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We report a straightforward method to fabricate resist patterns
based on the interaction of oxygen plasma and polystyrene (PS)
spheres within several minutes. The XPS results demonstrate
that the resist pattern is formed by the PS fragments produced in
the etching process. In the process, PS spheres not only serve as
template for patterning, but also provide PS fragments to form
the resist pattern. The ultrathin resist (UR) pattern can serve as a
mask for dry etching with the selectivity of 21:1. In addition, the
resist pattern can be used as template for selectively deposit
silver nanoparticles because it can effectively block electrons.

Motivated by the demand for denser component integration
in semiconductor industry, manufacturers and researchers
progress in high-resolution
lithography techniques, such as photolithography,1 extreme
ultraviolet Iithography,2 electron beam lithography (EBL),3
nanoimprint lithography (NIL),4 nanosphere lithography
(NSL),5 etc. For all the techniques, to transfer pattern from
resist layer to underlying substrate is one of the most
important steps for the fabrication, which is usually
completed by site-selective dry etching. In general, an ideal
resist material is of high selectivity, high adhesion and
enough mechanical stiffness.

have made considerable

The most conventional material is the carbon-based
materials, such as polymethyl methacrylate,4 PS,6 SU-S,7 etc,
but some of them have lower selectivity and poorer adhesion,
moreover, they may collapse during wet development due to
poor stiffness.® In order to achieve a higher aspect ratio,
some hard masks were proposed, such as hydrogen
silsesquioxane (HSQ),9 sputtered metal'® and atomic layer
deposition (ALD).S’ " Hsq is of relative high mechanical
stability, which has been widely used in EBL,12 NIL,13 etc,
however, its sensitivity to electron beam exposure is relative

Iow,14 and its hardness depends on the bake temperature
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and bake time.® Although metal film, like Au, Ag, Ni, and Cr,
can be used as resist, multi-step process involved in resist
patterning could limit its applications. The resist based on
ALD is an ideal resist because it is highly stable and the
thickness can be controlled in nanoscale, however, the
fabrication process is complicated and time-consuming. For
example, the substrate usually needs to be patterned and
modified with hydroxyl groups in advance, and then the
reaction of precursors and deposition are alternatively
conducted, finally the resist are formed Iayer-by-layer.15 So
ALD deposition rate is very slow; moreover, the deposition
process is complex and costly. Therefore, to develop a simple
method for creating ideal resist patterns is highly needed.

Herein, inspired by the ALD process, we developed a
straightforward and efficient method to create resist pattern
on silicon (Si) within several minutes by using PS spheres as
source of precursor.

A RIE with oxygen lift-off PS
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PS fragments

Fig. 1 (A) Procedure for the fabrication of resist pattern. (B)

Schematic illustration of the formation for the resist pattern.
The fabrication procedure is shown in Fig. 1A. First, the

monolayer of PS spheres was self-assembled on the Si slide.
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Then the assembled PS spheres were subjected to reactive
ion etching (RIE) with oxygen. Here, the PS spheres not only
served as the template for resist patterning, but also as the
source of resist. The formation process of the resist pattern
can be understood as Fig. 1B. The plasma flow contains ions,
electrons, excited neutrals, radicals, and UV radiation. These
highly reactive components lead to the chain scission of the
generating the low-molecular-weight
fragments. When the fragments with reactive radicals arrived
on Si, they formed the polystyrene fragments layer. After
lifting-off the spheres in toluene, the resist pattern was
obtained.

PS molecules,

We followed the transformation of PS spheres with
scanning electron microscope (SEM). The 600 nm PS spheres
were assembled into hexagonally packed arrangement
(detailed in Fig. S1 of the ESIT). As revealed in Fig. 2A and B,
the average diameter of PS spheres was accordingly
decreased to 555 and 336 nm by conducting oxygen plasma
etching for 3 and 9 min, respectively. Clearly, the surface of
spheres became rougher as extending the etching duration,
which was introduced by the inhomogeneous etching and the
detachment of the PS fragments.

A
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Fig. 2 SEM images of the PS spheres after oxygen etching for
3 min (A) and 9 min (B), respectively. AFM topography (C, D)
and section analysis (E, F) of the UR pattern produced by 3
and 9 min oxygen etching, respectively.

After removing the PS spheres in toluene, the remained

resist patterns were characterized with atomic force
microscope (AFM). The topography images of the resist
patterns created with different etching duration are shown in
Fig. 2C and D. The section analysis (Fig. 2E and F) indicates

that the average diameters of the holes on Si slides
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generated by 3 and 9 min etching are 593 nm (d;) and 362
nm (d,), respectively, which are slightly larger than that of the
spheres. We attribute this to the anisotropic deposition
caused by the horizontal movement of the plasma flow. This
result shows that the features of the resist pattern can be
controlled by tuning the size of spheres because they are
template for the fragments deposition. As shown in Fig. 2E
and F, the average thickness of the resist layer increases from
1.4 nm (hy) to 1.7 nm (h,) when the etching duration is
extended from 3 to 9 min. The thickness of UR is just
increased for 0.3 nm from 3min to 9min. During the
formation of the UR, the deposition of PS fragments on
silicon and the reduction of the UR take place at the same
time during the etching process. The thickness of the UR
decreases at a constant speed, but the increase speed of the
thickness for the deposited PS fragments changes with the
reduction of the PS spheres because of the following reasons.
Firstly, the amount of produced PS fragments decreases with
the reduction of the PS spheres. Secondly, at the very
beginning of the etching process, the PS fragments from the
neighboring PS spheres deposit on the same place, but the
overlap of the deposition will disappear when the PS spheres
are small enough (detailed in Fig. S2A of the ESI T ). Therefore,
the maximum thickness must exist during the etching process.
According to our experimental results, the maximum
thickness of the UR is observed when the etching duration is
9 min under this condition. But it is difficult to determine if it
is the real maximum thickness of the UR, as indicated in Fig.
S2B, it may exist when the etching time is in the range of 6 to
11 min.

To investigate the composition of the UR, we conducted
XPS measurements. The carbon element of the following
samples was characterized: Si after being etched for 3 min
with oxygen plasma as the sample 1, i.e. the reference. Si
assembled with PS after being etched for 3min with oxygen
plasma, and then PS was removed as the sample 2.
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Fig. 3 XPS spectra of C1S region: the spectra (left column) and

percentage of different functional groups (right column) for
sample 1 (A, B), and sample 2 (C, D), respectively.
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Fig. 3A and C present the fitting peaks for carbon
functional groups of sample 1 and sample 2. The calculated
percentage of the different carbon functional groups are
accordingly shown in Fig. 3B and D. By fitting the C1S of
reference, Fig. 3A identifies there are C-C (285.5eV), C-O
(286.1eV), C=0 (287.6eV) and O-C=0 (289.8eV) groups. The
percentage of C-Cis 4.5%, C-O is 33.3%, C=0 is 60.3%, and O-
C=0 is 1.9% (Fig. 3B). Comparing sample 2 with sample 1,
they have the same kinds of functional groups (Fig. 3C), but
the percentage of C-C increases from 4.5% to 64.1%, while
C=0 drops from 33.3% to 5% (Fig. 3D). The percentage
variation of C-C between sample 1 and sample 2 could be
caused by the formation of UR. In order to further identify
the source of the resist layer, we calculated the carbon
content of sample 1 and sample 2, the ratio of sample 2:
sample 1 is 2.27:1. It means that the carbon content on Si
with PS spheres is higher than that of bare Si after treating
with oxygen plasma, which confirms that the redundant
carbon on Si comes from PS spheres.

In order to test resist property of the UR for RIE, the
sample (shown in Fig. 2D) was subjected to RIE for different
time with SFg gas. Fig. 4A shows that a nanohole array was
created when the sample was etched for 60 s. The average
depth of the nanohole is ~24 nm (h), and the average
diameter of the nanohole is ~369 nm (d) (Fig. 4B), which is
almost same as the diameter of UR pattern (Fig. 2D). The
results demonstrate the etching selectivity of Si to UR is
higher. The correlation of the depth of nanohole and the
etching duration is presented in Fig. 4C. It presents that the
depth increases with extending the duration from 60 to 80 s.
When extending the RIE duration to 80 s, the depth of the
nanohole was increased to ~¥36 nm, and the diameter of the
nanohole is ~¥363 nm, which also remained the same as that
of the UR pattern. However, the surface became rougher,
which indicates that the UR was slightly damaged by etching
process. When the etching duration was further extended to
100 s, the depth nearly remained constant, but the diameter
of the nanohole was ~398 nm, which was increased for ~9.6%
(detailed in Fig. S3 of the ESI T ). This should be caused by the
isotropic chemical etching of SFs. At the time, the UR has
been destroyed absolutely, and the etching selectivity for Si
toURis 21:1.

To find out the difference of the spheres and the UR, we
characterized the PS spheres and the UR with XPS. The peaks
of C-C and C-O can be observed in both the spectra of the PS
spheres (detailed in Fig. S4 of the ESIT) and the UR (Fig. 3C),
the two peaks should respectively come from aliphatic and
aromatic bond carbon, and the surface contamination. The
peak of m—>m* should come from excitations in the benzene
ring,16 and it is too weak to be split from the spectra because
of the lower content of benzene in the UR (Fig. 3C). But the
peaks of C=0 and O-C=0 only can be found in Fig. 3C, which
means that the UR is highly cross-linked. Therefore, the UR is
much more dense and stable than PS spheres.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (A) AFM topography and (B) Section analysis of the
nanohole array created with SFg etching with resist pattern as
mask. (C) Correlation of the average depth of nanoholes and
etching duration. The resist pattern was created by etching
for 9 min with oxygen plasma.

Furthermore, in order to study the blocking property of the
UR to electrons, the sample (shown in Fig. 2D) was immersed
into the mixed solution of silver nitrate, hydrogen peroxide,
and hydrofluoric acid, site-selective electroless silver
deposition will be produced (detailed in Fig. S5 of the ESIT).
The result demonstrates the resist pattern can be applied as a
site-selective template, and it is stable in the reaction
solution.

Conclusions

In conclusion, we present a straightforward method to
fabricate resist pattern based on the interaction of oxygen
In the
fabrication process, PS spheres not only serve as template for

plasma and PS spheres within several minutes.

resist patterning, but also provide PS fragments for the
formation of the UR. The UR exhibits high etching selectivity
to Si, meanwhile, it is a good template for site-selective redox
reactions. This method could be applied for other polymers
and substrates.
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Graphical Abstract

An ultrathin resist pattern of high selectivity is fabricated based on plasma-polystyrene interaction

within several minutes.
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