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ABSTRACT: Thin films cast from binary blends of structurally }/ ’)/,
homologous polystyrene-block-poly(2-vinylpyridine) polymers 221 9 480 157
gous polystyr poly(2-vinylpyridine) polym o A Blend ——» )
AR
blocks with a tetrachloroplatinate salt. By varying the blend
using a set of just 4 block copolymers. For neat block copolymers whose equilibrium structures are not horizontal cylinders, blending
copolymers. Annealing of the polymer films was carried out using a solvothermal microwave annealing technique able to rapidly

e Supporting Information
were used to obtain horizontal arrays of linear nanostructures N
which were visualized by metallizing the poly(2-vinylpyridine) X
compositions of the homologous block copolymers, fine control 11/ // /] i / I I ’ , ‘ \ \\\\\
over the periodicity of lines was realized from ~2$ to 55 nm
enabled cylindrical structures to form. The ordering in various films was studied by measurements of defect density, and it was found
that in many cases blended films produced patterns of lower defect density than patterns formed from single component block
produce few-defect films. Here the technique is adapted to use a household microwave oven (cost < $100) to rapidly induce self-
assembly in under 2 min, enabling broad accessibility.

B INTRODUCTION contraction of the interlamellar spacing of up to 6%." Another

The International Technology Roadmap for Semiconductors approach that has previously been undertaken involved blending

. . 20-23 _ 1.
(ITRS-2009) describes the self-assembly of block copolymers BCPs with homopolymers to make binary blends, which

(BCPs) as an emerging, innovative technology that provides new pﬁrmi‘zls cEn"cjrol ovzrl the Hdor;:ijrzls sizhe agii s.pacir;% in vertically
strategies to generate high-resolution patterns with nanoscale alghed cylnders and ametiac. The addition of large amounts

precision.1 The basic principle underpinning the technology is ofhom.op olymer (~30% by volum.e fraction), however, results in
the short-range phase separation of chemically distinct blocks in a nonunlf(_)rmm sgll'lctures b and ultlmate_ly the 1955 if Phaﬁe
polymer film, and with the selection of appropriate conditions, segregation; 15 can be overcome, 1n part, using chemically
regular patterns of phase separated structures form sponta- prepattem.ed substrates.”” Past resear.ch ePfort3s0have 31.50 examined
neously over large areas. The applications are expected to include the behav101.' Of_ blends of BCPS in bulk, . showing lamellar
nanolithography and nanostructure templating,z*14 but to truly stru‘ct'ures f’Vlth interlayer spacings that, for binary BCP blends,
implement the technology, some key research challenges must be exhibit as}mear dep endenc<.e on t.he molar proplort%ons of ea'ch
overcome: reducing the time required for pattern formation, polymer.”™ Other work has investigated the localization of chains

1 32 . .33
) ine the ali t reducine defect densi d isel within binary blends” and control of morphology via blending,.
imp.rovmg € aughment, rle’3’}15cir61g efect density, and precisely Recently blending of BCPs has been applied to creation of tunable
uning the feature spacing.

While feature size and spacing in block copolymers can be optical filters from BCP blends.** Here we examine thin films cast

controlled s?rnthetically by varying the lengths and proportions of gom tw:licoarlrilpor(lientllbléendsB;)f Cl{ljomolo%)cius ﬁBCPS to lform
each block, ”'® this can be laborious and difficult to precisely orizontally aligned cylinders. Blending enables fine control over

reproduce, resulting in coarse approximations of the desired f_eature spacing in 'nanoscale pat_te.rns templated from the c_yhnd—
domain sizes. Researchers at present must, however, either under- lr.lcal d%néi)msf while us‘ll}llg a nE{umal s.et of pOlyme;s. Aligned,
take these synthetic activities or adapt their goals to accommodate 1near pattem§ Wlt, tl}llr,la e spacings, ranging from 55 to
the limited selection of readily available commercial materials. 25 nm, can be obtained in this manner.

Thus, means of fine-tuning BCP patterns without resorting to
polymer synthesis would be useful. Tuning of the feature spacing, Received: ~ September 9, 2011
using a nonsynthetic approach, has previously been effected for Revised: ~ October 14, 2011
lamellar BCP bulk films by applying electric fields, leading to Published: November 21, 2011
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Figure 1. (a) Photograph of a sealed Teflon annealing chamber inside a
household microwave oven. (b) Illustration of a cross-section of the
loaded annealing chamber. (c) Sequence of steps in a typical experiment:
microwave annealing to produce horizontal cylinders, followed by
metallization and plasma etching to visualize the patterns. (d) Structures
of BCP C and BCP B, which are blended to produce cylinders with
intermediate periodicities.

Our previous work took a step toward addressing the issue of
long annealing times, demonstrating a microwave-based sol-
vothermal annealing process to accelerate the self-assembly of
block copolymer gatterns, using a costly, research-grade micro-
wave instrument.”> Here, we increase the accessibility of the
process by using an inexpensive household microwave oven to
attain rapid ordering—in under 90 s using an apparatus obtained
for less than $100 USD. Furthermore, we have demonstrated that
this can be accomplished in a safe and reproducible manner.

B EXPERIMENTAL SECTION

Materials and Cleaning Protocols. Chemicals used for wet
processing and solvents were obtained from Sigma-Aldrich; PS-b-P2VP
BCPs were obtained from Polymer Source Inc; silicon wafers were
obtained from University Wafer. Silicon substrates were cut into 1 cm X
1 cm pieces from prime-grade 4-in. Si (100) wafers (10—20 Q-cm;
P-doped with boron; 525 = 25 um). The silicon pieces were degreased
in an ultrasonic bath of methanol, rinsed in acetone and ethanol, and
then dried in a stream of nitrogen gas. Standard piranha and RCA II
cleaning procedures™® were then conducted: first, the silicon pieces were
immersed in a piranha solution [3:1, v/v conc. H,SO, (aq) and 30%
H,0, (aq)] at 80 °C for 20 min. The silicon pieces were removed from
solution, rinsed with water, dried in a nitrogen stream and immersed in
an RCA I solution of 38% HCI (aq), 30% H,0, (aq), and Millipore
water in a ratio of 1:1:5 at 80 °C for 20 min. The silicon substrates were
then removed from the hot solution, rinsed with water, and dried under a
nitrogen gas flow.

Blending of Block Copolymers. To prepare the block copoly-
mer thin films, the PS-b-P2VP BCPs were weighed, dissolved in neat
toluene, and stirred overnight at room temperature to make 1% w/w or
1.5% w/w solutions. Binary blends were prepared by mixing two 1.5%
w/w solutions in volume ratios from 1:9 to 9:1 at room temperature and
stirring overnight prior to deposition. An aliquot of block copolymer

Table 1. Table of Commercially Available PS-b-P2VP BCPs
Used in This Study, Identified in the Text by the Letter Given

BCP PS (M,) P2VP (M,) PDI
A 17.0k 9.8k 1.06
B 23.6k 10.4k 1.04
C 50.0k 16.5k 1.09
D 125.0k 58.5k 1.05
E 32.5k 12.0k 1.05
F 44.0k 18.5k 1.05

a)BCPB 19 lines

~ 15lines

e

13 lines

f) Blend AD 4:6

: 37.9nm = > =

Figure 2. Linear feature spacing control along graphoepitaxially spaced
lines S00 nm apart. SEM images of Pt nanostructures with six different
spacings, templated by two neat BCPs and four blends: (a) BCP B, (b)
blend BC 7:3, (c) BPC C, (d) blend BC 4:6, (e) blend AF S:5, and (f)

blend AD 4:6. In all cases, the microwave annealing time was 80 s.

solution (15.0 «L) was then dropped onto the silicon substrate and spin-
cast, at 4200 rpm for the 1.5% w/w solutions or at 3800 rpm for the
1% w/w solutions, for 15 s under an argon environment to form a thin
film. By fixing both the concentration (w/w) of the BCPs in solution and
the spin speed, the thickness of the deposited films was consistently
controlled to be ~42 nm.

Microwave Annealing Procedure. Prior to microwave anneal-
ing, the BCP-coated silicon substrates were sealed in a custom-made
Teflon microwave annealing chamber with 1 mL warm THF in the
reservoir. The Teflon chamber was placed on an inverted glass Petri dish
(to keep the chamber stationary above the rotary components) in the
center of a conventional, household microwave oven (Panasonic
Compact Stainless Steel Microwave Oven, NNSD377S) and heated
with the maximum power (800 W). The samples were then removed
from the Teflon container and cooled in air.

CAUTION! First, given the small amount of microwave absorbing
material, annealing times must be limited to prevent overheating and
damage to either the annealing chamber or microwave oven. This is
particularly important for strongly absorbing substrates. Second, in the

9753 dx.doi.org/10.1021/ma202064t |Macromolecules 2011, 44, 9752-9757



Macromolecules

(c) (50k-b-1é:5k) /

(d) "(125k-b-58.5K)

(b) (23.6k-b-10.4k)

Figure 3. SEM images of Pt nanopatterns templated from neat PS-b-P2VP BCPs that were microwave annealed for 60 s: (a) BCP A [PS(17.0k)-b-
P2VP(9.8k)], (b) BCP B [PS(23.6k)-b-P2VP(10.4k)], (c) BCP C [PS(50.0k)-b-P2VP(16.5k)], and (d) BCP D [PS(125.0k)-b-P2VP(58.5k)].

presence of microwave radiation, electrical arcing and plasma discharge
may result from concentrated electric field lines at sharply pointed
vertices of silicon substrates or the junction between two substrates,
hence substrates with sharp points should be avoided, and multiple
substrates must not be placed in close proximity. One incident in our
lab—the only one in the course of several hundred experiments and
samples—resulted in damage to the annealing chamber when two
substrates were in contact during a 3 min anneal. (See Supporting
Information for details.) Following these guidelines should prevent such
occurrences.

The experimental process for producing thermally annealed controls
is described in detail in the Supporting Information.

BCP Visualization by Metallization. The patterns formed by the
block copolymers were visualized by metallization with platinum and
electron microscopy. The annealed samples were first immersed in an
aqueous solution of Na,PtCl, (20 mM) with HCI (1.6%) for 3 h in a
glass vial; the protic acid functions to protonate the P2VP blocks,
resulting in the swollen P2VP domains rupturing through the PS surface,
permitting permeation of the metal salt. The samples were then removed
from the solution, rinsed with 18 M2 -cm water, and dried under a
nitrogen gas flow. Oxygen plasma (Harrick Plasma Cleaner/Sterilizer
PDC-32G) at 0.12 Torr for 1 min was used to reduce bound PtCl,>~
ions to platinum metal and to etch the polymer matrix.*”*

Directed Assembly by Graphoepitaxy. Graphoepitaxy uses
topographical features to guide the assembly of BCP structures into
highly ordered patterns.®® In this work, line patterns were written (using
the RAITH 150-TWO electron beam lithography system) on substrates
with films of resist (Dow Corning XR-1541). A subsequent develop-
ment step in tetramethylammonium hydroxide (TMAH) produced
linear silica topographical features, which control the orientation and
position of the cylindrical structures formed by the polymer self-
assembly during the microwave anneal.

Image Analysis. SEM images were analyzed using routines devel-
oped for Image], and defect densities were determined as in our previous
work.* The periodicity of the striped patterns was determined using fast
Fourier transforms of the images; multiple samples were used for
each point.

B RESULTS AND DISCUSSION

Microwave Annealing and Blending. The apparatus and
processes used for rapid block copolymer self-assembly in the

microwave, along with the process used to enhance visualization
of the resulting patterns, are briefly outlined in Figure 1. Our
previous work showed low defect densities were attained in
minutes, and factors such as choice of solvent, annealing time,
temperature/power, and substrate resistivity were critical for
controlling the BCP self-assembly.*® Because microwave anneal-
ing is a solvothermal process, where both substrate and solvent
are heated*' via microwave irradiation, the optimal silicon
substrates were chosen based on a simple measurement of their
ability to melt paraffin wax (see Supporting Information). These
selected silicon substrates (i.e,, 10—20 Q- cm, p-doped, <100>)
were cleaned and spin-coated with polystyrene-block-poly(2-
vinylpyridine) (PS-b-P2VP) solutions to form BCP thin films
roughly 42 nm thick, as measured by ellipsometry.

Several commercially available BCPs were investigated both
neat and as binary blends. The properties of each BCP are
described in Table 1, and blends are denoted with their con-
stituents and volume ratio. For example, blend AB 2:8 refers
to PS(17.0k)-b-P2VP(9.8k) (A) combined with PS(23.6k)-b-
P2VP(10.4k) (B) in a 2:8 ratio by mass. As spin-coated, the BCP
films formed quasi-ordered hexagonal patterns on the silicon
surfaces. These samples were then microwave annealed in
a sealed Teflon chamber (photographs in Supporting In-
formation) preloaded with tetrahydrofuran (THEF), as shown
in Figure 1, parts b and c. A conventional microwave oven with a
maximum power of 800 W was employed, providing the energy
required to facilitate the organization of linear structures. The
annealing chamber was always placed stationary in the center of
the microwave oven to limit any effects due to anisotropy in
the electromagnetic field (Figure 1a). Finally, the metallization
and plasma processes described previously were undertaken
(Figure 1c) to make the patterns visible by scanning electron
microscopy (SEM).*”3®

Effect of Blending on Periodicity. A series of neat and
blended BCPs was chosen to demonstrate the precise control
over spacing (illustrated in Figure 1d) that can be obtained via
graphoepitaxially directed self-assembly between parallel silica
walls with an 80 s anneal in the microwave. As shown in Figure 2,
the number of patterned lines in the 500 nm wide channels could
be controlled exactly: 19, 17, 16, 15, 13, and 12 lines are shown
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self-assembled within the graphoepitaxial features, using a com-
bination of neat and blended BCPs. As an example, for BCP B,
the spacing was adjusted by blending with BCP C to produce
defect-free patterns with feature spacings of 24.3, 26.5, and
29.5 nm as shown in Figure 2.

To demonstrate control over the periodicity of the templated
patterns, a 60 s microwave anneal procedure was applied to a
series of neat BCPs (A, B, C, and D) and block copolymer blends
(AC, BC, AD, and BD). The patterns formed by the neat BCPs,
A, B, C, and D, are shown in Figure 3. The structures formed by
BCPs A and D are noncylindrical, and the cylindrical patterns
formed by BCPs B and C incorporate several defects.

SEM images of the Pt nanostructures templated from micro-
wave annealed block copolymer blends together with the cor-
responding measured feature spacings and defect densities are
shown in Figure 4. In general, a roughly linear progression from
the natural periodicity of one block copolymer to that of the
second block copolymer was observed as the two constituents
were blended. This property should allow the assembly of any
desired spacing within the dynamic range of the two block
copolymers. In contrast to the loss of phase segregation observed
in block copolymer blends with large quantities of homo-
polymers,** the PS-b-P2VP/PS-b-P2VP binary blends provide
good control over the linear feature spacing while in all propor-
tions retaining the microphase-separation of the polymer blocks
and the long-range cylindrical morphology of the self-assembled
block copolymers. Furthermore, these results contribute to the
revision of the generally held assumption that block copolymers
must possess a low polydispersity index (PDI) in order to form
well ordered, microphase-separated structures by self-assembly,**
as these blends of homologous block copolymers are polydisperse
by their very nature, yet form well-ordered structures.*’ PS-b-
P2VP multicomponent blends have been explored, however these
studies were focused on understanding the effects of polydispersity
on thermally annealed thick films with lamellar morphology, which
needed to be sectioned by an ultramicrotome for structural
visualization,****

Furthermore, BCPs for which horizontal cylinders are not the
minimum free energy configuration may be combined with other
BCPs to form thin films of cylindrical structures—even in the
case where neither BCP naturally forms horizontal cylinders, as
demonstrated by blend AD in Figure 4c. In isolation, BCP A
forms an array of PS dots in a P2VP matrix (shown in Figure 3a),
and BCP D forms an array of P2VP dots in a PS matrix (shown in
Figure 3d), yet a horizontal, cylindrical structure is created upon
blending in suitable fractions. Investigations of the morphologi-
cal changes resulting from blending have been investigated,>**
however it has not been applied to any significant extent. This
may open the door to accessing various block copolymer
morphologies in thin films via blending homologous polymers
rather than endeavoring to synthesize new BCPs with appro-
priate block lengths.

To quantify the order and the relative quality of each sample,
the defect density is measured relative to a perfectly aligned
striped pattern free of dots, junctions, and terminal points.
Defects are pairs of such component structures formally de-
scribed as either dislocations or disclinations.*® Because of the
large number of images, we quantify the number of defects per
unit area using a computer-assisted counting algorithm to
provide the defect density.”® It can be observed from the plots
of defect density in Figure 4 that for any given pair of BCPs, the
defect density minimum is generally observed with one of the
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Figure 4. SEM images of Pt nanopatterns templated from PS-b-P2VP/PS-
b-P2VP binary blends that were microwave annealed for 60 s. (a) Blend AC
9:1 to 1:9. (b) Blend BC 9:1 to 1:9. (c) Blend AD 9:1 to 1:9. (d) Blend BD
9:1 to 1:9. For each series, feature spacing (ll/0]) and defect density (/<)
as functions of the mass fraction of one component in each blend are plotted.
Solid symbols (M/49) indicate horizontal cylinders as the predominant
phase, whereas open symbols (00/<>) indicate a different phase is present.
Error bars represent the standard deviation for at least three samples.
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Figure 5. Influence of annealing time over the block copolymer pattern
organization for two PS-b-P2VP BCPs, B and C, and two BC blends.
SEM images of Pt nanostructures templated by microwave annealing of
BCPs: (a) BCP B, (b) Blend BC 7:3, (c) Blend BC S:5, and (d) BCP C.
(e) Plots of the evolution of defect density for blends microwave
annealed for 0 to 120 s as compared with their constituent block
copolymers. Error bars indicate the standard deviation in the measured
defect density for at least three separate samples. (f) SEM images of
blend BC 5:S thermally annealed for 1 to 30 h at 200 °C.

blends rather than either of the unmixed components. This
furnishes further evidence that ordered, homogeneous pat-
terns may ultimately be achieved in blend films with greater
polydispersity, and the result may originate from the smaller BCP
functioning as a plasticizer,"” resulting in more efficient annealing.**

The periodicity of linear features is sufficiently sensitive to the
composition of each blend to provide good control over a wide
range of spacings. With blend AC, for example in Figure 4a, high
quality line structures were obtained with blend ratios of 6:4 to
3:7, and in this range, it was possible to vary the line spacings
from 26.8 to 30.8 nm. The lowest defect density was observed
with a blend ratio of 5:5. With blend BC in Figure 4b, the full
range of blend ratios (9:1 to 1:9) led to line structures. Including
the neat BCPs on either extreme, a wide range of spacings from
26.4 to 40.9 nm could be formed, and the lowest defect density
was observed for blend BC 7:3. Similarly, for blends AD and BD
in parts ¢ and d of Figure 4, the lowest defect densities were
attained when midrange volume fractions of 5:5 and 7:3 were
used, respectively. Using blend AD, linear feature spacings of
32.5 to 38.4 nm were obtained using volume ratios from 6:4 to
4:6, and using blend BD, linear feature spacings from 29.3 to
42.5 nm were obtained with blend ratios from 9:1 to 5:5. Other
PS-b-P2VP/PS-b-P2VP blends also provide the means to control
the feature spacing. Examples from blend AB and blend BF are
shown in the Supporting Information.

Evolution of Defect Density in Microwave Annealing. To
investigate the time evolution of BCP self-assembly, a series of
neat and blended BCPs samples were microwave annealed for 10
to 120 s. Parts a—d of Figure 5 show SEM images of platinum
nanostructures templated from microwave annealed thin films of
BCP B, BCP C, and two blends, BC 7:3 and BC 5:5. The results
show that in all cases the morphology is transformed from quasi-
hexagonal dot arrays to horizontal cylindrical fingerprint patterns
within 10 s, and in the absence of wall-like structures to direct the
assembly, low defect densities on the order of S to 10 defect
pairs-4m ™~ are attained within 120 s. In contrast, blend BC 5:5
was thermally annealed in vacuum at 200 °C for given times
ranging from 1 to 30 h (Figure 5f). Even after 30 h of annealing,
the pattern quality has not reached a level comparable to samples
microwave annealed for only 2 min.

It is known that larger block copolymers require longer
reorganization times;’ however, blending a relatively small
molecular weight BCP (B), with a larger BCP (C), may reduce
the reorganization time dramatically, with the smaller block
copolymer acting as a plasticizer. Hence the two BC blends
shown in Figure 5 organize more quickly, as shown by the lower
defect densities at 60 and 120 s, and blend BC 7:3 with the greater
fraction of the smaller polymer (B) is expected to reorganize
more quickly than blend BC 5:5 with a smaller fraction of B, as is
observed.

B CONCLUSION

In summary, our study has demonstrated fast ordering of
block copolymer nanopatterns in an inexpensive household
microwave oven, making the method accessible to any interested
researcher. In most cases, highly ordered structures were ob-
tained within 60 s. Binary blends of homologous PS-b-P2VP
BCPs provide the ability to precisely control the feature spacing
with relative ease. Tunable line spacings, ranging from 24.8 to
42.6 nm, were obtained using these binary block copolymer
blends. In addition, blending enables assembly into non-native

9756 dx.doi.org/10.1021/ma202064t |Macromolecules 2011, 44, 9752-9757



Macromolecules

morphologies inaccessible by each component BCP in its pure
form. Combined, the tunability and morphological transforma-
tion inherent with blends reduce the need for synthesis of new
homologous polymers in order to tune properties via blocks of
specified lengths. This approach expands the application of
already available polymers and the speed with which they can
be self-assembled into ordered, nanoscale structural templates.

B ASSOCIATED CONTENT

© supporting Information. Details and photos of the wax
melting tests, ampule vacuum annealing, the microwave anneal-
ing chamber, and the damaged microwave annealing chamber,
along with SEM images of platinum nanostructures for PS-b-
P2VP (32.5k-b-12k), blends BF and AB are included. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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