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Abstract. The fabrication of deep grooves with a high aspect
ratio in poly-methylmethacrylate using excimer laser radia-
tion (248 nm) and a cylindric lens has been investigated. The
form of the grooves and their dimensions are evaluated with
respect to the recording parameters. The patterns and their
widths and depths may be adapted in a wide range depend-
ing on the particular application. As an example grooves for
coupling monomode optical silica fibers were fabricated.

Simulations were performed in order to explain the pat-
tern formation. In a simple model the thermo-optic etch-
ing process may be simulated using a Gaussian-shaped laser
beam and the FDBPM approach.

PACS: 81.20; 78.30; 78.20

One major advantage of using polymers for integrated- or
micro-optic devices is the large variety of methods for pat-
terning the material. Besides the standard techniques known
from microelectronics such as photoresist technology (which
is already a photopolymer), reactive ion etching, electron-
beam or ion-beam patterning, including wet-etching methods,
polymers may be patterned by light in a self-developing man-
ner. There are two principles, the photolytic one and the
thermal decompostion technique. For the photolytic way or-
ganic bonds such asC−C or C=C, C=O, C−H, etc. are
decomposed by energy UV photons. In case of poly-(methyl-
methacrylate) (PMMA) the wavelength for the direct pho-
tolytic decomposition has to be below300 nm[1, 2]. This can
be read from the absorption spectrum of pure PMMA, which
is transparent in the visible range forλ ≥ 300 nm. If longer
wavelength light sources have to be used, the material has
to be doped and the decomposition can be obtained for high
absorbed energies. Then a photothermal decomposition tech-
nique is used.

The absorption coefficient of polymers rises again in the
infrared region. In the spectral range of the readily avail-
able high-powerCO2 lasers (10.6µm) absorption coefficients
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up to 105 cm−1 are reported [3, 4] for PMMA. Therefore
thick polymer samples of severalmm may be cut byCO2
laser [5] using the thermo-optic decomposition. High-power
CO2 lasers are used for cutting metals, see for example [6].
Wide waveguide patterns (≥ 200µm) have been recorded
computer-controlled using aCO2 laser at low average power
of about1 W [7, 8].

Using KrF excimer laser radiation a high resolution
of the patterns may be achieved due to the short wave-
length of248 nm. For this paper we picked an example for
a 3-dimensional pattern of a set of grooves for coupling
monomode fibers to a chip in a given distance. The width of
the grooves is given by the diameter of the cladding in the
order of120–140µm, the aspect ratio (depth/width) of the
pattern is about 1. These grooves should be an alternative
to the anisotropic wet-etching process in silicon. The accu-
racy of the fiber adjustment should be in the order of1µm
in all three directions. Will we be able to copy the V-shaped
grooves of the silicon etching? Can we even control the
shape? To answer these questions we also made model sim-
ulations of the 3-dimensional light intensity distribution prior
to the etching process to compare with the experimentally ob-
tained patterns. The local intensity distribution will influence
the etching front in the photothermal decomposition.

1 Experimental

1.1 The coupling concept

The fiber-chip coupling is one of the most important pro-
cesses in introducing integrated optical devices. Our approach
is demonstrated in Fig. 1. We assume an arbitrary waveguide
pattern on a chip with the requirement of coupling monomode
fibers to certain input channels. Let the surface area of the
chip be theyz plane with thez axis parallel to the input
channel. Then they positions of the input channels (yi ) are
determined for example from the photomask of the particu-
lar structure, whereas thex positions are all the same. As
shown in Fig. 1 we propose a “bench” concept, where the
whole set of the input array of channel to fiber coupling can
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Fig. 1. A coupling concept for fiber-chip coupling using a patterned polymer
bench

be adjusted simultaneously by adjusting and fixing the bench,
for example on a common substrate. Theyi coordinates are
known from the chip production.

1.2 KrF excimer laser recording

The excimer laser ablation experiments have been performed
at the laser laboratory of the FHO in Emden using a laser of
the type EMC-101-MSC (Lambda Physics). AKrF gas filling
was used for the experiments at248 nm. The “beam profile”
of the laser was a rectangular area of8 mm×28 mm. The
maximum pulse energy was250 mJper pulse at a frequency
of 50 Hzand a half-width duration of50 ns.

The experimental setup for the laser beam recording is
shown in Fig. 2. A slit diaphragm of1 mmwidth was homo-
geneously exposed and focused on the sample using a cylin-
dric lens with a focal length of10.4 cm. With this cylindric
lens the full length of the bench, which is5 mm in our ex-
ample, is exposed in its full length. Theyi positions are cho-
sen by the computer-controlled stepping-motor-driveny stage
with an accuracy of±2.54µm (10−4 inch). The distance be-
tween the surface of the sample and the cylindric lensd may
be varied in the vicinity off = 10.4 cm.

The minimum half width of the focused laser beama is
given by: [6, 9]

a= f λ/πw0 , (1)

with the focal lengthf , λ= 248 nmandw0 = half width of
the unfocused beam. In our case we obtain a theoretical min-
imum half width of32µm in the focal plane.

The maximum pulse energy reaching the sample in the
setup is limited due to the geometry to≈ 5.5 mJ/pulse
(250 mJ× (5×1)/(8× 28)). Assuming a minimum half
width of 50µm at the sample and a length of5 mm an en-
ergy density of5.5 mJ/(50µm×5 mm)= 2.2×104 J/m2 per

Fig. 2. Arrangement for recording grooves in PMMA samples with an ex-
cimer laser

pulse is obtained and at frequencies between1 Hz and50 Hz
a power between0.0056 Wand0.279 W is available at the
sample surface, neglecting reflection and scattering losses.

2 Experimental results and discussion

Due to the dimensions of monomode optical fibers the
corresponding groove patterns have to be of the order
of 100–150µm in width. Assuming the core diameter of
5–8µm in the vicinity of the surface, the depth should
be about half of the width at minimum, depending on the
shape of the groove. Therefore patterns with an aspect ratio
(depth/width) r > 0.5 will be required.

In contrast to most other etching studies with excimer
laser radiation we will not restrict ourselves to parallel light
and thin patterns. In our case the already-formed pattern may
influence the light distribution and the ongoing etching pro-
cedure. Therefore we have to consider different shapes of
etched grooves. The dimensions width and depth are related
to the actual shape of the groove. Therefore these have to be
considered first.

2.1 Characterization of the shape of the recorded grooves

The end faces of the etched PMMA benches have been
recorded via microscope as a 2-dimensional pattern and
scanned into the computer memory . For comparison a scale
is recorded as a reference. A typical result is shown in Fig. 3.
The microscope pattern is shown in the left part and the cor-
responding contrast pattern in the right part of Fig. 3. The
determined values for width (221µm) and depth (375µm)
are indicated as well. As an alternative method for the deter-
mination of shape, width, and depth of the recorded grooves
a profilometer (Dektak 3030) was used. However the stylus of
the profilometer cannot follow the narrow and deep patterns.

The recorded cross sections of the etched grooves can eas-
ily be integrated in order to determine the etched volume as
a function of the recording parameters.

Fig. 3. Typical cross section of a recorded groove;left: microscope photo-
graph,right: scanned profile
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2.2 Shifting the focus point relative to the sample surface

An easy method to change the local intensity distribution
of the focusedKrF excimer laser light at the surface of the
PMMA benches is to change the distance between the sam-
ple surface and the cylindric lens. With the change of this
distance around the focal length of10.4 cm patterns of dif-
ferent shape could be obtained. This is shown in Fig. 4 for
different distances between lens and sample surface. View-
ing the recorded grooves from the top (middle part of Fig. 4)
indicates that especially in the middle range of distances
smooth thermo-optcal etching is observed without any for-
mation of bubbles or eruptions. However the obtained cross
section (top and bottom of Fig. 4) of the groove depends on
the distance between sample and lens. From the upper left
to the lower right the distance starts at14.7 cm and is de-
creased by0.5 cm per step down to7.2 cm. The aspect ratio
is clearly increased without changing the laser output pa-
rameters. In Fig. 5 the parameters depth (full circles) and
width of the etched grooves are given for a different dis-
tance of lens to sample. Starting at low values with the fo-
cal point being beyond the surface of the sample wide and
shallow grooves are produced. With the focal point mov-
ing towards the surface of the sample the grooves become
deeper and narrower. The optimum in the aspect ratio of al-
most 3:1 is clearly achieved for values ofd≈ 12 cmwith the
focal point being well above the surface of the sample. How-
ever we have to consider the different shapes of the grooves,
shown in Fig. 4. When the distanced passes through the focal
length f = 10.4 cm, the pattern changes from a “smooth V”
to a “sharp V” according to Fig. 4. Ford> 12 cm there is
a clear drop in the depth, the groove becomes flat and shal-
low again. In addition to this information viewing the grooves
from the top shows that in those cases where the focal point
is in the material, but significantly below the surface (here
at d ≤ 9.2 cm) a rough surface is obtained due to bubbles
and eruptions (Fig. 4, middle, left). Depending on the de-
sired pattern the optimum distanced is in the range between
10 and12 cm.

Fig. 4. Variation of the groove pattern with different distanced between the
cylindric lens and the sample surface for14.7 cm (upper left) ≥ d≥ 7.2 cm
(lower right) in steps of0.5 cm

Fig. 5. Depth and width of the obtained grooves as a function of distanced
between lens and sample surface (same values as in Fig. 4:7.2 cm≤ d≤
14.7 cm)

2.3 Adjusting width and depth of the fiber grooves

With the optimized distance between lens and sample the
groove pattern is fixed. Using the full capacity of the
computer-controlled adjustment in they direction an addi-
tional shaping of the groove may be obtained by a multi-pulse
technique. In this technique a certain number of pulses is
applied, while the sample is shifted by a fewµm in the
y direction. A more detailed investigation has been given
in [11], where it has been shown for a multi-pulse technique
at 3 positions (0, and±y) that reproducible and adjustable
“V-grooves” may be fabricated with this technique.

In the recording with excimer lasers a convenient param-
eter is the number of pulses which may easily be controlled
and adjusted. In Fig. 6a we have plotted the width and the
depth of grooves fabricated at a certain distanced= 10.2 cm
and a fixed pulse energy. This distance was chosen because
the obtained form of the groove pattern was a smooth one ac-
cording to Fig. 4 without the formation of the sharp “V-form”
with some self-focusing effect. The width for these grooves
is approaching a saturation value at about 30 laser pulses,
while the depths increase linearly with the number of pulses
following a constant etching rate of about1.6µm per pulse.
At about 27–29 pulses there is a step in the measured depth.
After that however the slope seems to be the same. If we cal-
culate the etched volume by numerically integrating the shape
of the groove and multiplying by the length of the groove,
this behavior becomes even more obvious. As can be seen in
Fig. 6b above and below the unsteady step we get the same
value for the linear regression and we may call it the “etch-
ing rate”. Therefore we have to assume a change between the
subsequent experiments up to 27 pulses and the next one at
28 pulses and onward.

2.4 Using the recorded grooves for coupling

According to the coupling concept illustrated in Fig. 1 the
bench containing the monomonde fibers has to be placed in
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Fig. 6. a Depth and width as a function of laser pulses for a constant dis-
tanced= 10.2 cm and a constant pulse energy and frequency (250 mJat
1 Hz), solid linesrepresent a spline function.b Etched volume as a function
of laser pulses, evaluated data froma (filled squares: below 27 pulses,filled
circles: above 28 pulses)

front of the substrate with the waveguide pattern. Both sur-
faces of the bench and waveguide film have to be at the same
level to achieve the best coupling. In Fig. 7 is demonstrated
how the relative alignment of the fiber core with the surface
or waveguide level can be achieved by choosing the right
number of excimer laser pulses for exposure at fixed laser en-
ergy and geometrical recording conditions. This result was
obtained with a near-field measurement setup. The bright spot
indicates the light coming out of the fiber core and the line in-
dicates the surface of the polymer bench, which is supposed
to be adjusted to the waveguide on an adjacent substrate ac-
cording to Fig. 1. The front face of the polymer bench has
not been polished. As can be seen from Fig. 7 there is enough
room for glue to fix the bottom of the fiber.

3 Simulation

The results obtained in Figs. 4 and 5 indicate that the use of
focused excimer laser radiation leads to etched groove pat-
terns with very pronounced narrow front faces, in our case es-

Fig. 7. A typical silica monomode fiber in a recorded groove; The pho-
tograph was taken on an optical near-field setup with the bright spot
indicating the fiber core

pecially in the range of10 cm< d< 12 cmwith f = 10.4 cm.
This region is especially interesting for etching deep patterns
or cutting the material. The obtained results give hints for
some self-focusing effects occuring during the interaction of
the already-formed pattern with the incoming radiation. In
order to investigate this hypothesis we performed the follow-
ing simulations.

3.1 FDTD simulations of light penetration

The light propagation in integrated optical devices is usu-
ally simulated by the widely used beam propagation methods
(BPM) [12, 13]. This method is however restricted to the
light propagation parallel to one axis. Improved methods
are the finite-difference (FD) BPM [14] and the wide-angle
BPM [15]. Another approach, which is based on the ex-
plicit solution of Maxwell´s equations by means of the finite-
difference time-domain (FDTD) method [16, 17] has been
implemented on massive parallel computers [18]. For this in-
vestigation the same computer system as the one described
in [18] has been used.

The propagation of a plane wave entering an ideal
V-groove is shown in Fig. 8. The simulation parameters are
listed in Table 1. The electric field of the light wave is shown
in a grey-tone picture. The higher the contrast between max-
ima and minima, the higher the amplitude and the intensity.
The result of the simulation is in agreement with Snell´s law
indicated by the angles of incidenceα, the angle ofβ in the
polymer and the angle of reflectionα. After entering the ma-
terial the two beams are basically divergent with an intensity
below 50% of the total power. The reflected part of the in-
tensity hits the opposite interface of the V-groove. One part
(about95%) is again transmitted into the material and the
reflected part hits the first interface and so on. The darker pix-
els represent a higher local intensity. At the bottom of the
V-groove there is a significant residual intensity which could
drive the etching process at this position. Before we look into
further details of this intensity we would like to replace the
ideal V-pattern by the real V-images, which have been created
by focused excimer laser radiation (Fig. 3).
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Fig. 8. FDTD simulation of a plane wave entering the area of an ideal
V-groove, the simulation parameters are given in Table 1

Table 1. Simulation parameters for the FDTD simulation of light penetra-
tion in an idealized “V-groove” (in thexz plane) describing the simulation
shown in Fig. 8

Parameter FDTD simulation

polarization TE
discretization mesh 1018×890
used processors 8×7 slaves, 1processor
discretization cells/ processor 128×128
number of iteration steps 3500
vacuum wavelengthλ0 1.00µm
angle of incidence parallel toz axis
excitation (incoming radiation profile) 90 elements, in the center of

the upper simulation edge,
(rectangular shape)

refractive index of the medium 1.49 (PMMA), no absorption
refractive index of the environment 1.00
maximumx expansion 21.0µm
maximumz expansion 20.5µm
distance between surface and excitation39.5µm

Table 2. Parameters of the FDTD simulation (Fig. 9) of light penetration in
a “real, excimer laser patterned V-groove” in thexz plane

Parameters FDTD simulation

polarization TE
discretization mesh 1018×890
simulated area 101.8λ×89.0λ
number of discretization cells/processor 128×128
number of simulated steps 2900
vacuum wavelengthλ0 10µm
angle of incidence parallel toz axis
excitation (incoming light) 22.1λ in the center of the upper

edge of the simulated area
(rectangular)

refractive index of the polymer 1.49 (PMMA) no absorption
refractive index of the environment 1.00
maximum size of thex expansion 22.1λ
maximum size of thez expansion 37.5λ

Fig. 9. FDTD simulation of a plane wave entering the area of a real
V-groove, for different numbers of simulation steps: fromupper left to
lower right, 500, 1000, 1500, 2000, 2500, and 3000 steps; the simulation
parameters are given in Table 2

In Fig. 9 the FDTD simulation of a plane wave entering
such a real V-groove (as recorded) is shown from the up-
per left to the lower right as a function of simulation steps.
The parameters used for this simulation are listed in Table 2.
Basically there is a similar behavior as in case of the ideal
V-groove of Fig. 8. Again at the lower tip of the pattern there
is a significant contribution to the light intensity. There is
a high amplitude in the lowest part of the groove. This high
amplitude is obviously responsible for the ongoing etching at
the front leading to very sharp grooves.

3.2 FDBPM simulations of pattern formation

The simulation of light interacting with a V-groove re-
quires a 3-dimensional description. The described method
implies an effective index method [19], in order to project the
3-dimensional simulation room on thexzplane. Furthermore
we make the following assumptions for the following model
of pattern formation:

– a parallel laser with a Gaussian intensity profile hits per-
pendicularly the surface of the polymer PMMA

– when the laser beam hits the surface, material is removed
according to the following assumptions:

a) Material is only removed from the surface. Evapora-
tion or photochemical reactions are neglected.
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b) Previous damage of the bulk material during the
period of one single pulse is not considered.

c) Between any subsequent laser pulses the sample cools
down to the initial value.

d) Material decomposes when it is heated to its decom-
position temperature by absorbing a critical amount of
light.

e) Absorption is100% in the upper discrete layer of the
material. The absorption in the bulk material is neg-
lected.

This model is illustrated in Fig. 10. The Gaussian line-
shape causes, according to the assumptions above, a partial
etching of those volume cells where the absorbed intensity
was above the critical level. The next light pulse (Fig. 10c)
hits a modified surface, the refractive index of the etched cells
has been switched from 1.49 to 1.00 and so on. In Fig. 11
the simulated interaction of a Gaussian-shape laser beam with
the forming surface pattern is shown as a sequence from the
upper left to the lower right. After two iterations (upper left)
the beam is still undisturbed, because the surface is still flat.
After 10 iterations a slight distortion becomes obvious. The
“V” pattern appears after 50 iteration cycles. Starting with 70
cycles the splitting of the beam can be observed. After 240
iterations (lower right) the intensity is no longer penetrating
parallel to thez axis in the material below the etched pat-
tern. This is comparable to the results in Sect. 3.2 for an ideal
(Fig. 8) and a real etched “V-groove” (Fig. 9). However at the
lowest point of the groove there seems to be some focusing
effect.

From this simulation we have calculated the local in-
tensity distribution. The result is shown in Fig. 12. In the
free space there is the Gaussian intensity distribution en-

Fig. 10. Scheme of the assumed model for the simulation of groove forma-
tion during excimer laser beam etching

Fig. 11.FDBPM simulation of the laser intensity during the etching process
according to the model described in Fig. 10 after different simulation steps
from upper leftto lower right: 2, (Gaussian), 10 (surface already modified),
120, and 240

tering the graph at thez= 0 plane. The position of the
lowest point of the “V-groove” (y= 0) refers to the point
when the smooth intensity pattern is changing. The most
striking result of this simulation is the observation that in
the lower tip of the groove on they = 0 plane the in-
tensity is piling up, reaching higher values than the max-
imum intensity in the unperturbed beam (in Fig. 12: 200
vs. 110). In terms of etching this region should be the one
with preferred etching. The intensity distribution shown in
Fig. 12 would give rise to an etching process similar to
the one observed in the experimental part in Figs. 4 and 5
with 10 cm< d< 12 cm.

With the above assumptions we obtain etched grooves
like the one shown in Fig. 13. This is very similar to the ex-
perimental results shown in Fig. 4 for focused excimer laser
radiation in the range of10 cm< d< 12 cm with a focal
length f = 10.4 cm. Although a qualitative agreement could
be achieved the theoretical model is still different from the ex-
perimental circumstances.
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Fig. 12.Resulting light intensity pattern after 240 cycles. For demonstration
purposes the pattern has been rotated by90◦

Fig. 13. Simulated pattern recorded according to the model discussed in
Sect. 3.2 width= 86µm, depth= 219µm after 240 simulation steps (satu-
ration)

4 Conclusions

The process of deep etching with focused excimer laser radi-
ation has been studied for the example of one particular ap-
plication, the formation of grooves for the optical monomode
fiber using cylindric lenss. The form of the grooves could
be adopted in a wide range between a “V” and a “U”
form by specially optimized multipulse computer-controlled
techniques.

By choosing a particular form of groove its width and its
depth could be controlled by the number of laser pulses.

The technique of deep etching with focused excimer laser
radiation has been simulated by two different approaches.
The first one uses the FDTD method and explains the interac-
tion of a plane Gaussian wave with the intermediate grooves.
The local distribution of intensity explains the observed etch-
ing process. The second method uses a simple model for
thermo-optic etching and the FDBPM approach using a pla-
nar Gaussian beam suggests a form of etched groove that is
very similar to the ones obtained in the experimental part.
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