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Abstract
Even though EUV lithography has the advantage of implenting a finer pattern compared to ArF
immersion lithography due to the use of 13.5 nm instead of 193 nm as the wavelength of the
light source, due to the low energy of EUV light source, EUV resist has a thinner thickness than
conventional ArF resist. EUV resist having such a thin thickness is more vulnerable to radiation
damage received during the etching because of its low etch resistance and also tends to have a
problem of low etch selectivity. In this study, the radiation damage to EUV resist during etching
of hardmask materials such as Si3N4, SiO2, etc using CF4 gas was compared between neutral
beam etching (NBE) and ion beam etching (IBE). When NBE was used, after the etching of
20 nm thick EUV resist, the line edge roughness increase and the critical dimension change of
EUV resist were reduced by ∼1/3 and ∼1/2, respectively, compared to those by IBE. Also, at
that EUV etch depth, the root mean square surface roughness value of EUV resist etched by
NBE was ∼2/3 compared to that by IBE on the average. It was also confirmed that the etching
selectivity between SiO2, Si3N4, etc and EUV resist was higher for NBE compared to IBE. The
less damage to the EUV resist and the higher etch selectivity of materials such as Si3N4 and SiO2

over EUV resist for NBE compared to IBE are believed to be related to the no potential energy
released by the neutralization of the ions during the etching by NBE.

Supplementary material for this article is available online

Keywords: extreme ultraviolet (EUV) lithography, line edge roughness (LER), critical
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1. Introduction

As the semiconductor device size becomes smaller, the
importance of the lithography, a technique forming semi-
conductor circuit patterns, is increasing further [1–4]. In the
past, the size of the pattern was gradually reduced through
multi-patterning using the ArF immersion lithography tech-
nology, but it reached the limit of the continuously decreasing

pattern size [5–8]. Recently, extreme ultra violet (EUV)
lithography technology which uses a light source having the
wavelength of 13.5 nm instead of the ArF light source having
the wavelength of 193 nm has been introduced to reduce the
size of patterns in the field of logic and memory semi-
conductors [9–12]. However, the current EUV lithography
shows some problems in expanding to various patterning
applications. One of the biggest problems is the thin thickness
of the EUV resist. It is known that the maximum thickness
that a EUV resist is∼50 nm due to the low energy of EUV
light source which leads to a low sensitivity to resist.
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In addition to the low etch selectivity, such a thin resist is very
vulnerable to damage received during the reactive ion etching
(RIE) due to its low etch resistance [13–16].

Recently, studies are being conducted to reduce the
damage to the EUV resist during the etching, and one of the
most active studies is the addition of a metal in the EUV
resist. The advantage of metal-containing resists compared to
conventional chemically amplified resists is known to be the
less damage during the etching by showing an improved line
edge roughness (LER) and a higher etch resistance which can
increase the etch selectivity over the hardmask materials such
as SiO2, Si3N4, Si, SiON, etc [17–22]. Despite these advan-
tages, it has not been commercialized so far due to the dif-
ficulty in stripping the remaining metal containing resist after
the etching. As an another technique, a cyclic etching method
containing a polymer deposition and the preferential removal
of the polymer layer on the SiON hardmask layer during the
etch cycle has been also investigated to improve the etch
selectivity and damage to the EUV resist during the etch-
ing [21, 23].

Previously, in order to minimize the electrical and phy-
sical damage to the semiconductor devices during the RIE,
researches on neutral beam etching (NBE) have been actively
conducted and the results showed the significant decrease in
the charge related damage to the materials [24–26]. In addi-
tion, when a Si masked by a block co-polymer material such
as polystyrene was etched using both a neutral beam and an
ion beam, not only the improvement of etch damage to the
block co-polymer but also a higher etch selectivity over Si
was observed using a neutral beam [27].

In this study, the radiation damage to an EUV resist
during the etching of hardmask materials such as Si3N4 and
SiO2 using a CF4 neutral beam has been investigated and the
results were compared with those etched by a CF4 ion beam.
The results showed, for the etching of the same EUV resist
thickness, less LER, less critical dimension (CD) loss, and
higher etch selectivity to the hardmask materials such as SiO2

and Si3N4 were obtained for the CF4 NBE compared to the
CF4 ion beam etching (IBE). To understand the differences in
the etch mechanism, the differences in EUV resist etching

between a neutral beam and an ion beam using non-reactive
ions such as He and Ar were also studied.

2. Experiment

Figure 1 shows an IBE system and a NBE system used to
compare the etch damage on EUV resist such as changes in
LER and CD, and root mean square (RMS) surface rough-
ness. The IBE system was composed of an inductively cou-
pled plasma (ICP) type source and a 3-grid system made of
graphite and, a positive voltage (+30to +50 V) was applied
to the 1st grid (acceleration grid) located close to the ICP
source to control the energy of the ions and a negative voltage
in the range of –30 to −100 V was applied to the 2nd grid to
control the flux of the ions and to optimize the beam while the
3rd grid located near the sample was grounded. For the NBE
system, the ICP source of the IBE system was tilted ∼10° and
parallel reflector plates tilted ∼5° were attached below the 3rd
grid to form a 5 degree-ion reflector for the neutralization of
the ion beam extracted from the ion beam source.

As the samples, blank 50 nm thick negative-tone EUV
resist coated on silicon wafer (SK siltron; p-type, 〈100〉,
boron-doped, 10 ohm cm silicon) was used. SiO2 and Si3N4

deposited on the same silicon wafers by low pressure che-
mical vapor deposition (∼200 nm in thickness using a furnace
made by Centrotherm; Si3N4 deposition at 750 °C using
dichlorosilane and NH3. SiO2 deposition at 700 °C using
tetraorthosilicate) were used to investigate the etch rates and
etch selectivities and to measure the etch surface roughness of
EUV resist before and after the etching. Also, 50 nm thick
negative-tone EUV resist patterned on a 50 nm thick BARC
layer (bottom anti-reflective coating layer coated on silicon
wafer) using a KrF lithography was used to measure the
changes in LER (ΔLER) and the changes in CD (ΔCD) after
the etching. For the etching, 1000 W of 13.56 MHz rf power
was applied to the ICP source and 3 mTorr of CF4 gas was
used to etch blank EUV resist, SiO2, and Si3N4, and line
pattern of EUV resist. Also, 3 mTorr He and Ar gases were

Figure 1. Schematic diagrams of (a) an IBE system and (b) a NBE system used in the experiment.
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also used to etch blank and patterned EUV resist to under-
stand the etch mechanism.

The changes in etch characteristics of line patterned EUV
resist such as LER and CD after the etching were observed by
using a field emission scanning electron microscope (SEM,
Hitachi S-4700), and the LER was measured by the Line and
Contact Roughness Meter which is a Matlab based software
(Lacerm). The etch depths of SiO2 and Si3N4 were measured
by using a spectroscopic ellipsometer (Nano-view SEMG-
1000). The chemical binding states of the EUV resist before
and after the etching with the CF4 plasma were observed by
x-ray photoelectron spectroscopy (XPS, Thermo VG, Multi-
Lab 2000) and the surface roughness of blank EUV resist on
the silicon wafer before and after etching was observed by
using an atomic force microscope (AFM, NX-10).

3. Results and discussion

EUV resist coated on silicon wafer, SiO2, and Si3N4 were
etched using IBE and NBE and figures 2(a) and (b) show their
etch rates and etch selectivites, respectively, measured as a
function of 1st grid voltage. As process conditions, 3 mTorr
of CF4 gas was used with 1000 W of ICP power and the 1st
grid was varied from +30 to +50 V. The etch rates of EUV
resist, SiO2, and Si3N4 were increased with the increase of 1st
grid voltage due to the increased beam energy for both NBE
and IBE. However, the NBE showed smaller etch rates than
IBE for all samples at the same 1st grid voltage possibly due
to the low reactivity of the neutral beam instead of the ion
beam. The scattering of the ions from the parallel reflector
during neutralization of the ion beam might be also related to
the lower etch rates for NBE. Even though the etch rates are
lower for NBE than IBE, as shown in figure 2(b), the etch
selectivities of SiO2/EUV resist and Si3N4/EUV resist were
generally higher for NBE (SiO2/EUV resist: 0.9–1.0 and
Si3N4/EUV resist: 1.0–1.1) than IBE (SiO2/EUV resist:
0.3–0.6 and Si3N4/EUV resist: 0.55–0.66). The etch selec-
tivity of Si3N4 over EUV resist was a little higher than SiO2

over Si3N4 due to the higher etch rate of Si3N4 by fluorine in
the CF4 gas.

EUV resist patterned on silicon wafer was also etched
using the same etch conditions in figure 2 and the amount of
change in CD (ΔCD) and LER (ΔLER) of EUV resist after the
etching was measured for different 1st grid voltages (that is,
different ion energies), and the results are shown in figures 3(a)
and (b). For the different 1st grid voltages, the etch time was
varied to etch 20 nm EUV resist (from 50 nm thick EUV resist)
and 20 nm SiO2 (from∼200 nm thick SiO2) for figures 3(a)
and (b), respectively. As shown in figures 3(a) and (b), there
were no noticeable changes in ΔCD and ΔLER for patterned
EUV resist when the EUV resist was exposed to the beam
for the etch time required for etching of 20 nm EUV resist or
20 nm SiO2 at the different 1st grid voltages for both NBE and
IBE. However, there were significant differences in ΔCD and
ΔLER of EUV resist between NBE and IBE. The ΔCD was
6.5–7.3 nm and the ΔLER was 1–1.2 nm for NBE while, for
IBE, the ΔCD was 15.8 nm and the ΔLER was 3–3.5 nm.
(Similar trends were observed for ΔCD and ΔLER of EUV
resist after Si3N4 was 20 nm etched as shown in supplementary
figure S1 available online at stacks.iop.org/NANO/33/
095301/mmedia.) Therefore, it was found that, during the
etching of same thickness of EUV resist or SiO2, patterned
EUV resist was more significantly damaged for IBE than NBE.

Figure 4 shows the actual SEM images of EUV resist
pattern before and after the exposure for the time required to
etch 20 nm Si3N4 (a), (d), SiO2 (b), (e), and EUV resist (c), (f)
using IBE and NBE with +50 V of the 1st grid voltage. As
shown in the SEM images, the EUV resist widths were
thinner after IBE than NBE and the ΔLER of etched EUV
resist was also higher after IBE than NBE. (The SEM images
of patterned EUV resist before and after the exposure for the
time required to etch 20 nm thickness of SiO2, Si3N4, and
EUV resist by IBE and NBE with +30 V and +40 V are
shown in supplementary figures S2 and S3, respectively.)

The changes in the RMS surface roughness of EUV resist
after the exposure for the time required to etch 20 nm EUV
resist at different 1st grid voltage using IBE and NBE were

Figure 2. (a) Etch rates and (b) etch selectivities of EUV resist, SiO2, and Si3N4 for IBE and NBE measured as a function of the 1st grid
voltage using 3 mTorr CF4 gas and 1000 W of ICP power. The etch depths of SiO2 and Si3N4 etch depth were measured by using a
spectroscopic ellipsometer.
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observed using AFM and the surface roughness images and
their RMS surface roughness values are shown in figure 5.
The etch conditions are the same as those in figure 3(a). For
IBE, the RMS surface roughness values were 3.12 nm at
+30 V, 2.81 nm at +40 V, and 2.72 nm at +50 V, whereas,
1.83 nm at +30 V, 1.80 nm at +40 V, and 1.63 nm at +50 V
for NBE. Therefore, slight decrease but no significant change

in the surface roughness was observed with the increase of
beam energy. However, similar to the ΔCD and ΔLER in
figure 4, significant differences in RMS surface roughness
values were observed between IBE and NBE confirming the
smaller EUV resist damage by NBE than IBE.

XPS analysis was performed on the surfaces of EUV
resist after 20 nm etching using CF4 gas by IBE and NBE

Figure 3. The amount of change in CD (ΔCD) and LER (ΔLER) of EUV resist after the etching using IBE and NBE for different 1st grid
voltages for the etching (a) 20 nm of EUV resist and (b) 20 nm of SiO2.

Figure 4. SEM images of EUV resist before and after the etching 20 nm of Si3N4 (a), (d), SiO2 (b), (e), and EUV resist (c), (f) using IBE and
NBE with 50 V of the 1st grid voltage.
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with +50 V of 1st grid voltage to investigate the differences
in etching behavior between IBE and NBE. Figure 6(a) shows
the atomic percentages of carbon, fluorine, and oxygen
included in EUV resist before and after etching by IBE and
NBE. In fact, in addition to carbon, fluorine, and oxygen,
small traces of metal components were detected which are
included in EUV resist for chemical amplification of the
resist. As shown in figure 6(a), for the reference, small
fluorine percentage of 3.6% originated from the original resist
was observed and, after the IBE and NBE, due to the F
radicals from the CF4 plasma, F atomic percentage was
increased to 33.9% for IBE and 38.7% for NBE, therefore,
more fluorine percentage was observed on etched EUV resist
surface for NBE compared to IBE. Figures 6(b)–(d) show the
narrow scan data of C 1s for the EUV resist of the reference,
after the IBE, and after the NBE, respectively. Compared to
the reference, on the EUV resist surface etched with a CF4
plasma, the carbon binding peaks related to C–Fx (x= 1, 2,
and 3 at 289.5 eV, 291.6 eV, and 293.7 eV, respectively),
C–O (286.3 eV), and CO–CFx (287.7 eV) could be decon-
voluted in addition to the main C–C peak at 284.8 eV [28].
The C 1s data shown in figures 6(c) and (d) show higher C–Fx
related peaks for the EUV resist etched by NBE compared to
that etched by IBE. XPS depth profiling was also performed
on the EUV resist surface etched by NBE and IBE but, after
the 1st depth profiling cycle, the C–Fx related peaks were
almost removed for both EUV resists etched by NBE and
IBE, therefore, it is believed that the fluorinated carbon layer
is formed only on the EUV resist thin surface during the
etching (not shown). The higher C–Fx bonding peaks on the
EUV resist etched by NBE compared to those by IBE are
possibly related to the longer exposure time of EUV resist to
CFx radicals for the etching of 20 nm depth of EUV resist,
therefore, more adsorption of CFx on the etched EUV surface
for NBE. (The surfaces of EUV resist etched by NBE and IBE

using an Ar plasma instead of a CF4 plasma were also
investigated by XPS and the results are shown in supple-
mentary table S1 for the EUV surface composition and figure
S4 for C 1s narrow scan data before and after etching by NBE
and IBE. As shown in table S1, the composition of EUV resist
was changed after the 20 nm etching by both NBE and IBE,
but no significant compositional differences between the EUV
surfaces etched by NBE and IBE could be observed. Also,
figure S4 shows the narrow scan data of C 1s peak on the
EUV surfaces etched by NBE and IBE and no significant
differences between the IBE and NBE were also observed.
There are no radicals for the Ar plasma while CFx radicals
exist for a CF4 plasma. For the etching using a CF4 plasma,
the etch time for NBE is much longer than that for IBE and,
the EUV surface will be exposed to CFx radicals more time
for NBE while there are no differences in radical amount and
species between NBE and IBE except for the beam itself.)
XPS depth profiling was also performed on the EUV resist
surface etched by NBE and IBE but, after the 1st depth
profiling cycle, the C–Fx related peaks were almost removed
for both EUV resists etched by NBE and IBE, therefore, it is
believed that the fluorinated carbon layer is formed only on
the EUV resist thin surface during the etching (not shown).

To understand the differences in the damage of EUV
resist such as surface roughness and LER between IBE and
NBE, inert gases such as He and Ar were used for the ICP ion
beam instead of a reactive CF4 gas, and the change in char-
acteristics of EUV resist was investigated. Figures 7(a) and
(b) show the ΔLER and RMS surface roughness of EUV
resist after etching 10 nm from 50 nm thick EUV resist,
respectively, using He and Ar with IBE at +50 V of 1st grid
voltage and with NBE at +50 to +100 V of 1st grid voltage.
As shown in figure 7(a), similar to CF4 gas, at the same 1st
grid voltage of +50 V, the IBE showed higher ΔLER of 3.84
nm compared to 2.03 nm for NBE with Ar gas. In the case of
He, the IBE showed ΔLER of 2.51 nm while NBE showed
1.1 nm, therefore, the ΔLER was a little lower for He com-
pared to Ar but IBE also showed higher ΔLER compared to
NBE. As shown in figure 7(b), the RMS surface roughness
values were also lower for the NBE by showing 1.15 nm (Ar)
and 0.84 nm (He) compared to 2.6 nm (Ar) and 1.14 nm (He)
for IBE. In the case of NBE, the ΔLER and RMS surface
roughness of EUV resist with increasing 1st grid voltage from
+50 to +100 V were also measured after the etching of 10
nm from 50 nm thick EUV resist with Ar and He. As shown
in figures 7(a) and (b), the increase of beam energy up to
+100 V did not change the ΔLER and RMS surface
roughness of EUV resist significantly. (The actual SEM
images of ΔLER and AFM images of surface roughness for
figure 7 can be found in supplementary figures S5–S7.)

Figure 8 shows possible differences in the damage
mechanism of EUV resist between IBE and NBE (yellow
color arrow: momentum transfer, red color arrow: potential
energy released by ion neutralization, blue color: incident and
reflected ions/neutrals, green color: removed atoms/mole-
cules). During the etching of EUV resist by NBE and IBE, by
the kinetic energy of the incident ions/neutrals, momentum is
transferred to EUV resist for the etching and, during the

Figure 5. The RMS surface roughness values and the surface
roughness images for different the 1st grid voltage for the etching
20 nm of EUV resist with CF4 gas by IBE and NBE with the
condition in figure 3(a). The initial thickness of EUV resist
was 50 nm.
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momentum transfer, the surface of EUV resist can be
damaged physically. In addition, if there is a potential energy
release by the neutralization of the ions on the EUV resist
surface, it can cut the EUV resist bonding and can also
damage the EUV resist surface in addition to the release of
energy for the vaporization of the etch compounds formed on
the surface. The higher EUV resist surface damage observed
in the etching with inert gases for IBE compared to NBE

shown in figure 7 in addition to the higher damage with a
reactive CF4 gas for IBE shown in figures 2–5 appears to be
related to the release of ionization potential energy during the
neutralization of the ions. In fact, the ionization potential of
He is∼24.5 eV while that of Ar is∼15.8 eV [29, 30],
therefore, He will release a higher potential energy during the
neutralization but Ar showed higher EUV resist surface
damage possibly due to the additional damage by the higher

Figure 6. (a) Atomic percentages of EUV resist surface before and after etching 20 nm from 50 nm thick EUV resist using IBE and NBE at
+50 V of 1st grid voltage with a CF4 gas. XPS narrow data of C 1s of (b) before etching EUV resist (reference), (c) after etching 20 nm of
EUV resist using IBE, and (d) after etching 20 nm of EUV resist using NBE.

Figure 7. (a) ΔLER and (b) RMS surface roughness value of EUV resist after etching 10 nm from 50 nm thick resist using He and Ar with
IBE at +50 V of 1st grid voltage and with NBE at +50 to 100 V of 1st grid voltage.
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momentum transfer to the EUV resist. The higher etch
selectivities observed for NBE compared to IBE might be also
related to the lack of the energy release by neutralization on
the materials surfaces during the etching for NBE. Therefore,
by using NBE instead of IBE (or generally, RIE), not only the
decrease of EUV resist surface damage but also increased etch
selectivity of materials such as SiO2 and Si3N4 over EUV
resist could be obtained.

4. Conclusion

In this study, the radiation damage to EUV resist such as the
increased RMS surface roughness and the changes in CD
(ΔCD) and LER (ΔLER) during the etching of SiO2 and
Si3N4 using a CF4 gas were compared between NBE and IBE.
The etch selectivities of SiO2 and Si3N4 over EUV resist were
higher for NBE compared to IBE, and ΔCD and ΔLER were
lower for NBE compared to IBE. In addition, when blank
EUV resist was etched by IBE and NBE with a CF4 gas, the
RMS surface roughness value was lower for NBE compared
to IBE confirming that NBE can reduce the damage to EUV
resist compared to IBE. A neutral beam has only a kinetic
energy which causes momentum transfer to the surface of
EUV resist, but an ion beam has a kinetic energy and an
ionization potential energy which can not only cause
momentum transfer on the surface on EUV resist by kinetic
energy, but also cause the bond breaking of EUV resist due to
the release of ionization potential energy during the neu-
tralization of the ions. Therefore, the lower damage to the
EUV resist and the higher etch selectivity for NBE are
believed to be related to the no ionization potential energy
released on the materials surface by the neutralization of the
ions during the etching by NBE.
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