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Abstract Matrix-assisted pulsed laser evaporation
(MAPLE) is a prominent member of a broad and expanding
class of laser-driven deposition techniques where a matrix of
volatile molecules absorbs laser irradiation and provides the
driving force for the ejection and transport of the material
to be deposited. The mechanisms of MAPLE are investi-
gated in coarse-grained molecular dynamic simulations fo-
cused on establishing the physical regimes and limits of the
molecular transfer from targets with different structures and
compositions. The systems considered in the simulations in-
clude dilute solutions of polymer molecules and individual
carbon nanotubes (CNTs), as well as continuous networks
of carbon nanotubes impregnated with solvent. The polymer
molecules and nanotubes are found to be ejected only in the
ablation regime and are incorporated into matrix-polymer
droplets generated in the process of the explosive disintegra-
tion of the overheated matrix. The ejection and deposition of
droplets explain the experimental observations of complex
surface morphologies in films deposited by MAPLE. In sim-
ulations performed for MAPLE targets loaded with CNTs,
the ejection of individual nanotubes, CNT bundles, and tan-
gles with sizes comparable or even exceeding the laser pen-
etration depth is observed. The ejected CNTs align along the
flow direction in the matrix plume and tend to agglomerate
into bundles at the initial stage of the ablation plume expan-
sion. In a large-scale simulation performed for a target con-
taining a network of interconnected CNT bundles, a large
tangle of CNT bundles with the total mass of 50 MDa is sep-
arated from the continuous network and entrained with the

L.V. Zhigilei (�) · A.N. Volkov · E. Leveugle · M. Tabetah
Department of Materials Science and Engineering, University of
Virginia, 395 McCormick Road, Charlottesville, VA 22904-4745,
USA
e-mail: lz2n@virginia.edu

matrix plume. No significant splitting and thinning of CNT
bundles in the ejection process is observed in the simula-
tions, suggesting that fragile structural elements or molecu-
lar agglomerates with complex secondary structures may be
transferred and deposited to the substrate with the MAPLE
technique.

1 Introduction and background

The ability of pulsed laser irradiation to remove (ablate)
material from a target and deposit thin films of various or-
ganic and inorganic materials was demonstrated shortly after
the invention of lasers [1]. Since then, pulsed laser deposi-
tion (PLD) has become an established method for produc-
ing thin films for a broad range of applications [2]. While
application of PLD for the growth of both inorganic and or-
ganic/polymeric films has been active over the years, PLD
of polymer films has been limited by unavoidable pyrolytic
and/or photolytic fragmentation of polymer chains in the ab-
lation process. Indeed, most of the models for laser ablation
of polymer targets stipulate the chemical bond scission and
the release of a substantial amount of volatile products of
photochemical/photothermal reactions as a condition for the
ablation onset [3–6]. Although for a limited number of addi-
tion polymers repolymerization can lead to a partial recon-
struction of the original polymeric material after the depo-
sition [7, 8], in most cases a substantial modification of the
original target material is observed.

In order to enable application of the laser deposition
technique in areas where preservation of the original struc-
ture and functionality of the deposited molecules is criti-
cal, a modification of PLD, dubbed matrix-assisted pulsed
laser evaporation (MAPLE), has been developed [9–12].
The main distinctive feature of MAPLE is the use of a frozen
dilute solution of the material to be deposited as a target in
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the laser deposition setup. By choosing a relatively volatile
solvent (or matrix) with strong absorption at the laser wave-
length used in the deposition, it is possible to ensure the ejec-
tion, transport, and deposition of the solute molecules to the
substrate through the entrainment in the expanding ablation
plume of the matrix molecules. The preferential absorption
of the laser light by matrix molecules and the relatively low
temperatures required for the explosive boiling and ablation
of the volatile matrix minimize or completely eliminate the
photothermal and photochemical decomposition of the poly-
mer molecules.

Since the initial demonstration of successful deposition
of thin films for biosensor fabrication [9–11], the area
of MAPLE applications has been steadily expanding and
now includes deposition of thin films for polymer-based
electronic and optoelectronic devices [13–16], growth of
active protein films [17–21] and fabrication of coatings
for drug delivery and tissue engineering [22–24]. With a
proper choice of matrix and irradiation conditions, MAPLE
technique has been largely successful in avoiding chem-
ical modification of polymer molecules, as demonstrated
by mass spectrometry analysis of the deposited material,
e.g. [22, 25]. The fabrication of smooth films with low sur-
face roughness, required for some of the applications [14,
16, 26], however, presents a significant challenge. High-
resolution scanning electron microscopy (SEM) and atomic
force microscopy (AFM) imaging of the deposited films
commonly reveals rough surface morphology that contain
signatures of the deposition of molecular clusters or droplets
with characteristic sizes ranging from tens of nanometers to
microns, e.g. [14, 19, 25–39].

The observations of substantial surface roughness con-
tradict the original picture of the ejection and transport of
individual polymer molecules in MAPLE [9–12], ingrained
in the name of the technique, matrix-assisted pulsed laser
evaporation, and are indicative of more complex processes
responsible for the molecular transfer in MAPLE. The re-
sults of recent molecular dynamics (MD) simulations [40]
suggest an alternative scenario of the molecular transfer in
MAPLE that is consistent with the experimental observation
of complex morphology of the deposited films. The simula-
tions predict that the ejection of polymer molecules is not
possible in the regime of molecular evaporation from the
surface and takes place only in the ablation regime, when an
explosive disintegration of matrix overheated above the limit
of its thermodynamic stability results in the collective ejec-
tion of a mixture of vapor-phase molecules, small molec-
ular clusters, and larger droplets. In all simulations per-
formed for different laser fluences and polymer concentra-
tions, the polymer molecules are found to be always ejected
as parts of large polymer-matrix clusters/droplets that are
likely to retain a large fraction of their matrix content at the
time of the deposition to the substrate. The entanglement of

the polymer molecules facilitates the formation of intricate
elongated viscous droplets that can be related to the com-
plex morphologies observed in polymer films deposited by
MAPLE. Moreover, the effect of molecular redistribution in
the ejected polymer-matrix droplets [41] and the dynamic
processes occurring upon landing of the droplets on the sub-
strate [42] have been connected to the formation of charac-
teristic polymer structures (wrinkled “deflated balloons” and
“collapsed pipes,” complex arrangements of interconnected
polymer filaments, and elongated “nanofibers”) observed in
MAPLE experiments [29–35, 41, 42].

The maximum size of the ejected droplets scales with the
laser penetration depth, and the notion of the prominent role
of the droplet deposition in MAPLE is confirmed in recent
experimental studies that reveal an increase in the roughness
of the deposited films with increasing absorption depth in
both resonant infrared (RIR) [33, 36] and ultraviolet (UV)
[35] MAPLE depositions. A substantial increase in rough-
ness of films deposited in UV MAPLE with increasing num-
ber of laser pulses [34] is also consistent with accumulation
of compositional and morphological changes in the target
irradiated by multiple laser pulses, predicted in MD simula-
tions [40]. The computational results reveal that preferential
evaporation of the volatile solvent results in the formation of
a polymer-enriched surface region, whereas the correspond-
ing increased viscosity of the concentrated polymer solution
facilitates the formation of extended morphological features
weakly bound to the surface of the target. One can expect
that these surface features are readily ejected upon irradia-
tion by subsequent laser pulses. The connection between the
roughness of the deposited films and solubility of the poly-
mer material in the matrix has also been considered [32, 33,
35, 43] and, while observed for some systems [32], is found
to be less apparent in others [33, 35, 43] (given that solvent
completely dissolves the polymer material).

Overall, the simulations and experiments suggest that
the ejection of matrix-polymer droplets is unavoidable in
MAPLE and is related to the nature of the ablation process—
explosive decomposition of the overheated matrix into clus-
ters, droplets, and vapor-phase matrix molecules [40, 41, 44,
45]. The size of the droplets and the corresponding rough-
ness of the deposited films are largely defined by the laser
absorption depth [33, 35, 36], polymer concentration [33],
and thermodynamic properties of the matrix [35, 43]. To a
certain extent, the morphology of the deposited films can
also be affected by keeping the substrate at an elevated tem-
perature during the deposition [25, 34, 37, 43, 46]. The sur-
face roughness is observed to diminish as the substrate tem-
perature approaches or exceeds the polymer glass transition
temperature.

While the collective and explosive nature of the molec-
ular ejection process in short pulse laser ablation is re-
sponsible for the ejection of molecular droplets and gen-
eration of rough morphology of the deposited films, it
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also opens up opportunities for transferring larger objects,
e.g. nanostructural elements or building blocks for fabri-
cation of nanocomposite materials. MAPLE deposition of
metal dioxide (TiO2 and SnO2) nanoparticles and nanorods
[43, 47, 48] has been shown to produce uniform nanoparti-
cle coverage of both flat and rough substrates, whereas co-
deposition of polymer material and colloidal nanoparticles
[15] or carbon nanotubes (CNTs) [23, 29, 46, 49] has been
demonstrated to produce thin nanocomposite films. The low
deposition rates of less than 0.05 nm/laser pulse, character-
istic of MAPLE [12], allow for a fine control over the thick-
ness of the growing film and, potentially, can be used for
fabrication of structurally and functionally graded nanocom-
posite films and coatings. Moreover, the composition of the
nanocomposite films produced by simultaneous deposition
of polymer molecules and CNTs is not limited by the sharp
increase in material viscosity at high (≥5–6 wt.%) concen-
trations of CNTs that constrains the capabilities of alterna-
tive fabrication techniques. The MAPLE deposition, there-
fore, may provide a unique opportunity for fabrication of
nanocomposite materials with compositions and uniformity
of the dispersion of CNTs that are not accessible with other
techniques. The analysis of the distribution of nanoparti-
cles [15] and CNTs [29, 46] in the deposited films suggests
that, similarly to the polymer molecules, these nanostruc-
tural units are transferred in droplets. The optimization of
the MAPLE technique aimed at decreasing the roughness
of the deposited films, therefore, is likely to also result in a
more uniform dispersion of the nanostructured elements in
MAPLE deposited nanocomposite films.

In this work, we use the results of coarse-grained MD
simulations to reveal the connections between the composi-
tion of MAPLE targets and the mechanisms of material ejec-
tion and transport to the substrate. The computational model
and parameters of the systems used in the simulations are
described below, in Sect. 2. The effect of the polymer con-
centration on the parameters of the ejected clusters/droplets
is discussed in Sect. 3 based on computational predictions
for MAPLE targets with different polymer concentrations.
The results of the simulations performed for MAPLE targets
loaded with CNTs are reported in Sect. 4 and the ability of
the MAPLE technique to transfer these large and relatively
rigid nanostructural elements is analyzed for different distri-
butions of CNTs in the target. The results are summarized in
Sect. 5.

2 Computational model

The simulations of laser ablation of frozen polymer solu-
tions [40] are performed with a coarse-grained MD model
combining the breathing sphere model [50] for simulation
of the molecular matrix and the bead-and-spring model [51]

for representation of polymer molecules. The intermolecular
(non-chemical) interactions among the matrix and polymer
molecules are described by an interatomic potential cho-
sen to reproduce the van der Waals interactions in a typ-
ical molecular solid [52]. In the bead-and-spring model,
the “beads” representing functional groups of a polymer
molecule (monomers) are connected by anharmonic springs
with strengths appropriate for a carbon–carbon bond in
a polymer molecule. The intramolecular “springs” in the
bead-and-spring model and the intermolecular interactions
are described by potentials that are defined as functions of
the distances between the surfaces of the spherical particles
representing the matrix molecules (“breathing spheres”) and
polymer units. The radii of the breathing spheres are dy-
namic variables for which equations of motion are solved
during the simulations. The internal degrees of freedom as-
sociated with the radial motions of the molecules are used
for simulation of molecular excitation by photon absorp-
tion and vibrational relaxation of the excited molecules. The
radii of “beads” in the polymer bead-and-spring model, on
the other hand, are kept fixed during the simulations and the
absorption of laser irradiation by polymer molecules is ne-
glected. A detailed description of the model, as well as the
functional form and the parameters of the interaction po-
tentials describing the intermolecular interactions and the
chemical bonding within the polymer chains are given in
[40]. The parameterization of the potentials describing the
matrix-polymer system is loosely based on experimental
characteristics of poly(methyl methacrylate) (PMMA) solu-
tion in toluene.

To enable the investigation of the mechanisms of the ejec-
tion and transfer of CNTs in MAPLE, the coarse-grained
model for the matrix-polymer system has been integrated
with a mesoscopic dynamic model recently developed for
CNTs [53–55]. The model represents each individual CNT
as a sequence of stretchable cylindrical segments. The dy-
namic behavior of CNTs is governed by a mesoscopic
force field that accounts for the internal stretching, bend-
ing, and buckling of nanotubes as well as for the van der
Waals interactions among the CNTs. The harmonic parts of
the stretching and bending potentials are parameterized for
single-walled CNTs [53] based on the results of atomistic
simulations performed with the reactive empirical bond-
order (REBO) potential [56]. The transition to the anhar-
monic regime (nonlinear stress-strain dependence), fracture
of CNTs under tension, and bending buckling behavior [55]
are accounted for in the model. The intertube interactions
are calculated based on the tubular potential method [54,
57] that allows for a computationally efficient and accurate
representation of van der Waals interactions between CNT
segments of arbitrary lengths and orientation. The tubular
potential is parameterized to match the atomistic represen-
tation of the intertube interactions (summation over pairs of
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Fig. 1 Atomic configuration used in an atomistic simulation of a sys-
tem containing 1020 toluene molecules and one (10,10) CNT. The car-
bon and hydrogen atoms are shown by light and dark blue spheres,
respectively. The results of the atomistic simulations are used in pa-
rameterization of the mesoscopic model

interacting carbon atoms) as described within the adaptive
intermolecular REBO (AIREBO) potential [58].

The interaction between the CNTs and matrix molecules
is represented by the Lennard-Jones potential, U(rs

ij ) =
4ε[(σ/rs

ij )
12 − (σ/rs

ij )
6], defined as a function of the dis-

tance rs
ij = rij −Ri

M −RT between the surfaces of a breath-

ing sphere molecule i of an instantaneous radius Ri
M and a

CNT j of a radius RT , with rij being the distance between
the center of the breathing sphere molecule and the axis
of the nanotube. The nanotube ends are covered by semi-
spherical caps which prevent molecules from getting inside
the CNTs. The computational approach used in the calcu-
lation of the interaction between a molecule and a curved
CNT is described in Ref. [59]. The parameters of the po-
tential, ε = 0.254 eV and σ = 3 Å, are chosen based on
the results of atomistic simulations of a toluene—CNT sys-
tem performed with the AIREBO potential [58].1 The sim-
ulations are carried out for an individual toluene molecule
interacting with a single-walled (10,10) CNT, as well as
for the same nanotube embedded into liquid toluene at a
density close to the experimental density at room temper-
ature, 0.867 g/cm3 [60]. In the latter case, the computa-
tional cell consists of 1020 toluene molecules surrounding
a 1000-atom segment of a nanotube, Fig. 1, and has dimen-
sions of 6.0 × 6.0 × 6.1 nm3. The periodic boundary condi-
tions are applied in all three directions.

1The force and energy subroutines implementing the AIREBO poten-
tial [58] are obtained courtesy of Prof. Steven Stuart of Clemson Uni-
versity and are implemented in a general purpose MD code.

Due to asymmetric shapes of toluene molecules, the in-
teraction energy and the CNT-toluene equilibrium distance
are very sensitive to the molecular orientation with respect
to the nanotube. Depending on the orientation of a molecule,
the equilibrium distance between the center of mass of the
molecule and the surface of the nanotube varies from 3.4 to
5.8 Å, with the lowest energy configuration being the one
where the plane of the aromatic ring is parallel to the axis of
the nanotube and perpendicular to the normal from the cen-
ter of the molecule to the axis of the CNT. This molecular
orientation is also found to be characteristic of the first sol-
vation shell formed around the CNT embedded into liquid
toluene, as can be seen from Fig. 1. The energy of the inter-
action between the CNT and the surrounding molecules is
found to be about −0.54 eV/Å, which is comparable to the
value of −0.68 eV/Å determined in simulations of a simi-
lar system performed with a different interatomic potential
[60].

For the system of a CNT surrounded by matrix molecules,
the mesoscopic model with the choice of parameters ε and
σ listed above predicts the total CNT-matrix interaction en-
ergy of −0.56 eV/Å and the equilibrium distance between
the surfaces of a breathing sphere and a CNT of 3.37 Å.
With the equilibrium radius of a breathing sphere of 1.4
Å, the corresponding distance between the center of the
breathing sphere and the surface of the CNT is 4.77 Å.
Since the interaction energy of two parallel (10,10) CNTs
is about −0.1 eV/Å [54, 61], the interaction energy of a
CNT with the matrix molecules is close to the one of a CNT
with its six neighbors in a perfect CNT bundle. The solva-
tion energy, defined as the total energy change associated
with the introduction of a CNT into the matrix, is found to
be −0.13 eV/Å. In addition to the CNT-molecules interac-
tion energy, the solvation energy includes positive contri-
butions from the surface energy of the cylindrical cavity in
the liquid toluene required for accommodation of the CNT
and the extra energy due to the structural rearrangement of
molecules in the immediate vicinity of the nanotube. The
negative value of the solvation energy does not necessar-
ily imply that the CNTs are soluble in the matrix. Indeed,
although the solvation energy is negative in the atomistic
model of the toluene-CNT system, a substantial decrease in
the configurational entropy of mixing results in a small but
positive Gibbs free energy of solvation [60].

We would like to note that the accuracy of the param-
eterization of the mesoscopic model is limited by the sim-
plicity of the representation of matrix molecules by spheri-
cal particles. The atomistic simulations of CNT-toluene sys-
tem are used here only as a general guidance in designing a
model that captures the essential characteristics of matrix-
CNT interactions. While the distribution of nanotubes in
frozen MAPLE target is largely defined by the free energy
of solvation and the sample preparation procedures, one can
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Fig. 2 The initial
computational systems used in
simulations of MAPLE.
MAPLE targets contain 1 to 6
wt.% of polymer chains (a) and
1 to 17 wt.% of CNTs (b). The
units of polymer chains are
shown as blue particles, the
nanotubes are shown as red
cylinders, and the matrix
molecules are shown as small
gray dots. The periodic
boundary conditions are applied
in x and y directions, a
pressure-transmitting boundary
condition is applied at the
bottom of the computational
cells, and laser pulse is directed
from the top, against the z-axis

expect that, for a given structure and composition of the tar-
get, the characteristics of the ablation process are much less
sensitive to the variations of the thermodynamic parameters
of the solution. Therefore, in this work, we explore the ef-
fect of the CNT solubility by considering different initial
distributions of CNTs in the matrix, from a random distri-
bution of individual nanotubes to an interconnected network
of bundles, while keeping the parameters of the CNT-matrix
interaction potential fixed.

Since all three components of the mesoscopic model
(the breathing sphere model for matrix molecules, the bead-
and-spring model for polymer chains, and the mesoscopic
model for CNTs) adopt coarse-grained representations of
the molecules and nanotubes, the sizes of computational
cells in dynamic simulations can be sufficiently large to re-
produce the collective processes leading to the molecular
ejection in MAPLE. The systems used in the simulations
of MAPLE are illustrated in Fig. 2. In all simulations, the
periodic boundary conditions are applied in the lateral (par-
allel to the surface of the target) directions and a pressure-
transmitting boundary condition [62] is applied at the bot-
tom of the computational cells. In the simulations of laser
ablation of polymer solutions, the computational cells have
dimensions of 40×40×60 nm3 (676961 molecules for pure
matrix) and polymer chains are randomly and uniformly
distributed in the sample, Fig. 2a. The polymer concentra-

tions of 1, 3, and 6 wt.% are used in the simulations and
the corresponding numbers of polymer chains in the com-
putational cells are 67, 202, and 381. Each matrix molecule
and a monomer unit in a polymer molecule have the same
molecular weight, 100 amu. This weight corresponds to the
weight of a PMMA monomer and is close to the weight of
molecules typically used as MAPLE matrices, e.g., toluene
(92 Da), chloroform (118 Da), and glycerol (92 Da). Each
polymer chain contains 100 monomer units and has a total
molecular weight of 10 kDa.

In the simulations of MAPLE targets with CNTs, the con-
centration of nanotubes is varied from 1 to 17 wt.% and
the length of the CNTs is varied from 16 to 150 nm. The
length of the CNTs considered in the simulations is rela-
tively small and is limited by the computational cost associ-
ated with modeling large computational cells consisting of
millions of matrix molecules (see below). Experimentally,
the short CNTs can be produced by chemically assisted cut-
ting of CNT networks into short “fullerene pipes” that form
stable suspensions in water in the presence of surfactants
[63]. The results obtained in simulations of laser ablation of
CNT solutions may also be relevant to recent observations
of MAPLE deposition of 20–40 nm long TiO2 nanorods [43]
and other elongated structural units. The computational cells
have a depth (size along the z-axis) of 109 nm and dimen-
sions in the lateral (parallel to the irradiated surface, along
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the x- and y-axes) directions that depend on the length of the
CNTs. In particular, the lateral dimensions of 20 × 20 nm2,
30 × 30 nm2, 50 × 50 nm2, and 169 × 169 nm2 are used
for CNTs with lengths of 16, 24, 44, and 150 nm, re-
spectively. Three distinct types of structural arrangement of
CNTs in the MAPLE targets are considered in the simula-
tions. The first structure (to be referred to as 3D random) is
produced by placing randomly positioned and oriented in-
dividual CNTs within the computational cell, e.g., the left
frame in Fig. 2b. The second structure (2D random) is gen-
erated by stacking thin layers of straight nanotubes that are
randomly oriented within the layers, e.g., the middle frame
in Fig. 2b. The third structure (network of bundles) is pro-
duced in dynamic mesoscopic simulations of a large num-
ber of interacting CNTs that are initially arranged into a 2D
random structure [54, 55, 64]. The CNTs are found to spon-
taneously self-organize into continuous networks of bundles
with partial hexagonal ordering of CNTs within the bundles
and structural characteristics matching those of CNT mats,
films, and buckypaper [63, 65, 66]. The formation of sta-
ble networks of bundles is observed only for CNTs that are
longer than ∼120 nm [55] and the nanotubes with length of
150 nm are used in this work to generate the network struc-
ture illustrated in the right frame of Fig. 2b.

The MAPLE targets are produced by inserting the CNT
structures into the matrix, removing the matrix molecules
overlapping with the CNTs and cooling the systems to zero
temperature. Experimentally, the MAPLE targets with well-
dispersed CNTs can be obtained through various methods,
including sonication of CNT solutions and stabilization of
dispersed solutions by covalent or non-covalent functional-
ization of the nanotubes, e.g. Refs. [67, 68]. The networks of
bundles embedded into the solvent can be produced by fill-
ing a buckypaper structure with a matrix material in a pro-
cess similar to the buckypaper impregnation method used
for fabrication of CNT nanocomposites [69, 70]. The largest
systems used in the simulations, such as the one shown in
the right frame of Fig. 2b, are composed of ∼ 20 millions of
matrix molecules and more than a thousand of 150-nm long
CNTs. To enable computational treatment of such systems,
the model is implemented in a parallel code designed to en-
sure a good scalability for massively parallel simulations.

The laser irradiation is simulated by depositing quanta of
energy equal to the photon energy (3.68 eV for wavelength
of 337 nm) into the kinetic energy of the breathing mode of
molecules chosen in a manner that ensures an exponential
attenuation of the laser light with depth [40, 44]. Since the
goal of this study is to elucidate the effect of the composition
of MAPLE targets on the mechanisms of molecular ejection,
the same laser pulse duration of 50 ps, optical penetration
depth of 50 nm, and laser fluence of 8 mJ/cm2 are used in
all simulations. The absorption by polymer molecules and
CNTs is neglected in the simulations. An estimation of the

contribution of CNTs to the absorption of 1 to 17 wt.% CNT
solutions based on the absorption cross-sections of CNTs
[71] suggests that the strongly absorbing solvent makes the
dominant contribution to the overall absorption of the solu-
tion (the effective penetration depth of the CNT part of 1
wt.% solution is estimated to be from 6.4 to 29.3 µm). The
fluence of 8 mJ/cm2 is about 2.3 times above the threshold
fluence for the transition from the regime of molecular des-
orption (evaporation) from the surface to the explosive boil-
ing of the overheated matrix and collective material ejection
[40, 44, 45, 72]. The choice of the laser pulse duration and
optical penetration depth ensures that the regime of thermal
confinement [40, 44, 72, 73], characteristic of the majority
of MAPLE experiments, is also realized in the simulations.
In this irradiation regime, the pulse duration is shorter than
the time of thermal diffusion across the absorption depth and
the heat conduction does not contribute to the energy redis-
tribution during the laser pulse. At the same time, the pulse
duration is longer than the time required for the mechanical
relaxation (expansion) of the absorption region and the con-
ditions of the inertial stress confinement [40, 44, 72–75] are
not realized in the simulations.

In order to compare the conditions leading to the molec-
ular ejection in MAPLE to the ones in PLD, we also present
the results obtained in a simulation of laser ablation of a
pure polymer target at a laser fluence just above the thresh-
old for the ablation onset. This simulation is performed
with a model that is parameterized to represent a film com-
posed of lysozyme molecules and deposited on a transpar-
ent substrate. The model will be described in detail else-
where. Briefly, the lysozyme molecules are represented by
the bead-and-spring model, the interaction potential is cho-
sen to reproduce strong chemical bonding (3.48 eV) be-
tween the linked polymer units and weak non-bonded in-
teractions (0.1 eV) between the molecules. The system used
in the simulation consists of 360 lysozyme chains arranged
in globular conformations. Each globule has 143 monomer
units, with a mass of a unit being 100 Da. The size of
the computational cell is 12.3 × 12.3 × 41 nm3, periodic
boundary conditions are applied in the directions parallel to
the irradiated surface, and the interaction with a rigid op-
tically transparent substrate at the bottom of the computa-
tional cell is assumed to be 3 times stronger than the non-
bonded intermolecular interactions. The laser wavelength
of 355 nm, penetration depth of 30 µm, pulse duration of
350 ps, and fluence of 4 J/cm2 are used in the simulation of
the lysozyme system.

3 Laser ablation of polymer solutions: The effect
of polymer concentration

A detailed analysis of the results of MD simulations of the
ejection and transport of polymer molecules in MAPLE has
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Fig. 3 Snapshots of molecular
configurations obtained in
simulations of MAPLE with
polymer concentration in the
target equal to 1 wt.% (a),
3 wt.% (b), and 6 wt.% (c). The
units of polymer chains are
shown as blue particles and the
matrix molecules are shown as
small gray dots. Animated
sequences of snapshots from the
simulations illustrated in (a) and
(c) can be found at [76]

been presented in Ref. [40]. Here, some of the main con-

clusions of the earlier simulations are briefly reviewed and

supported by additional data. The conditions leading to the

ejection of intact polymer molecules in MAPLE are con-

trasted to the ones in ablation of polymer targets (relevant to

PLD), where the extensive bond scission is observed close

to the threshold for the ablation onset.

The processes leading to the molecular ejection in laser

ablation of MAPLE targets with different polymer concen-

trations are illustrated by snapshots shown in Fig. 3 [76].

The laser fluence applied in the simulations exceeds the ab-

lation threshold [40, 44, 77, 78] by more than a factor of two

and the material ejection is driven by the explosive boiling of

matrix overheated up to the limit of its thermodynamic sta-
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Fig. 3 (Continued)

bility (∼90% of the critical temperature [40, 78–82]). The
initial rapid expansion of the overheated part of the target
(snapshots shown for 100 ps) is driven by the release of ma-
trix vapor and results in the transformation of the overheated
liquid into a two-phase mixture with intricate foamy struc-
ture of interconnected liquid regions surrounded by matrix
vapor (snapshots shown for 500 ps). These transient foamy
structures gradually decompose into separate liquid droplets
surrounded by vapor-phase molecules as the expansion and
cooling of the part of the target undergoing the explosive
boiling continues (snapshots shown for 1000 ps).

An important conclusion one can draw from the simu-
lations illustrated in Fig. 3, as well as from other simula-
tions performed for various target materials [72, 82], is that
the ejection of molecular clusters and liquid droplets is an
unavoidable characteristic feature of the material ejection
in the ablation regime. The explosive boiling of the over-
heated matrix does not result in complete vaporization of
the ejected part of the target but leads to the generation of an
ablation plume consisting of a mixture of vapor, molecular
clusters, and liquid droplets. The degree of the overheating
decreases with depth in the irradiated target, and the process
of material decomposition at the initial stage of the abla-
tion plume formation exhibits a strong dependence on the
depth of origin of the ejected material [45]. The fraction of
the vapor phase is the largest near the front of the expand-
ing plume, small and medium-size clusters dominate in the
middle of the plume, and large droplets form in the tail of
the plume as a result of the decomposition of coarse liquid

structures generated near the surface of the remaining target
(see snapshots for 500 and 1000 ps in Fig. 3).

The complex dynamics of the plume formation results in
a broad size distribution of the ejected clusters/droplets. The
probability distribution functions of the number of ejected
clusters are shown for the simulations of MAPLE with poly-
mer concentrations of 1 and 6 wt.% in the top panels of
Fig. 4. In the distributions, plotted in double-logarithmic
scale and normalized to the number of individual matrix
molecules, one can readily distinguish two distinct parts that
correspond to small, up to ∼20 molecules, and large, up to
tens of thousands molecules, clusters. Both parts of the dis-
tributions can be relatively well described by a power law
Y(N) ∝ N−τ , where N is the number of molecules or poly-
mer units (mers) in the clusters and the exponent −τ is dif-
ferent for the low- and high-mass parts of the distributions.
The decay of the probability to find clusters of increasingly
larger size is substantially slower in the high-mass part of
the distribution and the absolute value of the exponent is
more than twice smaller compared to the one for the small
clusters. The cluster size distributions are found to exhibit
a relatively weak sensitivity to laser fluence (as soon as it
is above the ablation threshold) and polymer concentration,
with power law exponent (−τ) ranging from −4.1 to −3.5
for small clusters and from −1.6 to −1.1 for larger clusters
in simulations performed for polymer concentrations from
0 to 6 wt.% and laser fluences from just above the abla-
tion threshold to more than 2.5 the threshold [40]. Similar
power law mass distributions of surface features have been
evaluated based on analysis of SEM images of surface mor-
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Fig. 4 Size distributions of matrix-polymer clusters in the plume
ejected in simulations of MAPLE with polymer concentration of
1 wt.% (a) and 6 wt.% (b). The probability distribution functions
(PDF) of the number of ejected clusters are shown in the top panels,

mass percentages of the ejected clusters in the total ablation yield are
shown in the middle panels, and the ejection of polymer chains with
clusters of different sizes is shown in the bottom panels

phologies in polymer films deposited by MAPLE [83]. The
experimental power law exponent of −1.65 is close to the
ones predicted in the simulations for the high-mass parts of
the distributions. The polymer concentration in large clus-
ters exhibits a weak cluster size dependence and the mass of

the polymer material deposited with matrix-polymer clus-
ters can be expected to have distributions that are similar to
the ones of matrix-polymer clusters/droplets.

One observation from the simulations that is of direct
relevance to MAPLE film deposition is that the polymer
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molecules are always ejected as parts of large matrix-
polymer droplets or clusters. This is apparent from the his-
togram of the number of polymer chains ejected within
clusters of different sizes shown in the bottom panels of
Fig. 4. Although at both polymer concentrations the indi-
vidual molecules and small clusters of several molecules ac-
count for the largest fraction of the total mass of the ejected
plume (see middle panels of Fig. 4), most of the polymer
molecules are ejected with large matrix droplets consist-
ing of thousands of molecules. In particular, the two largest
droplets ejected from the target with 1 wt.% polymer con-
centration and the largest droplet ejected from the target with
6 wt.% polymer concentration contain more than 30% of the
total number of ejected polymer chains. Although the size
of the matrix-polymer droplets decreases somewhat due to
the evaporation of matrix molecules as the ablation plume
expands, the evaporative cooling is found to quickly (within
1–2 ns after the formation of the droplets) stabilize the com-
position of the droplets. One can expect, therefore, that the
droplets retain a large fraction of matrix material at the time
of the deposition to a substrate and the growth of polymer
films in MAPLE proceeds through the deposition of matrix-
polymer clusters. These computational predictions are con-
sistent with numerous experimental observations of surface
morphologies that contain clear signatures of cluster depo-
sition [14, 19, 25–39, 41, 42].

The effect of the polymer concentration in MAPLE tar-
gets on the parameters of the ejected clusters/droplets can
be discussed based on the results shown in Fig. 4 for poly-
mer concentrations of 1 and 6 wt.%. In the case of the
smaller polymer concentration, a substantially larger frac-
tion of polymer molecules is ejected with small clusters
composed of less than 1000 matrix molecules and polymer
units. Each of these clusters contains only one or two poly-
mer chains surrounded by several tens to a few hundreds
of matrix molecules. Several examples of such small clus-
ters are shown in Fig. 5a. The fraction of polymer chains
ejected in small clusters drops by about a factor of 2 when
the polymer concentration in the target increases to 6 wt.%.
In this case, the main contribution to the polymer yield is
coming from larger clusters that contain from 2 to 23 poly-
mer chains surrounded by thousands of matrix molecules,
e.g. Fig. 5b, c.

The smaller fraction of matrix material ejected with the
largest (more than 10000 molecules) clusters and the larger
fraction of the individual molecules observed in the case of
the larger polymer concentration (middle panels of Fig. 4)
are related to the stabilizing effect of the entangled polymer
molecules on the liquid structures generated near the surface
of the target by the explosive boiling of the volatile matrix.
The large liquid structure observed in the snapshot shown
for 1000 ps in Fig. 3c is not able to separate from the target,

Fig. 5 Snapshots of several typical molecular clusters/droplets present
in the plume ejected in MAPLE of polymer solutions. Snapshots are
taken at 1 ns after the beginning of the laser pulse in simulations
performed for targets with polymer concentration of 3 wt.% (a) and
6 wt.% (b), (c). The units of polymer chains are shown as blue par-
ticles and the matrix molecules are shown as small gray dots. Some
of the clusters in the snapshots are split into two parts by the periodic
boundary conditions, e.g. the small clusters that appear to contain frag-
ments of polymer chains in the lower part of (a) and right part of (b)
are actually parts of larger clusters shown at the opposite sides of the
computational cells

leading to the decrease in the total ablation yield in this sim-
ulation (the total yield is ∼25% lower in the simulation per-
formed with 6 wt.% polymer concentration compared to the
one with 1 wt.%). The lower total yield is also reflected in
the higher fraction of the individual molecules, even though
the actual number of vapor-phase molecules is ∼5% lower
in this simulation as compared to the one performed with 1
wt.% polymer concentration.

When relating the results of the simulations to experi-
mental observations, it is important to note that the laser
penetration depth of 50 nm, used in the simulations, is sub-
stantially shorter than the ones characteristic of the major-
ity of MAPLE experiments. The pulse duration and laser
penetration depth in the simulations is chosen to ensure the
same physical conditions of thermal but not stress confine-
ment as in MAPLE experiments performed with nanosecond
laser pulses (see Sect. 2). The general physical picture of the
simulated molecular ejection, therefore, can be expected to
match the one in the experiments. The larger length-scale
of the ablation phenomenon in MAPLE experiments, how-
ever, can be expected to result in the ejection of much larger
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Fig. 6 The results of a
simulation of laser ablation of a
polymer film (without matrix) at
a laser fluence close to the
ablation threshold and laser
pulse duration of 350 ps. The
initial system representing a thin
film composed of globular
molecules and deposited on a
transparent substrate is shown in
(a), with individual molecules
colored by different random
color. The evolution of the
fraction of broken chemical
bonds and the number of intact
polymer molecules is shown in
(b). The contour plots of the
temperature and density are
shown in (c) and (d),
respectively. Density scale is
normalized to the initial density
before the irradiation, ρ0

molecular droplets, as the maximum size of the droplets
is likely to scale with the laser penetration (and ablation)
depth. Indeed, the increase in the roughness of the deposited
films with increasing laser penetration depth has been ob-
served in a number of MAPLE depositions [33, 35, 36].

With the account of the difference in the time- and length-
scales between the simulations and experiments, the compu-
tational prediction of the increase in both the total number
of the ejected polymer chains and the size of the polymer-
matrix clusters with increasing polymer concentration in the
target can be related to experimental observations of the lin-
ear increase of the thickness and roughness of the deposited
films with increasing polymer concentration (up to 8 wt.%)
reported in Ref. [33], as well as the improvement in the
uniformity of the distribution of nanoparticles deposited in
MAPLE with lower concentration of nanoparticles in the
target [15]. The increase in the polymer concentration in
the target is also found to facilitate the ejection of elongated
droplets, e.g. Fig. 5c, and the generation of complex sur-
face structures stabilized by the entanglement of polymer
molecules, e.g. a snapshot for 1000 ps in Fig. 3c. The ejec-
tion of the elongated droplets may be related to the observa-
tions of extended “nanofiber” surface features in SEM im-

ages of PMMA films deposited by MAPLE [29, 30, 42, 83,
84], whereas the formation of polymer-rich surface struc-
tures can result in roughening and swelling of the surface
region of the target and can make the ejection process to be
sensitive to the number of laser pulses directed at the same
area of the target [34].

An important conclusion from all of the MAPLE simu-
lations is that intact polymer molecules can be ejected and
deposited to the substrate. Not a single bond scission event
is detected in any of the simulations. This observation is in
a sharp contrast with ablation of polymer targets in PLD,
where the dissociation of a large fraction of chemical bonds
appears to be unavoidable [3–6]. To illustrate this point, the
results obtained in a simulation of laser ablation of pure
polymer (lysozyme) target at a laser fluence just above the
threshold for the ablation onset are shown in Fig. 6. The
computational system represents a thin polymer film de-
posited on a transparent substrate, Fig. 6a, and irradiated by
a 350 ps laser pulse at a laser wavelength of 355 nm. The
laser penetration depth of 30 µm, assumed in the simula-
tion, is much larger than the thickness of the film, 41 nm.
The laser energy deposition, therefore, results in the even
heating throughout the thickness of the film during the laser
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pulse, Fig. 6c. It is apparent from the time dependence of the
fraction of broken bonds shown in Fig. 6b that active pho-
tothermal bond scission starts close to the end of the laser
pulse, when the temperature of the film reaches ∼2500 K,
Fig. 6c. The release of small volatile fragments generated
in the pyrolytic decomposition of polymer molecules drives
the ejection of the larger polymer fragments and molecu-
lar droplets. The ablation mechanism in this case has some
similarity to MAPLE, with the volatile products of the ther-
mochemical decomposition serving the role of matrix that
drives the ejection process. One important difference, how-
ever, is that the thermodynamic parameters of the matrix ma-
terial in MAPLE can be chosen so that no thermal decompo-
sition of polymer molecules takes place at the threshold for
the explosive boiling of the matrix, whereas in the case of
pure polymer target the thermal decomposition is a required
step of the ablation process and no ejection of intact polymer
molecules can be expected, Fig. 6b.

4 Ejection and transport of CNTs in MAPLE

The ability of MAPLE technique to transfer and deposit
single- and multi-walled CNTs has been demonstrated in a
number of experiments [23, 29, 46, 49], where the CNTs are
co-deposited with polymer material to form nanocomposite
thin films. In this section, we report first simulations aimed
at understanding of the physical mechanisms responsible for
the ejection and transfer of CNTs in MAPLE. The simula-
tions are performed for CNTs of different length (from 16 to
150 nm), and for targets with different CNT concentrations
(from 1 to 17 wt.%) and structural arrangements of CNTs
(2D and 3D random, network of bundles, see Sect. 2).

The visual picture of the ejection of CNTs from MAPLE
targets is shown in Fig. 7 for CNTs with length of 44 nm.
Similarly to MAPLE of polymer molecules (Fig. 3), the ex-
plosive boiling of the overheated matrix and associated rapid
release of the matrix vapor drives the rapid expansion of
surface regions of the target. The CNTs are entrained into
the expanding matrix plume and are lifted off from the tar-
get. One of the effects that are apparent from the snapshots
shown in Fig. 7 is a clear tendency of the ejected nanotubes
to align along the flow direction of the matrix plume (nor-
mal to the irradiated surface). The trend for CNTs to align
along the flow direction is particularly strong in simulations
where the CNTs are randomly oriented in the initial target
(3D random arrangement), Fig. 7a, b, but is also present in
the simulations where all CNTs are initially parallel to the
surface (2D random arrangement), Fig. 7c. The alignment of
CNTs is similar to that of polymer molecules, Fig. 3, and is
related to the partial immersion of CNTs into liquid droplets
in the presence of the high-velocity flow of the expanding
matrix vapor.

The alignment is observed for nanotubes of different
length and is an important factor that facilitates bundle for-
mation in the plume. While in all three simulations illus-
trated in Fig. 7 the individual CNTs are randomly distributed
in the target (perfect dispersion), the formation of small
groups of parallel tubes agglomerating into bundles can be
observed at the early stage of the plume expansion for tar-
gets with sufficiently high concentration of CNTs, Fig. 7b,
c. The higher is the concentration of CNTs in the target and
the shorter are the CNTs, the more active is the bundle for-
mation during the ejection process. For example, a typical
cluster of several aligned 44 nm long CNTs is shown in a
snapshot of a MAPLE plume in Fig. 8a, and a more com-
pact well-developed bundle with the hexagonal arrangement
of ten 16 nm long CNTs embedded into a droplet of matrix
molecules is shown in Fig. 8c.

Another characteristic type of matrix-CNT structure
found in the plume is the tangle of CNTs surrounded by liq-
uid matrix. Although the formation of complex liquid struc-
tures strung together by randomly arranged CNTs can be ob-
served even for relatively short CNTs, e.g. Fig. 8b, the ejec-
tion of extended tangles of CNTs becomes more pronounced
for targets with longer nanotubes. In particular, fast entan-
glement of 150 nm long CNTs and ejection of large clusters
of interconnected CNTs attached to liquid matrix takes place
in a large-scale simulation illustrated in Fig. 9a. The nan-
otubes in this case are randomly dispersed within 2D layers
in the target and the formation of the tangles composed of
interconnected bundles of CNTs is happening very quickly,
during the first nanosecond of the ejection process. The ob-
servation of the active formation of bundles and tangles of
nanotubes at the initial stage of the molecular ejection in
MAPLE suggests that the ability to obtain well-dispersed
distributions of CNTs in nanocomposite films deposited by
MAPLE is likely to be limited by the strong tendency of
nanotubes to agglomerate at the initial stage of the ejection
process. Indeed, the initial experimental results [29, 46] sup-
port the computational prediction that CNTs are deposited
in MAPLE as parts of large matrix-polymer-CNT clusters
and entangled network fragments.

The agglomeration of CNTs in the matrix may result in
the formation of bundles and CNT networks even before
the laser irradiation. In particular, agglomeration of single-
walled CNTs in toluene is noted during the MAPLE target
preparation [46]. This leads to the question on the ability of
MAPLE to disintegrate the CNT networks and transfer the
individual CNTs or CNT bundles separated from the net-
work structures to the substrate. To address this question,
a large-scale simulation of MAPLE is performed for a tar-
get composed of a network of interconnected CNT bundles
immersed into a frozen matrix solvent (see right frame of
Fig. 2b). The initial dynamics of the disintegration of the
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Fig. 7 Snapshots of molecular
configurations obtained in
simulations of the ejection of
CNTs from MAPLE targets
with different compositions and
structures. The initial
concentration of 44 nm long
CNTs in the MAPLE targets is
1 wt.% in (a) and 8 wt.% in (b)
and (c). The arrangement of the
individual nanotubes in the
targets is 3D random in (a) and
(b), and 2D random in (c). The
nanotubes are shown as red
cylinders and the matrix
molecules are shown as small
gray dots. Animated sequence
of snapshots from the
simulation illustrated in (c) can
be found at [76]

network structure driven by the explosive boiling of the ma-
trix material is illustrated in snapshots show in Fig. 9b. Al-
though there are no signs of any significant splitting or thin-
ning of the thick bundles present in the network structure,
the separation and ejection of a large fragment of the net-
work is observed in the simulation. This is not a trivial ob-

servation as the ejected fragment of the network consists of
168 150 nm long CNTs and has a total mass of ∼50 MDa
(not counting the mass of the attached matrix material).

Note that the stability of a network of bundles increases
with the length of individual CNTs and the network com-
posed of 150 nm long CNTs is only marginally stable
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Fig. 7 (Continued)

Fig. 8 Snapshots of several typical molecular clusters/droplets and
CNT arrangements present in the plume ejected in MAPLE of CNT
solutions. Snapshot in (a) is taken at 1 ns after the beginning of the
laser pulse in a simulation performed for a target loaded with 8 wt.%
of 44 nm long CNTs arranged in a 3D random configuration. Snapshot
in (b) is taken at 1150 ps after the beginning of the laser pulse in simu-
lations performed for a target loaded with 8 wt.% of 44 nm long CNTs

arranged in a 2D random configuration. Snapshot in (c) is taken at 1 ns
after the beginning of the laser pulse in a simulation performed for a
target loaded with 17 wt.% of 16 nm long CNTs arranged in a 2D ran-
dom in configuration. The scale of the snapshot (c) is 2.5 times larger
than in (a) and (b). The nanotubes are shown as red cylinders and the
matrix molecules are shown as small gray dots

against decomposition into individual bundles [55]. One can
expect that network structures composed of longer CNTs
put up stronger resistance to the disintegration and, for short
laser pulses and large laser penetration depth, can result in
the generation of larger transient pressure in the ablation
process mechanically confined by the network. The condi-

tions of the mechanical confinement in this case have some
similarity to the ones imposed by collagen fibers and other
structural elements of extracellular matrix on the explo-
sive boiling of water-like medium in laser ablation of soft
collagenous tissue [73, 85–87]. In the case of more open
network structures, shorter laser absorption depth, and/or
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Fig. 9 Snapshots of molecular
configurations obtained in
large-scale simulations of the
ejection of CNTs from MAPLE
targets loaded with 17 wt.% of
150 nm long CNTs. The
arrangement of the individual
nanotubes in the targets is 2D
random in (a) and network of
bundles in (b). The nanotubes
are shown as red cylinders and
the matrix molecules are shown
as small gray dots. Animated
sequence of snapshots from the
simulations can be found at [76]

longer pulses, the matrix may escape the target leaving be-
hind a skeleton of the CNT network in a matrix-depleted sur-
face region. Direct computational verification of these sce-
narios, however, is not possible at this time as simulations
of larger networks with explicit molecular-level represen-
tation of the matrix are beyond the current computational
capabilities (the size of the computational cell used in the
simulations shown in Fig. 9 is close to the limit of what can
be simulated with a parallel code in a reasonable time on a
thousand of processors).

In all of the simulations discussed above, the length of
the CNTs is comparable or larger than the laser penetra-
tion depth. Nevertheless, the individual CNTs and CNT bun-
dles are shown to be entrained by the expanding matrix
and ejected from the target, suggesting that large structural
elements can be efficiently transported to the substrate in
MAPLE deposition of nanocomposite films and coatings.
This computational prediction is consistent with experimen-
tal observations of MAPLE deposition of clusters/tangles of
single-walled CNTs with length of the individual CNTs ex-
ceeding the laser penetration depth in the target [46]. For

the conditions when the CNTs are much smaller than the
laser penetration depth, one can expect the ejection of ma-
trix droplets containing multiple CNTs. The film deposition
process in this case is likely to be similar to the one dis-
cussed for polymer molecules in Sect. 3 and the distribution
of CNTs in the films can be expected to be largely defined
by deposition of droplets and rearrangement of the deposited
material in the process of matrix vaporization.

5 Summary

Coarse-grained MD simulations of the ejection of polymer
molecules and CNTs in MAPLE reveal the mechanistic pic-
ture of the matrix-assisted molecular transfer and establish
a number of inherent characteristics of the ejection pro-
cess that have direct implications for the performance of
this promising thin film deposition technique. The polymer
molecules and nanotubes are found to be ejected only in
the ablation regime, when the explosive boiling of the over-
heated matrix drives the collective ejection of a plume con-
sisting of vapor, molecular clusters, and liquid droplets. The
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Fig. 9 (Continued)

conditions for the onset of the explosive boiling and ablation
are defined by the thermodynamic properties of the volatile
matrix material and no thermal decomposition of polymer
molecules is observed in any of the simulations of MAPLE.
In sharp contrast to MAPLE, in a simulation of laser abla-
tion of a polymer target, the dissociation of a large fraction
of chemical bonds is observed close to the ablation thresh-
old and no intact molecules survive the ejection process.
Thus, the MAPLE technique provides an attractive alterna-
tive to PLD when the soft ejection and deposition of poly-
mer molecules without chemical modification and reduction
of the molecular weight are required.

The simulations also reveal that polymer molecules are
always ejected as parts of large matrix clusters and droplets
generated in the process of the explosive disintegration
of the overheated matrix. The entanglement of polymer
molecules facilitates the formation of intricate elongated
viscous droplets that can be related to complex morpholo-
gies of polymer films deposited by MAPLE. Since the max-
imum size of the droplets scales with the laser penetration
depth and the size of the polymer features generated by the

deposition of droplets is defined by their polymer content,
the roughness of the deposited films can, to a certain ex-
tent, be reduced by decreasing the laser absorption depth and
polymer concentration in the target.

The ability of the MAPLE technique to eject and transfer
large structural elements that may be required for deposition
of nanostructured films and coatings is demonstrated in sim-
ulations performed for MAPLE targets loaded with CNTs.
The CNTs with length comparable to or even exceeding the
laser penetration depth are found to be efficiently entrained
in the expanding matrix plume and lifted off from the target
under irradiation conditions that do not cause any chemical
damage to polymer molecules. A desired scenario in which
the explosive ejection process in MAPLE would disintegrate
the CNT bundles formed during the target preparation, lead-
ing to an improved dispersion of nanotubes in the deposited
films, is not supported by the simulation results. On the con-
trary, a pronounced tendency of the ejected nanotubes to
align along the flow direction of the matrix plume is found to
facilitate the bundle formation during the initial stage of the
ablation plume expansion. In a simulation of MAPLE per-
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formed for a target containing a network of interconnected
CNT bundles, a large tangle of CNT bundles is found to
be torn out from the continuous network and ejected with
the matrix plume, but no signs of any significant splitting
and thinning of individual CNT bundles are observed. On
the positive side, the survival of large bundles, where the
CNTs are held together by relatively weak van der Waals
forces, suggests that fragile structural elements or molecu-
lar agglomerates with complex secondary structures may be
transferred and deposited to the substrate with the MAPLE
technique. Finally, we note that the mass of CNT agglomer-
ates (network fragments) ejected in the simulations can be as
large as 50 MDa, even though the simulations are performed
for a relatively short laser penetration depth of 50 nm. This
observation highlights the ability of the MAPLE technique
to transfer large macromolecules and structural elements for
deposition of biological and nanocomposite films with com-
plex structure and functionality.
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