracy of the WGM:s is lifted as [7]

om -f-50-22)

where @y is the frequency of the degenerate WGM of the micro-
sphere, and e is the distortion amplitude defined as
e=(r,—Te)/T, (6 >0 and e < 0 for a prolate and oblate spheroid,
respectively). For small deformations, D and e are related as
D=~e/2.

Fig. 2a shows consecutive normalized spectra recorded from a
5.2 um diameter microdroplet as voltage applied between the con-
tacts is first increased from 0 to 380 V, and then decreased back to
0 V. Photobleaching put a limit of ~50 on the total number of spec-
tra that could be recorded from a microdroplet using the selected
excitation intensity and dye concentration. This however did not
influence the observed spectral patterns which are the subject of
this study. The single peak observed in the first spectrum at 0 V
corresponds to azimuthally degenerate WGMs with the same
polarization, radial mode order, and angular momentum number.
The fact that the line shape of this peak is well preserved in the
dashed spectrum acquired when the voltage is decreased back to
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Fig. 2. (a) Successive spectra recorded from a 5.2 um diameter microdroplet at
different voltages. The dashed spectrum at 0 V was obtained after a full cycle of
increasing and decreasing the voltage. (b) Electrical capillary number dependence
of the deformation. The theoretical curve (solid line) and the experimental curve
(dashed line with symbols) measured as the voltage is first increased from and
decreased to zero are plotted.

0V shows the controlled nature of the deformation scheme we
present here. The slight blue shift of the dashed spectrum with re-
spect to the solid spectrum corresponds to a reduction in the
microdroplet size by 0.24%. This indicates the evaporation of glyc-
erol during the period when consecutive spectra are recorded (a
few minutes), caused mainly by laser heating. These evaporation
levels still enable tracking of the specific WGM between consecu-
tive spectra, hence allowing for the analysis of its degeneracy lift-
ing. With the applied voltage, the azimuthal degeneracy between
the WGMs is lifted, and well-resolved peaks are observed, espe-
cially in the low wavelength region of the spectrum. In agreement
with a deformation towards a prolate spheroid, each peak is two-
fold degenerate (+m,—m), and the azimuthal mode numbers of
the WGMs approach zero with increasing wavelengths. With an in-
crease in |m| (decrease in wavelength), spatial profiles of the
WGMs approach the solid-liquid interface, m=0 corresponding to
the WGM peaked on the equatorial plane and parallel to the sur-
face. In Fig. 23, for a high voltage spectrum, an increase is observed
in the relative intensity of the peaks at lower wavelengths. This is
explained by the excitation of the microdroplets near their centers
in our experiments. These excitation conditions allow for a clear
determination of the lowest wavelength peak which is critical in
the contact angle estimation.

In Fig. 2b we also plot the change in the deformation D as a
function of the electrical capillary number C.. Deformation is
determined by the spectral spacing between the WGM with m=0
(located approximately at the middle point of the highest wave-
length hill in the spectrum) and that having the highest |m| using
AJ/J9 ~ =D, obtained from Eq. (1) for large I. Two dimensional
electrostatics simulations (performed with COMSOL®) are used in
estimating the electrical capillary numbers, considering the surface
tension coefficient of the binary microdroplet in our experimental
conditions (y = 0.0677 N/m [14]). Our experiments reveal an al-
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most linear relationship between D and C,, in agreement with the
theoretical prediction. The difference between the theoretical and
experimental slopes in Fig. 2b is attributed to the presence of the
superhydrophobic surface and a slight nonuniformity of the elec-
tric field.

Detailed analyses of the relative locations of the peaks obtained
upon the lifting of the degeneracy are presented in Fig. 3 for the
microdroplet discussed in Fig. 2 (microdroplet 1) and another
5.0 pm diameter microdroplet (microdroplet 2). For a given spec-
trum we first identify the peak locations. Since the separation be-
tween the peaks with a low |m| falls below the spectral resolution,
we select only a number of peaks for the analysis, as shown in
Fig. 3 (14 and 18 peaks in spectra 1 and 2, respectively). Within
the selected peaks, the spectral separation between the highest
wavelength peak (Jm| = h) and a given peak (|m| = h + x) is given
according to Eq. (1) as: Ai(h,h+x) =a[(h+x)* —hz], where
a = —elo/[2l(I+ 1)]. Experimentally determined spectral separa-
tions between selected peaks are matched with this expression
by choosing the integer value of h that leads to the lowest error
(see inset of Fig. 3c). The value of h determined in this way is then
used to determine the |m| values of all the selected peaks. As
shown in Fig. 3¢, our calculations fit very well with the experimen-
tal data. The linear dependence of A4 on m? = (h +x)? is another
justification for the deformation towards a prolate spheroid in
our experiments [7].

For the spectra 1 and 2 presented in Fig. 3, the lowest wave-
length peaks are determined to have |m| values of 31 and 30,
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Fig. 3. (a, b) High voltage spectra recorded from microdroplets 1 (a) and 2 (b).
Isolated sharp peaks correspond to twofold degenerate WGMs. The well-resolved
peaks used in the analyses are indicated. Applied voltages and contact spacings are
350V, 37 wum and 320V, 33 um for spectra 1 and 2, respectively. (c) Measured peak
positions are shown as squares (Spectrum 1) and triangles (Spectrum 2). Solid lines
indicate the best fit curves. Inset: Error as a function of h obtained by matching the
separations between the selected peaks to the theoretical formula.

respectively. We next compare these values with the expected
angular momentum numbers [. At 62+5% relative humidity, the
refractive index of the glycerol-water microdroplet is determined
to be 1.4210+0.0064 [11]. The [ values are found by matching
the theoretically expected WGM frequencies with three peaks
spanning two free spectral ranges (recorded with a low spectral
resolution, data not shown), for each microdroplet. For the high
quality WGMs that we study (radial mode number n = 1), [ values
are then determined as 34 and 32 for microdroplets 1 and 2,
respectively. The microdroplet radii associated with these values
are 2.6 and 2.5 pm.

In the experiments we have consistently observed maximum
|m| values to be smaller than the expected I values for at least three
other microdroplets. This discrepancy is attributed to the contact
with the surface whose high refractive index will prevent the con-
finement of the WGMs beyond a maximum |mpmq| value. The
approximate formula in reference [8], valid for large | and for
|m| ~ 1, gives the angular distributions of the WGMs with
|m| > |mMmax|- An estimation of the contact angle follows with sim-
ple geometrical considerations using the angular positions of the
intensity maxima of the WGMs. With this method, contact angles
are estimated to be 160° < 0; < 164° and 164° < 0, < 170° for
microdroplets 1 and 2, respectively. We note that, in our case, con-
tact angle estimations made for high voltages should also be valid
at low voltages due to relatively small deformations, and to the
very little concentration of ions in the microdroplets which pre-
vents electrowetting [15]. Our estimations are in agreement with
the contact angle measurements performed on millimetric drop-
lets using the specific superhydrophobic surface that we employ
[16].

In conclusion, by using a uniform electric field we have demon-
strated controlled lifting of the azimuthal degeneracy of the WGMs
of glycerol-water microdroplets standing on a superhydrophobic
surface. The measured spectral positions of the nondegenerate
WGMs fit very well with the deformation of a microdroplet to-
wards a prolate spheroid. Our results revealed fewer azimuthal
modes than expected from an ideal sphere. This difference, that
is attributed to the truncation due to the contact with the surface,
allowed for estimations of the contact angles. Hence, the presented
technique can be explored for the development of novel devices
that measure the contact angles of microdroplets standing on a
superhydrophobic surface. For future studies, salt-water microdro-
plets kept in a humidity chamber can be employed to achieve more
stable experimental conditions and benefit from largely tunable
WGMs [17]. Our results can also inspire novel electrically tunable
devices for applications in optoelectronics optofluidics. Other fun-
damental studies on WGMs can also be envisioned especially using
different electrical contact geometries.
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