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Volume stabilization of single, dye-doped water
microdroplets with femtoliter resolution
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A self-control mechanism that stabilizes the size of Rhodamine B-doped water microdroplets standing on a
superhydrophobic surface is demonstrated. The mechanism relies on the interplay between the condensation
rate that was kept constant and the evaporation rate induced by laser excitation, which critically depends on
the size of the microdroplets. The radii of individual water microdroplets ��5 �m� stayed within a few nano-
meters during long time periods (up to 455 s). By blocking the laser excitation for 500 ms, the stable volume of
individual microdroplets was shown to change stepwise. © 2007 Optical Society of America

OCIS codes: 010.7340, 300.2530, 010.1110.
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. INTRODUCTION
ith their almost spherical geometries and smooth sur-

aces, liquid microdroplets are naturally attractive to
unction as optical microcavities. They host high-quality
hispering gallery modes (WGMs), which have inspired
arious applications in such areas as laser diagnostics
1,2], atmospheric science, biology, and interfacial chem-
stry. Size control has been an important challenge in ap-
lications using microdroplets of liquids with relatively
igh vapor pressures. This hindered detailed studies of
he dynamics at specific gas–liquid interfaces. Only very
ecently single water microdroplets were analyzed for
ong time periods [3,4]. In these experiments, microdrop-
ets with initial salt concentations between 0.04 and
.28 M reached a stable volume by evaporation in a hu-
idity controlled chamber.
We have previously demonstrated the tunability of
GMs of water microdroplets on superhydrophobic sur-

aces in a large spectral window [5]. Here, we show that
he observed volume stability of dye-doped water micro-
roplets is due to the ambient humidity and size-
ependent laser absorption, and we introduce a mecha-
ism that allows the volume of microdroplets to be
hanged stepwise without the need for any complex posi-
ion control scheme, such as optical tweezing [3,4] or elec-
ric field [6] trapping.

. DESCRIPTION OF THE VOLUME
TABILIZATION MECHANISM
cattering of a plane electromagnetic wave by a dielectric
phere is explained by Lorenz–Mie theory. Derivation of
orenz–Mie theory has been extended to incorporate an

ncident focused Gaussian beam [7,8]. Enhanced internal
eld intensities have been predicted from these analyses
hen resonance conditions (spectral, spatial, and polar-
0740-3224/07/081824-5/$15.00 © 2
zation) are met between the excitation laser beam and
pecific WGMs. The resulting enhanced absorption was
emonstrated using Rhodamine 6G-doped ethanol micro-
roplets in air [9]. Microdroplets having a critical size
howed much larger absorption efficiencies compared to
icrodroplets with diameters differing by 4 nm.
Size-dependent absorption plays a crucial role in the

ealization of the reported high-precision volume-
tabilization mechanism. Figure 1 shows the calculated
bsorption efficiency �Qabs� and modified absorption effi-
iency �Q̃abs� as a function of radius �R� for a sphere hav-
ng a refractive index equal to that of 50 �M Rhodamine
-doped water �n=1.33+4�10−5 i� [10]. In Fig. 1(a), cal-
ulation results are presented for a plane-wave excitation
�=532 nm, transverse polarized), where TE and TM
odes appear. Figures 1(b) and 1(c) simulate our experi-
ent, with a tightly focused Gaussian beam (�=532 nm,

0=250 nm, linearly polarized along the x direction) and
ere calculated using the localized model developed by
ouesbet et al. [11] with an algorithm introduced by Lock

12]. Qabs and Q̃abs are the ratios of the total power ab-
orbed by the sphere to the power incident upon the pro-
ected area of the sphere and to the total power of the in-
ident beam respectively. In Fig. 1(a) the first-order
odes are suppressed due to the high absorption coeffi-

ient. For an absorbing sphere, the suppression of the
igher-quality, lower-order modes with increasing absor-
ance of the dielectric medium has also been reported pre-
iously [13–15]. In Figs. 1(b) and 1(c) the focal points are
ocated at 6200 and 5800 nm (off-axis illumination), re-
pectively. In these figures only the TE modes are excited
s a result of the polarization direction. As the excitation
pot approaches the surface of the sphere, absorption of
he lower-quality, third-order modes dominate over the
bsorption of the second-order modes.
The size of the microdroplet is determined by the bal-

nce between the condensation rate � and the evapo-
cond
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ation rate �evap. In our experiments, �cond was kept at a
onstant value, as indicated by the dashed line in Fig.
(c). Because the self-control stability mechanism was
ominant near a resonance, the factors affecting evapora-
ion kinetics [16] other than the laser-induced heating
tayed nearly constant, achieving steady-state conditions.
urthermore, within the range of the experimental pa-
ameters, we have observed an almost linear relationship
etween the laser-induced heating and �evap. Thus, in our
xperiments �evap was almost proportional to Q̃abs (�evap

IQ̃abs, I is the laser intensity) and changed with the size
f microdroplet as it shrunk ��cond��evap� or grew ��cond
�evap� in size. For each WGM, the microdroplet can be at

quilibrium at two different sizes, as indicated by a solid
quare on the left of the peak and a solid circle on the
ight. The square corresponds to a stable equilibrium
oint where a self-locking mechanism is in effect; an in-
rease in size due to condensation or a decrease in size
ue to evaporation is counterbalanced by a corresponding
ncrease or decrease, respectively, in Q̃abs maintaining the
quality. On the other hand, the circle corresponds to an
nstable equilibrium; an increase in size causes Q̃abs to
ecrease and the microdroplet continues growing in size.
imilarly, a decrease in size causes Q̃abs to increase, and
he microdroplet continues shrinking in size.

ig. 1. Calculated absorption efficiency �Qabs� and modified ab-
orption efficiency �Q̃abs� as a function of radius �R� for a sphere
aving refractive index n=1.33+4�10−5i. (a) Plane-wave illumi-
ation with transverse polarization. (b) and (c) Focused Gaussian
eam illumination with linear polarization along x direction. Fo-
us is positioned away from the center of the sphere along the x
irection at a distance of (b) 6200 nm and (c) 5800 nm. All the
aves propagate along the z direction.
. SURFACE PREPARATION AND
XPERIMENTAL SETUP
n ultrasonic nebulizer sprayed 50 �M Rhodamine
-doped water microdroplets (diameters between �1 and
0 �m) into a home-built current controlled mini-
umidity chamber [5]. Generated microdroplets landed
n a superhydrophobic surface, where they rested with a
early spherical shape. A nichrome wire resistor attached
o the liquid reservoir of the nebulizer allowed for control
f the ambient humidity and hence condensation rate of
ater microdroplets. Superhydrophobic surfaces were
repared by spin coating hydrophobically coated silica
anoparticles (Degussa AG, Aeroxide LE1) on thin-glass
ubstrates from 50 mg/ml dispersions in ethanol [17]. Re-
ulting films had nanometer-scale surface roughness and
ere transparent to visible light. The average contact
ngle of 2 mm diameter water droplets on these surfaces
as measured to be 152.6°.
Single microdroplets were excited with a cw green laser

�=532 nm, s polarized) within resolution limited spots
ocated away from the center in the direction shown as x
n Fig. 1 and in the inset of Fig. 2. For microdroplets dis-
ussed in Figs. 2–4, the laser focus was positioned in the
icinity of the microdroplet’s rim, whereas for the micro-
roplet discussed in Fig. 5 the laser focus was positioned
t almost half-radius. Upon excitation, Rhodamine B in
he microdroplets served for two purposes: (i) as the ab-
orbing agent for volume stabilization and (ii) as the fluo-
escent probe enabling the observation of the WGMs in
he fluorescent spectra collected from individual water
icrodroplets [18]. Changes in the microdroplet volume
ere monitored through these WGMs. A high numerical
perture microscope objective (60�, NA=1.4) was used in
he inverted geometry both for excitation and collection of
he fluorescence. The collected fluorescence was transmit-
ed through a dichroic mirror, a 1.5� magnifier element,
nd was dispersed at a 50 cm monochromator (spectral
esolution of 0.07 nm), then measured by a CCD camera.
n all the contour plots presented in this report, the total
ime elapsed during the acquisition of each fluorescence
pectrum was 3.14 s (1 s exposure time followed by 2.14 s
eadout time).

. RESULTS
. Volume Stabilization
igure 2 shows the contour plot of consecutive emission
pectra taken from an individual microdroplet (radius of
.7 �m before the first acquisition) exhibiting volume sta-
ilization. In all contour plots in this report, the intensity
ariation is given, and background Rhodamine B emis-
ion that is not resonant with any WGMs is taken to be
ero. At acquisition 16, �evap equals to �cond at a stable
quilibrium point, initiating the stabilization mechanism.
tarting at this point, despite any change in the ambient
umidity, the WGMs stop drifting and remain stable
ithin a FWHM of 0.13 nm until the end of the experi-
ental period. The observed spectral linewidth of

.13 nm corresponds to volume stabilization within 0.53 fl
radius stabilization of 1.3 nm) over the course of the ex-
eriment �455 s�. In this experiment, the microdroplet
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as excited in the vicinity of its rim, as shown in the inset
f Fig. 2. However, the experimental setup was unable to
oint the exact location of the laser focus, which demands
igher spatial resolution. Simulations in Fig. 1(b) and 1(c)
re assumed to be good representations to rationalize our
bservations.

. Stepwise Change in the Stable Volume
y blocking the laser for short time intervals, the stable
olume of a microdroplet can be changed stepwise. This is
emonstrated in Fig. 3, where the laser beam is blocked
or 500 ms before acquisitions 10, 20, 30, 50, and 68. Each
nterim laser blocking causes the WGMs to start drifting
o larger wavelengths. The microdroplet volume then sta-
ilizes at consecutive stable equilibrium points. Accurate
dentifications of the polarization, mode numbers �n�, and
rders �r� of the WGMs are omitted in Fig. 3 and others to
void errors caused by nonspherical microdroplet geom-
try. Since the spherical deformation of the microdroplet
s mainly in the direction perpendicular to the substrate,
e believe that the high-quality WGMs circulate parallel

o the substrate, in the equatorial plane. In this plane the
ross section of the microdroplet was still nearly circular.
ence the WGMs rotating in the clockwise and counter-

lockwise directions were still nearly degenerate within
he resolution limit of the spectrometer. For all micro-

ig. 3. (Color online) Contour plots of emission spectra taken
rom a microdroplet demonstrating volume stabilization at con-
ecutive stable equilibrium points. The radius of the microdrop-
et is 5.4 �m before acquisition 1. The excitation intensity is
.5 �W. The focus is positioned in the vicinity of the rim away
rom the center along the x direction. Intensity values in arbi-
rary units increase from blue to red. Each consecutive segment
f 40 acquisitions are separated by �1 s period. The arrow indi-
ates the direction of spectral drift between consecutive stable
quilibrium points.
ig. 2. (Color online) Contour plots show the consecutive emis-
ion spectra taken from a microdroplet demonstrating volume
tabilization at acquisition 16. The radius of the microdroplet is
.7 �m before acquisition 1. The excitation intensity is 2.7 �W.
he focus is positioned in the vicinity of the rim away from the
enter along the x direction. Intensity values in arbitrary units
ncrease from blue to red. Each consecutive segment of 20 acqui-
itions are separated by �1 s period. The line plot shows the
uorescence spectrum obtained by averaging the spectra be-
ween acquisitions 16 to 160. The inset shows the fluorescence



d
t
a
t

o
A
a
i
h
t
o
t
fi
(
f
w
a
=
2
�
W
l
m
d

C
I
c
g
I
c
o
c
s
m
1

m
5
t
r
o
z
f
i
b
0
r
r
s
t
n
a
a

5
S
i

F
c
d
1
f
t

F
m
m
t
2
(
b

Kiraz et al. Vol. 24, No. 8 /August 2007 /J. Opt. Soc. Am. B 1827
roplets discussed in this article the equatorial radius of
he microdroplet is measured from the fluorescence im-
ges. Radius of the microdroplet discussed in Fig. 3 is de-
ermined to be 5.4 �m before the first acquisition.

In Fig. 3 an almost constant spectral drift of 11 nm is
bserved between consecutive stable equilibrium points.
ssuming an ideal spherical geometry, this corresponds to
n increase in the radius of this microdroplet by 102 nm,
mplying a volume step of 37 fl. Because of their relatively
igh-quality factors, here we consider that the most in-
ense WGMs observed in the emission spectra have mode
rders of 1 (TE or TM polarized). We note that even
hough the relatively high dye absorption suppresses the
rst-order WGMs in the absorption efficiency spectrum

shown in Fig. 1), the emission spectrum is largely unaf-
ected by the much smaller dye absorption at the emission
avelengths. These spectral observations do not allow for
n accurate assignment of the WGMs absorbing at �
532 nm. Should the absorbing WGMs be of mode orders
or 3, spectral steps of 7.3 nm �7.4 nm� or 7.5 nm

7.5 nm� would be observed in the first-order TE (TM)
GMs in the emission spectra. These values are still

argely different than the observed 11 nm spectral step,
ainly due to the characteristic geometry of the micro-

roplets on a superhydrophobic surface [5].

. Other Operation Regimes
n addition to volume stabilization, two operation regimes
an be observed. If �cond is smaller than �evap for any
iven radius, evaporation is observed in the microdroplet.
n this case, the microdroplet will evaporate at an almost
onstant rate until the laser reaches the spectral vicinity
f a WGM. When the laser resonates with a WGM, an in-
rease in local heating will follow the enhanced laser ab-
orption. This will result with an increase in the rate of
icrodroplet shrinking as observed in acquisitions 18 and

9 in Fig. 4.

ig. 4. (Color online) Contour plot of emission spectra from a
ontinuously shrinking microdroplet. The radius of the micro-
roplet is 8.9 �m before acquisition 1. The excitation intensity is
.9 �W. The focus is positioned in the vicinity of the rim away
rom the center along the x direction. Intensity values in arbi-
rary units increase from blue to red.
When �cond is larger than �evap for all radii of a given
icrodroplet, it will keep growing in size, as shown in Fig.

(a) (WGMs drift at a rate of 0.93 nm/acquisition). Both
he relatively large �cond and the position of the focal spot
elative to the microdroplet play roles in preventing the
nset of volume stabilization in Fig. 5(a). Volume stabili-
ation is observed when the laser intensity is increased
rom 2.5 to 3.0 �W as seen between acquisitions 1 and 5
n Fig. 5(b). After the interim laser blocking for 500 ms
efore acquisition 6, WGMs start drifting at a rate of
.63 nm/acquisition between acquisitions 6 and 13. The
ate at which the size of this microdroplet grows is largely
educed between acquisitions 14 and 15, resulting in no
pectral drift in WGMs within the spectral resolution of
he experimental setup. However, volume stabilization is
ot established at the end of acquisition 15. WGMs drift
t a rate of 0.65 nm/acquisition between acquisitions 16
nd 30.

. DISCUSSION
elections of a proper liquid, dye concentration, and laser

ntensity are decisive in achieving volume stabilization

ig. 5. (Color online) Contour plots of emission spectra from a
icrodroplet growing continuously in size. The radius is deter-
ined to be 5.2 �m before acquisition 1 in (a). The focus is posi-

ioned away from the center along the x direction at a distance of
.6 �m. The excitation intensities are 2.5 and 3.0 �W in (a) and
b), respectively. Intensity values in arbitrary units increase from
lue to red.
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sing the scheme described. Liquid’s physical properties
ome into play in relating the laser induced heating to the
vaporation rate of the microdroplet. Such a detailed
nalysis requires the solution of the heat transfer over
he three-dimensional geometry of the microdroplet. Our
xperiments revealed that microdroplets of water doped
ith 20 �M (reported in Ref. [5])—50 �M (reported here)
hodamine B reflect the changes in the local heating to

he microdroplet growing rate with high sensitivity. This
s demonstrated by the strong laser intensity dependence
f the drift rate of WGMs in Figs. 5(a) and 5(b). In the ab-
ence of an absorption resonance, the spectral drift rate of
GMs is measured to decrease from 0.93 nm/acquisition

o 0.63 nm/acquisition when laser intensity is increased
rom 2.5 to 3.0 �W. Hence, at these laser intensities, an
ncrease in the local heating by less than a factor of 2 can
e enough to achieve volume stabilization. Absorption
esonances can readily provide such variations in local
eating when the microdroplet is excited near its rim.
Though we have routinely achieved volume stabiliza-

ion, the maximum time during which stabilization was
bserved did not exceed 455 s in our experiments. This is
ainly due to photobleaching of Rhodamine B molecules.
nder our experimental conditions, emission intensity
uickly dropped, as is evident in Fig. 2. The correspond-
ng change in the absorption coefficient often resulted in
he loss of volume stabilization, typically after several
inutes. We envision that using more photostable dye
olecules or chemically synthesized quantum dots, the
aximum volume stabilization time could be drastically

mproved.
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