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Abstract. Laser direct writing technique is employed to fabricate microstructures, in-
cluding gratings (buried and surface) and two-dimensional photonic crystal-like structures,
in bulk poly(methylmethacrylate) (PMMA) and poly(dimethylsiloxane) (PDMS) using
~100 femtosecond (fs) pulses. The variation of structure size with different writing con-
ditions (focussing, speed and energy) was investigated in detail. Diffraction efficiencies
of the gratings were calculated and the changes in diffraction efficiency (DE) as a func-
tion of period, energy and scanning speed were evaluated. Highest diffraction efficiencies
of 34% and 10%, for the first order, were obtained in PMMA and PDMS respectively.
Heat treatment of these gratings demonstrated small improvement in the diffraction effi-
ciency. Several applications resulting from these structures are discussed. Fs modification
in PMMA and PDMS demonstrated emission when excited at a wavelength of 514 nm.
We attempted to prepare buried waveguides in PMMA with higher refractive index at
the core. We have successfully fabricated branched and curved structures in PMMA and
PDMS finding impending applications in microfluidics.
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1. Introduction

Ultrashort pulses provided by femtosecond lasers when focussed tightly in a di-
electric or polymer material creates highly localized refractive index changes by
invoking the nonlinearities due to large peak intensities resulting in multiphoton
absorption within the focal volume. Therefore, fs direct writing facilitates large
penetration depths and genuine 3D structuring [1-3]. A polymer material such as
PMMA, which is the base material for polymer optical fibres and other devices,
makes its possible to manufacture inexpensive and rugged components and de-
vices. Femtosecond lasers are now being widely used in the internal modification
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of transparent materials. Because of multiphoton absorption process, the interac-
tion between the fs laser and the material occurs only in the vicinity of focal spot,
leaving the surface of the material intact. One of the most important applications
of this ability to modify the refractive index (RI) is in the field of photonics [4-7].
A variety of three-dimensional structures such as waveguides, couplers and grat-
ings have been fabricated in PMMA and PDMS, which are useful for photonic and
microfluidic applications [8-22]. A comprehensive understanding of the interaction
of femtosecond pulses with these materials with particular attention to their pulse
duration, energies, shapes, focussing conditions etc. is indispensable for arriving at
optimum writing conditions to achieve device-quality microstructures. Herein we
present our results on the studies of various structures, effect of different writing
conditions using ~100 fs pulses and their physical and optical characterization.

2. Experimental details
2.1 Materials preparation

In our experiments we have written microstructures in PMMA purchased locally,
PMMA purchased from Goodfellow, USA and home-made PDMS films. PMMA
and PDMS samples with thicknesses of 1 mm and 6 mm, respectively, were used in
all our experiments. These samples were cut into 1 cm X 1 cm dimensions using
polymer cutter. Edges were polished using alumina powder and polishing sheets
of different grades. Before irradiating with fs pulses, these samples were sonicated
for 1 h in distilled water to remove dust and unwanted polishing powder. To
characterize the microstructures after fabrication using laser confocal microscope
and/or scanning electron microscope (SEM), these samples were once more polished
till cross-sections were visible in the microscope and later sonicated. For SEM
studies we coated the samples with gold using sputtering technique.

2.2 Material properties and measurements

These polymers are transparent to visible light and do not have any absorption peak
in the visible region. The tensile strength of PDMS is ~2.24 MPa while for PMMA
it is ~70 MPa implying that it is easier to physically modify PDMS (compared to
PMMA) using fs pulses. For measuring widths and depths of the microstructures,
we used confocal microscope and SEM. Emission measurements were also carried
out using the same confocal microscope. For measuring the percentage of DE, we
used a He—Ne laser and measured the power diffracted into various orders using a
handheld power meter. First-order diffraction efficiency is defined as the ratio of
power diffracted into first order to the incident power.

3. Results and discussion

Microstructures are fabricated using a Ti:sapphire oscillator-amplifier system op-
erating at a wavelength of 800 nm delivering ~100 fs pulses, ~1 mJ energy with a
repetition rate of 1 kHz. The transform-limited nature of the pulses is confirmed
from the time-bandwidth product. Three translational stages (Newport) are used
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to translate the sample in X, Y and Z directions. Laser energy is varied using the
combination of half-wave plate and a polarizer. The writing is performed in the
transverse geometry with polarization of the input beam perpendicular to the trans-
lation of the sample. We have used 40x and 20x microscopic objectives (Olympus,
Numerical Aperture (NA) of 0.65 and 0.4, respectively) in our focussing experi-
ments. Spot sizes are calculated using the formula D = 1.22A/NA, where D is
the diameter of the focussed spot, A = 800 nm and NA is the numerical aperture
of the microscopic objective. The theoretical spot sizes are found to be ~1.5 and
~2.4 pm, respectively, for 40x and 20x objectives. The values of energies men-
tioned hereafter are measured before all the optical components in the experiment,
implying the actual values at the focus could be lesser by at least 20-30%.

The energy of an 800 nm photon corresponds to 1.55 eV while the optical band
gap of pure PMMA is ~4.58 eV. This implies that the nonlinear process involves
at least three photons being responsible for structural modification at the focal
volume [10]. Three possible mechanisms [1,21] such as tunnelling, intermediate and
multiphoton ionizations are likely to take place when transparent material interacts
with femtosecond pulses. The Keldysh parameter which provides information about
the dominant mechanism, is defined as v = (w/e)(m X ¢ X n x g9 X Eg/I) where
w is the laser frequency, I is the laser peak intensity at the focus, m and e are the
reduced mass and charge of the electron, respectively, and c is the velocity of light,
n is the refractive index of the material, F, is the band gap of the material and ¢ is
the permittivity of free space. For our studies (PMMA) we realized that tunnelling
as the mechanism responsible for fs-laser induced changes as the Keldysh parameter
is <0.5 for structures written using 40x. Similar calculations were carried out for
20x objective and it is found that tunnelling mechanism plays a major role.

Initially we fabricated microstructures in PMMA using single and double scan
methods using both 40x and 20x objectives. For reproducibility we obtained two
sets of structures in PMMA and the data are in good agreement in both the cases.
Typical confocal images and variation of the width with input energy for these
structures are shown in figures la and 1b, respectively. Similar structures were
achieved in PDMS (using 40x and 20x objective lenses) and figures 1c and 1d
show the structures and plots of structure width vs. input energy, respectively. As
expected, the structure width is found to be increasing with input energy and the
number of scans. Since the 20x objective spot size is more than 40x objective,
structures written at the same energy with the 40x and 20x are compared and the
width is found to be more in PDMS than in PMMA, as PDMS is a relatively soft
material compared to PMMA. Before fabricating the two-dimensional gratings we
fabricated several microstructures on the surface of PMMA. To understand whether
the modification is a void-type or hybrid-type (defined as void regions mixed with
regions of pure refractive index change) or regions with only refractive index change,
we collected the SEM data of these structures. Figures 2a and 2b show the SEM
images of the fabricated microstructures. Through confocal microscope we could
not clearly establish the kind of modification occurred at the focal volume. But, it
is clear when we viewed them through SEM. Figures 2a and 2b clearly show grooves
in the irradiated region indicating that the fabricated structure is of void-type. The
microstructures are a result of the melting and re-solidification of polymer at high
temperatures created by these intense, short pulses. We observed splitting of the
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Figure 1. (a) Microstructures obtained in PMMA using 40x objective in
SET-1 confocal microscope image of the structures fabricated (right to left
structures were written with increasing energy in single- and double-scan
methods — Spacing between structures = 60 pm). (b) Plot of structure width
vs. energy in SET-1 and SET-2 experiments. (c) (Right to left structures
were written with decreasing energy in single- and double-scan methods) Mi-
crostructures written in PDMS using 40x objective (spacing between struc-
tures = 100 pm). (d) Plot of structure width vs. energy in PDMS written
with 40X objective. Scanning speed is 1 mm/s for all the structures shown
here.
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microstructures written with 80-50 pJ (decreasing) energies as illustrated in the
SEM pictures (figure 2b). The splitting behaviour could be due to the damage in the
40x objective which we realized later after careful observation of the transmitted
He—Ne laser beam in the far-field. At lower energies (<570 nJ) we have not observed
any grooves. We expect smooth refractive index change near the edges of all the
structures as the energy at the ends of Gaussian beam is sufficiently low (<1 uJ).

We fabricated diffraction gratings at energies >50 pJ in PMMA (local) and com-
pared their diffraction efficiency (DE) with scanning speed, average energy and
grating period. Table 1 enlists the different conditions of fabrication and their dif-
fraction efficiencies. We follow the following abbreviations for different structures.

1224 Pramana — J. Phys., Vol. 75, No. 6, December 2010



Femtosecond laser-fabricated microstructures

Figure 2. (a) Surface microstructures fabricated in PMMA at 150 pJ energy
(width=49.1 pm). (b) 80-50 pJ energies from right to left in steps of 10 uJ
energy (scale bar =100 pm). (c) SEM image of the surface structure written
at 54 pJ in PMMA (width =20 pm). (d) SEM images of PDMS surface where
structure is written at 54 pJ (width=281 um). 40X objective is used with 1
mm/s speed for all the structures shown.

First four letters represent the material (PMMA or PDMS). Next two letters rep-
resent grating type: whether buried grating (BG) or surface grating (SG). Next
two numbers represent a particular writing condition (period, energy and scanning
speed). Last character represents whether it is written at higher energy (H) or
lower energy (L). All these gratings were fabricated at high energies and hence the
modification was purely void-type which was confirmed by SEM images of cross-
sections of such structures. We obtained maximum DE for grating PMMABG11H
written with 50 pJ, 250 pm/s, and 15 pum period (DE of ~34%). We fabricated
diffraction gratings (hybrid-type) at low energies that consisted of a void region
surrounded by a region of refractive index (RI) change. Figures 2c—d clearly show
SEM images of PMMA (Goodfellow) and PDMS surface structures. Intermediate
energies at the focal spot, possessing high peak intensities, eject the debris and this
phenomenon is demonstrated through the SEM images of the surface structures.
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Figure 3. (a) Confocal image of a buried grating in PDMSBGO02L (3 uJ,
500 pum/s, 20 pm period, 13 pym width). (b) Diffraction pattern for the grating
depicted in (a). (c) Confocal image of PDMS (energy = 30 wJ, period = 65 pum,
width =30 pm, scanning speed =1 mm/s). (d) Diffraction pattern of grating
depicted in (c). 40x objective is used for all the structures depicted.
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Figure 4. (a) Plot of emission with wavelength in PMMA. (b) Plot of emis-
sion with wavelength in PDMS. Excitation wavelength =514 nm, energy =15
uJ, speed =0.05 mm/s.

For buried structures, and at intermediate energies, there is a possibility of debris
settling within the structure as it cannot escape. These are hybrid gratings with
void regions followed by high-density region and pristine region and therefore can

1226 Pramana — J. Phys., Vol. 75, No. 6, December 2010



Femtosecond laser-fabricated microstructures

Figure 5. (a) Confocal microscope image of SS3 with separation 50 pm
(scale bar) and (b) coupling of 633 nm light.

Figure 6. (a) 1:8 structure fabricated in PMMA. Pseudogreen colour shows
the emission from the modified region at an excitation of 488 nm (size of
the structure =15 pm). (b) 1:8 branched structures in PDMS (size of the
structure =25 pum). (c) Fluorescence of rhodamine B solution injected into
the structure and excited at 543 nm in PMMA. 40X objective is used with
writing parameters of 15 pJ, 0.05 mm/s speed for all the structures shown.

be considered as double grating structures leading to a weak diffraction pattern
being observed along with the strong diffraction pattern.

We also attempted fabricating similar buried gratings in PDMS at different writ-
ing conditions. To the best of our knowledge, we report maximum diffraction effi-
ciency (~10%) in PDMSBGOI1L (3 wJ, 1 mm/s, 15 pum period). Cho et al [20] have
reported a maximum diffraction efficiency of 6% in similar structures. They used
130 fs pulses, 1 kHz repetition rate with an NA of 0.85. Figures 3a and b show the
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Figure 7. Part of the shape ‘8’ fabricated in PMMA. Pseudogreen colour
shows emission from the modified region excited at 488 nm. As image is large,
only parts of image are captured (scale bar =300 pm).

Table 1. Grating data written with high energies for PMMA (local grade)
using 40X objective.

Average Speed Period First order
Terminology energy (uJ) (pm/s) (pm) % DE
PMMABGO1H 150 500 8 14.3
PMMABGO02H 200 500 8 3.5
PMMABGO03H 200 500 10 No pattern
PMMABGO04H 200 800 10 No pattern
PMMABGO5H 200 1000 10 No pattern
PMMABGO6H 60 500 50 14.0
PMMABGO7H 60 500 25 20.0
PMMABGO8H 60 500 10 5.6
PMMABGO09H 60 500 5 No pattern
PMMABG10H 50 1000 15 8.9
PMMABGI11H 50 250 15 34.0
PMMABGI12H 50 750 15 No pattern
PMMABG13H 50 500 15 6.5

confocal image of PDMSBGO2L, and its diffraction pattern. The refractive index
change in the modified region was calculated using the formula [12,21].

An = Acos © tanh™ ' (y/n)/7d,

where An is the refractive index change, A is the wavelength of light used, 7 is
the diffraction efficiency, d is the grating thickness/depth, © is the angle between
normal and incident direction of light used which is equal to 0°. We fabricated
surface gratings and two-dimensional gratings on PMMA and PDMS. Figures 3¢
and d show the two-dimensional grid and the diffraction pattern.
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Table 2. Data of DE of various gratings after heat treatment in PMMA and

PDMS.
Particulars of % DE for % DE for % DE for

Sample name heat treatment Oth order  1st order  2nd order

PMMABGO1L Initial 47 7.6 2.8

(40x, 3 pd, Heat treatment at 61 6.1 6.1

1 mm/s, 15 pm 70°C for 384 h

period) Heat treatment at 59 4.84 1.24
80°C after 552 h

PMMABGO2L Initial 68 4.72 2.8

(40x, 3 ud, Heat treatment at 80 3.1 3.1

0.5 mm/s, 20 um  70°C for 384 h

period) Heat treatment at 81 1.8 1.2
80°C after 552 h

PMMABGO3L Initial - - -

(20%, 6 pd, Heat treatment at 0.58 0.39 0.39

1 mm/s, 20 pm 70°C for 384 h

period) Heat treatment at 7.61 3.4 0.82
80°C after 552 h

PMMASGO1L Initial 1.83 0.83 0.3

(40x, 3 pd, Heat treatment at 13.27 2.79 0.67

1 mm/s, 18 um 70°C for 384 h

period) Heat treatment at 88.27 2.37 0.21
80°C after 552 h

PMMASGO2L Initial 46.83 5.83 2.17

(40x, 5 ud, Heat treatment at 51.73 5.1 2.4

1 mm/s, 25 pm 70°C for 384 h

period) Heat treatment at 58.02 6.07 2.4
80°C after 552 h

PDMSBGO1L Initial 18 10 1.66

(40x, 3 ud, Heat treatment at 21 9.83 9.83

1 mm/s, 15 pm 70°C for 384 h

period) Heat treatment at 20 9.3 0.55
80°C after 552 h

PDMSBGO2L Initial 9.3 7.7 3.1

(40%, 3 pd, Heat treatment at 12 7.24 7.24

0.5 mm/s, 20 yum  70°C for 384 h

period) Heat treatment at 11 6.54 2.95

80°C after 552 h

Hirono et al [22] have reported increment in diffraction efficiency from 1.9 to
72% after heat treatment at 70°C for 500 h. They reported the increment as due to
an increase in induced refractive index change through volume contraction in the
irradiated area after heating. Our studies, however, indicated only a small increase
in the diffraction efficiencies as shown in table 2. Initially we heated buried and
surface gratings at 70°C for 384 h and later heated samples at 80°C for 552 h
to improve efficiencies. In buried gratings in PMMA, we observed no appreciable
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Table 3. Data of the double line structures used for light guiding applications
(40x objective used).

Energy Scanning Period ~ Width of each  Gap between two
Terminology (nd) speed (um/s) (pm)  structure (pm) structures (um)

SS1 30 1000 20 18 2
SS2 30 1000 30 14 16
SS3 30 1000 50 18 32
SS4 30 1000 10 Merged lines with overall
width 30 pm

change in the percentage of diffraction efficiency contrary to the results of Hirono
et al because the type of gratings that we created is different and mainly due to
voids, whereas in their case the gratings were of pure refractive index type. Similar
results were obtained in PDMS. But in surface gratings of PMMA, we observed
slight enhancement. In PMMABGO3L (achieved with low energy), we have not
observed any diffraction pattern immediately after fabrication, which was mainly
due to overlap of the microstructures. This was also confirmed by the confocal
images. After heat treatment however, we observed diffraction pattern possibly
due to contraction of the modified regions, as explained by Hirono et al. For this
particular grating we observed an efficiency of 0.39% after first heating and the
efficiency surged to 3.4% on further heating (second heat tratment). In other cases
the efficiency of heat-treated gratings was lower than the original ones probably
because of the degradation of the samples and/or gratings which require further
investigation.

We observed emission from the fs-modified regions of PMMA and PDMS when
excited at a wavelength of 514 nm. Figure 4a shows emission from a single structure
of PMMA and figure 4b shows the emission from PDMS structure. The observed
emission could be from either or a combination of (a) propagating free radicals
generated during the exposure to fs pulses, (b) defects formed during the fs writing
process, (¢) micro-/nano-structured material obtained after the irradiation (figure
2a). Further investigations are in progress to accurately pinpoint the mechanism
responsible for this emission.

To demonstrate the versatility of fs direct writing technique we fabricated four
parallel structures whose parameters are tabulated in table 3. The exposed regions
are expected to form voids with the energies used for writing. Our aim was to create
regions of higher refractive index surrounded by regions of lower refractive index
for waveguiding applications. If two such structures are fabricated close enough
(few microns separation for single-mode waveguiding) light can be guided. We
used a He—Ne laser for coupling the light into such a structure. Figure 5a shows
the confocal image of a typical structure and light propagation captured by a CCD
camera. Out of four structures fabricated, three were found to be guiding light
except the last one which is due to the merging of structures. As these structures
are buried, portions above and below the central waveguiding region possess same
refractive index as that of the substrate making it more like a 2D waveguide. To
create a complete 3D waveguide, top and bottom regions also need to be structurally
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modified, which we plan to implement in future. As there is no confinement in all
the directions we expect higher propagation losses in our case compared to smooth
refractive index structures fabricated inside the surface. Efforts are in progress to
quantify these losses.

We have also fabricated 1:8 branched structures on the surface useful for mi-
crofluidic applications. Figures 6a and b show such branched structures in PMMA
and PDMS, respectively. We demonstrated capillary action in the structures of
PMMA and PDMS by injecting the rhodamine B solution into the structures. We
excited the channels with 543 nm radiation and observed fluorescence which is
depicted in figure 6c. We have also demonstrated the possibility of fabricating
complex structures such as ‘8’ which has curved shape using the present technique.
As the fabricated structure was large, only a part of the curve is shown in figure 7.

4. Conclusions

In conclusion we have achieved several buried and surface microstructures in PMMA
and PDMS using fs laser pulses. We established the dependence of diffraction effi-
ciency on average energy, scanning speed and period. We achieved highest diffrac-
tion efficiencies of the gratings obtained in PMMA and PDMS compared to earlier
studies with similar writing conditions. We were successful in enhancing the diffrac-
tion efficiency of few gratings marginally through heat treatment below the glass
transition temperature. Emission in the fs-modified regions in PMMA and PDMS
was demonstrated when excited at a wavelength of 514 nm. We attempted 2D
structures towards waveguide applications in PMMA. We also fabricated branched
structures in PMMA and PDMS which have practical applications in microfluidics.
We have demonstrated the possibility of fabricating complex structures.
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