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Abstract
Bottom-up block copolymer (BCP) lithography mediated by self-assembly of polystyrene (PS)/
poly-methyl methacrylate (PMMA) is widely used as an alternative patterning method for
various deep nanoscale devices, such as optical devices and transistors, replacing conventional
top-down photolithography. However, the nanoscale BCP mask features formed on the
substrates after direct self-assembly of BCP tend to be easily damaged during exposure to the
following plasma processing. In this study, silicon masked with a nanoscale BCP mask (PS) was
etched by irradiating with a Cl2/Ar neutral beam in addition to a Cl2/Ar ion beam, and the effect
of a Cl2/Ar neutral beam instead of a Cl2/Ar ion beam on damage to the PS mask and the silicon
etch characteristics of nanodevices was investigated. The results show that the use of a neutral
beam instead of an ion beam decreased degradation of the BCP mask during etching; therefore, a
more anisotropic silicon etch profile in addition to improved etch selectivity of silicon compared
to the BCP mask was observed. Moreover, by using the neutral beam, the sidewall roughness
and sidewall angle also improved due to the decreased surface charge and reduced damage to the
nanoscale PS mask resulting from use of a highly directional radical beam instead of a
conventional ion-based beam.

Keywords: neutral beam etching (NBE), charging effect, etch profile, block co-polymer (BCP),
sidewall roughness (SWR), sidewall angle (SWA)

(Some figures may appear in colour only in the online journal)

1. Introduction

Block copolymers (BCP) are macromolecules composed of at
least two polymeric covalently attached blocks of chemically
distinct repeat units. Their polymeric chains are phase sepa-
rated through direct self-assembly (DSA) and form arrays of
periodic nanostructures [1]. The commonly used BCP
nanostructures consist of vertical hole array and lamellar array

structures, and these array structures are formed while
maintaining a state of neutral substrate surface energy
between each block [2]. The most widely investigated BCP is
polystyrene-block-polymethyl methacrylate (PS-b-PMMA)
[3], and a tens-of-nanometer size BCP mask (i.e., PS mask) is
formed by the DSA of BCP. These holes and lines formed by
the DSA of BCP could be applied to next-generation litho-
graphy, polymer electrolyte membranes, photonics, etc [4, 5].
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For next-generation semiconductor devices, due to the
decreased critical dimension and higher integration of the
devices, conventional photolithography is facing a limitation
in terms of the pattern resolution [6]. Therefore, to overcome
the limitations of patterning technology using conventional
photolithography, various nanoscale patterning technologies
have been investigated, such as multiple patterning technol-
ogy (MPT) [7], extreme ultra violet lithography (EUVL) [8],
and nano imprint lithography (NIL) [9]. Among these, in the
case of MPT, such as double or quadruple patterning, the
limitation of pattern resolution is overcome by repeated
photolithography and etching processes; however, many
processing steps lead to a high production cost. NIL is one of
the simplest and cheapest lithographic methods of fabricating
nanoscale patterns. However, the application of NIL to
semiconductor device fabrication faces difficulties, such as
defect formation on the lithographic pattern during separation
of the imprint mask, difficulty in mask alignment with the
underlayer, and difficulty in pattern formation on non-planar
substrate surfaces. Therefore, as next-generation lithography
for nanoscale semiconductor devices, EUVL, which is iden-
tical to the current top-down photolithography process but
uses a shorter wavelength of 13.5 nm for photolithography,
has been shown to dramatically improve the pattern resolu-
tion. However, EUVL currently has low productivity, because
of the lack of a high-power light source in addition to the high
cost of the equipment. Therefore, as an alternate or supple-
mentary next-generation lithographic technology to EUVL,
BCP lithography utilizing the DSA of BCP has been actively
studied. BCP lithography has a low manufacturing cost and
the potential for large-area processes compared to other pat-
terning techniques. However, this nanoscale BCP mask
material is easily damaged by the plasma and has a very low
etch selectivity over bottom semiconductor materials, because
it is composed of polymeric materials.

For mask pattern transfer to the material to be etched,
reactive ion etching (RIE) using a reactive ion beam is gen-
erally used. Although RIE can transfer the mask pattern
nearly vertically, this process has a limitation for the fabri-
cation of nanoscale devices, because of the increased gate
leakage current and the RIE lag effect due to the physical
damage caused by energetic ion bombardment and charging
by the charged particles [10–12]. To overcome charge-related
damage to the devices, while etching the material aniso-
tropically, neutral beam etching (NBE) using a parallel
reactive radical beam has been investigated for next-genera-
tion nanoscale semiconductor devices [13, 14]. Previous
results showed that using the NBE instead of a reactive ion
beam, nanoscale field-effect devices with less gate leakage
could be fabricated by overcoming the charge-related pro-
blems [15, 16, 20].

It is believed that for the etching of silicon using
nanoscale BCP masks, the charge on the surface during
conventional RIE can degrade the BCP material and decrease
the etch anisotropy by changing the ion beam trajectory
during its incidence to the silicon surface. Therefore, in this
study, during etching of the silicon with a mask composed of
a 40 nm diameter BCP hole array (PS hole mask) and 20 nm

wide lamellar BCP array mask (PS line mask) and formed by
a BCP lithography (DSA of PS-b-PMMA), a Cl2/Ar neutral
beam was used in addition to a Cl2/Ar reactive ion beam, and
the effect on the etch characteristics, such as etch selectivity
and etch profile, was investigated. In this study, we used
reactive ion beam etching (RIBE) instead of RIE, which is
generally used more frequently for pattern transfer. This is
because, for a reactive neutral beam, only a neutralizing
reflector is added to the reactive ion beam; therefore, the
effect of reactive neutrals instead of reactive ions on BCP
etching can be compared more accurately without changing
the etching conditions. As a result, the etch selectivity of
silicon over a BCP mask and silicon etch profile were
improved by using a reactive neutral beam instead of a
reactive ion beam due to removal of the mask surface charge
during etching.

2. Experimental

For formation of a BCP hole pattern and lamellar pattern on a
p-type Si (100) substrate surface, the following procedure was
used. First, the silicon wafer was treated with a random
copolymer; PS-r-PMMA (poly(styrene-co-methyl methacry-
late), Mn=6000 g mol−1, Mw/Mn=1.25, Polymer Source
Inc.). PS-r-PMMA solution (1.0 wt%) in toluene was spin
coated on the silicon wafer and annealed in a vacuum at
160 °C for 12 h, followed by washing with toluene to remove
excess polymer remaining after formation of a hydroxyl-ter-
minated silicon surface after vacuum annealing. Second, for a
hole pattern, 2 wt% of BCP (PS-b-PMMA with a PS volume
fraction of 0.79, Mn=160 kg mol−1, Mw/Mn=1.16,
Polymer Source Inc.) and, for a lamellar pattern, 1.5 wt% of
BCP (PS-b-PMMA with a PS volume fraction of 0.55,
Mn=75 kg mol−1, Mw/Mn=2.47, Polymer Source Inc.)
dissolved in toluene was spin coated on a random copolymer
(PS-r-PMMA)-coated silicon wafer. Third, the coated BCP
layers were annealed at 250 °C for 24 h in a vacuum for phase
separation of PS and PMMA. Fourth, to generate a PS hole
array and a PS lamellar array, phase-separated PMMA
materials were selectively removed at room temperature by a
reactive ion etcher using 3.5 mTorr Ar(24 sccm)/O2(6 sccm)
and by applying 13.56MHz 15W to the electrode. The
phase-separated PMMA from BCP was preferentially
removed using an O2/Ar inductively coupled RIE. Finally, a
60 nm thick and 40 nm diameter hole array pattern and 50 nm
thick and 20 nm wide lamellar array pattern were formed on
the silicon surface as the etch masks. The details of forming
BCP pattern masks on a silicon surface can be found else-
where [17–19].

The etching systems used to etch silicon with nanoscale
BCP holes and lamellar pattern masks are the RIBE system
and the reactive NBE system, and are schematically shown in
figures 1(a) and (b), respectively. The RIBE is composed of
one cylindrical-type inductively coupled plasma (ICP) source
and a three-grid assembly made of graphite attached in front
of the ICP source to extract the ion beam from the source.
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To etch BCP-masked silicon using the reactive NBE
and RIBE systems, 300W of 13.56 MHz radio frequency
(RF) power was applied to the ICP source while flowing a
gas mixture composed of Cl2 (10 sccm) and Ar (18 sccm) at
2×10−3 Torr. The substrate was maintained at room
temperature. For extraction of the energetic reactive ion
beam from the ICP source of both the reactive NBE system
and RIBE system with an energy of ∼150 eV, the following
voltages were applied to each grid of the three-grid assem-
bly; +150 V was applied to the first grid close to the ICP
source to control the energy of the beam, −250 V was
applied to the second grid to maximize the beam flux and for
the parallel ion beam. In fact, the ion beam is generally
diverged due to repulsion by extracted ions. We believe that
a near-parallel ion beam can be obtained at an energy of
about +150 eV, although a certain divergence is unavoid-
able). The third grid was grounded to terminate formation of
the plasma in the ICP source. In the case of the reactive
NBE, at the outside of the grid system, a low-angle forward
reflector composed of parallel graphite plates and tilted ∼5°
from the ion beam was located to reflect and neutralize the
ion beam and form a parallel radical beam [20]. As shown in
figure 1(b), the NBE source was also tilted to form a verti-
cally energetic radical beam incident to the substrate. By
using this low-angle reflection technique, we were able to
obtain a >99% neutralized beam; however, issues such as
beam scattering, chemical modification, and graphite con-
tamination during neutralization of the ions by the low-angle
graphite reflector are still under investigation and need to be
resolved later.

The profiles of silicon masked with BCP hole and
lamellar arrays before and after etching were observed by
field-emission scanning electron microscopy (FE-SEM,
Hitachi S-4700). To observe the silicon etch profiles, the
remaining BCP mask layer was removed using an O2 ICP
etching system without substrate biasing. The sidewall
roughness (SWR) of the silicon etched with reactive NBE and
RIBE was analyzed using the myCD software (aBeam
Technologies).

3. Results and discussion

When a BCP mask obtained by BCP lithography of PS-b-
PMMA was used for plasma etching, a high etch selectivity
over the underlayer is required, because the BCP mask mat-
erial (PS) obtained by BCP lithography is easily degradable
during etching, and the mask thickness is generally <100 nm.
Therefore, for successful application of BCP masks for fab-
rication of next-generation nanodevices, in addition to
development of the DSA technique for BCP lithography,
improvement of the etch characteristics of BCP, such as high
etch selectivity and low BCP material degradation, is
important. To improve the etch characteristics of the BCP
mask, silicon masked with a BCP hole array was etched using
a Cl2/Ar neutral beam, and its etch characteristics were
compared with those of that etched using a Cl2/Ar ion beam.
By the DSA of PS-b-PMMA, a 60 nm thickness and 40 nm
diameter vertical BCP hole array mask was formed on the
silicon surface.

Figure 2 shows the BCP mask pattern before and after
Cl2/Ar ion beam etching and Cl2/Ar NBE. (a) and (b) are the
reference BCP mask profiles after removing PMMA; i.e., the
PS hole array pattern and PS lamellar array pattern, respec-
tively, before etching. (c) and (d) Are the BCP mask hole and
lamellar profiles, respectively, observed without removing the
remaining BCP pattern after ion beam etching for 20 min. (e)
and (f) Are the BCP mask hole and lamellar profiles,
respectively, observed without removing the remaining BCP
pattern after NBE for 60 min. As shown in figures 2(a) and
(b), although the BCP patterns were not perfectly vertical,
anisotropic BCP patterns were observed as the masks for
silicon etching. As shown in figures 2(c) and (d), when the
silicon was etched by a Cl2/Ar ion beam using the BCP hole
and lamellar pattern masks in figures 2(a) and (b), significant
degradation of the mask pattern in addition to a sloped silicon
etch profile was observed. However, as shown in figures 2(e)
and (f), when the silicon was etched using a Cl2/Ar neutral
beam, less degradation of the BCP pattern mask and a more
anisotropic etch profile resulted. The silicon etch

Figure 1. Schematic diagram of the (a) ion beam etching system and (b) neutral beam etching system used in this study.
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characteristics with the BCP pattern by ion beam etching and
NBE were next investigated as a function of etch time.

Figure 3 shows the remaining thickness of the BCP mask
layer and silicon etch depth as a function of etch time by (a)
Cl2/Ar ion beam etching and (b) Cl2/Ar NBE. As shown in
figure 3, silicon etch depth increased with increasing etch
time, while the remaining BCP mask thickness decreased. In
the case of a Cl2/Ar ion beam, as shown in figure 3(a), the
mask thickness was almost etched away and the silicon etch
depth was saturated at ∼90 nm after 30 min of etching. This
indicates etch rates of 2 nmmin−1 for the BCP mask and
3 nmmin−1 for silicon. In the case of a Cl2/Ar neutral beam,
as shown in figure 2(b), the mask was etched away after
80 min (0.75 nmmin−1) and the silicon etch depth was satu-
rated at ∼110 nm at an etch rate of 1.375 nmmin−1. The
lower etch rates with the Cl2/Ar neutral beam are related to
the lower beam flux to the substrate, due to scattering of ion
flux during neutralization on the reflector, despite use of
identical etch conditions as those for the ion beam [20, 21].
However, when the final etch selectivity of silicon over BCP
mask was compared, NBE showed ∼33% higher etch selec-
tivity than ion beam, indicating etch selectivities of 1.6 and
1.2 for the neutral beam and ion beam, respectively.

Silicon etch profiles obtained during etching of 40 nm
diameter BCP (PS) hole-masked silicon using the Cl2/Ar
neutral beam and the Cl2/Ar ion beam were observed by
SEM as a function of etch time. The results of Cl2/Ar ion
beam etching are shown in figures 4(a) and in (b) those of
Cl2/Ar NBE. To observe the silicon etch profiles more
clearly, SEM images were taken after removal of the BCP
mask. As shown in figure 4(a), for ion beam etching, an
increase in the etch time to 30 min increased the silicon etch
depth, but the 40 nm diameter silicon hole etch profile
degraded with increasing etch time after ∼20 min, and a
rough silicon sidewall and tilted etch profile was observed.
Moreover, because of complete etching of the BCP mask
layer thickness after 30 min, the silicon hole etch depth was
saturated at ∼80 nm. In the case of Cl2/Ar NBE, as shown in
figure 4(b), although the silicon hole etch rate was slower
because of the lower beam flux, the etch profiles were more
anisotropic and the silicon etch sidewalls were smoother.
Because of the higher etch selectivity of silicon over the BCP
mask, a silicon etch depth of ∼110 nm was observed.

Similar experiments to those shown in figure 4 were
conducted using a 20 nm width BCP lamellar pattern (20 nm
PS line array mask), and top and cross-sectional SEM images

Figure 2. (a) and (b) Are the PS hole array pattern and PS lamellar array pattern (reference BCP mask profiles after removing PMMA) before
etching, respectively. (c) and (d) Are the BCP mask hole and lamellar profiles, respectively, observed without removing the remaining BCP
pattern after ion beam etching for 20 min. (e) and (f) Are the BCP mask hole and lamellar profiles, respectively, observed without removing
the remaining BCP pattern after neutral beam etching for 60 min. To the ICP source, 300 W of 13.56 MHz radio frequency (RF) power was
applied while flowing a Cl2/Ar gas mixture (Cl2: Ar=10 sccm: 18 sccm) to the ICP source. For extraction of the reactive ion beam from the
ICP source, +150 V was applied to the first grid close to the ICP source to control the energy of the beam, −250 V was applied to the second
grid to maximize the beam flux and for the parallel ion beam, and the third grid was grounded to terminate formation of plasma in the ICP
source.
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with increasing etch time are shown in figure 5(a) for Cl2/Ar
ion beam etching and (b) for Cl2/Ar NBE. Moreover, SEM
images were taken after removal of the BCP mask to clearly
visualize the etched silicon pattern. As shown in figure 5(a),
for Cl2/Ar ion beam etching, similar to the BCP hole pattern,
the silicon etch profiles were significantly tilted, and the
etched silicon line edges observed from the top side were
rough, because of the damage to the BCP mask by the
reactive ion beam. Especially, because of the easier degra-
dation of BCP mask due to the smaller mask size of the 20 nm
lamellar pattern compared to the 40 nm diameter hole pattern,
the silicon etch profile was not anisotropic after 10 min of ion
beam etching. However, the etch profiles of Cl2/Ar NBE
were more anisotropic, and the etched silicon line edges were
smoother compared to those etched with the Cl2/Ar
ion beam.

To compare the silicon etch characteristics masked with a
BCP hole and lamellar pattern (40 nm PS hole array and
20 nm PS line array mask) for the RIBE and reactive NBE,

the SWR and sidewall angle (SWA) of silicon etch profiles
were calculated for similar silicon etch depths (or similar ion/
neutral beam doses). The results are shown in figures 6(a) and
(b) for etching with a 40 nm BCP hole pattern and figures 6(c)
and (d) for etching with a 20 nm BCP lamellar pattern.
Figures 6(a) and (c) correspond to 30 min of ion beam etch-
ing, and figures 6(b) and (d) to 80 min of NBE. As shown in
these figures, for the 40 nm diameter BCP hole mask, the
silicon etched by the Cl2/Ar ion beam showed a SWR and
SWA of 8.5 nm and 80.4°, respectively, whereas the silicon
etched by the Cl2/Ar neutral beam showed a SWR and SWA
of 4.5 nm and 85.3°, respectively. For the 20 nm width BCP
lamellar mask, the silicon etched by the Cl2/Ar neutral beam
showed an SWR and SWA of 5.1 nm and 83.2°, respectively,
whereas those of the silicon etched by the Cl2/Ar ion beam
could not be measured because of an etch stop due to BCP
mask degradation. Therefore, for the same BCP mask, the
reactive ion beam appears to inflict greater damage on the
BCP mask compared to the neutral beam; therefore, the sili-
con etch profiles were rougher and less anisotropic for the ion
beam. Moreover, when the BCP mask size was decreased
from 40 to 20 nm, the BCP mask was more easily damaged
during etching; therefore, the RIBE of silicon was stopped,
and increased SWR and decreased SWA were observed even
for the neutral beam.

The reduced damage to the BCP mask during etching
with the reactive NBE instead of the RIBE is likely related to
the non-charged nature of the BCP mask due to the use of
neutral particles, but may also be related to reduced physical/
radiation damage by the lower energy/flux of the beam. The
energy/flux of a neutral beam decreases by ∼30% during
neutralization of the ion beam on the reflector by scattering
[22]. To evaluate the effect of lower energy/flux on damage
to the BCP during etching by the Cl2/Ar ion beam, the BCP
masked silicon was etched with a lower energy/flux by
applying +50 V to the first grid (lower ion energy) and
−100 V to the second grid (lower beam flux) to decrease the
physical/radiation damage to the BCP mask surface. The
results of the silicon etched with a 20 nm lamellar BCP mask
for 60 min are shown in figure 7. Because of the reduced
physical/radiation damage to the BCP lamellar mask,
∼45 nm deep silicon was etched, and the etched silicon line
was smoother, as shown in (a) the SEM etch profile and (c)
the top SEM image compared to those of higher ion energy/
flux values in figure 5(a). However, although the energy/flux
significantly decreased, as shown in figure 7(b), the SWR and
SWA were 5.4 nm and 80.8°, respectively, which were higher
than those obtained by the neutral beam with a higher beam
energy/flux. Therefore, even with RIBE using a lower ion
energy and ion flux, BCP damage occurred during etching
due to the charging of the BCP surface by reactive ions. This
led to a less anisotropic silicon etch profile and greater surface
roughness of the etched silicon sidewall compared to those by
NBE. In contrast, for NBE, issues during neutralization of the
ions by a low-angle graphite reflector such as beam scattering,
chemical modification, and graphite contamination remain.
Therefore, it cannot be concluded that the superior results of

Figure 3. The silicon etch depth and the remaining BCP mask
thickness (40 nm PS hole array mask) measured as a function of etch
time for (a) Cl2/Ar ion beam etching and (b) Cl2/Ar neutral beam
etching. Other etch conditions are as in figure 2.
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Figure 4. Silicon etch profiles as a function of etch time during the etching of 40 nm diameter BCP hole masked (that is, PS hole array mask)
silicon using (a) the Cl2/Ar ion beam and (b) the Cl2/Ar neutral beam. Etch conditions are as in figure 3.

Figure 5. Silicon etch profiles as a function of etch time during the etching of 20 nm diameter BCP lamellar masked (that is, PS line array
mask) silicon using (a) the Cl2/Ar ion beam and (b) the Cl2/Ar neutral beam. Etch conditions are as in figure 3.

6

Nanotechnology 27 (2016) 384002 D Yun et al



the neutral beam are due only to the change to neutral ions.
Further investigation is required for a better understanding.

4. Conclusions

In this study, a silicon masked with BCP lithography (40 nm
hole pattern array and 20 nm lamellar pattern array) was

etched using a Cl2/Ar neutral beam in addition to a Cl2/Ar
reactive ion beam, and the effect on the etch characteristics,
such as etch selectivity and etch profile, was investigated. The
use of a neutral beam instead of a reactive ion beam decreased
degradation of the BCP mask during etching, resulting in a
more anisotropic silicon etch profile in addition to the
improved etch selectivity of silicon over the BCP mask.
Moreover, by using the neutral beam, the SWR and SWA

Figure 6. SWR and SWA measured using the ‘myCD’ software for silicon masked with a 40 nm BCP hole pattern and etched by (a) reactive
ion beam etching and (b) neutral beam etching. And, those for silicon masked with a 20 nm lamellar pattern and etched by (c) reactive ion
beam etching and (d) neutral beam etching. The etch conditions are as in figure 3, with the exception of the etch time. For the same beam flux
(or etch depth), the etch time was 30 min for RIBE and 80 min for reactive NBE.

Figure 7. (a) The etch profile, (b) SWR and SWA, and (c) top SEM image of the 20 nm lamellar BCP masked silicon etched with a low-ion
beam energy/flux for 60 min using the Cl2/Ar ion beam. The BCP-masked silicon was etched at the lower energy and flux by applying
+50 V to the first grid (lower ion energy) and −100 V to the second grid (lower beam flux) to decrease the physical/radiation damage to the
BCP mask surface.
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improved. For the 40 nm diameter BCP hole mask, the ion
beam etched silicon showed SWR and SWA of 8.5 nm and
80.4°, respectively, whereas the neutral beam showed SWR
and SWA of 4.5 nm and 85.3°, respectively. We believe the
improvement to be related to the neutral charge and reduced
degradation of the nano-scale BCP mask surface due to use of
a directional radical beam, although issues such as beam
scattering, chemical modification, and graphite contamination
remained during ion neutralization.
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