Reversal imprinting by transferring polymer from mold to substrate
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A reversal imprinting technique was developed in this study. A polymer layer was first spin coated
on a patterned hard mold, and then transferred to a substrate under an elevated temperature and
pressure. The reversal imprinting method offers an advantage over conventional nanoimprinting by
allowing imprinting onto substrates that cannot be easily spin coated, such as flexible polymer
substrates. Another unique feature of reversal imprinting is that three different pattern-transfer
modes can be achieved by controlling the degree of surface planarization of the mold after spin
coating the polymer resist as well as the imprinting temperature. “Embossing” occurs at
temperatures well above the glass transition temperaflige ¢f a polymer; “inking” occurs at
temperatures arountl, with nonplanarized polymer coating surface on the mold; and “whole-layer
transfer” occurs at temperatures aroufgl but with a somewhat planarized surface. These three
imprinting modes have been quantitatively correlated with the surface planarization of the mold
after polymer coating and the imprinting temperature. 2@2 American Vacuum Society.
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[. INTRODUCTION be achieved by controlling the degree of planarization of the
) ) _ spin-coated film on the mold and the imprinting tempera-
The demand to rapidly and economically fabricate nanosy a5 - Fyrthermore, in two of these pattern transfer modes,

cale structures is a major driving force in the development of 4 jiapje patterning can be achieved at temperatures and pres-
nanoscience and nanotechnology. Nanoimprint I|thograph)§ure well below those required by conventional NIL.
(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 severyl expeRIMENT

decisive technical potentials, in particular as a low-cost

method to define nanoscale pattetnis.has already been ~ Two kinds of patterned molds were used in our study.
demonstrated that NIL is capable of patterning features i hey were made in SiQon Si wafer and patterned by opti-
large areas and with a lateral resolution down<té nm?->  cal lithography and subsequent dry etching. One mold has
In conventional NIL, a substrate needs to be spin coated witfeatures varying from 2 to 5m in size and a nominal

a polymer layer before it can be embossed with the hardlepth of 190 nm. The second type of mold is a uniform
mold. Borzenkoet al. reported a bonding technique for 9rating with a 700 nm period and a depth ranging from 180
nanolithography in which both substrate and mold were spif® 650 nm. All molds were treated with a surfactant,
coated with polymer&.In the current study, we developed a 1H,1H,2H,2H-perfluorodecyl-trichlorosilane, to  promote
reversal imprinting technique that avoids spin coating a polyPolymer releasé The substrates used were polist&@o) Si

mer layer on the substrate. Instead, a polymer layer was spifafers and flexible, 5@m thick polyimide films(Kaptor).
coated onto the mold only, and transferred to a bare substrafoly(methyl methacrylate (PMMA) with a molecular

by imprinting under suitable temperature and pressure. Th&eight of 15000 Ty=105°Q was used for imprinting. In a
reversal imprinting method offers a unique advantage ovefypical reversal imprinting experiment, a mold was spin
conventional NIL by allowing imprinting onto substrates that coated with a toluene solution of PMMA at a spin rate of
cannot be easily spin coated with a polymer film, such as000 rpm for 30 s and then baked at 105°C for 5 min to
flexible polymer substrates. Another interesting feature ofémove residual solvent. The coated mold was pressed

this method is that three different pattern transfer modes ca@dainst a substrate in a pre-heated hydraulic press under a
pressure of 5 MPa for 5 min. The pressure was sustained

aAuthor to whom correspondence should be addressed; electronic maitiNtil the temperature fell below 50 °C. Finally the mold and _
pang@umich.edu the substrate were demounted and separated. For compari-
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Fic. 1. Schematic illustrations of the pattern transfer
processes ifia) conventional nanoimprintingp) rever-
sal imprinting at temperatures well aboVg, (c) “ink-
ing” at temperatures aroundy with nonplanarized
mold, and(d) “whole-layer transfer” aroundT, with
planarized mold.

(@ (b) () (V]

son, conventional NIL, in which the polymer layer was mold after spin coating the polymer film. For molds with
coated on the Si substrate, was also performed under similaonplanarized coating, only the film on the protruded areas

imprinting conditions. of the mold will be transferred to the substrate as illustrated
in Fig. 1(c). Since this process is similar to the stamping
[Il. RESULTS AND DISCUSSION process with liquid ink, we term this imprinting mode “ink-

ing”. Different from the embossing mode, in which a nega-

Since conventional NIL relies on viscous polymer flow to tive replica of the mold is produced on the substrate, inkin
deform the polymer film and create the thickness contrast P P ' 9

high temperature and pressure are requiré@To achieve t‘esgltst|hn a {)hosmr\]/e E)jat_tfe :ﬂ mste?da d is close to bei
reliable pattern transfer, imprinting is typically performed at n the other hand, e coated moid 1S close 1o being
temperatures between 70 and 90 °C abibyand under pres- planar after spin coating, the entire coated polymer layer can
sures as high as 10 MB&! Certain modifications to the be transferred to the substrate without large scale lateral
conventional NIL technique such as the polymer bondingPClymer flow during imprinting around’g [Fig. 1(d)]. We
method developed by Borzenka al® reduce the tempera- call this imprinting mode “whole-layer transfer”. Similar to
ture and pressure requirements considerably. However, e emb055|ng mode, t_he entire layer transfer mode also re-
polymer bonding method suffers the additional disadvantag&U!ts in @ negative replica of the mold.
of leaving a thick residue layer after imprinting, which com-  From the discussion above, it is clear that the degree of
plicates the subsequent pattern transfer process. surface planarization and imprinting temperature are the two
In contrast, the reversal imprinting technique developed“OSt important factors in determining the final imprinting
here can be used at significantly lower temperatures antesult. In the sections below, we will discuss the quantitative
pressures. Furthermore, depending on the degree of p|gorrelation between imprinting conditions and final results.
na”zat'on Of the polymer Coated m0|d and the |mpr|nt|ngA Surface planarization after Sp|n Coating

temperature, three distinct pattern transfer modes are ob- ]
served. Successful and reliable pattern transfer can be !N conventional NIL, a generally adopted method for pro-

achieved at temperatures as low as 30 °C béfgwand pres- moting polymer release in separation is to treat molds with
sures as low as 1 MPa. an antiadhesion agent. It is also necessary to modify the sur-

Figure 1 schematically illustrates the three reversal imface energy of the molds in reversal imprinting in order to
printing modes in comparison with the conventional NIL. In Promote transference of the polymer layer to the substrate.
conventional NIL[Fig. 1(@)], the mold is pressed against a 1H,1H,2H,2H-perfluorodecyltrichlorosilane, a superb release
flat polymer film at a temperature well aboWg. During coating in conventional imprintintf, was used as the release
imprinting, considerable polymer flow occurs as the materiaRgent in our study. However, spin coating PMMA onto an
deforms in accordance to the shape of the mold. At temperaantiadhesive treated mold was not straightforward. Because
tures well aboveT, similar polymer flow can also occur in Of the low surface energy of the treated mold, PMMA solu-
reversal imprinting. Even if the mold is not planarized astion in polar solvents, such as chlorobenzene, will not form
shown in Fig. 1b), the material on the protruded areas on thecontinuous films after spin coating. In contrast, PMMA so-
mold can be squeezed into surrounding cavities during imiution in toluene can be successfully spin coated onto the
printing. Under such conditions, the behavior of reversal im-surfactant treated molds. This might be ascribed to the low
printing is very similar to that of conventional NIL. Since the polarity and high volatility of toluene. Spin coating of tolu-
underlining mechanism for imprinting in this situation is the ene solution of PMMA onto a surfactant-treated surface
viscous flow of the polymer, we term this imprinting mode yields film quality and thickness similar to those on an un-
“embossing”. treated surface.

A distinct advantage of reversal imprinting over conven- Because of the topology on a typical mold, it is necessary
tional imprinting is that patterns can also be transferred tdo investigate the degree of planarization of the spin coated
the substrate at temperatures around or even slightly belopolymer layer. For molds with larger feature size, obtaining a
T4. Within this temperature range, the imprinting result isplanarized polymer coating is more difficult. Under usual
strongly dependent on the degree of planarization of theonditions, spin coating the 190 nm deep mold with
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Fic. 4. Map of reversal imprinting modes as a function of imprinting tem-
perature andR,,,, of the coated mold. The symbols are experimental (&ta
MPa imprinting pressujeand the solid lines are extrapolated boundaries
between different modes.

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

Fic. 2. AFM section analysis of a 300 nm deep grating mold coated with 6%/OWer Rm_ax or higher degree of p|a_nar.izat?0n-.
PMMA solution at 3000 rpm. The different degrees of planarization in Fig. 3 have been

correlated with the final imprinting result. At an imprinting
. ) _ ) temperature of 105 °C, wheR4 is below ~155 nm, the

micrometer-sized features results in the formation of a Con\'/vhole-layer transfer mode occurs, while the inking mode
formal coating on the mold. In the case of_the subm|cr0me_te6Ccurs WithR,, above~168 nm. FOIR,,, between 155 and
grating mold, the degree of planarization is a strong function gg 5 combination of these two modes may occur. The
of the concentration of the solution used for spin coatingyegions of different imprinting modes at 105 °C are indicated
which determines the thickness of the coated film. A typicak, Fig. 3.
atomic force microcopy(AFM) section analysis of the
coated mold is shown in Fig. 2. After spin coating, the step
height of the coated mold depends both on the mold depth”
and film thickness. As shown in Fig. 2, we characterize the When the two most important imprinting parameters, i.e.,
degree of planarization by the average peak-to-valley heighdegree of planarization and imprinting temperature are both
of the coated moldR .. Figure 3 summarizes the change in considered, a map of the imprinting modes can be con-

structed as shown in Fig. 4. In Fig. 4, the symbols represent

experimental data with different molds and different film

Different modes of reversal imprinting

%0 - ' ' 3 thicknesses and the lines are estimated boundaries between
o b | & 33% imprint modes. The three main regions define the necessary
ﬁ ggj conditions for the occurrence of each imprinting mode. In
250 | . the transition region, combinations of two or more modes
— . Transition can occur. While conventional NIL requires temperatures
E 200 Inking  p7 Region well aboveT,, reversal imprintin b di id
£ / g p g can be used in a wide
RTINS -_-_-_:-_-_-- £ temperature range. We have demonstrated inking and whole-
o " Whole-layer [/ ¢§ layer transfer at temperatures as low as 75 °C, which is 30 °C
100 [, Transfer %\ lower than theT, of PMMA.
%§ Figure 4 indicates that at 105 °C, whole-layer transfer will
50 § occur wherR,.«is lower than about 155 nm. An example of
. N7 | E:E:E\ . such imprinted patterns is shown in Figap Faithful pattern
180 300 350 650 transfer with few defects can be achieved. An important fea-

Mold Depth {nm) ture of the whole-layer transfer mode is the low residue
thickness. The residue in Fig(d is less than 100 nm thick.

Fic. 3. Average peak-to-valley step height in grating molds with different\Nhen the solutions with the same concentrations are used
depths after spin coating with different solutions at 3000 rpm. Regions of . . . L. !
different pattern transfer modes at 105 °C and 5 MPa pressure are specified]€ residue thickness after reversal imprinting at a tempera-

with the dotted lines indicating the transition region between the two modesture aroundr y is comparable to conventional NIL at a much
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(®)
Fic. 5. Examples of PMMA imprints in different mode@) Imprint in the

whole-layer transfer mode at 105 °C with a 350 nm deep grating mold, 7%Fic. 6. Patterns in PMMA created by reversal imprinting at 175 °C on a 50
coating, andR,,.,=75 nm.(b) Inking at 105 °C with a 650 nm deep grating um thick Kapton film:(a) 190 nm deep micrometer-sized mold coated with
mold, 6% coating, antR,,,=305 nm. a 7% solution andb) 350 nm deep grating mold coated with a 7% solution.

higher temperature. Furthermore, reliable whole-layer transployed this reversal nanoimprinting technique to transfer
fer has also been achieved with a pressure as low as 1 MPBEMMA patterns onto a 5Q:m thick polyimide film (Kap-
While the whole-layer transfer mode requires adequatéon®), which is widely used as substrates for flexible cir-
surface planarization of the coated mold, larger step heightuits. Figure 6 shows PMMA patterns created by reversal
after coating is advantageous to the inking mode. This ismprinting at 175°C after spin coating the mold with
because when the step height is small, the film on the sidemicrometer-sized features and a 350 nm deep grating mold
walls of the features is usually relatively thick. When such awith a 7% solution. The imprints on the flexible substrate
film is inked, the tearing of the polymer film near the side-show high uniformity over the whole imprinted aréa600
walls will result in ragged edges in the printed features. Fig-mn?) with few defects. The results shown in Fig. 6 are im-
ure 5b) shows the inking result at 105 °C with a step heightprinted under the embossing mode at 175°C. Inking and
of 305 nm. Such a large step height is formed by coating avhole-layer transfer modes also occur on the flexible sub-
650 nm deep grating mold with a relatively thin coatiit§o  strate and the imprinting results are similar to those obtained
solution. Under such conditions, the film on the sidewalls of on Si substrate.
the recessed features on the mold is extremely thin and will
easily break during imprinting. As a result, reliable patternlV. SUMMARY

transfer with relatively smooth edges can be obtained. We have successfully demonstrated a reversal imprint

process by transferring a spin-coated polymer layer from the
hard mold to the substrate. Three different pattern transfer
modes, i.e., embossing, inking, and whole-layer transfer, can
In conventional NIL, a polymer film needs to be spin be accomplished by controlling imprinting temperature and
coated onto the substrate before it can be imprinted by a hamdiegree of surface planarization of the spin-coated mold. With
mold. However, spin coating is rather difficult on flexible a suitable degree of surface planarization, successful pattern
substrates such as polymer membranes, which limits the c&ransfer can be achieved at temperatures and pressures as low
pability of NIL in patterning such substrates. In the reversalas 30 °C belowl § and 1 MPa, respectively, in the inking and
imprinting process, since there is no need to spin coat avhole-layer transfer modes. This is a significant advantage
polymer layer onto the substrate, imprinting on a flexibleover the conventional NIL, which requires an imprinting
substrate is quite straightforward. We have successfully enmtemperature well abové&, and very high pressure. More-

C. Reversal imprinting of PMMA onto a flexible
substrate
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over, since little displacement of the polymer is required in “B. Heidari, I. Maximov, and L. Montelius, J. Vac. Sci. Technol. 18,
these two pattern transfer modes, reversal imprinting is IeSSSf\STEJZ'SO\?'Ch | Boumeix F G £ cambril L Couraud. and
s . . . . Leoio, Y. en, J. bourneix, . Carcenac, £. Cambril, L. Couraud, an
sensitive to problems associated with polymer flow. This H. Launois, Microelectron. Engt6, 319 (1999.

teChnique has also been SucceSSfU"y applied to create pat"T. Borzenko, M. Tormen, G. Schmidt, L. W. Molenkamp, and H. Janssen,

terns on flexible substrates. Appl. Phys. Lett.79, 2246(2001).
’S.Y. Chou, U.S. Patent No. 6,309,580001).
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