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Block copolymers which self-assemble to make periodic structures with well-defined
size and spacing on tens of nanometers length scale have attracted a lot of attention due to
its potential usage as functional nanostructures.[1-6] The structures are determined by the
molecular weight, chemical structure, molecular architecture, and composition of the block
copolymers.[7] The controllability of the microdomains dimension as well as the orientation
is utmost necessary for possible application. However, the fact that the structures are simply
determined by molecular weight and volume fraction for a given block copolymer restricts the
range of microdomains size and lateral distance between microdomains. Here, we will present
new ways to make nanoholes much smaller than those by block copolymers only, by one

way keeping keeping the structure the same, and by the other way control the structure size.
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An asymmetric P(S-b-MMA), having a styrene weight fraction of 0.70 and a weight
average molecular weight (Mw) of 81,000 with a polydispersity of 1.03, was synthesized
anionically. A hydroxy terminated random copolymer of styrene and methylmethacrylat
denoted P(S-ran-MMA), having a styrene weight fraction of 0.58 and Mw of 11,000 with
polydispersity of 1.13, was used to orient vertically PMMA nanodomains to the substrate.
Spun-coat random copolymer was covalently bonded to SiO layer at 170 °C for 3 days under
vacuum, giving a ~6 nm length of random copolymer brush layer after rinsing with toluene.
Thin films (~31 nm) of P(S-b-MMA) were prepared by spin casting on the random
copolymer brush. The samples were annealed at 170 °C under vacuum for two days, and
then quenched to room temperature.

The block copolymer thin film was exposed to ozone with a flow rate of 0.6 cc/min

for various times in air at 17 oC. We found that when the specimen was treated by ozone
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at room temperature, PS block was crosslinked to make a hard wall, whereas PMMA block
was not affected. The crosslinking of the PS matrix induces volume shrinkage in lateral
direction as well as height direction.  Finally, when this film is annealed at higher
temperature greater than the glass transition temperatures of PS and PMMA blocks (~100 and
~ 110 oC), nanoholes were generated inside the PMMA block. These holes did not change
with further annealing. The morphology and size were studied by TEM (Hitachi H-600A),
stained with RuO4 to get better contrast and to get rid of the possibility of PMMA
degradation .

Figure 1A, 1B, and 1C are TEM images of specimens treated by ozone for 2 different
times (10, 30, and 60 min) at 170C. It is seen that the nanoholes are formed and these
sizes increase from ~3 to ~8 nm with increasing ozone exposure time. Also, over-focused
TEM image without staining with 60 min ozone treatment is added in Figure 1D. This
image shows that nanoholes are generated at the center of PMMA block treatment. The TEM
images given in Figure 1 indicate that the hexagonally packed cylinder microdomain oriented
vertically to the substrate remains the same even though crosslinking degree was varied.

Thus, this technique can give a new way to control the nanohole size without changing the

original structure.

Figure 1. TEM images with different
ozone exposure times, followed by
annealing at 170 oC for 4 hr in
vacuum oven. (A) 10 min ozone
exposure, (B) 30 min ozone exposure,
(C) 60 min ozone exposure, (D)

over-focused image of 60 min

Thin films (~31 nm) of P(S-b-MMA)/PMMA mixtures with 1.5 ~ 22 wt % PMMA
homopolymer relative to PMMA block were prepared by spin casting on the random
copolymer brush. The samples were annealed at 170 C under vacuum for two days, and
then quenched to room temperature. After crosslinking, the sample was dipped into acetic acid
for over 4 hr to remove completely PMMA homopolymer. Then, the sample was annealed at
170 oC for 4 hr in order to get the final holes. These holes did not change with further
annealing at higher temperatures. Figure 2 shows the resultant holes with varying

homopolymer content. It ranged from a few nanometers to over 20 nm. The insets in Figure

Jou

12
=)

Jou

of o O|E4d E& H8Z A2z 20028



Theories and Applications of Chem. Eng., 2002, Vol. 8, No. 2 4712

2 are Fourier Transformation (FT) of the TEM images, in which the FT images are complete
circles in all cases. The lattice distance which is inverse proportional to the distance in the

FT image, increases with increasing content of PMMA homopolymer (34 nm for neat
PS-b-PMMA and 44 nm for 22 wt % of PMMA homopolymer). These results indicate that

the cylindrical morphology took simple expansion in lateral direction, without skewing the

structure, with increasing PMMA homopolymer content.

Figure 2. TEM images after selective
removal of PMMA homopolymer.

(A) 0 wt%, (B) 1.5 wt%, (C) 9 wt%,
(D) 22 wt%
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Now, we estimate the nanohole size. Since the PMMA homopolymer used in this study
has 2.5 times the molecular weight of PMMA block chain, localization of PMMA
homopolymer in the central area within PMMA cylinders is a reasonable assumption. In this

case, simples mathematics gives the final radius as following.

w =l e (s 0

Here, f is the volume fraction of block PMMA in the block copolymer and w is the weight
fraction of homopolymer PMMA to that of PMMA block. The diameters calculated by eq (1)
(solid line) and measured by TEM (solid circles) according to the amount of PMMA

homopolymer are given in Figure 3. The results are in good agreement. This supports the
assumption of localization of homopolymer near the center of PMMA block is reasonable.
The nanoholes with the diameters spanning from ~6 nm to ~18 nm were successfully
achieved.
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In summary, these simple processes make possible to overcome the restriction in domain

size and lateral dimension of manholes in block copolymer thin films.
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Novel routes by which the size scale of nanostructures can be extended beyond the
bounds achievable with the block copolymers alone. One of them is using block copolymer
and homopolymer mixture, and the other is by crosslinking the matrix by ozone exposure.
Diameter of the generated manholes ranges from a few nanometers to tens of nanometers with
good ordering regularity. The nanohole size and lateral distribution are well controlled and

predictable with high reproducibility.
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