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a b s t r a c t

Block copolymer assembly directed by electron beam (EB) lithography enhances both resolution and
throughput of the EB-generated patterns and provides a feasible path to fabricating master molds of
nanometer scale patterns over macroscopic areas. In our previous paper [27], we demonstrated that the
self-assembly process can interpolate points in between the EB-generated pattern, thus attaining four-fold
density multiplication. Here, we report a nine-fold feature density multiplication can be attained by the
directed block copolymer assembly. The equilibrium formation of perpendicular cylindrical domains in
registration with the pre-patterned surface is confined within a narrow thickness range once all other
parameters are fixed as found in a four-fold feature density multiplication. The tolerance of the lattice
mismatch between chemical pattern and d spacing of domains for nine-fold feature density multiplication
is smaller than that for four-fold feature density multiplication. We also found that the critical dimension
formed by the block copolymer domains is independent of that defined by the EB pre-patterned features.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Demand forever smaller critical dimensions in the semi-
conductor and storage industries continue pressing conventional
photolithography beyond the diffraction limit. Scientific and tech-
nological challenges arise as resolution requirements approach
molecular length scales and the economics of new lithographic
technologies become prohibitively expensive [1,2]. While electron
beam (EB) lithography can routinely produce features in the 15–
25 nm range (and even down to 2–5 nm [3–5] under special
conditions), the application is often limited by low feature densities
and low throughput. In this context, self-assembling structures at
the nanometer scale have emerged as a way to overcome current
lithographic resolution limitations [6–10]. In particular, block
copolymer directed assembly with a high density multiplication
factor stands out as a promising alternative to overcome EB litho-
graphic resolution and throughput limitations.

Block copolymers exhibit a wide variety of periodic nano-
domain structures, such as parallel-oriented lamellar, hexagonally-
packed cylinder, and a body centered lattice of spheres [11–15].
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Block copolymer thin films deposited onto substrate surfaces, can
be utilized as resist patterns that can be transferred into a variety of
substrates. Methods, such as graphoepitaxy [16–21] and chemical
registration [22–27] have been proposed to precisely control the
domain morphology and its orientation to obtain patterns with
precision required for lithographic applications. The effect of
a chemically-patterned surface template on the orientation of
microphase separated diblock copolymer was first reported by
Rockford et al. [22]. Nealey et al. have shown directed lamellar- [23]
and cylinder- [24,25] microdomains of poly(styrene-block-methyl
methacrylate) (PS-b-PMMA) in registration with the lithographi-
cally defined patterns in chemically modified surfaces with a one-
to-one correspondence. Recently, Ruiz et al. [26] and Tada et al. [27]
successfully demonstrated that areal density of chemical templates
can be multiplied by a factor of 4 in hexagonal array patterns. The
vertical cylinders filled lattice points halfway between the lattice
points on the template pattern. Cheng et al. showed a similar
template pattern interpolation for line arrays applying lamellar-
forming PS-b-PMMA [28]. The combination of chemical registration
and self-assembly of block copolymer would enable us to attain
higher density multiplication.

In this paper we demonstrate a nine-fold feature density
multiplication by directed block copolymer assembly. We clarify the
tolerance ranges for nine nine-fold feature density multiplication in
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terms of film thickness and lattice mismatch and compare the
tolerance ranges with those for the four-fold feature density
multiplication. We also show that the critical dimension formed by
the block copolymer domains is independent of that defined by the
EB pre-patterned features.

2. Experimental

Fig. 1 illustrates the density multiplication process. We first
prepared hexagonal array of dots on Si substrates by chemical
patterning and then the density multiplication was attained by
directed self-assemble of block copolymer in thin film.

2.1. Materials

Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and
hydroxy-terminated polystyrene (PS–OH) were purchased from
Polymer Source Inc., Quebec, Canada. The weight averaged
molecular weight and weight fraction of its PS block were 4.8� 104

and 0.75, respectively. The weight averaged molecular weight of
PS–OH was 3.7�103.

2.2. Substrate preparation

Si substrate surfaces were chemically-patterned in the following
manner. First the Si substrate was cleaned in a piranha solution at
80 �C for 15 min and rinsed in deionized water. Next, a 1.0 wt% PS–
OH solution in toluene was spin-coated onto the Si substrate to
a thickness of about 50 nm. The grafting of PS on the Si substrate
was completed by annealing the PS–OH-coated Si wafer in vacuum
at 140 �C for 48 h. Unreacted PS–OH was removed by rinsing the
substrate with toluene. The thickness of PS grafted layer was
determined by X-ray reflectometry to be 5.1 nm. Next, the PS-
grafted layer was patterned by EB lithography. PMMA resist was
spin-coated onto the PS-grafted Si substrate to thicknesses of
50 nm. The samples were exposed by electron beam in hexagonal
Fig. 1. Schematically illustrated density multiplication
arrays of dots and developed. Since the dots were exposed by EB,
development removed only the dots in the PMMA. Lattice spacings
of hexagonal arrays of dots used in this study were slightly around
ds¼ 3do, where ds is the spacing between lattice planes defined by
EB on the substrate and do is the corresponding natural spacing of
the block copolymer in the bulk (See Fig. 1). The samples were
subsequently etched by O2 reactive etching technique (RIE) using
a SAMCO RIE-10NR etcher operated at the plasma power of 100 W.
The etching time was short, 5 s, so that the PMMA mask remained
and only the grafted PS in the holes was selectively reacted with the
plasma. The PMMA mask was removed by rinsing the substrate
with N-methyl-2-Pyrolidone and/or toluene, leaving a chemically-
patterned substrate. The treated areas on the substrate have
a higher affinity for PMMA while the PS-grafted surface has a weak
preferential affinity for PS.
2.3. Sample preparation

Thin films of PS-b-PMMA were spin-coated from a dilute solu-
tion in toluene. The thickness of the films was controlled by the
concentration of the solutions and the spin speed. Spin-coated
samples were then annealed at 170 �C for 12 h in vacuum to reach
their equilibrium state. Thicknesses of the PS-b-PMMA films tf were
determined by subtracting the thickness of the PS-graft layer from
the total thickness of the organic film composed of PS-grafted layer
and PS-b-PMMA layer on the Si substrates. The total thickness of
the organic film was measured by removing a portion of the film
from the substrate with a sharp knife and measuring the step
between the substrate surface and the film surface with a Veeco
Nano Scope III atomic force microscope.
2.4. Scanning electron microscope observation

Microdomain structures of PS-b-PMMA were observed by using
a Hitachi S-4800 field-emission Scanning Electron Microscope
(SEM) instrument operated at an acceleration voltage of 0.7 kV. For
process with chemically pre-patterned template.
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contrast between the PMMA and PS phases, the block copolymer
specimens were etched by O2 RIE with a SAMCO RIE-10NR. Since
the O2 RIE preferentially etches the PMMA structures, the dark and
bright parts of SEM images correspond to PMMA and PS micro-
domains, respectively.

3. Results and discussion

3.1. Nine-fold density multiplication

Fig. 2(a)–(d) shows the results obtained for nine-fold density
multiplication, ds¼ 3do. Fig. 2(a) shows an SEM micrograph of the EB
resist pattern employed to prepare the chemical template with
ds¼ 72 nm. Fig. 2(b) shows a SEM image of PS-b-PMMA thin film
self-assembled on the pre-patterned chemical template. The film
thickness of the PS-b-PMMA was optimized to tf¼ 38 nm, which
nearly corresponds to (3/2)do of the PS-b-PMMA block copolymer.
The self-assembled film is well-aligned to the template pattern with
long-range order in the lattice. Fig. 2(c) is a 2-dimensional fast
Fourier transform (2D-FFT) image of Fig. 2(b). Several higher order
peaks were observed, with up to 6th order, at (q/qm)2¼1, 3, 4, 7, 9,
and 12, with qm being the 1st order peak position of the 2D-FFT
image. From 1st to 3rd order peak positions in the circular averaged
2D-FFT image, the lattice spacing of the self-assembled PMMA
cylindrical microdomain was determined to be dobs¼ 24 nm, which
was a third of the value of the lattice spacing, ds¼ 72 nm, of
Fig. 2. (a): Top-view SEM image of EB resist employed to pattern PS graft layer on Si wafe
image of cylinder structures of PS-b-PMMA with do¼ 24 nm self-assembled on the chemica
of (b) in arbitrary scale. (d): Computer generated image prepared by over laying (a) and (b)
figure legend, the reader is referred to the web version of this article.)
chemically pre-patterned substrate. Fig. 2(d) shows a computer
generated image in which the SEM image of the EB resist pattern in
orange was superimposed with the SEM image of the directed PS-b-
PMMA self-assembled pattern in green. This image demonstrates
that two PMMA cylinders interpolated linearly between lattice
points of the pre-patterned template thus multiplying the feature
area density by a factor of 9. To clarify the regularity of the micro-
domain spacing quantitatively, we calculated standard deviation s of
d spacing for the microdomain of nine-fold density multiplication
and compared the results for nine-fold density multiplication with
those for four-fold density multiplication and 1:1 correspondence
(ds¼ do) from auto-correlation function [27]. It should be noted that
the value of s estimated from auto-correlation function tends to
become larger than that estimated from real space analyses though it
can express the tendency of the regularity well. The results are
shown in Table 1. We also displayed the d spacing and standard
deviation of chemical patterns for each condition in Table 1. As for the
results for the microdomain, standard deviation for the nine-fold
becomes better than the others, although the degree of interpolation
is large. This improvement may originate from the fact that the self-
assembling of block copolymer becomes dominant in the case of the
nine-fold while the chemical pattern having worse standard devia-
tion affects the regularity of the microdomain.

Lithographic applications for high fidelity pattern transfer require
a perpendicular orientation of the block copolymer domains. Equi-
librium structures of block copolymer thin films including phase
r surface for a chemically pre-patterned template with ds¼ 72 nm. (b): Top-view SEM
lly pre-patterned template. Thickness of PS-b-PMMA film tf¼ 38 nm. (c): 2D-FFT image
in orange and green, respectively. (For interpretation of the references to color in this



Table 1
d and s for chemical pre-patterns and microdomain of PS-b-PMMA.

Configuration Chemical pre-
pattern

PS-b-PMMA self-
assembly

d (nm) s (nm) d (nm) s (nm)

1:1 Correspondence (ds¼ d0) 23.8 5.3 24.1 2.6
4� Multiplication (ds¼ 2d0) 48.4 2.0 23.8 2.6
9� Multiplication (ds¼ 3d0) 71.9 2.7 23.8 2.0
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morphology and domain orientation are determined by the various
parameters that characterize the free energy of a thin film confined
between a pre-patterned surface and a top homogenous surface,
including annealing temperature, chain conformation, domain–
domain interaction, interfacial energies between the block copoly-
mer and the pre-patterned substrate and the free surface (which in
turn is determined by the vacuum level and gas composition) [29–
33]. The final equilibrium phase morphology and domain orientation
correspond to those that minimize the free energy expression
[29,33]:

F ¼ Felastic þ FS-MMA þ Fsurface þ Finterface (1)

where Felastic being the free energy for the chain conformation,
FS-MMA being the free energy for domain–domain interaction, Fsurface

being the free energy for the free surface, and Finterface being the free
energy for the interface between chemically-patterned substrate
and PS-b-PMMA. The range of thickness values and commensura-
bility tolerance to the chemical pre-pattern for which a perpen-
dicular orientation is more favorable depends on the minimization
of the expression in Eq. (1). Keeping interface interactions and the
annealing temperature constant, simulations [26,30–32] and
experiments [27,30,33] have shown that film thickness and
commensurability to do span a parameter space where perpen-
dicular orientation is energetically more favorable.

3.2. Effects of thickness of sample on density manipulation

The effect of tf on nine-fold density multiplication was studied
and the results are shown in Fig. 3. The substrate surfaces were
patterned with the same template as above with ds z 3do¼ 72 nm.
Fig. 3(a) and (b) show SEM images of PS-b-PMMA thin film self-
assembled on the pre-patterned templates with tf¼ 23 nm z do

and tf¼ 46 nm z 2do, respectively. In Fig. 3, it is clear that the film
thicknesses corresponding to tf z do and tf z 2do, do not show the
long-range order exhibited in Fig. 2(b), tf z (3/2)do. In Fig. 3(a),
where tf z do, the SEM image shows PMMA cylinders both parallel
and perpendicular to the substrate surface. In Fig. 3(b), where
tf z 2do, the PMMA cylinders with perpendicular orientation to the
substrate surface, but with a poly-grain structure, were observed.
The results suggest that when tf¼ 2do, the chemical template pre-
pattern does not direct the assembly to the top surface.

The effect of tf on the cylinder orientation can be discussed in
terms of three controlling factors: the conformational entropy of
block copolymers (corresponding to Felastic), the interaction between
free surface and block copolymers (free surface interaction corre-
sponding to Fsurface), and the interaction between substrate and block
copolymers (substrate interaction corresponding to Finterface). The
conformational entropy tends to align PMMA cylinders perpendic-
ular [34]. Free surface interaction is almost neutral for both PS and
PMMA but varies slightly with annealing temperature and vacuum
condition applicable for the experiments. Thus, in principle, free
surface interaction induces the cylinder to orient perpendicular to
the surface but the strength of free surface interaction depends on
the annealing condition. The substrate interaction of the chemically-
patterned substrate causes the perpendicular orientation on the
lattice points where PS graft layer is etched. However, as for chemical
pattern with ds¼ 3do, wide un-etched region with PS graft layer exist
in between the etched lattice points. This region favors PS and
induces parallel orientation of the PMMA cylinders. In the case of
thin samples with tf� do, the substrate interaction becomes domi-
nant rather than the conformational entropy and the free surface
interaction. Therefore, many PMMA cylinders are oriented parallel to
the surface. On the other hand, as tf increases, the surface area to
volume ratio decreases and the effect of substrate interaction
becomes weaker than that for tf� do. Conversely, the effects of the
conformational entropy affect the orientation of PMMA cylinders
more strongly. Thus, the perpendicular orientation becomes domi-
nant as tf increases. However, as the effect to register PMMA cylin-
ders on the pre-patterned lattice points are caused by the substrate
interaction, the effect diminishes with increasing tf. Therefore,
orientation of hexagonal lattices cannot be directed for thicker
samples.

Consideration above suggest that there exist an optimum tf range
for the PMMA cylinders to align perpendicular to the surface and to
be directed to form a hexagonal lattice by the substrate pattern. The
optimum thickness for complete 9� interpolation was found to be
around tf¼ 1.5do in the experimental conditions we have employed,
and agrees with that for 4� interpolation as shown in our previous
report [27]. However, the value may change with annealing condi-
tion (temperature, degree of vacuum) and/or molecular weights of
block copolymers and polymer applied as a graft layer.

3.3. Effects of lattice mismatch on 9� density multiplication

We also investigated the effect of lattice mismatch on the
quality of the 9� density multiplication by using chemical pre-
patterns slightly below and above the commensurability condition
(ds¼ 3do¼ 72 nm). Fig. 4 shows SEM micrographs and corre-
sponding 2D-FFT images of the microdomain structure of the PS-b-
PMMA on chemical templates that are slightly mismatched from
3do, namely ds¼ 70 nm¼ 2.9do and ds¼ 74 nm¼ 3.1do. The PS-b-
PMMA copolymer film thickness was the prior determined optimal
thickness, tf¼ 38 nm. As can be seen in Fig. 4, regularity and long-
range order of PS-b-PMMA is worse for the mismatched configu-
rations, than the exact template match, in Fig. 2.

In the case of ds¼ 70 nm, there are some grains and defects
between grains observed in the SEM image (Fig. 4(a-i)). 2D-FFT
image displayed a halo pattern suggesting a lack of registration with
the surface template (Fig. 4(a-ii)). On the other hand, although
grains and defects between grains can be also observed in the SEM
image for ds¼ 74 nm (Fig. 4(b-i)), regularity of the pattern of
ds¼ 74 nm is better than that of ds¼ 70 nm. The 2D-FFT image
(Fig. 4(b-ii)) still shows a hexagonal pattern reflecting the single
orientation of the domain structure, though the peaks are broader
than that of ds¼ 72 nm (Fig. 2). The lattice spacing of the domain
structure determined from the 2D-FFT image for ds¼ 74 nm was
dobs¼ 25 nm, indicating that the diblock copolymer chains are
slightly extended to follow the chemical pattern of the template.
The difference in the FFT patterns between ds¼ 70 nm and
ds¼ 74 nm indicates that compression of the PS-b-PMMA chains is
energetically unfavored in comparison to the case of stretching. This
tendency have been shown for the chemical registration of PS-b-
PMMA lamella [23] and cylindrical morphologies for ds z do [27,33],
and for the 4� density multiplication of PS-b-PMMA cylindrical
morphology with ds z 2do [27]. However, the tolerance of the
mismatch for nine-fold density multiplication is smaller than that
for four-fold density multiplication.

The effect of commensurability is interpreted as a thermody-
namic competition between the interfacial free energy gain in
aligning the diblock copolymer microdomains with the surface



Fig. 3. Top-view SEM images of cylinder structures of PS-b-PMMA with do¼ 24 nm self-assembled on the chemically pre-patterned template with ds¼ 72 nm. Thickness of PS-b-
PMMA film: (a) tf¼ 23 nm and (b) tf¼ 46 nm.
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template, and the loss of conformational entropy as the chains
stretch or compress to achieve the template lattice spacing. In most
cases, surface interaction enthalpy dominates to maintain single
crystal-like structure up to about 6–10% stretch of the lattice spacing
do in the case of ds z do [23,27,33]. In comparison, the result pre-
sented in Fig. 4(b-i) and (b-ii) demonstrates that PS-b-PMMA cannot
maintain a defect-free lattice on ds¼ 74 nm. The increase in the
Fig. 4. Top-view SEM images of cylinder structures of PS-b-PMMA with do¼ 24 nm se
(b-i) ds¼ 74 nm. (a-ii) and (b-ii) display 2D-FFT images of (a-i) and (b-i), respectively in ar
lattice spacing from its natural value of do¼ 24 nm to self-assem-
bled value of dobs¼ 25 nm on the substrate of ds¼ 74 nm corre-
sponds to about 4% stretch in do, which is considerably smaller than
the critical value for the mismatch in the case of 4� density multi-
plication with ds z 2do [27]. The number of pre-patterned lattice
points for ds z 3do is 1/9 of that for ds z do and 4/9 of that for
ds z 2do. Although further systematic work is required, observed
lf-assembled on the chemically pre-patterned template with (a-i) ds¼ 70 nm and
bitrary scale. Thickness of PS-b-PMMA film: tf¼ 38 nm.



Fig. 5. (a-i) and (b-i): Top-view SEM images of EB resist employed to pattern PS graft layer on Si wafer surface for a chemically pre-patterned template with ds¼ 72 nm. (a-ii) and
(b-ii): Top-view SEM images of cylinder structures of PS-b-PMMA with do¼ 24 nm self-assembled on the chemically pre-patterned template prepared by applying EB mask shown
in (a-i) and (b-i), respectively. Thickness of PS-b-PMMA film: tf¼ 38 nm.
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results can be attributed to relatively smaller gain in surface inter-
action enthalpy to overcome the conformational entropy loss of
block copolymer chains for ds z 3do compared to that for ds z do

and ds z 2do.
3.4. Effects of size of chemical pattern points on 9� density
multiplication

Lastly, the effect of size of chemical template lattice points on the
self-assembly is examined. As can be clearly seen in Fig. 2(d), radius of
the holes of resist pattern prepared by EB lithography rEB was larger
than that of the PMMA cylindrical microdomain self-assembled on
the template robs. The rEB and robs measured from SEM micrographs
presented in Fig. 2(a) and (b) were 11 nm and 6 nm, respectively. To
investigate the limitation of robs/rEB, chemical templates were
prepared by using resist patterns with larger rEB and PS-b-PMMA was
conducted to self-assembled on them. Results are presented in Fig. 5.
Fig. 5(a-i) and (b-i) displays SEM images of resist pattern with
rEB¼ 13 nm and 19 nm, respectively. Fig. 5(a-ii) and (b-ii) displays
SEM images of PS-b-PMMA self-assembled film with tf¼ 38 nm on
the chemically pre-patterned templates prepared from the resist
patterns in Fig. 5(a-i) and (b-i), respectively. As can be seen, with
increasing rEB, regions with cylinders parallel to the substrate are
shown in the SEM images of the self-assembled block copolymer. The
areal regions of cylinders parallel to the substrate increased with
increasing template point size. In addition, 2D-FFT image obtained
from the region with perpendicularly oriented cylinders displayed
a halo pattern (not shown) suggesting that the pre-pattern under-
neath had limited influence on the arrangement of PMMA cylindrical
microdomains. In spite of the changes in PMMA cylindrical micro-
domain formation, the radii of perpendicularly oriented PMMA
cylindrical microdomains remained almost constant at robs¼ 6 nm
and independent of rEB. The increase in rEB tends to enlarge robs to
minimize the substrate interaction. However, the increase of robs is
unfavorable in terms of the conformational entropy of PMMA chains.
Thus, to compensate the substrate interaction and the conformational
entropy, the cylinders tend to align parallel to the substrate.
4. Conclusion

We have demonstrated a nine-fold feature density multiplica-
tion by EB directed block copolymer assembly that enhances both
resolution and throughput of the EB-generated patterns providing
a feasible path to fabricating master molds of nanometer scale
patterns over macroscopic areas. We have found that the equilib-
rium formation of perpendicular cylindrical domains in registration
with the pre-patterned surface is confined within a narrow thick-
ness and commensurability range as observed in previous simula-
tions and experiments with lower density multiplication factors. As
for lattice mismatch between chemical pattern and d spacing of
domains, compression of the PS-b-PMMA chains is energetically
unfavored in comparison to the case of stretching. This tendency
has been shown for the four-fold feature density multiplication.
However, the tolerance of the mismatch for nine-fold feature
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density multiplication is smaller than that for four-fold feature
density multiplication. We also show that the critical dimension
formed by the block copolymer domains is independent of that
defined by the EB pre-patterned features bringing a reliable
method for CD control at sub-lithographic resolutions. Viewed from
the opposite side, these results indicate that the chemical regis-
tration of PS-b-PMMA cannot only reduce the lattice spacing but
also reduce the pattern radius. Current photolithographic tech-
nology utilizes projection exposure to transfer mask pattern in
reduced size to the resist. The present results indicate that directed
self-assembly can provide alternative route to reduce pattern to the
size which cannot be achieved by the current lithography due to the
diffraction limit. It should be noted that Stoykovich et al. have
successfully directed block copolymers to self-assembled into
various isolated patterns applicable for integrated circuit by regis-
tering the lamella microdomains one-to-one on the chemical pre-
pattern by applying block copolymer/homopolymer blend systems
[35]. Although present experiments were performed for hcp
regular pattern, their results strongly support the possibility to
adapt the presented technique to more complex configurations.
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