1 REVERSAL IMPRINT TECHNIQUE Technical Field 7 March 2006 The present invention relates to
micro-/nano-scale structures and 5 methods for forming such structures by reversal imprinting.
Background Art The demand to rapidly and economically fabricate nanoscale structures is a major
driving force in the development of nanoscience and io nanotechnology. Nanoimprint lithography (NIL),
also known as hot embossing lithography, in which a thickness relief is created by gefierzogea
polymer resist through embossing with a patterned hard mold, offers several decisive technical
advantages, in particular as a low-cq le patterns (S. Y. Chou, P. R. Krauss
and P. J. Renstrom, Science, 272, =No0. 5,772,905). It has already
been demonstrated that NIL is capable of patternlng features Wlth a lateral resolution down to <6 nm
(S. Y. Chou, P. R. Krauss, W. Zhang, L. J. Guo and L. Zhuang, J. Vac. Sci. Technol. B, 15, 2897
(1997); S. Y. Gﬂé&hﬁl?,%ﬂ:igid}(rauss’ Microelectron. Eng., 35, 237 (1997); B. Heidari, I. Maximov and
L. Montelius, J. 20 Vac. Sci. Technol. B, 18, 3557 (2000); A. Lebib, Y. Chen, J. Bourneix, F.

Carcenac, E. CambrifHe Geraeuifl amddhtiorl @ikt &4 Creelesicas. fiith-<l8 13tU&a88%) Iand

conventional NIL, a substrate needs to be spin-coated with a polymer layer before it can be embossed
with the hard rRSENESS SehiIBINg. SHESLRECIHERS L (e RISBS IR YHIBE both substrate and mold
were spin-coated 25 with polymers (T. Borzenko, M. Tormen, G. Schmidt, L. W. Molenkamp and H.
Janssen, Appl. Phys. Lett 79, 2246 (2001)). Although there are a number of nanoimprinting

techniques pres ag P these techniques can have one or more of a number of
disadvantages. re are strict limitations on the type of substrate

The demand to rapidly and economically fabricate nanoscale structures

is a major driving force in the development of nanoscience and
10  nanotechnology. Nanoimprint lithography (NIL), also known as hot embossing
lithography, in which a thickness relief is created by deforming a polymer resist
through embossing with a patterned hard mold, offers several decisive
technical advantages, in particular as a low-cost method to define nanoscale
patterns (S. Y. Chou, P. R. Krauss and P. J. Renstrom, Science, 272, 85
15 (1996) S. Y. Chou, U. S. Pat. No. 5,772,905). It has already been
demonstrated that NIL is capable of patterning features with a lateral resolution
down to < 6 nm (S. Y. Chou, P. R. Krauss, W. Zhang, L. J. Guo and L. Zhuang,
J. Vac. Sci. Technol. B, 15, 2897 (1997); S. Y. Chou and P. R. Krauss,
Microelectron. Eng., 35, 237 (1997); B. Heidari, I. Maximov and L. Montelius, J.
20 Vac. Sci. Technol. B, 18, 3557 (2000); A. Lebib, Y. Chen, J. Bourneix, F.
Carcenac, E. Cambril, L. Couraud and H. Launois, Microelectron. Eng., 46, 319
(1999)). In conventional NIL, a substrate needs to be spin-coated with a
polymer layer before it can be embossed with the hard mold. Borzenko et al.
reported a bonding process in which both substrate and mold were spin-coated
25  with polymers (T. Borzenko, M. Tormen, G. Schmidt, L. W. Molenkamp and H.
Janssen, Appl. Phys. Lett., 79, 2246 (2001)).

Although there are a number of nanoimprinting techniques presently
available, these techniques can have one or more of a number of
disadvantages. At present, there are strict limitations on the type of substrate

30 that can be used; often only flat hard substrate surfaces can be imprinted.



30 that can be used; often only flat hard substrate surfaces can be imprinted. 7 March 2006 2
Furthermore, unduly high temperatures and/or pressures are often required which can limit the type of
nanostructure produced on many potential substrates. NIL has already been demonstrated as a
high-resolution, high- 5 throughput and low-cost lithography technique. However, to extend the
application range of this technique, it is attractive to enable nanoimprinting of threenhragrgosal
structures on non-planar surfaces since they are oftere desired for complex micro-devices and for new

applications. IrRQHABASPYEIRA0RIARRYSYERERT AtBFRr ARUSIY %BLﬁB’é’iﬁF’eU%ifF@nS%%[ﬁ#ed

techniques io that rely on planarization of non-planar surface with thick polymer layer and multilayer
resist approacMedc(X. &ih, imith {aeg tRE Pfy Nenestrycie. HEpdieendnBMenyL s idkse
techniques no;gpltra@dire many process steps, but also involve deep etching to remove the thick
planarization polymer layer created during formation, which often degrades the resolution and fidelity

15 of the final patternNiL_sthugsurelfestigd bEee prisehsyesarsdiave daihorediatiay imighnting
technique that s adaptable for many different substrates and substrate configurations.g‘@e present
invention dan B SRR b dSWORET (LIHBAIARES Bha G ure BN Bredanfiy 686k RIL. The
reversal imprindjnglioagitodaegerdingito tbenApes sens ineaditve aldees abie i nmimpeiiivgrihges
over conventio?gl Nlﬁ. by allowi gﬁimprinting onto non-planar substrates and Sﬂf?strates that cannot be
easily spin-coa{ §5v Bﬁ'@?ﬁgr WHCEU@I? a2 MMM et PatddICE Ui oPe, e
positive or negadisiesispltna cbmpield osiorbedi@liteateshdisiog resarsapiplipstiting. by aptiotiimg the
process conditions. 25 Disclosure, of Invention . . . .

overnon-planar surfaces has previously been studied using several techniques

10  that rely on planarization of non-planar surface with thick polymer layer and

multilayer resist approaches (X. Sun, L. Zhuang and S. Y. Chou, J. Vac. Sci.

Technol. B 16, (1998)). These techniques not only require many process

steps, but also involve deep etching to remove the thick planarization polymer

layer created during formation, which often degrades the resolution and fidelity

15  of the final pattern or structure formed.

The present inventors have developed a new imprinting technique that is
adaptable for many different substrates and substrate configurations. The
present invention can be carried out under lower temperatures and pressures
than presently used in NIL. The reversal imprinting method according to the

20 present invention offers several unique advantages over conventional NIL by
allowing imprinting onto non-planar substrates and substrates that cannot be
easily spin-coated with a polymer film, such as flexible polymer substrates.
Furthermore, either positive or negative replica of a mold can be fabricated
using reversal imprinting by controlling the process conditions.

25

Disclosure of Invention

In a first aspect, the present invention provides a method for imprinting a

micro-/nano-structure on a substrate, the method comprising:

(a) providing a mold containing a desired pattern or relief for a micro-/nano-
30 structure;



In a first aspect, the present invention provides a method for imprinting a micro-/nano-structure on a
substrate, the method comprising: (a) providing a mold containing a desired pattern or relief for a
micro-/nano- 30 structure; 3 (b) applying a polymer coating to the mold; and 7 March 2006 (c)
transferring the polymer coating from the mold to a substrate under suitable temperature and pressure
conditions to form an imprinted substrate having a desired micro-/nano-structure hgegem 2bdereferably
the mold is a hard mold formed from the group consisgng of semiconductors, dielectrics, metals and

their combinati(gys. Typi %Wg@%mﬁeﬂ%gﬁﬁh%d@ﬂ%q%&ﬁ,séﬁa silicon (Si) wafer and patterned by

optical lithography or electron beam lithography and subsequent dry etching. It will be appreciated

that other molqgypesieamsharisgdiier fhsypresesdiventicmlthBolalarssuitahlpdoatsaiinde
present invention c Eist of relatively s ftmaterialscdg{%g] ared tocIIhe mold, incl_udinggth rmoplastic
polymers, thefSAMadRIPE RIHEI PP PERIPLR, {:ﬁ89§ 3P R IRIRIIANRE. SEBRH RIS hy !

methacrylate) RBMMAY Webiroelreolatareight aftatdaasidd000 was found to be particularly suitable
for the present invention. It will be 15 appreciated, however, that other materials would also be

suitable. 18 order to aBsesenalthye tredeamudbistee aig mes| ¢ donrttex rfroloh thh eh g reup stostsistirgmbld can
b d wi [ ' I . [ 1H,1
o o perfi o R e et e R el B ME AR Sl R e e 2o

H,2H,2H-perfluoroc1c
invention. It wilsderapgtdniiéer, boreoprsilfcarotber waftaciantpatienpeatdly epticahditpoyraghyised

o e S AO IS S RUS U5 B s o agPishen”
that other mold types can be used for the present invention.

10 Polymers suitable for use in the present invention consist of relatively
soft materials compared to the mold, including thermoplastic polymers,
thermal/irradiative curable prepolymers, and glass or ceramic precursors.
Poly(methyl methacrylate) (PMMA) with a molecular weight of at least 15,000
was found to be particularly suitable for the present invention. It will be

15  appreciated, however, that other materials would also be suitable.

In order to assist in the release of the polymer from the mold to the
substrate, the mold can be treated with one or more surfactants prior to
applying the polymer coating. The surfactant, 1H,1H,2H,2H-perfluorodecyl-
trichlorosilane, has been found to be particularly suitable for the present

20 invention. It will be appreciated, however, that other surfactants compatible
with the polymer used would also be suitable.

The polymer is preferably applied to the mold by spin coating. Such spin
coating application techniques are well known to the art and suitable examples
can be found in various conventional lithography techniques. The choice of

25 solvent can be important to achieve a substantially uniform polymer coating on
a surfactant coated molds. Polymer solutions in polar solvents usually do not
form continuous films on a surfactant-treated mold. The solvent, toluene, has
been found to be particularly suitable for the present invention. However, other
non-polar solvents compatible with the polymer used would also be suitable.

30 Examples include but are not limited to xylene, and tetrahydrofuran.



can be found in various conventional lithography techniques. The choice of 25 solvent can be
important to achieve a substantially uniform polymer coating on a surfactant coated molds. Polymer
solutions in polar solvents usually do not form continuous films on a surfactant-treated mold. The
solvent, toluene, has been found to be particularly suitable for the present invention. However, other
non-polar solvents compatible with the polymer used would also be suitable. 30 Exgarglesdoelude but
are not limited to xylene, and tetrahydrofuran. 7 Marcl 2006 4 Polished Si wafers and flexible

polyimide films (Kapteng:pesedoupdda bmauiahias weniaiee farHe RigseRBinyRREGeul Vil be

appreciated, however, that other substrates would also be suitable. Examples include but are not
limited to polyi@rsutahieosdbsthrictidRictits, RietastaiVariPTs colhpiikhtiBRs aPRESFaIREd of this

invention is apﬁBWﬁ?)SrEotlﬁ’é@r&h@P@Mﬁ@%ﬁ@%@@%é’%ﬂﬁi@ﬁ%ﬁ@ﬁgﬁﬂfﬁ@g"mﬁma@e&ﬁy contain

some patterning or relief thereon. The method can be applied to substrates which already contain one
or more layers%epORinbMissing. pelmsEhcecRicPnsneiSandigleciigso Tertatntandathedd
structure in whighniinitipds ayers of polymer (eg polymer gratings) are formed on the substrate. Step
(c) is preferably carried out in a pre-heated hydraulic press under a desired pressure and

temperature. The preShigrenastid denyfethisirtusationllisdeppiidadiethie chlkicarobinbldosupisinate and
polymer. Typical ressures of.15 less than abqut 10 MPa are used. A pressure of about 5 MPa or
st nas boen KSR b TURUBAREES YOI VAP I ERPERD PR B EUAIER S dratures
from about 30¢hbeiow. toTalgontcdRtdatmvebthegtiss transsibetratesperiaturglridag)yot tmapolpmer can be
used in the present invention. Depending on the temperature and the degree of plaparization of the 20
potymor coat] HIRE SV RER MR LHELCOA o AT USHnCe. the metiod oAn be Leed 1o

10 create a latticed structure in which multiple layers of polymer (eg polymer

gratings) are formed on the substrate.

Step (c) is preferably carried out in a pre-heated hydraulic press under a
desired pressure and temperature. The pressure and temperature used will
depend on the choice of mold, substrate and polymer. Typically, pressures of

15  less than about 10 MPa are used. A pressure of about 5 MPa or less has been
found to be particularly suitable for reversal imprinting PMMA polymer.
Temperatures from about 30°C below to about 90°C above the glass transition

temperature (T,) of the polymer can be used in the present invention.

Depending on the temperature and the degree of planarization of the
20 polymer coating, different imprinting effects can be achieved.

Accordingly, a preferred embodiment of the invention includes a method
for imprinting a micro-/nano-structure on a substrate (as described above),
wherein the applied polymer coating is substantially non-planar and the
temperature is substantially higher than the glass transition temperature (Tg) of

25 the polymer. Under these conditions, the behaviour of reversal imprinting is
similar to that of conventional NIL in that considerable polymer flow occurs as
the polymer material moves in accordance with the shape of the mold. Also,
the resultant molded polymer coating is a negative replica of the mold.

According to an alternative embodiment of the invention, the applied
30 polymer coating is substantially non-planar and the temperature is substantially
equal to, or below, the glass transition temperature (Tg4) of the polymer. In this



Accordingly, a preferred embodiment of the invention includes a method for imprinting a
micro-/nano-structure on a substrate (as described above), wherein the applied polymer coating is
substantially non-planar and the temperature is substantially higher than the glass transition
temperature (Tg) of 25 the polymer. Under these conditions, the behaviour of reversal imprinting is
similar to that of conventional NIL in that considerable polymer flow occurs as thezpaisrergoaterial
moves in accordance with the shape of the mold. Als& the resultant molded polymer coating is a

negative replicsahgommaald- ifcsaiding than ahg nAlve smbRsliBremfiie MRIHIRethm apRlied 30
polymer coating is substantially non-planar and the temperature is substantially equal to, or below, the

glass transitioPfeiistingaeeapyd o el Wil b tiarsteriae i 168655 bRt tistsenifial that
only the portiofseohib® S MHE & ORiIthenPrOEHAIRG fveastaipmppidvildq HIRTSiGHgHKO the

substrate. In this sense, the method of this embodiment is similar to a stamping process with liquid

ink. The methdB®MEIERBLHIIHERPOSIMSH tRE MBI BN BAYHRAY O HHHBRIE replica

of the molgl. Aegrrigding ienpatheiRItgIHRtive embodiment of this invention, the applied polymer
coating is substantially planar and the temperature is substantially equal to, or below, the glass

transition temperaturé Egydihthetopelyotaerinaidsrermve denssddihtbatinve i, imvprtibhg aeeurs
without any lo substaptial E\teral polymer movements and the entire co te% olymer layer is .

transferred to HRPSEBstRREMHd “i@gm'ﬁmﬁm%‘g}' & irRJ@HﬂBn, ult§MRA r(‘fpbﬁymer
coating is a negatanepligacefuhk tmolst: etbis, ehehotiizentansitiveh téveydratareofigleotabting is

transferred to thi substraﬁ, a furth%r aenﬁeﬁﬁ]is that low re§idue.thick ess is achieveﬁalyg The method

of this inventioRCAN Ble p fHH‘ﬁe%r'% QR 8& U%?n&'ﬁ%‘ O & R O S Rat A R r 8 S tructure

having mgtiplepodyamialalstesaiapolymer movements and the entire coated polymer layer is
transferred to the substrate. Under this embodiment of the invention, the
resultant molded polymer coating is a negative replica of the mold. In this
embodiment in which the whole polymer coating is transferred to the substrate,

a further benefit is that low residue thickness is achieved.

15 The method of this invention can be performed several times using the
same substrate, so that a layered structure having multiple polymer layers can
be formed. For example, each polymer layer may contain a number of parallel
strips (ie forming a grid pattern) which are transverse (eg at right angles to) the
parallel strips of an adjoining polymer layer. The resulting structure will thereby

20 have a lattice formation.

In a second aspect, the present invention provides a substrate
containing an imprinted micro-/nano-structure produced by the method
according to the first aspect of the present invention. This micro-/nano-
structure may be formed of a single imprinted polymer layer. Alternatively, it

25 may be formed of a number of polymer layers resulting in a relatively complex

3-D structure, such as a latticed structure.

The micro-/nano-structure is suitable for use in lithography, integrated
circuits, quantum magnetic storage devices, lasers, biosensors, photosensors,
microelectromechanical systems (MEMS), bio-MEMS and molecular

30 electronics.



be formed. For example, each polymer layer may contain a number of parallel strips (ie forming a grid
pattern) which are transverse (eg at right angles to) the parallel strips of an adjoining polymer layer.
The resulting structure will thereby 20 have a lattice formation. In a second aspect, the present
invention provides a substrate containing an imprinted micro-/nano-structure produced by the method
according to the first aspect of the present invention. This micro-/nano- structure mayakshfeoosd of a
single imprinted polymer layer. Alternatively, it 25 maybe formed of a number of polymer layers

resulting in a relatively compieK AR EITUAHIeravERRMadALise pEkYe,TBeIMITE-RRARGRITUCtUre

is suitable for use in lithography, integrated circuits, quantum magnetic storage devices, lasers,
biosensors, prREESENES IO oISt aReshapicRr 8§SRimERIIOIS) IhidokiE NS RifIqrHRRAtar 30

electronics. 7 Maieh 2006 & HoR PiisAnatixibR Rigsarsigvention provides use of the method

according to the first aspect of present invention to form a micro-/nano- structure on a non-planar or

flexible substrate. ThiewgbghbthistipeplcHitenionaafetrthentoxtextuigsiriseitisavit thavord
"comprise”, or Eiﬁ\tipns such as "comPrises" or "comprising”, will be understood to imp\%}he inclusion
the

of a stated ele?\?/ﬁ% , iﬁngBF'tQ)? sté)ﬁ, boia é‘?HBBSo?lé? Tits® @6@&%&%6&%&%&3 g(c}ﬂ?sion of

any other elemgniersttageteimisip.the dnolusirelsraestisicidtegens o, stepge Aoy stigsussigroap
documents, acts, materials, devices, articles or the like, ig which has been included in the present
Specification EOLARTON e FIFG0G OF SIBPRIL it (5 GeBeBhAVeRR TR0 be

taken as an athtegsioortbtgmy oraliobtietemeomicirsdgursparsdpbe prior art base or were common
general knowledge in the field relevant to the present invention as it
Any discussion of documents, acts, materials, devices, articles or the like

10 which has been included in the present specification is solely for the purpose of
providing a context for the present invention. It is not to be taken as an
admission that any or all of these matters form part of the prior art base or were
common general knowledge in the field relevant to the present invention as it

existed before the priority date of each claim of this application.

15 In order that the present invention may be more clearly understood,
preferred forms will be described with reference to the following drawings and

examples.

Brief Description of the Drawings

20 Figure 1 shows schematic illustrations of pattern transfer processes in
(a) conventional nanoimprinting; (b) reversal imprinting at temperatures well
above Tg; (c) “inking” at temperatures around transition glass temperature (Ty)
with non-planar mold; (d) “whole-layer transfer” around T4 with planarized mold.

Figure 2 shows an Atomic Force Microcopy (AFM) section analysis of a
25 300 nm deep grating mode coated with 6% PMMA solution at 3000 rpm.

Figure 3 shows average peak-to-valley step height in grating molds with
different depths after spin-coating with different solutions at 3000 rpm. Regions
of different pattern transfer modes at 105°C are specified, with the dotted lines

indicating the transition region between the two modes.



existed before the priority date of each claim of this application. 15 In order that the present invention
may be more clearly understood, preferred forms will be described with reference to the following
drawings and examples. Brief Description of the Drawings 20 Figure 1 shows schematic illustrations
of pattern transfer processes in (a) conventional nanoimprinting; (b) reversal imprinting at
temperatures well above Tg; (c) "inking" at temperatures around transition glass temaeratoss(Tg)
with non-planar mold; (d) "whole-layer transfer" around Tg with planarized mold. Figure 2 shows an

Atomic Force Microogpy (BFARRSGYoAAEMYEIE! of 78 3RhNdRRRaatisacaosie rrgisigh 0%

PMMA solution at 3000 rpm. Figure 3 shows average peak-to-valley step height in grating molds with

different depthtCBTRET3BiFEc oAy SRR diRigdit Llluthms eraledo MRIJRegibAR SYAMSIENts8ttern
transfer modeg abdfivferAtd aRRCiHRE, tWENHIR dpfiaddiaesxingiohitad heUrsILaNseeimRReveen the

two modes. 7 March 2006 7 Figure 4 shows dependence of reversal imprinting modes on imprinting
temperature aH&OQ%% height of the coated mold. The symbols are experimental data and the solid
lines are extrapolated boundaries for different mopes. 5 Figure 5 shows a scanninggglectron

n

micrograpﬁy of the réddH'&F e%?g\éﬁ Wﬁﬂfﬁ%ga? egEeN Y Mrﬂfotggpr %?HH ﬁ’?gﬁrﬁmh 7%

PMMA coatingmphatiRnax besoe isipdgairabo/asn/§sap gradiftermdlalovinygrsrensigaredengccurred.
Figure 6 shows a scanning electron micrography of the result of inking at 10 105C with a 650 nm

deep grating mdl8, Boere2RiREe I REIRURS 3085 A2 FYTr&RSHBR SUIeIRNRE SRRRISH MeRARyraphy
of the patternsggclihéMA created by reversal imprinting at 175C on a 50 m thick Kapton film.
Figure 6 shows a scanning electron micrography of the result of inking at

10 105°C with a 650 nm deep grating mold, 6% coating and Rpax=305 nm.

Figure 7 shows a scanning electron micrography of the patterns in
PMMA created by reversal imprinting at 175°C on a 50 um thick Kapton film.

The 350 nm deep mold was spin-coated with a 7% solution.

Figure 8 shows a schematic of imprinting over a structured surface using

15  the present invention: (a) PMMA spin-coated on a mold prior to coating on a

patterned substrate; (b) printing onto patterned structure at a temperature
below Tgy; (c) PMMA pattern transferred onto substrate.

Figure 9 shows a scanning electron micrograph (SEM) micrograph of

printed PMMA grating perpendicular to a patterned 1.5 um deep channelled

20 SiO; substrate surface: (a) viewing along the transferred PMMA grating; (b)
viewing along the underlying SiO, grating pattern on the substrate.

Figure 10 shows a SEM micrograph of PMMA grating transferred onto a
patterned substrate at 175°C where dewetting has removed the residual PMMA

layer.
25

Mode(s) for Carrying Out the Invention

Experimental

Two kinds of patterned molds were used in our study. The molds were
made in SiO, on silicon (Si) wafer and patterned by optical lithography and



The 350 nm deep mold was spin-coated with a 7% solution. Figure 8 shows a schematic of imprinting
over a structured surface using 15 the present invention: (a) PMMA spin-coated on a mold prior to
coating on a patterned substrate; (b) printing onto patterned structure at a temperature below Tg; (c)
PMMA pattern transferred onto substrate. Figure 9 shows a scanning electron micrograph (SEM)
micrograph of printed PMMA grating perpendicular to a patterned 1.5 m deep changhg286:Si02
substrate surface: (a) viewing along the transferred PISIMA grating; (b) viewing along the underlying

SI02 grating patfseR AIbIERYRFHANY. FIOHEE MO G S8R F M DIHRREROR I MKA GAlng o

transferred onto a patterned’substraie at 175C where dewetting has removed the residual PMMA

layer. 25 Modé(@ﬁf@@bdﬁ@ﬁh@bl@@k@rm@mt@kmghdwdlmﬁ@mmdéaaﬂgatwhthe@ MdWere
used in our stygy; Je faldsuer ?%H@gg Hor| 98 RSEEE AP ARSI AR RAL EraLR HYARtSR!

lithography and 7 March 2006 8 subsequent dry etching. One mold had features varying from 2 to 50
m and a nomifalfaeghtof 1601 h2H REIRBEIIAKdeRd-tilnherPgilanags Rt @TElennPOleTed and a

depth ranging feagm 480 tA,G50, IR AL E QIS WEERSTBRIRM M) SEfaclRRb L Hiexivle, 50

H,2H,2H-perfluorodecyl-trichlorosilane, to promote polymer 5 release. The substrates used were

polished (1_00)L$mvuaifdfsvahdnﬂ@baHi&nsdwamqof?)powu_eamyk_mbamylanz_ely(ﬁl\éw)méth@_rylate)
experiment, & PO L s 0 e s B o
seconds and theprigingdepeiseibrsmotdivis igpioeeatasiduih soRMA tel ugresd b \ahs
pressed againgtgpwl?g{éagq 5],000 rpm for 30 seconds and then heated at 105°C for 5 min to
10  remove residual solvent. The coated mold was pressed against a substrate in
a pre-heated hydraulic press under a pressure of 5 MPa for 5 min. The
pressure was sustained until the temperature fell below 50 °C. Finally the mold

and the substrate were demounted and separated.

15  RESULTS AND DISCUSSION

In conventional NIL, a polymer film needs to be spin-coated on the
substrate before it can be imprinted by a hard mold. However, spin-coating is
rather difficult on flexible substrates such as polymer membranes, which limits
the capability of conventional NIL in patterning such substrates. Furthermore,

20 as conventional NIL relies on viscous polymer flow to deform the polymer film
and create the thickness contrast, elevated temperature and pressure are
required (L. J. Heyderman, H. Schift, C. David, J. Gobrecht and T. Schweizer,
Microelectron. Eng., 54, 229 (2000); H. C. Scheer, H. Schulz, T. Hoffmann and
C. M. S. Torres, J. Vac. Sci. Technol. B, 16, 3917 (1998); S. Zankovych, T.

25  Hoffmann, J. Seekamp, J. U. Bruch and C. M. S. Torres, Nanotechnology, 12,
91 (2001)). To achieve reliable pattern transfer, imprinting is typically
performed at temperatures between 70 to 90°C above T, (glass transition
temperature) and under pressures as high as 10 MPa (L. J. Heyderman, H.
Schift, C. David, J. Gobrecht and T. Schweizer, Microelectron. Eng., 54, 229

30 (2000); H. C. Scheer, H. Schulz, T. Hoffmann and C. M. S. Torres, J. Vac. Sci.
Technol. B, 16, 3917 (1998); F. Gottschalch, T. Hoffmann, C. M. S. Torres, H.



a pre-heated hydraulic press under a pressure of 5 MPa for 5 min. The pressure was sustained until
the temperature fell below 50 C. Finally the mold and the substrate were demounted and separated.
15 RESULTS AND DISCUSSION In conventional NIL, a polymer film needs to be spin-coated on the
substrate before it can be imprinted by a hard mold. However, spin-coating is rather difficult on flexible
substrates such as polymer membranes, which limits the capability of conventiona\ictirepatterning
such substrates. Furthermore, 20 as conventional NILorelies on viscous polymer flow to deform the

polymer film agggioatgaerickpRas COBBRAGISHRYAER LEBRS A e ATD PGB8 areckamied (L. J.
Heyderman, H. Schift, C. David, J. Gobrecht and T. Schweizer, Microelectron. Eng., 54, 229 (2000);
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S. Zankovych,fe R4 aENABPed: FEBLRBRAKS: & BriEhBHG Y, B TomaenNanaesinalogy, 12, 91

(2001)). To achieve reliable pattern transfer, imprinting is typically performed at temperatures between

70 to 90C aboV¥ THAQYJRRIAMMSBBA tBmpérBRHRY)-antifRhdel BYEsskis asfifgh2eteo PRT. J.

Heydermay, HeonsfiErdblPavilict @RPiRmbaRAUTe SEYVSrais MiCTRR|aFERTE RS- Fdwéd8r30
(2000); H. C. Scheer, H. Schulz, T. Hoffmann and C. M. S. Torres, J. Vac. Sci. Technol. B, 16, 3917

(1998): F. Gotibéharlymer oransing cmethedT gteSatzenimr &l 2806 B trauth anAAditeRRkr,
Solid-State Elegyaivafiad®791(1BAGY- foitaie madficatiens o gimeagyentina dkisrmisyie such

as the polymer bonding method developed by Borzenko et al. (T. Borzenko, M. Tormen, G. Schmidt,
L. W. Molenk&¥Re8a4ent paiteiantransieehys. Lett., 79, 2246 (2001)) 5 considerably reduce the

temperature and pre e requirements. However, polymer bonding.method of Borzenko et al.
suffers the adciional DA o AKETLEe N Aoer IRATSHg TIRHE K@ rigHORELe

10  according to the present invention is a convenient and reliable method to
pattern flexible substrates. Furthermore, depending on the degree of
planarization of the polymer-coated mold and the imprinting temperature, three
distinct pattern transfer modes can be observed. Successful and reliable
pattern transfer can be achieved at temperatures as low as about 30°C below

15 T4 and pressures of less than about 1 MPa.

Figure 1 schematically illustrates the three reversal imprinting modes in
comparison with the conventional NIL. In conventional NIL (Figure 1(a)), the
mold is pressed against a flat polymer film at a temperature well above T,.
During imprinting, considerable polymer flow occurs as the material deforms in

20 accordance to the shape of the mold. At temperatures well above Tg, similar
polymer flow can also occur in reversal imprinting. Even if the polymer film is
not planarized as shown in Figure 1(b), the material on the protruding areas of
the mold can be squeezed into surrounding cavities during imprinting. Under
such conditions, the behaviour of reversal imprinting is very similar to that of

25 conventional NIL. As the underlining mechanism for imprinting in this situation
is the viscous flow of the polymer, we term this imprinting mode as

“embossing”.

A distinct advantage of reversal imprinting over conventional imprinting
is that patterns can also be transferred to the substrate at temperatures around
30 or even slightly lower than T4. Within this temperature range, the imprinting

result is significantly dependent on the degree of planarization after spin-



subsequent pattern transfer. Different from conventional NIL, the reversal imprinting technique 10
according to the present invention is a convenient and reliable method to pattern flexible substrates.
Furthermore, depending on the degree of planarization of the polymer-coated mold and the imprinting
temperature, three distinct pattern transfer modes can be observed. Successful and reliable pattern
transfer can be achieved at temperatures as low as about 30C below 15 Tg and pregsuresogless
than about 1 MPa. Figure 1 schematically illustrates th@ three reversal imprinting modes in

comparison Wigh 4 §QRUCHERIR! Bl b R WARRBAIDMhAFIB 3£t sniy ol IRrespadkagainst a

flat polymer film at a temperature well above Tg. During imp rlntlr&% considerable polymer flow occurs

as the materlapﬁfétfé#ﬁ’f@l@Wﬁéﬁdﬂﬁaﬁ&'%"tﬂ%ﬁﬁ@%ﬁ@ﬁfb er3YbaifRim AR dRERI8Hd0e Tg,
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shown in Figure 1(b), the material on the protruding areas of the mold can be squeezed into

surrounding cdmﬁé@*dﬁlﬁlﬁ'@qq?plﬁﬁﬁ{@%d@k'%chQ@HH&‘T(Yn@ the semeRssinomederdal Whisthting is
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is the viscous flow of theﬁ mer, we term this imprinting mode as "embossing". A distinct advantage
of reversal mpf?ﬁﬂ%%% €dhventional |mpr|nt|ng is that patterns can also be transferred to the

substrate at temperal sggi%zgd 1% ??ég%\% é\ ogvsk?h?%n % Within Flé%rrn ﬁ%ur%%.' %nge the
imprinting result is signi ?ﬁéber n n a 006 10
coating the indaEngnmbssmtﬁkencoalmqrmmeoatlng omlykibetfdmismmé@ toratigdingatiens of the
mold will be tran@]abrtﬁ to the substLal eras |II strated in F Slch}nAs this Pn(t)cess is sn‘glleir toa

stamping procés 8 e olymer move fien ng Impfinting aroun
10  (Figure 1(d)). We call this imprinting mode “whole-layer transfer”. Similar to

the embossing mode, the whole-layer transfer mode also results in a negative

replica of the mold.

From the discussion above, it is clear that the degree of surface
planarization of the coated polymer film and the imprinting temperature are

15 important factors in determining the final imprinting result. In the sections
below, the quantitative correlation between imprinting conditions and final

results are discussed.

Surface planarization after spin-coating

20 It is generally adopted in conventional NIL to treat molds with an anti-
adhesion agent to promote polymer release in separation. It is also preferable
to modify the surface energy of the molds in reversal imprinting in order to
promote transferring the polymer layer to the substrate. 1H,1H,2H,2H-
perfluorodecyltrichlorosilane, a release coating in conventional imprinting, (T.

25 Nishino, M. Meguro, K. Nakamae, M. Matsushita and Y. Ueda, Langmuir, 15,
4321 (1999)), was used as the release agent in our study. However, a
technique for spin-coating PMMA onto an anti-adhesive treated mold needed to
be developed. Because of the low surface energy of the treated mold, PMMA
solution in polar solvents, such as chlorobenzene, will not form continuous films

30 after spin-coating. In contrast, PMMA solution in toluene can be successfully
spin-coated onto the surfactant treated molds. Spin-coating of PMMA toluene



imprinting mode is termed "inking". Contrary to the embossing mode, in which 5 a negative replica of
the mold is produced on the substrate, inking results in a positive pattern. If, however, the coated
polymer film is somewhat planar after spin- coating, the entire coated polymer film can be transferred
to the substrate without large scale lateral polymer movements during imprinting around Tg io (Figure
1(d)). We call this imprinting mode "whole-layer transfer”. Similar to the embossirmgnaesie2te
whole-layer transfer mode also results in a negative neplica of the mold. From the discussion above, it
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temperature are 15 important factors in determining the final imprinting result. In the sections below,
the quantltatlv@c%'ﬂré@f’@ﬁtﬁét%ﬁﬁpﬁnpr|ntlng conditions and final results are discussed. Surface

planarization after spj coat| Itis ge aII adopted in conventional NIL to treat molds with an
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surface energylegibe wfoitenariexessadimgispirgdoaeteptly meeferiransiarividsivdthabrger layer to

the substrate 1 H,2H,2H- perfluorodec Itrlchlor05| ane, a release.coatin

mprintingb (. FE NS RBEVORBOU, & FEIEITES, RR AR R0 i3 Dol Lo PoES, 431
(1999)), was ugsdaschedititeasespieabiatiogr ﬂtady%lovme\@ee@ teolthigite fatisimetstisigdMMA
onto an anti-aghesive tr ted m%%neede to b developed. §cauésq$ ?f the low surége energy of the

treated mold, Ae%S u?%ﬁelﬁ & S8 é’rﬁfga HQ id Qv P?\&Fﬁﬁ*lﬂ us films
3o after spin-cosatingnbierogitadisig PFidMAtbeldégnds fﬁf“[M\WﬁﬂtWSS@@ﬁﬁh@/flﬂMﬂ@@@fﬂ@@nto the

surfactant trea(t:%crl]cnécr)]ltgghgﬁ irg)-fc ctﬁtein%& F (')vrltMﬁsteoéu gre gpl\l/lnag%% 986 wtltich determines the
10  thickness of the coated film. A typical Atomic Force Microcopy (AFM) section
analysis of the coated mold is shown in Figure 2. After spin-coating, the step

height of the coated mold depended both on the mold depth and film thickness.

As shown in Figure 2, we characterized the degree of planarization by the

average peak-to-valley height of the coated mold, Rmax. Figure 3 summarizes

15  the change in Rmax @s a function of solution concentration in grating molds with
different depths. For a given feature depth, a higher solution concentration

gives a thicker film and results in a lower Rnax, or higher degree of

planarization.

The different degrees of planarization in Figure 3 have been correlated
20  with the final imprinting result. At an imprinting temperature of 105°C, which is
the same as the Ty of PMMA, when Rmax is below ~155 nm, whole-layer
transfer mode occurs, while the inking mode occurs with Rmax above ~168 nm.
For Rmax between 155 and 168 nm, a combination of these two modes may
occur. The regions of different imprinting modes at 105°C are indicated in

25  Figure 3.

Different Modes of Reversal Imprinting

When the two important imprinting parameters, i.e., degree of
planarization and imprinting temperature are both considered, a map of the

30 imprinting modes can be constructed as shown in Figure 4. The symbols
represent experimental data with different molds and different film thicknesses.



solution onto a surfactant-treated surface gave similar film quality and thickness to an untreated
surface. Due to the topology of a typical mold, it is necessary to investigate the degree of
planarization of the spin-coated polymer layer. For molds with larger 5 feature size, obtaining a
planarized polymer coating is more difficult. Under usual conditions, spin-coating the 190 nm deep
mold with micrometer-sized features often results in conformal coating on the mofdvydheogse of the
sub- micrometer grating mold, the degree of planarizaton is a strong function of the concentration of

the solution uspdar ARINMAGRIAGgHACASIHETRBoR R i hickRRoRk S PRI AdyRiFa

Atomic Force Microcopy (AFM) section analysis of the coated mold is shown in Figure 2. After

spin-coating, tR8EER PIEGREOMPREcoHIdAIHRN SiifBESIPPo i ® F ARSI PAP VM @iRPISickness.
As shown in Figiee-3, wechiasteriz@hiiee geaienimipnarizaiony-ine Svgragresssnie-yalley

height of the coated mold, Rmax. Figure 3_ summarizes 15 the change in Rmax as a function of
solution concelfPaRBrRIH §RtWE mBRRVRItH sdifRYeriale FIRINtHda aRrIdRGUIR dBStHPEPRIer

solution cgncepiaHaBnubees Bethiskarifia ankrestiiiRRIeWshEEsMoW Risheldeares ofwe
planarization. The different degrees of planarization in Figure 3 have been correlated 20 with the final

imprinting resUl8Y& HEMAFHIAG SeriiRrareBINeSs O Wit #ROsaMhelgslayerTdransifivial when
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above -168 nm. Rmax between 155 and 168 nm, a combination of these two modes may occur.

The regions Of diﬁerepfdmgri@tiﬂaiB%HQ§StI@ét?95C‘E@f@df‘@iﬁﬁ‘i%dliﬂe%ﬁﬂﬁé'f@r Syipidecent \M@r‘\?s of
Reversal Imprinting When the two important imprinting parameters, i.e., degree of planarization and
imprinting tempPleratifd ANS HHIREARIYErE8D NFRap DR tRETOREpPhERGMAHRINtEA PaltiMstrifcted as

shown in{GigurghwHhESYRIPES 5.  Faithful pattern transfer with very few defects can be

achieved. An important feature of the whole-layer transfer mode is the low

residue thickness (well below 100 nm in Figure 5). When solutions with the

same concentration are used, the residue thickness after reversal imprinting at

a temperature around Tg4 is comparable to conventional NIL at a much higher

15 temperature.  Furthermore, reliable whole-layer transfer has also been
achieved with pressure as low as 1 MPa.

While the whole-layer transfer mode requires adequate surface
planarization of the coated mold, larger step height after coating is
advantageous to successful inking. This is because when the step height is

20 small, the film on the sidewalls of the features is usually relatively thick. When
such a film is inked, the tearing of the polymer film near the sidewalls will result
in ragged edges of the printed features. Figure 6 shows the inking result at
105°C with a step height of 305 nm. Such a large step height is formed by
coating a 650 nm deep grating mold with a relatively thin coating (6 % solution).

25  Under such conditions, the film on the sidewalls of the recessed features on the
mold is extremely thin and will easily break during imprinting. As a result,

reliable pattern transfer with relatively smooth edges can be obtained.

Reversal imprinting PMMA onto a flexible substrate

30 In a reversal imprinting process, there is no need to spin coat a polymer
layer onto the substrate. This unique feature makes it possible to create



represent experimental data with different molds and different film thicknesses. 7 March 2006 12 The
three main regions define the necessary conditions for the occurrence of each imprinting mode. In the
transition region, the combination of two or more modes can occur. While conventional NIL is usually
only successful at temperatures well above Tg, reversal imprinting according to the present 5
invention can be used in a wide temperature range below and above Tg. We have xlarspmsivated the
occurrence of inking and whole-layer transfer at temp@ratures as low as 75C, which is 30C lower than

the Tg of PMM#sifaihyeofl 198HRaIa HaatA6d ARGt WaR e iRty IapMIEeSEt WBERmBle!S lower

than about 155 nm. An example of such imprinted patterns is io shown in Figure 5. Faithful pattern
transfer with vigXialR RALERCEFHREatPTevel AR AMBoRdcRIeatulY GrHiayRE NS deMRisster mode

is the low resigyadhigknassqwelibalan 100 RaHSEIIBam WaRSFRIUEARS Witsihe o,
concentration are used, the residue tglckness after reversal imprinting at a temperature around Tg is
comparable torsdyiveiagofian Niflapton muwhisfyifewidete vipesaasrsubsitaesord]esipieleiwHife-layer
transfer has al ' ' ' olg-layes r mode
roauires e e e TS iy
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inking result acrGp@ititfieawstefdwiiyht DhaosanicuBucieautrgbasesp inefjotire farmsedmyirissting a
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during imigrinting. the dewblgt substrate and the imprinting results are similar to those obtained

on Si substrate.

Reversal imprinting PMMA onto a patterned substrate

The present invention can be used to facilitate nanoimprinting on non-

15  planar surfaces, without the need for planarization. Previously, techniques for
nanoimprint lithography over non-planar surfaces have generally relied on
planarization of the non-planar surface with a thick polymer layer and multilayer
resist approaches. These techniques require numerous steps and involve
deep etching to remove the thick planarization polymer layer (which can

20 degrade the resolution and fidelity in imprinting lithography). The present
invention can be used to facilitate nanoimprinting on non-planar surfaces,

without any planarization.

Figure 8 shows a schematic of imprinting over a structured surface using

the present invention. Figure 8(a) shows PMMA spin-coated on a mold prior to

25 coating on a patterned substrate. The coated mold is then applied to the
patterned structure (Figure 8(b)) under appropriate temperature and pressure
conditions. When the mold was released, the substrate had a polymer pattern

attached to the existing patterned substrate.

Figure 9 shows polymer patterns transferred onto a non-planar
30 substrate. The substrate is an SiO, grating with 700 nm period and has a
depth of 1.5 ym. The mold also has a grating pattern with the same period and



reliable pattern transfer with relatively smooth edges can be obtained. Reversal imprinting PMMA onto
a flexible substrate 30 In a reversal imprinting process, there is no need to spin coat a polymer layer
onto the substrate. This unique feature makes it possible to create 7 March 2006 13 patterns on some
substrates that cannot be easily spin-coated, for example, flexible polymer substrates. We have
successfully employed this reversal nanoimprinting technique to transfer PMMA aiigres 2ode a 50 m
thick polyimide film (Kapton), which is widely used ag 4ubstrates for flexible circuits. 5 Figure 7 shows

PMMA patterng gegaiedrasemarsahiniertsine @wvios FRICERDN-GoRinga #229/R-degRarging mold
with a 7 % solution. The |mBrlnts on the flexible substrate show h|%h uniformity over the entire

imprinted areatte2®ol S@reaeftRIAINE JhR Palirad B hsMeiih ROEESHDMItRd under
the embossingyedeainine andiuhaiedRy eNARSIEY EIORRR MO ARAYED GARG el swhstrate

and the imprinting results are similar to those obtained on Si substrate. Reversal imprinting PMMA

onto a pattern&@BsitRACTIR hR SEREIFReHRBRAES 1B236H %S AL At RMMANJRIPANERSERSon- 15
planar suréaces, withausthsnBerdHaR RIRAEHZ 66 MBS iousty, tRhRiyesifRsRARIMPEDHligkaraphy

over non-planar surfaces have generally relied on planarization of the non-planar surface with a thick

polymer layer SRETONRINS IRRTERSRHroFORss PRHBER tEktiRILISsTRsRMeRuANT dD8 sRiduald
involve deep ¢RI 9 VBRIAYINER KHRiPIaRSIZRIIAN RelrashsMKcvRiav 6N RS slagsadrthe

resolution and fidelity in imprinting lithography). The present invention can be used to facilitate

nanoimprintind 08YENMiarkissetRIS ToiRH ta e mava i g FRsif 8l AV LI J¥BE R/ of

imprinting oveicy ﬁ@?%@@@ﬁ@@%é@iiﬂgtyﬁléeﬂrﬁéﬁ@ﬁ%ﬂtiﬁﬂo@igﬂfﬁlﬁ(a) shows PMMA
spin-coated on a mold prior to

10 The method shown in Figure 9 can be repeated several times, thereby
resulting in a multi-layered structure. Each sequential layer of the polymer
(which contains the molded grating pattern) can be applied at right-angles to

the previous layer. This forms a multi-layer latticed structure.

Whereas Figure 9 shows the patterned polymer layer being applied so

15  that the gratings are at right angles to the gratings on the substrate, it is also
possible to have the polymer gratings applied onto and in alignment with the
gratings on the substrate. This would enable the depth of the gratings to be

varied (ie increased) as desired.

If the temperature at which the printing of PMMA coated mold onto the
20 grating substrate is raised to 175°C, the residual layer disappears (Figure 10).
This could be due to the polymer dewetting behaviour on a surfactant coated

surface.

This polymer printing technique solved the problem encountered in
nanoimprint lithography over non-planar surfaces. This technique can be
25 extended to create various three-dimensional structures.

SUMMARY

We have successfully demonstrated a reversal imprint process by
transferring a spin-coated polymer layer from the hard mold to the substrate.

30 Three different pattern transfer modes, i.e., embossing, inking and whole-layer



25 coating on a patterned substrate. The coated mold is then applied to the patterned structure
(Figure 8(b)) under appropriate temperature and pressure conditions. When the mold was released,
the substrate had a polymer pattern attached to the existing patterned substrate. Figure 9 shows
polymer patterns transferred onto a non-planar 30 substrate. The substrate is an Si02 grating with 700
nm period and has a depth of 1.5 m. The mold also has a grating pattern with the samepesod and 7
March 2006 14 a depth of 350 nm, and is coated with& surfactant. PMMA was spun-coated on the

mold and was peesser agAIRatdbedARAeE BYRSIFAIBINALD it BFRRIY AthBe MRRAH QBT RSOl

PMMA layer with the molded grating pattern was transferred onto the substrate because the adhesion
of PMMA to thefstiéacReripRatizatcs8hEe &RiR-goatesmoldoldilena theskiv efifigeatesn

surface energyafitaedniAEasetl CantbeasIEERNSTRIMARRHIMEd. WnththesinpigtalBIAvs very

thin as shown in SEM micrographs taken at two different angles (Figure 9). It is straight-forward to

remove any thiVFEG8uP PRAVIAAERRr bSUSCOSTUE RBLeYR aall8"in 6AblcaPRarrsiieyed itAbgraphy.
10 The methogsheuR i EOLFY DU hR ECRSTRARC Y0 BRBT CERIY 1 TRivHiINgdpacivdiyayered

structure. Each sequential layer of the polymer (which contains the molded grating pattern) ¢an be

applied at righttatitfeld idnghanstevivaie-layer. mf@rmdeﬁu|tiT|Ia'§eiS|aatﬁj'@aiﬁﬁ@et@dem@as
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the gratings on the substrate, it is also possible to have the polymer gratings applied onto and in
alignment withthe HlafrRIEoN Ase [BtlostiaeemeRtv@ulbeRAMAE tfepaaBiask b diess e varied
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grating substrate is raised to 175C, the residual layer disappears (Figure 10).
10  associated with polymer flow.

The present inventors have developed a new imprinting technique that
avoids the need to spin-coat polymer layers on the substrate. A polymer layer
was spin-coated directly on a mold, and transferred to a substrate by imprinting
under suitable temperature and pressure conditions. The reversal imprinting

15 method according to the present invention offers a unique advantage over
conventional NIL by allowing imprinting onto substrates that cannot be easily
spin-coated with a polymer film, such as flexible polymer substrates.

Previous efforts to apply NIL to non-planar substrate often rely on
planarization of the non-planar surfaces with a thick polymer layer. These

20 techniques involve multiple process steps. Furthermore, the deep etching step
to remove the thick planarization layer degrades the resolution and fidelity. The
current invention offers a simple technique to pattern over a non-planar
surface without the need for a planarization procedure. Under suitable process

conditions, three-dimensional structures can be conveniently fabricated.

25 It will be appreciated by persons skilled in the art that numerous
variations and/or modifications may be made to the invention as shown in the
specific embodiments without departing from the spirit or scope of the invention
as broadly described. The present embodiments are, therefore, to be

considered in all respects as illustrative and not restrictive.

30



This could be due to the polymer dewetting behaviour on a surfactant coated surface. This polymer
printing technique solved the problem encountered in nanoimprint lithography over non-planar
surfaces. This technique can be 25 extended to create various three-dimensional structures.
SUMMARY We have successfully demonstrated a reversal imprint process by transferring a
spin-coated polymer layer from the hard mold to the substrate. 3o Three different paitetn reosfer
modes, i.e., embossing, inking and whole-layer 7 Margh 2006 15 transfer, can be accomplished by
controlling imprinting temperature and degree of surface planarization of the spin-coated mold. Either
a positive or n = replica of the mold can be obtained after imprinting. With a suitable degree of

surface planari12ation, succ ssfijl 8attern transfer can be_;‘achievetd %ttS temh)eratur s.and pressures as

low as 30C below Tg and'1 a,f r(ras'|5n cctll(]/elﬂg A eI |H8r3310n'8 W olljéﬁager fans esrtrr%toedets,.el'his isa

significant advaretye commphsingnventional NIL, which requires an imprinting temperature well above
Tg. Moreover, as little movement of the polymer is required in these two pattern transfer modes,
reversal imprirg is Rse¥igEIkiEeals nenlainia d R Leitestanitem sulyeef flona Therprawig-
inventors Qaves%\éﬁlﬁg,ed a new imprinting technique that avoids the need to spin-coat polymer layers
on the substrate. A polymer layer was spin-coated directly on a mold, and transferred to a substrate

by imprinting ysder sapisabladenpiyaterecantiyesHeermonrtlitaas. The reversal imprinting 15 method
according to the present invention offers a unique advantage over conventional NIL by allowing

imprinting ontqs)JbstIea@ft#wh'@mhet belwasity coptmgofitad viite anuddy eerdilsusidtauteldble
POty mer SUb S o FIR R OIS 42 GRS HBRRL Ot SN Bubstrate
having a desired micro-/nano-structure thereon, wherein the micro-/nano-

10  structure is a negative replica of the pattern on the mold.

2. The method according to claim 1 wherein the mold is formed from the
group consisting of semiconductors, dielectrics, metals, and combinations

thereof.
15

3. The method according to claim 2 wherein the mold is patterned by
optical lithography or electron beam lithography and subsequent dry etching.

4. The method according to claim 1 wherein the polymer is selected from
20 the group consisting of thermoplastic polymers, thermal/irradiative curing
prepolymers, and glass or ceramic precursors.

5. The method according to claim 4 wherein the polymer is poly(methyl
methacrylate) (PMMA).

25

6. The method according to any one of claims 1 to 5 wherein the polymer is
in a solution of a non-polar solvent to achieve a substantially uniform polymer

coating on the mold.



planarization of the non-planar surfaces with a thick polymer layer. These 20 techniques involve
multiple process steps. Furthermore, the deep etching step to remove the thick planarization layer
degrades the resolution and fidelity. The current invention offers a simple technique to pattern over a
non-planar surface without the need for a planarization procedure. Under suitable process conditions,
three-dimensional structures can be conveniently fabricated. 25 It will be appreciateddsyrosrsens
skilled in the art that numerous variations and/or modifications may be made to the invention as

shown in the %eCifth?ﬁ@tm?@téd@BFﬁle[dﬁPé@m BORhE8iRPIHE A5GIGERE i8f akettuantiem as

broadly described. The present embodiments are, therefore, to be considered in all respects as
illustrative andtABIHEStAGRRSISHNDOEIaIHRNS: MAPEE 2808 R YEIRHd &Y imprinting a
micro-/nano-structure on a substrate, the method comprising: (a) providing a mold containing a
desired pattern or relief for a micro-/nano- 5 structure; (b) applying a polymer coating to the mold; and

(c) wansferringyhe pojymer spaig diemihe @ald 6 9 SHRSIRISNGS, Sy iatls jggpperature and

pressure conditions to form an imprin bstrate having a desired micro-/nano-structure thereon,
wherein the micro-/nano- 10 structure is a negative replica of the pattern on the mold. 2. The method
according to claim 1 wherein the mold is formed from the group consisting of semiconductors,

dielectrics, metals, antheafidtifedelreoitRigab dhpohbeonaeiied aceosditteilaiy gonireristhe
mold is patterned by ] ,
applied to the mold by spin coating.

10.  The method according to any one of claims 1 to 9 wherein the mold is
10  treated with one or more surfactants prior to applying the polymer coating.

11.  The method according to claim 10 wherein the surfactant is
1H,1H,2H,2H-perfluorodecyl-trichlorosilane.

15 12. The method according to any one of claims 1 to 11 wherein the
substrate is selected from the group consisting of polymers, semiconductors,
dielectrics, silicon components, metals, and combinations thereof.

13.  The method according to claim 12 wherein the substrate is a silicon

20 wafer.

14.  The method according to claim 12 wherein the substrate has one or
more patterned structures on the surface.

25 15. The method according to claim 12 wherein the substrate is a flexible

polymer film, such as polyimide or polyester.



optical lithography or electron beam lithography and subsequent dry etching. 4. The method according
to claim 1 wherein the polymer is selected from 20 the group consisting of thermoplastic polymers,
thermal/irradiative curing prepolymers, and glass or ceramic precursors. 5. The method according to
claim 4 wherein the polymer is poly(methyl methacrylate) (PMMA). 25 6. The method according to any
one of claims 1 to 5 wherein the polymer is in a solution of a non-polar solvent to agkg\e®06
substantially uniform polymer coating on the mold. 7 8arch 2006 17 7. The method according to

claim 6 whereipghe splyenhitRsiesiRO MY 1HRBPERSCHIBRINGO] Wueneyrientsii (c) is
tetrahydrofuran. 8. The method accordlng to claim’7 wherein the solvent is toluene. 5 9. The method

according to aR$'H8E oPblaiffis 2 th rBYPfRE IS0 RS Sis UAESTe & tAIBRAthIPISESHIS c8Bfng. 10.
The method aggp{gitgtiéany one of claims 1 to 9 wherein the mold is io treated with one or more
surfactants prior to applying the polymer coating. 11. The method according to claim 10 wherein the
surfactant is 1 H,1 H,2H,2H-perfluorodecyl-trichlorosilane. 15 12. The method according to any one of
claims 1 to 11 wherein the substrate is selected from the group consisting of polymers,
semicondéctork/ . dielébgicaetilabracoarpmie s chaatal$bawt eminbithatipneshierecs 153 Hbanethod
according to Cl%ﬁ'{}d%%éein the substrate is a silicon 20wafer. 14.The method according to claim 12
wherein the substrate has one or more patterned structures on the surface.

18.  The method according to claim 16 wherein the pressure is from about 1
MPa to about 5 MPa.

10

19. The method according to any one of claims 1 to 18 wherein the
temperature is from about 30°C below the glass transition temperature (Tg) of

the polymer to about 90°C above the T4 of the polymer.

15 20. The method according to claim 19, wherein the applied polymer coating
is substantially non-planar and the temperature is substantially higher than the
glass transition temperature (Tg) of the polymer.

21.  The method according to claim 20, wherein the temperature is about

20 90°C above the glass transition temperature (Tg) of the polymer.

22.  The method according to claim 19, wherein the applied polymer coating
is substantially planar and the temperature is substantially equal to, or below,
the glass transition temperature (Tg) of the polymer.

25

23. The method according to claim 19 wherein the temperature is at about
the glass transition temperature (Tg) of the polymer.



25 15. The method according to claim 12 wherein the substrate is a flexible polymer film, such as
polyimide or polyester. 7 March 2006 18 16. The method according to any one of claims 1 to 15
wherein step (c) is carried out in a heated hydraulic press under a desired pressure and temperature.
5 17. The method according to claim 16 wherein the pressure is less than about 5 MPa. 18. The
method according to claim 16 wherein the pressure is from about 1 MPa to about/5\MRa.200d9. The
method according to any one of claims 1 to 18 whereirgthe temperature is from about 30C below the

glass transition semperigiiadidPhABBrRaRIYME! PaRRoubIRRABRYVeHEEd R BRIRINROLP 20. The

method according to claim 19, wherein the applied polymer coating is substantially non-planar and the
temperature is@f&ﬁﬁiﬁw@ﬁi@lﬁ&ﬁéﬁrﬂﬁﬁ@@I@éﬁﬂﬁﬁﬁ@i‘ﬁ@rﬁeh%é%ﬁ@@){ﬂ“@)’of the polymer. 21. The
method according to claim 20, wherein the temperature is about 20 90C above the glass transition
temperature (Tg) of the polymer. 22. The method according to claim 19, wherein the applied polymer
coating is subgtantially planar and the temperature is substantially equal to, or below, the glass
ransiton tempiatur &S LTS RLE BONAB B0 L THEhI SEA A S R AR e
temperatuge isthé abetiothecgiastirigattsion dempe cidines (T gy @Mthe polymer. 7 March 2006 19 24.
The method according to claim 19 wherein the temperature is about

26. A substrate containing an imprinted micro-/nano-structure produced by
the method of claim 20 wherein the imprinted structure is a negative replica of

the mold.
10

27. A substrate containing an imprinted micro-/nano-structrure produced by
the method of claim 22, wherein the imprinted structure is a negative replica of

the mold.

15 28. Use of the method according to any one of claims 1 to 33 to form a

micro-/nano-structure on a surface.

29. A method for imprinting a micro-/nano-structure on a substrate, the

method comprising:

20 (a) providing a mold containing a desired pattern or relief for a micro-/nano-

structure;
(b) applying a polymer coating to the mold by spin coating; and

(c) transferring the polymer coating from the mold to a substrate under
suitable temperature and pressure conditions to form an imprinted substrate
25 having a desired micro-/nano-structure thereon, wherein the micro-/nano-

structure is a positive replica of the pattern on the mold.



30C below the glass transition temperature (Tg) of the polymer. 25. A substrate containing an
imprinted micro-/nano-structure produced by 5 the method according to any one of claims 1 to 24. 26.
A substrate containing an imprinted micro-/nano-structure produced by the method of claim 20
wherein the imprinted structure is a negative replica of the mold. 10 27. A substrate containing an
imprinted micro-/nano-structrure produced by the method of claim 22, wherein the \ppeRtEsbstructure
is a negative replica of the mold. 15 28. Use of the n@thod according to any one of claims 1 to 33 to

form a micro-/gno-SHEIHEIREPREFREMLR AIAAIDLL\IRRIZIPHHE thBIANIE BRI FUNCIHE On &

substrate, the method comprising: 20 (a) providing a mold containing a desired pattern or relief for a
micro-/nano- s&@1BreqBYIaRRG/IY) SpBlEARHUeiNRg fialRsiietd BYaiplR. caashgUnBItati®aRsferring
the polymer cqgtipgdirom the mold to a substrate under suitable temperature and pressure conditions
to form an imprinted substrate 25 having a desired micro-/nano-structure thereon, wherein the
micro-/nano- structure is a positive replica of the pattern on the mold. 7 March 2006 20 30. The
method according to claim 29 wherein the mold is formed from the group consisting of
semicondéctord] dielddigcs)etiatalsacoutdiogdimatiaims  §enebérdid 1tHEhenoidthedatiesndidghty claim

iy otching, 33 PHE MR e e gD (o CeERPEARE TRy g eaver

32. The method according to claim 29 wherein the polymer is selected from
the group consisting of thermoplastic polymers, thermal/irradiative curing
10  prepolymers, and glass or ceramic precursors.

33. The method according to claim 32 wherein the polymer is poly(methyl
methacrylate) (PMMA).

15 34. The method according to any one of claims 29 to 33 wherein the
polymer is in a solution of a non-polar solvent to achieve a substantially uniform

polymer coating on the mold.

35. The method according to claim 34 wherein the solvent is selected from
20 the group consisting of toluene, xylene, and tetrahydrofuran.

36. The method according to claim 35 wherein the solvent is toluene.

37.  The method according to any one of claims 29 to 36 wherein the mold is
25 treated with one or more surfactants prior to applying the polymer coating.

38. The method according to claim 37 wherein the surfactant is
1H,1H,2H,2H-perfluorodecyl-trichlorosilane.



the group consisting of thermoplastic polymers, thermal/irradiative curing io prepolymers, and glass or
ceramic precursors. 33. The method according to claim 32 wherein the polymer is poly(methyl
methacrylate) (PMMA). 15 34. The method according to any one of claims 29 to 33 wherein the
polymer is in a solution of a non-polar solvent to achieve a substantially uniform polymer coating on
the mold. 35. The method according to claim 34 wherein the solvent is selected frpmaZéhtbeogroup
consisting of toluene, xylene, and tetrahydrofuran. 362TThe method according to claim 35 wherein the

solvent s toluete. 377Bermatheyl acearding tR2BKPNSHR PRIRISIAR g6 heseinBRMOlés 25

treated with one or more_surfactantsT;)rior to applying the polymer coating. 38. The method according
to claim 37 whe¥Ostrale darkeiaaiers from the ,Q'E‘P}%P-I%ﬁ'ﬁBF&I@EWQfVéHﬁf%SﬂQHEQQ”MW%OOG 21

39. The methogieepriddIGiR8RCBRHEhEIAEI R ShykeratinatoRyhREAiBfS selected from the

group consisting of polymers, semiconductors, dielectrics, silicon components, metals, and

combinations thereof. 540. The method according to claim 39 wherein the substrate is a silicon wafer.

41.The method according to claim 39 wherein the substrate has one or more patterned structures on

the surfacg. 16142. THédnenatiedicloat cochnging diaici86 Btk reinettedns thatisib st aidl esitde spiclymer film,

such as polyimj GQr polyester. 43. The method according to any one of claims 29 to 42 wherein step
: . wafer.. . :

(c) is 15 carried out in a heated hydraulic press under a desired pressure and

41. The method according to claim 39 wherein the substrate has one or
more patterned structures on the surface.

10

42. The method according to claim 39 wherein the substrate is a flexible

polymer film, such as polyimide or polyester.

43. The method according to any one of claims 29 to 42 wherein step (c) is
15 carried out in a heated hydraulic press under a desired pressure and

temperature.

44. The method according to claim 43 wherein the pressure is less than
about 5 MPa.

20

45.  The method according to claim 43 wherein the pressure is from about 1
MPa to about 5 MPa.

46. The method according to any one of claims 29 to 45 wherein the
25 temperature is from about 30°C below the glass transition temperature (T,) of

the polymer to about 90°C above the T4 of the polymer.



temperature. 44. The method according to claim 43 wherein the pressure is less than about 5 MPa.
20 45. The method according to claim 43 wherein the pressure is from about 1 MPa to about 5 MPa.
46. The method according to any one of claims 29 to 45 wherein the 25 temperature is from about
30C below the glass transition temperature (Tg) of the polymer to about 90C above the Tg of the
polymer. 7 March 2006 22 47. The method according to claim 46, wherein the appliggtgobooer
coating is substantially non-planar and the temperat@ is substantially equal to, or below, the glass

transition tempgyaturer (Eghehide RRYSEIG 1Peikha mtm?&ﬁqﬁ@gﬁﬁlféé%b%?n%;%ﬁg@e

temperature is at about the glass transition tem&erature (Tg% of the polymer.

according to clgiriUsightrdn fRNIAparaftitd ihaniaerRiewa ol ibsiasdialhhsaualdmperature
(Tg) of the polyariy LheYddetrapditshaesApdng dreclainstény/Reipidhe substrate is non-planar

and the temperature is lower than the glass transition temperature (Tg) of the polymer. 15 51. The
method according to claim 50, wherein the non-planar substrate includes a grating pattern thereon.
52. The method according to claim 51, wherein the desired pattern or relief of the mold is a grating
pattern. 26 53 48he mEteon ettwmidicgacdotairroS5dainhdi@iwitesaynativey teatieeratur¢his atilbdoate has a

period of abouf z00nmAnd &SRR At 1Y) A otymer.

49. The method according to claim 46 wherein the temperature is about

30°C below the glass transition temperature (T4) of the polymer.
10

50. The method according to claim 46, wherein the substrate is non-planar
and the temperature is lower than the glass transition temperature (Tg) of the

polymer.

15  51. The method according to claim 50, wherein the non-planar substrate
includes a grating pattern thereon.

52. The method according to claim 51, wherein the desired pattern or relief
of the mold is a grating pattern.

20

53. The method according to claim 52, wherein the grating pattern on the
substrate has a period of about 700nm and a depth of about 1.5 um, and the
grating pattern on the mold has a period of about 700nm and a depth of about
350nm.

25

54. The method according to claim 53, wherein the polymer coating is
transferred from the mold to the substrate at a temperature of about 90°C and a

pressure of about 5SMPa.



grating pattern on the mold has a period of about 700nm and a depth of about 350nm. 25 54. The
method according to claim 53, wherein the polymer coating is transferred from the mold to the
substrate at a temperature of about 90C and a pressure of about 5MPa. 7 March 2006 23 55. The
method according to any one of claims 52 to 54, wherein the polymer coating is transferred to the
substrate so that the grating pattern of the substrate is transverse to the grating patiriaroptioe polymer
coating. 5 56. The method according to any one of the3lams 52 to 54, wherein the polymer coating is

transferred to e substrateRiHEY e Ying REUED) QfﬁBeoF%ﬁﬁﬁ%e@Q‘%hszﬂrWé’ﬁt%@ of the

polymer coating are in alignment. 57. The method according to claim 55, wherein steps b) and c) are

repeated one RPINBRS GRAENGI DY 3H$ERHFES IH%tTB@cﬁé'@éHﬁﬁ% Sgﬁhﬂtéflﬁﬁé‘t@‘%@&iﬁmgoéﬂq%prlnted
micro-/nano-steuglsia fr poyaad\ Ry s MRShpd s prttesn @ aime: o Pl &laipidg.to 57. 15 59. A

substrate containing an imprinted micro-/nano-structure produced by" the method of claim 47 wherein
the imprinted structure is a positive replica of the mold. 60. Use of the method according to any one of
claims 29 to 57 to form a 20 micro-/nano-structure on a surface.

5 56. The method according to any one of the clams 52 to 54, wherein the

polymer coating is transferred to the substrate so that the grating pattern of the
substrate and the grating pattern of the polymer coating are in alignment.

57.  The method according to claim 55, wherein steps b) and c) are repeated

10  one or more times so as to form a latticed structure.

58. A substrate containing an imprinted micro-/nano-structure produced by
the method according to any one of claims 29 to 57.

15 59. A substrate containing an imprinted micro-/nano-structure produced by
the method of claim 47 wherein the imprinted structure is a positive replica of
the mold.

60. Use of the method according to any one of claims 29 to 57 to form a

20  micro-/nano-structure on a surface.



