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The innovative water jet-guided laser technolodgqaalled as Laser MicroJetMJ) is rela-
tively new. However, due to a number of unique ativges, it has quickly and successfully matured
into many applications such as dicing and slottihgilicon wafers, cutting of coronary stents, ldril
ing of stencil and OLED masks, as well as the egttf hard materials for tool inserts. This cold,
clean machining technology allows the precisioniatiion of intricate structures, providing excep-
tional aspect ratios. In this paper, the fundandrghaviour of a hair-thin water jet such as jet ve
locity, jet break-up and interruptions are studi@dwvell-rounded understanding of the jet stability
characteristics is very important to enhance thopmance of the LMJ technology. The propaga-
tion and the intensity distribution of a laser beemupled in the low pressure, laminar water jet at
various coupling conditions are theoretically amgeximentally investigated as well. The final part
of this paper will highlight some recent micromathg examples of the LMJ technology.
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1. Introduction 2. Laser MicroJet® - Principal and Visualisation

The relatively new and innovative principle of atera 2.1 Generation of the water jet
jet-guided laser for micromachining has in a vehprs
time period, made a big impact on the indugttyy The
concept, which functions by funnelling a laser beam

The jet is produced by forcing the water, under low
pressure, through a sharp edged nozzle in a cquplait

P . see Fig. 1).
through a hair fine jet of low-pressure water,eglbn the ( Zg ) Laser in
total internal reflection of the laser beam by wels of the Y 632 nm
water jet. _ o _ _ | Focusing objective
As the diameter of the jet is relatively large with X

spect to the wavelength of the laserd (um), the water jet

can be considered to be a multimode fibre. Projamyaif )

light in multimode fibres is usually characterizgyla finite Quartz window Sapphire nozzle
number of guided modes, refractive and tunnelliegky

modes that are partially guided, and a continuumadfa- Water
tion modes [2]. Many theoretical aspects of protiageof inlet
waves in cylindrical waveguides as well as interaiamu- X =0 j§f Chamber
pling are discussed in literature [3]. The intezfere of the

modes leads to the modal noise at the exit of éneeguide.

Modal noise in optical fibres has been studiedisgifrom

the early 80’s [4] up to recent reports [5]. Foe thater jet Jet
waveguide, the number of optical modes is high. Iigr

jets, the water jet waveguide is comparable torgel@ore

fibre [6]. The stabil_ity pf _the water jet, ch_ara(i:zed by the Fig. 1 Schematic of the coupling unit

break-up length, is limited by increasing water face

waves. They are due to initial perturbations [7H aiso The nozzle orifice is made of sapphire or diamond.
due to the laser induced break-up [8]. In additidne to ~ The resulting diameter of the water jet is about Stialler
the long interaction length between the high iritgrtseam  than the nozzle diameter due to the vena contreftat

of a 100W frequency doubled Nd:YAG laser and water,[10]. The coupling unit consists of a quartz windoav
high efficiency stimulated Raman scattering haskesen ~ chamber and a nozzle holder where nozzles of eiffer
in micrometer-sized water jets [9]. In this articlthe  orifice diameters (presently 20-100pm) can be ltesta
propagation of a low power and coherent laser lighthe

water jet waveguide is investigated. 2.2 Light coupling into the water jet waveguide

The overall experimental configuration is depicted
Fig. 2., and the water coupling is shown in zone A.

Metallic holder
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A He-Ne laserX = 632 nm, 5 mW) was specified as
the light source.
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Fig. 2 Schematic experimental set-up of the He-Ne laser
coupling system into waterjet (A), coupling contsgktem
(B), waveguide observation system (C)

The coupling into the jet is achieved by increagimg
1 mm diameter beam (1/e2) to a maximum 8 mm 1/¢2 wi
a variable beam-expander (BE) and then focusinb euit
objective (between f = 25 mm and 46 mm). The wpader
interface was calculated using computational fllydamic
software called “Fluent”. It was immediately visgbfrom
this, that the light is guided by the water-aieifiace.

By varying the ratio of beam expansion and the
choice of objective, three values of Numerical Apers
(NA) were tested: 0.06, 0.16 and 0.29. These vatoes-
spond to the depth of focus and beam diameteelist
Table 1. The focused laser spot diameter (1/e2) mees-
ured in water at the upper nozzle level. It shdugdnoted
that despite these high values of NA, they aré stilaller
by a factor of more than three times that of the d&fAhe
water jet waveguide (NA=0.87).

Table 1 Depth of focus 2xRayleigh rangegg.and the
focal diameters

1
Focusing 2&)[@—2)
. BE NA 2L, e
No
46mm | P | 006 | 260um | 15.5um
46 mm X8 | 0.16 | 4am 6.8um
25 mm X8 | 029 | 8.am 2.6pm

2.3 Observation of the modes in the water jet

As shown in zone C of Fig. 2, the glass plate é&gdl
in the path of the jet to visualise the light irgéy distribu-
tion. High-magnification images were then obtairveith
the help of a microscope objective (x10 x20) lodatght
behind the glass plate and a CCD video camerawhode
imaging system is mounted on a motorized Z stagéad
the distance of the glass plate can be varied filzenjet
origin. The modal noise is then characterized leyrttodu-
lation wavelengthiy. It is obtained by image processing
using the vertical or horizontal intensity profileéthe jet
section.\y is then derived from the inverse maximum fre-
guency in the Fourier spectra of the profiles.

3.
3.1 Spatial distribution

Results of modal noise measurements

The increase in the number of modes i.e. the remtuct
of the size of the speckle grains with increasing N
demonstrated in Fig. 3, for a nozzle of 112 pmiamkter.
In this example the spot is centred with respedhjet
axis. The size of the speckle grains expresseleashiarac-
teristic modulation waveleng#N are 6 pm and 2.2 pm for
NA = 0.06 and 0.29 respectively.

o

[al

(b

Fig. 3 Light intensity distribution in the water jet, olrged
through a glass plate (nozzle diameter 112 umyeént
coupling, jet distance 35 mm, jet velocity 132 m(a)
NA=0.06; (b) NA=0.29; modulation wavelengths: 6 and

2.2 ym.

3.2 Mode distribution at different jet diameters

Mode distributions corresponding to nozzles with di
ameters of 60 and 29 um are shown in Fig. 4. meékam-
ple with NA=0.16, the laser focus is centred anzhted at
the nozzle entry. Comparing the intensity distridog of
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the 122 um diameter nozzle (Figure 3(b)) with thenrb-
ters of 65 um (Figure 4a) and 29 um (Figure 4khueh
stronger variation is observed. The images werertatith
different values of magnification, as with the d=ging
diameter of the water jet, the relative size of thgeckle
grains” increases. At 29 um the presence of fewspigts
indicates that few modes are guided (see Figure 4b)
For large waveguide diameters, the combination o

many modes, results in modal noise where many $peck

grains of small size are present. On the contréoy,
smaller waveguide diameters, fewer modes are guaded
therefore fewer speckle grains, but with a largee sre
observed.

3.3 Intensity modulation at different coupling NA

In order to understand the observed grain sizekan
intensity distribution, we refer to well-known foutas for
fibre optics [11]. In spite of the fact that theseressions
are based on the weakly guiding fibre approximaticn
small difference of refractive index between theecand
the cladding (Pore = Meiaaing/(2 X Meord << 1, We propose
to apply them to our water-jet waveguide.

Looking at Figures 3 and 4 we can see that thengrai
size of the intensity modulation is quite homogerseover
the jet cross-section for a set of given couplingditions.
The origin of the modulation is the superpositidgmany,
statistically phase shifted, guided fibre modesthie mid-
dle of the water jet all excited modes have coantidns
and the resulting grain size of the interferenctepa is
difficult to describe. On the border of the jet remer, only
the highest order modes make substantial contdbsitio
the intensity distribution. As a consequence, we say
that the (constant) size of the grains is givertheyperiod
of the intensity modulation of the highest order de®
close to the border of the waveguide core.

ik

Fig. 4 Influence of jet diameter on the intensity disttiba.
(NA=0.16, minimum off-axis, jet distance 35 mm)) &b
Km nozzle, jet velocity 187m/s; (b) 29 um nozzi vie-

locity 281 m/s

In order to determine the modulation period, wednee
to calculate the normalized frequency (or V-factufrjhe

fwaveguide of radiua under the given coupling conditions,

i.e. the used numerical aperture, NA, and the veagth of
the guided lighth,.

ni2aNA
A

(o]

V= 1)
with 20 as the waveguide diameter akgd= 632 nm for
He-Ne laser.

Restricting ourselves, as in the case of weakldiggi
fibres, to the linearly polarized modes,,yRhe maximum
mode numbers | and m are given by:

andm=! (2
T+l T
The total number of modes in the waveguide are
given approximately by:

4\/2
N = 3
T +2 3)

and the corresponding maximum theoretical graie 8ijz
andsd,, are defined as:

o) =@and o, =— (4
2 2m

The experimentally determined characteristic modula
tion wavelengtihN can be compared to the values. Table 2
shows the results of this comparison for the 112noavle,

a He-Ne laser at 632 nm and the different couphiAgs.
The fill factor of the fibre, defined as the rabetween the
number of excited modes and the maximum possibhe- nu
ber of modes, is also indicated in the table fbcalipling
conditions.

The results show that the experimental grain séde v
ues are larger than the calculated ones. Nevesthethe
values are comparable and it is confirmed thathtigber
the NA the lower the characteristic modulation wawgth.

Table 2 Characteristic modulation wavelength of modal
noise for various NA, nozzle diameter 112 um, aseit
wavelength, = 632 nm.

L Fill factor
NA | Grain size | § )
: r N/N max
0.06 | A=6um 8.3um | 5.6um | 0.46 %
0.16 | \=4um 3.1lum | 2um 3.3%
0.29| =2.2um | 1.8um | 1.2um | 10%
4. Experimental verification

A Q-switched Nd:YAG laser is used in this study*(M
= 1.2) emits at 1064 nm wavelength. The laser pdise-
tion is approximately 50 ns with a peak power ofl&H.
The focussed laser spot diameter is approximately .
The maximum average output power is 17 W. To retresal
energy distribution in the jet waveguide, ablatafra thin
steel plate is studied with different numbers sklapulses.
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Fig. 5Ablation of a 400 um steel plate; 150 pm nozzle,
NA=0.03, jet velocity 94 m/s, average power 7 WL &t
kHz; (a) 10 pulses; (b) 50 pulses

The hole diameter is about 15% bigger than the noz-
zle size. This widening is due to the ejected nteFhe
drilling rate is 25 holes/second. The drilling deph all
case is about 140-1pM. The holes have a slight taper and
the bottom of the holes have a rounded conic shape.

Fig. 7: Microscopic image of two holes drilled with a 80
um nozzle, 34 W, 40kHz.

Very small holes were also generated on the metalli
contact pads of a 700 um thick device wafer shawhig.

As shown in the SEM images (Fig. 5), despite abla-8- A 1070 pm fiber laser was selected for this expent,

tion structures being rather complex, we note thay are
almost identically reproducible and do not dependttee
number of laser pulses. The structures presemgsomi-
larities with the intensity distributions observiedthe wa-
ter jet waveguide.

Comparing the theoretical grain sizg&nds,, values
(24 um and 21 um, respectively) to the size ofdnac-
tures being in the range of 10 to 20 microns wesamore
confirm good agreement between the applied model
the experimental observations.

5. Recent micromachining examples with the LMJ

5.1 Percussion drilling of blind holes in silicon \afers

Fig. 6 shows the consistency of the drilling reswain
a 600 pum thick bare silicon wafer using a thirdnhanic
355 nm UV laser.

200pm

Fig. 6: A hole matrix, top view, 30 um nozzle, 90 kHz, 9
W, 20 holes/s

The average measured hole diameter is 35 pm. The

hole circularity is about 0.9. With no post cleanisteps,
the holes are clean and free of debris, burrs,ksrand
thermal damage. The hole diameter at the bottoabdat
15 um. The depth of the holes is approximately 80

Results of hole drilling on a 300 um device wafer a
illustrated in Fig. 7. A second harmonic 532 nnetawas
used for this application.

an

producing 7Qum deep and 3(@m diameter holes.

Fig. 8: Holes drilled in metallic contact pads, 25 pum nezzl
26W, 50 kHz, 30 holes/s

5.2 Grooving of sapphire wafers

Grooving of a 350 um thick sapphire wafer to a Hept
of about 110um was achieved with superior edge quality
and regular depth as shown below in Fig. 9. Nopihip or
contamination occurred. The grooving width is appro
mately 55 um.

500um

Fig. 9: Microscopic image of a groove, 355 nm UV laser,
9.5 W, 20 kHz, 50 pm nozzle, overall speed 10 mm/s
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6. Summary

The numerical aperture of the coupling of the laser
source into the water jet waveguide is the predantipa-
rameter influencing the grain size of modal noisénten-
sity distributions. The number of modes i.e. théuction
of the size of the intensity grains is clearly eesed with
increasing NA so that the modes are well distriduiger
the jet cross section. For centred coupling, thensity at
the jet centre is higher than those at the jetpbery. A
better homogeneity of the modes over the entiremjat
section is obtainable by de-centring the couplifige pre-
dicted intensity grain sizes are in good agreemsettt the
experimental ones. Finally, the modal noise invilager jet
waveguide partly explains the ablation processhef lta-
ser-Microjet technology.

Lastly, the LMJ is also suitable for percussionehol
drilling with no problems of water jet disturbandexcel-
lent results of sapphire grooving with a UV LMJ baalso
been demonstrated. Conclusion: the LMJ is an exaell
tool for many micromachining applications.
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