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HIGHLIGHTS GRAPHICAL ABSTRACT

e An active technique of anti-fogging and
ice mitigating platform on glass was
proposed.

o Effective de-fogging was achieved using
SAW devices with different powers.

e Anti-icing and de-icing performances . ] | e
were achieved with surface hydrophobic
treatments.
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ARTICLE INFO ABSTRACT

Keywords: There have been great concerns on poor visibility and hazardous issues due to fogging and ice/frost formation on glass
Surface acoustic wave surfaces of windshields, windows of vehicles/airplanes, and solar panels. Existing methods for their monitoring and
Rime ice

removal include those active ones (such as using resistance heating) or passive ones (such as using surface icephobic
treatments), which are not always applicable, effective or reliable. In this study, we proposed a novel strategy by
implementing transparent thin film surface acoustic wave (SAW) devices by directly coating ZnO films onto glass
substrate and studied their de-fogging, active anti-icing and de-icing mechanisms using the SAW technology. Effects
of powers and wavelengths of SAW devices were investigated and influences of acousto-heating and surface hydro-
phobic treatments were evaluated. Results showed that de-fogging time was dramatically decreased with the increase
of SAW powers when the thin film-based SAW devices were exposed to humid air flow for different durations. The
icing accretion was significantly delayed under the applied SAW agitation, and SAW application has also effectively
promoted de-icing on glass substrate, due to the interfacial nanoscale vibration and localized heating effect.
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1. Introduction

There are great concerns about fogging, condensation, icing and
frosting on glass surfaces, which cause poor visibility and hazard issues
in lenses, windshields, windows of vehicles/airplane/helmet, and solar
panels [1-5]. In conditions with a high humidity in a cold environment,
water condensation, icing and frosting can easily occur on the cold
structure surfaces, whose surface temperature is at or below the dew
point [6-8]. For instance, foggy conditions can pose safety and hazard
issues due to severely decreased visibility which put risks for trans-
portation, and endanger people’s health and wellbeing [9,10]. More-
over, extreme weather conditions frequently result in ice and snow
formation on the surfaces of daily items and economically important
assets such as the windows and windshields of cars, trains, and air-
planes, camera lenses, and traffic lights, resulting in poor operability
and safety issues [1,4]. Another issue of fogging or icing on glass would
be the increased surface roughness on glass during their long term us-
ages, which can cause a negative impact on the mitigation effort [11,
12]. The condensation on glass surfaces will induce unwanted light
refraction and result in light scattering, rendering a translucent surface
and a reduction in optical transparency [13].

Passive and active methods have been demonstrated to combat
surface accretions induced by fogging, icing and/or frosting [14-16].
There have been various existing methodologies implemented for the
elimination of fogging, and these can be classified into warm fog elim-
ination and cold fog elimination [9,10,17-19]. Fogging easily occurs at a
temperature higher than 0 °C called warm fogging, and the techniques to
remove this generally require external energy, including external heat-
ing, dynamic perturbation method (or mechanical mixing method), or
seeding hygroscopic particles [9,10,17-19]. Cold fogging mainly con-
tains water droplets when the temperature is below 0 °C, which usually
involves a phase change in the fog (e.g., forming ice crystals in fog) [9,
10]. One common method used for tackling this cold fog is to use re-
frigerants that can be harmful to the environment [9,10,17-19]. These
methods of eliminating fogging tend to consume a huge amount of en-
ergy, and pose as a pollution issue in terms of corrosion [9,18]. Other
methods such as local electrothermal heating are also applied, but their
efficiency and power consumption have been major concerns.

Ice formation can be classified into rime ice and glaze (or clear) ice
based on their morphologies and densities [20-23]. Rapid growth of ice
due to supercooled water droplets results in rime ice with features of
porous microstructures, low density, high opacity and loose adherence
to the structural surface [21,23-25]. Glaze ice, on the other hand, is
formed by the freezing of the supercooled liquid water which penetrates
the air gaps between the ice particles before it freezes, and this forma-
tion usually begins when the temperature is relatively high (e.g., just
below the freezing point) [20,21,24,25]. In contrast to rime ice, glaze ice
is considerably smooth, compact, more densely packed, transparent, and
adhere strongly to the surface [8,20,23]. Formation of various types of
ice is depending on freezing or condensation conditions of supercooled
liquid droplets on the glass surfaces in an environment with various
relative humidity (RH) levels, surface temperatures, and cooling rates
[24,25]. In both cases, they relatively have high ice adhesion to the glass
surface, making it tedious to be eliminated from the surface.

One of the key passive anti-icing methods is to reduce surface energy
of the solid surface and decrease water-ice adhesion using super-
hydrophobic and icephobic surfaces [8,16,25,26]. It was reported that
the superhydrophobic surfaces with a large contact angle can signifi-
cantly delay the droplet freezing when compared to those on hydrophilic
surfaces [7,8,16,27]. However, these superhydrophobic surfaces often
have poor mechanical/adhesion properties and durability issues
[28-30]. There have been previous studies on various functionally
treated surfaces on glass surfaces for ice mitigation [31-34], but
implementing these surfaces does not often appear to reduce ice adhe-
sion or increase icing protection. Similar to the fogging strategies, active
approaches for icing strategies include application of external energy
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such as heating, mechanical vibrations, liquid chemicals, and ultrasonic
waves [14,23]. However, ice mitigation using these methods often re-
quires large amount of energy or quite complicated to be applied onto
substrates such as glass [20]. Hence, it is crucial to search other alter-
native methods for ice mitigation to achieve highly efficient and envi-
ronmentally friendly ice protection implementations. If considering
icing protection on transparent and often fragile glass surfaces, most of
these active methods would have a huge challenge to cope with.

Recently, an emerging technology for fog/ice mitigation is to
incorporate coating or thin film-based surface acoustic wave (SAW)
devices directly onto the component structures to produce acoustic wave
propagation and vibrations directly integrated onto the structural sur-
faces, such as glass or metals, which can be integrated for fogging, anti-
icing and de-icing functions [35-37]. SAWs have been widely employed
in various applications such as wireless communications, acousto-
fluidics, sensing, and particle/biological manipulations [35,38-40].
Multiple wave modes (which include Rayleigh, Lamb, Love, and shear
horizontal waves) and their harmonic modes of the fundamental waves
can be produced and travel along the surface of the SAW devices [35,
36]. These thin film SAW devices can generate strong interfacial vi-
brations and effective local heating effects [35,41,42].

As illustrated in Fig. 1, at the localized area where the fog or ice is
being accumulated, SAWs can cause effective nanoscale vibration and
acousto-thermal effects, which allow fog/ice interface to break, local
melting, and ice separation from substrate [36,43,44]. Therefore, using
SAW technology along with surface hydrophobic treatments, it is
possible to combat surface accretions and fog/ice formation [36,45,46].
Although there are previous reports for the development of transparent
thin film SAW devices for optical, sensing, or wearable device applica-
tions [47-50], there are few studies using thin film SAWs directly in-
tegrated onto glass (see Fig. 1) as a transparent platform for fogging or
ice mitigation strategies [29,51]. The great challenge is how to integrate
acoustic wave devices onto the transparent glass with good icing effi-
ciency, while without causing major issues of influences on its trans-
parency and functionality. Figs. S1(a) and S1(b) in the supporting
information presented the illustrations of the structural design and
side-view structural design of the thin film SAWs on glass with respect to
the covering area for fogging, freezing droplet and rime ice.

In this paper, we proposed a novel strategy by implementing trans-
parent ZnO thin film SAW devices directly onto glass substrate. For this
integrated SAW icing device structure illustrated in Fig. 1, the IDTs,
piezoelectric film, and glass could be all transparent in principle.
Another potential advantage (although we have not realised in this
study) is that the piezoelectric thin film will only need to be deposited
onto the IDT region to generate waves, and once the SAWs are gener-
ated, they will propagate along the glass surfaces without need of
piezoelectric films on the other glass areas [36]. In this study, we
fabricated SAW devices on glass substrates with different wavelengths
and studied their de-fogging and active anti-icing and de-icing mecha-
nisms using SAW technology. Effects of SAW powers, frequency,
acousto-heating, and surface treatments with a hydrophobic layer were
evaluated. Results showed that de-fogging time was dramatically
decreased with the increase of SAW powers. With the introduction of a
hydrophobic polymer layer on the SAW surface, the icing accretion was
significantly delayed under SAW agitation, and SAW application has
effectively promoted de-icing, due to the interfacial nanoscale vibration
and local heating effect.

2. Experimental details
2.1. Preparation and characterization of SAW device

ZnO thin film of ~4.5 pm thick was deposited on four-inch borosil-
icate glass wafer using a direct current (DC) magnetron sputter (NS3750,

Nordiko) with a zinc target (99.99% purity). Before the deposition, the
glass substrates were cleaned using acetone, isopropanol (IPA), and then
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deionized (DI) water, finally dried using nitrogen gas. The distance be-
tween the glass substrates and ZnO target was 20 cm. The vacuum
pressure of the sputter chamber was maintained at ~0.35 Pa. During the
deposition process, the surface of the Zn target was oxidized and sput-
tered by introducing the flows of the argon and oxygen gases with an Ar/
O, flow ratio of 10/15 SCCM (standard cubic centimetre per minute).
The plasma power was set at 400 W. Cross-section morphology of the
ZnO film on glass surface was observed using a scanning electron mi-
croscope (Tescan Mira). Crystalline structure of the ZnO film was ana-
lysed using an X-ray diffractometer (XRD, D5000, Siemens, Cu-Ka
radiation, 40 kV, 30 mA).

To fabricate SAW devices, interdigital transducers (IDTs) were
patterned on top of ZnO/glass thorough a conventional photolithog-
raphy and lift-off process. For simplicity, a bilayer of Cr/Au with
thicknesses of 20 nm/100 nm was prepared as the electrode in this
study. For future applications, this electrode can be prepared using
sputtered transparent indium tin oxide (ITO) or aluminium doped ZnO
(AZO) for optical transparency [47,52]. The designed IDTs had 30 pairs
of fingers with three different wavelengths (i.e., 100 pm, 200 pm, and
300 pm). The reflection spectra (S11) and transmission spectra (S12) of
the SAW devices were measured using an RF network analyser (Key-
sight, FieldFox N9913A).

2.2. Fogging and icing tests

To evaluate effects of surface treatments on fogging and icing
studies, the ZnO/glass SAW device’s surfaces were uniformly coated
with a layer of fluoropolymer, CYTOP (CTL809 M, Asahi Glass Co.) to
create a hydrophobic layer [53]. The choice of CYTOP over other hy-
drophobic coatings is due to its transparency and a low coefficient of
optical dispersion. Additionally, CYTOP can easily be coated on any
solid surface and help to reduce ice adhesion on roughened surfaces
[54]. For the experiments, the CYTOP layer was deposited in front of the
IDTs towards the direction of the propagating waves. The process of
surface treatment involved the deposition of a thin layer of CYTOP onto
the pre-cleaned surface of the ZnO/glass SAW device via a dip coating
method to ensure a uniform coating across the entire SAW device. The
sample was then placed inside the tube furnace at 150 °C for 25 min for
the curing process, and the obtained surface of the ZnO/glass SAW de-
vice was covalently bonded with the fluoropolymer chains. The thick-
ness of the CYTOP layer was approximately 10 nm [54]. The water
contact angle (WCA) was measured at room temperature using a drop
shape analyser (KRUSS Scientific, DSA-30). For creating SAWs, an RF
signal at the resonant frequency of the SAW device was generated using
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a signal generator (Aim TTi, TG5011A) and was further amplified using
a power amplifier (Amplifier Research, Model 75A250). The RF powers
applied to the IDTs of the ZnO/glass SAW devices was measured using
an RF power meter (Racal Instruments 9104).

De-fogging tests were performed using the ZnO/glass SAW devices,
which were placed in the centre of a cold chamber with its substrate pre-
set at three different temperatures, i.e., room temperature, ~5 °C, and
~0 °C. To effectively generate condensation on the surface of the ZnO/
glass SAW device, a nebuliser was used, and the relative humidity (RH)
was set to be 100%. When the temperature of the ZnO/glass SAW device
reached the set value, cold humid air was blown into the side of chamber
through a long tube continuously for either 1 min or 10 min. After
exposure to the humid air, condensation was seen to form on the surface
of the ZnO/glass. Various RF powers (ranged from 0.63 W to 3.41 W)
were applied to the SAW devices to remove the moisture and the total
time taken for the fogging disappearance was recorded.

For the active anti-icing tests of deionized droplets, a single water
droplet with a size of 6.5 pL was deposited onto the glass surface, right in
front of the IDT area to form a glaze ice droplet. The tests were per-
formed using the drop shape analyser (KRUSS Scientific, DSA-25) with a
cold chamber. The temperature was set to be approximately —20 °C
during the tests. The active anti-icing experiments were performed using
different SAW powers (from 0.21 W to 0.81 W) applied to the ZnO/glass
device.

For de-icing of rime ice on glass substrate, the experiments were
conducted in a freezing chamber which was maintained at a stable and
constant icing/anti-icing environment, as reported in Ref. [37].
Different relative humidity (RH) levels were achieved using a moisture
nebuliser (Omron Ultrasonic Nebulizer NE-U17) that generated water
aerosols with controlled vaporizing power and imputing speed. The
SAW device was put on a cold plate which was set at —6.5 °C and the
environmental chamber’s average temperature was —1 °C. Before the
start of icing, the SAW device was cooled down in the chamber for at
least 30 min in advance. Then the icing process was carried out with a
RH value of 90%. The de-icing tests were performed using different SAW
powers (from 0.002 W to 2.35 W) applied to the ZnO/glass device. The
video camera (IDS) with a Navitar 12X objective lens was used to record
the changes of ice morphology from the top and side views of the glass
device.

For evaluation of the induced surface heating effects during the
fogging and icing processes upon SAW agitations, an infrared (IR)
camera (FLIR, T620bx) was used to monitor the temperature changes on
the SAW device surface at different RF powers. This temperature mea-
surement was taken in front of the IDTs area, where the droplets and

Fig. 1. Illustration of structural design of thin film-based SAW device integrated onto the glass substrate.
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condensates were located for the icing and fogging tests.
3. Results and discussions

3.1. Characterization of ZnO thin films and SAW devices

Fig. 2(a) shows the XRD spectrum of the ZnO thin film on glass. A
strong peak at 34.1° corresponds to the (0002) plane of ZnO film, which
shows the c-axis preferential growth of the Wurtzite ZnO film. Fig. 2(b)
shows an SEM image of cross-section image of ZnO film on glass sub-
strate, which shows the vertical columnar structure with a film thickness
of ~4.5 pm. Once the RF power is applied to the SAW devices, there is an
acousto-thermal effect generated and thus the surface temperature has
been increased. For verifying this acoustic heating effect, we have
measured the surface temperatures obtained from IR camera readings
approximately 5 mm from the front of the IDTs at different applied
powers for the SAW devices with the frequency of 28 MHz. The results
are shown in Fig. 2(c). The surface temperature increases rapidly in the
initial 30 s during SAW agitations. For example, as the applied power
increased from 1.41 W to 7.59 W, the temperature at position of 5 mm
right in front of the IDTs was observed to increase to ~98 °C. The inset
image in Fig. 2(c) shows an example of the infrared images, revealing
the thermal distribution on the surface of the ZnO/glass SAW device.
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Fig. 2. (a) XRD pattern of ZnO/glass SAW device; (b) SEM image showing the
cross section of ZnO film; (c) Temperature changes of the 28 MHz SAW device
as a function of SAW power and time; (d) Temperature changes of the 9 MHz
SAW device as a function of SAW power and time; Frequency responses (S11) of
ZnO/glass SAW devices with wavelengths of (e¢) 100 pm; (f) 200 pm; (g) 300
pm; (h) Frequencies as a function of normalized thickness.
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The detailed information and mechanisms on thermal effects for the thin
film SAW devices was reported in our previous studies [14,55,56]. Fig. 2
(d) shows the temperature readings obtained from IR camera for 9 MHz
SAW device at different applied RF powers. Similar to those shown in
Fig. 1(c), the surface temperature increases steadily during the heating
process, and the maximum temperature is changed from 18 °C to 28 °C
with the applied power varied from 0.052 W to 21.8 W. In comparison
between the two frequencies of SAW devices, 28 MHz SAW device shows
a higher acousto-heating effect than that of 9 MHz SAW device.

The water contact angle (WCA) of droplets with and without any
surface treatments on the glass surface were measured. Without any
surface treatment, the ZnO/glass SAW device was observed to have a
WCA of 88.2 £ 0.6°. With the addition of CYTOP layer onto ZnO/glass
SAW device, the WCA was increased to 106.4 & 0.8°. The quality factors
(Q-factor) of the SAW devices were estimated from the reflection spec-
trum S11 peak and the average reading is 68.7.

Numerical simulations were performed using finite element analysis
(FEA) with the commercial software (COMSOL 5.1) based on a two-
dimensional (2D) strain model of a piezo plane to investigate the sur-
face vibration patterns and wave modes of the ZnO/glass SAW devices
with different wavelengths. For simplification of simulations, we
modelled a 5 pm thick ZnO layer on a 120 pm thick glass layer with a
fixed boundary condition at the bottom. We have verified that this glass
thickness was thick enough to allow for acoustic wave penetrations into
the glass substrate without influencing the simulation outcomes. A layer
of 200 nm thick aluminium electrode received a 1 V polarisation
voltage, and the second electrode was served as electrical ground. The
COMSOL material library was used to obtain the material constants. The
devices” wavelength was changed from 100 to 300 pm.

Fig. 2(e)-2(g) show the simulated results of impedance spectra, and
also the experimentally obtained reflection spectra (S§11) of the ZnO/
glass SAW devices with different wavelengths of 100 pm, 200 pm, and
300 pm. Based on the simulated vibration modes, the resonant fre-
quencies of the Rayleigh waves were identified at 28.01 MHz, 14.43
MHz, and 9.81 MHz, respectively, which are similar to those of the
experimentally obtained data of 27.92 MHz, 14.42 MHz, and 9.88 MHz.
The Sezawa modes were also identified from the vibration patterns, and
they are at frequencies of 51.53 MHz, 28.19 MHz, and 19.02 MHz, while
the experimentally obtained values are 51.84 MHz, 28.84 MHz, and
19.76 MHz, for three different devices, respectively. In this study, we
applied these Rayleigh wave modes for fogging and icing experiments.
Fig. 2(h) shows the frequencies of the SAW devices increases with the
normalized thickness. This is mainly due to propagation of the acoustic
wave confining in the piezoelectric ZnO layer with the higher fre-
quencies [53]. Figs. S2(a)-S2(f) in the supporting information show the
obtained particulate vibration profiles of both Rayleigh and Sezawa
modes for the three different wavelengths (i.e., 100 pm, 200 pm, and
300 pm) from the simulation results, which are verified from the
simulated impedance of those devices.

3.2. De-fogging performance

Fig. 3(a)-3(d) show the averaged times taken for removal of the
generated condensation on the device surfaces, which were pre-exposed
to the humid air flowing after the durations of 1 min and 10 min,
respectively, for both 9 MHz and 28 MHz SAW devices. The time taken
for fog elimination was calculated based on the duration in which SAW
agitations prompted the driving action which occurred near the IDT area
of the SAW device. Results show that the time taken to achieve de-
fogging is dramatically decreased with the increase of SAW powers as
expected for both the cases. It was noted that with CYTOP on the 9 MHz
ZnO/glass SAW device, the time taken to achieve de-fogging is also
reduced as compared to the untreated ZnO/glass SAW device. Also, the
time taken for the case to remove the de-fogging when exposure to
humid air for 10 min is much longer than that for 1 min, mainly due to
significant increased amounts of condensation on the sample surface. In
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Fig. 3. Illustrations of the de-fogging process for 28 MHz ZnO/glass SAW device; (a) 1 min exposure to humid air; (b) 10 min exposure to humid air; De-fogging

process for 9 MHz ZnO/glass SAW device (c) 1 min exposure to humid air; (d) 10 min exposure to humid air.

terms of temperature effects, a much shorter time was recorded to
remove the condensates using the SAW device for the surface tested at
room temperature. As more condensates were formed at near 0 °C as
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compared those at near 5 °C and at room temperature, a much longer
time was needed. After the SAW RF power is applied onto the SAW
device, the mechanical vibrations from SAW agitations induces internal
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Fig. 4. Droplet freezing on ZnO/glass SAW device at RH 45% (a) untreated surfaces, (b) CYTOP treated surfaces; (c) Time taken for droplet to become ice on ZnO/
glass SAW device at various RF powers; De-icing on ZnO/glass SAW device (d) without CYTOP at 1.41 W; (e) with CYTOP treatment at a power of 1.41 W; (f) Time
taken for droplet de-icing at various RF powers.



H.L. Ong et al.

acoustic streaming in the condensates, and a strong localized acousto-
thermal effect is also generated [37,57]. As the waves propagate on
the surface, they drive away the condensates or evaporate them effec-
tively, thus achieving the de-fogging effect. There are dramatic re-
ductions in the de-fogging time as shown in Fig. 3 where the CYTOP is
shown to prompt the de-fogging process more effectively than that of
untreated ZnO/glass SAW devices. Comparing the time taken for the two
devices with different frequencies, a much shorter time was found for
the 9 MHz SAW device, which can be explained due to its higher
amplitude of vibration pattern and larger wavelength.

3.3. Active anti-icing performance

Droplet freezing was first conducted on untreated ZnO/glass SAW
device, without using SAW energy. The captured shape evolutions of the
droplet during glaze icing are shown in Fig. 4(a), where icing is shown to
occur after ~19 s. The snapshots at different time frames depict that the
freezing front tip moves upwards and the remaining part of water
droplet which was not frozen remains a spherical shape [58-60]. At a
time of ~80.9 s, the ice expands vertically and pushes against the
spherical cap of the liquid water droplet. With the addition of confining
effect of surface tension, it leads to the pointy tip as seen at ~91.4 s [58,
59].

Droplet freezing was then conducted at RH 45% on ZnO/glass SAW
device which was surface treated with CYTOP but without applying any
SAW power, and the obtained results are shown in Fig. 4(b). At the same
testing conditions, glaze icing was observed to start to form at ~42.3 s,
with the frozen phenomena like those of untreated ZnO/glass SAW de-
vice, and ice crystal was formed after ~109 s. It was observed that with
the implementation of hydrophobically treated CYTOP layer, the droplet
freezing was delayed compared with the untreated samples.

Fig. 4(c) shows the time taken for droplet to become ice with and
without SAW agitations at different RF powers. Without applying any RF
power (e.g., at zero Watts), the time taken for the water to become ice
for both treated and untreated surfaces possessed similar readings.
Under SAW agitations at a much lower power, such as 0.21 W, the
induced insignificant surface vibrations prevent the possibility for the
formation of supercool liquid droplets. Therefore, the ice formation time
was slightly decreased compared with those without applying any
waves, mainly due to significant surface vibrations and prevent forma-
tion of supercooled liquid and increases the chances for the formation of
ice nucleolus on the device’s surface [37,42]. The heating effect at such
a low power was not strong enough to prevent the ice nucleus formation.
However, when SAW powers were increased to 0.37 W and above, the
delayed frozen time has been gradually increased and becomes signifi-
cantly longer at higher powers, showing good active anti-icing effects.
When the RF power was increased further to 0.62 W and 0.81 W, no
frozen phenomena of the droplet was observed at all after 600 s (the
maximum time we have applied before stopping).

When large amplitude SAWs (i.e., at a high SAW powers) are
generated and propagate along the surface of ZnO/glass SAW device, the
nanoscale ‘earthquake’ effect, along with acoustic radiation force and
acoustic streaming will hinder the ice nucleation and growth [37,46].
When there are ice nuclei formed within the liquid, they will be driven
by acoustic streaming, and this results in the relative motion of the ice
nucleolus and liquid medium upon SAW agitation into the liquid [37,
46]. This flow is enhanced upon increasing application of RF powers and
the formed ice nucleoli are easily detachable from the surface into the
liquid. Additionally, the localized thermal effect along with the SAWs at
interface of the ice/structure causes the increase in temperatures of the
glass surface and the surrounding liquid [37,46].

3.4. De-icing performance under SAWs

Fig. 4(d) show the de-icing results for glaze ice using the ZnO/glass
SAW devices at a power of 1.41 W. On the untreated device surface,
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there were changes in the ice shapes when the SAW was applied, which
can be due to the introduction of strong localized vibrations and
acousto-thermal effect at the ice/glass interface due to the SAWs [37].
During the deicing process, tiny cracks could be generated at the sol-
id/ice interfaces and the growth of these cracks were increased with the
continuous SAW agitations, which has also been previously reported in
Ref. [37]. Due to the formation and propagation of cracks, the me-
chanical adhesion of ice to the glass surface is weakened. Simulta-
neously due to the localized acousto-heating effects, the ice at the
interfaces also starts to become partially melted as shown in Fig. 4(f),
before it is changed further into liquid [37].

Fig. 4(e) shows the shape evolution of clear ice with CYTOP when the
SAW power was applied, and the obtained phenomena are similar to
those illustrated in Fig. 4(d). With applying the layer of CYTOP in Fig. 4
(e), the time taken to de-ice was reduced. This further suggests that
surface treatment with CYTOP helps to promote the de-icing perfor-
mance. Fig. 4(f) summarizes the time taken for the droplet to achieve the
de-icing. It was observed that the time taken for the de-icing was
reduced as the RF powers were increased.

We further studied the deicing for the rime ice formed on the SAW
devices. Figs. S3(a)-S3(d) in the supporting information illustrate the
changes of transparency of ZnO/glass SAW devices during rime ice
formation and after deicing process, where the assessment of trans-
parency is based on the film coated glass areas without the IDTs. It was
observed that the transparency of ZnO/glass SAW device was decreased
at different cooling stages due to the ice formation where a university
logo for Northumbria University was hardly visible. After deicing using
SAWs, the glass became clear again as the rime ice was removed.

Fig. 5(a)-5(f) illustrates top-view de-icing process of the rime ice on
28 MHz ZnO/glass SAW device which was treated with CYTOP. The
morphology of the rime ice was observed to be solid, porous and loosely
attached to the surface as shown in Fig. 5(a). When RF powers are
applied, the mechanical vibrations from the SAW acoustic energy
damage the interface of the rime ice clusters with substrate, which leads
to the change in the microstructures of the porous rime ice and its
morphology as shown in Fig. 5(b). During the experiments rime ice has
been removed from particular areas. Due to the significant vibrations at
the interface, additional new areas of rime ice removal are generated as
depicted in Fig. 5(c). Other than the mechanical vibrations from the
applied RF power, interficial localized heating (acoustic thermal effect)
is also induced on the ZnO thin film due to SAW energy dissipation [37],
and this can be observed in Fig. 5(d). This will eventually lead to the
shrinkage and removal of the porous rime ice as observed in Fig. 5(e). As
time progresses, multiple porous rime ice will continue to shrink and be
removed, which fulfills the de-icing process as a result from SAW agi-
tations and acousto-thermal effect as depicted in Fig. 5(f).

Fig. 6(a) shows estimated de-icing areas (i.e., the percentages of
areas with their ice removed compared with the originally total area) for
the ZnO/glass SAW device at different RF powers. With the increase of
SAW powers, the de-icing efficiency has been improved dramatically (i.
e., the deicing areas have increased signficantly). Fig. 6(b) summarizes
the time taken for rime ice de-icing at different frequencies (i.e., 9.88
MHz, 14.42 MHz, and 28.01 MHz) and for both untreated and treated
samples (i.e., 28.01 MHz). It was observed that de-icing is much more
efficient for higher frequency samples as shorter time was required to
remove the rime ice on the surface within a given area. Compared with
those of lower frequency samples, the increase in frequency (or decrease
in wavelength) causes the SAW acoustic energy to be easier absorbed or
dissipated into the rime ice and also the melting of liquid as de-icing
process occurs, resulting in higher rate of energy dissipation [61,62].
This would further suggest that for de-icing processes, acousto-thermal
effect has its contribution for deicing, where the temperature increases
rapidly on a localized area, and this can be supported by the IR camera
results presented in Fig. 2(d) and (e). However, we should address that
with the increase of the frequency (or decrease of wavelength), the SAW
agitated areas become much smaller, mainly due to the faster dissipation
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Fig. 5. Rime ice de-icing process of ZnO/glass SAW device with a scale bar of 10 pm: (a) 0 s, (b) 5.912 s, (c) 6.868 s, (d) 8.420 s, (e) 10.988 s, (f) 34.040 s.
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Fig. 6. (a) Estimated de-icing areas (%) versus time (seconds) for ZnO/glass SAW device at different powers with and without CYTOP treatment. The inset images
show the surface morphologies of SAW devices treated with CYTOP at Os, 2.250s, 4.333s, and 5.052s; (b) De-icing time of rime ice at different frequencies (9 MHz,

14 MHz, and 28 MHz) and with CYTOP treatment for 28 MHz.

of wave energy.

With CYTOP treatment, the time taken for removing the ice is rela-
tively shorter and this suggests that the hybrid effect of combining
passive CYTOP coating and active SAW agitation is effective for ice
mitigation. The reduced ice adhesion and surface energy after hydro-
phobic treatment enhances the separation of ice/structure interfaces and
also increases the mobility of surface melted liquid which accelerates the
ice removal. As explained before, during the icing process, tiny cracks
are usually created at the ice-structure interface and the nanoscale vi-
brations induced by SAWs enhance the rapid growth of these cracks [37,
46], and acousto-thermal effect induced localized melting of the inter-
facial ice layer, both of which reduce the ice adhesion force [37,46].

4. Conclusions

Transparent ZnO thin film SAW device was made and then applied
for realising de-fogging, active anti-icing and de-icing functions on glass
surfaces. Different RF powers were applied to evaluate the efficiency of
both antifoggin and icing issues. De-fogging time was dramatically
decreased with the increase of SAW powers when the SAW devices were
exposed to humid air flow. When the SAW is applied at different RF
powers, formation of the ice has been signficantly delayed and both
clear ice and rime ice formed on the SAW devices have been effectively

removed, due to strong localized vibrations and acousto-thermal effect
at the ice/glass interface during SAW operation. Additionally, the
introduction of CYTOP on SAW surface has an effect on the time taken
for active anti-icing and de-icing at different RF powers, which further
prompted that the hybrid ice mitigation with the CYTOP treatment.
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