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One of the most important tasks remaining to be resolved in nanoimprint lithography is the elimination of the resist
sticking to the mold during demolding. Previously, the main approach was to apply a thin layer of fluorinated alkyl
silane mold-release agent on the surface on the mold; however, this involves complicated steps and high costs. The
low surface free energy material polybenzoxazine provides an efficient mold-release agent for silicon molds that is
easier to process, costs less, and has no side reactions.

Introduction the process. One of the most important problems that is usually
encountered with NIL is the tendency for the resist polymer to
adhere to the mold surface during the demolding process. Sticking
effects will reduce the lifetime of molds, downgrade the quality
of the replication, and complicate the processing procedure. One
approach to reduce the resist polymer adhesion is to apply a
self-assembled monolayer (SAM) of a fluorinated alkyl silane
delease agent onto the surface of the mold by immersing the
mold in a solution containing the release agéntung et al?
found that the solution-based process for developing the SAM

Polybenzoxazine is a recently discovered class of low surface
free energy materials that possess neither fluorine nor silitone.
The surface free energy of polybenzoxazine is 16.4 mdfmich
is lower than that of pure poly(tetrafluoroethylene) (PTFE) by
21 mJ/m.2 PTFE is an important material in bioscience and
medical applications because of its special biocompatible,
nonflammable, antistick, and heat-resistance characteristics. Th
low intermolecular forces present in fluorinated polymers have

been recognized to account for the relatively low surface free == ™ Kinal | h d d ¢ |1 Id
energy. Because of their wide availability, PTFE-based materials antisticking layer on the mold does not pertorm well for molds
with sub-100-nm pitch with high aspect ratios. However, the

comprise the most convenient approach to reduce the problem™ ; A -
of adhesion between surfaces. silane coupling agent tends to polymerize in solution, and the

Nanoimprint lithography (NIL), a high volume and cost- oligomeric precursor can also react with the silanol and covalently
effective patterning technique, is a potential candidate for next- attac_h tothe mold surface, leading to a highly nonuniform ﬁﬁ%
generation lithograph{s In NIL, a mold with a protruding/ In this letter, one method of applying the polybenzoxazine as a
recessed surface pattern is pressed onto a preheated thin resiéileaset ager:lt onto ghe mo[d Wa}stgvaltua'[r]ed lby means of surface
film coating on the substrate. Through compression and demolg-characterization and nanoimprinting technologies.

@ng (de_tachment of the mold), the “negative” of the mold pa_lttern Experimental Section

isimprinted onto the polymer layer. Compared to other previously 5 5_pig(3 4-dihydro-3-methyl-2H-1,3-benzoxazine) propane (BA-m
developed Ilthography tools with nanoscale re_solut!on, such aspenzoxazine) was supplied by Shikoku Corp. Monomer stock
electron beam lithography and extreme ultraviolet lithography, solutions were prepared by dissolving BA-m benzoxazine in
the advantage of NIL is its ability to pattern structures from tetrahydrofuran at various concentrations. The solution was
micrometer to nanometer scales at low cost. Its potential filtered through a 0.2m syringe filter before spin coating onto a
applications have been demonstrated in ofSticgnoelectronicg, 6 in. Si wafer. The selected monomer solution (5 mL) was applied
biodevices, and high-density storage devicés. to the Si mold covering the whole surface, which was followed

Essentially allimprint techniques involve contact between the PY immediate spinning at 1500 rpm for 45 s. The sample was left

. . ... to dry at 60°C for 1 h and then cured on a digital hot plate for
mold and the resist polymer, and the adhesion characterlstlcanothe 1 h at 200°C. The chemical structures of the BA-m

between polymer materials and the mold is a critical factor in o0 ~-ine monomer and BA-m polybenzoxazine are shown in

Scheme 1.
The advancing contact angle of the polymer surface was measured
at 25°C using a Kiss GH-100 goniometer interfaced with image-
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Scheme 1. Ring-Opening Polymerization of BA-m Benzoxazine
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Table 1. Glass-Transition Temperature Tq) and Advancing Results and Discussion
antact Angles for Water2 Ethylene Glycol (EC}),b and
Diiodomethane (DIM)° on BA-mdPolybenzoxazme Film A bifunctional benzoxazine monomer, 2,2-bis(3,4-dihydro-
Structures 3-methyl-2H- 1,3-benzoxazine) propane (abbreviated as
contact angle (deg)  surface free energy (")/m  BA-m), was employed as the target monomer in this study.
thickness T The BA-m benzoxazine monomer possesses excellent
(nm) (°C) H,O EG DIM o5V yae Vs characteristics for film formation upon spin coating on a

4493 179 1121 917 817 16.6 01 16.7  Silicon wafer. After spin coating, cross linking of the ben-
79.3 180 111.7 916 813 16.8 0.0 16.9 zoxazine film was performed by placing it on a digital hot
135 174 1128 931 820 165 0.0 16.5 plate fa 1 h at 200°C. Table 1 lists the surface and thermal
118 176 1123 930 823 163 0.0 16.3  properties of polybenzoxazine thin films with different thick-

8.8 178 113.1 92.8 82.8 16.1 0.1 16.2 nesses.

63 176 1127 933 825 162 0.0 162 Although the surface free energy of a solid can be used

ay =728,y " =21.8,y =255, andyg = 25.5.> y_ = 48,y}" as a guide or indicator of its relative adhesive properties,
=129,y =1.92, andyg = 47.°y. = 50.8,y;" =508,y = 0, and it is difficult to measure the surface free energy of a
ys~ = 0.¢The corresponding surface free energieg ére also given.  solid directly. For practical reasons, procedures based on
contact angle measurements are commonly empl&y&d.he
capture software by injecting a BL liquid drop. Deionized advancing contact angle is relatively less sensitive to
. " surface roughness and heterogeneity than is the receding angle.
water, ethylene glycol X99%, Aldrich), and diiodomethane .
(99%, Aldrich) were used as standards to measure the surface free;l'herefore, the advancing angle data are commpnly US.Ed
energies. (o] calcl:7ulate the components of surface and interfacial
The thickness measurement of the polybenzoxazine films was energy. . T
performed using a Sopra SE-5 ellipsometer. The radius of curvature 1"€ water advancing contact angles vary insignificantly
and the stress variation of the polybenzoxazine thin film coated on Upon decreasing the thickness of the polybenzoxazine films as
the Si wafer during a heating procedure were measured by a stresshownin Table 1. Similar trends are also found for the advancing
measurement instrument (Tencor, FLX-2320). The heating rate wascontact angle of both diiodomethane and ethylene glycol on the
held at 3°C/min under the ambient air atmosphere. The wafer was polybenzoxazine surface. The surface free energy was eval-
not glamped onto the heating chuck in order to allow for free curvature yated using van Oss and Good'’s three-liquid atidse methoéf
motion. According to this approach (referto eq 1), the surface free energy
The resist polymer purchased from Sumitomo Chemical Company of a solid, ys, can be calculated from a combination of three
(NEB22) was used for nanoimprinting. Imprinting experiments were ¢5-tors:
carried out on molds with and without polybenzoxazine surface
treatment using an imprint tool developed by Nanonex (model
NX-1000). The mold consists of 25 reticles with each reticle ys= y;W + VéB = y;W +2 '/Vs+Vs_ 1)
measuring 0.8« 1.0 cn? in footprint an a 6 in. wafer. Each mold
includes four kinds of lines (line width from 145 to 640 nm) or four . I
kinds of cylinders (diameter from 140 to 615 nm). The pattern height \_Nhere VL_W is the L'ftSh'tZ/Vin. der Wa"’!'s cc_)mponem’,*B
is 300 nm for lines, and the pattern height for cylinders is 240 nm. 1S the acid-base componen;™ is the Lewis acid component,
The resist and mold were contacted at a preprint pressure of 200 ps@nd y~ is the Lewis base component. Values idf", ys*,
at 110°C, and an imprint force of 380 psi was then used to press and ys~ can be calculated from eq 2 after measuring the
the mold into a 400-nm-thick resist over a period of 5 min liquid—solid contact anglesf) of these three characterizing
at 130°C. liquids.

The microstructures of the polymer surface and the mold were
characterized using a Hitachi S-6280H scanning electron microscope  (15) Zisman, W. A.Ind. Eng. Chem1963 55, 18.
(SEM). Atomic force microscopy (AFM) data were acquired using (16) Fowkes, F. MJ. Phys. Cheml962 66, 382. o
a MultiMode scanning probe microscope from Digital Instruments. anélgggi%:‘abﬁs' éeh"rzggsﬁ,’l_cévﬁgzgn é}?pIrE(:ja;hgTetr?uereFt)trael)slgnyg‘?ve\(()g);k
Damage to both the tip and the sample surface were minimized by 19g2: pp +27. ' ' o ' '
employing the AFM in tapping mode. (18) van Oss, C. J.; Chaudhury, M. K; Good, RChem. Re. 1988 88, 927.
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Figure 1. SEMimages of polybenzoxazine-untreated (a) and -treated
(b) molds with a line width of 145 nm.

Figure 2. SEM images of trenches and holes transferred by
imprinting with lines and cylinders using molds in the absence of
polybenzoxazine films (ac) and in the presence of polybenzoxazine
films (d—f). (a, d) Line width 147 nm; (b, e) line width 189 nm; (c,
f) diameter 140 nm.

ya(L+cos0y) = 20/ Y5V + Vydvi + Vrsrid)
_ \/ LW_ LW \/ + - \/ -+
712(1 + €080y = 2(\ys vz TAVsYL TAYsY)  (2)

Via(L + €058y = 205V + v vis + \vsri)

In eq 2,y is the surface tension of the liquid, and subscripts S
and L refer to solid and liquid, respectively. Diiodomethane was
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Figure 3. AFM images of (a) the polybenzoxazine-treated mold
(cylinders) after imprinting 13 times. (b) Resist pattern (holes) on
the substrate after imprinting with polybenzoxazine-treated molds.

those observed for the advancing contact angles. The observed
surface free energy of the polybenzoxazine film is fairly
independent of its film thickness (surface free energy of 17 mJ/
m? at a thickness of 449.3 nm, surface free energy of 16 mJ/m
at a thickness of 6.3 nm).

The glass-transition temperatuiig) of the polybenzoxazine
thin film was estimated by the wafer-curvature measurement
that is usually performed with a stress measurement instrument
to measure the radius of curvature and the stress variation of the
polymer thin film coated on the substrate during a heating
procedurg? Upon heating under controlled conditions, the
induced stress starts relaxing when the temperature of the polymer/
wafer stack reaches tigregion of the polymer material. Thus,
the Ty of polymer materials can be determined by the wafer-
curvature measurement technique. The obsefyedd the film
is nearly constant even when the film thickness is only 6.3 nm.
The polybenzoxazine thin film is suitable for the antisticking
application of hot embossing nanoimprint lithography because
of its high glass-transition temperature. Results from the surface
free energies and the glass-transition temperatures clearly indicate
that the polybenzoxazine ultrathin film (6.3 nm) possessed a low
surface free energy (about 16 m3)and a highry (about 176C)
that are similar to those of thick films.

The use of polybenzoxazine as a spin-coatable release agent
for silicon molds is reported in this studg 1 mg/mL solution
of benzoxazine monomer dissolved in tetrahydrofuran was applied
to the Si mold covering the whole surface, which was followed
by immediate spinning. The sample was left to dry at6Gor
1 handthen cured as above. The resultant film thickness achieved

selected as the apolar liquid, and water and ethylene glycol werewas 5.7 nm as measured by an ellipsometer. The scanning electron

selected as the polar liquid pair. The calculated surface free

energies of polybenzoxazine thin films follow similar trends to

(19) Schitz, A.; Paniez, P. Microelectron. Eng1995 27, 413.
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microscopy (SEM) images of the untreated (Figure 1a) and the structure of the mold. This low surface free energy material
polybenzoxazine-treated (Figure 1b) molds do not show any polybenzoxazine has been demonstrated to be applicable to NIL
significant difference. NIL was performed using an imprint tool antisticking applications.

developed by Nanonex (model NX-1000) using untreated and
polybenzoxazine-treated Simolds. Figure 2 displays SEM images
of the trenches and holes that were transferred by imprinting Polybenzoxazine has recently been discovered to be a low
with lines (line widths of 147 and 189 nm) and cylinders (diameter surface free energy polymer material since the discovery of well-
of 140 nm). Figure 2ac shows SEM images of NIL using the  known fluoropolymers and silicones. The ultrathin film of this
untreated mold. Severe damage to these trenches and holes igolybenzoxazine still possesses a lower surface free energy and
found and is attributable to the sticking problem during the process a higher glass-transition temperature than its thicker film. The
of mold separation. In addition, a small quality of the resist may patterntransfers of various diagrams using the polybenzoxazine-
stick to the mold surface during the process of mold separation. treated mold resulted in reproducible performance without any
Without proper mold surface treatment, the lithography process resist adhering to the surface of the mold. Polybenzoxazine not
would fail, and the mold has to undergo a complete cleaning only possesses low surface free energy but also performs well
process to remove the residual resist for the next imprint step. in the antisticking application of NIL. In addition, polybenzox-
The defect caused by the adhesion of the resist disappears afteazine has a low cost, is easy to process, and creates no side
precoating the mold with the polybenzoxazine thin film (Figure reactions during mold modification.

2d—f). Figure 3a shows the atomic force microscopy (AFM) . . .

image of the polybenzoxazine-treated mold (cylinders) after Acknowledgment. This rese:’:lr.ch was financially suppqrtgd
imprinting. The polybenzoxazine-treated mold was clean after PY the Ministry of Education “Aim for the Top University
imprinting 13 times. Figure 3b is the AFM image of the resist program (MOEATU program), and we thank the National Nano
pattern on the substrate imprinted with polybenzoxazine-treated Device Laboratories for technical support.
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Conclusions



