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Solving the Navier-Stokes Equation for Thermal Reflow
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For below 32-nm pattern formation, the extreme ultraviolet (EUV) and high-index fluid-based
immersion ArF lithography are still under development and it is questionable whether they will be
ready to timely meet resolution needs of most aggressive memory designs. Extending technology,
such as resist reflow technology, appears to be a bridge option calling for serious consideration.
Hence, a physical and mechanical understanding of thermal reflow is required for its better
implementation and application. In this paper, resist flow is described by using a two-dimensional
time-dependent Navier-Stokes equation with the mass conservation equation, which is composed
of the flow of the resist, the variation of the viscosity, the reflow temperature and the reflow time.
Due to an approximation based on experiment results, numerical solutions of this equation are
described and the simulation results of these solutions are compared to experiment results for
a contact hole pattern. In the virtual world, these simulations can predict the phenomenon of
thermal reflow, such as the effects of temperature and pitch size on the contact hole patterns,
with the appropriate correspondence between these mechanical parameters and the thermal reflow

parameters.
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I. INTRODUCTION

The resist reflow process is the most popular method
of enhancing the resolution of pattern shrinkage. Resist
reflow is a simple and cost effective method without any
additional processes because it bakes the resist at a tem-
perature above its glass transition temperature after the
pattern has been developed. For below 32-nm pattern
formation, thermal reflow patterning with 1.35-NA im-
mersion is easier than high-refractive-index immersion
and extreme ultraviolet (EUV) because the EUV and
high-index fluid-based immersion is still under develop-
ment and it is questionable whether it will be ready to
timely meet resolution needs of most aggressive memory
designs [1,2]. Hence, a physical and mechanical under-
standing of thermal reflow is required for its better im-
plementation and application. For an example of its ap-
plications, after the embedded microchannels are formed
in single-layered SU-8 by using moving-mask ultraviolet
lithography [3,4], these microchannels can be made small
by using thermal reflow. For pattern shrinkage, the ef-
fective factors of thermal reflow are the baking tempera-
ture, the baking time, the pitch, the pattern layout and
the resist materials properties, such as viscosity, surface
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tension and adhesion [5,6]. In this paper, an equation
of thermal reflow, which is composed of the flow of the
resist, the variation of the viscosity, the pattern density
and the reflow temperature and the reflow time, is de-
scribed, solved and analyzed. In terms of a comparison
with the experimental results; the accuracy of its mod-
eling and simulation is also described.

II. EXPERIMENT

An antireflective layer of an 80-nm-thick resist is
coated over a silicon wafer prior to the resist process.
The coated thickness is 0.37 pm. An ethylvinylether-
based polymer is coated and prebaked at 100 °C for 60
s. The exposure system is an ASML-700 system with
a numerical aperture (NA) of 0.6, a partial coherency
(o) of 0.4 and an attenuated phase-shift mask. Exposed
wafers are baked at 110 °C for 60 s on a hot plate and de-
veloped in a 2.38-wt% tetramethyl ammonium hydroxide
(TMAH) aqueous solution for 60 s. The time of resist
reflow is 90 s.

Figure 1 shows experimental results of Hynix Semi-
conductor Inc. for various temperature and duty ratios
[7,8].
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Fig. 1. Experimental results of Hynix Semiconductor Inc.
for various temperatures and duty ratios [7,8].

III. MODELING OF THERMAL REFLOW

The resist reflow at temperature above its glass tran-
sition temperature can be assumed to be an ideal fluid,
which is an incompressible fluid and to have a constant
density (p) and force (pndS) exerted across a geometrical
surface element ndS within the fluid [9]. Hence,

D 1

where @ (u, ¢, w) is the fluid velocity, g is the gravita-
tional acceleration, p is the density and P is the pressure.
At this point, the element of the stress tensor (7};) in an
incompressible fluid is

Ou;  Ou, .
Tij=—p5ij+,u<axz+8mj>,v-u=0. (2)

By Egs. (1) and (2),

Dui _ _E)P + i an + Bul + ) (3)
i = Ox; “aa:j dx; Oz Pgi:

pf_of of of  of
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Hence, the Navier-Stokes equation is
ou

1
ou > = _-vp 2
8t+(u V)d pV +oVid+g, (5)
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V-d=0, (6)

where v is the kinetic viscosity. In the z and the z direc-
tions,

ou, ou, ou
p ot “ax waz

— _a_P + 8_2 + 6_2 + (8)
0z o2 92 ) TP
ou Ow
8_117 + & =0. (9)

When @ - V@i € pV>2i for the slow flow equation and
when the gravitational acceleration (g, ) and pressure are
neglected, the Navier-Stokes equation becomes the diffu-
sion equations

OH 0’H

- = /U_7
ot Ox?
where H is a geometric boundary. In the shallow-water
approximation, the Navier-Stokes equation becomes
ou ou ou 10P

o e T8 T o 4

ifur H(z,t), (10)

ow ow ow  10P

E"‘U% +w§——;§—gz, (12)
Ou  Ow
E + F 0. (13)
From Eq. (13),
ou
w= =z + f(z,t) (14)

and f(z,t) = 0 when w =0 at z = 0. If F(z,2,t) =
z—H (z,t) in the kinematic condition at the free surface,

oF . _
E'F(U-V)F—O,

From Egs. (15) and (14),
0H OH Ou

W'FU%-FH%:O. (16)

By using ¢ (z,t) = (gH)% and Eq. (11),

atz = H (z,1) (15)

0 0
{E + (u—2c) %] (u—2c) =0. (17)
When u + 2¢ = 2¢g, 2 = =3¢+ 2¢p and z =~ ¢ =~ H (z,t),
0H OH
E'FHa—m—O. (18)
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For an analytical solution, the gravitational accelera-
tion (g) in the x-direction is zero and @ - V@ < pV?d
for the slow flow equations. From Eq. (7),

10P H?
0= _;67 v(’TZZ for x — coordinate, (19)
where kinetic viscosity is v = pu/p. From Eq. (8),
10P
0=————g forz— coordinate. (20)
p Oz

The net upward force per unit area of surface is, by Eq.
(19),

2 2
P—Poz—%%xz —>P=—ng—%ax2,
where P is the pressure in the fluid just below the sur-
face, Py is the atmospheric pressure and & is the surface
tension force. If the geometric boundary function (H) is
a power series, H = 1 4+ 2 4+ 22 + --- and if 2 is smaller
than 1, H ~# 1+ z and

(21)

0’H
P:—pg(1+w)—%6$2. (22)
From Egs. (19) and (22),
_ [e0H, 301,
B L} dr  vp Ox® 27 (23)
From Eq. (13),
9 [goH S OPH]1,,
WH—meW%Jﬁ' (24)

The boundary condition is F' (z, z,t) = z — H (x,t) = 0,
so that

OH 0 [H® (¢ S O°H
at_x{6<v+w&ﬁﬂ’ (25)
OH 10 [, (0®HY\ .5 .4
&—MXP<MQH+H’

_x __ gt _ pgw?®
:E,T:m,ﬂzz%, (26)

where H is the film geometry, w is the feature width,
v is the kinematic viscosity of the fluid and < is the
surface tension. A quasi-steady state of resist reflow can
be obtained by dropping 0H /Ot from Eq. (26):

0°H 3 2773 _ 02
<8X3>H + Q°H® =Q°. (27)

Analytical solutions with the dimensionless parameter
(22) can be obtained. In the isolated contact hole, the
entire domain can be divided into subdomain I of the left
ridge, subdomain II of the inside ridge and subdomain
IIT of the right ridge. The film geometries are

Hr =14+bi1¢s + c193,

d
Hp=1+ T2 +az¢r + badas + c203 + b4, (28)

Hrrr =14 azén,

Journal of the Korean Physical Society, Vol. 53, No. 5, November 2008

where a, b and c¢ are coefficients, which are calculated
by using the boundary conditions, d is the height of re-
sist and ¢ are the linearly independent homogenous so-
lutions. The three linear independent homogenous solu-
tions are

¢1 = exp (—Ax),
¢2 = exp (Az/2) cos (Am\/§/2) , (29)
¢3 = exp (A\x/2) sin (Ax\/§/2) ,

1 d d \*
@—3l@i1+m>—@i1+m>

where in subdomains I and III, A = (392)1/3 and in
gy —471/3

subdomain II, A = [392 (1+d(1+9%) 4] . For the

boundary condition z = -1/2,

OH;r  OHpy 0?Hy _ OHyp;

0X 98X’ 0x?  9x?’

For the boundary condition x = 1/2,

)

H;+d=Hyy, (30)

OH;;r  OHpp O*Hyr  OHp
Hor=d =Hi, =537 =53 Tax2 ~ ax2
(31)

If the wafer has a topology, the thickness of the resist
after thermal reflow is different due to the reflow condi-
tions. The surface tension of the resist varies due to the
nonuniformity of resist thickness. In the dense contact
holes, the film geometries are

d
lel—}—m—f-az(m-l-bzqﬁz + a3 + P4, (32)

Hip =1+ axdr + baga + c23. (33)
The boundary conditions at « = 1/2 are

0H; O0H; O*H; 0*Hyp

Hr=Hutd 5% ="3x" ax2 = ax2 Y
The boundary conditions between ¢ = - 1/2 and = = a
+ 1/2 are

Hir (x=av1/2) +d=Hi (x=—1/2):

8H] N 8H]]

0X (x=-12) 0X (X=a+1/2)

02 H,  0%Hyy (35)

0X2 (x=—172) 0X? (X=a+1/2)

IV. COMPARISON TO EXPERIMENTAL
RESULTS

Figure 2 shows the numerical result of the diffusion
equation in Eq. (10). The isolated pattern is wide and
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Fig. 2. Simulation results of the diffusion equation in Eq. (10) by using the second predictor-corrector scheme and the quick
scheme. The isolated pattern is wider and symmetrical due to the time of thermal reflow.
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Fig. 3. Simulation flow of Eq. (18) due to At of the courant number, which is the reflow time interval.

symmetrical due to the time of thermal reflow. The nu-
merical calculation methods are the second predictor-
corrector scheme, the quick scheme, the forward time
and centered space (FTCS) scheme and the Kawamara-
Kuwahara scheme.

Figure 3 shows pattern reflow due to At of the courant
number, which is the reflow time interval in Eq. (18).
As this time interval is larger, the pattern side forms
a slope of h = —z, a vertical slop and a slope of h =
x. These results are the same as the experiment results.
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These results are obtained by mod-

ifying the simulation of Prof.
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which were obtained by using a finite el-
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the surface tension. In Figure 4, the step corresponds
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temperature corresponds to the long time interval, which
is rapid reflow. The numerical calculation methods are
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Wendroff scheme.

Figure 4 shows the reflow velocity and the pressure
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'>T) >

Fig. 5. Simulation results of (a) wet thermal reflow Q;, (b) wet thermal reflow Q2, (c) wet thermal reflow Q3 and (d) SEM
(7)-(9) without the gravitational

digitization [10].
It can be assumed that the temperature of the thermal

reflow causes the molecules of the to move;
the upstream scheme and the Lax

distributions of Egs.
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to the time of the thermal reflow, reflow velocity is de-
scribed as an arrow and the pressure is described as a
contour in two dimensions. Due to the steps, various
velocity directions and pressure contours are shown in
Figure 4.

Figures 5 (a)-(c) show wet profiles of thermal reflow ac-
cording to the parameter  in Eq. (27). The simulation
parameters are as follow: resist thickness (um) = 0.1 and
trench width (um) = 0.1. The larger the dimensionless
parameter (QF = 7.54 < Q3 = 426.09 < Q3 = 7538.46,
which are the surface tensions 3 < & < & due to
Eq. (26)) is, the sharper the slope of the trench area is.
Figure 5 (d) shows the SEM digitization lines due to the
temperature of the resist reflow process [10]. The higher
the temperature is, 73 < T5, the shaper the corner edges
of the resist profile are. These corners become round and
collapse at temperatures above T7(> T5). The surface
tension is the magnitude of the force that is a force of
attraction between the molecules in the liquids and con-
trols the shape of the liquid. When the temperature is
increased, the surface tension is reduced because the at-
tractive force between the molecules in the liquids is de-
creased and the density is reduced. As the change of den-
sity is larger than that of surface tension due to tempera-
ture, the simulation results of the dimensionless parame-
ters (21 < Qs < Q3) in Figures 5(a)-(c) can describe the
simulation results of temperatures (T] > T4 > T4). The
simulation results of temperatures can be described by
the geometry of the boundary movements of the experi-
mental results in temperatures (T; > T3). In comparison
with experiment in Figure 5(d), the simulation result is
for a quasi-steady state and a wet resist state of resist
reflow, so that this result excludes the time dependency
and the evaporation of resist materials.

V. CONCLUSION

For an understanding of the physical and mechanical
phenomenon of thermal reflow, a resist flow model is de-
scribed by solving the two-dimensional time-dependent
Navier-Stokes equation with the mass conservation equa-
tion. For simple approximations, numerical solutions
are a diffusion solution, a non-linear wave solution in
shallow-water waves, a dimensionless solution and a fi-
nite element solution with a boundary. Simulation re-
sults agree well with experimental results. In shallow-
water waves, the simulation results of a non-linear wave
solution are the same as a description of the vertical side
views in the experimental results. In both the simula-
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tion of a dimensionless solution and the experimental
results, the higher the temperature is, 75 < T} , the
corner edges of resist profile become rounder and more
collapsed. Although the simulation parameters are not
used to analyze the chemical phenomena, these simula-
tions can predict the phenomena of thermal reflow, such
as the effect of temperature and pitch size on the con-
tact hole patterns, with an appropriate correspondence
between these mechanical parameters and the thermal
reflow parameters.
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