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-WD 02/ 34455 "CONTROL OF LASER MACHI NI NG' | NTRODUCTI ON Fi el d of the

| nventi on PCT/ 1E01/ 00136 0 6 APR 2005 The invention relates to the CWF\PEOQUUS
of | aserwomebisssng, particul arly.of sem conductor materiBIT/HQEAVEE S| [ con
wafers, Gallium Arsenide, Silicon Germanium Indium Phosphide and ot hers.
Prior Art Discussion Machining a sem conductor wafer is conventionally
achieved by dicing the wafer wth a saw. For exanple, EP0202630 descri bes
the use of a dicing saw for machining streets in silicon wafers.

Mechani cal machining has di sqdyent 4065 1 sush MscHhaweyi el d, chi pping and
cracks. Thin wafers cannot be=tmachi ned and specialised applications such
as machining curved structures, internal through holes, etc., are not
possible. It is also known to use | aser beans for machining sem conductor
substrates. US5214261 descri bes a nethod where deep ultraviol et exciner

| aser beampNgFREODIEITION di ce a sem conductor substrate. Exciner |asers,
however, do not cut with sufficient speed for many applications. O her

| asers such as Nd: YAG (1064nm) and CO2 | aser have al so been used in

sem conducﬁrﬂsggseté %—Eﬁ&ilcr o-machi ning. These | asers generate debris and

| arge heat! ones. US4224101 describes the use of a Nd: YAG | aser
to formgrooves in a semconductor. This step is followed by a cl eave and

break step along the WD 02/34455 -2 PCT/|FE 1366 ARR SEREtorA
further stélﬂlengqmttqm@’—l%tﬁ%’fﬂ%ICOEF%?%S%@%%(8 rerm\l;@thgﬁiciiebri s and
hot particl r&%grtéiigﬁ%ﬂéhar&g sglﬁcéd"%ra‘f@fs,e@zﬁﬁﬂﬂ ugseride, t $iticon rGenrardum, nigdivm

0

machi ni ng. asers not appear to have been applied successfully to
preci si on phesphide and others. '

‘
iy

Prior Art Discussion

Machining a semiconductor wafer is conventionally achieved by dicing the wafer
with a saw. For example, EP0202630 describes the use of a dicing saw for
machining streets in silicon wafers. Mechanical machining has disadvantages such as
low yield, chipping and cracks. Thin wafers cannot be machined and specialised

applications such as machining curved structures, internal through holes, etc., are not

possible.

It is also known to use laser beams for machining semiconductor substrates.
L US5214261 describes a method where deep ultraviolet excimer laser beams are used

to dice a semiconductor substrate. Excimer lasers, however, do not cut with

sufficient speed for many applications.

Other lasers such as Nd:YAG (1064nm) and CO, laser have also been used in
semiconductor substrate micro-machining. These lasers generate debris and large
heat affected zones. US4;£24101 describes the use of a Nd:YAG laser to form grooves

in a semiconductor. This step is followed by a cleave and break step along the




5 applications. The reason for this is that the quality of the edge forned
IS not acceptable. Also, heat is generated at the cut front, this may

result i ;to the electrical function for which theg
nanufact3¥€gﬂgﬁgﬁting of the substrate material induces therggﬁmﬁgggggmlﬁnﬁ
the wafer which can cause m crocracks, having a deleterious effect on
lifetime and function. 10 US5916460 descri bes the use of a defocused beam
and a high-pressure flow of assist gas to suppress the generation of

m crocracks. A defocused beamincident -@r the surface of the wafer
generates a crack, which propagates along the dicing direction.

Controlling such a process is difficult, 15 This inyention i§ therefore

directed tgroavess Apfusthedsiap Tﬁwﬂmﬁﬁh@@&} aighing WayussH o Zemove Hif debss and
material. The inproyenent,s speci sk hr oughput
and qual i tlipé}aéu Gii nfaéqutoq 4%@%#%%5%2(& mamuf'“i urig’ng 0 1% nponent s

as well as enabling the manuf acture of precision mcro-nmachined structures

such as 20 micro-fluidic devices. SUMVARY OF THE | NVENTI 25 Accor dl ng to
the i nventTise {dserse dos motoeppkad ﬁmth@@ dremmapPlifdn GUECEEHIE o Ry URTGIION

Taterid rapniaipRn E’;Eaf‘s,% Bor i s AT bl B¢ R NBEThoR A8 ot
beami s 0%8%%4455 PCT/ £ O%}%efah@d AR dut|frosit] thinmserrestit uBtDamlagc aother i sed

in that, 0013606APR2005 -35 theb mis £ th
cont r ol | edeleatrisalafunctivhnfos , whichethggcemponens fyas wpasuga g of the

subsequg?'ltéu CB e atetia? illdcds RSl sA0H iR3hEWattr Hhlich cﬁheé‘a‘?lgé Mcﬁfi‘?&hksand n

Is >

having a deleterious effect on lifetime and function.

10
1IS5916460 describes the use of 2 defocused beam and a high-pressure flow of assist
gas to suppress the generation of microcracks. A defocused beam incident on the
surface of the wafer generates a crack, which propagates along the dicing direction.
Controlling such a process is difficult.

15

This invention is therefore directed towards providing for improved machining of
semiconductor material. The improvements specifically, are that the process
throughput and quality are sufficient to allow low cost manufacturing of components

as well as enabling the manufacture of precision micro-machined structures such as

20  micro-fluidic devices.

SUMMARY OF THE INVENTION

25  According to the invention, there is provided method of machining a semiconductor
material using a laser beam in which a formation is machined in the material to a
width S using a laser beam of intensity I, and in which the beam is controlled to

machine the material with a kerf K,

30 characterised in that,



In one enbodi nent, the value for IBis chosen to lie in a range of val ues
of IB for which material renoval rate increases with increasi n/% | B. OIgnARR 2005
further whadiosnt, 1B is in a range for which material r¥nBlENPLLe
increases at 10 a rate of at least 30% w th increasing intensity. In one
enbodi nent, the lateral offset between scans is in the range from one
mcron to the kerf K ' 15 In a further enbodinent, the |ateral offset
between scans is selected by varying thg_ lateral offset in steps fromone
mcron to the kerf until the net machining speed is optimsed. In one
enbodi nent, machining is achi eved by-repeating scans with n > 1 in each of
20 a nunber of steps (z) so that material is renoved in a sequence of steps
fromthe surface downwards. In one enbodi nent, the beam di mensions a
focus are controkheBesn id dumttralled thecan n timesns beipg n B1 and; Whege py 4, €ac

m ni m sation of the total nunber of scans re&gi@ﬁd to defj.ne 25a§a§1-
required formati subsequentssarablagerati offsetand € 5ggrprpgedd{}$ S Phe
pul se repetition_f uency and scan speed are chosen to provide a pul se
overlap in the r%?%eof 30% to 98% WD 02/34455 -4 0 6 APR 2005

PCT/ 1 EQL/ 00136 I n anot her enbodi nent, the | aser beamis pul sed, and the

pul se dverlap is selected in the region of 30%to 85%to ¢control iﬁng
refine t hgptéhe eiBodiiterntptighvelae forf Ix isechasen $0 ligfinga FERAE peaRhd 1Y the
wal | s and bottom of a rracgi ned. trough akgd tga:%gﬁn residual debris. 5 1In
one enbodiwibigh matpEalIeEIY fz\R‘i?H’tcﬁea(S%W?‘ BH5EENE & that the net machi ning
speed is fastest when conpared to the machining speed for |arger or

smal | er channel wi dths as nachi ned under opti nal Vﬁl ues 1;Pr t he nunbetr of
paral | el |jasefurihienembodimental, is in a range for which matenal removal rate mcreases a

10  a rate of at least 30% with increasing intensity.

In one embodiment, the lateral offset between scans is in the range from one micron

tothe kerf K.

15 In a further embodiment, the lateral offset between scans is selected by varying the
Jateral offset in steps from one micron to the kerf until the net machining speed is

optimised.

Tn one embodiment, machining is.achieved by repeating scans withn = 1 in each of
20  a number of steps (z) so that material is removed in a sequence of steps from the

surface downwards.

In one embodiment, the beam dimensions at focus are controlled so that the beam

intensity, Is, results in minimisation of the total number of scans required o define
* H

25  the required formation.

In one embodiment, the laser beam is pulsed, and the pulse repetition frequency and

scan speed are chosen to provide a pulse overlap In the range of 30% to 98%.



particul ar channel width. 10 In one enbodi nent, the |aser beam wavel ength
Is in the range of 350nmto 550nm the repetition frequency is greatﬁrE APR 2005

t han 5kHayq@nelikhe average | aser beam power is greater t 100436 !
anot her enbodi nent, the |aser beam wavel ength is in the rgﬁge g¥ %150 to 300

nm the repetition frequency is greater than 1lkHz, and the average power
output is greater than I W In one enbodi nent, scan velocity, |aser power,
and pul se overlap are chosen to 20 control depth of material renoval in
any one scan. In another enbodi nent the4wethod conprises the further step
of, after machining, performng a final |aser scan in which: 25 the beam
dianeter is greater than the width S, and the beamintensity is bel ow a

machi ni ng Inrenotstntgmbodimens| the lasanbearhys pulsed wnddbe pubawvedap isselscteddd. 30

WO 02/ 31155 -5 .PCT/ I 0 6_APR 2005 1.n on ' od is
per f or med 6 Frideh ioﬁéﬁ?%<°%% (é% MR ! agufrggn% hheg%fcﬁ‘frg gﬁﬁgb@%&eﬁ% éfﬁg@m _
enbodi ment e 4 b RRIEACAHRRREL 8F (HENENS Bhd bBtrSePS niaihenddfroaghiagl Qo fdietndi ¢

5 device. In a further enbodinment, a trench is forned in a surface of the
subst r at e, retidealtdebmish  bei ng suitable to act as a fluid delivery channel of

a m'cr%-fl uidic device. 10 I n one enbodi nent, the nunber of scans and
| ateral’ of fsets of the scans is varied so that a tapered structure is

formed in jpfehd@hBsdittent] the HRARAENwiilh 08} iFBRbsendsol tAREMHR et nidtHining sheed
formed in a circular or elongated aperture. _
is fastest when compared to the machining speed for larger or smaller channel widths

as machined under optimal values for the number of parallel laser lines for that
particular channel width.

10
In one embodiment, the laser beam wavelength is in the range of 350nm to 550nm,

the repetition frequency is greater than SkHz, and the average laser beam power is

greater than 3W.

15 In another embodiment, the laser beam wavelength is in the range of 250 to 300 nm,
the repetition frequency is greater than 1kHz, and the average power output is

greater than 1W.

In one embodiment, scan velocity, laser power, and pulse overlap are chosen to

20 control depth of material removal in any one scan.

In another embodiment the method comprises the further step of, after machining,

performing a final laser scan in which:
25 the beam diameter is greater than the width S, and
the beam intensity is below a machining intensity threshold,

whereby a machined formation is cleaned.

30



15 In a further enbodinent, a plurality of tapered structures are nachi ned
to form wells, funnels and t hrough hol e channels of the mcro- fIU|d|@5ApR2m5
devi ce. MO @i4sibodi ment, the material is machi ned f r om BCTREO 140 §ie,
subsequently from 20 a botton13|de, the formations fromthe sides jOInIng
to forma single through formation. In one enbodinent, a top side canera
and a bottomside canera are aligned and calibrated such that a
transfornation mappi ng coordi nates of t top canera to 25 coordi nates of

the bottom canera is known, and the top side and bottomside material
coordinates are registered with respect to each other for registration of

machi ni ng @n bagt | tof rom
bot h si desﬂbﬁgg %Eﬁé)%ﬁfﬁné r%a ion H@g@#@%@g@;ﬁd@%ﬁ%ﬁel (r;%%g?gﬁar?d
circul ar wghbylaterdiet ures. WO 02/ 34455 -6 0 6 APR 2005 PCTI I E01/ 00136 In
anot her embodi nent, a fume extraction head is used for extraction of funes
and solid debri s from above and below the material, and wherein assist gas
is directed at I A lisroRinggssi st
t he machi nf‘h (btp %@ggaigﬁ%gc%l% |ng éﬂeﬁﬁg et(réﬁf%%ec%u%&ﬁe fﬁ‘ﬁeiﬂﬁ?ﬁ on a>
provi des agé@ser nachining apparatus conprising a |aser source, neans for
directing a |l aser beamfromthe source at a sem conductor material to
machine with a kerf Kto a width S, and a controller for controlling

par anet ers I as r [ n

conpri ses Ifbglrf'érqﬁ ﬁ?%‘g}elﬁ?ga %g%ﬂ]%s%%ggn%?sr‘# fict BﬁFhae %%”E%f EH@%%% Il el
passes, sapénpasisse eehttdslaoflidd deliyeryfdhananel of radmmeﬂmdnc devige.

10 In one embodiment, the number of scaris and lateral offsets of the scans is varied so

that a tapered structure is formed in the material.

In another embodiment, a tapered structure is formed in a circular or elongated

aperture.

15
In a further embodiment, a plurality of tapered structures are machined to form

wells, funnels and through hole channels of the micro-fluidic device.

In one embodiment, the material is machined from a top side, and subsequently from
20 a bottom side, the formations from the sides joining to form a single through

formation.

In one embodiment, a top side camera and a bottom-side camera are aligned and
calibrated such that a transformation mapping coordinates of the top camera to
25  coordinates of the bottom camera is known, and the top side and bottomside
material coordinates are registered with respect to each other for registration of

machining on both sides.

In one embodiment, machining of the material from both sides enables the formation

30 ofcurved and tapered elongate and circular wall structures.



15 greater than or equal to S/K. In one enbodi nent, the controller
conprises neans for controlling |aser beam intensity (IB) so that itUBMP?ZMS
in a ranqgog%_mggues of intensity for which materi al re”@%@hEﬁﬁ&ﬁsc

i ncr eases” M £h Increasing intensity. 20 In one enbodi ment, the |l aser
machi ni ng apparatus further conprises a fune extraction system having
suction inlets above and bel ow the material support neans. In one

enbodi ment, the | aser machi ning apparatus further conprises a gas bl ow ng
25 system conprising nozzles for directifg an assist gas over the materi al
bei ng machined. I n another enbodinent, the | aser machini ng appar at us
further incorporates a vision systemwhich consists of top and bottom
camera systens in registration with each WD 02/ 34455 -7 PCT/1E01/00136 0 6

APR 1005 her ... and ont r.ol l.er. . co I Si f ' [ f t he
caneras t gf“ Titheec Eaﬁ?ﬁ% ?gﬁﬁ%fm éﬁ%péﬁﬁﬁggt@{ eﬁ%‘“’;@%ﬁ‘kg. %Efgl}ﬁgD
DESCRI PTI C!&hlﬁleeBHE SO ENGYOMn 8 bBldve theDRa titial tandnwhreinhassia gud 3gtirebee] at

i nvention w be nore clearly understood fromthe follow ng description of
sone enbodihaematsrizhierasntol gha/deposifionnf debrivanthpistst 1 RGN EPEESNCe t o
the 10 acconpanying drawings in which: Fig. 1 is a plan view of a silicon
waf er showi ng a cut pattern; and Fig. 2 is a diagramillustrating machi ning
di rect i onsAdsiAmhgRtdVaReter dspadtethe inkentibdl pRovides arlasérr fiaening-iagpardtus
illustrates a five-step machining process to renove a volune of material,

i | | ustrat i conpasinget aser soire.amerhe fon diseatingp dgsek beam Rompihg sQCeE R h S

of a trench [OOIRLSY mArd Bt REAROki Lhbr# (AW B'S! Sk Aomticiier for

controlling parameters of the laser beam,

10
characterised in that,

the controller comprises means for directing the laser beam in a plurality
of n parallel passes, said passes being laterally offset, and wherein n is

15 greater than or equal to S/K.

In one embodiment, the controller comprises means for controlling laser beam
intensity (Ip) so that it lies in a range of values of intensity for which material

removal rate increases with increasing intensity.

In one embodiment, the laser machining apparatus further comprises a fume

extraction system having suction inlets above and below the material support means.

In one embodiment, the laser machining apparatus further comprises a gas blowing

25 system comprising nozzles for directing an assist gas over the material being

machined.

In another embodiment, the laser machining apparatus further incorporates a vision

system which consists of top and bottom camera Systems in registration with each




20 squared" dianmeter width of the |aser beam Fig. 4 is a representation of
an alternative set of variables required to renove a simlar vol une,as
depi ct edwigw2FRisgss 3 in three steps; 25 Fig. 5 illustrates P&'R’Wi’@‘é‘lf’ﬁnﬂg A58 2005
| aser pul se spatial positioning; Fig. 6 is a set of plots of materi al
renoval rate vs. beamenergy for a fixed beamdianmeter and with various
overl aps; WO 02/34455 -8 0 6 APR 2005 PCTIIEO 1/00136 Fig. 7 is a
perspective view of a mcrofluidic devige nachined according to the

i nvention with surface trenches connecting through-holes, wells, and
funnels; Figs. 8 to 13 are diagrans illustrating machi ning of various

m crof |l uidyc 5 _devi £ | v kife idAobs fRnPehs Raaidrye tpart |y
cut - anay 9{:}5}% S?Saa fc(érﬁrggg% %@?%néﬁ%i%ggm gi]glgélt gppar atus used for |aser
machi ni Ngendfe régistratidn dftha nomedalddenflippingi ew of- a gas assist part of the
apparatus; 10 Fig. 16 is a diagrammatic side view of a channel machining

strategy, Fig. 17 is a diagramillustrating w ndow nachini ng paths for one
step (topslf o | PR TREDENTESCTIEBNI S a SEM i nage of this
channel i rfTcon water; and 15 Fig. 19 is a

di agragmatic side view of another channel illustrating the machining
strategy, and Figs. 20 and 21 are diagrans illustrating machining |aser
pat hs for Sasory of thg IP@3ERE™Ht | on of the Enbodi ments The invention

provi des a syt em and method for micro- machi ni ng sem conductor wafers by
means of UV and visible Iight induced photo-ablation and other |
The invention will be more clearly understood from the following description of

some embodiments thereof, given by way of example only with reference to the

10  accompanying drawings in which:-
Fig. 1 is a plan view of a silicon wafer showing a cut pattern; and

Fig. 2 is a diagram illustrating machining directions using a window strategy

15 and a raster strategy,;

Fig. 3 illustrates a five-step machining process to remove a volume of
material, illustrating parameters such as the dimension of kerf, K, and the
width S of a trench formed by a laser beam of width w, where w is the “1/¢

20 squared” diameter width of the laser beam,

Fig. 4 is a representation of an alternative set of variables required to remove

a similar volume as depicted in Fig. 3 in three steps;
25 Fig. 5 illustrates a typical map of laser pulse spatial positioning;

Fig. 6 is a set of plots of material removal rate vs. beam energy for a fixed

beam diameter and with various overlaps;



fundanment al physi cal processes. The | aser systens are di ode punped solid
state 25 laser systens e.g. (Nd: YV @064nn) with second (532nm, tﬂps mph 2005
nd

(355nm %Oﬂg/gwsgh (266nm) harnonic em ssions. In particulp%a.“ggém@

355nm | asers provide good speed with acceptable quality an nm syst ens
provi de good | aser machining quality. Depending on the exact wavel ength of
the em ssion the harnonic wavel engths may al so vary slightly (e.g. Nd:
YAG . The systemallows for 30 conplicated shapes, blind and cut-out, to be
machi ned on both sides of WD 02/34455 -9 PCT/1EQCL/ 00136 0 6 APR 2005

.sem conduct or wafers at high speed. The nethod enpl oys a | aser source and
an accurate scanning and positioning systemthat involves a high

resol uti on xy sFgg@is aperspedtive-vaew of gahicarfluidicalevicA nidohnedeswbrdingno the

two-canera imagji ng systemis_used for the accuyrat sitigning, of the

waf er and the |®¥ WW@H@%P@F%—Q?BE‘FH%’&}H@%S‘ Se§‘.’e?1ﬁe LS Iﬂ’éﬂ&i si on
systemis used to provide positional information to a central processor.
Thi s vision system operates when the wafer is in the "artwork up"

position. The tBigsi Betovil3i s dipgtamns rikystiacingt macliinigdobH Masieus tmidrbfuidaser
beam positioning.system or the vision systemmy operate through the beam
del i vey path @avirefeatmses{§oneaiionsine material handling systemis designed
to allow a wafer to be 10 placed in an xy table chuck with artwork facing
upwar ds or downwards. A bottom side vision systemis used to provide

posi tional infoFigatidon 4 perspedtivespartlycutierayaviewosfka fani nextoatiomeard gdhe

system al so i ncludes a sophisticated gas .bl ow ng_and_debris extraction

system 15 Theas§EhapRAratussed f %\}PE&‘LE%UF%@F'E&\itS Ré&grpPe %&é@e 8¥¥Y and

on fiducial |ocatj i sion and alignnment is possible.
8id £ltas3f %ﬂ@hfﬁﬁ%ﬂp%}dﬁué‘,

The gas assi st ensures t ebris is directed away fromthe
machi niong front and fromthe topside of the wafer into a debris extraction

S o i r S 16 3h o By iR BF o ARG MARIRES Sl Fi0 1925
is a diagram illustrating window machining paths for one step (top step 1} in
this channel, and Fig. 18 is a SEM image of this channel in a ~700 micron
thick silicon wafer; and

15
Fig. 19 is a diagrammatic side view of another channel illustrating the
machining strategy, and Figs. 20 and 21 are diagrams illustrating machining

laser paths for this channel.

20  Description of the Embodiments

The invention provides a system and method for micro-machining semiconductor
wafers by means of UV and visible light induced photo-ablation and other
fundamental physical processes. The laser systems are diode pumped solid state
25  laser systems e.g. (Nd: YVO, @1064nm) with second (532nm), third (355nm) or
fourth (266nm) harmonic emissions. In particular 532nm and 355nm lasers provide
good speed with acceptable quality and 266nm systems provide good laser
machining quality. Depending on the exact wavelength of the emission the harmonic
wavelengths may also vary slightly (e.g. Nd: YAG). The system allows for
30 complicated shapes, blind and cutout, to be machined on both sides of



I n one enbodi nent, a pulsed UV | aser source of average power |arger than 4
Watts is used for the laser machining. The beamis delivered to the (gh®R 005
usi ng di BEHEE mirrors designed for the appropriate waREelEHYEA139] aser
power, polarisation and angle of incidence. A beam expander can be used to
set the dianmeter of the beamat the 25 input to the gal vanoneter. The beam
Is then directed into a two-axi s gal vanoneter. Attached to the

gal vanoneter is a telecentric f theta fyat field Iens that delivers
uniformy a focused beamto an area of up to 100mm by 100mm 1In order to
machi ne the whole area of the wafer, an x-y stage is used. This x-y stage

I ncor por at es. I der . y: 368h t +0 agdnagct
areas out §‘?‘8’§0ﬁ%§@%’glv\vm éoﬁﬁugf( Ek%g?d'vrirg%v to g%;hgﬁgoggcﬁh?%ﬂngﬁgf | ong
channel s agapse jdaanbn and posifiening/syend 2 84n56lved @ Digh epelubdonsey stage
PCT/ 1 EO1/ 0013G handl ing robot is used tci gosition t he.waf.er in the XY tabl e
Wi th art wané aftasi-axis PRRCHSE.- d‘om%efﬁﬁp HUOR LYQiCABSTa ?HP%‘DEFV%W Biscdar er
to be machi ned on both _si el LSt ' pels gr of
speci 1o draerereratt PosRo b e e e e e er's
with sgal F&"mﬂa&. hakgssddlivsiat eysternnisl weing pradmpositionaD Gmformation 0 Fwo

hi gh-resol ution caneras, one at each side of th ﬁ&f es .arﬂe u;&% f.or _t,he
al i gnent certraliprovesser. Lhigivision syRsBLeRsraies sthenybe waleh 134 the ¢ PPy 88 A
gas bl ow ng _.and a.debri s;r i L st S€ko 'Me NhEuNBe
process. fgS&PP- ?{hﬁf" S§&sey§gg)ns,g%5%%{gﬁg SI?CZ%E,% ﬁrr%?c?cgjr;ﬁstjs?errs, .virsi on.
systens apdsiieamRisiene ot thavisid sysess oraycuperatothmdgh she beammslelivesy path

i oo | and Gonsigs s, Glromaiegal Peatis s ic Sl 4 i BOVABE Do kb
15 Siﬁ ul aiﬁi 23 iff%h kf%ﬁ %ﬁﬂ&%’ﬁﬁi DO GRCHENS A ArdS b IddwiAtarEs AAbctteh a
0 Placpd o o ky e ppiacs

cutti rough hole channél ,” is shown in Fig. 2, It can
be seen thak {i@n shannels usdnacpiovatt pesitignal mfewmatian for sfiasvidhity 10
and wi ndow 11 cutti n%.

artwork facing downward.

The system also includes a sophisticated gas blowing and debris extraction system.
15 The debris extraction device ensures that debris does not land on fiducial locations s0
that accurate vision and alignment is possible. The gas assist device ensures that
debris is directed away from the machining front and from the topside of the wafer
into a debris extraction system. The gas assist device also improves machining speed

when the gas jets are directed along a cut.

20
In one embodiment, a pulsed UV laser source of average power larger than 4 Watts
is used for the laser machining. The beam is delivered to the wafer using dielectric
mirrors designed for the appropriate wavelength, laser power, polarisation and angle
of incidence. A beam expander can be used to set the diameter of the beam at the

25  input to the galvanometer. The beam is then directed into a two-axis galvanometer.
Attached to the galvanometer is a telecentric f theta flat field lens that delivers
uniformly a focused beam to an area of up to 100mm by 100mm. In order to
machine the whole area of the wafer, an x-y stage is used. This x-y stage incorporates
a wafer holder. The x-y stage can be controlled to conmnect areas outside the galvo

30 field of view to enable machining of long channels across the entire wafer. A



Alimtation on the material renoval rate fromsilicon and other

sem conductor 20 materials is that the basic rate of material renoval 2005
decr easesygg:asfsinction of depth into the substrate. Acco&QhﬂngmmggaHﬁﬂwg
a high power | aser across the surface of a substrate results in a specific
material renoval rate. Scanning further dowward in the same |ocation
results in a decreasing material renoval rate. 25 The reduction in materi al
renoval rate is due to several factors. Beam attenuation by airborne
debris, debris condensation on the sidelfvall of the channel resulting in
shape nodification, and beam attenuati on by condensed debris all contribute
to the reduction in machining rate. WO 02/34455 -11 PCT/ | E01/00136 0 6 APR
2005 To i riansiisg rohet & used o mesition the wpksdnt e Tnbaie i with rastveIks fackigs

ffects. Effect, to do .t hj W
hr oughoutLRRGAR SoWERATE 28 ke, ot Aubfs e i« B BEGE Tn boty | |
drill the wafermhtwPirEeBsResisdesitel fhhal white ofisp&tfic diambdter. df coatibwehannel

is low. 5 An objective of machining is to nmachine through the wafer at the

hi ghest s peehsilpobangsdetoviccormmedate myfarh evithesnalies drdanger flagagtersinelydingge

snoot hness, gnd wi t reduci t he. mechani.cal s ngt h _of . or
substrate m%c{@ Ce¥e s‘ngglr?a Hﬁﬁﬁi‘ &%%Jéag’l ggetaﬁéera Fﬁﬁlﬁéﬁl}]&g of
the vaf er. TR REOUEIETH BB AR\SENk OfThe hrfemehd The thspackidt of ithe dachied s
necessary to control the base set of |aser and scan paraneters and to

provi de a stomtures.| &gasddowingngnd ardebsigyempriig Hetam @ssisintbg laser mplingdgse i n
the speed of machining without thernmally | oading the wafer and w t hout
generati ngP®®htPs and cracks in the wafer. To this end, straight wall or
curved wall structures may be defined by iteratively machining fromtop to
bottom More 15 generally, full 3D profiled m cro-machining,_ and pethods to
achi evi® sudH commrobsystesas, daty S/SEREBS MORQR FYSIO0RG VERPR sXsterss and eqmyy dalivery
paraneters, | aser r s, hardware and |aser scan paraneters that
contri but ea’teé)r??%sq%%ﬁ ielfgr%'nt in the nmachining process

An example of a semiconductor wafer 50 is shown in Fig. 1, in which a wafer pattern
is divided in rectangles. Other applications such as array waveguide grating
15 singulation may require machining a curved structure. An example of a cutting
pattern, a long through hole channel, is shown in Fig. 2. It can be seen that the

channel is machined using a combination of rastering 10 and window 11 cutting.

A limitation on the material removal rate from silicon and other semiconductor
20  materials is that the basic rate of material removal decreases as a function of depth
into the substrate. Accordingly, scanning a high power laser across the surface of a
substrate results in a specific material removal rate. Scanning further downward in

the same location results in a decreasing material removal rate.

25  The reduction in material removal rate is due to several factors. Beam attenuation by
airborne debris, debris condensation on the side wall of the chanmel resulting in
shape modification, and beam attenuation by condensed debris all contribute to the

reduction in machining rate.



and speed. 20 Finally, to provide scalability of the speed of nachining

with | aser power the invention optimses paraneters at the hi ghest

avai | abl wopwarssso that this additional power can be exproifrsdoéss 06 APR 2005
i ncreased speed without affecting the resulting wafer quality 25 To

describe these principles it is useful to initially define the paraneters.
Waf er paranmeters Kerfwidth (kerf, K) 30 WO 02/ 34455 -12 0 6 APR 2005

PCT/ 1 EOL/ 00136 The kerf is the width of the trench (in mcrons) defined by
the laser during a single scan across lflie wafer surface. The val ue will

vary according to the |aser power, beam dianeter and other paraneters.

This is neasured by the user. It is illustrated in Figs. d

Channel wiatncreasy tgoyesall maghipmespee lﬁ"%‘?m%%era&lﬁgﬁﬁlﬁe %%%Q% IEélTﬁ&gﬁyei n

m crons and_i | t | By BLOS o tT@g&ﬂpﬂ@@éss\&diﬁlao's
derived f%ﬁps;w%&}]%%#@ %ﬁggﬁ}sé(glgpﬁ%%@dggdfﬁﬁggﬁoununber of |aser ?

| i nes(n_| gsiedtidrh esdse dsaisegad, and s drillube wadr ffomesechisiesuch thatithe aypechnd
the kerf. In the case where the offset ( O.centre) equals the kerf w dth
(K) this ratisgefeash chamnel %05 « n | aserlines. Number of passes (z-integer)
15 The.total nunmber of scans of |aser |ines over the same |ocation

resul tq ng in increased machining depth at that |ocation. The total nunber
wi |l det epsi Bejettive 6fphdchimdg isrtof inhehiné thinugbhthenwiafarhatt theshighesewecdi g. 3

' Tustrat ggss%alg%vch?{engnrégtigé %gee ?ésquiirrédms@egi%cation fdr edge smoothness and without
reducing the mechanical strength of the wafer or substrate material. Causes of
damage include excessive thermal loading of the wafer. To provide high speed

10  micro-machining and profiling, it is necessary to control the base set of laser and scan
parameters and to provide a controlled machining strategy which results in a net
increase in the speed of machining without thermally loading the wafer and without
generating chips and cracks in the wafer. To this end, straight wall or curved wall
structures may be defined by iteratively machining from top to bottom. More

15  generally, full 3D profiled micro-machining, and methods to achieve such structures,
are described in the context of the wafer parameters, laser parameters, hardware and

laser scan parameters that contribute to the improvement in the machining process

and speed.

20  Finally, to provide scalability of the speed of machining with laser power the
invention optimises parameters at the highest available power so that this additional

power can be exploited for increased speed without affecting the resulting wafer

quality
25  To describe these principles it is useful to initially define the parameters.

Wafer parameters

Kerfwidth (kerf, K)
30



z-integer=5. 20 Nunmber of laser lines (n_laserlines) The nunber of scans of
]the Iiaser acr oss ]the vm'](ctlth (S) of the cpannelh. %As shf)wn in Fig. 5 npﬁ APR 2005
aserlin values of 6, 6, 6, 5, 5 for the five |ayers/d om
top 25 0\9\1161% 4‘Pf'the case of Fig. 3 z -integer is 5 and i%cll!?}ggf@ﬁg? he
z_integer is 3. Ofset between lines (O centre) The centre-to-centre

di stance between consecutive |aser |lines etched along the 30 channel. This
is represented in Figs. 3 and 4. In the representation O centre is WO

02/ 34455 -13 PCT/IEQ /00136 0 6 APR 200F2 approxi mately the kerf w dth but
may be any value. The |ateral offset ( O-centre), nunber of parallel I|aser
lines (n laserlines) and kerf (K) define the channel wdth (S). The val ues
may be chartgekbrf grtheawtdth afehe denchn Gint ticroms) definad byrthe dawr doringeasingle
tapered structures_such_ as funng|ls, well.s, through:-hole and chanpels. 5
Scon vel oI aqos e WP THEPoTBE FRpeTliRE BOdEH 1P LSk e SRS o

t he scanni ' Thi | e | et Beam
di aneter re erg%} ? g@toﬁieer#galgg%gs?e é?ga%%%]rg édvmbg?lil@%g?}'t HZS s@%g'ﬁa gi: i nt%%si ty
15 profil g id4.he laser. In silicon, the kerf width, Kis a function of the
beam di aneter at focus. Beam dianeter is a variable that can be controlled
t hrough sel ection of the. focusing |lens, scanlens or through the use of a
beam t el escope. ect of nodifying beamdianmeter is to nodify the
power dengcﬁti#m‘de%cﬁgﬁi focus. 20 Peak power density (Intensity |IB) Peak
power per unit area. Peak power is determ ned by energy per second.

Accord ngl%hir? fsatge ng(ijrvf\ggtr w? tﬂsc;ft e Eﬁan%%[ I(onretgen%ﬁ) El microns and is also illustrated in

Figs. 3 and 4. The channel width is derived from a CAD input, and is defined by the
10  number of laser lines(n_laser lines), lateral offset between these lines (O_centre), and
the kerf. In the case where the offset ( O_centre) equals the kerf width ( K) this

reduces to S = kerf * n_laserlines,

Number of passes (z-integer)

15
The total number of scans of laser lines over the same location resulting in increased
machining depth at that location. The total number will determine the depth and
profile of the channel that is etched. Fig. 3 illustrates a machining process in which
z-integer=>5.

20

Number of laser lines (n_laserlines)

The number of scans of the laser across the width (S) of the channel. As shown in
Fig. 5 n_laserlines has values of 6, 6, 6, 5, 5 for the five layers in order from top
25 down. In the case of Fig. 3 z_integer is 5 and in Fig. 4, the z_integer is 3.

Offset between lines (O_centre)

The centre-to-centre distance between consecutive laser lines etched along the

30 channel. This is represented in Figs. 3 and 4. In the representation O_ centre is



P.P.D. _ At.A Were Eis energy in Joules, ~t is the pulsewdth in seconds
and Ais area in 25 centinetre squared and the peak power density iﬁ; iAF"R 005
Watts pewooentiszetre squared. In this specification the pﬁﬁﬁlmm@rlﬁde%m ty
(intensity) of a beamis represented by KT " Energy density Energy per unit
area (Fluence) 0 6 APR 2005 WD 02/39;55 -14 ED. = Fluence = E
PCT/1 EO /00136 Where E is energy in Joules and Ais area in centinetre
squared. The units of energy density are Joules per centinetre squared. 5
Laser energy and power output Typi cal Ia?’ "Qswitched | aser systens show an
average power maxi mum output at a specific repetition frequency. Bel ow

this repetition frequyency, i.ndividual .pul se. _.enerqi ' an
pul se eneﬁ@@f@m%fegh&}enﬁ# éfvagab@: ‘5’6‘%&{% ang Vﬂé‘ﬁ‘e?ﬁ? iei%tﬁ?aigl ‘??teg Ege'rt(}glﬁter?babove
this, indivi I ' r 1BYBd) Webiae thé chahuset swidth

del i veredn}ég&"égggg’%}dﬁ%é?ﬁ%%g??(%ﬁggée fact%‘g%ﬂg%g | npact gn machi ni ng. In
par ti cul arg). The veles gyaylsnchanged éperadh hayer dirips shermachingns POFBHP ERe can

dictate that the optimum maghi njn ate for .a.qivye i anet er at
focus, naYRREERAFITURULES Sp %ftﬁ"tﬂpgﬂ%' %Fﬁﬁﬁ@?ﬁhmob%egn@ﬁgﬁﬁﬁ% repetition
frequegncy at which the | aser average 15 power is maxi num Therefore,

opti mum machi ni ng conditi ons may occur at an average power output that is

| ower t hagchmeelaBixy (mpalvdgpt h of focus 20 The depth of focus for focused
beans from second, third and fourth harnmonic YAG YLF and vanadate type
| asers is larger than in nmultinode |asers and in |lasers with

The velocity of the beam on the substrate due to the scanning motion of the galvo.
10  Optical Parameters

Beam diameter

Beam diameter refers to the 1/e squared diameter width of the spatial intensity
15  profile of the laser. In silicon, the kerf width, K is a function of the beam diameter at
focus. Beam diameter is a variable that can be controlled through selection of the
focusing lens, scanlens or through the use of a beam telescope. The effect of

modifying beam diameter is to modify the power density levels at focus.

20 Peak power denmsity (Intensity ls) Peak power per unit area. Peak power is
determined by energy per second. Accordingly peak power density is defined by

E
D.=———
PPD.=——

Where E is energy in Joules, Ot is the pulsewidth in seconds and A is area in
25  centimetre squared and the peak power density is in Watts per centimetre squared.
In this specification the peak power density (intensity) of a beam is represented by

113 IB "

Energy density Energy per unit area (Fluence)



| arge M squared values. This is primarily because the spatial output form
YAG, YLF and vanadate lasers is Gaussian. This is to advantage in t g APR 2005
machi ni n 8f } hck wafers is possible as generally, the er thickness is
such tha P84 be placed at a 25 fixed di stance fromthﬁ%ﬁ??’ﬂ‘b‘ fens

W t hout repositioning to conpensate for defocusing effects. Furthernore,
the position of the nmachining relative to the plane of focus can be
controlled through noving the sanple through the focused beam or by

adj usting the WO 02/ 34455 -15 PCT/I EQ /-Q@l36 0 6 APR 2005 focusing optics
manual ly or with an autofocus system This may be required for small
focused beam di aneters. Overlap 5 The overlap is defined as the percentage
of the beam di aneter that overlaps spatially wth the dianeter of other
pul ses i n $eluefitére&=the beamis scanned in a particular di rection as
Illustrated in Fig. 5 “beam di aneter-rscanveloci/ ]| Irepetitionr

Overl ap-) zm‘g@a’ ged elrnF{g&t ejﬂg)%esfaﬁﬁuﬁ ‘?éjaliéﬁ‘yf‘cgﬁlﬁﬁ@ﬁg E?_}E&Q& Pile GRS J)P%géré}' a

par anet er cont an inprovenent 1n nmachining speed

Machi ni ng deesst asadovles pér ceintiadee@i sggatBide nunber and the |ength of the
rastering beans depend on the width and the Ilength of the desired
mcro-structure. The distance between the rastering beams depends on the

di mensi nSL%e %H&ﬁgg%ﬁsﬁvérﬁ@% gifeam The speed at which the beam 20 is

scanne depen S0 ns of the focused beam and the repetition
rate of the laser, as it is these factors that govern the spatial overlap
bet ween each ] aser
Typically, Q switched laser systems show an average power maximum output at a
specific repetition frequency. Below this repetition frequency, individual pulse
energies can be higher than pulse energies at maximum average power. At repetition
10  frequencies above this, individual pulse energies are lower but the number of pulses
delivered per second is higher. These facts have an impact on machining. In
. particular, the energy density dependence of the material removal rate can dictate
that the optimum machining rate for a given beam diameter at focus, may occur at a
repetition frequency higher than the repetition frequency at which the laser average
15 power is maximum. Therefore, optimum machining conditions may occur at an

average power output that is lower than the maximum.

Depth of focus

20  The depth of focus for focused beams from second, third and fourth harmonic YAG,
YLF and vanadate type lasers is larger than in multimode lasers and in lasers with
large M squared values. This is primarily because the spatial output form YAG, YLF
and vanadate lasers is Gaussian. This is to advantage in that machining of thick
wafers is possible as generally, the wafer thickness is such that it can be placed at a

25  fixed distance from the working lens without repositioning to compensate for
defocusing effects.

Furthermore, the position of the machining relative to the plane of focus can be

controlled through moving the sample through the focused beam or by adjusting the



spatial pulse profile. The basic criterion on which the nmachining speed is
inproved is that by etching the 25 channel width to all ow escape anfjiqﬁ P
forced r®ptzal4433f debris, the overall "cut rate" is increBESBEEIDABGC Paﬁt @”5
is defined by the scan rate divided by the nunber of passes required to
achieve the cut. This can be represented formally by the expression: 0 6

APR 2005 WO 02/ 34455 Vmr hi ni ng -16 Ngdw Zi nc eger Rtcsertiner

PCT/ | E0O1/ 00136 where v galvo is the gal i/f scan velocity, z integer is the
nunber of depth wi se passes and n |aseffines is the nunber of |aser line
widths that formthe channel width as 5 described above. To machine a

channel betvveen two adj acent the.on a se conduct or vol u
materi al fACUSHE ERBFHN an%lg.ﬁy é’ét‘}”tﬁeatlb\é‘é’i? PSSy ﬁ@seanay-rh% rfs-csgge&l gqr

whi ch th| A8 ucted is a functlon of the | aser paraneters,
the opti caf-[1 pr o%gsr%talbggﬂll ﬁ%}ﬁ'e beam the material properties, and the
machi ni ng strategy used to renove the nmaterial. The machi ning strategy nmay
require the laser, optical or scan paraneters to change throughout the
machi ni ng @resk#®ss. Referring to Fig. 6, a set of plots is illustrated for
materl | renoval rate (depth of cut) 15 vs. energy of the beamused. It

wi | | observed that there is increasing depth with increasing energy in
an aIOIOr OXiTH ®Vevlapii definddeasthieqrestintagdecof tha bemrcﬁg(mttmglmat(ﬁveﬂaps speaialy. The
| i near relationship ranges, are used for machl g}g These | reaS|

li near, negith thendameggr afpBer PRiseRin FeaPERGeOHS APy sﬁ?‘%tbe i %Pa%“iﬁlgher
pul se eney.qi channel machined with a given beam
di anet er, gﬁg%'p%angﬁaftg% cﬁ%n%el

{scan velocity

focused beam diameter — repetition rate]

10 Overlap(%)= x100

focused beam diameter

Spatial overlap is a parameter that contributes to an improvement in machining

speed.
15  Machining speed and drill strategies

The number and the length of the rastering beams depend on the width and the
length of the desired micro-structure. The distance between the rastering beams
depends on the dimensions of the focused laser beam. The speed at which the beam
20  is scanned depends on the dimensions of the focused beam and the repetition rate of
the laser, as it is these factors that govern the spatial overlap between each laser

spatial pulse profile.

The basic criterion on which the machining speed is improved is that by etching the
25  channel width to allow escape and forced removal of debris, the overall “cut rate” is

increased. The cut rate is defined by the scan raie divided by the number of passes

required to achieve the cut. This can be represented formally by the expression:



increases with increasing energy. The anount of the increase in depth as a
function of the increase in pulse energy depends on the actual energlg APR 2005
density. Ximum machining rate in blind and through i.f. 1S
critical {@%@ﬁ se the beam di aneter 25 where the ener g)l;E?iJéﬁ@{"%M
dependent machining rate is not saturated. In Fig. 6 the effective
"non-saturated" energy density range is from410J/cnZ to -62J/cnR
correspondi ng to peak power densities in the range from5.5 x 10° WcnZ to
3.4 x 10' WcnZ for a 355nmswitched | aggr source with a pul sew dth of 18
ns 0 6 APR 2005 WD 02/ 34455 -17 PCTI 1 EO 1100136 machining in Silicon.

I ncreasi ng the pul se energy beyond these values results in a mnimal
increase in the machining depth and accordipgly, in the net machining rate.
Under sinmilar conditions the shEpeagf=tte—curve—and the energy density and
peak power density values for which méedéeniegiss optim sed vary.
Furthernore, the range of values differs for each different machining
wavel ength. Finally, the paranmeters that | ead to the optim sation of energy
density ang,Heqioa dPiehe gﬁ%'st:an JEBeRf 0Mibde if ASHurSRY Tl Whe PASETY

the variation i the output 10 | aser ‘average power and pul se energy wth
pul se r epeindt i daserlinas, is phé smmbeattdf, laterdine widdhethat form thaehaend rwiglth as
response to increasing energy and power density. Al so, there exists an

opti M O\Fgﬁggi?d@g%en pul ses where this relationship is favourable
towards nore efficient machining. In Fig. 6 this optimumis 87% 15

Ceneral ly, the preferred overlap region for through hole machining is in

t he regi orfT@mackidetaochdwel hetwdeagmondiadeapdiganesemicardewer wafer agiolumput i on

J o Eraciineao = B P . . Y
devi co t uridtnaspriipyie chiikt Gl s PO, TR Shosail L M |
have an i njagdss bén bé chbh@uaed & AhilrboAlof i t&er paielidiers, fieropraslopigberttieke or

channel nechining, this debris can be renoved through 20 the use of
"¢l earlidng fdbe beamwitiie materyal qrepertiss, anddhe mackiung sF#EEY Wsert 1o WRGVeBGer

or both. General ‘the rh&hinfhgA%ac) ARGt yu¥le e laseh BpHEa Y 5B Phitiniéitts 39

overl ap

change throughout the machining process.

Referring to Fig. 6, a set of plots is illustrated for material removal rate (depth of cut)

15  vs. energy of the beam used. It will be observed that there is increasing depth with
increasing energy in an approximately linear relationship for an energy range of 0 -
140 wJ. The linear relationship ranges are used for machining. These increasing
linear, near linear or super linear relationships may also exist at higher pulse
energies. '

20
For a single channel machined with a given beam diameter, the depth of the channel

increases with increasing energy. The amount of the increase in depth as a function
of the increase in pulse energy depends on the actual energy density. For maximum
machining rate in blind and through holes it is critical to utilise the beam diameter

25  where the energy density dependent machining rate is not saturated.

In Fig. 6 the effective “non-saturated” energy density range is from ~10J/cm’ to
~62J/cm? corresponding to peak power densities in the range from 5.5 x 10° W/em?

to 3.4 x 10° W/em? for a 355nm Q_switched laser source with a pulsewidth of 18 ns



bel ow 80% provi des nore uni form channels. I n another enbodi ment, channel s
through hol es and micro-machi ned features 25 forned as described abolk ARRyI0S
requi re MO eME4S5cl eani ng or etching steps. Typically, thePEE/OWilLig36

mechani sns i nclude wet and dry etch nethods using KOH, TMAH, BHF, SF6,

CF4/ 02 and others. Using | aser and chem cal/dry etch techni ques, the
versatility, sinplicity and speed of |aser based techni qgues can be conbi ned
with the exceptional finished quali txlzf_ chemi cal etch techniques to

provi de a powerful WO 02/34455 -18 0 6 'APR 2005 PCT/IEQ /00136 prototyping
tool with real prospects for sem conductor and mcro-fluidic device

manuf acturing. te . . | i ar ea
o opor at FHLEE Y SR, Taftendfic 3483012 Hofoiont Beod yall B i MSURTE

obt ai ned WihinaA id@0s%8 ihabamdchitgh dépthhedacteldaintinithe hetmaéhihingmatd. cal
beam di aneter 17 mcrons) this energy density is efficient for machining

silicon. For optinmm machining the beamis scanned n_|aserlines tinmes for a

gi ven val of .10 S J.ase ' j ' r : qual
P’ el Bt riztln porRetifRe e UPER TERTGR plh IE enllei iAol N BEaC S
lines ar epprepldmity validgophtdnachinigdnspimitedver. dF erthttimoref theetngd n
general, nlaserlines ? S/IKis required to achieve the target channel wdth
S. The degfeduesdifiarsdfoneads diffsrent onachpipd WayeleR#thi nes n_laserlines and is,
in turn, determ ned by the peak power density (intensitylB) of the 15 beam
and ot her parameters. Also, IBis chosen to be in one of the ranges for
| I near r%@am&pm@?@mﬁa@d feitdaad ng thetoptinsiationnof ahenggt derfsity dride peak
particul ar sem conductor materjal. The g‘gﬂ%se overlap is a function of
v_gal vo, phwer dewsityr denand: ¢u #he lasef sHESe PRlse eReigh theovagiagng, 18y the) quippt
preferably i t N V. 4 ERiiAEh. 3Raed 1S
0 Gai VB niastlalitiet B08%r Bha Uit Tl bk TR RpRlitoR PhceBERL Wilth, Waed
diameter and the material response to increasing energy and power density.

Also, there exists an optimum overlap between pulses where this relationship is
favourable towards more efficient machining. In Fig. 6 this optimum is 87%.
15  Generally, the preferred overlap region for through hole machining is in the region of
70 to 98%. At these overlap values, the thermal contribution to machining is
significant, however, it has little impact on active device functionality as heat is
Jocalised. Where the thermal effects do have an impact is in the generation of molten
debris. For through hole or channel machining, this debris can be removed through
20  the use of “cleaning passes” which may occur at higﬁer scan velocity or lower power
or both. Generally, for “clean” channels higher speeds are preferred and overlap

below 80% provides more uniform channels.

In another embodiment, channels, through holes and micro-machined features
25 formed as described above may require further cleaning or etching steps. Typically,
the etching mechanisms include wet and dry etch methods using KOH, TMAH,
BHF, SFs, CF./O, and others. Using laser and chemical/dry etch techniques, the
versatility, simplicity and speed of laser based techniques can be combined with the
exceptional finished quality of chemical etch techniques to provide a powerful



machi ning speed it is necessary to nmaximse the galvo velocity (v_gal vo)

and mnimse the values of n_laserlines and z_integer such that an
olE ABS 2005
he

accept abl oBﬁfﬁuge 25 quality is achieved. The |l ateral o;éfiﬁmﬁﬁ)%

i s al so chosén tor any step in the machining strategy to CRrder
desired channel or trench side wall profile. Thus, where the side walls
are to taper inwardly, and downwardly, the O centre value nmay be deceased
for 30 each successive step to approximate this profile. In the exanple of
Fig. 3 such a WD 02/34455 -19 0 6 APR-2@05 PCT/1E01/00136 taper is

achi eved by reducing n_laserlines, but "it could alternatively be achieved
by decreasing O centre. Although the variation may appear step like in a
geonet ri ¢ protoppidg todlewaht nedl prespdcts figr serhicopdedtvt emdc micioefluidite device
cont i nuous by .appropri at choi ce of paraneters. 5 Wiere a through channel
(slot) isfﬁ%nﬁﬁiﬁ%%gﬁﬁgﬂﬁgﬁﬁ-it is desired to have curved and inwardly
tapered walls at both the top and bottom of the channel, the substrate my

be flipped and machi ned fromthe opposite side. Registration is ensured by
use of ba@hlthd exnrapid shotvnoin Eimnéy dwe favouikd ams of @pamationas éipr togl 41 micicon i t

IS necessary to conpensate for differences i.n fjel |ighti

magni f$ carpeles at QMXEBEG&?@% ARRERT 8@%}‘3& Y&thaeﬂ@rf’ﬂ’?%‘\faﬂgggm bgton,
There is ?zll,]lg&nﬁ‘?é fe%zﬂxlﬂ: 251 dAen el ey RhdBREShANGePleNEshptivesiidme
caner as. 'S may achieved by 1maging a target wth position calibrated
t hr ough- h@bremadhidinkSiliconng t he appropriate transformto map between i magi ng

pl anes. Cenerally, an array of three holes distributed throughout the
field of viewis sufficient to ensure accurate registration. In one

enbodi mentg  RSHERMTE Thachinik the bedth i@ stdrhed rdifeARRe tntes! fOf agavaavauelsgr and
10 S, n_laser lines being an integer greater than or equal to 1. Where n_laserlines is
greater than 1, the second and any subsequent lines are parallel to the preceding
scans and are laterally offset. In general, n_laserlines > S/K is required to achieve
the target channel width S. The degree of lateral offset, O_centre, determines
n_laserlines and is, in turn, determined by the peak power density (intensity Is) of the
15 beam and other parameters. Also, I3 is chosen to be in one of the ranges for linear

relationship with increasing material removal rate for the particular semiconductor

material.

The pulse overlap is a function of v_galvo, the laser repetition frequency, and beam
20 diameter. It is preferably in the range of 70% to 95%.

The overall net machining speed is v_galvo/n_laserlines*z_integer. To maximise
machining speed it is necessary to maximise the galvo velocity (v_galvo) and

minimise the values of n_laserlines and z_integer such that an acceptable feature

25  quality is achieved.

The lateral offset (O_centre) is also chosen for any step in the machining strategy to
achieve the desired channel or trench side wall profile. Thus, where the side walls
are to taper inwardly, and downwardly, the O_centre value may be decreased for

30 each successive step to approximate this profile. In the example of Fig. 3 such a



20 therefore the beam position. This fixed offset is susceptible to thernal
fluctuations and vibration. To counteract the thermal shift it is neqgsgarys
to provi WO f28ddidack. This is achieved through nmeasur enentCoOIEN/MB6hI ned

t hrough-hole feature with respect to a fiducial. Ofsets in the through
hol e position, with respect to the expected position, are fed into the
systemas a correction. The position is neasured with a 25 through hol e
vision algorithmacting on an i mage ac_clg,i_r ed by one canera. Alternatively,

in a second enbodi nent, the vision systémis aligned to view through the
beam del i very head. This requires that the optical path is designed for a

Vi ewi ng hannel | : : . e 30
o 02/ 34478 I 3t BEA AP R IR i AR SR L acHiERRPREE
how di f f eqeqtasiad Bsceiren Alderhithesvagiadon may eppeanshp dike Ana geometric
approximately simlar sized trench, where different beanms wth different
kerf val ubayoutrdeyactual wsnling Wl predis ren be doidh AENEHIQUsebY APERRETHEE may
be used to, nachi.he %%%ﬁ(gfl uidic formations in sem conductor substrates.

Ref erri ngC]E‘?}C%PEPaI‘? crof | ui di c device 100 conprises through-hol e
apertuges 101 and a network of micro-trenches 102 in a sem conductor
substrate 103. The apertures 101 allow liquid to f]ow tho%gh the substrate

to conpl eiVéherefd Gwongh wbanrnelplevHs besiy weghiged japd it 15 desdredctonhyesaurve
funnel s 104.and | s ' | r aner, a
width in ¢R&MY %&%&p@%%&ﬁ?ﬂﬁcﬁgr‘t@g%ﬁd mre%égg?% 1ﬁ’ﬁg§uﬁn€d{yﬁ%e in
the range nefy ¥ Aippeil @hansadionehfrafnbiterappysimaxidel Reghatidais bnafred bg use
trenches is'controlled through control of the | aser and scan paraneters.
The wi dt hofbothHer@ndienes F3MERst rol | ed by noving the sanpl e through the
f ocal @I ane to achieve larger or smaller kerf wdths. 15 Alternatively, the
beamil cus can be noved or changed using in-line beamoptics. The ability
t o machi n@gbsshrs hctesatefrepiseratiod éris arogisary toi ¢cdmpageaet foatdifferendestinfiald

bott onsi de positions, enabl es, machi ni r]t% of corapll ex taggrﬂsu_an ttﬁrbo%h hol e
f eat ur es lighting, ma cations, and exposures between carhera syste ough calibration.

There is also calibration of the relative offsets and skews between the cameras. This

o

may be achieved by imaging a target with position calibrated through-holes and
15 using the appropriate transform to map between imaging planes. Generally, an array
of three holes distributed throughout the field of view is sufficient to ensure accurate

registration.

In one embodiment the camera is offset at a fixed distance to the galvanometer and
20  therefore the beam position. This fixed offset is susceptible to thermal fluctuations
and vibration. To counteract the thermal shift it is necessary to provide feedback.
This is achieved through measurement of a machined through-hole feature with
respect to a fiducial. Offsets in the through hole position, with respect to the expected
position, are fed into the system as a correction. The position i1s measured with a

25  through hole vision algorithm acting on an image acquired by one camera.

Alternatively, in a second embodiment, the vision system is aligned to view through
the beam delivery head. This requires that the optical path is designed for a viewing
channel wavelength appropriéite to the sensor spectral response

30



such as funnels. 20 The drill strategies required to fabricate these
structures may be understood with the assistance of Figs. 8 to 13. In@FZ%
8, a bligg lgssor "well” structure 110 is illustrated, it hf g?cg 05
taper. The concave structure may be forned by varying the val ues tor the

| ateral offset, O-centre fromone scan to the next, and the nunber 25 of
parallel laser lines, n_laserlines, at each step downvvard when machi ni ng
fromone side. Likewi se for a convex well, 112, as illustrated in Fig. 9.
Ri sk of damage to the substrate (in the€0formof chipping) is minimsedif
machi ning takes place on both sides of the wafer. 30 WO 02/ 34455 -21
PCT/ 1 E0O1/ 00136 0 6 APR 2005 A funnel shape is dictated by choice of

n_| aserl i fags. drechdod @entrﬂemchffer@n&aal@es pindaserling and ghisiager ACIHEYE 200, | f

U o "1 Bl hRmRleR ko el Y R AR AR R D)

machi ni ng Sf ggpgbot h  sides of the wafer with correct n Iaserl i nes and
O-centre from each side (Fig. 12). Fig. 13 illustrates the sinple case
where an |ngot 120 is renoved. In the case where the radius is

5|gn|f|ca | arger . than 3Q0 m ctons_it neges tolO
 emoveSt ndupsyRts Eoro] A e LR Tt 1 el Bt RutoBRRYG G
the total goRGHIMIAGeROAuEGT SEistimdsh qtbiinahs Rigr] retiefoflugliodeviead0ohe
machi ni ng speed for the channel. A plate or wafer may be subsequently

bonded to compgxscmvthn@ngb-hok‘e aperbses aid 1l @oveswork ot mucTeHEmIEeS 163 mhat
they are intern and, f.| V r
funnel s if® W“@Hmr P%trag? d‘toﬁ ﬁf‘gtaé’%n?lﬁ% i(?gg%gﬁgﬁﬁg%ggﬂ W%BHEQ\S/[P ge
st ruct ur e.gu5RfR¢ tbNébrhplefd Sflo4nebrtS, Thef tiigrofnidiactijcait alsd @asprdsesi st
apparatus 150 for the
10  funnels 104 and wells 105. Typically, the trenches and apertures have a width m the
range of 1 to 200 microns, and more generally they may be in the range of 0.1
microns to an arbitrary maximum. The depth of the trenches is controlled through
control of the laser and scan parameters. The width of the trenches is controlled by
moving the sample through the focal plane to achieve larger or smaller kerf widths.

15  Alternatively, the beam focus can be moved or changed using in-line beam optics.

The ability to machine both sides of the wafer coupled with registration of top to
bottomside positions, enables machining of complex tapers and through hole features
such as funnels.

20
The drill strategies required to fabricate these structures may be understood with the

assistance of Figs. 8 to 13. In Fig. 8, a blind hole or “well” structure 110 is
iltustrated, with a concave taper. The concave structure may be formed by varying
the values for the lateral offset, O_centre from one scan to the next, and the number
25  ofparallel laser lines, n_laserlines, at each step downward when machining from one

side. Likewise for a convex well, 112, as iliustrated in Fig. 9.

Risk of damage to the substrate (in the form of chipping) is minimised if machining
takes place on both sides of the wafer.
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20 systemis illustrated. The |aser machi ning generates particul ate and
gaseous debris. In particular, the process of |aser nmachining through the
use of HvOW2peEk power Q switched |aser beans, results iRCTYIRei/@mderlt ARRNI05
of large amobunts of sub-micron and mcron sized particles as well as

vari ous gases and chem cal em ssions. This debris is renoved fromthe
machi ni ng region for disposal using the apparatus 150. 25 The apparatus 150
conprises two arns 151. The wafer is U2E0ted between the two arns at the
right hand side as viewed in Fig. 14 e | aser beam passes through the

top aperture and another aperture in the top armto reach the material.
Debris r i 1S, L L T4: i | rOMm cuts

t hr ough téﬂgaﬁgbeggqu§6hﬁ%k¥%B¥f@%geﬁﬁ?%&?%%%ngﬂgpF%&gﬁﬁgﬁﬁpggfgﬁggkdebris

and gas t@masl 018 iethokbs ihrem e WorAZhidddb fake? DldtebiidfRoAOGHIe only, a
PCT/ 1 EOL/ 00136 bottom of the wafer. The upper arm 151 carries debris and

gas to ancanvesfinsel L bhismsssibig (gt Ha- | ower arm and both are fed to the
outl et 153. Gas and debris are renmoved fromthe nmachining front on the
waf er through suction inlets 157 above and bel ow the wafer. Suction is

from the puhlipla Fodnbl | 1B avith af d@aldeiwdstapean posibleky maathinimgSromnbothA
feature of the apparatus 150 is that it operates w thout attenuating the

beam as i $id¢ssofdle war avthooeieatie lasedines pad O_senbe Hopyrach séeig Bs 154 and
157 are designed such that when the wafer is at a specified height, there
Is a net flowof air into the extraction system The extraction is

required £ pReveRatdenesithplerncasé wiee ks ingot 120tis vemovedi dnsthe icase wheer i al s
on the wafer surface and on_ optics. This is t_oé,é)revent 10 damage ,and to
ensur e t hte radiys issigeidisandy 1arggetian; J09JBiarermit 33 NEGESAEY 4P ¥5§ W IgPF ifnent .
Fi nal , the .0 : r.ovi BRI, |
machi]ln(lyng}eg}oov?ggé%?édé'eﬁmzsﬁlgﬁgéﬁﬁte%t%ﬁe 0 ?ﬁe appgﬁlg‘ioazﬁélg%d?@@%oﬁ% It
has the cajaahinig spebd ivldttemninedrbyafei timet& lgagtht and the machiningnspetd bont t o

ai d the machi ning process. The apparatus 150 has a gas
the channel.

A plate or wafer may be subsequently bonded to or grown onto the substrate to cover
15 the channels so that they are internal, and fluid access is provided by through

apertures or funnels in the substrate or the plate, thus forming the complete device

structure.

Referring to Figs. 14 and 15, a fume extraction and gas assist apparatus 150 for the
20  system is illustrated. The laser machining generates particulate and gaseous debris.
In particular, the process of laser machining through the use of high peak power Q
switched laser beams, results in the generation of large amounts of sub-micron and
micron sized particles as well as various gases and chemical emissions. This debris is
removed from the machining region for disposal using the apparatus 150.
25
The apparatus 150 comprises two arms 151. The wafer is mounted between the two
arms at the right hand side as viewed in Fig. 14. The laser beam passes through the
top aperture and another aperture in the top arm to reach the material. Debris
removal is initially primarily from the top, and as the beam cuts through the material

30 it is from the bottom. The lower arm carries debris and gas to an outlet 153 from. the



assi st system 160 nounted in a support 156. The location is above the

| ocation of the sem conductor in use. The gas assist system 160 'MSEPR"%%
(inverted)obhihdig- 15. In the particular case where the HE’?HE(H(@
direction is along the direction of nl to n2, the nozzles™nl

provi de air assist parallel to the channel and shift the debris 20 avvay
fromthe | aser focal point. The nozzles are on separately controlled air
lines and the flow rate through each is independently controllable. In the
exanple of cutting in the direction al-@2g nl to n2, the four nozzles nmarked
n3 are branched off equally froma single air line. They forman air
curtain around the 25 cut and are for contai nnment of the debris. They al so
contri but boﬂtmntdﬁehmwwﬁard ’Iaxwmnpercatma]&l dahags cln]ulrisanﬂms debniigterseton 185

extraction system For cutt| e ctlog for exa é\
per pendi cffﬂ“ilr 8li ‘?‘@'Eﬁ?‘%apgt{ ?eglg'ioi'%‘ﬁ Oé’glt%ﬁié?’r ﬁ-II’ %?’5 HHJFHO g’E
I t
' aii oh_ PR Beipdadly aoieof e g v%%‘%%i‘%‘?‘ﬁc%ﬁp%% PR Sp1 % ZBR

2005 Ret uthe wgfet. osmd‘tmd msfm‘mllhanmﬂemlﬂdby miches 604 Hommgezanecumpmmacuon
exanpl es of con paraneters and sulthant machi ned. formati

par anet er BUMEx a eét“fe 9 ‘Tﬂ%j‘%is RO CHFEMSS WHBPU; "F@E’b‘ﬁ“‘gg rhg. 16
is a grapji as%?i%”@élﬁe?éd PQ& el dhhNge St A B RGN gﬁp%é %ﬂefsolﬁyﬁné‘ 139041'81 cron

wi de channel "W th a 355nm [laser system at a speci ower | evel
channel i Eles:gned sweh cthat whgn rtbs twaferf isawnat dpecified theaghsf thdn@ isva et ﬂown@lf iuhen

| et ed t th d f tt | 10
ThIS eneuiTS B SRAToE DR PR ds FeHicad PPrey: JRaPEHOP SEEEF  om
the bott 8 él bfivd Y0seSkRIVe mgﬂhhgrﬂngﬂﬂpwéfef Surbfe aHd o bpScst MhiPilts préverpe

channel , Bottom Step 2 is a fast scan around the channel for cleaning
any Ty ddahagataam to ensure that debris does not impede inspection of fiducials for

alignment. Finally, the extraction system also provides a means to assist the
machining process itself.

Another feature of the apparatus 150 is that it has the capability to deliver an assist
15  gas to the machining front to aid the machining process. The apparatus 150 has a gas
assist system 160 mounted in a support 156. The location is above the location of the
semiconductor in use. The gas assist system 160 is shown (inverted) in Fig. 15. In
the particular case where the machining direction is along the direction of nl to n2,
the nozzles nl and n2 provide air assist parallel to the channel and shift the debris
20 away from the laser focal point. The nozzles are on separately confrolled air lines

and the flow rate through each is independently controllable.

In the example of cutting in the direction along nl to n2, the four nozzles marked n3
are branched off equally from a single air line. They form an air curtain around the

25  cut and are for containment of the debris. They also contribute to the upward draft
of air that pulls the debris into the extraction system. For cutting along alternate
directions, for example the perpendicular direction to the direction between nl and
n?, additional nozzles can be added and the air flow switched according to the
direction in which the cutting takes place.
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The wafer is cut fromthe top in three steps. 15 Top Step 1 is for drilling
the bulk of the channel. Top Step 2 is applied for removing residual gg APR 2005
mat er i al WORAB4H38mai ns on the inside of the channel wall FIES U/ARGHI ni ng
fromthe bottom Top Step 3 is a fast scan around the channel for cleaning
and renoval of residual 20 material. The path the |aser beamfollows in
Bottom and Top Step | is shown in Fig. 17. For the other steps, the path

is varied accordingly. 25 As it can b@zggen, for specific 200 mcron
channel s the laser is scanned along thé" |length of the channel 6 tines, at
30 micron steps. In the 200 mcron channel case we use a | ateral offset,

0,,,,re = 1. € af.0 . | | ue
for "the IReuruRE NP IREt Bean BortP i BEnAE ard BeifCeifoIed o BN, |0
speed. WQARMH43mOrebltidt madhided fortRRic20firame@rs.| E01/ 00136 We can vary

the nunber of parallel laser lines, n,a,,e,,inCSto drill channels of
different wdths. For a given channel wdth S and an opti num CeennY t he

n, 6Se, , , IS giV .. theorel ation S - kerf Cceno-e +1 where
t he stra?@WB&a’CE@?@#ﬁ:ﬁ%%@@“Pﬁé’%ﬁ%ﬁgr Gilnn@tﬂg%oenr_ val ue of the fraction

(i.e.5

Fig. 16 is a graphical example of the drilling strategy applied to cut a 200 micron
wide channel with a 355nm laser system at a specific power level. The channel is cut
by cutting mostly from the bottom of the wafer, and then completed by turning the
wafer over and finishing cutting the channel.

10
This ensures maximnum spéed and highest cut quality. The wafer is cut from the
bottom in two steps, Bottom Step 1 is for drilling the bulk of the channel, and
Bottom Step 2 is a fast scan around the channel for cleaning any residual material.
The wafer is cut from the top in three steps.
15
Top Step 1 is for drilling the bulk of the channel.
Top Step 2 is applied for removing residual material that remains on the inside of the
channel wall after machining from the bottom.
Top Step 3 is a fast scan around the chahnel for cleaning and removal of residual
20  material.

The path the laser beam follows in Bottom and Top Step 1 is shown in Fig. 17. For
the other steps, the path is varied accordingly.

25 As it can be seen, for specific 200 micron channels the laser is scanned along the

length of the channel 6 times, at 30 micron steps.

In the 200 micron channel case we use a lateral offset, O,,,, =30 microns because

we have found that this is the optimum value for the laser parameters used in this

30 instance, for maximum machining speed.



rounded' up), kerf is the width of the trench (in mcrons) as defined
previously. If the channel width is equal to the kerf the val ue of 'U#lﬂ’ﬁ%ﬂﬁ

lines ispyqppuddso 1. In the nmajority of cases S - kerf V\A#T’mtw{?@rﬁanor .

integer. In this case, either one O Ccentre val ue nust bé snal
OCe, re values nust reduce to fit the required nunber of I|aser lines. The
new val ue of Onen,re is then given by the relation (S - kerf) Cce,"e =

(n,,,,1 -1) Fig. 18 shows an SEM i mge of the cross section of a 200 m cron
channel in silicon. The channel was dpul.l ed using the strategy of Fig. 16.
20 The drilling paraneters for this channel are: 25 Pul se energy =138

m cr o- Joul es @Gal vanoneter scanning speed for Bottom Step 1, Top Step 1 & 2

=111 nm sWCadvedi9 TRE elinsserbfipath Rperer fingds, BOL { omtSdeid chanhelp oBidefferans222

mms Ccentre =30 microns WO 02/ 34455 -25 n, . u, ;f"ﬁ. for Bottom Step 1 = 6

Zi neger f GidiBOtRAM SiveR chafndlSvidta Sanldi diesptimanBoL L oMt ap 2 Hs givénriyeger

it

for Bottom Step 2 = Snael ner for Top Step I= 6 Zineger for Top Step
1 =3 nf astelrelagsnf or Top Step 2 = 4 Zint eger for Top Step 2 =1

S —kerf
= -—{ +1
Ocenrre

where the straight brackets indicate the higher integer value of the fraction (i.e.

5 R toseriines

rdunded'up), kerf is the width of the trench (in microns) as defined previously. If the
channel width is equal to the kerf the value of n_laser lines is equal to 1.

10
- —kerf . . . .
In the majority of cases will not be an integer. In this case, either one O,,,,
centre '
value must be smaller, or all O__, values must reduce to fit the required number of
laser lines. The new value of O, is then given by the relation
S —kerf

15 O ( )

s (niaﬂrh'nes _1)

Fig. 18 shows an SEM image of the cross section of a 200 micron channel in silicon.

The channel was drilled using the strategy of Fig. 16.
20  The drilling parameters for this channel are:

Pulse energy =138 micro-Joules
Galvanometer scanning speed for Bottom Step 1, Top Step 1 & 2 =111 mm/s
Galvanometer scanning speed for Bottom Step 2, Top Step 3 =222 mm/s

25

O_ =30 microns

cenire



nfaferfinei for Top Step 3 = 2 10 Zinreger for Top Step 3 =1 0 6 AP%?@E
PCT/1 EO 1/00136 Finally, the length of the street is determned by t a5
of the op@PYMISIield of view Repeating the process by BCTHENIMWg3G he
fields of view and controlling position enables nachining of long streetd
or channels. 15 The machi ning speed for this channel is 0.8 nms for a
wafer of 700m crons in thickness using a | aser operating at 355nm 20
Exanpl e 2: 120 micron channels in sil |u§50n Fig. 19 gives a graphical exanple
of the drilling strategy applied to cut“a 120 micron channel. The channel
is cut by cutting half way fromthe bottom of the wafer, and then finished
by turning the wafer over Tn_d finishing cutting the channel. This 25
ensures Mh:mﬁﬁfmsﬁ% water is cut fromthe bottomin tw steps,
Bottom Step 1 is for drilli t he bul k of the channel up to the centre of
t he waf erl’,;mﬁnfplﬁﬁtf%séﬂéb=gggi s a fast scan around the channel for
cleaning and residual material. WO 02/3;355 -26 0 6 APR 2005 PCT/ I EO

| /00136 ThempfarBottormyiter Gt he top in two steps. Top Step 1 is for
drilling the bulk of the channel. Top Step 2 is a fast scan around the
channel f&y,,cladotmantsp 26di dual material . 5 The path the laser beam
follows in Bottomand Top Step 1 is shown in Fig 20. The path the |aser
beam fol |y, forsben Stepaing 6Top Step 2 is shown in Fig. 21. The drilling
paranmeters for this channel are 10 Pul se energy =138 nicro-Joul es

Gal vanonet,gy, ferabep Atgpsh&éd for Bottom Step 1, Top Step 1 =111 mm's

for Top Step2 =4

nlaserfines

for Top Step 2 =1

z integer

for Top Step3 =2

"'[aser!:‘ne.f

10 for Top Step 3 =1

z mteger
Finally, the length of the street is determined by the area of the optical field of view.
Repeating the process by stitching the fields of view and controlling position enables
machining of long streets or channels.

15
The machining speed for this channel is 0.8 mm/s for a wafer of 700microns in

thickness using a laser operating at 355nm.

20  Example 2: 120 micron channels in silicon

Fig. 19 gives a graphical example of the drlling strategy applied to cut a 120 micron
channel. The channel is cut by cutting half way from the bottom of the wafer, and
then finished by turning the wafer over and finishing cutting the channel. This
25  ensures maximum speed. The wafer is cut from the bottom in two steps, Bottom Step
] is for drilling the bulk of the channel up to the centre of the wafer, and Bottom Step

2 is a fast scan around the channel for cleaning and residual material.



Gal vanonet er scanni ng speed for Bottom Step 2, Top Step 2 =222 nmmis Ce~o.
=30 mcrons n,.e,,,,,,s for BottomStep 1 =4 15 z,,,,go, for Bottcg@@]qqmﬁ
1 =14 W(?Ozlﬁ 53, Y, for Bottom Step 2 =2 z;,,q9. for gg tomStep 2 =1
n,Xe,. Hop Step 1 = 4 zceger for Top Step 1 =14 2BCHIEOIMODE": o0 T4,
Step 2 =21z j,e$C for Top Step 2 =1 The machining speed is Imis 25 The
machining rate in the above exanples is dependent on the | aser power. To
exploit an increase in |aser power it is essential to choose the beam

di aneter at focus such that the energygdensity is in the near |inear or

pl ateau region as illustrated in Fig. 6. 0 6 APR 2005 WD 02/ 34455 -27
PCT/1 EO 1/ 00136 To optim se machi ning speed for through channels, the beam
di anet er, Thelw#fer iseprtfidrahe tay m wol steberBdp Seepaly & fag driliing theobitlpwif thd t he
| aser, are selected so as.to _yield the fastest machi ning speed. These

par amet er Shane. GPRt3eR 4 h%agfaﬁwwaeceq@ued\ﬁbpd&aeye fsngeqnipg anyr ggsideal | aser
i nes, n_nﬂﬁ&liill nes, and the nunber of steps, z_integer, through the

sanpl e. This aspect of the invention enabl es exploitation of higher power

| aser systens for increasing nmachining speed wi thout affecting the quality

of the machi ned substrates. 10 The exanple for a 120 mi. cron channel _is in a
700 nixr oA hadelr thedaserheams fllogsi g Bottorrnq and T0p Step 1 is shown in Fig 20. The

path the laser beam follows in Bottom and Top Step 2 is shown in Fig. 21.
The drilling pafameters for this channel are

10  Pulse energy =138 micro-Joules
Galvanometer scanning speed for Bottom Step 1, Top Step 1 =111 mm/s
Galvanometer scanning speed for Bottom Step 2, Top Step 2 =222 mm/s
0

centre

=30 microns

for Bottom Step 1 =4

Pisertines

15 for Bottom Step 1 = 14

Zint eger

for Bottom Step 2 =2

nl’uscﬂr‘na

for Bottom Step 2 =1

mteger
Pppeerines fOT TOp Step 1 =4
for Top Step 1 =14

Ziqe eger

20 for TopStep2=2

N yrcertines

for Top Step 2 =1

mt eger

The machining speed is Imm/s

25 The machining rate in the above examples is dependent on the laser power. To
exploit an increase in laser power it is essential to choose the beam diameter at focus
such that the energy density is in the near linear or plateau region as illustrated
Fig. 6.



achievable at the specified |laser energy. For a threefold increase in_|laser
power for a |aser operating at this wavelength 3nm's i s possible. Fdt6 APR 2005
t hi nner WP%#453 he nachi ning speed is increased as z_i nt BgBTEMENI36 | aser
lines 15 can be reduced. Accordingly, in a 500 mcron wafer, speeds in the
region of 1.4 to 1.5mm's are possible. Scaling with a threefold increase in
power gives -4.5nm's. Finally, it can also be denonstrated that this is
achievable with a 532nmlaser. In pa:éj cul ar, where machining formthe

t opsi de and bottonside is used chippi™t can be 20 elininated. The power

| evel s avail able form 532nm sources are significantly higher and therefore
significant speed inprovenents are possible. The invention is not limted
to the enbodi ments described but may be varied in construction and detail.

_28_ CLAMMBoptimAsdTehdddniol speelli furnthreudtorchmihels, (Hel Beathldiandeksr, fuilde 115)
to awdth Sin a sem conductor material using a | aser beam of intensity
| H, and irepefitiopiratchend Beeaefors 2¢GABS BPTEHIOLPUHRE Mniasemh araiflestoho i th a

kerf K, ch terised in,that, ' ed: [ , N
bei ng n YA 6 Tanrmtutnifl spbotf AR RReRRRLE Jt ik S PET, Do
paral kel vkRciy Phasfsér "6f pesllcRMiahen lirtes> n_fkélines,| ahdrdk mihbat of Gesntre)
bet ween scans' is selected to be in the range from one mcron to the kerf
K; and t ieintegesrthrouglf desampléent re) between scans is sel ected by varying
the lateral offset in steps fromone mcron to the kerf until a net

machi ning speed is optimsed. 2. A nethod as clainmed in claiml1, wherein a

val ue forrpihesgest engid inveRtios cahblesBxploitatioe of highet augeer disey aystems dbr
intensity for which naterial renoval_ rate_ increases V\Aa'ltq .ieacr asi ng

“i nt ensi t yergasing machipdngspest avithayt afecting the sualifepfdhe oy SERETALS- 1 a i s
in a;range f | ] .t atag g b ‘eﬁ}fe oW th
i ncr égsi ﬁgleie%g}rﬁgf ?Jy}.a ;I%rreﬁ[]{;u@h dggﬁg%llg% rlrﬂlo,?il 7?% %&gﬁggeéd%&ng}néﬁlal e\alxgse/r ein
machi ni ngchievasibiaeWedspeyified laser energy. For a threefold increase in laser power for a

laser operating at this wavelength 3mm/s is possible.

For thinner wafers the machining speed is increased as z_integer and n_laser lines
15 can be reduced. Accordingly, in a 500 micron wafer, speeds in the region of 1.4 to

1.5mm/s are possible. Scaling with a threefold increase in power gives ~4.5mm/s.

Finally, it can also be demonstrated that this is achievable with a 532nm laser. In
particular, where machining form the topside and bottomside is used chipping can be
20 eliminated. The power levels available form 532nm sources are significantly higher

and therefore significant speed improvements are possible.

The invention is not limited to the embodiments described but may be varied in

construction and detail.



repeating scans with n > 1 in each of a nunber of steps (z) so that

material is renpved in a sequence pjgsteps fromthe surface downwardsAPRI005
A nmethod as clainmed in any preceding claim wherein dinensions of the beam
at focus are controlled so that the beamintensity, la, results in

m nimsation of the total nunber of scans required to define the required
formati oBLABMSA nethod as clained in any preceding claim wherein the |aser
beamis pulsed, and a repetition frequency and scan speed of the pul sed

| aser beam afe_ cho tQ. .provide a ver.l i he ra of 30%to
08% 0 61 AP SHOEPES! machinife 3 fg@ﬂﬂ&%ﬁﬂ@#ﬂ @ﬁﬁﬁ%éﬂéﬁ%“ﬁ@i qher ei n
the | aser beamidondPitbs afiterialRFing P WsEChaWe bf MtensitySE! 88d 4l viticl e regi on of
30%to 85%to control and refine -29 the texture _and roughness of the walls
of a machi n&sseyiaAertrolisd te machias the material pathakarbK, a machi ned trough and to
clean residual debris. S. A nmethod as clainmed in any preceding claim

wher ei n t he dhofRHIQnitRata Channel . 9. A method as clainmed in claims,
wherein a width (S) of the channel is chosen so that the net machining
speed is faster than a machi ning speed for larger or smaller channel

w dt hs machithedcamde cosrllegdp spen gdimesop hflqﬂr@%el apgdiwhege otidbeschof

parallel |a ' , ' ' ' or_4  wWherein the
| aser beam %/gése%q{é%gfsﬁ#% %aﬁérgﬁmgﬁ%éﬁg‘é?’%@ lgggnér?lfe%@gg]ﬁ?nm denr‘gé\%'et ition
frequency i S/Kr etanl offrt(Skdeintre)chetiveenisearmie scdepded aderin iearmmgofien i s
greater than 3W. 11. A.nethod as .clained, i | ai m . 7, wherein the | aser
beam wavel erf§EHHCES 9 tbfnﬁéerfgnﬁd#e é"’gea]t 8§§Sdgﬁﬁ?n%°ﬂé’e%e§8tﬁ°?’i“oﬁ f requency
i s greater tsBRéted bbivaryingthetlterad v S5 Ge st RSm Qué BiitrohSo GiecltfPintlRan 1 W
12. A method as clained in claimg or 7, wherein scan velocity, |aser
power, and Hstinaehipiagspesd 18PBURKESen to control depth of material renoval

I n any one scan, 13. A nethod as clainmed in any of the preceding clains,
wher ei n 4. asey me@Rlia¢ 8laiRéd inSdiaih DvRedh b alud 16 thE ARy Wid Bob&rCli ni ng

t hrough the material. ] . ) ) .
lie in a range of values of intensity for which material removal rate increases

with increasing intensity.

A method as claimed in claim 2, wherein the intensity Iy is in a range for which

i

material removal rate increases by at least 30% with increasing intensity.

4. A method as claimed in any preceding claim, wherein machining\ is achieved by
repeating scans with n > 1 in each of a2 number of steps (z) so that material is

removed in a sequence of steps from the surface downwards.

5. A method as claimed in any preceding claim, wherein dimensions of the beam
at focus are controlled so that the beam intensity, I, results in minimisation of

the total number of scans required to define the required formation.

6. A method as claimed in any preceding claim, wherein the laser beam is pulsed,
and a repetition frequency and scan speed of the pulsed laser beam are cliosen to

provide a pulse overlap in the range of 30% to 98%.

7. A method as claimed in any preceding claim, whetein the laser beam is pulsed,

and a pulse overlap is selected in the region of 30% to 85% to control and refine




14. A method as clained in any preceding claim conprising the further
step, after machining, of performngya final |aser scan in which: t bhie AbR Al
di ameter is greater than a width S of" the formation and the beamintensity
is below a machining intensity threshold; whereby the nmachined formation is
cleaned. 15. 34/ 1oRhfaoH dorduShidb Bthe AR f RIeLAH0 Shekl B} theh@4 shd he net hod
is performed to machine tThrough channels to singulate die. 16. A nethod as
clainmed in cb@tqwg&mmh}rl%dmllg\sﬂ@ﬂ,tﬂdpﬂ@alﬂu*ﬂrdeb%%n properties are changed
whi | e machi ning through the channels. 0 6 APR 2005 -30 17. A nethod as
clainmed ign a , ' : gﬂgﬁ LiA R i tion
conpri seg' m‘gﬁ?ﬁﬁ?}%ggﬁaﬁgglﬁ%&t%ﬂfﬁ%mt e és?%al% con ugﬂtl%l?ls%lf%’éﬁég?. 18. A
met hod as clainmed in any preceding claim wherein the sem conductor

mat eri al 9i s A methed astlainfedrin glairn 8¢ whérkini adividth(®) iof the chagie! isichosem seet hod as

clainmed in claj m18, wherein a tyen ). LS. f.ormed | ace of the
substrat e, th’@{ Eeeﬁ%hmﬁéz?%gssﬁﬁdz’iﬁl gs}fl(()a’a%%ta zrinsac’%gﬂgu“lgp&e%éﬁ i \f}%é{f %rhannel of
the mi cro- f imalibr chad@el ogid{hikORkchid wileriptimdl aslued frme crédetanyngd ecedi ng
claim wherein the nunper of scans and |ateral offsets of the scans are
varied so t haymberof pasallef laser liB¢syr e (110, 112, 113, 114, 115) is formed in
the material. 21. A nethod as clained in claim20, wherein the tapered

struct ur ¢gj SAfQEtHBA aé Blapnedin GAlRE 0P, Fh&BEAhe |AOCHdat Ravalength\iy® hod as
clainmed in clainms 20 or 21, wherein a plurality of tapered __structures are

machi ned to theirgngstof Badum to A20nm, therepaitiondrppuercy ihgteatey thea pkHadgnd hr ough
hol e channel&leggg};%e %Eer%e@ngfo%i&%ﬁt& Wwe (100). 23. A nethod as
e clarm

claimed in any pre I ng ereln the material is machined froma
top side, and subsequently froma bottomside, the formations fromthe top

and bot t b sAdesthpdanclanaedoinf ddaim 6 o 7nyheremnithe lager begmnyaydength is in
the range of 250 to 300 nm, the repetition frequency is greater than 1kHz, and

the average power output is greater than 1W.

12. A method as claimed in claim 6 or 7, wherein scan velocity, laser power, and

pulse overlap are chosen to control depth of material removal in any one scan,

13. A method as ¢claimed in any of the preceding claims, wherein laser, optical or

scan properties are changed while machining through the material.

14. A method as claimed in any preceding claim, comprising the further step, after

machining, of perfortning a final laser scan in which:
the beam diameter is greater than a width S of the formation and
the beam intensity is below a machining intensity threshold;
whereby the machined formation is cleaned.

15S. A method as claimed in any preceding claim, wherein the method is performed

to machine through channels to singulate die.

16. A methed as claimed in cleim 15, wherein lager, opticel or scan properties are

changed while machining through the channels.



24, A nethod as clainmed in claim23, wherein the material is inverted
between machining fromthe top sidey@nd machining fromthe bottomis$i&P8, 2005
25. A nethod as clainmed in clains 23 or 24, wherein a top side canera and a
bottom side canera are aligned and calibrated such that a transformation,

mappi Nng £ROrAlinahss a8fcliibRdtigPansoseiR proccdafy claimd, asheeéint MecHMBhE M camer a,
Is known, and the top side and bottom side material, coprdi nates are
regi st ered viermationanmnsises maehining an pget £130) fregy the semicopdustor materiali ng on

both sides. 26. A nethod as clainmed in any of clainms 23 to 25, wherein

machi ni ngg of o t RehoABiCElafhed 1P Bn Abcimieslafhabherid e fs@hiRbligio0f curved
and tapered elongate and circular® wall structures. 0 6 APR 2005 -31 27. A

met hod as clmatesal is a subsjratsrfore diierg-fbitidic devih@08).n a fune extraction head is
provi ded and used for extraction of at |east one of furres and solid debris

from at,de e; of I ek @y -5 E;}! . tggg:as cl ai med
in clai mldzﬁﬁ\%\%cgl?oedl% %Iﬁg]%\gﬁ?a%ﬂg?qg’s?’ﬁ%&éeaftgprrntgﬁéy?il)é% | or'l=é éad i ncl udes

usi ng an ai rofdl subistate othe Gondhebaimgnguitdblb te sct a2 8 fluid dativegochasnalofitheed i N any
of the precedjng.clains, ein assist gas is directed at the material at
| east one ofm{“B‘ggﬁ’rﬁ?%%“E%s@eposition of debris and to assist the

machi ni ng process. 30 A | aser nmachini ng apparatus for nachining

sem cond2;t o mmkel dstdlzigediin iafy Peecading klaim\Wwikrein the nimberodfescamyvaldengt h

| aser source, ans for. directing a |aser beam fromthe source at a
seni conduct d?teﬁt"gﬁ?télf’f#t? Wﬁ@n?’ﬁé’%‘l #P Qak%Pﬂ’e‘RdtsB'u%F“W thﬁs ij’é’r' 1&%(1 a

control l'er fQu ¢plik Rlrled % BRMELLr S of the laser beam characterised in
that, the controll’er conprises neans for directing the |aser beamin a

plurali t% of n@gqar all el passes, said passes being laterally offset, and
wher ei n H.i sA grashaches ¢lpimed igrclaimy], wheremy fhetapered; stapchure ds formeddalgect i on

means where ¥rc£{%§o#éﬁ)ﬁ%ﬁ‘ia £t bet ween scans i s sel ectabl e between one
m cron and the kerf w Tt or optimsing net machining speed.

22. A method as claimed in cleims 20 or 21, wherein a plurality of tapered
structures are machined to form at least one of wells (105), funnels (104) and
through hole channels (101) of a micro-fluidie device (100).

23. A method as claimed in any preceding claim, wherein the material is machined
from a top side, and subsequently from a bottom side, the formations from the

top and bottom sides joining to form a single through formation.

24, A method a3 claimed in claim 23, wherein the material i3 inverted between
machining from the top side and machining from the bottom side.

25, A method as claimed in claims 23 or 24, wherein a top side camera and a
bottom side camera are aligned and calibrated such that a transformation,
mapping coordinates of the top camera to coordinates of the bottom camera, is
kniown, and the top side and bottom side material coordinates are registered with

respect to each other for registration of machining on both sides.

26. A method as claimed in any of claims 23 to 25, wherein machining of the
material from both sides enables the formation of curved and tapered elongate

and circular wall structures.




31. A laser machining apparatus as clained in claim30, wherein the |aser
source is a Qswtched | aser sourcgy_32. A laser nachining apparat 0§ 48 2005
claimed in clains 30 or 31, wherein the laser source is a YAG YLF or
vanadat e | aser source. 33. A laser nmachining apparatus as clainmed in claim

32, whergi n A hethod 26 tlabfédTin 49 HRd810g claie, whéeinth fulY diiradtich Béadfiour t h
harmoni ¢ em ssions fromthe |aser source. 34. A |aser nachihing apparatus

as clai med Prevideg wvd uspd forsexbactio of 3t lagptansiaf fumes ardysplidAqbeis @AY | ses
means for C?ﬂ%ﬁ&'oh&ﬂ?aﬂ@%%%ﬁﬁ%tﬁ%%ﬁﬁl%y (la) so that it lies in a range
y tor

of values of 1 ntensi Ich materital renpval rate increases wth
increasing intensity. 0 6 APR 2005 -32 35, A laser_machining apparatus as
cl ai med 28n anspethiodais alaimed o cloing 27, whereini the stgp of seimgraofume extzasen ses neans

for directi Jhe lLaser beam and. ] at . of f . sel ection neans for
varying a ngg‘ﬁa‘flglgfless%sé’}%maaﬁﬁc%neif%é?&g‘#"‘?@gtﬁﬁ%s'machi ne a tapered

structure. 36. A laser nmachining apparatus as clained in any of clainms 30
to 35, f28rt Aemethindnay chaimgl in Aoyref dhet prctdion chapes,ewhéreimOyssish\gangs suct i on

i nl ets above, and. bel ow the sem _condyugct or erjal ..37. | .aser, .machi ni ng
appar at us aglﬁcftﬁqﬁte ei“?ftﬂ'f‘?gabﬁa tioge 8? |??§’trggﬁlféi°@%‘°',m?’h?§#gps B4 Wrising a
gas bl ow ngagys b mick®8he pRIEIsI Si ng nozzles for directing an assist gas
over the material being machined. 38. A | aser machini ng apparatus as

claimed in any of clainms 30 to 37, further , copprising,a robaqt. for |ocating
the seni3@onduRessmaching:s apparais ifpmpcipg praippniystor Matetial FOMBRHPG ng

apparatus as clained in claim38, wherein the robot is arranged for

i nverti g Qi SIBITbE ORIBIE bRlve]SBdR Nasdt soutbl, meand 6 diftutinigi RgeA PR at us as
claimed in any of the clainms 30 to 39 .incorporating a vision system

conprisi ng fiep BAGoWet Rontearseidycieymewnal tpynachine with'a kerl K to a width

S, and a controller for controlling parameters of the laser beam, characterised in
that, the controller comprises means for directing the laser beam in a plurality of
n parallel passes, said passes being laterally offset, and wherein n is greater than
or equal to 8/K and lateral offset selection means whereby the lateral offset
between scans is sclectable between one micron and the kerf width K for

optimising net machining speed.

31. A laser machining apparatus as claimed in claim 30, wherein the laser source 1s

a Q-switched laser source.

32. A laser machining apparatus as claimed in claims 30 or 31, wherein the laser

source is a YAG, YLF or vanadate laser source.

33. A laser machining apparatus as claimed in claim 32, wherein the laser beam
comprises the second, third and/or fourth harmonic emissions from the laser

source.

34. A laser machining apparatus as claimed in any of claims 30 to 33, wherein the
controller comprises means for controlling laser beam intensity (Is) so that it
lies in a range of values of intensity for which material removal rate increases

with increasing intensity.




registration with each other, and a controller conprising neans %rmsiﬂﬁuﬁg

I mages fromthe cameras to ensure.gegistration of the materi al

i nver si on.
canera syst

41. A laser machining systemas clainmed in claim40, wherein the
ens are offset fromthe |aser beam 0 6 APR 2005 42. A program

ar r angeds.t oAfesek aiachiing sfpatdnss stcdqimedfin ke ofrelatiogd3®io 3 cihienéingha

formati on of cl

36.

37.

38.

39.

40,

4].

42.

ine Itg 29 when_.run on one or nopre co ters.
controﬂcr complglses means for duec:%ng tﬁe laser beam a.nnytfater offset

selection means for varying a nurnber of scans and lateral offset to machine a
tapered structure.

A laser machining apparatus as claimed in any of claims 30 to 35, further
comprising a2 fume extraction system (150) having suction inlets above and

below the semiconductor material,

A laser machining apparatus as claimed in any of the claims 30 to 36, further
comprising a gas blowing system (160) comprising nozzles for directing an

asgist gas over the material being machined.

A laser machining apparatus as claeimed in any of claims 30 to 37, further

comprising a robot for locating the semiconductor material in the laser beam.

A laser machining apparatus as claimed in claim 38, wherein the robot is

arranged for inverting the semiconductor material.

A laser machining apparatus as claimed in any of the claims 30 to 39
incorporating a vision system comprising top and bottom camera systems in
registration with each other, and a controller comprising means for using images

from the cameras to ensure registration of the materiel after inversion.

A laser machining system as claimed in claim 40, wherein the camera systems

are offset from the laser beam.

A program arranged to perform any of the steps of the method of machining a

formation of claims 1 to 29 when run on one or more computers.



