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Photoresist lithography has been applied in MEMS (micro electro mechanical systems). A flex-
ible 3D (three-dimensional) micro/nano fabrication technique and its process simulation tool are
required for 3D MEMS. This paper presents an UV (ultraviolet) lithography process simulation
for the formation of an embedded micro/nano fluidic channel in a negative-tone photoresist. For
this purpose, the moving-mask technology is modeled. The simulation algorithm of the nano-
lithography is applied for the micro-lithography. The validity of the simulation for the proposed 3D
microstructuring is successfully confirmed by a comparison between the experimental and the sim-
ulated results. Hence, modeling and simulation for the formation of various patterns of micro/nano
fluidic channels in a negative-tone photoresist can be used to provide the photoresist characteristics
and to optimize the lithography process conditions.
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I. INTRODUCTION

Micro/nano systems can manipulate information with
light, diagnose the body from the inside, or assemble
parts of operating individual atoms and molecules by in-
tegrating functional elements in different domains, such
as mechanics, electronics, chemistry, optics, and biotech-
nology. Application of 3D (three-dimensional) photore-
sist microstructures on substrate surfaces has been of
great interest because these microstructures are applica-
ble to various MEMS (micro-electro-mechanical system)
devices [1]. For micro/nano fluids, the micro/nano chan-
nels can be used for material/bio devices to pass (or fil-
ter) the desired chemical or biological elements. From
the idea of a nano/microstructure, the modeling and the
simulation of lithography processes can reduce manufac-
ture cost and time at the design step, the fabrication
step, the test step, and the packaging step. For the pro-
cess of micro/nano fluidic channel formation, the multi-
step fabrication composed of lithography, etch, and mold
processes is more complicated and expensive than the
single-step fabrication compared of moving-mask lithog-
raphy. Moving-mask lithography with a single exposure
step can realize micro/nano fluidic channels with a semi-
arbitrary cross-sectional shape. Moving-mask lithogra-
phy can control the sidewall angle of the pattern by vary-
ing the mask-movement trajectory [2,3].
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A lithography process simulation is required to develop
and verify process conditions in a thick/thin and nega-
tive photoresist. Hirai et al (Ref. 2) proposed a macro-
scale simulation in a positive tone resist and used a pho-
toresist dissolution rate function to consider the photore-
sist dissolution vector in the development process by fit-
ting the experimental profile data with the develop time.
However, this paper describes both macro- and nano-
scale simulations and models with optical, chemical, and
mechanical phenomena during moving-mask lithography.
In this paper, the embedded micro/nano fluidic channels
formed in a negative chemically amplified resist (CAR)
by moving-mask UV (ultraviolet) lithography are mod-
eled and simulated by using full lithography processes,
which include exposure, post exposure process (PEB),
and development.

II. MOVING-MASK LITHOGRAPHY

Figure 1 shows a comparison of the multi-step method
with moving-mask lithography for the fabrication of
embedded micro/nano fluidic channels. The multi-step
method is composed of lithography, etch, and mold. This
method can make limited shapes. Hence, the multi-step
method is more complicated and expensive than the
moving-mask lithography. For the microchannels’ side-
wall and ceiling, the deposited dose depends on the mask-
movement trajectory of the line and space (L/S) mask
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Fig. 1. Schematic drawing of (a) a multi-step method and
(¢) the moving-mask lithography for manufacturing embed-
ded micro/nano channel and of (b) the normal lithography
for the formation of line and space patterns.

pattern. The sidewall angle increases according for a
longer mask-movement range. Optimization of the pho-
toresist characteristics and the lithography process con-
ditions is expected to enable the fabrication of various
micro/nano embedded fluidic channels.

Figure 2 shows a simple schematic for the mechanism
of the macro/nano embedded channel formation accord-
ing to the mask’s moving range (R;< Ra< R3 in Fig. 2).
The deposited dose and the pattern profile on a negative
photoresist correspond to the three kinds of the mask
movement trajectories. When the mask moves in the
range of pitch size, a fine embedded channel is formed
from the non-crosslink region inside a negative resist.
Hence, the limited movements of the mask cause the 3-D
macro/nano embedded channels. The deposited doses of
the nano/macro embedded channels’ sidewall and ceiling
depend on variations in the mask-movement trajectory.
The velocity and the movement range of the mask can
be used to control the sidewall angle, width, and height
of the channels.

Figure 3 shows the distributed dose deposited inside
a resist at the initial time and at time 7 according to
Fig. 2. When the mask is moved a distance 7 in Fig. 3,
the function E(x) of the deposited dose on the resist at
position x is

E(x); =M(z—7)F(1) — E(z) = /M((E—T)F(T)d’r ,
(1)

where E(x), denotes the deposited dose on the resist
when the mask is positioned at © = 7, M(x — 7) is a
function defined by one of two values, which are 0 for an
opaque mask and 1 for a transparent mask, and F'(7) is a
function of the deposited dose at the position where the
mask is moved. E(x), M(z), and F(T) are transformed

to E(f), M(f), and F(f) with the convolution theorem
by using Fourier transformations:

E(f) =M(N)F() = F(f) = E)/M(]) (2)

By applying the inverse Fourier transformation to Eq.
(2), the pattern function of the mask movement, F(7),
is derived. This concept makes it possible to derive the
mask movement pattern mathematically, which realizes
the distributed dose corresponding to the target shape
without trial and error. In this research, the suggested
patterns are line and space (L/S) patterns. The pro-
posed movement of the mask is distinguished from the
movement of the mask in a scanner. According to Fig.
2, when the movement range of mask is the L/S pitch
size, a fine embedded fluidic channel is formed.

III. NEGATIVE LITHOGRAPHY
SIMULATION

In general, the chemically amplified negative-type re-
sist is composed of polymer, a photo/radio-sensitive com-
pound called a photo acid generator (PAG) and a cross-
linker. For the mechanism of the lithography process
in a negative-tone resist, during the exposure process,
the negative CAR is irradiated by using deep-ultra vi-
olet (DUV) radiation, so that the PAG generates acid.
During PEB, the acid catalyzes cross-linking reactions
among the polymer chains directly or through the cross-
linker. The cross-linking leads to the formation of poly-
mer clusters and finally to a gel state, which is consid-
ered insoluble to the developer. During the development
process, the developer dissolves single and uncross-linked
polymer chains. As a result, the region of the resist film
with the absorbed radiation becomes less soluble than
the neighboring regions with the non-absorbed radiation.
The neighboring regions dissolve faster and reveal the
surface of the substrate. Hence, for the exposure pro-
cess, exposing a CAR resist to DUV light generates both
acid from a PAG and a cross-linking reaction caused by
the photon energy:

% = —C-[PAG] T, (3)
[H*], = [PAG)—y — [PAG),

= [PAG);—o(1 — e CF) (4)

d[jtm] = _kphoto ' [SCZ] I, (5)

where PAG is the photo-acid generator, E is the expo-
sure dose, C'is a Dill’s parameter, t is the exposure time,
kphoto is the cross-linking reaction constant for the cross-
linking reaction attributable to the photon energy gen-
erated by exposure, I is the intensity of incident light,
and [Sc;] is the normalized concentration of the reac-
tive groups in the cross-linking agent. During PEB, the
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Fig. 2. Schematic of the mechanism for the formation of embedded macro/nano channels according to the range of mask
movement at a velocity: (a) R = 0, (b) R = R, (¢) R = R, and (d) R = Ra, where R is the range of mask movement and
R1 < R2 < Rs. For a negative resist, (a), (b), and (d) pattern profiles correspond to the three kinds of (a), (b), and (d) of the

mask movement trajectories in Fig. 2(e).
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Fig. 3. Exposure step of moving-mask lithography at the
initial time and the time 7: (a) mask moving, (b) distributed
dose on the mask at the position when the mask has moved
by a distance 7, (¢) deposited dose inside the resist at position
x, and (d) integrated distributed dose profile deposited at the
resist surface.

photo-generated acid catalyzes a thermally induced re-
action:

d[Z/+] = _kloss . [H+] - kquench : [A] : [B]
+V  (DaciaV[H ™)) , (6)
S = e [ [B] )
Wl — e (7 150 0

where ¢’ is the PEB time (sec), [HT]™ is the acid concen-
tration, [B] is the base quencher, D,.;4 is the diffusion
constant of the acid, m is the order of the cross-linking re-
action, k; is the cross-linking reaction constant, kqyench
is the rate of acid neutralization, and k;,ss is a constant
corresponding to the deactivation of the acid [4,5].

IV. SIMULATION AND ANALYSIS

Figure 4 shows the distributed dose deposited over a
positive-tone resist by applying the inverse approach of
Fig. 3. The pattern function, F(7), of the mask’s move-
ment in Fig. 4(f) is derived by applying the fast Fourier
transformation (FFT) and the inverse FFT. However,
the inverse approach requires a correction to yield a suc-
cessful matching of simulation results to experimental re-
sults. The correction is performed in the convection step
from the function T'(z) of the target shape to the func-
tion E(x) of the distributed dose. The function T'(x) in
Fig. 4 is the relation of the resist thickness’s reduction to
dose. The dependence of the resist thickness’s reduction
on the deposited dose can be obtained through the nor-
mal exposure without the mask movement. The inverse
approach with the conversion step can provide not only
a suitable mask movement pattern but also the optimal
mask [6].

If a negative resist is composed of a polymer resin and
a photoacid generator (PAG), the PAG generates acid
(H™) by acting with ultraviolet light (PAG + hv — H™).
The exposure dose is distributed over and is deposited



-854- Journal of the Korean Physical Society, Vol. 56, No. 3, March 2010

(a) (b) (e)
g1 e
5 M(x) FFT , M(f) i F(f)=E(f)/M(f)
ED.S *2 T T 5
£, o L 1T 00,9 D naool
l-mu R0 EOn I | 5 10
| E(x) FFT,, E(f) 02 F(x)
b7 ]118:
. oLLe ) TT T
0 G Wm0 5 i O 5 10
Distance Distance Distance
(<) (d) "
L%Au Ted e 3
2w :
] %TTTmTTT ke
(9)

Fig. 4. Inverse approach of the distributed dose profile
deposited over the resist surface for a positive-tone resist:
(a) mask function M (z), (b) Fourier transformation M (f) of
M (z), (c) the deposited dose E(x) on the resist surface at po-
sition z, (d) Fourier transformation E(f) of E(z), (e) Fourier
transformation F'(f), (f) distributed dose F(7) on the mask
according to the position when the mask is moved by a dis-
tance 7, (g) target shape function T'(z), and (h) cross-section
of the fabricated microstructure. ‘FFT’ in the graph legends
between (a) and (b) indicates ‘Fast Fourier Transformation,’
‘Inv. FFT in the graph legends between (e) and (f) indicates
‘Inverse Fast Fourier Transformation.

into the resist by the moving mask. During PEB, the
photo-generated acid changes the blocked resin into de-
blocked resin (Ht + Blocked Resin — HY + Deblocked
Resin). After the development process, an embedded flu-
idic channel has been formed [7]. For the moving-mask
lithography, various profile shapes correspond to vari-
ous aerial images. Hence, the aerial image of a normal
lithography simulator is modified into the deposited dose
into the resist of the moving-mask lithography by using
the inverse approach, which includes a conversion step
from the target shape function. The simulation profiles
of the moving-mask lithography are calculated by using
the modified aerial images as input data to the developed
lithography simulator.

Figure 5 shows the simulation results of negative CAR
processes for 75.5-nm line and space (L/S) pattern for-
mation. Simulation results of a negative CAR are the
aerial image of the illumination calculation in Fig. 5(a),
the PAG concentration of Eq. (3) after exposure process
in Fig. 5(b), the cross-linked polymer concentration of
Eq. (8) after PEB corresponding to the de-protected in-
hibitor concentration in a positive process in Fig. 5(c),
the dissolution rate concentration of Mack’s model for
development in Fig. 5(d), and a pattern profile of the
ray trace algorithm in Figs. 5(f) and (h). The simula-
tion results in Figs. 5(f) and (h) are in good agreement
with the experimental results for a 75.5-nm L/S pattern
profile in Fig. 5(e) and for a 20-um L/S pattern profile
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Fig. 5. Comparison of the simulation with experimental
results in negative CAR processes for the micro/nano L/S
pattern formation: (a) aerial image, (b) PAG concentration,
(c) cross-linked polymer concentration, (d) development rate
concentration, (e) and (g) experimental results [8,9], and (f)
and (h) simulation results for a 75.5-nm line and space (L/S
= 1:1) pattern and a 20-um (L/S = 1:2) pattern.

Concentration

in Fig. 5(g), respectively. For the 75.5-nm (L/S = 1:1)
pattern formations in Figs. 5(e) and (f), experiment con-
ditions corresponding to the simulation conditions were
a 193-nm wavelength, a resist of 90-nm ARC thickness,
and a 210-nm resist thickness, a 6% attenuated phase-
shifting mask, a 0.75 numerical aperture (NA), an annu-
lar illumination with an outer 0.89 ¢ and an inner 0.55
o, a 26.2-mJ/cm? exposure, a post-apply bake (PAB) at
105 °C for 60 sec, a PEB at 105 °C for 60 sec, and devel-
opment for 60 sec [8]. For a 20-um (L/S = 1:2) pattern
formation, experimental conditions corresponding to the
simulation conditions were a 365-nm wavelength, a 90-
nm ARC thickness, a 74-pum resist thickness, a 0.63 NA,
a convention illumination with 0.6 ¢, a 150-mJ/cm? ex-
posure, a 1stPAB at 65 °C for 2 minutes, a 2nd PAB at
95 °C for 6 minutes, a 1st PEB at 65 °C for 2 minutes,
a 2nd PEB at 95 °C for 6 minutes, and development for
10 minutes [9].

Figure 6 shows simulation results of the embedded mi-
cro channels for various cross-sectional shapes on the
mask-movement trajectory. The simulation results of a
negative CAR are aerial images of the illumination cal-
culation and the inverse approach in Fig. 6(a), the PAG
concentration of Eq. (3) after the exposure process in
Fig. 6(b), the cross-linked polymer concentration of Eq.
(8) after PEB in Fig. 6(c), the dissolution rate concen-
tration of Mack’s model for development in Fig. 6(d),
and pattern profiles of the ray trace algorithm in Figs.
6(f), (h) and (j). The aerial image without a moving
mask is modified into the deposited dose with a moving
mask by using the inverse approach with the conversion
step in Fig. 4. Various channel shapes correspond to
various aerial images. The simulation results in Figs.
6(f), (h), and (j) are in good agreement with the exper-
imental micro channel results for 30-, 50-, and 100-um
movement ranges of the mask in Figs. 6(e), (g), and



Mechanism of Embedded Micro/Nano Channel Formation for a Negative-tone Photoresist - - - — Sang-Kon KIM et al. -855-

(e (f

Intensity

Concentration
14

Fig. 6. Comparison of simulation results with experiment
results in negative CAR processes for an embedded micro
channels: (a) aerial image, (b) PAG concentration, (c) cross-
linked polymer concentration, (d) development rate concen-
tration, (e), (g), and (i) experimental results [10, 11], and (f),
(h), and (j) simulation results.

(i), respectively. Experiment conditions corresponding
to simulation conditions were a 100-um pattern width, a
10-pm pitch, a 1-um space width for the mask pattern,
a 150-mJ/ecm? incident dose, a 50-um resist thickness, a
1st PEB at 65 °C for 1 minutes, a 2nd PEB at 95 °C
for 4 minutes, and development for 8 minutes [10, 11].
Although the comparison of the simulation results with
the experimental results for embedded-nano-channels is
not shown because of the absence of experimental data,
a simulation of the channels is possible in terms of the
simulation results for the nano L/S pattern in Fig. 5.

The aerial image with a moving-mask is different from
the aerial image without a moving-mask. In this paper,
a direct simulation of aerial images due to the moving-
mask technology is not considered. The aerial image
without a moving-mask is calculated and is approxi-
mately modified into the deposited dose inside a resist
with a moving mask. For this description, Fig. 3 shows
the dose deposited inside a resist transferred from the
mask pattern due to a moving mask. Figure 4 shows de-
posited dose which was extracted from a SEM image of
the experiment data by using an inverse method.

V. CONCLUSION

Moving-mask lithography can serve as a high pre-
cise 3D micro/nano fabrication method because the 3D
photoresist microstructure can be defined by using the

moving-mask trajectory. Various 3D micro channel for-
mations in thick/thin negative-tone photoresists were
modeled and simulated. To establish confidence in mod-
eling and simulation, we compared the thick/thin line
and space patterns and the various shapes of the micro-
embedded channels with those of experiments. Simu-
lated results matched the experimental results well. The
accomplishment and the improvement of the moving-
mask technology can yield not only an effective way to
minimize time and cost for 3D microstructuring but also
a basic way to study both optics and resist materials.
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