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Preface

The work of this thesis has been carried out under the guidance of Professor Takahiro Kozawa at
Development of Beam Materials Science, the Institute of Scientific and Industrial Research, Osaka
University.

The objectives of this work are to develop the semiconductor coat-develop process module by

clarifying the mechanism of randomly generated stochastic defects in EUV lithography.
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Chapter 1

General introduction






1-1. Challenges of extreme ultraviolet lithography in semiconductor manufacturing
Semiconductor integrated circuits (IC) play a major role in the fields of information processing and
communication technologies, and are now widely used. As forecasted by Moore's Law," the density
of ICs continues to increase every year. Such advancements translate to dramatic growth in information
processing capacity, a significant factor in the spread and expansion of information processing devices
such as personal computers and in recent years, smart phones. Since the spread of cell phones in the
1980s, information communication technologies have continued to progress forward, starting with the
first-generation mobile communication system (1G) and now, with transmitting signals up to 20 Gb/s,
fifth-generation mobile communication system (5G). Cutting edge ICs are needed to instantly process
large volumes of transmitted and received signals. This further pushes IC integration / manufacturing
to much more stringent requirements every year. )

Increasing IC integration means increasing the number (density) of transistors fabricated in a given
area (in the IC) through miniaturization. In IC manufacturing, there are various processes such as
cleaning, film deposition, lithography, etching and doping that are performed in numerous repeating
cycles. Lithography is the IC manufacturing process step where the structure designs / patterns for
gates and interconnections are transferred to substrates. This is also the first step of miniaturization or
pitch scaling in IC manufacturing. Typical pitch scaling techniques in lithography are; shorter
wavelength (1) of exposure source utilized to transfer patterns to substrates, higher numerical aperture
of projection lens in the exposure tool utilized, higher resolution of photoresist polymer and so on.
Extreme ultraviolet (EUV) lithography (A= 13.5 nm), the current leading edge lithographic technology,
is now starting to be utilized in the mass production of ICs.*® However, to fully take advantage of the
extremely fine, sub-10 nm pitch scaling through this technology, the challenge of understanding and

mitigating the major issue of stochastic pattern defects needs to be seriously considered. ¥



1-2. Stochastic defects in EUV lithography

Stochastic defects are randomly generated type of

YOO OO0 0000
defects that pose as a possibly major issue in EUV SO0000000 0
pls v alalelelalely
lithography. Figure 1-1 indicates one such SO0000 OO0C
YO O0O00O000C
stochastic defect; (a) pattern collapse which occurs YOOOO0000C

when the ratio of height to line width exceeds a DO000000000
lo'e
certain level. Another is (b) ‘closed hole’ defects ’

which occur when the pattern size falls below a ) ) )
Fig. 1-1 SEM images showing EUV stochastic

certain level. defects: (a) ‘pattern collapse’ on 32 nm-pitch line-
and-space photoresist patterns and (b) ‘closed hole’

Lithography is composed of several ) ) ]
on 42 nm-hole photoresist patterns with 70 nm-pitch.

processes; photoresist coating, pattern exposure,

post exposure baking, and lastly developing. Each of these processes are perceived to have an effect
on the stochastic defect generation. Figure 1-2 shows a schematic cross-sectional view of the
photoresist for each process step. The first step is the photoresist coating. It is considered that photoacid
generators (PAG) in a photoresist film are uniformly distributed macroscopically, however,
microscopically distances between PAGs are not uniform and they are normally distributed. This
normally distributed distance is one of the causes of stochastic defect generation. Along with PAGs,
photoacid diffusion inhibitors (i.e. quenchers) are also considered to be unevenly distributed across the
film, but for the sake of simplicity, only the PAGs are considered in this diagram. The second step is
pattern exposure. PAGs are irradiated by the exposure light and generate acid in the photoresist film.
The exposure light intensity is normally distributed, furthermore, the number of photons per unit
volume in EUV light is relatively much lower than previous lithographic technologies (10 to 100 times
lower than in ArF light). The smaller number of unevenly distributed photons is also considered to be
one of the causes of the stochastic defects generation. ? The third step is the post exposure baking
which amplifies and diffuses the acid generated by the exposure light, enhancing the deprotection
reaction of the photoresist polymer. The acid diffusion length by post exposure baking is also not
uniform and is of normal distribution. For this reason, it is also considered that normally distributed
diffusion length causes stochastic defects. The last step is developing. The deprotected photoresist
dissolves in developer solution at a uniform dissolution rate as a bulk film. However, for every

microscopic developer molecule, the photoresist dissolution rate has a normal distribution, another
4



cause of stochastic defect generation.

As mentioned earlier, stochastic pattern defect generation in photoresists are the combination of
several factors in the various steps of lithography. To summarize; PAG locations in coating film, the
exposure light intensity and associated acid generation distribution, the acid diffusion length in post
exposure baking and photoresist dissolution rate in development are uniformly distributed
macroscopically throughout the system, but have a normal distribution microscopically, so that they

are combined to generate stochastic defects in the photoresist pattern.

1. Photoresist coating 2. Pattern exposure 3. Baking 4. Developing

TR

PAG Proton diffusion = Developer soluble polymer

I Photoresist polymer - Proton == Un-protected polymer
[ Substrate D Exposed area

Intensity

(a) (b) () (d)

Fig. 1-2 Sources of stochastic defects in each lithography process step: (a) PAG distribution after coating, (b) acid
generation by exposure light and its intensity in exposed area, (c) proton diffusion with baking and (d)
solubility/insolubility of photoresist to developer.

1-3. Photoresist polymer and alkaline developer materials

Figure 1-3 shows the three typical types of photoresist polymer utilized in these experiments. These
types of photoresist polymers are the commonly applied materials in lithography; polyhydroxystyrene
(PHS) type polymer is utilized for KrF lithography, acryl-type polymer is utilized for ArF lithography,
and PHS-acryl hybrid-type polymer is being utilized for EUV lithography. Triphenylsulfonium-
trifluoromethanesulfonate (TPS-triflate) was used as a photoacid generator (PAG) and tri-n-octylamine
(TOA) was used as a quencher for each photoresist. It is known that the molecular weights of the
entanglements for PHS and acrylate polymer were about 30,000 and 20,000, respectively'?. It is
considered small enough not to affect the dissolution behavior because the molecular weights are about
7,000 for PHS-type and hybrid-type photoresist and 11,000 for acryl-type photoresist polymer in this
study.



Tetramethylammonium hydroxide (TMAH) aqueous solutions is utilized as the standard alkaline
developer in the high-volume manufacturing and tetrabutylammonium hydroxide (TBAH) aqueous
solutions is being considered as a specific developer for EUV lithography. Figure 1-4 shows four types
of alkaline developer utilized in this study, TMAH, tetracthylammonium hydroxide (TEAH),
tetrapropylammonium hydroxide (TPAH), and TBAH aqueous solutions, were used. The normality of
solutions was adjusted to 0.26 N. The pH of the developers was measured to be roughly the same at
around 14.3 to 14.4. Moreover, a simple patterning test (50-nm lines-and-spaces) comparing the four
types of developers on processing the PHS-type photoresist reveal that regardless of developer solution,
there was no significant difference in the measured line width (indicated here as critical dimension or
CD) with respect to exposure dose (fig. 1-5). This implies that the various results obtained here can be
primarily attributed to the differences in developer characteristics (not differences photon counts due

to changes in exposure dose).

Photoresist Polymer PAG Quencher Solvent
PHS-type ~
[ ‘ P _.’[ AN
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Acryl-type I H:E, sd) PGMEA/PGME
o0 (60/40)
? TPS-Triflate TOA
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Fig. 1-3 typical three types of photoresist polymer.



Developer name Chemical structure
TMAH
(Tetramethylammonium Hydroxide)
OH
e
|
TEAH
(Tetraethylammonium Hydroxide) ( OH
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TPAH OH
(Tetrapropylammonium Hydroxide)
o
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Fig. 1-4 Tetraalkylammonium hydroxide developers used in this study.
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£ --TBAH
<50
[a)
O
45
40
53 55 57 59

Exposure dose (mJ/cm?)

Fig. 1-5 50-nm lines-and-spaces pattern CD at various exposure doses
by each alkaline developer.

1-4. Objectives

The objectives in this study were to clarify the mechanism of randomly generated stochastic defects in
EUV lithography. In Chapter 1, the objective was to verify pattern collapse mitigation by ArF
immersion photoresist pattern with 140 nm film thickness and to clarify its mechanism through the
physical approach of reducing atmosphere pressure during and after the development process. Chapter

2 was designed to clarify the photoresist dissolution dynamics of three typical EUV photoresists in



four types of alkaline developers with different alkyl chain lengths. In Chapter 3, hole patterns were

fabricated using the same photoresists and developers in Chapter 2, with the objective of clarifying the

mechanism of randomly generated closed and open hole defects in terms of dissolution dynamics.
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2-1. Introduction

The resolution of photoresist materials used
for semiconductor lithography has been
improved to meet the market demands of
highly integrated semiconductor devices.
The resolution of photoresist materials was

often limited by the pattern collapse. The

photoresist pattern collapse at post-
development is one of the traditional issues Fig. 2-1 SEM images showing pattern collapse: (a) 260 nm

. . . pitch line-and-space photoresist patterns and (b) 32 nm pitch
in the lithography process and still

line-and-space photoresist patterns.
important. This has been true in every
generation of photoresists; i-line, KrF, ArF, ArF immersion, and recently EUV.!""¥ Figure 2-1 shows
the scanning electron microscopy (SEM) images of photoresist pattern collapse. Figure 2-1(a) shows
the KrF photoresist pattern with 260 nm pitch and Fig. 2-1(b) shows EUV photoresist pattern with 32
nm pitch.

The cause of pattern collapse has been investigated.>® The schematics of the capillary force on

the photoresist pattern are shown in Fig. 2-2. The differential pressure P between the atmosphere

presser Pammosphere and the rinsing liquid pressure Prinse 1S expressed as

_ __2ycos®
P = Patmosphere — Prinse = P (D)

where y is the surface tension of rinsing liquid, € is the contact angle with the photoresist pattern and
the rinsing liquid, and d is the width of space between line patterns. The pattern collapse is caused by
the tensile stress arising during the rinsing and drying in the development process. The tensile stress ¢

is expressed as

o =3P (%)2 = frees? (%)2 , @)

where H is the pattern height and L is the pattern width. The main factors of tensile stress are the
surface tension of rinsing liquid and the pattern structure (height, line width, and space width). The
photoresist pattern collapse will occur when the tensile stress o caused by the rinsing liquid exceeds
the adhesion force between photoresist patterns and the substrate. Many studies have been carried out

to prevent the photoresist pattern collapse. The improvement of rinsing liquids, for example, by adding
11



surfactants, has been investigated.” The alternative rinsing materials such as supercritical fluids were
examined to reduce the surface tension.!%!? Freeze-drying process,'® dry development rinse process
(DDRP),'¥ laser dry development,'® and thermal development'® are alternative processes for the
prevention of pattern collapse. From the viewpoints of photoresist materials, the improvement of
mechanical properties by the modification of resist materials has been reported to prevent the pattern
collapse.!”!® The use of underlayers is effective to prevent the pattern collapse by increasing the
adhesion force.!>?”) The effects of the developer on the pattern collapse have also been reported.?!-*?
In this study, the author focused on the differential pressure for the mitigation of pattern collapse.
The differential pressure is proportional to ¢ as expressed by Eq. (2). Therefore, the photoresist pattern
collapse will be mitigated with lower pressure during drying after the deionized water (DIW) rinsing.

We attempted to mitigate the photoresist pattern collapse by controlling the atmosphere pressure.

patmosphere

P tmaspher : air pressure
V, surfacet Plinse : rinse pressure
% : surface enegry
8 : liquid contact angle on pattern side wall
d : space width
H : pattern height
L : line width

Fig. 2-2 Schematics of the capillary force imposed on photoresist patterns. The differential pressure between

the atmosphere pressure Pamosphere and the rinsing liquid pressure Prinse 1S expressed as Egs. (1) and (2).

2-2. Experimental
2-2-1. Materials and tools
The bi-layer stack was prepared by spin coating. The bottom layer is an anti-reflective coating (ARC)
with 30 nm film thickness that was coated on Si substrate and baked at 205°C in 60 seconds. The top
layer is an ArF-immersion photoresist with polymethacrylate backbone polymer with 140 nm film
thickness that was coated on the ARC layer and baked at 120 °C in 60 seconds. 2**%

The photoresist patterns were fabricated by ArF immersion technology. Resist processes (coat,
bake, etc.) were performed in an in-line coater developer system, SOKUDO DUO coater/developer
(SCREEN Semiconductor Solutions), attached to the exposure tool, NXT-1950Ai (ASML), with 1.35

numerical aperture (NA). »2? The development with 0.26 N tetramethylammoniumhydroxide
12



(TMAH) aqueous developer and rinsing with DIW were carried out. SEM measurements were

performed using CG5000 (Hitachi High-Technologies). 272®

2-2-2. Exposure conditions

There are 633 exposed dies with 10 mm square. The number of columns and rows is 29 at most. This
matrix was used for the dose-focus matrix where the focus was varied from -0.70 to +0.70 um and the
dose was varied from 16.0 to 44.0 mJ/cm?. The critical dimension (CD) at the best focus was used for

the photoresist pattern collapse evaluation.

2-2-3. Development process steps

The development process steps are shown in Fig. 2-3. The development process was performed on the

film stack after exposure with the ArF-immersion scanner. The developer solution was dispensed to

form a puddle on the wafer which was exposed and baked at 90 °C in 60 seconds. After 30 seconds of
development time, DIW was then dispensed on to the wafer for 15 seconds (while spinning). The

rinsing and drying in the development process were done in a closed chamber, which allowed the

control of environmental pressure (the pressure in the chamber, P.) during rinsing and drying. Hereafter,
P. is expressed by the differential pressure against the atmosphere pressure. Spin drying with rotations

from 1000 to 5000 revolutions per minute (rpm) was carried out while monitoring the pressure values

in the closed chamber. The photoresist pattern collapse under the atmosphere pressure (Pe=0.00 kN/m?)
was investigated in an open chamber. The photoresist pattern collapse under the negative pressure (P

=0.11, -0.20, and -0.32 kN/m?) was investigated in the closed chamber.

13



i Closed chamber

Develop puddle Deionized water (DIW) DIW dispense DIW drying

dispense : - i )
30sec with spinnin
(- ) on the wafer P g with negative pressure

Fig. 2-3 Development process steps: the developer solution is dispensed to form a puddle on the exposed wafer.
After 30 seconds of development time, DIW is then dispensed on to the wafer for 15 seconds (while spinning).
The rinsing and drying in the development process were done in a closed chamber, which allowed the control of
environmental pressure during rinsing and drying.

2-3. Results and discussion

2-3-1. Minimum CD without pattern collapse

The pattern collapse of 130 nm line patterns and 45nm patterns, in which the widths of lines and spaces
were designed to be 130 and 156 nm, and 45 and 54 nm, respectively, were investigated. At the best
dose for the 130 nm and 45nm lines, the patterns were not collapsed. The limitation of pattern collapse
was examined by increasing the exposure dose. Figure 2-4(a) shows the SEM images of pattern
collapse for the 130-nm-designed pattern. The minimum CDs without pattern collapse were 56.1 nm
under the atmosphere pressure and 50.1 nm under the negative pressure (P. = -0.32 kN/m?). The
improvement of approximately 10% was observed, compared with the case under the atmosphere
pressure.

On the other hand, Fig. 2-4(b) shows the SEM images of pattern collapse for the 45-nm-designed
pattern. The minimum CDs without pattern collapse were 38.3 nm under the atmosphere and 38.4 nm
under the negative pressure (P.= -0.32 kN/m?). There was no improvement of the minimum CD
without pattern collapse between the atmosphere and negative pressure conditions.

The relationship between pattern collapse threshold and differential pressure for the 130-nm-
designed pattern and 45-nm-designed pattern is shown in Fig. 2-5. The y-axis represents the CD
limitation without pattern collapse. The x-axis represents the differential pressure in the chamber, P.-
CDs were measured in the nine areas in the 10 mm square area which was exposed under the same
focus and dose conditions and the mean value was plotted in Fig. 2-5 for each condition. The bars of

each plot denote the minimum and maximum values among nine measured values. The plotted blue
14



diamonds represent the result of the 130-nm-designed pattern, and the plotted orange circles represent
the result of the 45-nm-designed pattern. The minimum CD without pattern collapse was more
improved by decreasing the pressure in the chamber on 130-nm-designed pattern, however, there was

no improvement between the atmosphere and negative pressure conditions on 45-nm-designed pattern.

Chamber Designed Exposure dose (mJ/icm?)
atmosphere pattern size 31.0 32.0 33.0 34.0 35.0
Atmosphere 130nm 1:1.2

(P.:0.00 kN/m2)

59.7nm | 58.7nm | 56.1nm

Negative pressure | 130nm 1:1.2
(P_:-0.32 kN/m?)

60.0nm | 57.7nm | 55.9nm | 50.1nm
(a)

Chamber Designed Exposure dose (mJ/cm?)
atmosphere pattern size
Atmosphere 45nm 1:1.2
(P.:0.00 kN/m?)

Negative pressure |45nm 1:1.2
(P¢:-0.32 kN/m?)

Fig. 2-4 SEM images of pattern collapse for 130-nm-designed patterns and 45-nm-designed patterns. (a) 130-nm-
designed patterns in which the widths of lines and spaces were designed to be 130 and 156 nm, respectively.
Exposure dose were 31.0 to 35.0 mJ/cm?. The minimum CD was 56.1 nm under the atmosphere and 50.1 nm
under the negative pressure, respectively. (b) 45-nm-designed pattern, in which the widths of lines and spaces
were designed to be 45 and 54 nm, respectively. Exposure dose were 21.0 to 25.0 mJ/cm?. The minimum CD was
38.3 nm under the atmosphere and 38.4 nm under the negative pressure, respectively.

15
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45nm-LS 1:1.2
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Fig. 2-5 Pattern collapse threshold of 130 nm designed patterns and 45 nm designed patterns for each pressure
condition. The y-axis represents the CD limitation without pattern collapse. The x-axis represents the differential
pressure in the chamber. The plotted blue diamonds represent the mean of 9 measurement CDs of the 130 nm
designed pattern, and the plotted orange circles represent the mean of 9 measurement CDs of the 45 nm designed
pattern for each pressure condition. The bars of each plot denote the minimum and maximum values among nine

measured values.

2-3-2. Comparison with minimum CD without pattern collapse for 45-130 nm line

The line widths of 45, 60, 90 and 130 nm, in which the line-space ratios are 1:1.2, 1:1.5, and 1:2
respectively, were examined. The summary is shown in Fig. 2-6, including the results described in the
previous sections. In this graph, the results of the 1:1.5 and 1:2 patterns are plotted with 0.01 and 0.02
kN/m? offsets from the original differential pressure, respectively, to make each plot easier to see.
Table II-I shows a summary of the minimum CDs without patter collapse under the atmosphere
pressure and under the negative pressure (P.= -0.32 kN/m?) for the designed 45, 60, 90, and 130 nm
line patterns. Comparing both graphs and tables, the minimum CD without pattern collapse was
improved by over 5 % on average for 90 and 130 nm lines. However, there was no significant
improvement for 45 and 60 nm lines.

Table II-I. Minimum CD without pattern collapse. The designed CDs were 45, 60, 90, and 130 nm.

Chamber Designed CD (nm) Line CD : Space CD

atmosphere 1:1.2 1:15 1:2
Atmosphere 130 59.2 62.3 63.2
(Pc:0.00 kN/m2) 90 45.7 45.8 48.1
60 39.0 40.6 37.9

45 36.7 37.0 40.3

Negative pressure 130 55.2 58.8 57.0
(Pc:-0.32 kN/m2) 90 40.8 421 43.1
60 37.1 42.0 40.5

45 37.2 37.7 40.5

(Line CD :nm)
16



2-3-3. Estimation of maximum tensile stress without pattern collapse and contact
angle under negative pressure

The maximum tensile stress ¢ value was calculated using Eq. (2) and experimental data. Table II-1I
shows the maximum tensile stress without pattern collapse obtained using the experimental data under
the atmosphere, which are listed in Table II-I. The surface tension y of water is 72.8 mN/m.?? The
contact angle was assumed to be § = 60.0 degrees. The calculated tensile stresses were on the order of
10%-107, which roughly agreed with the reported value.?®*! The maximum tensile stress depended on
the pattern duty and the designed line width. The maximum tensile stress should be independent of the
pattern duty. This discrepancy is considered to be caused by the overestimation of the pattern height.
The loss of film thickness is likely to occur at high duty patterns because the exposure dose was
increased beyond the best dose to induce the pattern collapse in this experiment, as mentioned
previously. This is also true for the observed dependence of maximum tensile stress on the designed
line width. Therefore, the contact angle was calculated using the obtained maximum tensile stress for
each pattern to estimate the effect of negative pressure on the contact angle. If the pattern design (line
width and duty) is the same, the pattern height at the minimum CD without pattern collapse can be
assumed to be approximately the same because the difference of exposure dose is 1 mJ/cm? at most.
Table II-I1I shows the calculated contact angle of DIW during rinsing at Pc=-0.32 kN/m?. For the 90
and 130 nm line patterns, the contact angle increased approximately by 5 degrees by decreasing the
chamber pressure. Although a significant increase was not observed for the 45 and 60 nm line patterns,
this is because the dose difference of 1 mJ/cm? did not cause the difference of pattern collapse. It is
considered that the negative pressure in this study was not enough large to mitigate the pattern collapse

for the designed pattern of 60 nm or less.

Table II-II. Maximum tensile stress obtained through rinsing and drying under the atmosphere pressure. The

designed CDs are 45, 60, 90, and 130 nm.

Designed CD (nm) Line CD : Space CD
1:1.2 1:15 1:2
130 5.38 4.19 3.28
90 13.5 114 8.34
60 30.2 23.7 20.9
45 51.1 41.4 27.8

(106 N/m?)

17



Table II-III. Calculated contact angle of DIW rinse against the resist pattern sidewall, obtained through rinsing
and drying under -0.32 kN/m? negative pressure.

Designed CD (nm) Line CD : Space CD
1:1.2 1:15 1:2
130 64.2 63.6 66.7
90 66.8 65.2 67.0
60 62.7 61.6 59.2
45 59.3 59.1 59.7

(degrees)

Figure 2-7 shows the capillary effect in the glass tube. For this experiment, a 3 mm inner diameter
glass tube and DIW were used. Figure 2-7(a) shows the border of water and air in atmosphere. Figure
2-7(b) shows the border of water and air under negative pressure. It can be observed that the contact
angle of water is near 90 degrees under negative pressure. A visible difference can also be seen between
atmosphere and negative pressure. A similar phenomenon is considered to have occurred during the
rinsing process. 2% The proposed method is considered to be promising, because it requires no
chemical additive,” no additional process,'*!*?? and no special equipment such as a high pressure

vessel.10-12)
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Fig. 2-6 Pattern collapse threshold of 45, 60, 90 and 130 nm designed patterns in which the line-space ratios are 1:1.12,
1:1.5, and 1:2, respectively. The y-axis represents the CD limitation without pattern collapse. The x-axis represents the
differential pressure in the chamber. The results of the 1:1.5 and 1:2 patterns are shifted with 0.01 and 0.02 kN/m?
offsets from the original differential pressure, respectively, to make each plot easier to see. The blue colors represent
130 nm designed patterns, the orange colors represent 90 nm designed patterns, the red colors represent 60 nm designed
patterns and the black colors represent 45 nm designed patterns. The circles represent the line-space ratios is 1:1.2, the

triangles represent 1:1.5 and the squares represent 1:2 for each size designed pattern.
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Capillary effect in glass tube

®3mm Glass tube

Atmosphere
pressure :Pzmo

Interface

Water

(a) (b)

Fig. 2-7 Capillary effect of DIW in the glass tube of 3 mm diameter: (a) the border of water and air under the

atmosphere pressure : Pamosphere and (b) the border of water and air under the negative pressure : P..

2-4,

Conclusion

The minimum CD without pattern collapse was improved approximately 10% under the negative

pressure during rinsing and drying processes. For 90 to 130 nm line patterns, 6 to 11% improvement

was obtained, although no improvement was found for 60 and 45 nm line patterns. It is considered

that the capillary force in photoresist patterns decreased because the contact angle between photoresist

pattern and DIW increased. The negative pressure in this study was not enough large to mitigate pattern

collapse of 45 and 60 nm line patterns.
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Chapter 3

Dependence of photoresist dissolution dynamics
in alkaline developers

on alkyl chain length of tetraalkylammonium hydroxide
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3-1. Introduction
The resolution of photoresist materials used for semiconductor lithography has been improved and will
continue to be improved to meet the market demands of highly integrated semiconductor devices.!”
However, stochastic defects such as line bridges and breaks, which are randomly generated, become
the new issues on sub-20-nm half-pitch patterns.®!> The cause of stochastic defects is assumed to be
the small and insufficient number of photons delivered to the photoresist film (compared with that in
ArF immersion)!*>'® or the effect of the molecular weight of the photoresist polymer.>!*-2) On the
basis of these pointers, photoresists continue to be improved to solve the stochastic defect problem.'*
152229 Another factor considered as a possible solution is the developer solution utilized.?>? An
aqueous solution of 0.26 N tetramethylammonium hydroxide (TMAH) has been used for many years
as an alkaline developer of choice for the development process (in which a pattern formation of
exposed photoresist occurs). Recent reports on EUV lithography have shown the application of new
developer solutions such as tetrabutylammonium hydroxide (TBAH) to improve photoresist
performance [e.g., the reduction in line width roughness (LWR)].3337

The quartz crystal microbalance (QCM) method is a well-known technique to observe photoresist
dissolution dynamics during the development process.*®*! It has been widely used to observe the
dissolution dynamics of new resist materials at each lithography generation: KrF, ArF, ArF immersion,
and extreme ultraviolet (EUV) lithographies. By measuring the dissolution rates of photoresist films
in both exposed (deprotected) and unexposed (protected) states, it is possible to obtain information on
the photoresist sensitivity and photoresist solubility-insolubility contrast during development at a
given development time.

In this study, we investigated the dissolution dynamics of EUV photoresists by the QCM method
using four types of alkaline developer with different alkyl chain lengths, TMAH, tetraecthylammonium
hydroxide (TEAH), tetrapropylammonium hydroxide (TPAH), and TBAH, to clarify the swelling and

dissolution kinetics of EUV resists. The backbone polymers of EUV resists used were poly(4-

hydroxystyrene) (PHS), poly(methacrylic acid), and their copolymer.
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3-2. Experimental

3-2-1. Materials

Figure 3-1 shows the three types of photoresist polymer utilized in the experiment: PHS, acryl, and a
PHS-acryl hybrid. The polymer of the PHS-type photoresist was composed of PHS and 2-
methoxyadamantane (AdMA)-protected PHS. For the acryl-type photoresist, the polymer was
composed of y-butyrolactone-2yl methacrylate (GBLMA), 2-methyl-2-adamantyl methacrylate
(MAdMA), and 3-hydroxy-1-adamantylmethacrylate (HAdMA). For the PHS-acryl-hybrid-type
photoresist, the polymer was composed of PHS and MAdMA. Triphenylsulfonium-
trifluoromethanesulfonate (TPS-triflate) was used as a photoacid generator (PAG) and tri-n-octylamine
(TOA) was used as a quencher for each photoresist. As mentioned earlier, four types of alkaline
developer, TMAH, TEAH, TPAH, and TBAH aqueous solutions, were used, as shown in Fig. 3-2. The

normality of solutions was adjusted to 0.26 N.

Name Chemical structure Solvent
Polymer PAG Quencher
PHS PHS/AAMA(60/40) TPS-Triflate TOA PGMEA/PGME
M : ~7000 -~ o~ (60/40)
e PRV .
N
Acryl GBLMA/MAJMA/HAAM
cry A (45/35/20) PHS : 4-hydroxystyrene
Mw : ~11,000 AdMA  :2-adamantyl methacrylate
L L MAdMA : 2-methyl-2-adamantyl methacrylate
f #U ols GBLMA : y-butyrolactone-2yl methacrylate
T A A HAdMA : 3-hydroxy-1-adamantylmethacrylate
Hybrid PHS/'\I;/IV,VAQI\N/I;A 0(0600/40) TPS-Triflate : triphenylsulfonium-trifluoromethanesulfonate
— L TOA : tri-n-octylamine
) .
g
”c[)'H _[l

I
Fig. 3-1 Photoresist polymers utilized in this study.
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Developer name Chemical structure
TMAH
(Tetramethylammonium Hydroxide)
OH
N
\
TEAH
(Tetraethylammonium Hydroxide) ( OH
N\t
P A\
TPAH o
(Tetrapropylammonium Hydroxide)
1N+
Hl
TBAH 7
(Tetrabutylammonium Hydroxide) \_\_ H/ OH
NL\_\

Fig. 3-2 Tetraalkylammonium hydroxide used in this study.

3-2-2. Measurement of photoresist contrast curve

The photoresists with a film thickness of 36 nm were coated on Si substrates and baked at 110°C for
60s. A large-area (1 x 1 cm?) EUV exposure was performed, utilizing an in-house EUV frame exposure
tool (Litho Tech Japan). The EUV source was EQ-10M (Energetiq Technology). After EUV exposure,
the samples were baked (postexposure baking, PEB) at 100 °C for 60 s. The samples were developed
in alkaline developers (as indicated in Fig. 3-2) for 30 s and rinsed with deionized water (DIW) for 30
s. Finally, the remaining film thickness of photoresists after development was measured using VM-

3010 (SCREEN).

3-2-3. QCM measurement

The photoresist dissolution dynamics were measured by QCM, specifically by using the RDA-Qz3
(Litho Tech Japan). The photoresist films were coated on QCM substrates and baked at 110 °C for 60
s. The coated photoresists were irradiated with UV light with a wavelength of 254 nm (AS ONE Handy
UV Lamp SLUV-6) and then baked at 100°C for 60 s. It is known that PAG reacts with secondary
electrons generated upon exposure to EUV radiation.!!84243) However, the wavelength of 254 nm was
used to generate acids in this study, because the purpose of this study is to clarify the dissolution
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dynamics of EUV resists. A high reproducibility of experimental data is expected by using 254 nm UV
light. The photoresists were developed with each alkaline developer (Fig. 3-2) at 23°C and rinsed with
DIW in the QCM tool. The film thicknesses of the photoresist on the QCM substrates after coating and
developing were measured using an ellipsometer FS-1 (Meiwafosis).

QCM measurement can detect extremely small mass changes on the order of nanograms from the
resonant frequency of quartz crystal in situ during development. It is known that the relationship

between the frequency change Af and the mass change Am in QCM measurement is expressed as

2fo°
Af = ————A 1
f == s—im, (1)

where fo is the resonant frequency, A4 is the gold electrode area on the quartz substrate, p, is the density
of quartz crystal, and y, is the shear modulus.*” Note that this equation is valid under the condition
that the material observed on the substrate is rigid. However, the transient swelling layer is not rigid,

which we should take into consideration.

3-3. Results and discussion

3-3-1. Photoresist contrast curves

Photoresist contrast curves were measured to roughly overview the response of photoresists to EUV
radiation and the type of developer. Figure 3-3 shows the photoresist contrast curves for the PHS-type,
acryl-type, and hybrid-type photoresists developed in the various alkaline developers considered after
being irradiated with 13.5-nm-wavelength light and baked at 100 °C for 60 s. The vertical axis
represents the relative film thickness after development. The film thickness before exposure was set to
1 in each graph. The horizontal axis represents exposure dose. The blue, red, orange, and purple curves
represent the cases of photoresists developed in 0.26 N TMAH, 0.26 N TEAH, 0.26 N TPAH, and 0.26
N TBAH aqueous solutions, respectively. The ranges of E, that is, the exposure energy thresholds at
which the photoresist film was completely dissolved after the development process, were 0.7-1.0
mJ/cm? for the PHS-type photoresist, 1.0-1.4 mJ/cm? for the acryl-type photoresist, and 1.1-1.5 mJ/cm?
for the hybrid-type photoresist. The Eu of the PHS-type photoresist with the TMAH developer was
smaller than those of the acryl-type and hybrid-type photoresists with the TMAH developer. In this
study, the difference in £, among the photoresist types is not discussed, because the quantum yield of

acids (acid generation efficiency) depends on the type of photoresist polymer. We cannot distinguish
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between two effects (the acid quantum yield and the developer). Therefore, the effects of alkaline
aqueous developers are compared for each type of photoresist. Then, the trends of the effects of
alkaline aqueous developers are discussed for all the photoresists used in this study. The Esx of the
PHS-type photoresist was smaller than those of the acryl-type and hybrid-type photoresists for all the
alkaline developers used. For the PHS-type and acryl-type photoresists, the use of a high-molecular-
weight alkaline developer tended to result in a large £y (or required a high exposure dose to dissolve
completely). In the case of the hybrid-type photoresist, the use of a high-molecular-weight alkaline

developer decreased Ew. The details of dissolution dynamics are hereafter discussed on the basis of

QCM charts.
—e—TMAH -o— TMAH
1.2 —e—-TMAH 1.2 TEAH 1.2 B TEAH
[%] (%] (%]
g 10 g 1.0 ——TPAH | $ 1.0 ——TPAH
§ § —A— TBAH § —&— TBAH
£ 0.8 L2 0.8 £ 0.8
s = =
E 06 E06 E06
Loa4a o4 Lo4
- ) )
© © ©
o 0.2 o 0.2 o 0.2
o o o
0.0 0.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Exposure dose (mJ/cm?) Exposure dose (mJ/cm?) Exposure dose (mJ/cm?)

(a) (b) (c)

Fig. 3-3 Photoresist contrast curves for (a) PHS-type, (b) acryl-type, and (c) hybrid-type photoresists developed in
alkaline developers after being exposed to EUV radiation with wavelength of 13.5 nm and baked at 100 °C for 60 s.

3-3-2. Dissolution dynamics of PHS-type photoresist

PHS molecules are soluble in the 0.26 N alkaline developer. In the 0.26 N alkaline developer, the
hydroxyl groups of PHS dissociate (are ionized). Subsequently, the PHS molecules are hydrated,
dissolved and transported to the bulk solution. The PHS-type photoresist utilized PHS molecules, of
which 40 mol% of the hydroxyl groups are protected by nonpolar groups. Therefore, polar and
nonpolar interactions occur between PHS-type photoresist polymers. Owing to the nonpolar
interaction, the PHS photoresist is insoluble in the 0.26 N alkaline developer. The acids generated upon
exposure to UV deprotect the nonpolar groups and change them to hydroxyl groups. Figure 3-4 shows
the QCM charts of the PHS-type photoresist during development after being exposed to UV light with

a wavelength of 254 nm. Upon the immersion of the QCM substrate into the developer, the frequency
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decreased by approximately 700-800 Hz owing to the viscosity of the developer. The frequency
immediately after immersion was set to 0 (base value). The QCM charts in Figs. 3-4(a) and 3-4(d)
were obtained in the TMAH, TEAH, TPAH, and TBAH developers, respectively. The frequency
changes (vertical axis) represent the mass changes of the exposed PHS photoresist film (coated on the
QCM substrate) during development. According to Eq. (1), the positive direction of the vertical axis
indicates a decrease in the mass of the photoresist on the QCM substrate, that is, the dissolution of the
photoresist film. On the other hand, the negative direction indicates an increase in the mass of the
photoresist, that is, the swelling caused by the penetration of the developer into the photoresist
film. #1434 As shown in Fig. 3-4, the frequencies were approximately constant at the exposure dose of
0 mJ/cm?. The water did not penetrate into the resist films owing to a strong nonpolar interaction. A
slight decrease in frequency was observed at 4 mJ/cm?. The developer penetrated into PHS photoresists
as a result of deprotection (the increase in OH group density). However, the reduction in film thickness
was not observed. Although water was absorbed, it was insufficient to break the nonpolar interaction
between resist polymers. At 6 mJ/cm? the dissolution of photoresist films was observed. The
dissolution rate of photoresist films increased with exposure dose in all the developers. The PHS-type
photoresist film exposed to 10 mJ/cm? UV light was completely dissolved, while that exposed to 6.5
mJ/cm? UV light was approximately half-dissolved after 60 s development. For all the developers, a
similar trend of dissolution was observed. The dissolution dynamics of the PHS-type photoresist did
not depend on the alkyl chain length of tetraalkylammonium hydroxide. This suggests that the
dissociation of the resist polymer was not affected by the alkyl chain length of tetraalkylammonium
hydroxide. The alkyl chain length of tetraalkylammonium cations was also considered to not affect the

penetration of tetraalkylammonium cations into the PHS-type photoresist films.
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Fig. 3-4 QCM charts of PHS-type photoresist during development in (a) TMAH, (b) TEAH, (c) TPAH, and
(d) TBAH developers. Numerical values in mJ/cm? are UV exposure doses.

3-3-3. Dissolution dynamics of acryl-type photoresist

Figure 3-5 shows the QCM charts of the acryl-type photoresist during development in the TMAH,
TEAH, TPAH, and TBAH developers. The dissolution dynamics of the acryl-type photoresist was
significantly different from that of the PHS-type photoresist and depended on the alkyl chain length of
tetraalkylammonium hydroxide. In the acryl-type photoresist, the dissolution agent is carboxylic acid
unlike the PHS-type photoresist. The acryl-type photoresist utilized poly(methacrylic acid), of which
all carboxylic acid groups are protected by nondissociative units. Among the protected units, MAAMA
units are deprotected by acid catalytic reaction and converted to carbolic acids. In 0.26 N alkaline, the
carboxylic acids dissociate. Subsequently, the resist molecules are hydrated, dissolved, and transported.
The pKa of carbolic acids is lower than that of phenolic hydroxyl groups. HAAMA units have an
alcoholic hydroxyl group. Although the alcoholic hydroxyl group is not dissociated in an alkaline
developer (that is, the contribution to the polymer dissolution is small, unlike the phenolic hydroxyl
group), it promotes water intake. The GBLMA units were incorporated for adhesion control. At an
exposure dose of 0 mJ/cm? UV, swelling was not observed. At an exposure dose of 11 mJ/cm? UV,

significant swelling was observed for TMAH. The alcoholic hydroxyl groups are probably one cause
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of this swelling because they contribute to water intake and do not contribute to dissociation. The
swelling rate decreased with increasing alkyl chain length of tetraalkylammonium hydroxide. For
TBAH, the swelling was mostly suppressed. As observed in the PHS-type photoresist, the alkyl chain
length of tetraalkylammonium cations is unlikely to affect the dissociation of the resist polymer. For
the acryl-type photoresist, the alkyl chain length of tetraalkylammonium cations is considered to
significantly affect the penetration of tetraalkylammonium cations into the photoresist films. Above
the exposure dose of 13 mJ/cm?, the acryl-type photoresist dissolved with the formation of a thick
transient swelling layer. In such a case, the alkyl chain length of tetraalkylammonium cations affected

the formation of the transient swelling layer.
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Fig. 3-5 QCM charts of acryl-type photoresist during development in (a) TMAH, (b) TEAH, (c) TPAH, and
(d) TBAH developers. Numerical values in mJ/cm? are UV exposure doses.

3-3-4 Dissolution dynamics of hybrid-type photoresist

Figure 3-6 shows the QCM charts of the hybrid-type photoresist during development in the TMAH,
TEAH, TPAH, and TBAH developers. A similar trend to the PHS-type resist was observed. However,
the dissolution rate increased with the alkyl chain length of tetraalkylammonium cations. In the hybrid-
type photoresist, the dissolution agents are carboxylic acids and phenolic hydroxyl groups. In the
hybrid-type photoresist, the methacrylic acid units are generally protected by nonpolar groups. This is

because the change in solubility upon deprotection for the acryl units is larger than that for PHS units
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because of the difference in pKa. The acryl units are deprotected by acid catalytic reaction and
converted to carbolic acids. In 0.26N alkaline, the carboxylic acids and phenolic hydroxyl groups
dissociated. Subsequently, the resist molecules were hydrated and dissolved. At exposure doses of 0.0
and 8.0 mJ/cm?, the dissolution dynamics were approximately the same among the alkaline developers
within experimental error. The alkyl chain length did not significantly affect the penetration of water
and tetraammonium cations into the photoresist films. Above the exposure dose of 12 mJ/cm?, the
dissolution rate tended to increase with the alkyl chain length of tetraalkylammonium cations. This
corresponded to the dependence of Exn shown in Fig. 3-3(c). The long alkyl chain is considered to be

effective in breaking the hydrophobic interaction between resist polymers in the case of the hybrid-

type photoresist.
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Fig. 3-6 QCM charts of hybrid-type photoresist during development in (a) TMAH, (b) TEAH, (c) TPAH, and

(d) TBAH developers. Numerical values in mJ/cm? are UV exposure doses.

3-4. Conclusion

The dissolution dynamics of EUV photoresists were investigated by the QCM method using four types
of alkaline developer with different alkyl chain lengths: TMAH, TEAH, TPAH, and TBAH. There
were no significant differences in dissolution dynamics between alkaline developers for the PHS-type
photoresist. However, large differences were observed for the acryl-type photoresist. Moreover, for the

acryl-type photoresist, the small tetraalkylammonium cation caused much swelling during the initial
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stage of the development process. It is considered that the small cation easily penetrates into the acryl
polymer. For the hybrid-type photoresist, however, the dissolution rate increased with the alkyl chain
length of tetraalkylammonium cations. The long alkyl chain is considered to be effective in breaking

the hydrophobic interaction between resist polymers in the case of the hybrid-type photoresist.
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Chapter 4

Stochastic defect generation depending
on tetraalkylhydroxide aqueous developers

in extreme ultraviolet lithography
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4-1. Introduction

The patterning performance of photoresist materials continues to advance, meeting the demands of
leading-edge semiconductor manufacturing technologies, namely, extreme ultraviolet lithography
(EUVL).!> Even as first-generation EUVL is now being utilized for high-volume semiconductor
manufacturing,® the industry is already starting to prepare for next-generation or high-numerical-
aperture (high-NA) EUVL.'9 However, patterning targets for these leading-edge technologies
(especially high-NA EUVL) are starting to push present photoresist materials [e.g., chemical
amplification resists (CARs)] to their physical limits.>> Besides pattern resolution, which has
traditionally been the main performance metric for photoresists, the appearance of randomly occurring
(stochastic) photoresist-based pattern defects is one of the main concerns and has become a constant
topic of discussion in addition to line edge roughness (LER).!!"'¥ LER has been reported to be mainly
caused by insufficient number of EUV photons delivered to the photoresist film during EUV exposure
(at least compared with previous lithographic technologies such as ArF immersion).!>!” The root
cause of stochastic defects is also the insufficient number of photons. However, the contribution of
process and material factors to stochastic defect generation is different from that to LER.!®?? Focusing
on CAR materials, when the number of photons delivered to the photoresist is insufficient, the amount
of acids generated is also insufficient and causes non-uniformity in the reactions required for acid
generation. This non-uniformity becomes more apparent during the chemical amplification process
when the photoresist is baked. Eventually, such uniformities will result in randomly formed and
unformed patterns after development. This emphasizes the significant role of the development process
in the physical formation of stochastic defects, which underlies the consistent and continuous interest
in the research of developer solutions.?*=3)

In our previous study, also focusing on the effect of developer solutions on photoresist dissolution,
we utilized three typical EUV photoresist materials [poly(4-hydroxystyrene) (PHS) type, acryl type,
and a hybrid of PHS and acryl types]** and investigated the effect of developer solutions on the
dissolution characteristics of these photoresists using various alkyl chain lengths of
tetraalkylammonium hydroxides [tetramethylammonium hydroxide (TMAH), tetraecthylammonium
hydroxide (TEAH), tetrapropylammonium hydroxide (TPAH), and tetrabutylammonium hydroxide
(TBAH)]. Results showed that the dissolution behaviors of EUV photoresists depended on the
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developer solutions. However, it is noteworthy that for a certain photoresist type (i.e., acryl type), large
photoresist film swelling occurs during photoresist development with the small-alkyl-chain-length
developer solution (i.e., TMAH).

In this work, EUV patterning experiments were carried out to understand the effect or impact of
developer solution on stochastic defect generation in terms of the alkyl chain length of
tetraalkylammonium hydroxide. To this end, we compared the contact hole (CH) patterning
performance of the above-mentioned typical EUV photoresists processed in the developers with

different alkyl chain lengths.

4-2. Experimental conditions

4-2-1. Materials

Figure 4-1 shows the photoresist polymers (PHS, acryl, and hybrid) and alkaline aqueous developer
solutions (TMAH, TEAH, TPAH, and TBAH at 0.26 N) utilized in the experiment. The polymer of
PHS-type photoresist was composed of the PHS and 2-methoxyadamantane (AdMA)-protected PHS.
For the acryl-type photoresist, the polymer was composed of ¥-butyrolactone-2yl methacrylate
(GBLMA), 2-methyl-2-adamantyl methacrylate (MAdMA), and 3-hydroxy-1-adamantylmethacrylate
(HAdAMA). For the hybrid-type photoresist, the polymer was composed of PHS and MAdMA.
Triphenylsulfonium trifluoromethanesulfonate (TPS triflate) was used as a photoacid generator (PAG)

and tri-n-octylamine (TOA) was used as a quencher for each photoresist.
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Fig. 4-1 (a) Photoresist polymers (PHS, acryl, and hybrid types) and (b) developer solutions (TMAH, TEAH,
TPAH, and TBAH) utilized in the experiment.

4-2-2. Patterning experiments
A bilayer stack was formed on a Si substrate by spin coating. The underlayer was an organic film of
20 nm thickness. The underlayer was baked at 205°C for 60 s after spin coating. The EUV photoresist
(as indicated in the previous section), utilized as the top layer of 36 nm film thickness, was coated on
the underlayer and baked at 110 °C for 60 s.
Photoresist processes (coating, baking, etc.) were performed in a coater/developer system, SOKUDO
DUO coater/developer (SCREEN Semiconductor Solutions). EUV patterning was carried out using
NXE:3400B (ASML), with 0.33 NA.!*9

A total of 101 dies were exposed to EUV on a 300-mm-¢ wafer (die size: x=26 mm and y=18 mm)
at the best fixed focus and a dose set from 20 to 121 mJ/cm? in steps of 1 mJ/cm?. After EUV exposure,
the investigated developer solutions were utilized and the substrate was rinsed with deionized water
(DIW). Scanning electron microscopy (SEM) measurements were performed using CG5000 (Hitachi
High-Technologies). The critical dimensions (CDs) of the target patterns were measured for use in

photoresist stochastic defect evaluation.
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4-2-3. Stochastic defect measurement
In these experiments, stochastic defect analysis IS TETSISTE’
was carried out utilizing the 42-nm-¢ (70 nm pitch)
CH patterns, and 1805 holes were sampled for each

exposure dose condition, focusing on two main PISENSIETERAS 18
20O0000C

types of CH-related defect; closed CH and open

N #

(b)
Fig. 4-2 Two types of CH-related defect: (a) closed

and (b) open CH defects.
magnification with five images per exposure dose

CH (Fig. 4-2). These defects were determined by

processing SEM images (taken at 100 K

condition), using offline visual analysis. Classified CH defects were then tabulated and summarized
with respect to CH CD to obtain the “failure free CD-window™>®), which indicates the specific CH

diameter region in the exposure dose range where no CH defects formed.

4-3. Results and discussion

4-3-1. Trend analysis of stochastic defects and failure free CD-window

The CH patterns with 42-nm-¢ (70 nm pitch) were fabricated by EUV exposure of PHS-, acryl-, and
hybrid-type photoresists. Figure 4-3 shows the representative SEM images of CH patterns after being
processed in TMAH and TBAH developers. Here, the SEM images show the patterning results at
various exposure doses, where closed CH defects are indicated by red circles and open CH defects are
indicated by blue circles. Orange arrows indicate the failure free CD-window.

At a low exposure dose, the CH diameter decreased, which in effect increased the occurrence of
closed CH defects. On the other hand, at a high exposure dose, the CH diameter increased, which in
effect increased the number of open CH defects. From these results, it is noteworthy that, in the case
of the acryl-based photoresist developed in the TMAH developer, both closed and open CH defects
coexisted at certain exposure doses (23 and 24 mJ/cm?).

Figure 4-4 shows the number of closed and open CH defects depending on the measured CH
diameters for PHS-, acryl-, and hybrid-type photoresists formed in TMAH, TEAH, TPAH, and TBAH
developer solutions. These graphs also indicate the failure free CD-window (orange arrows), as

mentioned in the previous section. From these raw data, the CH defect probability was calculated as
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the percentage of defects with respect to the total of 1805 analyzed CHs for each exposure dose (i.e.,
“pattern failure ratios”). Figure 4-5 shows the failure free CD-window at various pattern failure ratios
for PHS-, acryl-, and hybrid-type photoresists formed in TMAH, TEAH, TPAH, and TBAH developer
solutions.

From these results, it was found that in the case of the PHS-type photoresist, the failure free CD-
window was not significantly affected (almost the same value) by the alkyl chain length of
tetraalkylammonium hydroxide in the low-pattern-failure-ratio region (<0.5%). In the case of the
acryl-type photoresist, it was observed that the number of stochastic defects increased with the
decrease in alkyl chain length. This resulted in a small failure free CD-window. A trend similar to that
for the acryl-type photoresist was observed in the hybrid-type photoresist. The failure free CD-window

for the hybrid-type photoresist was larger than that for the acryl-type photoresist.
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Fig. 4-3 Representative SEM images of 42-nm-¢ (70-nm-pitch) CH patterns after EUV exposure for (a) PHS-, (b)
acryl-, and (c) hybrid-type photoresists formed in TMAH and TBAH developers. SEM images show the patterning
results at various exposure doses where closed CH defects are indicated by red circles and open CH defects are
indicated by blue circles. An orange arrow indicates the failure free CD-window.
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Fig. 4-4 The number of closed and open CH defects depending on the measured CH diameters for (a) PHS-, (b)
acryl-, and (c¢) hybrid-type photoresists in various developer solutions (TMAH, TEAH, TPAH, and TBAH).
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Fig. 4-5 Failure free CD-window at various pattern failure ratios for (a) PHS-, (b) acryl-, and (c) hybrid-type

photoresists in various developer solutions (TMAH, TEAH, TPAH, and TBAH).

4-3-2. Effect of alkyl chain length of tetraalkylammonium hydroxide on failure free
CD-window

In the case of the PHS-type photoresist, the dissolution agent contains phenolic hydroxyl groups.” It
has been reported that the dissolution dynamics of the PHS-type photoresist did not depend on the
alkyl chain length. It was suggested that the penetration of tetraalkylammonium cations into the resist
film and the dissociation of the resist polymer were not affected by the alkyl chain length.** In the
low-pattern-failure-ratio region (<0.5%), the failure free CD-window did not significantly depend on
the alkyl chain length. This corresponds to the trend of dissolution kinetics observed in our previous
study. 3 In the high-pattern-failure-ratio region (>0.5%), the failure free CD-window for TMAH and
TEAH was larger than that for TPAH and TBAH. In this case, the failure free CD-window decreased
owing to the increase in the number of open CH defects. This means that the resist patterns (unexposed

region) at a high exposure dose are susceptible to undesired polymer dissolution. In such areas of the
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resist film (at which the impact of chemical blur and/or photon shot noise phenomena generate a large
partially exposed area that may reach the spaces between CH patterns), the resist polymer is considered
to be partially deprotected. As reported elsewhere®®, the use of long alkyl chain developer is assumed
to affect the wettability characteristics of these partially deprotected resist surfaces. Surface wettability
(contact angle) measurements of resist surfaces at various EUV exposure doses have shown that; at
low exposure doses the wettability of PHS-type resist surfaces to both TMAH and TBAH are relatively
the same. However, when exposure dose is increased, PHS-type resist surfaces exhibit a relative
increase in hydrophobicity (increase in contact angle) for the samples applied to TMAH developers.
At the same exposure doses, a relative increase in hydrophilicity (decrease in contact angle) was
observed for the samples applied to TBAH developers.*® The authors of Ref. 38 speculated that the
higher hydrophobicity for TMAH may be caused by surface roughening, rather than a change in
chemical nature of the surface. Our results suggested a change in chemical properties of the surface
(We do not deny the surface roughening). Such changes in wettability, namely, the changes in polar
and nonpolar components may have promoted the dissolution of the partially deprotected region in
TBAH developers, resulting in an increase in open CH defects.

In the case of the acryl-type photoresist, the smaller the alkyl length of tetraalkylammonium
hydroxide, the larger the number of stochastic defects (both closed and open CH defects), resulting in
a small failure free CD-window. The dissolution agent in the acryl-type photoresist is carboxylic acid,
unlike that in the PHS-type photoresist. The pKa. of carboxylic acids is lower than that of phenolic
hydroxyl groups. The alcoholic hydroxyl groups were incorporated promoting water intake, because
the molecular structure of the acryl-type photoresist is too hydrophobic without the alcoholic hydroxyl
groups to be used as a resist polymer. Because the alcoholic hydroxyl groups are not dissociated in
alkaline developers, their contribution to polymer dissolution is smaller than that of acidic units. It has
been reported that such properties of acryl-type photoresists induced a marked swelling during
development in the order to TMAH>TEAH>TPAH>TBAH.*¥ The increase in the number of
stochastic defects shown in Fig. 3 (in comparison with PHS-type photoresist) is considered to be due
to the enhanced swelling of the acryl-type photoresist during dissolution. The dissolution characteristic
of acryl-type photoresist particularly impacted closed CH defects. Specifically, it is assumed that

during CH pattern formation in developers, the partially exposed inner walls of the CH pattern reach
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a point where the swollen sections reach high proximity or come in contact with the inner walls on the
opposite side, increasing the probability of formation of closed CH defects. The number of open CH
defects increased when short-alkyl-chain developers were utilized. Earlier reports indicated that with
the TMAH developer, large swelling and an increase in dissolution speed was observed with the acryl-
type resist’?. This phenomenon is further confirmed by the observed solubility (as evidenced by the
occurrence of open CH defects) of the acryl-type resist even in the low exposure dose conditions (Fig.
4-3(b)). For this reason, given the same exposure dose condition, acryl-type resist will be more soluble
in TMAH compared to TBAH, thus resulting in increased open CH defects. Moreover, it is also
noteworthy that the order of failure free CD-window among the four developers roughly corresponded
to the inverse order of swelling. The failure free CD-window increased with the reduction of swelling
during development.

In the case of the hybrid-type photoresist, the developer with a tetraalkylammonium hydroxide
with a long alkyl chain resulted in a large failure free CD-window (mostly due to the reduction of open
CH defects). This is different from the results obtained with the PHS-type photoresist where open CH
defects increased when a long alkyl chain developer was utilized. Considering these results, the
following assumptions were formulated.

Photoresists are made up of polar (hydrophilic) and non-polar (hydrophobic) interacting
components. For photoresists to be dissolved in the alkali developer, the photoresist needs to be polar
(hydrophilic). If the photoresist is having both polar and non-polar components (an original state),
dissolution will not happen. Exposure changes non-polar components into polar ones and after
reaching a certain threshold, dissolution will occur. However, it is still necessary for the dissolution of
exposed resist films to break both polar and non-polar interactions between polymer molecules. If we
categorize the three types of photoresists evaluated here in terms of non-polarity (hydrophobicity), the
acryl-type resist will be the most non-polar, followed by the hybrid-type and lastly, the PHS-type resist.
The hybrid-type resist which is relatively more non-polar (hydrophobic) than the PHS-type resist, has
affinity to a long alkyl chain length developer i.e., relatively non-polar (hydrophobic) TBAH developer.
This allows the hydrophobic interaction to be easily broken. However, failure free CD-window was
larger in TBAH developer than in TMAH developer. Therefore, we considered the polar interaction.

After exposure, the phenolic hydroxyl groups are produced from the PHS-type resist and are dissolved
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during the development process. Meanwhile, carboxyl group and phenolic hydroxyl groups are
produced from the hybrid-type resist and get dissolved during the development process. This suggests
stronger polar interaction between the hybrid resist and developer. The polarity of tetraalkylammonium
cations decrease with the increase of alkyl chain length because a long non-polar alkyl chain shields a
positive charge. The relatively stronger polar interaction of the hybrid-type resist in the TMAH
developer is assumed to be the reason for increased open CH defects at high exposure dose region in

this material and developer condition.

4-4. Conclusion

The effects of the alkyl chain length of tetraalkylammonium hydroxide on stochastic defect
generation (failure free CD-window) were investigated. From EUV patterning results, it was found
that in the case of the PHS-type photoresist, the failure free CD-window was not significantly
affected (almost the same value) by the alkyl chain length at a low pattern failure ratio (<0.5%). In
the high-pattern-failure-ratio region (>0.5%), the failure free CD-window for TMAH and TEAH was
larger than that for TPAH and TBAH. In contrast, a clear trend in stochastic defect generation
depending on developer solutions was observed in both the acryl-type and hybrid-type photoresists.
For the acryl-type photoresist, a short alkyl chain resulted in the increase in the number of stochastic
defects, namely, a small failure free CD-window. For the hybrid-type photoresist, it was observed
that a long alkyl chain resulted in a large failure free CD-window. These results reflected the impact
of developer solutions (alkyl chain length of tetraalkylammonium hydroxide) on stochastic defect
generation. These results also showed the effectiveness of tetraalkylammonium hydroxide with long
alkyl chain, 1.e., TBAH for the development of acryl- and hybrid-type photoresists (the latter being
more commonly utilized for EUV lithography).
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Conclusions
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Various types of defects are generated post development in EUV lithography. This work focused on
understanding stochastic defects (e.g. pattern collapse, closed and open hole defects), their generation
and reduction.

In Chapter 2, investigations on the reduction of pattern collapse were carried out by depressurizing
the atmosphere during the deionized water rinse and drying process in the development process. The
differential pressure P between the atmosphere presser Patmosphere and the rinsing liquid pressure Prinse

is expressed as

. __2ycos@
P = Patmosphere - Prinse - PR

where y is the surface tension of rinsing liquid, # is the contact angle with the photoresist pattern and
the rinsing liquid, and d is the width of space between line patterns. Therefore, the contact angle 9 is
expected to increase when the atmosphere is depressurized. On the other hand, the tensile stress o

which causes pattern collapse is expressed as

2
6ycosf (H
o=222(7)
d L

where H is the pattern height and L is the line width. Therefore, an increase in contact angle 6 leads to
a pattern collapse mitigation due to a decrease in tensile stress. In actual patterning experiments, it was
shown that the line-width-without-pattern-collapse was reduced by depressurizing the development
chamber. This shows that the tensile stress on the pattern was reduced. The temperature dependency
and pressure dependency of the contact angle have been reported elsewhere. This research
demonstrates that the contact angle between the rinse and the pattern may have been a factor in the
reduction of pattern collapse by depressurization. However, the resist patterning experiments using a
45-nm 1:1 lines/spaces (L/S) pattern did not show any reduction in pattern collapse. Thus, it remains
to be determined whether further pressure reduction will have an effect, or whether the photoresist
dissolution behavior during development has a larger impact. Chapter 2 shows that the latter may be
true.

In Chapter 3, the dissolution dynamics of three types of EUV photoresists was observed by the
quartz crystal microbalance (QCM) method using four different developer solutions with different
alkyl chain lengths. For poly(4-hydroxystyrene) (PHS) type photoresists, there were no significant
differences from the dissolution dynamics in developers with different alkyl chain lengths. On the

other hand, differences in dissolution dynamics depending on developer were observed for acryl-type
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and hybrid-type photoresists. In acryl-type photoresists, TMAH which has the shortest alkyl chain
length (among the developers in this experiment) and small cation, was found to cause significant
swelling in the early stages of development. This is thought to be because the OH group in 3-hydroxy-
I-adamantylmethacrylate of acryl-type photoresist does not dissociate in the developer solution but
swells by taking in water. The smaller the cation, the more easily it is taken in. Hybrid photoresists
showed faster dissolution in TBAH developer with long alkyl chains. This is because 2-methyl-2-
adamantyl methacrylate is a nonpolar group, and the long alkyl chains are effective in cleaving
hydrophobic interactions. This chapter reveals that the dissolution dynamics were significantly
depended on the combination of EUV photoresists and developers with different alkyl chain lengths.

In Chapter 4, the effects of the alkyl chain length of tetraalkylammonium hydroxide on stochastic
defect generation (failure free CD-window) were investigated. From EUV patterning results, it was
found that in the case of the PHS-type photoresist, the failure free CD-window was not significantly
affected (almost the same value) by the alkyl chain length at a low pattern failure ratio (<0.5%). In the
high-pattern-failure-ratio region (>0.5%), the failure free CD-window for TMAH and TEAH was
larger than that for TPAH and TBAH. In contrast, a clear trend in stochastic defect generation
depending on developer solutions was observed in both the acryl-type and hybrid-type photoresists.
For the acryl-type photoresist, a short alkyl chain resulted in the increase in the number of stochastic
defects, namely, a small failure free CD-window. For the hybrid-type photoresist, it was observed that
a long alkyl chain resulted in a large failure free CD-window. These results reflected the impact of
developer solutions (alkyl chain length of tetraalkylammonium hydroxide) on stochastic defect
generation. These results also showed the effectiveness of tetraalkylammonium hydroxide with long
alkyl chain, i.e., TBAH for the development of acryl- and hybrid-type photoresists (the latter being
more commonly utilized for EUV lithography).

Finally, this study clarified that aside from the photoresist material, the drying process and alkaline
developer materials play a significant role in stochastic defect generation in EUV lithography. This
work has also shown that for the fabrication of much finer patterns in the future, the research and
development of EUV photoresist materials, and the advancement of developer materials (that are less
likely to cause swelling) will also be necessary. Furthermore, with new technological trends pointing

towards the use of organic solvents as developer materials for next generation photoresists, such as
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metal oxide photoresists or main chain scission photoresists, the importance of research on photoresist
dissolution process is obvious. For this purpose, the method established here is viewed effective in
clarifying the relationship between dissolution behavior and stochastic defects generation. The results
obtained in this thesis can lead to pointers in achieving the optimal combination of photoresist and

developer materials.
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