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ABSTRACT: In the present work, we report on the application of optical near fields to nanostructuring of poly(trimethylene
terephthalate) (PTT) thin films. By exposure to a single ultraviolet nanosecond laser pulse, the spatial intensity modulation of
the near-field distribution created by a silica microsphere is imprinted into the films. Setting different angles of incidence of the
laser, elliptical or circular periodic ring patterns can be produced with periods as small as half the laser wavelength used. These
highly complex patterns show optical and topographical contrast and can be characterized by optical microscopy (OM) and
atomic force microscopy (AFM). We demonstrate the key role of the laser wavelength and coherence length in achieving
smooth, extended patterns in PTT by using excimer laser (193 nm) and Nd:YAG laser (266 nm) pulses. Reference experiments
performed in Ge,Sb,Te; (GST) demonstrate that nanopatterning in PTT is triggered by ablation as opposed to GST, in which
nanopatterning originates from laser-induced phase change, accompanied by a small topographical contrast. The experiments
presented in this work demonstrate the suitability of optical near fields for structuring polymer films, opening up new possibilities
for nanopatterning and paving the way for potential applications where optical near fields and polymer nanostructures are
involved.
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Bl INTRODUCTION

The possibility to overcome the diffraction limit imposed by
light wavelength has been a subject of intense study for many
years." The use of optical near fields (ONFs) seems to be one
of the best approaches towards overcoming this barrier,
resulting in relevant advances in microscopy,2 materials
processing,® sensors,* and phase change memories.” There
are mainly two approaches to characterize ONFs, either via
direct visualization by techniques such as scanning near-field
optical microscopy” or by imprinting it on the surface of a
certain material.® In fact, one of the most relevant fields in
materials processing is laser ablation,” involving different
techniques and applications, such as laser interference
lithography.®’

Near-field enhancement of incident light can be generated in
the presence of metal nanoparticles,'”"" dielectric micro-
spheres,® or even the tip of an atomic force microscope.'”
Successful application of an ONF generated by dielectric
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microspheres has been reported in diverse inorganic materials
such as silicon,"® fused silica,'* alumina,'® and Ge,Sb,Tes
(GST)>*'® by writing submicrometer-sized holes at the
position of maximum field enhancement. In the case of GST,
it has been demonstrated that the imprint is triggered by local
laser-induced amorphization leading to optical®® and morpho-
logical'® contrast. Topographical contrast in patterns imprinted
in GST has been observed but only over a very small area with
weak modulation amplitude.6 Opverall, the range of materials
that has been proved to be suitable for ONF structuring is
narrow and, to the best of our knowledge, does not yet include
polymers.

Polymeric materials have become strong candidates in the
last years for nanostructuration,'’ ™' since potential applica-
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tions might benefit from their excellent properties, ie.,
mechanical flexibility, light weight, enhanced durability, and
low cost. Polymer nanostructures are being currently
implemented in a wide variety of applications, such as
biosensors,”® solar cells,’” and nonvolatile memories.”’ In
particular, poly(trimethylene terephthalate) (PTT) is a semi-
crystalline aromatic polyester whose outstanding mechanical
and optical properties, together with its low glass transition
temperature T, ~ 44°C,”* make it an attractive material for the
fiber industry™ as well as for optoelectronic®* and nano-
photonic***® applications. PTT has already shown interesting
features when nanostructured by several different methods such
as laser-induced periodic surface structuration (LIPSS)*” and
nanoimprint lithography (NIL).*®

In the present work we report nanofabrication of two-
dimensional near-field topographic patterns imprinted on
polymeric thin films of PTT, resulting from interference
between incident laser light and light scattered by dielectric
microspheres placed at the film surface. The spatial intensity
distribution at the film surface plane can be described by the
Mie theory”® and depends on the properties of the incident
light (wavelength, polarization, and angle of incidence), the
diameter of the sphere, and the optical properties of the sphere
and film."® Different regions can be discerned in the resultant
optical field imprinted on the film after irradiation at an angle of
incidence 6, as shown in Figure la. The shadow of the sphere
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Figure 1. Simplified geometrical construction of the optical field
generated by the interference between incident light at an angle 8 and
light scattered by a dielectric microsphere of radius r placed at the film
surface. The schemes show the construction for constructive
interference in (a) the vicinity of the sphere and (b) the far-field
region, including the expressions for the period in the backward py,,
and in the forward py, directions.

defines a region where the material is not affected by the
irradiation, except for the small region where the light is
focused, leading to strong ablation. The regions outside are
exposed to light directly incident from the laser, which
interferes with light scattered from the sphere. This leads to
interference maxima and minima, with smaller periods in the

backward direction than in the forward direction. In the vicinity
of the sphere, the extension and shape of the sphere cannot be
neglected. In contrast, far from the sphere (Figure 1b) it can be
considered a point scatterer, and thus its dimensions can be
neglected. In this case, applying the conditions for constructive
interference pg, = b + 4 and py,, = a — A, expressions can be
derived for the period in the forward direction pg, = A/(1 —
sin 0) and in the backward direction py,, = 1/(1 + sin 0).

Here we demonstrate the concept of near-field patterning
applied to polymeric materials, expanding the possibilities of
this technique and paving the way for potential applications
where optical near-fields and polymer nanostructures are
involved. By means of a proper selection of the particle
shape, size, and properties together with the irradiation
parameters (wavelength, pulse duration, angle of incidence),
the type of pattern can be designed.

B EXPERIMENTAL SECTION

PTT thin films, 150 nm thick, were prepared by spin-coating of a
PTT/trifluoroacetic acid solution (20 g/ 1) onto Si wafers. GST films,
fcc crystalline, 40 nm thick, were deposited by sputtering onto Si
wafers with a 10 nm SiO, buffer layer. Silica microspheres, dispersed in
isopropanol, with diameter ® = 4.6 ym were deposited by spin-coating
onto the prepared thin films, under conditions that ensure particle
isolation of the dielectric microspheres. Samples were irradiated with a
single pulse from either an ArF excimer laser (wavelength A = 193 nm,
20 ns pulse duration, top hat intensity distribution with a spot size of
350 pm) or an injection-seeded Nd:YAG laser (wavelength A = 266
nm, 10 ns pulse duration, nonhomogeneous intensity distribution with
a spot size of S mm) was applied to isolated silica microspheres at a
selected angle € (either normal incidence or 6 = 54°—60°) and a
determined fluence F. The absorbance of PTT films was measured
using a spectrophotometer UV-Vis Perkin-Elmer U/V Lambda 16,
using a quartz sample as a reference for the measurement of the
incident intensity. PTT films present good absorbance in the UV
range, and the linear absorption coefficient values for the irradiation
wavelengths are 53 = 186490 cm™" for the excimer laser and a6 =
25997 cm™ for the Nd:YAG laser.

After irradiation, patterns were characterized using optical
microscopy (OM, Nikon Eclipse Ti) and atomic force microscopy
(AFM, Nanoscope V, Bruker) in tapping mode. AFM images were
analyzed using the software Nanoscope Analysis 1.40. Optical profiles
were obtained using Image] software, normalizing the reflectivity to 1
in the region where the sample has not been affected by the irradiation.
Raman spectra were recorded using a Renishaw Raman InVia Reflex
spectrometer, with excitation at 532 nm and a resolution of 2 cm™.

B RESULTS AND DISCUSSION

In the first set of experiments the complex optical near- and far-
field intensity distribution generated by a silica microsphere on
PTT thin films during excimer laser irradiation has been
studied. The laser was incident at an angle of § = 54° and at a
fluence F = 350 mJ/cm? The imprint in PTT inspected by
optical microscopy (Figure 2) consists of an elliptical periodic
ring pattern with a central elliptical region containing a small
ablation hole. This hole, approximately in the center of the
ellipse, is a crater caused by the focusing effect of the sphere
acting as a ball lens, whereas the central elliptical region
corresponds to the shadow region of the sphere. Dark rings
correspond to regions were the laser fluence has been enhanced
locally by the scattered light field of the microsphere. On the
other hand, bright rings and the central ellipse correspond to
regions exposed to a reduced local fluence with respect to the
incident fluence. This ring structure becomes clearer by plotting
the cross section of the reflectivity along the center of the image
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Figure 2. Near-field pattern in PTT film generated by a silica
microsphere (diameter @ = 4.6 um) after a single excimer laser pulse
irradiation at an angle 0 = 54° (laser impinges from the left) and
fluence 350 mJ/cm® Optical micrograph (25 X 15 um?®) and
reflectivity profile (below) along the red line depicted in the image.
The original position of the silica microsphere is marked by a dashed
circle.

(Figure 2, bottom). The silica microsphere is removed during
the irradiation process due to the recoil pressure of the ablation.

AFM measurements reveal that the imprinted pattern
features not only optical but also topographic contrast (Figure
3). Since the central elliptic region around the main crater
corresponds to the shadow region of the microsphere, it serves
as a reference for the original thickness of the PTT film (d =
150 nm). Looking at the height scale it becomes evident that
the near-field-induced topography modulation extends over the
entire film thickness. Moreover, the regions of local fluence
enhancement (dark rings in the OM image) correspond to
topographic regions below the initial film surface. Both
observations point to near-field ablation being the responsible
mechanism for patterning in the polymer.*

One interesting aspect of the irradiated PTT films is the
appearance of a characteristic dendritic morphology super-
imposed to the imprint induced by the laser, which is formed
within the whole irradiated zone. In a first approach we can
attribute this dendritic morphology to polymer crystallization.
To support this assumption, were performed grazing incidence
wide-angle X-ray scattering experiments on the BW4 beamline
of HASYLAB (DESY, Hamburg, Germany). A full description
of the experimental setup and sample conditions has been
previously published.”” The experiments we performed on the
irradiated and on the nonirradiated sample regions. Figure 4
shows the diffraction pattern taken with a 0.4° incidence angle
inside for an irradiated zone (red line) and for a nonirradiated
one (black line). For the sake of comparison we also added the
results for a nonirradiated semicrystalline sample. As one can
see, the irradiated sample presents some shoulders for
reciprocal lattice g-vector values corresponding to the Bragg
peaks of the semicrystalline sample which are not present in the
pattern for the nonirradiated sample. Although the effect is
weak this result supports that the observed dendrites may be
PTT crystals.
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Figure 3. Near-field pattern in PTT film generated by a silica
microsphere (diameter @ = 4.6 um) after a single excimer laser pulse
irradiation at an angle & = 54° (laser impinges from the left) and
fluence 350 mJ/cm” (a) AFM topography map (25 X 25 ym?*) and
(b) zoom (5 X 4 um?) and topography profile (below) along the red
line in the backscattering region. The original position of the silica
microsphere is marked by a dashed circle.
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Figure 4. Grazing incidence wide-angle X-ray scattering (GIWAXS)
patterns taken with a 0.4° incidence angle for a nonirradiated zone
(black line) and for an irradiated one (red line). For the sake of
comparison we also added the results for a nonirradiated semicrystal-
line sample (blue line).

In addition, the Raman spectra for the irradiated samples,
represented by a red line in Figure S, show a strong increase of
fluorescence when compared to the spectra of the nonirradiated
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Figure S. Raman spectra for the irradiated samples shown by a red line
and for nonirradiated ones shown by a black line.

zone (Figure S, black line). This effect can be related to the fact
that in PTT, previous to the crystallization process, a
densification of the material takes place via parallel arrangement
of the phenyl rings.*"*> This parallel arrangement of the
aromatic rings can enhance the fluorescence signal coming from
the polymer. This observation further supports a change on the
ordering of PTT which in a first approach can be attributed to
the dendritic morphology.

Studying the ONF pattern with AFM in the backward
direction (Figure 3b) the resolution of the patterning can be
explored, given the improved contrast with respect to the
optical images. In the far field, the dielectric microsphere can be
considered a single point in space, hence removing any
dependence of the fringe period with the sphere properties and
allowing us to predict the value of the period in the backward
direction (see Figure 1). Considering incidence at & = 54° and
the wavelength of the excimer laser (193 nm), the value
obtained is pyycc = A/(1 + sin ) = 107 nm. The distance
between consecutive height minima as a function of the
distance to the position of the first minimum is shown in Figure
6 (filled black circles). Inspecting the graph one can observe
that a shortening of the fringe period takes place, becoming
closer to the predicted value as the far field is approached.

Irradiation at normal incidence (6 = 0°) of the PTT film with
the same excimer laser produces a pattern of concentric dark
rings (Figure 7). In this case, the expected far-field period
should be equal to the wavelength of the excimer laser: py,, . =

~
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Figure 6. Dependence of the distance between height minima in ONF
patterns generated in PTT films and the distance to the position of the
first minimum. The pattern was generated by a silica microsphere
(diameter @ = 4.6 um) after irradiating with: a single excimer laser
pulse irradiation at an angle 6 = 54° (@), a single excimer laser pulse
irradiation at normal incidence (O), and (c) a single Nd:YAG laser
pulse irradiation at an angle 6 = 60° (red W). Lines in the graph are
only guides for the eye, including the predicted value of the period in
the far field for the different experiments.
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Figure 7. AFM topography map (15 X 15 um?®) of the near-field
pattern generated on a PTT film by a silica microsphere (diameter ® =
4.6 pm), after a single excimer laser pulse irradiation at normal
incidence (6 = 0°) and fluence 300 mJ/cm” Below, height profile
along the depicted red line. The original position of the silica
microsphere is marked by a dashed circle.

A = 193 nm (see Figure 1). The region around the main
ablation crater is less affected by the irradiation (Figure 7, cross
section). The period of the structures becomes smaller as the
far field is approached (Figure 6, empty black circles), with
slightly higher values than in the experiments with € = 54° due
to the normal incidence.

Concerning the optimum fluence range for patterning, we
have used fluences in the range of 290—310 mJ/cm? (at normal
incidence) and 320—400 mJ/cm? (at angled incidence). In that
range the patterns are well-formed with optimum modulation
depth concerning topography and little effect of the laser
fluence on the patterning. However, for fluences below this
range no ablation occurs at the intensity minima of the
patterns, strongly reducing topography modulation and pattern
definition. In the opposite case, for too high fluences, the
polymer film is completely ablated.

To evaluate possible radiation damage effects, Raman spectra
for nonirradiated and irradiated PTT films were recorded.
Figure 8 compares the Raman spectra of a nonirradiated PTT
film with that of a sample irradiated at normal incidence with a
single pulse of fluence 300 mJ/cm?. Since the bands present in
both spectra match accurately, it is possible to say that under
these irradiation conditions PTT presents chemical stability.
Moreover, when zooming in the characteristic region of the
C=0 bond stretching (1720 cm™, inset in Figure 8), there is
no evidence of broadening of this band, which would indicate
oxidation effects in the polymer chains.

We have also performed patterning experiments using a
Nd:YAG laser, to investigate the influence of the nature of the
laser in the patterning process. Using an angle of incidence of
60°, an elliptical periodic pattern is also observed (Figure 9a).
Unfortunately, a reliable estimation of the local laser fluence
was not possible due to the nonhomogenous intensity
distribution. Thus, in the polymer film there are regions
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Figure 8. Raman spectra of nonirradiated and irradiated PTT at
normal incidence at a fluence of 300 m_]/cmz. The inset shows

magnification of the region around 1720 cm™!. Fluorescence
background has been corrected.
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Figure 9. Near-field pattern in PTT film generated by a silica
microsphere (diameter @ = 4.6 ym) after a single Nd:YAG laser pulse
irradiation at an angle 6 = 60°. (a) AFM topography map (25 X 25
um?*) and (b) zoom (5 X 4.5 um?) and height profile (below) along
the depicted red line. The original position of the silica microsphere is
marked by a dashed circle.

where the fluence is higher, leading to stronger ablation (upper
left corner in Figure 9a), than in other regions, where the
fluence is appropriate to obtain the desired near-field patterns.
The large angle chosen leads to a lengthening of the period in
forward direction and shortening in backward direction.
Strikingly, one can observe a larger pattern extension with
more defined rings (Figure 9b and Figure 6). The reason is the
much larger coherence length of the Nd:YAG laser which, due
to injection seeding, extends over the whole pulse length of 3
m, compared to the one of the excimer laser, which is only tens
of micrometers. Considering the incidence at @ = 54° and the
wavelength of the Nd:YAG laser (266 nm), the asymptotical
value of the period in the far field should be py,, . = 4/(1 + sin
0) = 142 nm (see Figures 1 and 6). Most importantly, no
dendritic structures are formed in this case, as opposed to the
excimer-produced patterns. The smaller hole is caused by
exposure to a second pulse at normal incidence and low fluence
F = 2.7 mJ/cm?, to remove the sphere to provide access to the
entire patterned region.

The comparison between the experiments performed with
the excimer and the Nd:YAG lasers shows that similar patterns
are obtained for both, although some differences associated
with the specific properties of each laser can be observed. First,
the larger coherence length of the Nd:YAG laser allows us to
produce more extended patterns than those obtained using the
excimer laser. Second, dendritic structures are present on the
irradiated PTT films only in the experiments with the excimer
laser. At the wavelength of the excimer laser used, the linear
absorption coefficient of PTT is @93 = 186490 cm™', which,
according to Lambert—Beer law, corresponds to an optical
penetration depth of 1/a9; = 53 nm. Thus, during irradiation
an approximately S0 nm thick layer is strongly heated, far above
the melting temperature of PTT, considering the high fluence
values used.>® After the laser pulse, the molten layer cools
down. During this cooling process PTT may crystallize.** The
presence of these dendritic structures on excimer-irradiated
polymers has already been reported in PET*® and is in
agreement with surface crystallization studies in polymer
monolayers.**>” The existence of this morphology has been
theoretically explained by the fact that in nonequilibrium
polymer crystals there is a competition between ordering of
individual chains in the crystalline phase and accommodation of
incoming comparatively disordered chains at the growth
front.>® Within this view, after melting of the superficial layer
due to the laser irradiation, rearrangement of the polymer
chains may occur, leading to the formation of dendritic
crystalline structures upon solidification such as the ones
present in the PTT films after irradiation (Figure 3a).

In contrast, irradiation with a Nd:YAG laser (a,e = 25 997
cm™, optical penetration depth 1/a,e = 385 nm) heats and
melts the whole thickness of the PTT film, and the brief time
before melt solidification is not sufficient for polymer chains to
rearrange and crystallize in a film 150 nm thick. We attribute
the shorter cooling time with the Nd:YAG laser to the fact that
the molten layer is much thicker and thus in contact with the Si
substrate, acting as an efficient heat sink. Additionally the pulse
length of the Nd:YAG, which is a factor of two smaller,
contributes to a faster cooling as well.

To address the different mechanisms for ONF generated
contrast, ONF imprint experiments were performed on an
inorganic system, GST, to be compared with the ones carried
out in the organic PTT system. The laser was incident at an
angle of @ = 54° and at a fluence F = 75 mJ/ cm?, generating an
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elliptical periodic ring pattern with a central elliptical region
similar to the ones obtained in PTT, as revealed by optical
microscopy (Figure 10). The smaller hole is caused by exposure

S
©

normalized reflectivity

e A S SRS S E S S —
0 5 10 15

e
@®

distance (um)

Figure 10. Near-field pattern in GST film generated by a silica
microsphere (diameter ® = 4.6 ym) after a single excimer laser pulse
irradiation at an angle & = 54° (laser impinges from the left) and
fluence 75 mJ/em? Optical micrograph (25 X 15 ym?* ) and reflectivity
profile (below) along the red line depicted in the image. The original
position of the silica microsphere is marked by a dashed circle.

to a second pulse at normal incidence and low fluence F = 2.7
mJ/cm?, to remove the sphere to provide access to the entire
patterned region. Dark rings correspond to regions where the
laser fluence has been enhanced locally by the scattered light
field of the microsphere. In these regions the local fluence was
high enough to trigger amorphization; i.e., the film has been
melted and resolidified sufficiently fast to prevent recrystalliza-
tion.® On the other hand, bright rings and the central ellipse
correspond to regions that remain essentially crystalline due to
the exposure of a reduced local fluence with respect to the
incident fluence. This ring structure becomes clearer by plotting
the cross section of the reflectivity along the center of the image
(Figure 10 below). The period along the forward direction in
the far field has been measured to be pg, ey, ~ 1030 nm. This
value is in agreement with the expected behavior, considering
incidence at 8 = 54° and the wavelength of the excimer laser (4
=193 nm): pg, e = 4/(1 — sin 0) = 1010 nm (see Figure 1).
The maximum optical contrast achieved, excluding the ablation
regions, is approximately 20%, which is consistent with this
material composition and film thickness.>

AFM measurements reveal that the imprinted pattern
features not only optical but also topographic contrast (Figure
11), which originates from the different density of both phases,
the amorphous one being lower yielding to an elevation of the
amorphous regions over the crystalline film. As can be seen in
the topography profile corresponding to the zoomed region
(Figure 11b), the maximum contrast between crystalline and
laser-amorphized regions is 6.5 nm. This value is higher than
reported in ref 40, indicating that additional processes have
taken place. It is worth noting that there is a significant
difference in roughness between amorphous and crystalline
regions, amorphous being smoother.
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Figure 11. Near-field pattern in GST film generated by a silica
microsphere (diameter @ = 4.6 um) after a single excimer laser pulse
irradiation at an angle 6 = 54° (laser impinges from the left) and
fluence 75 mJ/cm? (a) AFM topography map (25 X 15 ym?) and (b)
zoom (3 X 2 um*) and topography profile (below) along the red line
in the backscattering region. The original position of the silica
microsphere is marked by a dashed circle.

B CONCLUSIONS

Summing up, we have achieved to imprint and characterize the
optical near field of silica microspheres on PTT and GST thin
films upon irradiation with single laser pulses. In contrast to the
phase change mediated patterning process in GST, the
responsible mechanism in PTT films is near-field ablation.
The form of the pattern consists of elliptical or circular periodic
rings, depending on the angle of incidence of the laser, and
features a complex substructure on the nanoscale. In the
polymer, the topography modulation ranges over the entire film
thickness and minimum feature sizes as small as 120 nm have
been imprinted. The specific properties of the laser employed
have a strong impact on the characteristics of the pattern, in
particular the laser wavelength and coherence length. The
optical penetration depth of the laser light in the material has
been identified as an important factor for suppressing the
formation of dendritic structures. The experiments presented in
this work extend the application of optical near-field
distributions to nanopatterning of polymeric films in a single-
step process.
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