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Generation of Photonic Crystal End Faces
Using Laser Microfabrication
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We present a number of laser microfabrication methods to generate high quality end faces of
photonic crystal templates. We have produced opal templates of 1 pm polystyrene spheres with 10-
30 um thickness on glass substrates using the self-assembly technique. In order to gain access to the
useable area in the centre of the polystyrene opals, we modified the glass substrates and the opals
with pulsed ns and ps UV lasers. By writing micro grooves into the substrate, changing the wettabil-
ity of the substrates surface, and by using micro stereo lithography to fabricate polymer structures
on top of the substrates, we generated good quality crystal end faces accessible for direct fibre cou-
pling. The polymer structures allowed us to gain control of the crystal orientation. We also used a
UV laser to make the glass substrates hydrophilic, which is a necessary prerequisite for the crystal

growth process.
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1. Introduction

Materials that are periodically structured on a microme-
ter length scale in all three dimensions offer the possibility
of obtaining a complete photonic band gap, a range of en-
ergy for which a photon cannot propagate in any direction
inside the structure [1]. Such photonic crystals would allow
us to manipulate the flow of light and are promising mate-
rials for photonic devices, which could find applications in
areas such as telecommunications [2]. Our crystal structure
of choice is the inverted opal structure, which can be fabri-
cated from an opal template of polystyrene spheres.
Whereas the polystyrene opal does not have a complete
photonic band gap, the inverted opal made of a high refrac-
tive index material such as silicon does [3,4]. In section 2
we describe the fabrication of opal templates from polysty-
rene spheres, the first step in the production of photonic
crystal devices.

The second step involves the generation of defects in
the crystal structure, which locally close the band gap and
thus allow the controlled propagation of light inside the
photonic crystal. A line of defects acts as a waveguide for
light within the forbidden wavelength range. We fabricated
polymer defect waveguides using the two-photon polym-
erisation effect induced by femto-second laser pulses [5]. A
description of this fabrication process will not be given in
this paper but can be found in the literature [2,5,6]. The
defect structures such as straight or bent waveguides have
been inscribed in the central area of the polystyrene opal
where the crystals have the highest homogeneity and thick-
ness. In order to gain information about the quality, shape
and size of the inscribed waveguides, we require access to
the ends of the waveguides. This is a non-trivial engineer-
ing problem since both the delicate crystal and the substrate
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need to be broken or cut to allow close access to the
waveguides, for example for direct fibre coupling.

In this paper, we present a number of laser microfabri-
cation methods to generate high quality crystal end faces in
order to gain access to the inscribed waveguides (section
3.). For this purpose we pursue two different strategies. The
first strategy is to prepare the glass substrates prior to crys-
tal growth (section 3.1.), and the second strategy entails the
treatment of substrates, which have already been covered
with polystyrene opals (section 3.2.).

2. Fabrication of polystyrene opals

We have produced opal templates of about 1 um poly-
styrene spheres with 10-30 um thickness on 18x18 mm?
cover glasses using the self-assembly technique [7]. The
microscope slides are pre-treated in Piranha acid, making
them superhydrophilic. Piranha acid, also known as Caro
acid, is prepared by slowly mixing two parts of H,SO,
(96%) into one part of H,O, (30%). The glass slides are
immersed into the hot mixture and left there for a duration
of up to 10 h. This preparation removes all organic matter
and hydrophilizes the glass surface. Contact angles are be-
low 10°. The slides are rinsed with water and then used as
substrates for self-assembly. The self-assembly technique
uses the deposition from a 0.3wt% diluted dispersion in
ultra pure water onto an inclined substrate at 60° from
horizontal by evaporation. The polymer dispersions are
diluted without any further purification such as filtration
and/or centrifugation and re-dispersion. The evaporation
takes place at controlled 40+0.5°C and controlled 50%
relative humidity. The particle diameter of 0.95 um aims at
the telecom wavelengths after inversion with silicon.
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3. Generation of crystal end faces

Figure 1 illustrates the motivation for this paper. Please
note that the figure is not drawn to scale. The thickness of
the glass substrate is about 150 pm whereas the maximum
thickness of the opal is only 10-30 pm. Polymer defect
waveguides are inscribed into the useful area in the center
of the polystyrene opal. The outer areas of the opal and the
glass substrate prevent close access to the ends of the
waveguide for inspection and characterisation.

Polystyrene Crystal with Polymer Defect Waveguide

Glass Substrate

Fig. 1: Schematic of a polystyrene opal with an inscribed poly-
mer defect waveguide on a cover glass substrate (not to scale)

In order to provide this access we performed some investi-
gations about the generation of accessible high quality
crystal end faces. Since the polystyrene opals act as a tem-
plate for the final inverted opal structure, the quality of the
end faces of the template will be transferred to the final
device. The results of our investigations are presented in
the following sections. The first section covers the treat-
ment of the substrates before crystal growth (3.1.), while
the second section considers the treatment of substrate and
crystal after crystal growth (3.2.).

3.1. Treatment of the substrate before crystal growth
Prior to crystal growth we applied three different laser-
based processes to the glass substrates: (i) cutting grooves
into the substrate (3.1.1.), (ii) fabricating polymer struc-
tures on the substrates (3.1.2.), and (iii) modifying the sur-
face of the substrate for selective adjustment of the surface
wettability (3.1.3.). The results of combing these three la-
ser-based processes will be presented in section 3.1.4.

3.1.1.  Prescribing of glass substrates

The first treatment of the glass substrates prior to crys-
tal growth is the fabrication of grooves across the whole
width of the cover glasses. These grooves will aid defined
breaking of substrate and crystal after crystal growth on the
opposite side of the cover glass (figure 2).

Polystyrene Crystal with Polymer Defect Waveguide
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Fig. 2: Schematic of the generation of crystal end faces by pre-
scribing and breaking of substrate and crystal (not to scale)

Glass Substrate

We compared two different laser sources, a frequency-
quadrupled 30 ns Nd:YVO laser at 266 nm and an ArF ex-
cimer laser at 193 nm, and varied the process parameters

such as pulse energy and feed rate to find the optimum
depth and shape of the grooves. Grooves with a depth of
about 40 um in the 150 um thick glass substrates turned
out to be the best compromise between defined breakability
and sufficient stability for further processing of the sub-
strates. Substrates with grooves of rectangular profile pro-
duced by the excimer laser turned out to be more resistant
to breaking during the treatment with Piranha acid (see
section 2.) than substrates with grooves of triangular profile
produced by the Nd:YVO laser (see figure 5).

Figure 3 shows an example of a polystyrene opal after
breaking. While the edge of the glass substrate is very
smooth and straight, the end face of the crystal still dis-
plays some irregularities. Also, the crystal does not break
parallel to the glass edge because the crystal axis is not
aligned with the groove. Still, prescribing and breaking
substrate and crystal is a step forward to an accessible crys-
tal end face.

Polystyrene Crystal

Crystal End Face

Glass Substrate

Fig. 3: Polystyrene crystal and glass substrate after breaking
3.1.2. Fabrication of polymer support structures on
the substrates

The above results can be further improved by aligning
the crystal axis with the grooves in the substrate. For this
purpose, we used a micro stereo lithography setup [8] to
fabricate polymer support structures that run parallel to the
grooves on the opposite side of the substrate in order to
force the crystal to grow parallel to the grooves. Figure 4
illustrates this idea.

Crystal with Waveguide
Wall

XX RRRRIHN

Glass Substrate

Polymer

Groove

Fig. 4: Schematic of a polystyrene crystal grown on a substrate
with a polymer wall and a groove (not to scale)

Figure 5 shows an SEM image of a pre-treated glass
substrate with polymer wall and groove ready for the crys-
tal growth process. After crystal growth on either side of
the polymer wall the glass substrate can be broken along
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the prescribed groove thereby generating a smooth and
accessible crystal end face.

The polymer wall with a width of 200 pm and a height
of 50 um was fabricated by illuminating a film of a liquid
photo-curable polymer (ORMOCER™) between two glass
substrates separated by a 50 um thick foil with a fre-
quency-tripled 10 ps Nd:YAG laser at 355 nm. The laser
beam is moved across the sample by using a scanner (Hur-
ryScan 14) and focused by a 100 mm F-Theta objective.
After illumination, the non-polymerized ORMOCER" is
removed by chemical treatment with a solution of isopro-
panol (two parts) and 4-methyl-2-phentanol (one part). Best
quality walls were obtained with an average laser power of
100 uW, a hatch distance of 2 pm and a writing speed of
700 mm/s. The polymer walls were positioned precisely
parallel and opposite to the grooves (see figure 5) by using
an online observation system with a camera.

| Area for
| Crystal
Growth

Polymer Wall

Groove
110 um

Fig. 5: Polymer wall on glass substrate with groove (viewing
angle of 45°)

When we prepared the glass substrates with polymer
walls for crystal growth, we noticed that the polymer walls
were sensitive to the treatment with Piranha acid. As men-
tioned above, this treatment is a necessary preparation for
the crystal growth process for which a hydrophilic surface
is required (see section 2.). In order to avoid the destruction
of the polymer walls by the Piranha acid, we substituted the
acid treatment with a laser treatment. This process step will
be explained in the next section 3.1.3.

3.1.3.  Surface modification of the glass substrate
Since the polymer support structures are heavily affected
by the treatment with Piranha acid (up to destruction), al-
ternative routes have to be found for hydrophilisation of the
glass substrates prior to crystal growth. Based on previous
measurements, a contact angle 6 < 20° could be achieved
using the Piranha acid (non-treated glass 6 > 45°). It is well
know from literature that focused laser radiation can be
used to adjust selectively the wettability of technical sur-
faces [9]. Here, Gollapudi et al. have used a Nd:YVO laser
to generate hydrophilic and hydrophobic surfaces on poly-
mers like Polyimide (PI) or Polycarbonate (PC). In this
presented work, an identical optical setup has been used for
irradiation of the glass substrates, see [9] for details. The
Nd:YVO laser operated at 30 kHz, and the 266-nm radia-
tion was focussed by a 160-mm F-Theta objective. In a first
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instance, glass surfaces have been selectively irradiated
with a laser fluence ranging from 0.76 mJ/em? < Ho,Glass:Zo
< 1.30 mJ/cm? (fluence in the focal position) in order to
find a process parameter window. The samples have been
processed in the focal plane (zy) and at z = -1 mm, -2 mm
and -3 mm, respectively, by scanning vertically and hori-
zontally arranged lines with a constant distance of d,=
25 pum. The scanning velocity v, has been 100 mm/s. The
modified areas (7x7 mm? each) have been characterised
using optical microscopy and scanning electron microscopy.
Further, the contact angle 6 of the generated surfaces has
been determined using a Data Physics SCA20. It has been
found during the investigations, that the final result
strongly depends on the laser fluence Hy,guss,Z0 and the
sample position during processing (z). Figure 6 shows a
modified surface which has been generated with Hy,giuss,Zo
= 1.02 mJ/cm? and z = -2 mm using an average laser power
of 159 mW.

Fig. 6 (a) — (c): Microscope image of a laser processed area (a)
and detailed SEM images (b, ¢), Ho,Giass,Zo = 1.02 mJ/cm? and
zZ=-2 mm

As depicted, parts of the irradiated glass area detach
from the original surface (figure 6 (a), (b)). On the other
hand, a clear periodic structure has been induced on the
surface of the glass substrate. No micro cracks or other
damage due to ablation has been observed. Figure 7 shows
a modified surface which has been generated with
Ho,Glass»Zo = 1.10 mJ/cm? and z = -3 mm using an average
laser power of 161 mW.

Fig. 7 (a), (b): Microscope image of a laser processed area (a) and
detailed SEM image (b). The parameters have been Ho,Grass,Zo =
1.10 mJ/cm? and z = -3 mm

In contrast to the results shown in figure 6, various micro
cracks have formed on the surface. Figure 8 is showing a
detailed view of an SEM image. In contrast to the previ-
ously shown results, a periodic structure (similar to the one
shown in figure 6) was fabricated. Here, no delaminations
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of glass parts or micro cracks have been observed. The It has been shown that during the laser modification proc-
contact angle of the surface displayed in figure 8 has been ess of the glass surface, parts of the generated support
measured using 3 pL of deionised water. The contact angle structures are ablated. In this way, a periodic pattern devel-

has been 6 < 20°, which is in the range of the result ops on the surface of the support structure. On the other

achieved with the Piranha acid. This obtained result has hand, a well-defined sharp edge develops at the side of the

been used during the course of our work. support structures (figure 11). The height of the structure
was reduced from originally 180 pm to 17 — 60 um.

Glass Substrate

Polymer Wall

Glass Substrate
Fig. 8: Detailed view of an SEM image of a laser modified sur-
face without damage or delaminations. The parameters have been EEETE
Ho,Glass»Zo= 1.02 mJ/cm?, z = -3 mm and dj, = 25 pm

Fig. 10: SEM image of a polymer support structure generated
with P. =300 uW, a scanning velocity of v, = 50 mm/s and a
hatch distance of d, = 1 pm

In order to form both a polymer support structure and
hydrophilic surface on one glass sample, the following pro-
cedure is proposed: Since the fabrication of polymer sup-
port structures involves chemical treatment of the substrate
(see 3.1.2) that might influence the hydrophilic surface, the
laser modification has been done after the fabrication of
support structures. For this purpose, a slightly different
approach has been followed for the production of the poly-
mer support structures, mainly to achieve structures with
higher aspect ratio. In contrast to the previously described ;
method using a cavity with defined thickness of only \ " Sharp Edge
50 um (3.1.2), we here used a cavity with a non-defined . for Crystal
thickness of several mm (figure 9). Pol/ i ~~( End Face

- Laser Spots
Glass Substrate &
i 1

| Fig. 11: SEM image of glass substrate with a polymer support
Scanning Direction structure on top. Indicated structured areas of the samples surface
are hydrophilic (6 < 20°)

~

Non—Structufed Glass
80 um

3.1.4. Results of combining polymer walls and sur-
face modification

Cavity Filled with Liquid
Photo-Curable Polymer Top View

Fig. 9: Sketch of the applied setup for producing polymer support
structures

In this way, the structures height was not limited by the ! f
thickness of the cavity, but only by the curing depth of the Polystyrene Opay
photo-curable material allowing the production of higher '
structures. The scanning principle remained identical to the
method described in 3.1.2. The best result has been
achieved with a laser power of P. = 300 uW, a scanning
velocity of v = 50 mm/s and a hatch distance of d, = 1 um.
(figure 10). The height of the structure was around 180 pm
at a width of 60 um.

Polymer Wall

Fig. 12: SEM image of a polystyrene crystal near a polymer wall
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We could successfully grow polystyrene crystals on la-
ser-treated glass substrates with polymer walls. Figure 12
shows how the crystal structure is orientated along the
polymer wall and hence the crystal axis will also be aligned
with the groove at the backside of the glass substrate.

Figure 13 shows a polystyrene crystal end face after
physically removing the polymer wall. The end face of the
remaining polystyrene crystal possesses a largely improved
quality when compared to merely breaking the substrate
and crystal without support structures as shown in figure 3.
Such a smooth crystal end face would allow close fibre
coupling for inspection of the inscribed waveguides.

Crystal Surface

Crystal End Face

3 um

Fig. 13: SEM image of a polystyrene crystal end face after re-
moval of the polymer wall.

As a next step, we will fabricate glass laser-treated sub-
strates with both polymer walls and grooves, grow polysty-
rene opals on these substrates, and perform breaking ex-
periments.

3.2. Treatment of substrate and crystal after crystal
growth

The ideas explained so far all involved the treatment of
the substrate prior to crystal growth. We now describe
some experiments we performed on substrate and crystal
after crystal growth.

Instead of fabricating polymer support structures on the
glass substrate before crystal growth, such structures can
also be fabricated after the polystyrene opal has been
grown. The support structures can be written directly into
the crystal, which has been infiltrated with a liquid polymer,
with the same laser system described in 3.1.2. The remain-
ing liquid polymer can subsequently be removed in an iso-
propanol bath. The support structures are expected to pro-
tect the delicate crystal during the breaking or cutting proc-
ess.

As proof of principle, we infiltrated polystyrene crys-
tals with ORMOCER"™ and polymerized the samples com-
pletely using an UV lamp. These samples were then either
broken or cut with a filament saw.

Figure 14 shows the crystal end face after breaking a
substrate and crystal. Due to the support from the polymer,
the crystal breaks along the glass edge. Without polymer,
the crystal tends to break away from the glass edge (figure
3). The smoothness of the crystal end face is acceptable for
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inspection but not as good as the end face shown in figure
13.

E = Ty

' ~'Polystyreﬁe Crystal with Polymer - -

9

Fig. 14: SEM image of a completely infiltrated polystyrene crys-
tal after breaking

Instead of breaking substrate and crystal, we also per-
formed some cutting experiments. For these experiments,
we used a filament saw (Meyer Burger RTS 440) with
200 pm thick steel wire with an electroplated 15 um dia-
mond grit. The filament moved at a speed of 500 m/min
and slowly cut the sample with a feed rate of 5 pm/s. We
cut the sample dry, without any cooling liquid. Figure 15
shows a crystal end face produced by this cutting process.
The end face is smooth and runs parallel to the glass edge.
As for the breaking process, the infiltrated polymer protects
the crystal. Cutting experiments with a sample not pro-
tected by cured polymers led to a complete destruction of
the crystal.

Polystyrene Crystal with Polymer
'1" u‘;/)

P -

Crystal End Face

Glass Substrate

15 um

Fig. 15: SEM image of a completely infiltrated polystyrene crys-
tal after cutting with a filament saw

For both the breaking and cutting experiments, we used
completely infiltrated crystals. We will repeat these ex-
periments using samples with locally defined support struc-
tures, which can be produced by the laser-based stereo-
lithography process described in section 3.1.2.

4. Conclusion

We presented a number of laser-based microfabrication
processes for the generation of accessible high quality end
faces of photonic crystals. We used excimer and frequency
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converted neodymium lasers to pre-treat the 150 um thin
glass substrates by cutting grooves into the substrate, fabri-
cating polymer support structures on top of the substrate
and by making the substrate hydrophilic before crystal
growth. The combination of grooves that define the break-
ing of the crystal and polymer walls that define the crystal
orientation, led to good quality crystal end faces parallel to
the glass edge. In particular, by fabricating polymer struc-
tures on the substrate, we gained control of the orientation
and alignment of the crystal, thereby opening up new pos-
sibilities to engineer photonic crystals.

We also showed how support structures written directly
inside the crystal could improve the stability and alignment
of the crystal in subsequent breaking and cutting experi-
ments.

In the future, we will apply some of the presented
methods to polystyrene templates with inscribed horizontal
waveguides. In this way we will gain access to the ends of
the waveguides, for example for direct fibre coupling. The
quality of the crystal end face will be transferred to the
final device after inversion of the polystyrene template.
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