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ARTICLE INFO ABSTRACT

Keywords: Extreme ultraviolet (EUV) lithography has the advantage of implementing a finer pattern by using a wavelength
Extreme _“ltra"i"let (EUV) of 13.5 nm light source with a higher resolution value than the existing ArF light source. However, there are
Photoresist several issues regarding EUV photoresist (PR), such as low etch resistance due to thin thickness and pattern
;zigzis:; mismatch during subsequent processing/deterioration of electrical characteristics of the device due to increase in
Annealing line edge roughness (LER). In this study, the effect of CS; plasma treatment and/or followed annealing at 80 °C

on the EUV PR properties was investigated to improve PR characteristics such as LER, etch resistance, etc. during
the etching by CF4 plasma. The CS; plasma treatment and followed annealing improved the PR characteristics
such as decreased ALER, decreased ACritical dimension, and decreased AThickness of the PR after the etching
compared to the reference and/or annealed PR. Especially, the PR treated by CS, plasma + annealing showed the
improvement of etch resistance of ~ 70 % compared to the reference PR. The X-ray photoelectron spectroscopy
and Fourier transform infrared spectroscopy showed that the improvement of EUV PR properties were related to

Line edge roughness (LER)

the formation of C—S, O—S bonds on the surface of PR by the CS; plasma treatment + annealing.

1. Introduction

The lithography technology for the nanoscale patterns of 10 nm or
less is being replaced by the extreme ultraviolet (EUV) lithography
technology from the multi-patterning technology through ArF immer-
sion lithography.[1-4] Since the existing multi-patterning technology
using ArF immersion lithography has gradually reached its limit[5-8],
EUV lithography technology that uses a 13.5 nm wavelength light source
instead of a 193 nm wavelength ArF light source was applied to
implement a finer pattern.[9-12] EUV lithography has a higher reso-
lution due to its shorter wavelength, so it has the advantage of being able
to implement the same line width with fewer process steps and less cost
without using multi-patterning.

However, there are several problems in applying EUV lithography to
extend the process range. In the EUV light source, the energy of one
photon is ~ 14 times stronger than that of the ArF light source. However,
in EUV lithography, the number of photons per unit area is much fewer
than that in DUV lithography.[13] For this reason, the thickness of the
photoresist (PR) is getting thinner than ~ 50 nm in order to companste
enough photons for reaction. And, due to the thin thickness of resist,
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high etch resistance of resist is required during the etching of underlayer
(generally, a hardmask layer such as SiON). In addition, due to the large
energy and smaller number of EUV photons compared to those of the
ArF light source, the probability of the secondary electron generation
from the resist by the EUV photons is discontinuous, causing the prob-
lem of increasing line edge roughness (LER).[12,14-16] The increased
LER of EUV PR consequently leads to an increased LER of the hard mask,
and eventually, it is transferred to the LER of device final pattern causing
critical dimension (CD) uniformity variation, deterioration of the elec-
trical characteristics of the device, etc.[17-20].

To relieve the problems related to the EUV PR, efforts have been
made recently by increasing the etch resistance of PR patterns through
research such as the selective area deposition method, which selectively
deposits only the PR area in a plasma state, and the cyclic depo-etch
method, which repeatedly proceeds deposition and etching.[21-23]
However, these methods do not increase the fundamental durability of
the PR but increase the thickness, and add a deposition process to
compensate for the shortcomings, leading to a burden of increased cost
and time.

Previously, research on treating nanometer-scale block copolymers
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(BCP) with sulfur-containing plasmas before the etching process was
conducted, and it was found that, after the treatment with a sulfur-
containing plasma of H,S, the pattern stability and etch resistance
during the etching with fluorocarbon plasmas were improved.[24]
Sulfur is used for doping carbon-based materials by atomic substitution
of crystal lattice, surface functionalization, etc., and applied studies on
modifying physical and chemical properties of carbon materials have
been reported.[25-30] Therefore, in this study, a possibility of trans-
ferring EUV PR pattern to underlayers without deformation of resist
during the etching was investigated through a CS, plasma treatment
containing sulfur and heat treatment of developed EUV PR. The etching
was performed using a CF4 plasma, which is used to etch the hardmask
material such as SiON, and the changes in residual thicknesses of EUV
resist, line edge roughness (LER), and critical dimension (CD) were
compared before and after the treatments.

2. Experimental details

Fig. 1 (a) shows the overall process of the CS; plasma treatment for
the hardening of EUV PR. Using EUV PR (reference) formed on a silicon
wafer, CSy plasma treatments were performed using an inductive
coupled plasma (ICP) type plasma shown in Fig. 1 (b) without biasing
the substrate at room temperature. For the CSy plasma treatment, 13.56
MHz RF power in the range of 50 to 500 W was applied to the ICP source
while keeping 9 mTorr of CS; gas pressure. The CS; plasma treatment
time was varied from 30 sec to 10 min, and the treatment effect was
compared with the reference. The annealing of the reference and CS;
plasma treated EUV PR was performed on a hot plate at a temperature
ranging from 40 to 200 °C for 15 min. The variously treated EUV PR
samples were etched with a CF4/Ar plasma used for the hard mask
etching such as SiON by a reactive ion beam etcher(RIBE) shown in
Fig. 1 (c). For the etching of EUV PR using the RIBE system, 1000 W of
13.56 MHz RF power was applied to the ICP source with 3 mTorr of CF4:
Ar (1:10) while applying 50 V to the 1st grid, —50 V to the 2nd grid, and
ground potential to the 3rd grid. The pattern EUV photoresist was etched
for 40 s.

As EUV samples, a silicon wafer (SK Siltron; p-type, (100), boron-
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doped, 10 O-cm silicon) blankly coated with a ~ 50 nm thick
negative-tone type chemical amplified resist(CAR) was used to measure
the etch depths after the CF4/Ar plasma, and for the surface analysis
before and after the surface treatments using CSz plasma and annealing.
For the measurement of the change in LER (ALER) and the change in CD
(ACD), the same EUV resist coated on a bottom antireflective coating
(BARC) layer was patterned to have ~ 150 nm wide line patterns by
using a KrF lithography equipment (the negative-tone EUV PR used in
this experiment could be patterned with KrF lithography).

The changes in EUV photoresist after the etching with a CF4/Ar
plasma such as etch depth, etch profile, LER, and CD were observed
using a field emission scanning microscope (FE-SEM; Hitachi, S-4700).
The variations in LER and CD (ALER and ACD) were measured with a
MATLAB-based software: Line and Contact Edge Roughness Meter
(LACERM). To confirm the surface treatment effects, the chemical
bonding state and atomic % of EUV photoresist before and after the CSy
plasma treatment and/or annealing were investigated by X-ray photo-
electron spectroscopy (XPS; Thermo VG, MultiLab 2000). In addition,
Fourier transform infrared spectroscopic analysis (FT-IR; Bruker, IFS-
66/S, TENSOR 27) was performed to analyze the structural changes
and types of bonds in photoresist before and after the surface treatment.
The dissociated species of the CS, plasma were observed using optical
emission spectroscopy (OES; Andor, iStar734).

3. Results and discussion

Fig. 2 shows the remaining thickness of blank EUV PR after surface
treatments, annealing, and etching measured as a function of (a) CS;
plasma power, (b) annealing temperature, and (c) CS; plasma treatment
time to find out the optimum surface treatment condition for the CS;
plasma treatment time and annealing temperature. In Fig. 2 (a), the CS;
plasma was operated at 9 mTorr CS, and the treatment time was 2 min,
the annealing was performed at 80 °C for 15 min after the CS, plasma
treatment, and etching was carried out after the CS, plasma treatment +
annealing for 40 sec using RIBE with 3 mTorr of CF4/Ar (1:10) while
applying 1000 W of ICP power, 50 V of 1st grid voltage, and —50 V of
2nd grid voltage. The etching condition corresponds to the process
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Fig. 1. Schematic diagrams of (a) overall EUV PR treatment process, (b) ICP system used in the CS, plasma treatment, and (c) RIBE system used in the etching.
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Fig. 2. EUV PR thickness after surface treatments, annealing, and etching measured as a function of (a) CS, plasma power, (b) annealing temperature, and (c) CS;
plasma treatment time. In (a), the CS, plasma was operated at 9 mTorr CS; and the treatment time was 2 min, the annealing was performed at 80 °C for 15 min after
the CS; plasma treatment. In (b), for the CS, plasma treatment, rf power was maintained at 50 W and the annealing time was kept at 15 min. In (c), the CS, plasma
power was kept at 50 W and the annealing after the CS, plasma treatment at 80 °C for 15 min. Etching was carried out with 3 mTorr of CF4/Ar (1:10) and the etching

condition corresponds to the process condition of etching 20 nm thick SiON.

condition of etching 20 nm thick SiON. As shown in Fig. 2 (a), for the CS;
plasma treatment, when the rf power was < 50 W, no change in the
thickness of EUV PR was observed, however, when the rf power was >
150 W, increase of resist thickness was observed possibly due to the
formation of CS polymer on the EUV PR surface, and the increase of the
rf power increased the polymer thickness. When the EUV PR samples
treated with CS, plasma at different rf power conditions were annealed
at 80 °C for 15 min, no change in resist thickness was also observed for
the EUV PR treated at < 50 W of rf power. However, for the EUV PR
treated at > 150 W of rf power, the resist thickness was decreased
slightly after annealing possibly due to the evaporation as CSy on the
EUV PR surface. When the EUV PR samples treated with CSy plasma +
annealing was etched using the etch condition described above, the
increased remaining resist thickness was observed for 50 W of the CSy
plasma power by showing 36.1 nm remaining resist thickness compared
to 26.2 nm for the reference (from ~ 50 nm). However, the treatment at
the higher CS, plasma powers (>150 W) decreased the remaining resist
thickness after the etching (34 nm for 150 W, 32 nm for 300 W, and 27.4
nm for 500 W) even though the remaining thicknesses were still thicker
than that of the reference.

In Fig. 2 (b), the effect of annealing temperature on the remaining
EUV PR thickness after annealing and etching is shown. For the CS;
plasma treatment, rf power was maintained at 50 W and, during the
annealing after the CS; plasma treatment, the annealing time was kept at
15 min. For annealing, up to 80 °C for 15 min, no change in resist
thickness was observed, however, the increased annealing temperature
of > 150 °C decreased the resist thickness below the original EUV PR
thickness (after 150 °C treatment, 40.7 nm, and, after 200 °C treatment,
31.8 nm). In fact, the reference EUV PR thickness was also decreased in
similar thickness when annealed at > 150 °C, therefore, the decrease of
CS, plasma treated EUV PR at the higher temperature was not related to
the CS; plasma treatment but the vaporization of the original EUV PR by
annealing. In the case of the remaining EUV PR thickness after the CF,/
Ar etching, the increasing remaining resist thickness with increasing
annealing temperature (33.3 nm for 40 °C treatment and 36.1 nm for 80
°C) was observed up to 80 °C, but the remaining resist thickness was
decreased after the annealing > 150 °C (at 150 °C, 28.8 nm, and at 200
°C, 20.7 nm). In fact, the decreased remaining resist thickness at the
annealing temperature > 150 °C was related to the thinner resist
thickness after the annealing and, the amount of etch was continuously
decreased with increasing annealing temperature (at 80 °C, 15.5 nm,
150 °C, 11.9 nm, and at 200 °C, 11.1 nm) possibly indicating the for-
mation of more strong bonding of sulfur with EUV PR. However, because
the final remaining resist thickness was the thickest at 80 °C, it was
selected as an optimum condition for annealing.

In Fig. 2 (c), the effect of the CSy plasma treatment time on the

remaining resist thickness is shown while keeping the CS; plasma power
at 50 W and the annealing after the CS, plasma treatment at 80 °C for 15
min. As shown in Fig. 2 (c), no change in resist thickness was observed
until 3 min of CS; plasma treatment, however, the further increase of
CS, plasma treatment time up to 10 min increased resist thickness slowly
possibly the CS polymer deposition on the EUV PR surface. The
increased resist thickness caused by the deposition was slightly
decreased after the annealing process. And, after the CF4/Ar etching
using the condition in Fig. 2 (a), the remaining resist thickness was
increased up to 2 min CS; plasma treatment (after 30 sec, 33 nm; after 1
min, 33.7 nm; after 2 min, 36.1 nm), however, the further increased CS,
plasma treatment time decreased the remaining resist thickness (after 3
min, 33.3 nm; after 4 min, 31.1 nm; after 6 min, 31.1 nm; after 10 min,
30.3 nm). Therefore, by using the optimum condition of CS; plasma
treatment at 50 W for 2 min and annealing at 80 °C for 15 min, the etch
amount of EUV PR was decreased from 26 nm (for reference; PR
thickness decreased from 52.2 to 26.2 nm after etching) to 15.5 nm (for
CS2 + Annealing; PR thickness decreased from 51.6 nm to 36.1 nm after
etching), therefore, the improvement of etch resistance of ~ 70 % could
be achieved.

Using patterned EUV PR samples with the pattern width of ~ 150 nm
(143 ~ 151 nm) after the KrF lithography, the changes of critical
dimension (ACD) and line edge roughness (ALER) were measured with a
MATLAB-based software described in the experimental section before
and after the etching of EUV PR treated with CSy plasma only, annealing
only, CS; plasma + annealing in addition to the reference using the
optimized conditions described above and the results are shown in Fig. 3
(a) for ALER and (b) for ACD. The changes in the EUV PR thickness
(AThickness) for the patterned EUV PR before and after the etching were
also observed using FE-SEM, and the results are shown in Fig. 3 (c).
(Thickness information of each treatment condition is shown in
Figure S1.) The etch condition was the same as the condition in Fig. 2
(a). As shown in Fig. 3 (c), the etched amount of the patterned EUV PR
was similar to the blank EUV PR by showing ~ 26 nm for the reference
and ~ 15 nm for the resist treated with CSy plasma + annealing. In
addition, the resist treated with the annealing only showed AThickness
of ~ 28 nm and that treated with the CS; plasma only showed
AThickness of ~ 18.8 nm, therefore, the annealing itself did not improve
the etch resistance of EUV PR and the CS; plasma treatment only also
showed the etch resistance of EUV PR even though the following
annealing improved the etch resistance more. As shown in Fig. 3 (a) and
(b), the improvement of ALER and ACD was also observed after the CSy
plasma treatment and further improvement after the CS, plasma treat-
ment + annealing while no improvement was observed after the
annealing only (ALER/ACD: 3.22/-15.8 nm for reference, 3.15/-21 nm
for annealing, 0.9/-5.4 nm for CS; plasma only, and 0.3/-0.2 nm for CS,
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Fig. 3. (a) LER (ALER) (b) CD (ACD), and (c) Thickness(AThickness) of EUV PR after the etching of EUV PR treated with CS, plasma only, annealing only, CS,
plasma + annealing in addition to the reference. CS, plasma treatment condition: 9mTorr CS,, 50 W and 2 min. Annealing condition: 80 °C for 15 min. The etching

condition is the same as the optimized conditions in Fig. 2.

plasma + annealing). Fig. 4 shows the top-down FE-SEM images of
patterned EUV PR samples before and after etching with a RIBE system
for (a) reference, (b) after annealing only (c) after CS; plasma treatment
only, and (d) after CS, plasma treatment + annealing. As shown in Fig. 4
(d), no significant changes in ALER and ACD were observed after the
etching for the EUV PR treated with the CS; plasma + annealing while
significant increase of LER and decrease of CD were observed for both
reference EUV PR and annealed EUV PR. (A conventional reactive ion
etching system was also used in the etching of EUV PR before and after
the treatments, and the same trends were observed. See supplementary
information Figure S2 and Table S1.).

To understand the location of surface treatment effect, the reference
resist and the resists treated with CS, plasma only/with CS; plasma +
annealing were etched partially in depth and measured etch rate with
depth and the results are shown in Fig. 5. As shown in Fig. 5, initially, at
the surface of EUV PR, the etch rate of the reference was the highest
(~1.1 nm/s) and that of resist treated with CS, plasma + annealing was
the lowest (~0.5 nm/s) while the resist treated with CS; plasma only
showed the etch rate of ~ 0.8 nm/s. The differences were decreased with
depth and, at the etched thickness of ~ 25 nm, the etch rate of the CS;
plasma treated resist was similar to that of reference, and, at the etched
thickness of ~ 40 nm, the etch rates of CS, plasma treated resist, CSy
plasma treated resist, and reference became similar. Therefore, it is
believed that, ~ 25 nm thick EUV PR is affected by the CSy plasma
treatment and ~ 40 nm by the annealing at 80 °C after the CS; plasma
treatment.

The species forming in the plasma during the CS; plasma treatment

(a) Ref

(b) Annealing

Before
Etch

After
Etch

were observed using OES for the optimized condition of 9 mTorr CS; and
50 W of ICP source power and the results are shown in Fig. 6 (a) for the
wide wavelength range from 200 ~ 900 nm and (b) for the narrow
wavelength range of 200 ~ 300 nm and 400 ~ 600 nm. As shown in
Fig. 6 (a), sharp peaks at 200 ~ 300 nm and a broad peak at 400 ~ 600
nm were observed and, the detailed investigation of peaks showed that,
as shown in Fig. 6 (b), the broad peak at 400 ~ 600 nm was related to the
CS, vibrational peaks[31,32] while the sharp peaks at 200 ~ 300 nm
were mostly related to the CS and S which were dissociated from CS,.
Therefore, it is found out that the EUV PR surface is affected by disso-
ciated species such as CS and S. (The EUV PR was not affected by gaseous
CS; itself. See Supplementary information Figure S3; there was no
chemical changes of EUV PR surface when the EUV PR was exposed to
gaseous CS; only.).

The surface composition and binding states of EUV PR surface before
and after annealing and/or CSy plasma treatment were investigated by
XPS and the results are shown in Fig. 7 (a) for the surface composition,
(b) narrow scan data of sulfur 2p peak, and (c) narrow scan data of
carbon 1 s peak. The process conditions are the same as the optimized
conditions of Fig. 2. As shown in Fig. 7 (a), after the annealing only, no
differences in surface composition were observed (C:O:S:F:I =
78:16:1:4:1% for reference, and 77:17:1:4:1% for annealed). However,
after the CS; plasma treatment, the increased sulfur percentage from 1 to
37 % (C:0:S:F:1 = 52:8:37:1:0.3 %) was observed and the annealing after
the CS; plasma treatment decreased the sulfur percentage to 32 % (C:O:
S:F:I = 56:10:32:2:0.2 %). In the XPS narrow scan data of S 2p peak, as
shown in Fig. 7 (b), the increased sulfur showed -C—S—C- related peaks

(©O) CS, (d) CS, + Annealing

149.4 H 143.4 g
144 .m 143.2 d

Fig. 4. Top-down FE-SEM images of patterned EUV PR samples before and after etching with a RIBE system for (a) reference, (b) after annealing only (c) after CS,

plasma treatment only, and (d) after CS, plasma treatment + annealing in Fig. 3.
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by showing shifted S 2p3,5 and S 2p; /2 peaks at 163.8 (from 163.2 eV for
sulfur only) and 165.1 eV (164.7 eV for sulfur only), respectively. In
addition, the small peaks related to -C—S(O)x-C-, that is, oxide sulfur
peaks at 166.1 and 168.2 eV could be observed.[33,34] In the case of
XPS narrow scan data of C 1 s peak, as shown in Fig. 7 (c), due to the
same bonding peaks of C—C and C—S at ~ 284.6 eV, no additional peak
could be observed on C 1 s peak by the increase of sulfur on EUV PR
surface. To understand the effect of annealing after the CS, plasma
treatment, when the ratio of S—O bonding area/C—S bonding area was
taken from Fig. 7 (b), the slight increased ratio of 0.156 for the CSy
plasma treatment + annealing from 0.147 for the CS; plasma treatment
was observed, therefore, S—O bonds appeared to be increased some-
what in the resist after the annealing.

To understand the effect of annealing after the CS; plasma treatment,
XPS depth profiling was carried out with an Ar" ion beam for the CS,
plasma treated resist and the annealed resist after the CS, plasma

treatment and the results are shown in Fig. 8 (a) for the composition
ratios of CS; plasma treated resist and (b) for those of the resist treated
with CS; plasma + annealing with Ar' ion depth profiling time. The
process conditions are the same as the optimized conditions in Fig. 2. As
shown in Fig. 8 (a) and (b), both resists showed the decrease of sulfur
with increasing depth profiling from the resist surface, however, the
resist treated with the CSy plasma showed faster decrease of sulfur
content in the resist with depth compared to that treated with the CSy
plasma + annealing. Fig. 8 (c) shows the changes in sulfur percentages
with depth shown in Fig. 8 (a) and (b), and, even though the sulfur
composition was lower at the surface for the resist treated with CS;
plasma + annealing (37 % for the CS, plasma treated and 32 % for the
CSy plasma + annealing), the decrease in sulfur content with depth was
slower than that treated with the CS; plasma, therefore, the sulfur per-
centage was remaining higher at the similar depth in the resist. There-
fore, it is believed that the higher etch resistance observed after the
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annealing of CS; plasma treated EUV PR appears be partially related to
the increased diffusion of sulfur into the resist during the annealing.
(Additional XPS narrow scan data for each condition are shown in
Figure S4 and Figure S5.).

In addition to the surface analysis after the surface treatments, the
change in surface composition of the resist after the etching was inves-
tigated using XPS and the results are shown in Fig. 9 for the resist
samples treated by annealing, CS; plasma, and CS, plasma + annealing
in addition to the reference. The process conditions are the same as the
optimized conditions in Fig. 2. The resist etch depth using CF4/Ar
plasma was maintained at ~ 3 nm. As shown in Fig. 9, the reference and
annealed resist showed the similar compositional changes before and
after the etching, and the increase of F from 4 to 17 ~ 18 % could be
observed while showing similar sulfur percentage of 1 % after the
etching. In the case of the resist samples treated with CS, plasma and CS,
plasma + annealing, significant decrease in sulfur percentage (S: from
37 to 6 % for CS; plasma treated and, from 32 to 11 % for CS, plasma
treated + annealed) was observed, however, more sulfur content was
observed on the resist treated with CS; plasma + annealing. Especially,
in case of fluorine, even though the F content was increased after the
etching for both resist treated with CS; plasma and CS; plasma +
annealing (F: from 2 to 9 % for CS; plasma treated and from 2 to 5 % for
CSy plasma treated + annealed), the F percentages were smaller
compared to those of the reference and annealed and, the F percentage
of the resist treated with CS, plasma + annealing was also smaller than
that treated with CSy plasma. That is, higher the sulfur on the resist,
lower the fluorine on the resist, therefore, it appears that, the reaction of
resist with fluorine in the CF4/Ar plasma is disturbed by sulfur on the
EUV PR surface, and, it increases the etch resistance of the CS, plasma
treated resist. (Additional XPS narrow scan data for after etching by CF4/
Ar plasma condition are shown in Figure S6.) In addition, the formation
of bonds such as S=0 and C—=S which have higher bonding energy than
single bonding or C—C bonding after applying an annealing process
after the CS, plasma treatment as shown in Figs. 7 and 10 appears to
contribute to the hardening of EUV PR even though it is difficult to find
out which bonds contribute the hardening of PR.

The binding states of EUV PR before and after the treatments were
also investigated using FT-IR. Fig. 10 (a) shows transmittance results of
FT-IR for the EUV PR after annealing, CS; plasma treatment, and CSy
plasma treatment + annealing in addition to the reference. The process
conditions were the same as the optimized conditions in Fig. 2. As shown
in Fig. 10 (a), The absorption peaks were similar, however, there were
some differences in wavenumber range of 1100 ~ 1400 cm ™. To figure
out the differences, the FT-IR data of the EUV PR after annealing, CS;
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plasma treatment, and CS; plasma treatment + annealing were sub-
tracted by that of reference and the results are shown in Fig. 10 (b) for
the wavenumber range of 1050 ~ 1550 cm ™. The black line is the graph
of annealed PR subtracted by that of the reference, and no noticeable
differences were observed between the reference and annealed EUV. The
graph of CS; plasma treated subtracted by the reference showed a peak
at 1160 cm™! related to O=S = O binding and C—S binding. After the
annealing of CS, plasma treated resist, in addition to the peak related to
O=S = O binding and C—S binding, the peaks related to S=O (near
1400 cm 1Y) and C=S (near 1080 and 1280 cm’l) were observed.
[35-38] Therefore, it is believed that the sulfur on the EUV PR after the
CS; plasma treatment forms new bonding with carbon such as C—S in
the resist preventing the reaction with fluorine and further bonding such
as S=C and S—O contributing hardening of PR after the annealing in
addition to the diffusion of sulfur into the resist, and which appears to
strengthen the etch resistance of the EUV PR after the CSy plasma
treatment and CS; plasma treatment + annealing.

4. Conclusions

In this study, the effect of CS; plasma treatment and annealing on
surface hardening of EUV photoresist was investigated. After the CSy
plasma treatment at 50 W ICP power for 2 min followed by annealing at
80 °C for 15 min, the etch resistance of EUV PR was increased by ~ 70 %
compared to the reference PR. In addition, after the CS, treatment and
annealing, ALER and ACD of the patterned EUV PR were significantly
decreased. The improvement of EUV PR properties after the CS, plasma
treatment was appeared to be related to the formation of C—S bonding
on the surface and the further improvement of EUV PR properties after
the annealing was related to the formation of C=S bonding and S—0O
bonding in addition to the diffusion of sulfur into the resist. That is, after
CS, treatment and annealing, new bonds related to S were formed and
the bond strength was increased after the annealing in addition to
diffusion, and which appears to be related to improvement of etch
resistance by preventing the reaction with F or CFx during the etching
with CF4/Ar. In conclusion, the surface hardening of EUV photoresist
can be achieved without thickness change and with a simple process,
and the results can be applied as a next-generation process to improve
etch resistance of EUV PR.
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