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ABSTRACT
Vacuum UV laser micromachining is used to produce microstructures in common photonics materials. The ablation
etch rates of lithium niobate, fused silica and indium phosphide are measured at 157nm and angled facets and vgrooves are machined into the materials using a high NA mask projection system. The applicability of such
micromachined structures for photonics devices is discussed and future developments outlined.
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1. INTRODUCTION
Many photonics device designs are currently being explored which integrate various passive and active optical
functions onto discrete chips. The overall aim of these developments is to increase device functionality, achieve
higher levels of integration, reduce response times and to enable more cost-effective manufacturing methods to be
established. Currently, the majority of such photonics chips are planar devices based on silicon or silica-on-silicon
substrates but the manufacturing procedures are still largely reliant on combinations of conventional exposure and
etching steps. The significant benefits which are forecast for highly integrated photonic chips have yet to be fully
realised, however, partly due to some of the constraints imposed by the current manufacturing methods. These
restrictions include the lack of compatibility of all the materials of interest with standard etching processes, lack of
selectivity of the etched areas on a device and the inability of etching processes to produce many of the threedimensional structures of interest.
The use of lasers has already been shown to be highly versatile and effective in enabling new manufacturing
methods to be developed in established industries such as microelectronics, printing, semiconductors and displays,
for example, and their use in the production of photonics chips is also likely to accelerate advances in this area.
Two particular traits of laser micromachining are of particular importance: the ability to machine materials directly
and the option for three dimensional structuring.
Silica is an integral part of most photonics devices and the issue of how to process it efficiently is of crucial
importance. Many laser micromachining tasks in high specification applications use either excimer lasers (at
wavelengths of 248nm and 193nm) or frequency-converted solid-state lasers (as wavelengths of 532nm and 355nm)
but none of these lasers can micromachine silica effectively due to its low absorption in the visible and UV.
Therefore, the challenge facing the photonics laser engineer is clear: to find a laser which can machine silica
directly yet which still allows the benefits of 3D micromachining to be accessed.
There are two lasers systems which are capable of micromachining silica efficiently – femtosecond lasers [1]
(operating at a wavelength of 800nm and pulse durations of around 100fs) and fluorine lasers [2] (operating at a
wavelength of 157nm and pulse durations of around 20ns). These two lasers and their machining mechanisms are
distinctly different and so they are usually complimentary to each other. Femtosecond lasers provide highly precise,
thermal damage-free machining [3] but are mostly used in a direct writing mode, i.e. where the laser beam is
focused to a small spot (typically ~10µm) and moved over the sample. Although this approach results in excellent
quality for drilling, cutting and scribing applications, it is often restrictive when many other 3D microstructures
need to be machined. Fluorine (F2 ) lasers, on the other hand, can also produce highly precise features but have the
added benefit of being compatible with mask projection systems and are, therefore, ideal for the production of 3D
features such as the ones being considered in the work reported here.

2. EXPERIMENTAL PROCEDURE
A custom-built F2 laser micromachining system was used in all the work presented. This consisted of a Lambda
Physik LPX210 laser (operating at 157nm) being coupled to a compact micromachining chamber where all the
processing was carried out. A schematic of the F2 laser micromachining system is shown in Figure 1.

Figure 1: Schematic of the 157nm F2 laser micromachining system.

A pair of orthogonal biprisms was used to increase the beam homogeneity at the mask plane and the mask aperture
was imaged using an all reflective Schwarzschild projection lens (x36 magnification, 0.5NA). The sample was
firmly held on a precision chuck on high resolution XYZ stages. A CCD camera was used to view the sample
through the Schwarzschild lens with white light illumination. This allowed the machining site to be placed at the
focus of the lens as well providing a real-time view of the sample during laser machining.
Due to the high absorption of 157nm radiation in the atmosphere, the entire beam path from the laser output coupler
to the sample was purged with high purity nitrogen. The purge gas escaped from the bottom of the Schwarzschild
lens onto the sample. The amount of energy incident on the sample was quantified as a function of time after the
purge gas was turned on so that the time required for optimum system transmission could be established and the
long-term stability of the system transmission measured. Figure 2 shows the variation in energy at the sample as a
function of time and also the reduction in the output of the laser with time .
Two aspects are clearly noted from these results: (i) it takes around 15 minutes for the gas purging to be fully
effective, (ii) the output of the laser reduces almost linearly with time after the first few minutes of operation. Due
to these two aspects of the system operation, the gas purging was always started at least 15minutes prior to any
laser tests and the degradation in laser output power was accommodated in any lengthy trials. It should be noted
that the reduction in laser output power was only due to the particular laser model which was available and this is
not a problem with the range of more modern fluorine lasers.

3. RESULTS
Etch rates
The etch rates of silica (SiO2 ), indium phosphide (InP) and lithium niobate (LiNbO3 ) were determined by using the
157nm laser micromachining system. A rectangular mask was imaged onto the materials and 100µm x 80µm blind
holes were drilled statically in the samples using 100 pulses and fluences between 0.05J/cm2 and 7J/cm2 . The
depths of the holes were then measured using a Veeco Dek-Tak3 ST profilometer and the single pulse etch rate
calculated. Figure 3 shows the laser etch rates of these materials versus increasing exposure fluence.

The etch rates of SiO2 , InP and LiNbO3 (x-cut and z-cut) are shown in Figure 3. It can be seen that the etch rates of
both X-cut and Z-cut LiNbO3 at 157nm are essentially identical, as has previously been observed with other laser
wavelengths of 193nm, 248nm and 355nm [4]. This is in contrast to conventional etching of LiNbO3 where
significantly different etch rates are observed for the X-cut and Z-cut orientations [5].

Figure 2: Pulse energies at output of laser (¨) and at sample (? ). In the case of the energy at the sample, the purge gas was
turned on at t=0 and the energy monitored every minute.

Figure 3: Etch rate for SiO 2, InP and LiNbO3 (X-cut and Z-cut).

The ablation threshold of SiO2 is observed to be around 1.5J/cm2 whereas InP and LiNbO3 have lower ablation
thresholds of around 200-500mJ/cm2 . In all cases, the etch rates are in the order of tens of nanometers per pulse, as
would be expected from highly absorbing materials at wavelengths of 157nm. However, in the context of

micro machining of optical materials, the small penetration depth means that highly precise micromachining should
be possible with high resolution depth control.
Micromachining
Having established the etch rates of the different materials, F2 laser micromachining of SiO2 , InP and LiNbO3 (Xcut and Z-cut) was investigated. A number of microstructures are of interest for photonics applications, including
blind holes with ramped walls, v-grooves, trenches and angled facets, were micromachined using variations on laser
mask projection techniques [6].
Square cross-section microchannels or trenches were machined by using the workpiece dragging technique [6] at an
exposure fluence of 3J/cm2 , a machining speed of 1.44mm/min, a laser repetition rate of 10Hz. Six passes using
these conditions were made over the sample to machine the trenches.
Figures 4 and 5 show a 50µm wide microchannel machined into LiNbO3, InP and SiO2 to a depth of 10µm. The
edge quality of the trenches in LiNbO3 and InP is not as good as that observed with 248nm machining [4] and
further process optimisation is underway to obtain higher quality results.

Figure 4. F2 laser machining of X-cut LiNbO3.

Figure 5. F2 laser machining of InP (left) and SiO 2 (right).

The quality of the trench in silica, however, shows excellent quality with straight and smooth walls and little
evidence of damage or re-deposition to the surrounding areas.
Having established the processing conditions for good quality F2 laser machining for SiO2 , ridge waveguides were
produced, as shown in figure 6. The process for the manufacture of these waveguides was as follows: an area of the

sample was machined using workpiece dragging (this being the area seen to the left of the ridge in the figure 6); the
sample was moved sideways and another area machined in exactly the same manner, thereby leaving an upstanding
ridge.

Figure 6. Ridge waveguides of 8µm width (left) and 10µm width (right) machined into silica using F2 laser.

The width of the waveguide can be easily changed with the mask projection method used, and this, therefore,
provides a flexible manufacturing procedure for such devices. The ends of the waveguides need to be sufficiently
smooth to provide good coupling of light into and out of the waveguide, and this is currently being investigated
using laser-based methods.

Figure 7. Facets machined with F2 laser micromachining in SiO 2.

Facets are of interest in many planar optical devices to couple light into or out of waveguides. Since many planar
devices use buried optical waveguides, the direct machining of facets in silica is of great importance. Current
methods which use etching and/or polishing methods are usually restricted to producing facets only under certain
circumstances, usually at the edges of the sample. Laser machining methods can circumvent these restrictions and
facets can be produced in isolation in any location, as shown in figure 7. Such selective etching to produce ramps
with arbitrary angles is currently not possible with conventional methods in silica.
The ramped facets shown in figure 7 were machined using workpiece dragging. An exposure fluence of 3.5J/cm2 , a
sample velocity of 0.34mm/sec and 10 passes were used and the smoothness of the facet (the angled wall of the
trench) can be clearly seen. The great flexibility of the workpiece dragging technique allows for different angles to
be machined [6] as well as curves or multiple-angled facets to be made. This should allow, for example, the
integration of lensed facets onto waveguides for enhanced coupling. The roughness (or smoothness) of the facet
surface is highly dependent on the processing parameters, including the laser fluence, the shot overlap, the laser

repetition rate, number of passes over the same site and use of assist gases. Further optimisation work is currently
underway to obtain a smoother surface finish.
An obvious extension of the work with facets in planar geometries is the production of angled faces on the ends of
optical fibres. Since all photonics devices need optical fibres to interface with the other devices at some stage, the
control or reduction of unwanted back reflections in fibres is crucial to efficient optical signal processing. Figure 8
shows angles faces to cleaved fibres (Corning SMF28) which were produced using 157nm laser light a fluence of
3J/cm2 , a sample dragging speed of 0.5mm/sec. with two passes.

Figure 8. Corning SMF-28 fibre with 157nm laser machined ends.

Although CO2 lasers have already been shown to machine and fuse the ends of the fibres with high quality, the
major benefit of using F2 laser machining is that it can be used to match exactly the facet in the optical fibre and that
in the waveguide being coupled to, since exactly the same process and procedure is used in both, thereby avoiding
facet mismatches.
The same laser techniques can be applied to the machining of the cladding of optical fibres. In this case, the
applications of interest include power monitoring, fibre coupling, signal tapping and distributed side-pumping of
fibres, all of which rely on the accurate and high quality machining of the silica cladding. Figure 9 shows ramps
machined into the cladding of optical fibres for such applications using a 157nm laser.

Figure 9. Ramps directly machined into the cladding of Corning SMF-28 fibre with a F2 laser.

Different types of ramps which can be produced by varying the method of laser machining. Figure 9 shows, for
example, short blind holes where three sides are vertical and the fourth side is angled to the vertical. This can be
achieved by using the synchronized overlay scanning method, as described elsewhere [6]. The longer, single ramp

shown in figure 9 can be produced by either moving the fibre under the laser beam while changing the speed of
motion or by controlling the number of shot. The exact choice of processing method is largely determined by the
application and details of structures required.

4. SUMMARY
The F2 laser micromachining characteristics of lithium niobate, indium phosphide and silica have been investigated
using a high precision laser micromachining system. The etch rates of the three materials have been quantified for
varying incident fluences and laser micromachining has been carried out to determine the applicability of 157nm
lasers for photonics-related applications. Although the quality of the lithium niobate and indium phosphide
machining is not as impressive as previously observed with 248nm (something which is being investigated further),
the effectiveness of using F2 lasers for the machining of silica has been clearly demonstrated. High quality facets
and ramped structures have been produced in planar and fibre samples and these demonstrations open up many
possibilities for telecommunications optical devices.
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