Langmuir

pubs.acs.org/Langmuir

Probing Microscopic Wetting Properties of Superhydrophobic
Surfaces by Vibrated Micrometer-Sized Droplets
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ABSTRACT: We determine contact angles of micrometer-sized
NaCl—water droplets on superhydrophobic surfaces by analyz-
ing their lowest-order axisymmetric vibrational resonances driv-
en by vertical oscillations of the surface. Fluorescence spectra of
the dye-doped droplets excited by laser light feature whispering-
gallery modes (WGMs) whose spectral widths depend on the
droplet vibration amplitude, thus enabling precise measurements
of the droplet mechanical resonant frequency. Following droplet
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size determination by WGM mode-matching, we calculate the contact angles from the dependence of the measured mechanical
resonant frequency on the droplet size for two surfaces with different superhydrophobicity levels, and find a good correlation

with the values measured by direct imaging of millimeter-sized droplets.

uperhydrophobic (SH) surfaces are gaining increasing atten-

tion because of their potential applications in liquid nano-
technology, for example, in microelectromechanical and opto-
fluidic systems." ~* The wetting properties of a SH surface can be
described by the apparent contact angle 0 that characterizes the
overall energy balance of the liquid—solid—vapor interaction.”
Several techniques exist for measuring the value of @ over the
macroscopic length scales of SH surfaces (>100 um);*"® how-
ever, these techniques do not allow probing of the variations of @
resulting from the micrometer-scale heterogeneity of the surface
chemistry and/or topography. Alternative methods based on
atomic force microscopy (AFM)’ or electron microscopy
imaging10 are restricted by the accessible range of 6 (6 < 90°)
or the ambient atmosphere humidity, respectively.

In this Letter, we introduce a novel method for the micro-
scopic contact angle measurement that is based on the analysis of
mechanical resonances of individual micrometer-sized liquid
droplets supported by a vibrated SH surface. We exploit the
spectroscopy of the optical whispering-gallery modes (WGMs)
excited by laser light in the fluorescently stained droplets to
simultaneously identify the droplet mechanical resonances and
sizes. The droplets act as optical microcavities,* and their fluore-
scence spectra feature WGMs whose spectral widths depend on
the droplet vibration amplitude. By monitoring the WGM width
as a function of the substrate oscillation frequency for droplets of
different sizes, we identify their mechanical resonances at the
frequencies of the maximal WGM broadening. Droplet size is
then determined by mode-matching of the WGMs using the
Lorenz—Mie scattering theory. For a given droplet, the precise
value of the contact angle 0 is subsequently obtained from
independent measurements of the droplet mechanical resonance
frequency and size using the previously developed theory for the
axisymmetric sessile droplet oscillations.""'* Using our technique,
we measure microscopic contact angles on two substrates with
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different levels of superhydrophobicity and find a good correla-
tion with the average contact angles of millimetric droplets
observed on the same surfaces.

We note that contact angle determination using droplet
vibrational frequency measurement has been demonstrated
previously only with millimeter-sized droplets."> However, mea-
surement of contact angles larger than 110° was not reported in
ref 13. Moreover, the experiments did not employ WGMs to
simultaneously determine the mechanical resonance and size of a
droplet with high precision.

The model SH surfaces used in the experiments described
here are prepared by spin-coating suspensions of hydrophobi-
cally coated silica nanoparticles (Aeroxide LE1, average particle
size = 14 = 3 nm; Evonik) onto a cleaned cover glass as described
previously.'* The superhydrophobicity level of the surface is
adjusted by suspending the nanoparticles in different solvents
(ethanol or chloroform at concentration of S0 mg/mL) before
spin-coating. Rhodamine B doped NaCl—water microdroplets
(2.5 M NaCl, 100 uM Rhodamine B) generated by an ultrasonic
nebulizer are sprayed onto the SH surface in ambient atmo-
spheric conditions. A piezoelectric transducer (PZT) that excites
the droplet oscillations perpendicular to the plane of the cover
glass is glued to the opposite surface of the cover glass using
Entellan microscopy mounting medium (Merck Chemicals) so
that it does not obstruct the observation of the droplets (see
Figure la). Subsequently, the studied substrate bearing the
microdroplets is attached to the bottom part of a home—made
sample chamber whose relative water humidity is fixed at 84%
with a saturated water solution of KCl. Optical spectroscopic
experiments are performed in the inverted microscope geometry
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Figure 1. Experimental setup used for the microdroplet contact angle measurement. (a) Illustration of the controlled humidity sample chamber. (left)
The frequency response of the mounted substrate to the harmonic PZT driving is characterized using an auxiliary collimated laser beam and a quadrant
photodiode (QPD). (right) Actual detection of the microdroplet resonant frequency is carried out using inverted microscope configuration featuring a
spectrograph. (b) Laser beam deflection from the substrate as a function of the driving frequency f. The beam deflection is directly proportional to the

substrate vibration amplitude.

(see Figure 1la, right). An air microscope objective (NA = 0.8,
60x; Nikon) is used for tight focusing of the pump CW green
laser (A = 532 nm, 4.5 mW max power) onto the rim of a selected
droplet. The fluorescence excited in the droplet is then collected
by the same microscope objective and directed to a 500 mm
monochromator with 1200 gr/mm grating (spectral resolution =
0.07 nm, SpectraPro; Acton Research) that disperses the light
before detection by a spectroscopic CCD camera (Pixis 100F;
Princeton Instruments). A high voltage amplifier (WMA-300;
Falco Systems) connected to the output of a function generator
(332204; Agilent) is used to drive the PZT with a ~300 V peak-
to-peak sinusoidal signal at varying frequencies.

For each prepared sample chamber, the vibrational response
of the substrate was characterized by measuring the deflection of
a laser beam reflected from the vibrating substrate with a
quadrant photodiode (see Figure 1a, left). Figure 1b shows a
typical vibrational response from a substrate used in the experi-
ments. Considerable substrate vibration amplitudes are observed

between 50 and 200 kHz. This is the critical frequency range that
contains the lowest-order axisymmetric mechanical resonances
of the micrometer-sized droplets studied here.'' Some variations
were observed in the vibrational responses of different substrates
used in the experiments, mainly due to variations in the elastic
properties and the mounting of the cover glasses. However, the
peaks featured in the substrate vibrational responses were always
broad due to the amorphous nature of the cover glasses. Hence,
approximately constant oscillatory forcing was ensured in the
vicinity of the mechanical resonant frequencies of individual
studied droplets.

Contact angle measurements relied on sweeping the piezo-
driving frequency while recording the fluorescence spectra from
individual microdroplets. Droplet mechanical resonances were
then revealed after an analysis of the WGM widths as a function
of the driving frequency. It should be noted that, for each of the
studied droplets, only a single mechanical resonant frequency
was observed within the frequency range 50—200 kHz.
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Figure 2. Response of surface-supported microdroplets to the harmonic oscillatory driving. (left) Fluorescence spectra of an oscillating droplet with
spherical radius R = 5.0 um at three different driving frequencies f. The WGM centered at 602.3 nm is characterized by its full width at half-maximum
(FWHM). (right) FWHM as a function of f. The crosses indicate experimental data points, and the continuous line is the Gaussian fit that gives the

droplet resonant frequency fiar = 141.1 kHz.

Figure 2 illustrates how the full width at half-maximum
(FWHM) of a WGM from an exemplary NaCl—water microdro-
plet changes with the mechanical driving frequency f. The WGM
in the fluorescence spectrum of the vibrated droplet displays a
significant broadening when the mechanical resonant frequency
is approached. This is caused by the intensified droplet shape
oscillations at the resonance which lower the optical Q-factor of
the droplet cavity.'® The actual resonance at f2F = 141.1 kHz is
clearly revealed by a Gaussian fit of the measured data. Vibration
of sessile droplets has been recently extensively studied, and
various models predicting the droplet resonant frequencies have
been proposed.'*™'® For our case of vertically driven micro-
metric spherical droplets whose shape is completely determined
by surface tension with a negligible influence of gravity, the most
appropriate model of oscillations is the one developed by Strani
and Sabetta."" Within this model, the lowest axisymmetric
oscillation frequency fi; is given by

where Y, p, and R correspond to the surface tension of the liquid,
the density of the liquid, and the droplet spherical radius,
respectively. 4,(6) is the eigenvalue associated with the lowest-
frequency mode (mode number 1) that strongly depends on the
contact angle 0. Consequently, for a droplet of known material
properties and size, the value of 6 can be determined using eq 1
and the measured resonant frequency far -

Besides being extremely sensitive to small droplet vibrations,
WGMs also allow an independent measurement of the droplet
spherical radius R. Fluorescence spectra recorded in our experi-
ments cover a spectral range of 39.1 nm containing at least three
WGMs belonging to the same mode family identified by
polarization and mode order. Within the framework of the
Lorenz—Mie scattering theory, the value of R can be obtained
from direct mode-matching of these WGMs.'>'**° In this
approach, R is determined by finding a set of droplet size

fun= (1)

2152

parameters a; = (277R)/A; which provide the best match between
the measured WGM spectral positions and those calculated for
the droplet refractive index n = 1.3677. Here, A; denote the
experimentally determined vacuum wavelengths of the WGMs
contained within the given droplet fluorescence spectrum. For
the case shown in Figure 2, mode-matching gives R = 5.0 um. We
estimate the uncertainty in R values (mainly given by the
uncertainty in the droplet refractive index) to be less than 100
nm. Such precision cannot be obtained from the optical micro-
scopy observation of the droplet, as the identification of the
droplet equatorial plane where its spherical radius can be
measured is to a large extent arbitrary.

Figure 3 shows the distributions of fr} for microdroplets of
various spherical radii R supported by two different SH surfaces
(LE1/ethanol coating, red circles; LE1/chloroform coating, blue
triangles). For both of the studied surfaces, the experimental data
was recorded on several substrates prepared using the procedure
described above and no significant substrate-to-substrate varia-
tions were observed. Also shown in the plot are the resonant
frequencies fie, calculated from eq 1 for several contact angles
with the contact-angle-dependent eigenvalues 4,(6) determined
using a previously described procedure.'” Comparison of the
measured and calculated values of the lowest-mode resonant
frequencies indicates that the droplet resonant behavior is indeed
well described by the formalism developed by Strani and Sabetta
in ref 11. The spread in the measured resonant frequencies for
droplets of given R can be attributed mainly to the spot-to-spot
variations of the local chemistry and/or topography of the
studied SH surface that are also observed in light microscopy,
AFM, and scanning electron microscopy (SEM) images of the
surfaces™ and that lead to the contact angle hysteresis.”* Addi-
tional uncertainty of fraf then stems from the nonuniform
response of the sample chamber to the mechanical oscillatory
driving (see Figure 1).

From the experimental data presented in Figure 3, it is evident
that the mechanical resonant frequencies for the droplets of a
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Figure 3. Dependence of the lowest-mode resonant frequency f.s on
the droplet size. The circles and triangles indicate experimental data
points obtained for droplets supported by the LE1/ethanol and LE1/
chloroform SH surfaces, respectively. The lines show the resonant
frequency values calculated from eq 1 for the contact angles of 177°
(lower frequency limit), 160° (frequency midrange), and 139° (upper
frequency limit). Other calculation parameters for the NaCl—water
microdroplet: surface tension ¥ = 74.62 mN/m,*" density p = 1144.7
kg/m3, and refractive index n = 1.3677.14?*
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Figure 4. Contact angle measurements on SH surfaces. Direct imaging
of an NaCl—water droplet on (a) LE1/ethanol-coated and (b) LE1/
chloroform-coated SH surfaces. (c) Histogram of the microscopic con-
tact angles 0 for the LE1/ethanol-coated (70 measurements, Opry =
166.7°) and LE1/chloroform-coated (68 measurements, Ocyy =
153.8°) SH surfaces. The contact angles are calculated from the data
presented in Figure 3 using eq 1.

given R differ for the LE1/ethanol-coated and LE1/chloroform-
coated SH surfaces. Since the droplet material properties are
identical for both cases, this deviation can only be attributed to
contact angles differences between the two surfaces (see eq 1).
Such dependence of the contact angle on the solvent used for the
SH layer deposition has been previously reported.®

Figure 4 summarizes the results of both macroscopic and
microscopic (vibration-based) contact angle measurements on
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Figure S. SEM images of the studied superhydrophobic surfaces:
(a) LE1/ethanol-coated SH surface and (b) LE1/chloroform-coated
SH surface. Image insets show surface details obtained at higher
magnification.

the two studied SH surfaces. Macroscopic values of 0 were
obtained using direct imaging of stationary droplets generated on
a horizontal surface with a syringe (see examples in Figure 4a,b).
This procedure yielded average contact angles Oy = (154.2 +
9.1)° on the LE1/ethanol-coated SH surface (four measure-
ments) and Oy = (139.4 £ 3.6)° on the LE1/chloroform-
coated SH surface (four measurements). From the data of
Figure 3, microscopic contact angles were calculated through
eq 1. Their distributions are shown in Figure 4c with the median
values of the contact angles being Oty = 166.7° on the LE1/
ethanol-coated SH surface and Oy, = 153.8° on the LE1/
chloroform-coated SH surface. These values agree well with
the ranges of contact angles determined for microdroplets on a
similar SH surface using electrical deformation.*®

As both studied SH surfaces are formed by layers of the same
hydrophobic silica nanoparticles, difference in their contact
angles cannot be caused by their chemical properties. It is well
established that SH surfaces with multiple scales of roughness
display higher contact angles than more homogeneous surfaces
with the same surface chemistry.””*® Comparison of the SEM
images of our model SH surfaces presented in Figure S reveals a
significantly higher variation in roughness of the LE1/ethanol-
coated surface relative to the LE1/chloroform-coated surface.
Thus, the observed contact angle difference between the two
surfaces indeed stems from the surface topography change.

Several groups have applied substrate vibrations in order to
induce a wetting transition or contact angle relaxation in a sessile
droplet degposited on a surface displaying contact angle
hysteresis.”” ' In the measurements reported here, no such
wetting transitions were observed, as verified by monitoring the
WGM positions during a frequency sweep and also after the
mechanical driving was turned off. If the droplet went through a
wetting transition, its contact angle and, consequently, spherical
radius would change abruptly resulting in an abrupt shift of the
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WGM positions. However, except for a few cases that were
excluded from further analysis, no such abrupt changes were
observed; small gradual drifts (<0.5 nm) of the mode spectral
positions are due to temperature fluctuations. Thus, we can
assume that the microscopic measurements reported here probe
the (metastable) wetting states of the droplets arising at their
generation time without changing them. As our SH surfaces
display contact angle hysteresis, these initial droplet wetting
states may not correspond to the global energy minimum (the
lowest energy metastable state®).

Comparison of the macroscopic and microscopic contact
angles reveals a difference in the two values with microscopic
measurements being systematically shifted to larger values by
about 14°. We attribute this to observing wetting states that are
closer to the global energy minimum®” in macroscopic measure-
ments where a droplet rolls easily on the surface and can readily
move to the most hydrophilic region in the vicinity of the
deposition point. Relaxation of the contact angle in these
measurements is further facilitated by mechanical agitation
during the syringe retraction.

From a practical point of view, it is worth noting that the
microscopic contact angle values measured with small droplets
are more appropriate for microfluidics applications as they reflect
the wetting properties of the surfaces at the relevant length scale.
For the typical droplet radius and contact angle values (R =S «m,
0 =165°) on a SH surface, the contact area between the droplet
and the substrate has the radius » = R sin(0) ~ 1.3 um; it is this
radius that sets the spatial resolution limit of the contact angle
measurement. We note that this resolution limit can be further
reduced to <1 yum by employing smaller droplets for the surface
probing. In order to accomplish this, a different PZT that allows
efficient excitation of droplet vibrations above 200 kHz has to be
used.

In conclusion, we have characterized experimentally the
microscopic liquid—solid contact angles by analyzing the mecha-
nical resonances of individual micrometric liquid droplets
standing on a vibrated SH surface. For two surfaces with
different superhydrophobicity levels, we have compared the
contact angles determined with this method to the values
obtained with macroscopic droplet imaging and found a good
correlation between the microscopic and macroscopic contact
angle measurements. Further investigations are needed to
elucidate the relation between the measured microscopic
contact angles and global wetting energy minimum for the
studied substrate—liquid combination. The presented micro-
scopic contact angle probing has potential applications in the
characterization of structured surfaces with complex surface
chemistry patterning under a wide range of ambient atmo-
spheric conditions, especially if combined with a precise on-
demand positioning of the liquid droplets over the target
surface areas.
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