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Current biotechnology and sensor research has enhanced the drive to establish viable methods for
depositing high-quality polymer thin films. In this research, thin films of poly�methyl methacrylate�
�PMMA� were prepared by matrix-assisted pulsed-laser evaporation �MAPLE�. Up to 2 wt % of
carbon nanotubes were subsequently added to MAPLE target systems for deposition of polymer
nanocomposite films. Targets were ablated using a 248 nm �KrF� laser at fluences ranging from
0.045 to 0.75 J /cm2. In addition, polymer concentration in MAPLE targets was varied between 1
and 5 wt % relative to the matrix solvent, in this case toluene. Films were deposited on Si substrates
at room temperature in an Ar atmosphere. Molecular-dynamics simulations of MAPLE were utilized
for interpretation of experimental observations. Particularly, the ejection of large clusters consisting
of both PMMA and toluene molecules was studied and related to the observed morphology of the

deposited films. © 2006 American Vacuum Society. �DOI: 10.1116/1.2167980�
I. INTRODUCTION

Matrix-assisted pulsed-laser evaporation �MAPLE� was
originally developed as a “gentle” alternative to conventional
pulsed-laser deposition �PLD� of organic molecules.1 Since
its conception, MAPLE has been utilized for depositing a
wide range of organic materials, including polymers,2–4 poly-
mer nanocomposites,5 and chemoselective polymers.1

Carbon-nanotube-reinforced polymer thin-film growth is
currently a thriving field of research due to the useful prop-
erties that nanocomposite thin films tend to exhibit.6–12 Poly-
mer thin films infused with carbon nanotubes �CNTs� often
display enhancements in properties such as light emission,
mechanical moduli, and electrical conductivity over the
polymer matrix alone.6–8 The levels at which these enhanced
films perform is directly related to the arrangement of indi-
vidual CNTs relative to one another. The tendency of CNTs
to agglomerate makes uniform CNT dispersion and orienta-
tion throughout a polymer matrix difficult using conventional
deposition techniques. The laser-assisted approach to
polymer-CNT thin-film growth could provide an attractive
alternative to conventional thin-film fabrication processes.

The work presented in this article studies the effects laser
fluence and target polymer loading have on polymer thin-
film formation during MAPLE as an initial step in the devel-
opment of polymer nanocomposite thin films. Coarse-
grained molecular-dynamics simulations are performed in
parallel with experiments, assisting in the interpretation of
the morphological features observed in the deposited films.

II. EXPERIMENTAL AND COMPUTATIONAL
SETUPS

Targets of poly�methyl methacrylate� �PMMA, Mw

=15 000� dissolved in toluene were prepared with polymer
concentrations of 1, 3, or 5 wt % by ultrasonication and flash
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freezing in liquid nitrogen for 300 s �Tmelt toluene �178 K�.
Toluene was selected as the matrix solvent due to both its
high absorption in the UV and its dissolution characteristics.
Depositions were performed onto p-type, single-crystal Si
substrates at a distance of 7 cm from the target. The chamber
was initially pumped down to a base pressure of 2
�10−5 Torr prior to the deposition. By throttling the vacuum
systems during deposition, the pressure was stabilized at
100 mTorr while maintaining a continuous Ar flow of
3 SCCM �standard cubic centimeter per minute�. The laser
fluence was varied from 0.045 to 0.75 J /cm2 using a pulsed
excimer laser ��=248 nm, 25 ns full width at half maximum
�FWHM�� operating at a frequency of 5 Hz. To minimize
target surface effects, dynamic rastering of the beam was
performed. The surface characteristics of the deposited films
were characterized using a JEOL 6700 scanning electron
microscope �SEM�.

A coarse-grained molecular-dynamics model combining
the “breathing sphere” model13,14 for representation of matrix
molecules and the “bead-and-spring” model15 for polymer
molecules was utilized in MAPLE simulations. A com-
putational cell with dimensions of 40�40�60 nm
��650 000 molecules� was used in the simulations, with the
polymer chains randomly and uniformly distributed through-
out the sample. Each chain contained 100 monomer units,
with each unit being of the same molecular weight as a
single-matrix molecule, 100 Da. This number corresponds to
the actual weight of a PMMA monomer and is close to the
actual weight of a toluene molecule, 92 Da. The simulations
were performed for a range of laser fluences and PMMA
concentrations of 1, 3, and 6 wt %.

A 50 ps laser-pulse duration and 50 nm penetration depth
were used in the simulations to reproduce the experimental
regime of thermal confinement. The condition for the ther-
mal confinement of the deposited laser energy can be ex-
pressed as �p��th= �Lp

2� / �ADT�, where DT is the thermal

diffusivity of the irradiated material, Lp is the laser penetra-
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tion depth or the size of the absorbing structure, and A is a
constant defined by the geometry of the absorbing region.14

The pulse duration of 50 ps is short relative to the character-
istic thermal diffusion time across the absorption depth, �th

�250 ps, but longer than the mechanical equilibration time
of the absorbing volume, �s�Lp /Cs�38 ps, where Cs is the
speed of sound in the irradiated material. Therefore, these
simulations are in the regime of thermal confinement, but not
in the regime of thermoelastic stress confinement. Similarly,
for experiments, �th and �s can be estimated to be �90 �s
and 3 ns, respectively, also placing experimental conditions
in the thermal confinement regime.

In the thermal confinement regime, heat conduction does
not contribute to the energy redistribution during the laser
pulse and the thermal energy is largely confined within the
absorbing region. Moreover, the pulse duration in the regime
of thermal confinement is usually shorter than the time
needed for the formation and diffusion of a gas-phase bubble
in the process of heterogeneous boiling.16 As a result, the
absorbing material can be overheated far beyond the boiling
temperature, turning a normal surface evaporation at low la-
ser fluences into an explosive vaporization, or phase explo-
sion, at higher fluences.14,17

III. RESULTS AND DISCUSSION

Laser fluence and polymer loading in the target were
found to have significant effects on the surface morphology
of PMMA films, as previously shown for other MAPLE and
PLD systems.3 The size and number of surface features
tended to increase with increasing PMMA concentration.
Figures 1�a�–1�d� show representative SEM images display-
ing a film-morphology dependence on PMMA concentration
for three films deposited at a fluence of �0.45 J /cm2. As
PMMA concentration increases from �Fig. 1�a�� 1 wt % to

FIG. 1. SEM micrographs of PMMA films deposited at a laser fluence of
�0.45 J /cm2 and a PMMA concentration of �a� 1 wt % PMMA, �b� 3 wt %
PMMA, and �c� 5 wt % PMMA. �d� SEM micrograph of the PMMA film
pictured in �c� tilted 85° from the surface normal. As PMMA concentration
was increased, the mean size and number of surface features also increased.
�Fig. 1�c�� 5 wt %, the mean number and size of surface
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features also increase. Figure 1�d� is a tilted SEM micro-
graph of one of the larger surface features present on the film
pictured in Fig. 1�c�. The feature’s deflated appearance was
characteristic of many of the surface particles observed.
Similar MAPLE-induced morphological characteristics were
observed in other polymer systems using chloroform as the
matrix solvent.3 Ideally, the toluene molecules are vaporized
from the target and immediately pumped out of the chamber.
However, it has been hypothesized that for this polymer-
solvent system, clusters of material comprised of both tolu-
ene and PMMA are ejected from the target. Whether the
clusters still contain toluene molecules upon deposition onto
the substrate is still under investigation.

Figures 2�a�–2�d� show SEM micrographs of films depos-
ited at three different fluences while holding the PMMA con-
centration constant at 5 wt % relative to the solvent. For flu-
ences below 0.10 J /cm2, the number density of the surface
features increases with laser fluence. For fluences exceeding
0.10 J /cm2, however, the effect of fluence on particle num-
ber density is much less pronounced, as a sharp rise in ma-
terial ejection was observed. The film in Fig. 2�c� was
formed close to the ablation threshold for this system, which
may explain the sudden increase in material removal from
the target once the fluence reached a critical value. Figure
2�d� is a SEM micrograph showing a close up of one of the
surface features from the film pictured in Fig. 2�c�. Even at a
fluence of 0.045 J /cm2, significant clusters of material were
ablated from the target. Incidentally, the association of the
ejection of large clusters with the ablation threshold is sup-
ported by molecular-dynamics simulations, where a sharp
threshold for ablation and the ejection of a small number of

FIG. 2. SEM micrographs of PMMA films deposited using a PMMA con-
centration of 5 wt % and laser fluences of �a� 0.44, �b� 0.13, and �c�
0.05 J /cm2. �d� SEM micrograph of a surface feature present on the PMMA
film pictured in �c� at higher magnification. As laser fluence was increased
from 0.05 to 0.10 J /cm2, the number density of surface features also in-
creased. As laser fluence was increased above 0.10 J /cm2, the effect of
fluence on particle number density was less pronounced, as an abrupt in-
crease in material ejection was observed.
large particles were observed.
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The plot pictured in Fig. 3 shows the normalized yield of
deposited particles as a function of cluster mass for the films
pictured in Fig. 2. The plot was generated from representa-
tive 0.01 mm2 areas of each film. The areas of surface fea-
tures were measured and subsequently converted to volumes
using a conversion factor that was determined through care-
ful examination of tilted high-resolution SEM images of rep-
resentative surface features. The conversion factor was deter-
mined as a function of cluster size. Cluster masses were
subsequently calculated using a density value for PMMA
provided by the manufacturer. The mass-distribution trends
for the three fluences in question are similar, suggesting that
the mass distribution of deposited clusters has a limited de-
pendence on laser fluence. The mass distribution for large
clusters can be described by a power-law dependence,
Y�N��N−t, where N represents the cluster mass and t�1.6.
A similar power-law dependence with t�1.3 was reported
for size distributions of high-mass clusters in molecular-
dynamics simulations of laser ablation of molecular targets.17

The results of molecular-dynamics simulations of
MAPLE provided insight into the origin of the observed film
morphology. In the simulations, at all fluences exceeding the
ablation threshold the polymer molecules were found to be
ejected only as parts of matrix-polymer droplets/clusters. For
the same polymer concentration, a higher fluence yielded
more clusters with a broader range of sizes. Figure 4 pro-
vides a visual picture of the formation of a matrix-polymer
cluster containing five polymer chains, as observed in a
simulation performed for a target containing 3 wt % PMMA
irradiated by a 50 ps laser pulse at a fluence of 8 mJ/cm2. A
series of snapshots shows the evolution of the cluster from
400 ps after separation from the target to the time when the
cluster acquires an equilibrium spherical geometry 600 ps
later. The diameter of the cluster at 1 ns is on the order of
10 nm, which is much smaller than many of the clusters
produced experimentally, as observed via SEM. The maxi-

FIG. 3. Plot of normalized particle yield as a function of particle mass for the
three films pictured in Fig. 2. A power-law dependence was observed for
larger surface clusters, where N represents the cluster mass.
mum size of clusters ejected in the simulations is limited by
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the size of the ablation volume, which, in turn, is typically
comparable to the laser penetration depth. With laser pen-
etration depths on the order of 50 nm in simulations and
4 �m in experiments, the simulations can be considered
scaled-down versions of experiments. Therefore, the behav-
ior of the cluster illustrated in Fig. 4 can be taken to be

FIG. 4. Snapshots from the ablation plume generated in a molecular-
dynamics simulation of laser ablation of a MAPLE target with 3 wt % poly-
mer concentration. The evolution of a representative matrix-polymer cluster
is shown at different times after ejection from the target.
representative of the behavior of much larger clusters ejected
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experimentally. The changes in cluster shape are accompa-
nied by the fast evaporation of toluene molecules and the
decrease of the internal temperature of the cluster, as evident
from Fig. 5. Within 900 ps following the detachment of the
cluster, its internal temperature decreased by �300 K and
the polymer concentration in the cluster increased by
�6 wt %. As the simulation progressed, a continuous de-
crease in the rate of toluene evaporation from the cluster was
observed. Likewise, a similar trend was observed for the in-
ternal temperature of the cluster. The saturation of both com-
position and temperature suggests that the cluster composi-
tion at 1.3 ns is similar to the composition of the cluster upon
deposition onto the substrate. The polymer concentration in
the cluster at this point in time is �18 wt %. Thus, the re-
sults of the simulations suggest that clusters reaching the
surface can retain a significant amount of volatile matrix
material.

Through a merger of experimental and computational
findings, mechanisms underlying surface feature formation
can be further elucidated. Based on the experimental and
computational data gathered so far, the following scenario
for surface feature and film formations is proposed. Laser
ablation of the MAPLE target results in the ejection of large
matrix-polymer clusters. The evaporation of toluene from
these porous clusters of target material generates a polymer-
rich membrane around each cluster. The membrane effec-
tively slows down the diffusion of internal toluene mol-
ecules, inhibiting their escape from the interior of the cluster.

FIG. 5. Plot of the internal temperature �a� and polymer concentration �b� of
the cluster shown in Fig. 4 as a function of time after ejection from the
target. Both the polymer concentration and internal temperature of the clus-
ter saturate as time progresses.
As internal toluene molecules continue to evaporate, the
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polymer membrane “inflates.” Eventually, escape passages
are formed through the viscous polymer exterior, inducing a
collapse of the polymer membrane as toluene vapor is ex-
hausted from the cluster. It follows then that the wrinkled,
deflated appearance of surface features, as shown in Fig. 6, is
a result of subsequent particle collapse. The inset in Fig. 6 is
a magnified image of what may be two of the final outlets for
toluene vapor to escape.

Several depositions involving the addition of multiwalled
nanotubes �MWNTs� to PMMA-toluene solutions were per-
formed to observe the potential effects MWNTs have on the
characteristic surface morphology observed during the depo-
sition of PMMA. Although significant UV absorption by
MWNTs can be expected to decrease the overall laser pen-
etration depth of the target,18 the experimental conditions are
likely to remain conducive to matrix-polymer cluster forma-
tion. Figure 7 is a SEM micrograph of surface features ob-
served on a PMMA film infused with MWNTs. The film was
created using a polymer concentration of 3 wt %, a MWNT
concentration of 1 wt %, and a laser fluence of 0.40 J /cm2.
Like the surface features resulting from MAPLE of strictly
PMMA in toluene, the surface features in the image also
possess deflated structures, implying that even when
MWNTs are added to the target solution, clusters of material
continue to be ablated from the target and subsequently de-
posited onto the substrate in the same manner previously
described, as expected. The implications of this finding are
encouraging, as a MAPLE process developed to reduce the
surface morphology of pure PMMA films could potentially
be extended to achieve significant improvements in PMMA

FIG. 6. SEM micrograph of a PMMA surface feature illustrating the char-
acteristic deflated-balloonlike structure. Inset is a close-up image of the
feature showing the presence of pores that may act as solvent-release sites.
nanocomposite thin film morphologies.
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IV. SUMMARY

Thin films of PMMA were successfully deposited onto Si
substrates via MAPLE using toluene as the sacrificial matrix
solvent. The surface morphology of the films was character-
ized as a function of both laser fluence and polymer loading
in the target. Experiments and molecular dynamics simula-
tions were run in parallel to examine the mechanisms respon-
sible for material ejection and film formation. The morphol-
ogy of deposited films suggests that clusters of target
material containing both toluene and PMMA were ejected
from the target and subsequently deposited onto the sub-
strate. In general, increases in laser fluence and polymer con-
centration resulted in an increase in the size and number
density of surface features. Composite PMMA/MWNT films
deposited via MAPLE showed surface features similar to

FIG. 7. SEM micrograph of surface features observed on a PMMA/MWNT
film using a PMMA concentration of 3 wt %, a MWNT concentration of
1 wt %, and a laser fluence of 0.40 J /cm2. The underlying morphology of
the PMMA/MWNT film appears to be dominated by surface features similar
to those associated with previous MAPLE depositions of pure PMMA,
shown in Figs. 1 and 2.
those found in pure PMMA MAPLE films. Future work will
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further investigate surface feature formation using
controlled-temperature experiments, time-gated imaging, and
computer modeling.
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