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ABSTRACT: Ultrasonic surface vibration at high frequencies (
(100 GHz)) can nucleate bubbles in a liquid within a few
nanometres from a surface, but the underlying mechanism and the
role of surface wettability remain poorly understood. Here, we
employ molecular simulations to study and characterize this
phenomenon, which we call acoustothermal nucleation. We
observe that nanobubbles can nucleate on both hydrophilic and
hydrophobic surfaces, and molecular energy balances are used to
identify whether these are boiling or cavitation events. We
rationalize the nucleation events by defining a physics-based
energy balance, which matches our simulation results. To
characterize the interplay between the acoustic parameters, surface
wettability, and nucleation mechanism, we produce a regime map
of nanoscopic nucleation events that connects observed nanoscale results to macroscopic experiments. This work provides insights
to better design a range of industrial processes and clinical procedures such as surface treatments, mass spectroscopy, and selective
cell destruction.
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Ultrasonic vibration of a wetted surface results in rapid
pressure fluctuations inside the liquid and can nucleate

bubbles in local regions that drop below the vapor pressure.1−7

These bubbles are unstable and generate powerful shock waves
as they collapse, which has applications in industrial and
chemical processes, such as nanocomposite synthesis,8 enhance-
ment of chemical reactions,9 dental plaque cleaning,10 and drug
delivery.11 We recently discovered that extremely high
frequency vibrations can also nucleate bubbles at the nanoscale
by heating,12 i.e., when the temperature in local regions exceeds
the liquid’s boiling point. This heating occurs because surface
vibrations dissipate energy into the liquid via viscous dissipation
locally near the surface, which gains importance when the liquid
film dimensions drop below the Stokes boundary layer height,
h /st μ ρω= ,13 where ρ is the liquid density, μ is the dynamic
viscosity, and ω is the angular vibrational frequency (see Figure
1A).12,14−17 High acoustothermal heat fluxes can be generated
for small amounts of liquid vibrated at high frequencies (up to
∼109 W/m2 for water nanofilms vibrated at (100 GHz)12),
which can rapidly take the liquid to the vicinity of the liquid−
vapor spinodal, causing explosive bubble nucleation or boiling.
This phenomenon of vibration-driven boiling can replace laser-
irradiation-driven phase change in a range of applications, such
as steam cleaning of surfaces,18 creating micro/nano-surface
patterns,19 selective killing of biological cells,20,21 cell perfo-
ration,22−24 distillation,25 nanowire manipulation,26 and hetero-
geneous catalysis.27 This can also be useful for desorption and
ejection of large biomolecules in mass spectroscopy, surgery,

Received: September 27, 2020
Revised: December 22, 2020
Published: January 25, 2021

Figure 1. (A) Schematic of the acoustothermal nucleation in a nanofilm
and (B) initial configuration of the system considered for the MD
simulations. In the simulation domain, a water film of height h0 = 7 nm
is placed on a solid surface of lateral dimensions lf = 9.4 nm. Further
details of the MD simulation setup are provided in the Supporting
Information.
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and protein sequencing, where accurate temperature control is
necessary during nucleation to avoid unwanted damage of
biological tissues.28 However, for this vision to be realized, a
fundamental question needs to be answered: what are the
mechanisms of acoustothermal phase change at high f requencies in
thin water f ilms?
An additional complexity to vibration-based nucleation, be it

pressure- or heat-driven, is the role of surface wettability, which
has long been recognized as a parameter influencing the onset of
nucleation.29,30 While there is extensive literature on its role in
boiling heat transfer,31−39 there remains an apparent contra-
diction that is yet to be resolved. Experiments suggest that, when
compared to hydrophilic surfaces, the onset of nucleate boiling
occurs at a lower temperature31−36 (and cavitation occurs at a
lower vibration threshold2,3) for hydrophobic surfaces. This has
a clear theoretical justification; the reversible work required to
generate a liquid−vapor interface is lower for heterogeneous
nucleation on a hydrophobic surface when compared to a
hydrophilic one. Therefore, from classical nucleation theory, a
lower wall superheat or vibration threshold is required for vapor
bubble formation on a hydrophobic surface. However,
molecular dynamics studies have demonstrated that the
opposite occurs at the nanoscale,40−42 i.e., that nucleation on
hydrophilic surfaces occurs at a lower temperature than on
hydrophobic surfaces. The improved momentum transfer from
the heated surface, owing to the strong intermolecular
interactions, explains these findings. This leads to the second
fundamental question that we aim to answer here: how does
wettability mediate bubble formation in the context of acousto-
thermal heating, i.e., a process which contains both acoustics
(vibrations) and heating (viscous dissipation)?
This Letter aims to shed light on these two fundamental

questions, namely, the mechanism of onset of nucleation or
bubble formation and the role of surface wettability, using

nonequilibrium molecular dynamics (MD) simulations. The
MD setup is composed of a nanoscale water film supported by a
solid surface, as shown in Figure 1B. Finite-size effects are
avoided as detailed in the Supporting Information (SI). Both the
liquid and the solid are initiated at T0 = 300 K. No restriction is
imposed on the temperature of the system, allowing it to evolve
dynamically with the vibrational excitations.
Surface acoustic wave (SAW) devices used in microfluidics

applications are typically operated with micrometer-scale
wavelengths. The MD setup represents a small spanwise portion
of such a device; therefore, the width of the domain is
considerably smaller than the wavelengths used. The motion
generated by a SAW can therefore be approximated here by a
vertical oscillatory motion y = y0 + a sin(2πf t), with amplitude a
and frequency f imparted to the solid surface about its mean
equilibrium position y0. Here, two surfaces with different solid−
liquid affinities (hydrophobic and hydrophilic) are used to
resolve the interplay between the wettability and the vibrational
parameters on bubble nucleation. Most real surfaces contain
micro-to-nano-scale cavities, which entrap gas to form
nucleation sites. The volume of entrapped gas is inversely
proportional to wettability; this is why, in experiments, greater
nucleation sites are observed on hydrophobic surfaces than
hydrophilic surfaces. In the current study, we choose a perfectly
smooth surface to analyze the effect of wettability alone. A
systematic study is performed across a wide range of vibrational
parameters by tracking the temporal evolution of nascent bubble
volume V.
Figure 2 shows snapshots of phase transition along with the

time evolution of normalized bubble volume V* = V/V0 (details
on calculating V and the reference volume V0 are provided in the
SI) and the overall film temperature for two representative
acoustic cases (a = 0.1 nm and f = 300 GHz in Figure 2A; a = 0.4
nm and f = 200 GHz in Figure 2B). Regardless of the acoustic

Figure 2. Snapshots of acoustothermal nucleation and film formation in conjunction with line plots showing time variation of normalized bubble
volumeV* and film temperatureTf for two representative cases where (A) initiation of steady growing bubbles is observed first on a hydrophilic surface
(with a = 0.1 nm and f = 300 GHz) and (B) initiation of steady growing bubbles is observed first on a hydrophobic surface (with a = 0.4 nm and f = 200
GHz); in the snapshots, molecules are shown only for half of the domain, while the interface of the nascent bubble is shown on the other half using a
yellow iso-density surface. Here, td represents the delay period before the onset of a stable bubble nucleation, while ti is the time interval between the
onset of a stable bubble on the hydrophilic and hydrophobic surfaces. Unlike the other cases, for the hydrophobic surface in (B), the detachment of the
liquid film (at low Tf) from the surface stops energy flow into it, therefore causing Tf to be constant at the initial temperature of 300 K.
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parameters and surface wettability, the nucleation phenomenon
starts with one or multiple stable vapor bubbles (i.e., a bubble of
nonzero volume that does not collapse completely in the
simulation) forming in the vicinity of the surface (Figure 2a on
the hydrophilic surface, and Figures 2g and 2m on the
hydrophobic surface). The stable bubbles subsequently coalesce
and grow until the domain boundary is reached, forming a vapor
film between the liquid and surface (Figures 2b, l, h, and n), and
the liquid film eventually detaches from the surface (Figures 2c,
d, and o). The line plots for the temporal evolution of bubble
volume (Figures 2A and 2B) show that stable bubbles form
following a delay period td after the initiation of vibrational
excitation. Each case shows amonotonic volumetric growth after
stable bubble formation, reaching a constant volume as the
vapor film forms.
Importantly, the nucleation and subsequent growth to a stable

vapor bubble is first observed on the hydrophilic surface in
Figure 2A but on the hydrophobic surface in Figure 2B. Two
important conclusions can be drawn from this. (a) For identical
acoustic parameters, it is possible for either hydrophobic or
hydrophilic surfaces to have a smaller delay period, td, and (b)
the preference of nucleation on different wetting surfaces is
altered by small changes in acoustic parameters (in contrast to
macroscopic vibrational experiments, in which the nucleation
always occurs on a hydrophobic surface2,3). This switchover of
preferred nucleation site can be quantified by the time interval ti
= (td)hydrophilic− (td)hydrophobic, where ti∼ 0.2 ns for Figure 2A and
ti ∼ −0.1 ns for Figure 2B. Note that the rate at which the liquid
molecules gain energy for nucleation determines both td and ti.
For high values of a and f, the rate of energy transfer is high,
resulting in small values of ti and td; in contrast, low values of a
and f, such as those used in macroscale experiments, cause a low
rate of energy transfer, thereby producing larger values of td and
ti.
The time evolution of the liquid film temperature Tf in Figure

2A shows a significant rise both for hydrophilic (Tf,max ∼ 510 K)
and hydrophobic (Tf,max∼ 490K) surfaces with (dTf/dt)hydrophilic

> (dTf/dt)hydrophobic; themaximum film temperatures are close to
the experimentally observed limit (553−583 K) of metastability
in the liquid−vapor phase transition of water at atmospheric
pressure.43 In contrast, Tf,max is lower on the hydrophilic surface
in Figure 2B compared to that in Figure 2A and negligible on the
hydrophobic surface in Figure 2B. These are all indications of
predominantly different mechanisms of phase transition,
namely, boiling and cavitation, at distinct vibrational conditions.
While Figure 2A represents boiling, where the kinetic energy of
the molecules play the dominant role, Figure 2B represents
cavitation, primarily caused by the tensioned film. This is the
reason we observe a switchover in ti between Figures 2A and 2B.
Measuring local pressure to support our cavitation/boiling

switchover hypothesis was not possible, due to the significant
thermal noise and the complex continuous motion of the
surface. Furthermore, the disjoining pressure in the liquid film
due to the van der Waals forces exerted by the solid surface is
significant, quantified as

P
h6D

d
3π

= − Π
(1)

where hd is the height from the solid substrate and Π is the
Hamaker constant. The disjoining pressure is dominant over the
external pressure in normal operating conditions, which
increases the spinodal temperature for phase transition at the
vicinity of the solid surface.44,45 Therefore, the large gradient of
disjoining pressure (PD∝ 1/hd

3) across the film thickness next to
the surface produces erroneous results for the spatial averaging
of pressure over the entire film. Estimation of the local
superheating is also not feasible in the current scenario because
it requires an accurate calculation of the saturation temperature,
which in turn depends on accurate pressure measurements.
Therefore, we instead use a dynamic energy balance to obtain
the microscopic details of acoustothermal phase transition,
which we explain below.

Figure 3. (A) Comparison of energy barrier Eb (red line) and time evolution of mean molecular kinetic energy relative to the moving surface E̅film for
acoustothermal nucleation via boiling (orange line). (B) Temporal variation of the momentum due to thermal motion (P̅thermal) and mean velocity
relative to the surface (P̅tensile) for the cases shown in (A). (C) Comparison of energy barrier Eb (red line) and time evolution of meanmolecular kinetic
energy relative to the moving surface E̅film for acoustothermal nucleation via cavitation (orange line). (D) Temporal variation of the momentum due to
thermal motion (P̅thermal) and mean velocity relative to the surface (P̅tensile) for the cases shown in (C) ((A, B) f = 300 GHz, a = 0.1 nm, hydrophobic
surface; (C, D) f = 200 GHz, a = 0.4 nm, hydrophobic surface).
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The key insight into the cavitation/boiling switchover
phenomenon we observe is that, at the nanoscale, the molecules
of the liquid film closest to a solid surface ordinarily adhere well
due to van der Waals interactions. Therefore, the formation of a
bubble occurs as a result of liquid molecules “escaping” the
attraction of the solid molecules (i.e., work of adhesion),
overcoming the energy barrier and nucleating regions of vapor-
filled space. To quantify this mechanism, we use the solid−liquid
interaction to calculate an energy barrier Eb, which predicts the
generation of a stable vapor bubble (see measurement details in
SI). As expected, the stronger solid−liquid interaction causes the
hydrophilic surface to possess a higher energy barrier compared
to a hydrophobic surface. We propose that the energy of the
liquid molecules should be ∼Eb to escape from the surface and
nucleate a bubble. Nucleation can therefore be studied by
tracking the energy or the velocity of the liquid and solid
molecules. We define three parameters, namely, E̅film, the energy
of the film near the surface due to the velocity of the liquid
molecules relative to the surface; P̅thermal, the momentum due to
thermal motion of the liquid molecules; and P̅tensile, the
momentum of liquid molecules due to their velocity relative to
the solid motion, representing the extent of tensile force on the
liquid film (see details in SI). Using these measurements along
with our energy barrier calculation, we are now able to explain
the cavitation/boiling switchover seen in Figure 2. Figures 3A
and 3B depict the evolution of E̅film, P̅thermal, and P̅tensile,
respectively, for f = 300 GHz and a = 0.1 nm; Figures 3C and
3D track the E̅film, P̅thermal, and P̅tensile for f = 200 GHz and a = 0.4
nm. As the surface vibrates, the liquid film is subjected to
compression and tension during each cycle of oscillation. The
compression on the film tries to collapse the bubbles, while the
tension on the film favors nucleation. Therefore, we plot E̅film
and P̅tensile only during the downward motion of the solid surface
to track nucleation events. The variation of E̅film with time
appears as a series of spikes, where each spike corresponds to a
single oscillation of the surface. Figures 3A and 3C both
represent the temporal evolution of E̅film as it approaches Eb,
while Figure 3A is more dense as the energy increases gradually
and greater number of oscillations are required before Eb is
breached. Note that no bubble is observed while E̅film < Eb
(Figure 3a), validating our derived energy-barrier calculation.
The formation of one or multiple vapor bubbles occurred at E̅film
= Eb (Figure 3b), which subsequently grew and coalesced to
form a larger bubble with increasing E̅film (Figure 3c). Ptensile does
not change significantly in Figure 3B; however, the variation of
P̅thermal indicates an increasing trend corresponding to the rise of
Tf. As the change of P̅thermal is higher than that of P̅tensile in this
case (Figure 3B), we characterize themode of phase transition as
boiling, because molecules’ thermal motion dominates over the
tensioning of the liquid film. Similarly, the time evolution of E̅film
in Figure 3C shows a stable vapor phase when E̅film > Eb (Figure
3e, f). However, the variation in P̅tensile is substantial compared to
that of P̅thermal in Figure 3D, signifying the predominance of
tensioning caused by the surface motion over the thermal
motion of the molecules in the phase transition. Therefore, we
identify this phase transition to be cavitation. In summary,
acoustothermal nucleation occurs due to an increase of
molecular kinetic energy in conjunction with liquid tensioning;
the relative predominance of either of the two can be controlled
by varying the acoustic parameters. Therefore, the temperature
during nucleation can be controlled precisely.
To probe the influence of surface wettability on acousto-

thermal nucleation, wemeasure the energy balance of the system

by computing the total energy gainΔEtotal and work doneWd by
the vibrating surface.Wd is the amount of energy transferred to
the system and by the second law of thermodynamics should be
equal toΔEtotal (see SI for more details). Here,ΔEtotal is given by

E PE KE PE

KE (PV) KE

total film film surface

surface macro film

Δ = Δ + Δ + Δ

+ Δ + Δ + Δ (2)

and Wd is calculated by

W
U
r

r
t

N

s

N

l

N
ls

ls
d

1 1 1

t s l

∑ ∑ ∑ δ=
∂
∂= = = (3)

where ΔPE and ΔKE are the change of potential and thermal
kinetic energy of the molecules in the system, respectively
(molecules of different species are denoted by the subscript).
Δ(PV) is the work done due to volume expansion, and
ΔKEmacro film is the change in overall kinetic energy of the mean
molecular motion. Ns and Nl are the number of solid and liquid
molecules, respectively, and Nt is the number of molecular
dynamics time steps. Ulj is the intermolecular potential between
solid and liquid molecules, separated by a distance rls, and δr is
the surface displacement during a time step. Figure 4A shows the

time variation of the individual energy contributions, whereas
Figure 4B shows the time evolution of ΔEtotal andWd. Here, the
excellent agreement of ΔEtotal with Wd validates the present
model and shows that the energy transfer to the system is higher
for the hydrophilic surface compared to the hydrophobic surface
(for identical a and f), since Wd has direct dependence on the
solid−liquid interaction strength Ulj (see eq 3).
Figure 5 provides a comprehensive summary of our results,

demonstrating the intersection between vibration parameters (a
and f) and wettability (hydrophilic and hydrophobic) on one
hand and mechanisms of phase transition on the other (boiling
or cavitation). Here, the markers represent the surface
wettability for which the initiation of a stable bubble is first
observed across the range of a and f. The dominant phase-
transition mechanism for the aforementioned first stable bubble

Figure 4. (A) Evolution of the contributions from individual energy
components with time for a = 0.3 nm and f = 200 GHz; (B) time
variation of total energy gain and work dissipated on hydrophilic and
hydrophobic surfaces with a = 0.3 nm and f = 200 GHz. To reduce the
computational cost, the span of the solid surface considered here is 4.7
nm (smaller compared to the span primarily used in this investigation).
The independence of the phenomenon from the span of the solid
surface is shown in the SI.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c03895
Nano Lett. 2021, 21, 1267−1273

1270

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03895/suppl_file/nl0c03895_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03895/suppl_file/nl0c03895_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03895/suppl_file/nl0c03895_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03895?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03895?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03895?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03895/suppl_file/nl0c03895_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03895?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03895?ref=pdf


is classified using distinct background colors. The major
observations are:
(1) no stable bubble forms at low a and f (red circles) on

either surface; here, the phase transition takes place only from
the free liquid−vapor interface, i.e., acoustothermal evaporation
(red background);
(2) in the boiling regime (blue background), formation of a

stable bubble always occurs first on a hydrophilic surface (blue
triangles);
(3) for moderate values of a and f, P̅thermal ∼ P̅tensile, i.e., both

cavitation and boiling are equally important, and it is difficult to
distinguish between the two in our MD simulations; it is
therefore classified as a transition regime (gray background);
and
(4) the cavitation regime (green background) comprises

three distinct zones, where initiation of nucleation takes place on
hydrophilic (CAV-I), on hydrophobic (CAV-II), and simulta-
neously on both the surface types (CAV-III).
In the evaporation regime, the rate of work done by the

vibrating solid is balanced by the energy lost from the free
surface, but the energy barrier is not breached and no nucleation
is observed. In the boiling regime, since the thermal motion is
the dominant factor for nucleation, higher work dissipation for
hydrophilic surfaces takes the liquid to a metastable state faster,
producing stable vapor bubbles earlier than the comparable
hydrophobic surface. The tensioning of the liquid is the
dominant mode of nucleation in CAV I−III; however, the rate
of total energy transfer (Wd,hydrophilic) is greater for the
hydrophilic surface in CAV-I, causing faster nucleation than
the hydrophobic surface. In CAV-II, a low energy barrier (i.e.,
E̅b,hydrophobic < E̅b,hydrophilic) starts gaining importance; therefore,
bubbles form first on a hydrophobic surface despite a lower rate
of energy input. In CAV-III, for high a and f, the energy
associated with P̅tensile becomes significantly higher than the
energy barrier of either surface types and no preference for
nucleation is observed.
Vibration-driven nucleation is observed in microscopic

experiments with low a ( (1 nm)) and high f ( (1 GHz));46

it is also obtained in macroscopic experiments2,3 that have been

carried out in the high a ( (0.1−1 μm)) and low f ( (10 kHz))
regime. It is worth mentioning that in macroscale experiments
(beyond the bottom right-hand corner of Figure 5), nucleation
occurs due to high P̅tensile, i.e., cavitation. Therefore, the onset of
nucleation is always quicker on hydrophobic surfaces. Both the
mechanism (cavitation) and wettability (hydrophobic) are
consistent with the phase map presented here (Figure 5), which
provides validation of the proposed mechanisms. The
phenomenon of acoustothermal nucleation is extremely rapid,
so micro/nano-asperities due to surface roughness are likely not
to significantly impact acoustothermal nucleation on smooth
surfaces. This is similar to the case of fast nucleation in explosive
boiling, where “spontaneous nucleation” due to thermal motion
of the liquid molecules plays the dominant role in bubble
formation.47−49 The current study can be extended in the future
to analyze the effect of surface roughness on acoustothermal
nucleation.
In summary, our results address two fundamental issues that

motivated this work. First, we reveal that the mechanism of
acoustothermal nucleation can vary with acoustic parameters.
The mechanism is dictated by how liquid molecules gain energy,
which occurs via two modes, i.e., (1) by an increase of molecular
kinetic energy from viscous dissipation and (2) by an increase of
potential energy from film tensioning due to the surface motion.
The dominance of the first mode signifies boiling, while the
dominance of the secondmode results in cavitation. We develop
estimates for (a) an energy barrier for nucleation and (b) the
work dissipated during vibration based on solid−liquid
interactions, which agree very well with our simulation results.
Second, despite the hydrophobic surface having a low rate of
energy transfer, nucleation occurs on it because the free energy
required to form a vapor nucleus is lower; this is likely when the
second mode of energy gain (as mentioned above) by the liquid
becomes dominant. Our study shows that changes in acoustic
parameters can alter the preference of wettability for the onset of
nucleation. It also reveals that vibration-induced cavitation can
take place on a hydrophilic surface, i.e., it does not preferably
occur always on hydrophobic surfaces, which was the previous
consensus from macroscopic investigations.2,3
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H. Micropatterning for the control of surface cavitation: visualization
through high-speed imaging. ACS Appl. Mater. Interfaces 2015, 7,
4100−4108.
(3) Belova, V.; Gorin, D. A.; Shchukin, D. G.;Möhwald, H. Controlled
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