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We report microfabrication of structures in bulk and thin films of polystyrene (PS) using femtosecond (fs)
laser pulses. For the first time to our knowledge, we report emission from the fs laser modified regions of bulk
and thin films of PS when excited at 458, 488, and 514 nm.Moreover, we report the existence of peroxide type
free radicals, for the first time, in fs laser irradiated bulk PS. We observed the suppression of Raman modes in
case of structures fabricated at higher energies and the same effect was noticed in central portion of the
structures fabricated. No appreciable broadening was observed in the case of structures fabricated at low
energies. Possible applications resulting from such structures are discussed briefly.
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1. Introduction

The discovery of mode-locked Ti: sapphire laser has enabled the
production of stable femtosecond (fs) pulses, (sub-ten fs pulses are
now a commercial reality) opening up the possibility of achieving GW
and TW peak power pulses by passing them through a regenerative
amplifier system. These pulses find wide applications not only in
ultrafast spectroscopy but also in micro- and nano-machining. The fs
laser pulse has become a promising tool for micromachining primarily
due to its superior advantages over continuous wave (CW) and long
pulse lasers [1–3]. With CW and long pulse lasers, substantial heat
diffusion occurs during the laser-material interaction, resulting in a
relatively large volume of heat affected zone around the laser focus.
However, the pulse duration of a femto second pulsed laser is of the
order of several tens of femto seconds, which is much shorter than the
electron-ion energy transfer time [4]. Before heat can diffuse away,
the target material at the focus is evaporated during the laser pulse
interaction. Owing to the minimal and negligible heat diffusion, the
structures fabricated are limited to the spot size of the focused beam
and damage threshold [1,4]. As pulses produce extremely high peak
intensities, they are capable of breaking down almost all materials
including the optically transparent materials. This unique and
ubiquitous nature of fs pulses has stimulated the interest in the
fabrication of two-dimensional or three-dimensional integrated
optics, in which optical devices, such as gratings [5], waveguides
[6,7], couplers [8], etc., are fabricated on a single substrate/crystal.
2. Experimental

In all experiments, microstructures were fabricated using a Ti:
sapphire oscillator amplifier system operating at a wavelength of
800 nm delivering ~100 fs pulses, ~1 mJ output energy pulses with a
repetition rate of 1 kHz. The near-transform nature of the pulses was
confirmed from the time-bandwidth product. Three translational
stages (Newport) were arranged three dimensionally to translate the
sample in all X, Y, and Z directions. Laser energy was varied using the
combination of half wave plate and a polarizer. We have used 40×
(Numerical Aperture (NA) of 0.65) and 20× (NA of 0.4) microscope
objectives in our experiments for focusing. Bulk PS was purchased
from Goodfellow, UK. These bulk samples were cut and polished. In
our study, microstructures were fabricated in thin films and bulk of PS.
Before irradiatingwith fs pulses, these samples were sonicated for one
hour in distilled water to remove dust and unwanted polishing
powder. Solution of PS was prepared by mixing 1 g of polystyrene
beads (ACROS) in 8 ml toluene and stirred for 48 h for complete
miscibility. We prepared thin films of PS on a glass plate by spin
coating the solution of PS. Theoretical spot sizes were estimated using
the formula D=1.22 λ/NA where D is the spot size, and λ is the
wavelength used. The spot size was estimated to be 1.5 μm/2.4 μm
(40×/20× objective).
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3. Results and discussion

Initially, structures were fabricated in thin films of PS with 40×
objective in single scan method. Fabricated structures were found to
be increasing in width with energy. Fig. 1(a) shows the confocal
images of fabricated structures in PS thin films and Fig. 1(b) shows the
plot of structure width with energy. However, the energy values
reported here are measured at the laser and do not take in to account
of the reflection losses at different surfaces. Similar studies were
performed in bulk PS also on the surface and subsurface using 40× and
20×microscope objectives. We have found structure width increasing
with 20× because spot sizes obtainable with 20× (2.4 μm) are more
compared with spot sizes obtained with 40× (1.5 μm). Furthermore,
structures fabricated at a particular energy on the surface were found
to possess more width compared to the structures fabricated inside
the surface with 40× lens, while with 20× lens the structure widths
are nearly same. This could be attributed to the difficulties in exact
positioning of focal point on the surface while the subsurface writing
does not have this problem.

The third order nonlinear susceptibility [χ3] of PS is 1.15×
10−12 cm2/W [9,10] while the refractive index (no) of PS is 1.55 [11].
The nonlinear refractive index (n2) calculated using the formula n2=
(3πχ3)/no is ~7×10−12 cm2/W. Thenegative thirdorder nonlinearity of
PS will cause defocusing of ultrashort laser pulses at high irradiances
[11]. In our experiments the input energy was varied from 10 nJ
to 100 μJ, which corresponds to peak intensities ranging from
1×1011 W/cm2 to 1×1015 W/cm2 (with 40× objective lens). The
estimated spot size with 40× NA is 1.5 μm. However, we observed
that the smallest structure widths obtained in our studies was ~3 μm
at energy of 10 nJ. Due to n2 and the peak intensities involved the
Fig. 1. (a) Confocal microscope image of micro structures fabricated in thin films of PS with
100 μJ to lower energies in steps of 10 μJ, Scale bar is 200 μm); (b) plot of structure width wi
steps of 10 μJ and 1 μJ, 798 nJ energies (From left to right). Pseudo green color shows emission
width versus energy in case of 40× and 20× objectives on surface and subsurface of bulk P
material induces considerable divergence of input beam. This accounts
for the observed size larger than the calculated values for the spot size.
When pulse energy is increased to 1 μJ or higher (up to 100 μJ in our
case) thematerial starts melting and since each position of thematerial
experiences 2–3 pulses the second and third pulses experience a
differentmediumaltogether. Amixture ofmolten solids, releasedgasses
contribute to the scattering of the laser beam near focus leading to a
large change in beam diameter at the focal point. The observed increase
in structure width [see Fig. 1(a)–(d)] with energy can be attributed to
these effects.

In this paper, we report emission from the fs laser modified
structures for the first time when excited at 458, 488 and 514 nm in
both thin films and bulk PS polymers. Fig. 2(a) shows amicrostructure
fabricated in bulk PS at 40 μJ energywith 1 mm/s speedwhile Fig. 2(b)
shows a similar structure fabricated at 63 nJ energy. In the case of
structures fabricated at higher energies, emission (pseudo green color
seen in confocal microscope images) was found to be at the edges as
the central portion of the structure was influenced by large intensities
of the incident Gaussian fs pulse resulting in void formation. By
making emission as bit 1, one can fabricate several craters (micron
sized) towards realization of memory based devices. Fig. 2(c) shows a
grating fabricated in bulk PS using 40× objectives with 33 nJ energy
with 3 mm/s scanning speed. Since the repetition rate of the laser is
1 kHz, and scanning speed of 3 mm/s which was high, we expect
minimal cumulative effects. This resulted in a 2 μm crater spaced at
almost 2 μm. There was therefore, no formation of a channel at this
speed and energy. This demonstrates the possibility of fabricating
memory bits, 2D and 3D photonic crystal structures in bulk PS using fs
laser direct writing technique. Preparation of photonic crystals in PS
by chemical routes such as vertical deposition method has been
different energies using scanning speed of 1 mm/s. (Right to left structures written at
th energy; (c) microstructures fabricated on the surface of bulk PS from 40 μJ to 10 μJ in
from the modified regions when excited at 488 nm (Scale bar is 200 μm); (d) structure
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Fig. 2. (a) Confocal microscope image of a structure fabricated inside bulk PS with 40 μJ energy with 1 mm/s speed, and 50 μm width (Scale bar is 50 μm); (b) confocal microscope
image of a structure fabricated inside bulk PS with 63 nJ energy with 1 mm/s speed, and 3 μm width; (c) energy used 33 nJ, 3 mm/s scanning speed, 40× objective (Scale bar is
15 μm).
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already reported in the literature [12–15]. Preparation of photonic
crystals takes only few hours of time with fs laser direct writing
technique compared to long duration through chemical routes. This
shows the efficiency of laser writing technique superior to other
techniques. Gratings and 2D structures fabricated in Poly Methyl
Methacrylate (PMMA) and Poly Dimethyl Siloxane (PDMS) were
reported by us earlier [16].

We observed and recorded emission by exciting at three different
wavelengths 458, 488 and 514 nm in bulk PS using confocal
microscope. Similar trend was noticed in the case of the structures
fabricated on the surface of bulk PS and thin films of PS. Fig. 3(a)–(c)
shows emission plots for the structures excited at 458, 488 and
514 nm wavelengths using confocal microscope. We found emission
intensity increasing with the energy used for fabricating the
structures from all the emission plots at different excitation
wavelengths as structures fabricatedwithmore energyweremodified
more compared with the structures fabricated at low energy. We also
observed that the emission peaks were different for different
excitation wavelengths from plots Fig. 3(a)–(c). Nurmukhametov
et al. have shown the fluorescence from PS when irradiated with
248 nm UV laser and concluded the presence of optical centers being
responsible for fluorescence behavior [17]. In their case, the
fluorescence band ranges from 330 nm to 520 nm while absorption
band ranges from 290 nm to 460 nm. They noticed change in the
fluorescence peak position when excited at different wavelengths.
They established different optical centers being responsible for such a
behavior and hypothesized their results more close to the spectrum of
diphenylbutadiene (DPBD). In our case PSwasmodifiedmainly due to
800 nm (infrared) laser through multi-photon absorption process. Fs
laser irradiation leads to bond scission thereby leading to a large
number of defects that act as optical centers for emission. Excitation at
different wavelengths leads to the excitation of different optical
centers and hence the shift in the emission peak. Low temperature
studies are in progress to understand the emission more precisely.

Moreover, we observed for the first time ESR signal for the fs
irradiated PS. Fig. 4 shows the ESR signal of fs irradiated bulk PS. Pristine
PS did not show any free radicals and or paramagnetic centers. After fs
irradiation, bulk PS has shown peroxide type free radical.We found that
ESR signal becomes stronger with the incident energy as high energy
irradiation modifies more compared to the low energy case. The ESR
peak is attributed to peroxide type free radical in fs irradiated PS with g
value of 2. This result exactlymatchedwith our earlierwork in case of fs
irradiated PDMSwhich showed similar peroxide radical [16]. M. Velter-
Stefanescu et al. have similar radicals in electron beam irradiated PMMA
at the magnetic field value of 326.5 mT [18].

Watanabe et al. have reported luminescence and defect formation
by visible and near-infrared irradiation of vitreous silica describing
the paramagnetic nature of defects formed after fs exposure [19]. The
present work concentrates on polymers along with the observation of
luminescence and paramagnetic behavior. These observations lead
us to the conclusion that luminescence and paramagnetic defects
generally follow laser irradiation in most of the materials such as
glasses and plastics.

We collected the confocal micro-Raman spectra from the modified
regions of thin films of PS in order to predict the effect of fs pulses on
Raman modes of PS. Fig. 5(a) shows Raman spectra collected for a
structure fabricated at 90 μJ energy, 1 mm/s speed using 40×
objective. The spectra were collected from the middle portion and
edge portion of the microstructure as shown in Fig. 5(b). The circles
shown in Fig. 5(b) depict the middle and edge portions of the
structure where Raman spectrum was collected. We used 50×
objective with 0.75 NA to collect Raman with excitation wavelength
514 nm. Hence, the spot size of the 514 nm beam is approximately
836 nm. But, size of the circles is shown slightly larger in Fig. 5(b) just
for clarity only (Even though the scale bar is 65 μm width).

In polystyrene 1001 cm−1 corresponds to ring breathing mode.
We found suppression of Raman modes for the structures fabricated
at higher energies. Also, similar trend has been noticed in the middle
of the structure as it is influenced by the central portion of the incident
Gaussian pulse which has more intensity resulting in larger stress or
void formation. In Fig. 5(c) since, the microstructure was fabricated at
lower energy; there was no appreciable change in ring breathing
mode in both the regions (middle and edge) of the microstructure.

We plan to take this work further towards fabricating waveguide
devices, grating couplers in bulk PS for applications in integrated
optics. Detailed and systematic study on the optical centers
responsible for emission behavior is under progress.

4. Conclusions

In this paper we presented fabrication and characterization of
different micro structures fabricated in thin films and bulk of PS. We
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Fig. 3. (a) Plots of emission when structures fabricated at 40 μJ, 422 nJ, 63 nJ
and pristine region of PS excited at 458 nm;(b) plots of emission when structures
fabricated at 40 μJ, 422 nJ, 63 nJ and pristine region of PS excited at 488 nm; (c) plots of
emission when structures fabricated at 422 nJ, 63 nJ and pristine region of PS excited
at 514 nm.
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Fig. 4. ESR spectrum recorded for fs-irradiated bulk PS at different energies 1, 10 and
60 μJ.

Fig. 5. (a) Raman spectra collected from a microstructure fabricated in PS thin film
using 40× objective with energy 90 μJ, 1 mm/s speed; (b) 65 μm width (Scale bar)
structure obtained with 90 μJ energy. The spot sizes used to collect Raman are 836 nm
(For clarity spots are shown in bigger size); (c) Raman spectra recorded for similar
structure fabricated with 268 nJ energy in PS thin film.
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showed increment in structure width with focusing optics (40× and
20×) and energy of the pulses. Also, we studied the spectroscopic
properties of the modified structures in thin films and bulk of PS. We
reported emission from the fs laser modified structures of PS for the
first time in both thin films and bulk that opened doors for
applications in memory based devices. Also, we reported for the
first time existence of peroxide type free radicals in the fs irradiated
bulk PS. We showed suppression of Raman modes in the case of
structures (thin films of PS) fabricated at high energies and the effect
was found to be more especially in the middle portion of the
structures fabricated. No appreciable change was observed in case of
structures fabricated at low energies.
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