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micromachining or microfabrication applications.

15 2. Background Art

Prior to 1999, Silicon wafer marking was used for identification at
wafer level. Initially driven by the Known Good Die, and more recently by
traceability and component identification, laser marking on the backside of the wafer
at the die level has become the trend, and applied to various packaging technologies,

20 including MCM, Flip Chip, DCA, and CSP. For the past years, research and

development effort occurred to develop such a marking tool for production.

One of the emerging challenges for die marking is the recent
introduction of very thin wafers. Previously, wafer thickness specifications of 300

to 700 microns (um) were typical. Present requirements for smaller die, both in



Anot her challenge is the continuing shrinking of die

sizes. For exanple, die used in DCA (Direct Chip
wakrdoaoi2appl i cations are in the 3nmto 8nm di PENESNS/021955

However, products like the RFID tags can be as snall

as 0.3mmyet require nmuch of the sanme information that

s 'té?ﬁlsgﬁlﬁ izf#ﬁd'tl%ﬁﬂl?esg' fre F&ﬁ}ﬂn th |W-rEIIPér§ ab fHA Qs @5(??&19310@ -term

t he nee urther devel opme die mark
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wever re is a need to
conialpaanlumerfdj chagacwdrisizes.pr ovi di ng for decreased feature
sizes - and to formindicia on mcroelectronic
materials, known to have wi dely varying optical

properties. Dasididdtabwatly aneking 8y serhoirepioe diek isvited ta pegsent and
mar Ki ng .systens includes: increasing mark density

10 o, gmergingAIUEFMERfect i ve dot size or |ine width),
control over the marking depth, and inproved mark
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materials, known to have widely varying optical properties.

Desirable advancements for precision laser marking systems includes:

20 increasing mark density (e.g., smaller effective dot size or line width), control-over
the marking depth, and improved mark repeatability with control of or substantial
elimination of a heat affected zone. There is a need for improvement of readability

(e.g., mark contrast with the background), preferably, angle independent contrast.

The ideal mark will be formed with little or no material removed, and
25  will provide contrast that will survive through one or more subsequent fabrication
steps.  Further, shrinking sizes are expected to mandate increasing density

requirements, for instance, font sizes less than .3 mm and decreased font spacing.



An object of at |east one enbodi nent of the invention

is to provide a nethod of formng indicia/texture on
wa@toob®ed4 one material of a mcroel ectroni c arp@¢Ti82005/021955

The nethod includes the step of applying a pul sed

| aser output to a localized region of the material,

t he out put havi ng YivA Rt OF G T VERNGON O |n|t| ate

ablation within atsq.ﬁast a portion oy mg region and a

pul se width short enough such that the region and

proxi mate materi gl FL reg

subst anti al | yg‘éll Oabéqciﬁ %tollé%n %‘e%n%g 1jmect 8&11@ ?anﬂontls to provide
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udes irradiating the targeted surface material of
t he workpi ece with the pul sed | aser output including

jothe at | east qpe;RIthGblet bt ohd'EmbaIifRhESK tﬁé‘[ﬂv@ﬁﬁ‘on is to
material. The pul sed | aser output has sufficient total

f | upravéde olaseri marking/teuaing systemtfon eargting ewisthe abgysrmethad.

of the targeted surface material and the pul se width

is short enough such that the region and non-targeted

rmt er i al surr buparyigg tooe tlreeqjjoan ohjeetssmdsntthcrt otgedty of tleepresent

a The tﬁxégred surface rTFter y i PCl'tﬁde . £
i ndﬂfbve tionpgmethg PLOGSSg tarecied surtacs material Wil g region of a
er aspkiece Wiile/ ok £ eR1e8BIb1O Chathght al’ig'leceﬁtt ﬁd)ﬂtlaﬁgeted material is
devi ce and the textured surface material may

15mi cpeswiides rbiis methad dclugdes $ﬁ‘é¢r¥tﬁl€g%P‘éléeds]G?qTé%‘§’WCé‘fql%g at least
may 4R pifse hEARE aO05velngth SR GAREUGHRY. The method further includes

irradiating the targeted surface material of the workpiece with the pulsed laser
output including the at least one pulse to texture the targeted surface material. The
pulsed laser output has sufficient total fluence to initiate ablation within at least a
20  portion of the targeted surface material and the pulse width is short enough such that
the region and non-targeted material surrounding the region are substantially free

of slag.
The textured surface material may include indicia.
The indicia may be at least semi-permanent or erasable.

25 The workpiece may be a microelectronic device and the textured

surface material may be a microelectronic material.
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substrate, a thin film a nmetal layer and a dielectric
| ayer. The workpi ece nay be one of a MEMs device, an

woapbaEbeat roni ¢ devi ce and a bi onedi cal chi p. PCTAIS2005/021955

wn

non-targeted surface material may include indicia. The
i ndicia may be machi ne-readabl e. The indicia may have

a font size | ggg tzir%@@d suFfadEmateiial i@y belhelass Uhé CLsemiconductor
mat erial may include a mcrotextured pattern formed on

t heSHiskRis: adlin fitpe aypgtaldawsE andaydigectsc 4yt conduct or
waf er and wherein the mcrotextured pattern forns
indicia on the wafer. The nmethod may further include
generating a Fbeorahpigcd mepbecuemfta ¥eMs rdesige aan aptoelectronic
t he .t ext ur surfﬁgﬁh terial with the secondary | aser

(él

d
out ﬂﬁ\flcq %“%8‘8&%"9 extured surface material. The
textured surface material may include indicia, and the

indicia may be_ _erased during the step of.irradiat.ing
with the seconlamnaigsrd stidassmmatamal pakpghdd ficit ace
material nmay be fornmed on at | east one side of the
wor kpi ece. The wor kpi ece may be a sem conductor wafer.
The step of gdheingdi¢ipgaydy Machite-eadable.partially -
performed with a fentosecond or picosecond |aser. The
pattern may be a bar pattern, an al phanuneric

charact er st riThg indi¢ia maydpwe gpent sizedegsithare. 3nngt.h of
the at | east one pul se may be bel ow about 1 ns. The
pul se wi dth may be about 100 ps or less, or nmay be

| ess than aboQhe léktped shifece @xtetinentasp iidladzea marétexalred pattern

may _i ncl ude m crotextured surface
formed on the workpiece.

10 The workpiece may be a semiconductor wafer and wherein the

microtextured pattern forms indicia on the wafer.

The method may further include generating a secondary laser output
and irradiating the textured surface material with the secondary laser output to

process the textured surface material.

15 The textured surface material may include indicia, and the indicia

may be erased during the step of irradiating with the secondary laser output.

The textured surface material may be formed on at least one side of

the workpiece.

The workpiece may be a semiconductor wafer.

20 The step of generating may be at least partially performed with a

femtosecond or picosecond laser.



material. The mi crotextured surface material may
i ncl ude nanotextured surface material. The total
wo bwenra24may be nmeasurabl e over a spatial di merci/o$R003/021955
a spot of the output. The textured surface materi al
may include indicia, and the step of irradiati ng may
i nclude the s [ i a i i
response to a?ﬁP £ g[g%rg ﬁago%ofn‘?‘}r;p?ﬁgling ﬁgﬁlp;ﬁ E%L?ﬁgmd Character string,
repoegdogasyp®. first | ocation of at |least a part of the
indicia to inpinge the region at the first |ocation.
The region may be within the spatial dinmension of the
spot. The st ehefpuise madihaifitigatrieast snbpilatnaglbeybelow about 1 ns.
i ncrease surface roughness of the targeted surface
material within at [east a portion of the region. The
non-targeted gyefpake wiBihehh@be abédtAO0PsG 1BRE of by HE less than
may have a surface with a strong specul ar reflection
ScompbewsO.psDi f f use refl ectance of the indicia may be
in arange of .5%to 5% The total fluence may exceed
about . 1 J/cnR. The wavel ength nmay be | ess than an
absor pti on edJheaéxttied tuafagenedersal mhac enchmteemicadtextiibgl surface
wavel en{%h may be ultraviolet. The pulse width of the
at M one pulse may be in a range of about 15 fs to
500 ps. The pulse wdth of the at | east one pul se may

be in a range_of about 100 fs to 50 ps, or y be in

range of aboutlng GBCIPECX%edl%“%%‘? m‘i*??é‘af%?% Elclﬂ,"gg%?qt%eg surface
mat efk@iajmay be silicon, or may be a netal or a

dielectric. The targeted surface material may be a

portion of a dielectric

10 The total fluence may be measurable over a spatial dimension of a

spot of the output.

The textured surface material may include indicia, and the step of
irradiating may include the step of directing the laser output in response to at least
one control signal that represents a first location of at least a part of the indicia to

15 impinge the region at the first location.

The region may be within the spatial dimension of the spot.

The step of irradiating may substantially increase surface roughness

of the targeted surface material within at least a portion of the region.

The non-targeted surface material surrounding the region may have

20  asurface with a strong specular reflection component.
Diffuse reflectance of the indicia may be in a range of .5% t0 5%.

The total fluence may exceed about .1 J/cm?.
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passivation layer. The dielectric of the |layer may be
an inorganic, organic, or a lowk dielectric. The
wo angetxae surface material nmay be part of a MBMTIES1008021955
A portion of the indicia may have surface variations
in a range of about .25 mcrons to about 1 mcron. A
feature di mension of t 1 .ndi Gi i r f
sever sl m or onte v HehR s ek Ry Bsblbe ' GBPG e rargeea
wav shrgngtohgerddl. t he at | east one pul se. The step of
irradiating may include the step of controlling
pol ari zation of the pul sed | aser output to enhance or
control a chamg%&,gléﬂéth%yqfe dlihevibRxt ured surface
mat eri al. The pul sed |aser "output may include a
focused | aser processing beam and the step of
i rradiating [ t ' - DV,
the.wor kpl ace TAaALER b Sh S FasindyRAT ALY Wl PHARG of sbout
Sbeand Thw J®xpsur ed surface material may include a
m crotextured pattern, and the step of relatively
novi ng may create the mcrotextured pattern on the
wor kpi fceh Thahe paRe &fidthrof algh @tléaspomspulsemahyide it feange of about
step of s ing the spot to obtain sha spot. The
Shagea iSO Tt RV SRAn g pHR PPRCRICRAE 1385 1| o The
shaped spot may have a depressed center with energy
concentrated in a perineter of the shaped spot. The
step of i rradilaeitargetadyurifareimaterial eayshegiliegn, or may be a metal or
con%r éléétng an aspect of the spot. The wavel ength nmay
be bel'Ow an -absorption edge of a material of the
wor kpi ece. The pul sed | aser output may finely texture
10t he targeted Sl"lﬂ(reftggg%ted surface material may be a portion of a dielectric
passivation layer. The dielectric of the layer may be an inorganic, organic, or a

low-k dielectric.
The targeted surface material may be part of a MEM device.

A portion of the indicia may have surface variations in a range of

15 about .25 microns to about 1 micron.

A feature dimension of the indicia may be in a range of several

microns to tens of microns, or may be a few wavelengths of the at least one pulse.

The step of irradiating may include the step of controlling polarization
of the pulsed laser output to enhance or control a characterization of the textured

20 surface material.

The pulsed laser output may include a focused laser processing beam,
and the step of irradiating may include the step of relatively moving the workpiece

and the focused laser processing beam.
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material and the secondary | aser output may coarsely
process the textured surface material. The pul sed

wol me@01204t put may coarsely texture the target @dTAN20@DR1955

material and the secondary |aser output may finely

process the textured surface material. The textured

surface mater i@l ORYreNGiY hﬂ%ﬁhﬁnﬁy ifefled: MRYSkNfed pattern,
wi ndow mark may be created during the step of

i rr add ahé sgpwit telativelys movingamgy Icseate thsuminrptextiined pattern on the
textured surface material may include a pattern, and

t he v%qrggle%ef. irradiating wwth the secondary | aser

out put may m cronachi ne the pattern. The step of

irradiating with the secqndary | aser out put trim

an el ectri cal ﬁ}eﬁt@c a‘ﬁ’l’agg‘Fm%é‘Faé(nIB‘Elgiie g‘?epitﬁ%g?g%pﬂﬂge@e spot to
sur fefn MBASJtdpot. The secondary |aser output may

i nclude at l'east one pul se having a wavel engt h which

is absorbed into the textured surface material. The

wavel engt h of I 8,0t adary

beam may or m@t@%g?ﬁeges‘f‘)gﬁ@g Egvcjao ;ly{r??gla? réadg%}]éﬁg%gf ed

mat eri al surrounding the region. Further in carrying

out the above.gbjects.and_ other. object . th esent

i nvention, a téﬁqﬂcgrs%}o@%s%" taaflg"er?%sgasg?rﬁécéﬁﬁl energy
mat ebhédntriaieldh A pRrif@ir o tigf shapsbspopi ece whi |l e avoi di ng
undesi rabl e changes to adjacent non-targeted materi al

is provided. The systemincludes a primary |aser

subsyst em whi cfpel ) didaadiati hﬁ?ﬁﬁ’clﬁc&&ﬁé step WF 66ntfAMing an aspect
generating a pul sed | aser output including at | east

lbhne ofthesgpohavi ng a wavel ength and a pul se width. The
system further includes a delivery subsystem for
irradiating the targeted surface material of the

wor kpi ece wi t iHelveavplehgth andydeedrelosusrpatisorptioh edgenef a material of the
at | east, one pulse to texture the targeted surface

mat eY9'&P*CFhe pul sed | aser output has sufficient total
fluence to initiate ablation within at |east a portion

of the targeted surface material. The pulse width is
short The pulsed laser output may finely texture the targeted surface

material and the secondary laser output may coarsely process the textured surface

15 material.

The pulsed laser output may coarsely texture the targeted surface
material and the secondary laser output may finely process the textured surface

material.

The textured surface material may include indicia, and a negative
20  window mark may be created during the step of irradiating with the secondary laser

output.

The textured surface material may include a pattern, and the step of

irradiating with the secondary laser output may micromachine the pattern.



enough such that the region and the non-targeted
materi al surrounding the material are substantially

wofecoiai24sl ag. The primary | aser source may i reTucR20@021955

~ultrafast laser. The ultrafast |aser may be a
- pi cosecond | aser, or may be a fentosecond | aser. The

delivery su bs%‘lﬁltgte {nlpe rlrerg {uggde 1tﬁ e (r)&ialrf 'i:%shggﬁtput may trim an

accepts dat a ocation o

t ar gRicettabor mecianival paramktet of the texautedrserfacanmagerieuces
at | east one position control signal. The delivery
subsystem nay include a positioning subsystem for

directing the ﬁl@%@&orﬁﬂﬂyﬂﬁﬁerb@tﬁlh ehaly Qf@bd®n: 1@4st ohe pulse having a
targeted surface material so as totexture the, targeted

sur Pevelengheyhieh isi absprbsp e e toxtuprel tifare materighe

position control signal. The system nmay further

i nclude a secondary | aser subsystem which includes a
secondary | asdheswaveleagthaf thpeatdeaat onegpudsesddhnstapydary beam may

rat OF 5, Hore ik i e 0B il SprSi B e region.

erase, mcronmachine, weld or actuate the regl on of the

textured surface material.. The_se onda ur.ce
may i nclude od@THET i1 (AINER% OUh A QY%H{’%F éﬂgéﬁﬁ?c%bﬁas of the

I rr g)géséﬁt' 1ﬁﬂ?n‘ﬁ’oﬁ ha $REmSRE Britaisngd t@?g%fed%ﬁ‘ﬁb@ mARYiaP®ithin a region

uence “breakdown threshold of the targeted
s u r fofi@ avarkipiees wihilet ayoigéng undesirablaghenges|tp pdigeoat neshiaggates material

.secondary -l as u .
1 S 4% SRR JRSPefl bERte{ DrRrf B UG olony BIRE inctudes o
to erineey laér doaﬁ:etfongmemmpepu})secblasmgmtmrt intchelingaatdedstone pulse
surface materi al ond ser output m :

e HBEd VR BT BIRCE WAV na et BieTTiuges g cetiver

eXCEﬁE‘ﬂy@&rﬂ he 1ﬁ{§§i@ﬁﬁg ktaf@ed ikfatd enatdiiatiof dhe wbrkpisee with the
wor kpi ece

prl)llsed laser output including the at least one pulse to texture the targeted surface

15 material. The pulsed laser output has sufficient total fluence to initiate ablation

within at least a portion of the targeted surface material. The pulse width is short

enough such that the region and the non-targeted material surrounding the material

are substantially free of slag.
The primary laser source may include an ultrafast laser.

20 The ultrafast laser may be a picosecond laser, or may be a

femtosecond laser.

The delivery subsystem may include a controller that accepts data that
represents a location of the targeted surface material to be textured and produces at

least one position control signal.

25 The delivery subsystem may include a positioning subsystem for

directing the laser output to the location of the targeted surface material so as to
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The primary | aser source may include the secondary
| aser source or may be separate fromthe secondary
wol ms@o12saur ce. The delivery subsystem may i nclpradeus2005/021955
pol ari zation controller for controlling polarization
of the laser output. The primary | aser source nay

ip 3 |C lég)g'g\ﬁeg{l% !tz{f'rg é(g guqfagd %nat?e%gi'rl] ﬂla ezs)ﬁcgn%ﬁ g)v tnl'%:% ff%%t cgf&ﬂ)é)éirt‘iﬁn control

Wi dtsignapy be | ess than 1 ns. The positioning subsystem
may include at |east one translation stage to nove the
wor kpi ece relative to the | aser output. The

posi tioni ng sultRyem MRy furihel HEfidkianRcidrC RSErSRbsystem which
positioners. The positioni ng@subsys,t em may i ncl ude

t r aris¢laddsohsesaadarplaner 6pRISE SYesenetrting iesachidagi1asst gegut which
{el a}fﬂaiﬁﬁte‘s thd t!%?tu'r?cﬁﬁ%fa@é’hf&k&ial.me posi ti oni ng

subsystem nay I nc an optical scanner to nove the
| aser output relative to the workpi ece. The

nd scanner's. LR oRvacEHE g BT 1251 RIS T A ERine, weld

wor kipiaetate the eedicrs 6f the uéxpured BEfadeanatetislser beam havi ng
a beam wai st. The positioning subsystem may include at
| east one conponent for noving the beam wai st relative

to the workpi egg seddiflaflelatef 8byrce WRSYIAEIRNR HRYofl 1GUISHAE nddulated
f ocusi n‘% subsystem Thé focusi ng subsystem nay be a

r ef readtWvs@uenst i cal subsystem The system may further
i nclude an inspection subsystemfor inspecting the
textured surface nmaterial. The inspection subsystem
10y i ncl ude a Inmadiatiorewith thecmecandbgylases wntplihmagy be faloy the fluence

R oT BTR Hhl Abe

Irradiation with the secondary laser output may be above the fluence
breakdown threshold of the targeted surface material to effect at least one property

change of the targeted surface material.

15 The secondary laser output may include at least one pulse having a

wavelength near or exceeding the absorption edge of the material of the workpiece.

The primary laser source may include the secondary laser source or

may be separate from the secondary laser source.

The delivery subsystem may include a polarization controller for

20 . controlling polarization of the laser output.

The primary laser source may include a diode-pumped, solid-state

UV laser, and the pulse width may be less than about 20 ns.

The pulse width may be less than 1 ns.

9.



The optical scanner nmay be a two-di nensional,

gal vanonet er - based scanner. The at | east one position
woeomriei24si gnal may be produced during at | ea®CTAsR005/021955

step of manufacturing an article fromthe workpiece.

The primary | aser subsystem may include a seed |aser

and a fiberoptj.c amplifli ' I .
subsyst em may ’#l}j:rpic{,{glron}nlggl}%sg ;gagl rﬁé}leglgé%ig 3? g%ﬁ%log S ,translatlon stage
di odenpvenke woski¢dd-rsladvetd the daser ditputpr i mary | aser
subsystem may still further include a node-| ocked
oscillator, a diode-punped, solid-state |aser

anplifier, andri pwakRhaRpGuBsysiN i@y inclitR fiMd dmrapatsa pesitioners.
subsystem nmay yet further include one of a frequency

doubl er, a frequency tripler and a frequency

gquadrupler. T I | sh | ;

Tate oreater tHSPRTROpRE AR R M FRALO ptProration stages
2vertagwovieabe wookpiguetrelaovie to the lasheouwtpuige of . 01W - 2W

The textured surface material may include indicia. The
system may further include a view ng subsystem for

readi ng t he i rrhecpaitiohitgy subsywteny nay lisglsdem optycal sednueteto move
an illumnator and an el ectronic i magi ng subsystem

The the [a37§ %Plbtrfe{%&y/e Bb&sr’f\é?f €€ pright-field, a

dark-field, and a conbination of both bright- and
dark-field. Yet still further in carrying out the

above obj ect s Bitdpesitiaing ispsysiempomay Haclgde dwpor more stages and

| nvent i o, toarﬂ?% ﬁlie%s?re ?ﬁtgPPﬁ:ggsti@Q R &&gpfeeé’.i ded. At

| east” one surface ma di scernible 1 ndicia
formed thereon during at | east one step of
nuf acturing the article. The indicia are for a
1&; hod of sel ettq B&Ty° %P‘fte{ﬂ?yag? ﬁaasteérbﬁgqlel}?%n&rﬁ%@g){”am‘ The
mat g¥dsajonigt :hib@rys@erﬁ egdyoinchitie at Wastk¢tieeanpuneht for pudvérgl the beam
| aser outr)ut. he indicia are at |east sem -permanent

and WaigslaEve (9 thegva&pssequent step of manufacturing

the article. The region and non-targeted materi al

The delivery subsystem may include a focusing subsystem.
The focusing subsystem may be a refractive optical subsystem.

15 The system may further include an inspection subsystem for

inspecting the textured surface material.
The inspection subsystem may include a machine vision subsystem.

The primary laser source may include a mode-locked oscillator and

a diode-pumped, solid-state laser amplifier.

20 The optical scanner may be a two-dimensional, galvanometer-based

scanner.
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surroundi ng the region are substantially slag-free.
Surface roughness is increased within at |east a
w@erbio2of the region during the at | east onePGL/ER200$/021955
manuf acturi ng, thereby reducing reflection of energy
used for reading the indicia. H gh reflectance
contrast may [
background of h%hga?t}%gl:q%% Ig)b\%gir/&%nﬁapﬂggﬁg@o?@ r|dg\l/lvlcer(1igdmmg .
angllesst ong sepr dfmenufactuting daaitigheoiner thd Workpigcggi on nay
have a strong specul ar refl ection conponent.
Ref | ect ance contrast between the discernible indicia .
and a backgr oumd peiatyhiaser sghs@stermayayedncadech $26d lakercandra fiberoptic
an angul ar view ng range of at |east 20 degrees. The
i ndi2BPYfifky i ncl ude an al phanuneri ¢ i ndi ci um having a
font dinmension .3 mmor finer. The indicia my | ncI ude
a two-di nensi onal matrix code. The indicia may
Juseabl e for orfdeoprimpive lasere pabsysiemamay T ilies r\'@CIN?ea frequency-
artl t cation. The indicia may
8@.%3‘1&?@%3‘5‘ thfrsglrlr(]ll gﬁ% l elér ound of the region
vvith a roughness neasurenment obtained by at |east one

of SEM (scanni el ect cr gscope t AFM

(atomic force Trr]]ﬁchPBla%[?ée}‘r Y&t ygtenﬁp% ;fl}g@ tﬁgr %ﬁﬁ‘ dg g mode-locked
nMeasutiRAlhta sloaggamped, valid-hatdlhsdriangtifien, adpwaelength shifter.
roughness of a portron of the indicia with a

background of the region. The indicia may be

di stingui shablg,ef 5,Gua ba@&kgms; émOhay KRt rfﬁﬁh&nmmdde éhe of a
measurenent of i mage contrast. Th

e indicia m
10rac Hrequenca alvables, a Gagnenay tripigieand amfeguesey glmy;@plélf
non- overl appi ng dots that forma dot matrix code. The
indicia may be usable in at |east one of traceability,
conponent i deritheflaseabitpnt may Hawoa tapagtiontate givatee than 10 KHz.
obj ects and ot her objects, features, and advant ages of
t he

-

The laser output may have an average laser output power in the range
of .01IW -2W,

The textured surface material may include indicia. The system may
15 further include a viewing subsystem for reading the indicia. The viewing subsystem

may include an illuminator and an electronic imaging subsystem.

The illuminator may be one of a bright-field, a dark-field, and a
combination of both bright- and dark-field.

Yet still further in carrying out the above objects and other objects

20 of the present invention, an article of manufacture is provided. At least one surface
material has discernible indicia formed thereon during at least one step of
manufacturing the article. The indicia are formed by a method of selectively
irradiating targeted surface material within a region of a workpiece with a pulsed

laser output. The indicia are at least semi-permanent and useable during a

-11-



present invention are readily apparent fromthe
follow ng detail ed description of the best node for

woeeso/d2reg out the invention when taken in conRETIUSOIV5/021955

with the acconpanyi ng draw ngs. BRI EF DESCRI PTI ON OF
THE DRAW NGS These and ot her features, aspects, and

32;3&@ egg%]t\%ltelp ?géng*’a%ﬂgin%?%% m%ggg le élé(f 5011 tag%eted material
accoupaonding tisy ﬁgddm%e auﬂﬂt@tlhldgc hiagﬂiltes \Bueface rchgﬁhRE 1slmcreased

is a sche t| c bl ock ra hovv| el ene

°| Sdiingt Bestagngon et RS R 676 FEP of mafifacturing,
emqgér@@ﬁ?edﬁ@m@h@ﬂé&%ﬁ%%mél@y Ql@éd o r&ﬂﬂl@ﬂ ih8 iadicia.

m crotextured pattern is forned on a workpiece, for
instance, to formindicia on a portion of a

gem conduct or M@B%ﬂecﬁn@aﬁl@as{ ?1219 b? ehaiRl etileaGte region and a
di agram showi ng “sone el ements of a [ aser processing
systewkgronndehihadegign bveronwidertongt ofeviewn anglespr esent

i nvention wherein a mcrotextured pattern, which my

be formed with the systemof Figure la, is further
processed w t hA auiSeeofdrrbackigaimd dfake fegihangyehdve astrasgspecular
a mark FIGURES 3 and 4 illustrate sone details of

fi r SefleGiiPnCOmmRBeYi des of seni conductor wafer, an

exanpl e of a workpi ece which may be processed with

vari ous enbodi nents of the present invention; FIGJRE 5

i s a schemat i cRefleciages conirag bsweé& gxeqsinsswyl% wisiacand grhagkground
16 €91 &

1T, MR 955 e SV GRPERRC] 368 20 g

art marks with marks forned |n accordance with the

present invent and il lustrate inproved densit

a dot matrix piwa'?et Indjpia ﬁ}aédﬁégd% ag 2ip n&?lgngéﬂcg Py E%Vlng a font
COMAfiengdo® 3 A af fingrar ks with marks forned in

accordance with the present invention, and illustrate

i nproved density of a bar pattern;

The indicia may include a two-dimensional matrix code.

The indicia may be useable for one or more steps of manufacturing

15  the article in addition to identification.
_ The indicia may be distinguishable from a background of the region
with a roughness measurement obtained by at least one of SEM (scanning electron

microscope) data, and AFM (atomic force microscope) data.

DIN 4768 roughness measurement standards may be utilized to

20  compare roughness of a portion of the indicia with a background of the region.

The indicia may be distinguishable from a background of the region

with a measurement of image contrast.
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FI GURES 10 and 11 are schematics illustrating, by way

of exanple, a prior art laser mark forned on a
wapwenizazs surface, for instance bare silicon, BIWU$2005/021955

correspondi ng surface profile show ng exenpl ary

defects associated with a deep ("hard") mark - for

i nstance sl ag . LS,
m cr ocr acki ngﬁgﬂﬁﬁé@%g?é%gﬁ%qg@ébgb%emﬁ hpear as a sequetice
i | | ushombiertpppimg dossythaf foemandut epatex wedek f or med on the

specul ar surface of Figure 10 using a system of the
present invention and an exenplary profile for

conpari son W tife hidi¢is afay He wdable inlat 16dsCOIMEST thdceabitity] Tomponent
are schematic bl ock diagranms show ng sone el enents of

a sidendBeation: and 4@ItiBE- processing system FI GURES 16

and 17 illustrate subsystens of a sem conductor wafer
processi ng system corresponding to Figures 14 and 15

5in further defThehboveldBjiRESNdRthardbiegtss framrenrapd advantages of the

g)?s gqrslf%ﬁ?\&e%{l%ggre%éae I11 Cﬁ%h%fgé@ﬁ?(ﬁl{l ﬁ?eéﬁ)?i‘g&?%&rétzﬁég @rgsecrxgnon of the

f or bpytambde ifog cx@ying usut ethi ddventiohswhén tdken pinesmtction with the
invention; FIGURE 20 is a schematic bl ock di agram

si mPFEMRABYPL FLFINEE, showi ng some el enents of a

sem conduct or wafer processing system specifically,

elenents related to secondardoﬁrocessi ng of Fiqure 2;
FI GURES 2 1 andBRPEF DESGRIRY &F&H@Q&ﬁ@lwﬁ vari ous

| aser marks produced with conventional and nore recent
| aser marking systens for further conparison with a )
10mar ks forned iThesecandr atbercfeatwiash aspgets pamk aduaniageenf therinvention

FI GURE 23 i1 t i i al - .
er ag‘ﬁﬁg %gcol%er ﬂ’%héﬁanlgl%grr Sgog’g\é hvgglr ;Ir% aﬁgtg‘gsﬁhﬁgi‘?"é@gﬁnﬁg "&&cription,
cor hecpaadiing driwinge xaimtehmeas Filgre:e 2; FI GURE 24

illustrates renoving material, for instance, nodifying
a mcrotextured pattern, using a secondary processing

beam corr espodGURE { & a fhemRliEblobl diakfi Shodvin@B6me elements of

FI GURES 24-37d illustrate various exanples and results .

whemdasar processing system corresponding to one embodiment of the present invention
15  wherein a microtextured pattern is formed on a workpiece, for instance, to form

indicia on a portion of a semiconductor wafer;

FIGURE 2 is a schematic block diagram showing some elements of
a laser processing system corresponding to one embodiment of the present invention
wherein a microtextured pattern, which may be formed with the system of Figure

20 la, is further processed with a secondary beam, for instance to erase a mark;

FIGURES 3 and 4 illustrate some details of first and second sides of
semiconductor wafer, an example of a workpiece which may be processed with

various embodiments of the present invention;

FIGURE 5 is a schematic illustrating an exemplary microtextured

25 region which may be formed with a femtosecond laser system;

-13-



silicon wafers having ground, polished, snooth, or

rough surfaces are marked in accordance with the
wopn@dant24i nvent i on. DETAI LED DESCRI PTI ON OF TEHET/US2005/021955

PREFERRED EMBODI MENTS For the purpose of the foll ow ng

description of various enbodi nents of the invention,

the foll ow ng ~H a1 L

"Utrafast | asgﬁb%irig]'é ﬁéogctefl afsfésrg%ngpaﬁ’ﬁlgirfor art marks with

r ef emarksofomedl s ectok dasies \Aptmot\he giresgnoineemionyane ijudtmes jmproved

each, pul se_having a duration below 1 ns, for instance

100 Sgy of mg?“xt%‘ieghl ly less than 10 ps;

"M crotexture" generally refers to mcron sized
surface variations, but may al so include surface
varl ations of BIGVRES &and @ arg srhematessepipparmepriqr gissmarks with

- mirkY HFAGS in Q&%B Z{N@@ Wif*tht presedE RRERion, dndfifilisirdt® improved

surface vari ations ow one micron i1 n size. Overview

New dessy ofrabki pajterechnol ogy has been devel oped to

overconme limtations of present |aser marking systens.

Per manent and hi gh contrast shall owmarks (less than 1

m cron) on theFI@lCRESdG aﬁdlvva:feesr:semes dnisiratiney] byiwdy of example,
little or ? terl? noved u&gﬁg tE)IS newlbser..

t echhBriggy:t laeeiiapy ime Ragen e bl bARggpce bare silicon, and
I ndependepbn@hg shFadel Iﬁwﬁﬁgshaﬂﬂigeexeﬁlpﬁdrﬁ Qefeb@abiociated with a deep
advancerrent ﬁe so- cal m cro mar ki ng_technol ogy

181 | olishardis msk k fobi mstagcez %lag anmeked roneasdebris apndmirrpgracking;
As wi Il beconme apparent in sections that follow,

various enbodi nents nay be also applied to mark

erasi ng, m cr oFGURES 12 land 3 aneeschidmagics alhubtrating, by way of example,
m cr oact u

t i 0 I me of the
v D126 REPing i SRRl SO AT o R ICHRE B S5 f the presen
| as efrrvemdﬁeadldnﬂlt dxefmpiary prile forndngpasishowithidifireo 10 ahe 11;
i nvention may be applicable to | aser
FIGURES 14 and 15 are schematic block diagrams showing some

15  elements of a semiconductor wafer processing system;

FIGURES 16 and 17 illustrate subsystems of a semiconductor wafer

processing system corresponding to Figures 14 and 15 in further detail,

FIGURES 18 and 19 show some components of an exemplary laser
beam positioning system which may be included in Figure 1 or Figure 2 for

20  practicing various embodiments of the present invention;
FIGURE 20 is a schematic block diagram, similar to Figure 16,

showing some elements of a semiconductor wafer processing system, specifically,

elements related to secondary processing of Figure 2;
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m cro assenbly techniques for silicon articles

i ncluding | aser welding and | aser actuation of mcro
wodasioca2aenbers. Laser Marki ng/ Texturing Met hBAT/OSB05/021955

aspect of the invention features a nethod of marking a

material of a m croel ectronic device with a pul sed

| aser out put t g I

on the materi a ITEJShi]t %‘dgﬁ] U%M%fe%égtgl?}égwgtﬁndéﬂghﬂa@er marks

pul spnbdua&bmmuctqmwtnthmal agd atord¢ eersnt tver pulkieg wysthma for further

pul se duration less th out 1 ns avin otal .

P LeReabTon i A i RRnRY i decdufle Biin SR bkt B Bhion

of the material, the fluence being nmeasurabl e over a

spatial spot dimension of the output. The nethod
further incl udS§GHRER] iilkstraics rF‘&@é‘PgdU‘itE:ml’ ifpr Instance, erasing a

[5€S pﬂﬁ?l@ uglﬂ §lsedd ?ﬁg’r{y ;{?G@esﬁﬁgwa‘?ﬁ cSrr&pahdihBfor Qﬁ:ﬁrhﬁl@stoaﬁgure 2;

irst locatfon o east portion-of iRdicia to b
fornmed on the material, to inpinge a |localized regqi on

of the materi alF tf?% lulugti{teé ﬁ%ﬁ%ﬂzir{g}ga&ﬁﬁ !f&(iﬂétéfﬁcg,dmodifying a

regi on bei ng VVI nmens

| asemicrotgxitred rpattexaﬂ; asmgbh asbccmdaqf padcebsms hbeampantdsponding, for
of the terilﬁl agztd sybstantially increases surface

r oughi ot HBRe aI“aast the portion of the region.

The region and background material that proximately

surrounds the region are both substantially
sl ag-free. A badkgH8ESd246ard Jhustrats,vanioys eéa@Plu%ﬁ@d results wherein

lg)fp ec th%n LWakdrS Bhving ?&fﬁﬁo §ihed, 4?1?(%&11 Fémeh %ﬁllfﬁ‘&:"s ARCarked in

I'ndicla may eln range 5% t0°-5%
t ot alaco‘olrdmncmmyeememdn‘ed@ugn 1 J/cn2. The Iaser
out put may have a wavel ength Iess t han an absorption
edge of the material. The |aser wavel ength may be
ul travi @ETAITER ESCRIPAUONt OB THRPREFERREID ENBOPEMIENTS
about 15 fs to 500 ps. The pul se duration nay be in
the range of about 100 fs to 50 ps.

For the purpose of the following description of various embodiments

of the invention, the following non-limiting guidelines are used:

15 “Ultrafast laser” or “ultrashort laser” generally refers to a pulsed
laser providing one or more pulses, each pulse having a duration below 1 ns, for
instance 100 'ps or less, or typically less than 10 ps;

“Microtexture” generally refers to micron sized surface variations,
but may also include surface variations of a finer scale, for instance .5 microns or

20 .1 microns; and
“Nanotexture” generally refers to surface variations below one

micron 1in size.
Overview

New laser marking technology has been developed to overcome

25 limitations of present laser marking systems. Permanent and high contrast shallow
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The pul se duration may be in the range of about 300 fs

to 15 ps. The material may be silicon. The nateri al
wormayo/ie1za netal or dielectric. The material nmRETHES2605/021955

portion of a dielectric passivation layer, and the

di el ectric may be inorganic, organic, or a Lowk

di el matksi(tess Taa Inmicesr)an thepadkeidp F wars are'\@Me@@& W&t-little or no
A port{ on, of thﬁ i ndi CI may have surface hei ght

var i BefeHALISmpve é’yr"éH’@et BrneRplasRr tecjglo}ﬁgg r oNi$WiRg abdhgse marks is
1 m aragly idépeaddnt 6f He WRASAOIeRS als c?gﬂ nelﬁfg?%%gﬁégp orhdso-called

the range of several mcrons to te

f eat WHEO0 MAREAS iteshnelpgy nléowmlpcmaakrfw skze ta bE enuchpessahdn 0.3 mm.
wavel engt hs. Laser Marking/ Texturing System Anot her

aspect of the invention features a | aser marking

8ystem The maAkimiybepsteapparant it d@sionsthaitslléw various embodiments

ene u ser_ out put _having, at | east one
gul sﬁe}% ?‘% §S£U4P£gg%u atr{“gg Fgagglgt h%‘f’?r‘glﬁéiﬂ?g 1 13561 aWelding, and
havimgréastumtion! uence over a spatial region of the

output sufficient to initiate ablation of a portion of
a material to be marked; a controller that accepts

data that defigelchi@ng 'eﬁlb‘b@m’?@ﬁt bPt gv&ﬂ{o"ﬁ rH%é Eé oﬁhleﬁ to micro

a mcroelectronic article and produces a

posimichinieg af fieg, lasegmedrkedopatiersct a | aser output to

mark the material and thereby formthe indicia; and

means for directing the |aser output to a surface

19 ocat i on of tI@lermtmmnea:inbbdnn’mﬁtsnﬁltﬂeadvcsmoﬁl&lay‘befaﬁlﬁllﬁable to laser

dis h cont ensity.indicia o
eqsrrlﬁ ef alinbg'u% larggues Hﬂ;ﬁﬂg ‘I“gFS Hﬁci@é’tg }?@ermygldmg and laser
|ncIaudlatlanobmﬁdrc@bvﬁ@ﬁ{éﬁﬁkrs.The means for directing
may include a positioning subsystem for positioning
the material relative to the |laser beamin three

di mensi o%serTMgr@@Tgﬂt%%Me%gsyst em may have three
or nore degrees o0

One aspect of the invention features a method of marking a material

15 of a microelectronic device with a pulsed laser output to form high-density,
discernible indicia on the material. The method includes: generating a pulsed laser
output having at least one pulse with a pulse duration less than about 1 ns and
having total fluence sufficient to initiate ablation of a portion of the material, the
fluence being measurable over a spatial spot dimension of the output. The method

20 further includes directing the laser output in response to at least one control signal
that defines a first location of at least a portion of indicia to be formed on the
material, to impinge a localized region of the material at the first location, the
localized region being within the spatial spot dimension. The laser output initiates
ablation of at least a portion of the material and substantially increases surface

25 roughness within at least the portion of the region. The region and background

material that proximately surrounds the region are both substantially slag-free.
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The optical scanner nmay be a two-di nensional,

gal vanonet er - based scanner. The neans for directing
wamge/ineidude an X-Y stage and a beam def | ect orprcaougoed 21955

to the controller. The position control signal may be

produced during at |east one step of manufacturing the

article. The a e [ [ S :

| aser and a f%e@gg{bﬁlggaﬁgfa?%i@?}f ?ﬁ‘)gengggﬁ@ o?ﬁ’ecﬁﬁ?dreﬂectlon'

geneamatponentmay i ncl ude a frequency doubl ed,

di odepunped, solid-state |aser. The neans for

generating may include a node-locked oscillator, a

di ode- punped, Pl diffusd pdflectanceesf thephdifiaenay berth a range of .5% to

wavel ength shifter. The neans for generating may

i nclvde a frequency doubler, frequency tripler or

frequency quadrupler. The |aser output may have a

repetition rate greater than 10 KHz. The average | aser

Dut put power nEie el flgerdganayagrgeedaboup IW/cmw  The

system may further include a view ng system for

reading the indicia, including an illum nator and an

el ect roni c i nefhierigses pstpenmayhavei d Wanelangthoessrthan dreabsorption edge

bright-field. The illumnator may be dark-field. The

i 11 P&y be a combination of bright and dark

field. Article of Manufacture One aspect of the

invention features an electronic article. The article

i ncl udes at | eﬁéﬂla%éﬁar‘(ﬁleégtihé?am%?lﬁﬁv'ﬂf%cer ni bl e

indicia formed on the material during at |east one

step of manufacturing the article. The indicia are

formed by a nelfheophlesf dusatiarempy be yn theraegeanfiabguiald fs¢as00 ps.

one |l ocalized material region with a pul sed

10 The pulse duration may be in the range of about 100 fs to 50 ps.
The pulse duration may be in the range of about 300 fs to 15 ps.
The material may be silicon.

The material may be a metal or dielectric.

The material may be a portion of a dielectric passivation layer, and

15 the dielectric may be inorganic, organic, or a Low-k dielectric.
The material may be part of a MEM device.

A portion of the indicia may have surface height variations in the

range of about .25 microns to about 1 micron.

A feature dimension of the indicia may be in the range of several

20 microns to tens of microns.
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| aser output. The indicia are at |east sem -per manent
and useabl e during a subsequent step of manufacturing

wa bweartiz€£l e. A marked regi on and background net®BUS®D5/021955
that proximately surrounds the region are both
substantial ly sl ag- free The surface roughness is
increased witiy ﬁ:ag.ltr PRsbioR oPRlclihdifia Hlaylte fERidphit#twavelengths.
regi on, and thereby reduces reflection of ener gy used
for reading the indicia.Preferably, the nethod of

selectivegly j | bl ; east one | ocalized
mat eri al g 'M%in% bfhifk Sys aser output is the
above secti on entitled "Laser Marking/ Texturing

Met hod. " High refl ectance contrast nay be obta
Dot ween t he r T SHRECE OB R TRRTER SIS Hpie system. The

I angRarRing\sy f¥MNAcIANG! fans¥ob aereditRigichuldet laeLoutpyt HARMS at least
a strong specul ar reflection conponent. Reflectance

% ontong prlsp @tithetpplserdurationclessihan ébQUﬁ&mé iapd aving gatal fluence over a
bac

2 BT iy kPR, SN $bFRD. s i
an ad) (bl amarkred;i accantidllei tlm hepeptaglafaothat @hﬁmnaﬁhom todenfiormed on a
or finer

. il L el B g B G R eat REJRARR bonvol signa

nor @o GREd fadgdet! butpar 18 el tHemaedaltand Ithdr@by form the 1nd101a and means
identifjcation. The indicia {:)?g @J,{E%w sheag é
14 he fomdiestmgihe lasemowpytdg @ﬁﬂgfa & afpsial i, Bgmarked so

by &k b a8t dieRenidle, B doneraginhipl-RhSH! maARkidbE E&&ﬁ@@ﬂhl surface.
data, and AFM (atom ¢ force m croscope) data. DI N 47

roughness measurenent standards may be utilized to

he’ backgr ounct g i AfecARk g dndfiad bR Efndt

t he background with a nmeasurenent of inage contrast.

=

The means for directing may include a positioning subsystem for

positioning the material relative to the laser beam in three dimensions.

15 The positioning subsystem may have three or more degrees of

freedom.

The optical scanner may be a two-dimensional, galvanometer-based

scanner.

The means for directing may include an X-Y stage and a beam

20  deflector coupled to the controller.

The position control signal may be produced during at least one step

of manufacturing the article.

The means for generating may includes a seed laser and a fiber optic

amplifier.
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The indicia my be machi ne readabl e. The indicia may
appear as a sequence of non-overl apping dots that form
woeod@e12nat ri X code. The indicia nmay be used i rrcarud2e@ar1955
one of traceability, conponent identification, and
sorting. Laser Processing Enbodi nents of the present

i nventi on may ‘ode-
pol i shed, or srhﬁrgeo#iﬁa%g f% JnQ %gq& (llelgiue gg{e &%y doubled, diode
speqau&mpedamjidmabﬂz{mr reqw rements. A surface may be

coated. By way of exanple, the surface may be either

side of a sem conductor wafer, or another materi al

used in a steprif méaRrfoe gérerging may irchidect modé-tocked oscillator, a
device, Wth reference to Figure 1, an u Iaser
sourdiederpmpnd, golidsstate ﬁfr%é@@g? Il 280 &V ea%ﬁe%%

i ndi cated at 100, generates a | aser output 104 V\,hl ch

i ncl udes one or nore pul ses. The | aser output 104

Hropagat es t hrBhegimedas i foergengsting smapeinclde 3 oeeayengy doubler,

out a process chanber
110%%%%{}%%%@% S 0(?{&%“%%(?%@1%}321 (PI f the | aser
processing is to be carried out in a gaseous

gaseans procesblr-SRITBANGIR 6t K gl BLcff 8 B, jo itz

vacuum or tenperature as |s known in the field of

| aser material_interaction to produce Cr ot ext ur epl

silicon. For pFecAYSEAEA JasenouRY; RANYEr mayRs<pRg fapge of .01W - 2W.
conditions the chanber is not required. The focused

beam 108 produces a working spot 112 that is incident

on the target e sysical mayHighemiagluge aale‘(vjlﬂgl Yistest foqf reading the

[ sQn..sem 4 ked
¢ra ﬁ%ﬂa ﬂcéucf% ilglrngié\%%?%ndl%}\} ?lﬁaﬂ%fl er e%g&ege ?yo I'gur es
3 and 4, the wafer 114 may have a bare (unpatterned)
backsi de 117, ich may be c I|shed or rough.
Fi ducial s 118 ﬁﬁee‘?lt}%‘bg?foffla%g?bﬂg@n@q The topsi de
shown in Figure 3 may have a | arge

The illuminator may be dark-field.

The illuminator may be a combination of bright and dark field.

Article of Manufacture

15 One aspect of the invention features an electronic article. The article
includes at least one material having discernible indicia formed on the material
during at least one step of manufacturing the article. The indicia are formed by a
method of selectively irradiating at least one localized material region with a pulsed
laser output. The indicia are at least semi-permanent and useable during a

20 subsequent step of manufacturing the article. A marked region and background
material that proximately surrounds the region are both substantially slag-free. The
surface roughness is increased within at least a portion of the material region, and

thereby reduces reflection of energy used for reading the indicia.
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nunber of die 119 and correspondi ng dense circuit
patterns. An optional secondary | aser processing system

woneos/obz2used for further processing. Wth ref BCEUS2005/021955

Figure 2, to erase, mcromachine, weld, or actuate the
region of the mark, a second |aser source 120 o
generates a sesORJANY REAANADE sdl &{%@hﬁ%i&ﬁﬁgﬁ 1¥4st eNocalized
the marked region can support suc urther processi ng.

For wmx@nipl esgidgrhevithcd palsedhasemnyputpot ix thesatwve escilian ofititled “Laser
differenti t hernal . expansi on of the material and
backﬁ&gﬂﬂﬁa%ﬁwggé§Zﬂmeo heating the material with the
secondary processi ng beam The beam 122 propagates

t hrough secondary delivery optics 124 that focus the

! he
beam The secoHighrgileciases Cangrastasayibarbaijedeetyesn the gegion and the
d I SUY Ghee SERENHINGRE the application.
ﬁe%%gggygggk%% 126 pr%educes agsegondary wor ki ng spot
130 that is incident on the wafer 114 and irradi ates

he o S8 g, SR AR SR Sy o

t he ¢agpomend.or actuation or above the threshold to
effect material property changes. In various
enbodi nents, the two | aser systens 100, 129 having

beam pat hs 104RefletfandBYcdifrabtn Betiftrd ithie RfR@fEble indicia and the
systens, or the optical systems nay be conbined

by
var i askgiound may swpeededtid @yer an angylag viryyiag range Pt &yl&asea degrees.
There may be two optical axes, one for each beam pat h,
or the beam paths may be conbined for a coaxial beam
1pat h. A singl eThadediciheaay riegluds onludphanhmetie dndicofmn thiawing font
| aser. sources 102 ?nd 120, or there may be two | aser
sour@@?ﬁmgg'aﬂvn8flg?énple, it is preferred that the
secondary |l aser 120 has a wavel ength near or exceeding
t he absorption_edge.of silicopn. The choice of .
i ntegrating i ntBe g{‘déﬁl%ﬁ’la% 1@%&%%9%8‘83@%3% code.
speci fic design considerations, for exanple, workpiece
di rensi ons, |aser wavel engths and power, opti cal ) i
desi gn consi deTh¢ ingipia map hp deable fosone or Maxe magpacturing steps in

fact . (o} X-Y positioning requirenents,
etc.&#%%&ggﬁﬁeéﬁgﬁgg%tens 106 and 124, correspondi ng

to the texturing
15 The indicia may be distinguished from the background with a

roughness measurement obtained by at least one of SEM (scanning electron

microscope) data, and AFM (atomic force microscope) data.

DIN 4768 roughness measurement standards may be utilized to

compare the roughness of a portion of the indicia with the background.

20 The indicia may be distinguished from the background with a

measurement of image contrast.

The indicia may be machine readable.
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system 100 and the secondary processing system 129,
respectively, will often include sone el enents
woapev@aked under conputer control, as indicat e®Cous20030831955

107 and 127, respectively. For exanple, focusing, spot

si ze adjustnent, polarization control, and energy

control functi

combi nati ons o ng%%/ar%%cl)g}t%gaf gée\%l%c ue§k@n%§§$r§?\66rﬂsappgl§ddots that

opt dformachd incaltix dedd. ces for positioni ng maybe

utilized. For instance, either delivery system 106 or

124 may include a polarization controller to enhance

or control a mnHKindivad may ®eiuséd in atTlbast wht étastabilag ecomponent
roduce one, or nore fentosecond pul ses.

I—lovve‘@%r{“ IgHeR AASRE NBaser s may provi de many of the

benefits of fentosecond | asers but at reduced cost and

conplexity. Controlled |aser-material interaction at

$ he Laser Bregessingal e can be used to control the

contrast of the marks over a wide range to neet

specific application requirenents. O further

si gni fi cance iEmbd)rﬁmemsluxfttlileoplresnnt aventiommtriagrbeafsed to form indicia

qoncb i EaT et Snod trstaidh RS np R, G FdeBf Spplication
Di screghigeriét@s A0urfads afay paatcwtwedsy Wyt oDéaxiple, atle surface may be
mat eri_al pnay be used to create hi l?@fl nt rast

on SHINCE SHIC B0 e SRPYREIOF | BEAgrnl GPaiom s GHhril @ step of

1Gat effabﬁkailnglacthméddoam MQr steel. By way of
exanple, Frgure 5 illustrates an exenplary "spiky"

textured region 135 with the surface height 136
I11ustrated byugutuplGak tg‘%ﬁe lsgﬁtlht ertllé’s é@éj!l%ofa laser

and sharp varlatlon I'h Tou ess’ nay pro uce
f ent mroeesoing slystemy gmﬂrasllgsmdﬂihted P 1&@,8geﬂlalyltdsalvlesmt dughugHo4 which

rangi n fromafractlon 0 totens of

i cr‘é‘ﬁ@ desppRe Qr mPLERY fﬁsofﬂ"epaﬁ%fy ‘ﬁn][ HoRETRIBYE HM RSt delivery

On | GiftRE 1061 AAEbEUsSthe eaﬂpudaﬂagiemuélsme ®oiratinton froceds chamber 110,
dth), peak energy, ot dj aneter,

15 r r aE SharebesydPibeng géh‘?:ﬁé‘?réxﬂ%ﬁ?%‘% &@&eég@gbedt 4 dn 2 gaseous
suche Mogﬁeﬁp r 'Fﬁﬁé QRodeBy QhMﬁ@erb‘Pi@ Ih%'s ebn@f %t g&s@o@ Brocessing

| aser-i nduced em cal etching. ments of
pr es@vironmeridtiagmessare, Ip@rt@g@aj:uum, OF tempgrature as is known in the field

of laser material interaction to produce microtextured silicon. For processing in
ambient, atmospheric conditions the chamber is not required. The focused beam
20 108 produces a working spot 112 that is incident on the target material, which may
be a portion of a silicon semiconductor wafer 114, and produces marked material

116 (not to scale).

With reference to Figures 3 and 4, the wafer 114 may have a bare
(unpatterned) backside 117, which may be coated, polished, or rough. Fiducials
25 118 are used for alignment. The topside shown in Figure 3 may have a large

number of die 119 and corresponding dense circuit patterns.
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m crotextured regions having | ower anplitude (e.g. ,
sub-m cron) surface height variations than exenplified

WO oobloe212bove paragraph, but with sufficient vBCT/EE2005621955
to create high contrast, slag-free marks. Further,
enhanced contrast and absence of debris provi des f or

| mor oved mar k e gkdn WSRARITRASob 8 HEAISRORR, be used for

mar ki ng approa ures 10 an e-scC .
| |1 Lﬁmthemtptrm;q:ssmg/ Weiyh ndferenwtplFegura pro enasarmwkm&nhine weld, or

forngd on a surface anc
T Betyhle M6, pilo of Pty bt Bars s PR IR secondary
debbesmand. CHagkaberppaogitldah ke WatlkedaregRMpcan' :h@bdrt such further
mark. Figures 12 and 13 are_schematics illustra

Sby RESFEHNZe ERTSHAMDlS, theeRUALNOTBRY oFFuF ABa Sp5RE Of Qrfferentlal thermal
sur fe Rh Jf 't@@ﬁﬁteﬁ%e pﬁ‘&k%roﬁ)f@tsﬁm: enf ﬁ?heatmg the materlal with

prese t nventi on | aser be a pi cosecond

| aséhre gacondery myoeesping deamouiTpetbegint bZZt prophgasere flggugh secondary
den ) i ¢ ent [ Rt

abl g?llyer§ \Ap?ﬁsnlel4qr’lat%§llﬁ otﬁé’%?a%g gﬁ%%écgiﬁ%agp éahste? F]ded%é Vi) x%ay be a
subgtkead emsdnulﬁtad eor CIWesoawef dﬁpenm ohthe upplicatioronFherfogused beam

1000 dE8 PSSP ORGP IREEMPOF b b Sangen: on R Waler 114 and

el i EraBht thednatie@Sha®tiEo . r ght 4fhdiafos HAFOREBEISW the ablation
Figures 6 and 7 are schematics conparing prior art

nar klyesnodqn ofrdliac Barkpdnmaterial i Bent dhe degion ter asfbatipnegeapove the
trat d
son SOl | ARRPRLLYE| fopthfebdespl L0101 P ue

den ot matri ern i gures and 9 are
schemati cs conparing prior art marks vvlth mar ks forned

i n accordance Wlth t he .esent ve
 roshectt Vel e s BLBHERER] ok S B3 siems 100128 hgyine beam
15pat paths 104 1P2rasy Be ihcmdeld aﬂsephﬂawsstymhﬁ dbihthe @ptmultswtans may be

of var | aser produ with traditional d
or EoPGERDY § S Tl ot faspayotem. e may be

COMPR6 bp@ehl Wkdsh ofe ﬁﬁ@é@t@b@a‘ﬂbﬁhh abrethP bestH pathsinfay be combined for
accordance W th the present invention. Figures ™2 1 and

22, areegpisk beape Ippth. akesisplgdasen diead maycpreduga thevheams fothe laser

a n@&b’ &%j;&dfﬁ%ﬁ R%%m?%ﬁé W@ﬁsﬂf soufte p'iﬁ/s\%c}; %f eé(f'nmple, it is

i nventi on using er wmth a pulse"w
20aboptefdﬁedﬂﬂlaatthcssazondlaryﬂhserIlathassa/sAaeciemgtbdwaedr exceeding the

\?\nh? lﬁ %%tgar%(fge ;9? éll]étgg Cﬁlﬁ (r)]lﬁ? fg& ?rggg%tmg into a smrgle sys{ém may be
' based on specific design considerations, for example, workpiece dimensions, laser
wavelengths and power, optical design considerations, component costs, available

factory floor space, X-Y positioning requirements, etc.

25 The delivery systems 106 and 124, corresponding to the texturing
system 100 and the secondary processing system 129, respectively, will often
include some elements operated under computer control, as indicated by lines 107
and 127, respectively. For example, focusing, spot size adjustment, polarization
control, and energy control functions may be controlled. Suitable combinations of

30  electro-optic devices, modulators, and opto-mechanical devices for positioning may
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22 is a top viewof a mark 250 illustrating the

presence of ejected material 252 adjacent to the mark
W@RH06/01Bi24s recent exanpl e corresponds to resulRCI/US2005/021955

di scl osed in published US Patent Application Number

2004/ 0060910 entitled "H gh Speed, Laser-based Marking

g/ﬁt, dy@pdq Sy FBthsftzﬁ{ce P'éﬁﬁéfcﬁaﬂle%‘é{ﬂét&ﬁ Rragabbg ﬁ’ﬁ& Kficlude a

p| eces and Sem conduct or ces wth Reduced
Su bsmldraaeommweptmdﬂn@a@ oftpontrbl/a maglks chagaeteristis. t he
assi gnee of the present invention, and published 1
April 2004. Figure 2 1 is a side schematic view of a

relatively deefhetulteatist lag¢rall02 niagrpao dumabhe aﬁmoreﬂfemudssed@d pulses.
m crons i n depth, rhereln crackin sili

obs 1Y eTPIF0SFeOd {35 MY geyide g p the Reraly 53 ffffminsgoond lasers

9N GRE hatdiudRPLost ahil @BfplexithBYCaH tfMed qat-nafdr@dl 8fiterdcBon at the
renove or erase a previously-formed, |aser mark.

The
f or rdirafast sedle Banybe Ysed e 69T ghe GangTagtasHha marks oagi HHde range to

pr o

Dot AT s SR A 2OR B g PR TRY cion o

confeligiinaenwof debypr dag,i atekihgsend parcametdesisabl¥ teffifects generally
Vi S e .at ear infrared illum nation,

bright f
tLg EFE&?L gﬁ“?ﬂﬁ@&@d?a 28y ned i n accor dance

Wi th the present invention provi de hi gh contrast
relatlvetothereflectlve waf er backgr ound urfa

1015, For i nst dNeeicicaras ghlees Tatipeh aerpicxiigd BRI by be used

rel gf 'ci’e%tetlﬁ ﬁ‘cMﬁt?ésphﬁrMﬁ% 8h Q1A espBEEBPYiliESS Waldr§)%ink®n other
a strong cu ar | ection conmponent with negligible

di ffm@erlalesucétas granium pesteek eBy redyi ohexamplephigire S illustrates an

OPag\em Bﬁgg “\%ltkg” ﬂk)gtﬁgegﬁgélé{l Iig% @vdﬁil' tf‘lé Jf{ﬁ'fac[e %Eigﬁf: i fd” Gfustrated by

cor respon ades of "grey-sca
charat /picab qﬂké orSuch nelnlatperigdic mngishgpsy&rtaann in Bpuglengss may be

§] AR b b S 2 B o 8085 ranen

gr e)fronT hefra@idhr GSénePmt bl @ teh@toFGhicBshsf OThe surface proflle may be
i nproved-detecti on, machi ne-readabl e marks such

al piegRBSR depensient oylaser paramesera dnclyding pulse.dpration (i, width), peak
Sucfene&gogﬁo@ Vﬁ%t&eaﬁa VB Rraiahbe ngmmr kRésez&eﬁ&& hm ostulated that

system e one conponent of
| asenclpspikestormation 1nvolves both laser ablation and laser 1nduced chemical

20  etching.

Embodiments of the present invention can be used to create
microtextured regions having lower amplitude (e.g., sub-micron) surface height
variations than exemplified in the above paragraph, but with sufficient variations to
create high contrast, slag-free marks. Further, enhanced contrast and absence of

25  debris provides for improved mark density when compared to traditional marking
approaches. Figures 10 and 11 are schematics illustrating, by way of example, a
prior art laser mark formed on a specular surface, for instance bare silicon, and a
corresponding surface profile showing debris and cracking associated with a deep,
“hard” mark. Figures 12 and 13 are schematics illustrating, by way of example, a

30  mark formed on the specular surface of Figure 10 using a system of the present
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system as shown in Figure 14 which, by way of exanple,
i ncl udes both the marking | aser system 100, and the
wosmoecoideady | aser processing system 129 of Fi gucasusko@di9ss

2, respectively. The system 129 may be used to erase a
mark. Alternatively, a systemmay include only |aser

mar Kintghtiand Ede pued Ak niyde 4 %Méﬁ@ﬁseﬁﬁb@ﬁ@i@%ﬁ- pulsed output
w t hout secondary processing. th an ultrafast (or o
ul t r8y fosl ensrey density (insgng|or sRgrevaviRes) swffipiens tgrnigiate ablation within

conty @irtiePbea GRPURA odtRe ADITAE gﬁrﬁ&atTH@%ﬂhﬂc@ﬁeight variations may
advant ageous for marking or coding very thin warers, o
f or herfensdpdundrgds of neaeketdisnthegnarked mghost geneiadlly [showingsignificant

h q I ' tems. A
B Lt TR T
referenced drawi ng figures show exenplary results

usi n i cosecqnd | asers_to oduce | aser marks on )

sili gog subst &gglggs aéﬁaérersg{}‘amm%%??dﬁngd’ﬂ% A sRaRks with marks

sur ffageal il Recdre@adabivitht the Ogireﬁeti‘l_?_ ifEniSn] SespBBVRKEdand illustrate
S

over, conventional | aser marks. The marks appear . '
subJdPRIVEAAFREity 9AY det masixtPakcrao diguaes 8 gud hatetsehematics comparing
backeiop U n{pER WA MLER RFméd fil %Edr%oﬁf with! tH%n. gi&lehPhvention,
and view ng angles, for 1nstance, as the relati've
1QangIréSPlQ@ti‘Wg\eranérilllilﬂtllatﬂ'riinmwedrﬂesdty ofea barcpattenei ver i s
varied over 30 degrees. This invariance increase the
reliability of machine vision algorithnms.Laser Marking
Systens Vari olgrredadiandra2silhistratethé Rt 8f RhAYIsIRser marks

f hi gh trast. marks on wafers and marks on ot her
m'OI;PB‘I&%&‘E‘f %@H{ ?faQFPP@ %%do SOTRSGEE Ja3ph FBankingsysieme g further

Fur ch@pardonl withld @frkel SUHRRGECH ol EMERBIAMNEENR the present
devi ces .and_for providing marks or other patterns on

rat SFiCANQN s Figyress? ITandaARq respeetivelyriaee pide Ridhtpmsherbatic views of a
15US e ehapk bg@'i’%rlrﬁédf the qss{i]éﬂefe'o? Ad Hsen? 'indefni&?}isi?g NEEVO4 taser

to change the materra optical properties a

di s®étapulse walth of atham dfinsraal532 nms ubbe hsandysenopedsced shallow

23805 D SRR ERT T SR ine. i
rob22iic awap eievhandlmaiy 259S1186Fa@E th@prostdde I GéREH material 252
adjacent to the mark 250. This recent example corresponds to results disclosed in

20  published US Patent Application Number 2004/0060910 entitled “High Speed,
Laser-based Marking Method and System for Producing Machine Readable Marks

on Workpieces and Semiconductor Devices with Reduced Subsurface Damage
Produced Thereby,” assigned to the assignee of the present invention, and published

1 April 2004. Figure 21 is a side schematic view of a relatively deep traditional

25 “hard” mark 254, about 10 microns in depth, wherein cracking of silicon is

observed with relatively deep, laser penetration 256.

In certain applications it may also be of interest to remove or erase
a previously-formed, laser mark. The formation of highly-absorbing, microtextured
regions provides for such capability because the region may be controllably modified

30 using the secondary laser system configured with appropriate laser parameters.
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schematically in Figures 14 and 15. Oientation of the
wafer is determ ned by optical alignnent, including
womes/aninn of a pre-aligner 206 and any ot her FGUS20€@021955
steps, for instance identifying the wafer type with a
reader 207. The l|aser 102 generates a processing beam

Wth referenceyffpf gﬂlﬁ(f‘fq viSibld :ﬂ%e%gﬂ H:‘&Si lﬁl.gl?ﬂhﬂﬂ, these textured

system 106 delivers~and focuses t ' ' S
pr odmsskedy breasnfamied m avooidanesc withvihe qmemy iyention provide high
silicon er actiQ

n.of the.fogus
> oot SR i IrERERAE kel sETHETHY5, For ipgjance, the
an atdfEsabace] I maybe ﬁﬂbotﬁmvlbﬁmmmmme&aive&ngth thereby resultmg
m crotexture on the surface of the . wor 1'51
Sul ded strangspeghlar rqﬂeawbcqr;lpwﬁlém@emﬁﬁﬁ%élf se Teflection.
ul t rt@x‘tt?xré@rﬁeﬁﬁﬂlrﬁﬁy ﬁﬁ)%ﬁf oﬂéﬁ%epﬁlﬂpﬁﬂﬁbﬁefé}laﬁﬂ%fke Rliffuse reflectance
optical pat , are | ected or ot herw se

posicorrespeadingt e Ge b@dfﬂsp@mdﬁ ehéerey2walershyiise used forTppdibrating
bearﬂnggﬁgtsgsq&hglg will typically be carried out using
two gafv

neter scan mrrors which generally provide
for deflection over a wde angle with a scan | ens used

e

100ul se%( &5 Spal @ﬁreﬁﬁﬁwﬂlgpﬁ) ablit NG sBad@h WTOirext UTied comedst provides
of matoerl al on the wafer, 114. The posi ?glonl ng of the

be ameregtl% fer mnetrdpdetectioBnmaghings réadgle ATk Sudygefiphanumeric

of Bh’tj msfﬁﬁﬁ‘ﬁ( &JuRE a4t erstch rmcﬁhaerﬁay BélivEewRdORith a mark
thevvaer Vihen the mark is conplete, 'the wafer

114 m®e¢tmetdmf20dnwﬂlmé Ipaydzee@mcngipanmoa@] gompleigdaigeprocessing

| nt % étérﬁ\ﬁ@g ({WI{: ﬁrﬁlgﬁfe 14%1{18{ ?ﬁ \H’Y A%xar?g%ie%ggﬂg{e %{%Irl (t:)he marking

proceseing s occur W e sys
li he 1xvaf eystelﬂ40(D Satd ﬂmsé@mﬂm@ lagee lpaddessing ystenoll 2%af Figures 1 and

nment of. and the focused proc
bondh Seineck Y y1 e is P Ban et £ Fhis Sk Allthatively, a
di sGe§ethha iRAhAEHIIP 186 hAXRinsGIY Rh @pBonaV#Hatio lil%pecnon system 201
spot - shapi ng and aligni ng methods such as shapin

di t WeiFiong secanday DEYCessing. dhith An ulteafash 4ereirg- V@OIQQ), fov@rgg shallow
ta t divl 9hdtRfbous f

gt A AR REE O PSSR0 TR B ous o
2(can marking or coding very thin wafers, for instance, with mark dlmensmns

substantially finer than present commercially available systems.

A following section entitled “Marking Examples” and referenced
drawing figures show exemplary results using picosecond lasers to produce laser
marks on silicon substrates having rough, ground, or smooth surfaces. The
25 readability of the marks is improved over conventional laser mqus. The marks
appear substantially opaque and the contrast with the background remains high as
a function of illumination and viewing angles, for instance, as the relative angle
between an illumination source and receiver is varied over 30 degrees. This

invariance increase the reliability of machine vision algorithms.
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be applied to |laser mcrstexturing. For exanple,

top-hat irradiance profile spots can provide indicia
wonobéiormozde uni f orm mi crotexturing and reduced pealwS2na5/021955

at the ablation threshold transition zone. Wth a top

hat profile, the area of the spot at or above the

abl %ta'sé}rMEz;)& S !re scan be increased w thout an

Increa'se—rn—r%e‘%'lg&p'%"se energy, thereby efficient

m crotexturing is achieved. It nmay be desirable to use

a spot with a depressed center _and.ener. concent rat ed

in the peri rret\g’rrl%lué RNty ofthe Hbvle{“il% p&?]vd&? E%rr fi‘lggecontrast

S Earn%ﬁ}ﬁ?é}n g/fafetrilﬁldﬁngﬂ(@ oRXother mismgﬁtfmﬁe atticBR 9ir idevibesathade from

the kerf edge. Round spots provi onsi st ent posur e

f or silicae. dfusthsheRPlicAtioh s SiPEERd &2 WMS%MQE@ dlg¥ices and for

snd p?@\ﬁ?i‘;i}g QRS gxf’/@lgféﬁs?ﬁéﬁlsfdﬂ hhRFalsRGELAS T Hld di&diency

and “uni mty vering a uni form dose across an
aligned kerf width and to |larger areas requiring

filling. Contrg| e e f. . sed. .
to precisely gg‘ﬁtrﬁ%lkhgh%%iﬁﬁer 'gslld ﬁgxzarggg&s@g{hfgc\?g?ﬁ’a%. it may be
For ueshnptieangsabd nuateriplis spticah erapertimyat iscsad sitdsefbr dumcttional or
spot Jlength along a trajectory may be expanded or

contSHBEHRH PEOSTHHIASP B he shape of the area exposed at

or above the ablation threshold. The spot may be

expanded to expose a | arger area at or above the
abl ation t hr edR8IcOmplait BETKing sysEad Wefersie bedrpcasegyare removed

1PT G A LAt DR ke Wrﬁﬁ&ict ke ﬁﬁﬁnﬁgds Welh908, as illustrated
T be xg dto

I ncreasi ng irradi ance. e spot may ande

al | cehematiosidy af Figurésebdand 1por@fientatadn phehesyefer tip detgrmined by
i ncreased..nunber . of J aser pul ses. .
comsPRC RRER, {8 iR Sher Bty Ehepr AMEREeNnd apy gihes required
i nc rs&:?&efot st dntify it the rwatroty pe With aodehddri 2007 .

t hreshol d wi t hout decreasing the kerf width or can

allow the kerf width to be increased w thout

decreasi ng irradiReE 802 SPPRIRAroceding Bens PWitheseréics ® Figure
be used to all ow exposure of at |east a portion of the

15potl6t thedegmcpasiivaingriysisay 1Qsrdebiyprsaad fagusey tgdiitrafass processing
an %'egg%ﬁl?ozé \gpa@gge,l \gﬁeﬁ&gy ¥ a sfi{i6n E@D%E’étgpii{ilﬁlgﬁgi&{ §f the focused

wi || pen Inew dth to be mar
mat eroabsing beamiwithr thp endtéréd ,of alrdworkpiece in an atmosphere or ambient

environment creates microtexture on the surface of the workpiece.

Laser pulses 104 (i.e., Figure 1) generated by the ultra-short pulse

20  laser 102 propagate along the optical path 104, and are deflected or otherwise
positioned with a beam positioner 220 (Figure 16). The beam positioning will
typically be carried out using two galvanometer scan mirrors which generally
provide for deflection over a wide angle with a scan lens used to focus the output

onto the wafer 114 which is typically mounted on an X-Y stage 208. Each laser

25  pulse (or pulse sequence) forms a microtextured spot of material on the wafer 114.
The positioning of the beam is determined by a controller so that a sequence of laser

pulses forms characters or other indicia on the wafer 114. When the mark is

complete, the wafer 114 is removed from the processing area and reloaded into its
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numer ous system consi derations and features (e.g. ,

overall optical efficiency of the | aser processing
wosysd/err)24 The ultrafast |aser may have a wavelpremged2005/021955

bel ow t he absorption edge of the substrate, for

exanple 532 nmfor silicon processing. The average

POVWRYaferairidt. rHeiatiSely Oa Jeb@ldﬁ@q%rbéﬁgmg Riep ! dtchil WiehgR system
e

and repetition rate nay be in approxi mate range of

. 01W2? Qfﬂf?g}e‘ﬁ%ﬁ?kﬂf’glséﬁnﬁ@brﬁdvvafers usi ng various

enbodi nents of the present invention. The pulse width
(duration) may be less than 1 ns. Preferably, the

I aser pul se wRgldtivei dontrbled movhmentaof)gheovorkpoese argothesfocused

ab o@fb %sdgg gcpa?%se?%fg gBS’c&%a? (& ﬁrog%[g%rg tﬁ]& rﬁ&r?ns n@”&?@lgfe EPatterns on
i odes workpede. sol i d-state UV | aser with a pulse width

| ess than about 20 ns, and preferably less than 1 ns.
Formati on of the desired mcrotexture may utilize

gas-assi st or \ﬁhrﬁ)@§%@b§sl@ﬁ fgf Q{HTBH mhgl rhétﬁodish&fﬂheﬁs shapmg by
110, as shown in_Figure results with

pr oSBT Augh U FALOR 6 USROS VBN G139l apd aspect and
an p@ﬁf&ﬁ&faﬁo@ﬁéﬁfon%@%gﬁftsﬁgnﬁm@ Vel 6B 199 ahd gglers can

aser markin rates tance harKi
of e lappdmd tm@ﬁ@nmc(d&ﬂmrﬂngariﬂ]r@wamlabkmpdm) irragliance proﬁle spots can

osi ti Qni ng,.subs) em may. i ncl ude one r .
P amer B0 SRS 50k oot PR ieBusea meting at e
r el ablavén tiedhoR] paBRaYong Mt pthaapiide,ahe hirast tHewpot at or
ations of relative substrate and

axes s, conbi
beaﬁb‘b‘@s% ?gﬁfr @I‘é?ﬁﬂ%lésca&r‘ée KIsERARCe &/ 1HhRBsan é’?(‘irFffsédn the pulse

the eérgy thefe%‘ﬁQ:'fflé]@ﬂt%l'cﬁite)@lﬁl‘?&geﬁsdcﬂ&weé Okt thidpb&B&&rable to use a
sem conduct or “processi ng, stereolithography,

s enPRYriitie 8 sleplesssdrcenispand engray donesmtiatadnig, the perimeter to further

153 emllg‘ﬁgglggfngs ngﬁ’f‘d‘qéaas%s JFEh&Q of %{c?@%k&ﬁ&siu%guﬁb ?ﬁ%ﬁﬁon at the

espec are
t enkedfedge.crons in conner0|ally avai | abl e mar ki ng
systens. A | aser marking system of the present
i nvention may be used to produce significantly snaller

feature sizesRobad spcstgtpmq@e Bodsihtétit GxPOsuES F6r: llﬂ_d"lelements in any
features in Figures 7 and may he characterized by a
i npﬁﬁﬁtav%oﬁwsm aql@f%mder%@t%@rﬁm@é@a figgheg increase efficiency

t hegag hﬁrf&mlahs Hblwemglarﬁﬁmrma&ase aBhost BN AR ARYK&IE wallth and to
the order of "a vvavel engt h of
20  larger areas requiring filling. Control of the aspect of a spot can be used to
precisely control the irradiance and spot overlap. For example, maximum pulse
energy may be selected and spot length along a trajectory may be expanded or
contracted to modify the shape of the area exposed at or above the ablation
threshold. The spot may be expanded to expose a larger area at or above the
25 ablation threshold without increasing the kerf width or can allow the kerf width to
be reduced without increasing irradiance. The spot may be expanded to allow
expose of at least a portion of the spot to an increased number of laser pulses.
Conversely, compression of the spot along the kerf may be used to increase the
exposure to or above the ablation threshold without decreasing the kerf width or can

30 allow the kerf width to be increased without decreasing irradiance. Compression
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the pul sed | aser output, for instance .25 mcrons. By

way of exanple, it may be desirable to formindicia on
woopeoizn of a MEM in a restricted area. By PCT/US2005/021955

controlling the fraction of the energy above threshold

ina merely diffraction-limted spot, sub-mcron

fea I e Dt aPRadliaGdRflon of the spot t

feaionge?p%g%ﬁa?gs%q{r%ﬂ%?%%; (gg{u es If rarlar S%Fnacflgs T og ©sportoa

pr odeckeased Asinhec bf pulkes. posi ti oni ng syst em may |nclude

fine and coarse positioners to match or exceed the

pattern resolution and provide for ultra-fine

patt erni ng Thheflasee nelyageanndyrafastesed. Gemerally, théBerqrarameters

t he order ill.meters positioning accuracy . .

substillriepsnd ;9?1 ﬁb%b?ewﬂghtolbw%ﬁﬁ th, mafatial Gptigal pygperties, and

9N CrRRRroulRPstem ToRAUFRYONS AA@ fdafFbd/@Eg. ObTAR Al dPidal efilc¥ency of the

fine positioners, for instance precision, snall-angle

beanasge Prasessong sysieny). Thewlteafest dasst s kavged W@&@I@msth elow the
togg ng%tlgﬂ E(&ecéﬂﬁg%ﬂsﬁ% U h@bte 5%?‘:1{]% W&Sélflécﬂﬂéﬂa&ssmg The

syste sed 1n enb i men rese
I NvVentiage pbwer |vetsielr ratatekiontde rcprpmlteé rthnestgzld Jﬂxuelmer@,d ropetition rate

ot her ons. th refe ce [ 17 .

o1 U RS PR Ay e 36 VY o Noter cfithfie i ligon wafers using

OEB K/lillegus’ﬂélﬂbdﬁlﬂfleﬁts ap el [ﬁ'giehomerwldnh TI&SIﬁgseSWBlﬂe gdilrgtion) may be
rradi atin rst second side

of 1656 W kB Bt repfnggﬂ laweweg? rieth wilk s incfe gnes 8 about 100

may & BINEE Ps t&d&ﬂo%p}/efataa%ﬁmltﬁe PO Bf b8t 3D T to 10 ps.

suitable for laser systens 1 to irradiate

opposite sides of the wor kpi ece surface. The wafer

chuck 249 may de'i]&ik cﬁ{uﬁelﬂ%(hﬁ‘l 55@5'3{0?5 %{hg@@&i solid-state UV laser

capability for ti & Wor K plece
t he wqth/a pules )wdtBllmb tlpmexbosn 2inngt, adh ptda:rat»luy leﬂsdhamt a$.i bormation
een I|ed in.litho

i SeS A PP ! TLIZE GG CAPL  SERF SRAEOTEREn! in he
Fl gléh@fﬁbélrﬁllolas sHSiaindFiglre EifbNBést BdsultovithgwProcessing.

posi ti oni ng systens 220, 220" may i nclude a two-axis,
gal vanonet er - based, beam scanner 240, 242 to nove the

beam rel ative Iilgurt‘:?elé"@ kBb®C GddifbAdICleiBABf an exemplary laser

positioni ng system 220 0" may 1 nclude a conbination
of tpmpewnws@rsu&dngélsmanbb used for laser marking of substrates, for instance

marking of silicon wafers (front and/or backside). A positioning subsystem may
20 include one or more translation stages 208 for moving the workpiece relative to the
processing beam 108 along at least two axes. Numerous combinations of relative
substrate and beam positioning devices are known to those skilled in the art of laser
material processing, for instance, semiconductor processing, stereolithography,

semiconductor laser repair, laser drilling, or semiconductor wafer trimming.

25 The features of Figures 7 and 9 (dots and bars, respectively) are
typically tens of microns in commercially available marking systems. A laser
marking system of the present invention may be used to produce significantly
smaller feature sizes, for instance 5-10 micron dots. The features in Figures 7 and

9 may be characterized by a minimum resolvable distance between features of the
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scanners to nove the processing beamrelative to the

wor kpi ece in at |east two axes. Further, conponents to
w@omcizin4 t he beam wai st rel ative to the wor KpPEL/®S2005/021955

t hrough novenent 246 of one or nore optical elenents

within the secondary | aser system may be incl uded.

St Mol @l y’Th‘é‘ﬁWQﬁlrﬁlﬁl?:}e%o e!ﬂ%tdn@&hﬁg%@ oh@nEBMRr b & WRRMngth of

wai strelative to the workpiece In at |east 3 axes

usi miie palsaddaser cotpuk.fat inskaco2miceersnt 246 of opti cal

system conponents with z-axis translation 246" using,

for exanple, a notorized wafer chuck assenbly. :

Preci si on gal \Bynwagesdfréxampiza itnhaygbedaitabl2 40 f@4Rindiota on a portion

avai |_ah| rom GS| . Lunoni cs, Cor por,ation .(assi e of

e b AQUEM. FrivntioBd otsa b oaEl REAR 1P BE! Hienerey above
5Scamhleaidid tnlDmefere BfradtiondRhit@spof, GubaMicAmeRuAls @6hy be formed, |
optical systemare illustrated in Figures 18 and 1

i nclferdiastafice). 23 migpe &apwes, o1 | ehigen feafiies i masgipdy tody provided.

I en | : i | ; ;
AR RSP IR P Bl S ATLABLIRRL R 0
nmot exéeed dhalyattem cesbbition and prastidecior utpasfiggpatieshiogn The fine stage

E : ? Fé\af%aég C'S);l;r rgﬁéliogalill%ift lngn Stfilfp S&f@ére@“ ;rgquléfpgte}{ ﬁ)\(/)gitioning accuracy

ustrated a rac

100pt isadtardidBy Eier than dhicdbnyEot mstahey @5amiceodsosEaosydtem may also
| aser s stemyg{ oduces a |l.aser output, an all.

r ef IREYdeRhen ATy hpe POSPRAES £ 19F TRSARCH PEF IS rGalieigle, beam

as Qefi&3ts (e ?.f, afl aSRRISHII dCALTRRNI3FIRD wiltFloRYA6BY @ntrol. Such
an ultrashort pul se may have a wavel ength spread of

aboPpsigoning gy sterps Bay be ysed inemhodiments othe pessgatinvention for laser

Fem 00ptLC j S ' : osecond opti cal
COﬁ'pO?lg{}ll Sﬁatgﬁﬁén@?nﬁ%%%dég E‘r’lgéﬁ“téﬁmm crotextures
may be produced in a nonanbient atnosphere, with

rocessi ng cary,ied out | .processin hambher he .

1§8rocessi ng at r}gglﬂ)ﬂgfééelﬁﬁgoi%g?rgi 'n g%‘ﬁ@gmgr()fngl} fhyengion for
vac peaptitmgalasdr Sharkhig 4rdr otaéd gipliodtiots ovids laseic bystedss 100,129 may
However, it is preferred that m crostru%t,ures are

F or MRNderEsdispio THBEpRENS SiIoySh e, warkalere. By ysef example,
pr el e Gt ako bl BOnbRIES & hd XPYaeRd iha @RBbeAtioAshitable for
laser systems 100,129 to irradiate opposite sides of the workpiece surface. The

20 wafer chuck 249 may include a Z-axis translator and capability for tilting the
workpiece (rotation about the x-y axes). Such precision translation and rotation

stages have been applied in lithography, laser trimming, and similar applications.

With reference to Figures 16, 18, 19 and 20, either or both beam

positioning systems 220, 220’ may include a two-axis, galvanometer-based, beam

25 scanner 240,242 to move the beam relative to the workpiece. Either beam
positioning system 220, 220’ may include a combination of two or more stages and
scanners to move the processing beam relative to the workpiece in at least two axes.
Further, components to position the beam waist relative to the workpiece through
movement 246 of one or more optical elements within the secondary laser system

30  may be included. Similarly, components may be included to move the beam waist
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The m crotexture created reduces reflected energy off
the surface of the workpiece. Generally, the

wanoosé/on2¢xt ure created i s spi ke or cone-like sStRARUSZOEE121955

on the order of or smaller than the wavel ength of

light, the surface profiles of which are illustrated
i N Fi . _
oA 5 o ST B O AT movemen

r ed 246 @f bpiigih systan icamporenfpenk zan(sl transkiépn 246’ using, for example,
regularity.. Ve i ghl sorbi ng structures have been

madé rf‘?FOB%?ijc‘é@ée}{ER‘éﬁ%tfégeén.abq%mver , noderately

absorbing structures (e.g. , Figures 12 and 13) are

consi der edf or various enbodi ments of the present .
invention, thdregsion galu@mm@ettlﬁécasly@géwaqi%ﬂ%"e%%ﬁtagaﬂable from

Jeeqed §anohRat eofﬂ%?atmnc "(%E&ﬁééj [0t Pl idv@nticl)on), Cambridge
application to marking, the patterns forned nay be _
al pizcmotegies anh Seamct @rssl. TIVh eExemptlanyneptions edamrassopiated optical

R B8 e TS B2 WESb TR 1B 13 fgence s or e
humaarre@adiRb 221 #ith prdgram@able kpdtisive adjubiarent 322yrantd €2) a widefield
achi evabl.e usin orﬁ or . nore, eﬁg&di malgts of. t he h

pr e POFrORIFRIVASY Brm 244 and (noferirerdynamic forys adjystmentegd oot shown,

107" Ky iFsReq6j. on system 201 (i.e. , Figure 14) to
Identify the patterns, or the inspection may be
included in a separate systemor station of a

manuf acturi ng 66 RTe 5&%@%@%‘? h86 iy RUArh AR &sERFR!illGstrated as

vi si on technol ogy, I nstance pattern recognition
sy staerefrastiygpbptéxl byst@ogniaxgmbadimentaywhisee ademitosesonddaser system

identification. \Wen compared w.th cqnventional. r.

rar R PRCE L O QUL Fstle PP et HPkigEef mproved
Pr ogieeemiice s GOrdstile o diFpedsion dortprhéaehy Fdrsexasipld, @ ultrashort
to illumnation conditions, including camera an {)e and

19§ gipuissgmangree avervelengiligreahge abaytr gy Py ,m%?a out the central
cer tal R1eAPMl | EdhdoOittos, Trc. IhEsupBlikSof RRdskcdrd dpiRIE¢ponents.

that 1s at | east g@aki y dependent upon illum nation or
vi ew ng angl es, the inspection vision system 201 may

be i npl elrlTen_t e%)&&&egﬁﬁ%ﬁﬁgﬁs%%pti@ntxﬂic?&e)&ﬁ’}eg %?lbeé)gg&ﬂégg in a non-

the | ens" vision systef contiguration I ntegrat

Wi t himbient gathuspheree tvath prosésing daoried nst e pradessimgehamber.  The

correspondi ngnt o,Figures 18. and 19. .
processing atmosphere®may containing gases or may be a vacuum to assist the

20 formation of microstructures. However, it is preferred that microstructures are

formed in a open atmosphere of gases, and it is most preferred that the workpiece

is placed in ambient air.

The microtexture created reduces reflected energy off the surface of
the workpiece. Generally, the microtexture created is spike or cone-like structures,
25  onthe order of or smaller than the wavelength of light, the surface profiles of which
are illustrated in Figure 5 as an exemplary regular arrangement and Figures 12 and
13 as a microtextured region with reduced height variation (peak amplitude) and
regularity. Very highly absorbing structures have been made in process chambers.

However, moderately absorbing structures (e.g., Figures 12 and 13) are considered
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The substrate material nay be a netal, a silicon wafer

(bare or with various coatings). O her exenplary
woraoeniHks i ncl ude i norgani c or organic di el ecP€T/TS2005/021955

(including lowk materials, netallization, refractory

netals, and plastics). The material to be marked may

be part. of L.t ' ' | C ' :

oy B s oS BE 2 pfeGo it ey, deGCHE T system

mat egquiriementg neededrtoicneatgtn inticatexurgdmeégionl. el ectri c,

for instance a passivation |layer. The marked areas my

be pernmanent, sem -permanent, or erasable so as to be

utilized in theapplicgdmo dfarkig the pitteensfolhédmae be alpha-numeric

devi ce, for instance, to control or select various

f abfhasagtersn Theappdterns farpehmgy beJogatyresncihigpattgrns formed may be
MUl HPRherbAhbRe rfl“l‘feogﬂééi:ﬁs%% BPLYo WhaRRRALREdable. A font size of
structure, processors, peripheral chips, etc., RFID

t ag§ipetvitin, .3ameh ishachigviable ustngopee ar moig@mbodimenty ofvthegpresent
for.efficient integration into existing systens

supbl}viegtdm}'o the sem conduct or industry, an ultra-short

pul se | aser source is to be included within a

commercially ft-mark t of wafer, marki ng system ; .
such as the C_é?‘e E’Cﬁ%’iﬂfr@ﬁ'&ﬁpﬁr&ﬂ/&‘?@g@i‘a dl%)gﬁt}(}lnﬁé’?tgm@l (e,
I egFir 94 VR iHEMTy kiRSeiteiié s beie dhsdpeEtiat ¥ Be @fcided in a separate
included in a later section. The soft_ marks nornal |

10cr esYstam o station\pffeeMapARPHBE PYRcCEm SOBMEpiaHY @bl machine
sha , f | I L .
PR ARG SRS UL RIS Copn,
r equiayetss ueedhaninpak identifiopidne aWishacngemared withugsingentipaal wafer
or opupine Exuoliede dpdyffnb R0 adiog i THRIUER, pieh contas
t he n_ihelgsr,nrélﬁtwgl}t igneersiﬂbe t¢ Alueninakion don}iieignatihcﬂndingﬁaxbera angle and

carrjed out by desi ractj.ces well-known to those

15K Pebins e veirs B 1R GHIHETY ol BRI PR RS hghe marks

- SYSL&NR-in YRagéryahatRe i Yaky wEAGy BEpeadMaripoh iusiMa¥ion or viewing

absorbing marked area may be iTtradiated for sybsequent _

pr oergles. fieg iaspestion vigionsystemi20d snayeherigpderagniedhiog replaced) with an

t g PO BT o AASACHRTRAEY B R, BoliRluling, 1Aeba wihin &

galvanometer system, for instance designs corresponding to Fiéures 18 and 19.

w

20 The substrate material may be a metal, a silicon wafer (bare or with
various coatings). Other exemplary materials include inorganic or organic

dielectrics (including low-k materials, metallization, refractory metals, and plastics).

The material to be marked may be part of a multimaterial device,

which may include a layer of silicon dioxide on silicon, for instance. The material

25  may be an inorganic or organic dielectric, for instance a passivation layer. The
marked areas may be permanent, semi-permanent, or erasable so as to be utilized

in the process of making the multimaterial device, for instance, to control or select

various fabrication steps. Exemplary devices include a multimaterial semiconductor
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i nstance | asers that operate near or beyond the
absorption edge of silicon. Various studies have shown
woiznavia2ared absor ptance within the m crotext ur @dTnSgI08/0%1955
both in the visible and the NIR Near and beyond the

absorption edge of silicon, high power processing

| as | 1 Y4 t I
| 2chapES RS0 LA DBl PR A VD e
pr odMEMd,i arel thatltker ni ng that is processed with a

coarse secondary beam and conversely, the first step

may produce a coarse mark that is finely patterned

Wi th the secondainyg asta@gemdicalidvsiay Bomeffickne iritegraticayinbeexisting
ablated in a _m crqnachi ni ng st,egvvith controlle .
deptWystepp sPRlisd &0 ts semiconeiicier g %{y,taﬂiugraamom § lasgy source Is

be T @hetinGudtd' WiosE abmnRABMI SR matl 9k B8 wAP niafing system such
mark, creating a negative "w ndow' mark on an

abs ashthe ¢35 lewroniey WaferdMark biigmaClener oReteils megagding ryarious laser
pat t i ' I e ted
P20 50 Bk 0 ) SEA el PR Al o pomaly e
modi ifi thel vaiferd@arking by ssame and sepyacied rveidi sltallow, 108-refléntance, angle-
operations to prodyce the m.crotextured region _my be .
car r'iPEPSBLE W‘Bﬁi nlf%tegry?g‘?lérﬂfa o itrﬁgsijp'gt %‘gg{? Eas'e_l[' ggﬁPréﬂ'e Tequires
184, Réchahical 2l bpae# dharlges &t doaplel the 1o iBipyfiaotandptigal path of the
process. Figures 2 and 20 illustrate several '

conpBadines DRPRASAICHA beam 1 the oRtIgH PaRuand) fogp b e dsamgonto the
Syst ﬁlg%tg{lgt tﬂ%%ﬁteéb’aﬁbﬁ MAOPPOREB SulBY d&ed bmc{ic?ers_rvﬁegl-known to

i dent 0 those used I'n the ultrafiast System

| as ethoseXkiltpdrinrthe e of Hesigniep laderrieapy proesssinggysemm A
beam posi ti oning system which may correspond to any
sui tabl e arrangenent of optical or nechanical beam
posi Murial RemoeiliBresisg aMarkocuses t he secondary
processi ng beam 126 onto a m crotextured area of a
wor kpi ece. The secondary | aser energy is absorbed by

1§he m crot ext UK &ghl{ @bsbrbin@liRarked ardaSmileBé dlad@iidd tfhesubsequent
I ncreased tenperature is sufficient to cause a phase

chargecesping heccpding jta| variphe Bethedy of ythisr §1684eThyg A secondary
120 PBYiaR8n %Weofasggthéta%%rmore weakly absorbed in the substrate, for
instance lasers that operate near or beyond the absorption edge of silicon. Various
studies have shown increased absorptance within the microtextured regions both in

20  the visible and the NIR. Near and beyond the absorption edge of silicon, high
power processing lasers can be used with minimal damage to the normally
transmitting substrate. The first ultrafast step may produce fine patterning that is
processed with a coarse seéondary beam, and conversely, the first step may produce

a coarse mark that is finely patterned with the secondary step. The absorbing

25  material may be ablated in a micromachining step with controlled depth.

With reference to Figure 23, this ablation may be for the purpose of
removing or erasing 410 the mark, creating a negative “window” mark on an
absorbing field, or it may be to micromachine a fine pattern, or trim an electrical

or mechanical parameter.
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Preferably, the laser 120 is selected to m nim ze

damage to non-m crotextured areas. Mst preferably,

wda tves/basEr beam 126 is transmitted through theCT/US2005/021955
non-m crotextured material. For exanple, if the

material is silicon the preferred wavel ength nmay be

about 1.2 m CiEofge 08 Hows aYicRfle:GulZa TR, ﬂhﬁ?‘ﬁrr)lom% §t 420 with
the silicon transnmssion I's generally nmaxim zed

Al t eecoadary éﬂrydiateiaommme’ﬂmi (@Ietayiomltaiprablce thie. Bitrotextnred region may

w aergadrehBidh Rdlelarfs i syt uiR Rt tocadon

I nclingR Mty proséssges 208 for noving the
wor kpi ece relative to the processing beam in an
arrangenent simlar or identical to Figure 20. The
speam posi ti onipg, sy S hRMMUstrAE seveil SorRScHEN GG Mmay be used in
240,242 to m)\fgglt he beamrelative to the workpi ece %]md
a f GowsOIRrY Presessing sysies iani dhesh sy lemEFOMROREHA aAAYS be sianilar or
ot h t t Wi rahl
dep%e&&lgg t&hgﬁ)ﬁéa gres?d V%Vtégglﬁ]té?fﬁg %)g%%n.si ’iz“llée 9R0E113b! Yenerates the
I equédonday tpsoceskinpieant. hAdehml positionsig dgstern) which regyccorrespond to

The beam positionin ste a_conbi nat i

of 208 G RRRL O A 3 Gy o BARRORAY, Sivers and
100" 0G8&ISES thed S&dBnlflyapio¢essig baﬂn vxmskpntecs mrmtektemit area of a
two axes. The beam positi oner 05| t| on the

wai StOrkRipes: | \T@etsscqwérW%p?I@é@ 8 Rsaehed nlﬁvg}?ewecrat&émre The
of  OfieroPdxrdfRfi ?%ﬁegéd £/ (8 i RTBRES tehpePitiretid @uﬁi@ié‘ﬁf‘fi%a!ﬁse a phase

| aser system beam positioning system nay nove the
beamchawgedn theenateriek to t he workpiece in at |east three
axes. The beam positioning system nay nove the beam

wai st relative to the workpiece in at |east three axes

usi ng vari ous mﬂrﬁetmf}opﬁ)cm‘smrgdumﬂaﬂ ndy oph iYAG or CO2 laser.

ys e n nts axis translation 246' usin
el tedesen d 4 s3efie B Famiri e Kaagtiagieg-mifFBared areas.
m C'I\%s@’b?éféx%ﬁlﬁ&lﬂ@laﬁ@)’oebﬁi ferisednanieed eiroggh ﬂxe&ﬁ)n-mlcrotextured
enbodi nent of the current invention, but is

r estmateriadd Fos examplgs Hohe matesial ispvilicondhs ﬁgefer&%wa&?lmgth may be
the p&ftr PE%%*HIE ded. %h? etl&nﬁjﬁlcl[a?e"i‘f’ & hehe teSdili&st rABmission is

coeffici€nt of the“wor ce materi
generally maximized. Alternatlvely, a commercially available 1.32 micron laser

20  may also be nearly optimum, and such lasers are widely available.

The beam positioning system may include one or more stages 208 for
moving the workpiece relative to the processing beam, in an arrangement similar or
identical to Figure 20. The beam positioning system may include a beam scanner

240,242 to move the beam relative to the workpiece and a focusing lens. The

- 25 specific choice of components and other features (e.g., lens coating) will generally

depend on the laser wavelength, spot size requirements, damage threshold

considerations, etc.

The beam positioning system may include a combination of two or

more stages and scanners to move the processing beam relative to the workpiece in
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The irradi ated material may be ablated fromthe
surface to renove the absorbing structure. The
WO 2a0e/dizazed material may be nelted and recast ROI/O$2005/021955
an area with nodified properties. For mcrotexture
formed on materials with a transm ssion band, it is

preferr elect i . .
oAb R ol Tt B U IR vt et o
M cretrkpiteer through trovemevey246t b ope openctrieesptizhl elements within the
m crotextured materi an_be dified and the .
o opGoRHa 5 A e e etmt rostreti SateRb e diui g bgam waist
The rgas@N@athy WaRRiecwin dndeast Mrebcases ETg beawhpesitioning system may
corresponds to maxi mum transm ssi on through the

SnonmeRtthe bermiaist Felativertg thewarkpicee in pt least three axes using various
non 'ch%ﬁfn'dE&% 5 €8O8R ! oﬁﬂgﬁi %/Et%f?ln@oxﬁ&ﬁleﬁ@ Gofid alaxis translation

beam may have a wavel engt eyond t he ‘absorption edge

of 8#6%1 eang, fooexample,anmetogizedvafer chugk assemblycr ons. | f

the non-textured material is glass, the wavel ength may

be in the visible or near IR region. In sone

appl i cati ons iTthe nmiyrotextuted arealmay Hedforrsel accbmabrg tot damatmbodiment

is ahsorbed in.the mcrotexture and the adjacen .

mat QPit § COECRS %VCEQ%[)Q}S 1SEggtth§?rlq£?cgl59 £tré§10{t01a§%1' processing.
10" el @e%ér_all? el lrote QB Sre® N B B&Fedds ithdraflection coefficient of the

comercially avail abl e pi cosecond | aser to form marks

on #orkpiest BatsERk at es havi ngground, polished, or

snoot h surfaces. Laser and system paraneters for sone

mar ked regions are as follows: Figure 25 Ginded

si li con waf er Theiitridiafeduhaterialkiay besablatedofrero et urr@ee to remove the

Ve bR T TR RPAGLP BalcBhPrd) el 38t to form an

area with modified properties.

15 For microtexture formed on materials with a transmission band, it is
preferred to select a laser wavelength in the transmission band which is absorbed
into the microtexture. In this way, the properties of the microtextured material can
be modified and the properties of adjacent material can be left unchanged. The
secondary beam may have a wavelength which corresponds to maximum

20  transmission through the non-textured material. For example, if the non-textured
region is also silicon, the secondary beam may have a wavelength beyond the
absorption edge of silicon, for instance greater than 1.2 microns. If the non-textured
material is glass, the wavelength may be in the visible or near IR region. In some
applications it may be desirable to use a laser that is absorbed in the microtexture

25  and the adjacent material

Marking Examples

Each of Figures 25 to 36 relates to actual results obtained using a

commercially available picosecond laser to form marks on silicon substrates having
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Li near mark speed 100 mm sec; Line width 115 mm

Energy density 0. 15 J/cnR; Peak power density 1010
woWwme2120ver | ap: 34. Figure 26 Ginded siliconCcwakzns/021955

Mar ki ng conditi on: Wavel ength 532 nnm Repetition rate

30 KHz; Average power 500 mw; 16.3 nj pul se energy;

Li ne r d o i
Ener B B EoRER o o S Afaceer T8kl il bydfth Bifameters for some
waf emarkedrkgions areradifollovs: Wavel engt h 532 nm
Repetition rate 30 KHz; Average power 300 nw; 9.8 mj
pul se energy; Linear mark speed 16.6 nmm sec; Energy
density OFigudd 252. Figure 28 Ginded silicon wafer
(wi th good maré),; . )
> rinded silicon wafer (with good mark);
5 > Marking condition:

> Wavelength 532 nm;

> Repetition rate 30 KHz;
> Average power 460 mw;
> 15 pj pulse energy;
10 > Linear mark speed 100 mm/sec;

> Line width 115 pm;

> Energy density 0.15 J/cm?;

> Peak power density 10" W/cm?;
> Overlap: 34.

15 Figure 26
> Grinded silicon wafer;

> Marking condition:
> Wavelength 532 nm;
> Repetition rate 30 KHz;

20 > Average power 500 mw;
> 16.3 pj pulse energy;
> Linear mark speed 100 mm/sec;
> Line width 140 pm;

> Energy density 0.16 J/cm’.

25 Figure 27 |
> Grinded silicon wafer;

> Marking condition:
> Wavelength 532 nm;
> Repetition rate 30 KHz;

30 > Average power 300 mw;
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Mar ki ng condi ti on: Wavel ength 532 nm1 Repetition rate
30 KHz; Average power 100 nw; 3.3 nm pul se energy;
wobkoewdei2zaar Kk speed 100 nmmi sec; Line width 40 mow/uSae@sgy195s5
density 0.26 J/cnR; Peak power density 1.7 x 1010
Wcrer. Figure 29 Polished silicon wafer (w th good
mar k) ; Mar ki ng, condj i on: ngth 532 nm
Repetition ra?'e 3O%K§$?B%3éé\?gegg§’pomr 100 mv; 3.3 nj
pul se energy; ‘i nedinemrkarkppessl 100 mmfseac; Li ne wi dth
40 mm Ener gy densi 0.26 J/ :.Peak power densit
1.7 x 10 10 W'ene. ‘%ﬂ%/eé%xg%nsé‘%@?ﬁ?(&%'Ob 511 con vaf er
(with mark on specul ar surface); Marking condition:

Wavel engt h 532 nm Repetition rate 30 KHz; Aver age
power 7. 2Figuge 28

5 > Grinded silicon wafer (with good mark);
> Marking condition:

> Wavelength 532 nm;

> Repetition rate 30 KHz;
S Average power 100 mw;
10 > 3.3 uj pulse energy;
> Linear mark speed 100 mm/sec;
> Line width 40 pm;

> Energy density 0.26 J/cm?;
> Peak power density 1.7 x 10" W/cm?.

15 Figure 29
> Polished silicon wafer (with good mark);

> Marking condition:
> Wavelength 532 nm;
> Repetition rate 30 KHz;
20 > Average power 100 mw;
> 3.3 pj pulse energy;
> Linear mark speed 100 mm/sec;
> Line width 40 um;
> Energy density 0.26 J/cm?;
25 > Peak power density 1.7 x 10'° W/cm?.

Figures 30a and 30b
> Silicon wafer (with mark on specular surface);

> Marking condition:
> Wavelength 532 nm;
30 > Repetition rate 30 KHz;
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0.24 nj pul se energy; Linear mark speed 100 mmi sec;

Line wwdth 8 mm Energy density 0.12 J/cnR; Peak power
wodernainip40. 8 x 10 10 WcenR. Figures 3la and 3eOT/SiSkios/on9ss
wafer (with mark on rough surface); Marking condition:

Wavel ength 532 nm - Repetition rate 30 KHz; Average

power 7.2 nw, [.24 gl,ﬂggéﬁﬁ]”@rnpggyw Li near mark speed

100 nmmi sec;

Li ne w

Energy density 0.12

J/cnR; Peak power d@ﬁéwputst,‘sne(gsmlo WcnR. Figures
32a. 32b and 32c Si JKj“%onm eémdwg’ lLine mark
it hi | %r Cand

within

.28 mm); Mar

Ffon- &1 ength 532 nm

Repetition rate 30 Kiﬂz,wmhe&ﬁgle power 7.2 mv, 0.24 nj
I Ui . :
gu se energy; lneairEnergy en51ty%d121?/cc) gmsec Line width

10

15

20

25

>  Peak power density 0.8 x 10" W/cm’.

Figures 31a and 31b

>

>

Silicon wafer (with mark on rough surface);
Marking condition:

> Wavelength 532 nm;

> Repetition rate 30 KHz;

> Average power 7.2 mw;

> 0.24 pj pulse energy;

> Linear mark speed 100 mm/sec;

> Line width 8 pm;

> Energy density 0.12 J/cm?;

> Peak power density 0.8 x 10" W/cm?®.

Figures 32a, 32b and 32¢

>

>

Silicon wafer (with 15 line mark within .28 mm);
Marking condition:

> Wavelength 532 nm;

> Repetition rate 30 KHz;

> Average power 7.2 mw;

> 0.24 puj pulse energy;

> Linear mark speed 100 mm/sec;

> Line width 8 um;

> Energy density 0.12 J/cm?;

> Peak power density 0.8 x 10 W/cm?.
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Energy density 0.12 J/cnR; Peak power density 0.8 x

1010 WcnR. The sanpl es were nounted on X-Y stage, and
WO tdee/oreaek | i newi dth was varied by adj ust nent BET/ES2005/021955

conmbi nation of the optical systemand incident |aser

energy, the adjustnents controlling the energy density

~incident on 't h%hmlggf‘gﬁfemnim%ﬁﬁ%z %ﬁd@ﬁe linewidth was

mat eri al sanpl es wer en using a ens
(bri ghtiéd &l didjusimennsof apeoslisatém ahtheCfibicahsystean and incident laser

(scaffiral Beateeirem Srboligayd SherReRtoATonfactep e material

m croscope). Certain marks were al so conpared with
mar ks forned using a nangsecond |l .aser syste

The )
number of pul sd§€cBIABESPbHI MYricd BalsHR ?WTS% were taken using
5 newydhi £ At 1B COMHIRE) hRIdICHFe BIIEE ah8REEDlda@era. Various

rate, linew dth, andtable speed.” For instance, Figure

25 coegiesspuerdprofiledasiapgitherch PeMs@eanding alertrongaisroscope) or AFM
trav r ' 0 | ' .

l'ist Z%oﬁ%gcs{é)?éeglg{rag&ng?%el) S égﬂglnr%lsu tshg?lgé £ %ﬂléaer r eétnggaergs formed
as exsinpl amynasatdndr lasdrasysteimri t Theg nuifiber bépaises corresponding to a

par anet er opt.im zed, ar. adj.usted based on .. .

Ve Bahs Datuidf A AP i G RREE o i, fipgidtn, and
10 es eqHieépRbs e FoLindfan€) Figurg 25 cBiréspoddy foBdsapptitd pelsBusing stage
and adjustnents nmay proyvide for further inprovenents

i n coaveleorresprndingeithe lingyddy of 119 rine | i new dth
corresponds to an effective spot size on the surface

wherein the fluence is at or above an approxi mate

abl ation thr esHbedliséd dasetr qaramatenacand ir¢sulis careaoepe regarded as

fraction of the . 1.8 a ' r .
the. FHBalR: i P8 Xiniod PN aied afihete) A2 B AR or adjusia
pr of ibheedich irfolus peddessncdnidivionedsuafade EGnighaesarfigane, phesence/absence
regi Eg above thresogol d carres onda to the FWHM

t h,
Khe RbPRIEKENT NAHPH TANEmBRS 2R AGRISHREELS Jay HRroRRydpr further

Al S0, imBRvemeRs ih bortfasPardieddnkiyy.const ant fluence
threshold for a specific material, |arger |inew dths,

| arger spots, generally require nore | aser energy than
Generally, the linewidth corresponds to an effective spot size on the

surface wherein the fluence is at or above an approximate ablation threshold of
silicon. Hence, if a greater fraction of the spot is above the ablation threshold the

20  linewidth increases. For example, if the spot profile is diffraction limited and
Gaussian and the region above threshold corresponds to the FWHM, then the
nominal kerf width will be approximately the FWHM.

Also, as a result of a nearly constant fluence threshold for a specific
material, larger linewidths, larger spots, generally require more laser energy than

25 small linewidths.

The laser used in the experiments and general laser system

specifications are as follows:
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small linew dths. The |laser used in the experinents
and general |aser system specifications are as
WO b@blom1g4 Cormer ci al pi co-second | aser from LUPET/ES2005/021955
Laser, Mddel Staccato; Primary specifications: Pulse
wi dth 15 ps; Wavel ength 532 nm Repetition rate 30

KHz; Average p eggiggpi?%g%spﬁgs&%gk%%%ﬁelrégtg%? Model Staccato;

r
pol ari zat i on; square an 1. ()
t hat whenever Prinmay sproifeaiiasti on is used the
direction of stage travel. al i gned perpendicular to
the pol arizati6n di %B@?P’qufm%ipdures 25, 28 and 27 show
marks forned om a gmodeRngthl 332aim;substrate,
exenplified by the grind direction (as opposed to

dni form specufar bgékfé’r"é’ﬂﬁa‘)‘v‘.30ﬂfné@r es 26 and 27

provide a rough testofiob REwePlsPE SEhE &slis)M ndow'
whi ch represent the gneaggyli} ‘Fvgngse over V\,hischs)éccept abl e

processing i s achi elantar poleritasioger |inewi dth (140
mcrons) in Figure %ﬁs@%‘%ﬁ%&o@gﬁﬂﬁ a larger fraction
neter h

of the focused spot di above e abl ation
threshold. A slight heataffected zone (HAZ) is shown

in the regiqns ere | ting occur.s, though .

st s rogater weRer sy 208z ons brsedhe Gieciopaf sage travel was
10l t ﬁﬁ%ieﬁrb%ﬁpeﬁ&i%uﬁ?W%-poﬁr&ﬁﬁ&ﬁd@&ti@ﬂd 29 show

paraneters and results where a 40 mcron |inew dth was

produced in the X and Y directions, respectively. The

pol ari zati on neli - 0 f -
travel . Figur \gg?gopggsr Eg’og{s %g!igz’w %H%BJ Hgdégg .f(%%{tfha%g ré’““d silicon
i || usubstrete, ienpmphiaadl hyrthe geindidisection (a8 oppaaed yo uniform, specular

:gzgk%/c?(%r u%td;.erlﬂgg\fieg ryénan% 2'?’ prrT(Wicﬁé %Sroﬂgﬁ tés?%if e “%rocess energy
window” which represent the energy range over which acceptable processing is
15  achieved. The larger linewidth (140 microns) in Figure 26 corresponds to a larger
fraction of the focused spot diameter above the ablation threshold. A slight heat-
affected zone (HAZ) is shown in the regions where melting occurs, though

insignificant. Undesirable slag, debris, or severely melted zones are absent.

Figures 28 and 29 show parameters and results where a 40 micron
20  linewidth was produced in the X and Y directions, respectively. The polarization

was perpendicular to the direction of travel.

Figures 30a, 30b, 31a, 31b, 32a, 32b and 32c illustrate improved
mark density and a clearly resolved pattern within a .3 mm (.28 mm) region, a result
which demonstrates capability to form finer indicia than available in current,

25 commercially-available, laser marking systems. Figure 30a and 30b correspond to
a specular wafer background (smooth finish), Figures 31a and 31b correspond to a
rough back-side wafer surface, and Figures 32a, 32b and 32c correspond to a
polished wafer. The enlarged photos provide some local additional detail, the

definition and sharpness reduction believed to be caused by various limitations in the
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whi ch denonstrates capability to formfiner indicia
than available in current, commercially-avail abl e,

WO b@s®r21e@r ki ng systenms. Figure 30a and 30b coPeEEpINE021955

to a specul ar wafer background (snooth finish),
Fi gures 3l1a and 31b correspond to a rough back-side

o S A SRR AR SO MR e
| ocatolkddng addicibnalataiered ligte, aef dthiet fawtorand'helaglpremsast images

reduction belieyed to he caused. .by.various limtations
in tFIEESPOy to i€ i IProHmate H@ggg fon dg&éemugec{n gﬁg%’typlcal mark

the Pda@ér/iNspbctifh sydiém croscope col | ecting additional
scattered light, and other factors. The hi gh contrast

i mges correspond to the approxi mate magnification to
Ee used by a tF@gé@'%%ﬁ&ﬁ@@&rﬁﬁrb ﬁ%@@?édnﬁ‘ﬁst&ﬁﬁ&%&aimd with the

i gures 33a and 33b conpare a high contrast mark .
obt apivestcand systene (/. cBigerecidd) witk aerark foraned with aytypical nanosecond

33a), with a. mark. for i §h Ihcal n « »

| as e}a-s%ré%aéad %?Eﬁnﬁgsyggég} glrﬁt( iF?%uw%3é?g uﬁge @%@;@9&%{%6 dark” mark
nanosgteedoligmess' is mat kigaificimtyealteoet hwieseasitbe midrotexture is formed
significantly altered, whereas the mcrotexture is

for wBHldeﬂﬂVnKﬁ‘etﬁ’fF?FePW@ rE}I'ﬂ‘ﬁ(cms,econd mar k. Fi gures 34a,

34b and 34c show SEM i nages of the marked regions

further denonstrati ng@t he presence of the mcrotexture

18r oduced wit h Fisres s ddonrd 2esthem SEMrig1agei et themprked regions
34 ; j .
s oanfuritep UeiBisiatile B8 pr@ERior MEAfHefiAE pllfbe 7 the picosecond

st r usysteme as édlowsFi gure 34c SEM of white mark by ns
| aser;

Figure 34a
SEM of mark by ps laser;

15 Submicron structures seen.

Figure 34b
SEM of dark mark by ns laser;

No structure seen.

Figure 34c
20 SEM of white mark by ns laser;

Larger ridge structure seen.

The nanosecond results show only insignificant roughness (“dark
mark” case), the surface roughness variations evident with the picosecond results
were not detected in the nanosecond data - neither the “dark” or “hard” marks show

25 the microtexture. The deep marks (traditional “hard marks”) also show highly

undesirable ridge formations. Of significance is an observation that even for “dark”
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Larger ridge structure seen. The nanosecond results
show only insignificant roughness ("dark nmark" case),

wobbme/032r4é ace roughness vari ati ons evi dent w t RCT/WE2005/021955

pi cosecond results were not detected in the nanosecond
data - neither the "dark" or "hard" marks show the

m Crf? %)s(éc]ldhﬁ marR€ ( gﬁlag@{] 1v(:fyr§1% MV%B%JS ePatE)d hard marks”), the

OMIhI esr'rable ri or mat 1 ons.
o‘ smg:motbxmms @ot detentedab sker mgesotortespondiag émthe manosecond marking.
"dark"nanosecond mar ks (which are relatively shall ow
conpared to "hard marks"), the mcrotexture i s not

detected in thBigurRg®shey SESPatges gbtaimet from amaked region of a
mar ki ng. Fi gure 35 shows SEM j nages obg ed from

e KERIIShEdPaIFT oA SirfHF TR SBET At thies SEMLBRERIBSHsS; 45.000X,
§ hov‘@ O@bXt B2 85 950K MBE k& bARIarylBotHOA the @n&ﬁ@(and unmarked

and ODX. The texture boundary between the narked
and mgm ise@VId@g4 oveni withvhel@atishedvhaskgiiound tvasiapions; s kiagther, the

bac k%ﬁa%ﬁ qe eﬂgﬁ?r?f Fﬂ‘fd C}Hggolksh&?baﬂ%ﬁ%%ﬁd aFEPAIPQag JfeS - ridges

peri phery ground®are

sl agarfdlmfhelghtdt%hgﬂbm kerf height negligible. Figures
36, 37a, 37b, 37c and 37d show neasurenment of a marked
réegion of a polished wafer using an AFMto neasure

surface hei ght pigufasB613¢4,037bs Br¢ahdIBRS sl nRMsudefiént of a marked
wi th peak hei htS|nthe T ange_of tenstog edsg%‘a)
1Ranoragiasy f a nHishesbaeR BN 2B G it BerBlF SHrdace dietedtyy opitp-micron

tot ?uc?tﬁ@'é -5 G ide A, ’wx%ﬁ 84N heli hf%cfn' Qﬁafang@fdfet@ﬁsa&?%undreds of

resu hown in earlier flgur A very high contrast
is anzmomﬁmlls e Therpalisheslibankereund regignk ersespard g wimigpecular,

for gt o%%rdure?ﬁ@rgi? %éﬂegﬁn&f e&ﬁﬁ%ﬂﬁ%ﬂ IEQthQPf] ﬁ@g.k %dvery high contrast
Specufa wat er regions. TRSuch” a case, Reindi cia
nmay Al anhldvablel fealspey:uthir stdfagbackpeadnds pmvﬁding kfalcklgalomcdgnition of

147§ Bl SRy DT PR TGt ST § Caifogpe 1dicia may

mar k@lgorﬁé'aéh%ly’\’fﬂlﬁ hfsmai fi@é&ﬁhﬂﬁﬁﬁ’oamﬁ%&@ﬁﬁr dsm:gn AFM or SEM
refl ective back roung of exa is al so

pos sMgRRIrementy Pighokilk qx@@PBf)ﬁ"thﬁ aisftferpm IB{teXtWiE- f or ni ng
a background which is mcrotextured, wherein

The examples generally show marked regions which have roughness

greater than a reflective background. By way of example, it is also possible to form

20  positive contrast indicia by forming a background which is microtextured, wherein
the indicia are highly reflective, and configuring the l_ighting so that the indicia have
positive contrast relative to a dark background. This example may be of interest if,

for example, the system throughput is not degraded (or is improved) using the
technique (e.g., wherein the total area of the indicia is to be greater than the

25 background area). Further, certain applications may require such “reverse contrast”
as part of customer specifications. Other similar variations and alternatives can be

carried out without departing from the scope and spirit of the present invention.
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the indicia are highly reflective, and configuring the
lighting so that the indicia have positive contrast

wOo Bleti2ees t 0 a dark background. This exanpl e mayr/be0a$021955
interest if, for exanple, the systemthroughput is not
degraded (or is inproved) using the technique (e.g. ,

wher.ei n hbe } area of the indicia is to be greater
thaﬁﬁf—% nd area). Further certain

appl i cati ons may reqU|re such "reverse contrast" as

part of custoner speci atio

vari ati ons an%ﬁl@&%?‘?@%gv%gﬁreﬂéseé3F?qsté’cpr8§‘fcev\m Righycontrast
depaEsuit8f the Ql%%h@or%ﬁ%&&aﬁﬁ% iifluddsta mbdé foekdr &zitntor and a diode
i nvention. Laser Enbodinents The comrercially avajl

| as @rmPed okidystaieolaiE AmmicR; gmcce;sequa@itpwésam @gaI@P?et yyh pulse
Sabo\f)ﬁa\ﬁ@té% ﬁf@g&l ISdI 5}%eUdlq1% RoftR@ea hé@@lkﬁgtem is generally based

osci'l | at or solid-state l"aser
anplupbn the. rea;tummtsofnd pmlac paer gy Aepetisionirdtedverage PAWpL [pylse width

par amet ens n [ f

| asdFauEFd; g,lﬁf?‘gl tﬁéﬁe glgfelnaﬁg)ase 9‘3%%&” tg)&?gﬁu ?deﬁm?] sufficient
f Olr t® Lﬂlﬁzge ﬁbﬂ@ﬁ@ywnhgﬂﬁé Bltatmhsﬁoaklee oﬁ\‘/lmrragerlpimneﬁace. Useful laser
pul se width require o irra r.ial

o REERERS 151l iRy UUR- fy S3AM cRinagiole?. Oher factors
1d Ni tlhc'-’fﬁ(fe apk atcbgn r¥dbiit), tah@ @P@hé Praciealt c§1hs¥(ﬁ:r£tibn% h@r use in
mat eri al surface. Useful |aser wavel en]gt hs incl ud

e

nearsemRondycsorpredyciiog envisonmery for gxample; A pifdhe- shelf” solution
Q h% dEAFAH SvHeRCAVARSOIS! Z?ref&%ﬁg tﬁ@llés@P' #rétléﬂ/l is@patible with

ious practical consideration use
s e ma&axtabﬂmrhamkmgr&qdumtﬂno rfoxeuman@rth@ mmmemalls!ﬁaﬁpn@ k tyge of wafer

"of f-t hel f" d bl
pr e Ry StemnT B b e U LR RTMARE Bated' ©
avai | abl e mar ki ng equi pnent, for instance the
ESHAIRSARRRE AR (N M E ) hed “Lasr
uch as e S )
Publy Féaeﬂ' stdnfor MERSYy 13RR h’k&%sﬁ%ﬂ@ﬂc@&@&ﬁ@Lé&ﬂ@@% assigned to

entit "Laser based"System f or Li nk Processi ng
wi t KhePassignse o dhe psesent mvp@lcmsgncbrs;ehr:r@w fIfeTREsated fadts entirety

of thlg? n?r eﬁﬁﬂ{qeﬁ YRR 20 VQI”&JC? &h&?[a‘??fndog%ﬁﬁ%s{é} 8fhtdrfls which

its ent & ein: el dd are vari ous
exermd;aby mect@senmﬂiﬂed derenses ins bmarer winre lenhwgdirhbents) ©€ dhe present
2(g: edBYRN Tod; ftll()l?d b?rpartlcular interest are’ the s&ctt o%délﬁetpeds“ﬁlcoseggnd Laser
Embodiments”, Figures 6a-8¢, and the corresponding portions of the published

application.

Published U.S. patent application No. 2004/0226925 entitled “.Laser

System and Method for Material Processing with Ultra Fast Lasers,” is assigned to

25  the assignee of the present invention and is hereby incorporated in its entirety
herein. Included therein are various exemplary femtosecond laser systems which

may be used or modified for use in one or more embodiments of the present
invention. =~ Of particular interest are: the section entitled “Ultrashort Laser
Embodiments,” Figures 1-8, and the corresponding portions of the published

30  application.
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invention. O particular interest are: the section

entitled "Picosecond Laser Enbodi nents", Figures
wocme@e21and t he correspondi ng portions of the poabiS2e6sad1955

appl i cation. Publi shed U. S. patent application No.

2004/ 0226925 entitled "Laser System and Method for

Material Pr 00%256 I

assigned to th @gl gﬁ{%{g1 fgf {h{éﬁ% P%(%tglggt% ?P%\?g?}\tlﬁs%ort}edalﬁaorporawd

i s Ipateabgpplicetmonsonat Bompdified @remc atr shifedweavelengths (e.g., green and

| asdl VEy Teme S BB B o P F A AGR Blerey may be

one a@jusfeart® @edate vasiey dénsithecquiresents winly eeﬂueann offincrease or
articular interes %ﬁgre t he section entitled
Ul aRAIF 82inAS dFederB AT oREMt & 2 TeRYigh GTaY ¢Sk t he
correspondi ng portions of the published application. By
way of exanpl e the | aser systens of the above-noted
i ncor por at ed [fanagsing deyplopmants aresexpasiedo leadifa ineigaged commercial
use t A\l
yor Bl O PRSTIEICRE b ford Fiber daBERORi ks Aiificaion
enerrgportednpy b RedjAmseir ied inadudes étmmtmomnseo@pulmm}yat a repetition
reqU|re reduc ncrease or
gai i e 0 'Tferég)@glé Z 8°rr5?588‘é‘£‘2g 19 ?g\’ ?‘éedﬁgef POV @ ?engtldn ét Semtosecond
16lengul-widgoi ng devel opnents are expected to lead to
i ncreased comercial availability. For exanple, FCPA
system (Fi ber based Chirped Pul se Anplification)

reported by | NgfiARiddafndmi€ |dtdge 1%vé'ﬁtfé)hoh£}é| B&nOfllustrated and
pul se energy at a repetition rate of 50

cor rdesgdhedi nigist wot| infeaded s tbmmmhqﬂgﬂmw dlrl]us@tate and describe all
femg f
i nvei ?gglgr}ﬁgggo glg\rll\fn?{”ﬂﬁ)gt \rlgjilthg andwgescrl Eeg thct E&Clﬁcauon are

not warteofiégdctiftain rathesthae hhnxdtme rhd itiis tlmctarstaQCbthaMrlous changes
escri be all po t he.i nvention
1 e Shr Bt BB R e BartipdTort et il A GC i B veRion.

description rather than limtation, and it is
under st ood that various changes may be nade w t hout
departing fromthe spirit and scope of the

i nvention. WHAT IS CLAIMED I S:
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1. A nethod for processing targeted surface nateri al
within a region of a workpiece while avoiding

WO wnédleriiz4abl e changes to adj acent non-tar get edPBUE0054021955

the nethod conprising: generating a pul sed | aser
out put including at |east one pul se having a

vvavelv@ﬁgtIh Sa@ﬂAFM%?H ﬁewi'dt h; irradiating the targeted

surface nateria wor kpi ece with the pul sed
| aser output including the at |east one pulse to

et e, L T LA g g8 i v

| aser out put h&vi ng

i ni tirédien 8ba dokigriecsivithilernvaidin sitabi©cianges fadjdoent non-targeted
targeted surface material and the pul se width being
shor mMmasikghe MO $RMPTISHE: r egi on and non-t ar get ed

mat erial  surroypgh Bgnd HBulk&Dla®t dfut Shdladiag bt RhétYont p@Re having
of slag. 2. Thé nmethod as clainmed in claiml, wherein
t he wexavgleagthaandia@useniddti al conprises indicia and

wherein the indicki.a.l t t i - . .
erasabl e. 3. Tﬁllerg#%gttl%g@a{% ggﬁgisrl%glgggl Hﬁ%‘}fgflﬂmﬁ ,e \&grekrp 1eeicﬁ with the
t he tpalsgdtiadr suphnmeludhigahe at least aat pubsadd texteredhe gargeted surface
sem conduct or substrate, a thin fil.m al | ayer... .
and SVHETIA o Ao 1t Suupit heunt, a0 s ffytiae ablation
© ai Rithin WRARIaHorfieh YOIK Rirgeed ksrfaRanatria b vke {)ulse width being
devi ce, an ogtoelectronic devi ce and a bi onedi ca

chi p shert enygh sehhdat the region Mdnanraggetadmateriglsapioppdipg the region
i ndi %}é‘?&%ﬁnﬁﬁghﬁé@ofﬁ labl e and wherein the indicia
e

have a font si [ess than .3 nm 6. The nethod as
claimed in claim1, further conprising generating a

secondary | aser, out [;Ilillte rﬁ&ﬂoﬁ rarsﬁcg%irﬁltfhnig Elgﬁ?n tle@}térr%qg the textured

surface materi al with the seco | 'aser ouf pu

pr oc gaadelinatégA comerlses udicie endwhearinahe ihdiclhis aniehstcemapermanent
claimed in claim®6, wherein the textured surface

It er‘)irérasglaﬁpri ses indicia and wherein the indicia are
erased during the step

3. The method as claimed in claim 1, wherein the targeted
surface material is at least one of a semiconductor substrate, a thin film, a metal

layer and a dielectric layer.

4. The method as claimed in claim 1, wherein the workpiece is

20 one of a MEMs device, an optoelectronic device and a biomedical chip.

5. The method as claimed in claim 2, wherein the indicia are

machine-readable and wherein the indicia have a font size less than .3 mm.
6. The method as claimed in claim 1, further comprising

generating a secondary laser output and irradiating the textured surface material with

25 the secondary laser output to process the textured surface material.
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of irradiating wth the secondary | aser output. 8. The

nmet hod as clainmed in claiml, wherein the textured
wowisfiaze4 mat eri al conpri ses a m crotextured paCraseooanzioss

wherein the pattern is one of a bar pattern, a matrix

pattern, an al phanunmeric character string, and a

| ogotype. 9. The ne [ { E L 1 '

the pul se wi dth of ?Eéé%é%d:gsgltcﬁgﬂ%d Ep}tjfelsazlh{%’ ‘E\)I(lelié\%\;ﬁv{ B textured

abousurfacematetidl coftypgrisaeindmih asl wheaginthe indicialang enased during the step

wherein th ul.se. width.is about 100 ps or |ess. 11.

The ]fﬁgli’%&g Wc‘ﬁ‘a' FSgronfate lgﬁe&(’&t,pugher ein the total

fluence is neasurable over a spatial dinension of a

spot of the output._12. The nmethod as clained in claim

11, wherein the t extBF SRFIQS F%Gg‘lrﬁﬁfé? i lmggnﬁ':hF@é‘%%’e textured
sndi GirgicBAthiiie rcSmPh@essi Ricrbfextubéphit@in Al WhEleiO@E pafiérn is one
step of directing the |aser output in response to at

| easof obas peterny @ magixpaitern, vatalphapuasea claracten stgng, and a logotype.
| ocation of at least a part of the indicia to inpinge

the region at the first |location. 13. The nethod as

clainmed in cla®9m 1, Thheediod ashdaimeed n othin Ay sdiertin ti pulse width
substanti ally increases surface roughness of the '

tar g‘éﬁ@ aﬁl??%/té’élgp é?ﬁ%%Panfb Kiho%t "1 east a portion of

the region. 14. The nethod as clained in claiml,

wherein the non-targeted surface terjal surroundin )
the region has!® o GRS Cial%‘EEé‘?‘l@fa%é’ed‘fh&Femghe plse width

1087 | RGhb@MPRANeRt . 15 . The nethod as clained in

cl ai mca%), V\}nerei n dsl%ffuse reflectance of the indiciais

in arange of .5%to 5% 16. The method as clained in
claim1, whereip th t fl :

Sone. 17 tho het nont Bstionss sERGE FHERET, SRl o toral fuence
t he vauelsenyleoves a spatial dimension of a spot of the output.

12. The method as claimed in claim 11, wherein the textured

surface material comprises indicia and where the step of irradiating includes the step

15  of directing the laser output in response to at least one control signal that represents
a first location of at least a part of the indicia to impinge the region at the first

location.

13. The method as claimed in claim 1, wherein the step of
irradiating substantially increases surface roughness of the targeted surface material

20  within at least a portion of the region.

14.  The method as claimed in claim 1, wherein the non-targeted
surface material surrounding the region has a surface with a strong specular

reflection component.

15. The method as claimed in claim 2, wherein diffuse reflectance

25 bf the indicia is in a range of .5% t0 5%.
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| ess than an absorption edge of the targeted surface
material. 18. The nethod as clained in claiml,

wowhevERre4t he wavel ength is ultraviolet. 19. TReTnSR2é16M®21955
as clainmed in claiml1, wherein the targeted surface
material is silicon. 20. The nethod as clained in
claiml, wher 4 U hel AEAEE 8 cIaiddBR%14TRL EMWiRrein$hétotal fluence
nmetal or a dielectric. 21. The nethod as clained in
cl aiexcdedswheutell d/anife t ar geted surface material is a
portion of a dielectric passivation |ayer and wherein
the dielectric of the layer is an inorganic, organic,
or a |low k di elect rTle m&RBod dshdaimetihodlaas 1¢wakreadthe wavelength is
claim1, wherein the targeted surface nmaterial is part
of * deNERARIER eOTPURS. cdghal Fectprsalcd SuERes WAGTRD ol ai m 2,
wherein a portion of the indicia has surface
variations in a range of about .25 microns to about 1 .
fricron. 24. Thi8.net ethod pselaimgd i claimy | nwvhereigbe wiapelength is
af . i mension of the indicia is in a range of
sev:l?gwlrs}%eg’rons to tens of mcrons. 25. The nethod as
claimed in claim?2, wherein a feature di nension of the

indiciais af el engt hs of, th f S .
pul se. 26. The f%lt ho eaglegpgi ?‘Feﬁllallnﬁe%c afi%]?rﬁ,f’mﬁg(?rgfnnthe targeted

t he witfape phterfal &dilddonng i ncl udes the step of
controlling polarization of the pul sed |aser output to
enhance or control a characterization of the textured

surface materig . 2fhe fathod®ishOdind®l &l @alBdl,i Whededi e targeted
11, wherein the step of irradiating includes the step

10f stslorematesial spomeatd oserdiglectEiCshaped spot. 28. The

nmethod as clained in claim27, wherein the shaped spot

has a top-hat irradiance profile. 29. The nethod as

clai med in cl &lm 27Thenmett®idnast bleimsddapedlagpol, wherein the targeted

surface material is a portion of a dielectric passivation layer and wherein the

dielectric of the layer is an inorganic, organic, or a low-k dielectric.

22.  The method as claimed in claim 1, wherein the targeted

15 surface material is part of a MEM device.

23.  The method as claimed in claim 2, wherein a portion of the

indicia has surface variations in a range of about .25 microns to about 1 micron.

24. The method as claimed in claim 2, wherein a feature

dimension of the indicia is in a range of several microns to tens of microns.

20 25. The method as claimed in claim 2, wherein a feature

dimension of the indicia is a few wavelengths of the at least one pulse.
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has a depressed center with energy concentrated in a
perineter of the shaped spot. 30. The nethod as

wo ebmiomad4 i n cl ai m 6, wherein the pul sed | aser POUR2ID5/021955
finely textures the targeted surface material and the
secondary | aser output coarsely processes the textured

surface materigf . S%HC ThEndE LY UhiRsq Ghal 1! Mwitdr&hMhe step of

6, wherein the pul sed I'aser output coarsely fextures
t he ireadgmingdncuddsabestembiedngiollmggotadnizagecolidieapylsedkser output to

out put, finel rocesses t.he. textured surfa bal .

32. "t o shtial & Ehap et Aion it W R R ufERe ARG
textured surface nmaterial conprises indicia and

wherein a negative wndow nark js created during the

step of irradi#fing Wt??r@a%él?_&fﬁﬁ‘gﬂ% Cfaé@erf’owg‘ifﬁ’(n. the step of
33.  ThRIdBiENAdudS (Bt SlepBf shdpiry BE Bt to \WBRIEA Shdpe@ spot.
textured surface nmaterial conprises a pattern and

wherein the step of irradiating wth the secondary

| aser output nm,gro ' t -]“3?7 .

as clainedi nn%gai ﬁggh{v%/ﬁ@fi ea? %la?rﬁ%& g{ée]%l 0 ’i\;r}-ﬁr%g%hﬁg%?ﬁgped Spot
‘W t hhishetopdmo ivdadiynck asefileout put trinms an el ectrical or
mechani cal paraneter of the textured surface

material.35. The nmethod as clained in claim®6, wherein

the secondary paser Theliretiodiad ¢laidled inadlaih 2B twiksieinphd staped spot
havi ng a_ wavel ength which i s absor bgg_ into, the:

t ext Dasctideipat SRl Wi SRerey3eonoeEAtRL b BETHBETET of the ghaped spot.
in claim35, wherein the wavel ength of the at | east

one pul se of the secondary beamis al so absorbed into

10he non-t ar get 38 naTbe methosasrcdainmgd iy claine 6; sdicesin thgpulsed laser

h h | ai ' i
oecPERAE A7 (SheC e matiEl B¢t Uopgry s owpu

beantoassatp praabsses iedextoted subfecemmatetial. get ed mat eri al
surroundi ng the region. 38. A systemfor processing
targeted surface nmaterial within a

31.  The method as claimed in claim 6, wherein the pulsed laser
output coarsely textures the targeted surface material and the secondary laser output

15  finely processes the textured surface material.

32. The method as claimed in claim 6, wherein the textured
surface material comprises indicia and wherein a negative window mark is created

during the step of irradiating with the secondary laser output.

33.  The method as claimed in claim 6, wherein the textured
20  surface material comprises a pattern and wherein the step of irradiating with the

secondary laser output micromachines the pattern.
34.  The method as claimed in claim 6, wherein the step of

irradiating with the secondary laser output trims an electrical or mechanical

parameter of the textured surface material.

-47-



regi on of a workpi ece while avoi di ng undesirable
changes to adj acent non-targeted material, the system
woceawpiiiging: a primary | aser subsystem i ncl udBCBUS2005/021955

primary | aser source for generating a pul sed | aser

out put including at | east one pul se having a

wavel engt h and pu | : . ive b

irradiating t hgésa't arglzetel(ﬁgk lg)gr a%%lg%itl}ér({lérégf @%ﬁg%ﬁmﬂe%condary

wor Klaberamtmit ircludes aplehs @de palse haxdog pwavelengthavirich iskabsorbed into
at I&gst onﬁ BﬁJse to.texture the targeted surface

mat efF 4FX ke SUHRTSSBYCTds or out put havi ng suffi ci ent

total fluence to initiate ablation within at |east a
portion of the targeted surface material and the pul se

wi dth being sh¥ft ehbugrthedan clamed indaimedy. grhespig the,wavelength
on- P&int - -

e e Py OF B B LCOMGE) Bl RAISAbRDA inf e ngn-targcted
i n cmaienmaBgirronndingithe rageompri mary | aser source incl udes

an ultrafast laser. 40. The systemas clained. in claim

38, wherein the delivery subsystemincludes a

control | er tha87.accé methat as thahed mprisigedd,svigerein the wavelength

| ocat | f the t d f teri t

L 0 B8 e HERSET B R RBRS SRSk ool e
si gngatefihl subn@isttBéenadgorc! ai med in claim40, wherein

the delivery subsystem ncl udes a positioning

subsystem for directing the |aser output to the

jpocation of thegtar esé/gt‘rg?gfgrf[ﬁ'&?esﬁﬁ l%r.?@ﬂed $0rf8& MBterial within a

fexture the targ'gete S _c_e mat e(| n respon_se to
t he wmigidneafst wonkpiepo wihile avoidimgtundésirablgrehinges 20 adjaeent non-targeted

system as ainmed in claim 38, further conprising a
secowglfwl’lcdé%@'r%?eﬁﬁ%@lﬁrtlsgn including a secondary | aser
source for gengr@iharg Bsaesubsgstey imhele @uirimirywhiserh source for

irradiates the textured surface material . 43. The
¢ SAACLENE PCISE T AR HcS e, L e gre gilse Dt g ayayelength and
lgasegpglgg Redthat | east erases, mcromachines, welds or

actuates the regi(_)n of the . _
a delivery subsystem for irradiating the targeted surface material of

the workpiece with the pulsed laser output including the at least one pulse to texture
the targeted surface material, the pulsed laser output having sufficient total fluence
to initiate ablation within at least a portion of the targeted surface material and the
‘20 pulse width being short enough such that the region and the non-targeted material

surrounding the material are substantially free of slag.

39.  The system as claimed in claim 38, wherein the primary laser

source includes an ultrafast laser.

40. The system as claimed in claim 38, wherein the delivery
25  subsystem includes a controller that accepts data that represents a location of the
targeted surface material to be textured and produces at least one position control

signal.
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textured surface material. 44. The system as cl ai ned

in claim42, wherein the secondary | aser source
woiowlouzies one of a pul sed, nodul ated or CW soRCT®S2005/021955

The systemas clainmed in claim42, wherein irradiation

with the secondary | aser output is below the fluence

br eakdown t hr eghol dTﬁéG s§#ﬁgta§r&£frﬁg iﬁuél%iﬁfﬁo,”%@feihl?khe delivery

to heat the region. systemas clainmed in claim
42, sibeystém inclndedi amposroning kubishistemefoo dirgeyng theelaser output to the

Car gerai R T PP R B G R pllaf furkddE materia

pr op@rdeyponbe fgthe at ldafieort dogicibedomuslfsegal.mat eri al . 47.
The systemas clainmed in claim42, wherein the

secondary | aser output includes at |east one pul se

Baving a wavel gngt hTReaysiéh KXFARRHUNE d1iigh 3BS Airier Wdmprising a
edge of the material of” the workpiece. 48. The system

as cteabhdzdy ilasee subsyisiem inghising A sependary kases spuisefor generating a
S uré:e%ox‘fc%?‘g Fds?xeéuéb&ewﬁi?ﬁﬂ? ¥s (B8 R A YL et datediRe
al nme alm I mary

0

system as In c erein the pr

| aser source is separate fromthe secondary | aser

source. 50. The,systemas claiped in ¢laim38, wherein

the delivery s%%sys{rgwxsi%? & g%gedp& ‘gilﬂn} g?i Sfpereim the sccondary
cont fagdrl @utplitodt 16490 ter ks, i MgrgBachines Atvields @f achiigesl e &egion of the
gutput. 51. The systemas clainmed in claim38, wherein

Phe tseiuned sprfage A ce i ncl udes a di ode- punped,
solid-state UV | aser and wherein the pulse width is

| ess than about 20 ns. 52. The system as clainmed in

clai m 51, wher&.n thke pystese apickpiaed & ¢clags 42 adersip the secondary

ns. . By T MARED AR Haulled, hBadh@l G Ew syligee n the

posi

45.  The system as claimed in claim 42, wherein irradiation with
the secondary laser output is below the fluence breakdown threshold of the targeted

15 surface material to heat the region.

46.  The system as claimed in claim 42, wherein irradiation with
the secondary laser output is above the fluence breakdown threshold of the targeted
surface material to effect at least one property change of the targeted surface

material.
20 47.  The system as claimed in claim 42, wherein the secondary
laser output includes at least one pulse having a wavelength near or exceeding the

absorption edge of the material of the workpiece.

48.  The system as claimed in claim 42, wherein the primary laser

source comprises the secondary laser source.
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subsystem i ncludes at | east one translation stage to
nove the workpiece relative to the | aser output. 54.

WO 2oie/03y124 em as cl ained in claim38, wherein tReT/US2008/031955
| aser source includes a node-|ocked oscillator and a
di ode- punped, solid-state |aser anplifier. 55. The
systemas cl ai ggd | Th&%ﬁke% 2501 iﬁ@?rir?&lgintn B8 WHARGH the primary laser
out put has an averagé [‘aser out put power 1 n the range
of . &Hvde is 2¥parst6.fronh ehessgsdmlaryakaser] saureed i n cl ai m 38,
wherein the textured surface material conprises
i ndicia and wherein the system further conprises a
vi ewi ng subsyss@m f The kpaethng dldigmed ndi daitn 38 hevheredmithegdelivery
subsystem i ncluding an il um naii]or and an.el e<it ronic h
i maghubsy Sermdyddudana potarizatien eqpiroles for centenliingipqlarizapign gf the laser
36, %ﬁ?@l nthe illumnator is one of a bright- field,
a dark-fireld, and a conbi nati on of both bright- and
darkfield.58. An article of manufacture conprising: at
| east one surface ' [ ' | Lndi Cl
formed ther eongg{ur rﬁggéism%?t&gﬁg%s?gﬁ g?,%ﬁerélﬂ%é:ﬁff}nary faser
manufattelincluges fdiode-pumiped, solié-stanelUd} lsdreindgvifeoeimeht pulse width
a met r]od ‘&; %éel ?gbl vely irradiating targeted surface
mat elSi‘&}s Hit M&gi on of a workpiece with a pul sed
| aser output, the indicia being at |east

sem - per manent _and useabl e during a subsequent step of X
manuf act uri ng dhe alh¢ system ahelapged 1§, c1amd Inoynerein dg wyse width

158t efgials tﬁéﬂﬁlﬁiﬁ'ﬂqixﬁg the region are substantially
an :

e
sl ag-free; surtace roughness is increased wthi.n
at least a portion of the region during the at | east

one step of mapuyfac i I e ' eci | PR
of energy usedgé{or ?5%83(%%%“ %gglaﬁﬁ%@l icr%li Cgédﬁ’tsgp ‘[ilﬁefé&ﬁ%é Blbitioning
ar t i aibeyaemdheudesdit leastodneitranSlatiomktegeiommbyethe workpiece relative to
refl ectance contrast is obtai ned between the region

and Heda¥kgr®Yhd of the region over a wide

54.  The system as claimed in claim 38, wherein the primary laser
15 source includes a mode-locked oscillator and a diode-pumped, ‘solid-state laser

amplifier.

55.  The system as claimed in claim 38, wherein the laser output

has an average laser output power in the range of .01W - 2W.

56. The system as claimed in claim 38, wherein the textured
20  surface material comprises indicia and wherein the system further comprises a
viewing subsystem for reading the indicia, the viewing subsystem including an

illuminator and an electronic imaging subsystem.

57.  The system as claimed in claim 56, wherein the illuminator
is one of a bright-field, a dark-field, and a combination of both bright- and dark-
25 field.

-50-



range of view ng angles. 60. The article as clainmed in

claim 58, wherein a surface of the background of the
wonegian2has a strong specul ar refl ecti on conpeaemis2008/421955

The article as clained in claim58, wherein

refl ectance contrast between the discernible indicia

and a backgrou of ver an

angul ar vi ew ngéjr anéglaﬁ%&ggf]%gnﬁ?&g%d‘%nggm;n 62. The

article as cl aatrfexdt one sukfacema®rialtiagingidiscernibld mdlcxzu farmed thereon

i ncl yde an,al phanunerjc d| ci.u haV| fo

ol g ISP ARTHER ot Ban HosShbEnd 3P, fie 1iia peing formed by a
i N Chaihol 553, seldagvay Nrradiatih fﬂdrgétéd isGffthaedmaterial within a region of a
two-di mensi onal matrix co 4. The article as

&1 ai WREkPIGee Y1 Hpueed 1 OuTPHt (thesinglien being aflgastsegnippegmanent and
for QnghiedulRE & sibfBGel’ tesw%ﬁlﬁfdéfd thdgreRId i cle in

addi tion tg |%er?t|f§|ac%tlson 65. The arlr i cl er as clainmed

in claimb58, wherisgiontsnd nemtfacgeiechmaterial tsurrgundingihe region are
fro f_the region with a roughness
ma%@étﬁeﬁﬁ%ﬁ ﬂﬁg hy at | east one of SEM (scanning

el ectron mcr oaxrfme)ou@hes,s imindreAbdd Witlio i last@rpoetion of the region

cr ata. 66. The article |aimed in claim
185" GiiieaRtaCon anesicn SUgmAe s ol dng RefieRb of energy
may fedybi tdadig thoindipar e roughness of a portion of
the indicia with a background of the region. 67. The
article as clainmed in claimb58, wherein the indicia
are distingui sgabl eTflé QiR Q%&E@ngaﬁﬁ s8henérH lﬂ@h reflectance
with a measurement of |nmage contrast. 68. The article
as ctautrasds phtamed bmv@sn thetregion and hdagkgaowidofsheregion over a wide
machine r adable The article as clained in claim

58, %‘}5?8 NP § i1 |C| a appear

15 60. The article as claimed in claim 58, wherein a surface of the

background of the region has a strong specular reflection component.

61. The article as claimed in claim 58, wherein reflectance
contrast between the discernible indicia and a background of the region exceeds 30:1

over an angular viewing range of at least 20 degrees.

20 62. The article as claimed m claim 58, wherein the indicia include

an alphanumeric indicium having a font dimension .3 mm or finer.

63. The article as claimed in claim 58, wherein the indicia include

a two-dimensional matrix code.
64. The article as claimed in claim 58, wherein the indicia are

25  useable for one or more steps of manufacturing the article in addition to

identification.
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as a sequence of non-overl apping dots that form a dot
matri x code. 70. The article as clained in claimb58,

WO noenedizd t he indicia are usable in at | east OneEr/v$2005/021955
traceability, conmponent identification, and sorting.

10

15

65. The article as claimed in claim 58, wherein the indicia are
distinguishable from a background of the region with a roughness measurement
obtained by at least one of SEM (scanning electron microscope) data, and AFM

(atomic force microscope) data.

66. The article as claimed in claim 58, wherein DIN 4768
roughness measurement standards may be utilized to compare roughness of a portion

of the indicia with a background of the region.

67. The article as claimed in claim 58, wherein the indicia are

distinguishable from a background of the region with a measurement of image

contrast.

68. The article as claimed in claim 58, wherein the indicia are

machine readable.

69.  The article as claimed in claim 58, wherein the indicia appear

as a sequence of non-overlapping dots that form a dot matrix code.

70. The article as claimed in claim 58, wherein the indicia are

usable in at least one of traceability, component identification, and sorting.
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