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(57) Abstract: Method of and apparatus for repairing an optical element dis-
posed in a vacuum chamber while the optical element is in the vacuum cham -
ber. An exposed, surface of the optical element is exposed to an ion flux gen-
erated by an ion source to remove at least some areas of the surface that have
been damaged by exposure to the environment within the vacuum chamber.
The method and apparatus are especially applicable to repair multilayer mir-
rors serving as collectors in systems for generating EUV light for use in semi-
conductor photolithography.
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METHOD OF AND APPARATUS FOR
IN-SITU REPAIR OF REFLECTIVE OPTIC

FIELD
{60011 The present disclosurs relates 1o optical elements designed to operate in

environments in which they are subject to vontamination and wear. An example of such
an enviroument is the vacwum chamber of an apparatus for geverating extreme
uitraviolet ("EUV") radiation from & plasma created through discharge ov laser ablation
of asowce material. In this appleation, the optical elements are ased, for example, to
collect and direct the radistion for utilization outside of the vacgum chamber, ¢ for

semiconductnr photolithography.

BACKGROUND
{3002} Extrems ultraviolet light, e.g., electomagnetic radiation having

wave}mgths of around 30 oo or less (slso sometimes referred fo as soff x-rays), and
ncloding Hght st a wavelength of about 13,5 nm, can be used in photolithography
prodesses 1o produce extremely small feanuwes i substrales such as silicon wafers,
(1083} Methads for generating FUV light inchude converting a target matorial
fronm a Haguid state into a plasoa state. The target material preferably includes at least
one element, e.g, xenon, Hithium or 8o, with one or more emission Hnes i the EUV
range. In one such methnd, ofien ternied taser produced plasma {"LEPP™), the requived
plasima can be produced by wsing a laser beam to radiate a target material having the
required ling-emitting slement,
HIHERY Oma LPP teclnigue involves generating a siveam of target material
droplets and irradiating at least sowe of the droplets with laser gt pulses. Tn wore
theoretical terms, LPP light sources generate BUV vadiation by depositing laser energy
it a target material having af least one EUV emitting elemant, such 85 xenon (Xe), tin
(%1}, oy tithium (L), creating a highly lonized plasma with electron tomperatives of
several 10's of eV,
[005] The energetic radiation generated during de-exciigtion and recombination
of thess fons is emitied from the playm in all divections, In one common arrangemient, 8
nese-normal-incidence mirror {ofien termed a "collector miveor” or simply a "collector™)

is positioned to coliect, divect (and in some avrangements, focus) the Hghtto an
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intermediate location. The vollected Hght may then be relayed from the intermediate
focation 0 a set of scanngr optics and ultlmately to a wafkr,

{8006} in the BUV portion of the spectrum H s generally vegarded as necessary
to use reflective optios for the colleator. Al the wavelengths lnvolved, the collentot is

sdvantageously implemented as 3 multi-fayer oddvear ("MEM") As s name fmplies, this

MLM Is generally made up of alternating lavers of malerial over a foundation or

substrate.
{B007] The optical element must be placed within the vacuum chamber with the

plasma to collect and rediroet the UV Hght. The environment within the chamber is
intmical fo the optical element and so Himits its usetul lifetime, for example, by

1
i

degrading s reflectivity. An optical element within the environiment may be exposed
tix high energy {ons or particles of source material. The particles of source material can
contaminate the optical element’s exposed serface, Partisles of source material can also
cayse phivsical damage and localized heating of the MELM surface. The source materials
may be partivalarly reactive with a snaterial making up at least one laver of tlie MLM,
s.g., molybdenunt and silicon, Temperature stability, ion-implantation and diffusion
problems may need to be addressed even with fess resetive source materials, e.g., tin,
indim, o xenon,

[OUIS] There are technigues which may be employed to increase optical element
tifetimwe despite these harsh conditions, For example, protective layers or intermediate
diffusion barrier layers may be used 1o isolate the MLM layers from the environment,
The collector may be heated to an elevated temperatore of, g, up to S00° C, 10
evapovate debris from its surface. The colicctor surface may be cleaned using bydrogen
radicals, An etchant may be smployed e.g., a halogen etchant, to eich debris from the
collector surfaces and create a shiskding plasma in the viciniyy of the reflector surfaces,
Thess latter two techaigues can remove contaminating sowree mwaterial from

collector surtace, but they are generally ineffoctive to remove damaged original

%

1w gollector There romaing a need o extend.

oo

eolloctor materiad from the surface of ¢t
collector lifetime by sleaning the collectn surface and removing dumaged collsctor
material from the collector surface, all preferablywithout having to rentove the collector

from s operating envivonment. With this in mind, applicant discloses arrangements fior

iesitu cleaning and repait of the surfaces of optical elements.
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3
SUMBMARY
EHER The following presents a simplified summary of one or more

erbaodiments in ovder to provide a basie understanding of the embodiments, This
sununary is oot an extensive overview of all contemplated embodiments, and is not
intended 1o Mentify key or critical ¢lements of alf embodiments nor delingate the scope
of any or all embodiments, Its sole purpose is to present some congepts of one or more
smbodiments in a simplified form as a prelude to the more detailed description that is
presented later,
{0810} According to one aspect, the hvention Is a method of repairing an optisal
element disposed in 8 vacuum chambir ponyising the steps of cleaning an exposed
surface of the optical element while the optical element is in the vacoum chamber to
remove at beast some of a contaminam on the exposad surface to produce a cleanesd
expased surface, and exposing the cleaned exposed surface while the optical element is
1 the vacuum chamber to an fon flux generated by an ion gun fo remove at least some
areas of the swelace that have boen damaged by-exposure to the envivonment within the
vacuwn chamber. The cleaning step may be performed by subjecting the exposed
surface to hvdrogen radicals and sy remove substantially all of the conteminant from
ihe exposed surface,
{0011} The exposing step may remove substantially all aveas of the surface that
have been damaged by sxposure 1o the environment within the vacaum chamber, The
exposing step may comprise the additional steps of generating the on fux using an fon

gun and directing the fon gun to cause lons to strike at least soimg of the surfage

that have been damaged by exposure o the enviromment within the vacuum chamber, or
ailuf the surface.

0133 Another agpect of the invention is a methad of repairing & multilay

migyor f1 a system fr producing EUV Hght for semiconduetor photolithogvaphy, the
musitilayer mirror being disposed i a vacim chamber in which a source material is
vaparizad to produce the EUV Hghd, comprising the steps of cleaning an exposed
surface of the multilayer mirror while the multilayer mirror 8 b the vacunm chamber to
remove At legst soimne stures material on the exposed surface to produce a cleaned
exposed surface and exposing the cleaned exposed surface while the multilayer mirror is
it the vasuwn chamber 1o an fon flux 1o remove at 1oast some areas of the sweface that

3

Bave been damaged by exposure o the envivonment within the vacuum chamber.



WO 2014/058629 PCT/US2013/062026

f0013] Yet another aspect of the invention is an apparatus comprising a vacuum
chamber, an optical elemant disposed within the vacuum chamber, an fon sowrcs
disposed within the vacun chambey, and an actuaior mechanically soupled o the fon
sonree and wrvangad to aim the fon sowse toward at least a portion of the exposcd
surface of the optical element in responsg o a control signal.

{0034 Still another aspect of the Invention i3 apparatus for producing BEUY light
for semiconductor photolithography, the spparatus comprising a vacuum chamber in
which # souroe material Is vaporized o produce the EUV Hght, a multilayer mirror

5
i

disposed in the vacoum chamber, an lon source disposed within the vacwun chambier,
and an actuator mechanically coupled to the ton source and atranged fo aim the ion
source toward at least a portion of the exposed surface of the optical element in reaponse

to & confral signal.
BRIEF DESCRIPTION OF THE DRAWINGS

[6015] FI3. | shows a schematie, not to scale, view of an overall hroad
conception for a laser-produced plasma BEUV light source system accoriding to an aspegt
of the present tnvention

{111 6] FIG. 2 is a scanning clectron mieroscops photograph of the collectn
surface danage.

joB1Ty FIG. 3 s transmission slectron microssops photograph of cotlector
surface damage.

{B018] FiGo 4 s How chart showing the steps of a process for cleaning and
srepaiving the collector 30 of FIG. 1.

{0019} FIG, 5.1 {8 a schematie of one emboediment of an arrangement for repal
of the collector 38 of FIG. 1,

BDETAILED BESCRIPTION

jan24a] Yarious embodiments ave now described with reference to the drawings,
wherein Hke reference numerals are used to refer to like elements Suoughout, In the
following deseription, for purposes of explavation, numerous spesific details are set
forth in order fo promuote a thorough understanding of one or more embodinents, T may

be evident in some oy all fostances, however, that any embodiment desertbed below can
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be practived without adopting the speeific design details deseribad below. In other
instances, well-known structures and devives are shinwi i block diagram form in order
to Tacilitate description of one or more embodiments.

021 With initial reference to FIG. 1 there is shown a schematic view of an
examplary EUV fight source, e.g., 8 laser produced plasma EUV Hebt source 20
according to one aspect of an emmboidinent of the present nvention. As shown, the EUVY
Heht source 21 may include a pulsed or continuous laser source 22, which may &
example be a pulsed gas discharge CO; laser sowrce producing radiation at 18.6 wm.
The pulsed gas discharge COy laser sowrce may have DU or BE excitation operating at
high power and high pulse repetition rate.

{6022} The BEUV light source 20 also inoludes a target delivery systen: 24 for
delivering target material inthe form of Hquid deoplets or a continuous liguid siream.
The target paterial may be made np of tin or a thn compound, although other materials
gould be nsed, The farget delivery system 24 infroduces the target material into the

i1
§

interior of a chantber 26 {6 an freadiathon reglon 28 where the target matevial may ba
irradiated 1o produce plasma, In some cases, aw glectrical charge is placesd on the target
material to penmit the target material {o be steered toward or away from the inadiation
region 28. I should be noted that as used herein an irradiation region is a region whers
target material bradiation may ocour, and is an irradiation region even at times when no
iradiation s actually occurring.
{0023} Conghming with FIG. 1, the Hight souree 20 may also include one or mue
optical elements such as 3 collector 318 The collector 30 may be a normal incidence
veflector, for example, implemented as an MLM, that is, a 8iC substrate coated with a
Mo/SE multilayer with additional thin barrier fayers deposited at each inlerface to
effectively Block thermallv-induced interlayer ditfusion, Other sulistrate materials, sunh
an Alor 51, can also beused. The collector 30 may be In the form of & prolate ellipsoid,
with an sperture to allow the laser Hght to pass through and reach the fmadiation region

38, The vollectonr 30 may bg, e.g., b the shape of a sllipsoid that bas a first focus at the
frradiation region 28 and a seeond foous at a o-called intermsediate point 48 {also called
the intermediate focus 40) where the BUY fight may be output from the EUV Hght
soures 2iand input o, £.g., an iegrated civeult ithography tool 58 which uses the

Hebt, fir exampls, to process a silicon wafer workpiece 52 in a Known manner. The

1

siicon wafer warkpieee 32 is then additfonsily processed in a known manuer o obtain

an integrated cireuit device,
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6
0244 As described above, ane of the technics] challenges in the design of an
optical elenzent such as the collector 30 is extending its lifetime. The surface of the

collector, which is tavally » conting, becomes contaminated with source material, eg
tin. In-situ cleaning using hydrogen radicals in a known manner can be used to remove
this contamination front the collector surface. hesitu collector cleaning is very desivghie
because it dramationlly reduces both toot downtinme and the expense of collector
replacement. Hydrogen radical ~— based cloaning does not, however, repair damags fo
the collector surfice, This type of damage can be quite severe, as can he seen in FIGK, 2
and 3, which ave a scanaing slectron microscope photograph and g fransmission glectvon
niteroscope photograph, respectively, of collector surface damage.

[0625] Thus, the sueface damage of the collentor conting is still present after

S aaH
i1

cleaning has been performed. This surface damage can fead Yo acce‘iﬁ'erated.degz‘ad’aﬁon
of collestar reflectivity after the cleaning, In order to inaprove collector lifetime after
cleaning so that veflectivily approachies that of a new collector, the collector surface
damage needs 1o be repaired in——situ, As used hereln, “repah™ and its cognates refer to
remaving some or all of the collector material that has been damaged by exposure to the
conditions i the chamber enviroument.

1G025] To achieve this end, in one embodiment, the present invention is a

migthod of in-situ cléaning and repairing of a collector surface. The method will now be

B
i}

described in conjunction with FIG. 4, which is a flowehart of ong embodiment of the
method. Tn the method shown in FIG. 4 a specifie sourcs material, tin, is referenced, but
it will be understood by ons of crdinary skill in the art that the method is equally

applicably to systems in which another type of sowte material s wed,

[ou27] In a fivst step 81 the systerm is eleaned using a prior wt hydrogen mdical
— based techrigue or any other sultable nigue. The cleaning step S s camied out

.

unif it is determined Ut step 82 that a predetermined amgunt, g.g, preferably
substantially all, of the tin has beon removed, The determination on whether enough tin
has been removed can be made using any desivable method, For example, the
completion of step St can be determined hy measwrement, for exanmple, by measuring
the smount of residual tin, or simply continuing to perform step ST for an arount of
time that has been determined to be sufficient to remove enough of the tn residue.
{628} Once i is determined fu step S2 that encugh of the tin has been removed
from the collector surface, an ibn source or gun such as fon gun 100 as shown in FIGL 3

ts infrodeced nto the vacuum chamber 26 in step 83, As used herein, “ion sourcs” or
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"ton gun” means a device specifically adapted to produce jons predominantly in a given
direction without the produstion of contaminant particles, and specifically excludes
devices or arrangements that produce ions ancillary to some other process such as the
production of EUV light. In step S4 the jon gon repairs the collector surface by
rempoving some or all of the damaged areas of the surface of collector 39, Ton gun 100
accomplishies this by penerating a flux of iong towards the sirface of collector 30, The
energy of the ions is selected to provide effective sputtering of the surface {typically 200
— 1008 V). Because the damage to the surfuce of collector 30 is locatized 1o just
beneath the surfuce, that i, 1o the fivet 59 mn or'so, the fon bombardment will remove
all the damaged area and leave the undamaged inner layers of the collector 30,
fa039] As shown dn FIG, 3, the {on gon 160 is arranged in finid compmnisation
with g source of process gas 110, which process gas can be Av or any other suitable gas,

such as Kror He. The flow of process gas into the ton gun 100 could be in the range of

{1030} The vacuum chamber 26 is maintained at vacuum using a pump 120,
which is preferably a high- throughput turbo-molecular pasp (5500 Lisec pumping
speed),

{0831} The fore gurt 100 can be positioned near the primsey focas of the collegtor
30 and puinted towards the collector surface. ¥t ereates a flux of ioos towards the
collector, with the cross-séction siee of the beam at the collecior surface preferably in
the range of 2 — 30cm depending on the particular design of the fon gun 180, The fon
beam can be scanned over the collector sinface by aiming or Hlting the ion gun 100
under the control of scanning control system 130, The scanning control system 130 can
control the fon gun to repair the entive surface of the collector 30 or just the selected
areas of the surface of sollector 30, The scanning control systesns 130 accomplishes this
by aiming the on gun 1O, for example, by Giting the head of fon gun 108 by
controdling an actuator 140 that is mechsnically coupled to the Ton gun 100, As used

hevein, an actuator Is any device for cavsing motion in responss 10 @ control signal, The
spanning control system 138 may be implenented by any device that can generats
control signals such as in rosponse to user inpot or a control program, for example a
processor suitably programmed it a manher that will be readily apparent o one having
ordinary skill in the art.

{6032} The ion gun 100 bombards the selected areas of the surface of the

collector 30 until & predetermined amount of the surface has been removed. This can be
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accomplished by measuring a parameter which depends on the amount of removed
material, e.g., reflectivity. It van also be accomplished by bombarding the selecied area
of the sarface with dons for an amount a time that has been detenmined fo be sufficient to
ensure removal of enough material,

19633} The above deseription includes exanmiples of one or more embodimens. It
is, of course, not possible to describe every conceivable combination of componeas or
methodologios for purposes of deseribing the aforementioned embodinrents, but one of
ordingry skill in the art may recognize that many Rrther combinations and permutations
of various erabodinents ave possible, Accordingly, the described embodinents are
intended o embrace all such alterations, modifications and variations that fall within the
spirit and scope of the appended claims. Purthermore, to the extent that the tarm
Mucludes” is nsed n either the detatled description or the claims, such term s intended
to be inclusive in a manuer similar to the ferm "comprising” as "cmnprising" is
constryed when emploved as & transitional word in 2 claim, Furthermore, although
elements of the deseribed aspects andfor enihodiments may be deseribad or claimed in
the singulay, the plural is contemplated unless Umitation to the slugular is explicitly
stated. Additionally, all or 3 portion of any aspect and/or embodinent may be utilized

with ail or a portion of sy otheraspest and/or embodiment, unless stated otherwiss,
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CLAIMS

What is claimed is:

L. A method of repairing an optical element disposed in a vacuum chanber comprising

the stepsoft

cleaning an exposed surface of the optical slument while the optical element is in the
vacuum chamber to remove at least some of 2 contaminant on the exposed surface o
produce 8 cleaned exposed surface; and

i

g the cleaned exposed surfuce while the optical element is in the vacaum

exposing i
chamber to an ion fhux generated by an {ov gun 1o remove at least some areas of the
surface that have boen damaged by exposure to the shvironment within the vacmum

chamber,

2. & wethod as clabmed in clabm | wherein said cleaning step is performad by

subjecting the exposed surface to hydrogen radicals.

i)

3. A method as clabweed in clabm 1 wherein said cleaning step removes suhatantially all

of the contaminant from the exposed surface.
4, & method as claimed in claim | wherein said exposing step removes substantially all

areas of the surface that have been damaged by sxposure to the envivonment within the

vaguunt chamber,

S A method as elaimed i elabm | wherein said exposing step comprises the additional
staps off

generating the fon flux using an oo gun; and

directing the fon gun o cause lons jo strike at least some areas of the surface that bave

been damaged by exposure to the eovironment within the vacuum chamber.
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& A method as claimed in claim 1 whereln said exposing step comprises the additional

steps ofs
generating the lon flux using an lon gun; and

directing the jon gun o cause ions to strike substantially all areas of the surface thut
have been damaged by exposure {o the environment within the vacuum chamber.
7. A méthad of repatring a multilayer mirvor in a system for producing BUV Hebt for
semicondustor photolithography, the susdtilayer mirror being disposed in a vaguum

charsber tn which 8 souree malerial is vaporized to prodace the EUV light, compuising

the steps of!

cleaning an exposed surface of the multilayer mirror while the nultifayer mirror is in
the vacuwn chamber to remove at least some sotrce material on the exposed surface to

produce a cleaned exposed surface; and

exposing the vleaned exposed sinface while the multilayer mireor isin the vacuum
chamber to an fon fux generated by an fon gun to remove at feast stune areas of the
sirface that have been damaged by exposure fo the covionment within the vapaam

chamber.

. A method as claimed in claim 7 wherein said cleaning step Is performed by
subjgcting the exposed surface to hydrogss radicals.

¢ A method as clatmed o elaim 7 wherein said cleaning step renoves substantially all

of the contaminant from the exposed sorface,

16, A method as clained n olaim 7 whereln said exposing step removes substantially
all areas of the surface that have been danaged by exposure to the eoavivonment within

the vacuam chamber
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11, A method as claimed in claim 7 wherein said exposing step comyprises the

additional steps off
generating the fon Hux using an jon gun; and

divegting the jon gun to canse jons to strike at least some areas of the surface that have

been damaged by exposure to the environment within the vacuun chambes

12, A method as elained inclaim 7 whereln sald exposing step comprises the

additional steps of
generating the lon flux using an fon gun; and

direeting the fon gt 1o cause fons to strike substantially all areas of the swface that

v’

have heen damaged by exposure to the environment within the vacuarm chamber.
13, Apparates comprising:

a vaguum chamber;

an optical element disposed within the vacuum chamber

an ion soutpe disposedd within the vacuum chamber; and

an actuator mechanically coupled o the ion sowree and arvanged to aim the ton seurce
toward at least a pirtion of an exposed swrface of the opiical element in response to a
gontrol sipnal

i4. Apparatusas claimed dreplaim 13 wherein the lon source generates g beam and
wherein a crogs-section size of the beam st the exposed surface is in the range of about
2em o sbout Sem.

15, Appaates as clatmed in claim 13 futher comprising & scanning control system

connected to supply the control signal fo the actuator to aim the actuator,
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L&, Apparatus for producing EUV lght for seimniconductor phatolithography, the
spparais comprising:

a vacuumn chamber in which a source material s vaporized to producs the EUV light;

a multilayer mirvor disposesd n the vacuwnn chamber;

an hon source disposed withiz; the vaohum chamber; and

an actuator mechanically coupled to the fon sowree and wranged o siny the lon source
teward at least a portion of an exposed surtace of the nultilayermirror in vesponse to a
contyol signal,

17, Apparatus as claimed in claim 16 whergin the fon source generates 2 beam and
wherein 2 cross-section size of the beam al the exposed surface is in the range of about
2 e to about S0om.

18, Apparaius gs clained inclaim {6 further comprising a scanming control system

vonnected 1o supply the conirol signal o the actuator 1 aim the actustor.
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