DEVI CE AND METHOD FOR FOCUSI NG A BEAM OF LI GHT W TH REDUCED FOCAL
PLANE DI STORTI ON CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001] Thi s
application clains the benefits of U S. provisional application No.
60/ 929,972, filed July 20, 2007, the contents of which are

i ncorporated herein by reference. [0002] This application is rel ated
to PCT application entitled "Two-Photon Stereolithography Using

Phot ocur abl e Conpositions", filed by the sanme applicants concurrently
with the pPEYErE ANSHMECHODHNORARCUSING AtREAN GRhILIGHTANETH REDUTERL ed

herein by reference. FIELD ﬂSdAgﬁAMBII\&#%TI%gOB] The present

invention relates to nethods and systens using a beam of |ight
with reduced focal plane distortion, particularly for application in
mul ti - photon stereolithography. BACKGROUND OF THE | NVENTI ON

[ 0004] Mul ti - photon, such as two-photon, stereolithography is an

ener gi ng, and GRO®SRERERENGED TIOORELATED AFRNYAPENeNt i al applicati ons,
such as in the sem conductor industry, for photonics devices, in the

Wi rel ess g try, i I romechani cal systens (MEMS) or
nanoel ectﬂpggmﬂi hani Cfarf?é %‘%Psh? geﬂr%r)s?’ C?‘ﬁ'é@%'e 8?;?%%3”% qui”&"'ﬁ‘r"Bé"&“ﬁb@%@”

i ndust ry, Ne-P09295972, BlediJnie @0 207, drecarmertthof whielbesihc@pérated herein
phar rracetw eflehdidustries. Milti-photon stereolithography (e.g.

t wo- phot on pol yneri zation) utilizes localized multi-photon

absorpti 3n/$é<ci tation to induce structural changes in a target.

Ml ti - phdPBfElabs or pivsorPréeationde triatash énPET lappiidaion botiteds TepHptes ent

si mul t anestgoythvliaRh{ Uing MhotocBiRMid BbmPOLitIRy fﬁé@%ﬁﬂ? s%%%aal&pggf %n

ener gy eg[%als t he e,x0|tat|on’ene,cr<§y required to e € an nin
the tar gePNCHHELY WiRdbe peseniprplicationuine sasisuts of vdihaarb énbormeatedpani ed
by the exwmrdiabyostefncthe el ectron. The excited el ectron can
subsequently cause chem cal reactions (such as polynerization) in

the target. B i mul ti pl e- phot on
absor pti on/ exff@gpgﬁﬂoéc@ﬁ/%hﬁt he target, such as by focusing a

light beam at a selected focal point on the target and noving the
focal poil#R03In a prike peasedtivensantrelates ts malthodshumelesysicmerfsi fob@ding a
obj ects eRBMLS IFRNViBH-ALES BRI AR di | ise.control,  such
as with sHbrri cron resoluti ongéj[pb%%ﬁ%%@gh%@%%@\%ﬁr ?ﬁﬂ"ﬁqpﬂﬁ%%ﬁ"
st er eol i PREYPSRIPOtRRTAPYues have sone drawbacks. For exanple, to
i ncrease the nulti-photon absorption efficiency, the final objective

I ens is typi CBACKGRO®BND€F THEMNVENT|@ehi eve a high resolution and a
| arge numerical aperture. However, the production throughput of known

such as o o or MboRRE Shist Se hibfin S S abubdibapbsancmaraner : cd
scan speé&fdipgraibioattechBolepy vty mecypatpntisd adpldatbis dugcaninvgd une (scan
A R LA REEE M A
| NVENTI ORpicroelectromechanical systems (MEMS) or nanoelectromechanical systems
(NEMS)-, in the rapid prototyping industry, in tissue engineering, and in the chemical
and pharmaceutical industries. Multi-photon stereolithography (é.g. two-photon '
polymerization) utilizes localized multi-photon absorption/excitation to induce
structural changes in a target. Multi-photon absorption can oceur 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



[ 0006] According to an aspect of the present invention, there is
provided a systemfor nulti-photon stereolithography. The system
conprises a light source generating a beamof |ight having a

wavel ength sel ected to i nduce nmulti-photon absorption in a target
material; an optical expander conprising a diverging Iens and a
converging lens, positioned in a path of the beamto expand the beam

t hr ough tttaaecﬂlmss{e!s:htas mﬂymbﬂzeh@w Grﬁ)tHel tERje IR P 8&HoRihg W\%ré hftie-2

di ver genc o?cg (;co ) n%g @ gr dependent on a di stance
bet ween t 8? Ry e 'Oﬁr?&mfrﬁé"’ Q%ISH@P pehsfocusingalightpatievi ce
conpri si na aesaho}ecblbp&lqiolmt enltlﬁl@rgeﬂ@ﬁd RAnE Pocal ;Rﬁﬁthn prré RElected

collimte focus the c i mated beamonto the target naterial
to mduce%r%%a% |thr§ﬁ5’f"6‘?‘f’séf}5’§‘g?*ﬁ??t6ﬁa“ Hem?é"ﬁuéﬁ*%fb@”‘hﬁbéﬁﬁta@ with a

beam wai sirecie tdrerol, aLigs ed withabmr&itRRHIEfon. POSI ti oned in the path of
the collimated beam bet ween the expander and the focusing device for

redirecti he col am t.oward the cu5|n devi ce to scan

t he beam [320%] acr odsds'[é?h CR& &'rﬂ\h\a N s&@reg[x QgapiasisrRadeshave

posi t i onsSomErdragbackst For emmm:fe,rtbmmiréasmghadjuusblﬁmdiﬁ adorbtith dhigémyce
bet ween t t.he convergin ens based on the
current stﬁgﬂ%%ﬁ{et@%ryéleéggﬁ ﬁFgWH@"l%Sa% 'Wiﬁ%q g‘f@e\’?c?alﬁﬂ'é&esé’%@f‘ &hteal | y
ina pl aﬁ@gﬁ@ﬂn@rlcal@fpettwe sHm!Beres itiveepredactiopaisioligigns of Eﬂ:ﬁ‘/&h eBehi@iest he

successi V@ ed with a ect ive
pre-sel ecte i en&?%dt&/%%g% aﬁ@éf% fg“?% f’?ﬁ?/s‘éﬁi] ?f’slfm' %ﬁ Lrophed t o
the pr @J%‘é@ré%ti@m Spﬁhgza@dt(haepqr@daassmspmdad abbiitht 6trhierabVeecond), AN

posi tion. at i th t nder
bnd t he 4‘2’3%3?*‘?%‘“2"9%3 coPmerl Do SPGB <t e RS RE
scanni ng eﬂﬁéa%@lsmbmsé@mwm b e immar5|epbdxton absor ption. may be

t wo- phot on absorption. The light source may emt a pul sed beam of
l'ight, with asprakemoer TI9E NVEReon han 310 kW and an average power
of from about 50 mMWto about 4W The average power may be | arger than

2.5 W T stem rlsea ort for, supporting the target
mat eri al . supp'g? Orﬁ@? Ha" AFH R EPQ@’P@"ES@”HB‘\‘/ t ﬁeth?ﬁg'éﬁo‘ﬂ%%gl al

relative sv&temﬁe" robligdbionestérenithagrdpityo Tnesyétemrbotﬂmsé@émgﬁt dmt&r i al
adj acent that the,tar rial intersects
the pl ang&’h{s}ﬁ@#&l gg%ée%%rfrg a§%9l e YN %g?d g?gg‘? SeIRYE-PRafcac ent
the |igh® %Qfamfven af torget mateattai rg dplieallexpdnides ovinpesiiig Q@iv@ﬁjnh@k‘eﬁ@@nd
light. T e iti nedd rea of t he
5ol at or Q?S?@*%ﬁ%‘ R Bp R P R BB o hEs T FHEL gt
sour ce nH? lpeses o aw&xcg@mo&@at@mbbamf ﬂ\a\hghieagnvlergmxte bethercollifgats@ange
from abo bectlv | en y have a
numner i CaHé%rﬁgr@;[ngﬁﬂée% E?"’%*éﬁ%’o"d&% %'th%éé VT q“c?cﬁ'f |tH€ devi ce may
be a ni cPYYEEPY lempea @@E\ﬁﬁ@de‘n@ﬁymbmprwlma ugnitieties leneapustfonedeapl ane
may be pgsien ectlvelens
B4R die%nﬁeﬁaté@béé}ﬁ tcﬂ%%h&ﬂee%;ﬁlni t&ﬁ Ré@rﬁlpgg&’tﬁ rﬁgté‘ﬁﬂegﬁl 0

[ 0001l n accordance wi th anot as

there i s‘“ﬁ\"‘%ﬁ/’ih&éwlﬁ pﬁeﬁon@@smﬂmlmthe pevostonatstiarag albiebivogsisidfyhe
conpri si RguSRNIAl.i is hselectedto
i nduce multi- phc??{or?%ggg%}e C;{Iﬁl;r}el’cl, "gn{ agrggwkﬁﬁngfcgy&ﬁgff% EEE Nt he
beam t hr ﬁﬁpﬁmﬂ%ﬁﬂﬂé‘wfoéx%m]ﬂ%\rlcez’i@nmduscm fae@DNAmagadngadnenﬁvawd a
conver gi g fH&R I

di vergence of t eéeglz)cg t?%%%g@lgggﬁ %?é}%‘?d& f}@%% é? eréalgaltﬂ‘%ﬁ‘?éé“’e
bet ween 438 RgEiliangjiang a eangolgidontelinpadjestyienyof teadistdnee bstwgntthe

col I'i mat &gk t I a _focu vi ce
conpri si ng rgﬁg%%lﬁeﬁg? ?Sé@%@ﬁé lé}?obecﬁs%(g%tt% ﬁﬂ%guﬁ‘f%” {05'%‘ otR

absor pt i 9A ?ﬁthﬁéSft'%lﬁ@%‘tneﬁ@ubﬁaaﬁaﬂam aplaearﬁmwmhcﬁltha)éuotb@:\f@med

beam regisiiReLi B4 B Ig e _focusjn VI ce to
scan thggi‘ ocuseg %eaﬁne g@b%sgﬁ%‘%&v? gﬁ) n%r%‘%‘ bea?ssé’ﬁ@é%js‘é’ﬁ N8 scan
V respectlve pre-selected length, and the contro”er may adjust the distance to the
2



apparatus, exenplary of an embodi ment of the present invention;
[0012]FIG 2 is a schematic side view of the objective lens, target
and support shown in FIG 1; [0013]FIG 3 is a scanning electron

m croscopy (SEM image of a top view of a first article fabricated by
t wo- phot on pol yneri zation using the apparatus of FIG 1; [0014]FIG 4
is an SEM i mage of a perspective view of the article of FIG 3 in a
di f f er entpretsatested[lOQbHak @asSomsteal\}thE% EORGR sdn BodMRIrS PRRIdoUEo €W

n devi ces, fabricated by
uo- phot ooy rErTadR 8P EF Piterpsitihescar e ey e rene the
[ 0016] FI @djwthentani tf%ﬂ!hﬂan@ﬁntf@éoﬁntr@lbfﬂﬁeﬁ\ébiﬁ%%@d O%éafgot@bma@gﬁg? g py
tePr‘gogir H}%{b@o@g 8%@ yp%reghlévgrﬁho Oﬁ’%ﬁ?ﬁp fAn- ggﬂwﬂéﬁj‘r‘é@ﬂﬂﬂy@m APuissdused in
mul ti - phcbteem aJtlighk elith tahpegk aptvg:, ofi H@ieﬁgﬁbrg@ gg{l}/gltaﬁ?ﬁrgddgﬁgggjoggﬁ hve

ng\ienl ent % |5§\%@%/§§°lftﬁ a?(@%@é@“’t%”l%ebedﬁfgﬁ RSiDY- I | qui d
such as |Trlﬂm§wsheonmay compite & smipoﬁffoﬁarﬂpaﬁhgaﬁé Reydt Aatédd 9¢he BRI 2l

ded t he axi al distance from -
the beam e % FBBNe T blofe B Witk Meletih 6¥ip dk rasastaceie oo ot or
subst ant ipabifign thertatgh matdnial muactmt fr@cnt@@ﬁl v?%@sb%hﬁ@ﬁé\ghﬁget%gegm ;[ 2;‘3‘

t n._o wor ds
(or °F ocalmSieEEI ¥En e BRTN ME anirtisd o Faioeisiionns deegntie o
pl ane (oﬂlgfﬂ’iwarcepfcaim)aﬁag tted lighs s@ores &bmereﬂ@:ﬁébl R Th@@%’eepﬁ%oin'ﬁﬂsé ocal
chanj sm

ualty o e et Brbd YGRSt (13he Rale 8] seritvel FaRem L toe boem
i npr ovedof %mwrgl@t sbuics nzaySEhe mabi mudd:agxhamme Whvaérlfg% g b2 Orlﬁbh%t tem f
10 for MArde-rrdMaboR 7ebgs S8t HBOFRAP Bhe & BERLAIe S map navegd! MENt ©

the present inven
numerical aperture of about 0.4 to about 0.9. The focusing device may be a

microscope. The scanner may be a galvanometer scanner. The plane may be -
perpendicular to the optical axis of the dry objective lens.

[0007] In accordance with another aspect of the present invention, there is
provided a method of multi-photon stereolithography, comprising generating a
beam of light having a wavelength selected to induce multi-photon absorption in a
target material; expanding the beam through an optical expander comprising a
diverging lens and a converging lens, to produce a collimated beam of the light, a
divergence of the collimated beam being dependent on a distance between the
diverging lens and the converging lens; focusing the coliimated beam onto the
target material through a focusing device comprising a dry objective lens, to induce
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.
3



[ 0019] System 10 includes a light source for emtting a beam of
photons, such as |aser source 12. In this enbodi nent, |aser source 12
is a pul sed tunable near-infrared | aser, such as a Ti-sapphire |aser.
A commercially avail able | aser source, such as the Spectra PhyS|cs

Mai - Tai TR I = ire | e used. The ulse rate
be of thg2 e@rrger op fi]}hgn?%égg%gﬁjaa.dj@ﬁ%n@ﬁFr{)eag'gga C&s’@?%b BQ oungéadi
ot her enbedmefiiight 02O heaserted Mthcelaker ksurdeedhich ME %@qgolatéz?@m
14A of laser |ight. The wavel ength of the | aser | i ght (photons) i

sel ect ed "¥RAPRRSET fight | Lishigree! maiesial a@yt%npw@d csﬁlatlagé@thﬁ Oblﬁc’il\rﬁ

abor ot | S el RRb oot e erPlel AT, e gbledhuBISR TR M ohoton

wavel engtabscbmtlonmapbettwo pertos@n EbS@’lfbtlmiy Tihe \%\Zelerhgthwfdﬁé ligiet may ke in
W th di f{er ent r;at eri %#gml aser source can be tuned in wavel ength

wi thin atl (RE9er BiaRpret 1020 U§b T%dah%@ﬁt'\éﬁ)@@ﬁmbha%a
activate t

absor pt | SFWSﬁ@?Sé'F%%%%#J%?’PE“gﬁ‘o‘ﬁ%%@h%]“‘?ﬁ%ZOGEE’@%{ i os 2 nulsed
may havebeapealithas pablopbwet 0f highef G131 kWhasd antw.dara@aﬂbowbhef framer

wavel ength i | e be n_.about 700 to about 1020 n The out
be\z;m di gﬁE?Qf5¢ Hgﬁlquf?é’ﬁ& gg@rc el%vqrggqagggve[rﬂmu tzeﬂz.—}fg a2 ﬁty(\,lgs-li\‘?g
di amterfdﬁusﬂn(ge@evﬂé'ﬂﬁMé afrﬁi'brcfs!c%'pg Q‘h‘éeé&ﬁ‘rﬂﬁfed%&lrﬁn‘?é y bE8chRAER hvith
| ess than about In the pul sed nod e average ‘out put power

of | aser asgﬂjvar@m@temcamger than 2. 5W and the peak power is |arger
than 310 kW In different enbodi nents, the average | aser out put power

may be f bout aser Rower

oy, be fgBgbout 0ol anaban Hnd Mot 5 BONEL TR, BEoTed
hi gher speovided)as pepadalesydtéh fonfpnsing d Beér’ﬂfbfmgﬁﬁ eThe epBeeH 6BMprisédg
pul se repeﬁltlon rate may be about 80 and the pulse width rggegdbe

about ' 168 'F?fof[fgﬁﬁéwsma@o@lﬁ@r@e@ﬁﬁ@at%heambﬁél@mmmupe@dcqw
| h
| aser, SOEsH, I BBpRNSRIR W ol Per k8 20lerkied RN @

di anet er dmyg@mea«ujf\/taatm@emtedamam beimgy qepandaat an faal @b@mcémlveém e
[ 0023] An i sol.at &ﬁ’ 6 i g}é)om ti oned adj acent t% (gser soHrce 12 in the
N$AN¢ or

path of CHE'YRY SOMER'IINGAeRs: & seanner for diFentingdhe soflispnted Heam
light. Thato b%cdsﬁﬂdnééﬂbe td Bodus theHaatLS reed pBi?ﬁ'atha%% hqne¥ d&?ﬂ%‘%ﬁ
refl ected | aser | t to re-enter |aser source 12, as ref ecte

may di sr b@ﬁn”tﬂ@esuméésweélzﬁh@oemenalammacﬁontméerl f@seontrolhng fifhes dlstance

enbodi ne o], at 16,18 a band iSO or

10-5-NI REIEW%?% %1% Bhses fo,g ‘?ﬁh@ VS EeRgs 2 faendol 6&—?%9 t)’(%%g tisedlquihe

| n ot her carrbadéd@NpSsiticH B@lthzﬁlihé abd R porft@s startitld s RAtatRdIlyTRY 188al pIane
used. [0024ﬂ|A shutter 18 is positioned downstream of isolator 16 fo

sel ectivat g of HiespHacesRiyeseamppsionser et hr ough. Shutter 18 is an
Acousto-Optic Mddulator (AOM in this enbodi nent, which provides

f ast - shugdggooper at ;

Opt o- El eitﬂ) ic T™ %ﬂ%ré‘&%geé |t§%§%’%$n ot%@%éngrﬁj% Eﬁ"?é’\”ﬁ é%g%'ﬁér
18 mayhbeppamgtl) mc&evx)tfh he:rdmas;us?llastrfw?rt ngo?]devmwtdf?aeﬁolmwﬁnmsbmnon
any other _suit e hi S shutter for the specific application
For exanff 8Pe¢ %eWﬂE?n‘gﬁggﬁe PN BN i CoRBNGHeTb Withtha SEGe™REDYING:

[ 0026] Anflgg,téscal beam expander 20 is positioned downstream of shutter
18, and i s configured to expand beam 14A and produce a collimted
beam 14B with _an i ncreased beam w dth (beans 14A and 14B as wel | as
14C whown i n BRIEEFDREERAPEONEF deth INGSred to as beam 14). As

used herein, a collinmated beamrefers to a beamthat has a | ow

col 11 ot [P Wllam g s TigPes SRRSO afartEtGilE rBbointents

appr eci abkthe grepenfiggthyyorgol | i mat ed beam of i ght (wn th divergence of



[ 0027] A dichroic mirror 22 may be provided to reflect beam 14A into
expander 20. [0028] Expander 20 includes an expansion |ens 21 for
expandi ng the beam di aneter to a | arge enough size so that the beam
di aneter_J ar ger an .the input. aperture_(not separately shown) of
the T ocuO3] devi c&1Badrs dechPlivedisunsnsr & Bo it aetediiearaphe

obj eCt!V@péé?aﬁjsggxéﬁlg’ar?%'f_QW)enh%d?M%"nfbﬂh%%d{egeﬁﬁh@erﬁtfﬂd; use of the
obj ective aperture. pansion lens 21 is a diverging lens, also
referred to as a negative, concave or dispersing |ens. For expansion
| ens 21,[00A2] | ens $Ubt Adea sphymaticsidmuicnoriche @bjemdivblleng Haljget andave

or concayvQo- vex. [0 ]Expander 20 al so includes an expander
obj ecti V%‘%@%Q“}g”’bh&?ﬁ%oﬁgd downst ream of expansion |ens 21.
Expander objective lens 23 is a converging lens, also referred to as

a posi tifo@13tonvex Al@NS.is Bhzahang sutit@s aficrobcdpGHH) Qhél%e beasopRkw
e

be pi ano-convex, bi-convex or neniscus. The beam size of am 14 can
be i ncr edfselirshettigle faxicataf PhiwvrrghoonReiyaerization oeinoltirs para@ius of FIG.
el ectronjcally controlled to expand and col limate beam 14. Expander
20 increases the beamdianeter to a desired size and is al so
configured to automatically adjust the divergence (collimtion) of
beam 14HO00d4] cor r e®lGng i$ aoBENMlimnagedifst perspectjveniewlofitise adtiad ¢f BIG. 3
to field curyature etffect, as will be further explained bel ow

[0031] | n'nt%?"gfgg?ﬂ;c?&? ffent, expansion lens 21 is axially noved/ adj usted
by a notorized translator (not separately shown) to vary or adjust
the di stpnqs] bet vegnGesngani SEMIigRgeF ApstspEAROREWAIILSdor] AraBie
23. The distance adjustnent is automated. As such, beam expander 20
al so actlR\ARg an agrav efeuril geviersu Sabrisatedi by éve-whataropelymedizatior osingdhe
for any I (RS tion, which may occur such as when | arge

| ens el e%w@%%ét@hﬁ'[ﬁgg‘lhéﬁ&correct for plane distortion are used. The
physi cal di stance between expansion | ens 21 and expander objective

| ens 23 [myepehi ncifd@séds an &lﬂ\drim;agecbffartompaarbaleam’eﬂ uditsieladm@eon thech
as 90 to change the beam size/diameter, or to reduce plane

di stor%?leligpvﬂg@n%'hgone of the lenses 21 and 23 may be
repositionable. The novenment of the novable | ens nay be driven by a
not or. Di st angeTadEStiDESCRMY|G S0 be made by changi ng the opti cal
di stance between the two | enses wi thout changing the physical

di stance therebetween in a different enbodinent. [0032]In one
enbodi nel®0171 he di dnexemplary embadimentmeitbersasentipventipnpa di ebiectige

peam 1aep T L R RERISER SRl ad ot S A B RE ithve
vari ed tlena /¢ith airpbbjeetios |drs, ightd proawt thideghpptdarabe cbhveniehtly

m cr oscope . 28. bé0033] I.n system 10, expander 20 I ncludes a vari oSCAN
20TM prEfiesd- bys RIS FOACEH o HSeAHBVNBESIoR|AWE StsRtasIMnaersiad eif
an RTCT" rl i de e, ;
conpany. ek fLechRRfRng (R RHAS maRch fRbe; SoherKaRf 53R ded
be obt aitodaepribmaBcisibncefrom the Heapmwdist ofetis fdcersedvbaasit anthabolgedtive
| n ot her, enbodi nents |

sui ¢ ab) o83 Ganant ansuiifAniATY Gosstnt ebe et ReBGaRR pradiebacoss

pl aced dpwngidetafsObcespansten Fitichsdi hethe¥BRIRIGSE 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 illustrating a system 10 for multi-

photon stereolithography, exemplary of an embodiment of the present invention.
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collimated beam 14B into a scanner 26. [0035] Scanner 26 re-directs
beam 14B to scan beam 14B over a desired target region. A
gal vanoneter scanner may be used as scanner 26. For exanple, the

scanner e a ScanCube7TM scanner provi ded by Scani ab. |
Cypcal DI9Rmomer VAR rpopoRa 2ctakf SApFacoiPs BB a SLbRE I Fhotafswn)
may be pg 8ethsePa6lrcdri em this dmBBEVAIMBLEF solF@eM 258 apikéd Rindole

i ndependently adjusted (turned) to redirect the beamin one

di mensi onearfihirared laset, wock cara mi-sapphird lasennbdicoatmhenciaiyravadabletiager
beam acrgss _a ! wo- di ional -pl ane. [.Q036] A fQqgcusi devi ce, such as
2 o osSeS T & PRSeAR L RRLTPE A JAT Bt tinrbase TP aRili Bspb ey 65
f eat ur esygadr eR6 pilsdaatd 16 BeTbrd 8t 6 RARESECHR. | SthRl RARABIEGasgers
conventional m cro_scoge and can be constructed using conventional

t echnol oY ¥ ésassivopee@mpedipaitsi oned and configured to focus beam
14B onto a focal plane in a focus region of a target material.

[ 0037] M ope 2 ry. ] i n . | 1 S
does not ﬁ’;?%@g to bg_aré%%saf’r}%rgg 1%#%0%%%&?5%&?%?6 ?%ep ﬁ"n@{*?‘o"ﬁ%ﬁeﬁtﬁ@wy{rﬁ%
dry obj ewbielenytnst thanagerdigat (photomstis eslesterntol ihnduse muMBpRedni Buet bs
or anot her gas environnment. In this enbodi nent, a Ni kon TM ELWD air
obj ect i v&Va-BN@oBgabserpHen &t thepriticuiantargebmaéanaly Fos examals; if a single-
obj ectiv i I j ; j+ £ Q0L ecty J

ob) et | Vo PRAPBEER ol bt B Moo £5 b el ot for
20x, 50xtwaapdotb®ChsoTie mmuag hiec2ll|. dpardear sw¢iiAyitho Hiffehesten atejriats, laser

| enses are 0. é 0. 55é and, 0. 8, re\s&ﬁct_{ﬁﬁl y. The 3-D resol ution of
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[0026] An optical beam expander 20 is positioned downstream of shutter
18, and is configured to expand beam 14A and produce a collimated beam 14B
with an increased beam width (beams 14A and 14B as well as 14C whown in FIG.
2 are also collectively referred to as beam 14). As used herein, a collimated beam
refers to a beam that has a low divergence. For example, in some embodiments,
the divergence of the collimated beam 14B may be less than about 7.6 mrad. As
can be appreciated, a perfectly collimated beam of light (with divergence of zero) is
difficult or impossible to obtain in practice. Further, the divergence of the collimated
beam 14B is varied during use and may deviate from the lowest divergence

achievable for a given optical setup.

[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
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automated. As such, beam expander 20 also acts as an on-the-fly focusing module
to automatically correct for any focal plane distortion, which may occur such as
when large lens elements that do not correct for plane distortion are used. The
physical distance between expansion lens 21 and expander objective lens 23 may
be increased or decreased from a balanced distance, such as 90 mm, to change
the beam size/diameter, or to reduce plane distortion. For example, one of the
lenses 21 and 23 may be repositionable. The movement of the movable lens may
be driven by a motor. Distance adjustment may also be made by changing the
optical distance between the two lenses without changing the physical distance

therebetween in a different embodiment.

[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.
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[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
website: www.scanlab.de/. In other embodiments, varioSCAN 20™ may be

replaced with another suitable expander and dynamic focusing device.

[0034] A mirror 24 is placed downstream of expander 20 to direct expanded

collimated beam 14B into a scanner 26.

[0035] Scanner 26 re-directs beam 14B to scan beam 14B over a desired
target region. A galvanometer scanner may be used as scanner 26. For example,
the scanner may be a ScanCube7™ scanner provided by Scanlab. In a typical
galvanometer scanner, two scan mirrors (not separately shown) may be provided,
each driven by a galvanometer. Each scan mirror is independently adjusted
(turned) to redirect the beam in one dimension. Thus, the two scan mirrors in

combination can scan the beam across a two-dimensional plane.

[0036] A focusing device, such as a microscope 28, is placed downstream
of scanner 26. Except the features expressly described herein, microscope 28 is
otherwise a conventional microscope and can be constructed using conventional
technology. Microscope 28 is positioned and configured to focus beam 14B onto a

focal plane in a focus region of a target material.

[0037] Microscope 28 has a dry objective lens 30. A dry objective lens does
not need to be immersed in oil or water to function properly. A dry objective lens
can properly function when it is immersed in air or another gas environment. In this
embodiment, a Nikon™ ELWD air objective is used. In other embodiments, 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.
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[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.

[0039] Support 34 may move and adjust the position of target 32 in three (3)
dimensions. Support 34 may be motorized for moving the target. Support 34 can
move target 32 at least along the axial direction of beam 14. Optionally, support 34
may be configured to also move target 32 in transversal directions. In some
embodiments, support may be configured to provide both translational and

rotational movement of target 32.

[0040] A camera 36 such as a CCD (charge-coupled device) camera is
provided for taking images of the processed target and monitoring the operation of

apparatus 10. Camera 36 may be positioned to receive light from mirror 22.

[0041] A controller 38 may be provided for controlling the operation of
apparatus 10. Controller 38 is in communication with expander 20 for controlling
the automatic adjustment of the distance between expansion lens 21 and expander
objective lens 23 to reduce distortion (curvature) of the focal plane of microscope
28. Controller 38 may also be in communication with one or more of laser souArce
12, shutter 18, scanner 26, support 34, and camera 36, to receive input therefrom,
and may optionally control the operation thereof. The distance adjustment may be
controlled based, at least in part, on the position or location of the current beam
waist, or on the position/angles of the scan mirrors in the scanner which determines
the direction of the beam axis. For each given beam direction, a length value may
be stored in a memory in association with the beam direction or the expected
coordinates of the location of the beam waist. The distance between lenses 21 and
23 is set to the corresponding length associated with that location when the beam
is scanned toward that location. In this regard, controller 38 may be 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
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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.

[0043] Controller 38 may be an integrated device or be provided as multiple

separated units.

[0044] In this embodiment, system 10 has a scan speed of u‘p to 30 mm/s
and a scan height of up to 30 mm. The scan speed and scan height may be higher

in other embodiments depending on the components used.

[0045] FIG. 2 schematically shows objective lens 30 and target 32, in more
detail. In this embodiment, target 32 includes a target material 40 sandwiched
between a top plate 42 and a bottom plate (or substrate) 44. Top plate 42 and
bottom plate 44 are spaced apart by spacers 46.

[0046] Target material 40 is a material that is to be processed by two-
photon lithography. For example, the target material may be an acrylic based
monomer mixed with a photo initiator so that crosslinking of the monomers can be

activated by photon excitation.

[0047] For example, a suitable target material may contain a selective

combination of the following commercially available materials:
- ethoxylated bisphenol A dimethacrylate (SR-348, Sartomer™});
- ethoxylated 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)

11
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- aliphatic urethane acrylate (EB-270, UCB Chemicals™);
- silicone-type surfactant (DC190, Dow Corning™);
- urethane acrylate (NR-2720, Zeneca Resins™).

[0048] The photocurable compositions disclosed in US Patent No.
6,025,114 may also be used as the target material.

[0049] In some embodiments of the present invention, compositions
containing the mixtures listed in Tables | and Il may be used as the target material,

where concentrations of the ingredients are given in weight percentages (wt%).

[0050] As illustrated in FIG. 2, at the focal point of the focused beam 14C,
the beam radius/diameter or width of beam 14C is at the minimum (referred to as
the beam’s spot size). This portion of beam 14C is referred to as its beam waist. In
an embodiment of the present invention, when the incident angle of beam 14B at
microscope 28 is varied by scanner 26, the focal point or beam waist of focused
beam 14C also moves within or close to a focal plane 48, which is perpendicular to
the optical axis 50 of objective lens 30, due to automatic correction of the focal
plane distortion provided by the dynamic adjustment of the distance between

lenses 21 and 23.

[0051] Without proper correction of focal plane distortion, the beam waist of
the focused beam 14C would move away or be displaced from focal plane 48 when
the direction of beam 14 is scanned away from axis 50, due to the effect of field
curvature and other reasons such as lens imperfection and misalignment of optical
components or the like. The displacement of the beam waist (focal point) from 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.

12



(W% EB-270 (W% 7 15.0 46.0 24.0 9.5 5.5 - - 8 10.0 40.0 25.0 19.5

5.5 -

Table 1. Mixtures for two-photon lithography

Mixture | SR-349 | SR-348 | NR-2720 | SR-9035 | DAR-1173 | DC190 IRG
(Wt%) (Wt%) (wt%) (wt%) (Wt%) (Wt%) | (wt%)
1 8.0 42.0 34.5 10.0 5.5 —_ —
2 —_ 45.0 34.5 15.0 5.5 — —
3 8.0 42.0 34.5 10.0 5.5 0.2 —
4 — 45.0 34.5 15.0 5.5 0.2 —
5 20.0 35.0 29.0 10.5 5.5 — —
6 20.5 35.9 29.8 10.8 5.5 — 3.0
Table Il. Mixtures for tWo-photon lithography
Mixture | SR-349 | SR-348 | NR-2720 | SR-9035 | DAR-1173 IRG EB-270
(Wt%) (Wt%) (Wt%) (Wt%) (wt%) (Wt%) | (wt%)
15.0 46.0 24.0 9.5 5.5 — —
10.0 40.0 25.0 19.5 5.5 — —
19.0 44.0 21.0 11.0 5.0 — —
10 4.5 40.0 40.0 10.0 5.5 — —
11 — 42.0 42.0 10.5 5.5 — —
12 — 49.9 30.2 14.4 5.6 — —
13 — 45.5 34.5 15.0 5.0 — —
14 55.0 — 29.0 10.5 5.5 — —
15 55.0 — 29.0 10.5 — 5.5 —
16 56.6 — 29.8 10.8 — 2.8 —
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 power, 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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photochemical reaction in the target material 40, and includes a wavelength that is
suitable for triggering or inducing two-photon photochemical reaction in target
material 40. Thus, the spectrum of beam 14 may be a narrow band centered at a
desired wavelength or may have a single wavelength. The central wavelength may
be in the range of about 700 to about 1020 nm depending on the target material

and the reactions that are to be photo-initiated.

[0055] Beam 14A passes through isolator 16 and then shutter 18. Isolator
16 prevents any reflected light from getting into laser source 12, and can thus
prolong the lifetime of laser source 12. Shutter 18 is controlled by controller 38 to
selectively stop passage of beam 14 therethrough. The maximum shutter speed

may be below 110 MHz in some applications.

[0056] Beam 14A is directed by mirror 22 to expander 20. Expander 20
produces an expanded and collimated beam 14B. The beam width of beam 14B is
larger than the beam width of beam 14A, for example, by about 4 to about 10
times. The beam width of beam 14B may be selected to balance a number of
factors and considerations. For example, higher expansion may be advantageous
for reducing the moving distance of motorized lens in expander 20. On the other
hand, a larger expansion may result in a larger power loss, such as when the beam
width is wider than the diameter of the input aperture in microscope 28. Beam 14

passes through, in order, expansion lens 21 and focusing lens 23.
[0057] The expanded beam 14B is directed to scanner 26 by mirror 24.

[0058] Scanner 26 re-directs and 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 collimated 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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be significant so as to substantially affect the shape of the product formed. Ideally,
beam 14 should be focused onto focal plane 48 regardless of whether its path is
near or away from optical axis 50 of objective lens 30. In practice, it may be
acceptable that the beam waist is kept sufficiently close to a plane 48 (i.e.

substantially in the plane) as beam 14 is scanned.

[0060] Thus, to improve production quality, focal plane distortion may need
to be reduced or eliminated. Without such correction, the focus region would need
to be sufficiently small and the resolution of the objective lens would need to be
sufficiently high to ensure quality production. With the automatic, real-time
reduction or correction of focal plane distortion as described herein, an objective
lens with a relatively low resolution, such as a dry objection lens, can be used for

multi-photon stereolithography.

[0061] In an exemplary embodiment of the present invention, potential focal
plane distortion is reduced or corrected by dynamically adjusting the distance
between the expansion lens 21 and the focusing lens 23 in expander 20. This
adjustment is autom‘atically controlled by controller 38. The divergence of
collimated beam 14B produced by expander 20 is dependent on the distance
between lenses 21 and 23. The divergence of collimated bean 14B can thus be
varied by adjusting this distance. The divergence of collimated beam 14B in turn
affects the focal distance of the focal point, or the axial distance of the beam waist,
from objective lens 30. Thus, by adjusting the distance between lenses 21 and 23
the focal distance can be varied to offset the effect of field curvature, and any other
effects that cause focal plane distortion, so that the beam wais of focused beam
14C (or focal point) remains substantially 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 waist 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 substantially 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 distance between lenses 21 and 23, can be initially
15
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estimated by calculation based on optics theory for the particular optical setup. The
calculated lengths can be further fine tuned or verified by calibration. For example,
the calibration may be carried out by visually inspecting an article produced using
system 10, such as with an SEM imaging technique. When the distance is adjusted
correctly during beam scanning, the produced article should have a shape closely
resembling the input drawing. If the shape of the produced article is deformed in
regions away from axis 50, the distance data will need to be further modified. The
selected length values for different scan positions may be stored, such as in a
memory (not separately shown) in controller 38, in association with the respective
scan positions for later retrieval and use. The memory may also be separate from,
but in communication with, controller 38, so that controller 38 can access the stored
distance data during operation. In either case, controller 38 can control the
adjustment of the distance in synchronization with the movement of scanner 26

based on the stored distance data and the current scan position.

[0063] For example, the distance data and the associated scan positions
may be stored in a table format. The distance data may be presented as absolute
length values or as differences from an initial distance. For instance, the initial
distance may be a distance for producing an optimally collimated beam. The scan
position may be defined or represented/expressed in different manners. For
example, in some embodiments, the scan position may be defined by the scanner
mirror positions. In other embodiments, the scan position may be defined by the
direction of beam 14B such as relative to the optical axis of microscope 28 or
objective lens 30. The scan positions may also be defined by the two-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
structure by scanning beam 14 using scanner 26 according to the input slice image
and by synchronized adjustment of the distance between lenses 21 and 23 to

maintain the beam waist within a plane that overlaps the desired slice during
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scanning. The target material is then repositioned to form the next slice of

structure. This process can continue until the entire 3D structure is formed.

[0065] In one embodiment, the wavelength of beam 14 may be about 740
nm. The dry objective lens 30 may have a magnification factor of 20 and the
microscope 28 may have a field of view of 400 ym by 400 um. The spot size of the
beam waist at the focal point may be about 2 ym or less. The depth of focus may
be about 10 ym.

[0066] Target material 40 may be any suitable material selected for the

particular application, as discussed herein.

[0067] Support 34 is controlled by controller 38 or another controller (not
shown) to adjust the position of target 32 as appropriate. The positions may be
adjusted based on user input or automatically according to a pre-programmed

procedure and based on dynamic input received by controller 38.

[0068] The process can be monitored in real-time with camera 36. The
images captured by camera 36 may be communicated to controller 38 for
processing or analysis and may be used as input for controlling other components

in the system.

[0069] The speed of beam scan across target 32 can be as high as 30
mm/s.

-[0070] 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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[0073] For instance, in a typical two-photon polymerization process, near-
infrared (NIR) light with high peak power is focused on a photopolymer. The
photopolymer includes photo-initiators that can form a radical when a single UV
photon is absorbed and the absorbed photon energy excites an electron to initiate
photo-chemical reaction. The resulting radical will cleave the double bonds of the
unsaturated carbon bonds in the acryl groups of the monomers and oligomers,
successively creating new radicals. This chain reaction is terminated when two
chain radicals meet and react with each other. The same initiator can
simultaneously absorb two coherent NIR photons and form the radical, as the
combined photon energy from the two photons can also excite the electron to
initiate the same photo-chemical reaction. The probability of two-photon absorption

can be approximated by the following equation,

5,P., NA

ave 2—7)2 , Equation (1)
nc

n, o« ——2(
7,/

where n, is the probability that a certain fluorophore in the target material 40

simultaneously absorbs two photons during a single laser pulse, P, is the time

ve

average power of laser beam 14, J, is the molecular cross-section of the

fluorophore molecules in the target material 40, z, is the duration of each laser

pulse, f, is the repetition rate of the laser, 7 = zi (h being the Plank constant), 1
7w

is the excitation wavelength (or the single-photon absorption 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



[0053] I n use, system 10 nay be operated as follows. [0054] A beam of
| aser 14 is produced by |aser source 12. The beam has a sufficiently
hi gh peak and average power, such as larger than 310 kWand 2. 5W

i ly. | h th | |
e R o il PR et
wavel e”%ébéﬂ?@ncb%rﬁé%é?@ét%nﬁ@ Ty c%gfrthag/oﬂfmé B R3ub WogiBRAG BRo-

phot ochem cal reaction in target hus, the spectrum of
beam 14 ;nm@tobeab@orpilomcmrbm{bsséhaeﬂéd am’a Idesntrast, tieeviobabiity of singly-

have a SI n e vel.en th The cen wavel en n.th range
o about PN A SRR Tedim MTE SR AYCHA a8 Rodpbe! Peris & trang
the reacgth éaﬁvé AL, 46 i BnkS RIMRESN bitHd I@%@ﬂmtérﬁ%@@%tﬁéﬁ@ AP RSSR
t hr ough |soI ator 16 and thén shutter 18. Isolator 16 prevents any
ref | ect edepenglent pnaxajslistaneg.i nt o | aser source 12, and can thus
prolong the lifetinme of |aser source 12. Shutter 18 is controlled by
controll to sele e ugh.
The naxi%r??’ihutte?iss%tééeé/ 8ftﬁ%?@8§ﬁ%ﬁ%88mgﬁ@x§g &alégfa?%é;tl ons.

[ 0056] Begimotddhemialigaetibas, @leemréd stru@drdl eharge ndie bcAd withip ansl fycua0
produces an eX{)anded and collimated beam 148. The beam w dt h of beam
14B is | '%94§¥r0 regetimatenabd wi Bestuctuabehangs, canoinckidgrahealicaystatséirel
4 to abo f ube | ect

bal ance %H nrf?%bg ’f%@%@?ﬁgﬁ%ﬁ%%ﬁ) er?a‘t?ﬁ%%éﬁc or ée?%n??% &h t%jw Ble
expansi oor mmfsltib@tcatjunaha@eo@edwsertwqmmgn talbeorptmnngwlydnshaswtfdﬁngh
notori zed | eps,in ander 20. On th t her han a |l arger exp 0
oy 1 o uPonRRTY PRg e ctsaion. sosUaTeAM A thahasalh Gact Rorde the
wi der t hpgysh lgha'w&fntr‘?ﬁhﬁg}lﬁe IH&Hén@é)éfrééﬂcﬁl ('Jf’bé(?rﬁrﬂBCr%%lv%ato tﬁgam
14 passes throug , I'n order,” expansion |ens focusing | ens X
[ 0057] Thiargstpaaiesal é@aaﬁdlmsnbecﬂom@cne@mrt o tscgmmmterael 4513/ 3fDrs'tmctlms

[ 0058] Sc re d| ects and scans 14B ont t 32 through
i or oscana Bg s i pib R mSE Be sanPlad By Borfel 8L, o) oot ve
|l ens 30 onto a confined volunme, the focus region, in target materi al

40 whi chjciogehel d i mMheosiisl movément ot e féausaruyndmﬁthm Bugeanhtedidl 40y
objective lens 30 is not imrersed in quid during use but is

exposed 2¢FORPlisNse byrRtia mgxing. smoﬂg}#ﬁl@naﬂh@@m}élrﬁw giotheqlisak

EXpa”dEdaﬁg@Owaﬁ%@I LeGeheam tré}k‘?/ef’safl RN &G P Thd ctug%ggﬁ%ihm

mat eri al ) en'large optl cal enen are use the eam t of

f gcused ﬂaegfa&hrmm@namo & gmdmplﬁ;hb]IEjWydrlewdle&c&lnbrhﬁam h?Bf luma%; sp?rfrmr 28Btoof
t ens t he foca n rtion at off-axi

Porat i or&ane b k) eciiive Sonaoqsns, Ridora e sue Ret Mavkrant sy

of the p5oduRbyb@bRbnsliRAbl yr roMiRak e d1aubBEH St eRs Bidercal

pl ane 48 regardl esS of whether its path is near or away from opti cal
axi s 50 banisirzalto e pptical 3gis $mobobjet:tl\@lenst3malyn djﬁemtemb@ldimemﬂsat

Subst ant TePyoYerES smahby Teehdirie iy EuBae o rmepymay

i nprove s effgctetiasy Mgmg/theff@@al pleh@e il Béamht 5Gch aa%ywﬁkth@ dre
reduced or elimnated. Wthout such correction, the focus region

woul d ne®eViNg ane /umpre Peligal joeuring eloments ée gesuerestene 88)-t he
obj ective Il ens would need to be sufficiently high to ensure quallty

producti tht t tdon
f ocal @ne ZY stor ??S oﬁ&gggﬁedseg??%rggiaﬁéedr ef§|§, ﬁf&ﬂ‘ﬁlﬁo ] ecﬁv\?gﬁrﬁlﬁ?.r
rel ati ved:e;ﬂdnmlveneﬁtel WS oo jmegckiondiqaidisychodn eit s meredeents, |rrmaeérsb&he|sed

for multi-photon stereoglithqgraphy.
bjgct?ve lens, t%e c%ance(%gr C(g)ntgmination 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
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[0061] I n an exenplary enbodi nent of the present invention, potential
focal plane distortion is reduced or corrected by dynam cally
adj usting the dlstance between the expansion lens 21 and the focusing

lens 23 in and Thi s ment is automatically contyolled
by cont A9 Eharage Bie Nigh, i slirh 13 B8 GomimEd i BarRAsB b GIEEEE oy

expander| CRIPEAY RISE 3
The di ve?%%r%ehgf col 'l %@Q%%g?q%%&%gﬁﬁfﬁrﬁﬁ@gbvan éﬁjorawﬁjeﬁs}t—w]g
this di si‘@mdmngﬁthethles&cwmooal teohmlqna$ ajhrbemyzt!& sizetafrtime aﬂf ects

the f dj t, t.h di.s th
boam waidrpblets 8RS G tocel iareatoRe Briedivetta At nicIRISTH Qeaabout
bet ween { gig e gﬂstéﬁm ®3né *i‘@qwﬁé?ﬁent@'f& ahjeetiRnRSovare (R dssthét sefor

the effect of field curvature, any ot'her effects that cause focal
pl ane didkiorogrsed %nethatlemm wmes:oovemmé@tmﬁsmﬁu&ae Wwigeal

CCannbd TRSHE LAk G bbyins e Xl Bl o A BEDAL ko s

scanned the shugeRMh®eRUtieOshaticE fadtBe AsRXpHAHST 20 8aR\wedvidld attoPpaticélce
axi s 50 of objective lens 30, the focal distance will need to be

i ncr easddangiity controbiselativety iigh Magsfficatien ene reselotien san peadhieved
curvat ur 0. Ki N I

ol ane. 4g RS iR ORGSR ih BB R ThBEk R dhel Betd ™

di vergence of the incident beam collimat ed beam 148. [0062] The
amount dDOV8Erease lrmfadﬁdhendssy&erg%mafydje progideeinwitio tasier Gocusamobltlaus

t he reqt{,l red Ieﬁg tf e bet en | enses 21 gnd 3, ..can be(ﬁ_
initially &P '68)“‘6% L&ﬂﬂ i9n; 8h 9§¥'€8 BrRvaMi & e?%ﬁ{ﬁwo%mﬁ dt
parti cul MM k& Bk t; fine
t uned or@{/sgrl fi ea 003%%2 i er ati gﬁaéMF%?é gggllrr(%mgé h%hg@é})a&lts%gagtéi”gﬁﬁenay be
carri ed transveysal diaalions. i nspecting an article produced using system
10, such as with an SEM i magi ng techni que. Wen the distance is

nave o SRR o osey LR AR RS RR Yool tallRE e Fhio G g

the pr ochm@bredtto@n@rlvﬁetéeifnﬂﬁembm baS@cﬂtv(m?h@mvteEhﬁmueSl s 50, the
di stance data will need to be further dified. The selected Iength

val ues fﬁr SI fferent scan p03|£)| ons be stored, such as in a
menory (IRBB0kepar agé«rsgmﬂ&mv RefifieMhie sif refaining 9HEI AN ithe
the resF{f‘éhtéfl’t’@déé‘&%eﬂq'?éréinorlsorfé%anln;ﬁéel%séreﬁéérﬁ‘r’fﬁ mj)?fﬁi@s‘r'ﬁ:%{ bdR ngggf?ry

may al so be separate from but 1n comunicatio rol
so t hat diferentkemdodiBentsranacioe diferémt appsications; satmimmnela;bmpmmentsgor
operatig}r In either c cont

38
oPe ne. Avicel Bl beloE R a1 oA sy AST Sl ServerRe a2 fMsRonal

based ompurpgsed. OF@dlngtaﬁbénﬁleﬁéﬁe%t arthddifehtd! EaMers Qéﬂnﬁ@ébtdle%d
[0063] For exanple, the di stance data and the associ ated scan

posi t i orfisemlyenseans meydereiva refidted fightfisem aresheri paiatiodhe epticalnath of

G <t ancaoRb % IR ok Belfftedihef vl cke! hEOBECE ShERYPIR Bl

produci ng: tegratddmith nethdriopat iccdmeesnenthsuscag lees sbuiee 1Ty §%ander
defined or repr esent ed/ expressed in different manners. For exanpl e,

in some M&M@W@ﬁ@%éﬁ%f&mﬁr@ neyP Bl &0 ay b@pf@ﬁ@egmr
LA T e e T

axi s of sucbrassctbpesditalde debjcestprovide @y§c31hlaa’he seyrbeposad aeexpamyer
al so be def the t i mensi gnal coordi nates_of the interce

of the t?g%mbg@eﬁ"%” %'Cﬁh%g\{?‘dgaﬁeam aﬁénase eﬁ@fecé‘?éaﬁﬂ‘%g YWOFePﬁEeSS mir OrS
directi ofhphy P%fchfg%nr?a‘rls%r%@hérsdé%%f 'tuﬁg%r?éﬂé%ﬁg@é%b ts AtGr&raont
coordi nates © € I ntercept may used t i ne t e scan position
of beamladatidndis4hée beamepathbddidiffarent ¢rmbpdinkrde, the3ibjsdtivedens ef the a

microscope may face different directions. As the objective lens is not immersed in
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[ 0068] The process can be nonitored in real-time with canera 36. The
i mges captured by canera 36 may be conmmunicated to controller 38 for
processing or analysis and may be used as input for controlling other
conponents in the system [0069] The speed of beam scan across target

32 can b liguidisiugh odstheoopfiget axiped g © J@cw%}ewen@mbe(%nb@t@ﬂauy allgned
directi C\K}ltml}é O@ﬂl?ﬁ%ﬁf&%@ﬁ &€ ABrih Al é’ﬁec}%ngﬂ ?é? rfé Hg%

resol ution be varied usin |ve
| enses and can be as high as 0.1x0.1x0.1 (| n mcron) vvlth 100x
magni fi c[&)lOBoh [ 00T p\bethebexeampié, vystemal & ufdyi e epérapedir a (izewer
intensit }f sui tabl e vvavgl en th or spectrumis focused into the
e

focus ré fropy rOREeRFFegr Zﬁ‘)'iat?% phot on absorption occurs with
a high frequency and photochem cal reactions such as photo-induced

pol ymer i pagpn Wil Iy Wf@ﬁﬁ@rde%ﬁrﬁﬁleasﬂéﬁ'f £0 &ith e MHodiTidPoe mulfi-BRERIFor

i nst ance, I n a t I cal ﬁ hot on O yrrerl zat'i on process, near-
i nfrar edamnlIICR)loms @/here/\plncbton grhmqaéa&aqﬁlomn the; targelumatiriah istrigged by

phot opol The. phot opo includes phot o-initiat. [S t hat ca

P o o, iflandbifs, RBSS 8RRy PEFToe of iR HrRMhe, Pk fosb B orte b S
phot on eReludy seXdutihgs alltadle RisePBoliRel vihdreahe sRPbPthehsidrg@barried by
reaction. The resulting radical will cleave the double bonds of the

unsat ur dHERE eRMSEM Pheteds is APPFPriate far exclingsons elepomhieelasdedmaaterial.
ol i gonmers, successively creating new radicals. This chain reaction is

term natpigahen t weoebaLa adiAaky AIEFbe AL aRGhn b aAGKS B Bk

The sanme initliator can simultane erent
and f or nsduree manithcedin pasiideha beanbbﬁ@hbtphsbbaumtﬂe gyopertes.t he two
photons can al so excite the electron to initiate the sane

phot o- ¢ Lcal reacti The babi | |t t hot. o absor ion,can

Do appr QPR e by Tt AESBT: SABHTEG i d P! AL S! sTREM TP pSd aS

277c2 EodrisOfhdyle implemented in different manners. For example, each lens may be
provided as a single lens, a compound lens, or a group of lenses integrated or

combined to provide the desired function.

[0085] Additional optical elements, which may direct, focus or otherwise
modify the beam properties or travel direction, may be placed in or along the beam
path to perform a function desired for a given application. The additional optical
elements may be placed at any suitable point of the beam path, and may be
integrated with an element already shown in FIG. 1. For example, additional optical
elements or features may be provided to improve the performance 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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where na is the probability that a certain fluorophore in the target
material 40 sinultaneously absorbs two photons during a single |aser
pul se, Pa" is the tinme average power of |aser beam 14, 82 is the

nol ecul ar cross-section of the fluyorophor | ecules in the target .
mat eriaIS%FaW@”VEh%ﬁ@”@uﬁsatoir@ﬁ{er'”@é Yl e Hams @ stiyptyig H’"ﬁgugeé with
repetiti ot WithiT !

20 1 s t Heheary aplsn By analed Wi i TR oo R Bt for
wavel enghR)particular opitcat petgh. ofhus, grethoulthide NAdesstadtkthatites nohhecessary
aperture, of . obj.ective |l epns 30. 74] As n be determned fromt
Above  echit IiSEneh et Be seleated fo o on MBSO b s e b el
phot ochegititiala §&&AEIRAI pRnEh#urtelfdd fhaRDpraRamisrbtid 2% hay nefhe
occur within a confined region, the focus region around the beam

wai st, tRrossitledo selegt tistaricectaiagechitnati the ieant weiss alveaysoiemaios stiistly

id f i on_b h ili f - ph .
Sbeor ot 1 ifTn X St FRa PR T BErdifte S8 BeupderbaidBaC kR distance
struct uriglsefdtde@ & offést theGiER E@UhRIRe effetiEt-DHVEAToGRAItBLIbAS the beam

axially confined. That is, the focus region only extends along a
smal | podtta osabien wibinitiesosal plaae dbjscufiicient thatwitpihe selestad distance, the

speaki n i f - : rpf ] ciitatl I

of as (P Hon RSB subh et ik MRy RE BRI TR U ey

t he obj edtaMechieplane aT hehsfolaas@r therguepssdyof thissihiedion, & shoadd béi C
dependence, on axi al %i st ance. Tygi cally, the volunme of the focus

regi on i WN4&rBOPAdNBNheHeR NS thakesr! waist afmaensideres torhe within a plane
contr ast i Sii - [ : i

ctabl o oy Aol Rl B e AR GRS T8 Bigne
i s only so thatthéiodispfaceheesnt &eer thenplansihag nehinateriad effact om thd fimsted y
dependent gn axial distance. [0075]As a result of the two-photon
absorptiQﬂ?ﬁH? itation initiated photochem cal reactions, a desired
structural change will occur within the focus region of target

mat eri al[0687] The stArlemMBbaIM&RaTARe pAssdnt HVeAEoR REBH &alsystdriapuhal
change, physical structural change, or both. The structural change
can be Viaiepyasiass applicationsinmany ferenidiclds c BasstansepBystem 10 may be
absor pti | ' I A ' . f.ac ' .
significan s% }r(%tgrft %lrﬁéﬁ Oﬁﬁ%@%?@%@%@r&ot%sb@gtd{% ﬁ'é:eg b%ﬁ% r glls)éc:HfS&g{/n
cont r ol | semgicbhéeudctoe indeistre (digr astdirent-akitd iaoylapByrrabahingefor prédiesing

t ar get terial 40 nd thus the focus region in target material 40,
3-D str g@ﬁﬁee@aéb,rﬁbalrﬁwd‘aee%ﬁomfpﬁ Qpticabe@apongitsinte fniingggratpdygircuit)

controll ; i v &Cdl‘é i ithin
tar get nﬁvég{%élféﬁgzﬁégﬁgc?r%pﬁsg @d atgﬁ{(a:?lt(gegn?)w ng%ﬁ%@gp th %cﬁmal ong
t he axi atrysliatseand othesfoptibal siptateral, and susbtuni etsoireatdsydn ivérede S0indTikiey
transversal ,novenent of _the focus regiaon within.target mater.ial ,4Q i
2ccompl | GrRdOp PATEALRY BEG B BEan 8 i e ubinsdn ot g SCRNeT @fioes)
beam t o fpHeARRSLIYA o$Qﬁfhé}ﬂﬁhéﬂe%éaIeﬁﬂi@r@él,@@l@émbbﬁéﬁ&ﬂré%'terﬂ?l‘(/FERﬁSz and
may be achi eved by translational or rotational novenent” of support 34

in the praneelectroiseehanical systene (MpMS)aleviass irb@pid peiipypinaviedising (80,

In diff . ' .th ve y. he effected .

i 1§ er enel Yoo B Py BRAbBog Fae RARER e baRefr Lot dPhg

t he focaabptativh of tiddie eedBld, Seicdrgan ryedstation); MYchEmiB2y thg one or
nore optical focusing el enents t(ﬁ?p;v_g. mcroscope 28). [0077] As now can
be appr SfiMageuigaliagysties tmacabrieatienef substies iordbe syniiasiswefichial
As no i%é&&ﬂjg)i QH(ij ‘tjnesl'ﬂ&h as oil is needed to imMmerse the objective
| ens, the chance’for contarm nation of focusing elenents and the
target material is reduced or minimzed. As plane distortion is
correct @0088han calHxamplapgeducipiveralfamicatenby twaspHodonusithdgtdprsy using a

i ncreasing, the sizeg of devices that can be fabricate sin stem
tegt system as 3esoribed above. Images oq two of ?he Jfa ricagedJ prod%c syare

shown in FIGS. 3, 4, 5 and 6. For producing these sample products, the laser
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[0078] I n addition, system 10 may be provided with | aser focus wobbl e
function, device stitching function, and device arraying. These
functions nmake it possible to produce | arger target devices by noving
t he support stage in tne transver sal irectioBs. %007§a8y?{en110 can
provi de FRae OFBEFIAIRT GHARRIIWNEPT BrvavRIQiRphabayt EHhpar ¥4th 3 BY¢rage
wat er i i p qanss ] System 10 may be
nDdifiegﬁﬁﬁf?gngfﬁﬁ?ﬁ%g?QYh?ﬁsq%ﬁgggg%ﬁnre g E1'?’ﬂégbenefits descri bed
herei n. For exanple, |aser beam properties may be varied in different
enbodi mel®089hnd f orAsicdrf ke entergipdd,dhe iconndimrdtsaitbe praporidmantion

devi ces nay be Ioc?ted at. an alterﬁa}i%e oset”ﬁn ﬁnd E%ill se[ve t he
same fun®fY SEYP GRRIGALS inEohroader BRldT qriical drRiCaHY N e RBLEKAERS N an
camer a 36ptioRy sPstehl ¢ sbRirkebekm @ﬁ‘qi{;hm@d cbmﬁ%itdﬁné?fﬂeqﬁfoeﬂebifg.ht
fromanother point in the optical path of beam 14. Isolator 16 nmay be

i nt egr at 2djuglintha Idissgereripiciheteanstuprasiuces ealljmatesbbeami it sepnnasdnay

with an { £al o ent ... r r r
20, or praBatil R i EEEM Lo RdEy B3Rt aT8r 980 Ny RS KA B
as an i nyeghad auocsl guinteand assethel fgcalfpditt ihigploealpiahs. AQdigfoller may
sui t abl e expander devices such as other suitabl e devices provide by
Scanl ab P&Prydestfaiseatrating e sadimater tomdivdtba divasgeess otgta@wogfm@i@am
14 ma I i .l r i ! rs
or ot herouaficasein SRRpTel ffocel Bantlr iBeAany Phechifethed &

t he beanagjasted donthdt fHecfoeak panbretinairasabstahtalbbinebtifveallpdase a$ thiee

m croscope.may face different directions. As the objective |ens
ot | meriRaled BEAT i, SRR SUT 8 SYRETOBIANCER UaRh KRR GERetiey e
| ens ”aWhQﬁrﬁH@%ﬂﬁﬁéh§k#¥oﬁhb%?@§y“‘th the vertical direction, or a

hori zontal direction, or any "direction. [0081]1n a further
exanpl e, system 10 nay be operated in a nmanner different fromthe

process 98961 bed 4bibgefedtaes2henclis fandiathantagaspidhe syshashimeotsmay be

"o he e S PR o R RN AP BB s R R b or ce
or nore @dedriplisn ahdehpesaniplge 5tABse skiled in tHicatide sel ecting a

suitabl e | aser source where the sumof the energy carried by three or
nore photons_is apprgPriate for exciting one electron in the targgt

mat er i al [00PAbs3] Ladrcaitsp.dbe phong Hesrdbedhembogimeris arptinfearsd i

type of iy : i ; i f ; i :
oY oper t 1 e Bt P R e e o RO A ar My Eptie
syst em 110, mang maifiGatioes ©f foray, drmngephenteripads| detdil$s fad arte nefroyration.

For exanpl e, each |lens may be prqvided as a single lens,.a ¢ aund
ens. or TS pEfSer 3Misrs BuniendBg o aaonbass Alinen oS BraidhianiRat
desired ddypet b8RefihE@®9lthedidilgnal optical el ements, which may
direct, focus or otherw se nodify the beam properties or travel
direction, may be placed in or along the beampath to performa
function desired for a given application. The additional optical

el enents may be placed at any suitable point of the beam path, and
may be integrated with an el enent already shown in FIG 1. For
exanpl e, additional optical elenments or features nmay be provided to
i nprove the performance of the system including aberration reduction
or correction, where the aberration nay be spherical, conma, or
chromatic, or the |ike.
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[ 0086] When reference is nade to a plane such as a focal plane, it
shoul d be understood that in practical application, slight

di spl acenent of the beamwai st fromthe focal plane at certain

| ocations may be inevitable and may be perm ssible. For exanple, if
the slight displacenent does not result in unacceptable structural
defects in the finished product, it nay be tolerable. As can be
under st ood, for practical purposes when the beamwai st is

suf fi ci enVWhATIDERAIMED & focal plane, the structure fornmed by

mul ti - phot on absorption i nduced polynerization my be substantially
the same ds,A systewénm multipbobngersdititgeafhypsamprissig: uct ur e produced
wth the beamwai st strictly noved within the focal plane, due to the

depth of focuSafgm sbme@@ﬁémm@ abe@ﬂtdf@?tkttrﬁghgrésv@%@géﬂa%eﬁg% H be

under st ood t hat iS.n ecessar
selected to rég?‘fqedf‘”lf’?? OWB\?&%W'O%W%%Q%WW« st to within a
geonetrical plane Furt her, due t a‘{)\éerglr actical limtati ons it may

not be possibl@' erjice! ?’@89‘1%%’@%@9@ D8 fensiRad a JRsvesIY Iaas st

al ways remai nspesttiohed Irya péih o Baia b@@nﬁarfﬁte&péirﬁi sl B&n tHrbug?H;%gﬂés?%t@st he

shoul d be under d tha nce i s sel ected

field curvat uﬁe%g? ggta % "h?\{\%fg %aé M- 2 givesense phwiderilimateda
| ocation wt hlheahhleelmg)dqierﬂbﬂﬂmm a tistdride Befuldeti RRE divdtdingWrisharid &id
sel ected di st acgﬁﬁér | g beamis focused such that the beamwaist iIs
within a tolera 94Pst'Ence fromthe ideal focal pl ane. Therefore,

for the purpo n, it .sh beuder tood that the
| ocati ons of f{@ (gsf %Q%\\g?és@{"gﬁs'i %on% AT VT’ %”Bep%f PRER N2 B‘F‘%ﬁg when
t hey are genersald gpllishatéd heam 3 foves eaidwobimatdublye oag enisu;fafdtei*ﬁﬂtﬂaYerléi ose

to a plane soy [ n mat er i al
effect on the é?ﬁpgigﬁhﬁgﬂagﬂéﬁﬁ?gg%b (%hm Sﬁﬁ&ﬁ%&e egfa ? %?'Bg‘@l’ﬁt

i nventi on suclPf agid§geusedbe@ammay have various applications in many
different fields. For instance, system 10 may be used for fabrication
of 3D nanonet érS°88a¢TePPsitiongd “hﬁ?id@éth eaid catitinatey béam bsbrkdnrsaid

sem conduct or QXB% Bd @gdgootéﬁwgct! vﬁ:%%Webfr@ct%PtsQBQfoﬂﬂfgfeJrgggh ne,
produci ng phase nmask, for direct i cation corrponents
onto 1C (int eé?vé%rééa@lfP@lﬁ“l%d%’éiﬁt@%a“ s breamwamttacmssmuds’remr s); in
phot oni cs (e. graté@n apgmg@w@ggag%gg,@hg gigystal s and other optical
structures, and quantum el ectronics); in wireless industry (e.g. for

fabrication ofa doaﬁollwhehﬁollllwmm@ﬁ“ﬁof sAld dlgﬁhé&%n%éﬁ QailiGARPGRY Ver
devi ces); for fabrlcat on of Eorret er-scal e

ni croel ectr onéeéﬁaﬂ’ﬁdcsgl %”g‘?'@rlﬂg( SRy hargePdccrBRetiiehse it syst em
(NEMB) devi cesaidibeamapsit ipsodrriedisubgahiialySt bYpidne ik alf SHsaldSfickSssivaP! d
pr ot ot ypi ng sf)gg%e 4 arll,]d devices); in tissue engineering (e.g. for
fabrication o utg Scaffold, for or gan regeneration); in chem cal .
and phargam{eutl CS? |pdustr| es (e g. fabrication of substrates for the
synt hesi FISTSI OE BRED Lindgreingagh oRe of s3id SUCEEERE Examprsitignsdeluct s
vere fabri cadsediateyl withoa E&S?é@tﬂe'ﬂré@@l@&@@hé’ndﬁ'dﬁ@ |a{6%?115cro§é/ &5

descri bed abo(yg tl mages o t he fabricated products are shown
in FIGS. 3,5 dstanng igthepsz-splesigd denedh ihebiseassaripied Wihdae etrsenttshen

| aser sourpsitg@nerated a | aser |ight of a wavel ength of about 710
nm vvith an average | aser power of about 1W The scan speed was 10
nm' s. und rstood, the enbodi nents of the present

i nventl on may ?"}&%én Sﬁﬁ?'i‘l: £y ‘Jﬂ@"?ﬁ”@?rﬁ'r”ogéﬁb‘?()“ﬁrio@?rdsISTCQS‘HY‘W@%““W

appl i cat i orwittFeaid exsmakeeand S‘ala@c@ﬁie!rﬁﬁéyrﬁﬁﬁin%sfail{acfj@&%hf‘& saideam of
l'ight, a caoll.lmator be proyi or adjusting a divergence of the
beamto pro d tggoew@)?cﬁwtg @aﬁ‘?ﬁ ‘%‘i%‘?ﬁ‘i@f may be provided for -
directing the collinmted beamonto a focusing device to focus the
beamto a focal point and to scan the focal point in a focal plane. A
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1. A systemfor nulti-photon stereolithography, conprising: a |ight

source generating a beamof |ight having a wavel ength selected to

i nduce nulti-photon absorption in a target nmaterial; an optical

expander conprising a diverging |lens and a converging | ens,

positioned in a path of said beamto expand said beamthrough said

| enses to produce a collimated beamof said light, a divergence of

sal d col |] L, REREL B O SRRAAESH s0nsrof] ShARGR-RRtIPAROR0A is

dlverg|ng Iens and sal d converging I enhs; focusi ng device conprising
a dry obj ectwovghdi@nahsopg®int i oned in a path of said collimted beamto

focus said collimted beamonto said target material to induce said

mul ti - phof ofy, ega%%r%f&w il Sraidimt angal wHBLRY da light sdurlee amitwai pilseaf

sai d focused bean] a scanner, positioned in said path of sai

col I | mat ed bremrpblshieih apeak rovyea RElBiBher B aF G KYVorFsaHeY SHRAR RS or

redi recti ngysaid a684IshRkaE dBe@m howar d sai d focusing device to scan
sai d beam wai st across said target mat eri aI at successive scan

positions; and a controller contro n ust ment di st ance
bet ween |Eh%?XPé?r@|°ﬁ@'a!“éﬁsW‘é?{a'n§él 6%? ‘F@?&ﬁﬁgz’%%n t he

current scan position so that said beam wai st |s scanned
subst ant i@l The syste?m of ameorieof ddiins dfto §accdn|smmtmea suprsionsHposingisaits .

2. The syst aim1, wher I scan
posi 1 ons | e eusiv et [k Sl Rl R o Ry MiGAIRLR S0
sai d cont r otdiative &ulpaid bbjestialeds sndivcmsitiontshie tprost selasiet @dja¢@hg@lﬁ t hat
| s associatg %/g? d4e, t%%ﬁa@%%a@e%%’t&%ﬂr&é@@cts éaldy‘ﬁ\asyﬁ em of claim

1 or claim2%€ B s ol I'er I'n conmu tion with said
expander and sai d scanner to synchronize said adjustnent of said
di st ance &i The sysiemiohgnoeneal daiegs! 1l PriafeaPHERHAN ‘S@'atelrr@sg’%? m of any

one of cl ai ggjzderiQaid: llgm"ﬁu?éé"f&%dﬂatfﬁ@'sfald'I@ﬁ@&&@c@ﬁ&ﬁrrﬁﬂécﬁéﬁ light.
t wo- photonasorptlon 5. esystemo any oneo cl ai s 1to4

wher ei n sai ht sqQurce_emts. a d bea peak
power of ‘i gh ?t‘ﬁ'ar?' SP6" RyVEURRYS éﬂgo %%E%@BO% J@?A%fsbé%n &t 50 mw
to about 4Wso%torﬂ5h&seﬁecﬁt@mreﬁsmuktmgmaiﬂ basieoklight.sai d aver age power is
llarger than 2.5W 7. The system of any one of clains Ito 6,

gaggtrt)lr f' g'g)l ?]‘gé ggﬁ&ﬁwtcf %ﬂ{éoﬁé' BP&éiHsnlgto?aWeFéH g&h hﬂﬁ{‘%’hhfél is a3&ded

usta nove sal tar? material relative to
sai d obj ect Swrce,arsl saithiwaslgnesh isiio thesrange framgouisl Qo ahoubt Acunt
said objective lens so that said target material intersects said

plane. = 41.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 controller 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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8. The system of any one of clains 1 to 7, conprising an isol ator
positioned adjacent said |light source, for isolating said |ight
source fromreflected light. 9. The systemof claim@8, conprising a
shutter positioned downstream of said isolator for selectively
transmtting said beamof light. 10. The system of any one of clains 1
to 9, wherein said |light source is a | aser source, and said

wavel engt Roi/ misthdd i AGRtS SRTANRErED dofapt 1020 nm 11 . The

system of any one of clains 1 to eln sard dry objective |ens

has a numeri C:ée@%rnplérl?efq oﬁ@ﬂf’ltxa\? at Y% f, areafg\g]t%@ ;geea]% stem of

any one of cl rein

m croscope. 13phUl'¢rea@5Dm’uemnma tarpgt roaienaif claims 1 to 12, wherein said
scanner is a gal vanoneter scanner. 14. The system of any one of clains
1 to 13, wher e@waﬁéjﬂ@S@ldrlwaml’th@:ugb@nmphwsxpamntombnsimg gdiverginkp. The

system of any re

per pendi cul ar l?@@iuﬁia g%ﬂe@'i‘gl?b?s%ﬁ’fmﬁlg %%?8%?%9@3?@#@“ 216. A
met hod of mul tdlvqm@mmf@axéroe&mat@b@aawphwgdemmdemt oy a distareedetigna
beam of i ght Qayidggig V@ﬁé%rﬁ%ﬁ&casrﬁ)e gﬁlgnéo | nduce mul ti - phot on

absorption in a target nater expa g Said beam through an

opti cal expancfgéusmylgyd @dllﬂﬂat@d ?béﬁ%rﬂtc{‘gau{ifé?&et‘m eﬁaﬁﬁr@vgﬁ g:f ncglgjlin gns

to produce a col|imted beam of said I vergenc
col | i mat ed beéjrﬁvt‘?@lcﬁ@"pﬂx‘é‘ﬁéﬁdjéh@bléﬁlva |@185t<1alndlecebwd\mﬁl ~gtaiteh di ver gi ng

lens and sai d RBNESEINEId BRSS! n{a‘?&r'ré?b{@béé&h%a%q'o'f%Eﬁtfc?c%s&%‘@% ”to

said target material through a focusing device conprising

obj ective | en&ednt@t;h@é&l@@olﬁ@btédrﬂéam toRBRT Yl %&%Qﬁag%?ee !td‘sc%ﬂ'sggt ar get

material at a_ beam an of sajd focused beam irecting sa
col I i mat ed bedff4°5 %f“saéff AFseaLliarash Matarrbe suscessife ssan gositenss ead beam
e scan positions; and

across said t rdg% - m% uccess

adj usting sai gaﬁ% ﬁ“éetﬁn(fa é&?*”gi“ﬁéerrsemd sAicYPIIng
conver gi ng | efsnsizsed ootthe ctlﬂramustfa'niosﬁiba%onﬁéilsfaicﬂﬁba?@waéﬁ% seahfbgbeam
wai st is scan n ane at all of said successive
scan positi on%ﬁgﬁﬁh&%ﬁéﬁ‘ : F% %B?lpgfasﬁp USSR ENPOSHERS-one of said
successi v 3&? 0S| tfl s associated with a respective

pre-sel ect'e @?@ﬁq 3 l‘ﬂh%fﬁlnﬁqcf‘ﬁﬁeé’é%dépg‘%@&ﬁb’@ sempeditines is

adj usti ng sassbciiet bitice rdspetiive n@é@e%@ka%@ﬂw l2a%EH ddidting Sa@Ssoci at ed
with the cu&gggéescan OSI ti e nethod of claim 16 or claim

17, wherein 34l 'd redriss ﬁd#‘r&?%aa@&f%@saﬁ%gﬁ Rig-sglesteshipraih 819t ised. 19.
The met hod gesogiajedomith tbé catrantrsad Gositonl8, wherein said generating
conprises generating said beamof light wwth a | aser sour ce, said

| aser souBCEdPRMIdISELAL 96 of AR ﬁ?”f!?@%!ﬁ%&i'da reglreotma and said adjusting

are syl nchromzed

19.The method of any one of claims 16 to 18, wherein said generating compriseé
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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20. The nethod of any one of clains 16 to 19, conprising noving said
target material relative to said objective lens to relocate said
target material relative to said objective lens. 21. The nethod of
any one of clainms 16 to 20, wherein said nulti-photon absorption is

t wo- phot on absorption. 22. The nethod of any one of clainms 16 to 21,

wher ei n 32iThenaetioehgtdnyodnes af dalmghs tb 21| whiehein lsaD®alsleryioeEaid Bght
to about 1020 nm 23. The nmethod of any one of clains 16 to 22,

y
wher ei n sai'¥lniing rappe diony adpehE0g insakowiR20 ®Al aperture of about 0. 4
to about 0.9. 24. The nethod of any one of clains 16 to 23, wherein

sai d bea: i ' g, 1 Nl
320" kW ang e ‘utod & dnypuhe BFRRAT 0 22, BERRIS BTy gl eBhs hae®
met hod of dluaiericad apeatierccoimalsait @.Atccaboe @dwer is | arger than 2. 5W

26. The nethod of any one of clains 16 to 25, wherein said focusing
device i m Ccrosc . 27. The net f. any aqne of clains 16 to 26,
wher ei n %Loﬁ er'@ﬁﬁ]pgg&%{al %'B‘?TBF&?E’%? Eggﬂ%:)’n&’héé?'ﬂ S@d Ii"?"f‘@togggéh'érﬁ with
a_gal vanonplufdedsiseaewith 28eaNp@éi sAhigRYStham 31or k\fv%bﬁm%vérég%%ﬁapér
i ght, conprising: a collimator for adjusting a divergence of “sal

beam of | i @hfronbabeeidh gVy te @boutAt¥d beam said col | i mator
conprising a diverging |lens and a converging |l ens, said divergence of

i ver g ri 1ok SRR PR e g bEREF 19 B T al 2 sa o

collimated beamonto a focusing device to focus said beamto a focal
poi nt angb.flihnesmathadhef drocorsedf Haans 116 ts @5¢ assrair saxhiocpsitigtd evitss isand
a controller. for controlling said distance between said | enses to
adj ust sai d"G13%PHEnce of said col limated beam based on the current
scan position so that said focal point is scanned substantially in a

focal plznardmatlododf &# shSHEEEMSS 16 8 DB WhRPihisARPredirecting comprises

scanning said collimated beam with a galvanometer scanner.

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

a collimator for adjusting a divergence of said beam of light to produce a
collimated beam, said collimator comprising a diverging lens and a
converging lens, said divergence of said collimated beam being dependent

on a distance between said diverging lens and said converging lens;

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 distance between said lenses 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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