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S| DE APPLI CATI ON OF RADI ATI ON Background of The Invention

This invention relates to renoving material froma surface. More 5
particularly, the invention relates to the selective renoval of material-

fromthe surface of a substrate by irradiation without altering the
physi cal properties of material to be left on the.substrate that is
underlying or adjacent to the materi al to be renoved.

Ef fective renoval of undesired material fromthe surface of a substrate is
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fabricati on APPRICAHONOF RADIKHON bed in the ' 165 application, undesired
mat erial s (which may al so be considered as contam nants) Include

parficles, @f‘ ' ts or conpounds, and filnms or |ayers
of materi al Lﬂgg'?é et' et et e pi eces of matter ranging in size

from subm crons to granules visible to

This invention relales to removing material from a surface. More
5 particularly, the invention relates to the seleclive removal of matetial from the
- surface of a substrate by irradiation without altering the physical properiles of
material to be left on the substrate that is undetlying or adjacent to the material
to be removed. )
Elfeclive removal of undesired material from the surface of a substrate is
10 a critical aspect of many imporiant malterlals processing and product fabrication
processes, As described in the ‘165 application, undesired materlals (which _
may also be considered as contaminants) Include particles, unwanted chemical
elements or compounds, and liims or layers of materlal. Patticles may be
discrote pieces of matler ranging in size from submicrons to granules visible lo
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~ production apparatus such as process chambers in which the wafers are

placed, quartz wafer boats used to hold wafers for passage through quartz
furnace tubes (and the furnace tubes themselves), and pipes that conduct
processing gas to the chambers. Accordingly, the level of wafer contamination

. 35 experienced during the course of production can be s:gnmcantly reduced by the by
periodic cleaning of such apparatus. : -l

in general, any process used for removing material from a substrate

should do so without affecting the physical properties of the {desired) material
that remains. The physical properﬁe:zs that should remain unaffected can in
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various orifices to clean a surface. This technique is limited by the solubility of
the particle in the CO2 snow, e.g. if the particle is not soluble in CO2 then it will
not be removed from the surface. Further, oxides and polymeric films cannot be

30 removed using this cleaning technique.

All of these techniques suffer from some drawbacks, including: inability
to remove very small particles; undesirable alteration of the underlying
substrate’s physical properties; consumption of large quantities of expensive
materials such as ultrapure water and gases; and production of toxic waste

"35 products (such as HF acids).
' Films, and in particular oxidation films, are a common, troublesome
category of materials that need to be removed from a substrate. Most materials
that are exposed to an oxygenated atmosphere (e.g., air) form a native oxide

that coats the surface. Such oxide layers are typically a substantially
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also has applications in reconditioning weathered metal surfaces and improving -
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Another important treatment process is the creation of nanostructures g
30 (extremely small physical structures) on or in substrate materials, such as
pressure transducers, accelerometers, atomic force microscope probes, and
micromotors. One technique proposed for creation of nanostructures involves
chemical etching in combination with masking techniques (useful in bulk i
microrachining where structural layers of material are built upon a wafer and
35 then a sacrificial layer is etched away). J. Bryzaek, K. Peterson, and W.
McCulley, |IEEE Spectrum, May, 1994, p. 20.- Another proposéd technique
involves the laser-focused deposition of material. J.J. McCleIIa_nd. R.E.
Scholten, E.C. Paim, and R.J. Celotta, "Laser-focused atomic deposition®,
Science, vol. 262. 5 November 1993, p.877.
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conducted to IE‘\QCCESSI EVE ott the inner surface to the application of energetic photons from
sources such as lasers. One solution to this problem is disclosed in the ‘039
30 application, in which photons-and inert gas are conducted to the treatment
surface by special apparatus. Although this solution offers many benefits, it
would be preferable in some circumstances to remove undesired materials from
the inner surface without using the relatively more complex apparatus disclosed
in the '039 application. In particular, it would be preferable to be able to remove
35 undesired material from the inner surface by application of radiation to the outer
surface.
It is desirable in many applications to prepare a surface of a substrate for
a processing step by removing contaminants (including undesired chemical
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The invention is shown to be_applicable to the removal of substantialty
continuous layers of undesired organic and inorganic films. Removal of organic
films includes removing paint and marker from stainless steel or quartz

25 substrates. Removal of inorganic oxidation hlms includes removing oxidation
from chromium, molybdenum alloys, nickelfiron atloys, staml_ess steel, tantatum,
tungsten, copper, erbium, and zirconium and removing polycrystalline silicon
from quartz. Depending on the properties and thickness of the undesired
material and the substrate, and the properties of the available radiation source,

30 it may be necessary to remove the undesired material in a succession of ’
treatment applications. |

The topography of a surtace may also be modified by appropriate i
application of the treatment process. For example, relatively more material can '
be removed from regions in which the thickness of the material is relatively
35 greater, and less in regions where the thickness is less to produce a more
uniform material thickness. This can effectively reduce the surface roughness of
the material. A source of phoioné can be cdupied in a control loop with an
6
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surface t 95t heriias Pl rifiidH G The Drawings

Fig. 1 is a schematic diagram of a method and apparatus for removing
undesired material from a substrate according to the principles of the invention.
Figs. 2A-B are schematic diagrams of two test apparatuses used to
remove materials from selected substrates.
30 Fig. 2C is a schematic diagram of a third apparatus, similar to those in
Figs. 2A-B but with a simpler optical train.
Fig. 3 is a schematic diagram of the geometry of the incident radiation
region produced on a substrate by any of the apparatuses of Figs. 2A-C.
| Fig. 4 is a schematic iliustration of a technique for selectively removing
35 material from a substrate to create nanostructures.
Fig. 5 is a schematic illustration of a substrate prior to the process of
planarization.
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tests d@;% e Det ai | ed Descri ption Ref erence . i
-w 'l now éﬁ&%ﬁé&l%‘é tall to presently preferred embodi ments of the 3
i nvention, exanples of whi ch are | I | ustrated in the acconpanying 10

Seghd RIS \0eR0E 88 ADRABIUSef er ence characters are used to 'Z- \
d t I B. t.hod d t R
Aeié?ﬂideanh BB senareus bt G SrPe P Filodg g o Aoparatus 3
t r eat netreatmentsurtace of assubstrate withoutaliernglthe phygcalfmopblymscnilthq)r operties: :
Of t1|59 §§bst§é’tg‘°i§ 'ill%%g'a{e% écjh%H'%ttlﬁangﬂ lsigh? mNs' &\%Wrym'!ﬂ gaoprﬁ]aml 8 1 fphown in g

1 ratus unde5|reo
mat eri a{orpgeq a2 spbsiate d2 from which g -

?’5@@3‘%‘?’ l§rf° Q)IAPYRSD, a gas
syst em Fitfludemd radiatibm siystemna00,angas system 500, and a relatwe motion

system 600. Irradiation system 400 includes a source 410 of radiation 11 ,
{which consists of energetic photons), such as a laser and suitable delivery g
20 optics 450 that conduct radiation 11 to the treatment surface of substrate 12.
Gas system 500 includes a source 510 ofa gas 18 and an associated delivery
system 550 for flowing gas 18 over at least the portion of the suitace of substrate

12 to which radiation 11 is applied. Gas 18 is preferably inert to substrate 12 - |
and is tlowed across substrate 12 so as to bathe substrate 12 in a non-reactive . M\_
25 gas environment. Preferably, gas 18 is a chemically inert gas such as helium, _'

nitrogen, or argon. Relative motion system 600 provides for relative motion
between a portion of the treatment surface of substrate 12 to be treated and
radiation 11 and, optionally, gas 18.
Each of the constituent elements of these components of apparatus 10
30 (radiation source 410, delivery optics 450, gas source 510, gas delivery system
550, and relative motion system 600) may be such as are described in the ‘165
‘application and are readily selectable by the artisan to configure the apparatus
in accordance with the principles of the invention. For example, delivery optics
450 may include mirrors, lenses. optical fibers, collimators. apertures, beam
35 homogenizers, and other elements. Gas delivery system 550 may include
conduits, chambers, lines, valves, filters, flow meters, and other elements.
8 - 1
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The bonds are broken when energy carried by photons is imparted to the bonds
in an amount greater than the bond formation energy. It is believed that there
9



of energy rel eased when the bond is fornmed) for comon substrate materi 3»;

are shown in Table 1 a, below. The bond energi es shown are between the

mat er O YoMBARNt s t hemsel ves (e.g., C-Cr) and bet weerPGTESI6®9BEi al el err_et'f"_.t
Bond formation energies for various carbon
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formation energy. As.dan be seen in Tablesli®and 1b, oxide bond éhdrgies

20 and oxygen (e.g.,

5.2
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gi 8 are on the o‘?’dér of 4.0|§% 8.3 eV. wtﬁl'e?’orgaﬂicdcarbon) bond enetd}% gre on 4.2
Ni 5 the order of 3i5 to 11.2 V. Thussploten energies of approximately 710 22eV 6.4 -4
Zr are required. - 8.1 Ta g® |
N Th f a photon depa its wavelepglh ioRski Tablg
b e energy of a photon degegds,pn its waveleagihyinthelationstiper gy C i
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5.0 O | 11.2 Si - 4T _ .
Zr 5.8 25 e bonds are broken en. ener gy
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required. A variety of lasers are identified in Table 1c, below. The table

identifies the laser medium (and whether the medium is _ga's (g); liquid (1), solid
(s). or plasma (p)), the photon wavelength A (nm), and the photon energy Eph
{eV). For continuous wave lasers; an average power Paye (W) is also shown,

- 44

and for pulsed lasers, the energy per pulse Epulse (J), a representative pulse
duration tpuise (ns) and the peak power during a puise Ppeak (MW).
Table tc
Medium A Eph_|__Epulse_ |lpulse| Pave | Ppeak |
inm). | (eV) {JY (ns) Wy (MW)y
C i6+) (p) 18| 68.242]| 2.00E-03] 50 4.00E-02
ArF_excimer (g) 193] 6.435] 5.00E-01] 50 1.00E+01] -
KiF_excimer (g) 248] 5.008] 5.00E-01 3] [1.47E+00
{HeCd 442] 2.810 1.00E-02)
Ars — —___515] 2412 1.00E+01
Rhodamine:6G dve (I 560{ 2218 1.00E-01
: 640] 1.941 1.00E-0
{HeNe(g) 633] 1.062 1.00E-03
Kre 19) 647( _1.920 — _{.5.00E-0 ‘
Ruby (s} 693] 1.792| S.00E+00| 50 1.00E+02
Ti{3+):A1203 (s) 660 1.882 1,00E +01
1180 1.053]
Nd(3+):glass (s) 1060] 1.172] 500E+0! 50l [1.00E+03
Nd(3+):YAG (s) 064] 1.167 1.00E+01
KF Color Genter (s) 1250| _0.994 5.00€-01
1450 _ 0.857 5.00E-01
He-Ne(g) 3380] _0.366 — | T1.00E:03 |
FEL (LAND) _ 9000} 0.138) 1.00E-03] 50 2.00E-02
L 40000] 0.031| 1.00E-03] 50} | 2.00E-02
CO2 | 10600] 0.117 1.00E+02
|H2G i) 118700] 0.010 1.00E-05
HCN fg) 336800] 0.004 1.00€-03
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are energy inefficiencies inherent in this bond-breaking process and
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| aser medi um ,@.m{ El?r' the mediumis gas (g), liquid (1), sol i-d 15 (s),

or-plasma (p) on wavel en Eph
(eV). For conti nu %&@"P%@Pgu"gﬂpﬁ{}%"ﬂé{d%‘?&@d%%@ '?\ﬂ? Qf"s ;%vvnp
and for pul sietal ameunt of beergpdany thues, tiekotal Apmbereofphators oba gaeardnergy) e

Pay” 10 Wittt RSl & WerPifobiPoriitdedi3lihatliial fEmAnd tedimERO

[err] Eph swiace of a subsiyate is genrsally piapertional to the ayber ehhondsin that

(ns) (W amour¥\ material. 1E(sfoBlicved that photons intéracBwilkt bonds Oy iidhe S0
4. 00E- 2 ArF. exci rreF Q0E-0

1. 00E+01 interfacial fagion o trégt}eatmeétiguﬁgcgége @eﬁmﬁll oneﬁ? fvo Iayers of

1. 47E+01 atomsior@déigrules (monolayets)). Forgédoval of substantially chmmauez

Ar+ (g) - m fe- 6G
dye (i) %g 0 la!eéi é)f ma:‘lengl Gtéh as oxnde Iaders) it ls]thQ@fd'fQ]heipful toc v 941

1. 00E. 01 surtage greag pnd thlcknesse§ mategigbin monolayers. Thus, for a gg(ﬁg 03

grgéf( 9)1 Joo surface €144, thb. 1@afdval of a certain thickngs® (dr-rilimber of méhdilgydrs) of
2 OOEgﬁ{gﬁappequnre% th% eQQ't::tng app{lclaétsm <1f %gf\))(gﬁ M%%@E qy nursn? g)

1060 1.172 ofpbotoms). Of sourse. notmalbef the photongdhat:strikee sc.@;trate trqaymnt 1 167

hggE”gl 5%5(3)7 surfakB m‘wntrﬁiﬂﬂé% bohd br2&king O- P Rbelieved that a small 1Rforaf

1. 00E. 03 the photons contribute to%n%lbreakmg s 1§ ég}eved to be atie44 in Saf? 66
because the effective locations (the bonds, or parts thereof) for absorption of the
photon energy occupy a small fraction of the surface area. However, at least for
a given material, it is believed that there is a relatively constant relationship

25 between the actual number of photons required and the theoretical number

based on the number of bonds to be broken. Accordingly, a relevant parameter

“to consider is the energy flux (energy per unit area, or number of photons per
unit afea) applied to a substrate treatment surface, which corresponds to a
thickness of undesired material removed.

30 As noted above, there-are cases in which the bonds of interest require
more energy than is carried by a single photon emitted by the selected radiation
source. Such bonds are referred to herein as a “multi-photon bonds.” As noted
above, the energies of two or more photons are believed to be additive to
supply the energy required to break a multi-photon bond only if the photons

35 strike the bond simultaneously. This implicates the arrival rate of photons at a
bond site, which is a power flux (energy per unit time per unit area). Further, itis
believed that there is a probabilistic nature to multi-photon bond breaking. Fora
given average power flux over an area of the substrate, there is an average
arrival rate of photons at any given bond site. However, the actual arrival rate of

11
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. emtted tempémter efcthednatadakabave a threshold level. The change in temperature

of the surface of a material caused by the application of :rag!iant energy depends
on the heat transter characteristics of the materiat and the pc_iwer and energy
fluxes of the applied radiation. Finding the maximum poWér and energy fluxes
30 usable on a given substrate material will require some experimentation. Prior
art laser cleaning techniques that rely on Vapbrization ablation, or surface
melting provide some guidance in the energy and power ﬂuxes required to
produce state changes in substrate materials.
In general, the photons are preferably directed perpendlcular to the piane
35 of the portion of the substrate being treated, to maximize the power and energy
fluxes at the surface for a given output from the source of photons. However, the 4
photons may be directed at an angle to the substrate as convenient or .
necessary for implementation ot the process in a particular environment. Of

course, the energy and power fluxes at the surface will vary with the sine of the i
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source. Such bonds are referred to herein as a "multi-photon bonds." As
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arrival rates s‘[ﬂ*&tteﬁeﬁe@ﬁwd’@@ﬁ‘%aﬁﬂ tg?? gem %@?@Fs " ﬁ? maemate, i val
rate of 5 smoothit. ) WD 96/ 41370

PCTI U896/ 09331 A bBIR' G anE BRAhSnAS rbf'd pilet t%é%l@‘ﬂét & GaBhah tedf

aver age val ue. rate (‘maxi mum
ti me intervashapenwdhe gaussiaroshaps represests ihe oatupmh et the deliverpd anrogYiasn wi | |

take place tﬂxé‘éhé% EQ%PP&:Q&té%tﬁb‘lcbhter and d&&@émsbmdrdmage@&geh@ower
ca

ate w1 oxBBSEappicS AN hoRm SapP s Raecimwape veSd in FbRAToR ™

-exposed #0 t bphedcal @pttce and hasbpplidabilityin thegareas af littwigeaphyCanllisgsahg, even
| f t he ay'ﬁéla(%ﬁﬁ grqux I s sonmewhat | ower than that required to
P

produce the equi red photon arrival_rate, bs exg’{;j
photons will arri\nshe other@and il Qrﬁbermiandgnﬁ%aqﬁomﬂ?ﬁ gie

i nter va: f 10top beam bfbﬂw dvaﬁt@gécﬁ@bﬁa&nﬂhb@rbﬂdppbdﬁtm Afﬂambabeamd
hmateri a rom

t { I
O e 6 BTG ik BB A T Y
nmust be. dpl ihednogeniker. uTbisgirofilg allows araigeificant ampunmftﬂexmmvorm shaping ar e

i nvol ved, a qgé b Mﬂ%rto rH ﬁt%ﬁ'\idé to the ubSithietshd Atws Rndvagieer t he

power qux the greater ance that e

subj ect ed t o Ungesive JF§H"'@ Bplpwar ameyn ?Pgﬁeefgvh%"%"ef'é@?ﬁem@e'a?'%x can be
sui t abl e sounsdfonintye deligsatddo pﬁlqianlssoftthelscammd area withaut giveraxpesingfthehe -

required qeg\rf’&t 8?%1%”5639\\%9%%5 ?dpﬁ?dh&ﬂ% t46p PP&?W@ alléﬁ@f&‘(ﬁé' abI e

power. As W | ata presented L‘Sﬁ
renove o0xdMetilization of @ W"ndﬂcalf'?'ﬂﬁrﬂ”@%f'ﬁﬂ traveah H”°"§rR!e°t%\g qlse

mul ti - phot on, praQitbserr atingf unifdra Gistribitial of phetgyn sources are therefore
pul sed W Iasers whi ch have the hi ghest peak power |evels and high

phot on energlfs Test Apparatus A conpeting consideration limts the energy
and power fl LFX"E?TPI’&'?“I’I%%— be applied to a substrate treatnent surface

o the ”eedbt O| av oirQ,cPddis ok Ry faBsaratus (rei@aeé'iﬂ @aieraihcas@;ipawuem aﬂstWeee | a:
et 2110 ekl e elowing cinmeleen APAGIDRA i s Bied SEerh il b B!
the mat er2%l 2Ao\n thist dppesawisdidentified inMhe figusemge 10A).ttbasadiation source IS of
;26 ef\g;f ace Ofys@r FRYCWHKh B3 phldedKrE Mxciimdt 1hs6t 5618 LY LAABURPhySIRRSIY
P model number LEXtra 200. This laser has a wavelength of 248 nm (for a photon
energy of 5.01 eV), a maximum output energy per puise of 600 mJ, and a fixed
pulse duration of 34 ns (for a maximum power per pulse of 17.65 MW). The
30 maximum pulse repetition rate is 30 Hz, producing a maximum average power
of 18 W. The radiation beam is 23 mm by 13 mm at the laser output.
~ Radiation delivery system 450 includes, in the order encountered by
radiation beam 11 upon leaving laser 411, an aperture plate 452, 45° tuming
mirrors 453, 454, 455, and 456, and adjustable focusing lens 457. Aperture
35 plate 452 is a flat plate with a rectangular aperture 6 mm wide and 25 mm long,
and is used to block the "tails” of the Gaussian distribution of photons emanating
from laser 411, so that the spatial distribution of energy in radiation beam 11 is
approximately uniform across a plane perpendicular to the beam. Turning
13
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on the heat transfer characteristics of the material and the power and 3l
ener gy fl uxes of the applied radiation. Finding the maxi mum power -
and emad girsiBhoIxes 30 usabl’e on a given substrate mRCGIVUSWHORWSL| requi r e
some experinentation. Prior art |laser cleaning techniques that rel3
on vaporization, ablation, or surface mel ting provide sone gui dancs
i Nt hemimersgdS3aIE0 monetSS (SOem)r ¢5%1(25%thn)o and 456 (2P noduare plapde changes i;;
subst r gt t Rkl - S re.preferabli
directe lPr|‘:c’)‘[egr5'lpgér""(li?{caﬁ‘(:"a'ro cnfa_som? hee" spﬁsgngégggﬁﬁgéﬂ%ﬁse?’gﬁr |@%t9§f2$r@“’subst rat e¥
bei ng ereAgtR! Ignmasndiadecaliiengbwd 7 Sanm. cBepglpcting the height@les at the -3
sur f ac eoduinghieds 457 fRoth I8 shrfid sMsubeauic ¢2 ahd P bAGRatitR (®Ravet he &

h . di d | .Lh b ' S
necassaidp 8 5 pRnERLER fie ie, MR Bt ik bel SPATS e BuBRAR RGP, onoent . 4
cour se is atijusterkr ) oplichl pirments lapx aptiwellediionsoateddor @48 nnvlight. wi t h t he si ngl

of the ; 50 of . 96/ 41371}
PCT/ US /ogé?f delivery s"é"?fg"é’sﬁf" e e D e 1988%'0%%"35.%‘?‘?1°"r”8§€ect to tig
ol ane G #).dtdentical iy 1 of Apparatys & exgept thatis| WG BUBENASS 6 Sel ecti ng:

t he outgmittedf (ahtdasdrotidnarebapertureplateodB2 are corrgspbndinglyeoriehtedny be .
prefer adled -t O ki ; E
Suptd SR PPt o Ry el onihg gl 488, 8% htiRodHRGE 30 P e 2
mat er i dFather than 25rpm siin Apparatus A). A thirdappamiusf(nbt ysad irtheat i ng from a

l'aser tygidrmhénts)'@ftha ImpReyi(and BRA8lore prefefrB@PspticaNRaiias Shodn inhape %
represe itgs?k,‘pe nature of the delivered energy as the energy is the -@ |
a

greates he center and decreases toward the edges of the beam @ !
Thi s gaussi aRadadiondieape11 és délivered appuiximalebeperpendiontar tastage with 10 '
spheki c t i IS, \ ' phy, .
dri ﬁFI ng?ogﬁdWﬁﬁh%Bg%@§g?iggm_nl ngj' A sth"\I'lﬁ F?d'%a()%tag%eéfg ﬁse}?sﬁand, uni f.org
energy Henstled Mdhgssanth¥ ditegtions (raralel to the plape of the stagg, #hm profile™) i}
advagt anﬁmae?@rg Ft . 1BPSoWwE Xodrid Yg.anaaiafionfbeﬁhﬁﬁ pfidue8s @ generaliyprof i l e i
can be " . 0 ur nd/ or 5 .
omogenfSannayRr ey At a1 Aibva idle Weant s SndRe Bien 1y 0
shapi ng611 is sweptagwwsmiiosuriacerfnubsate thbyienslatingietaga it at e and al | ows'
rempal of  Gas dEVRPP s¥REmMNBUCEht_be¥al deviar STWRLICANTROGEN s0Der gy si-nce -
sufficient eQ%r&g% ran. be . ..U |40{?m y dell to\é,ered.to | | éarts of the
scanned “APBY" Wi TR ’S\féf'gﬁb%sﬁr@ Rige reguiaiol; g 87_0'?}1‘" PYanned area.
Addi t i oresisoyberMG dndustries@uiserbe whidhoadsarbs ta cencentiations ofi 0.81 ippb)of a
cyli _n(cjir i £ Rillip&resMbas! Sdlfepértiélé!ﬁltépﬁﬂté{s?tb 0.003 pRi)ka ﬂbﬁ@ﬁeﬁé’ﬂ'&%&' SO Test
provi des..f or r i form di ution ener gy. . es 7
Appar at ngter M%_mrgf'af%xqmer @%’%‘8@%&?@%’"@{?&5%{% NoFERSYed to herein as .
appa2at uerrhirelithgBdjaeent region 611. Nozzle 551 discharges a flow of gas 18 -
across region 611, and remains fixed with respect to region 611 so that stage
610 and substrate 12 translate with respect to it. This gas delivery system is 48
useful for materials that are not sensitive to typical atmospheric gases, and *
permits a simpler apparatus than is required when it is required or desired to
30 isolate the substrate from the atmosphere during treatment (such as disclosed in g
the ‘165 application). . ' .
A video camera 700 is positioned to view region 611 and thus provide
visual data on the resuits of treatment.
‘ in the illustrated embodiment, stage 610 is first translated longitudinally in
35 the X direction as radiation beam 11 is applied to the surface of substrate 12,
producing an elongated rectangular swath €12 on substrate 12 that has been
~ exposed to radiation beam 12. Stage 610 may be indexed back to a starting
position and translated in the X direction again so that radiation beam 12 makes
another “pass” over swath 612. After one or more passes, stage 610 may be
14 - |
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used in the foll ow ng exanples. Apparatus Ais illustrated schematically in
Fig. 25 2A. In this apparatus (identified i.n the figure ascrhGddsmoizhne
radi ati on sBQBEIFY | aser 41 1, which is a pulsed KrF excinmer |aser,
sold by Lanbda Physik as : .= nodel nunmber LEXtra 200. This |aser has a

o271, SR Al Y hoci s GRS Bl s

out put energy per p ' L T1 se durﬁ@tion of 34

ns (for a maihentmpsiaied again fupdgh Yre Xdieestipnyto famm another swath agiacsnt 1o

{/\?pgh it 03_ I fepieiviotid sWath medugiuw tife porionoiive surdare plosubstrate 12 to bef 18
e radiatiop beamis mm by, . r

Radi ati on de}ﬁeﬁgﬁi'sswgﬂﬁéyf’m%%égs?% %&'obhrb%ah‘? Zgrangﬁbgu%rﬂngp ggnWow of

radi ati on SbegasB.upon | eaving | aser 411, an aperture plate 452, 45 turning

mrrors 453, 454, 1fa%nag¢nde fandty pRiiuniiatearappliedso Hhy soift 68 The dodadelr e

35 plate 452 is gﬂ?Iat at Witgar t.angul ar. ertur L de 25

nm | oing, of subgtrate; 12 8\% éﬁi’e“t"ﬁf’rb St ﬁig"“&%ﬁl sé“agpuﬁﬁ?egéﬁggﬂﬁqs e&ﬂgl

di stri buti on tothebaegyofeh@palseral the surface Hivided bys the ared. ovar which thate

spatial distr] | QNa.Of . I Ol | 8} 11 is

appr oxi mat el fnugé* %r%gﬁgﬁggsggh%?gh?gpg%%%ﬁﬁu ‘ar to the beam Turning
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PCT/ US96/ 09331 mirrors 453 (50 ), 4545@0 m). 455 (25 m). and 456
(25 mm at® pl anar mrrors. Adjust/aleps T'OfU@Iﬁng | ens 457 is a :
cylindrical lens with a width of 25 mm al'l

gth of 37 mm ang a {#Cﬁl
| ength of 75 mm By sel ecting the height of focusi ng | ens 457 APBTPY e
surface of substrate 12 and the orientation (concave S side up or, down) of
the lens, thewhen Fepé is the udseenergy fiix peraunitarenraithe §uﬁaﬁ%&ffcm )iBps'is
adjusted A !SSPl Bl IR M safica (), ah8laREW b GRAERGN B ddinren |1 oht
The delivery sSystem foth econd ‘appar at s, par.at s LN
T 0k " A BLA St gl ot ) A8 CHEDAAT g
mrror 453 is omtted (and | aser 411 ang, aperture plate 452 are

correspondingly reoriented 10 90 to point diffggély toward turning mrror
454) and d&rning mirror 455 is 50 MM~ pps Fra‘rﬁ'er than 25 mmas in
e

Apparatus A). A third apparatus (not used in experinments) with a
sinpler (and therefore preferred) optical train is-shown in EquatiodG
Radi ati on beam 11 i.s delivered approxi mtely perpendicular to stage 15 610

on whi ch subs 12 4 wn in Fig. 3, stage 610 can be
WREIS 1 & o Bt Hulte glfa

translated in ctions (parallel to the plane of the stage,
and i ndi cat edThererarg. erergy leasesvassgciated with thre,passagsobadiation Beauces

a general |y {1 thiRighARg ¥hfits hhd apeRurd pRital TRis, thE1er pllseehérgy avitiéh w
and a | en | néugg%@giﬂﬁesjs thin'tRe BMRbd M prise bnerdy.” F#h8 LEXFARBDaS 12

by transl .
includes a mini-controller with a pulse energy meter that is useful for recording

the laser energy output during experiments. However, the internal meter is not
extremely accurate. To provide more accurate energy measprements, the test
apparatus was calibrated to develop a correction factor to be applied to the

25 intemnal meter reading to produce a more accurate reading. Accordingly, the
laser pulse energy at the surface (Eps) was measured with a Molectron J50
detector head and JD 1000 joulemeter disposed at the location of the treatment
surface, and the measured energy reading compared to the intemnal meter
reading of pulse energy (Epm)- A correction factor (Reorrection) was thus

30 developed that included both the losses through the optical train and the meter
inaccuracies.

E ps = E pm’ R correction
: Equation 4
15



20 Gas delivery system 500 includes a dewar of liquid nitrogen (4

1 capacity) coupled in series to: a dual st-age regulator; a g
noi St wWodeAxygen adsorber (MG I ndustries OXi soerC'lrﬂHs%mzaisorbs to
concentrations of 0.01 ppb); a MIlipore Mddel 304 particle filter 4§
(filters to 0.003 [err]m; a flow neter; a U S . Filter Menbral ox ‘4 t
filterThi$ chbrrecton tactri® aof constant - dris brerciound tavauzanmosimtelgs N
t er m N@idangy .a@lt %e&utpunetarbt@ﬂéraéﬂeza* Qe@hé § d8peAddit@H e 0as 18 .4

2t age voitabehat yn S eedh, Whicy i R s&%%ﬁ'geﬁn. i gas -

del i veapproyishatelyi 7 and 22 kMseTlné {dser outdueranergy tdsahdtaamdrby theensi ti \ée to -;;ﬂ. )
t L than i's !
LB TP REERIE Varn R TN o8 votiace sBARE, Linghd Bn SeRIRARIAR, | o0 o
t he at ¥hesipRer gasiavprly lawebaembat tt(esmmascwp&beyéedmecﬂv asathe '165 , ‘&

appl i ca{daire of putse energy. but rﬁstéddﬁﬂefiﬁfé?ﬁéﬂ rﬂ@l@r isSreBGS'Fdroned to view regr :
611 and t hus of .treatnent.

o hecomvatiefios dhe Snmeetionartor IS cabllaled s 3 Encion ol Rervanals  ong t udi na
i n 3§ettmlgetnémhpmlethtortheateneuwr read drorb ¢herintdmabmetes| iTde ¢arradtionsur f ace o

% " fdRorli€ of the form: Pr oduci ng an el ongat ed rectangul ar swath 612 on : t
substrate 1 tha as been exposed to radiation beam 12. Stage 610
may be indexed back to a starting : 303|t|on and translated in the X
direction again so that rapp at| beam_’l.z__r:mk.es anot her "pass" ove
swath 612. After one or smagé’@]@ may be i
14 ' WO 96/41370
PCT/ US96/ 09331 translated laterally in the Y di RABUSR S, qi stan
approxrrrately equal to length | then transl ated agai n through th

X di r eVhese mdsfhg slopRoandp is ke H‘t%@jeabéﬂtthq linear relationshipe previ ous swat h-g

612. Thus. tTife paILkS enthef midif B 6 eawel teSUASHdratused drd ShdWn in ~_:§
tre d‘!‘ébcteszeaq§e9t ially exposed to radi ati on beam 11 and the concurrent -*g

flo s 18. The energy flux (energy per unit 4
area) applied to any point on theTau Q&e of substrate 12 by @5
radi ati on beam 11 duri 1 is equal t o]
the energy of the puls ,-' ' ~pgetlhe area over which thatd

energy is distributed. 0. 10 [err] -,
Equation 2 where Feps is the pul se energy flux per unit area ae

t he sur Thue, the/energy pénpulgpst the treatment sufateeispul se energy at the surface
(J), and I and w are the length and w dth of

___“=pm
PS m-V,+b |
20 | _ : Equation 6

In the illustrated embodiment, a swath 612 is formed from a series of
discrete regions 611 (as indicated in Fig. 3 by a second region 611 shown in
phantom). The distance by which region 611 is offset from region 611 (AX) is -
the product of the time between laser pulses (which is the inverse of the laser

25 pulse repetition rate Rj) and the velocity of translation of stage 610 (the scan

velocity vs). The energy flux delivered to a given point on the substrate is thus
the product of the energy flux per pulse (Feps) and the number of laser pulses
to which the point is exposed (Npf). The number of pulses Npj is equal to the 4
width w of region 611 divided by the distance AX that the stage moves between
30 pulses. Of course, if wis not an integral multiple of AX, and each point must '
receive an integer number of pulses, not every point will receive the same
number of pulses. However, the relationship outlined above is reasonably

16




region 611 (nm. Simlarly, a pulse power flux (Fpps) can be cal cul ated as:
[err] ' : ‘ PCT/US96/09331
Equation 3 WO 96/41370 where tp is the |laser pul se duration.

There are energy | osses associated with the passage of radiation beam

L1 through thecipidecs %lggrﬁaﬁgrif\wa% G Ener}lSopiiddolel Yacnbitf g1aer 0y at

t he ace ess { tted | aser pulse energy. The

LEXtra 200 | d\@ther, rather than indexingdbe stage fatetily Retere beginming anothas swathgy
neter that isgimahelstdgy cawbengit iuthe same laterali fusitions @hd eimotiesr SWER 612

aceurate. To SARIn ReBERle 0PE, t“é%éj@bg Aicibe BaR overipne sypgtrail The™ Y
appar at us astotal enaray dyxdeliveses Gethisthie cauablp thecergroy dlukdes pass éGepa)
the 25 tirmBt ehe aunitiret paeses (NphgR produce a nore accurate reading.
Accordingly, the | aser Bque .ener at .t he Furface Eps) was
measufed w th a MoTBeavBFAsseneray flux applisddp e shriace.al sukstinte 13sen thus
joul enet er dispeaklatedtase | ocati on of the treatnent surf ace,
and the neasured energy reading conpared to the internal neter

readi ng of pulse energy (Epm). A correctipn fackpr.@yRcorrection) was thus

30 devel oped that included both tfe | 0_§S.e...<eﬂ§1t_oig.h_t he optical train and

t he meter i naccuraci es. ®Pferr] V.

Equation 4 : s 15 WO
96/ 41370 10 PCT/ US96/ 09 FsmationThi s
correction factor is not constant -- it has been found to vary

appr oxi mat el yTheltorat aneygyiixhapiiiedoot P givenepaiht isf otithinet ayarhultiplyingotiles e

energy s depgrReRj il ipélBass (Fida} By theRiimbed 8f 7¢A§se§.0 the laser. which can

be adjusted to | évels between “approximately 17 and 22 kV. The | aser

out put energy (as indicated by the ':'F I nt al .rﬁter) varies for a given
@pa

vol tage setting, depending on such faet or phe | aser gas supply
| evel , so that the voltage cannot be used directly as a meas Urggiition8 se
energy, but instead the internal nmeter is read. For conveni ence, the

Chen appl 18d o 1 nif UIEPEHERhERaFa piseiistbelom. s K3t balherrsialt | on 10
factor is of idantifigdras shown in Table 2b, below.

Table 2b
Ir Epm Pulse energy imeter) mJ |
Eps Pulse energy (actual at surface) mJ
Feps Energy fux per puise {at surlace) Jlem? %l
Power fitx per putse (3t surtace) MWicm? “
Average energy fnux per pass e
TotT enargy Fux (over Totl umbar of passes] e ll
611 mm
Eaecwo TUMber ol pLises SNking a point
“iomber of passes = ﬂ
Gas supply rate ™S
[ Laser repetuon rate p
Vs Taser scan velaoity s
vy Laser vollage - kV
W "Widih of region 511 ~mm

Unless otherwise specified, the gas used was nitrogen and the flow rate
across the treatment surface was between 250 and 500 ml/s.

20 3. _ Examples of B emoval of Oxidation Films

The application of the ,basic treatment method and apparatus described
above with regard to oxidation films is illustrated in the following examples. In

each example, a series of treatment “runs” was made on one or more samples
17 '



R _ 79
[err]

Equation 5 where mis the slope, and b is the intercept, of the Ilne 1
rel at i wo9gisps7o The val ues of the m and b for patEUSYMIIRSt .
appar atuses are shown in 15 Table 2a. bel ow. g
Tabl e 2a

ctor ' 12’._’
0. 74 et oxidiged) sybstrate matggals. Eachmunscortsrfé%Agggwmaa sm'%ewath the g

tEr eat mEJ‘IQ Strokaake tr&atmérﬁ@lhaceZth one or more passes on the swath. B
quat |

from a%??i?"mm‘se “°'&F’sl’? ‘ﬁ'ﬁ@t%ﬂa}gﬁﬁ 3 ﬁ%p%ﬁﬁ'é'ag‘\fl\%{sgﬁg Y 3' Eyf gr ':- j

second Qre@aiﬁatﬁa&eshmsrspuﬁertargemntorr) The di stance by which region: 61'.

;;gr fset ”ﬂ?é 5%11@%%0“!%%5%@? is clas fmaaae& tooss&tb%p dti e bet weer}

. | a.
Rlerr])® %ﬁ'&‘“ﬁ’h’@‘?/i SE??i’eD‘P’k\cy‘dﬁﬁ"B%' 55@ g9 ?hzescanetltlon A

vel ocity v[err]). The energy fl ux | i ered to a given point on the *
substrate is thus a

16 V\@'n Mk 248, the objective was to remove all of the oxide in as few
PCT/ US96/ 09331

each swWHPFSRs #s possible ?pre eragly ina S;%S{er%é‘ses) ang \t/lser ﬁ%ﬁegt“EzESZ applied over :
10 velocity possible, without damaging the treatment surface. This corresponds to
a maximum processing rate for commercial application -- treating a substrate in
the least possible time. As discussed above, it is believed that the key process
factors are the energy flux per pulse (Feps), the directly related (by the fixed
pulse duration of 34 ns) power fiux per pulse (Fpps), and the total energy fiux
(Fet). These process factors were varied by adjusting the pulse energy (Eps).
laser pulse repetition rate (R}), stage velocity (Vs), and incident region width

(w).

per pul se (Feps) ar ’~
t he nunber of | aser T ' medlexposed (Npl). The:
nunber of pul ses Npl (Fs—eTa = ' egion 611 divided u
t he di stance AX that s 0 ielueen 2 s. O course, if w
is not an integral ' - st recei ve a
I nt eger nunber of pul 01 t he sane e
nunber of pul ses. However, the relationship outlined above is reasonably
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a. Chromium Sputter Target
~ In this example, an oxidized'chr:o'mium sputter target was treated with
Apparatus B. The sputter target (as with the other sputter targéts used in the
experiments described below) was approximately 21 cm long, and slighﬂy oval

in shape with a maximum width of 9 cm. A series of nine runs was conducted,
the results of which are summarized in Table 3b, below. | '

20

Table 3b
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These data suggest that the power t_lux' per pulse'le'vels applied in the runs

spanned a threshold level for multi-photon bonds. Good removal was obtained

for values of Fpps greater than approximately 12 MW/cmz2, even for constant
18




Further, rather than indexing the stage laterally before begi nning anot her
swat h 6 9g,§§70stage can be left in the sane |ateral pospé&rRResss
anot her swath 61 applied in the sanme place, thus nmaki ng another "pass"
over the substrate. The 5 total energy flux delivered (Fet) is thus equal -
to the ener gwallescopBepadeg:(ffemapns 5 tot7)rarsd thee fouisher valuesast Fapa((BHn) -
The aver age ner gy ghL{xi plied to the surface of substrate 12 can thus

be cal cul at ed 48run [8r © 10

Equation 7 The tot ener L ,ux jed to a given point is obtained
by mul tiplying th(l;w' %Pe'ﬁg‘g ge‘ﬂi‘eve}%ﬁ%ﬂs' (Fepa) by the nunber of passes:

[err] in this example, an oxidized erbium sputter target was treated with
Equatiron & l4pparatus B. 'hel f88uX BRE simiatzedah TableSE Pefiv.bel ow. the test
parameters are - identified as shown in Table 2b, bel ow.
Tabl e 2b : Par anet er Table 3¢ Description
gn: ts s "E[err] Pul se energy (neter) ~ Eps
ul se -ener gy [&@C ol LS &3 | NpS Eper
pul se (at sur ’h~: NN 02: sﬂ ::]s I:E‘m :::ﬁ a!as:;.mdu T & pul se
E) L .9 2 3
(at surface) H-SrEmrate 027] 78] .58 154] 1 | 154|3 paki i Cragerner gy
flux per pasy 31zl a0|1%] 2]l &2 CBa|1as] 192] 1 ] 1.12]1 pass Al
energy flux (OYpg 20 a:g zsr:so 00| 89| 23 “L:;IN @6 ljmsmmmedme H |
i B 1 . [ . onde 1
II%]‘GPgtcPi 8]; Lﬁ?@e 2 yl;q! .o;slf oI} 1.7 054 1 o%mo ] mg;

=P o POt T )
Nurmber of passes The blue oxide observed is believed to be erbium oxidggr some ather

supply rate byproduct of sputtering target interaction. All fufs were made with the sarfé

Laser repggit r : , [
Ve Lalg% r %%%r? \ee 1 of 2.9 mm. while laser pulse energy E#% S(Eﬁfl khus, pulse power vi

Laser vol t ageflux Fpps) was %/Iightly increased, and thgscan rate significantly incggased, v dt h
of region 61lfrom run to run. The first two riifé produced partia! clegRirRS While $REYEsSRe

specified, th a nL &r oge fl rat e
treatment sur e%i's @fmﬁ@é‘ﬁ r gﬁ@%a‘(%g% 8‘ Eﬁ? gx%te@ éeMchmzi(brrS&fcetdh
good cleaning, with successively lower levels of total energy flux Fet, with 0.7
15  J/em? still providing good removal. This again suggests that a muiti-photon
bond threshold for Fpps is crossed between runs 2 and 3.
. Inrun 7, the stage velocity Vg was increased to 50 mm/s in an attempt to

. reduce the total energy flux to a level too low to remove the oxide. This run
produced a "diffraction” pattern of residual oxide lines in the X-direction,

20 suggesting that the regions where the oxide remained had not been exposed to
the same energy or power fluxes as the intermediale, cleaned regions.
Although the velocity was not so high that successive incident regions (611)
were non-overlapping (at the laser repetition rate of 30/s, the substrate moved a
distance (1.6 mm) between pulses, which is less than the width of the incident

25 region (2.9 mm)), the observed effect may be indicative of a Gaussian
distribution of photons across the X dimension of the incident region 611.
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20 3. Exanpl es of Renoval of Oxidation Filns The

application of the basic treatnent method and appar atus descri bed
above wbtobs1m@gard to oxi dation fi I'ms is illustrated i nPc'l’IGSm933®vm ng
exanples. In each exanple, a series of treatment "runs" was nade on- 3
one or _mnore gsanp utter Target 17 . s
o6/ 41370 '?S?comum Sput g a

PCT/ US06/ 093 1his exagple,aneydiaed AERaNiumEnyles Arastwvasiemed Wit onsi st ed of
-~ treati Wpparaiusds.c Theatsults aré shmamanzes inlikable 8ditvadow. surface, with one or

nore passes on the swath. Unl ess otherwi se noted, the sanples were ".,?
treated on a planar surface (suchfabde 3d on the flat face of the sputter
targets). 5 The effectiveness of the treatnent is classified . .'_'
accor di] - 5 eyt el ' i it = S expl ai ned i
. 1] .
in Tablfes 5|2 20| 022] 64| 16l 232 1 5211 pass removed 1 Tabl e .3a.%
1 I 64{116] 253 2 2 made. | pass sufident | 1 Addi t i on&g
pass r€g 84l D 51 2|2 Vel aaiala d T 34610 passle i
4 1 .1 X HIPS P ) oved, . - PN 1 N

1 - 11”58 A : i 1 > I
5 ARCIR 1170 1. | 1.17)1 pass removed 716 NO' ‘i
renoyal Sipax) vas..to degove all of . '

the oxide i nagswiltte previoRsexamphs allatfis Were MitidelitiNeysdnie Besngl € pass)
and at mﬁhmf%%m%gs gl:Pse e dEﬁ,% (BAT TN Euls%hﬂgwlwfiﬁggg &gst he

treatnent surface orrespo rate for' z
comer c sighthpincreasedoand the smtnakggstgnmaeﬂy incesaised, from mheo hast possi bl e i

time. s,QMs?% b fact ors l
are bhégea%‘e.'r I ggé‘@@p&% bfeahz‘ze%tgl%mgeé{iw%‘ew Kér% tag@??i {We fixed '-.{ ll
pul 4 dlﬂ‘f“ét\”gﬁ appre V &/\@F ﬁi‘%@Y' aing ged repiwel. and the total energyfl .
flux 15 (Feta Th'ese‘ rocg_fﬂﬁgf actors were varied by adjusting the pul se k- B

energy (Eps), repetl tion rate (Rlerr]), stage vel oci ty
(Merr]), andmthtsl ekamnple.eajl oxidized tantalum cylindrical holder was treated with

chr o RSB, e hokder wes oyindripd), fs?*%g“@? a8 habaige,
t ar get (tegatmqm %rmaihﬂ inear Sranﬁlamn capapiiity m&f@jstaae was not adequate o
15 scan the beam incidence region 611 smoothly over the surface. Accordingly,
the holder was manually rotated at a rate at which incidence regions were non-
overlapping. The data shown in Table 3e below therefore applies to the
isolated incident regions. '

: Table 3e L
ALk L B L1 AL 0 L 11
1 15 1 m . 4] 1 | 12 I emoveD 0100, SOMe 3
2| 19} 291) 48} D 2} 057] 193] X33) 1 | 113 .13[Removed onde, some dwell 5
3| 18} 264] 137} Jjm } "B 057] 104] 7] v | 104] 1 1.04]Removed oxide, some dwel 5 8
4] 18] 267] 138] B0fm | 23{ 12] 050] 148 1 | asol 1 0.50] Removed oxide, o 1 Vil
5} 191 3271 164] fm | 23| 12| 059] 175{ 1 1 059 1 .59 Rermoved oxide. no 1
6] 2D} 3B1)1173] Dim | 3t 121 063] 185] 1 0683} 1. 0.63} Remaved oxide, N0 damage
20 7] O] AT Djm | ] 13] 03] 2N T 1 0r3) T | Or3He . 10 Garmage ]

The data show that an energy flux of approximately 0.5 Jem2 is
adequate to remove the tantalum oxide film from the underlying tantalum .
‘Substrate. At a power flux of mare than approximately 22 MW/cm2 (in Runs 1-3),

some dwell damage was produced in that blackening of the substrate surtace
25 was observed.

e. Tungsten Crucible
In this example, an oxidized tungsten crucible was treated with apparatus

B. The crucible was approximately 10 cm long and 2.5 cm wide, had an
. 20
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experinments described bel ow) was approximately 21 cmlong, and slightly

oval W?”%Hi?'ﬁ with a maximumw dth of 9 .cm A series QGcrugodisps was
conduct ed, e results of which are surmari zed in Tabl e 3b, bel ow.
Tabl e 3b VI Ecm Eps H vs | Fccs  Nbl

Feca Noa p&qngated gmmgm@é (dpproximately semi- cylmdnoﬂb in the Reglon treatedy. o755
143 20 = SThedatd sHowdirdtable Bf BeloWlinludé- rﬁﬁs 1-4 on tRe 4fside siifacenoval

observed 273 142 30 5 23 2.90 0.21
6.2 17.4 fceprave) a“"B"'%@P" the%'dﬁzc?@'e Xthange paraneters 6 4
18 279 145 30 5 23 2.05 0.31 Tgblg 12.3 3.78 1 3.78 No
renoval observed 6 fg 348 175 30 5 23 2.05
0.37 - 10.9 = - = = . = ! . 6
6 20 390 h 1o -, s r - ) JaSS 1 -
Mar gi nal / nanT_a\s 2| 5| 23} 063] 1.4| 306 38| 43| 2 | paSGfyoved] MApassyadetd V. 23
0.90° 0.91 3519 1664 0 0601 v.14) 36} @3l 270 removed !

o4 4% ég K1) 0831 1.34] 395] 24l 31 Y/ 1
1 O 5[ 2FP a6 0P D 3| SB7| 46 207 67| a4 —mpd5 1
4.55 Rent 48] 200] 0] 15] 23} 0.63] 1.38] 406 13| 78] 1 | 1.74]) 301 6l 30 10
23 0.90 50. E@Z

required 5  25These data shtvett trigdten @gés cah bet reovedatan énergy flex pul se

| | lied h ls

il £1 - phot o bishES HpEatmalely 113 et NHE yik, SO0ARIE ¢ b dihag8l at poper
greater tharflaprates iasdiigh as rpptaximately 4] MWIemP.f or const ant

18 WO 96/ 41370

PCT/ US96/ 09331  f. MalybdepunrAlloy Masks rom runs 5 to 7) and then for
| ower vahges of Fgpghid egample, thrEéWdizélﬁmgsRs)(u%Qh in the production of wire

Erbium Sputter Tar a bi um
sputter tar g@?‘tmpgﬁgﬁ'%awaFﬁf§"§BBaqhéﬂ%z"?:‘iﬁ %‘l"‘%wgggpgm ) § SleJ'%TrTB.I’ i zed
in Tabl e 3c, trbaledwith Apparatus A. The data from the treatment of the masks are Tabl e

3c \g ‘F&lﬂb E wi VS I w Fecs Fpps Nol

rﬁ%%lz d m 3g-Beio pp
Fepa Npa Fet g : Rc 1 18 303
157 20 5 23 2 90 0 24 6 9 Thbfe 3@. 73 1 2.73 Bl ush oxi de
remai ned aft % wites 3 ) 3 fen €] 2. 90
0.24 6.9 el = 1 SK asses 1 cufficiant > 1

44 5] 2 1 ; YT ; 1z .
2 19 364 34 S A AL 17]1.54 1
pass renoved =11 Dl 2] | 13 084] 247] 195] 16.9] 2 glal15 23
2.90 0.29 7418 24| 7|0 13] 1841 1:; .é. :
1 5 2D 25 3 130 29.0 157 1
0.87 1 pass o = : 3 1 29.0 '9. 20
25 23 2.9 mask ) i de
1 X L ] 1 pass re

aJd= mm
15 1 L f K pass | L

Higher total energy fluxes (Fet) were required to remove the oxidation

from the larger mask used as sample 1 than for the other two masks. On the first
mask, the treatment left a brownish residue on runs 6 and 9a, which may be

indicative of damage to the remaining material. The data also suggest that
20 Fpps did not exceed a multi-photon bond power threshold in Sample 1 (where -

Fpps was less than approximately 30 MWIcmz) but did exceed the threshold in
Samples 2 and 3 (Fpps over approximately 60 MW/cm?2).

g. Steel Ruler
in this example, an oxidized steel ruler was treated with apparatus A.

25 The data from the treatment of the ruler are summarized in Table 3h, below.
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7 20 423 205 30 50 23 2.90 0.31 9.1 1.7 0.54 1  0.54%

Diffraction pattern forned . 5 - The bl ue oxi de obser v#&p
i s belwowedizze be er bi um oxi de or sone ot her by prOTiUSS6/09831S put t enng '
target interaction. All runs were made with the same 10 beam w dth of 2'
mm whil e |aser pul se energy Eps nd,,t hus; pul se power flux Fpps) :
was Sl "Snzi'_'%ﬂ-‘a (21 L N wOb} s H Lk . Sed ";f
fromr e eI Al S T 1S N R ' ot whi | e %9
succes ta{ar ol s ECNER 0.5 | Sphiebly 2T6| gDEr 2 Frey Bbxi mately 8 -
MWV cn2 - 8de ; > g SpARl-A 2 Lo | evel s of .3
total ¢memn = LIS good rem)va]'
Thi s agal|ne o} (Bal | a 6l 199 OV | 2%3|Remdaso N0 L. nor dijor Fpps is:
crossed2 _ 961 451 _147) 1 “7":??-‘,'_9_"!"!' Zthe silAhe velocity -

[ EN i S y 60 190 1 | 1.90|Paiajremova : g
Vierr] ; LY gt he t ot al
ener gy UX o a Tevel To0 ToOw tOo rem)ve

ge. 11 ' produc~f
a "diffracti att resi du oxi d I, nes t he direction, 20 .4
suggesting t 5 d ﬂé“‘ﬁ‘é%?gﬁgt\%ﬁ Fﬂ@‘%‘(gﬂ@ P@W&Fﬂ\éﬁ%&é‘ﬂ'@t Wa%en exposed i q
to crossesl betmeerreng?bcanqmvefl (fHus:izeing betveen approxientitelye7.5 @ndaned A |

29I 9.3 MWicm?, thm itoud PGhé WasuRMntAhigh - 7> R | Ve g |
i nci dent ijlﬂonﬁ_. g & @F ﬂg 8 thqm%aser repetitio .
rate of %9 U e ﬂ?ﬁﬁqté‘f@'% approxurma Yahedo (13 d/am§) Wet ween pul sesi
whi ch | emessalt theostidee W dth of the incident 25 reg| on (2.9 mm), the g
observed effect may be indicative of a Gaussi an di stribution of
phot ons acr dss t Héickelli/nieoni Atlogf Sphtter nTCardyett regi on 611. ¢ I
é?:T 1 US96/ 09 Bﬁ%%xﬁwg a sputteg target yas tr¢ treated wméApPPratusrgI, f'_

In dHi sSeutigringet wasdeineed atian afley Af G'ﬁ*%‘pﬂﬂq QSPPW’&!F@&Q'Y\N/Q&J !fPEatT@G with
Appar at dataHrorhiire treatmérst citise. eatgemrlezswlnmanmera?uk 3h detow.

Table 3d Run WV Epm  Eps H Vs - W Feps Fpps Npl
Feca Npa Fel Comments - Table 3i - Rc 1 18 .
279 1 C - 1 4. 19
1 pass 3 & ). 19. KL 2 16} eS I -5
15| D 2| 09] 0B4) 248) 38] 35| 2. 6._51{:passesmmovedall —

4| | F4( 175 D] 7| 20[ 09| 084} 248| 39 325[ 3 | 9.76|3 passas removed al 13

5| &) 33| 176| 10| 25| 09) 0B6| 2501 27| 230 3 | 6.90]3 passes removed ah 3

7| 2} 87| 68| ) 12|_ 23| 09) 091} 267) 23] 204| 4_| _8.17|4 passes. suriace n

8] | 75| | [ 12| 2| 25| 032t 93| 63 ' 2

9| 2| 37| 18| 0| | 23| 25| 0331 96| 50 1

!m

Onruns 1,3, 4,5, and 7, a pinkish light mterachon was observed dunng
15 treatment, and on run 7 the surface was left with a slight pinkish cast. One i
possibie explanation is that the substrate was damaged at the htghet pulse
power flux of approximately 20 to 26 MW/cm2. Alternatively, the higher fluxes

may have induced a change in the composition of the oxide layer to a
composition more difficult to remove (i.e., with higher bond energies). This is -y
20 consistent with the observation that more total energy flux was required in those il
runs to remove all of the oxide layer. In contrast, in runs 8-10, lower puise '
power fluxes ranging from approximately 9 to 10 MW/cm?2 were adequate to

remove the oxidation (with approximately 1.3 or more J/iem2 total energy flux
Fet).
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2 18 279 145 20 5 23 2.90 0.22 6.4 11.6 2.52 1
2.52 1 pasgalennyed - 1 . 3 18 pcR7Skos/sasb
20 5 @099@?980 0. 22 6.4 11.6 2.52 2 5.03 2 passes

made. 1 pass sufficient 1 4 19 366 184 20 5 23

2.90 0.28 8.1  1Miakel3Alloy Strip  3.19 1 pass/cleared :

1 5  1f this3&PampléB4 strip 8PoxidizZ8d nickkel alloy w3 tre&edSuith Apparatus 7. 3
2.00 1 2._810 1 ga S Tenove . _ WL 6 19 366
184 20 Aighexnickel Blioywas ¢f axpundetgmined goraposition, The data fpmyphe; 200
renoved treatment of the sttip are summariZed ir?Vablegj,/bela@2 20 15 23

2.90 0. 30 8.9 3.9 1.17 1 1.17 1 pass renoved

1. - 8520 417 202 20 20 Table 3j2. 90 0. 30 8.9 2.9
0.88 1 o I LU RS ML = As
with the pre;‘%ﬁ ; 7' 5 ] =0 = v.‘ : Tore—{ream

w dt h™ of 2. 9FBNE 3 1 (T80 {bas S€_POWET T 1 UX| 5pPS)
was sl L el 0. 1678} Y501 38| | 3,1 o 108413 passési orommypsiye | N[ nTed,
fromrun to l.%;’g e A AabZl e4%%! , Suecebi vel y
| ower |evel sgffRa%s 129] 13801 2460 B1G4] AP T30 Toarbayre syl
still provi d{g X Ladk

In this exanple, an oxidized tantal urrj cyl i'ndri cal hol der was treated with
Apparat us B. Si nce/dli obebA@lioNdt rGiy 4l redealkedla bidwiisls sesiiae, peiapged

fiap!
surface for ., ., .. treatnent nd the Jine I slation capability of the
st age was nof"%{ﬁ%'&{?d?fegﬁrﬂai%m 3&%@?%‘8%@%’?[@5@&@@?&5@ %tii"lnzrmot hly
over the surbateeerpasset indicated that the phidehwasi eemoned inoremientallyemeach at a
rate at. C'ba'sgc' 7. if SSPEUHS 1R the Hiii-photon bof BblvaP AuR SnreSRBIdE! 2
able refope a to the

shown in e below pplies t; i | ?Pl at ed . i nci dent
regi ons. approximately 50 MW/cm= -- some cleaning was achieved at lower valygs.ols o

Run VI EpmFpgsidut higherwalues! of Fet wereerequiredje remie allrxide. Npa  Fel
Coment s Rc 1 19 315 158 30 m

23 0.57 1.20 35.4 Cogper Pé&iny 1 1.20 Renoved oxi de, some dwel |
dana 5 . : e 33,3
BT 1 inpSes J%-ﬁ@}i‘%ﬁ% %ghge%fl(&fﬁ) wggégreakl%%hﬁé 137
30 m 1B Apparatus By Thregpennies were {regied, with one urpmadeam,eaeh 8kihge, sone
dwel | dama  dbverse and reverée sidb8 of2ath pehny (thedfuns are paifdd fot each @omO--

é4' ,819 13270""5‘%843“‘}%6’9 P%ﬁ'(‘)e ?5%0 {ﬁ"zj @éﬁ@éq&}’qgﬂg@&%ﬁ.y (-)r."fgdéa fpmthe; g

Renoved oxi ddremmentefthe pennies are summarized in gable gk, below. 173 30 m
23 1.2 0.63 18.5 1 0. 63 1 0.:?3 Renoved oxi de, no damage

1 20 7 _ Ta ) we 0. 73

1 0.73 Rejes - : St %y 2 show
t hat an ener gyas TZIF038] V7.7 —— ssses o0 ile to
renove the t Gi= N ﬂ@n%h&gm‘m% 60915 paysess-Flaing , .
substrate. At ! 2 : FEP IO P Eeramavee et 5t i n
Runs 1-3)9p S "ﬁ AL DT C ekt |Oarnad? BesaCKenT @] of the
substrate surface 25 was observed. _ e. . Tungst en
Cruci bl e | H ng&% | 8NcoBpidt Addk bt POSE Powernakb! e
was treated with aE“%?%f’ﬁ%a é%“; E“éd '&acrﬂce%qe ox?jr?ntel y 10 cm

. Cl S appr
| ong and 2.5 laveld etappraximately 8 to 20 Mw/cm?2 (requiring total enelgies o
20 approximately 13 to 130 J/cm?2 to remove all or nearly all of the oxide), while
higher puise powér fluxes (20 MW/cm?2 in run 6) may damage the surface.

25 k. Nickel Alloy Quarter Dollar
In this example, _oxidized U.S. quarter doliar coins (with nickel alloy
surface layer) were treated with Apparatus B. Two quarters were treated, with
one run made on each of the obverse and reverse sides of each quarter (as
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WD 96/ 41370

PCT/ US96/ 09331 el ongat ed di sh shap (approximately sem -cylindrical.
the region treated). The ‘data shown in Table 3f bel ow include runs 1-
on tt\g 1’%*3%} surface (concave) and 4-7 on the oupeT/USI6{0OBRIVEX) .

Tabl €3 Vi Epm Eps R vs I w Feps Fpps Npl°

Fep, ébowaruns I:Ieimd ZQREW&“&»% two sides of one coin, and 3 and 4 fof the other) 1 19
330_. 166 5 0.63 1. 1 pass

14 33.6 3.
r endbegata Irom the lreatmenl of the quaners ae sumfganzeéa Tabi%gl b@w 5 23 0. 6'

i
f

% : Ny t';‘”

1.14 33.6 3.8 4.32 2 8. pass .renoved, 2nd pass nmade by 1

3 ; a 12433 42 7 1 2.
W 0 "

pas 1 W Oar) 10| 1208 B¢01 2. 1. 99  Temoved. p 30 8

0.63—3 PP 5 1| Ga37L o8| 126] d6a| 34 117 8 BlReraean & N

3 ZA[38) v q 1q0p 126D 327103 A3 128 mﬁu‘gpmu 1.6 93D
i Sc g L1 NP LA B W) e L2 S LT _(730 éo 15 38
0 63 1.38 40.6 1.3 1.74 1 1.74 1 pass fenoved _ 'f
7 Th@éh datt2show 1l the @xididlay2s onthe icke!. alloy soface of the 1. 28 1
1 28

a show t hat‘
: ung%\g Indig ;1% %(i;fggﬁ%ly removed aj pulse %%Vg%f ﬂmﬁs of approxzmg?@gel d'e

appr bkiMi/e 10310/40%&595] Whl le the substrate i's not darraged at power
flux rates as high as apprOX| mately 41 MN cn®. f.

Mol ypdenu Va6l Ims In this exanple, three OXIdI zed mas \
(use |nteprouct|ono Wre : e X

pattern packaging areas of -silicon =g
chi pS) madtheod pslida}ibd@im welatmentmethod andtapparaids desbridggaboves A. The

3 Wlt'i'\ gta*FS 15 0?8&“5 HimShs Ew AR heTollowing &éméé Zf‘fﬂ%#ge'rab' e 3g,

‘Run otherwisennotahdhe mslsmmconducted:igpibe s manper, anshihe daja  Fel

?”“%b%vn is in the 5sa\n}%eolormat and units, as tﬁﬁ oxudatnon fulrﬁ%ﬁid@aﬂ-exarﬁé@@“ mask

528 . 28 3 4.89 2 4
passeé Yasts wegd conducted with Appaistis &.°° 5 "5 ‘535 285 30 s 237

% 3 0. 95 28. 1 é?n‘4§é‘8.§%&%s§0§7‘e§§ 2 passes required

23 1.3 0.84 24.7 19.5 16.39 2 _:5-:
3577 2 pmstms example, aB04 sisinless steel disk with an Ra finisty of 20 was 324 187 3

i 23codted @g@’pra%ﬁg)“gilﬁ%oﬁv&éh@ﬁal r%atalfﬁ?ﬂé’aho?\ gﬁﬁﬁeﬁ tﬁn&fﬂé’sEEd R 3

15. 3gPaipt galdsunder, Butﬁé{? nAje e@PER?'éOLéU & Tesulis °‘é§° "926“99‘28 295 3¢l
2 23ard sGmimaized h Pable 4, beldw.23 1 19.23 1 pass, browni sh residue g

N ‘?

i
33
23
5

4 9b 20 528 295 30 5 23 1.3 0.99 29.0 7.8 7.69 2 %
15.38 2 passes required Table 4a 2 Sanple. 2 = 62 nmnmask 1 22 *‘:
525 284 ' : WSSO N 3 rem)ved
Sampl e 3= K R 0 60.5
. 3.6 7.4 7Y © : 5] 100] 11.78] 3 3
18 318} 1Al DI i 2D 027]_78}900} 2305] 7 34
1 510] 276} 0 2] 300 0401 198100] 1.9} 2 2
11| 2¢ 5101 27%6| 0 040} V181450] 1798] 2 2
12| 22} 56}20] 3 23] 300 0.40] 119]450] 18.18] 2 2
_ B3V _TZ0{S00F A1 1 T &
Vo] 22] S22 | 28] O] 2 0] a00| 0.41) .120}520] 2165 § 1
3T Y201 55 Ll Y A
16| 221 2|2l | 2| 23| 210 088] 172]0a] Z300) v 5
AR KD 2| 210 058] 172)210] 1227] 3 | %.8|Ipasses ]
Q| 30y 04T (05 0 1 L1 pass i
Thess data indicale that a relatively thick organic film can be effectively 5
removed from a stainless steel substrate with no observed damage to the
substrate. It appears that the paint film required a total energy flux (Fet) of at

least approximately 16 J/cm2, and more total energy (167 Jicm?) at a lower
25 pulse power flux (approxlmately 8 MW/cm? in run 9). This may also be
indicative of a power flux threshold of between 8 and 12 MW/cm2.
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Hi gher total energy fluxes (F[err]) were required to renove the oxidation

fromthe |ar used as sanple 1 than for. the other two
, ‘ pORAISH6/093%1 t he
first %@g‘%{he treatnent left a brownish residue on runs 6 and 9a.

whi ch may be i ndi cative of damage to the remaining material. The -
data al so suggest ®hat Ozyaquﬁpk"%h@rﬁpa@%cwfeé Bo#% i - phot on bond power

threshold in Sarrp'lﬂ xs(é\ﬁiﬁ . various Ea&ud\ﬂﬁné wese hppliedipinexsurticel of a30

MN cni err but hre

over rT{appr 1)20 rﬁ?ﬁ"@ ?H\B W!ﬁ?{ eﬁ?‘r’ d.a “Whibr boat (use%afmt'ﬁﬁpgaéf %ﬁgbﬁ"’%“
In this exanplvaieralﬂ'\mugdlf-mwes)aeﬁhreﬂ typesd organic diimswere appliedit us A 25
-nge d_at a fg OM%P 4&%’\5%% By BRy." PAIRE (H1€ ahdFEBY); arRdmdyid AtarRers Trael ow.
PCT/ US96/ 0933quartz wafer boat was then treated with Apparatus A. The results ¢tihe, 3,

Run VI Epm cE&fment are\éhmﬂnan}t\éd lﬁeﬁablecmsbelwl Fepa Npa Fel
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17 180 106 muaﬂuum-m

r enoval

18.0 4.56 1} 40 |
8| 8 3 410! 18] 6.0 : 246
30 5 23 3 U 1 F D (S AT (T D R 2
2 3 19 2| 23R appogepy 78I poai A58/ g ki 1SBIh n 755
Renoved 121 18] 23] 158 | 1} 23} 22} 031} 921660 2056} 3 { il ed 1 ’
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10 These data indicate that the organic films can be effectively removed
without damage to the quartz substrate, at various energy levels in one or more
passes.

€. Organic Films on Fused Silica Quartz Window
In this example, various organic films were applied to the surface of a
15 generally planar, fused silica quartz optical window. Two types of organic films .
were applied: fingerprints (human body oil), with and without additional dust;
and blue paint. The window was then treated with Apparatus A. The results of
the treatment are summarized in Table 4c, below.
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conducted, the resuits of which are shown in Table 5a, below. In the test

apparatus, incident region 611 was continuously scanned across a swath 612 :

15 with a width (X dimension) of between 0.9 and 2.0 mm for scan times as long as _ E

tens of minutes. The number of passes (Npa) shown in Table 5a is therefore:

N.. = tscan Vs

W swath -

K Equation 9 T

where wswath is the width of the swath 612, tgean is the time duration of the

20 scan, and Vi is the laser scan velocity.

It was observed that at high energy and power flux levels, the point at
which the polycrystalline silicon layer was completely removed, and the quartz
thus exposed to the radiation, was accompanied by fiuorescence of the quartz. K
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5 The data indicate that polycrystallih'é silicon can be removed from the surface of
quartz. '

6. urface_Topoar: Modification -

From the description and data presented above, it is evident that
substantially continuous layers of material can be selectively removed from a
10 substrate surface. The thickness of material removed from the substrate is a
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passes
such as 610 or moving focusmg optncs) dictates the scale and accuracy with
25 which structures can be created. The depth of the “cut” achieved on each “pass”
- of the incident region is dtctated by the energy and power fluxes, and the total 4
depth of material removed is further controlled by the number of passes made
over the surface. S - -
The creation of a simple nanostructure is.ill'ustrate‘d' échematically in Fig. |
30 4. The nanostructure is an “island” 720 surrounded by a “trench” 710 formed in
the surface of substrate 12. Trench 710 is formed by traversing incident
radiation region 611 (shown schematically as a circular region, although it may
be rectangular as illustrated in the experimental apparatus above) around the
perimeter of the region in which island 720 is desired to be created. The
35 traversal of region 611 is indicated by another position of the region (611") in
another portion of the trench 710. | A
An alternative micromachining technique is to use a mask to define the

areas of material to be removed, overlay the mask on or above the substrate il
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pai nt (bl ue)  seanned  rabfbridyyon oS oo siBATbPheTunkFAR ah e RFeS °
11.30 1 11. amourtdf peatatalremovedifromieach rggion.s 300 173 30 2 23 2.2
0.34 10. 35 33.0 ¥} RRurdielyldetthindfitb pri-tfreatntem isicknesé of layer 12b (and,

- optionally, to confirm the desired post-treatment thickness), it is desirable to use
an in-situ film thickness measurement technique. Suitable known techniques
include reflection or beam profile specﬁtrophotometry or ellipsometry. (Such
techniques are described in P. Burggraaf, “Thin Film Metrology: Headed for a

30 New Plateau” §emicgnducto} international March 1994). An actual thickness in
each region can then be compared to the desired thickness to determine a
thickness of undesired material. The appropriate radiation energy and power
fluxes can then be applied to the region to eliminate the thickness of undesired
material. A post-treatment thickness measurement can be made to confirm that

35 the actual thickness is equal to the desired thickness. and an additional
treatment applied if required. ‘This process can be continued iteratively for each

region.
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2 treatment surface contours 12b’, 12b™). This in turn will reduce the average
roughness of the surface layer 12b.

ftects of Polarization on Removal

As discussed above, effective removal of undesired material from the -f';'.-
25 surface of a substrate is pamcularly challengmg when the substrate includes a-
thin film coating. Thin film coatings can range from several Angstroms to ten
micrometers in thickness. Treatment of such surfaces using the apparatuses
and techniques described above at energy and power levels sufficient to
remove many undesired materials have been found to damage the some film
30 coatings. On the other hand, energy and power levels low enough not to
damage the thin film have been found not to effectively remove some undesired '
materials. As evidenced by the data presented below, it has now been g
determined that polarization of the laser light enables removal of several -
undesired materials from a variety of thin film materials on various substrates at
35 energy and power fiuxes insufficient to damagé the thin films.
Some types of piezoelectric substances (pai'ticularly those that are

ferroelectric) have also been found to be difficult to clean with the techniques
30
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26 25 beam 92 and a transmmed beam 930. For the 248 nm KrF laser light, the
beam splitter reflects 71% of the s-polarized component and 29% of the p-

- polarized component of the incident beam. Thus, the reflected beam 920 is
primarily s-polarized, while the transmitted beam is primarily p-polarized. Each
of the reflected and transmitted beams carry approximately 50% of the incident

30 beam’s energy and power.

The apparatuses used to generate the data presented below are
essentially the same as those illustrated in Figs. 2A-C except that the beam
splitter was substituted for one or more elements in the optical train. Apparatus
A (Fig. 2A) was modified by replacing aperture plate 452 and first turning mirror

35 453 with the beam splitter. Apparatus B (Fig. 2B) was modified by replacing
second tuming mirror 455 with the beam splitter. Apparatus C (Fig. 2C) was
modified by substituting the beam splitter for tumning mirror 458. The beam
splitter may be disposed in any location in the optical train but is preferably
placed close to the laser.
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In runs 1-5, the digital micromirror devices were treated with polarized
laser energy and the particles were effectively removed without damage to the
devices. ' _

20 In run 6 the film was damaged when the beam splitter was replaced with
a 50% beam splitter (non-polarizer) available as part no. 248-P50-45-2D-AR
from Acton Research of Acton, Massachusetts. This beam splitter has 45
degree coating and at a wavelength of 248 nm (the wavelength of the laser
employed in this example) the energy of the incident beam is divided into 50%

25 transmission and 50% reflection. The correction coefficients used for this run
are m = 0.00794, b = 5.813.
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The polycarbonate and particles were removed using multiple passes at A

F.ps = 0.18 Jlem?and F,,, = 5.3 MW/cm?. Both wet and dry latex glove material A

was removed at F,,, = 0.16 Jlem? and F,,, = 4.8 MW/cm?. The wet latex glove

15 material caused some localized corrosion. Glycol was removed in a single pass

and the removal of oil required two passes at F,,,=0.13 Jlem* and F,, = 3.9

MW/cm?. The nickel coating was damaged at F,,, = 0.27 Jicm? and F,,, = 7.8 &
MW/cm? as bubbles were observed on the surface.

d. Chrome Thin Film on Quartz
20 In this example, runs were made using a quartz substrate having an 800 i
A thick chrome layer. The chrome layer had three surface geometries: (a) a
34 i
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Particles were effectively removed from the unpatterned, chrome film

10 without damage at F,,, = 0.06 J/cm? and Fope = 1.8 MW/cm?. Under stable
energy and power fluxes, photoresist residual removal from unpatterned,
chrome film was dependent upon the average energy flux per pass, F,,. At Fepe
= 2.5 J/cm?, no removal occurred even after multiple passes. Two passes
effectively removed the photoresist residual at F,,, = 5.1 Jicm?, however, at F,,

15 values of 5.4 and 6.3 J/cm? the chrome coating began cracking.

For runs involving the patterned logic mask, the data suggest that the
upper operational limit is at F,,, = 0.07 J/om? F,, = 2.5 Jlem? and F,, = 2.0
MW/cm? because under these conditions some damage occurred.

Particles were not removed from the patterned, DRAM mask at F,,, = 0.05

20 J/iem? F,,, = 1.8 Jicm? and F, = 1.4 MW/cm?. At higher energy and power
fluxes. effective removal was observed.
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Fingerprints, saliva, and adhesive were removed from the optical reflector
(BK-7) without damage to the hafnium oxide film. Runs 4 and 5 again indicate k-
20 the significance of the flowing gas, in that no removal was achieved without
“o41
i

flowing gas in run 4, while complete removal was achieved in run 5 with gas

flow and the same power and energy fluxes and lower total energy. :
The treatment surface of the porro mirror was recessed relative to its

In run 1 the adhesive was observed to detach and re-adhere to the

mounting.
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The substrates employed are LiNbO, (runs 1-10), LiTaO, (runs 11-16),

30 and quartz (runs 17-23). In the run number, the letier N designates the use of
nitrogen as the carrier gas and A designates argon. Thus, 11N identifies an
experimental run using nitrogen and LiTa0, and run 19A represents a run that
employed argon gas across a quartz substrate. The results are summarized in
Table 7, below. The correction coefficients used for these data are m = 0.1701,

35 b=4.4228.
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|
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i ndi um t $urfape damapasSn[err]) -were treated. The data in runs 1-7 are for t hel
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-cracked before treatment Particles were effectively removed from this surface
until the laser light encountered the crack -- the substrate then shattered.

The data do not suggest any relationship between removal eﬁectweness
and the type of carrier gas for the quartz substrate. -

15 The selection of the carrier gas is more significant with the ferroelectric
substrates. It is befieved that argon gas may be more effective than nitrogen in
sweeping particles away from the tested substrates because argon is a noble 8
gas which is less reactive with these substrates than is nitrogen.

8 Back Side Cleaning :
20 A variety of substrates were treated by irradiating the side of the substrate -

opposite to the side bearing the undesired material. In this orientation of the

substrate with respect to the incident radiation, the undesired material is

considered to be on the “back” side of the substrate. The tests described above
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1

1

1

1

1

Table 7b
Fel Conment

20 The data indicate that polycrystalline silicon can be removed from a -
quartz substrate by applying the radiation from the back side of the substrate. It
was observed that the silicon was released in relatively large flakes, so that the
entire thickness of the silicon over a given area of the substrate came away in a
single event, rather than by gradual removal as seen in Example 5 above for

25 front side application of radiation.

b. Removal of Manganese lons from Quartz
~In this example, a quartz substrate coated with manganese ions from the
residue of a dried manganese standard solution (1000 ppm Mn*") was treated
by irradiation from the front side (runs 1-3, ions proximate to the laser beam), the
30 back side (runs 5-7, ions distal to the laser beam) and sequentially from both
‘'sides (run 4). In these tests, the gas was flowed across the surface having the
manganese ions. The results are shown in Table 8b1, below. The correction

coefficients used for these data are m = 0.0698. b = 2.7757.
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These data indicate that the flowing gas should be directed across the
surface having the undesired material. A comparison of runs 1-4 and 9-12
demonstrates that effective removal occurs using the back side irradiation E
technique even when employing substantially reduced energy and flux levels.

20 c. Removal of Organics from Various Materials

In this example, organic material (black ink) was applied to the “front” ;
surface of samples of various substrate materials. These samples were then i

treated by irradiation from their back side. The substrates included: a) <100>
silicon; b) 304 electropolished stainless steel; c) opaque wafer carrier plastic
25 (reflected the laser light); d) “Canasite.” a ceramic material that is a proprietary .
formulation of calcium, sodium and silicon; e) polytetrafiuoroethylene (20 mil
thick); f) polypropylene'-film'(frdm a “freezer” bag); and g) polycarbonate packing f'i‘
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34 given frequency, it is believed that these vibrations can transfer sufficient energy
20 1o break bonds between desired and undesired material. The strength of the
phonons may be enhanced by the surface crystal interface, thin film coatings on
the surface, and the nature of the undesired material. Some background
theoretical references on phonons are A. Neubrand and P. Hess, “Laser
generation and detection of surface acoustic waves: elastic properties of
25 surface layers,” M@_o_fﬁgglje_dﬂbxﬂgg, vol. 71 (1) (1992), pp. 227-38; R.
Hrovatin and J. Mozina, "Optical probing of laser induced surface waves in a
transparent plate.” Joumnal of Applied Physics. vol. 71(12) (1992) pp. 6192-
6194; and P. Knipp, "Phonons on stepped surfaces,” Physics Review B,
Condensed Matter, vol. 43 (15) pp. 6908-23.

30 compared to nitrogen.
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J/cnferr] .7 anifom therireatment suriage.and insutfisiant i alisrdhgyph uﬁaabmeemes of the

fluxes ef fsact desiré e maMadialvas obser ved.
35 WO 96/ 41370
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This | ens 2s 50bsirale ap@ athinfitn ugon dasubstrade.n of 200 nmand is avail able
as part no. 03-060-1-248-AR from Acton Research of Acton,

Massachusefts. In ghe S5Thefméthedionglair @S whersih & thivnfitn waeﬁteanmdtﬁer om a
20A t hi ¢k haf ni um i

xi.de gatin uartz . .and BK {
“ndust ry- & anBiep e8Bha pLo i, iR tinbfe. Rt aht ploel] It vas
di scovered that polarized |light was ineffective in renovi
cont ani nants, wher &as uﬂ'bélfaeﬂ"ﬂéd’f claim3. M@f@ﬂﬂ@%ﬁﬂ%fatqﬁsﬁlégtﬁﬂtf@@F@

summari zed2i n giedy %ﬁﬁsﬂrﬁ?bﬂ&ﬂaﬂ'ﬂbm&&m@? RSs] $ifcore et aAd AYminunept i cal
qu '

10 reflector (BK-7) a Porro mrror artz) c) a Dove prism

(BK-7); a laser I

(BK-7). ThJ'e undesi réd_ nﬁgﬁﬁéﬁgd(&{é‘a?%ﬁg‘g%é%}'v@? g"wi"qﬁ nger prlgﬁé

saliva: c)2adisubstrate ig)quana osthoresilicate glass.  environmental particl es vver e
present on the substrate where the contam nant is Identified as

either "cl¢an" or 'Get - ke méthoduircieet 4, avheareinithe chiamiim isiieiilrhdin dxXidsand 5
data are my =0, QB8tratd i5 qtiahd ¢ borosilicate glass.

1 7. The method of claim 4, wherein the thin film is aluminum and the
2 substrate is silicon.

1 8. The method of claim 4, wherein the thin film is hafnium oxide and
the substrate is quanz or borosilicate glass.

1 9. The method of claim 4, wherein the thin film is nickel and the
2 substrate is steel or aluminum.

1 10. The method of claim 1, further comprising the step of:
2 simultaneously introducing across said undesired material a tlow of gas
3 substantially inert to said substrate.

1 11. A method for selectively removing undesired material from a
2 treatment surface of a substrate without affecting the physical properties of
43
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Tabl e 7e Run VI mehl ct Beeg Be lﬂced w Feps Fpps Npl Fepa:"‘-
Npa Fel Conmments tor Runs 1 & 2 = T
Fi ngerp®p6r$137Run 3 = Sal i va: Ru SI ve PCT/US96/093311 22 57

152 30 0.3 25 0.6 0.97 28.4 76 73 1 73 Fingerprint renoved {

" enayecioSodaegdPi B i el Sagfbnd bydce gl o phaspfipa 077",

73 4Renams'fegdnawahéﬁﬁ@@@nguthmstepsof 4 22 570 152 30 0.3 25 0.4

0 9?5 28 4  gélarfin |£ser1| sUp t8abohé @Mhd18-cb héht and -comﬁbnéﬁ 570 1 2

Por r 0 I\/f)F ﬁtﬁ‘agﬂ'ﬁ’f-ﬂ subﬁa“ Hy\péeg?mwakes_og%n ‘F‘Qé" It%ees[q%&ngélgﬁr@s l
18 B00and4he pecompahengmnd). 9 0.37 10.9 109 40 1 40 Gas flow ~

depegldency 4 18 8.8
S, PRI s bbb Sy kg 1°
10 igx ap 6’°“!F' ESU g 39 rel \pdesired matgig) framthe3p 5.0 25 1 s
0. 470 1ZreatmentBsurfaca and induificiBatovaiier tﬁ@pﬁ%@@ropemes f thiPdediftdl 151 30
5. 04425 mdteRqy 0- 47 13.8 - 8 3.6 2 Danege to fi I m on second pass :
Dove Prism ﬂun 1 = Setup: Run 2 = Fi ngerprl nt: Run 4 = Adhesive T

i 400 111 30 0.8 25 1.3 0.34 10,1 52 18 Partlcles renoved: ..
no danag 12.  The matbod phglaim 11, whereip said iager light is geeratadby a 52 18 -_’-
No c2earpu1gp(ekfreekc|mer laser. 2 22 600 160 30 0.4 25 1.3 0.50 14. 6*
97 48 Surface cleaned 4 22600 160 30 0.4 25 1.3 0.50 14 &

97 8 Adhe e r a s 1. & 2 = Fingerpri nt
un 3 St e THEREod pf cigim 10 BndSEokipibig &4 o1 %% § 5,"950R .t,i
22 Fimyltangqusly inrpducing across said ppdesicedl material adflow.obga®s 1.6 -

o 343 10suébstatftial mnﬂgsa,d.ﬁubﬁfﬂgerprlnt r enoved 3 20 500 137 30i
1.8 25 1 7 g : 1 9.1 Stains renoved OJtput

Coupl ; = Sal ;
TP 400 ‘}‘h S@b‘e“%%wgé'e%ﬁ"%’ﬁsmﬁ@"gq@{ cird mdSar oz ) o 1 enoved
1c 23 Weatmergsurigce oba substmte withouhatectingthe physical propertiBs ofer print i
rem)\aed des:red hatetial 1089 leftl&i theXPeatfeht s@ﬁacelaéjacéhtqg or :Ll?\d%ﬂwﬂa the 25 No:3

gas f r.f a 0.8 25 0: 17.6 4
ermy eSlgegcmgggar{éE%gwnsmg%he s?ep of:”’ F| ngerprints, saliva, and i
adhe§ ve wer eifrasiatingossid ondesiredopaterial withf palatized energetic ph(ﬂBKs‘é)t Wi t hout

damags t @nbftfy m& b i K 1geit sbﬁb.eﬁv@béemﬂe%oﬁ&ﬂy&tm 20 the 4]
si gni | cance of chi eved wi thout ¢
f1 owi §e§'FPq mateﬂa' %ﬂﬁ’ I"é""-'%lﬁ'ﬁﬂté? saise e inmppratuse of thredesired un 5 wit h

{1 ow @nd mmenamea levelwhich dvaakepaydubbchangesith thevshysical propemissot
The tgea f the porro mrror was recessed relative to its
m)unt"lf)ngtt Ehrsﬁ%l&ﬁ%ﬁadhem ve was observed to detach and re-adhere to th

36 6/ 4

PCT/ U§9 6/ 093 31% Jl'%e method of claim 14, further comprising the step of: -
2 simultaneously introducing across said undesired material a flow of gas b
3  substantially inent to said substrate,

16. A method for selectively removing undesired material from a first

side of a substrate without affecting the physical properties 6f desired material to o
be left on the substrate adjacent to or underlying the undesired material, the _
substrate having a second side opposite to the first side, comprising the step of:
irradiating the second side of the substrate with energetic photons in a |
spatial and temporal concentration sufficient to release the undesired material

® ~N O ;A WN S

from the first side and insufficient to alter the physicai properties of the desired

material.
44
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This Sheet Has Been Replaced
treatment surface. |In subsequent mu mg Eﬁﬁ zzI e was reoriented to
i mpi nge the flow on the surfac flow ng par e
surface) and’Q H1ET0 rate increase nore effecti ve%&g@éﬁﬁﬁ
removed contam nants. Adhesijve and saliva were renmoved froma porro .
mrror (lquartz) &Rd dAmmgthaddonselegtively rem@vwgp{rms;reg pateriab from 8r v and
Flerr] 3 13s§b£ﬂ/¥té WitHdul affecnng the physf&%ll SpettiesVof Besis®vRiefialw e lRRYe

21001 v b SCBhgais, ARIsGRn D qh epervipg i phosshed ialefigl T pyP R’

hi gher emer g;ndahd undesired Imatetiaviedving porinteriace thefebetween.cbomprising4he,
Jicnerr rgfe?;&tlvely Fi ngerprints, particles, stains and saliva were
removed 10 om the | aser reflector BK—ggi and t he_out | er BK—

Several &urf aces irrdiatiog thayteriase Wih eaprastic Rhalons in ¢ qagalc)gp é%’@& 'Earluat

cF:) orr OS: on O@GHéérﬁebﬁBtEsﬁmmbhﬂoa@léas@ tRétundeshiéd medterial from the first side and
i ezoel.egctric

particl e® wiY %%‘\/‘80"5%"%? Physigal poropgmtggoog tﬁ%???%gﬂg%}ﬁ é\onmeln;t ? Ih| um
M trari 3 Unpol A8 S e e BRELEHARPLE Aok SEd dup ot adiating Rifipries

r enovi ng2 pardirecting xhéxlphbtonshbrdughrthspUbstrate todke dntegaead in t he opti cal
train so that the reflected beam 920 was applied to the surface, as

was done,in all th | 7a-e). This
was al so1found tg ermeef@ggﬁd%f'é@%t 1#&”% @ #Htﬂ?%%ﬁ%%%t%en

reconfi gBr eO‘sUbstalhtlatlpSmn’sbardmewrtmairladiaimnso t hat the transmtted beam
930 was applied to the treatnent surface Thi s was acconpl i shed by

pl aci ng. the beam I|te in Fig.
2B such bhat the serﬁ? Eﬂ%ﬁ lé' rgg %%?ﬁéﬁ%ri@ﬁ% %G%e%é"
transmt tZed thr omyimultbnetbmﬂynmmducmra flowtafr gaﬂgumtﬂnba")ﬂ@@ﬂ tpheaid ane

resul t, &%s%agzat ion in transm ssion, may be acconplished using the
appar at uSes Ehemati cal | y illustrat ed in Fi gs. 2A and 2C by pl acing
t he beamysplitter t 456.
The tra&m tted, 1oI arT@gwﬁ&’ BFE‘QWQO%E% %Sgﬁfbgrd%sgggﬂtﬁauéﬂ

The subs®r at 2eyosstheypdesires ma*ﬁq'err] (runs 1-10), LiTagerr] (runs 1
1-16), 30 and quartz (runs 17-23). In the run nunber, the letter N

desi gnat ds the use20f The methbd bbglaimads ¢S, whereierthgsuibatrdteNsdpsargrand:s

[ oot or A2 WIHESER tnalofib B pavvervat T EEST el oyed argon gas

across a quartz substrate. The results are sunmari

bel ow THe correc3o medhad for @mhanciag shegHserpiien °éét9f5é{?9 er@?f?mtz'e 35

b = 4.4228. treatment surface of a substrate having bond sites occupied3fy undesired
3 material comprising the steps of:

introducing across the treatment surface a flow of gas substantlally inert
to the substrate:

simultaneously irradiating the treatment surface with energetic photons in
a spatial and temporal éoncentration sufficient to release the undesired material
from the treatment surface; and

exposing the substrate to the desired material.

© oGS

1 24. The method of claim 23 wherein the substrate is an oxide.
1 25. The method of claim 24 wherein the desired material is organic.

1 26. The method of claim 25 wherein the substrate is silicon oxide.
45
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WO 96/ 41370 K
PCT/ US96/ 09331 . Tabl e 7f ?ﬁ
Run Wod%@ms7eEps R vs | "w Feps Fpps Npl Fepa PoipEsIseB3rt Comment s
LiNN err] IN 19 500 66 30 8.0 25 2.5 0.10 3.0 9 14
1.0 Surface Damage : 2N 17 360 47 30 8.0 25 3.7 O. 0”
1 51 14 1 2. 7Th&mdthod dD@@g@G&kher%ﬁh tie2@esifed materia®i 25 6.4 0.04
rgjan ﬁ‘eq yifoor removal 4N 21 500 75 30 8.0 25 6.4
9P'MC 1 Particle renoval 5A 18 400 53 30 8.0 25 %
6 3 0. 03 1. 24 1 0.8 Effective renpval 6A 19 500 e.
30 8.0 25 % Fhemetipod pf £laim27 wherpin the-desised materiatis timethyl 7A 20 608
77 280 apdinug® 6.3 0.05 1.4 24 1 1.1 Effective renoval 8
23 705 85 30 8.0 25 6.3.0.05 1.5 24 1 1.3 Effective renoval .]
OA 18 400 53 30 8.0 25 6.3 0.03 1.0 24 1 0.8 Effective renpva
10A 19 450 59 30 8.0 25 2.5 0.09 2.8 9 1 0.9 Damage ¥
Li Tag err] 11N 18 350 47 30 8.0 25 2.5 0.08 2.2 9 0. 7‘;
1 0.7 Particle renoval 12A 18 400 54 30 8.0 25 6.3 0.03:
1.0 24 0.8 1 0.8 Effective renoval 13A 19 500 66 3F
8.0 25 6.3 0.04 1.2 24 1.0 1 1.0 Efficient renoval 14A 20
600 77 30 80 25 6.3 0.05 1.4 24 1.1 1 1.1 Efficient renoval 33
15A 22 687 84 30 8.0 25 6.3 0.06 1.6 24 1.3 1 1.3 Efficient:

renoval 16A 18 400 54 30 8.0 25 3.7 0.06 1.7 14 0.8 1 0:H
Damage . Quartz 17N 19 500 66 30 8.0 25 2.5 0.1Qg
-3.6-9 1.0 1 1.0 Particle renoval 18N 21 600 75 30 8.0 ;j
25, 2.5 0.12 3.5 9 1.1 1 1.1 Particle renoval 19A 18 450 ‘;

60 30 8.0 25 1.5 0.16 4.7 6 0.9 1 0.9 Particle renvoval _
20A 19 500 66 30 8.0 25 1.5 0.18 5.2 6 1.0 1 1.0 Particle -
removal 21A 19 550 72 30 80 25 1.5 0.19 55 6 .1.1 1%
1.1 Particle renoval 22A 20 600 77 30 80 25 1.5 0.20
6.0-6 1.2 1 1.2 Particle renoval 23A 23 711 86 30 8.0 25
1.5:0.23 6.8 6 1.3 1 1.3 Particle renoval For
LiNoJerr], particle renoval was nore effective when using argon gas

t han when using nitrogen. This inproved renoval even occurred at | ower
5 energy and power fluxes (per pulse). The LiNoQ err] substrate was

damaged at hi gher flux rates, F[err] 0.09 J/cnferr] and F[err]
2.8 MNcnierr]. The average energy flux per pass (F[err]) appears\
to be unrelated to renoval effectiveness and surface danmage. -
The results are simlar for Li TadQerr}—as—renoval was effective at lower &
fl uxes 10 usi ng argon as corrpar Qqnitrogen. The surface treated i r
run 16A was crack’mt nt. Particles were effectively .
renoved fromthis surface eﬁﬁ he | aser l'ight encountered the
crack -- the substrate then The data do not
suggest any rel ationship between rem)val ef fecti veness and t he

type of carrier gas for the quartz substrate.
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15 The sel ection of the carrier gas is nore significant with the

ferroel ectrig, substrates.- It is helieyved that argon gas may be

. WO 96/41370 . . _ . . 9

nore effective than nitrogen in sweepi ng particles $/0%531 t he
tested substrates because argon is a noble gas which is |less _
reactive with these substrates than is nitrogen. 8. Back $Side
Cl eani ng 20 A variety of 1ggbstrates were treated by
irradiating the side of the substrate opposite to the side
bearing the undesired material. In this orientation of the

substrate with respect to the incident radiation, the undesired material is
considered to b@oon t he "back" side of the substrate. The tests descri bed

above * : 8 VO
96/ 41370 - W
PCT/ US96/ 09331 ar®&yconsidered to be "front si®” cleaning because the

undesired material was. renmoved fromthe sidejof the substrap

i rradi at ed. The "appar at uses used to tphduct t h@TESts descri bed
bel ow are essentially the sane as those illusjrated in Fig. 2A-C
except that the treatnent 5 sanple is oq@gnnggﬁf;;gat the surface from
whi ch the undesired material is to be reno es down. (The sanple
is held in position above the stage by an agijstable hol der.) The
radiation is thus applied to the-"desired materi si de, or the

cont am nant - f e of8t he—supstyat e{8The gas deyivery systemwas al so
reoriented tq f 30 das—=croks 5”5”{& ower—se of the substrat except as

noted 10 bel the vi deo camera reori efif€d {0 _ODSERvE t front side.
a. Removal of Polycry;faJline Silicop from Quartz B In this

exanple, a quartz furnac tube was treated to renove a |ayer of
polycrystalline silicon.fThe test specimen was essentially ™hgpgame as that
described in Exanple 5 bove and the irradiation incident region and 15
application techni que &8 "the sanme as Exanple 5 except that the sanple was
radi ated fromthe back side. The datgraée presented in Table 8a, below The
correction coefficients used for the§8Gdala are m= 0.029. b = 1.20.

Tabl e 8a Run VI Epm Eps R vs | w Feps Fpps Npl Fepa
Npa Fel Comments Rc 17a 18 300 174 30 5 15 0.24 4.84 142
1.4 6.96 1 6.96 no eff 6 17b 20 400 225 30 5 15
0.24 6.26 184 1.4 9.01 9.01 no effect 6 10Ac 21 450

248 30 5 1s——0434 6.88 /202 1.4 9.90 1 9.90 no fect 6
17d 23 500} 26B 30 5 5 0.24 7.45 219 1 45d0.73 1 10.73

r enoval 1 455/_

| | 4 700 N
|

D 452 - a7
| . 11¢ 18

N\ 12 <4—— | 500
AN I= . 1
453 454 < ]

610

FIG. 2A



18. 23 500 268 30 5 15 0.24 7.45 219 1.4 10.73 1 10.73 renoval

1 w&%sm%? 399 225 30-5 15 0.24 6.24 184 1.4 8.99 1 8.99
r enoval 2D 400 224 30 20 15 0.24 PEIYPIRE o 4
2.24 1 2. 24 rennval 1 20 The data indicate that

pol ycrystalline silicon can be renné?g froma quartz substrate by
applying the radiation fromthe bac i de of the substrate. It was

observed that the silicon was released in relatively large flakes, so that

t he entire thickness of the silicon over a given area of the
substrate cane away in a siggphe event, rather than by gradual renoval
as seen in Exanple 5 above for 25 front side applicgapBon of radiation.

b. Renoval of Manganese |ons H/2n1 Quartz In this exanpleg, a
quartz substrate coated w th nmafiganese ions omt resi due of a

dri ed manganese standar d458 tion (1000 p [err was treated by

irradiation fromthe fron
bean), the 30 back si (runs 5-7, |ons dipNal to the | aser bean) and
sequentially from both s¥@@s (run 4). |n these tests, the gas was
fl owed across the surface fjhavin e nanganese ions. The results are
shown in Table 8bl, bel ow} The ¢ ctio@ )cggfficients used for these
. 7757.

ns proximate to the | aser

data are m= 0.06
39 WO

PCT/ US 11 18 Tabl e 8bl

Run WV tbh Eps- | w FeRsg Fpps*Nph—Fe-pa sy Hel Comments
1 19 [Z: 3 26 0.7 0 70 =20 7 713 —9~' Front side.
sone danmage 3 54663 154130 3«0 26 0 7 0185 2.9 7 59 1
5.9 Front side. sone amage éﬁoiﬁ 612 147 30 5.0 26 0.7 0.81
23.7 4 3.4 1 3.4 Front si d%‘@ %damage 4 20 609 146 30

5,0 26 1.2 0.47 13.8 7 3 7. pass 1 front. pass 2 back 5

21 - 660 154 30 5.0 26 1.2 0.49 14.5 7 3.5 1 3.5 Back, cleaned

6 21 660 154 30 7.0 26 1.2 0.49 14.5 5 2.5 1 2.5 Back,

cl eaned 7 22 692 161 30 7.0 26 1.2 0.51 15.1 5 2.6 1
2.6 Back, cleaned In runs 1-4, the treatnment was found to
produce a by-product or residue on the surface of the substrate that
is believed to be indicative of danage. In 5 runs 5-7 no such residue was
observed. In fact, inrun 4 the residue created in the front side
operation was renoved in the back side treatnent. Furthernore, runs
5-7 resulted in conplete ion renoval, whereas runs 1-3 provided only

450

2 N
ey _U |

111
12 < <—— | 500




partial cleaning. In the follow ng tests, radiation was

applied to tkposésdypf the quartz 10 substiate opposite to tqﬁ?f g%ﬁgﬁﬁlng

t he undesired material or contam nant (back si-de treat

was flowed across the front side in runs 1-4 and across the back side
in runs 5-12. The data are shown in Table 8Bé§ bel ow. The correction
coefficients used for these data are m= 0.0698, b = 2. 7757.

Tabl e 8b2 Run VI Epm Eps R vs | w Feps Fpps Npl Fepa
Npa Fel Comments 1 20 611 127 30 5.0 30 1.3 0.32 9.5 8 2.5

1 2.5 partial cleaning, sone damage 2 20 560 118 30 5.0 30
1.3 0.30 8.9 8 2.4 1 2.4 partial cleaning, sone damge 3
20 606 126 30 7.0 30 1.3 0.32 9.5 6 1.8 1 1.8 partial

cl eani ng, some danage 4 22 659 133 30 7.0 30 1.3 0.34 10.0

6 1.9 1 1.9 partial cleaning, sone damage 5 22 662 134 30 9.0 30
1.3 0.34 10.1 4 1.5 1 1.5 cleaned 6 22 656 132 30 7.0 30 1.3

0.34 10.0 6 1.9 1 1.9 cleaned 7 22 650 131 30 3.0 30 1.3

0.34 9.9 13 4.4 1 4.4 cleaned 8 22 638 129 30 5.0 30
1.3 0.33 9.7 8 2.6 1 2.6 cleaned 9 22 656 132 30 7.0
30 1.8 0.24 7.2 8 1.9 1 1.9 cleaned 10 22 657 133 30
9.0 30 1.8 0.25 7.2 6 1.5 1 1.5 cleaned 11 22 650 131 30

5.0 30 1.8 0. 24 - - - pred—Id2—22-—6338.120 20

3.0 30 1.8 0.24{ 60 18 4.3 1 4.3 cI_eaned i siicn

b) 2 3041 elctopliphe stanls ste;clpgewfe are i 15 12 WM 1Z do 3
4 70 4.3 1 1 43 These data i ndi r\gf efthat theo fl ow ng as
shoul d be directedjacrospi2 he suM ace bhax=Rg=f-ha undesired jmat eli al

A conparison of rups 1-4}and 9-12

¢
hst rates ~tjhat effectijve
flechni que eJen en
€

renmoval occurs usihg the|lback side irradiatio
enpl oyi ng substantially feduced enhégy and 1 47 s l'fZT‘Ax ¢.
Renoval of Organics from Vari eri - = I —tn thiq exanpl e,
organi c materig@l (B&kk ink) appllea surff ace {of
sanpl es of var erials. gﬂ ere then '
treated by irradiajion ffomtheir back sPde. tes included: 4)
<100> silicdn: b)|304 el ectropolished/$tainless teel; c) dpaqug
wafer carrier plasfic PS5 (reflectedgffre’l gser light); d) "Cangsitel" a
ceramc material that isfa proprietary formul atj on of cal di um
sodi um and silicon}| e) p¢lytetrafluoroethyleng¢ (20 ml t hijck); |f)
pol ypropyl ene filmj{(froma "freezer" bag); an% g) pol ycprbonat e pgcki ng
40
612
X
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PCT/ USSQ623 tape appli-ed to quartz. The results_are summarized in

" Tabl e 8c. beﬁﬁaL The correction coefficients used foFCHHEWARBta are m =
0.0698. b = 2.7757. Tabl e. 8c
Run VI Epm Eps R vs | w Feps asmpps Npl. Feca Npa Feca . Npa Fel
Conment s Si <100> 1 22 606 141 30 1.0 30 1.8 0.26 7.7 54
14 1 14.1 No cleaning 304 EPS 2 22 606 141 30 1.0 30 1.8
0.26 7.7 54 14 1 14.1 No cleaning Water carrier plastic 3
22 627 145 30 1.0 30 1.8 0.27 7.9 54 15 1 14.5 No cleaning
Pol yt et raf | uor oet hyl ene 4 22 627 145 30 1.0 30 1.8 0.27 7.9
54 15 1 14.5 deaned but damaged surface 5 17 308 [78
30 5.0 30 3.0 0.09 2.5 18 16 1 1.6 d eaned, no damage
Canasite 6 17 308 78 30 5.0 30 3.0 0.09 2.5 18 1.6 1
1.6 No cleaning Freezer bag (pol ypropyl ene) 7 22 627 145
30 5.0 30 1.5 0.32 9.5 9 2.9 1 2.9 deaned Cl ear packino
tape on quartz (polycarbonate) 8 22 627 145 30 5.0 30 0.6
0.61 17.8 9 2.9 1 2.9 deaned 5 The ink wagpnot renoved
fromthe silicon £100=>__stainless steel wafer carriep plastic, or

Canasite. but was] effectively renoved fromthe .
pol ytetrafl uoroethyl ene, pol ypropyl ene and pol ycarbonat e on quartz. The

di stinction bet n renoval effectiveness appears to be derijed fromthe
differences in transparency of the substrate material to thejwavel ength of
the 10 KrF | as light. Al g that were not {cl eaned are
essentially opaq to thgZ KrF light, whil{ those that wgr e cl eaned are
at | east sonewhat transgar ent | ot ed\ t hat

pol ytetrafl uoroethyl ene weaklly transmts ‘ light at the tested
t hi ckness of 20 n§ 1. ' [ By whi ch the Rack side
cl eani ng renoves pundesired 15 romthe front surfgce is unclear.

ion. It is kown that a
the dirdqction of an

One possibility ip a photon/
phonon field can pe generat eq

applied laser fie}d. Phononsjcan ne bofds in cqval ent or
ionic, as well as| anorphous qr cr i ¢ structures. At a

gi ven frequency, Jt is beliejed t vi br ations can trgnsfer
sufficient energyf 20 to brqak=bg ben desired and undesired

material. The strfngth of theg
crystal interfacel thin fil )
of the undesired Wate”6¥1J SoNE

be enhanced iy the surface
he surface, 4dnd the nature

710
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t heoretical references on phonons are A. Neubrand and P. Hess, "Laser
generati on awlpdgipesi on of surface acousti.c wayes: el astic Ph t 1 es of
25 surface layers." Journal of Applied Physics, vol. 71 (1) é(l'?’g 09 sdp.
227-38; R Hrovatin and J. Mzina, "Optical probing of |aser induced
surface waves in a transparent plate.%sgournal of Applied Physics..
vol . 71(12) (1992) pp. 6192- 6194; and P. Knipp, "Phonons on stepped
surfaces," Physics Review B. COndensedrPhtter, vol . 43 (15) pp.
6908-23. 30 conpared to nitrogen.

41 WD 96/ 41370 ‘ :

PCT/[ US96/ 09331 9. Enhancenent of Chenj sorption As
descritbed in the '968 patent. thin filmgrowth on sem conduct or

surfaces (such as by chemni ptioqg?ﬁcngano tallic filmon a silicon

oxi de . substh&Qg'can nhanc by pretrfating the substrate by
irradiating the 5 eatnmentt surfafe with energetic photons in the presence
of a flowing inert gpg in acgerdance with the nethad di scl osed and
claimed therein) to fenmove v ] pbon_ cjoNt ai S, Whi chiwwedkd ot herw se
reduce the conductiv_4+L4£i nsthatilng ploper®i 8SIGE Thaf i m The thin
films can al so be refoved by t{®gsa treatment. Such surfface
preparation and reno . b —highvacuum 10 condi tilons rat her
than in the presence of a flow ng gas,\was subsequently reported for
several organosilane filnms on gl ass aﬁgggused silicon slides. Dul cey
et al. "Deep UV Photochem stry of Chenmsorbed Monol ayers: Patterned

Copl anar Mol ecul ar Assenbl i es" Science Vol. 252, 551 - 554 (April i§§1). As
shown in the parent application, a variety of undesired materials can be 15
removed froma variety of substrates, including netals, silicon-based

mat eri al s, and oxi des of both netal Ndegsil i con-based materials. Any
such substrates can be treated to renbve contani nants (undesired
materials) frombond sites to which it is desired to chem sorb other, .
desired materials, by breaking the bonds bet ween t he undesired

mat eri al and the substrate using the nethod of the 20 invention and
subsequent |y exposing the substrate to the desired nmateri al .
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CLAI M5 1. -, A nmethod for selectively renpving
undesi r 8Q N8P al froma substrate without affecting F P93,
properties of desired material to be left on the substrate adjacent to or
underlying the undesired material, co # sing the step of: )
irradiating said undesired material w pol ari zed energetic photons in a
spatial and tenporal concentration sufficient to release the undesired
material fromthe substrate and insufficient to alter the physical
properties of i e desired material . : 2. The net hod of
claim1l1, where the desired material includes the substrate and a thin

* fil mupon the suﬁ?&g&;i; " 42b" .

FIG. 7
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3. The nethod, of claim2, wherein the thin filmis selected fromthe
group consisting of chrome, indiumtin oxide, alum num and nickel.

4, The nmethod of claim 3, wherein the substrate is selected fromthe
group consisting of quartz, borosilicatesglass, silicon, steel and

-al um num 5. The met hod of claim4, wherein the thin
filmis chrome and the substrate is quartz or borosilicate gl ass.

6. The net hod of claim4, wherei BLAEMSthin filmis indiumtin oxide and
the substrate is quartz or borosilicate gl ass.

44 , The demethoddor selectively rembveingiundesieed nateridli fromiasubstrate
al um num and the substrate is silicon. 8. The net hod

of cl ai nwithouwtwffecting ithe physical roperties diﬁdd%ir&dfh%rﬂﬂ t@bd léﬂﬂ%n the! ?&Bstﬁteeadjﬁcent to
quartz or borosilicate gl ass. he nethod of claim4

wher ei n hgndetiying mﬂdﬁﬂwhﬁw,%ﬁﬁuww&ép%f.s
irradiating said undesired material with polarized energetic photons in a spatial and
temporal ‘concentration sufficient to release the undesired material from the substrate and

irisufﬁciem to alter the physical properties of the desired material.

2. The method of claim 1, wherein the desired material includes the substrate

and a thin film upon the substrate.

3. The method of claim 2, wherein the thin film is selected from the group

consisting: of chrome, indium tin oxide, aluminum and nickel.

. 4. The method of claim 3, wherein the substrate is selected from the group

consisting of quartz, borosilicate glass, silicon, steel and aluminum.

5.  The method of claim 4, wherein the thin film is chrome and the substrate is

quartz or borosilicate glass.

6. The method of claim 4, wherein the thin film is indium tin oxide and the

substrate is quartz or borosilicate giass.
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steel or alum num . 10. The nmethod of claim 1, further

conprising the step of: _ si mul t aneousl y i ntroduci ng across
said undesired material a flow of gas subiaantially inert to said
substrate. 11. The met hod for selectively

renovi ng undesired terigl : recd bed ,in.claiml., _further conprisjn

the step of: 72 TRk ﬂ%@?"é‘?&z‘%‘ﬂ&‘ fo Wheren %WW !’n&'“‘é’“ﬂ‘ _ad tgg,,gubstmte
second beam of polarized |aser light is produced with the first beam bei ng
one wiesidicans he s- conponent of the laser |ight

substantially predom nates over the

p-conponent of the laser light, and the second beam bei ng one wherein t he
substantially predom nates over the s-comonent of the laser light; and

wherein the step of8.rr aThemetliods of dldifi 85 iwieeeinBthe thi! filrh '1§ 'Ha®H8m oxide and the
45 appl ying one of said first and second pol arized | aser

light bg is &&e&tmgukﬁyr fge of said substrate wth said

appl i ed beam haviAg an energy flux and power fl ux

9. The method of claim 4, wherein the thin film is nickel and the substrate is

steel or aluminum.

10.  The method of claim 1, further comprising the step of:

simultaneously introducing across said undesired material a flow of gas subsﬁntially

inert to sdid substrate.

11. . | The method for selectively removing undesired material as recited
in_claim i
further comprising the step of:

polarizing laser light such that g first and second beam of polarized laser light is

first b eing one wherein the s-component ~ of the
laser light substantially predominates over the p-component of
he lager Jight. and the second beam being one wherein the p-component substantially predomin

over the s-component of the laser light; and wherein the step of irradiating said undesired material
includes
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sufficient to release the undesired material fromthe treatnent surface and
insufficient to alter the physical properties of the desired material.

12. The net hod of claim 11, rein said

applied polarized beamis applied against"a thin filmtreatnent surface

supporting the undesired nmateri.gl, to he renpved, rein said applied ope of
said first and se Mﬁﬁawﬁﬂhﬁ&wl ed t%&Fﬂtm?m

removing the undesired material from the thin filmwthout altering the

Phys) eal Ubsie "\ Mill sy applied beam having an drecgy e 4H Aderflux
Y Slg t aneously .

claim 11T ;
undesjred material a flow of gas substantiall
¢ undesi

i nt roduci across_sai
inert t os“}gF'G“%m%? : material from the/treatment surface deﬁ%‘fﬁE‘Fﬂbé 3ligr the

sel ectively renoving undesired material as set forth in claim 28,

wher ei n physical properties; of; theidesiredymaterial.undesi red material with polarized
photons is carried out at energy and power flux levels sufficient to break
t he constituent bonds of the undesired material and insufficient to raise
the tenperature of the desired material to a |l evel which would produce

changes in the phyib.cal properﬁeeaeﬁgdtmlﬂﬁ!sH’e‘gh%eWI_,: and wherein the

13. 'The method of claim 11, further comprising the step of:

simultaneously introducing across said undesired material a flow of gas substantially

inert to said substrate.

14. . Ihe method for selectively removing undesired material as set
forth in claim 28,
wherein the step of  irradiating said undesired material with polarized

photons is carried out at energy and power flux levels sufficient to break the constituent bonds of
the undesired material and insufficient to raise the temperature of the desired material to a level

which would produce changes in the physical properties of the desired material,_and wherein the
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46 ' irradiating is carried out sinultaneously with a step of flow ng a gas
which is inert to the substrate 15. A net hod
for selectively renoving undesired materjal froma first side of a
substrate without affecting the physical properties of desired material to
be left on Lhe substr te ad] _ to. A :
and t he BiASaSIle AR S AR AR '

conpri si ng the step of : P |rrad|at|ng the second side of the
subst r at gergss: said uadesied matefiglins i n a spatial and tenporal concentration
sufficient to release the undesired material fromthe first side and

i nsufficient to alter the physical properties of the desired material and
said irradiating the second side including directing the energetic

photons first acrogs, the secong gbted fof selediiveRt Simavinptidedited Phatédaldfrom a first
substrate which is—at~least partially transparent with respect to the

gg%gﬁh 'clglggpogtof E@s@’rﬂfﬂaﬁ Qt igﬁngl rs?ﬁgsﬁéﬁélt Ropd bé‘Bﬁ%%s’eﬂﬁﬁa{nﬁ&&ﬂP t&BEER dn the
; Sbst ant pabqt;t]ee: ?‘%‘ggﬂg& r‘l‘g‘l"?‘b"f‘ﬁ ESP?MW hﬂgs th Subftkie naving 2 sesond side

The method of claim 15 further conprising the step of:
si mul t aneppasite torthe dirstcside; comprisingothetep efibst antial ly inert to said
substrate.

- jrradiating the second side of the substrate with energetic photons in a spatial and

temporal concentration sufficient to release the undesired material from the first side and
insufficient to alter the physical properties of the desired material, and said jrradiating the second

16. The method of claim 15 wherein the substrate is substantially
transparent to the irradiation.

17. " The method of claim " 15 , further comprising the step of;

simultandously introducing a flow of gas substantially inert to said substrate.
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47 - : 18. . The nethod of claim1 7 wherein the flow of gas is
I ntroduced across the wundesired nmaterial. 19

The nethod of claim 15 wherein tHe¢ substrate is quartz and t he
undesired material is polycrystalline silicon.

A nethod for enh in f r
e e B o T LT, RICtor s i i

undesi re‘(ljm{mi eri al orrprl si ng st eps of i nt rodu0| ng
across t surface a flow of gas substantially inert to the
substrat e, sinmul taneously irradiating the treatnent surface

with energetic photons in a spatial and tenporal concentration sufficient
to rel ease the undesired material fromthe treatnent surface and prepare

reactive bond sitl¥s in a cheniyglmahedsPim sy ace the}émtﬁga@usﬁ-dgermhgmhnd
to facilitate c+re-msorpt|on of the desired adsorbate material; and

exposi ng .t he bsira Q9 the desired,adsorbate material.
21. @edﬂ‘ﬁgﬂﬂi)fn HQ&WH SO bst r at e i s an oxide.

20. A method for enhancing chemisorption of a desired adsorbate

mamﬁd Ontd the treatment surface of a substrate having bond sites occupied by undesired material
compiisi:@g the steps of:
| introducing across the treatment surface a flow of gas substantially inert to the
substr,a.te;:
simultaneously irradiating the treatment surface with energetic photons in a spatial
and temﬁorai concentration sufficient to release the undesired material from the treatment surface

ive bond sites in a chemical absorbent surface of the desired material to facili

exposing the substrate to the desired adsorbate material.

21.  The method of claim20 wherein the substrate is an oxide.

22, " The method of claim 21 wherein the desired adsorbate material is

organic,

23. The method of claim 22 wherein the substrate is silicon oxide.

This is the replacement sheet.
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22. : The method of claim 21 wherein the desired adsorbate

material is organic. 23. The method of claim2 2
wherein the substrate is silicon oxide.

48 24. The met HoH of clai m 23 wherein the desired
adsorbate material24s organonpiedinkthed of claim 23 wherein the désired matekiat is
met hod of claim 24—wherein the desired adsorbate material is rimethyl

al ui m num 26. A method as recited in claiml

wher ei n P1BAAOPERIIGS <ai d undesired material  with pol arized photons

i ncl udes breaking with a polarizer an incident beam of unpol arized |ight

into first and second pol arized beans, with different characteristics, and
directing a nore effective one of said first and second pol ari zed beans, .
from the standpoi nt25f rel easiThe methedi ofeclaime? e rwheireinithe idesired-adsorbate) material is
physi cal propertie5 of the desired material, Tore toward said undesired

mat eri al wihhy1 AthiheRs ef fective one of said first and second pol arized
beans. b 27. A method as recited in claim26

conprising applying the first of said polarized beans against a first
Ssubstrate due to its greater effectiveness, and then repositioning the

26, A method as recited in claim 1 wherein irradiating said undesired material

with polafized photons includes breaking with a polarizer an incident beam of unpolarized light into

first and §econd polarized beams, with different characteristics, and directing a more effective one

of said ﬁ_rstjand second polarized beams, from the standpoint of releasing undesired material

without altering physical properties of the desired material, more toward said undesired material

than the Jess effective one of said first and second polarized beams.

27. A method as recited in claim26 comprising applying the first of said

polarized beams against a first substrate due to its greater effectiveness, and then repositioning the

polarizer to apply a new polarized beam having the same characteristics as the second of said first

and secopd polarized beams against a second, different substrate more effectively treated by said

new polarized beam than said first polarized beam.

28. The ...method of claim 11 wherein applying said one of said first and second

polarized laser light beams against the undesired material includes applying said substantially

-predominant p-component polarized laser light beam to a piezoelectric substrate supporting said

undeﬁreﬂ material.
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pol ari zer to apply a new pol ari zed beam having the sane characteristics as
the second of said first and second polarized beans agai nst a second,
different substrate nore effectively treated by said new polarized beam
than said first polarized beam 49 28. The met hod of

claim 11 wherein applying said one of said first and second  polarized
laser |ight beans agzaqlnst t Ahe umethed o alaim? @ whereinsaid, moeiﬁm&sngsmmdudem

substantially- predom nant p-conponent polarized laser light beamto a
pi ezoel ecleasicomubflithiim tantalater dndlithium diobateadesi red materi al .

49 A e mernod of claink 8 wherein said
pi ezoel ectric substrate includes at | east one of lithiumtantal ate and
i t hi um ni obat e. The met hod of claim 28 wherein

each of said first . ajy, secoﬂﬁqﬁm 5Fam$%&gﬁr&cﬁgf°qﬁé m{ﬂ%%@&wm

the incident beani s—energy

of claim 15 wherein i rradl u ra pcl ude by eaki ng an
i nci dent a&mmgﬂmmateiy %H{} 1“!9%%‘&*“3 &Y POWElri zed beans,
with different characteristics, and directing a nore effective one of

said first and second pol arized beams from the standpoint of releasing
undesi red matierial wthout altering phyS| cal properties of the desired

material, nore towardl sai d Themeihoddf olaim1isatherdin hridimtingahe sutfsiratinoladey treaking
of said first and -second

an incident beam of unpolarized light into first and second polarized beams, with different

charactetistics, and directing a more effective one of said first and second polarized beams, from

the standpoint of releasing undesired material without altering physical properties of the desired

matéﬁal_; more toward said undesired material than the less effective onc of said first and second

polarizefd beams.
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(S7) Abstract

An apparatus and method for selectively removing undesired material from the surface of a substrate provides a flow of inert gas over
the undesired material substrate surface while irradiating the undesired material with energetic photons, The invention enables removal of
undesired material without altering the physical properties of the material underlying or adjacent the removed, undesired material. Removal
effectiveness may be enhanced by utilizing polarized energetic photons. Directing a laser beam to the back side of a transparent substrate
may enhance the effectiveness of removal.




