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[0004] Multi-photon, such as two-photon, stereolithography is an emerging,

and promising technology, with many potential applications, such as in the
semiconductor industry, for photonics devices, in the wireless industry, for
microelectromechanical systems (MEMS) or nanoelectromechanical systems
(NEMS), in the rgpid prototyping industry, in tissue engineering, and in the chemical
and phérmaceutical industries. Multi-photon stereolithography (e.g. two-photon r
polymerization) utilizes localized multi-photon absorption/excitation to induce
structural changes in a target. Multi-photon absorption can occur when multiple
photons are present simultaneously within a small spatial volume, and the total
photon energy equals the excitation energy required to excite an electron in the
target. These photons can be simultaneously absorbed, accompanied by the

excitation of the electron. The excited electron can subsequently cause chemical
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path of the collimated beam to focus the collimated beam onto the target material to
induce the multi-photon absorption in the target material at a beam waist of the
focused beam; a scanner, positioned in the path of the collimated beam between
the expander and the focusing device for redirecting the collimated beam toward
the focusing device to scan the beam waist across the target material at successive
scan positions; and a controller controlling adjustment of the distance between the
diverging lens and the converging lens based on the current scan position so that
the beam waist is scanned substantially in a*plane for all of the successive scan
positions. Each one of the successive scan positions may be associated with a

~ respective pre-selected length, and the controller may adjust the distance to the
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the multi-photon absorption in the target material at a beam waist of the focused
beam; redirecting the collimated beam toward the focusing device to scan the
focused beam across the farget material at successive scan positions; adjusting the
distance between the diverging lens and the converging lens based on the current
scan position so that the beam waist is scanned substantially in a plane at all of the
successive scan positions. Each one of the successive scan positions may be
associated with a respective pre-selected length, and the distance may be adjusted

to the pre-selected length that is associated with the current scan position.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] In the figures, which illustrate, by way of ex_ample only, embodiments

of the present invention,

[0011] FIG. 1 is a schematic diagram of a two-photon stereolithography
apparatus, exemplary of an embodiment of the present ihvention;

[0012] FIG. 2 is a schematic side view of the objectivé lens, target and

support shown in FIG. 1;



BRI EF DESCRI PTI ON OF THE DRAW NGS [0010] In the

figures, which illustrate, by way of examnple only,
weedodiasent s of the present invention, [0011] FCTEBGA08/800262

a schematic di agram of a two-photon stereolithography

di t of th ent
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fabricated by two-photon polymerization using the
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in a differenéstaie; state; [0015] FIG 5 is an SEMinmage of a
perspective view of a second article having an array
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present invention, a dry objective lens is used in

i - ] i nsit f ,
footel™ " PIRS €1k 41 B ihade oF BR0K P bREY, Sbof fevicern the
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lens constant or substantially constant while the focused beam is scanned across

the target at successive scan positions. In other words, the beam waist (or focal
point) of the focused beam is scanned substantially in a plane (or focal plane) at all
successive scan positions. As the focal plane distortion is reduced or corrected by
this mechanism, the quality of a product formed using a dry objective lens can be

improved.

[0018] FIG. 1 is a schematic diagram iIIustrating a system 10 for multi-
photon stereolithography, exemplary of an embadiment of the present invention.

[0019] System 10 includes a light source for emitting a beam of photons,
such as laser source 12. In this embodiment, laser source 12 is a pulsed tunable
near-infrared laser, such as a Ti-sapphire laser. A commércially available laser

source, such as the Spectra Physics Mai Tai™ broadband Ti-.saphire laser may be
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i nproved. [0018] FIG 1 is a schematic diagram
illustrating a system 10 for nul ti photon

wae@peodsha hogr aphy, exenpl ary of an enbodi nent PGF/SG1068/000262
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[0022] In another embodiment, beam 14A emitted from laser source 12 may
have a beam width less than about 1.2 mm with a focusing diameter of 1/€%. In
some embodiments, a smaller beam diameter may be advantageous as it can

provide a higher resolution.

[0023] An isolator 16 is positioned adjacent to laser source 12 in the path of
the beam 14A to isolate laser source 12 from reflected laser light. That is, isolator
16 is configured and positioned to prevent reflected laser light to re-enter laser
source 12, as reflected' light may disrupt the mode locking operation of the laser. In

“this embodiment, isolator 16 is a broadband isolator. For example, a 10-5-NIR-
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provide a higher resolution. [0023] An isolator 16 is
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[0027] . A dichroic mirror 22 may be provided to reflect beam 14A into

expander 20.

[0028] Expander 20 includes an expansion lens 21 for eXpanding the beam
diameter to a large enough size so that the beam diameter is larger than the input
aperture (not separately shown) of the focusing device such as microscope 28, so
that the back of the objective lens 30 (see below) is overfilled to make full use of the
objective aperture. Expansion lens 21 is a diverging lens, also referred to as a
negative, concave or dispersing lens. For expansion lens 21, the Iehs surfaces

may be plano-concave, double (bi) concave or concavo-convex.
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corec R BRSSO AR ISRl L LRG0 wi

be furti?ét éxprainag eelovine beam di aneter to a desired size and
| s al'so configured to automatically adjust the

i vergence (collimtion) of beam 14B for correctin
—[0031]f ocal IpithiseembadisiantopxPapsianiens %ﬂﬁrﬂXiaIUUEOY%flﬁﬂjé'gt?d by a

moton{é&{)%ﬁél%ﬁr?ﬁ(ﬁt‘;‘éﬁég&%{gly"éﬂdwﬁ)@cof r)gB%d Ph% q&tjar*?:%'t@f{rveen

ment, ‘expansion
expansnm Hrisy2 hrane eéxpdndeat dgjetiivedens 28c |'Elmjdlstanwl adjoestmendis

automigH adinSuch RSN mraer 204150 ACla it an 8- Th DR faing anacule
to auto%?atlc"éh? cgfréé‘ﬁ@? 9n§%é€a‘l‘plm@ dibforfioH, GURER thay\6csitBuch as

beam expander | so acts as an on-the-fly focusin

when laigeuees @dﬁm@mf@ﬁ’aaii d,fanoycwmté@t plape distprijoscane Ltﬁeaine e
ohysicd| 4L St ERedaR N A RPN KO3 0my

be increased ol decaged d@m dilsllansel distaneenseotpas90anm, émsharge
and expander objective |ens 23 nay b,_gsqjl ncre sed or

the begfa Siza{d@mnatenrio 5%9%@@%.%‘&%@@ goomﬁﬁ) the
lenses ?ﬁaél%zé I?ﬁa)piﬁ_é'f‘éﬁdét%rfdtﬁé"eﬁ'ﬁé (r)?&{ehntégntr SAHE SNl ganzssmay

stortion or ‘exanpl e, one lenses 2 1
be drivenbye matpio sDistarcedjustifent mmaaea’sntbeomadbdammiglmg the

optical gﬁé}%ngg%ﬁ.&geeed & e § gﬂép%%sn}?vhgout c%ar{gelll% ysslct:aqun Stance

therebetween in a different embodlment.

[0032] In one embodiment, the diameter of the collimated beam 14B may
be about 10 mm, and the distance between lenses 21 and 23 (thus divergence of
beam 14B) may be adjusted so that the diameter of beam 14B may be varied to a

- few mm above or below 10 mm at the input aperture of microscope 28.

[0033] In system 10, expander 20 includes a varioSCAN 20™, provided by
Scanlab AG™. This device may be controlled using an RTC™ control board and
control software provided by the same company. Details of construction and

operation of varioSCAN 20™ can be obtained from Scanlab, such as from its

8



opti cal distance between the two | enses w t hout

changi ng the physical distance therebetween in a
waledoberesme enbodi ment. [0032] I n one enbodi meneCT/8¢GE08/000262

di aneter of the collimted beam 14B may be about 10

website] W Sean B 6/ AR eraT T erts aenio St A g0 ey e

replaced vﬂlﬂ?hﬁbth@F strasle b&ﬁaﬁé&r a8d u%amﬂ; foeusingaievigs. above
or below 10 nm at the input aperture of microscope 28.

[0033] In system 10, expander 20 includes a vari o0SCAN
[0034] 20( t mA mpireR24iisPlBgedeannsieany efgxpansies 2849 idirschaxpassled

I tm control board and control
Co"'masg?l{)%éuj{r‘é%%rhé\?ﬁ gg"ggﬁyg? € sane conpany. Details of -
construction and operation of vari oSCAN 20(tn) can be

[0035] obt ai r8ahniheo 26 Sealiteats besarm 4B td scan beamebd peer a desired

|ab. de/, | t h
target 1960 njs GRAIRINFieh SHREPMINEN DR RFERS SERTIRSID ERpSHEP:
the scaﬁpgr FEYAE § JRRtRibRY ™ekhsSer praQRieH l& Staniap. Ma't?plcal

aced "downst ream of expander 20 to rect expanded
galvan@metermtaederbé\umsmaﬂs nifross éwczi@@nﬁeatelz/@hopmgs?y e argdded,

oach dft B SRR RART ot shef SRR SR AR0 4Rl AudRyce

(turnede@l‘mﬁﬁec?ﬁe E@ém&%@ﬂi@cﬁmeﬁb@nsmlthémyb bearmmirrors in
canCube7(t scanner provi ded by Scanlab. In a

combingjign ¢an sganJae beameacoss iwo-dimansionsl AANG-or s (not
separately shown) may be provided, each driven by a

gal va
[0036] WEH’C%J% Ign(g%\§ >, SR dégréé @?&Fséo%@%?%ﬂﬂﬁ&édl Hownstream

adj ust e eamin one
of scantien@6s iExcepthesfeatures expresshndesaribedsheraing o1dioseepr® a8 is

otherw B BRI SRS e TR R iRl B88ertiopa
technoRigHC MicFRMBBE BT pokitRmeERRId edhfigars® s foche bezat 44BoNto a

expressly descrl bed herein, m croscope 28 is otherw se
focal planednadatus rraiomPE adawasbaatiadalkan be constructed using
conventional technol ogy. M croscope 28 is positioned

[0037]anOI CickKHpE IhdQ REMBIE 56 Hie®hRNEns Boes
R 2fnaShtiy SPRDIE RRT36, B agiote

f ocus regi mat er | croscope
not neétBtdﬁlas ilmersediny cnbcbn watelre@ﬁjmlon/prdpgzrly) bAedJ'lebwdtlee dens
ot,.need to be i me or wat

can praReBATHORIGT GHER fyS VAN CQ ] 8k er BoH TS IPRENty In this
‘embod];thgtl‘Ptﬁ ggﬂlm@r&]\fﬂmll'—_'lﬁ%{[') air IPJEStRRs iudedl Nn BthaXMhbSdin@dss, other
types of dry objectives may be used Suitable Nikon ELWD air objectives include
objectives that have magnification factors of 20x to 100x, such as 20x, 50x, and
'100x. The numerical apertures (NA) of these objective lenses are 0.4, 0.55, and
0.8, respectively. The 3-D resolution of these objective lens are respectively 1x1x7,
0.5x0.5x1, and 0.1x0.1x1, respectively (all in micron). The NA in dry objective lens

30 may vary from about 0.4 to about 0.9.

[0038] ~ Objective lens 30 focuses beam 14B onto a focal point (focus region)
in target 32. Target 32 is supported by a support 34, which includes an adjustment

mechanism, such as a high-resolution stage or a galvanometer.



enbodi nent, a Nikon(tm ELWD air objective is used. In
ot her enbodi nents, other types of dry objectives nmay
Wh20099eH00 Sui t abl e Ni kon ELWD air obj ecti ves iPCI/8G6208/000262

obj ectives that have magnifi cation factors of 2()( to
100x, such 20, 50k, r|c
100391 por s SUPLFR TRV mRYE 2rEFULR e noBioBL TRt 32 in three (3)

dlmens@an':s's sg;g SorP 38. mé)fséf?ﬁét’ovzéd forTrh@vmg%é Qér%btit BOppeft 34 can

hese ective lens are respectively x7, 0.5x0.5x1
move targaa’ﬁ 62cat1a@st:akqng thee@yialdiragsion qfdnaam A niQutiomally, muppat 34

iV 0
may be foolpBdts s B EfTadt 32T REves  RIIGRGHS , h ol
embodﬁﬁéﬁ)tsasﬂm&cﬁrt R by cdfﬁfwéd teorovide both wanstaticiial ahdr get
IS supported b)r/3 a support 34, which includes an
FOtatloﬁjm‘{%ﬂﬁ qfdergghiddm such as a high-resol ution stage

or a gal vanoneter.[0039] Support 34 nay nove and

[0040]2di UStABQﬁ'le‘Pg%iGtéLR:ﬂ a"(ﬁflgtt:ha:‘[fét g%%f?%\glé%%} amera is

di mensi ons upport ving the
prowdetohfogéakm@umpges oBthecpmcesm taa{ggtand%moamtormgélne aperagion of

copers 1 e e SR AR oy RGP, >4

transversal directions. In sone enbodinents support

[0041]MRy beA eeRfrblisH 38Imay by provitedofelr bohframﬁ? ahé @paiat@ncbf
rotati onal novenent of tar et 32 0040] A canera 36

apparagyg h0 g Sogtroter 33 mmq&mwav@oaéwtm@;p%ﬂ& fpg controlling
e suBE S LRk o AL IREES Ahcbl PERSE TS bttt
objectlvm}er’rsez?ptmwedluoembtbmane(cer\xeeuﬂel) ofithe focal pianeaf nﬁzroscope

A troll 38 ded f
28. CAr G 3B AAOAISGoT SAUEICEEoR il 05 pbioss o g solit
12, shl.ﬁf?-;rimﬂi1 ISEBRNE 28VMSUP BN BN GRU cHinérar3e; W reéddive Hput ﬂ%refrom

automati ¢ adj ust ment of the di stance between expansion
and masenptmallyamtrektdsmnmrabom dwareok Teedistanemadjvginent may be

controlfﬁdgt Oé Ie%g%J r’tﬁ%’#ﬂﬂ f‘éer pé@ﬁ%é@? %cggbﬁg? thﬁé current beam

waist, 6t0<5WtHé §@éltu§1ﬁ}'a\ﬂgfeb fiée etammadigory inl tAe&capnelr whlchajetermlnes
shutter 18, scanner_ 26, support 34, and canera 36

the directios afdhe Meam exier éﬁqr&aphéawm’a%malmﬂam g lensiip Na|ue may
be storreﬁq Fﬁ{éirg gﬁfe‘?@ qn WA 1ok EEQH\C&ré’&IbHSGr”EFQtexF@é‘ tefe
(o) roI ase o)

east in part he posi n or
coordlﬂ\aieeblf the lotatidre of ther leeam lvesist. ViBhes distancedretiveen lenses 21 and

osi tion/an scan. m t he sc n
23 is sBifo e dorasrpndooreofsscria bithahalleain R RPen the peam
is scarfPetodar® thdt ¢5eatdh! 9Rthidtegard, %aafranéfraéslmagv% in
communication with both expander 20 and scanner 26 to synchronize the
movement of the motorized lens in expander 20 and the scan mirrors in scanner
26. '

[0042] Controller 38 may include an electronic control circuit. For example, it
may include a computer or other computing devices and may also include a
program module for controlling the operation of apparatus 10. The program

module may include a modified SCAPS program. This program can synchronize
the motion of a support stage and the beam scanning and can perform slide by

slide scanning.
10



be stored in a menory in association with the beam
direction or the expected coordi nates of the | ocation
w@Rowlessheam wai st. The di stance bet ween | enseBCRIGZ08/000262
23 is set to the corresponding | ength associated with
that | ocation en the heam.is scanned toward.t .
[0043] | oont (RUGIA B GAY b 2P B S %rsb%ﬁ{%%eé” 45 mutiple
separafe® ication with both expander 20 and scanner 26 to
synchroni ze the novenent of the notorized lens in

expander 20 and the scan mrrors in scanner 26. %0042]
[0044] Cont r dh s eBgoattiyient sygteen AR hasee seamspee@Af Hpto 30 mm/s

circuit. FE e, i ' :
and a sEenEPQIE Ao B0 o The sFE shHEY 88 bt Ghap be nigher
in otheM®@ABbEin &hits depbhdingi srothieheropenenits wsedf appar at us 10.
The program nodul e may i nclude a nodified SCAPS

o045 2,2 8 FLBRESHLRLERL, SIS 2N a8 TRl 2B ore
detail. ﬁ'] %rﬁ'@ eRb 'irtlgﬁt, %&@eﬂagg%@@é’% thieiet hilte 84l 4WBsAMMNiBRedn

egrate evi ce or rovided as nultiple separated
betweenra top. plpt42pnta botiam e@idtedpreulbstraigs4émiop pale 42 aedin

speed, of up to , 30 s_and a ,scan height of up to 30
bottom@ﬁqte age C?Heaé)@%?ﬁsg%‘éﬁ{slﬁ'ght may be higher in
ot her enbodi nents dependi ng on the conponents used.

[0046] [ 0045]Trh6t matsrzha0ss hanbieyiabtrewss whbe proossske by t30-
and target_32, in nore detail. I.n this enbodi t,
photonilighegrapBy: faf@xaauae dhedarpat maiedal maY %’bﬁﬁ%ﬁ%ﬁéﬁe‘j

monon@éﬁé‘ﬁgg t\@sht %Ehﬁﬁoﬁi&ﬁiaﬁtéem%f? gﬁ%’sﬁiﬁﬁh lA%i%e ffnomers can be

su bottom plate 44 are
activated by pthotgraexcitayionpacers 46. [0046] Target material 40
is a mterial that is to be processed by twophoton

lith hy. E I t he t.ar. i
190471y o580 SRR v G B L,
combirioh A thé faRMing kbmendrtiallp avanasieenatetials: be activat ed
by photon excitation. [0047] For exanple, a suitable

target material may contain a selective [ iQn of_ .
the foll ompﬂ‘@xwﬁ@%b@loaﬁml %@Hﬂﬁﬁlﬁ%‘ﬂfﬁt%ﬁg%a&merm%
et hoxyl at ed bi sphenol A di et hacryl ate (SR-348,

Sar t oner (t Bipoxylated bisphenol A diacrylate (SR-349, Sartomer);

. ethoxylated 1,1,1-trimethylopropane triacrylate (SR-9035,

Sartomer);
- UV photoinitiator such as Ph-CO-C(CH3),OH (DAR-1173™);

- free-radical photoinitiator such as 2,2-dimethoxy-2-
phenylacetophenone (Irgacure 651, Ciba Geigy™, referred to
as IRG herein)

- aliphatic urethane acrylate (EB-270, UCB Chemicals™);
- silicone-type surfactant (DC190, Dow Corning™);
- urethane acrylate (NR-2720, Zeneca Resins™).

11



et hoxyl ated bi sphenol A diacrylate (SR-349, Sartoner);
et hoxylated 1,1 , 1-trinethyl opropane triacrylate

W@ 3R9A0BB) Sartoner); UV photoinitiator such aBCT/SG2008/000262
Ph-CO- C(CH3) 20H (DAR-1 173(tm)); free-radical

hot oi |
[004818henyl gbét@%ﬁ%cr@%@g(ﬁ%%f%ur e é@%@l%éﬂ Uéellj%tfm MO,' .
6,025,1 ¢4 erayedisb beagsdd6s ey @irget rabigpiat i ¢ ur et hane acryl ate
(EB-270, UCB Chem cal s(tm)); silicone-type surfactant

[0049] 0o 0 ol TR ETR AT EORS 5] hPrRISB Gk DEEAtAR) ompostions
contalﬁlﬂﬁﬁ %'rﬁlkt%és ﬁétéellﬁq'%ﬂlég‘l EO| ﬁ%ﬁ\? dGagﬁ)t?i@ térgje‘f m&térial,

al So be used as the target materla
where @oboeninatians affthe imgnediendsara giventin m;ghtmquosrntages]@vt%)
containing the mxtures listed in Tables | and Il may

ooso® e efodFLPES 5 5o ROFG R SRLGENGEhaFvc
the bemt fadiud/@iahidter’sr width st beaed 4@ iFAiGhe Ininfthuinh@efededlto as

poi nt of the focused beam 14C, the beam
the beaabﬁ BRotRiZeve s pprigriefibesm 4&nisTaterred terag iebanmi waist. In

an emé{)&‘f’r?é{ﬁé?j tﬁé’ ehp g@ﬁﬁgﬁ Swﬁ%wt(rbegin%ﬁi)ent Zﬁbﬁé cﬂ’cﬁédn?thﬁf at

eam erre 0 as | eam Wa
mlcrosre:n’pe @8nris Marled liyrm:aplnes 26} therfeealt paint, orviteam wmstl ofcfodmﬁd

beam 386, e MRS LI 92 SI9oB P A OGR! BIRER AR hGHC P ARgRMigUIar o
the opﬁ@ﬁ'ﬁxi’s‘lgb er SBjetRYVE fend 3dﬂdme% dtomatit @oeb@SRbf fHe%%a

8, diﬁgerpendl cular to the optical axis
plane dlb}%h@n VEO\M bgthe dyramis adjusimarntof the d@tanaerbeiweehe

ane distortion provided by the dynamc
Iensesa%f%ég %éht of the distance between lenses 2 1 and 23.

[ 0051] Wthout proper correction of focal plane

[00511di st or Without bl‘tqadveﬁgneagbﬁbf ftfcaié b}?ﬁe(mfslf@emil)rbeli&éfbééfﬁ waist of

ul r be dis e rom focal plane 4
the fowsﬁ?ﬁ%@ dnf o H"gﬁn‘%‘fe Bwaﬁmie. displagpeh E9muiRenl plapm 48 when
the dll" ich hedtHa 4ti8 sTcEﬁn&ﬁ e é/chfm fdxfé 59 CdUth%tﬂé\Eaeeﬁ%'&gof field

er reasons such as I'ens I nperfection an
curvatlnn&smd gitnes neasefinsoguchcas Iememp!oae‘abhom and lnmsalngmneﬁtrm‘ optical
componenps t%an&te oIfhet gl%p a%%me\?‘ﬁloﬂhe bggr% wals (?oc),al poin rB %rom the
focal plane 48 is referred to as focal plane distortion. Typically, the farther away the

beam direction from axis 50, the larger the displacement.

[0052] Thus, in an embodiment of the present invention, the distance
between lenses 21 and 23 is dynamically adjusted to offset the field curvature
effect and other effects and to keep the beam waist remain substantially within, i.e.
at least sufficiently close to, focal plane 48, as will be further described below.
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Table [yl
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reaction in target materi al

40. Th

-photon phot ocher
t he spectrum of

us,

beam 14 may be a narrow band centered at a desired
Table Mhaiktarest for bwo-phptdralithographygl e wavel engt h. The

central wavel ength may be in the range of about 700 to
- quEp N0 _BehPh I gR-FPELl | dkgandeBheo
Mm"?%ec%ﬁ??%é ﬁat are to@%ze arﬁgoéfulat ed. [00505¥ Beam
144 dw6ks| ttmtBlgh (Wbt br (WEkhnd t WEH) shitidk) 18.(Wi%)
sdl a 1p vent ref ted light from.getti
7| ntlo ﬁg@%é&é&eﬁgﬁd%ge‘fh“ nr{g'gnn" *hgg e
8lifletid® of HaLer| sdAf.0e 12.1$5utter A8 is|comtro| | et
oy coprTofer 38 [0 ectivg] ssage of beam_
91 gégth 66&’ The29 X mnfL‘ﬁut €€ eed| may bhe
10be| 0W415.0 VHa0ion o .eppl i cm_'oon%. [5)656] Beam 14A +s
gHrectet—by—mrror—22-to expander 20 —Expander—20
prdduces ah é2fanded2ld ¢ol 19-Rat éd bR&m 14B. —The| beam
1oM dth of beapyiAB |s3dgrg( M)qn the dgam W dth of __
‘__Zbe,am_yl-A,q_gx_é*a p by-labout to—about10—++HAes-
13The beam wi d#B.5f | be3thB14B rrh@Obe sel @6t ed| t o—hal ance-
an factofrs cons rafion Fof example,
14 hggggxo nsion hmy 1@ Jllw(? gequs égr reducingl the
151M0Vi ng5 @i stance of nzg.ori zed1d),5ns I n expander5.30. | On—
the—other—hand,—atarger—expansi onm may Tesult 'én 21
16 ar ge561§owar foss s%gﬁ as R the beam 2. —
17 20.5 35.9 29.8 10.8 — 3.0 —
18 10.9 36.6 — 12.5 5.5 — 34.5
19 — 50.0 — 19.5 5.5 — 25.0
[0053] In use, system 10 may be operated as follows.
[0054] A beam of laser 14 is produced by laser source 12. The beam has a

sufficiently high peak and average powér, such as larger than 310 kW and 2.5 W

respectively. Beam 14 has no wavelength that will cause single photon
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width is wider than the dianmeter of the input aperture

in mcroscope 28. Beam 14 passes through, in order,
wexpansison | ens 2 1 and focusing | ens 23. [ 005FQT/I6G2008/000262

expanded beam 14B is directed to scanner 26 by mrror

photocfiinigel ftipn s W losoh el 880 3o J A BuRERR £ nat s

suitablé ﬁn&r@@e @e@lﬁhaéﬁngiwbqﬂﬂﬁeﬁ dpmtcmwembalweabmsmaargmt 0

a con vol une, the focus region, in
materiakdDerfihus, #ie sprERIm of hegm 14 ”kﬁ:\‘sb@ ad}@rw Bﬁa@l @@n@eaﬁaa
deS|red4wa9e\gn p&%%ﬂéve@é" n @ﬁﬁ\'}éleﬁ%ﬁ'xenﬁwe@entﬁal velength may
I mefsed in an urin but 1 S expose
be in tl'@ rangerof abouhz00 gaapouf Mhmﬂiﬁpeﬂnju@bn \itee target Baterial
focuses expanded anpﬁi_logcg mat ed beam 14B into a focus
and the ggacans iatigee (q Py dnitiated. 40. When | arge opti cal
el enents are used, the beam wai st of focused beam 14C

[0055] Can S'%ﬁrﬁ'ﬂﬂ“ﬁéé@e‘%@cﬁk@gﬁ ‘%b%%rt’r@aﬁ@@ﬁ’én shaes 188 1Rblator

obj ective |l ens . I's, the focal plane distortion
16 preventeany aszfia;:ted)hgm fcom geamm tasier isourge 12 ansl gan thus

prolong hBSPhe Bt asel s, " SHUREE 1B an Sl o RIRE 3p40

selectl\fe%@ slopl essa0é ofivebiiel4 itherefr@bbghs Theanagimumaliufteospeed
ptical axis 50 of objective lens 30. In practice, it

may bq@ow& W iamome HEP“QQ{@%eam wai st is kept

sufficiently close to a plane 48 (i.e. substantially
| n th
nosen] | DA SRR Bf rhbopsatpelosh A, Ehienadran

produceead expabded etdaedinateel beam 44&d .Thwb&amwdhhmf beam 14B is

[ I
larger §8hE beffh iR af PSR A4ROF s¥Eiile. o Hho R S apout Py e
times. Tﬁ@ﬁeaﬁuwmtn@edeém 4B sy b6 sericted 1o Is81ahee arfmiser of
qual |t3g@ﬁ3roduct| on. Wth the automatic, real-tine

factors raédmn rafionsor Feicexasnples highesexpansien mast be edyantageous

for red Lﬁj«%ﬁﬁ riéo ﬁ"%vi}]%{o(?iéfanc%rbf?%t%?ged ?erLse\lﬂseiﬁ'ahBeF‘zé € I(fﬂ fh\éedt}‘\er

suUch as a ens,

hand, aJEegbrf &@Xpamglan mphoesult #i @Iafger pdmgr I@pbysuc{m@@%ehr’(hemeam
ppl ary embodi nent_of the present invention
width nawdaﬁtthan theoe'ameﬁeanfet G110k ARSI dn FHE0360PG 28 Beam 14

passestfifd V\gh‘ G5l oRder dy: Shs3] 454 iisiipiell tsance

e expansi on |ens 21 an Le focusing lens 23

in expander 20. This adjustnment is automaticall
[0057] cont r ofheeeixiandesinbearn| Balirented th seannei@8 yf mirror 24.
colli mated beam 14B produced by expander 20 is

[0058] depend§6gnn%n 2‘6%-&”&&@%8 scans beam 14B onto target 32 through

microscope 28 and objective lens 30. Beam 14B is focused by objective lens 30
onto a confined volume, the focus region, in target material 40 which is held in
position by plates 42 and 44 and support 34. Dry objective lens 30 is not immersed
'in any liquid during use but is exposed to air (or another gas).

[0059] The objective lens 30 focuses expanded and coIIimated beam 14B
into a focus region in the target material 40. When large optical elements are used,
the beam waist of focused beam 14C can significantly deviate from the focal plane

48 of objective lens 30. That is, the focal plane distortion at off-axis locations can
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bet ween | enses 21 and 23. The divergence of collinmated
bean 14B can thus be varied by adjusting this

waele@vanser The di vergence of collimated beam 1B@GI/86G2008/000262
turn affects the focal distance of the focal point, or

v sorbo? 5o 2o 5580 a5 SN b TR, sty

beam 1|4eé}$cﬁ§d Bé f@&@be%eoﬁtbqoé@m;ﬂénéi U8tragamllesofehathtr ke phith is
fset the effect of field curvature, and any ot her

near orm%cfrgm opticat axisH & elcehiepliveenaidg: dniiratices § marbet he

accept%rﬁ%@%(ﬁbgg%a@ ﬁ%ﬁ §¢ k?@@%}fﬁé&tﬁ%l&%g "E@Ia %'Jr‘r%] ?Ltﬁ ((:f gmai ns

substasizy e thd pleﬁ@@@&ﬁa‘ﬂﬂﬂd@@cmdl ons. Generally, vvhen
beam 14 is scanned to a scan position where the beam

[0060] 30, 1 Akt Ko meoe rbaUGan Guaily e ustie dRbertiSn gy meed
to be rédUcteﬁmreeliﬁﬁTHgfétd thtH&ﬁtsﬁfchbear&%ﬁcfhe%cﬁé féglon would need

curvature an m wal St remal n
to be suffibienéy szl gnd thef msalutuphaﬁéhelebjethée fensalvodldsleﬂdct@ be

suff|0|epﬁ m%zhfbn%@alﬁs %ﬂlaf’ iR ot Q&*‘fﬂ@e eﬂ‘&@%ﬁf&f%g% unt

reductiéh o BeFreaten ef fdcbﬁpl@hé&f S6RRA dPdescribedarereps ahi abjective
and thus the required | ength of distance between

lens wntheM@lgtIQely o desalutiensush asna Bruphigetion lansegappe used for
on optics theory for the particular
multi- pﬁ@t{oﬁ%‘u t’hg E@ﬂ'e cal cul ated | engths can be further
f| ne tuned or verified by calibration. For exanple,
[0061]t he cdhidmr exéroplampgmibediaent afdhe me&gntmmnﬂbhypotentlal focal

pene BEF - Mo o B SO oS,
betwee%%é%x%@n@férnrléﬁé Y fHef theGobeany s ngexrsdmena 20d uRRe
article should have a shape closely resenbling the

adjustmenius agtematicpllyidontrelied by pengpliends.pl bedivaiganee ef e i s

conmelf{ BSGF14e o ALRRS A ef P38 Bpafoet et

betwedrelegsés mlamelszz OTl'hd idiViergemde steullimatid hears1 4B)calmahus be
stored, such as in a_nenpry (not separat el

varied Ebﬁf’ﬂl?ﬁ'ﬂ@rth@sils'[?ﬁc%cs; Be.dewerreﬁnw phce H@aﬁ@s% 1\7@ i

affects Qﬁé 'f&%a‘? BRsth¥e {)ﬁh%rfoéﬁt[{)d i |’t?tV BF i 4P Gstahde TR EéaWalst,

e separafe from I'n conmuni cation Wt
from ohqeatn\reolleheBOSST hues) byradjusting theldisten88 betweearc lepsss 21eand 23

the oSl Ehcr oS Fati ot e BREE AR A Rflrbgha S5 Stner
effectsIhat &R beaIS(MQﬁé‘ a%mehl 86 tht ke beamma@rm%c@ed beam

scanner 26 based on the stored di stance data and t he
14C (ot faaskpeingcremains subsiﬁntlally in the focal plane 48 as beam 14C is

scanned to successive scan positions. Generally, when beam 14 is scanned to a
scan position where the beam waisf is away from optical axis 50 of objective lens
30, the focal distance will need to be increased by a suitable amount to offset 'the
effect of field curvature and to keep the beam waist remain substéntially in focal
plane 48. The focal distance can be increased by increasing the divergence of the

incident beam, collimated beam 14B.

[0062] ‘The amount of increase of the divergence for a given location, and

thus the required length of distancé betwéén lenses 21 and 23, can be initially
: 15



[ 0063] For exanple, the distance data and the
associ ated scan positions may be stored in a table

wo 2009014500The di st ance data nay be presented asPElSG2008/00262
| ength val ues or as differences froman initial

estinefb g Qe SR HASHERRBout Bl Rl BsPIERY BB, e
calculdted lsegths panild furtheRyinéd eurtf onestifiid by calibration. For example,
represent ed/ expressed in different manners. For

the caliratipn anay he samiecauiday Wewally, inspectingan gainle pmdusey using
sy 93, 85 BY e SRR o 95,5000 B s
correctly dedhg beaaf steraning.4Be producesl artickt shorld bavée shpecebsely
resemBlad it RBUA TG0 e GBRPRASS b PadUCEaG i en GpiaIEd i
reg|0n§ %Q\feﬂ/' f?&h%?(@%t MR distREs %@Ea ﬁlfll rﬁéﬁﬁﬁ@@\‘%é rﬁ887|i¥|é5‘eThe

focal” plane 48. For exanp e direction o
selecteplangth valvies felodlﬁerezréfscaeqboaﬁlonbemay beistorethsuch gs in a

of . the.intergc be used to, ne th
memof§p ot sBBr IR 5P WB AR PEATSRs B RleaTaiforBish e fspegtve
scan posiidne fotlafdy retidial HhE usB. a'Heah@ﬁ'toerm%/ alab beasé"darate from,
draw ng of the structure to be produc I s broken down

but in pompusrRtiORanith.srandeder B8 rasthalh @oatse@r 3fhean agepras the stored
dlstanﬁgﬁﬁt@un qjcr);gérra%nf X %ﬂhéf‘%&’s%ﬁ:ckhﬁggélr%g 85%8nt?é)lzt@8 of

struc by “scanni ng scan
adjustmeabofiineglis@antaén sppeironizatien withgbe almvémeﬁlytmsiwanez 26

dj ust nent, of, the sta e betvveen | enses 21 and 23 to
based%tﬁ?aﬁtwepﬁﬁs%é‘ﬁﬁ §F 1€ RUmeRt $AROSHRN- over | aps

the desired slice duringscanning. The target materi al

[0063] S thepof éi@é’fﬁbté & blistah deoddta tiR) tﬁ@’gssébﬂaféd Qéan positions
structure. process can continue until the entire

may bgptased u@adableu fgrmat neke djstass) data roay b@rmeaemﬁ@dtas abrsolute

e . Ih LY e
engtn SNBSS S RRect RS n ARnPE ARHee darTfanaE. S tua
dlstan@nwy(:bd hehstand:@ﬁ:rrqﬂeda@ngﬁﬁ dtvealy ddlifhatedf bedr@WThle scan

400 mm The spot size of the beam wai st _at

.. 400 b
pOS't[onHBa?g]eéiye ped o rﬁasﬁsset%@mreﬁﬁﬁwﬁe% marersie ok
u T
examifl th 36Hfe SRBORARS, fhe'ckeRosifitbRay he'dé iR HpH sctinner
mirror pasitions & oﬂrpplamimdlmentaﬂwejsmpestionma; be defioéd by the
I 1 er 38 or anot e

. Su rt 34.1s controll.ed b
directigp i PEtme45 RUE Shswrve & e RICH RESEIATIErEoRs
objectiVa&®l 362 Tag RBARRItloRstmay BRSNS HEFIREE by RYe Rfo-dimensional
coordinates of the intercept of the beam axis and the focal plane 48. For example,
if the direction of optical axis 50 is defined as the z-axis, the x-y coordinates of the

intercept may be used to define the scan position of beam 14.

[0064] In one embodiment, to produce a 3D structure in a target material, a
3D drawing of the structure to be produced is broken down into component slices,
lines and dots. The target material is first fixed in position to form a slice of the
strtjcture by scanning beam 14 using scanner 26 according to the input slice image
and by synchronized adjustment of the distance between lenses 21 ahd 23 to

maintain the beam waist within a plane that overlaps the desired slice during
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adj ust ed based on user input or automatically

according to a pre-progranmed procedure and based on
W@I900a14500 nput recei ved by controller 38. [ 0068(T/I6z08/000262

process can be nonitored in real-tine with canera 36.

t d.b 3 b
scanning, TonEstge! BRI Foneh BEESLPRGT &) RIS SURIGe Ay be
s‘tructur‘éS eﬂtr@%r cfH%%tcefnoéorﬁmbrtﬁttil tHerrQﬁrBf‘JD SQUBORE R frinadt he
ystem [0069] The speed of beam scan across target 32

can be as high as 30 nmm's. q[4@“70 The scan hejg
[0065] ( al ondn axedmiedigeant.dhedray gibarfrioe@mq%@t%b% ?QHU5§40

om. T4 R o 2 TRk ey B

microsdbp@ 2@ mdy). Haud é)ﬁi@ld]of(Vrewmf@trOOn)m\MyttmmﬁW The spot srze of the
magni fi catiagn. 0072b Wien beam 14 w tﬂ!ﬁa
beam wjoleat the dagalineirdHaRY Pp Ahayt SHM AbIesSnalng €6 {1 pCLS may
m|s focused into the focus region of target
be aboﬁpft‘}élﬁtj t wophot on absor ption occurs with a high
frequency and phot ochem cal reactions such as

[0066] phot o-Targetmatqml #lanay beiany svitablemeterial selactedfor the

nt | rat 0073] For instance, in a
pamcu%ﬁpeﬁf’?? X’f}ﬁlﬁ) ?V Pi zati on process,
nearinfrared (N R) I ight with high peak power is
[0067]f ocusesligpore3d e ftediwaesy carteolieh Gch(anplﬁ’mr cdmrotudeénot
photo-initiators that can forma radi a sin
ShOWHUO gehiestdhe iposhipaciawel 3¢ asRPRIBRERISe QﬂfﬂwB‘P% e

| Fa-67Y d
ccius B o AL Sl e LB flgrommed
procedbmndisd based enwdysamic inmd receibec bpcodtoller 3the acryl
groups of the nononers and ol igoners, successively

creati new radi cals. This chai ; 400 i
[0068]term BraffER 'ﬁ'gpﬂ é’c p?ggl-{rﬁéw&h ﬁa&h %[eaa%? T'hte h
rmageseé’é?dtu@d 15 carhBfa 36/HRa I\Y BbldofrAtnieadsioradntialieoss for

absorb two coherent NI R photons and form the radical
procesgingtaranedisis aad Mobe HS@ﬁ @sgyputfanremEoling o ICoRP I Igts
rnthesyg excite the electron to initiate the same

ROt 8- cheni cal reaction. The probability of two-photon
absorption can be approxi mated by the foll ow ng
[0069]equat i Timg speed of beam scan across target 32 can be as high as 30

mm/s.

[0670] The scan height (along axial direction of the beam) can be as high as
30 mm. ‘

[0071] -The scan resolution of system 10 can be varied using different

objective lenses and can be as high as 0.1x0.1x0.1 (in micron) with 100x
magnification.

[0072] When beam 14 with a sufficient power (beam intensity) and suitable
wavelength or spectrum is focused into the focus region of target material 40, two-
photon absorption occurs with a high frequency and photochemical reactions such
as photo-induced polymerization will proceed with a sufficiently high rate.
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L" ' Equation ( 1) pf p 2rlcl where na is the

probability that a certain fluorophore in the target
WOoraa0e0i4ho 40 si mul t aneousl y absorbs two phot onBCTSG2008/000262

a si ngl e | aser pulse, Pave is the tinme average power

100731 Che | FobiBIAGYE Wl Lot AR e AL pRER G-

infrared (NIRY lI?hﬁNﬁH hagH QélalO o®eE s foaesed §H|a8|§hot6 blyridre The
repetition rate of the |laser, h (h belngthe Pl ank

phOtOp@lMﬁwmll)ldeS photoginitistors ot e formaadiealgyhen asingie UV

poton 3 B9 HESA R REEREP PARAEHHBER) Bl 4 cpchR ot

photo-chlehfi€ali reactici STRE red g fadhsal wlh clwvdethe doubkdbdémdsof the
t he above equat.i on, B’fionse ue e of two-

unsatur@@%d;p@ﬁhoarbqnq%nath@étc 8t §|m9ré%{8?r %ﬂﬁs QPWH?rS
succesél%&! ’émge RBRA r%dﬁ:%fsm'r?ﬁé chBAGELQDFR rielgﬁi%fed%vhgh Bwa
CORFi Ned regron,

e focus region aroun beam
chain radicals, méet aralissacs withotaohadtheh a‘ﬁge saimehinifiaidrecaicus

) regi but, pot out si h b t

simutanegalliabRPyP B10 SR BRb YR PEBLEI L BUNE a0 CEh e Dus

combm(e@%Hb‘th énéﬁ_:ﬁl W the 18 pHeteHIcH hlaExché thié lgobn to
hange. The Tocus region in_twophoton absorption is

initiate ‘.:be aamyz F&‘@t@-ichemlcaﬂﬁ@adl@ Theeprahebiity efivwrPbaiap absorption
ext ends f th f th
can be GEPENIRGRBRL BB, ki ng. “the pr obabi 1 ty

of two- photon absorption/excitation falls off as the
fourth pgwer gqfs2the distance fronthe focal point of

t he meEtff%é—+ggs; as the |aser intenskayatiasEl)f nas

a quadrafno dence on axi al distance. Typically,

the volune of the focus region in twophoton absorption
| n,.contr

where i By B PREFOLY e iR BroeBoBRo 87 tudstoteriatae
simuteBBERE PSSl SR R £ 5gbRSpa Bk i e
averag'glrbtéfmgersglcotﬁa%@%ﬁ ig' r§ éjgl% b olé?ﬁ Aﬁycr?&PgQ%ﬁ{H offedxi al
ors RIS 8 LI RIS TAS ccnser
within the focus region of target material 40. The

pulse, g‘hﬁwmmreﬂetiﬁbamg@ afdheilasgrydes chelfi kaing $he Bank eonstant), A
change, physical structural chéhge, or both. The

is the SXchHSH hAVeRMBIIRIIR8 shfgldbhbiIrfabsorption wavelength), ¢ is the |

speed of light, and NA is the numerical aperture of objective lens 30.

[0074] As can be determined from the above equation, a consequence of
two-photon absorption initiated photochemical reaction is that sufficient photo--
chemical reaction can occur within a confined region, the focus region around the
beam waist, to cause structural change within the focus region, but not outside the
focus region because the probability of two-photon absorption outside the focus
region is too low to cause significant structural change. The focus region in two-
photon absorption is axially confined. That is, the focus region only extends along
a small portion of the axis of the objective lens. Practically speaking, the probability

of two-photon absorption/excitation falls off as the fourth power of the distance from
18



or invisible to human eye. Because two-photon
absorption only occurs with high probability in the
WO owas145e@i on, no significant structural changeCTBGL008/000262
occur outside the focus region. By controlling the
et . . ¢ _ . ¢
e o POURSF bR RrR! eRIR DY) N ad A5y erae
dependahes balaxi) diRaftet Typitalle the aolubee pf thduoeds rddios in t\/\r/]o-
rocess may he controlled byscontroller 38. [0076] The
photorbZBEaTDHB0 Saahe B85 than § 6.oue-of 69MasirinG frapgaiity of single-
. . . ke 8l . ¢
ohoto B pBén fnsh G ERTREA L R Bk B B optel
objectiybjlens,iasdt Iserrdy adfungtion of thedaserdntensity evidch isof tutrelinearly
oCcus regLan within target material 40 is acconplished

f
depeng§ntr%r] g fsﬁﬂfeoeam 14B using scanner 26 to scan the
beam t o successive scan positions. Additional

[0075]t I ansVABRreslift\¢f ifes twdpyioftm Asstrpii@siekyitdtionnaltiatddonal
or rotational novenent of support 34 in the {)I ane

photoghegtisgldieaations a drsitst steunturak cange will egus sithie thestesus
reion 3P kB e o, PSR Bl E e TRUBEE BT o
changégeplefsicat sedctuyalodreamgiengr boih. f Treastrpdétarsd chbingbeahdmwisible

or invigielloTgman ExknFiscpdsg waLPU. SpEPBH9T oBoRcauraRIAdEh

probal§ift) wﬁq@w@rug]grbgig_ﬁ, Rgﬁﬁl%&%t@é@r&l%ﬁﬁb%ﬂ obclF euqsfa% the

ceftain benefi no i mrersion | such as ol
focus riegigie el@y gontiollingdhe indidencetdirestivnof beas) 14BgectHtisade the

' : ' ' 0 cusin |l ements a e~taraget
erget 00 BB gl 55N S SR o A, 0 s B
can bd prodateec Th phoaass ardyl be coRr@IRId IBPELRRIIRIIBIENt S Ccan
be used thus increasing the sizes of devices that can
be fabrjcated using system 10. The operati on of system
[0076]10 i s %?@Xfeﬁ@a@\fﬁ e teRaqs ragicsodaindaraed majreal 40 is
sccorBASMEL | Ry XS SO S B SRR D bptica
axis 5@ oholkjettivnEinst3l- Phe transvérsabmosgiment etthe fgces regien evithin

the ohbjective lens are imersed in oi r water. Th
target bRSe i AXE R aCeRnAlBaE By T aeroha PopaL M ol Stanner 26 t
scan thé BehRttoB8UdcBSsive 88afbobitiens! IAdditRiNaE tranastshN@olemeht may
di aneter of .the objective lens and is typically |ess

be achigwad bihtranslationa! ariotafionahmegementof seppartadin e plane
rans SRR L0770 o8 A 55 1 yEBetonbbpgments
these mevbmentemay alsffectedMdiffareatty.eEdF exardpler bixet mox@ment may

| enses be used in system 10. When an AOM i s used
be effecggedS gy c%%ging the ?ocal planye of the beam, such as by adjusting or

moving one or more optical focusing elements (e.g. microscope 28).

[0077] As now can be appreciated, system 10 can conveniently provide
certain benefits. As no immersion liquid such as oil is needed to immerse the
objective lens, the chance for contamination of focusing elements and the target
material is reduced or minimized. As plane distortion is corrected dynamically,
larger optical elements can be used thus increasing the sizes of devices that can
be fabricated using system 10. The operation of system 10 is more flexible and

easier as compared to some conventional devices. The scan speed and scan
19 o



the shutter, the shutter speed is faster. As expander
20 can provide automatic slice planarity control,

wo 200901450 y hi gh magni fication and resol uti on BPEFSGZ08/000262
achi eved without an oil inmersion objective lens in

neight it Migh ip BNmelt iy A EormPatHeCqm ERtiPhatborphgten
lithograpPttbehhid 066 Whre ey bbjecliVe 1epiti 418 iiisibeain ofod wiesi. CEhe
arrayi ng. These functions nmake it possible to ﬁ roduce

scan hwsh@&ﬂ%a&ww@w@@@*w indnites R)ieosize oF Higeoll n
orople i RS Rbefl ' 8oy OBy BLGHEARY RA8 tan about

1 mm. dnrgyateem 100t ﬂeqtmirewwms formbjﬁcﬁnveﬂerhmsewre ot phatrint as for

.. techpi ques 0080] System 10 i fied il .
oil iImmersqq O'SJ@PBY%[%@eéh’ée n Bas gonyer 'ﬁaabt@ﬁgmésdﬁh&ﬁe yjder
selecti@‘gpfggec{: ) Ie??féég%ﬁy bé %%g& i@@?é"[bﬁf PPEYIHES aAOMEs used as

in d erent” enbodi men and for different
the shuttep) theashiubtes speed is tasterc dhpexpander @0 mpmsiawalytonuatlc slice

planariy SR AafauThibhmabhliCadtirand Stailon"can be BEbITeH"
wnhouteé@@mIlrﬁmtr@onwj@émeaéngwmbﬁpﬁbt@ﬁq%@rapm%pn@éubrﬁay

receive reflectéed light from another point in the

optical path of beam 14. Isolataor 16 nmay be_ i ntegrated
[0078]wi t h |lasdition system 10spay bepraydad yith lageplocls wobble

functlob naé‘\%@gﬁﬁ:hmgt@m@ﬁ&ﬁ held @é\yléighagﬁ@p% fgﬁb‘ﬁéhs”‘ﬁ]ake it

ser source or expander ownstream
possibleftoeprpdnce fargér taquztamlmesZﬁy mylr&gethprsmmpdetdstage imthe
ral, unit or as an assenbly of multiple units.
transvwﬁle(ﬁre&yppgm e expander devices such as other suitable
devi ces provide by Scanl ab AG may be used as expander

[0079]20. Di §yteriM 0 eBhipralid®aélatiadly BRfbrbdueayn Berosighpat £,

using nore or less mrrors and by placing mrrors or
compatgchtisr oibier wetqnlwgnefﬁlqrebasee@twﬁgpmt@ﬁéﬂ@mave% fferent

| ocations in the beampath. In different enbodinents,

the o v
ooso1 ', SPS5Eh o 2 n i LA S Rgh A€ Br mor o e
benefits Wesceleed heeeihi ﬁmr@xammlla daser tidw pp:tperhes maysb@f/am%m
. obj ecti ve | ens bst ant i al | ned with the
differegmbeginants BRe oL ATGrer SReHvS RIS SPats FmpPOBRhE Ry
dev1ce§hh¥)f b&id@fkéd aban [aqgﬁila]tlvb rboéltfo%réﬂlﬁétllﬁé@wmtﬁe séﬁfet fefittional

O ray be operated in a manner different fromthe

purpOSQSOEegsnsiee@e nbehffesrbot/embpdmw]tw ¢amera3é may bx algsed,

elsewhe¥e H] may P&t elve rerﬁ)e%!tgd ﬁgﬂ'nt %m %B{He'r%%%t‘?lq the optical path of

beam 14. Isolator 16 may be mtegrated with laser source 12. Shutter 18 may also
be integrated with another optical component, such as laser source 12 or expander
20, or placed downstream of expander 20. Expander 20 may be proVided as an
integral unit or as an assembly of multiple units. Other suitable expander devices
such as other suitable devices provide by Scanlab AG may be used as expander
20. Different optical path of beam 14 may be selected, using more or less mirrors
and by placing mirrors or other deflecting or reflecting elements at different
locations in the beam path. In different embodiments, the objective lens of the

microscope may face different directions. As the objective lens is not immersed in
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appl i cati ons where photochenical reaction in the

target material is trigged by sinultaneous absorption
W@Boovlt45e0 or nore photons. The possi bl e changeBCTBG2008/000262

i nclude selecting a suitable | aser source where the

a iS40, 8 SRS A RGBSy 5B PSRt plchec

with thé@bﬂrceﬂljlre&tﬁﬁﬁ 3} alirsebnin direetidr, oranyadther tieectizpl. aced
with another type of l|ight source which can provide a
beam of phot ons of suitable ties. 008 In

[0081] i 1  erlBrd UEHhes xRl Syaiem ABrmaybeansiaiRe 15 Br8rem
dlffereriIthonsrlt'ﬁe‘ E)%egsloee%é lbé@’ébgﬁe' npl emented in d' fferent

ners. " For exanp , each lens may be provided as a
S|ngle | ens, a compound |l ens, or a group of |enses
[0082]i nt eg rlateetiriher esatiples dsys’@nprlo\maxe betnaodifed feramulti-photon

e B M R
smultd%@ggrabvs@ﬁpti@h dfftaneRd ordhbﬁt—??h@t@ns wayﬁeqﬁ)sshtﬂ@ efahge®will
al ong the beam path to orma function desired for

includessejesting eﬁpltab,latlaszﬁr scnﬁee whare thensmfthe gneegyesaries by
irvee of TP AR By SPia bt AR PSR e Rt

FIG 1. For exanple, additional optical elenents or
[0083]f eat urlessemspuloe 12 mdydzddoibe rieptaoedervitrhen@hhef Qrpeamfd'@hd)f

, the syste i,ncl udi ng .aberration.reductio
sourcectliR LA GHOViRG BEAT Ot BBBI R oTmAB BoPRI | cal
coma, or chromatic, or the like. [0086] Wen reference

[0084]1 s nadg dlﬂ’er%npemdﬁﬁéﬁtsaén?obﬂ@ﬂ'el@héﬂﬁof $)ist§ﬂﬁ|0w @&ubh as
understood that in practic lication, sli

a lens dﬂ%lpb@d@ﬁiﬁﬁlﬂef&ﬁdt"hdlf@é@m rwan@@r& rEﬁﬁ XANRIB cRC |9<§‘ﬁén%)t’ be
provndé%?éé g'epnﬂz)lggéﬁzgapé urpcfle!rﬁeéﬁ %@%ﬁ) E[ér%% ||J?t‘égrated or

rm ssi I'spl acenent
comblrﬂmel@ pfmt/ldeeiheldesired tﬁtumﬂmpt abI e str uct ural defects in
the finished product, it may be tolerable. As can be

B L e TR
modlfy%é pebH Sroperiidobyavel 'dirbcﬁ’é\@trﬁQY %B%ﬂéd%d Pior A16HE 86k beam

pol ymerization may besubstantially the_sanme as, or
path togwesformalifigngtiegudesivedifer agivgn appiicationu Thepdstiional onfical

etome 5 REBEAURAE 38 SRR ot e U PEeh 5L Rl R

integratéd With ahhelemerit atrbady hbwn im FeGs1 OtFGi)rbIStatnplé ddlitiurtal optical
necessary that the djstance data be selected to

elemenitg or feattres@ayheproridegrioimproethergrigrmagnce of the system,
including aberration reduction or correction, where the aberration may be spherical,

coma, or chromatic, or the like.

[0086] When reference is made to a plane such as a focal plane, it should
be understood that in practical application, slight displacement of the beam waist
from the focal plane at certain locations may be inevitable and may be permissible.
For example, if the slight displacement does not result in unacceptable structural
defects in the finished product, it may be tolerable. As can .be understood, for
practical purposes when the beam waist is sufficiently close to the focal plane, the
structure formed by multi-photon absorption induced polymerization may be -
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within a geonetrical plane. Further, due to many
practical limtations, it may not be possible to

W@ 2000014500 st ance data such that the beam wai stPEl/863088/000262
remains strictly within a geonetrical plane. It

sussab SRR RO O Boot PR BRI ot By B 85 wi

the begnmwalst smatly arovied Withinshé Recdd pRifeidua th Qﬁé‘ﬁb?ﬂh f thBU for
Iane it is sufficient that with

the pag'é"f"l?é 3‘3@ sqtdprc  hupHiE shRulehbesumdsratosd tatit is nettnadessary

h
vt GRS sl 4 104 Sk GG BB
within a geemsitaical planes hButtider duerid gm@i;gpn;échgathnﬁ1fm|;1dn@CENma3ﬁﬁot be
t,are considered to be within a plane
pOSS'b%qtgée?%Qfa %Teacaéaa %Wyt?\%fthﬁ heampKalRkaleyRemalRstictly
within &geomiéftfi¢aiphiHd. Vit ﬁllé?'@ﬁ)l’é %h@uEJ BEEndLrstdtH tl’{att’e\#ll;i djsfance

di spl acenent fromth I ane no nat er|
is sele(t:tﬁg tp .o#{sgh’@@ fml@guo,taturpmfﬁab] aha givéholdication t@fodub&he beam

ot oS BRI Bl B Rl el e, te
beam is Yts&w@d]@dhﬁthabmelﬁééin Wstﬁ@WﬂhWb't@l@erSle %il%t nce from the
(> 100 nm devices, and %e useH] In

t scal e
ideal foggﬂpggﬁg {]‘M@forcﬁ,cfggth,pqr@oges Q& this rry@ntlmm It ehould be
unders‘tqdrd;li’\t%f R %%Eon he Cégﬁ%gﬁgﬁ&e(gﬁ}s %é y\@%m a plane

when tl@ey‘lamggem@'dllyc imithiiri :a):)laim/omhen tissy dRbsufi@iehBclke to a plane
so th t?ﬁ a pid oto C aél . for processing photonic

at 52 AlsPlecempri i Tis blebigi s n e 0 tmstion da ioiehed
produckl ectronics); in wireless industry (e.g. for

fabrication of resonators, wavegui des, all-optics
m cro-transcei ver devi ces) for fabrication of 3D

[0087] hanondirepmbediraent of tbe IPEesers ivEmiioncaichsssystert MEBMB)RY
v N RS YT P A 0 10 oo

used fop fattrmaiphrug msammamécd%/oxﬁ@() him ) eviceBU8nd may be used in
neer for fabrication of tissue scaffold,

semlcopaact ?rgé% Se pgglrgﬁ -writey lithperarim maskine, for producmg

phase B3k 'TBPGH&&:’(@QBH&:Q%W&F diftital Eorglpof'\ﬁﬁt: a(ﬁ% | gﬁ%ﬁ{g ed gjpeuit)

substrates for the synt esiIs o

devices; fier fabreatiqroofssinsexsiirin phgtonids (e 5. \f@f;ﬁrofzewmg @h@tbrbd
system as

itho hy u a t e
CWSta'SogW%W%i%pﬁﬁﬁﬁr&?ﬁae@% g, EReck@ioasyn iitaless industry
(e.g. forfabitstion of RssRais | \K)a\’I_Elggé\ffdes3 allé’upti;bs"ﬂrfif?&rcﬁ3 traﬁQEelver devices);

pr oduci ng t hese sarrpl e prod ucts asersourc
for fab”&éﬂ%'? af 88 nanometer-scagigtm I@ro%{eomnbeln@mbalcﬁysm lQMEMS) and
nanoeldtBonfé dHanfts) BYStEAPENEMS) devices: in rapid prototyping industry (e.g.
for use in rapid prototyping systems and devices); in tissue engineering (e.g. for
fabrication of tissue scaffold, for organ regeneration); in chemical-and
pharmaceutical industries (e.g. fabrication of substrates for the synthesis of chiral

compounds), and the like.

[0088]  Example products were fabricated by two-photon lithography using a
test system as described above. Images of two of the fabricated products are

shown in FIGS. 3, 4, 5 and 6. For producing these sample products; the laser
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| aser power of about 1W The scan speed was 10 nmm's.
[ 0089] As can be understood, the enbodi nents of the
wWEe@9eMs00 nventi on may have applications in a PCD&GE08/000262
field of optical application. For exanple, in an
sourcegu.%trie?gljegsay %%SP?@)rﬁfof ZAGHA gﬂg R71b ' # witfan average
I mator na rovi de adjusting a divergenc

laser potvet bfeab@atho sthmsweetb‘lrvbsﬂmtmd\/beam A scanner
may be pr ovided for directing the collimted beamonto

[0089] 3, r oA Ban D dRERPt T M baIRATES & (e BgsentRvention
may hm;micbﬁéngrm Bﬁoa{bre?\nbﬂﬁgf bticat QBbF%tbhng=drré§<ample inan

["mat or to adjust the divergence he col lI mate
optical lseatenbﬁs“édcwn@al ke ob higlakf atdmﬁlnﬂaioamqyd@e]prqwmed@r
adiusti f oca v | ane. gﬂ%ﬁ [ﬁl ver enc i s adhustteﬁ so t hat s
JUSUpG &4 '%SFH?‘*P S ?ea‘FF? iMAteA QopgL |8|aﬁﬂ%rmay

be provided s d:@dtmgmm@@omﬁ@med HeaRPOMBth fodusihgddSHEE ©0ERY the
be useful for applications other than nulti e‘(n?hoton

beam tgiafosal peinband hcan teotpcateeiat irfafagal elanepenepniralleripay
be pm\ﬂdc‘éé‘%ra(g)%?roﬂ nghE gﬂﬁ‘r?é’tbp‘?a‘é& ugFﬁu%rddl?& e'ﬂ%é %1‘; 'Ehé‘8§|grln§ted

i oned above ca rom
beam Mromallmtmnobftthe fab=poirg$n the fdvabplaski ITheddivergehee is

T IR S T
colllmaltédrbéér‘ﬂgs sEBRNEESSUER %dsc}%@rﬁ FhEPBE RS féﬁéﬁﬂbtlgﬁ@ otter

fications of rm arrangenent of parts,
than mdbiphaoten stereolithograpghyoper ati on. The i nvention, rather,
is intended to enconpass all such nodification within

rooso1, 5”3 Ot (Rl BRARIR A R SR LR enbiralathe

descnmhnvérem it e>@ré$@}’1tném;@h@d apenerozn gusd drefvdofromithist
avi ng a wavel engt h sel ect ed to i nduce nul ti-photon

desc“%‘@@cﬁ"ﬁ’t‘i“@r@"ﬁW'@st hoseriiliediipithe g opt i cal expander
conprising a diverging Iens and a converging |ens,

[0091]IOOSI t '(Eﬁé&hrbé tﬂepé’éd%e‘%ies%ﬁggd %?%Bdlﬁleﬁ{%oéfédm%@io‘édq HE

sald 1enses to uce a collinmated beamo
|IIustrat$\ea @lnlyuagidtm e way émifings eTImee deacrcbenbembndmtb@amsbece@ble
to mang%@o(gg?%{loggrﬂfzqgﬁ,ﬁ%’?zﬁ‘riq?eﬁeeﬁtmﬁep%rf’s?'d%talI'svaenr brd8r o? operation.
The invention, rather, is intended to encompass all such modification within its

scope, as defined by the claims.
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a focusing device conprising a dry objective |ens,
positioned in a path of said collinmted beamto focus

W@ 200d/0t6500 | mat ed beam onto said target materi aPCT/8G2008/000262
i nduce said nmulti-photon absorption in said target
material at a beam wai st of said focused beam a

WHATS@@DA[Mqugl tioned in said path of said collimted
beam bet ween sai d expander and sai d focusi ng device

A fenrlW%gﬁl\}?mﬂoﬁ@t&e{i%bg@ﬂﬁgcgﬁ Mshguar d said

ocusi to scan s IS “across Sal d
target material at successive scan positi OI’]S

Sold é’p“@e gIRrAbNg ArRpata of Yelneiaving asvavelendlh alasted to
BSRAR R RSB 51804, aldhgfonver o ng | ens

e curren scan ion soO 'that said beam

sal®f§a§%%§%%2%gﬁﬁﬁ%&ﬁ%ﬂ% Ging)ofs R ardlsrdho fis

bositibeediim ageath opBaiddbesrAitd expgaaE SaidMsedt AroRGAISalid Rshses
IS associated with a respective pre-selected | ength,

dngrediice 2 epltimated peary of<yaid Ydhiy adlivergaraee ob salﬁé:olhmated
BiBrEBPG EenERt e SSRIECALER M g anc e

em of
cbavengihg eney ei n said controller is in communication

Wi th said expander and said scanner to synchronize

sdfodusifly Weliverdonafrisiag @ dhyihjetivevbind) Re#ivNeddn of p&ﬁlcﬁ
co| ted beam 4. The system of any one of clains
8! coql?m@m beamita foris: $a'6r$@ilmatsﬁ§>@am pate sajd target material

gﬁ%@&%ﬁowm&&ﬁab&@g&? %a‘fl& ?5? gt rr%ﬂé!r@%ﬁ Abeam waist

, erein sa dred en
plibsiddfobesad béami ght, with a peak power of higher than
310 kWand an average power of from about 50 mWto

absuainnér, Wosﬁion@bellf\%ﬁ:t pmhﬁdf gdidcolimated Bﬁ&ﬁbét&ﬁe@' n sfald
aver a r.is larger than 2.5 W 7. The system o
SHhaoH A1 Baidifaeusing geyioe dgnisidientind saisk pamateddream
PR i o R 4eiigeto GBLFShiY bea?rﬁ'vpa%t HRROES séﬁa'tag;et
adj ustable to ve said target materi relatirve t
satarialgteticcossive asampdsitiongiomid i on sai d t ar get

mat eri al adj acent said objective |ens so that said
baoapdrollententralling atjeistaenisofssaid distane between said diverging

lens and said converging lens based on the current scan position so that
said beam waist is scanned substantially in a plane for all of said successive
scan positions.

2. The system of claim 1, wherein each one of said successive scan positions is
associated with a respective pre-selected length, and said controller adjusts

said distance to the pre-selécted length that is associated with the current scan
position.

3. The system of claim 1 or claim 2, wherein said controller is in communication
‘with said expander and said scanner to synchronize said adjustment of said
distance with scanning of said collimated beam.
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8. The system of any one of clains 1 to 7, conprising
an isolator positioned adjacent said |ight source, for

WO s@bat4sny said |ight source fromreflected |iREE/SGB08/000262
The system of claim8, conprising a shutter positioned

4. Méﬁ\rc?aa:ﬁh/cgnesé\" Jailiol % or Wh@l‘elﬁ ehRFiiutEpNoton absorption is

& PENE M g sai d beam of [ight. 10. The system of any
twoqsiotoh abbaiptienl to 9, wherein said |ight source is a
| aser source, and said wavelength is in the range from

boyt 700 to_about, 102 T :
5. TrR b arany i Geheic) 5 BN R Bk B @ puiec
be#% BW&H it t Gdth aﬂﬁéélt pé\ﬁeﬂbf BlgRsE tHan3 1mkWband af. averdds power

em of any one of clains 1 to 11, wherein said
ffoliﬂlﬂ.bDHbE)@WNdé aboui4Wer oscope. 13. The system of any

one of clainse 1 to 12, wherein said scanner is a

6. Th%@\'ﬁﬁ@oﬁﬁﬁhﬁ% ABRin Saft avEl?s ﬁ%%msoi%'r@é}MhQﬁQ.@w.

erern sald troller Conprises a
control circuit. 15. The system of any one of claing

7. The eys’ltém ahm}eome shicldins drie 6, sopwrisingda suppert oy thportmg sald

tical sajd dry ti f
tergalresteRboaN StRrEbpe DRGSR SpiddarieRisefial
reléhv@ec@'@a‘iﬁ objegtie el 41l B pEvitdresaititaget evdtedalt adjacehteaid

I photon absorption in a target materi.al; expandi ng
objeedll\da leoarsotthabsrjtl taiged pratesal ‘@%ﬁ%ﬁﬂ%ﬁa@dﬂﬁp?m ng a
di verging |l ens and a converging |lens, to produce a

8. The gy%ﬁe@{)ie%ng%'éno blafiRs 3 ' g:'om sy 8h ERN&®r Pbsitidhed

eam e| ng deperdent on "a di stance between
adjasént shid dgla swurtefor mothteg shid dohtesayirog fiosh seflecéed ighig
said collinmated beamonto said target material through

o. TE ssiet SEavih EPmpRBGr Spai st e iay o5

|so[§%6%'r§lsle%f|vé!ykﬁ%m§m4ﬂih§tsaﬁﬁ bsainbfiighused beam
redirecting said collinmted beamtoward said focusing

device to scan said focused beam acrashgaﬁal d tar

10. Thergyeiera ! any S08 CE6IEME SOxh WOPL SH1G 105, GOWEP IS A YT
son.é% vgﬁ%%%?\ﬁﬁv&@ﬁ%% is erligesréth Hboue 78026 @bsdat €020 nm.

11.The system of any one of claims 1 to 10, wherein said dry objective lens has a
numerical aperture of about 0.4 to about 0.9.

12. The system of any one of claims 1 to 11, wherein said focusing device is a

microscope.

13.The system of any one of claims 1 to 12, wherein said scanner is a

galvanometer scanner.

14.The system of any one of claims 1 to 13, wherein said controlier comprises a

control circuit.

15.The system of any one of claims 1 to 14, wherein said plane is perpendicular to

the optical axis of said dry objective lens.
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| ens based on the current scan position so that said
beam wai st is scanned substantially in a plane at all

W@Roosal4gocuccessi ve scan positions. 17. The neRdiDEGNS/000262
claim 16, wherein each one of said successive scan

16.A rﬁ@ﬁddd' mﬁumspmé@§t@é@|ﬁh&gﬁdbh?dé§§qgﬁgih§ve pre-sel ect ed

| ength, and said adjusting sa tanCe conprises
ce.to the selec ed | ength

dj d
AeroEa BEaim, OB AeRne WaPIRBGEN Selghosoiei PAee M-

B’r@tmbbg& 8bn Gh aitag® npdteRb@i M 17, wherein said
redlrect|ng and sai d adj ustihg are synchroni zed. 19.

SBPaBIreXeid boBfinfiPon Spfb Ao Bnii8 LmplRad fvarlifly
wenshaad kaxmvesging dans, shcapnbdmea csltinrated beamgofi @mﬂ ﬁgmda
Shetbgice SE s colated Hidm PRa ARaRGeDRP0 4 disguibe between

r@tcﬁaivargmglafslym s9dRIndeRthG fdrisve 1 ens to relocate
said target materi al relatlveto sald obj ective | ens.

ggtlgu Tﬁ@? &ﬂg?%fﬁda or p It(g%alﬁltgqgn%% EIQI HPbud'g f§ding

aiwmemomprlﬁﬂg aTdrg ouhmdm&réIieenrﬂ\?c aoyndduuie séuti mtﬂtl-rmolcﬁh to 2

1, I S

T SR St o bkl oo

of ,a one ? 16 to 22, wherein said dré[

6%?'5%%”9@%@&}9' 'm?ée bramernast sajstiocusingdievigeiorsa@rusaid

fQcRRAWedm Bcrad saT@?arQEf H’t%‘{j?r%(l a‘i‘@ﬁc@é@nﬂ{ d‘f"%&ﬁhc}ﬁs and
Se

to 23, wherein said b I ght eam

rage
S SRgRERt JRRAK g doﬁ*&%&ﬁ&ie%%@@?aﬁh%o%{q@%
génml?/vaéerzd m_trhhe/\blenrmtrscaaifpbsﬁm @@Eheg@alﬁi bé§m|1vgé|§lelfs Zsté:bﬁﬁed
: . e, net ho any one of clains to
SHBSENEGLe Pl @3’ QleAd susaessive RO 7. The
nmet hod of any one of clainms 16 to 26, wherein said
17.The guithed of olgim dﬁpmﬁheeen‘n saehnegofssHid sootdssivg @darb@@&nions is

vanoms scanney., 2 ti stem for -
asqiglated WA BRRRELTe ProRRSCioBnoty Ag0 said adiubing Said
distance comprises adjusting said distance to the pre-selected length that is

associated with the current scan position.

18. The method of claim 16 or claim 17, wherein said redirecting and said adjusting
are synchronized.

19.The method of any one of claims 16 to 18, wherein said generating comprise's
generating said beam of light with a laser source, said laser source being
isolated from reflected laser light.

20.The method of any one of claims 16 to 19, comprising moving said target

material relative to said objective lens to relocate said target material relative to
said objective lens.

21.The method of any one of claims 16 to 20, wherein said multi-photon absorption
is two-photon absorption.
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a collimator for adjusting a divergence of said beam

of light to produce a collinated beam a scanner for
walreent4smy sai d col | i mated beam onto a focusi NRCTHEGL008000262

to focus said beamto a focal point and to scan the

22.Thé egathed obéﬁ?ndn@ SFLISIRRST6/ B 3¢ aRh&RH éél@ﬂﬁav g of sald light
controller controlling said collinator to a

is 19 dpei rangreire@nazo U7 09doabost 10AA @ beam based on the
current scan position so that said focal point is

23.The 7AR6d of Hngb‘?\@tdf%lé%si 16 B 595Rheiif08d %y %lbkec%(/e $8idhas a
can positions.

successi ve
numerical aperture of about 0.4 to about 0.9.

24.The method of any one of claims 16 to 23, wherein said beam of light is a
pulsed beam, with a peak power of higher than 310 kW and an average power
of from about 50 mW to about 4 W.

25.The method of claim 24, wherein said average power is larger than 2.5 W.

26. The method of any one of claims 16 to 25, wherein said focusing device is a

microscope.

27.The method of any one of claims 16 to 26, wherein said redirecting comprises

scanning said collimated beam with a galvanometer scanner.

28.An optical system for focusing a beam of light, comprising:

a collimator for adjuéting a divergence of said beam of light to produce a

collimated beam;

a scanner for directing said collimated beam onto a focusing device to focus
said beam to a focal point and to scan the focused beam to successive scan

positions; and

a controller for controlling said collimator to adjust said divergence of said
collimated beam based on the current scan position so that said focal point
is scanned substantially in a focal plane at all of said successive scan

positions.
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