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Abstract Coarse-grained molecular dynamics simulations
are applied to investigate the origins of the surface features
observed in films deposited by the Matrix-Assisted Pulsed
Laser Evaporation (MAPLE) technique. The formation of
transient balloon-like structures with a polymer-rich sur-
face layer enclosing matrix vapor, observed in earlier sim-
ulations of slow heating of polymer-matrix droplets, has
been explored in this work at higher rates of thermal en-
ergy deposition. Tensile stresses generated in the regime
of partial stress confinement are found to induce an inter-
nal boiling in the overheated droplets and associated gen-
eration of “molecular balloons” at thermal energy densities
at which no homogeneous boiling takes place without the
assistance of tensile stresses. Simulations of the dynamic
processes occurring upon the collision of a polymer-matrix
droplet with a substrate provide the molecular-level pictures
of the droplet impact phenomenon and reveal the connec-
tions between the droplet landing velocity and the shapes
of the polymer features observed in scanning electron mi-
croscopy images of films deposited in MAPLE experiments.
The distinct types of surface features observed in MAPLE
experiments, namely, wrinkled “deflated balloons,” local-
ized arrangements of interconnected polymer filaments, and
elongated “nanofibers,” are shown to emerge from different
scenarios of droplet landing and/or disintegration observed
in the simulations.
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1 Introduction

The results of recent computational investigations of the
mechanisms of molecular ejection and transport in the
Matrix-Assisted Pulsed Laser Evaporation (MAPLE) thin
film deposition technique have revealed that polymer mole-
cules in MAPLE are ejected as parts of matrix-polymer clus-
ters with a broad cluster size distribution [1–3]. The ejection
of molecular clusters and droplets is inherently connected
to the physical mechanism responsible for molecular ejec-
tion in MAPLE—explosive decomposition of a surface re-
gion of the target overheated up to the limit of its thermo-
dynamic stability. The molecular-level simulations predict
that material decomposition proceeds through the forma-
tion of a foamy transient structure of interconnected liquid
regions that subsequently decomposes into a mixture of liq-
uid droplets and gas-phase matrix molecules [1, 4]. Smaller
clusters tend to originate from the front part of the emerging
ablation plume whereas larger droplets lag behind and tend
to have smaller ejection velocities, but both small and large
clusters are unavoidable products of the collective material
ejection process (ablation).

Although the results of the simulations dispute the orig-
inal notion of the ejection and transport of individual poly-
mer molecules in MAPLE [5–7], they provide an expla-
nation for the significant surface roughness often observed
upon close examination of the deposited films [8–14]. More-
over, the unusual wrinkled “deflated balloon” surface fea-
tures, observed in recent MAPLE experiments [12, 14], can
also be explained based on the ejection of large matrix-
polymer droplets predicted in the simulations [1]. It has been
demonstrated in a series of molecular dynamics (MD) sim-
ulations [15] that an internal release of the matrix vapor in a
large matrix-polymer droplet is capable of pushing the poly-
mer molecules to the outskirts of the droplet, thus forming
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a transient “molecular balloon” expanding under the action
of the internal vapor pressure. Active evaporation of matrix
molecules from the surface of the droplet contributes to the
formation of a polymer-rich surface layer, hampering the es-
cape of the remaining matrix molecules. One can expect that
following the deposition of a “molecular balloon” to a room-
temperature substrate, the volatile matrix material enclosed
by a polymer-rich layer would expand in time, resulting in
the formation of release passages through the polymer layer,
leaving behind characteristic wrinkled polymer structures,
similar to those observed in experiments [2, 12, 14, 15].

In this paper, we report the results obtained by extending
the initial computational work reported in [15] to simula-
tions addressing questions on (1) the effect of the rate of
the laser energy deposition on the formation and stability of
the “molecular balloons” and (2) the relationship between
the droplet landing velocity and the shapes of the polymer
features observed on the surface. A brief description of the
computational model used in the simulations is given in
Sect. 2, followed by the presentation of results in Sects. 3
and 4. Based on computational predictions, an interpreta-
tion of several distinct types of surface features observed in
MAPLE deposited films is provided in Sect. 5.

2 Computational model

A coarse-grained MD model, combining the breathing
sphere model [16, 17] for simulation of the molecular ma-
trix and the bead-and-spring model [18] for representation
of polymer molecules, is used in the simulations. Inter-
molecular (nonchemical) interactions among the matrix and
polymer molecules are described by an interatomic poten-
tial chosen to reproduce the van der Waals interactions in a
typical molecular solid. In the bead-and-spring model, the
“beads” representing functional groups of a polymer mole-
cule (monomers) are connected by anharmonic springs with
strengths appropriate for a carbon–carbon bond in a poly-
mer molecule. Each monomer unit in a polymer molecule
has the same molecular weight as a single matrix molecule,
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 con-
tains 50 monomer units and has a total molecular weight of
5 kDa. 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 in the polymer chains are given in [1].

3 Contribution of photomechanical effects to the
formation of “molecular balloons”

Recent MD simulations of the response of matrix-polymer
droplets to slow heating revealed an interesting effect of an
internal release of matrix vapor leading to the spatial segre-
gation of polymer and matrix molecules into a polymer-rich
shell enclosing the volatile matrix molecules [15]. The for-
mation of such balloon-like structures is predicted to occur
as soon as the amount of the deposited thermal energy is
sufficiently high for the droplet to exceed the threshold tem-
perature T ∗ for the onset of a homogeneous explosive boil-
ing or “phase explosion”.1 In particular, for droplets with
initial polymer concentration of 16 wt.%, the deposition of
thermal energy equal to 70% and 80% of the cohesive en-
ergy of the matrix material, Ec, resulted in heating in excess
of T ∗, Fig. 1a, triggering a rapid generation of matrix vapor
inside the superheated droplet and leading to droplet disinte-
gration at 0.8Ec and the formation of a “molecular balloon”
at 0.7Ec. At a lower energy density of 0.6Ec, however, the
maximum temperature barely reaches T ∗ by the end of the
heating process and no internal boiling and associated mole-
cular redistribution into a balloon-like structure is observed
[15].

In the simulations reported in [15] and briefly described
above, the rate of the energy deposition was sufficiently low
to allow for the mechanical relaxation (expansion) of the
droplets during the heating process. The characteristic time
of the mechanical relaxation of a droplet with radius L can
be estimated as τs ∼ L/Cs, where Cs is the speed of sound
in the droplet material. Considering MAPLE experiments
[3, 12, 14, 15] performed for toluene matrix (Cs = 1306 m/s
[22]), the characteristic time of the mechanical relaxation
of a toluene droplet with a radius on the order of microm-
eters is shorter than the experimental laser pulse duration
of 25 ns. Although the exact heating regime experienced by
droplets ejected in MAPLE experiments are not clearly es-
tablished yet, one can expect that the droplets emerge in the
overheated state from the explosive boiling of the irradiated
target [1, 4] and, at laser fluences significantly exceeding
the ablation threshold, can be further heated by the tail of
the laser pulse. In any case, the heating time of the droplets
is on the order of the laser pulse duration. Therefore, the
experiments and simulations reported in [15] are performed

1A sharp transition from a metastable superheated liquid to a two-phase
mixture of liquid and vapor at a temperature of approximately 90% of
the critical temperature has been predicted based on the classical nu-
cleation theory [19, 20] and confirmed in simulations [21]. The thresh-
old temperature T ∗ is determined in a series of constant temperature
and pressure MD simulations performed for a polymer-matrix system
consisting of 134 000 matrix molecules and having a polymer concen-
tration of 16 wt.%. The threshold temperature T ∗ corresponds to the
onset of the phase separation and sharp increase of the volume of the
system.
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Fig. 1 Evolution of temperature during the first 400 ps of MD sim-
ulations of droplets heated during the first 100 ps (a) and 20 ps (b)
of the simulations. The total amounts of the deposited energy corre-
spond to 80, 70, and 60% (a) and 63, 52, and 42% (b) of the cohesive
energy of the matrix material, Ec. Only the molecules that belong to
the continuous droplets are included in the evaluation of the average

temperature. The temperature values are normalized to the threshold
temperature for the phase explosion, T ∗ (see footnote 1). Simulations
performed with the slow energy deposition (a) are discussed in more
detail in [15]. Snapshots from the simulations performed with the fast
energy deposition (b) are shown in Fig. 2

under heating conditions that eliminate any significant con-
tribution of photomechanical effects to the formation of the
“molecular balloons.”

In this work, we investigate the effect of the heating rate
(related to the laser pulse duration in MAPLE experiments)
on the behavior of the matrix-polymer droplets. Similar to
[15], simulations are performed for droplets with an initial
diameter of 60 nm and polymer concentration of 16 wt.%,
but with a 5 times faster rate of energy deposition. In this
case, the simulation conditions correspond to partial inertial
stress confinement [17, 23, 24], the conditions under which
compressive stresses build up during the heating process and
photomechanical effects associated with the relaxation of
the laser-induced stresses play an important role in defin-
ing the droplet behavior. The conditions of the inertial stress
confinement can be realized in laser ablation experiments
performed with shorter laser pulses or in two-pulse exper-
iments where the second short pulse irradiation is used to
modify the characteristics of the ablation plume.

Visually, the snapshots from the simulations, shown in
Fig. 2, are similar to the ones observed with slower heat-
ing, although significantly lower energy densities are needed
to achieve similar levels of droplet expansion. In particular,
disintegration of the droplet into matrix vapor and polymer-
rich fragments takes place at 0.63Ec, Fig. 2a, whereas sim-
ilar processes have been observed in the case of the slower
heating at 0.8Ec [15]. The expansion of the droplets, ob-

served at 0.52Ec (Fig. 2b) and 0.42Ec (Fig. 2c), does not
result in disintegration but leads to the formation of tran-
sient spherical liquid shells encasing the volatile matrix va-
por. By the time of the maximum expansion, ∼200 ps, the
shells attain a form resembling a gas-filled balloon. In both
simulations, at 0.52Ec and 0.42Ec, the shells, reinforced
by continuous networks of entangled polymer chains, re-
tain their integrity and remain hole-free. The expansion of
the droplets is followed by contraction down to sizes sim-
ilar to the original size before the beginning of the heat-
ing process. The final distribution of the polymer molecules
within the droplets, however, is different from the original
random arrangement, with the polymer molecules forming a
polymer-rich shell around the volatile matrix trapped in the
central part of the droplet, Figs. 2b and 2c. In particular, in
the simulation performed at a deposited energy of 0.52Ec,
the evaporation of matrix molecules from the surface of the
droplet results in an increase of the average polymer con-
centration in the droplet up to 20 wt.% by 1 ns, whereas
the maximum polymer concentration in the polymer shell is
approaching 39 wt.% by this time, more than twice the con-
centration in the original droplet. With a slower heating rate,
outside the condition of stress confinement, similar molec-
ular rearrangements leading to the formation of a polymer-
rich shell enclosing matrix material has been observed in
[15] at a significantly higher level of thermal energy deposi-
tion, 0.7Ec. In both series of simulations, the evaporation of
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matrix molecules diffusing through the polymer-rich shell
continues throughout the duration of the simulation and re-
sults in a gradual cooling of the droplets and stabilization of
the matrix core- polymer shell balloon-like structure of the
droplet.

The effect of the rate of the energy deposition is appar-
ent from comparison of the temperature plots shown for the
two series of simulations in Fig. 1. For comparable energy
depositions, the initial temperature increase is lower in the
case of the slower heating, reflecting the cooling effect of the
thermal expansion of the droplet during the heating process.
In the simulations performed with the fast energy deposi-
tion, the expansion is initiated during the heating process
but is completed after the heating stops, leading to the sharp
temperature drop within ∼10 ps after the end of the energy
deposition, Fig. 1b. The initial temperature drop is followed
by a slight increase of the temperature associated with the
elastic contraction of the droplets and then by a gradual
cooling associated with matrix vaporization. The vaporiza-
tion can proceed by both the evaporation from the surface
of the droplet and the internal release of vapor through the
homogeneous nucleation of vapor regions inside the droplet.
In the simulations where disintegration of the droplet is ob-
served, the temperature decrease is particularly fast and, by
the time of 400 ps, the temperature of the droplet drops be-
low those for droplets with lower energy deposition. More
violent phase decomposition and rapid expansion of the va-
por and liquid fragments provide the conditions for faster
cooling as compared to the evaporation of matrix from the
polymer-rich shells enclosing the hot vapor.

In simulations performed with the slow heating [15], the
condition for the internal release of vapor leading to the
generation of a transient balloon-like structure or disinte-
gration of the droplet is found to be simply T max > T ∗.
Indeed, in the simulation performed at 0.6Ec, T max ≈ T ∗,
and the droplet retains its internal integrity during the sim-
ulation [15]. In the simulations performed with faster heat-
ing, under the conditions of partial stress confinement, how-
ever, the formation of internal vapor regions and associated
molecular redistribution into a polymer-rich shell and a ma-
trix core is observed at much smaller energy densities of
0.52Ec and 0.42Ec, when the average temperature of the
droplet exceeds the threshold temperature T ∗ only for a few
picoseconds (0.52Ec) or remains significantly below T ∗ for
the whole duration of the simulation (0.42Ec).

The formation of the transient balloon-like structures
at lower energy densities in the case of the fast heating,
Figs. 2b and 2c, can be attributed to the photomechanical
effects associated with the relaxation of the laser-induced
stresses. The heating taking place faster than the droplet’s
expansion results in the build up of thermoelastic compres-
sive stresses in the particle. The relaxation of the compres-
sive stresses drives an unloading tensile pressure wave that

propagates from the surface, focuses in the center of the
droplet, and aids the nucleation and initial growth of va-
por regions, as well as the expansion/disintegration of the
droplet [23, 25]. Thus, the tensile stresses generated in the
regime of stress confinement induce the homogeneous nu-
cleation and growth of vapor bubbles at thermal energy den-
sities at which no homogeneous boiling takes place without
the assistance of tensile stresses.

4 The effect of the droplet landing velocity on the
surface structures

The formation of “molecular balloons” predicted in the sim-
ulations provides a clue for explaining unexpected “deflated
balloon”-like polymer structures observed in films deposited
by MAPLE [2, 12, 14, 15]. The structure of the polymer
features in the films, however, is defined not only by the
characteristics of the droplets generated by laser ablation
of a MAPLE target but also by the fast processes occurring
during and immediately after the collisions of the droplets
with the substrate, as well as by slower thermally-activated
changes in the surface morphology of the growing films.
While the slow changes in surface morphology are largely
defined by the substrate temperature [13] and material vis-
cosity, the initial generation of the surface features is related
to the dynamics of the droplet-substrate collision and de-
pends on the droplet landing velocity. In order to clarify the
connections between the droplet landing velocity and the
shapes of the polymer features generated on the substrate,
we perform a series of MD simulations of the collision of a
polymer-matrix droplet with a substrate. The simulations are
performed for a droplet with a polymer-rich shell and a ma-
trix core, obtained by the end of a 2 ns simulation of molec-
ular rearrangements induced by a slow heating of a polymer-
matrix droplet with a total deposited thermal energy of
0.7Ec [15]. The structure of the droplet is similar to the one
shown for 1 ns in Fig. 2b. The strength of the interaction
between the molecules and the substrate is set to be equal
to that of molecule-molecule interactions. The simulations
are performed for droplets impacting a rigid substrate with
incident velocities of 100, 500, and 1000 m/s. These veloci-
ties are within the range predicted in large-scale MD sim-
ulations of MAPLE for clusters/droplets containing poly-
mer molecules [1]. Similarly, nonthermal highly forward-
peaked ejection velocities, with axial components ranging
from hundreds to more than 1000 m/s have been measured
for biomolecules of different masses, up to ∼30 000 Da, in
matrix-assisted laser desorption experiments [26–28]. The
axial velocities of molecules and clusters are largely defined
by the collective ejection process driven by the explosive de-
composition of the overheated matrix and have a weak mass
dependence [26, 27, 29].
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a

b

c

Fig. 2 Snapshots from MD simulations of the response of a 60 nm
droplet to the fast energy deposition (regime of partial stress confine-
ment). Droplets containing 16 wt.% of randomly oriented polymer
chains are heated during the first 20 ps of the simulation, with the total
amount of the deposited thermal energy equal to (a) 63%, (b) 52%, and
(c) 42% of the cohesive energy of the matrix material, Ec. Matrix mole-
cules and units of polymer chains are shown by black and blue dots,

respectively. Polymer molecules in the front half of the computational
cell are superimposed on top of the matrix molecules. Only 2 nm slices
cut through the center of the droplet are shown in (b) and (c) to high-
light the bulging of the cluster and segregation of the polymer mole-
cules in the surface layer of the droplet. Animated sequences of snap-
shots from simulations illustrated in (a) and (b) can be found at http://
www.faculty.virginia.edu/CompMat/molecular-balloons/

Snapshots from the simulations, shown in Fig. 3, pro-
vide a visual picture of the impact velocity dependence of
the droplet-substrate collision dynamics. At 100 m/s, the
droplet does not lose its integrity upon landing on the sub-
strate, Fig. 3a. The impact results in a shape oscillation that
quickly decays as the impact energy dissipates into heat. The
characteristic molecular distribution in the original droplet
(polymer-rich shell enclosing the matrix molecules) is re-
tained in the deposited droplet, as can be seen from the snap-
shot shown in Fig. 3a for the time of 1 ns. This observation
supports the explanation of the origin of the “deflated bal-
loon” surface structures suggested in [15] and briefly out-
lined in the Introduction.

At higher deposition velocities of 500 and 1000 m/s, the
impact energy is efficiently transferred to the energy of the
material expansion in the lateral directions, leading to dis-
integration of the droplets. The impact also results in fast
heating of the droplet, followed by fast cooling associated
with transfer of the thermal kinetic energy into the energy of
droplet disintegration, the energy of vaporization of a large

fraction of the matrix content of the droplet, and the energy
of the radial expansion of the droplet fragments.

The impact-induced heating and cooling due to the va-
porization/disintegration are apparent from Fig. 4, showing
the evolution of the temperature and concentration of the
droplet and droplet fragments. The temperature is defined
through the tangential component of the molecular veloci-
ties in cylindrical coordinates. Although the collision of a
droplet with a substrate brings the system far from equilib-
rium, the tangential component of the molecular velocities
does not have contributions from the initial motion of the
droplet in the direction normal to the substrate, nor from the
velocities arising from radial (along the substrate) expansion
of the products of droplet disintegration. An average kinetic
energy associated with the tangential velocity components,
therefore, can be used as a rough measure of the amount
of energy transferred to the increase of “temperature” of
the droplet material, T = 1/NkB

∑
N Mv2

t , where vt and
M are the tangential velocity component and the mass of
a molecule, respectively, kB is the Boltzmann constant, and
the summation is over N molecules that belong to the orig-

http://www.faculty.virginia.edu/CompMat/molecular-balloons/
http://www.faculty.virginia.edu/CompMat/molecular-balloons/
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d

Fig. 3 Snapshots from MD simulations of the collision of a polymer-
matrix droplet with a substrate performed for impact velocities of
100 m/s (a), 500 m/s (b), and 1000 m/s (c). Side view (parallel to
the substrate) is shown in (a) and top view (along the impact di-
rection) is shown in (b) and (c). Two additional snapshots provid-
ing side views of the final configurations obtained by the end of
the simulations performed for 500 m/s (left frame) and 1000 m/s
(right frame) are given in (d). The simulations are performed for a

droplet with a polymer-rich shell and matrix core, obtained from a
simulation reported in [15]. Matrix molecules and units of polymer
chains are shown by black and blue dots, respectively. Polymer mole-
cules in the front half of the computational cell are superimposed
on top of the matrix molecules. Only a 2 nm slice cut through the
center of the droplet is shown in the last snapshot in (a) to high-
light the segregation of the polymer molecules in the surface layer of
the droplet

inal continuous droplet or polymer-containing clusters that
emerge from disintegration of the original droplet. The tem-
perature spike is particularly sharp at the highest impact ve-
locity of 1000 m/s, where the average temperature exceeds
the threshold temperature for the phase explosion, leading
to the rapid release of the matrix vapor and a violent droplet

disintegration and expansion. The explosive decomposition
of the overheated material is also reflected in the sharp in-
crease of the polymer concentration in the remaining liquid
fragments of the droplets, Fig. 4b. For the impact velocity of
100 m/s, the transfer of the impact energy to heat takes place
over hundreds of picoseconds (Fig. 3a) and is offset by the
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Fig. 4 Evolution of temperature and polymer concentration in MD
simulations of the collision of a polymer-matrix droplet with a sub-
strate performed for impact velocities of 100, 500, and 1000 m/s.
The values of temperature and polymer concentration are calculated
by averaging over molecules that belong to the original droplet or
polymer-containing clusters that emerge from disintegration of the

original droplet. The temperature is defined through the average ki-
netic energy associated with tangential velocity components of the ma-
trix molecules and polymer units, as explained in the text. The tem-
perature values are normalized to the threshold temperature for the
phase explosion, T ∗ (see footnote 1). Snapshots from the simulations
are shown in Fig. 3

gradual cooling due to continuous evaporation (Fig. 4b). As
a result, no significant increase in the thermal energy is ob-
served for this simulation in Fig. 4a.

The side-view snapshots from the simulations performed
at deposition velocities of 500 and 1000 m/s, shown in
Fig. 3d, demonstrate that the droplet fragments containing
polymer molecules remain in close proximity to the sub-
strate during the radial expansion. This enables additional
cooling of the expanding fragments due to the heat transfer
to the substrate, an effect that is not included in the present
simulations. Although the radial expansion of the products
of the droplet disintegration is not completed by the end
of the simulations illustrated in Figs. 3b and 3c, one can
expect that interaction with the substrate and cooling due
to further matrix evaporation would eventually freeze and
stabilize the polymer structures similar to the ones shown
in the final snapshots taken in these simulations. In the
next section, therefore, we compare the characteristic shapes
of the droplet fragments observed in the simulations to
the results of high-resolution scanning electron microscopy
(SEM) imaging of films deposited in MAPLE experiments.

5 Connections to surface morphology in MAPLE
experiments

Different types of polymer structures predicted in the sim-
ulations of the collision of a polymer-matrix droplet with a

substrate can be related to SEM images of polymer films de-
posited by MAPLE. The images shown in Fig. 5 are taken
from films deposited from a target containing 5 wt.% of
poly(methyl methacrylate) (PMMA) dissolved in a toluene
matrix. The depositions are performed at laser fluences of
500 mJ/cm2 (a, c) and 300 mJ/cm2 (b) with an excimer laser
operating at a wavelength of 248 nm, pulse duration of 25
ns full width at half maximum, and pulse repetition rate of 5
Hz.

Several types of polymer surface features characteristic
of the surface morphology of the deposited films can be
identified in the images. The wrinkled “deflated balloon”
surface features, such as the one shown in Fig. 5a, have been
explained based on simulation results predicting the forma-
tion of balloon-like structures with a polymer-rich shell and
a matrix core as a result of an internal boiling in polymer-
matrix droplets ejected in MAPLE [1, 15]. The results pre-
sented in Sect. 3 confirm this mechanism and indicate that,
in the case of faster heating, the onset of the internal boil-
ing can be facilitated by photomechanical effects associated
with the relaxation of the laser-induced stresses generated
under the conditions of partial stress confinement. The dy-
namic molecular rearrangement leading to the formation of
“molecular balloons,” thus, appears to be a general phenom-
enon that takes place at different rates of laser energy de-
position. In the SEM image shown in Fig. 5a, the “deflated
balloon” polymer structure was sectioned using a focused
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a b c

Fig. 5 SEM images of three characteristic surface features observed
in MAPLE deposited thin films: (a) “deflated balloon,” (b) local-
ized network of interconnected polymer filaments, and (c) elongated
“nanofibers.” The images are taken from a film produced by MAPLE

deposition from a target containing 5 wt.% of PMMA in a toluene ma-
trix. The polymer structure in (a) is cut by a focused ion beam to expose
the interior of the hollow structure

ion beam. Images were acquired off-axis with respect to the
surface normal, providing a clear view of the hollow interior
of the structure once occupied by the volatile matrix mater-
ial.

Another distinct type of surface structure, a localized
arrangement of interconnected polymer filaments, is illus-
trated in Fig. 5b. The structure of this polymer surface fea-
ture is similar to the intermediate structures observed in sim-
ulations where droplet disintegration takes place, e.g., 500
ps in Fig. 3b and 150 ps in Fig. 3c. Under conditions of
sufficiently fast cooling enhanced by heat conduction to the
substrate, such intermediate structures can be stabilized dur-
ing the expansion, resulting in surface patterns similar to the
ones observed in experiments.

The third type of surface feature commonly observed in
SEM images of films deposited by MAPLE [2, 3, 12, 14] is
an elongated “nanofiber,” such as the one shown in Fig. 5c.
The unusual elongated shapes of the deposited surface fea-
tures have been related in [1] to the formation and ejection
of long polymer-rich filaments observed in large-scale MD
simulations of MAPLE. The ejection of the filaments is re-
lated to the entanglement of the polymer chains that be-
comes more pronounced with increasing polymer concen-
tration in the target. The results of the simulations of droplet
collisions with the substrate, discussed in Sect. 4, suggest
an additional scenario for the formation of the elongated
polymer structures. The elongated polymer “nanofibers” or
“necklace” polymer surface features can be generated as a
result of the expansion and freezing of the droplet disinte-
gration products, similar to the ones shown in the last snap-
shot in Fig. 3b.

Although the MD simulations reported in this paper are
aimed at revealing the mechanisms responsible for genera-
tion of surface features in films deposited in MAPLE, the re-
sults of the simulations may have implications for a broader
range of target materials used in laser-assisted film depo-
sition. Laser ablation of polymer targets, in particular, of-

ten involves photothermal and/or photochemical decompo-
sition of the target material, with volatile species released
in the photothermal/photochemical reactions playing a role
in material ejection similar to that of the matrix in MAPLE.
The results of the simulations performed for polymer-matrix
droplets, therefore, can help in interpretation of the surface
structures observed in films deposited by laser ablation of
polymer targets, e.g., elongated surface features in films fab-
ricated by IR laser ablation of poly(vinil chloride) [30].
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