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ABSTRACT: The phenomenon of acoustic desorption is studied
in a series of atomistic simulations that account for the nonlinear
evolution of the acoustic wave profiles during the wave
propagation through the substrates. The simulations performed
for atomic clusters demonstrate a nonthermal nature of the
desorption from surfaces exposed to the acoustic waves. The
acoustic desorption is characterized by a sharp threshold-like
dependence of the desorption probability on the binding energy of
the adsorbates and a nearly linear increase of the threshold binding
energy for the desorption on the mass of the adsorbates. The
equivalent temperature required for reproducing the acoustic desorption through the thermal activation is estimated to be more than
20 times higher than the actual substrate temperature. The extension of the investigation to the acoustic exfoliation of graphene
multilayers from Cu(111) substrate demonstrates the ability of strong nonlinear acoustic pulses to cause the ejection of multilayers
of various thicknesses while keeping a single graphene layer on the substrate. For both the atomic clusters and thin graphene
multilayers, the nonlinear sharpening of the acoustic waves during their propagation through the substrates plays a key role in
creating the conditions for acoustic desorption/exfoliation. A simple analytical model based on the consideration of resonant
coupling of high-frequency harmonics of the nonlinear acoustic waves with the vibrational modes of the adsorbates is formulated and
is shown to provide a reliable semiquantitative estimate of the conditions for the desorption of atomic clusters and thin graphene
multilayers. For a thicker graphite overlayer, with a thickness exceeding that of the shock front of the wave, the acoustically driven
ejection (or spallation) of the overlayer is described at the continuum level, by considering the reflection, transmission, and
interaction of stress waves in the surface region of the system. The computational predictions have practical implications for
interpretation of the results of laser-induced acoustic desorption mass spectrometry experiments and provide ideas for the
development of new approaches utilizing the acoustic energy in thin film growth, transfer of 2D materials, and regeneration of the
catalytic activity of metal surfaces.
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1. INTRODUCTION

Acoustic desorption is a process where the interaction of

direct contact with an optically transparent solid substrate of
liquid layer has been shown to increase the efficiency of

acoustic waves with surfaces causes the ejection/desorption of
. 1-2§ .
atoms, molecules, or atomic clusters. First reported as a
scientific curiosity,l’2 this process has been recognized as a
useful tool for the acoustic control of surface reactions and
catalytic activity of surfaces,"” as well as for “cold” desorption
of heat-sensitive organic molecules for mass spectrometry
. 8-25 I
analysis. The mass spectrometry applications of the
acoustic desorption commonly rely on the ability of short
laser pulses to generate strong acoustic waves in irradiated
26,27 . :
targets and are often referred to as laser-induced acoustic
desorption (LIAD).

In its simplest form, LIAD has a layout where the molecules
of interest (analytes) are deposited on the front side of a thin
metal foil facing the mass spectrometer, while the laser
irradiates the back side of the film launching an acoustic pulse
toward the front surface and leading to the desorption of the
analytes.”'*™*° Placing the irradiated side of the metal foil in
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acoustic desorption,'®"” which can be attributed to higher
amplitudes of compressive pressure pulses generated under
conditions of spatial confinement in both ablative and
nonablative irradiation conditions.”*™*° An alternative setup,
where an absorbing metal layer (liquid mercury) is confined
between two sapphire plates, has also been demonstrated to be
effective for the generation of strong acoustic pulses leading to
desorption of electrons, ions, and molecules.'”!" Note that,
while metal foils are used most commonly for the generation
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and transmission of acoustic pulses in LIAD, the acoustic
desorption has also been reported from a Si substrate®’ and the
molecular sample itself.*

The practical relevance of LIAD, capable of volatilization of
intact, thermally labile molecules with very limited excitation of
intramolecular vibrational states,”'>'? has attracted substantial
interest from the mass spectrometry community and induced
active discussions of the underlying mechanisms. A qualitative
“shake-oft” desorption mechanism, ascribing the molecular
ejection to the sudden displacement of the front surface of the
irradiated substrate caused by the laser-generated pressure
wave, has been proposed in the first studies of LIAD.”” It has
been later suggested that the surface velocity v required for the
desorption through the shake-off mechanism should exceed a

minimum level that can be expressed as v, = /2E,/M,

where E, and M are the binding energy and mass of the surface
species, respectively.'* The assumption behind this simple
relation is that the surface velocity increases instantaneously
from zero to v upon the arrival of the wave to the surface, while
the surface species do not move during this surface
acceleration. As a result, the surface species acquire a relative
velocity of v toward the surface in the surface frame of
reference. Further assuming that no energy redistribution into
internal degrees of freedom occurs during the “collision” of the
surface species with the surface, the maximum velocity of the
surface species away from the surface is v, and the shake-off
criterion of v > v, is simply stating that the kinetic energy of
the surface species in the surface frame of reference should be
larger than their binding energy. Despite the rather strong
simplifications of this analysis, ie., the assumptions of the
instantaneous surface velocity change and the absence of the
energy transfer to internal degrees of freedom upon the
desorption, it still provides a simple lower bound estimate of
the surface velocity required for the desorption of particular
species.

The analogy between LIAD and photomechanical spallation
has also been drawn in the literature,”'° and the need for the
resonance conditions between the acoustic excitation and the
frequencies of the adsorbate—surface bonds has been pointed
out.'' The attempts of quantitative mapping of the LIAD
conditions to the requirements of the shake-off model,
however, reveal some difficulties. In particular, the large
mismatch between the relatively low frequencies of the
acoustic waves generated in LIAD experiments, typically
below a few hundred megahertz for nanosecond laser pulses,*®
and the vibrational frequencies characteristic of atoms and
molecules on the surface, on the order of terahertz, calls into
question the possibility of the direct resonant coupling of the
acoustic wave to surface vibrational states'"*”’’ and the
validity of the shake-off criterion that assumes an instantaneous
change of the surface velocity."*

The perceived implausibility of the direct dynamic coupling
of acoustic waves to surface species gives impetus for a search
for alternative mechanisms. In particular, a transient mod-
ification of the binding energies and diffusion barriers of
adsorbed species induced by the surface strain®*~*° has been
considered as a possible mechanism that may be responsible
for the acoustic activation of surface diffusion’” and
desorption.s’36 The results of atomistic modeling,37 however,
suggest that, at realistic levels of surface strain caused by
acoustic waves, the modification of the energy barriers is not
sufficient to have any significant effect on the rates of surface

processes. An alternative hypothesis based on the presumed
presence of mesoscopic surface structures/domains that can
effectively couple to a long-wavelength acoustic excitation has
been suggested to explain the acoustic enhancement of
chemical reactions on catalytic surfaces.’®*” A similar idea of
the presence of strained molecular islands or continuous films
formed in the process of drying of analyte solutions on LIAD
substrates/foils was proposed in ref 14. The strained surface
features are then assumed to release the stored elastic energy in
response to an acoustic stimulus, thus providing the needed
extra energy for the desorption of molecules in LIAD.
Although the latter idea has received a wide acceptance in
the LIAD community,'®'”*'~>* we note that the connection
between the release of the elastic energy stored in the strained
films/islands and the desorption of intact molecular analytes
has been demonstrated neither experimentally nor computa-
tionally so far.

The absence of the unifying physical picture of acoustic
desorption can largely be attributed to two main factors. The
first factor is the diverse range of experimental setups used in
LIAD studies, which makes it difficult to expect that a single
physical mechanism would be responsible for the acoustically
induced desorption in all cases. The thickness and type of the
substrate define the generation'”"” and evolution (nonlinear
sharpening and dissipation)**~** of the acoustic waves, as well
as the possible contribution of thermal desorption due to the
heat transfer from the irradiated back side to the front side of
the substrate.”” In particular, while a slow increase in the
molecular signal on the time scale of ~10 us is interpreted in
ref 23 as evidence in favor of the stored-surface-strain
desorption model,'* this time scale exceeds the characteristic
time of the heat diffusion through the 10 ym thick tantalum
foil used in this study, suggesting a possible contribution of the
thermal desorption. Furthermore, the analyte samples in LIAD
experiments also exhibit a large variation of thickness, from
micrometers' "> to about a monolayer coverage'* and to
individual atomic or molecular adsorbates present on bare
metal surfaces.'”"" The mechanism of the acoustic desorption
from a bare surface is likely to be rather different from that
from a micrometer-thick molecular layer. Beyond the
variability of experimental setups in LIAD studies, the second
major factor explaining the limited mechanistic understanding
of acoustic desorption is the virtual absence of experimental
and computational efforts focused specifically on revealing the
molecular-level processes leading to the molecular ejection in
LIAD.

In this paper, we investigate the mechanisms of acoustic
desorption based on the results of atomistic molecular
dynamics (MD) simulations performed for two model systems:
a generic model of small atomic clusters deposited on a
substrate and a model representing graphene single layers and
multilayers grown on Cu(111) surface. At the qualitative level,
the conditions leading to the acoustic desorption in the
simulations of the two model systems can be related to the
LIAD setups with submonolayer analyte coverage and a
continuous analyte sample layer, respectively. In both cases, we
find that the nonlinear sharpening of strong laser-generated
acoustic waves during their propagation through the substrates
plays a key role in creating the conditions for the desorption of
atomic clusters and thin graphene multilayers. For the atomic
clusters, the nonlinear sharpening of a wave is associated with
the generation of high-frequency harmonics, which can reach
the resonance frequencies of the adsorbates and can lead to an
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Figure 1. Schematic illustration of the computational setup used for simulation of acoustic desorption of atomic clusters. (a) First, the evolution of
the wave profile during the nonlinear propagation of the wave in the substrate is simulated in a system with periodic boundary condition applied in
the direction of the wave propagation. After a shock front is formed (middle panel), the system is split at a position of zero strain (bottom panel),
and atomic clusters are placed and relaxed on the newly formed surfaces. (b) The simulation is then continued, and the clusters are desorbed as a
result of the reflection of the wave from the surface, as illustrated by snapshots of a surface region of the substrate. The atoms in the substrate and

clusters are colored blue and red, respectively.

effective dynamic coupling between the acoustic wave and the
surface vibrational modes. For the graphene multilayers that
are thicker than the thickness of the shock front, the ejection of
a multilayer from the substrate can be described in terms of the
partial transmission of the acoustic wave into the multilayer,
reflection of the transmitted wave from the free surface, and
the interaction of the reflected and incident waves leading to
the mechanical spallation and ejection of the overlayer from
the substrate. A simplified analytical model accounting for the
need for the resonance conditions in LIAD is formulated based
on the computational results and is shown to provide a
uniform description of the desorption of small atomic clusters
as well as the acoustic exfoliation of multilayer graphene from a
Cu catalytic substrate. A description of the computational
models is provided in section 2 and is followed by the
presentation and discussion of computational results on the
acoustically activated desorption of small clusters in section 3
and the ejection/exfoliation of graphene in section 4. A
summary of the results is provided in section S.

2. COMPUTATIONAL MODELS

2.1. Generation and Nonlinear Propagation of
Acoustic Waves. The direct MD simulation of the laser-
induced generation of a strong acoustic wave followed by its
propagation through the substrate requires an excessively large
computational system and is computationally expensive. At the
same time, as evidenced by the results presented in sections 3
and 4, the nonlinear sharpening of the acoustic waves in the
course of their propagation through the substrate plays a
critical role in the desorption process. Thus, to simulate the
evolution of an acoustic wave profile during its free
propagation through a substrate, we use the computational
“synchrotron” approach recently developed for atomistic
simulations of nonlinear acoustic waves."”

Within this approach adapted for a plane longitudinal wave
propagating through the substrate along the z-axis, a harmonic

(sinusoidal) wave is introduced into an initial thermally
equilibrated system by adding extra displacements and
velocities to atoms in the direction of wave propagation
according to Az = A sin(kz)) and Av, = Akc cos(kz!), where k
= 27r/A is the spatial angular frequency (wavenumber), A is the
wavelength, ¢ is the speed of the wave (speed of sound in the
direction of the wave propagation), z{ is the z coordinate of an
atom i in the initially generated system (accounting for the
thermal expansion), and A is the wave amplitude set to
reproduce a particular initial strain amplitude that is calculated
as ¢y = Ak. The size of the system in the direction of the wave
propagation, L, is chosen to be equal to the wavelength of the
initial wave, i.e, A = L,.

As schematically shown in the top frame of Figure la, the
generation of the initial wave is followed by the simulation of a
free circulation of the wave within the system, with periodic
boundary conditions applied in all directions, including the
direction of the wave propagation. While the wave is
circulating within the computational system, the increasing
time in the simulation can be related to the time of the wave
propagation from the source near the irradiated back surface of
the substrate toward the front surface. Due to the nonlinearity
of the elastic properties of the substrate material, the wave
profile undergoes a nonlinear sharpening and formation of a
shock front, as illustrated in Figure la. At a particular moment,
defined as a time when the wave is approaching the surface of
the substrate, the system is cut at the position of zero strain to
form two free surfaces, and the periodic boundary condition
along the direction of the wave propagation is removed. The
fully relaxed adsorbates or a graphene overlayer are then added
to the front surface and subjected to the energy minimization
procedure (quenching) to ensure that the structures added to
the surface do not have any excess energy that may contribute
to their desorption. Note that the quenching is only applied to
the surface structures, while all the atoms in the substrate
maintain the instantaneous positions and velocities they have
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at the time the free surfaces are introduced. After the relaxation
of the surface structures, the MD simulation involving all
atoms in the system is resumed, the wave moves toward the
front surface and reflects from it, while the adsorbates or
overlayers can be ejected/desorbed, as illustrated schematically
for the acoustic desorption of atomic clusters in Figure 1b.

The parameters of the initial wave, i.e., ¢, and 4, are chosen
to ensure that the process of the nonlinear sharpening of the
wave profile and the acoustic desorption can be simulated at a
reasonable computational cost. The distance that the initially
sinusoidal wave has to travel in a material with nonlinear elastic
properties before the shock front formation is directly
proportional to the wavelength and inversely proportional to
the initial strain magnitude of the wave.*’™ To enable the
exploration of the effect of the acoustic desorption within the
relatively short time scale accessible to MD simulations, the
values of the initial strain are chosen to be higher and the
wavelengths are chosen to be shorter (see sections 3 and 4)
than those usually realized in LIAD experiments. The longer
paths of the waves propagating through the substrates in LIAD
experiments (usually above 10 um)®~ suggest that the wave
profile sharpening, similar to that observed in the simulations,
can be expected for weaker, lower frequency waves generated
in the experiments.

2.2. Atomic Clusters on a Substrate. The general
mechanisms of acoustic desorption are investigated with a
model system consisting of a substrate with a face-centered
cubic (fcc) structure and 10-atom clusters placed on the (001)
surface of the substrate. The interatomic interactions are
described by the Lennard-Jones (LJ) potential with parameters
o and ¢, defining the length and energy scales of the substrate.
A cutoff function®’ is used to ensure that the interactions
vanish at a cutoff distance of 30. All the parameters of the
computational setup and the quantities calculated in the
simulations are expressed in units of LJ length and energy
parameters, as well as the mass of an atom in the substrate, m.
In particular, the unit of time is 7 = (mo?/e)"/2

The dimensions of the substrate are 786 X 786 X 935¢ (50
X S0 X 600 fcc unit cells), which corresponds to 6 million
atoms. Before the introduction of the acoustic wave, the
substrate is equilibrated at a temperature of 0.le/ky (the
equilibrium melting temperature of the model L] material is
~0.78¢/ky)** with periodic boundary conditions applied in all
three directions. At this temperature, the speed of sound in the
direction of the wave propagation, ¢, is equal to 9.236/7. The
thermally equilibrated system is then used in the simulation of
the nonlinear propagation of an acoustic wave and its
interaction with a free surface created as described in section
2.1.

After the free surface is introduced, about 60 10-atom
clusters are randomly placed on the surface at a sufficient
distance from each other (>S56), so that there is no direct
interaction between the clusters. The interatomic interactions
between atoms within a cluster are described by the LJ
potential with parameters o, = 0.60 and & = 3.72¢, chosen so
that the 10-atom clusters retain their integrity during the
desorption process. These parameters are the same as in the
investigation of the enhancement of surface diffusion by
surface acoustic waves reported in ref 45. The length parameter
for the cluster—substrate interactions is o, = o, while & is
varied to change the surface binding energy of the clusters, Ey,
and to establish the dependence of the desorption probability
on E;. The mass of an atom in a cluster is m. = 1.74m in most

of the simulations but is varied to explore the importance of
the resonance conditions, as specified in the text. The
simulations are performed with an in-house MD code earlier
applied for simulations of acoustic activation of surface
diffusion,””* acoustically induced structuring of surface
adatoms,” and nonlinear propagation of surface acoustic
waves.

2.3. Graphene Layers on Cu(111) Surface. Following
the analysis of the general mechanisms of acoustic desorption
performed for atomic clusters deposited on the LJ substrate,
the simulations are extended to Cu substrates covered by
single-layer and multilayer graphene. In addition to the
exploration of an intriguing possibility of using the acoustic
energy for exfoliation of graphene from a metal substrtate, this
system may provide some general insights into the mechanisms
involved in the molecular ejection from continuous layers of
analyte samples commonly used in LIAD.">"*'*~*° While the
multilayer graphene is certainly not the most realistic
representation of a molecular overlayer formed by drying an
analyte solution, the relatively weak van der Waals nature of
bonding between the graphene layers makes it possible to
consider this system as a simplified one-dimensional analogue
of an analyte sample.

The Cu substrate with (111) surface orientation is
represented by a computational cell with dimensions of 2.2
nm X 2.1 nm X 207 nm consisting of 80 000 atoms. The bulk
longitudinal waves are introduced into the system, and single-
layer or multilayer graphene is added to the surface following
the procedure described in section 2.1. The interactions
between Cu atoms in the substrate are described by the
embedded atom method (EAM) potential parametrized by
Mishin.*” The graphene is described with the adaptive
intermolecular reactive empirical bond order (AIREBO)
potential.** The van der Waals interaction between graphene
and substrate is described by the L] potential with o = 3 A and
e = 0.016 eV fitted in ref 49. This set of parameters is
recommended in ref 49 because of its ability to realistically
reproduce the experimentally observed Moiré superstructures.
In our study, we use zero angle rotation of graphene when
placing it on Cu, and the graphene is slightly stretched to
match the periodic structure of the Cu(111) surface. The Cu—
graphene interface binding energy calculated for this setup is
equal to 117 meV/atom (here and below, the energy is given
per area that corresponds to a C atom in a single graphene
layer), which is close to the experimental value of 118 meV/
atom (0.72 + 0.07 J/m?*) determined for monolayer graphene
synthesized on a copper substrate in nanoscale fracture
mechanics measurements.”” Meanwhile, ab initio density
functional theory (DFT) calculations®’ performed for the
most stable configuration of monolayer graphene on the
Cu(111) surface predict a lower value of 65.1 meV/atom. For
separation of a double-layer graphene from the Cu substrate,
our model predicts a binding energy of 122 meV/atom, while
the energy of separation of two freestanding graphene sheets
from each other is 41.0 meV/atom. The simulations of
acoustic exfoliation of graphene are performed with the
LAMMPS software package.””

3. MECHANISMS OF ACOUSTIC DESORPTION OF
SMALL CLUSTERS
In this section, we use the model system described in section

2.2 to investigate the general mechanisms of acoustic
desorption of small atomic clusters. The simplicity of the

https://doi.org/10.1021/acs.jpcc.1c07311
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Figure 2. Wave profiles (a, d), corresponding spectra of the wave (b, e), and dependence of desorption probability on the cluster binding energy (c,
f) for waves propagating for S0z and 1507 before reaching the surface. The wave profiles and the corresponding spectra are obtained in a simulation
with periodic boundary condition and exhibit the sharpness of the wave front expected at the moment of its reflection from the surface. The initial
wave strain amplitude is 0.0628. Blue arrows in (b) and (e) mark the resonance frequency of a cluster on the surface recomputed for the binding
energy of EP, which corresponds to 0.5 probability of desorption for a particular wave. The amplitude of harmonics in the acceleration spectrum,
A,, is calculated as explained in the text. The blue curve in (c) shows the probability of thermal desorption calculated using eqs 7 and 8.

model described by a relatively small number of parameters
does not allow us to quantitatively represent any particular
LIAD system, but the same simplicity enables a systematic
variation of the key parameters affecting the acoustic
desorption (e.g,, surface binding energy and mass of the
adsorbates) and facilitates a straightforward interpretation of
simulation results. Moreover, the nonlinearity of the elastic
properties of real materials is captured by the L] potential,**
making it possible to reproduce the nonlinear sharpening of
the acoustic wave profiles and the resonant coupling of high-
frequency harmonics of the nonlinear wave to the motion of
surface adsorbates. The results of the MD simulations are
related to predictions of a simplified analytical model, which is
presented next, in section 3.1.

3.1. Analytical Model for Desorption Caused by a
Nonlinear Acoustic Pulse. In order to provide a simplified
analytical description of the acoustic desorption, an atomic
cluster or a molecule adsorbed on a surface is treated as a
harmonic oscillator with an effective mass M attached to the
surface and characterized by a fixed angular frequency @,. The
adsorbate is desorbed from the surface when the energy
transferred to the oscillator exceeds the binding energy of the
adsorbate, Ey,. The total energy transferred to an oscillator due
to the action of an arbitrary force F(t) can be expressed as™

o . 2
E= ‘f F(t)e ™ d&t| /oM

(1)

Using the definition of the Fourier transform, one can
rewrite eq 1 as E = |F(w,)I*/2M, where F(w,) is the amplitude
of the Fourier transform of the external force at a frequency of
@y. When the incoming acoustic wave is reflecting, the surface

23317

moves with an acceleration a. Therefore, in the frame of
reference moving with the surface, the cluster experiences an
inertial force of F(t) = —Ma = —Mii,,; where ug is the
displacement of the surface. Using the formula for Fourier
transform of derivatives, we can rewrite eq 1 as

E = |F(wo)|*/2M = |y (00)|* M/2 = |~z (00) wo?|* M/2 (2)

For a harmonic bulk wave, the displacement of the material
in the substrate at a position z and time ¢ can be described as
u,(zt) = A sin(kz + wt + ¢,), where A, k, @, and ¢, are the
amplitude, wavenumber, angular frequency, and phase of the
wave. The strain can then be expressed as

ou,(z, t)
0z
ey cos(kz + wt + ;)

e.(z, t) = = kA cos(kz + ot + ¢)) =

()

where ¢, = kA is the wave strain amplitude. The velocity within
the wave can be expressed as
ou(z, t
vz, t) = M = wA cos(kz + wt + @) =

cey cos(kz + wt + @) (4)

where @ = ck. This expression also provides the maximum
value of the material velocity produced by the wave with a
strain amplitude of e

vV,

max — €€

(s)

When an initially harmonic wave propagates through a
nonlinear medium, the wave profile can undergo sharpening
and an eventual formation of a shock front. Such a wave may

https://doi.org/10.1021/acs.jpcc.1c07311
J. Phys. Chem. C 2021, 125, 23313-23326


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07311?fig=eq2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07311?fig=eq2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07311?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07311?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07311?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07311?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c07311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

be represented as a superposition of harmonic waves with
different frequencies (multiple of the original frequency)
propagating together. These waves are called high-frequency
harmonics of the original wave. The Fourier transform can be
used to decompose the wave profile into magnitudes of
individual harmonics representing the wave. This procedure is
illustrated in the left and middle panels of Figure 2 for the
strain profiles of a wave sharpened by the propagation in the L]
crystal. The strain profile coincides with the velocity profile if
multiplied by the speed of sound, similar to eq 5. Therefore, to
get the spectrum of accelerations, used in eq 2 for evaluation of
the energy transfer to the surface species, the results of the
Fourier transform should be multiplied by cw. The results,
shown in Figure 2 for two moments of time, 507 and 1507 after
the generation of an initially harmonic wave with a strain
amplitude of 0.0628, illustrate the relation between the wave
sharpening (left panels) and the evolution of the spectrum of
accelerations (middle panels).

As explained in section 2.1, the initial propagation and
nonlinear sharpening of the wave profile is simulated in a
system with periodic boundary condition applied along the
wave propagation direction. This allows us to apply the
discrete Fourier transform for the calculation of the spectrum
of the wave and to reduce the effect of thermal noise on the
wave profile by averaging in a frame of reference moving with
the wave. Once the wave profile acquires a desired shape, the
acoustically induced desorption is simulated by introducing a
free surface with adsorbates and exposing it to the nonlinear
wave. Since the pulsed laser irradiation in LIAD produces an
acoustic pulse rather than a continuous wave, only one period
of the wave is considered in both MD simulations and the
theoretical analysis. In particular, to represent the desorption
by a single pulse, the integration in eq 1 should be done within
the time interval from O to T = A/c, rather than from —oo to
0.

The external force acting on the adsorbates can be
decomposed into components corresponding to different
harmonics: F(t) = =M}, 2A,, sin(w;t), where w; and A,
are the angular frequency and the amplitude of harmonic k in
the acceleration spectrum discussed above. The amplitudes of
the harmonics are multiplied by a factor of 2 since, in contrast
to the free propagation of the wave, the interaction of the wave
with a free surface involves a summation of the incident and
reflected waves, making the displacement of the surface upon
the wave reflection twice larger than the displacement in the
bulk of the substrate caused by the propagating wave. During
the integration of eq 1, all terms of the spectrum will give zero
contribution except for the one with @, = @, frequency:

T ) T
f F(t)e ™" dt f A, dt
0

0
292/, 2
= MA(U0 17/ 2¢c (6)

2 2

The derivation of eq 6 involves several assumptions. First,
we assume that there is a harmonic with a frequency equal to a
resonance one; otherwise eq 6 would give no energy transfer.
For a realistic system with dissipation, however, the resonance
peak has a finite width, and, since the frequency of the primary
harmonic is typically much smaller than the resonance
frequency, one or even several neighboring harmonics may
be able to couple with the surface species. Moreover, the
acoustic pulse generated by laser irradiation in LIAD

experiments has a continuous broadband spectrum, and the
representation of this spectrum by the discrete harmonics is
just a numerical approximation of eq 1, the general equation
provided by the Fourier transform of the wave profile. While
the assumption of a single resonance frequency may result in
underestimation of the energy transferred by the wave to the
adsorbate, the neglect of the energy flow in the opposite
direction, from the vibrationally excited adsorbate to the
substrate, has an opposite effect on the predicted energy
transfer. Despite the rather strong assumptions used in the
derivation of eq 6 and the ambiguity with defining A,,, the

application of this equation for the description of the MD
simulation results presented in sections 3.2 and 4suggests that
it provides not only the general scaling law but also a reliable
semiquantitative estimate of the conditions for the desorption
of atomic clusters and exfoliation of thin graphene multilayers.

3.2. MD Simulation of Acoustic Desorption of Atomic
Clusters. The MD simulations of acoustic desorption of
atomic clusters are performed for bulk longitudinal waves with
an initial wavelength of A = 9350 and different strain
amplitudes. The conditions for acoustic desorption are
expected to be optimal when the nonlinear sharpening of the
wave profile leads to the formation of a well-developed shock
front, so that A,,

the simulations, the time for the introduction of the surface
and adsorbates into the simulation system is chosen to ensure
that the surface is exposed to the incoming shock front. Since
the surface is introduced at the position of zero strain, it takes
about half of the wave period (~507) for the wave front to
reach the surface, and the optimal time is ~507 prior to the
shock formation.

Note that extending the time of the wave propagation
beyond what is needed for the shock wave formation does not
result in a further increase in the desorption efficiency. On the
contrary, the formation of the shock front signifies the rapid
increase in the rate of the energy dissipation,s“’55 which
balances the rate of nonlinear frequency upconversion and
suppresses the further increase of the frequencies of higher-
order harmonics (front sharpening). The onset of the rapid
energy dissipation is actually used in the present study to
evaluate the distance of the shock front formation for waves
with different initial strain amplitudes. The total energy of a
wave is calculated by summing the contributions of individual
harmonics defined as C,;(A%)*/2, where C,, is an elastic
constant and A, is the amplitude in the strain spectrum at
frequency @ computed with the discrete Fourier transform
applied to the evolving wave profiles. For waves with initial
strain amplitudes of 0.0628, 0.0314, and 0.0157, the
simulations reveal the onset of rapid energy dissipation at
0.634, 1.344, and 2.601 propagation distances, which
correspond to 647, 1367, and 2637, respectively. The shock
front formation distance for an initially sinusoidal wave is
commonly described as Ly = 1/Peok, "¢ where f is the
effective nonlinearity parameter of the material. Based on the
shock formation distances evaluated in the simulation for
different ey, # ~ 4, which is in the range of 4—8 measured for
various crystalline and amorphous materials.”” The nonlinear
evolution of the bulk waves in the model L] system considered
in the present work, therefore, can be expected to be similar to
that occurring in real materials.

Once the waves are generated and the surfaces with
adsorbed clusters are introduced as described above, the

in eq 6 is maximized. Therefore, in most of
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ability of the waves to desorb the clusters in a single wave
period is investigated. For each set of the wave parameters
(wave amplitude and the time of the surface exposure to the
wave), a series of simulations is performed for a range of
cluster binding energies E,. The number of clusters desorbed
from the surface is determined in each simulation, and the
desorption probability, defined as the probablility of a cluster
to desorb during the simulation, is calculated for each binding
energy. The dependence of the desorption probability on the
binding energy is then fitted to a sigmoid function, and the
threshold binding energy, E! is identified. The latter is defined
as a binding energy for which a 0.5 desorption probability is
observed.

We first consider strong waves with an initial strain
amplitude of 0.0628. The atoms in the clusters deposited on
the surface have a mass of m. = 1.74m, i.e., the total mass of
each cluster is 17.4m. In the simulations illustrated by Figure
2¢, we do not allow any time for the wave to evolve prior to the
introduction of the surfaces and adsorbates. The surface
introduction procedure, however, ensures that the part of the
wave that evolves into the shock front is located about half of
the wave period away from the surface and has ~507 to
propagate before reaching the surface. This evolution leads to a
substantial distortion/sharpening of the initially sinusoidal
wave profile, as can be seen from Figure 2a. Even though the
shock front is not yet formed at the time of the wave
interaction with the surface, and the corresponding spectrum
has only a relatively small population of high-frequency
harmonics (Figure 2b), the desorption of clusters caused by
the reflection of the wave from the surface is clearly
distinguishable from purely thermal desorption at the nominal
substrate temperature of 0.1e/ky. The plot of the desorption
probability versus cluster binding energy in Figure 2¢ yields the
threshold value of E{* = 0.76¢, which is substantially higher
than the binding energies for which the thermally activated
desorption could be observed at the substrate temperature.

The probability of thermal desorption, also plotted in Figure
2¢, is calculated based on the Arrhenius equation for the
desorption rate rg:

ra = vy exp(—Ey/kgT)) (7)

where kg, T, and v, = @,/2% are the Boltzmann constant,
surface temperature, and the characteristic frequency of cluster
vibrations. Since the mass of the clusters stays constant as the

binding energy is varied in the simulations, the characteristic

frequency of cluster vibrations is estimated as v, = v*,/E/ Eg )

where v* of 0.32277" is evaluated based on the position of the
peak in the natural cluster vibrational frequency spectrum for
the vertical oscillations of a cluster with an E{ of 21.2¢ (used in
the previous study of the acoustic activation of surface
diffusion**). The probability of thermal desorption in a
sequence of desorption attempts during the time of the
simulation ¢, can be approximated with Poisson distribution
using the Poisson limit theorem, so that

T

py =1 — exp(—rgt,) (8)

The time ¢, used in the evaluation of the thermal desorption
is taken to be 607, which is close to the time of the interaction
of the acoustic pulse with the surface. The description of
thermal desorption by eqs 7 and 8 is consistent with the
Polanyi—Wigner equation®® for the first-order desorption of
individual clusters without redeposition. Note that, due to the

dependence of v, on Ey, pj predicted by eqs 7 and 8 and
plotted in Figure 2¢ does not approach unity as E decreases to
0 but peaks at E, = 0.05¢, when 1/v, = ¢,

The effect of the acoustic desorption is considerably stronger
if the wave is allowed to propagate for a time sufficiently long
for the shock wave formation. For a wave with the same initial
strain amplitude of 0.0628, the shock front is fully formed by
1507, as can be seen from the wave profile plotted in Figure 2d
and the corresponding frequency spectrum shown in Figure 2e.
The simulation where the surface is introduced at 1007 and the
shock front reflects from the surface at ~1507 predicts the 50%
desorption probability for clusters with binding energies as
high as 6.1e. To reproduce the same desorption probability on
the simulation time scale by thermal desorption mechanism,
the temperature of the substrate should be 2.25¢/kg, which is
more than 20 times higher than the actual substrate
temperature. In the model used in the simulations, the
resonance frequency of a cluster is proportional to the square
root of the binding energy. Therefore, as indicated by the shift
of the blue arrow in Figure 2e to higher frequencies with
respect to the blue arrow in Figure 2b, the desorption of
clusters with higher binding energies requires an increase in the
amplitudes of higher frequency harmonics matching the
vibrational modes of the surface species and enabling an
effective energy transfer, as described by eq 6.

The amounts of energy transferred to a cluster calculated
with eq 6 using the values of A, marked by blue arrows in

Figure 2, parts b and e, are 4.4¢ and 25.8¢ for the wave profiles
shown in Figure 2, parts a and d, respectively. These estimates
of the transferred energy are substantially higher than the
values of E{ predicted in the MD simulations, suggesting that
the energy dissipation from the oscillator to the substrate and
nonlinear effects ignored in the derivation of the equation may
have a substantial effect on the energy exchange between the
substrate and surface species. Despite the discrepancy, the
qualitative behavior predicted by eq 6 and the frequency
spectra calculations is confirmed in the MD simulations: the
sharpening of the wave profile and the shock front formation
lead to the desorption of clusters with higher binding energies.

One notable characteristic of the dependence of the
desorption probability on the binding energy shown in Figure
2f is a relatively gradual decrease of the desorption probability
with the increase of the binding energy. The lack of a sharp
threshold-like behavior, expected for the acoustic desorption,
may be partially attributed to the contribution of acoustically
induced thermal effects. Specifically, in the simulation of the
wave with the initial strain amplitude of 0.0628, the adiabatic
compression and expansion of the L] substrate by the wave®” is
found to result in ~20% temperature variation. Moreover, the
onset of wave dissipation after the shock front formation leads
to an additional temperature increase near the shock front, so
that the maximum value of the temperature reaches 0.14¢/kz—
0.15¢/ky, and even 0.16¢/ky at the time of the shock wave
reflection from the surface. These temperatures are still much
lower than the effective substrate temperature of 2.25¢/kg that
could yield the desorption probability observed in the
simulation through the thermal desorption mechanism, thus
suggesting that the thermal contribution only plays a
supplementary role in the desorption process. Nevertheless,
the contribution of the shock wave heating, along with the heat
conduction through the substrate discussed in the Introduc-
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Figure 3. Dependence of the probability of cluster desorption on the binding energy of clusters with masses of 17.4m (a), 34.8m (b), and 69.6m
(). The initial wave strain amplitude is 0.0314, and the wave propagates for 1907 before it reaches the free surface with deposited atomic clusters.

tion, to the extended desorption times observed in a number of
experimental studies'**® cannot be excluded.

In order to further suppress the acoustically induced thermal
effects, we have performed an additional series of simulations
for waves with initial strain amplitudes of 0.0314. The twice
weaker wave results in a 2-fold decrease of acoustically induced
thermal effects produced by the adiabatic compression.
Additionally, there is a large reduction of heating related to
the wave dissipation at the shock front. Lower wave amplitude
inhibits the generation of high-frequency harmonics, which
play a major role in the dissipation. In particular, our
simulations reveal a nearly cubic dependence of the energy
loss rate on the initial wave amplitude for waves with e, ranging
from 0.015 to 0.06. The combination of these two effects leads
to the reduction of the maximum temperature observed in the
simulation down to ~0.11¢/kg—0.115¢/kg. As illustrated in
Figure 3a, the suppression of the thermally induced effects
leads to a very sharp dependence of the desorption probability
on the binding energy, which is a clear sign of the acoustic
nature of the desorption.

The sharp threshold for the onset of acoustic desorption also
suggests an attractive opportunity for the selective desorption
of species with specific binding energies. To further support
the proposed mechanism of the acoustically activated
desorption based on the resonant coupling of the adsorbates
with the high-frequency harmonics of the wave, we performed
a series of simulations for different masses of atoms in the
clusters, m. = 1.74m, 3.48m, and 6.96m. According to eq 6, the
energy transferred to a cluster and, therefore, the maximum
binding energy of the desorbed clusters should be proportional
to the mass of the cluster, M = 10m. The results of the
simulations shown in Figure 3 match this theoretical prediction
very well. Indeed, the increase of M from 17.4m to 34.8m and
to 69.6m leads to a nearly linear increase of the threshold
binding energy, ES‘, from 1.51¢ to 2.66¢ and to 5.28¢. Since the
probability of desorption through the purely thermal
mechanism should be nearly independent of the cluster mass
and controlled by the ratio of the binding energy to the
substrate temperature, the results of this series of simulations
unambiguously confirm the proposed acoustic desorption
mechanism.

It is instructive to draw a connection between the model of
acoustic desorption discussed above and the criterion for the
desorption through the shake-off mechanism'* briefly dis-

cussed in the Introduction, v > v, = /2E,/M. Using the

ml
connection between the strain and velocity amplitudes given
by eq 5, the shake-off criterion can be reformulated in terms of
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the minimum initial strain amplitude of the wave leading to the
desorption:

ey > €pnin = 1/2Eb/Mc2 (9)

The shake-off model, however, does not account for the
need for the resonant coupling between the acoustic excitation
and the adsorbate, and it simply gives an estimate by
considering an instantaneous change of the surface velocity
from 0 to v. A more realistic treatment accounting for the
resonant coupling is given by eq 6, which can be reformulated
into a form similar to that of eq 9 by making an assumption
that, after the shock front is formed, the amplitudes of the
high-frequency harmonics of acceleration are proportional to
the initial wave amplitude and are independent of frequency.
This assumption does not have a solid physical grounding, as
the amplitudes of the harmonics of acceleration are defined by
the dynamic balance between the frequency upconversion
pumping the energy to the higher frequency harmonics and the
rapid dissipation of the high-frequency harmonics into the
thermal phonons. Nevertheless, the independence on the
frequency may be linked to the ultimate sawtooth shape of the
shock waves. This shape gives ~1/@ asymptotic dependence of
the Fourier transform components of strain and, therefore,
constant amplitudes in the spectrum of acceleration (due to
the multiplication by ®). At a semiquantitative level, this
assumption is empirically supported by the frequency spectra
shown in Figure 2e, where the acceleration amplitudes can be
seen to exhibit a rather weak frequency dependence. If we
introduce a dimensionless coefficient a characterizing the
assumed proportionality between A, and e, so that A, =

eoc’/al, the desorption condition of E > E,, based on eq 6 can
be formulated in a form similar to that of eq 9:

ey > € = (:v,/ZEb/Mc2 (10)

The coefficient @, representing the efficiency of the high-
frequency harmonics generation and implicitly accounting for
the requirement of the resonance condition, can be evaluated
for each series of MD simulations performed for a given set of
M and e,. The values of Ef evaluated in the simulations, along
with the corresponding values of & calculated with eq 10 using
E, = E® e, = ey, and ¢ = 9.23 ¢/, are listed in Table 1. The
fact that the computed values of @ remain within a relatively
narrow range of 0.69—0.74 for the 2-fold variation of the wave
amplitude and the 4-fold variation of the mass of the
adsorbates suggests that the assumption of the linear
relationship between the amplitudes of high-frequency
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Table 1. Threshold Binding Energy, E}, Defined as 0.5
Desorption Probability, and Coefficient «, Representing the
Efficiency of the High-Frequency Harmonic Generation,
Determined in Simulations Performed for Atomic Clusters
of Mass M and Acoustic Waves with a Strain Amplitude of ¢

th
Ey

€ M a
0.0628 17.4 6.1 0.692
0.0314 17.4 1.51 0.695
0.0314 34.8 2.66 0.741
0.0314 69.6 5.28 0.744

harmonics of acceleration and the initial wave amplitude (after
the shock front is fully formed) works reasonably well.

An observation that the value of « is less than unity appears
to suggest, from first sight, that the consideration of nonlinear
wave sharpening and resonant coupling to the surface species
gives a higher desorption efficiency than the shake-off
approximation, which is supposed to give the lower bound
estimate of the wave amplitude required for the desorption.
The consideration of the simulated wave profiles (e.g., Figure
2d) suggests, however, that the velocity of the surface is not
changing from 0 to v, as assumed in the shake-off model, but is
slowly decreasing from 0 to —v and then suddenly changing to
v at the shock front. The magnitude of the instantaneous
change of the velocity in the shake-off approximation for such
wave profiles, therefore, should be 2v, and the shake-off
estimate of the minimum strain amplitude becomes

€min = 0.5«/2EB/MCZ. The values of a predicted in the

simulations, 0.69—0.74, are indeed larger than the lower
bound estimate provided by the shake-off approximation. For a
typical pressure pulse generated by short-pulse laser irradiation
(comgressive component followed by a weaker tensile
one),” " the original shake-off estimation given by eq 9
should be related to eq 10 with a value of a increased by a
factor of 2.

Mapping the computational predictions to the conditions of
LIAD experiments can be done by assuming typical values of
the speed of sound in metals, 5000 m/ s>’ binding energies of
analyte molecules, 0.05—0.5 eV, and their masses, 100—1000
Da.'* Using these values in eq 10, the strain amplitude of the
wave required for the desorption can be estimated to be of the
order of 1072—107". This level of strain can be readily
produced by ultrashort pulse laser irradiation of metal targets,
which leads to rapid localized heating occurring under
conditions of stress confinement.””*" With the nanosecond
laser pulses, sufficiently strong pressure pulses with strains of
the order of ~0.01% can be generated in the regime of laser
ablation, when a large compressive pressure can be exerted on
the target by an explosive phase decomposition””*'™** of a
surface region of the irradiated substrate or an absorbing layer
deposited to the substrate.””** The pressure can be further
increased when the ablation or thermoelastic expansion is
spatially confined by a transparent overlayer."®'**%~°

In cases when surface species form clusters, small islands, of
several-monolayer-thick layers on the surface, the effective
ratio of E,/M in eq 10 may decrease, leading to the reduction
of the wave strain amplitude required for the acoustic
desorption. When the deposited layer gets thicker than several
monolayers, however, the consideration of the resonant
coupling of the high-frequency wave harmonics to the
adsorbate is no longer applicable, and the molecular ejection
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needs to be considered in the continuum framework, in a
manner analogous to back surface spallation caused by the

. ©26 " .
wave reflection.” The transition from the resonant coupling to
the spallation regime is illustrated in section 4 for the
exfoliation of multilayer graphene.

4. ACOUSTIC EXFOLIATION OF GRAPHENE
MULTILAYERS

The mechanisms of acoustically driven ejection/exfoliation of
continuous overlayers are investigated for a realistic system of
multilayer graphene on a Cu substrate with (111) surface
orientation. The Cu substrates have been demonstrated to be
effective in chemical vapor deposition (CVD) growth of both
large-area graphene®™®” and small graphene islands®® with a
controlled number of layers. One of the remaining challenges
in the utilization of graphene layers as elements of electronic
and optoelectronic devices is the transfer of the graphene from
a substrate to an acceptor. The common methods of chemical
etching of Cu substrates®®” or electrochemical delamination
of the graphene layers’” are relatively slow and add
significantly to the overall cost of the graphene device
integration. The acoustic exfoliation may provide an attractive
alternative approach to the detachment and transfer of the
graphene multilayers from the catalytic growth substrate to the
destination substrate. The noncontact chemical-free nature of
the method may open up opportunities for the integration of
acoustically induced transfer of graphene with other digital
printing techniques’' ™" for fabrication of flexible electronics
of functional nanocomposite films and coatings.

The direct application of eq 10 to the estimation of the
conditions for the acoustically driven separation of single-layer
graphene from a Cu(111) surface, performed with E, = 117
meV/atom (see section 2.3), M = 12.0 Da, ¢ = 4760 m/s,”’
and a = 0.7 (the value estimated based on the analysis of
acoustic desorption of atomic clusters described in section 3.2)
yields strain amplitude e_;, ~ 0.20. This estimation suggests
that the relatively strong interaction of a single-layer graphene
with a Cu(111) surface is likely to prevent the detachment of a
monolayer through the mechanism that assumes the direct
coupling of high-frequency harmonics of nonlinear bulk
acoustic waves to the vibrational modes of the graphene
monolayer. The interaction between graphene sheets is
substantially weaker than the interaction between graphene
and the Cu substrate. In particular, in the model describing
interatomic interactions with AIREBO potential,”® the value of
Ey, is 41.0 meV/atom for the separation of two graphene layers
from each other, which reduces e, to ~0.12 for the separation
of single-layer graphene from a bilayer. Note that in this
estimation we neglect the possibility of distortions of the
graphene sheet and assume a simultaneous removal of all
atoms in a flat layer, which may lead to an overestimation of
the wave strength required for the layer separation. Moreover,
for the simultaneous ejection of multiple layers of graphene,
the parameter M should be increased proportionally to the
number of layers, leading to a further decrease of the required
strain.

To test the validity of these estimations, we have performed
a series of MD simulations of single-, double-, and four-layer
graphene, as well as a thicker 2S-layer graphite overlayer,
deposited on a Cu substrate. The nonlinear waves with strain
amplitudes of 0.04 and 0.06 are generated by using the
computational “synchrotron” approach described in section
2.1. At these strain amplitudes, the waves are found to cause no
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damage to the Cu substrate during their propagation in the
substrate and reflection from the surface. Before the surface
with graphene is introduced, the waves were allowed to
propagate for 70 and 40 ps for waves with 0.04 and 0.06 strain
amplitudes, respectively. These times of free wave propagation
are chosen so that the nonlinear sharpening of the wave
profiles produces fully developed shock fronts by the time the
waves reach the surfaces covered by the overlayers.

The response of the overlayers to the exposure of the surface
to the shock waves is illustrated by snapshots from the MD
simulations shown in Figure 4. Only the top parts of the

Figure 4. Snapshots from MD simulations of response of Cu substrate
covered by single-layer and multilayer graphenes to a nonlinear
acoustic pulse coming from the bulk of the Cu substrate and reflecting
from the surface. The snapshots are shown for systems with single-,
double-, and four-layer graphenes, as well as a 25-layer graphite
overlayer. The time labeled on the figure is counted from the
moments when the surfaces and the overlayers are introduced in the
simulations. The wave strain amplitudes, ¢,, are marked on the figure.
Only the top parts of the Cu substrate and the lower part of the 25-
layer graphite overlayer are shown in the snapshots. The Cu and C
atoms are colored red and blue, respectively.

systems with graphene single layer or multilayers and the Cu—
graphite interfacial region of the system with 25-layer graphite
overlayer are depicted in Figure 4. The time labeled on the
figure is counted from the moments when the surfaces and the
overlayers are introduced, i.e., 70 and 40 ps after the start of
the simulations with waves of 0.04 and 0.06 strain amplitudes,
respectively. The wave with e, = 0.04 is not observed to lead to
the ejection of the graphene layers. For the two-layer graphene
system, the shock wave reflection from the surface at ~19 ps

results in a slight change of the distance between the substrate
and graphene as well as between the two graphene layers. For
the four-layer graphene, the top three layers are transiently
detached from the first layer by 20 ps, but the upward motion
of the substrate produced by the approaching compressive
component of the wave leads to the reattachment by 25 ps.

The increase of the wave strain amplitude to 0.06 leads to
the detachment and ejection of the top three layers from the
four-layer graphene system. The detachment of only three
layers is defined by the weaker graphene—graphene interlayer
interaction (41.0 meV/atom) as compared to the graphene
interaction with the Cu substrate (117 meV/atom). The strain
amplitude required for the separation of the three layers for
four-layer graphene on a Cu substrate can be estimated with eq
10, using parameters Ey, = 41 meV/atom, M = 36 Da, ¢ = 4760
m/s, and a = 0.7. This estimation gives e;, = 0.07, which is
close to the strain of 0.06 observed to cause the ejection of the
three layers in the MD simulation. Given that the parameter o
used in the estimation of e, is computed for a model L]
system and the desorption of atomic clusters, the observed
agreement is remarkable and indicates that the physical picture
captured by eq 10 is applicable to a wide range of systems and
surface species.

The thickness of 25-layer graphite is much larger than the
thickness of the shock front, which is several nanometers in the
simulations. Therefore, the interaction of bulk waves with a 25-
layer graphite overlayer cannot be described by eq 10, in terms
of the resonant coupling of the high-frequency harmonics
generated at the shock front to the surface species. Instead, the
ejection of the thick overlayer can be treated at the continuum
level, by considering the reflection, transmission, and
interaction of stress waves in the surface region of the system.

The temporal and spatial evolution of the normal stress, o,
in the Cu substrate and graphite overlayer is depicted in Figure
S for the wave with e, = 0.04. The propagation of the shock
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Figure S. Temporal and spatial evolution of normal stress, ¢,,, in the
Cu substrate and graphite overlayer predicted in the simulation
illustrated by snapshots shown in the right column of Figure 4. A view
zoomed on the surface region and the time of the shock wave
interaction with the overlayer is shown in (b). The black dashed line
shows the location of the Cu surface. Solid and dashed arrows in (b)
illustrate the direction of propagation of compression and rarefaction
waves produced by transmission and reflection of the incoming shock
wave denoted as wl.

front causing the sudden compression of the material expanded
by the preceding tensile component of the wave is denoted as
wl in Figure Sb. The shock front reaches the Cu—graphite
interface at about 19 ps and partially reflects from the interface
as a rarefaction wave w2. Meanwhile, the incident wave (wl)
partially propagates into the graphite overlayer (w3) and
reflects from the top free surface of the graphite overlayer as a
rarefaction wave w4. The wave w4 partially reflects from the
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graphite—Cu interface as a rarefaction wave w5, leading to the
concentration of the tensile stresses in the interfacial region
strong enough for the separation/spallation of the graphite
overlayer from the substrate.

To quantify the reflection and transmission of the waves in
the surface region of the Cu—graphite system, we need to
consider the specific acoustic impedance of the two materials.
The specific acoustic impedance in Cu along the [111] wave
propagation direction can be calculated as™*

2o = (Cyy + 2Cy, + 4C,,)p/3

At 300 K, the EAM potential'” used in this study gives C,; =
163.52 GPa, C,, = 120.06 GPa, C,, = 71.44 GPa, and p = 8811
kg/m3, which yields z, = 4.50 X 107 Pa-s/m. The specific
acoustic impedance of graphite is computed as zo = ,/Cyp =
0.94 X 107 Pa's/m for Cy3 = 38.7 GPa and p = 2261 kg/m>.”*
For a wave transmission from material 1 to material 2, the
reflection and transmission coefficients for stress amplitudes
are given by the following equations (here we consider the
amplitude coeflicients, while the intensity coeflicients are

computed as squares of the amplitude coefficients):”*”°
R=(z; —2)/(z1+ 2,) (11)
T =2z,/(z; + z,) (12)

For a wave crossing the interface from Cu to graphite, z; =
zc, and z, = z¢, while for the wave moving in the opposite
direction z; = z¢ and z, = z¢, Therefore, Rc,.c = —0.66,
Tcuwc = 034, Re_,cy = 0.66, and Tc_c, = 1.66. The stress
amplitude of the incident compressive wave (wl) is o,, =
—(Cy1 + 2Cyy + 4Cyy)e0/3 = —=9.2 GPa, and a stress amplitude
of the wave transmitted into graphite (w3) is thus —3.2 GPa. It
should be noted that the actual values of stress observed in
Figure S are defined by the overlap of the incident and
reflected waves, so that, for example, the maximum stress
generated near the surface of the Cu substrate reaches about
—20 GPa at ~19 ps. The wave reflected from the free surface
(w4) has a stress amplitude of 3.2 GPa, the same as that of w3,
but with the opposite sign (R = —1, T = 0 at the free surface).
This wave then reflects from the graphite—Cu interface
producing a tensile wave (wS) with a stress amplitude of 2.1
GPa. The interaction between the incoming (w4) and reflected
(wS) rarefaction waves generates the tensile (positive) stresses
at the graphite—Cu interface that are sufficiently high to cause
the separation and ejection of the graphite overlayer from the
Cu substrate. The snapshots from the simulation shown in
Figure 4 illustrate the ejection of the graphite overlayer that
leaves behind only one graphene layer that is more strongly
bonded to the Cu substrate as compared to the second
graphene layer.

Overall, the computational results suggest an attractive
opportunity of using the acoustic stimulus for a noncontact
removal of overgrown multilayer parts of graphene films
formed on catalytic substrates in CVD growth, while keeping
the single-layer graphene regions intact. Moreover, the
predicted sensitivity of the wave amplitude threshold for the
graphene exfoliation to the thickness of the multilayers may
enable real-time control over the thickness of the growing films
by changing the amplitude of the acoustic waves. The acoustic
exfoliation explored in the present study for the Cu(111)—
graphene system can also be applied to graphene grown on
other substrates,”” ™" as well as to other 2D materials.”*~** For

systems with weaker overlayer—substrate interactions, the
requirement on the strength of the acoustic waves can be
relaxed, thus facilitating the integration of the acoustic
exfoliation into the existing synthesis processes.

At a qualitative level, the computational results obtained for
the acoustic exfoliation of graphene multilayers can provide
some initial insights into the mechanisms responsible for the
ejection and volatilization of analyte molecules in LIAD mass
spectrometry experiments performed for continuous molecular
overlayers.''#"°7%° For the overlayers with a thickness
comparable to or thinner than that of the shock front of the
acoustic pulses, the molecular ejection can be caused by the
direct resonant coupling of the overlayer to the high-frequency
harmonics associated with the formation of the shock front.
For thicker overlayers, the mechanical spallation driven by the
shock wave transmitted into the overlayer and reflected from
the free surface of the sample is the mechanism that is likely to
be responsible for the collective ejection of the overlayer. The
subsequent processes leading to the fragmentation of the
ejected overlayer and volatilization of analytes are likely to be
system-specific and require further analysis accounting for the
molecular structure of the overlayer.

5. SUMMARY

The mechanisms of acoustically activated desorption of atomic
clusters and exfoliation of graphene multilayers are investigated
in MD simulations that account for the nonlinear sharpening
of the acoustic waves during their propagation through the
substrates. The results for the atomic clusters clearly
demonstrate a nonthermal nature of desorption from surfaces
exposed to strong nonlinear acoustic waves. The desorption
probability is found to be sensitive to the extent of nonlinear
sharpening of the wave profile, which is defined by the
nonlinearity of the elastic properties of the substrate material,
the wave amplitude, and the distance traveled by the wave
through the substrate. For acoustic pulses with well-developed
shock fronts, sharp threshold-like dependences of the
desorption probability on the binding energy of the adsorbates
are observed in the simulations, which highlight the non-
thermal nature of the desorption process. Indeed, the effective
substrate temperature that could yield the desorption
probability observed in the simulation through the thermal
desorption mechanism is estimated to be more than 20 times
higher than the actual substrate temperature. A nearly linear
dependence of the threshold binding energy for the acoustic
desorption on the mass of the adsorbates, observed in the
simulations, can also be contrasted to the thermal desorption
that should be independent of the cluster mass and controlled
by the ratio of the binding energy to the substrate temperature.

The results of MD simulations are described by a simple
semiempirical (i.e., parametrized based on the results of
computer experiments) model based on the consideration of
the resonant coupling of high-frequency harmonics of the
nonlinear acoustic waves with the vibrational modes of the
adsorbates. The analysis of the resonant energy transfer to the
adsorbates yields a general scaling law describing the
dependence of the minimum strain amplitude of the wave
required for the desorption on the binding energy and mass of
the adsorbates. The fitting of the analytical equation to the
results of MD simulations performed for adsorbates with
different masses and binding energies demonstrates that the
equation can provide a reliable semiquantitative estimate of the
conditions for the desorption of atomic clusters.
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The extension of the investigation from the acoustic
desorption of isolated adsorbates to the ejection/exfoliation
of continuous overlayers of adsorbates is done by performing
MD simulations of Cu(111) substrate covered with single-layer
graphene, multilayer graphene, and a thicker graphite over-
layer. In addition to the exploration of an intriguing possibility
of using the acoustic energy for exfoliation and transfer of
graphene from metal surfaces, this system provides some
general insights into the mechanisms that may be involved in
the molecular ejection from continuous layers of analyte
samples, commonly used in LIAD. The results of the
simulations demonstrate the ability of strong nonlinear
acoustic pulses to cause the separation and ejection of three-
layer graphene while keeping a single graphene layer on the
substrate. The minimum strain amplitude of the wave required
for the exfoliation of the multilayer graphene is found to be in
good agreement with estimates provided by the semiempirical
equation parametrized based on the MD results for desorption
of atomic clusters. This agreement suggests that the physical
picture captured by the analytical model and the corresponding
semiempirical expression are applicable to a wide range of
systems and surface species.

As the thickness of the graphene/graphite multilayer
increases and exceeds the thickness of the shock front of the
wave (several nanometers, or about 10 graphene layers), the
description of the acoustically driven ejection of the multilayer
in terms of the resonant coupling of the high-frequency wave
harmonics to the overlayer vibrations is no longer applicable.
The ejection of the overlayer, in this case, can be described at
the continuum level, in a manner analogous to the description
of back surface spallation caused by the wave reflection. This
approach is exemplified by the results of MD simulation of a
Cu substrate covered by a 25-layer-thick graphite overlayer.
The separation and ejection of all but a single graphene layer
from the substrate are explained by considering the reflection,
transmission, and interaction of stress waves in the surface
region of the system.

The unifying aspect of both the energy transfer through the
resonant coupling to the vibrational states of the adsorbates
and the spallation-like ejection of a thin overlayer is the
requirement for the nonlinear sharpening of the acoustic waves
leading to the shock front formation. The laser-generated
broadband acoustic pulse in LIAD, therefore, should be
sufficiently strong to facilitate the nonlinear evolution into a
shock wave, while the distance from the wave source to the
surface should be long enough for the shock front formation,
but not too long to minimize the active wave dissipation at the
shock front.

The improved understanding of the mechanisms of acoustic
desorption provided by the present study can have important
implications for various fields ranging from cold desorption of
heat-sensitive molecules for mass spectrometry analysis to the
removal of products of chemical reactions and regeneration of
the catalytic activity of metal surfaces. The existence of a sharp
binding energy threshold for the acoustic desorption, predicted
in the simulations, may enable selective desorption of surface
species with specific binding energies. The demonstration of
the feasibility of the acoustic exfoliation of multilayer graphene
may facilitate the development of new experimental tools
utilizing the acoustic energy for in situ control over the
thickness of growing multilayer films or for acoustically
induced detachment and transfer of 2D materials from a

growth substrate to a precisely targeted destination in the
device manufacturing.
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