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at the side walls of an etched recess, especially if the recess has a high aspect ratio, e.g. a
narrow, deep groove.

25 Some shortcomings presently found in the FIB repair of defects in a patterned
film on a substrate are:

* incomplete removal of opaque material

30 » adecrease in the transmission of electromagnetic radiation due to absorption
by ions implanted in the substrate (normally quartz). This "staining”
phenomenon is more pronounced as the lithographic illumination moves
from near ultraviolet, i.e. UV (365 nm), to deep ultraviolet, i.e. DUV (248 nm
and 193 nm), wavelengths; and
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' » excess removal of substrate below and surrounding (riverbed effect) the
opaque defect.



* excess renoval of substrate bel ow and surrounding (riverbed effect) the
opaque defect. WO 98/ 47172
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chanber and positioned beneath a column that generates a particle beam The
5 particle beamcolum is activated and generates part icles that strike

the surface of P&%ﬁg pﬁ%itclevpea%ﬁrgge%ses-rﬁfc{haag'plah}c‘?e% l?’eatrhﬁ’e fgﬁ%ﬁﬂ o R

wor kpi ece, rea eria plcally
gases, cahedme ehingoviua ﬁtcusqqiebegm ﬂwc\eord;plem@ bmmmsci@cbls nesed Wl na

processed, cTJag, é}ﬁﬁ%ﬁﬁ&d ﬁ@shﬁfnba lbendaBOPE518EM thatl néﬂaes laq;rahmé Beal£aThd O

enhance or ep on or etch| f or med.

When a5ga§a¢1§lecheﬁ'@&°§%’cs aPH?éatg‘gF’F genergies HS‘F“‘E E‘? é’ﬁ “{fg‘% ‘ﬁedf‘%l B

((9'[ c h') ng, Waskpxcec H%Sfad:ﬂitate/mb(pﬁddeysmgé%é edbrkpiecs rgemnasmiesiakdtypically et chi ng
GAE

i ncor por apB@ShW&“WeWI?% g%cg& bé‘dﬁg’%e %ﬁ%é;%ugﬂg%%?mea‘%# Etec? bem?e airing

a pat t er npfoctssedisThgreactaht waterials soeperatg vgthsthe partlclel-hmm/terenhalmﬂwi e m
that usesugh g&gtasn BAsckh gpﬁft@é&}m{;@&f&ﬁs& | \ihenlH s i @irdated 2 The

requires a_vacuum pu enerate urity gas. Also the
GAE 10 gffgxse?mrkmlseq urtne HBstedung.ithe Pn@eeSéesr pisally refemred to fogaﬁﬁésl%‘ﬁ‘ﬁ orine.
Fur t her NnDERhin G@,[E)ne may not provide selective etching or enhanced

etching to the q rent manuf.acturers.

Japanese Patenl"Jeitpée ii&’ g i&99éy%§a§§§§tatﬁ88qraw§fi rﬂgseir?tfewc?’eference,
20 di scl dseEsmamnppmdxsrfer Basiridp nipagerAHm wsingew Ehlorinediahingggaso has

di sadvant LK I h vapor
pressure {0 aSSI Q@Afsbtshemﬂgt%gég C%%?glcggéﬂ%%%&? @é&ﬁr@chﬁ) n@'ﬂ? |n a
‘chanbdf ceystem befmuires @vawmmmnythammmdeuomcgﬁam@ampmxm gasofAlso, the Gn@

assenbl y boheth fgeit R3ufRetto HOLAFOARURAPEIHE hIRARE 2F hcmAR) Chlofirkd
I I

| ocat.ion relative to th over
heat i ng céﬁyaﬂ% Bmé’%s%lef’ﬂ ng gr 3’35@[5‘ srsstehing fo §"T'F§§Requ§5‘tﬁefﬁ%?rﬁal
expansi onneiufderirerask during Fl B m cromachi ning i s undesirabl e because

the di nensi ons j ;ﬁ{ %O%aﬁlﬁ 5\6)?)% fi‘(’f’iéi%@s n?%rguorated }éf%thtbvtg‘}erencg di ne can

al so be difficu I'éce conti nue
to et mtdesnlostﬁeuwlwsm@es dgnm@%xfedi@wg\mrﬂnématmmas disadyantages. lodine

Fur t her nDggen H?ﬂr@@h&ﬁig?@eﬁéﬁlfsh GHbig Hﬁppéﬁre?ﬁﬁétbsﬁs@f inl the eRERE préss.

GAE is generally descrjped in "Charagte as- assil st ed focu ed i on
beam Hepte .ei/f@le%w ip 2 opgEIRgT contmbyte tcahsavety-mgﬁedmes&t%a drift o

S(:ic Techrigd assénbly hblding the maskPwRizh deérlzgsfa:a)m opaﬁmr'p abm}tyefbh:hemwlmﬂiay

ref erence. r ect .of this invention to
br ovi de nsaLocaponsgiatyes M Beyts e, ThifReaBh S8 ai%e b Mg LT 00 [
an opa&jue ekpdnsiopaif ey mesk. duch therbnat expassion of the mask during FIB

micromachining is undesirable because the dimensions of the mask's microstructures are

—w

critical. Todine can also be difficult to pump off the workpiece. Thus, iodine can
continue to etch when the workpiece is removed from the vacuum chamber.
Furthermore, lodine can be difficult to use because of its odor.

30 GAE is generally described in "Characteristics of gas-assisted focused ion beam .
etching" by R.J. Young, J.R.A. Cleaver, and H. Ahmed, J. Vac. Sci. Technol. B., 11(2),
p.234, (1992), incorporated herein by reference.

Accordingly, it is an object of this invention to provide methods of GAE that

provide an improved repair of defects in an opaque film patterned on a substrate.
35



35 - 3 -

Summary of the Invention The present invention provides
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the step o%lggcanfr?ihﬂg agzgxglye%ftne%mgﬁrs‘flggg %lger@% of the workpi ece can
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25  of the workpiece can include the further step of introducing, concurrent to the scanning
step, an etching gas containing bromine in selected proximity to the selected surface

arca.

The term bromine, as used herein, encompasses any compound that includes a
bromine atom within the skeleton of that compound. Preferably, the above-mentioned
30 compound is a compound that can produce molecular bromine under the conditions
employed for gas-assisted etching.
The term chromium film, as used herein, encompasses chromium film and
chromium-oxygen film.
The term molybdenum silicide film, as used herein, encompasses molybdenum
35 silicide film and molybdenum silicide nitrogen oxygen film.
The term particle beam as used herein, encompasses ion beams, electron beams,
neutral particle beams, x-ray beams and any other directed radiation suitable for imaging
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The term focused particle beam as used herein, enconpasses ion beans,

el ectron beans, neutral particle beans, x-ray beans and any ot her

di r ect edwiossgisaii2on sui tabl e for PCT/US98/07729

-4 - i magi ng or etching a workpigce. Mreover, as explained in
greater detail hereinafter, the térmparticle beam shall include ion
beans, including galliumion beans generated by commercially
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Figure33 illustrates the sequence of one type of raster scan of the focused
particl e Brief DiSé&ih@én bhtheDSdvanap9f Figure 1 used in practice of the

i nvention; ) . -Fi.gures 4A - 4C show cross-sectional,. vi ews of

t he wor kpi ece gfg‘?—?étﬁ%s@emat‘g O%P?‘E%’F?%Parrﬂﬁletbﬁ%méﬁ%ﬁ@e@rPﬁc‘f‘f?e"f\/og‘? kpi ece as
It under gireentiove enbodi nent of the repair process according to the

I nventi on; 20 Figure 5 is top schematic view of a repaired
defect and an associated riverbed for, ~ the patterned film of Figures
4A- 4430 Figure 2 is g#s¢hematig of engersbediment of agassisliverysygem| forpsawidh t he

repaired def@etsed .wgéy'l@gﬁggmofpig{,}evgrbed of Figure 5; and 25
Figure 7 is a flow chart of the proCess of repairing an opaque film

patterned on a substrate according to the invention. Det ai | ed
Description of Fifige Blillukttateattielsciindiofoné Sype of raster scan of the focused particle

beam of the system of Figure 1 used in practice of the invention;

15
Figures 4A - 4C show cross-sectional views of the workpiece of Figure 1
illustrating the changes in the workpiece as it undergoes one embodiment of the repair
process according to the invention;

20 Figure 5 is top schematic view of a repaired defect and an associated riverbed for
the patterned film of Figures 4A - 4C;

Figure 6 is a schematic cross-sectional view of the repaired defect and associated
riverbed of Figure 5; and
25
Figure 7 is a flow chart of the process of repairing an opaque film patterned on a
substrate according to the invention.

Detailed Description of the Illustrated Embodiments

30 Scanning a focused beam of particles over a substrate surface physically sputters
away substrate particles, i.e. atoms, ions and molecules. This sputtering process can be
enhanced by introducing vapor phase etchants which react under the influence of the
particle beam with the substrate material to form reactant species; these species are more
volatile than the particles produced by the beam alone. These volatile reaction products

35 are more easily removed from the substrate surface, thus enhancing the efficiency of the
sputtering process. Selective etching can occur which can be beneficial in activities such
as repairing opaque defects. Selective etching occurs when the introduction of vapor
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30 Scanni ng a focused beam of particles over a substrate surface
physical ly sputters away substrate particles i.e. atons, ions and
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for practcglg,ogjmy&pggo N?”Mﬁ?éabﬂ&eﬁée modi fied Mcrion FIB system nodel s
9100 and 80 rporation of Peabody, Massachusetts.

(0]
Vbdol 6106 hasMpdsLe Dk panilaisailuSReead A CRen G SREAUHR S vt h o
i magi ng r pHading re@dsluﬁén &ﬂlmﬁm Mostzl 9 200ENAR MO figd &b délndr L @astslat thelsade gases

t th 800
"t er ter ol dp thTaiiim p s 260 MU SOBLRR arlbierticie e PR B,
i magi 2§ ré&kbﬂﬁﬂbmmolmﬁnmammgn@mlm off®5 nm. Mddel 8008rhasalabi | i ti es
of multip meeaﬂmaﬁgwx lﬁﬁgﬁﬁ%% iver&mw rqjmﬁomd@l%oo al so
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also be modxﬁed to dehver 2 gases at the same time to the vacuum chamber 22.

With reference again to the illustrated embodiment of Figure 1, the ion column
12 includes an ion source 14, an extraction electrode 16, a focusing element 18,

30 deflection elements 19, and a focused ion beam 20. The ion column 12 sits above the
vacuum chamber 22, and the vacuum chamber 22 houses a stage 24, a platform 26, a
workpiece 30, a secondary particle detector 28 and a charge neutralization element 32.
As further depicted by Figure 1, the reactant material delivery system 34 includes a
reservoir 36, a manometer 40, a motorized valve element 42, and delivery conduit 44.

W)
(9]

The user control station 50 can include a processor 52, a pattern recognition element 54,
a memory element 56, a display element 60, a scan generator element 62, and dwell



Wth reference again to the illustrated enbodi rent of Figure 1, the ion

col um 12 includes an ion source 14, an extraction electrode 16, a
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The ion colum 12 sits above the vgcuum chanber 22, and the vacuum
chanber 22 houses a stage 24, a platform 26, a wor kpi ece 30, a
secondary particle detector 28 and a charge neutralization el enent 32.
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Massachus ertez;[lc%am material delivery system suitable for delivering reactant material such as

30 bromine gases into the interior of the vacuum chamber 22, and more particularly into the
chamber 22 and proximate to the surface of the workpiece. The reactant material
delivery system 34 can deliver materials to the surface of the workpiece 30 to enhance
the etching from, or the imaging of, the surface of the workpiece.

The depicted reactant material 34 includes a reservoir 36 that couples in fluid

35 communication with the fluid delivery conduit 44 that has a distal portion formed as a
nozzle for delivering reactant materials to the surface of the workpiece. The depicted
reactant delivery system 34 includes a manometer 40 coupled to conduit 44 for



Simlarly, the reactant material delivery system 34 can be any conventi onal
reactant material delivery systemsuitable for delivering reactant materi al
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nore particularly into the chanber 22 and proxinmate to the surface of
t he wor kpi ece. The reactant materi al delivery system 34 can deliver
materials to the surface of the workpiece 30 to enhance t he etching
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nmi crong0i n t he Bigurerbshgverihe prasessrafisirgster scan of the fogused particledeam ofFigure

chovs t he BT EE o e g et bt e ur e
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Circular OfnsRGURYNS for dhePitg RRORHIBRMn 13 RENIARER S Wigital fastif PRAGNGS @ Series
of mlli ngdepicted in Figure 3. Figure 3 illustrates a digital raster pattern 82 that comprises a
series of pixel locations 84 with a corresponding pitch 86. The digital raster pattern
shown is a serpentine raster pattern. However, manufacturers can employ a variety of
30 raster patterns including a spiral pattern. Furthermore, the pitch is usually smaller than
the beam spot size. A typical beam spot size is between approximately .7 microns and
.2 microns. As depicted in Figure 3, the processor element 52 generates a set of milling
instructions which represent the X and } locations for directing the particle beam 20 to
mill the surface of the workpiece 30. Importantly, the processor is programmable.
35 Figures 4A to 4C illustrates one embodiment of the repair process of a film
patterned on a substrate using the focused particle beam system of Figure 1. The Figures
show a cross-sectional view of a portion 30a of the workpiece 30. Figure 4A shows the



instructions for operating the ion colum 12 to inplenent a digital raster

pattern as depicted in Figure 3. Figure 3 illustrates a digital raster
pattern 8®otdgsayi7eonpri ses a series of pixel |ocationsPEWURPEIT7
correspondi ng pitch 86. The digital rastgr pattern shown is a
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opaque filmpatierned on a subsirate, W|th focysed particle beam 20;
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t he excessmolesomaltnﬁ&n The etchl ng gas can further include

t t of t 20 f
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pressure f &miteddo that valne sbhinh @eb BotgRise e basepresyire fothe w}cuum substantially

above 10-3 Torr.
Manufacturers can pattern a variety of opaque films onto the substrate, including

30 chromium film and molybdenum silicide film. In one embodiment of the invention, the

substrate is quartz.
Figure 4B shows a portion of the workpiece 30a after the completion of step 114

of Figure 7. The focused particle beam system has repaired the workpiece by removing
the excess portion 92 of the patterned film 90 with a focused particle beam 20.

35 In one practice of the invention. the method described above can further inciude
the steps of (i) scanning a selected portion of the substrate with the focused particle
beam, and (ii) applying a clean-up gas, concurrent to the substrate scanning step, to



25 or less. Preferably, the maximumflow rate fromthe gas nozzle or
nozzles is limted by the all owabl e gas pressure rise in the specinen
chanmber wdbsgzi7i he flow rate shoul d be limted to trdT/vVS®BOE2MNI Ch
does not raise the base pressure for tQe vacuum substantially above
10[err] Torr. Manuf acturers can pattern a variety of opaque
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char ge 52 couples via a transmission path to a control element 58 coupled to the ion beam

column 12. The depicted processor element 52 can be a conventional computer
processor element that includes a CPU element, a program memory, a data memory. and

30 an input/output device. One suitable processor element 52 is a Sun Workstation
operating a Unix operating system.

As further depicted by Figure 1, the processor element 52 can connect, via the
input/output device to a scan generator element 62. In one embodiment, the scan
generator element is a circuit card assembly that connects to the processor 52 via the

35 processor input/output device. The circuit card assembly scan generator element 62
depicted in Figure 1 includes a scan memory for storing data representative of a.
scanning pattern that can be implemented by system 10 for scanning ion beam 20 across



neutralization elenent 32. and secondary particle detector 28 are
controlled by the 25 <control station 50. The depicted control station 50

i ncl udes vaops/Paessor el enent 52 that has a scan generBCOUSIZMENt 62
that includes dwell register 64. The pr Fessor el enent 52 couples via
a transm ssion path to a control el ement” 58 coupled to the i on beam

colum 12. The depicted processor elenent 52 can be a conventional conputer
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menory. ang 30 an input/output device. One suitable processor el enent 52

s a Sun kst ation operating a Unix operating system _

As further depi Thestahgehérator boatd elehenpéd depmisiad ieFruwent céitbecaconventenal, vi a
t he I nput /o ' . , 4 one

enbodi ment O hEHbry L Suthalicp SAMABRRLANG o6} SORAL oftfel MO0

connect$ tinfarmatipr mpeessotativpofipeations ofthe workpisse that argpobr pracsssed dE e e. The

Circui t casghide b lsyst&ra. Q?Bﬁhﬁj}',chrscﬁﬁ 88RihtoP Board suitdbdic peattic@withghe e 1
i ncludes a scan.  nmenmpry. for, sforjng.data representative .aof, a canni ng
pat ter n t HRIESOAHVERNOT B BHESA Saen ! BPEIOakIostpET CaBAT TG FaFesBendh iog
across location onifk 9@rkpidcé3urface. Each memory location stores data representative of
PCT/ US98/ 077

9 v . . - 140
the surfac® %F‘n? RdOSREPR Blf tehgewcgbp.)tege asmec} %rg{eirz\i/bely;urtnlﬁr Ihas’ & _eeatc%ﬁ(afnﬁé surface of
t he woi&pilecation, a dwl) register for storing digtital datamenyeseatative of b timedformainiaining?2
depicted i ' C ' I Lrcuit
fRe g&gge%e%mt iR ‘gxrl&aéf‘e%\fﬁ@%ﬂ\ﬂgécgiaé the éﬁ@agsgygegrggﬁfﬂa by the

card havi ng I clent nemory for stori ) . I nf @rmati on
r epr esent adssowated X} E@airi dyssorginglndhadvlh regigcn nrayviday amegiope lgsateniosed by

t he PRbliAES BwBE AMeSHE ARyiAL thelfoRied! gayticlé béda fo te Bexfadet thwar d
suitable for practice t

t he resent invention includes a series of
menory | oc¥PTkBIfSe- 19 dhgre QW‘N ‘&‘H‘W%PF@? ﬁagelg\@rej'to the ng?é‘:tcieon on the
wor kpi é6e sur f ahevillbe@bparemuo yné of atdireany skitirieshedat of foeysed particid basen of
an X and Y, ' i . r - each X
and Y10 iSEERkAR sghhlsmat Bictlsp aB A %ﬁﬁ%@%ﬂﬁ Werkdites Jifcd &
r epr esent ab¢ yrdegtood toidetermine genetallsitha drpth to whichangserial ictemoyed frogrthehe
surface of jokhon@kPlRaide. WRoldday. 1RO AR tigfeskil si¥ed ii8he dwell associ at ed
X, Y pair. Accordingly, the dwell register g{)é) I des %érerm%g |0Cﬁ)t€I0n for
storing a W& cap ﬁ&%&ﬂ%ﬁiﬁ?%ﬁﬁwp CRBUYR %%H‘ iO8 L SEERsiPRJOr e sur f ace
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det er m ne ﬂ)%ﬁﬁerdadahflclé BendeRidnto which material is renoved fromthat
| ocation of the workpiece.” Accordingly, the dwell time signal stored in the
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operating the deflector elements 19 to deflect the focused particle beam for scanning or

rasterizing the focused particle beam across the surface of the workpiece 30, and to

30 maintain the particle beam at the selected location for a specified dwell time to provide
milling to a selected depth. The surface of the workpiece 30 generally corresponds to a
two-dimensional plane that can be defined by an orthogonal pair of X and Y axes. A Z
axis, that is generally understood as extending parallel to the path of the focused ion
beam 20 is also generally orthogonal to the plane defined by the X and Y axis of the

35 surface of the workpiece 30. By controlling the location of the particle beam 20 and the

' period of time for which the beam 20 impacts against the surface of the workpiece 30,

material at selected locations of the workpiece 30 can be removed. Accordingly, the



focused particle beam system : Accordingly. the processor 52
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t hat i ncl pigs felaké ticla b@lnﬂﬁ@ﬁhﬁ tkﬂegmrkpxccé e0. @ﬂidr@?étérﬂgmaﬂmb%dbﬁﬁm 20 to
scan across the

ur e.of the wor t her e ct
Focusod | SRRt BArSIE bRum cauLT Brstoa Wi Deesett Py eio it SRR ce. 30
it 15 V\ﬁbtntbesapapahemfto one of ordinary skill in the art of focused
particle beamﬁ 8 %R1s8¢h fro ﬂ?}fveﬁgycr 135%%%}%&'9[%%\,\%19 eddh FGft 79 the
focused particle beamto se ect ocatlo pi ece surface can
be pract i B¥Yides aisysiem fpraeeairing epaqusiilgs paperaed pp aéﬁbﬁlraf@mfa%ut%ancallv

enbodi Menidentifi&s Bk i’dcfaﬁérﬂhx?rc‘i‘g;éb%&n?%f%‘éﬁéksh Boﬁmnzfmd Ygéaerazes&aﬁﬁ ehehi ch

to 10 |1 dth
O PO Al ihasiomers infytafigh 2 3B of sring Sepal el e B PR ed {0 a

st age 20onparatiedeamametchabe workaiect land sHeaghy remowy amgxdekeportion providipg ece 30 to

t her eby dj t n of the workpiece directly in the path
of the fotuse @ﬁﬁtﬁgpggcé%{h%ér)n Il the workpiece 30. O her systens and
met hods for directing the particle beam can be practiced with the

present | pxeAWrpelE Wi t hout departing 15 fromthe scope thereof.
O e N R R L S0 VL
subst 128t e wiehaiised fiéroBAEiexpédiients. Thé Agpli¢ant perfirhrd| @p@béMe actdrdingtethey of
"t or mat 1 SNeabE B e SRIRE HarSialy e chomipnebas O lon BB BOTHBE ™ o 11 ol e
beam to eﬁlélﬁldtemsﬁdoﬁhp&@t@e msnarﬁem subystratgrmaterial iwasquesz  Plg basoprgsswrei di ng a
pat t er ned f ite Ma¥idnh) cRarhbe? %ha8 8b&it3PD Torr. The components of the etching gas were

delivered through two nozzles. A preferred range between the nozzle tip and thé

30 location of the focused particle beam's interaction with the workpiece was about 100 to
600 microns in the X-Y plane and about 100 to 400 microns in the Z direction. The
inner diameter of the nozzles were between 100 and 400 microns.

Scanning Electron Microscope

35 A JEOL model 6400 field emission scanning electron microscope was used, at low
acceleration voltage, to evaluate the opaque repairs.
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EXAMPLE The follow ng procedure was preforned: Mcrion FIB
systens 9100 and 8000 25 were used for GAE experinents. The Applicant

per f or regu@opdeedure according to the i nvent i on wherpcIrisssopreue
materials were chrom um based film and npl ybdenum silicide-based film
and the transparent substrate material Was quartz. The base pressure

I n the vacuum chanber was about 10[err] Torr. The conponents of the etching
gas were QOpticdll®Micyedcepe t hrough two nozzles. A preferred range between the
nozzle tip,and the 30 |ocatipn article beam s interaction
W the TRIEE eREoRRRes R in oY gensmis SRR 35 iR dmpR R S

about 100 vere 466d for pretingnarn e&hiaatfordmfrthethmnuuri#based film amchtbe mblpbdenem of t he

I
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was used, regionpw accel eration voltage, to evaluate the opaque repairs.
WD 98/ 47172
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ptical MALeBUe Epece Microgeope. | i croscopes with reflective, transm ssion
and i nt er f(yague fepalifgietgevaiyatdd By dtomsc force mivesseopss@iviaacedviateriaisnar y

eval uatio f _the . chrom ed and the

ST ot de- DADREPY CRirE, Y ThEE poriORy med PR ited s i n e

Vi si bl ¥) waesipiatertess ofabsoxbgi remjoval, the repaiAsmopthnéssapd rivethed siogmsions.  Qpaque
repairs were evaluated by atomc force mcroscopy (Advanced Materials

Laboratory Concord MA). Three di nensional repair profiles characterized
the 10 cd»htak Brefilomsterapsor ber renoval , the repair snobot hness and

riverbed CEtBE&SiaﬁE@nents of chrofaflth-sksedrfith, hiyRidRhum sﬂlcxcﬁt-ﬁé%e@ fiaR6E Q‘Bﬂftﬁ Of

ot or i ne v AR epmb Pl A DARF A, oLt ot kAR RS Gocerpinely | <

concer i ngivebbeds andsurfads reughnsssreqasedr Akanabsisr equi red AFM anal ysi s.

Bromine-based Etchant Mixture for Cr
A gas mixture including bromine and water vapor was developed which enhances the
removal of Cr 2 fold relative to straight sputtering while inhibiting the reioval of quartz
20 30-70% relative to straight sputtering. The ratio of water vapor to bromine was 1 mole
- of water to from about 5 moles to about 30 moles of bromine. The most preferred ratio
was about 1 mole of water 1o about 10 moles of Bromine. AFM evaluations of Cr
repairs with this bromine-based etchant mixture suggests that riverbeds <35 nm are
achievable.
25
Bromine-Based Etchant Mixture for molybdenum silicide
A gas mixture including bromine and water vapor. similar to that reported above for Cr
masks, was developed which enhances the removal of molybdenum silicide 2 fold
relative to straight sputtering while inhibiting the removal of quartz 30-70% relative to
30 straight sputtering.

The benefits of bromine and water vapor assisted etching to the repair of opaque defects
included:
¢ the Ga beam dose required to remove of the chromium-based film is 2.0 to
35 ‘ 2.2 times less than with non-gas-assisted sputter etching; _
« there is minimal damage done to the underlying substrate; the quartz surface
is left smooth and level; the over-etch is 1-5 nm;



Brom ne- based Etchant M xture for Cr A gas m xture including bromne
and water vapor was devel oped whi ch enhances the renmoval of G 2 fold
rel ative o sgsurmrght sputtering while inhibiting the renovReCTORISTIES z 20
30-70%rel ative to straight sputtering.,The ratio of water vapor to bromi ne
was 1 nole of water to from about % nol es to about 30 nol es of

brom ne. The nost preferred ratio was about 1 nole of water to about
10 nol es of Browi nke défthbEradrbedsiavtire mekiniter of the dsmaé dsfewidrhntak’kedl\

br om ne- based etcha
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above for : Jdohie hgpces the renoval of
nol ybdenum silici &H@@lﬁ? SP'}c{iEée ﬁ%l ative tgbsll‘:épal ght sputtering whi | e
i nhi bi tPng the tertbsEdughonggamplanted Gpand @Paflwsd%wsen sigining ors of %T)

sputtering. m]'ﬁbaxa{mﬂ@émt@aﬂis‘msqmene and water vapor aSSI sted et chi ng
to the repair of def ect.s beam
ose requ red 15 BaCCBRTRESE A A It reprired piee wep eregres it o7

2.2 times | ess thanawavblength-of365 assi st ed sputter etching; *
there is mninmal damage done to the underlying substrate; the quartz
surface is left smooth and | evel; the over-etch is 1-5 nm
VWO 98/ 49172 As can be seen from the above description, the invention provides improved

PCT/ US98/ 0rhédRds for repairing a workpiece having an opaque ﬁlm attemed ona substréé usm,g
he rlnE he opague defect are

t he i verbeds  at t
mar ked| y S " Vi be app’e%‘ﬁtﬁﬁs thqsg § 166%% @6‘ 9f AR ghat ghaness sanshemadsy yt t er
et chi ng; broodte embadisieatsamd processes described ab@teohitigt ldé;mhilﬁ@ﬁ'oihl thebioads of

bet ween 5-2 e re.sputter
etching ri ver%mcf %8?eap§g"eféﬁph%/%@%er%e undgrstood tpﬁrgqu%c}ﬁ%ttlf‘ o) ond ‘ﬁ’anff)r);nt ed
Ga and 1f husotith&e ligdedttd the pam@d@emhwgu(ntmsélsdbsé)zm)erem but is intended to cover t he
transpar enﬁxogﬂﬁﬁﬁgngs\kﬁlﬁﬁhﬁl?é%mt and scope of f the Br%%éxﬁ‘?m%gtigﬁ EéﬁéfIHea%g;%Héa in and

around the repalre area greater t

wavel engt harjendghclams. 10 As can be seen fromthe above
description, the invention provides inproved met hods for repairing a
wor kpi ece havi ng an opaque filmpatterned on a substrate using GAE. It
wi || be appreciated by those skilled in the art of GAE that changes can be
made to the enbodi nents and processes descri bed above w t hout

departing fromthe broad



I nventive concept ' further be understood therefore, that
the invention is 1¥ﬂmﬁm“mmumt ed to the particul ar enbodi nents

di scl osewadwssreim but 1S |1 ht ehdeéd t'o cover nmodi fi cat i 8BES/UMPY/HITES t he
spirit and scope of the present inventi;gn as defined by the appended
cl ai ns. W claim 1. A nmethod for enplo fFocused i cle
beam systemin the renoval of an excess pch§f$4$ErHﬁbS ﬁbi ece
havi ng anVpelamme fil m patterned on a substrate, REWDSi ng fhe steps
of irradiati ng said excess portion on said workpliece Winh f ocused
particle beam I ntroduci ng an etching gas, concurrent with said

i rradi ati g ssmehodifer ereploping@ focused paticlpdieaim system wdheramqyak el FosAcEwn,

sai d et ching ggﬁrdoﬂ_(}idiﬂh%ri@ﬁi%@ Wi h WAEE fiKARAkemed6h a substrate, _

di scontinuing said irradiating step upon the renoval of a selected portion
from 3 saFoMpPERGEESFARCl 2. The method as recited in claim1 in which
sai d opaque fi limadisirfpedaridxeessipoptiomn dresaid owgkpiece with o foompatpestiéie lbeam,

i ncluding chrom um fil m . Mol yb iJdcide. fi . hod as
recited in cl a?wq@ufwgmi%gcﬁm{%%?g%@gﬂgrﬁm%agﬁrge{d%iﬁg%sﬁe@, %g;g%iggrféo e of

wat er to bet weproximitydo 300 exasseportibnpr oni ne. 4. The nethod as recited in
claim1l in whi : ' : : ' | | e of water to
bet ween 5 and ggd%otﬁé@%#qggg%ﬂ%g%m%ga‘?’%gmrfég?ﬁ%%’ %lsdnr)eci ted in claiml in
whi ch ¥ai d subgiscartéinuing spichirfagiating stepipopahewsmoxa! olasetested porigmframy

further conpri shiaGphdi® Fikeps of irradiating a selected portion of
sai d substrate, sugsequent to said discontinuing step, with said
focused particle beam and appl ying a cl ean-up gas, concurrent to

sai d subsr dthe methadlasarecitegl intchiim 1t in widoibvaid apaque film is selected flomythe godupsai d
sel ected porti ' . i i | QEDP as nsm ssi on of
el ectromagneti g?P g%ﬂugﬁlgxﬁ?r%@&%é?éﬁgéﬁ%%tﬂg%%gpﬁ?l% 0 mssélll%’de £l

substrid®e. 7. The nethod as recited in claim6 in which said clean-up gas

is fluorine-MRssdhod & redifdl iMRISRG ASwhiek tHeadiib bf #hidt 9 BrohiindRi1GRoRaIfd

cl ean-u as 1s xenon difluorid
P9 water to between 1 and 180 moles of bromine.

4. The method as recited in claim 1 in which the ratio of water to bromine is 1 mole of
20 water to between 5 and 30 moles of bromine.

5. The method as recited in claim 1 in which said substrate is quartz.

6. The method as recited in claim 1 further comprising the steps of
25 irradiating a selected portion of said substrate, subsequent to said discontinuing
step, with-said focused particle beam, and
applying a clean-up gas. concurrent to said substrate irradiating step, to remove a
surface layer of said selected portion of said substrate for insuring high
transmission of electromagnetic radiation by said selected portion of said
30 substrate.

7. The method as recited in claim 6 in which said clean-up gas is fluorine-based.
8. The method as recited in claim 7 in which said clean-up gas is xenon difluoride.

9. The method as recited in claim 1 further comprising the step of
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9 The nethod as r he step of

nmounting said mrk@““ﬁﬂ\!&“‘ﬁ“‘““‘\ on a novabl e stage
capabl e wfoysnreTEENt « Nct he Xt and pETNISIPOIREr Ned on
sai d substrate, said film havr qg an excess portion. 10. The net hod
as recited in claiml in which said dirécting step further conprises the
step of restricting danage to other elenents of said focused

particl e beam sysieng daid vtcﬁrkpxece prior torse:dphaaiﬁﬁﬁestefz (ﬁf‘am)ocﬂﬂskmge anount of

sai d etching 9as .
I ntroduced in g ale?’?:/ é Bve e%x theltagars Ié(gssssaloﬁrtlggmg ng%ﬁgn salfl hod as
recited in cl arsan.‘Lrathad.ﬂrfdm mama wmseomqns seI ected fromthe group

of wor kpi eces including phot omasks, X-ray masks, and reticles. 12. A
met hod for e | oyi ng a focused particle beamsystemin the renoval of an
excess > 10 Thegisthqdgs reeitsdhin clagpipn sthichsaid Aigecaing SEERUEDST PMPHEEL ©Fned on
a substrate step of corrprr Si ng t he steps of scanni ng a sel ected

surface area of pl ece Vi an fi at.t er ned on a
Substrat o Coi ¢ FesidtRia {BaRes 1o PRK ety BPARY ocused Btk BRBR Symem dve e o
particles ent theopresepge shanlexcessiys ammnasf said etching gaf bsaontrolhng the scanning

of said workpi ge@ui & éﬁ?ﬁ?ﬁ%ﬁﬁh‘é g sélé?tegi e@%ﬁt{ﬂxt to sadeﬁcgs%tp%hmd“ ng a

shape of said patterne ased on sal par
i ntendi% i es, determ ning an excess portion of said patterned film

et ching sai dm&m&m&éa&a 1%Iaﬁtn513ih%tﬁél§§h¥&qroﬂgﬁéde% gl oMk grou

I nt roduci ng an g%%gg oncurren V\kth sal ewfh' ng step, in seFect ed
proxinmty to s& rxg)ﬂhotornas s, XT3y sk FF@‘C%& i ncl udi ng

brom ne and wat er vapor . 13 The rret hod as recrted in claim12 in which
sai d opaq fr

I ncl udi nglfghrpxo%g%l%af &fénﬁbﬁﬂﬁg fg{)ﬂé amcle beamd)gs ﬁt%e Tﬁ’ %#IﬁetI aﬁ%e“{’T‘E%sa as
recitdd in cl abitipn frqmwrwqrhpremhamg@@naqmﬁbn patﬁerbcd)m aeubsyrat. nol e of
water to betweggmpriding tHdfeggdres of bronine.

scanning a selected surface area of a workpiece, having an opaque film patterned
on a substrate, with a focused particle beam,

detecting intensities of particles emitted from said workpiece as a result of said
20 scanning of said workpiece with said focused particle beam,
determining a shape of said patterned film based on said detected particle
intensities,
determining an excess portion of said patterned film,
etching said excess portion with said focused particle beam, and
25 introducing an etching gas, concurrent with said etching step, in selected
proximity to said excess portion,
said etching gas including bromine and water vapor.

13. The method as recited in claim 12 in which said opaque film is selected from the
30 group of opaque films including chromium film and molybdenum silicide film.

14. The method as recited in claim 12 in which the ratio of water to bromine is 1 mole
of water to between 1 and 100 moles of bromine.

35 15. The method as recited in claim 12 in which the ratio of water to bromine is 1 mole
of water to between 3 and 30 moles of bromine.
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15. The method as recited in claim 1p/{ W@’hHA&@EEﬁtio of water to
bromne is 1 nole higat O betvaéHLﬁCEemd 30 {rmol es of brom ne.

16. The wabded7Rs HM’HW "Hmiﬁ'lm 12 in whiT ' bstPEI/USISOTIIar t Z:
17. The nethod as recited IR Céaiam 12 Leg_rther conprising the steps of
scanning a selected portion of said substrate with said focused particle
beam and applying a clean-up gas, concurrent to said substrate
scanni Nng K. €Fhe thé&xhb& BOMLItE] in claim 151 Whick shid\sebstate saudrtael ect ed portion of
said substrate for insuring high transm ssion of el ectronmagnetic
radi ati on by said selected portion of said substrate. 18. The

met hod asl 7. €thet methbd astegited hictaim ithfurthescomipridingthestepg@f i s f 1 uori ne- based.
19. The metho : i ' 4 ai 8 | ' 5 [ enon
i t1uori do. - 25aypgssEfeh Boftofl ol ghititly il Sl ToRloEF PaElctithm fnd ST
step of anphing 2 GlaB-AP ZAHGORPIERE 1o $8id Bbsirate SEATNIRGTIRD 1@ EENANE®ni ng -
step, on a novaRfage layer of safi RULLeAGHAM L2l dTRIHSHRB Forl isiiriiy Mgland Y .

di recti ons, saidfi.lin ' said film

b atterned,o . aid.substrate,
havi ng an excaSSpiTGn e cletbmagnent madintion by seid sPiPERd REBRAT L (1 whi ch
sai d directingsubktegge.f urt her conprises the step of restricting
damage to other elenents of the focused particle beam system due to
the presence_of an excessive amount of said etching gas by controlling the
amouni0 18. Thegnethod ps regitedhin qlaim bincwhich said elesptupas ivfluenneybased.sai d
excess portion. 22. The nethod as recited in claim212, further conprising

the step of i ntroducj ng .a second, etching gas, concurrent with said
wor kpi ecel % cHifnRgod @%ficnecf in claimy 1§ Geyich éﬂgﬁp"éﬁﬂi’i ga5 1§ Xeronditiaudec  ed

surface area, said second etching gas including bromne. 23. A

met hod f loyhng a fqcused .nard kclhe beam.systemin dhe renoval of an
excess Oio.eﬁPeprﬁanﬁs felpg?‘#gl %Bkg eﬁ&Wﬁ?‘ %ﬁ%%‘iﬁm filmpatterned on
a sul phur mountgngraidsworkpisdee, oz ps saifl workpiece scanning step, on a movable

stage capable of movement in the X and Y directions, said film being patterned
on said substrate, said film having an excess portion.

21. The method as recited in claim 12 in which said directing step further comprises the
20 step of
restricting damage to other elements of the focused particle beam system due to
the presence of an excessive amount of said etching gas by controlling the
amount of etching gas introduced in selected proximity to said excess portion.

25 22. The method as recited in claim 12, further comprising the step of
introducing an etching gas, concurrent with said workpiece scanning step, in
selected proximity to said selected surface area,
said etching gas including bromine.

30 23. A method for employing a focused particle beam system in the removal of an excess
portion from a workpiece having an opaque film patterned on a substrate,
comprising the steps of
irradiating with a focused particle beam said excess portion on said workpiece
having an opaque film patterned on a substrate,

35 said film being selected from the group of opaque films including chromium film
and molybdenum silicide film,
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irradiating wwth a focused particl portion on said

wor kpi ece havi ng a chrom un Tﬁ% g’@i@tﬁmr a substrate,

I nt r oducyw@gesahiat chi ng gas, concurpent AGER d i rrjadi at POT/USH&T729 N

sel ected prommty to said exceﬁ portion, sai d etching gas

I ncl udi ng brom ne, and di scontinuing said irradiating step upon the
renoval of a selected portion from said chromum film 24. The

met hod as reci irﬁﬂxdhﬂnﬁhﬁleffhﬁ%%] aB, oblterfers aVith saidcipdadguiga Steplintseizetedncel udes
wat er va od for enpl oying a focused particle beam
systemin the P]QWEYI%T"“ SRR portion froma workpi ece having a
chromum film paﬁbehngcgasmamchng)htonane and conprising the steps of
rradiating saylleanGans AR a0 Bifg BB go){‘@{ekrginSGQ o¥alsBlePicl BohRAEAAT Ll C! e
beam an etc concurrent. wt I rradiating
step, ©n sel ecﬁ@dopaquef%mprom mty to said excess portion, sai d

et chi ng gas i ncl udi ng brom ne, and di scontinuing said irradiating
step upon_th 0 sel ect ed on. frqm sail hrom um film
wher eby o3 PhEFBMAGS ReFi8e FEcAb g i Mol i eHihe s PR LBEL et ovi des
for the vagoroval of said excess portion |eaving a snooth and | evel
substrate surface.

10 25. A method for employing a focused particle beam system in the removal of an excess
portion from a workpiece having an opaque film patterned on a substrate,
comprising the steps of
irradiating said excess portion on said workpiece with a focused particle beam,
introducing an etching gas, concurrent with said irradiating step, in selected

15 proximity to said excess portion,
said etching gas including bromine, and
discontinuing said irradiating step upon the removal of a selected portion from
said opaque film,
whereby said i'ntroducing step, concurrent with said etching step, provides for the

20 removal of said excess portion leaving a smooth and level substrate surface.
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