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We report the fabrication of efficient, buried diffraction gratings and micro-craters in bulk polystyrene
using femtosecond laser direct writing technique. We recorded a maximum diffraction efficiency of 10%
for a buried grating fabricated at 1 ] energy, 1 mm/s speed, and a period of 30 wm. Buried micro-craters,
with typical dimensions of ~2 wm, were achieved at low energies and high scanning speeds. From the
field emission scanning electron microscope studies, the observed emission is attributed as due to the
inner surface modifications and the debris settled around the voids. The fabricated gratings subjected to
heat treatment were tested for the diffraction efficiency and emission at different excitation wavelengths
and the observed results are presented. Raman spectra collected from the femtosecond laser modified
regions revealed the disappearance of few Raman modes at high peak intensities associated with incident
Gaussian laser pulse. Potential applications of these luminescent micro-craters are highlighted.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

When femtosecond (fs) pulses are focused within the volume
of a dielectric material, nonlinear excitation can lead to physical
processes such as avalanche ionization, electron plasma forma-
tion and shock-wave induced micro-explosions. Compared with
continuous wave and long-pulsed lasers, fs laser pulses have two
apparent features: (1) thermal effect elimination due to extremely
short energy deposition time and (2) participation of various non-
linear processes enabled by high localization of laser photons in
both time and spatial domains. Due to these factors material pro-
cessing with fs laser is generally characterized by the absence of
heat diffusion and molten layers [1]. Moreover, the nature of ultra-
short light-matter interaction permits fs laser to overcome the
diffraction limit [2]. Mourou and co-workers have carried out pio-
neering investigations on the mechanisms and applications of the
femtosecond laser processing, especially on the material surface
[2-10]. A range of applications have resulted from these structures
which include three-dimensional optical data storage [11,12], fab-
rication of optical waveguides [13-18], micro-structuring of optical
components [16-18] and fabrication of micro-channels [19,20],
photonic band gap structures [21,22], and Bragg gratings [23,24] in
a variety of materials such as glasses and polymers. Polymers sub-
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strates possess many advantages over their glass counterparts since
they are cost-effective and their properties can easily be tailored
for specific applications. One of the advantages of polymers for
micro-structuring is their lower threshold for optical breakdown,
which can be achieved using non-amplified nanoJoule femtosec-
ond pulses. Considerable research has been carried out on the
microstructures fabricated in polymers. We had earlier success-
fully fabricated surface and buried gratings in thin films and bulk
of poly methyl methacrylate (PMMA) and poly dimethyl siloxane
(PDMS) using fs pulses [25] and characterized the structures using
laser confocal and scanning electron microscopy (SEM) techniques.
We also observed emission from the fs fabricated structures in
PMMA, PDMS, poly vinyl alcohol (PVA) and polystyrene (PS) and
identified the mechanisms responsible for emission using the tech-
niques of ESR, excitation and emission spectroscopy, and Raman
spectroscopy [26-28]. Herein we present some of our results on
the fabrication of buried gratings in PS and the effects of ther-
mal treatment on their emission properties. We have also achieved
micro-craters on the surface of PS and the optical properties of these
structures were examined using micro-Raman spectroscopy.

2. Experimental

Full details of the experimental set up have been reported in our
earlier publications [25-32]. In brief, the laser source used was a
Ti:sapphire oscillator-amplifier system operating at a wavelength
of 800 nm delivering ~100 fs pulses, ~1 m] output energy pulses
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Table 1
Details of micro fabrication of gratings in PS.

S. No. Terminology Energy (WJ) Speed (mm/s) Period (m) Width (pm) Type of structure
1 PSG1 1 0.5 30 16 Line

2 PSG2 0.635 0.5 30 21 Line

3 PSG3 0.033 0.5 30 3 Line

4 PSG4 0.033 3 30 2 Crater
5 PSG5 1 3 30 4 Line

6 PSG6 1 2 50 11 Line

7 PSG7 1 0.5 100 20 Line

8 PSG8 1 2 30 5 Line

9 PSG9 1 1 30 12 Line
10 PSG10 1 1 20 11 Line
11 PSG11 1 1 50 12 Line

with a repetition rate of 1kHz. The near-transform limited nature
of 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 40x (Numerical Aperture (NA) of 0.65) microscope
objective in our experiments for focusing. We fabricated buried
diffraction gratings in bulk polystyrene purchased from Goodfel-
low, UK. These polymers were cut into 1cm x 1cm square area
for our experiments. Edges were polished and sonicated for 1h
in distilled water to remove the dust and unwanted debris before
fabrication experiment is carried out.

3. Results and discussion

Several buried diffraction gratings were fabricated in the bulk of
PS using fs pulses at different scanning speeds, energies and peri-
ods. Details of various parameters used in the fabrication of these
gratings are tabulated in Table 1. Each grating with its particular set
of writing parameters is given a code for simplicity. Fig. 1(a) shows
the confocal microscope image of PSG1 grating and its diffraction
pattern captured by a CCD camera (shown in the middle of the fig-
ure). The structure was fabricated at 1 pJ energy, 0.5 mm/s speed
with 30 pm period. We found some interesting effects in our micro-
fabrication experiments while working with reduced energy and

3 pm

d

Laser Beam

Fig. 1. Confocal microscope image of a typical buried PSG1 grating,Inset shows diffraction pattern with different orders, Scale bar is 300 wm. (b) Confocal microscope image
of PSG3 grating and the corresponding diffraction pattern (period 30 wm and width 3 pum). (c) Confocal microscope image of PSG4 grating (period 30 wm). Pseudo green
color indicates emission from the fs laser modified regions when excited at 488 nm wavelength, Array of luminescent micro-craters is depicted in middle with crater size of
~2 pm. (d) FESEM images of surface structure fabricated at 100 and 1 ] energy with 1 mm/s speed. Right side picture shows a schematic diagram showing the two regions
from where the fluorescence was collected. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article).
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Table 2

Details of micro crater structures fabricated at different energies and scanning speeds.

S. No. Energy (n]) Speed (mm)/s) Observation (Line/Crater) Structure/Crater size (um)
1 1000 1 Line 12
1.5 Line 10
2 Line 10
2.5 Crater formation started 6
3 Crater 6
3.5 Crater 4
4 Crater 3
4.5 Crater 4
5 Crater 3
2 635 1 Line 14
1.5 Line 12
2 Crater formation started 10
2.5 Crater 3
3 Crater 3
3.5 Crater 3
4 Crater 3
4.5 Crater 3
5 Crater 3
3 168 Line 4
1.5 Crater formation started 3
2 Crater 2
2.5 Crater 2
3 Crater 2
3.5 Crater 2
4 Crater 2
4.5 Crater 2
5 Crater 2
4 33 Line 3
1.5 Crater formation started 3
2 Crater 2
2.5 Crater 2
3 Crater 2
3.5 Crater 2
4 Crater 2
4.5 Crater 2
5 Crater 2

increased scanning speed. When the input energy was reduced
typically from microJoule to nanoJoule, we obtained smooth struc-
tures and we believe the modification is of refractive index change.
PSG3 grating is fabricated at 33 n] energy and with 0.5 mm/s speed.
Fig. 1(b) shows the confocal microscope image of the PSG3 grating
and its diffraction pattern captured with a camera. When scanning
speed is increased along with the reduced energy of the pulses
we observed the formation of micro-craters instead of straight line
structures. Fig. 1(c) shows the confocal microscope image of PSG4
fabricated at 33 n] energy and 3 mm/s speed. We found micro-
craters arrayed throughout the fabricated grating structure instead
of straight lines. Left side of the figure shows pseudo-green color
that represents the emission when excited at 488 nm wavelength.
For clarity, one array of craters is shown in the inset of Fig. 1(c). By

Table 3
Diffraction efficiencies of buried PS gratings before and after thermal treatment.

decreasing the energy a weaker source for thermal diffusion is gen-
erated resulted in reduced modified size and by increasing the scan
speed there was a reduction of pulse to pulse overlap [33]. Thus,
one can achieve micro-craters instead of straight line structures at
low energies and high scanning speeds. The material that is ablated
from the center of the higher energy Gaussian pulse gets deposited
on the inner surface of the voids. The debris shows emission which
can be seen when excited with 488 nm wavelength in the confocal
geometry. Therefore top, bottom and sides of the irradiated region
show emission. Fig. 1(d) shows field emission scanning electron
microscope (FESEM) images of two surface structures fabricated in
PS at 100 and 1 pJ energy with 1 mm/s speed. Clearly we observed
a trough and debris settled at the ends. The debris settled on the
inner surfaces of the void along with the laser irradiated regions

S. No. Grating type Before thermal treatment (Percentage of DE) After thermal treatment (Percentage of DE)

Oth order 1st order 2nd order 3rd order Oth order 1st order 2nd order 3rd order
1 PSG1 271 8.3 0.65 14 4.96 0.4
2 PSG2 21.2 7.95 0.40 46 6.87 1.7 0.26
3 PSG3 93 0.26 0.49 82 043 0.4 0.32
4 PSG4 96 0.19 0.17 90 0.43 0.18
5 PSG5 85 0.13 0.74 96 0.328 0.3
6 PSG6 66 3.65 1.5 72 2.21 1.6 0.89
7 PSG7 48 6.63 3.11 0.58 64 4.28 2.61
8 PSG8 88 3.68 0.86 0.4 86 1.13 0.74
9 PSG9 30 10 13 31 7.2 0.68
10 PSG10 20 6.8 0.25 7 3 0.47
11 PSG11 65 1.79 1.07 1 43 2.27 1.44
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contributes to the observed emission. Right side of Fig. 1(d) shows
a schematic diagram with two regions of modification. Region 1
is completely of void type (due to middle portion of the incident
Gaussian pulse) which is surrounded by region 2 of index change
type which consists of ablated and modified material (tail portions
of the incident Gaussian pulse).

We also fabricated structures at different energies (1 J, 635n],
168 nJ, and 33 nJ) and different scanning speeds to study the forma-
tion of micro-craters in detail. The aspects of formation of craters
(buried) at different energies and with different scanning speeds
and size of craters obtained are tabulated in Table 2. Fig. 2(a) shows
confocal microscope image of a buried single micro structure in PS
fabricated at 1 pJ energy and 1 mm/s speed. For the same energy
we observed the appearance of craters when the scanning speed
was increased to 2 mmy/s. This is depicted clearly in Fig. 2(b). The
process of formation of micro-craters is evident from the edges
of Fig. 2(b). Fig. 2(c) and (d) illustrate the confocal microscope
images of the craters formed at still higher scanning speeds of 3
and 4 mm/s. From these data we confirmed that by increasing the
scanning speed one can reduce the pulse to pulse overlap and the
micro-craters can be obtained similar to observations of periodic
refractive index modulation observed earlier in glasses [34]. The
same trend was observed even at other energies also. However,
we found that the formation of craters at higher scanning speeds
and lower energies show better profiles. This is obvious because

10 um —_

Fig. 2. (a) Confocal microscope images of a buried single micro-structure in PS fabricated at 1 uJ energy and 1 mm/s speed. Structure width is ~12 wm. (b) Beginning of
formation of micro-craters at the same energy when scanning speed is increased to 2 mm/s. Structure width 10 pm. (c) Scanning speed increased to 3 mm/s and the inset
shows model used to fabricate micro-craters. (d) Confocal microscope image of the craters formed at still higher scanning speed that is a mm/s. Pseudo green color indicates
emission from the modified micro-craters when excited at 488 nm wavelength. Craters size is 3 um. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article).

10 pm

the intensity of heat waves generated at each position where the
pulse impinges depends on the pulse energy. Hence, at higher ener-
gies these intense heat waves travel and overlap with the waves
generated at other positions. This leads to the formation of a line
instead of a crater. Inset of Fig. 2(c) shows a model that represents
the formation of micro-craters. The pitch ‘p’ which is the distance
from center to center can be varied by setting the scanning speed
according to the relation p =s/f where ‘s’ is scanning speed and ‘f
is laser repetition frequency which is 1kHz in our case. Ly is the
overlap region between two consecutive focused spots which is
(d —p) where d is the diameter of the spot. The spot size is cal-
culated using the relation D=1.22 A/NA where D is the diameter
of the focused spot, A is the wavelength and NA is the numeri-
cal aperture of the microscope objective used [25,29,35]. We had
used a 40x microscope objective with NA of 0.65 in our experi-
ments. The estimated spot size was 1.55 pm. In our experiments on
micro-crater fabrication we observed clear micro-crater formation
from 3 mm/s speed onward with different energies as tabulated in
Table 2. Hence the minimum pitch (p) can be taken as 3 pm. As
the radius of the focused spot is ~0.75 pm, the micro craters start
appearing for speeds beyond 3 mm/s. However, we could obtain
minimum crater size of ~2 pm in our experiments owing to the
size of the focused spot and continuous translation. The fabrica-
tion of these micro craters is useful in the areas of memory storage
devices and photonic crystals [25-28,36-38].
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Fig. 3. (a) The extinction spectra that include absorption, scattering and diffraction losses for pristen PS, fs laser irradiated, and thermally treated +fs laser irradiate PSG1.
(b) Emission spectra obtained for pristen PS, fs laser irradiated, and thermally treated +fs laser irradiated PSG1 when excited at 458 nm wavelength. (c) Excitation spectra
obtained for pristen PS, fs laser irradiated, and thermally +fs laser irradiated PSG1 monitoring emission at 480 nm. (d) Emission spectra obtained for pristen PS, fs laser
irradiated, and thermally treated + fs laser irradiated PSG1 when excited at 337 nm wavelength.

We used a He-Ne laser (633 nm) and measured the diffraction
efficiencies of different gratings fabricated. Diffraction efficiency
(DE) of mth order is calculated as the ratio of the power transmitted
in the mth order to the incident power. Hirono et al. [39] reported
an increment in the DE of gratings in PMMA obtained with 120
fs pulses through heat treatment at 70 °C for 500 h. The efficiency
recorded was 1.9% before heat treatment and increases to 72% after
heat treatment. They attributed the increase due to the increase in
induced RI change after heating and suggested the physical mech-
anism responsible was volume contraction at the irradiated region.

Table 3 shows the DE results obtained with these gratings. Since
most of these gratings were fabricated at higher energies, the mod-
ification in the fs laser irradiated regions would be of void type.
Therefore, we did not observe any appreciable increment in the DE
with thermal treatment. However we did observe a clear enhance-
ment in the emission and absorption properties of the irradiated
regions. We recorded emission and excitation spectra using a flu-
orescence spectrometer. There are a few reports on luminescent
properties of glasses after they are treated with fs laser [40,41].
We showed similar results on emission and paramagnetic behav-
ior of these polymers irradiated with fs laser [25-29]. The emission
observed in fs laser irradiated regions is mainly attributed to the
generation of optical centers such as trans-stilbene, diphenylbu-
tadiene (DPBD), and diphenylhexatriene (DPHT) [26-28]. Fig. 3(a)
shows the extinction spectra obtained for pristine PS, irradiated PS
(PSG1) and irradiated PS (PSG1) after thermal treatment. We found
that the losses of the irradiated PSG1 increase in comparison to the
pristine PSG1 due to the formation of optical centers or lumines-
cent centers. Heat treated fs laser irradiated PSG1 showed further
increase in the losses due to further formation of optical centers

upon thermal treatment which could be due to bond breakage. The
optical centers formed showed emission when excited at 458, 488,
and 514 nm wavelengths. The losses that we observed in Fig. 3(a)
are due to absorption from optical centers, scattering and diffrac-
tion. In order to estimate the losses due to scattering and diffraction,
we have recorded the absorption spectrum with a fiber spectrome-
ter, with the fiber tip kept immediately after the irradiated portion
of the sample. We observed that transmittance comes down by
only 41% in comparison to the transmittance coming down by 60%
while recording with the UV-vis spectrometer. This indicates that
the loss due to scattering and diffraction is nearly 19%. Therefore,
depending on the type of application, one can control the forma-
tion of optical centers by irradiation at higher fluences or pure index
grating at low fluences leading to diffraction. Formation of optical
centers would be more suited for memory devices, while pure index
grating with lower absorption losses is ideal for the diffraction
applications. Fig. 3(b) shows the emission of pristine PS and PSG1
grating before and after heat treatment when excited at 458 nm.
There was no emission observed from pristine PS. PSG1 grating
demonstrated emission when excited at 458 nm due to formation
of optical centers [27,28]. Because of the increased absorption from
the optical centers, emission too shows an increase upon heating.
We reported earlier that the emission intensity increases with the
irradiation energy, which is due to the formation of more opti-
cal centers [25,28]. Fig. 3(c) shows excitation spectra collected by
monitoring the 480 nm emission wavelength. Excitation spectra at
different monitoring wavelengths showed maximum absorption
or excitation at 337 nm. Fig. 3(d) shows the emission spectra with
337 nm as the excitation wavelength. This emission is attributed to
the optical centers of trans-stilbene (364 nm) and DPBD (383 nm).
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Fig. 4. (a) Microscope image of PSG1 grating, scale bar and period is 30 wm. (b)
Raman plot of pristen PS, irradiated PSG1, heated and irradiated PSG1 with central
and end regions of the modifications.

We observed similar trends in the emission spectra at different
excitation wavelengths.

We recorded micro-Raman spectra in the confocal geometry for
pristine PS and fs laser irradiated PSG1 without and with heat treat-
ment. Table 4 enlists the Raman modes of PS [42,43]. Fig. 4(a) and
(b) show the microscope image of PSG1 and Raman plots. Some of
the Raman plots have been shifted (vertically) for clarity. We col-
lected the Raman signal from the center and edge portions of the
lines drawn in the PSG1 grating. The intensity of Raman modes are
suppressed in case of fs laser irradiated PS. We observed that the
intensities of two main Raman modes are affected drastically due
to stress waves generated in the fs laser irradiated regions. 1001
and 1603 cm~! modes of PS correspond to ring breathing and C=C
vibrational modes respectively [42,43]. The two modes at 2980 and
3004 cm~! corresponding to sp3 and sp? CH groups disappeared
completely in case of fs laser irradiated PS. Though we expect voids
in the middle portion of the fabricated structures, there could be
debris ablated and resettled in the middle portion of the structures
which contribute to the Raman signal. Part of this signal could be
from top and bottom portions of the line structures.

Raman spectrum of PSG3 grating fabricated at 33 nJ] energy,
0.5 mm/s speed with 30 wm period is shown in Fig. 5. We observed
that the Raman spectrum from the irradiated region is very similar
to that of the pristine region. This is understandable as the phe-

Table 4
Raman mode assignments for PS.
S. No. Raman shift (cm=!) Assignment
1 398 No reference found
2 624 Ring mode (vgp) which supports
either mono or para substitution
3 761 Out of plane CH bend for mono or
para substitution
4 800 Finger print band of styrene
5 1004 Ring breathing mode
6 1032 Styrene group
7 1158 bands
8 1201
9 1332 No reference found
10 1454 CH; or CH3 bending modes
11 1587 Vg, and Ugp, aromatic ring stretch
12 1604 (Aromatic ring deformation)
13 2853 sp> CH group
14 2907
15 2980
16 3004 sp? CH group
17 3056
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Fig. 5. Raman plots of pristine PS (1), fs irradiated PSG3 central region (2) and end
region (3).

nomenon of bond breaking which leads to major structural changes
does not take place at such low energies.

4. Conclusions

We presented our detailed experimental results on the fab-
rication and characterization of buried diffraction gratings and
micro-craters in bulk PS using fs pulses. A maximum diffraction
efficiency of 10% is recorded for a grating fabricated at 1 pJ energy,
and 1mm/s speed with 30 wm period. Through the FESEM and
the Raman studies, we confirmed that the emission in the modi-
fied regions is due to optical centers created in the laser irradiated
regions and the debris. Increase in emission and excitation intensi-
ties due to thermal treatment given to these gratings is presented.
Raman analysis of different modes before and after irradiation indi-
cated disappearance and intensity change for few modes at higher
irradiation doses.
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