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The physical mechanisms and molecular-level picture of laser-induced material ejection from frozen
solutions of polymer molecules in a volatile matrix are investigated in a series of coarse-grained
molecular dynamics simulations. The simulations are performed for polymer concentrations up to
6 wt % and laser fluences covering the range from the regime where molecular ejection is limited
to matrix evaporation from the surface up to more than twice the threshold fluence for the onset of
the collective molecular ejection or ablation. The results of the simulations are related to
experimental observations obtained in matrix-assisted pulsed laser evaporation (MAPLE) thin film
depositions and are used to address unresolved research questions that are of direct relevance to
MAPLE performance. Contrary to the original picture of the ejection and transport of individual
polymer molecules in MAPLE, the simulations indicate that polymer molecules are only ejected in
the ablation regime and are always incorporated into polymer-matrix clusters/droplets generated in
the process of the explosive disintegration of the overheated matrix. The entanglement of the
polymer molecules facilitates the formation of intricate elongated viscous droplets that can be
related to the complex morphologies observed in polymer films deposited by MAPLE. Analysis of
the state of the irradiated target reveals a substantial increase of the polymer concentration and
complex surface morphology generated in the new surface region by the ablation process. The
ramifications of the computational predictions for interpretation of experimental data and the
directions for future experimental exploration are discussed based on the physical picture of
molecular ejection and transport in MAPLE emerging from the simulations. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2783898]

I. INTRODUCTION

Matrix-assisted pulsed laser evaporation (MAPLE) is a
technique developed with a goal of achieving a soft
molecule-by-molecule deposition of high-quality ultrathin
organic, bioorganic, and composite films with minimum
chemical modification of the target material."® In this tech-
nique, the laser target is prepared by dissolving the material
to be deposited in a volatile solvent (matrix) that readily
absorbs laser light. A homogeneous dilute solution (typically
up to several wt %) is then frozen and placed into a vacuum
chamber for deposition. In MAPLE deposition of polymer
films, short pulse laser irradiation of the target results in a
collective ejection or ablation of the matrix which entrains
the polymer molecules along into the plume. The ejected
polymer molecules are deposited on a substrate, whereas the
volatile solvent molecules are pumped away from the depo-
sition chamber. Since most of the laser energy is absorbed by
the volatile matrix rather than polymer molecules, the pho-
tochemical decomposition of polymers can be minimized or
even completely eliminated. Moreover, since the ablation on-
set in MAPLE is defined by the thermodynamic parameters
of the volatile solvent rather than the polymeric material,
deposition can proceed at significantly lower, as compared to
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the conventional pulsed laser deposition (PLD) technique,
energy densities, minimizing thermal decomposition of the
polymer molecules.

First investigations have demonstrated that with an ap-
propriate choice of experimental parameters (laser wave-
length, fluence and pulse duration, type of solvent, target and
substrate temperature, and background gas pressure)
MAPLE is capable of providing conditions for “soft” ejec-
tion and deposition of polymer and biological molecules
without significant modification of the chemical structure
and functionality. A broad range of MAPLE applications in-
clude deposition of polymer thin films for optoelectronic and
chemical sensor applications,ml growth of active protein
thin films,"*'® polymer-carbon nanotube composites,“’”"8
and films consisting of nanoparticles.lg Evaluation of the per-
formance of resonant infrared MAPLE (Refs. 20-22) and
exploration of water ice as a MAPLE matrix'*'*%7% are
some of the new directions that have potential for further
expanding the range of applicability of this technique.

While the area of MAPLE applications is rapidly ex-
panding, the understanding of the fundamental processes re-
sponsible for the molecular transfer remains poor. The initial
picture of the ejection and transport of individual polymer
molecules in MAPLE (Refs. 1-3) comes into conflict with
the results of high-resolution scanning electron microscopy
(SEM) and atomic force microscopy (AFM) imaging of
MAPLE deposited films. The AFM and SEM images reveal
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significant surface roughness, with well-defined aggregates
or clusters with characteristic sizes ranging from tens of na-
nometers to tens of microns.'"!#!182422730 Tpe morphology
of the deposited films exhibits strong dependence on the tem-
perature of the substrate™?’ and sometimes contains distinct
wrinkled surface features'®" consistent with a scenario in
which a significant amount of volatile solvent reaches the
substrate and evaporates leaving behind characteristic poly-
mer structures.'**> The formation of large polymer fea-
tures on the substrate is rather unexpected since the original
polymer concentration in the target is low and polymer mol-
ecules are dissolved in the matrix down to the molecular
level. Moreover, the entrainment of the polymer molecules in
the expanding plume of the volatile matrix does not provide
an environment suitable for condensation of polymer clus-
ters.

The results on the rough surface morphology of the de-
posited films, therefore, call for revisiting the physical pic-
ture of the molecular transfer in MAPLE. A better under-
standing of the relation between the basic mechanisms of
laser interaction with the target material, nonequilibrium pro-
cesses caused by the fast deposition of laser energy, param-
eters of the ejected ablation plume, and the resulting mor-
phological characteristics of the growing film would be very
helpful for optimization of the experimental parameters in
current applications of MAPLE as well as the emergence of
new areas of application of this technique. To date, however,
there have been virtually no theoretical or computational ef-
forts aimed specifically at obtaining a better understanding of
MAPLE and the exploration of the multidimensional space
of experimental parameters has been done largely empiri-
cally.

Molecular-level computer modeling has a good potential
of revealing the mechanisms of molecular ejection and trans-
port in MAPLE. In particular, atomic-level molecular dy-
namics (MD) simulations have been successfully applied to
investigation of the rates and channels of the energy transfer
from matrix to an embedded polymer molecule,” ™ as well
as the conformational changes in the polymer molecules dur-
ing the ejection process.36 Larger scale coarse-grained MD
simulations have been used to study the mass/size depen-
dence of the velocity distribution of spherical solute mol-
ecules in matrix-assisted laser desorption37 and the matrix-
polymer interactions in the expanding plume.3 840 The MD
simulations reported so far, however, have been focused on
the analysis of matrix-assisted ejection of individual macro-
molecules, with the computational systems containing either
a single solute molecule®® or several solute molecules at a
concentration too low to involve any interactions between
the molecules during the ejection proc:ess.37739 These condi-
tions are justified by the fact that most of the MD simulations
have been motivated by the matrix-assisted laser desorption
jonization (MALDI) mass spectrometry technique,*' ™
where the goal is to optimize the conditions for the ejection
of high molecular weight molecules (analytes) with minimal
fragmentation. A sufficiently low analyte-to-matrix ratio is
considered to be one of the key requirements for successful
MALDI analysis,43 and the interactions among the analyte
molecules may indeed be insignificant under typical MALDI
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conditions. The concentrations of polymer molecules in
MAPLE film deposition experiments, however, are much
higher, typically 0.1-5 wt %, and the collective behavior of
multiple polymer molecules may play an important role in
defining the mechanisms of molecular ejection in MAPLE
and the morphological characteristics of the deposited films.
In this paper we report the results of a comprehensive
computational investigation of the processes responsible for
molecular transfer in MAPLE. A coarse-grained MD model
used in the simulations and parameters of the computational
setup are described in Sec. II. The physical mechanisms and
molecular-level picture of the molecular ejection in MAPLE,
emerging from the MD simulations, are presented for a range
of laser fluences and polymer concentrations in Sec. III. The
parameters of the ablation plume, including the cluster size
distributions, velocities of the ejected molecules and clusters,
and composition of matrix-polymer clusters are given in Sec.
IV. The state of the MAPLE target after one-pulse laser irra-
diation is analyzed in Sec. V and implications for molecular
ejection in the multiple-pulse irradiation regime are dis-
cussed. Finally, in Sec. VI, we review the ramifications of the
computational predictions for interpretation of experimental
data and discuss promising directions for future experimental
exploration, suggested by the simulation results.

Il. COMPUTATIONAL MODEL

In this section we first describe the computational model
that we use for simulation of the molecular ejection from
frozen polymer solutions irradiated by a short laser pulse.
Then we describe the computational setup and explain the
choices of the irradiation parameters used in the simulations.

The laser-induced molecular ejection from a MAPLE
target is described in this work by a coarse-grained molecu-
lar dynamics model combining the breathing sphere model**
for simulation of the molecular matrix and the bead-and-
spring model® for polymer molecules. The breathing sphere
model has been actively used in investigations of laser inter-
action with molecular target537740’44’46748 and is described in
detail elsewhere.***3 Briefly, the model adapts a coarse-
grained representation of the molecules by spherical particles
with real translational degrees of freedom, but approximate
representation of the internal vibrational modes by a single
internal degree of freedom. The internal degree of freedom,
or breathing mode, is implemented by allowing the particles
to change their sizes and is used for simulation of molecular
excitation by photon absorption and vibrational relaxation of
the excited molecules. In the case of UV laser irradiation, the
breathing mode can be considered as the recipient of the
energy released by internal conversion from electronically
excited states. The parameters of a potential function attrib-
uted to the internal motion control the rate of the conversion
of the internal energy of the molecules excited by the laser to
the energy of translational and internal motions of the sur-
rounding molecules.* In the bead-and-spring model used to
describe the polymer molecules in a MAPLE target, the
“beads” representing functional groups of a polymer mol-
ecule (monomers) are connected by anharmonic springs with
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strengths appropriate for chemical bonding. The chains can
dissociate if the local forces applied to the chemical bonds
are sufficiently large.

Both the intramolecular “springs” in the bead-and-spring
model and intermolecular interactions among polymer units
and matrix molecules are described by a Morse potential
defined as a function of the distance between the edges (sur-
faces) of the “breathing spheres” or polymer “beads,” rfj

U(r,lsj) - Eb[e—Za(r‘;j—ro) _ 2e—a(r’;j—r0)]_ (1)

Intermolecular (nonchemical) interactions among the
matrix and polymer molecules are described with a set of
parameters (ro=3 A, E,=0.1 eV, and a=1 A~")*chosen to
reproduce the van der Waals interaction in a typical molecu-
lar solid, with the cohesive energy of 0.6 eV, an elastic bulk
modulus of ~5 GPa, and a density of 1.2 g/ cm3.*’ The pa-
rameters chosen for springs in the bead-and-spring model
(ro=1.54 A, E,=3.48 eV, and @=2.37 A~') are based on the
characteristics of a typical carbon-carbon bond in a polymer
molecule. In particular, the value of r is based on the length
of the middle C-C bond in (C#);—C—CH,—C# (where C# is
any sp> carbon atom),”” the depth of the potential well, E,, is
chosen to approximately reproduce the value of the dissocia-
tion energy of poly(methyl methacrylate) (PMMA), and « is
obtained from the value of the stretching force constant for
C-C bond given in Ref. 51, dU/dr|, =2a’E,
=39 eV/AZ

The distance between the surfaces of two interacting
molecules and/or polymer units is defined as rj;=|r,—r|-R;
—R;, where r; and r; are the positions of the centers of the
particles and R; and R; are their radii. Note that the radii of
the breathing spheres are dynamic variables for which equa-
tions of motion are solved during the simulation. The radii of
beads in the polymer bead-and-spring model are kept fixed
during the simulation and are equal to the equilibrium radii
of the breathing spheres, 1.40 A. The same molecular weight
of 100 Da is attributed to polymer units and matrix mol-
ecules. This weight corresponds to the weight of a PMMA
monomer and is close to the weight of molecules often used
as MAPLE matrices, e.g., toluene (92 Da), chloroform
(118 Da), and glycerol (92 Da).

Simulations presented in this paper are performed for
MAPLE targets with three concentrations of polymer mol-
ecules: 1, 3, and 6 wt %, as well as for pure matrix. Compu-
tational cell with initial dimensions of 40X 40X 60 nm?
(676 961 molecules in the case of pure matrix) is used in the
simulations, with the polymer chains randomly and uni-
formly distributed in the sample. Each chain contains 100
monomer units and has the total molecular weight of 10 kDa.
The total number of polymer molecules in the computational
cell is 67, 202, and 381 in 1, 3, and 6 wt % samples, respec-
tively. Periodic boundary conditions are imposed in the di-
rections parallel to the surface, as shown in Fig. 1. These
boundary conditions simulate the situation in which the laser
spot diameter is much larger compared to the laser penetra-
tion depth, so that the effects of the edges of the laser beam
can be neglected. At the bottom of the computational cell, a
dynamic boundary condition is applied to account for nonre-
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FIG. 1. (Color online) Schematic sketch of the simulation setup shown for
the initial MAPLE target containing 3 wt % of polymer chains. The polymer
chains are shown in blue and are superimposed on top of the image of
matrix molecules shown in the background. The color of matrix molecules
schematically shows the energy density deposition by the laser pulse.

flecting propagation of the laser-induced pressure wave
through the boundary.52 All systems are thoroughly equili-
brated in constant zero pressure simulations and cooled to
zero temperature before applying laser irradiation. The size
of the computational cell is then kept fixed during the simu-
lations of laser-induced processes, thus neglecting the effect
of the lateral expansion of the ablation plume during the first
nanosecond of the plume expansion. A time step of 5 fs is
used in the integration of the MD equations of motion in
simulations performed for pure matrix targets, whereas a
smaller time step of 2 fs is used if polymer chains are
present. The molecular trajectories are followed at least up to
1 ns and longer in some of the simulations.

The laser irradiation is simulated by deposition of quanta
of energy equal to the photon energy into the kinetic energy
of internal (breathing) motion of molecules that are ran-
domly chosen during the laser pulse duration. Irradiation at a
wavelength of 337 nm (photon energy of 3.68 eV) is simu-
lated in this study. The total number of photons entering the
model during the laser pulse is determined by the laser flu-
ence. The probability of a molecule to be excited is modu-
lated by Lambert-Beer’s law to reproduce the exponential
attenuation of the laser light with depth, as schematically
shown by color in Fig. 1. The absorption by polymer mol-
ecules is neglected in this study and the effective penetration
depth is increased with increasing concentration of polymer
molecular in the MAPLE target. A total of 21 simulations are
performed for MAPLE targets with three polymer concentra-
tions, with seven laser fluences of 3, 4, 5, 6, 7, 8, and
9 mJ/cm? used with each target. The laser fluences are cho-
sen to cover the range from below the ablation threshold
(3.5 mJ/cm? for pure matrix) up to more than twice the ab-
lation threshold.

The laser pulse duration of 50 ps and optical penetration
depth in pure matrix of 50 nm are chosen to reproduce the
conditions of thermal confinement*™**~**** characteristic of
the majority of experimental studies of MAPLE. In this irra-
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diation regime, the heat conduction does not contribute to the
energy redistribution during the laser pulse and the thermal
energy is largely confined within the absorbing region. The
condition for the thermal confinement of the deposited laser
energy can be expressed as 7, < T[h=(Li)/ (ADy), where 7, is
the laser pulse duration, Dy is the thermal diffusivity of the
target material, L, is the laser penetration depth, and A is a
constant defined by the geometry of the absorbing region.
Thermal diffusivity is evaluated for the model material (pure
matrix) by performing a MD simulation of heat diffusion
from a constant temperature layer located in the middle of a
large computational cell initially equilibrated at a lower tem-
perature. Fitting the results of the MD simulation to the ana-
Iytical solution of the heat diffusion equation gives D;=3.6
X 1077 m?/s. If we assume one-dimensional heat diffusion
from the absorbing region to the bulk of the target and define
the thermal diffusion time 7, as time required for half of the
thermal energy initially evenly distributed within a surface
region of size L, to transfer to the deeper parts of the target,
the constant A can be taken as unity. The thermal diffusion
time for L,=50 nm can be then estimated as 7y,~7 ns. This
time is significantly longer than the pulse duration, 7,
=50 ps, and the condition for the thermal confinement is
satisfied. At the same time, the rate of the laser energy depo-
sition is sufficiently low to allow for the mechanical relax-
ation (expansion) of the absorption region of the target dur-
ing the laser pulse and the condition of the inertial stress
confinement™***33*>% is not achieved. The condition for the
stress confinement can be expressed as 7,<7,~L,/C,,
where C; is the speed of sound in the target material, mea-
sured to be 2300 m/s for the model system (pure matrix).
Thus, the characteristic time of the mechanical relaxation of
the absorbing volume, 7,, can be estimated to be around
20 ps and the condition for the stress confinement is not
satisfied in the simulations.

The conditions of thermal confinement, but not stress
confinement, are also characteristic for the majority of
MAPLE experiments performed with nanosecond laser
pulses. For example, for MAPLE experiments reported in
Refs. 18, 20, 30, and 31 and performed with toluene matrix
[C,=1306 m/s,”> D;=0.885X10"7 m%/s at 25°C (Ref.
50)], laser pulse duration of 25 ns, and laser penetration
depth of 4 um at 248 nm,56’5 7 the characteristic times of the
mechanical and thermal relaxations of the absorbing volume
can be estimated as 7,=3ns and T,=181 us,
respectively.18 These estimations firmly place the conditions
of the experiments in the regime of thermal confinement,
7,< 7, < Ty, Thus, although the length and time scales of the
simulations are very different from the ones in a typical
MAPLE experiment, the fact that in the simulations and ex-
periments the MAPLE process takes place under similar
physical conditions (the same physical regime of thermal
confinement) suggests that the ejection mechanisms revealed
in the simulations are also at work in experiments, albeit at
much larger time and length scales. Nevertheless, we would
like to emphasize that the goal of this computational study is
not to reproduce quantitatively the behavior of a particular
molecular system, but to investigate the general characteris-
tics of the ablation process for low-concentration polymer

J. Appl. Phys. 102, 074914 (2007)

solutions in the thermal confinement regime. The natural
limits of the applicability of the model are defined by the
conditions for the onset of multiphoton absorption, photo-
chemical fragmentation, ionization, and plasma formation.

lll. MECHANISMS OF MOLECULAR EJECTION IN
MAPLE

In this section the mechanisms of molecular ejection in
MAPLE are discussed with a focus on the analysis of the
effect of polymer molecules on the dynamics of the ablation
process. A visual picture of the initial processes of the explo-
sive matrix disintegration and collective ejection of a surface
region of the irradiated target is shown in Fig. 2 for four
simulations performed at the same laser fluence of 8 mJ/cm?
for pure matrix and three MAPLE targets with polymer con-
centrations of 1, 3, and 6 wt %.

The ablation mechanisms and parameters of the ablation
plume for one-component molecular systems (pure matrix)
have been discussed in detail earlier.**™* A typical dynamics
of the ablation process in a one-component system is illus-
trated in Fig. 2(a), where snapshots from a simulation per-
formed for a target containing no polymer molecules are
shown. The ablation starts from a homogeneous expansion of
a significant part of the surface region overheated above the
limit of its thermodynamic stabilitysg’59 and proceeds through
the formation of a foamy transient structure of intercon-
nected liquid regions47 that subsequently decomposes into a
mixture of liquid droplets and gas-phase matrix molecules.

In the ablation of MAPLE target, the presence of poly-
mer molecules does not radically alter the general picture of
the ablation process, with the explosive disintegration and
expansion of the overheated matrix driving the ejection pro-
cess and entraining the polymer molecules along, Figs.
2(b)-2(d). The presence of the polymer molecules (shown in
blue in the snapshots), however, does have significant impli-
cations on the dynamics of the ablation process and quanti-
tative parameters of the ejected plume. Although the polymer
molecules are randomly oriented in the initial target, Fig. 1,
they have a clear tendency to extend along the flow in the
ablation plume and to thread through the liquid regions, Figs.
2(b)-2(d). The decomposition of the transient foamy liquid
structure is hampered by the necessity to pull out and, at
higher polymer concentrations, to disentangle the polymer
chains (no breakdown of polymer chains has been observed
in any of the simulations discussed in this paper). As a result,
while in the simulation performed for pure matrix the liquid
regions emerging from the “phase explosion” quickly trans-
form into spherical droplets as soon as they separate from the
target, Fig. 2(a), the presence of polymer chains facilitates
the formation of complex matrix-polymer liquid structures
elongated in the direction of the ablation plume expansion
and stabilized by the presence of polymer molecules, Figs.
2(c) and 2(d).

A broad qualitative picture of the fluence and polymer
concentration dependence of the molecular ejection process
in MAPLE can be gained from Fig. 3, where snapshots from
the simulations performed with initial polymer concentra-
tions of 1, 3, and 6 wt % are shown for seven laser fluences,
from 3 to 9 mJ/cm?, and for the same time of 400 ps after
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FIG. 2. (Color online) Snapshots from simulations of laser ablation performed for pure matrix (a) and MAPLE targets with polymer concentrations of 1 (b),
3 (c) and 6 wt % (d). The same fluence of 8 mJ/cm? is used in all four simulations. The polymer chains are shown in blue and are superimposed on top of

the image of matrix molecules shown in the background.

the beginning of the 50 ps laser pulse. In all three series of
simulations, there is a clear change in the mechanism of
molecular ejection as laser fluence increases from
3 to 4 mJ/cm? At 3 mJ/cm?, the targets undergo some
expansion/swelling that is more pronounced for targets with
lower polymer concentrations (the initial positions of the sur-
face before the irradiation are marked by red dashed lines in
the first frames of each series shown in Fig. 3). The molecu-

lar ejection at this fluence is limited to thermal evaporation
of individual matrix molecules. At 4 mJ/cm?2, we observe a
transition to the ablation regime, when active collective mo-
tion in the surface region of the irradiated target is induced
by an explosive internal release of the matrix vapor. The
onset of the explosive boiling is characterized by prompt
ejection of small clusters from the topmost layer of the tar-
get, as well as much slower motion of large liquid regions
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FIG. 3. (Color online) Snapshots taken at 400 ps after the beginning of the
laser pulse in simulations of MAPLE. Laser fluences are shown above the
snapshots. Polymer concentrations in MAPLE targets are 1, 3, and 6 wt % in
(a), (b), and (c), respectively. The polymer chains are shown in blue and are
superimposed on top of the image of matrix molecules shown in the back-
ground. The initial positions of the target surface before the laser irradiation
are shown in the left frames by red dashed lines.

that can eventually result in the ejection of large elongated
matrix-polymer structures (see Secs. IV and V). Further in-
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crease of the laser fluence results is a more violent phase
explosion of the overheated material, with more numerous
polymer-matrix clusters ejected.

The existence of a well-defined threshold fluence sepa-
rating the desorption and ablation regimes of molecular ejec-
tion can be related to the sharp transition from a metastable
superheated liquid to a two-phase mixture of liquid and va-
por (explosive boiling or phase explosion) at a temperature
of approximately 90% of the critical temperature, predicted
by the classical nucleation theorysg’59 and confirmed in
simulations.®’ Following the method applied in Ref. 60 to a
system of Ar atoms, we find the threshold temperature for the
onset of explosive boiling, T, to be 1060 K for the pure
matrix system represented by the breathing sphere model.
This temperature is determined in a constant pressure MD
simulation performed for a system consisting of 6912 matrix
molecules. Starting from a metastable liquid equilibrated at
900 K, the temperature is increased with a rate decreasing
from 0.1 to 0.025 K/ps as the temperature is approaching
the threshold. The threshold temperature 7" manifests itself
by the onset of the phase separation and a sharp increase of
the volume of the system. At low polymer concentrations,
the threshold temperature 7° has a weak dependence on the
polymer concentration, with only 4.7% increase predicted for
a system containing 16 wt % of polymer chains (134 142
matrix molecules and 256 polymer chains). Therefore, we
will use the value of the threshold temperature 7~ determined
for pure matrix in the discussion of all the MAPLE simula-
tions.

The effect of the presence of polymers on the character-
istics of the ablation process becomes stronger with increas-
ing polymer concentration. At low polymer concentration,
Fig. 3(a), the chains are not heavily entangled and the pres-
ence of individual polymer chains in the expanding over-
heated matrix has a relatively weak effect on the overall
dynamics of the ablation plume formation. As the polymer
concentration increases, the chains become more entangled
and the expansion and disintegration of the transient foamy
liquid-vapor mixture result in multiple chains being pulled
out from the liquid regions, resisting the disintegration pro-
cess, Fig. 3(b). The effect of the entanglement of the polymer
chains on the ablation process manifests itself even more
dramatically in Fig. 3(c), where the entanglement of the
polymer chains leads to the formation of intricate elongated
structures that, in some of the simulations, extend throughout
the region shown in the snapshots. While the expanding lig-
uid structures eventually disintegrate into individual liquid
regions, Fig. 2(d), the elongated shapes characteristic for
these regions are very different from the spherical droplets
observed in simulations of laser ablation of pure matrix tar-
gets. The elongated structures can be stabilized by evapora-
tive cooling in the expanding plume and can reach the sub-
strate in MAPLE film deposition. Indeed, extended
“nanofiber” or ‘“necklace” polymer surface features have
been observed in SEM images of PMMA films deposited in
MAPLE,"®**! a5 well as in films fabricated by IR laser
ablation of poly(vinyl chloride) (PVC) involving a partial
thermal decomposition of the target material into volatile
species.61 Some of the transient liquid structures do not sepa-
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FIG. 4. (Color online) Total yield of matrix molecules and polymer units
(closed symbols) and yield of polymer chains (open symbols) as function of
laser fluence in simulations performed for MAPLE targets with polymer
concentrations of 1 wt % (red squares), 3 wt % (green circles), and 6 wt %
(blue triangles). The black solid line represents prediction of the ablation
model, Eq. (2), where the critical energy is assumed to be equal to the
cohesive energy of the matrix material, E*=0.6 eV/molecule, and the laser
penetration depth of pure matrix, L,=50 nm, is used. The dashed lines cor-
respond to a percentage of the solid line that equals the amount of polymer
in the original target.

rate from the target or can be redeposited within or outside
the laser spot, resulting in the formation of complex surface
morphology. Experimentally, the generation of extended
nanofibers®* and surface swelling and foaming“f68 have
been reported for polymer and biopolymer targets subjected
to short pulse laser irradiation. Recently, a significant mac-
roscopic swelling has been observed for a MAPLE target
with 10 wt % PMMA loading and toluene as a matrix.” A
more detailed discussion of the characteristics of the ablation
plume and the parameters of the droplets ejected and depos-
ited in MAPLE is given in Sec. IV, whereas target surface
modification by the laser pulse is considered in Sec. V.

The qualitative conclusions on the effect of the polymer
molecules on the mechanisms of laser ablation of MAPLE
targets, based on the visual inspection of the snapshots from
the simulations, Figs. 2 and 3 can be supported by a quanti-
tative analysis of the dependences of the total yield of
ejected molecules on laser fluence, shown in Fig. 4 for
MAPLE targets with three polymer concentrations. Most
data points in Fig. 4 are calculated at 1 ns after the beginning
of the 50 ps laser pulse, with several exceptions made for the
simulations in which a delayed separation of large liquid
regions from the target has been observed. In particular, the
yield is shown for 1.5 ns in the simulation performed at a
fluence and polymer concentration of (F=6 mJ/cm? C
=1 wt %), for 1.3 ns in (F=4 mJ/cm? C=1 wt %) and (F
=6 mJ/cm? C=6 wt%), for 1.2 ns in (F=7 mJ/cm?* C
=6 wt %), and for 1.1 ns in four other simulations. While
evaporation during the extra several hundreds of picosecond
would make relatively minor contributions to the total yields
in the simulations run for 1 ns (up to several thousands of
molecules), the contribution from the delayed separation of
large liquid regions is much more significant (tens of thou-
sands of molecules). Therefore, some misalignment of times
for which the data points are shown in Fig. 4 is making this
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plot more representative of the total amount of material
ejected from the target during the first 1—1.5 ns. The poly-
mer molecules are only ejected as parts of matrix-polymer
clusters, with no additional polymer ejection taking place at
the evaporation stage. Therefore, the yield of polymer chains
shown in Fig. 4 for 1 ns or the time of the separation of the
last liquid region from the target is the final total number of
polymer chains ejected from the target.

The characteristic feature of the fluence dependences of
the total yield observed at all three polymer concentrations is
a sharp increase of the amount of ejected material as the
fluence increases from 3 to 4 mJ/cm?. The increase in the
total yield is by almost an order of magnitude, from
14 082 to 115 595 molecules, in simulations performed for a
MAPLE target with polymer concentration of 1 wt %, and is
somewhat smaller, from 15699 to 66 010 molecules and
from 14 760 to 64 598 molecules in simulations performed
for MAPLE targets with higher polymer concentrations of 3
and 6 wt%. In earlier simulations performed for one-
component molecular system (pure matrix), a similar sharp
increase in the total yield has been observed and attributed to
the transition from the thermally activated desorption of in-
dividual molecules from the surface to a collective molecular
ejection of an overheated region of the target
(ablation).***®7%7! The increase of the total yield at the
threshold for the ablation onset in the case of the pure ma-
trix, however, was more dramatic, by more than an order of
magnitude, suggesting that the presence of the polymer mol-
ecules in MAPLE targets is having an impeding effect on the
ablation process.

Similarly to the earlier MD simulations and
experiments on laser ablation of molecular substrates, >
polymelrs,73’74 and biological tissue,” we attempt to describe
the amount of material ejected from MAPLE targets in the
ablation regime by a model in which the ablation depth is
assumed to follow the laser energy deposition and all mate-
rial that absorbs an energy density higher than a critical en-
ergy density, E”, is ablated. With an exponential decay of the
laser intensity given by Beer’s law, the number of molecules
ejected from unit surface area at laser fluence exceeding the
threshold for the ablation onset is

44,46,48,70,71

Y=nL, ln{ (2)

L,(E"-CTy) } ’
where n is the molecular number density, L, is the laser
penetration depth, C is the heat capacity, 7, the initial tem-
perature of the target, and F' the absorbed laser fluence. In the
earlier simulations performed for pure matrix,46'71 the value
of the critical energy density equal to the cohesive energy of
the molecular solid, 0.6 eV/molecule, was found to provide
the best fit of the ablation yield in the regime of thermal
confinement. The prediction of the ablation model with the
same critical energy density, £ =0.6 eV/molecule, laser
penetration depth for pure matrix, L,=50 nm, and zero initial
temperature of the target, 7,=0 K, is shown by the black
solid line in Fig. 4.

While the overall character of the yield versus fluence
dependence above the threshold fluence Fyp=L,(E"=CT)
=3.54 mJ/cm? is captured by the ablation model, the in-
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crease of the yield with fluence is weaker as compared to the
predictions of the model and there are significant deviations
of the simulation results from the model at high laser flu-
ences. Despite a large scatter of the data points related to the
statistical nature of the contribution from the separation of
large liquid regions to the ablation yield, the tendency of the
decreasing yield with increasing polymer concentration can
be observed by comparing the results obtained for target with
polymer concentration of 1 wt% with the ones having
higher polymer concentrations. The deviation of the ablation
yield from the prediction of Eq. (2) at high laser fluences is
significantly larger than in the case of pure matrix*®”" and
can only partially be explained by the increase of the effec-
tive penetration depth with increasing polymer concentration
(from 50.5nm at 1 wt % to 51.5nm at 3 wt%, and to
53 nm at 6 wt %). An important factor defining the ablation
yield is the resistance of the polymer molecules to the matrix
disintegration. The entanglement of the polymer chains at
higher polymer concentrations increases the effective cohe-
sion and viscosity of the target material, thus hampering the
ejection process.

The yield of polymer molecules is shown in Fig. 4 by
open symbols. As discussed above, not a single polymer
molecule has been ejected in any of the simulations per-
formed in the desorption regime, at 3 mJ/cm?. The fluence
dependence of the number of polymer molecules in the ab-
lation regime can be related to the prediction of the ablation
model, Eq. (2), shown by dashed lines under an assumption
of stoichiometric ejection of matrix and polymer molecules.
Similarly to the total yield, the deviation of the simulation
results from the model increases with increasing polymer
concentration and laser fluence. The analysis of the plume
composition indicates that the polymer concentration in the
plume tends to be lower than in the original target, with more
pronounced nonstoichiometric ejection observed at higher
polymer concentrations. Moreover, the yield of polymer mol-
ecules shown in Fig. 4 is final, with no further ejection of
polymer chains expected at longer times. At the same time,
the evaporation of matrix molecules remains relatively active
at the end of the simulations (see Sec. IV), suggesting that
the nonstoichiometric composition of the ablation plume will
become more pronounced with time. As a result, the surface
region of the irradiated target becomes depleted of matrix
molecules, as discussed in Sec. V. Similar changes in the
composition of the surface region of the target take place in
the desorption regime, where molecular ejection is limited to
the evaporation of matrix molecules. The sharp threshold
transition from the desorption of matrix molecules to the
collective coejection of matrix and polymer molecules, pre-
dicted in the simulations, may be related to recent experi-
mental observations of the transition from a wavelength-
selective desorption of one of the components of a binary
molecular mixture to codesorption of the two components at
higher fluences.”>"

The fluence dependence of the number of individual ma-
trix molecules ejected during the first nanosecond of the
simulations is shown in Fig. 5. In contrast to the total yield,
the yield of matrix monomers does not exhibit the sharp
increase at the ablation threshold, between 3 and 4 mJ/cm?.
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FIG. 5. (Color online) Yield of individual matrix molecules as a function of
laser fluence in simulations performed for MAPLE targets with polymer
concentrations of 1 wt % (red squares), 3 wt % (green circles), and 6 wt %
(blue triangles). The data are for 1 ns after the beginning of the laser pulse.
The lines are guides to the eye.

Moreover, the ablation threshold cannot be identified from
the fluence dependence of the monomer yield, which shows
a monotonous increase in the whole range of laser fluences
used in the simulations. This observation is consistent with
the results of earlier MD simulations performed for pure
matrix, %7071 a5 well as with the mass spectrometry data
showing an apparent absence of the real physical threshold
behavior in the fluence dependence of the number of indi-
vidual neutral matrix molecules (monomers) postionized by
a second laser and detected in MALDI experimf:nts.43’77’78
These results indicate that the yield of monomers is not sen-
sitive to the transition from the desorption to the volume
ablation ejection regime.

A clear tendency of the yield of monomers to decrease
with increasing polymer concentration, Fig. 5, can be related
to the impeding effect of polymers on the explosive decom-
position of the overheated matrix. For the same laser fluence,
ablation in a target with a higher polymer concentration re-
sults in the ejection of larger liquid droplets stabilized by the
presence of polymer chains. The larger droplets tend to have
higher internal temperatures47 and a slower rate of evapora-
tive cooling, resulting in the reduction of the fraction of va-
por in the ablation plume at a given time in the ablation
process.

IV. DYNAMICS OF THE EJECTION PROCESS AND
PARAMETERS OF THE PLUME

The time evolution of the molecular ejection process in
MAPLE is illustrated in Figs. 6 and 7 for a simulation per-
formed for a target with polymer concentration of 6 wt %
irradiated at a fluence of 8 mJ/cm?. The long duration of this
simulation, 2.5 ns, allows us to study not only the dynamics
of material disintegration and prompt ejection, but also
longer-term processes in the expanding plume and at the ir-
radiated target.
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FIG. 6. Evolution of the total molecular yield (a) and the yield of matrix
monomers (b) in a simulation performed with a fluence of 8 mJ/cm? and
polymer concentration of 6 wt %. The total yield is defined as the number of
ejected matrix molecules and polymer units (mers). The arrow in (a) corre-
sponds to the separation of a large cluster, shown in the left inset in Fig.
7(a), from the target at ~650 ps.

The total yield plotted in Fig. 6(a) includes all mono-
mers, liquid droplets, and small molecular clusters that are
ejected from the target at a given time. Several stages can be
distinguished in the material ejection process in this simula-
tion. First, the initial explosive decomposition of the over-
heated target (see Sec. III) results in a prompt ejection of a
large fraction, 78%, of the total yield observed at 2.5 ns dur-
ing the first 500 ps of the simulation. The increase of the
total yield slows down after 500 ps, but an additional abrupt
increase of the yield takes place at ~650 ps. This increase,
by ~14% of the total yield at 2.5 ns, corresponds to the
separation of the largest molecular droplet ejected in this
simulation from the surface of the target. A part of this elon-
gated droplet can be seen in the upper part of the rightmost
frame shown in Fig. 2(d). The following slow monotonous
increase of the total yield corresponds to the evaporation of
the matrix molecules from the target. The evaporation during
the last 1.8 ns of the 2.5 ns simulation accounts for ~7% of
the total yield. The evaporation slows down as the tempera-
ture of the surface decreases due to the heat conduction to
the bulk of the target that occurs on the time scale of the
simulation (7,~7 ns is estimated in Sec. II), as well as due
to the evaporative cooling. The evaporation continues to con-
tribute to the total yield at the end of the simulation and one
can expect to see a gradual decrease of the evaporation rate
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FIG. 7. (Color online) Evolution of the sizes of three largest clusters ejected
in a simulation performed at a fluence of 8 mJ/cm? and polymer concentra-
tion of 6 wt %. Internal temperatures and polymer concentrations in the
clusters at early times of (a) 700 and (b) 500 ps, as well as at the end of the
simulation, 2.5 ns, are shown in the figure. The temperature values are ex-
pressed through the threshold temperature for the phase explosion, 7. In (a),
the elongated cluster disintegrates into three large and one smaller clusters at
~1.2 ns, as illustrated by insets showing the cluster at 1 and 1.3 ns.

within the following tens of nanoseconds. Note that for typi-
cal experimental conditions in MAPLE and laser ablation of
molecular systems, the laser penetration depth is typically
much larger than 50 nm used in the simulations, leading to a
much slower cooling process and a longer-term molecular
desorption. For example, in recent IR laser resonant desorp-
tion time-of-flight mass spectrometry experiments performed
for a range of molecular systems, the desorption times were
shown to extend up to several hundreds of microseconds’
and, for some systems, even up to milliseconds.® The latter
abnormally long desorption time has been attributed to the
long penetration depth and low thermal conductivity of the
molecular system.

Two stages of the ejection process discussed above for
the total yield can be also identified in the time dependence
of the number of monomers shown in Fig. 6(b). The initial
raise in the number of monomers during the first 500 ps of
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the simulation corresponds to the explosive release of the
vapor during the decomposition of the overheated target.
This is followed by a slower increase due to the evaporation
from the target and liquid droplets, as well as thermal de-
composition of small molecular clusters. The evaporation
slows down as the temperatures of the droplets and target
surface are decreasing, but it still remains noticeable at
2.5 ns after the laser pulse.

The extent to which the evaporation affects the sizes of
the matrix-polymer droplets can be seen from Fig. 7, where
the evolution of the three largest clusters ejected in the simu-
lation discussed above is shown. The largest cluster separates
from the target at ~650 ps, as reflected by the jump in the
total yield in Fig. 6(a). This cluster has an extended elon-
gated shape and it disintegrates into three large and one
smaller fragments between 1 and 1.3 ns. The snapshots of
the cluster before and after the disintegration are shown in
the insets in Fig. 7(a). The decrease of the size of the clus-
ter(s) before and after the disintegration reflects the evapora-
tion process that clearly slows down by the time of 2.5 ns.
The decrease of the rate of evaporation can be related to the
evaporative cooling of the cluster(s), which leads to the de-
crease of the temperature from 87 to 72-73% of the thresh-
old temperature for the phase explosion, 7", defined in Sec.
111

Similarly, two large clusters for which the size evolution
is shown in Fig. 7(b), are emerging from the phase explosion
at 500 ps with temperatures as high as 0.927" and 0.937",
but cool down to temperatures of 0.707" and 0.727" by the
time of 2.5 ns. The rate of evaporative cooling has strong
temperature dependence, with the most active cooling occur-
ring within the first nanosecond after the laser pulse. Impor-
tantly, the quickly decreasing rates of evaporation of the
ejected clusters suggest that the sizes and compositions of
the clusters observed at 2.5 ns are close to the ones to be
expected at the time when they reach the substrate in
MAPLE deposition of polymer films.

Since in all simulations the polymer molecules are
ejected only as parts of large matrix-polymer droplets/
clusters that do not have enough thermal energy to evaporate
during the flight to the substrate, one can expect that the
growth of polymer films in MAPLE proceeds mainly
through the deposition of matrix-polymer clusters. This ob-
servation goes against the notion of the ejection and transport
of individual polymer molecules in MAPLE,'™ and provides
a hint for explaining the observed surface roughness in the
experimental AFM and SEM images.”’14’]8’23_25’27_30 In par-
ticular, the deposition and subsequent evaporation of a sig-
nificant amount of volatile matrix can be related to the for-
mation of wrinkled surface features observed in recent
MAPLE experiments.18’30 The connections between the ejec-
tion of large matrix-polymer droplets in MAPLE, predicted
in the simulations, and the resulting morphological charac-
teristics of the growing films, observed in experiments, are
summarized in Sec. VI.

The collective and explosive character of the processes
responsible for the initial emission and acceleration of the
ablation plume in MAPLE results in a strongly forward
peaked ejection, with high flow velocities in the direction
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FIG. 8. (Color online) Flow velocities in the direction normal to the surface
shown for the ejected matrix molecules and clusters containing polymer
molecules as a function of the distance from the initial surface of the target.
The velocities are plotted for three different times, 0.1, 0.5, and 1 ns, during
the simulation performed with a fluence of 8 mJ/cm? and polymer concen-
tration of 6 wt %. The small black dots show the average velocities of the
matrix monomers. The large colored circles show the velocities of indi-
vidual molecular clusters containing polymer molecules, with color indicat-
ing the number of polymer chains in the clusters, from red color used for
clusters containing more than ten polymer chains to blue color used for
clusters with only one chain.

normal to the surface of the target. The flow velocities of
matrix molecules and clusters containing polymer molecules
are shown in Fig. 8 as a function of the distance from the
initial surface. As early as 100 ps after the beginning of the
laser pulse, we observe the ejection of matrix molecules with
the maximum velocity as high as 3.2 km/s. As the ablation
plume expands, some of the matrix molecules experience
additional acceleration up to 4.6 km/s. At the same time,
most of the clusters containing polymer molecules have the
flow velocities in hundreds of m/s, with only several rela-
tively small clusters moving faster than 1 km/s. All plume
components, including the largest droplets, have the identical
linear dependences of the flow velocity on the distance from
the surface, characteristic of the free-expansion model. This
suggests that the clusters of different sizes acquire their ve-
locities at the early stages of the ablation process and move
along with the matrix molecules with the same velocities.
The forwarded ejection of different plume components
can be illustrated by angular distributions of molecules and
clusters of different sizes shown in Fig. 9 for two simulations
performed at the same laser fluence of 8 mJ/cm? for a pure
matrix target and a MAPLE target with 6 wt % polymer
loading. While both individual matrix molecules and clusters
have forward-picked angular distributions, the clusters of
higher mass exhibit a higher degree of forward peaking. This
observation can be related to the origin of the axial (normal
to the surface) and radial (parallel to the surface) velocity
components of the ejected species. The axial velocities of
molecules and clusters are largely defined by the collective
ejection process driven by the explosive decomposition of
the overheated matrix and have a weak mass dependence.
Indeed, the axial velocity of a molecule or a cluster depends
on its location in the plume, Fig. 8, which, in turn, is related
to the dynamics of the ablation plume formation resulting in
a spatial segregation of clusters of different sizes in the ex-
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FIG. 9. (Color online) Angular distributions of the ejected molecules and
clusters of different sizes in simulations performed at a fluence of 8 mJ/cm?
for (a) pure matrix and (b) MAPLE target with a polymer concentration of
6 wt %. To provide a statistically adequate representation of the distributions
for large clusters, the distributions are plotted for groups of clusters, as
indicated in the legends. The densities of molecules/clusters per solid angle
are normalized to the maximum of the distributions. The distributions are
shown for 1 ns after the beginning of the laser pulse.

panding plume.47 The radial velocity components of mol-
ecules and small clusters, on the other hand, are largely de-
fined by local thermalization in the plume, resulting in
narrower “thermal” distributions of the radial velocities for
larger/heavier clusters. Thus, the clusters of higher mass ex-
hibit a larger disparity between the axial and radial velocity
components, resulting in a sharper forward peaking of the
angular distributions, Fig. 9. The thermalization may be in-
complete for the largest droplets, in which case the radial
velocity components also reflect the dynamics of the ejection
process. Somewhat broader angular distributions of small
clusters and monomers observed in Fig. 9 for MAPLE target
can be attributed to the restraining effect of the entangled
polymer molecules on the ejection process (see Sec. III),
leading to the decrease of the axial components of the ejec-
tion velocities as compared to a pure matrix target irradiated
at the same laser fluence.

Experimentally, highly forward peaked angular distribu-
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tions of ejected molecules have been observed in laser abla-
tion of molecular solids, e.g., Refs. 81 and 82, whereas the
stronger focusing of clusters toward the surface normal can
be related to the weak mass dependence of the ejection ve-
locities and higher degree of forward peaking observed for
heavier analyte molecules in MALDI.**% Similarly to the
matrix-polymer clusters in MAPLE, the large biomolecules
in MALDI are entrained into the plume of smaller matrix
molecules and move along with the matrix molecules with
the same flow velocities in the direction normal to the sur-
face of the target.”’40

In all simulations performed above the ablation thresh-
old, the ejected plume consists of a mixture of individual
matrix molecules, small matrix clusters, and larger clusters/
droplets composed of both matrix molecules and polymer
chains. The results of the simulations suggest that the poly-
mer molecules are ejected and transferred to the substrate in
MAPLE experiments as parts of large molecular clusters.
The size distribution of the ejected clusters, therefore, is an
important characteristic of the MAPLE process as it defines
the homogeneity and morphology of the deposited polymer
films. Typical cluster size distributions are shown in Fig. 10
for simulations performed at the same laser fluence of
8 mJ/cm? and polymer concentrations of 0, 1, 3, and
6 wt %. The yield is normalized to the number of matrix
monomers and is calculated at 1 ns after the beginning of the
laser pulse. For all concentrations, we observe cluster-size
distributions that can be relatively well described by a power
law of the form Y(N) o N~' with exponents different for low-
and high-mass clusters (N is the size of a cluster that can be
defined as the total mass or the number of matrix molecules
and polymer units/mers in the cluster). The steep size depen-
dence observed for small clusters (up to 20 molecules) cor-
responds to the power-law exponents (—z) in the range from
—3.69 to —3.59. The decay is much slower in the high-mass
region of the distributions that can be described by a power
law with two to three times larger exponent, from —1.43 to
-1.35.

In all simulations performed in this work at laser flu-
ences above the ablation threshold, we observe bimodal
power-law cluster size distributions similar to the ones pre-
sented in Fig. 10. The values of the power-law exponents are
given in Fig. 11 for three polymer concentrations and flu-
ences ranging from 4 to 9 mJ/cm?”. The exponents for small
clusters are in the range from —4.1 to —3.5, whereas for
larger clusters power-law exponents between —1.6 and —1.1
are determined from the fits. An apparent lack of any corre-
lation between the values of power-law exponents and poly-
mer concentration, as well as a weak dependence of the clus-
ter size distributions on fluence suggest that the bimodal
power-law cluster size distribution may be a general charac-
teristic of the ablation plume generated as a result of an
explosive decomposition of a target region overheated above
the limit of its thermodynamic stability.

Similar bimodal power-law cluster size distributions
have been observed earlier in MD simulations of laser abla-
tion of one-component molecular targets.47 Moreover, recent
analysis of high-resolution SEM images of thin polymer
films deposited in MAPLE at three different laser fluences
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FIG. 10. Cluster size distributions in the ablation plume at 1 ns after the beginning of the laser pulse in simulations performed at a fluence of 8 mJ/cm? for
pure matrix (a) and MAPLE targets with polymer concentrations of 1 (b), 3 (c), and 6 wt % (d). The yields of clusters are normalized to the number of
individual matrix molecules shown in Fig. 5. Bimodal power-law distributions Y(N) =N~ are observed in all simulations, where N is the number of matrix

molecules and polymer units (mers) in clusters.

reveals that the mass distributions of the distinct polymer
surface features can be well described by a power law with
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FIG. 11. (Color online) Fluence dependence of the exponents in the bimodal
power-law fits of the cluster size distributions, such as the ones shown in
Fig. 10. The exponents for small (up to 20 molecules) and large (more than
20 molecules) clusters are shown for 1 ns after the beginning of the laser
pulse in simulations performed for MAPLE targets with polymer concentra-
tions of 1 wt% (red squares), 3 wt % (green circles), and 6 wt % (blue
triangles).

exponent of -1.6.°%" The results of the simulations pre-

sented in this paper suggest that the polymer molecules in
MAPLE are ejected within large matrix clusters that have a
weak cluster size dependence on the polymer concentration.
Evaporation of the volatile matrix in-flight and after the
deposition to the substrate is likely to be responsible for the
formation of the surface polymer features observed in the
SEM images of MAPLE deposited films. Therefore, the mass
of the large matrix-polymer clusters and the mass of the
polymer features generated by evaporation of matrix from
the deposited clusters can be expected to have similar distri-
butions. Indeed, the experimental power-law exponent of
—1.6 is close to the ones predicted in the simulations for the
high-mass parts of the cluster size distributions, from —1.6 to
—1.1. An additional moderate decrease of the power-law ex-
ponent (increase of the absolute value) due to in-flight
breakup processes at longer times can be expected in the
simulated distributions, as suggested by recent MD simula-
tions of long-term (up to 1 us) evolution of clusters ejected
in sputtering of gold taurgets.88 This decrease would bring the
range of the power-law exponents predicted in simulations
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for the high-mass parts of the cluster size distributions even
closer to the ones measured in the MAPLE experiments.
Note that quantitative comparison of the actual sizes of mo-
lecular clusters ejected in MAPLE experiments and simula-
tions is not possible. Much larger molecular clusters, compa-
rable to the laser penetration depth, can be expected to be
generated in MAPLE experiments (laser penetration depth is
~4.0 pum in experiments30’87 and ~50 nm in simulations).
Molecular-level simulations of such clusters are far beyond
the current computational capabilities. Nevertheless, the fact
that the simulations and experiments are performed in the
same physical regime of thermal confinement (see Sec. II),
as well as a good agreement between the cluster size distri-
butions observed in the simulations and experiments, support
the notion that the same ejection mechanisms are responsible
for the generation of clusters in MAPLE simulations and
experiments.

Interestingly, the observation of power-law cluster size
distributions with different exponents for small and large
clusters correlates with similar results obtained in sputtering
experiments. While small exponents in the range from -9 to
-3 typically result from power-law fits to the sputtering
yields of small clusters measured in mass spectrometry
methods,* ! larger exponents of around —2 are reported
based on transmission electron microscopy (TEM) analysis
of significantly larger clusters (more than 500 atoms) depos-
ited on a TEM transparent collector grid.92 Similarly, recent
mass spectrometry analysis of the sputtering yield from an
indium target bombarded with 15 keV Xe™ ions reveals that
a power-law distribution with smaller exponent of —3.9 is
suitable for the description of the abundance of small clusters
composed of less than 20 atoms, whereas a larger exponent
of —2.1 results from the power-law fit for larger clusters.”

The close quantitative match between the cluster size
distributions observed in sputtering and laser ablation simu-
lations points to a possible similarity between the processes
responsible for the material ejection in ion beam sputtering
and laser ablation.”*™° In particular, although the complex
character of the ablation and sputtering processes makes it
difficult to establish direct links to the existing theoretical
models that predict power-law cluster size distributions,”” %
the existence of the two, low- and high-mass, regions in the
cluster size distributions may point to the different origins of
the small and large clusters. Connecting to the processes
leading to the ablation plume formation discussed in Sec. III,
the majority of monomers and small clusters are released in
the explosive decomposition of the overheated material into
the liquid and vapor, whereas the larger clusters appear as a
result of decomposition and coarsening of the transient struc-
ture of interconnected liquid regions.47 Similarly, the ejection
of small clusters in sputtering experiments has been attrib-
uted to the fast collisional processes immediately following
the ion impact, whereas generation of large clusters is related
to collective atomic motions occurring at longer time
scales.”

J. Appl. Phys. 102, 074914 (2007)

V. TARGET MODIFICATION BY A LASER PULSE:
IMPLICATIONS FOR MULTIPULSE IRRADIATION
REGIME

Experimentally, MAPLE film depositions are always
performed in a multipulse laser irradiation regime and sig-
nificant structural, morphological, and compositional
changes may accumulate in the surface region of a target
irradiated by multiple laser pulses. Even though the direct
MD simulation of the effect of repetitive multipulse laser
irradiation is not feasible, analysis of the state of the target
after irradiation by a single laser pulse can provide insights
into the character of changes in the ablation process that may
be associated with multipulse irradiation.

Snapshots of the MAPLE target surfaces taken at the
ends of the simulations, Fig. 12, reveal general characteris-
tics of the new surface regions left behind by the ablation
process. The initial polymer concentration appears to be an
important factor defining the dynamics of the material ejec-
tion and the final surface morphology. In the simulations
performed for targets with 1 wt % polymer loading, Fig.
12(a), the new surfaces tend to be smooth. The relatively
small bumps, observed for simulations performed at 5 and
7 mJ/cm?, are likely to spread along the surface and disap-
pear with time. On the contrary, the surfaces generated by
laser ablation of MAPLE targets with 3 and 6 wt % polymer
concentrations exhibit much higher degree of roughness,
with elongated filaments observed in many of the simula-
tions. The filaments are generated in the course of the de-
composition of the foamy transient liquid-vapor structure
emerged from the explosive decomposition of the overheated
surface region of the target (see Sec. III). The presence of
polymer chains in MAPLE targets stabilizes the liquid struc-
tures, increases viscosity of the matrix-polymer solution, and
slows down the morphological relaxation of the surface. Fast
evaporation of the volatile matrix molecules leads to both
cooling of the surface structures and increase in the polymer
concentration in the surface region of the target. Large
surface-to-volume ratio of the filament structures facilitates
the evaporative cooling and eventual freezing/solidification
of the surface morphologies. One can expect, therefore, that
the final resolidified surfaces would have complex morpholo-
gies that would include bumps, voids, complex meshlike
structures, as well as a prominent presence of collapsed elon-
gated filaments. The formation of elongated filaments can be
related to experimental observations of ‘“nanofibers” pro-
duced by laser ablation on surfaces of polymer and biopoly-
mer targets.&_65 While the initial state of the targets used in
these experiments is different from polymer solution used in
MAPLE, pulsed laser irradiation of a polymer target gener-
ates a viscous fluid composed of overheated volatile products
of photothermal and photochemical polymer decomposition
reactions mixed with polymer molecules and fragments,
bringing the state of the material in the surface region of the
irradiated target closer to the one characteristic for MAPLE
experiments.

In addition to the formation of rough target surface mor-
phology, simulations predict that the composition of the sur-
face region of the target can be significantly altered by the
ablation process. The time evolution of the average tempera-
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FIG. 12. (Color online) Snapshots of the target surface region taken at the
end of the simulations performed for MAPLE targets with polymer concen-
trations of 1 (a), 3 (b), and 6 wt % (c). Laser fluences are shown above the
snapshots and the times the snapshots are taken are shown below the snap-
shots. The polymer chains are shown in blue and are superimposed on top of
the image of matrix molecules shown in the background.

ture and polymer concentration in a MAPLE target with an
initial concentration of 6 wt % irradiated at a laser fluence of
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FIG. 13. Evolution of the average temperature and the polymer concentra-
tion in the surface region of a MAPLE target with initial polymer concen-
tration of 6 wt % irradiated by a 50 ps laser pulse at a laser fluence of
8 mJ/cm? (a), and the distributions of the polymer concentration and the
density of the molecular material at the end of the simulation (b). The values
of temperature and concentration in (a) are averaged over the remaining part
of the original 60 nm deep surface region represented in the simulation. The
temperature values in (a) are normalized to the threshold temperature for the
phase explosion, 7". The density of the molecular material in (b) is normal-
ized to the density in the original target, p,. The initial polymer concentra-
tion profile is shown schematically by a dash-dotted line, whereas the solid
lines are just guides to the eye showing trends in the variation of the poly-
mer concentration in (b). The arrow in (a) corresponds to the separation of a
large cluster, shown in the left inset in Fig. 7(a), from the target at 650 ps.

8 mJ/cm? is shown in Fig. 13(a). The values of temperature
and concentration are averaged over the remaining part of
the original 60 nm deep surface region represented in the
MD simulation. This region is gradually shrinking during the
ablation process due to the emission of molecules and clus-
ters. The initial sharp increase of the polymer concentration
during the first 300 ps corresponds to the active evaporation
of matrix molecules from the surface. The evaporation con-
tinues past 300 ps but the average concentration of the target
drops due to the disintegration of the transient foamy matrix-
polymer structure and separation of multiple polymer-rich
clusters, see Fig. 2(d) and a frame for 8 mJ/cm? in Fig. 3(c).
The emission of clusters ceases by ~500 ps and evaporation
from an extended liquid structure connected to the target [see
snapshot at 600 ps in Fig. 2(d)] contributes to the additional
increase of the average polymer concentration of the target.
A large part of this liquid polymer-rich structure separates at
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~650 ps [see snapshot at 800 ps in Fig. 2(d) and an inset in
Fig. 7(a)], leading to the drop of the average polymer con-
centration shown by the arrow in Fig. 13(a). Further increase
of the polymer concentration in the surface region of the
target corresponds to the continued evaporation of matrix
molecules. The gradual decrease of the rate of the polymer
concentration increase (slope of the concentration—time de-
pendence) after 700 ps corresponds to a slow evaporative
cooling of the surface, whereas a discontinuous change of the
rate from 600 to 700 ps corresponds to the drop in the sur-
face area due to the separation of the elongated liquid droplet
at ~650 ps.

Note that the temperature of the target at the end of the
simulation, 2.5 ns, is 0.87", significantly higher than the tem-
perature of the large clusters ejected in this simulation, rang-
ing from 0.70 to 0.73T", Fig. 7. This observation seems
counterintuitive at the first sight, as the clusters are ejected
from the upper regions of the target where the energy density
deposited by the laser pulse is higher. The lower temperature
of the clusters, however, can be explained by the fast initial
cooling provided by a vigorous explosive phase separation
occurring in the upper part of the target, as well as by a more
active evaporative cooling at later times due to the large
surface-to-volume ratio in the clusters.

The distributions of the polymer concentration and the
density of the molecular material at the end of the simulation
are shown in Fig. 13(b). The density distribution reflects the
visual picture of the surface morphology shown in a frame
for 8 mJ/cm? in Fig. 12(c). The density below —40 nm cor-
responds to almost 80% of the initial density of the frozen
target and we can define this level as a ground level of the
new surface. The polymer concentration in the new surface
region of the target (below —40 nm) is higher than the origi-
nal 6 wt % concentration by ~1 wt %. The average polymer
concentration in the elongated liquid structure connected to
the target is significantly higher than the original one and
increases up to more than 10 wt % further away from the
new target surface. The only region where the polymer con-
centration is below the original 6 wt % is a thin molecular
bridge (from —40 to —15 nm) connecting the extended liquid
droplet with the bulk of the target. The average velocity of
the liquid structure in the direction normal to the surface is
still positive (directed away from the target) and has a value
of 20 m/s. It is possible that the liquid structure would sepa-
rate from the target at a later time. Similarly, positive average
velocity of 1 m/s is calculated for the liquid structure stick-
ing out of the new surface in a simulation with C=6 wt %
and F=5ml/cm? Fig. 12(c), and average velocity of
53 m/s is calculated for the liquid structure in a simulation
with C=3 wt % and F=7 mJ/cm?, Fig. 12(b). Regardless of
the outcomes of these particular simulations, all of the fol-
lowing scenarios of the fate of the large elongated polymer-
rich liquid droplets are possible: freezing and collapse on the
target surface contributing to the formation of the complex
surface morphology; separation and slow flight away from
the target with possible deposition to the substrate contribut-
ing to the roughness of the deposited polymer films; and
separation and redeposition to the target within or outside the
laser spot.

J. Appl. Phys. 102, 074914 (2007)

Although the increase of the polymer concentration in
the surface region of the irradiated target is not dramatic and
is limited to one to several wt %, the molecular ejection is
clearly nonstoichiometric and becomes more nonstoichio-
metric with time (average polymer concentration in the
plume in the simulation illustrated in Fig. 13 is 4.98 wt % at
1.5 ns, 4.89 wt % at 2 ns, and 4.81 wt % at 2.5 ns). One can
expect that the effect of the increasing polymer concentration
in the target may accumulate in the course of repetitive mul-
tipulse irradiation, especially at low laser fluences, close to
the ablation threshold, and for targets with low initial poly-
mer loading. As the concentration of polymer molecules in
the surface region of the target increases, a polymer density
gradient may hamper the evaporation of the volatile matrix
vapor generated in a subsurface region, leading to the forma-
tion of voids, bubbles, and overall swelling and foaming of
the target, as observed in a recent MAPLE experiment69 and
commonly reported for laser ablation of polymers and bio-
logical tissues.®> % This scenario has a common origin with
the formation of a polymer density gradient acting as a bar-
rier for solvent evaporation from a solvent-polymer
system101 investigated in recent MD simulations,'? as well
as with the generation of transient “molecular balloons” re-
vealed in the simulations of the evolution of matrix-polymer
droplets ejected in MAPLE.*

In addition to the direct effect on the mechanisms of
molecular ejection, the compositional and morphological
changes in the surface region can have implications on opti-
cal properties of the surface, thermodynamic properties of
the laser-modified target material, and even heat transfer
mechanisms in the heat-affected region of the taxrget.68

VI. DISCUSSION OF THE IMPLICATIONS FOR MAPLE

The development of MAPLE technique has been driven
by the desire to achieve deposition of ultrathin homogeneous
organic films with precise thickness control and minimum
modification of the chemical structure and functionality of
the deposited molecules. Thus, two main objectives of
MAPLE are as follow: (1) to avoid photochemical and pho-
tothermal molecular fragmentation (bond scission), charac-
teristic for PLD, and (2) to achieve deposition of highly uni-
form thin films that cannot be produced by solvent-based
coating methods. These objectives are thought to be met by
achieving a soft matrix-assisted ejection and deposition of
individual molecules with minimal thermal or photochemical
fragmentation.

The simulations presented in this paper do support the
notion of minimal chemical modification of polymer mol-
ecules in MAPLE film deposition, also confirmed in a recent
MALDI mass spectrometry analysis of  poly(3-
hexylthiophene) (P3HT) films deposited by MAPLE.”” In-
deed, we do not detect any photothermal bond scission
events in any of the simulations performed for polymer con-
centrations up to 6 wt % and laser fluences up to more than
twice the ablation threshold. Although more violent phase
explosion at higher fluences or stronger polymer entangle-
ment at larger polymer concentrations may cause some bond-
breaking reactions, the fraction of the broken bonds would
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still be significantly smaller than in the ablation of polymer
targets in PLD. In fact, the purely photothermal model for
laser ablation of polymer targets stipulates a certain critical
number of broken chemical bonds for the initiation of the
ablation process, e.g., Refs. 103—105. In recent MD simula-
tions of polymer ablation'® it was found that in the thermal
regime, without direct photofragmentation reactions, the
critical number of broken chemical bonds is about 10% even
for small PMMA molecules (19-mers). The critical fraction
of the broken bonds is likely to be higher for polymers with
higher molecular weight, as suggested by recent experimen-
tal investig21ti0ns.67’107 Thus, while the dissociation of chemi-
cal bonds appears to be unavoidable in PLD, MAPLE tech-
nique provides an attractive opportunity for deposition of
polymer molecules without any significant chemical modifi-
cation and reduction of the molecular weight.

Another premise of MAPLE, the fabrication of smooth
films through molecule-by-molecule deposition, appears to
be more challenging, if not impossible, to achieve. Our simu-
lations show that polymer molecules are always ejected as
parts of matrix-polymer clusters with a broad cluster size
distribution. The ejection of molecular clusters and droplets
is inherently connected to the basic mechanism of laser
ablation—explosive decomposition of a surface region of the
target overheated up to the limit of its thermodynamic stabil-
ity. The simulations predict that the “phase explosion” pro-
ceeds through the formation of a foamy transient structure of
interconnected liquid regions that subsequently decomposes
into a mixture of liquid droplets and gas-phase matrix mol-
ecules. Smaller clusters tend to originate from the upper
parts of the emerging ablation plume, whereas larger droplets
are lagging behind and tend to have smaller ejection veloci-
ties, but all of these clusters/droplets are unavoidable prod-
ucts of the collective material ejection process (ablation).

The presence of polymer molecules in MAPLE targets
stabilizes the transient liquid structures generated in the ex-
plosive disintegration of the overheated matrix, increases
viscosity of the liquid, and facilitates the formation of intri-
cate elongated structures that can either reach the substrate
and contribute to the roughness of the deposited film or re-
main at the target, leading to the formation of complex sur-
face morphology. Although the results of the simulations go
against the original notion of the ejection and transport of
individual polymer molecules in MAPLE, '™ they provide an
explanation for the significant surface roughness often ob-
served upon close examination of the deposited films, e.g.,
Refs. 11, 14, 18, 24, 25, and 27-32. Moreover, the unusual
elongated shapes of the deposited surface features'™"*" can
be related to the formation and ejection of long filaments
observed in the simulations. The ejection of the filaments
becomes more pronounced with increasing polymer concen-
tration in the target.

The wrinkled “deflated balloon” surface features, ob-
served in recent MAPLE experiments,l&30 can also be ex-
plained based on the ejection of large matrix-polymer drop-
lets predicted in the simulations.” It has been demonstrated
in a series of targeted MD simulations that an internal release
of the matrix vapor in a large matrix-polymer droplet is ca-
pable of pushing the polymer molecules to the outskirts of
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FIG. 14. (Color online) Schematic representation of the scenario for the
formation of the experimentally observed “deflated balloon” surface features
suggested based on the results of the simulations discussed in Ref. 32.

the droplet, thus forming a transient molecular balloon ex-
panding under the action of the internal vapor pressure. Ac-
tive evaporation of matrix molecules from the surface of the
droplet contributes to the formation of a polymer-rich surface
layer, hampering the escape of the remaining matrix mol-
ecules. Following the deposition of the molecular balloon on
a room-temperature substrate, the volatile matrix material
enclosed by a polymer-rich layer expands and makes escape
passes through the polymer layer, leaving behind character-
istic wrinkled polymer structures. This scenario is schemati-
cally illustrated in Fig. 14 and discussed in more detail in
Ref. 32.

The following important practical question follows from
the above discussion of the simulation results. Is it possible
to avoid or minimize the deposition of molecular clusters in
MAPLE and achieve a molecule-by-molecule deposition of
ultrathin polymer films without any significant roughness by
selecting an appropriate set of MAPLE parameters? Below
we briefly discuss some of the possible directions aimed at
eliminating or minimizing the cluster ejection in MAPLE.

() An increase in the laser pulse duration may result in
the rates of laser energy deposition commensurate
with the surface evaporation regime. While evapora-
tion from the surface would not involve cluster ejec-
tion, the evaporating matrix molecules are unlikely to
entrain any polymer molecules. Indeed, in MALDI
experiments measuring both directly ejected ions and
postionized neutral molecules, the neutral matrix mol-
ecules are observed at lower laser fluences as com-
pared to the analyte molecules (and ions).”’ Compu-
tational investigations of MALDI mechanisms®’
provide explanation of these observations by suggest-
ing that the ejection of large analyte molecules can
only take place above the threshold for collective
ejection of matrix (ablation), whereas evaporation of
matrix molecules starts at significantly lower fluences.
Another analogy illustrating the inability of evapora-
tion to provide conditions for molecular entrainment
can be drawn to buffer-layer-assisted methods for
deposition of metal clusters and laser
patterning.mg_110 In these methods, a buffer layer
made of frozen inert gas atoms or volatile molecules
is exposed to atoms evaporated from a hot source,
leading to condensation of small polyatomic clusters
of the source material. In the following slow thermal
annealing, the buffer layer atoms evaporate around
the deposited clusters, leading to the soft landing of
the clusters to the substrate. The removal of the clus-
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ters requires much larger heating rates that can be
achieved by short pulse laser irradiation leading to the
fast collective ejection (ablation) of the buffer
layer.log’110 Thus, one can conclude that evaporation,
the process originally thought to be responsible for
the molecular transfer in MAPLE and ingrained in the
name of the technique, matrix-assisted pulsed laser
evaporation, cannot be used for deposition of thin
films composed of intact polymer molecules.

(IT) A decrease of the polymer concentration in a MAPLE
target would result in smaller amounts of polymer
material in the ejected clusters, thus reducing the size
of the polymer features generated within the growing
film by evaporation of the volatile matrix from the
deposited matrix-polymer clusters. The formation of
the extended filaments is also minimized at low poly-
mer concentrations [e.g., compare the shapes of the
large droplets in Fig. 12(a) with the ones in Figs.
12(b) and 12(c)]. The problem with using MAPLE
targets with low polymer concentrations is the de-
crease of the efficiency of the technique for the poly-
mer film fabrication. Moreover, the polymer concen-
tration in the surface region of the target can go up in
a multipulse irradiation regime, as suggested by the
analysis presented in Sec. V.

(IIT)  Assuming that the ejection of matrix-polymer clusters
(and associated nonuniform deposition of the polymer
material) is unavoidable in MAPLE, the roughness of
the growing films can be, at least partially, controlled
by changing the temperature of the substrate. Indeed,
the initial studies of the effect of the substrate
temperaturez‘c”n’69 on the morphology of films depos-
ited in MAPLE indicate that individual surface fea-
tures become less distinct as the substrate temperature
approaches or exceeds the polymer glass transition
temperature, and disappear/merge at temperatures
close to the polymer melting temperature.25 The
prominent presence of matrix molecules in the
clusters/droplets reaching the substrate, predicted in
the simulations, should be taken into account in inter-
pretation of the temperature effect on the roughness of
the deposited film. In particular, the glass transition
temperature of the deposited polymeric material can
be significantly reduced by the presence of residual
matrix molecules, explaining the observation of
changes in the shapes of the deposited surface fea-
tures at temperatures well below the glass transition
temperature of the deposited polymer.69 An observa-
tion of a significant increase in roughness of MAPLE-
deposited P3HT films observed as substrate tempera-
ture is elevated from —30 °C (below the melting
temperature of orthoxylene used as matrix, =25 °C)
to the room temperature27 may also be related to the
redistribution and evaporation of the matrix content of
the deposited film at the higher temperature. Thus,
while the underlying processes responsible for the
temperature dependence of the roughness of MAPLE-
deposited films are not completely understood and
may be affected by the thermodynamic and thermo-
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chemical properties of matrix and polymer molecules,
the control of the substrate temperature and postdepo-
sition thermal treatment are providing additional av-
enues for improving the uniformity of the deposited
films.
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