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Abstract

In the past there have been almost no analyses of mechanisms to achieve
higher resolutions and higher aspect ratios in thick-film resist processes. In this
work, the authors measures the effects of water in a thick-film resist on
indenecarboxylic acid generation in thick-film resist image formation, and studies
the mechanism of resolution enhancement through hydration processes. In
addition, a development rate measurement system, a system for analysis of resist
reactions during exposure, and lithography simulations are employed to simulate
profiles in thick-film resists. Calculation results are then compared with actual
resist profile. Specifically, a diazonaphthoquinone (DNQ)-novolac positive
thick-film resist is used; after coating to a thickness of 22 um and pre-baking, the
sample is subjected to dehydration in a vacuum desiccator, samples are prepared
both immersed in Water and without such immersion, and photochemical reaction
rates are measured during exposure, while also measuring development rates.
From the measured results for photochemical reaction rates of the resist during
exposure, the state of indenecarboxylic acid generation can be determined. The
development rate data is inputted to the SOLID-C lithography simulator,
thick-film resist simulations are executed, and the results were compared with
actual SEM observations of resist profiles. From the results of analyses of
photochemical reactions during exposure, it is confirmed that differences in water
quantity in the resist affect the generation of indenecarboxylic acid. Simulation
results also confirms that by immersing the resist in water, the resolution is
enhanced. The general trends of simulation results and actual patterning are in
agreement, and it is concluded that in thick-film resist, resolution is improved
when water is present in the resist in sufficient quantities for indenecarboxylic

acid generation.
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1. Introduction

In recent years thick-film resists with higher resolution and higher aspect ratio have been
sought, for use in micromachining and in hard disk and IC bump process. Consequently there is
mounting interest in new processes to enhance resolution in thick-film resist processes. For these
reasons, novel processes have been studied in the interest of improving the resolution of thick-film
resist processes. In the past, Shibayama[l] reported on the effect of water on photochemical reactions
in positive-type resists. However, there have been few analyses performed on mechanisms by which
resolution and aspect ratios are increased in thick-film resist processes. In this study, we have focused
on the effects of water in thick-film resist, and conducted analyses of photochemical reactions in thick
resist films as well as measurements of development rate characteristics, in order to study the effect of
water contained in the resist on the resolution. The results of simulations were compared with actual

resist profiles observed by SEM.

2. Measurement and Analysis System
Fig. 1 shows the configuration of the equipment used in this study. In order to measure and
analyze reactions in resist during exposure, an ABC analyzer [2] for measurement of the A, B and C
parameters of the resist, and a PAGA-100 system [3] for analysis of photochemical reactions during
exposure, were employed. To measure development rates and perform resist profile simulations, an
RDA system [4] for resist development rate measurement was used, and the SOLID-C software [5] was

used to calculate resist profile. These measurement systems and the software are described below.

2-1. Measurement and analysis of during exposure
(1) Resist A, B and C analysis equipment: This consisted of hardware to measure exposure doses and
transmittance, and software to calculate the A, B and C parameters [2].
(2) Equipment to analyze resist reactions during exposure: This consists of hardware including an
FT-IR spectrometer equipped with an exposure system in the measurement chamber, and software to
analyze changes in functional group absorbance with exposure reactions based on spectral data

obtained as a function of exposure time [3].

2-2. Development rate measurements and resist profile simulations
(1) Development rate measurement equipment: This consists of hardware for measurement of
reflectivity as development proceeds, and software to calculate development rates [4]. Development

rates are calculated in advance for a number of exposure doses. By this means, the development rate R
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for a given exposure dose E can be determined, and R(E) data can be calculated. This R(E) data is
inputted into a resist profile simulation software .

(2) Resist profile simulation software: The optical intensity of light passing through the projection lens
of the exposure system and focused in the resist film is calculated, and this optical intensity data and
development rate data are used by the software to calculate resist profiles. In calculation of the optical
intensity, light passing through the aperture of a chrome pattern on a reticle is diffracted by the chrome
patterns. Some of this diffracted light cannot pass through the lens due to the constraint of the lens
NA.

Thus, the optical intensity distribution after passing throught the lens is degraded in comparison with
the ideal intensity distribution.The optical intensity after passing through the lens is calculated using
partially-coherent image-formation theory [6]. The optical intensity is calculated at a position within
the resist film, and the optical intensity at a given position within the resist film can be computed. That
is, data sets E(X,D) relating the depth D within the resist film, the resist lateral-direction position X,
and the optical intensity E are photochemical reactions created. From this optical intensity data E(X,D)
within the film and the R(E) data measured using the development rate measurement equipment, the
development rate distribution can be calculated at a given position within the resist film. By using the
cell removal model [7] for the development simulation with this development rate distribution R(X,D),

the resist profile can be calculated for a given development time.

3. Experimental Conditions
3-1. Sample conditions
Samples were prepared at a temperature of 24.4 °C and at 31% humidity. Fig. 2 shows the
photochemical reactions flow of the sample preparation. The diazonaphthoquinone (DNQ)-novolac
positive thick-film resist (manufactured by Tokyo Ohka Kogyo) was coated to a Si substrate to a
thickness of 22 um. Proximity baking was used for 7 minutes at 110 °C. Next, samples were placed for 1
hour in a vacuum desiccator, and after dehydration were immersed in water at 15°C. The immersion

time was either 0 or 30 minutes.

3-2. Measurement of resist A, B and C parameters and resist photochemical reactions during

exposure

To measure the resist A, B and C parameters, a quartz substrate was used to prepare samples
with water immersion times of 0 and 30 minutes, and an ABC analyzer [2] was used to measure
changes in transmittance with exposure time. The g-line (436 nm) was selected for the exposure
wavelength; the exposure time was 600 s. The PAGA-100 system [3] was used for measurements of

resist photochemical reactions during exposure. The exposure was carried out at g-line for 600 s. In
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order to measure the amount of indene ketene generated, analysis was performed using azo-bond
absorption at 2150 cm-1; measurement of the amount of indenecarboxylic acid generated employed
carboxylic acid absorption at 1705 cm-1.

3-3. Development conditions and development rate measurements

Using samples prepared with Water immersion times of 0 and 30 minutes, development rates
were measured with the RDA system [4]. A g-line lamp was used to vary the exposure dose for each
samples. Development was performed by the dipping method using the TMAH developer (Tokyo Ohka
Kogyo) at 23 °C. Development rate measurements were performed at the monitoring wavelength of 950
nm.

3-4. Resist profile simulations

Development rate data was inputted into the SOLID-C resist profile simulator [5], and
simulations were run. The NA was 0.26 and coherence factor 0.6. The resist line width was varied from
4 um to 10 um (Line:Space = 1:2). The exposure dose was 5000 mJ/cmz2 for samples without immersion,
and was 2000 mJ/cmz2 for an immersion time of 30 minutes. Calculations were performed with the best
focus. The resist profile, resist line width, resist side wall angle, and resist loss from the top part of the

resist profile were calculated.

3-5. Actual resist profile

An exposure system, Titan model manufactured by Ultratech, was used (NA 0.26, coherence
factor 0.6); dip-development was performed for 7 minutes using a TMAH developer (23°C). Resist line
widths were between 4 um and 10 pum (Line:Space = 1:2). The optimum exposure dose Eqp, Which gives
the nominal feature width, were 5000 mJ/cm2 for no immersion, and 2000 mJ/cm2 for an immersion
time of 30 minutes. Calculations were performed with the best focus. The resist profile, resist line

widths, and resist residue were observed were observed with the SEM.

4. Experimental Results and Discussion
4-1. Results of resist A, B and C characteristics and resist photochemical reactions during
exposure
Fig. 3 shows the scheme of photochemical reactions in diazonaphtoquinone (DNQ)-novolac
resists. Exposure causes the diazonaphtoquinone in diazonaphtoquinone (DNQ)-novolac resist to
change to indene ketene, which combines with water in a hydrolysis reaction to produce
indenecarboxylic acid, which dissolves in an alkaline developer.

Fig. 4 shows the IR spectrum during exposure. Fig. 5(a) shows changes in azo-bond absorption
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at 2150 cm! indicating the dissociation of diazonaphthaquinone, and Fig. 5(b) shows changes in
carboxylic acid absorption at 1705 cm-! indicating production of indenecarboxylic acid, both plotted
against exposure time. The 2150 cm-1 absorbance indicating diazonaphtoquinone decreases with
exposure. This may be attributed to the dissolution through exposure of diazonaphtoquinone, a
photosensitive material, to produce indene ketene. On comparing samples with or without immersion
in Water, the reaction reached saturation in both at an exposure time of abut 600 s. Focusing on this
600 s exposure time, whereas the normalized absorbance on immersion is 0.95, for samples not
immersed in water it drops to 0.85. This is considered to have occurred because of the difference in
water content within the resist film results in different amounts of indenecarboxylic acid production.
For exposure times of from 0 to 150 s, immersion in water is also seen to result in more rapid reaction,
with an inflection point occurring after 150 s of exposure for immersed samples, versus 250 s of
exposure for samples without immersion. In this way, the exposure times for production of indene
ketene and for production of indenecarboxylic acid nearly coincide, so that it is inferred that the
reaction to produce indenecarboxylic acid from indene ketene proceeds almost instantaneously.

Fig. 6 shows the results of measurements of the resist A, B and C characteristics. The resist
transmittance hardly changes at the start of exposure to about 100 s, and rises after that. Without
immersion in water, the amount of change in transmittance about 500 s after the start of exposure is
decreased, and is thought to be near the maximum value. With immersion in water, the transmittance
is reaches maximum at about 200 s, and immersion in water is seen to result in a sharp rising
transmittance curve. This may be due to a difference in the rate of production of indenecarboxylic acid
as in the results of analysis of resist photochemical reactions during exposure in Fig. 5 With immersion
in water, the maximum value of the transmittance is 0.73, versus 0.68 without immersion; as with the
results of measurements of resist photochemical reactions, differences in water content within the
resist film are thought to have caused differences in the amount of production of indenecarboxylic acid.
Further, With immersion in water the transmittance declines after reaching maximum value; this is
due to the gradual progress of turbidity after the resist transmittance has peaked (after bleaching has
nearly completed). The cause of this turbidity is thought to be the emission of nitrogen from the resist
upon production of indene ketene by the diazonaphtoquinone, creating numerous pinholes when the
gas escapes from the resist surface. ABC parameter was A=0.1791, B=0.0225, C= 0.0203 at without
immersion in water, A=0.1099, B=0.0438, C=0.0528 at with immersion in water.

4-2. Results of resist development rate measurements
Fig. 7(a) shows resist development characteristics. The resist sensitivity (Ewn) was 6330
mJ/cm2 with no immersion, and was 1170 mJ/cm2 with immersion at 420sec development, for higher

sensitivity in samples immersed in water. Fig. 7(b) shows contrast data, the slope (tan 0) of the
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dissolution rate curve, which serves as one index of resolution, was 1.16 for immersed samples and 0.59
for samples without immersion. Therefore contrast was improved by immersion in water. These results
are thought to indicate that differences in water content in the resist films appeared as differences in
the amounts of production of indenecarboxylic acid soluble in alkali solution, and so influencing the

sensitivity and contrast.

4-3. Results of resist profile simulations

Fig. 8 shows the results of resist profile simulations. With no immersion in water was not
resolved, while for those immersed in water the resolution was 4 um, so that immersion resulted in
higher resolution. As Fig. 9 indicates, when samples were immersed in water, the side wall angle of the
resist profile was more close to 90 degrees and Fig. 10 shows that the resist loss in the top part of the
resist profile was reduced for samples immersed in water (side wall angle measurement point was at
the middle of resist depth). Thus immersion in water was found to be advantageous in terms of
resolution, verticality of the resist profile. These differences comes from the difference in contrast

resulting from the resist development characteristics.

4-4. Results for actual resist profile

Fig. 11 shows the results of SEM observations of actual resist profiles, compared with
simulation results. For samples immersed in water, resolution was 4 um for a 2000 mJ/cm2 dose.
However, without immersion in water, resist remained in the bottom part of the profile, and was not
resolved. This is attributed to the lack of sufficient water content in the resist film, which results in
inadequate indenecarboxylic acid production for resolution. Therefore the immersion in water resulted
in higher resolution. With respect to the side wall angles of the resist profile, when samples were
immersed in water, the side wall angle of the resist profile was more close to 90 degrees ; also, resist
loss at the top part of resist profile was reduced for samples immersed in water. Thus immersion in
water was found to be advantageous for resolution, for verticality of the resist profile. This is attributed
to differences in contrast due to the resist development characteristics. The general trends were in good

agreement with the results of the resist profile simulations.

5. Conclusion
The effect of water content in the film on raising the resolution of diazonaphtoquinone
(DNQ)-novolac positive thick-film resist was confirmed through experiments, and the underlying
mechanism was studied. From simulation results, it was confirmed that by immersing the resist in
water the resolution is improved. The trends of the actual resist imaging were found to be in agreement

with the simulation results, confirming that simulations can be applied to thick-film resist processes,
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too. It was further confirmed that immersion of resist in water results in improved resolution. It is
thought that water in the resist affects the generation of indenecarboxylic acid, resulting in higher
resolution. It was confirmed that techniques to control the water content in thick-film resists are

needed as a means of enhancing resolution.
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RDA system resist development rate measurement ABC analyzer measurement of the A, B and C parameters

Fig. 1. Configuration of the equipment
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Figure 3. The most probable reaction of DNQ-novolak positive resist.
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Figure 4. Typical FT-IR spectra showing bleaching reactions as a function of (a)Without
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2001 SPIE

—— Without water process
— — — With water process

1.0 410 —
T
' 1 8
O o8 408 O
< =
o i i c
= 9
O 064 Ho6 ®
® =
: 4 T [}
C (]
D 04 d04 §
[ (]
S 1 ©
::) 0.2 do2 @
x| ] 8
@
0.0 - J400 O

1 " 1 " 1 " 1 " 1 " 1 " 1

0 100 200 300 400 500 600
Exposure time (s)

Figure 5. Relationship between [PAC], [COOH] and exposure time

( at exposure power was 10mW/cm?2).

0.8

07 | g

06 | / N
R NPT RN S T VTN
05

04 |- !

03 | !

Transmittance

0.2 ——— Without water process

0.1 — — — With water process

0.0 s | s | s | s | s |
0 100 200 300 400 500

Exposure time (s)

Figure.6 Relationship
between transmittance and exposure time

(a)Without water process and, (b)With water process by using ABC-analyzer at exposure power



2001 SPIE

10mW/cmz,
Eth
10000 |- \ :
i \ — Without water process
L ! — — — With water process
|
i |
- |
| | Without water:6330mj/cm?
&= 1
o0 1 With water  :1170mj/cm?
E I 1
= \
= \
+— L
w \
\
A
~ ~
1000 =
[ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 100 200 300 400 500 600 700 800 900 1000
Development time (s)
(a)
Tan@
1000
Without water :Tan® 0 0.59 e— Without water process
n — -m— -With water process
E With water :Tan6 [0 1.16
S
o 100 | _m -Eun
A f
-E -
Q I !
g_ L
o .
E 10 e
D .: _______________ [ |
() o
1 " L1 11l " L1l " A e | " L1l " L1l
0.1 1 10 100 1000 10000

Exposure dose (mJ/cmz)

(b)



2001 SPIE

Fig. 7. RDA data Eth, Tan 6

With water

Without water

Expo.

2000mj/cmz2 3000mj/cm?2

3000mj/cmz2 5000mj/cm?2

10
U m

Line

"9\

gm

Line

-l

g m

Line

-l

U m

Line

e L




Fig. 8. SOLID-C data Resist profile simulation Line:Space=1:2
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Fig. 10. SOLID-C data Resist loss graph
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