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Introduction

The nanoimprint lithography (NIL){1] process consists of two stages: the embossing stage
and the anisotropic etching stage. In the embossing stage, a stamp with nano/micro scale
structures is pressed into a thin polymer layer on a substrate, and then is separated from the
layer. To minimize air entrapment, the embossing process should be done in a vacuum.
During the anisotropic etching stage, the residual polymer is removed completely in the
compressed area.

In this study, through numerical experimentation, we present the effects of capillary
force and width of stamp groove on flow behavior at the embossing stage. We also compare
our numerical results with previous experimental results and discuss physical phenomena at
the embossing stage. A commercial computational fluid dynamics (CFD) code based on the
finite volume method (FVM), CFD-ACE, is used for simulating filling behavior. In the code,
an unsteady incompressible flow with free surfaces is solved on the Eulerian grid by using
the full Navier-Stokes momentum equation and the volume of fluid (VOF) method. In order
to consider surface tension effects, the high-order nonlinear boundary conditions on a fluid
surface are also imposed on free surfaces.

Computational methods

Chan and Horn[2] proposed that the Reynolds description of the drainage process for organic
liquids appears to be very accurate down to film thickness of about 50nm. They also showed
that the continuum hypothesis breaks down, as the film thickness is less than about ten
molecules thick. The dimensions of a polymer molecule-chain are usually characterized by
the radius of gyration, R g defined as the square root of the average squared distance of all
the repeating units of the chain from the center of the mass of the chain. Jackson et al.[3]
presented the relation between R_ and molecular weight of the polymethylmethacrylate
(PMMA) in tetrahydrofuran (THF) at room temperature as follows:

R, =0.012M % (1)
where M is the molecular weight. From the above relation, we obtain the
value R, =8.34nm for the PMMA with M =75,000g/mol as used in Heydermann et al.’s
experiment[4]. Based on Chan and Horm’s results and the value of the R computed, we
assume that a PMMA of M =75000g/mol satisfies the contlnuum hypothesis as
L 2100nm . This study is focused on understanding physical phenomena in embossing
nano/micro scale structures with 100nm minimum feature size through numerical simulation
under the continuum hypothesis. In this study, a computational method based on the semi-
implicit pressure-linked equation algorithm (SIMPLE)[5] is employed for solving the
continuity and Navier-Stokes momentum equations:



60 FrHadte] olBn &8 A6 A2E 2002

Numerical results

In this numerical experiment, we used the PMMA as a resist material in order to compare our
results with Heydermann et al.’s experimental results. To simplify our numerical studies we
assumed that the embossing stage is isothermal and a stamp moves down with a constant
velocity. The density used is 1.17x10°kg/m’[6], viscosity is 3.00x10° Pa s[4], surface tension
is 29.7 mN/m([7], and wetting angle is 25°. The geometry of the computational domain
including the stamp and boundary conditions are shown in Figure 1. Assuming that the
polymer melt is incompressible and § >>h and h,, the embossing speeds V, are
computed from the equation [4]

V, =(h, —h,)t, =2phh? uS* (h, +h,)) (2)
where /1, is the initial height of the polymer film, /, is the final height of the polymer
film which is given by h, =h, —~WD/(S+W), p isthe viscosity, W is the width of
stamp groove, D is the depth of stamp groove, S is the width of stamp, and p is the
embossing pressure. For all case studies, the embossing speeds computed from Eq. (2) are
given in Table 1. Because the embossing process is done in a vacuum, the effect of air
pressure can be neglected. In order to make the air flow out, we created an artificial outlet
with the width Dy = D/50 at the middle of the top of the cavity.

In Figure 2, we compare our numerical results with Heydermann et al.’s experimental
results for the PMMA with M =75,000g/mol. Figure 2(a) shows numerical results for
§ =60um and W =20um that correspond to the atomic force microscope (AFM) height
profiles[4], respectively. It is shown that the predicted free surface shapes are in excellent
agreement with the experimental results. The characteristic length L for this case has a
range from 156.25nm to 200nm because /4, is equal to 200nm and the maximum pressing
distance of the stamp is 43.75nm. It is shown from the result that the simulation of the
embossing stage under the continuum hypothesis is reasonable at the 100nm length scale.

Figure 3 shows the obvious effect of the capillary force on filling behavior. The PMMA
melt is completely filled at the corner of the cavity in Figure 3(a), but it is not filled at the
comer in Figure 3(b). The interface between region B and air is almost vertical in Figure 3(a),
while the interface is inclined at about 30°to the vertical in Figure 3(b). We can also see the
concave region only in Figure 3(a). Figure 3(c) shows that the concave region is formed by
the capillary force. For the simulation with no embossing speed, the interface does not move
from 1.40sec and keeps its position because there is no inflow from outside.

In order to understand three-dimensional (3D) flow behavior at the embossing stage, a
3D simulation for §=30um and W =10um was carried out. The simulation results are
compared with the 3D AFM images[4] for S=60um and W =20pm in Figure 4. The
predicted free surface shapes are in good agreement with the experimental results, even
though the domain size of the simulation is different from that of the experiment.

To investigate the effect of width of stamp groove on flow behavior, we also simulated
cases of W =lumand W =100nm. In both cases, the S is given as 30um as with the case
of the W =10um. It is shown that the free surface shape is dramatically changed according
to the groove width in Figures 3, 5, and 6. Figure 5(a) shows that the free surface shape for
the case of W =1pum maintains a single curved shape and has no local concave region. This
result occurs because the W/ used is too small to make a double-well shape through surface
tension alone as shown in Figure 5(c) and the distance between the two peaks of two-humped
shape created only by viscous flow is too short as shown in Figure 5(b). In the case of
W =100nm, the free surface has a totally convex interface as shown in Figure 6. The reason
for this result is that the W used is too small to make a two-humped shape by viscous flow
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as shown in Figure 6(b) and the viscous flow is much faster than the capillary flow due to the
high embossing speed and small groove width to be used for the simulation.

Conclusions

In order to understand physical phenomena in embossing nano/micro-scale structures with
100nm minimum feature size, a numerical experiment using a commercial CFD code, CFD-
ACE, has been carried out. Through the comparison between our numerical result and
Heydermann et al.’s experimental result, it has been shown that the numerical simulation of
the embossing stage under the continuum hypothesis is reasonable at a 100nm length scale.
Through several numerical case studies, we have also presented that the flow behavior in the
embossing stage is dominantly affected by the capillary force and width of stamp groove.
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Dimension | S(um) | Wum) | p(®Pa) | D(mm) | A (nm) | A, (am) | V. (nm/sec)
2D 60 20 3.6x10° 175 200 156.25 1.83
2D 30 10 3.6x10° 175 200 15625 | 1731
2D 30 1 3.6x10° 175 200 194.35 10.2
2D 30 0.1 3.6x10° 175 200 199.42 10.6
3D 30 10 6.7x10° 175 200 189.06 1.83

Table 1 Simulatign,seaditions fay all cases

S/2 | W/2
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Figure 1 The geometry of computation domain and boundary conditions
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Figure 2 Comparison of 2D simulation results(a) and AFM height profiles(b)[4]

(a) for =29.7mN/m and (b) for 0=0 and V=7.31nm/s ¢) for 0=29.7mN/m and
V=7.31nm/s at t=2.41sec at t=2.46sec V=0 at t=2.44sec

Figure 3 Predicted free surface shapes for #=10um
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Figure 4 Comparison of 3D simulation results(a) and 3D AFM height profiles(b)[4]

(af o=29.N/m and (b) for =0 and ¥,=10.2nm/s (c) for o=29.7mN/ and
V.=10.2nm/s at t=0.220sec at t=0.236sec V=0 at t=0.276sec

Figure 5 Predicted free surface shapes for #=1pm

(a) for c=29.7mN/mand  (b) for o=0 and V,=10.6nms ¢) for 6=29.7mN/m and
V=10.6nm/s at t=0.0275sec at t=0.0259sec V=0 at t=0.0288sec

Figure 6 Predicted free surface shapes for W=100nm



