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Abstract—A quartz crystal resonator immersed in a water-
glycerol solution has a systematically reducing resonant
frequency and an increase in bandwidth of the resonance as the
concentration of glycerol increases. This behavior is well-known
and is accurately described by the Kanazawa and Gordon
model, which provides a clear proportionality to the square root
of the density-viscosity product of the mixture. It is also well-
known that a hydrophobic surface having high aspect ratio
protrusions can become superhydrophobic so that the liquid no
longer retains contact with all points on the surface. In such a
situation for a quartz crystal surface, it is expected that a
decoupling of the acoustic wave will occur and the response may
not then conform to the Kanazawa and Gordon model. In this
work, we report on the behavior of quartz crystal resonators
fabricated with 5-18 micron tall micro-post structures both
before and after they have been treated with a fluorochemical to
make them hydrophobic. We report contact angle data showing
that the hydrophobic surfaces are super-repellent for the entire
range of water-glycerol mixtures. We obtain and fit the
impedance spectra to the Butterworth-van-Dyke model and
show, in this extreme case, a complete change in acoustic
response occurs. The impedance spectra show a rich mixture of
behavior including resonances that become sharper as the
concentration of glycerol increases and surfaces showing a
decoupling of the acoustic wave response.

I.  INTRODUCTION

Models describing how a quartz crystal microbalance
(QCM) provides a sensor response as i) mass attaches to its
surface from the vapor or the liquid phase, ii) a surface coating
changes its viscoelasticity, or iii) the viscosity-density product
of a liquid adjacent to the surface changes, are well-developed
and experimentally verified [see e.g. 1,2]. In the first case, the
Sauerbrey equation dictates that the frequency decreases in
proportion to the deposited mass per unit area and the square
of the frequency. In the second case, the frequency changes
are accompanied by a broadening of the resonance as
dissipation increases and the system can be described by a
complex load impedance dependant on the viscoelastic
parameters. In the third case, the broadening of the resonance
again accompanies a frequency decrease as the viscosity-
density product increases and this is described by the
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Kanazawa and Gordon equation. For a Newtonian liquid, such
as a water-glycerol mixture, the frequency decrease, Af, and
bandwidth increase, AB, occur in proportion to the square root
of the viscosity-density product, and are related by Af =-AB/2.
The frequency dependence of the response in the liquid is
reduced to a 3/2 power-law because the QCM surface creates
a damped shear mode oscillation in the liquid which decays
within a characteristic penetration depth of the interface
d=(n/nf,p)"* where p and # are the density and viscosity of the
liquid and f; is the resonant frequency.

Whilst the mass, viscoelastic and liquid models of
response are well understood, the effect of roughness and
microstructuring of a QCM surface is less well understood. At
its most basic level, roughness may simply provide a change
in the overall constant of proportionality in the Sauerbrey or
Kanazawa and Gordon equations. For liquid phase operation,
surface structuring has been proposed as a method of
separating out the effect of viscosity from that of density [3].
Another effect which is less well-understood is that of changes
in hydrophobicity of the sensor surface. It has been proposed
that the no-slip boundary condition might be relaxed on a
smooth, but hydrophobic QCM surface [4]. Models to
describe such an interfacial slip situation on smooth and
structured surfaces have been published [5,6], but debate
continues on whether such slip explains otherwise anomalous
QCM responses. An alternative to slip that has been suggested
is that surface located gas pockets or trapped liquid acting as
rigid mass might exist and behave effectively as a Sauerbrey-
like mass [7,8]. Recently, significant advances have been
made in understanding how high aspect ratio topography
combines with hydrophobicity to determine the wetting of a
solid surface [9]. It is now believed that steady flow of a
Newtonian liquid across such a, so called superhydrophobic,
surface can be described by a slip boundary condition [10].

II.  SLIP ON SUPERHYDROPHOBIC SURFACES

If a surface is slightly rough at a microscopic or
nanoscopic level, water is able to follow the surface contours.
If the surface is hydrophobic and the aspect ratio of its
topography becomes high, the water no longer follows the
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contours of the surface, but bridges between topographic
features. This type of surface suspends a droplet of water as if
on a bed of nails and the reduced solid-water interfacial area
allows far greater mobility for the droplet; the surface is often
referred to as slippy [11]. Such a surface can be characterized
by measuring the contact angle of the droplet and the
hysteresis in the contact angle as liquid is added and
withdrawn. Most recently, steady flow of water across a
surface consisting of tall and hydrophobic micro-posts has
been observed using micro particle image velocimetry. The
velocity profiles observed in those experiments have been
interpreted as consistent with a slip boundary condition [10].
Effectively, the liquid experiences no-slip at the solid-water
interface above the posts and infinite slip at the air-water
interface bridging between posts. Complementary experiments
using cone-and-plate theometers [12] and hydrofoils [13] also
suggest a slip boundary condition, although there remains
disagreement on the value of the slip lengths.

In parallel with the above work, we reported preliminary
results for QCM frequency changes for a surface consisting of
regularly spaced hydrophobic posts and water-polyethylene
glycol (PEG) solutions [14]. Fujita et al. also reported that a
superhydrophobic QCM surface consisting of a 1-2 um thick
polystyrene layer containing PTFE particles reduced energy
loss [15]. Subsequently, Kwoun et al. reported a reduced
frequency shift in water for multi-resonance devices coated
with a hydrophobised 0.6 um thick silica nanoparticle layer
[16]. Whilst a reduced magnitude of energy loss and
frequency shift for a QCM might be an indication of a slip
boundary condition, the oscillating shear flow across a QCM
surface differs from the steady flow used in the micro-PIV,
cone-and-plate and hydrofoil experiments. It is therefore
important to provide an extensive data set for QCM resonance
responses for model hydrophobic micro-post surfaces in
contact with a Newtonian liquid; that is the aim of this work.

III. EXPERIMENTAL METHODS

Square arrays of circular cross-section SU-8 photoresist
micro-posts were prepared by photolithographic patterning on
smooth 5 MHz quartz crystals of diameter 25 mm with gold
electrodes. Posts were of diameter =5 wm and heights of 4=5,
10, 15 and 18 um in an array with a period of Z=10 um.
Patterned crystals were hydrophobised by immersion in a
dilute fluorocarbon containing solution (Grangers Wash-In),
rinsing in deionised water and then heating for 20 minutes at
100° C; patterns that have not been hydrophobised are referred
to in this report as bare surfaces. Contact angles for water-
glycerol mixtures were measured using a Kriiss DSA 10
system using 5 pl droplets; this system analyzes droplet shape
from a side profile view of the droplet. Quartz crystal
frequency spectra were recorded in air and liquid at 25 °C
using an Agilent Technologies ES061A Network Analyser
over the range 4.8-5.4 MHz. These spectra were fitted to a
Butterworth van Dyke (BVD) model and bandwidth and series
resonance frequency data extracted. To investigate Newtonian
liquids, mixtures of distilled water and glycerol (99+% Fisher)
were used and the concentration used to calculate the
viscosity-density product. Experiments were conducted in an
open lab with a typical relative humidity of between 45% and

50%. Since glycerol is hygroscopic, the viscosity-density
product calculated using the nominal percentage weight
concentration of glycerol is not accurate for concentrations
above 80%.

IV. CONTACT ANGLE DATA

The droplet contact angle, 6, indicates whether a given
mixture is in complete contact with a patterned substrate or
whether the droplet skates between the tops of the micro-
posts. For the glycerol concentration range 0% to 78.2% (by
weight) the contact angle on bare (i.e. non-hydrophobised) flat
SU-8 surfaces decreases steadily from 75° to 65°. For our
design of pattern, the solid surface area fraction corresponding
to the tops of the micro-posts is @=nd*/4L*=0.196. A Cassie-
Baxter weighted average of the cosines therefore predicts that
the contact angles for these mixtures on bare micro-post
surfaces should be ~ (138°+2°). However, the measured
contact angles on these surfaces varied from a maximum of
127° down to 86° depending on post height and glycerol
concentration. If the mixtures fully penetrated between the
micro-posts, contact angles lower than the flat surface values
would be expected. This indicates that a partial penetration of
the water-glycerol mixtures occurs between the surface
features on our non-hydrophobised micro-post surfaces.

On flat layers of SU-8 that have been hydrophobised, the
contact angle increased to the range 115°-100°, but with no
systematic trend between these values as the glycerol
concentration increases. The Cassie-Baxter equation therefore
predicts that droplets fully suspended by our hydrophobised
micro-posts should be increased to ~ (150°t3°).
Experimentally, the contact angles were measured as
(152°£2°), (14942°), (146°£3°) and (143°+6°), respectively, for
the 5, 10, 15 and 18 um tall posts. The agreement for the
micro-post surfaces is good and indicates that all the glycerol
mixtures with concentrations from 0% to 78.2% form
suspended droplets on the hydrophobised micro-post surfaces.
Examination of scanning electron micrographs shows that the
fabrication process results in micro-posts that are narrower at
the base and more rounded at their heads for the taller cases.
This would explain the greater scatter in contact angle for the
taller micro-posts.
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Figure 1. Frequency-bandwidth response of crystals spin coated with flat

layers of SU-8 to immersion in water-glycerol mixtures.
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V. QUARTZ CRYSTAL RESONANCE DATA

The contact angle data suggests that droplets of the
glycerol-water mixtures deposit in a superhydrophobic state
and so are suspended across the tops of the hydrophobised
micro-posts. To confirm this remains the case when the liquid
is introduced as a pool in the QCM cell, we applied pressure
to force the liquid to penetrate into the gaps between micro-
posts. As penetration occurred both a visual change in contrast
of reflected light could be observed and the resonant spectra
broadened and decreased in frequency. To confirm that the
bare (non-hydrophobised) SU-8 and hydrophobic SU-8
provided a Newtonian liquid response to immersion in water-
glycerol mixtures, spectra were taken for flat spin-coated
films. Fig. 1 shows the frequency shift from the air value, Af,
and the change in bandwidth, AB, using open-symbols for bare
surfaces and solid symbols for hydrophobised surfaces
Gum=000, 10 pm=CC<0, 15 pm =AAA and 18
um=00O); the dotted line is the theoretical prediction with a
slope of 0.5 and intercept of 0 from the Kanazawa and Gordon
model for a Newtonian liquid. The nominal solution
concentrations are 0%, 40%, 51.3%, 58.2%, 69.2%, 78.2%,
85.0%, 89.4%, 94.7% and 100%. Although the nominal
concentrations above 80% will be inaccurate due to the
hygroscopic nature of glycerol, the affect on the data in Fig. 1
for a Newtonian response should be to simply scale the
positions of data points up and down the dotted line. The data
for concentrations up to 78.2% lies in the lower left quarter of
Fig. 1 and has a maximum frequency decrease of -9.2 kHz.
The response for the bare polished crystal (+++) and
hydrophobised polished crystal (> > k) are also shown.

Fig. 2 shows the equivalent data to Fig. 1 for bare
(non-hydrophobised) surfaces with micro-posts of heights 5,
10, 15 and 18 um; the straight dotted line is the Kanazawa and
Gordon model. The 15 um (AAA) and 18 um (OQOO) tall
micro-post surfaces have a linear response with the Kanazawa
and Gordon model slope of 0.5, but also have offsets of ~ 5.7
kHz and 4 KHz (shown by the solid lines), respectively. The
data for the 5 um (OJOOJ) tall micro-post surfaces also
appears linear with a slope of 0.5 and offset of 3.4 kHz (shown
by the solid line) until the glycerol concentration exceeds
78.2%. The 10 um (<) tall micro-post surfaces do not
obviously show any linear regime and at the highest
concentrations (>89.4%) the frequency shift changes sign. Fig.
3 shows the equivalent data obtained after the micro-post
surfaces had been hydrophobised; the symbols are the same as
in fig. 3, but are filled symbols to indicate the surfaces have
been hydrophobised. To enable comparison to Fig. 2, the
dotted and solid lines are the same. The 15 pm and 18 um tall
micro-post surfaces have changed from linear curves to arcs.
The bandwidth for the 15 um case also becomes negative
indicating a sharpening of the resonance. The surface with the
15 um micro-posts (the lowest height case) now shows a linear
behavior across the full range of glycerol concentrations. The
surface with the 10 um micro-posts has a much reduced
frequency decrease. In this case there are data points below the
axis for glycerol concentrations above 78.2% and these
indicate an overall positive frequency shift compared to air.
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Figure 2. Frequency-bandwidth changes for bare post surfaces.

Figure 3. Frequency-bandwidth changes for hydrophobised post surfaces.
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Figure 4. Influence of hydrophobisation on crystal frequency shift.
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Figure 5. Influence of hydrophobisation on crystal bandwidth.




Fig. 4 and Fig. 5 show the frequency, Afy, and
bandwidth, ABy, shifts on the hydrophobised micro-post
surfaces compared to the shifts on the bare micro-post
surfaces for the full range of water-glycerol mixtures; the
dotted lines are to guide the eye and have a slope of unity. In
all cases, the effect of hydrophobisation is to reduce the
magnitude of the changes compared to the bare surfaces. The
least influenced by the hydrophobisation is the surface with
the 5 pm (JOO) tall micro-posts. For the 10 pm (O<O<O)
and 15 pum (AAA) tall micro-posts there are significant
reductions in both the frequency and bandwidth shifts when
the surfaces are hydrophobised. The surfaces with 15 pum
(AAA) tall micro-posts are unusual in that resonant curves
become sharper than in air; we confirmed that this behavior
was reproducible using several surfaces. This appears to be
related to a broader initial resonance in air. The frequency
shift-bandwidth shift data indicates that the quartz crystal
response of bare (non-hydrophobised) micro-post surfaces to
water-glycerol solutions of up to around 80% glycerol is
similar in type to that of flat surfaces, i.e. the response of these
surfaces obeys the equation Af=-0.5AB+k, where k is a non-
zero constant dependent on the height of the micro-posts.
While the same may be argued for the surfaces with
hydrophobised 5 pum tall micro-posts, it is not the case for the
surfaces possessing 10 um, 15 um and 18 pm tall micro-posts,
which have been hydrophobised. In these cases, involving the
higher aspect ratios, the effect of the change in surface
chemistry is to modify the type of acoustic response from the
quartz crystal rather than simply its magnitude. The data for
the 18 um (OOO) shows a distinctive decoupling effect.
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Figure 6. Dependence of the bandwidth on the viscosity-density product for

hydrophobised micro-posts.
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Figure 7. Dependence of frequency shift on the viscosity-density product
for hydrophobised micro-posts.

VI. CONCLUSION

The transition from a hydrophobic surface to a
superhydrophobic surface with fully suspended liquid has a
strong effect on the acoustic response. The data obtained for
hydrophobic micro-post surfaces is rich in its behavior.
According to height of micro-post the surfaces can i) behave
in a similar manner to the bare surfaces, ii) show anomalous
behavior at the highest concentrations of glycerol, iii) have a
narrower bandwidth as concentration increases, or iv) show a
decoupling of the acoustic response. An implication of this
work is that current models of acoustic wave sensor response
will have limited applicability when high aspect ratio
topography, either from surface structuring or from surface
roughness, couples to hydrophobic surface chemistry. In
particular, any liquid phase acoustic wave sensor possessing a
rough surface and involving a mass attachment that can
change the hydrophobicity may show an unusual response.
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