Advancesin Step and Flash Imprint Lithography

S.C. Johnson, T.C. Bailey, M.D. Dickey, B.J. Smith, E.K. Kim,
A.T. Jamieson, N.A. Stacey, J.G. Ekerdt, C.G. Willson'
Texas Materials Institute
University of Texas at Austin, Austin, TX 78712
T willson@che.utexas.edu

D.P. Mancini, W.J. Dauksher, K.J. Nordquist, D.J. Resnick?
Motorola Labs, Tempe, AZ 85284
*doug.resnick@motorola.com

Abstract

Recent work on Step and Flash Imprint Lithography (SFIL) has been focused on process and materials
fundamental s and demonstration of resolution capability. Etch transfer processes have been developed that are capabl e of
transferring imprinted images though 150 nm of residual etch barrier, yielding sub 50 nm lines with aspect ratios greater than
8:1. A model has been developed for the photoinitiated, free radical curing of the acrylate etch barrier materials that have
been used in the SFIL process. This model includes the effects of oxygen transport on the kinetics of the reaction and yields
adeeper understanding of the importance of oxygen inhibition, and the resulting impact of that process on throughput and
defect generation. This understanding has motivated investigation of etch barrier materials such as vinyl ethers that are cured
by a cationic mechanism, which does not exhibit these same effects. Initial work on statistical defect analysis hasis reported
and it does not reveal pathological trends.

1. Introduction
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Figure 1. The SFIL process flow.



2. Etch Process

Once low aspect ratio patterns have been printed in the etch barrier, they must be transferred through the underlying
transfer layer. Thisis performed in two steps. Thefirst, referred to as the break-through etch, anisotropically removes
residual etch barrier to break through to the underlying transfer later. The second step, the transfer etch, uses the remaining
etch barrier pattern as an etch mask to transfer the pattern into the underlying transfer layer. The silicon in the etch barrier,
and lack of siliconin thetransfer layer, provides the needed etch selectivity between the barrier and the transfer layer.

An O, transfer etch that was developed for use in top surface imaging processes was sel ected as a baseline process
for the SFIL break-through etch. Thisoriginal etch process uses high bias power, high etch gas flow rates, cold chuck
temperatures, and low chamber pressuresto transfer patterns from a silylated etch mask to an underlying silicon-free layer
with ahigh degree of anisotropy. To adapt this process for use as the SFIL breakthrough etch, CF, was added to the etch gas
mixture. Addition of fluorine facilitates removal of silicon and increases the etch rate of SFIL etch barrier. Once the
breakthrough etch was complete and any residual etch barrier was removed, the O, etch process would then be used to
transfer the pattern to the underlying transfer layer.

A set of wafers was processed with the above conditions to determine etch rates and selectivites as afunction of etch
gasfluorine content. After establishing baseline etch rates with the pure oxygen process, CF, was added to the etch gas
mixture, and O, flow rates were reduced to maintain constant total gas flows throughout the sample set. Samples were first
coated with DUV 303 11 ARC (Brewer Science). Etch barrier formulation A4, which contained 44% (w/w) SIA 0210.0
(Gelest), 15% ethylene glycol diacrylate (Aldrich), 4% Darocur 1173 (Ciba), and 37% t-butyl acrylate (Aldrich) was
dispensed onto the wafer immediately before imprinting. A high resolution template supplied by Motorola Labs was then
used to imprint with 6 Ibf imprint force, and the template/wafer stack was illuminated with a 500 W Hg arc lamp (Oriel)
operating at 350 W for 60 sec exposure. All samples were etched on aLAM Research 9400SE. SEM images were acquired
using a Hitachi 4500 SEM operating at 5 kV. All samples were coated with athin Au:Pd film to dissipate charging.

Figure 2 presents etch rates for etch barrier and transfer layer materials as a function of etch gas fluorine content.
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than that used in practice. Images after the breakthrough etch show no remaining residual etch barrier layer. Final images
after the transfer etch show high aspect ratio polymer features on the silicon substrate.
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Figure 3. FESEM of a) imprinted samples b) after breakthrough etch c) after transfer etch.
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Figure 4. Cross sections of a) imprinted samplesb) after breakthrough etch c) after transfer etch

3. Acrylate Polymerization Kinetics Model.

The current etch barrier is acrylate-based and cures via a free radical polymerization process. Oxygen inhibits free-
radical polymerization by scavenging free-radical's, and thus disrupts the curing process. Oxygen dissolved in the etch barrier
resultsin an inhibition period during cure, as shown in Figure 5. This manifestsitself as adelay between lamp-on (time = 0)

and the beginning of monomer loss. This delay
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radical polymerization of acrylate etch barriers

Standard free radical polymerization kinetics were assumed in order to make a first-order approximation of the
effects of oxygen.> Thismodel incorporates four reaction steps: radical initiation, propagation, termination, and quenching.
Therate of initiation involves an initiating species absorbing light and dissociating into two radicals. The rate of initiation
was estimated based on the absorbance of Darocur 1173 convoluted with the spectrum of the Hg lamp and a quantum
efficiency taken from literature. Radicalsthat are generated are assumed to be immediately quenched in the presence of
oxygen. Once the oxygen is depleted, however, the radicals react with monomer to form a growing polymer chain. The
polymer chain continues to propagate until it encounters the radical end of another chain, at which point the two radical ends
terminate by either combination or disproportionation. The rate constants for these reactions were estimated based on
literature values for acrylates®

Figure 6 presents monomer concentration as functions of
exposure time and radial distance from the center of the template.
In this calculation, oxygen was assumed to be the only diffusing
species, with an estimated diffusion coefficient of 5x10° cnf/s
and aninitial concentration of 1x10° mol/L. For alight intensity
of 43 mW/cn? and quantum efficiency of 0.6, it was found that
the inhibition time was 300 msec. As expected, no
polymerization takes place until the oxygen in the bulk has been
depleted. In addition, oxygen diffusion results in an uncured
layer of approximately 10 mm in thickness around the etch barrier
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4. Vinyl Ethers

Alternative polymerization chemistries were considered Figure 6. Monomer concentration profile.

in order to circumvent the inhibition period and uncured edge



phenomena seen with the radical initiated acrylate process. Both anionic and cationic polymerization mechanisms were
considered, with the anionic route quickly being passed over due to its sensitivity to water and other contaminants. Although
epoxies represent awell known and industrially developed class of materials, examination of materials properties showed
that the curing kinetics of these systems did not meet process throughput requirements. Furthermore, the viscosity of even
the smallest epoxy molecules was relatively high compared with corresponsing acrylate systems, which would lead to
undesired conseguences. As aresult of these considerations, attention was focused on vinyl ether polymerization. Vinyl
ethers are known to react extremely rapidly under cationic conditions. Additionally, the vinyl ether functionality makes a
relatively low group contribution to viscosity compared with other groups such as acrylates. This effect can be exemplified
by comparing the viscosity of ethylene glycol diacrylate with its divinyl ether analogue as shown in Table 1, where in this
case the bis-viny! ether viscosity is almost 1/5" that of the corresponding diacrylate.

Table 1. Viscosities of Vinyl Ether and Acrylate Structures.

Structure R=Vinyl Ether R=Acrylate

0.7cP 35cP

Unfortunately, silylated vinyl ethers suitable for use in an etch barrier are not commercially available. Thus,
materials were synthesized in our laboratory in order to perform evaluations. These materials are shown in Table 2, along
with their measured viscosity at 20 °C.

Table 2. Silylated Vinyl Ether Etch Barrier Components.

Structure Viscosity

10cP

14cP

These silicon containing monomers were then formulated with mono-functional, non-silicon containing vinyl ethers
and commercially available photo-acid generators (PAGS) to create a series of formulations that were used for SFIL
imprinting. Figure 7 illustrates atypical cross-section from imprinting, showing 60 nm lines. It isanticipated that the
resolution of these materialsis equivalent to that of the acrylates.

Figure 7. Imprinted Vinyl Ether Etch Barrier.

5. Defect Analysis

The authors have undertaken an effort to quantify defect levels as afunction of repeated imprints. Early results were
very encouraging, showing no catastrophic generation or propagation of defects. Additionally, it has been observed that the



handling of the template during installation in the current operating procedure can impart some contamination on the
template, but imprinting actually cleans away that contamination.”® This effect has also been seen by Harai® and Bender.°
The ultimate goal of this defect analysisisto understand the effect of repeated imprints on the generation and propagation of
defects over time. To this end, we have begun to inspect imprinted wafers on aKLA -Tencor 2139 wafer inspection tool in
collaboration with KLA -Tencor Corporation. Initial inspection of 96 consecutive imprints shows relatively high levels of
detected defects, but no significant upward trend in defects over time, as shown in Figure 8a. The data are somewhat noisy,
and future work includes imprinting and inspecting alarger set of wafersin order to isolate any trendsin the data set.

Statistical analysis of these data has been performed. Assuming a straight line model and beginning with the first
imprint, the evolution of the line slope as more and more imprints are added to the data set reveal s a net positive slope for
“defects added per imprint,” up to about 65 imprints, and the 95% confidence intervals do not capture zero, as seen in Figure
8b. Thisindicates that the slope for the data set should be positive in that region. Asthe size of the data set increases, thereis
achange in the data that shifts the slope and its confidence downward to capture zero. Thisis an interesting observation, and
likely indicates that a straight line model is not the best model to fit thisdata. It isalso likely that alarger data set is needed to
sufficiently model the effect of repeated imprints on defect generation and propagation.
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Figure 8. @) Initial results of SFIL wafer. b) slope and 95% confidence levels.

6. Summary

Recent process and materials work in SFIL has demonstrated anisotropic etch transfer through 150 nm residual etch
barrier and the underlying transfer layer, yielding features as small as 40 nm that possess aspect ratios greater than 8:1. A
model to improve understanding of acrylate etch barrier curing kinetics has been developed. The potential for reducing
throughput and an uncured edge region due to oxygen inhibition has motivated exploration of cationic etch barrier materials
such asvinyl ethers. These new material s possess lower viscosities than their acrylate counterparts, and appear to provide
similar imprinting performance. In addition, initial statistical defect analysis shows no pathological increase in defect levels
through 96 consecutive imprints.
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