Journal of Nanophotonics, Vol. 1, 011655 (15 October 2007)

Single glycerol/water microdroplets standing on a
superhydrophobic surface: Optical microcavities
promising original applications

Alper Kiraz,"* Mehmet A. Diindar,” Adem L. Demirel,” Sultan Doganay,”

Adnan Kurt," Alphan Sennaroglu,® and Mehdi Y. Yiice"
? Department of Physics, Kog University, Sariyer, 34450 Istanbul, Turkey
" Department of Chemistry, Kog University, Sariyer, 34450 Istanbul, Turkey

Abstract. Glycerol/water microdroplets take almost spherical shapes when standing on a
superhydrophobic surface. Hence they are suitable to function as optical microcavities. Using
Rhodamine B doped water microdroplets, large spectral tunability of the whispering gallery
modes (WGMs) (>5 nm) was observed. Tunability was achieved by evaporation/condensation
in a current controlled mini humidity chamber. Experiments revealed a mechanism stabilizing
the volume of these microdroplets with femtoliter resolution. The mechanism relied on the
interplay between the condensation rate that was kept constant and the size dependent laser
induced heating. The radii of individual water microdroplets (>5 um) stayed within a few
nanometers during long time periods (several minutes). By blocking the laser excitation for
500 msec, the stable volume of individual microdroplets were changed stepwise. Laser
emission was also observed from Rhodamine B doped glycerol/water microdroplets using a
pulsed, frequency-doubled Nd:YAG laser (A=532 nm) as the excitation source. The observed
largely tunable WGMs and laser emission can pave way for novel applications in optical
communication systems. Besides due to the sensitivity of the WGMs to the size and shape of
the microdroplets, the results can find applications in characterizing superhydrophobic
surfaces and investigating liquid-solid surfaces.

Keywords: micro-optics, aerosols, surfaces, dye lasers, laser spectroscopy, fluorescence
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1 INTRODUCTION

Microdroplets of hydrophilic liquids take almost spherical shapes when standing on a
superhydrophobic surface. With their approximately truncated microsphere geometry, these
microdroplets can provide a three dimensional confinement for light, specifically in the
equatorial plane, parallel to the substrate. Provided a large contact angle, the whispering
gallery modes (WGMs) of these optical microcavities [1] can possess relatively high quality
factors. Besides, no additional position control technique such as electrodynamic trapping [2],
or optical tweezing [3] is necessary to analyze the optical properties of these microdroplets.

The robustness of the experimental configuration and the relatively high quality of the
observed WGMs make these microdroplets attractive for applications in optical
communication systems and cavity quantum electrodynamics. Here we review our recent
work in which single Rhodamine B doped glycerol/water microdroplets are used to
demonstrate: (i) large spectral tunability [4], (ii) a volume stabilization mechanism [5], and
(iii) laser emission [6]. We also comment on potential applications of the presented
techniques.
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2 EXPERIMENTAL

2.1 Superhydrohpobic surface preparation and microdroplet generation

Superhydrophobic surfaces were prepared by spin coating a 20-60 mg/ml ethanol dispersion
of hydrophobically coated silica nanoparticles on cover glasses at 2000 rpm for 1 minute [7].
Hydrophobically coated silica nanoparticles (Degussa AG Aeroxide LE1 or LE2) had an
average particle size of 7 nm. Resulting superhydrophobic surfaces had nanometer scale
surface roughness and were transparent to visible light. The average contact angle of
millimetric water droplets on the superhydrophobic surface was measured to be >150°.
Prepared substrates were post-baked in an oven at 70 °C for one hour, for evaporation of the
remaining ethanol.

A water solution doped with 20-50 uM Rhodamine B, or 90/10 water/glycerol solution
doped with 225 uM Rhodamine B was sprayed onto a superhydrophobic surface using an
ultrasonic nebulizer. In the experiments performed on microdroplets containing no glycerol,
an electrically controlled mini humidity chamber was used. Joule heating of a 3 Q nichrome
wire resistor was used to control the ambient humidity level of the chamber, causing
evaporation or condensation in microdroplets. Heating currents between 0.15 and 0.3 A were
used to obtain stable or nearly stable microdroplets.

In contrast, a humidity chamber was not used in the experiments perfomed on
water/glycerol microdroplets. These microdropelts were kept in contact with the ambient
atmosphere after their generation. Once sprayed, they quickly evaporated, and reached their
equilibrium sizes. Due to the uncertainty in the amount of evaporation during the formation of
the microdroplets, it was not possible to exactly determine the concentration of the
Rhodamine B dye. The estimated concentrations were in the 0.225-2.25 mM range.
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Fig. 1. (a) Top view of water microdroplets on a superhydrophobic surface. (b)
Experimental setup.
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2.2 Experimental setup

A continous wave (Sections 3.1 and 3.2) or pulsed (Section 3.3, pulsewidth=100 ns,
repetation rate=1 kHz) solid state green laser (A=532 nm) was used to excite the
microdroplets. The continuous wave laser was focused to a resolution limited spot near the
outer surface while the pulsed laser was focused to a diameter of 12 um. Excitation of the
microdroplets and the collection of the emission were done by a high numerical aperture oil
immersion microscope objective (NA=1.4, 60x). After being transmitted through a dichroic
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mirror (Q570LP), and a 1.5x magnifier element, the collected fluorescence was dispersed
using a 50 cm monochromator and detected by a charge coupled device camera. With the
selected 300 grooves/mm grating and input slit width of 30 um, a spectral resolution of 0.24
nm was achieved.

3 RESULTS

3.1 Observation of largely tunable whispering gallery modes

Optical microcavities [1] promise important applications in optical communication systems
based on wavelength division multiplexing as optical switches and add/drop filters. Various
demonstrations have been performed using semiconductor or polymer microdisk and
microring microcavities [8]. However, despite the inherent potential, microcavity based
devices have not found wide use in modern optoelectronic networks. One of the main
obstacles has been tunability. Refractive index control of the constituent materials in a solid
microcavity by changing the temperature [9,10] or the electric field applied to liquid crystal
cladding layers [11] enabled limited tunability within a maximum spectral range of 0.25 nm.
Size and shape control provides an alternative mechanism for tuning microcavity
resonances. Using solid optical microcavities a maximum tunability of ~1 nm was
demonstrated under a large external force [12]. In contrast, a liquid microcavity provides
relatively easy control of its shape due to its viscous nature. An applied external force,
electric field [13], or control of the evaporation/condensation kinetics can induce size and
shape changes in liquids. We show that evaporation/condensation kinetics can be used to
largely tune the WGMs of single water microdroplets resting on a superhydrophobic surface.
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Fig. 2. (a) Contour plot of the emission spectra taken from a 6 um diameter
microdroplet showing stable WGMs. Intensity values in arbitrary units increase
from blue to red. Exposure and readout time of the camera are 2 sec and 2.1 sec
respectively. (b) Sum of the 20 acquisitions in (a).

Figure 2 shows high resolution spectra obtained from a sizewise stable microdroplet. The
temporal stability of the microcavity is demonstrated in the contour plot (Fig. 2a), and in the
integrated spectrum (Fig. 2b). During 82.8 seconds of data acquisition, no spectral drift was
observed in the WGMs within the resolution of the spectrometer setup. This corresponds to a
size stability of ~1 nm. The mechanism giving rise to such high volume stabilization is
explained in Section 3.2. The decrease in the intensity of the WGMs between consecutive
acquisitions was due to photobleaching of Rhodamine B molecules. In Fig. 2 as well as in all
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other spectra shown in this article, we refrained ourselves from identifying the mode numbers
and orders of WGMs, due to the errors caused by the nonspherical microdroplet geometry. In
the low pumping regime where stimulated emission is negligible as compared to spontaneous
emission, the quality factors (Q-factors) of the WGMs are given by the the full width at half
maxima (FWHM) of the observed peaks. This condition was satisfied in our experiments. In
Fig. 2b, a Q-factor of 4900 was observed for the peak at 584.84 nm while the Q-factors of the
two other WGMs were determined to be larger than 8000, which is almost the resolution limit
of our experimental setup. Considering the microdroplet radius of 6 um, the free spectral
range (FSR) of the WGMs is expected to be larger than 8.5 nm [14] for an ideal water
microsphere, yielding a minimum finesse (FSR/FWHM) of ~120 for the high quality WGMs.

WGMs were tuned in the directions of both evaporation and condensation as a function of
the ambient humidity. Figure 3 shows the consecutive spectra taken from three different
microdroplets. Evaporation was observed in Fig. 3a leading to a total spectral drift of 6.5 nm,
whereas in Fig. 3b condensation caused a total spectral drift of 3.5 nm in the WGMs. In Fig.
3¢, the direction of evaporation was reversed by sudden increase of local humidity. After a
spectral drift by 0.8 nm in the direction of evaporation, a spectral drift of 0.7 nm was
observed in the direction of condensation.
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Fig. 3. Consecutive spectra taken from three microdroplets exhibiting (a)
evaporation, (b) condensation, and (c¢) evaporation followed by condensation. The
radii of the microdroplets were 6 um, 11 um, and 6 um in (a), (b), and (c),
respectively. The intensity values in arbitrary units increase from blue to red.
Exposure and readout times of the camera are 2 sec and 2.1 sec in (a), (b), and (c).

3.2 Observation of a volume stabilization mechanism

Size control has been an important challenge in applications using microdroplets of liquids
with relatively high vapor pressures. Only recently single water microdroplets suspended by
optical tweezers were analyzed for long time periods [3,15]. In these experiments, volume
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stabilization was achieved by evaporation of initially salty microdroplets (concentrations
0.04-1.28 M) in a humidity controlled chamber.

In Section 3.1 we have demonstrated the stability as well as tunability of WGMs of
Rhodamine B doped water microdroplets on superhydrophobic surfaces in a large spectral
window. In this section, we show that the observed volume stabilization is due to the ambient
humidity and size dependent laser absorption, and we introduce a mechanism that allows the
volume of microdroplets to be changed stepwise.

Scattering of a plane electromagnetic wave by a dielectric sphere is explained by Lorenz -
Mie theory. Derivation of Lorenz - Mie theory has been extended to incorporate an incident
focused Gaussian beam [16,17]. Enhanced internal field intensities have been predicted from
these analyses when resonance conditions (spectral, spatial, and polarization) are met between
the excitation laser beam and specific WGMs. The resulting enhanced absorption was
demonstrated using Rhodamine 6G doped ethanol microdroplets in air [18]. Microdroplets
having a critical size showed much larger absorption efficiencies compared to microdroplets
with diameters differing by 4 nm.
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Fig. 4. (a) Calculated modified absorption efficiency as a function of radius (R) for a
sphere having refractive index, equal to that of 50 uM Rhodamine B doped water
(n=1.33+4-10%1). Focus is positioned away from the center of the sphere at a
distance of 5.8 um. Contour plots of emission spectra taken from single
microdroplets showing (b) volume stabilization at acquisition 13 (c) volume
stabilization at consecutive stable equilibrium points. The radii of the microdroplets
were 6 um in (b) and (c). Exposure and readout times of the camera are 1 sec and
2.1 sec in (a), and (b).
Size dependent absorption phenomenon plays a crucial role in the realization of the
reported high precision volume stabilization mechanism. Fig. 4a shows the calculated

~

modified absorption efficiency ((,, ) as a function of radius (R) for a sphere having a

abs

refractive index equal to that of 50 uM Rhodamine B-doped water (n=1.33+4-10"i). This
calculation simulates our experiment, with a tightly focused Gaussian beam (A = 532 nm, w,
= 250 nm, linearly polarized along the x direction), and were calculated using the localized
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model developed by Gouesbet et al. [19] with an algorithm introduced by Lock [20]. Q is

the ratio of the total power absorbed by the sphere to the power incident upon the projected
area of the sphere and to the total power of the incident beam respectively. In Fig. 4a the first
order modes are suppressed due to the high absorption coefficient. In Fig. 4a the focal point is
located at 5800 nm (off axis illumination). In this figure only the TE modes are excited as a
result of the polarization direction.

The size of the microdroplet is determined by the balance between the condensation rate

abs

(I',,,4 ), and the evaporation rate (I', ). In our experiments, I', , was kept at a constant

vap c

value as indicated by the dashed line in Fig. 4a. Because the self-control stability mechanism
was dominant near a resonance, the factors affecting evaporation kinetics other than the laser
induced heating stayed nearly constant, achieving steady state conditions. Furthermore,

within the range of the experimental parameters, we have observed an almost linear

relationship between the laser induced heating and Fevap. Thus, in our experiments Fevap
("

evap

was almost proportional to QO o< [ Qabs , I is the laser intensity) and changed with the

abs

size of microdroplet as it shrunk (T, < T,,,,) or grew (I, ,> I, ) in size. For each

ond ond

WGM, the microdroplet can be at equilibrium at two different sizes as indicated by a solid
square on the left of the peak and a solid circle on the right. The square corresponds to a
stable equilibrium point where a self-locking mechanism is in effect: an increase in size due
to condensation or a decrease in size due to evaporation is counterbalanced by a

corresponding increase or decrease, respectively, in () , maintaining the equality. On the

abs

contrary, the circle corresponds to an unstable equilibrium: an increase in size causes O, to

decrease and the microdroplet continues growing in size. Similarly, a decrease in size causes

~

Q.. to increase and the microdroplet continues shrinking in size.

Fig. 4b shows the contour plots of consecutive fluorescent spectra taken from a
microdroplet exhibiting volume stabilization. At acquisition 13, evaporation rate equals the
condensation rate at a stable equilibrium point, initiating the stabilization mechanism. Starting
at this point, despite any change in the ambient humidity, the two WGMs stop drifting. The
high quality WGMs at around 583.8 nm and 589.3 nm remain stable within a resolution
limited FWHM of 0.07 nm until the end of the experimental period (~79 sec). The observed
spectral linewidth of 0.07 nm corresponds to a volume stabilization within 0.42 fl (radius
stabilization of 0.8 nm).

By blocking the laser for short time intervals, the stable volume of a microdroplet could
be changed stepwise. This is demonstrated in Fig. 4c where laser beam is blocked for 500 ms
before acquisition 10. The interim laser blocking causes the WGMs to start drifting to larger
wavelengths. The microdroplet’s volume then stabilizes at a consecutive stable equilibrium
point starting from acquisition 26.

3.3 Observation of lasing in Rhodamine B doped microdroplets

Because they confine high quality optical resonances in small volumes; optical microcavities
[1] are attractive in developing ultralow threshold lasers. Such light sources hold a great
promise for applications in optical communications systems and fundamental studies in cavity
quantum electrodynamics. Up to date laser emission has been observed from various different
optical microcavities. Examples include microdisks [21], microspheres [22], micropillars
[23], and photonic crystal defect microcavities [24].
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Experiments performed more than 20 years ago demonstrated laser emission from liquid
microdroplets flying in air [14,25,26]. In these experiments, a stream of dye-doped ethanol
droplets was excited by a pulsed laser. Laser action was observed by analyzing the emission
spectra collected from single microdroplets excited by single pump pulses. Recently lasing
was also observed from levitated, Rhodamine 6G doped droplets [27]. Here, we present our
experiments showing laser emission from single, stationary, dye-doped glycerol/water
microdroplets located on a superhydrophobic surface [6].
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Fig. 5. (a) Fluorescence spectra obtained from a 7 um diameter microdroplet for
three different excitation fluences. Inset: Optical microscope image of the
microdroplet, dashed circle shows the 12 um diameter area illuminated by the
excitation laser. (b) Fluorescence spectrum recorded after a total irradiation time of
1 sec following the spectra shown in (a), under a constant excitation fluence of 4950
J/en®. (c) Excitation fluence dependence of the peak intensity of the lasing WGM
and its FWHM.

Figure la shows the power dependent fluorescence spectra obtained from an 7 pum
diameter microdroplet exhibiting laser emission. In Fig. 1a for an excitation fluence of 200
J/em?, the intensity of the WGM at around 604 nm is comparable to the intensity of other
WGMs and background Rhodamine B emission. At higher excitation fluences, this WGM
dominates the emission spectrum. The nonlinear power dependence shown in Fig. 1b is an
indication of laser emission. The observed nonlinear power dependence is an indication of
laser emission. The lasing WGM is spectrally located in the red-shifted portion of the
Rhodamine B emission spectrum due to the overlap of the absorption and emission bands on
the blue end of the dye emission spectrum, favoring lasing at red-shifted wavelengths. This is
consistent with the previous demonstrations using microdroplets flying in air. Due to the
errors caused by the deviations from the ideal spherical geometry of the stationary
microdroplets, no attempt was made to exactly identify the WGMs seen in Fig. 1. It is
speculated that the lasing WGM has a mode order of 1 because of its relatively high quality
factor. Laser emission was observed to decay with photobleaching. Fig. 1b shows the
emission spectrum recorded after a total irradiation time of 1 sec following the spectra shown
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in Fig. la, under a constant excitation fluence of 4950 J/cm”. As can be seen in Fig. 1b, the
intensity of the WGM at around 604 nm becomes comparable to the intensities of the other
WGMs as a result of photobleaching, and lasing is no longer observed in this case. In Fig. 1a,
the free spectral range (FSR) of the lasing WGM is measured to be 13.1 nm, corresponding to
an ideal glycerol microsphere (refractive index n=1.47) diameter of 7.5 um. This fits fairly
well with the 7 um diameter measured from the microscope image for this microdroplet. The
difference between the theoretical estimate and the experimental result is explained by the
uncertainty in the diameter measurement using the microscope image.

Power dependent intensities of the lasing WGM as well as the background emission at
580 nm are plotted in Fig. lc. The background emission at 580 nm shows linear power
dependences at low excitation powers. Above an excitation fluence of 2800 J/cm?, it becomes
saturated, without any clear indication of nonlinear power dependence. On the other hand, the
lasing WGM exhibits nonlinear power dependence above a certain threshold excitation
fluence. The threshold fluence was estimated from the crossing point of the linear least
squares fits to the power-dependent emission data, and was determined to be 690 J/cm?.

Another indication of laser emission is the decrease in the spectral width of the lasing
mode. This was observed for the specific lasing WGM shown in Fig. 1. The full-width-at-
half-maximum (FWHM) of the lasing WGM was measured to decrease from 0.45 nm at the
excitation fluence of 200 J/cm” to a resolution-limited width of 0.25 nm at excitation powers
exceeding 1290 J/cm®, as shown in Fig. 1c.

4 CONCLUSION

In this article we have reviewed our work introducing a microdroplet of a hydrophilic liquid
resting on a superhydrophobic surface as a novel optical microcavity. Largely tunable
resonances were demonstrated by using evaporation/condensation in a humidity chamber.
The observed large tenability can lead to applications in optical communication systems. For
future applications, faster tuning methods can be developed with an applied external force or
electric field [28]. Our experiments also revealed an intriguing high resolution volume
stabilization mechanism for dye-doped water microdroplets. The mechanism relied on the
interplay between the constant condensation rate and size dependent laser induced heating.

Laser emission was also presented as a result of pumping dye-doped glycerol/water
microdroplets with a pulsed laser. As optical microcavities exhibiting laser emission,
microdroplets standing on a superhydrophobic surface can be attractive alternatives to solid
optical microcavities standing on substrates, e.g. microdisks, micropillars, and photonic
crystal defect microcavities. Microdroplets standing on a superhydrophobic surface do not
pose any microfabrication challenges. They also bring together the advantage of easy
deformability. This can lead to the realizations of tunable microcavity lasers by using
evaporation/condensation, or electric field tuning [28].

Besides, enhancement of optical field intensities in the glycerol/water microdroplet might
lead to applications in fluid sensing or precise measurements of optical interactions in minute
samples of biological specimens or biomolecules. The results presented here can also find
applications in characterizing superhydrophobice surfaces and investigating the dynamics at
liquid/solid interfaces due to the high sensitivity to the size and shape of the microdroplets.
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