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Sub-surface modification by a femtosecond laser, producing pulses of 100fs duration at 400nm
wavelength for fabrication of optical components is investigated, within sub-millimetre thick sheets
of undoped polymethyl methacrylate (PMMA). For effective structuring, the influence of laser writ-
ing parameters and focusing conditions were studied to optimise the pulse energy, pulses spacing
and focusing depth in the material. Permanent sub-surface refractive index structures with a mini-
mum feature size (~3um) at a depth of ~500um demonstrated the feasibility of writing flexible 3-D
microstructures within a thin PMMA substrate. This investigation of focusing depth location in
PMMA bulk material enabled photonic structures at the desired spatial resolution to be written
within the core of single mode polymer optical fibre under controlled laser writing conditions. A
long period fibre grating (LPG) consisting of a 2.8um wide refractive index structure with a perio-
dicity of 250um and containing a series of attenuation bands in visible range, demonstrated a
photonic structure written into a single mode polymer optical fibre.
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1. Introduction

Femtosecond laser technology forms a powerful tool
for rapid prototyping with the capability to form three-
dimensional structures with reduced feature size in trans-
parent materials via nonlinear photon absorption. Optical
structures in transparent materials such as waveguides [1-3],
gratings [4, 5], and splitters [6] are important components
for integrated optical circuits [7, 8], micro-fluidic and lab-
on-a-chip devices [9, 10].

Polymethyl methacrylate (PMMA) is of great interest
as a photonic material, because it is inexpensive, flexible
and biocompatible, and thus ideal for disposable devices
for clinical, biological and chemical applications [11]. The
low processing temperature of PMMA [12] permits addi-
tion of organic dopants (unsuited to dielectrics having high
critical temperature Tc, such as glass) to impart optical ac-
tivity and lasing properties, and allows PMMA to be injec-
tion moulded to create structured surfaces and channels for
micro-fluidic devices [13, 14].

In 2003, Scully et al [15] demonstrated the first perma-
nent refractive index structures within undoped bulk
PMMA, in the form of diffraction gratings, directly written
by femtosecond (fs) laser at 800 nm, 40 fs, 1 kHz. Perma-
nent refractive index changes, An, of up to 5x10* were
obtained with longevity of several years. Waveguides and
gratings within optical fibre were also demonstrated [16].
The photochemical mechanism, as well as the effect of
wavelengths and pulse durations on the multi-photon proc-
ess related to bandgap was elucidated [16, 17]. Structures
with minimum diffraction limited feature size of 0.42 um
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were achieved within bulk clinical grade PMMA by holo-
graphic writing at 387 nm [18]. However, the relationship
of writing depth below the surface of laser modified poly-
meric material has not been fully investigated to date.

Fabricating small feature size of micro-structure cross
section at various depths below the surface of transparent
media is challenging, because laser pulse filamentation
occurs due to a combination of self-focusing and self-
defocusing effects [19-21], elongating the focal volume
along the beam propagation direction. At sufficiently high
laser fluences, an irregular structure is formed around the
centre of the beam focal point, surrounded by a refractive
index modification [22]. Liu et al [23] showed the influ-
ence of focusing depth was significant when writing
waveguides in fused silica with a 0.5NA objective. Al-
though the width of the waveguide cross section remained
~3um, the cross-sectional depth increased from 4 to 12pum
in writing from 300 to 2100pm beneath the glass surface.

When focusing a laser beam into a sample of less than
a-half-millimetre thickness, the challenge is to create re-
fractive index modification close to the sample front sur-
face rather than surface ablation. This limitation to writing
useful structures is well noted and is highlighted in previ-
ous studies, such as the inscription of micro-channels
through cylindrical fibre surface [24].

Hence, the laser processing conditions were studied in
this paper, to achieve permanent index change structures in
small dimensions (~3um or less) within an undoped
PMMA substrate. Particular emphasis will be placed on
defining the laser writing parameters as a function of laser
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focus location below the surface. Writing structures under
control at a range of focusing depth enables femtosecond
laser micro-processing to be applied to situations where
photonic structures are fabricated at variable depths below
a curved surface such as a 125-pm-diameter single mode
optical fibre.

2. Laser modification theory
During the experiments, laser refractive index modifi-
cation was performed using transverse writing technology

(Fig.1).

Laser beam

Microscope

objective ;
Translation

direction
Fig.1 Schematic of transverse direct writing by fs laser.
The laser beam propagates in the y-direction, with
the sample translated in the x-direction

When the material was irradiated by the laser pulses,
the resultant refractive index change (An) was due to the
accumulated fluence, ¢ which was determined by the total

number of incident laser pulses energy deposited to unit
area [25, 26]. If the laser beam linearly scans along the x
axis over a length L, the accumulated laser fluence, ¢ can

be calculated by equation (1), where ng denotes the number
of overwrites, np is the number of pulses per scanned line,
E, is the laser energy per pulse, and dy, is the diameter of
the focal spot in the material.

4= nn,E,

Lxdg,
)
The number of pulses per scanned line (np) is calculated
by dividing the length of the line (L), by the lateral distance
of two pulses (dp). dp is given by the translation speed (vs)
against the laser repetition rate (f). Therefore, equation (1)
can be expressed in the form below
¢ — nS Pav
v, xdg,
where P,, is the measured value of average laser power,
giving P,, = E, Xf.

2

In order to maximise the refractive index change, An,
the incident laser fluence must be just below the material
damage threshold. An was inferred by writing a diffraction
grating and measuring the diffraction efficiency n of a
transmitted helium neon laser into the first order [15]. The
magnitude of the refractive index modification was deter-
mined from n using the equations for Raman-Nath diffrac-
tion of sub-surface phase grating in bulk material [27]. It
had been demonstrated that the magnitude of the An modi-
fication was increased as a function of the laser fluence, but
it was decreased if damage or filament formation took
place [15].
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3. Experimental arrangement

A Coherent Legend Ti: Sapphire laser facility (Photon
Science Institute at the University of Manchester) gener-
ated horizontal linear polarised light, pulsed at a 1-kHz
repetition rate, with pulse duration of 100-fs at a central
wavelength of 800 nm. The output beam from the system
had a laser power of ~3W in the Gaussian mode with a
diameter of ~7mm. The schematic of the experimental
setup is shown in Fig.2.

Lt

Z
800 ' 400
Fslaser m= ='m 1 Attenuator mE mm cBn?s?al T -n-m* k. v
Objective X

Shutter

lens K-Y-Z Stage

Fig.2 Schematic of experimental system

The laser beam was attenuated by a diffractive optic at-
tenuator and its frequency was doubled by a BBO crystal,
generating fs laser irradiation at 400nm wavelength. This
meant it had the potential to modify refractive index via
two-photon absorption, resulting in larger An and smaller
feature size of structural changes [17].

A neutral density (ND) filter placed between the reflec-
tion mirrors achieved a smaller integrated fluence. The
laser beam was focused to ~8um diameter by a 20x Nikon
microscope objective with a 0.45 numerical aperture (NA),
10 mm focal length and long working distance of 8 mm.
The single mode optical fibres and the bulk PMMA slabs
were mounted on a PC controlled Aerotech x-y-z transla-
tion stage (ANT-25LV) of 2.5nm resolution and the fabri-
cation process was viewed by a CCD Color Camera (DFK
31AF03).

The experiments were performed by translating the
PMMA sample along the x-direction so that the laser beam
scribed parallel structures, line by line along x axis (as
shown in Fig.1) inside the PMMA sheet of thickness 1-mm
(Vistacryl CQ non UV). The femtosecond laser writing
conditions were investigated by characterising the laser
induced structures as a function of laser focal point location.
The depth of the laser focal point below the sample surface
varied from 10 to 500um. Since refractive index change,
An, rather than ablation or optical breakdown (Fig.3) was
required, the influence of laser parameters and focusing
conditions were studied to optimise pulse energy, lateral
pulse distance and focusing depth within the material.

i

Optical brakdown

Mterial ablation An modification

Fig.3 Microscope images of three stages of microstructure
outcomes (top view)

The experiments using bulk PMMA samples involved
two main steps of investigation: (1) the influence of the
translation speed and the pulse energy at constant focusing
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depth (in y direction) of the laser beam into PMMA, (2) the
structural dimension created at fixed pulse energy and
translation speed whilst changing the focusing depth. The
number of over scans was kept at unit for all modification
areas throughout. The laser irradiated PMMA samples were
cut in y-z plane to make a cross section through the in-
duced structures, and the cut surfaces were polished. The
focusing depths (Fy) discussed in the paper were measured
from the beam focal point with respect to the surface along
y axis, i.e. the depth from the air-PMMA interface to the
focal point of the laser beam below the PMMA surface.

A step-index single mode polymer optical fibre (POF)
was also subjected to laser inscription. The POF (Paradigm
Optics) has a 125um PMMA cladding diameter and a
3.4um PMMA core diameter. To remove the distortion ef-
fect of the curved fibre surface, the single mode POF was
sandwiched between two flat PMMA sheets around which
index-matching oil was injected as shown in Fig.4 and this
setup was mounted mechanically on the x-y-z stage[28].

PMMA sheets

POF

Index-matching oil
Fig.4 Schematic setup of fibre modification

4. Results and analysis
4.1 Sub-surface microstructures written at various
translation speeds and pulse energies

Using transmitted light microscopy, the damaged or ab-
lated region can be distinguished from the An region within
the laser modified sample. The specific damage threshold
as a function of pulse distance and pulse energy can be
determined. The distance between two pulses was con-
trolled by varying the laser writing velocity. Fig.5 shows a
plot of translation speed versus pulse energy in order to
summarise the effect of these parameters for a Imm thick
PMMA bulk material under various translation speeds
ranging from 0.5mm/s to 3.0mm/s, average laser energy up
to 400nJ, and a fixed focusing depth of 100um below the
PMMA surface.

When the laser energy was reduced below 50nJ, no An
modification was observed by inspection with an optical
microscope. It implied that the laser irradiation was not
sufficient to induce the photochemical change necessary to
alter the material density, involving the direct cleavage of
the polymer main chain, leading to a change in refractive
index [16]. When applying low laser energy with slow
translation speed, e.g., 60nJ with 0.5mm/s, the An modifi-
cation took place. It was observed that the damage thresh-
old for PMMA reduced with increased incident laser en-
ergy level. These thresholds were 1.41, 0.82, 0.63, 0.53,
and 0.47 Jem™ for corresponding pulse energy of E,=60, 70,
80, 90, and 100nJ respectively. This indicates that An is
maximised by using multiple overwrites at low fluences.
This phenomenon was previously observed when multiple
overwrites at low laser fluence at short pulses (<100fs),
achieved more efficient modification, which was larger An,
via cumulative incubation reactions [17, 29]. To summarise,

for 100fs laser pulses focused at a constant depth inside the
sample using a lower pulse energy with the same number
of pulses irradiating a defined area could enlarge the An
modification range without reaching the damage threshold.
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Fig.5 Damage and modification produced by varying vg

and E,, at a constant Fg =100 um.

Laser energies above 200nJ caused inner material dam-
age or surface ablation for vg in the range 0.5-3.5mm/s, so
this should be avoided in refractive index structural writing.
Single-pulse irradiation was observed if the sample was
translated faster than 3mm/s due to the 1-kHz repetition
rate generating a broken line, and no continuous structural
change could be produced above this speed.

The cross-sectional shape of each scanned line was ex-
pected to be elongated at the focal region along the y axis
due to the self-focusing effect. Optical images of the cross
sections presented in the y-z plane in Fig.6 were observed
by an optical microscope from the x axis direction. The
laser beam was focused into the PMMA sample with the
focus point located ~15um beneath the surface. The cross-
section along the x direction ranges from approximately
40um (Fig.6a) down to 2um (Fig.6d). Although the cross-
sectional shapes exhibited an elliptical feature, the spatial
shape became relatively small with reduced laser energy. In
addition, elongation of the resultant structural cross section
was not affected by the stage translation speeds ranging
from 0.5 to 2.5mm/s despite the same energy being deliv-
ered.

e

e XD—7
10 pm T/Y

(a) (b) () (d)

Fig.6 Optical microscope images of the cross-sectional
shape of inscribed structures. The incident energies
E, were (a) 250 nJ, (b) 200 nJ, (c) 100 nJ and (d) 70
nJ, with vg =1 mm/s.

A low fluence level of 0.82 J cm™ (70nJ and 1mm/s)
initiated the An modification at Fy =100 pm as shown in



JLMN-Journal of Laser Micro/Nanoengineering Vol. 5, No. 1, 2010

Fig.5. However, the irradiated regions shown in Fig.6 ex-
hibit optical breakdown due to a low focusing depth of
~15um even if the incident fluence used was the same. This
indicated that the An modification is also affected by the
laser beam focal point location.

4.2 Effect of focusing depth in bulk PMMA

The effect of laser beam focus depth was studied by
gradually changing the focal plane within a 40x20x10 mm?®
PMMA sheet, while keeping the translational speed at a
constant of v¢=1mm/s. The width (w) and the depth (d) of
cross sections of induced structures were measured referred
to the z axis and y axis, and were plotted as a function of
focusing depth (F4) of the laser beam inside PMMA in
Fig.7a and Fig.7b respectively.
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Fig.7 (a) Width and (b) Depth of the cross-sectional struc-
tures as a function of the focusing depth below the
PMMA surface. (vg =1mm/s)

0 50

The average laser pulse energy was in the range from
70nJ to 250nJ. At the focusing depth of Fg=~90um, refrac-
tive index structures were produced with a pulse energy of
E,=70nJ. However, this energy was insufficient to create a
change in refractive index at F4=470um, unless E, reached
100nJ. When E, >200nJ, the structural change observed
below the damage threshold was in the deep regions of Fy
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>~700um. Thus, increasing focusing depth within the sub-
millimetre PMMA sheet resulted in increased damage
threshold, similar to the observation by Liu [23] for inscrib-
ing waveguides in silica glass.

The cross sections dimension decreased with increased
beam focused depths, implying the absorbance at the UV
writing wavelength (400nm) increased with increasing
thickness of the PMMA sample as would be expected from
the Beer-Lambert Law [30]. Along each trend line, the
measured data exhibited periodic oscillations in the values
of the cross-section dimensions. The amplitude of the oscil-
lation increased with increasing laser fluence, but it de-
creased when the laser focal plane was moved deeper into
the PMMA sample. These variations may be caused by
instabilities of intensities in fs laser intensities at the focal
point, attributed to non-linear absorption and non-linear
propagation effects as the input energy is increased [31-33].

$=0.82 Jem™ $=1.18 Jem™
x(?_» .
Y - .
Fg=70um Fq=450pum
Fy =90um Fq=470pum
Fd =31 Oum Fd =550um

Fig.8 Cross section view of outcomes of laser irradiation
with fluence of 0.82Jcm™ (E, =70nJ, vg =Imm/s) and
1.18Jcm™ (E, =100nJ, vs=1mmy/s) at different focusing
depths (Fy).

Typical microscope images of scanned line cross sec-
tions with incident fluence of 0.82 and 1.18Jecm™ were
showed in Fig.8. The damage threshold for using 0.82Jcm™
was observed at a depth of Fqg = 70um. When F4 was chang-
ing to 90um, An modification occurred. No refractive index
change was observed if Fy >350um. The refractive index
structure was observed in the region of 90um < Fy< 350pum,
and the dimension of the cross sections (w= ~lpm, d= 2-
4pm). When an increased laser fluence of 1.18Jcm™ was
used, An modification commenced at a deeper region (Fyq =
470um). Increasing the writing depth to 550um, the cross
section shape was elongated more along the beam propaga-
tion direction, because the non-linear effect dominated and
filamentation was stronger with increased focusing depths
[34]. On the other hand, if the focal point increased to more
than 550um, the feature size of the fabricated structures
cross section is not reduced and not suitable for waveguide
fabrication. It was concluded that lower laser fluence,
avoiding the enhanced filamentation effect, should produce
refractive index structures with relatively small feature of
cross-sectional shape over a larger range of the writing
depth.
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The cross-section profile was demonstrated to be circu-
lar in shape by using the longitudinal writing technique in
early studies [35, 36]. However, this method is limited by
the working distance of the focusing objective used. The
structural dimension induced by transverse writing tech-
nology, was reduced to focusing depths up to 500um with
low laser energies in this study. Consequently, to overcome
the difficulty of fabricating inner 3D refractive index struc-
tures due to the limitation of small thickness (<500um) or
irregular sample geometry, sandwiching the sample be-
tween two planar specimens from the same material offers
a feasible method for structuring.

4.3 An modification in POF

Understanding the feature size dependence on the fo-
cusing depth and the laser fluence, enables the possibility
of writing 2-D and 3-D optical structures located at varied
depths beneath the surface, by appropriate adjustment of
processing conditions. To fabricate the long period grating
(LPG) in PMMA based POF, the POF was sandwiched
between two flat PMMA sheets around which index-
matching oil was injected. Since the fibre acts as a cylin-
drical focusing optic, the laser modification product com-
bined a structural distortion in focal volume due to the fibre
cylindrical surface, leading to the mismatch of the focal
plane. The mismatched optical path of the laser beam fo-
cused position in POF resulted from the change in refrac-
tive index from air (n=1) to POF (n’= ~1.5) interface. Ap-
plying the matching oil of n=1.5 between two PMMA
sheets enabled precise laser modification with a flat inter-
face and continuous inner material index. For pulse energy
of 100nJ, the refractive index modification occurred at a
focusing depth of 470um below the PMMA surface, pro-
ducing a structural change with a 3 um by 1.3 pum for cross
section. As a result, two 500 pm thick PMMA sheets were
selected for experiments. An incident fluence level of
$=1.1Jem™ was used, since this fluence was just below the

damge threshold for writing An structures into the POF.

c) TR g SRR
Fig.9 A section of LPG demonstrates (a) the continuous
inner structural change induced by fs lasers within the
sandwich setup. A part of in-fibre grating is shown in

(b) cross view and (c) side view.
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It is demonstrated in Fig.9a that this setup enabled pre-
cise laser micro-structuring with flat interface and continu-
ous inner material. A refractive index grating having a pe-
riod of 200pum was written successfully throughout the fi-
bre core and observed by the microscope (Fig.9b-9c). The
individual An structure width measured was 2.8um. The
size of the cross-sectional structure may be reduced by us-
ing a thinner PMMA sandwich configuration with reduced
laser fluence.

Long period gratings (LPG) with grating periods of 100,
150, 175, 200 and 250um, were inscribed respectively into
five Paradigm POFs, and all LPGs had grating lengths of
20mm. The transmission spectra for LPGs surrounded by
air were measured using an Ocean Optics USB4000 fibre
optic spectrometer (350-1000nm, optical resolution ~1.5nm
at FWHM). A LS-1 Tungsten Halogen Light Source (Ocean
Optics) optimised for the visible-near Infrared was used as
a light source, coupled to the single mode POF via SMA
connectors.
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Fig.10 Change in transmission of a 250um period LPG as
a function of time.

In the visible spectrum, the attenuation bands observed
will only be generated by a LPG with a period of 250um,
since PMMA itself shows no spectral features in this re-
gion[12]. The change in transmission loss of LPG written
with 250pum period as a function of time is shown in Fig.10.
At the first five minutes after the completion of laser irra-
diation, small changes in transmission (<5%) were ob-
served ranging from 450 to 850nm. After 15 minutes, the
loss in transmission increased at the wavelength of 730 and
820nm particularly, having a difference of ~10% and ~6%.
Twenty minutes later, the attenuation peaks reached their
maximum value and there was no further change in trans-
mission. The resonance wavelengths were optimised with a
time delay after irradiation by the fs laser, possibly due to a
photochemical process and a thermal reaction [16]. The
LPG produced an initial attenuation band that had reso-
nance wavelengths of around 565nm, and other attenuation
bands were generated at 613, 728, 816, 853, 877 and
900nm.
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5. Conclusion

The dependence of laser writing depth, pulse spacing as
well as optimised writing fluence in PMMA demonstrated
the feasibility of fabricating 3-D internal optical compo-
nents within the PMMA substrate less than a millimetre
thick. Highly localised refractive index structures were
generated at a controlled spatial resolution written into bulk
PMMA. The feature size of the cross-sectional shape was
2um by 0.8um and 3pum by 1.3um observed at a depth of
300um and 500pum below the surface. This practical dem-
onstration indicated precise location of features across the
small core (3.4um diameter) of a single mode polymer fi-
bre. The effect of the curved fibre surface has been re-
moved, and the laser inscription spatially controlled using
index matching oil and sandwich arrangement. Further
work will be carried out to evaluate the dependence of ab-
sorbance near UV wavelength at different focusing depth
and to investigate the limitation of multi-channel curved
waveguides and internal optical connecters in PMMA. Fur-
ther applications will include integrated optic circuits, opti-
cally interrogated micro-fluidics systems and optical inter-
connects.
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