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ABSTRACT

The generation of debris is critical in the future application of laser technology in IC, MEMS, MOEMS manufacture.
Re-deposition of debrisisalso critical in optimising throughput of multi-pass laser ablative processes. In this study, the
debrisformed in laser micromachining of wafer grade silicon isinvestigated. Details of the laser workstation, based on
a UV DPSS laser, will be presented and the development of real time diagnostic capahilities and off-line techniques
will then be described. A real time imaging capability has been used to monitor plasma and shock front propagation
with nanosecond resolution. The detection system is also used to monitor spectral emission of debris and micron-sized
particulate emission from the silicon surface. Emission spectroscopy of the laser ablated silicon in the plasma show
spectral  features that are characteristic of atomic and molecular species on timescales of nanoseconds and
microseconds, respectively, after the laser pulse. Off-line characterisation techniques have focused on investigating the
distribution and chemical composition of entrapped particulate. A number of novel experimental configurations for
particulate entrapment, both adjacent to and remote from the laser-ablated surface, will be described. EDX results
indicate that debris generated in air is composed principally of oxygen and silicon. Additional SEM results indicate
that the particul ate size grows through aggregation and depends on the environment in which it is generated.

Keywords: Laser micromachining, laser generated debris, particulate entrapment, process characterisation,
shadowgraphy, silicon.

1 INTRODUCTION

Short pulse, diode pumped solid state (DPSS), UV laser sources with high repetition rate and excellent beam quality
have emerged recently with an average power output which is sufficient to enable new laser processes for ablating
semiconductor materias in high volume production. Applications such as scribing of wafers [1], scribing of thin film
on solar panels [2], fabrication of features in micro-electro mechanical systems (MEMS) components such as drilling,
dotting features in thick silicon materials [1,2] are based on the premise that such laser sources gives high lateral
spatial resolution with precison depth control without excessively damaging nearby electronic or mechanical
structures.

For many applications the generation of micron-sized particulate during laser processing is however amajor drawback.
This is particularly so as the components based on silicon materias are critically sensitive to micron or sub-micron
contamination [3]. Also, as the generation of debris is an integral part of the laser material interaction at high pulse
repetition rates (~50 kHz), the removal of the debrisfrom the laser interaction zone is an important factor in optimising
the throughput of laser processes[4].

Previous work by Muramoto et al. on laser ablation of silicon materials using excimer laser wavelengths have
investigated debris generation including such effects as nano-cluster formation and early stage growth of nano-particles
in vacuum. [5,6,7]. Studies on the gection of larger sized particles, of the order of microns in size, produced by laser
ablation at high laser fluences have been particularly attributed to phase explosion effects and have been reported by
Yoo et al [8,9,10,11]. Additiona sudies on silicon and other materials identify the importance of the interactions
between ablated ionsin the laser-generated plume, and between these ions and the ambient in the blast wave, to particle
growth at lower laser fluences for specific experimental configurations[12,13,14].

In this paper a study is reported on the debris and particulate generated during laser processing of silicon materials, in
an air ambient, at atmospheric pressure, using a diode pumped solid state laser emitting approximately 4 Watts at a
wavelength of 355nm. The results attained, from both on-line and off-line characterisation techniques, are directly
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relevant to the future implementation of industrial processes in an air ambient on slicon materials. In particular, the
study investigates the application of overlapped pulses typically used in high throughput micro-machining processes.
Also the study compares processing at surfaces to cases below the surface where aspect ratios (depth to width) of laser-
machined features are greater than one. The nature of debris both deposited on the wafer and suspended in the ambient
near to the laser-processed region is a so reported.

2. EXPERIMENTAL

The study used polished virgin test silicon wafers, of 150mm in diameter and 625 microns thickness. The wafers were
nominally n-type, and were sourced from Addison Engineering.

The laser used in the study consisted of a frequency tripled DPSS Q-switched laser source (Avia, Coherent) providing
ultra violet energy output at a wavelength of 355 nm with pulse repetition rate from single shot to 100 kHz. The
integration of the laser with the other components of the micro-machining system is shown in figure 1. A variable beam
expander (x1 to x8) was used to alter the beam diameter and ultimately the spot size of the beam at focus. However for
most of the work in this paper, it was maintained at x1 setting. A galvanometer scanhead (Hurryscan 10, Scanlab) was
used to direct the beam under computer control over an area of 50 mm x 50 mm at the focal plane; the upper polished
surface of the silicon wafer was mounted at this level on the sample stage at the focal position of an f 100 telecentric
flat field objective lens. At this distance, and for the x1 setting on the beam expander, the focused spot size of the
incident laser beam on the silicon surface was measured to be 30 pm [14]. A laser marking software package (Prolase,
American Laserware) was used to scan the focused laser spot over the surface of the silicon wafer to enable the
different laser machining strategies. For specific cases an off —axis, low pressure, air-flow nozzle was integrated in the
experimental setup to direct the airflow from the laser material interaction zone to various entrapment devices.

The geometries that were machined in the silicon wafer were simple, consisting of point exposures for crater formation
and scanning exposures for blind trench formation (of size ~1 mm x 4 mm). These were typically fabricated using
single or multiple passes, with each pass consisting of overlapped pulse exposures, whereby the speed at which the
laser was scanned over the surface was limited by the spot size and repetition frequency (~30 kHz). A number of
machining strategies, determining the laser scan pattern after each successive pass, were used.
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Figure 1: Genera experimental configuration used in laser trids.
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In specific experiments, a shadowgraphy technique was used to image the laser materia interaction in rea time. In
these experiments a 532 nm probe laser, with a variable beam expander, was directed horizontally over the silicon
wafer surface at the point in which the laser material interaction took place. An intensified CCD camera (Istar, Andor
Technology) was used for real time image capture. The camera incorporated a delay generator, which gated single
images down to 2 nsecs. The camera combined with high magnification optics was used for side-on viewing of
features associated with the propagation of a shockfront and laser-generated debris at discrete time intervals. In the
absence of the probe laser, the camera was used to view the laser- generated plasma

The debris and particulate generated during laser micro-machining trials were analysed using various off-line
characterisation techniques such as optica microscopy, scanning electron microscopy and energy dispersive x-ray
analysis. Other techniques were also utilised to analyse the laser-generated debris offline. In cases, an open trench or
dot was cut from a piece of wafer and then used as an artificial trench to characterise how craters machine in the
confined area within atrench (figure 2). A second artificial trench was manufactured with removable sidewalls or tabs
so that the debris that formed inside the trench could be characterised (figure 3). In this case blank pieces of silicon
wafer were placed near the machining area perpendicular to the machining surface. These were used to probe the
airborne particulate in an environment that is close to that obtained within alaser-machined trench. Another experiment
consisted of placing a wafer downstream of a flowing air from the nozzle and so the laser-generated debris was
effectively “trapped” on the surface of thiswafer for subsequent anaysis (figure 4). These results were compared with
those obtained from a particle counter (Particle Scan Pro, IQAIr Inc.) which was aso placed downstream of the laser
machining/air nozzle. The details pertaining to each of these techniques will be described as the results are presented.
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Figure 2: A plan view of artificia trench is shown. Thisconsists of two overlapped layers of silicon material. Thetop piece of
silicon has an open trench aready cut which isindicated by dotted lines. This wafer sectionis placed on top of the bottom piece of
silicon on which surface features can be machined. The two wafers are bonded around the edges using vacuum grease. The craters

indicated in the diagram are machined on the surface of the wafer through the open trench.
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Figure 3: Plan and side view of artificia trench or tab experiment. This artificia trench was constructed by placing two side-walls
placed on edge in prefabricated slotsin silicon wafer. Between the two vertical side-walls, forming aremovable tab, features can be

machined and the debris which gathers on their surface can be analysed.
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Figure 4: A section of wafer was placed perpendicular to the flat wafer surface at 1mm, 1cm and 2cm, from the machining area
downstream from the air nozzle. A trench was machined on the flat wafer and the debris deposited on the perpendicular wafer
section was examined.

3. RESULTS & DISCUSSION
3.1 Characterisation of debrisgenerated during UV laser machining.

Initial experiments on craters confirm that the laser material interaction described in this paper isbelow the threshold
for the onset of phase explosion. The maximum depth attained when machining a crater on a polished silicon wafer
using single pulse illumination was approximately 3 microns. Moreimportantly the profile of the crater was shallow
and the form of the surface in the crater following exposure to the laser beam did not provide any evidence to suggest
large scale gection of micron sized particles due to deep homogenous boiling. Instead the removal of materid during
laser processing with the experimental configuration described in the previous section appeared to be dominated by
evaporation of atomic or at least sub-micron-sized components.

A plan view of the debris generated during the formation of an open or through trench isshown in figure 5. The
dimensions of the trench were 50 micronswide by 10mm long; a section of length 0.5mm is shown. Typically 30
repeated passes form the trench. The range over which the debris extends from the edge of the trench is approxi mately
0.1mm. Similar resultshave been obtained when the laser is used to machine a crater in the surface of a material. In
this case the debrisis distributed radially from the centre of the crater and extends over a distance of 2 micronsfrom the
crater edge. Also it was observed that at timesthe debris appeared to have afilm like property whereby the specular
reflection of white light is spectrally dispersed.

Figure 5: Plan view of debris formed on the surface after an open trench has been machined in air on the silicon surface.

Scanning electron microscopy was used to investigate the shape and size of the debris on the surface. Results indicated
that much of the debris consisted of aggregated clusters of a nanometre size range forming what is best described as a
loose cement-like powder. Energy dispersive X-ray (EDX) anaysis indicated that this debris consisted of both silicon
and oxygen atoms. Similar results were attained when the debris deposited on the ingde side-wall of the trench was
analysed.
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The role of the debris generated inside a trench during machining is likely to be an important consideration in
machining features with overlapping pulses and repeated laser scans or passes. Laser machining a blind trench, (50
microns wide, 300 microns deep, 5mm long) based on using different simple machining strategies provided some
evidence for these effects (see figure 6). The machining strategy consisted of scanning the focused laser spot along the
length of the trench, beginning for each pass at one side of the trench and sequentially moving across the width towards
the other side. In the case of a machining strategy where the scan pattern changed to aternative sides between
sequential passes, the maximum depth was attained at the centre of the trench. If the start of each laser scan is not
changed for alternative passes, then the maximum depth at which ablation occurs at the opposite side to which the scan
started for each scan. The prdfile of the trench indicates that re-deposition of ablated material limits the overall depth
and flatness of thetrench floor.

@ (b) (0

Figure 6: Cross-section, cleaved, width profiles of blind trenches fabricated with three distinct machining strategies. The trenches
were machined with multiple passes of overlapping laser line scanswhich were directed aong the length of thetrench. Each pass
began from left hand side (8) from right hand side (b) and switched from alternative sides (c).

The depth attained as a function of the number of laser passes when machining atrench in air of a specific width is

shown in Figure 7. The results indicate that the machining rate decreases with increasing passes or depth (or aspect

ratio). Thereduced efficiency of laser machining with depth can be attributed to anumber of factors:

* Theincreased retention and re-deposition of |aser-ablated material within the trench.

» The increased shielding of the machined surface due to absorption of the incident laser energy by the laser
generated plasma, and

» Theincreased optica absorption and scattering of the incident laser energy by airborne debrisin the trench.

= Shadowing/ clipping of the beam by the trench.

Whilethislist of factorsisnot complete, an additiona experiment using an artificia trench isvaluablein assessing how
the confinement of debris in the trench may affect the machining rate. The artificial trench described in figure 2 was
used to determine at what rate features could be machined in a confined region at the bottom of a debris free artificial
trench. No appreciable difference was observed in the machining rate compared to experiments performed on the
surface. Thisimpliesthat either the geometry of the trench does not adversely impact the ablation rate, or alternatively,
the artificial trench isnot an adequate representation of normal processing conditions in the trench. If the former is the
case the reduced ablation rate observed with successive passes could be attributed to debris retention and deposition in
the trench. Regarding the latter, real time imaging of the laser material interactions was investigated to explore these
effects further.
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Figure 7: Graph showing dot depth as afunction of the number of laser passes for two trench widths. This illustrates the importance
of aspect ratio on the machining rate.

3.2 Real time char acterisation.

The approach used in real time imaging of the plasma plume, and in anaysing the blast wave in shadowgraphy
experiments, was to compare measurements performed on the surface of silicon with those obtained at the bottom of an
artificial trench. The concept of the artificid trenches (figure 3) was motivated for practical purposes as imaging the
plume and shockwave featuresin actual trencheswasfound not to be experimentally feasible.

The temporal evolution of the laser-generated plume observed on a silicon surface and at the bottom of an artificia
trench is in shown in figures 8(a, b). The images were recorded using the experimental configuration described in
figure 1, with the probe laser switched off. The intensities were filtered using a narrow wavelength band pass filter
centred at 532nm. The intensty was normalised for each image and hence may vary from image to image. The times
indicated are defined from the laser pulse start time. The images obtained from the silicon surface were straight -
forward to acquire and compared well with previous reports in the literature. In the case of the artificial trench, the
images of the plume were more difficult to obtain and hence the data presented must be considered with some caution.
In both cases the intensity of the laser generated plume became very much reduced after ~ 60 nsecs and was not
detected. At these times the shock wave was first observed in shadowgraphy experiments described below. Also the
lateral extension of the laser generated plume was more confined in the case of machining at the bottom of the trench
which possibly lead to greater interaction between ablated ions in the plasma plume in such an environment.

(a) Surface
120pm
3
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Figure 8: Temporal evolution of the plasma plume on the surface (&) and inthe bottom of a 100nm wide artificia trench (b).
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A comparison of features associated with shock front observed in real time shadowgraphy experiments showed that the
speed at which the shock wave propagated in the confinement of an artificial trench was 60% sower than an ana ogous
case on the slicon surface. Again in these experiments, the artificial trench shown in figure 3 was used in the
experimental configuration shown in figure 1. Figure 9(a) and (b) shows features associated with the shock front for
lines of resolved pulses machined on a silicon surface and in an artificia trench in an air ambient. The shockwave
feature was viewed on the camera at discrete time intervals, using an exposure time of 10ns. The field of view of the
camera was calibrated for scale, so the distance travelled by the shockwave could be plotted against the time interval.
The data was graphed for a range of images at increasing time intervals. The sope of the linear fit to the data was
obtained to estimate the velocity of the shockwave. While the speeds of the shockwave vary with time, the speed in the
confined region of the artificia trench is always slower than for that observed on the surface. For resolved pulses
maximum speeds of ~830m/s and ~500m/s were observed for the surface and artificia trenches, respectively. For
overlapped pulses the shockwave speeds are similar in magnitude for the surface but are different for the artificia
trench; the representative speeds of propagation of the shockwave features are 820m/s and 230nV/s for the surface and
artificial trenches, respectively. It is proposed that the interaction between the ablated materia with that of the ambient
occurring in the confined region of the shock front lasts for alonger time interval in the case of machiningin atrench.
Moreover in the case of machining with overlapped pulses used in industrial processes, thistime for interaction isagain

increased significantly indicating the continued interaction of the laser generated debris in the trench with subsequent
pulses. This point is perhaps further underpinned by the observation that the shockwave feature, which partly arises
from absorption or scattering of the probe laser by airborne debris, is much darker and distinct in the case of overlapped

pul ses compared to resol ved pulses.
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Figure 9: Time resolved i mages showing the progression of the shockwave feature generated during the laser ablation of silicon on
the surface (8) and an end-on-view of the artificia trench (b). The images were recorded a 100ns from the onset of the laser pulse.

Whilein figure 9a, it is possible to observe some gjection of debrisfrom the laser ablation zone (circled in image), the
fact that it does not appear in figure 8(b) is not significant asit ispossibly limited by the experimental setup. Thetime
frame for the onset of debris expulsion from the silicon surface, asidentified in shadowgraphy experiments, begins at
~100 nanoseconds and can be viewed on the camera for 300~400nseconds after the laser pulse. While debrisin
recorded in some images appears quite appreciable in some images, it is expected that it consist of large number of sub -
micron particulate or droplets. It is also perhaps significant that debrisis gected at various anglesin a crown-like
structure; henceit is reasonable to expect that the debrisentrapped on sidewalls of a trench near to the laser interaction
zone could provide an accurate representation of the gected debris.

33 Experimentson entrapped debris

Figures 10 and 11 show representative images of the debris as observed on the removable sidewall using optica
microscopy and SEM. The EDX spectrum displayed in figure 11(b) shows that the deposits largely consist of both
oxygen and silicon atoms. Generally the debris consists of a furze-like deposit with most particulate being much less
than amicron in size. The deposits a the lower end of the trench sidewall or tab are more dense compared to that
deposited near to the upper end of thetabs. Debris deposited in this region becomes less dense and can consist of
larger sized spherically shaped particulate that is still 1ess than amicron in size. This may suggest that either the |aser
generated debris grows to significant sizes asit propagates avay from the surface in the artificial trench or that larger
sized particulate are gected at greater anglesto the surface during laser ablation. While the number of particlesis smal
there was no evidence to support thislatter point in shadowgraphy work.
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