in this article we fully model the evaporation/condensation
dynamics of the liquid microdroplet as a result of
infrared laser absorption using a rate equation-based
thermodynamical model.

For solid optical microcavities, thermal self-stability was
previously demonstrated in microtoroids? In that system, the
self-stabilization mechanism relied on the expansion and
refractive index change of the microcavity as a result of laser
heating.

This article is organized as follows. In section 2, the
theoretical model based on the lumped system formulation
of mass and energy conservations is explained, and an
exemplary calculation of absorption of an infrared laser
focused near the rim of a microdroplet is made. Hysteretic
behavior in a photothermal tuning cycle is then predicted by
considering the theoretical model and calculated infrared laser
absorption. The sample preparation and experimental
setup are described in section 3. The experimental results are
presented in section 4. These include the demonstrations of the
hysteretic behavior, resilience to an external perturbation, long
time self-stabilization, and optical bistability. Conclusions are
discussed in section 5.

II. Theory
A Model used for photothermal tuning

Lumped system formulation of mass and energy conservations
is used to model photothermal tuning. This model assumes
that all the variables of the microdroplet and the chamber
are uniform throughout their whole respective volumes, as
described previoushf” According to the model, the rate of
change of the number of moles of waterN,) in the micro-
droplet depends on the relative water humidity in the chamber
(Sa) and the water vapor pressure at the surface of the droplet
(governed by the activity coe cient g determined by the
amount of salt) via:
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The temperature change in the microdroplet is due to the
evaporation of water, conductive heat loss, and photothermal
heating, and is given as:

del DHvap‘A dNA 3keffVm Qabspinc
—dy, AZA T, pp=asiinc. pp
dt ¢ NCp. dt a2Cp|_ 6rd ! p NCpL ;@
where
T, POargb
fole —— _A_d. )
AT Ty PoaT, P ®

In egn (1)...(3),Da is the molecular diusivity in the gas
mixture, xa is the mole fraction of water, R is the universal
gas constant,PS(T) is the vapor pressure at temperaturdl,
and T4 and Ty are the temperatures at the air...microdroplet
interface and in the chamber far from the microdroplet,V,, is

the molar speci“c volume, Cp, is the molar heat capacity of
the microdroplet mixture, ke is the area average of the heat
conductivities of the air and the substrate, and Qs is the
ratio of the total power absorbed by the droplet to the total
power of the incident beam Pj,.) respectively. The correction
factor, fpg, is calculated by using the Picknett and Bexotf*3
equation assuming a typical contact angle ofy = 160 1
The water activity coe cient (ga) and solution density ) in
g cm 2 of NaCl...water microdroplets are computed using
the polynomial best “t coe cients given in ref. 14. In the
simulations, Cp_ is also dynamically calculated as a function
of the salt concentration®

B Hysteresis behavior

Fig. 1a shows the result of theQ,,s calculation as a function of
the size parametera = 2 pa/l , whereaand | are the radius of
the microdroplet and wavelength, respectively. This calculation
was performed using the localized approximation to the
beam-shape coe cients in generalized Lorenz...Mie thed®*’
with an improved algorithm.*8 In our experimental conditions,
the NaCl concentration in microdroplets is 3.83 M at

Fig. 1 (a) The modi“ed absorption e ciency (Qapny Of a focused
Gaussian beam as a function of the size parameten)( The beam
propagating along z and polarized alongx directions is focused near
the rim of the sphere aty = 5.5 mm, exciting “rst order TE modes.
(b) The computed hysteresis curve as a function of the incident laser
power. The dashed horizontal line shows the peak position of the Tiz
WGM absorption. Inset shows the sketch of the self-stabilization
mechanism.
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the smaller microdroplet size compared to the experiment
(@B 9 mm).

C Long time self-stabilization

Fig. 6 shows the data recorded from a 14mm diameter
microdroplet that was self-stabilized for a long time. The
hysteresis curve (Fig. 6a) shows two self-stable operation
points around 585.4 and 590.3 nm. After recording the
hysteresis curve, the microdroplet was self-stabilized at the
“rst self-stable operation point (A, shown with the dashed line
in Fig. 6a). Consecutive spectra were then recorded at a
constant P;,. value of 2.02 mW (Fig. 6b), demonstrating that
the locked operation could be maintained for up to one hour.
During this period, no change was observed in the spectral
position of the WGMs within the spectral resolution of the
experimental setup (0.15 nm), corresponding to a radius
stabilization within a few nanometers. The maximum duration
for which we have been able to keep a microdroplet at a self-
stable operation point was more than 1.5 h (data not shown).
For comparison, consecutive spectra recorded from the same
microdroplet in the absence of self-stabilization®;,c = 0 mW,

Fig. 6 Long time stability of WGMs from a 14 nm diameter micro-
droplet. (a) Hysteresis curve obtained by following a WGM in the
emission spectra recorded from the microdroplet, in which two self-
stable operation points exist. Blue and green circles indicate increasing
and decreasindi,c, respectively. (b) Time-accumulated spectra for the
microdroplet locked at Pj,c = 2.02 mW (dashed red line). No
spectrum change is observed for an hour. (c) Time-accumulated
spectra for the same microdroplet, unlocked Rj,c = 0 mW). The
WGMs drift slowly. The number of spectra in (a) and (b) is 112.

all other experimental conditions identical) are shown in
Fig. 6c. In this case, the spectral position of the WGMs are
observed to drift slowly due to "uctuations in the ambient
atmosphere. The results from the locked microdroplet
compare favorably with the previous self-stabilization
demonstration relying on dye absorption!' The maximum
stabilization time with that method was only a few minutes,
limited by the change in dye absorption with photobleaching.
As the method presented here relies solely on water absorption,
photobleaching does not pose a fundamental limitation.
No such limit now exists and locking could in theory be
maintained for longer periods by keeping the chamber conditions
stable over the long term using an external active temperature
stabilization system.

D Optical bistability

Bistable operation is revealed from the hysteresis curves
obtained during photothermal tuning of microdroplets. In a
typical hysteresis curve, there exists a large region where a
given infrared laser power corresponds to two spectral positions
and, hence, two microdroplet sizes (see Fig. 4). Among the two
spectral positions, the one that lies at the smaller wavelength
(position A in Fig. 7a) belongs to the locked part of the curve
where self-stability is observed and for which the microdroplet
becomes immune to the ’uctuations in the ambient

Fig. 7 Optical bistability observed from a 12 nm diameter micro-
droplet. (a) Hysteresis curve obtained by following a WGM in the
emission spectra recorded from the microdroplet. Blue and green
circles indicate increasing and decreasirg,c, respectively. (b) Time-
accumulated spectra for the same microdroplet exhibiting bistable
behavior, recorded atP;,. = 1.87 mW. The delay between consecutive
spectra for a given state (A or B) is 2.5 s. Additional delay when
switching between states is 1 s from A to B, and 8 s from B to A.
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