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Investigations to evaluate the extreme ultraviolet (EUV) lithographic performance of 160 nm thick

poly(methyl methacrylate) with 13.5 nm wavelength EUV light were performed using a synchrotron

radiation source at Pohang Light Source-II (PLS-II). The single system enabled the determination of the

sensitivity, contrast, linear absorption coefficient, critical dimension, and line edge roughness of polymer

thin films through tests and measurements. The experimental findings were also compared to theoretical

results and those of previously reported studies. According to the results of the dose-to-clear test and

transmission measurements, the critical dimension of a line and space pattern (>50 nm) via interference

lithography with 250 nm pitch grating agreed well with the results calculated using the lumped

parameter model. The experimental results demonstrated that the equipment and test protocol can be

used for EUV material infrastructure evaluation in academia and in industry.
1. Introduction

Lithography and inspection using extreme ultraviolet (EUV)
light are crucial steps for the fabrication of highly integrated
semiconductor chips in accordance with Moore's law, wherein
the performance of semiconductors doubles approximately
every two years.1–3 In the semiconductor industry and in leading
research laboratories, EUV patterning technologies have been
studied for advanced processes and applications, such as
development of 20 nm period line/space patterns as well as
adaption of high numerical aperture optics.4,5 In addition, for
studies on key components, such as photoresists, photomasks,
and pellicles, synchrotron-radiation-based EUV sources have
been widely employed as experimental platforms. For instance,
the Swiss Light Source provides resist patterning tools for
periodic nanostructure fabrication.6 In addition, an actinic
mask inspection system was implemented.3 The Advanced Light
Source developed a projection exposure tool with a numerical
aperture of 0.5 (i.e., the MET-5) for high-resolution printing.7

The New SUBARU provides a platform to study the optical
properties of components employed for EUV lithography
processes.8
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According to specic targets and demands, different litho-
graphic tools employing several sources, including electron
beam and EUV light, have been used to the exposure processes
of the resist materials. Based on a highly focused beam,
lithography via highly energetic electrons is generally used to
print high-resolution patterns.9 By contrast, photon-based
lithography is widely applied for mass production at a high
repetition rate.10 In aspect of physical mechanism, electron
source directly induces bonding scission and/or cross-link. In
photon source, the ionization process exciting bound electrons
becomes crucial.11,12 Moreover, this process is governed by the
wavelength of light. Therefore, the lithographic performance
depending on exposure tool must be studied.13–15 For instance,
sensitivity, dened as the exposure energy at half residual lm
thickness, can be utilised to determine the required throughput
of the lithographic tool.16,17 The contrast, dened as the slope of
transition between light and dark areas, relates to critical
dimension (CD, i.e. pattern resolution) control.18 These prop-
erties directly contribute to the lithographic patterning perfor-
mance, e.g. CD, line edge roughness (LER), and Resolution-Line
Edge Roughness–Sensitivity (RLS) properties.6 In particular, the
evaluation of these lithographic parameters is essential for the
discovery of novel photoresists and optimization of their
performance for application in EUV lithography. For instance,
elucidation of the mechanism of the photon–resist interac-
tion,19 characterization of the chemical compound,20 and
conguration of molecular density of photoresists21 are critical
for directly improving the performance of electronic devices,
such as MOSFETs22 and FinFETs.23

This paper reports a comprehensive study for evaluating the
EUV lithographic performance of poly(methyl methacrylate)
RSC Adv., 2022, 12, 2589–2594 | 2589
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View Article Online
(PMMA) lms with correlative parameters. Measurements were
performed using a single instrumentation supplied at the
Pohang Light Source-II (PLS-II) of the Pohang Acceleration
Laboratory. In a single experimental station, three tests/
measurements, including the dose-to-clear test (DCT), EUV
transmission measurements, and two-slit interference lithog-
raphy (IL), were performed by simply changing the components.
PMMA lms were used as test resists. In the DCT, the sensitivity
and contrast of a 160 nm thick PMMA lm were determined on
the basis of a t with the dose–response function. To determine
the lithographic resolution (i.e. CD) experimentally, the ob-
tained results were compared with those of previous studies and
those obtained by calculations using the lumped parameter
model (LPM).14 In addition, the linear absorption coefficient,
which can be used in the LPM, was experimentally measured.
This study can facilitate the development of novel techniques
for EUV lithography and promote the research on the charac-
teristics of photoresists.
2. Experimental setup

An experimental system was constructed, and the experiments
were conducted at the 4A1 beamline (4A1 BL) of PLS-II. PLS-II
was operated at an electron energy of 3 GeV, a current of 250
mA, and a repetition rate of 500 MHz. The photon energy range
of this beamline ranges from 30 to 1000 eV, based on an ellip-
tically polarizing undulator with 11.4 cm period. Owing to the
horizontal focusing mirror, the beam was focused onto the exit
slit. The vertical focusing mirror focused the beam onto the
entrance slit. A monochromatic beam was obtained using six
spherical grating mirrors.

Fig. 1 shows the experimental chamber used to evaluate the
EUV lithographic performance. The system was installed 32.11
m downstream from the undulator. The components at specic
positions were changed according to the measurement
Fig. 1 Schematic of the experimental system and measurements. In
the upper panel, the key components are highlighted.

2590 | RSC Adv., 2022, 12, 2589–2594
requirements. In all measurements, Zr lms were used to
attenuate the EUV photons. The series of attenuators consisted
of 200–1000 nm thick Zr lms. The corresponding attenuation
ranged between 0.5 and 10�2. In addition, this component
removed scattered and frequency-doubled/tripled light from the
main beam. The spectral properties of the EUV beam remained
unaffected because the bandwidth, which is narrower than the
spectral regime of the highly transmitting Zr lm, was mainly
controlled by the monochromator system. For the DCT and
transmission measurements, a set of pinholes with aperture
diameters of 50–500 mm was used to control the irradiated and
measured areas. In the DCT, the photon number could be
precisely controlled from 5% to 50% by using additional
attenuators consisting of 100–300 nm thick Si3N4 membranes.
This essential component afforded a low dose, which could not
be achieved by using the shutter. Finally, a circular beam irra-
diated the resist. In the transmission measurement, 15 samples
with an effective area of 3 � 3 mm2 could be loaded. The
transmitted beam signal was digitalized by an EUV photodiode
(Optodiode, AXUV 100G) and an electrometer (Keithley, model
6514).

In the patterning test, a two-slit grating mask was located
0.77 m downstream from the horizontal exit slit in the mono-
chromator system. As shown in Fig. 2, the spacing between both
apertures is 20 mm, and the size of each aperture is 100 � 20
mm2. The 20 nm thick Cr grating on the Si3N4 membrane
consists of 40 lines with a 500 nm period; the line is 230 nm
wide. To improve the diffraction efficiency, the etched Si3N4

membrane between the gratings was 70 nm thick. The resulting
diffraction efficiency for each grating, calculated through the
rigorous coupled-wave analysis, was 4.0%.24 The light of the
EUV beam that passed outside the grating was blocked by the
photoresist beam stop, which was supplied by Eulitha.25 The
distance between the mask and wafer was set according to the
depth-of-focus of the grating. All tests and measurements were
performed at 0.2% EUV energy uctuations of 4 � 10�7 torr
under the ultra-high vacuum condition.

The photon energy bandwidth of the EUV beam used for
lithography was estimated through high-resolution photo-
emission spectroscopy and by using a clean gold surface. The 6s
electron band that intersects with the Fermi level had the
Fermi–Dirac distribution; the broadening width of the step of
the Fermi–Dirac distribution was proportional to the photon
resolution of the EUV source. This broadening section was
estimated as the full width at half maximum (FWHM) of the 6s
band spectrum through HRPES. The measured FWHM value of
Fig. 2 (Left) microscopy and (right) SEM images of the two-slit mask.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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600 mm vertical exit slit was 342 meV, corresponding the EUV
bandwidths was 0.37%. Utilizing narrow bandwidth is the most
advantage of synchrotron-based EUV source. Otherwise, the
laser-produced plasma source typically provides a bandwidth of
2–4% by using EUV optics and/or spectral lter.26 The EUV
beam prole was captured via pinhole scanning. The result was
obtained by deconvolution with respect to the aperture size of
the pinhole (25 mm). The FWHM beam diameters in the vertical
and horizontal directions were 0.80 and 0.58 mm, respectively.
Because of the large diameter, the region that overlaps with the
apertures of the two-slit mask is approximately a at top. The
root mean square deviation of the EUV energy, averaged over
the two-slit mask, was less than 0.5%.
3. Results and discussion
3.1. DCT

To test the EUV photon–resist interaction, PMMA was explored
using the DCT. To apply the photoresist lm, a PMMA solution
in a chlorobenzene solvent (Kayaku, 950 PMMA C2) was coated
on a 4 inch and 525 mm thick Si (100) substrate. The spin-
coating process was performed at 750 rpm for 60 s. The thick-
ness of the resulting PMMA lm was measured to be 160 nm
using an Alpha-Step proler. Post application bake (PAB) was
performed at 180 �C for 60 s. Aer EUV exposure, the sample
was developed in a mixture of methyl isobutyl ketone (MIBK)
and isopropyl alcohol (IPA) at a ratio of 1 : 3 and rinsed in
deionised water for 30 s. The EUV beam size was reduced by
a 450 mm diameter pinhole; because of the aperture size, the
diffraction patterns could be neglected in the analysis. During
exposure, the EUV light caused the main chain and side chain
scission of PMMA (i.e. the single carbon bonds of PMMA are
destroyed). Side chain scission generated methyl formate,
which promotes themain chain scission.27 The degraded PMMA
lm was dissolved in the developer. The remaining thickness
was measured with a three-dimensional optical proler (Bruker,
ContourX-100), which is typically used to visualize the surface as
a metrology tool. Fig. 3 shows the dose-dependent normalized
Fig. 3 Experimentally measured contrast curve of PMMA (circle) and
theoretically fitted response curve (line). Sensitivity E0 and contrast g
are 25.1� 0.5 mJ cm�2 and 5.3� 0.4, respectively. The insert presents
the three-dimensional optical profile at 50 mJ cm�2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
thickness of the 160 nm thick PMMA lm. Herein, this sample
thickness was primarily employed for a comprehensive study.
Error bars represent the standard deviation of the remaining
thickness of the irradiated areas. The errors might be affected
by the cleanliness of the PMMA surface aer exposure and
development. In addition, because the remaining thickness
decreased, the error of the measurement tool can be remarkably
increased, owing to the intensity of the probe beam that is re-
ected by the Si substrate.

To determine the material properties, the results were tted
with a dose–response function:16,17

D(E) ¼ D0[1 + 10log(E0/E)�g]�1.

wherein D(E) and D0 denote the dose-dependent and maximal
thicknesses of the photoresist lm (D0 corresponds to 1),
respectively. E0 is the sensitivity and g is the contrast of the
resist. The tting was weighted with one standard deviation.
The resulting sensitivity and contrast of the PMMA are 25.1 �
0.5 mJ cm�2 and 5.3 � 0.4, respectively. The errors represent
one standard deviation of the least squares t. Our results
deviate slightly from those of previous studies. Regarding the X-
ray Interference Lithography beamline of the Swiss Light
Source, Fallica et al. reported that the DCT with the EUV beam
resulted in E0 ¼ 8.5 mJ cm�2 and g ¼ 1.4 for a 40 nm thick
PMMA layer.14 Their PAB time and rinse type differed from
those of our experiment; moreover, the thicknesses of the
samples were signicantly different (our sample is four times
thicker), and the integrated photon energy was �2.9 times
higher than Fallica's report.
Fig. 4 (a) DCT curves, (b) sensitivity, and (c) contrast as function of
PMMA thickness.

RSC Adv., 2022, 12, 2589–2594 | 2591
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Fig. 5 Experimentally measured transmittance in the PMMA film
before (E¼ 0mJ cm�2, blackmarkers) and after (E¼ 200mJ cm�2, red
markers) exposure. The slope of the linear fit corresponds to the linear
absorption coefficient in bare sample.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

8/
20

25
 1

:1
7:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
To investigate the dependence of the parameters, we per-
formed the DCT with respect to the PMMA thickness. As shown
in Fig. 4(a and b), the sensitivity linearly decreases as the sample
thickness reduces. This feature is quite normal considering the
Beer–Lambert law, in which light is exponentially deposited
into the sample, �exp(�at). The sensitivity of the thinnest
sample, 75 nm, was 8.6 � 0.5 mJ cm�2, which is consistent with
values reported by Fallica et al.However, due to lack of data, it is
barely determined that the sensitivity is saturated at <75 nm
thickness. As shown in Fig. 4(c), the contrast shows similar
values, �5, at a thickness of #160 nm. However, the contrast
signicantly increases thereaer. The measured optical pene-
tration depth (1/a) of the PMMA layer at a 13.5 nmwavelength is
approximately 190 nm, introduced in the later section and in
the Henke table.28 Furthermore, considering the short mean
free path of the secondary electrons in PMMA (on the order of
a few nanometres),29,30 the ballistic transport is considerably
suppressed owing to diffusive collision. Probably, aer the
optical depth, more kinetic energy of electrons is consumed to
induce chemical reactions in PMMA. The correlation between
the collisional process and contrast can be observed in the
lithographic performance based on e-beam source. Here, the
kinetic energy of electron is much higher than EUV source.
Therefore, the energy gradient in photoresist is negligible.
Experimentally, Yasin et al. reported a contrast of 5.4 for a 1 mm
thick PMMA lm.31 However, to understand this correlation,
additional experiments and simulations must be necessary.
Typically, to avoid the collapse of patterned line, recent
researches have focused to achieve lithographic performance in
thinner photoresist (normally, <30 nm).13,15,17,32 In that case,
albeit photon energy is high enough (91.8 eV), most of electrons
inducing structural changes of photoresist have low kinetic
energy because it is generated via inelastic scattering from
substrate.11,12 Therefore, studies to nd proper thickness should
be important. To quantitatively interpret these phenomena,
additional experiments must be necessary to obtain the distri-
bution of kinetic energy and/or collisional cross-section of
energetic electrons by photoemission measurements.33 In
addition, the dose–response function may be required to
remodel the energy deposition dependence. In order to under-
stand the lithographic performances at next generation source,
such as beyond EUV, the function need to reect the spatial
distribution based on attenuation length.34
3.2. Transmission measurement

Fig. 5 shows the experimentally measured transmittance of
PMMA at a 13.5 nm wavelength. PMMA lms were coated on
200 nm thick Si3N4 substrates. The diameter of the incident
beam was reduced to 220 mm through the pinhole aperture. In
addition, as a probe beam, an intensity of 3 mW cm�2 was used
to avoid a chemical reaction in the PMMA, as shown above the
DCT.

Transmission was measured in the PMMA lm before and
aer exposure. Under the exposure condition, the sample was
fully equilibrated aer irradiation with an EUV beam of 200 mJ
cm�2. The mean and error values were obtained based on an
2592 | RSC Adv., 2022, 12, 2589–2594
average of approximately 100 and 10 shots, respectively, before
and aer the exposure. First, to determine the optical properties
of the substrate, the transmittance of a bare Si3N4 membrane
was measured using the same process. The resulting measured
transmittance and error were used to determine the properties
of the PMMA. According to the Beer–Lambert law, the trans-
mittance can be described as a function of sample thickness D
and linear absorption coefficient a: T(D) ¼ exp(�aD). Thus,
a can be determined on the basis of the slope of the linear t of
ln[T(D)]. In the bare PMMA lm, the measured a of PMMA is 4.9
� 0.3 mm�1. This result agrees well with the Henke table
(approximately 5.2 mm�1) and previously published
results.13,35,36 Thus, the measured value was applied in the
calculation by the LPM. For the result aer exposure, it is
difficult to observe any change within the error scale. This
observation also agrees with the ndings of a previous work.13

Thus, we can ignore the optical parameters of chemically
reacted molecules for the LPM.

3.3. Patterning performance

Fig. 6(a) shows the experimentally measured CD/pitch ratio as
a function of the normalized dose E/E0, for a 160 nm thick
PMMA lm. The pitch size was 250 nm. Mean E0 (25.1 mJ cm�2)
was calculated from the presented DCT results. We neglected
the 2% error (the standard deviation of the mean) because it did
not signicantly affect the representative feature. In addition,
we plotted the data from unity in the normalized dose because
E0 represents the threshold energy. The numerical CD values
were determined using the SuMMIT analysis soware, which
provides the CD and LER numbers on the basis of the SEM
images. The mean and standard deviations were determined
from 5–12 patterned lines in each SEM image. Overall, the CD/
pitch ratio exponentially decreased with dose. At E/E0 > 2.5, the
experimental data seemed to stabilize. We compared the
observations with the curves calculated using the LPM:

EðxÞ
E0

¼
�
1þ 1

gDeff

ðx
0

�
Iðx0Þ
Ið0Þ

��g
dx0

�1
g

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Experimentally measured and calculated CD/pitch ratios as
a function of normalized dose, (b) LER, and (c) LER/CD ratio. Error bars
indicate one standard deviation of measurement. (d) SEM image taken
at E/E0 ¼ 3.5.
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where E and I are the nominal exposure dose and aerial image
intensity, respectively, Deff is the effective thickness based onÐ D
0 ½Iðx0Þ=IðDÞ��gdx0. The sensitivity, E0, and contrast, g, originate
from the DCT results. Within the range of uncertainty, the
observations agree well with the calculated curve at E/E0 < 2.5.
Hereaer, although the discrepancy ratio is 15%, the data still
agree well with the calculations. In addition, the results were
compared with those of Fallica et al. obtained for 60 and 80 nm
pitches.14 To obtain the patterns, they performed two-slit IL at
13.5 nm wavelength. Both datasets in their work showed similar
dose-dependent CD/pitch ratios. Thus, the thickness of the
resist affects the resolution of the lithographic patterns.
Fig. 6(b) displays the corresponding LER as a function of the
normalized dose. It linearly decreased below a normalised dose
of approximately 2.5. Hereaer, the LER converges to approxi-
mately 11 nm, regardless of the exposure energy. At E/E0 < �2.5,
the LER/CD ratio is improved (from �35% to �20%), shown in
Fig. 6(c).
4. Conclusions

Experimental and theoretical studies were performed to
understand the lithographic performance characteristics of
PMMA lms based on DCTs, transmission measurements, and
patterning tests. The sensitivity and contrast were slightly
higher than those observed in a previously published study.
This result may be related to the different thicknesses of the
samples and/or the spectral properties of the EUV beam. In
contrast, the linear absorption coefficient agreed well with the
simulated values and the results from previously published
works. In addition, the resolution of the lithographic patterns
agreed well with the results calculated using the LPM on the
basis of the measured parameters. The lithographic
© 2022 The Author(s). Published by the Royal Society of Chemistry
performance results of the PMMA demonstrate that our exper-
imental apparatus is suitable for studying the optical properties
of photoresists. This comprehensive study can play an impor-
tant role in the discovery of novel photoresist candidates for
applications in EUV lithography and even beyond EUV
lithography.
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