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Non-equilibrium thermal annealing of a polymer
blend in bilayer settings for complex micro/nano-

Micro phase separation in a thin film of a polymer blend leads to interesting patterns on different substrates.
A plethora of studies in this field discussed the effect of the surface energy of the underlying tethered
polymer brush or substrate on the final morphology of the polymer blend. The conventional process
toward the final morphology is rather slow. Here, aiming fast lithography, we induce the kinetically
driven morphological evolution by rapid thermal annealing (RTA) of the polymer blend of polystyrene

(PS) and polymethylmethacrylate (PMMA) in bilayer settings at a very high temperature. The underlying
film consists of untethered constituent homopolymers or their blend or random-co-polymer (RCP).
Apart from the phase inversion of the blend on the PS homopolymer, a rich morphology of the blend on
the RCP underlayer is uncovered with systematic investigation of the film using sequential washing with

selective solvents. The dissolution characteristics and the thermal stability of the constituent polymers
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corroborated the observation. Based on the understanding of the morphological evolution, fabrication of

a complex shaped micro/nano-pattern with multiple length scales is demonstrated using this blend/RCP

DOI: 10.1039/d1ra00017a

rsc.li/rsc-advances complex structures.

1. Introduction

On-demand alteration of the surface properties of a given surface
using small scale structured polymeric domains finds a broad spec-
trum of interdisciplinary applications such as fabrications of robust
membrane materials,"® highly ordered magnetic bit pattern media,*”
bio-inspired superhydrophobic and self-cleaning surfaces,** anti-
reflection coatings,"*" negative refractive index materials," etc.
Fabrication of micro/nano scale morphology involves different tech-
niques such as photolithography,” e-beam lithography,'®* reactive
ion etching (RIE), vapor deposition methods,” nanoimprint lithog-
raphy (NIL),** micro-contact printing (uCP),*?* elastic contact
lithography (ECL),* electric field induced pattern generation,****%
thermal or solvent vapour assisted dewetting of polymer films,
phase separation mediated pattern generation,** etc.
Self-assembly in polymer blends and in block copolymer thin
films has gained attention in the last few decades due to its
scientific and technological importance in fabrication of micro-
nano structures. The blend polymer solution contains two or
more dissimilar polymers in the form of a physical homoge-
neous mixture in a common solvent. In random copolymers
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system. This study shows a novel methodology for easy fabrication of hierarchical small length scale

(RCP), two or more dissimilar polymer blocks of random chain
lengths are chemically bonded to each other. Owing to the
differences in their chemical and physical properties, the
respective polymers of the blend or blocks of RCP have
a tendency to segregate into micro/nano phases.

The phase separation of polymer blend is dictated by the ther-
modynamics of the blend system. Tuning the temperature, pressure
or compositions, the system can be forced to move from single
phase to metastable or to the two phase spinodal regime. Metastable
regime involves slow nucleation followed by growth of phase-
separated domains. However, in spinodal decomposition, phase
separation starts with instantaneous density fluctuations of
segments that progressively increases in amplitude and wavelengths
in later stage resulting in coarser phase separated domains.*

In this respect, the phase separation in micro domains is
somewhat restricted in case of RCP compared to the blend due
to the presence of covalent bonds between two dissimilar
polymer blocks in RCP. Nevertheless, rich morphology, such as
stratified layer, horizontal or vertical cylinders, gyroid** etc. can
be obtained using blend and block co-polymers depending on
their mole fraction, solvent/temperature used for annealing****
etc. The phase separation of a polymer blend or RCP within
a thin film over a substrate is a complex process and is influ-
enced by various parameters such as solubility, Flory-Huggins
parameter, molecular weights, mobility, evaporation of solvent
which is associated with viscosity and concentration of the
components, thickness of the film* etc. Formation of nanoscale
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structures using blend polymers are thus challenging as well as
provides controlling handle to tune the morphology. One can
obtain diverse morphology by varying the volume fraction as
well as the substrate characteristics.*®

The polymer-polymer phase separation in a thin film is quite
different from a bulk phase separation and strongly affected by the
thickness of film. As the film thickness reduces, the characteristic
length scale of spinodal decomposition decreases and at film
thickness less than ~200 nm the film dewets with spinodal length
scale.*” The final morphology obtained is far from thermodynamic
equilibrium and often governed by the kinetics of the process.
Demixing of a spin-cast polymer blend can be attributed to
different substrate preferences of the component polymers and the
different solubility of them in a common solvent.*** Mansky et al.
showed that the PS wets over a grafted PS-~PMMA brush, if the
fraction of the styrene is more than ~0.7 in the tethered brush.>
The interfacial energy difference, Ay = Yps_brush — YpMMA-brush =
0 when the fraction of Styrene in the tethered brush is ~0.6 that
renders the surface neutral to both PS and PMMA. Here, Yps_prush
(Ypmmabrush) Tepresent the interfacial energy between PS (PMMA)
and the grafted PS-~PMMA brush.

In the view of the above discussion, here in this article, we have
investigated the morphological evolution of PS/PMMA blend on an
untethered labile polymer (PS, PMMA, PS/PMMA blend and PS--
PMMA copolymer) layer of different thickness. To achieve the fast
patterning of polymer in contrast to the conventional thermal
dewetting, the non-equilibrium kinetics of morphological evolution
is probed for a relatively short duration (~12-15 min) to attain
a high temperature of ~300 °C called rapid thermal annealing
(RTA). The article is organized as follows: after the experimental
procedure described in the next section, Results and discussion
section begins with few characterizations of the process parameters
which are crucial to validate the results. Then the morphological
evolutions of as cast and annealed polymer blend over different
polymer settings are discussed. Next, based on the findings, fabri-
cation of a complex hierarchical patterns is demonstrated. Lastly,
concluding remarks are offered with future direction of this study.

2 Materials and methods
2.1 Preparation of polymer solutions

A homogeneous 1% (by wt) solution of random copolymer PS-~PMMA
(Sigma Aldrich, average Mw 100 000-150 000, styrene 40 mol%) was
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prepared by dissolving the polymer in toluene. Likewise, the 1%
solutions of PS (Sigma Aldrich, M,, = 192 000) and PMMA (Sigma
Aldrich, M,, = 120 000) were prepared in toluene (Sigma Aldrich). In
order to prepare a homogeneous blend of PS-PMMA, separate solu-
tions of PS (1 wt%) and PMMA (1 wt%) in toluene were prepared and
mixed thoroughly with PS : PMMA: 40 : 60 volume ratio.

2.2 Preparation of polymer thin film

A polymer solution was spin coated at 5000 rpm for 2 min over cleaned
silicon wafers (N. J. International Corporation, India) of 1 cm X 1 cm
dimensions. Before spin coating, the silicon wafers ((100)) were
cleaned using Piranha solution consisting of H,SO, and H,0, in the
volume ratio of 80:20. The prepared films were left at room
temperature for 12 h in a vacuum desiccator to get rid of the excess
solvent. This will serve as the underlayer thin film. Subsequently,
a second layer of polymer was spin coated over the first layer at
2500 rpm for 2 min. Table 1 shows the concentrations of polymer used
to prepare the films and corresponding film thicknesses are reported.

2.3 Rapid thermal annealing (RTA)

All the bilayer systems were thermally annealed by raising the
temperature rapidly up-to 300 °C on a hot plate. When the
300 °C is attained, the system was allowed to remain at that
temperature for 30 s and thereafter, cooled down by natural
convection to room temperature of 23 °C.

The temperature profile was monitored using an IR thermom-
eter (Fluke 59 MAX, 650 nm laser). The complete process is shown
in Fig. 1. Here one point to note that during RTA, the polymer films
remain above its glass transition temperatures (~100 °C for PS and
~105 °C for PMMA) for about ~12-15 min. This time frame is not
sufficient to achieve the thermodynamic equilibrium state, even
though the maximum temperature is much higher than the glass
transition temperature of the polymer. This study is aiming given
the smaller time window, how the morphological variation took
place for different underlayer settings so that it can be imple-
mented as a faster patterning tool. Moreover, there is a possibility of
considerable thermal degradation if the temperature is maintained
at a high temperature for a longer duration.

2.4 Preferential dissolution of polymer

The RTA allowed polymer chains to self-organize and PS/PMMA
segregate to form micro domains. To get the insight about the

Table 1 Film thickness obtained from ellipsometer (all the concentrations are in wt%)

Total Thickness (nm)

S. no. Under layer Thickness (nm) Upper layer (under layer + upper layer)
1 0.5% PS 17.02 + 0.28 1% blend” @

2 0.5% PMMA 19.72 + 0.11 1% blend” 96.48 + 0.22

3 0.5% blend” 23.48 + 0.55 1% blend” 95.74 + 0.21

4 0.5% RCP 22.32 + 0.13 1% blend” 97.89 + 0.16

5 1% PS 53.6 + 0.18 1% blend” @

6 1% PMMA 46.87 + 0.26 1% blend” 120.16 + 0.04

7 1% blend” 52.78 + 0.47 1% blend” 120.25 + 0.06

8 1% RCP 48.82 + 0.56 1% blend” 119.53 + 0.13

“ Spin dewetted structures. ” Overall polymer concentration that includes both PS and PMMA.
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Fig. 1 The schematic depicts the protocol adopted for the study of phase separation over different types of polymer layer.

self-organization mechanism after RTA, selective solvent
etching of the sample was performed. In this process, the
polymer thin film of PS/PMMA blend and/or RCP was immersed
in a solvent that selectively removes only one of the component
polymers present, keeping another polymer structures intact.
Here we used acetic acid to wash away PMMA domains and
cyclohexane for the removal of PS regime. The immersion was
carried out in 25 mL of appropriate solvent for 5 min without
any stirring or sonication. For samples with hierarchical
patterns (discussed later), the immersion time was 10 min. After
immersion, a slow stream of nitrogen was used to remove
residual solvent from the samples. Subsequently, the samples
were vacuum dried at 60 °C for 6 h.

2.5 Preparation of complex multiscale structures

For the complex pattern, 1% solution of PS--PMMA RCP was
spun coat (spin speed was maintained at 5000 rpm for 2 min)
over a clean Si wafer. The film thickness of 48 nm was
confirmed by ellipsometric measurement. A structured
aluminium foil was peeled off from a compact disk (CD) to use
it as a flexible stamp with alternate lines of grooves and crests
with periodicity, width and height of about 1.6 um, 800 nm and
120 nm respectively.** This flexible CD foil was carefully placed
on the thin RCP film prepared and sandwiched between two
glass slides with the help of a pair of binder clips to induce
uniform pressure. The whole set up then heated over 120 °C for
12 h to induce capillary force lithography (CFL). The film then
cooled down to room temperature and the foil was removed
carefully. Based on the thickness of the film and the intensity of
the applied pressure different types such as inverted “w”, “u”
shaped or complete negative replica of the stamp can be ach-
ieved.” Over this patterned RCP film, PS-PMMA blend was
coated at 2500 rpm for 2 min from 1% toluene solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry

2.6 Characterization

Surface morphology of the samples was analyzed using atomic
force microscopy (AFM, Bruker, Innova series) using sharp-
edged antimony doped silicon tips (TESPA-V2, Bruker) having
a resistivity of 0.01-0.025 ohm cm, frequency 320 kHz and force
constant 42 N m~". The scan rate was maintained at 0.7-0.8 Hz
in tapping mode. Raman spectroscopy was performed using
Laser micro-Raman system (Horiba Scientific, LabRam HR
Evolution Raman Spectrometer) using 532 nm laser beam.
Thermogravimetric (TGA) analysis was performed using TG 209
F1 Libra, Netzsch, Germany, with 10 mg of sample and a heat-
ing rate of 10 °C min~ " under nitrogen gas flow (purge: 40
mL min~", protective: 20 mL min ') in an alumina crucible.
TGA was also performed in the experimental condition, i.e. in
the presence of air and similar results are obtained. The TGA in
the presence of air is shown in Section S1 of the ESI.{ DSC of the
polymer samples was performed using DSC 3500 Sirius Netzsch,
Germany. The thickness of the composite bilayer films was
measured using an ellipsometer (EP3 Nanofilm, Accurion,
Germany) with the Cauchy model for fitting the data.

3 Results and discussions

Before going on to describe the morphological evolution of the
thin film in the bilayer polymer settings and the complex
patterning, it is important to discuss few parameters such as
dissolution characteristics of the polymers, extent of degrada-
tion of the polymers due to RTA, etc. which is relevant to this
study and will be corroborated at the appropriate places.

3.1 Dissolution characteristics

Known amount of each polymer (PS, PMMA and PS--PMMA)
was taken in specific amount of toluene and the weight of the

RSC Adv, 2021, 11, 10183-10193 | 10185
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Fig.2 % weight loss per mL of toluene for PS, PMMA and PS-r-PMMA
(RCP) (a) with stirring (b) without stirring.

polymer was monitored with time. Before each weight
measurement, the solvent was decanted and left-over polymer
was dried in a vacuum desiccator. The percentage weight loss
per mL of solvent was estimated and the whole process was
performed with and without stirring conditions. The dissolu-
tion characteristics (Fig. 2) reveal that within 2 min the
percentage dissolution of polymer is less than 1% per mL of
pure toluene even in stirring condition. This ensures that the
dissolution of underlying polymer thin film during the spin
coating of the second layer is almost negligible given that the
polymer solution used during second spin coating is in the
order of pL range, loaded with 1% polymer.

3.2 Chemical stability of polymers

As the fast thermal dewetting process involve very high
temperature, it is essential to characterize the extent of degra-
dation of polymer due to RTA. To achieve this, Thermogravi-
metric analysis (TGA) and Raman spectroscopic study were
performed on the polymer sample.

Thermogravimetric analysis (TGA). Thermal stability of PS,
PMMA, and RCP was investigated by thermo-gravimetric anal-
ysis (TGA). TGA curves of all samples are shown in Fig. 3a-c.
Fig. 3a shows one-step decomposition for PS with an onset
temperature of ~350 °C and an end temperature of 430 °C. In the
case of PMMA, two prominent decomposition steps were observed
with first mass loss of approx. 40% (from ~250 °C to 310 °C) and
second mass loss of approx. 60% (from 310 °C to 430 °C). Degra-
dation at ~270 °C is attributed mainly due to the cleavage of the
unsaturated ends mostly resulting from the disproportionate
termination.*»* Degradation at a higher temperature is due to the
random scissions of the main PMMA chain.

RCP, on the other hand, showed a single decomposition step
starting from 310 °C to 410 °C. Even though RCP possesses PS
and PMMA components, a single decomposition temperature of
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Fig. 3 TGA (blue line) and DSC (red line) for (a) PS (b) PMMA and (c)
random PS-r-PMMA.
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RCP is due to the strong covalent bond present between PS and
PMMA domains. The TGA at experimental condition also shows
that the polymers are stable till 300 °C (see Section S1 in ESIT).
DSC results, shown in Fig. 3a—c, also support this observation.

Raman spectroscopic analysis. PS contains both aliphatic
and aromatic C-H groups in its structure. The characteristic
peaks of polystyrene were observed between 3200-2800 cm ™" in
Raman spectra (Fig. 4a). The peaks at 2900 cm ™" and 2852 cm ™"
belong to the tertiary CH stretching and CH, stretching
respectively. The strong peak at 3050 cm ™" was attributed to
C-H stretching of aromatic ring.>»*® Raman spectra of PMMA
displayed a broad band at 2952 em™" (Fig. 4b). This band is
attributed to CH stretching, which is the most prominent
characteristic peak of PMMA.* It can be observed from Fig. 4a
and b that both PS and PMMA exhibited a reduced Raman
intensity (a.u.) after RTA at the identical peak positions. Fig. 4c
shows the mixed characteristic peaks of PS and PMMA at
3050 cm™ ' and 2952 cm ™, respectively for RCP*® and the peak
positions and intensity did not change after thermal annealing
due to the presence of strong covalent bonds among the indi-
vidual polymer domains and it further confirmed the thermal
stability of the polymers during RTA.

3.3 Blend over PS underlayer

It is important to examine the morphology of the spun-cast film
before thermal annealing, to check the stability of the bilayer
film. The first and second rows of Fig. 5 show the topography
images from AFM at the different stages (as-cast, thermally
annealed, acetic acid treated and cyclohexane treated) of PS/
PMMA blend over the thin (~17 nm) and thick (~54 nm) PS
film, respectively (see Section S2 of ESIf for the AFM phase
images). It should be noted that before the spin coating of the
second layer, the first PS layer was left for 12 h in a vacuum
desiccator to remove the solvent from the film. During spin
coating of the PS/PMMA blend solution (upper layer) over the
dry PS film, there is a possibility that the toluene from the spin
coated polymer blend layer might diffuse through the PS
underlayer and soften or dissolve the film. However, the dura-
tion of the spin was merely 2 min and within that time span, the
diffusion through the underlying polymer layer to reduce the
viscosity of that layer was almost negligible. To validate this
fact, one experiment was performed with the striped pre-
patterned underlying RCP polymer film, on top of which poly-
mer blend solution in toluene was spin coated at identical
conditions of all the other experiments. At this stage, AFM
revealed the flat morphology of the top PS/PMMA blend film.
Upon selective solvent etching of polymer, the underlying

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The AFM images for blend over ~17 nm PS underlayer after (a) spin coating (b) RTA (c) acetic acid and (d) cyclohexane treatment. Similarly,
AFM scans of 20 um x 20 pum for blend over ~53.6 nm PS underlayer after (e) spin coating (f) RTA (g) acetic acid and (h) cyclohexane treatment.
The (el and e2) are the AFM images showing morphology after spin coating (similar to (e)) and after immersion in acetic acid, respectively. A
schematic of the morphological evolution of blend over PS underlayer during RTA is shown in (i).

directional striped pattern was revealed. This implies that the
second spin coating of the polymer blend did not disrupt or
dissolve the underlying polymer. That being stated, it is unde-
niable that there must be some degree of mixing between the
top and underlying layers, but that might be negligible due to
a short duration of spin coating and fast evaporation of solvent
from the top layer. A dissolution study in Section 3.1 revealed
that the percentage loss of the polymer is ~0.5%/mL, ~1%/mL,
and ~0.2%/mL of toluene within 2 min in stirring conditions
for PS, PMMA and RCP respectively (Fig. 2).

Induced by rapid evaporation of solvent, during spin coating
of the upper layer, the polymers phase separated and led to the
formation of isolated PMMA islands embedded in the PS
matrix. The PMMA islands were protruded out of the PS matrix
with height of ~20-25 nm (Fig. 5(e and e1)). The Hildebrand
solubility parameters for PS, PMMA and toluene are dpg = 9.1
cal? em ™2, 6ppaa = 9.3 cal? em ™32, 6, = 8.9 cal? cm 32
respectively.”>®® The relatively close values of the Hildebrand
parameters of PS and toluene suggest that PS has more
tendency to be solubilized in toluene compared to PMMA. This
is corroborated by the macroscopic dissolution study, discussed
earlier in Section 3.1. The PMMA chains get deprived of toluene
due to lesser affinity and get solidified in the form of mounds
thereby forming sea-islands like morphology. This ‘PMMA
mound in PS’ morphology was verified by dissolving the PMMA
phase preferentially by immersing the sample in acetic acid for
5 min. The morphology of the PMMA removed sample

© 2021 The Author(s). Published by the Royal Society of Chemistry

(Fig. 5(e2)) revealed that the continuous matrix of PS comprised
of holes having the depth of ~10-20 nm, which were filled with
the PMMA before washing with acetic acid.**"*

The number density, wavelength, and average diameters of the
embedded mounds of PMMA were found to be around 0.725/um?,
1.27 £+ 0.27 pm and 0.85 £ 0.28 um, respectively on the thinner PS
underlayer and almost similar feature characteristics (number
density (0.96/um?®), wavelength (1.31 £ 0.27 pm) and average
diameters (0.61 £ 0.18 um)) were obtained from thicker PS under-
layer. PMMA in the air has marginally higher surface tension (Ypnma
=29.2 mJ m ™) compared to PS (yps = 28.9 mJ m~ %)™ which leads
to the formation of small isolated mounds of PMMA on PS.

During RTA, as both the polymers were in a molten state at
this high temperature of ~300 °C, the PMMA phase preferen-
tially wetted the underlying silicon oxide surface due to its
higher affinity to PMMA compared to PS.®>°¢ At this stage, the
inversion of the morphology took place and isolated PS mounds
were formed and embedded within the PMMA matrix (Fig. 5b
and f). Fig. 5¢, g and d, h show the preferentially removed
PMMA and PS domains from thermally annealed film (Fig. 5b
and f) by washing it in acetic acid and cyclohexane respectively.
These figures ascertain that indeed the morphological phase
inversion took place. Similar phase inversion behavior of PS/
PMMA system was reported earlier while thermally annealed
at ~156 °C for more than 85 min in contrast to present work.*
The number density, wavelength and average diameters of the
morphology are summarised in Table 2. From Table 2, it is clear

RSC Adv, 2021, 11, 10183-10193 | 10187
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Table 2 Number density (/um?), wavelength (um) and average diameter (um)

Blend over 17 nm PS under layer

Blend over 53 nm PS under layer

After spin coating (PMMA mounds)

After RTA (PS mounds)

After spin coating

(PMMA mounds) After RTA (PS mounds)

Number density (/um?) 0.725 0.09 0.96 0.075
Wavelength (um) 1.27 £ 0.27 3.29 £ 0.67 1.31 £ 0.27 4.25 £ 0.66
Average diameter (um) 0.85 + 0.28 1.58 4 0.49 0.61 + 0.18 2.11 + 0.32

that after RTA, the morphological characteristics of the PS
mounds although appear similar, but the underlying arrange-
ment of PS domains within PMMA matrix is different in case of
thin (Fig. 5d) and thick (Fig. 5h) PS underlayer. The area
coverage by the base of the PS mound is ~17.41% and of laby-
rinth like structure for sample with low PS fraction (relatively
thin PS underlayer), whereas, the same for the thick PS under-
layer is about 28.11% with irregular circular structure.

Along with that, from Table 2 it is clear that the number density is
slightly higher and the wavelength is smaller for PS domains after RTA
in the case of the thin PS underlayer than its thicker analog. It is
already known that the dewetting wavelength (A) of a thin polymer film
in the air is a function of its thickness 4 as A ~ h. Thus with increasing
film thickness the A increases and the number density decreases.” We
suspect that in this bilayer system, similar spinodal decomposition like
phase separation took place in the case of thin and thick PS under-
layer. The wavelength of spinodal decomposition thus smaller for
thinner PS underlayer with smaller footprint of the PS domains.

3.4 Blend over PMMA underlayer

Unlike the PS underlayer, PMMA stabilized the uniform film of PS/
PMMA blend, irrespective of the underlying PMMA film thickness
(Fig. 6a and e) due to the marginally higher surface energy of PMMA
compared to PS. The first and second rows of Fig. 6 represent the
AFM topographical images of blend on thin (~20 nm) and thick
(~47 nm) PMMA underlayer, respectively, at different stages of
treatment (see Section S2 of ESI for the AFM phase images). The
uniform bilayer film upon RTA, forms interconnected PS mounds

protruded out of PMMA matrix due to the higher affinity of PMMA
towards the silicone oxide, PMMA remained adhered with the
substrate and allowed PS to reorganize in the PMMA matrix.

These interconnected PS mounds appear as small ribbon-
like structures. As the overall fraction of the PMMA is lower for
Fig. 6b compared to the Fig. 6f, there are larger numbers of smaller
PS mounds observable in the former case. In Fig. 6f, the PS
mounds are submerged under the thick PMMA layer except for the
few taller structures. The submerged smaller PS structures were
revealed when both the samples, with thin and thick PMMA
underlayer, were washed with acetic acid (Fig. 6¢c and g). In the case
of a thin PMMA underlayer, the smaller PS structures were visible
even before washing with the acetic acid. This is evident from the
characteristic length scales (average distance between two adjacent
features) of the ribbon like structures, estimated from Fig. 6b and
f, which are found to be 4.13 + 1.21 ym and 6.48 + 0.74 um
respectively. The features of the connected mounds imply that the
phase separation was incomplete within this short period of RTA.

The base footprints of the PS structures were revealed when
washed with cyclohexane and as expected, the percentage coverage
of the footprint of PS domain was found to be higher in thin
PMMA underlayer compared to the thick PMMA underlayer due to
higher PS fraction in the former case (Fig. 6d and h).

3.5 Blend over blend underlayer

Coating of PS/PMMA blend over the thin (first row, Fig. 7) and
thick (second row, Fig. 7) PS/PMMA blend underlayer found
topographically uniform (Fig. 7a and e) with a slight undulation

200 nm
|

2000m - Blend over PMMA
250 nm
M rs
M pMmA

-250 nm

Fig. 6 The AFM scans of 20 um x 20 um for blend over ~20 nm PMMA after (a) spin coating (b) RTA (c) acetic acid and (d) cyclohexane
treatment. Similarly, AFM scans of 20 um x 20 um for blend over ~47 nm PMMA after (e) spin coating (f) RTA (g) acetic acid and (h) cyclohexane
treatment. A schematic of the morphology of PS/PMMA blend over PMMA after RTA is shown in (i).
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120 nm

I

Blend over Blend

-120 nm
200 nm M rs

M pvMA
-200 nm

Fig.7 AFM scans of 20 um x 20 um for blend over ~23 nm blend after (a) spin coating (b) after RTA (c) acetic acid treatment and (d) cyclohexane
treatment. Similarly, AFM scans of 20 um x 20 um for blend over ~53 nm blend after (e) spin coating (f) RTA (g) acetic acid treatment and (h)
cyclohexane treatment. A schematic of the morphology of PS/PMMA blend over blend after RTA is shown in (i).

of ~10 nm (see Section S2 of ESI{ for the AFM phase images).
When subjected to RTA, the prominent bicontinuous structure
was observed in the case of a thin blend underlayer (Fig. 7b),
whereas somewhat isolated elongated mounds (Fig. 7f) were
noticed in the case of a thick blend underlayer. Washing with
cyclohexane (Fig. 7d and h) revealed that the topographically
protruded bicontinuous structures in Fig. 7b and isolated-
elongated mounds in Fig. 7f were of PS as depicted in sche-
matic (Fig. 7i). After removal of PMMA from the dewetted film,
by washing with acetic acid, the extent of continuity of the PS
structures in Fig. 7c and g were found more compared to that
observed in Fig. 7b and f. This suggests that some fraction of the
connected structure of PS was submerged under PMMA after
RTA. PMMA has an inherent tendency to be adhered to the
silicon oxide substrate compared to PS. During RTA, the phase
separation of the PS and PMMA was incomplete and formed the
bicontinuous phase as far as thin underlayer was concerned. On
the other hand, relatively more phase separation occurred for
the thicker underlayer compared to the thinner one. This
implies that the apparent viscosity of the polymer blend near
the substrate is much reduced in case of thicker underlayer
compared to the thinner blend underlayer.*”

.

3.6 Blend over RCP underlayer

In case of PS-~-PMMA (RCP) underlayer, irrespective of the
underlayer thickness, the morphology of the upper PS/PMMA
blend surface after the spin coating was almost uniform but with
small undulation (~12 nm) having bicontinuous like structure (not
evident from the Fig. 8a or 8c due to larger depth scale (—250 nm to
250 nm)) (see Section S2 of ESI} for the AFM phase images). This
smaller length scale bicontinuous structure also contains some
isolated domains of dot like structures. This suggests that the
underlayer RCP self-organises with smaller length scale and that
influences the upper PS/PMMA blend to phase separate with
smaller length scale, ie. the underlying bicontinuous pattern of
RCP bleeds through the upper PS/PMMA blend layer.

The samples when subjected to RTA, the upper blend layer
phase separates and forms larger PS droplet like structures in
PMMA matrix. Within the underlayer, RCP domains also self-
assemble to form isolated PS dot like structures within PMMA
matrix. The smaller length scale of the morphology within this
underlayer is attributed to the restrictive movement of the
polymers due to tethering between the PS and the PMMA
blocks. The self-organization and phase separation of PS in

250 nm

e

230 Blend over RCP
250 nm
M rs

B rvma

-250 nm

Fig. 8 AFM scans of 20 um x 20 pm for blend over ~22 nm RCP after (a) spin coating (b) RTA (c) acetic acid treatment and (d) cyclohexane
treatment. Similarly, AFM scans of 20 um x 20 um for blend over ~49 nm RCP after (e) spin coating (f) RTA (g) acetic acid treatment and (h)
cyclohexane treatment. A macroscopic schematic of PS/PMMA blend over RCP after RTA is shown in (i).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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underlayer with larger domain would cost the fission energy of
the covalent bonds. This energy penalty of bond fission is huge
compared to the global energy minimization of the system by
the preferential wetting of silicon oxide by PMMA against PS.
Thus, underlayer RCP maintained the smaller length scale and
optimized reorganisation keeping the bonds among the PS
blocks and the PMMA blocks intact.

When the thermally annealed blend/RCP bilayer samples
(Fig. 8b and f) were washed with selected solvent to remove
particular polymer preferentially, fascinating hierarchical
morphology with two different length scales was obtained.
Relatively smaller length scale structures emerged from the
underlying RCP layer, whereas, morphology with large length
scale was dictated by the upper blend layer. Upon selective
extraction of PMMA from the blend/RCP bilayer film using
acetic acid, the large mound structure (from blend) as well as
small tiny droplets of PS (from RCP) remained over the silicon
oxide substrate (Fig. 8c and g). This itself produces two different
length scales of the morphology (L1 ~ 4 pm and L2 ~ 780 nm)
for both thin and thick underlayer. Similarly, when selective
dissolution of PS was performed by immersing the bilayer

250 nm

PMMA

—> RCP layer

Fig. 9

View Article Online

Paper

sample into cyclohexane, the remnant PMMA morphology
revealed a smooth surface with rim enclosed regime. The rim
enclosed regime indicates the footprint of the PS droplet, which
was present earlier before washing with the cyclohexane. It is
also interesting to note that the enclosed rim area contains
a few tiny droplets like morphology of PMMA. This intrigued
us to examine this surface more closely and we hypothesized
that a very thin layer of PMMA (from blend) made a protective
layer upon the RCP underlayer. During this process, it might
also be possible that PS from blend also remains adhered to
some of the PS segments from the RCP. Large mounds of PS,
(from blend only), were residing on top of the protective layer
of PMMA and protruded out of the PMMA matrix. This
justifies the fact that after washing the thermally annealed
sample with cyclohexane, inside the rim, tiny droplet like
structures were observed. These small droplet-like structures
are smaller PS structures from RCP covered with the PMMA
protective layer. Outside the rim, a thick PMMA layer from
the blend forms the matrix. So, at this stage (Fig. 8d and h), if
the sample is treated with acetic acid, to remove the protec-
tive PMMA layer, it should reveal the underlying PS

9 nm

(a) Depicts AFM image of composite thin film of blend over RCP underlayer after RTA and after washing with the cyclohexane (PS

removed). This sample was washed with acetic acid (protective layer of PMMA removed) and corresponding AFM image is shown in (b). (b1) Is the
SEM image showing the PS remnant from RCP, which was protected by the PMMA layer. A circular rim, which gives the impression of the
footprint of a PS droplet surrounded by a PMMA rim. A segment of the rim is shown in the magnified image (b2) and the morphology of the PS
remnant is portrayed in the magnified image (b3). The red scale bar at the top right corner is 200 nm for (b2 and b3) and 1 um for (bl). (c)
Schematics of the thermally annealed blend/RCP layer, after cyclohexane treatment (CH wash) and after acetic acid wash (AA wash) are depicted.
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Fig. 10 The AFM scans for (a) patterned RCP under layer (b) coating of blend upper layer (c) after RTA (d) after cyclohexane treatment and (e) after
acetic acid treatment. Corresponding line scan is shown in (al, b1, c1, d1, el and in e2).

morphology from the RCP. We washed the sample with acetic
acid and indeed, there exists small PS domains within
a closed circular trench just in the position of the PMMA rim
(Fig. 9) and also outside the rim.

Based on the rich morphology obtained by the combination of
the RCP and the blend of the constituent polymers, as discussed
above, we opted to fabricate a complex hierarchical ordered
morphology by employing a soft lithographic technique.

3.7 Complex hierarchical patterning

A thin RCP film of ~49 nm was prepared from 1% (weight
percentage) toluene solution on a silicon wafer and kept in
a vacuum desiccator for 12 h so that the excess solvent was
evaporated. A flexible aluminium stamp having alternate stripe
and groove with a periodicity of ~1.5 um was placed over the
film and sandwiched between two glass slides with a clamp and
was kept inside an oven above the glass transition temperature
(Tg ~ 96 °C) for 16 h. Above T,, due to low viscosity and
increased mobility, the liquid RCP partially filled the empty
space of the groove of the stamp. Depending on the pressure
applied and the thickness of the parent RCP film, different
patterned morphology can be obtained by this capillary force
lithography (CFL) method. Upon cooling to room temperature,
the imprinted pattern was solidified in the RCP layer (Fig. 10a).
On this double stripe patterned RCP, 1% PS/PMMA blend

© 2021 The Author(s). Published by the Royal Society of Chemistry

solution in toluene was spun coat. Although premature, but at
this stage itself, wherever the film thickness is less, few holes
were formed and these holes were vaguely guided by the
underlying patterned RCP layer (Fig. 10b). Next, RTA of this
composite bilayer film-initiated phase separation and
morphology revealed that the PS mounds protruded out of the
PMMA matrix (Fig. 10c). During RTA, a few phenomena
happened almost simultaneously:

o First, the double humped striped structures of RCP merged
and formed a single striped pattern of RCP.

e Second, a thin protecting layer of PMMA covers the
patterned RCP layers but with ruptures at the protruded ridges,
exposing the underlying RCP to the PS and PMMA of the blend.

e Third, on this PMMA, large dewetted PS mounds were
formed, surrounded by rims of PMMA.

Washing of PS with cyclohexane leads to the formation of
complex multiscale patterns - aligned elongated drop (width ~
700 nm) like morphology with a smaller length scale of ~1.5 pm
and ring like structure of diameter ~3.5 um having larger
separation distance of ~6.4 um (Fig. 10d). Selective removal of
the PMMA from the thermally annealed sample reveals PS
droplet of height about 190 nm and diameter of ~3.5 um
(Fig. 10(e2)) in the background of aligned and elongated PS
droplet (originated from the underlying RCP) of smaller length
scale (periodicity ~ 1.5 um, Fig. 10(e1)).

RSC Adv, 2021, 11, 10183-10193 | 10191
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4 Conclusions

In this article, for the first time, we have uncovered the rich
morphological evolution of PS/PMMA blend polymer on labile
PS--PMMA upon rapid thermal annealing at high temperature.
A thin protective layer of PMMA from blend wets the underlying
RCP and on this thin layer, PS from blend forms dewetted
mounds like structure. Apart from this important finding, the
morphology of blend polymer upon spin coating and subse-
quent RTA was systematically discussed while underlayer is of
PS or PMMA or PS/PMMA blend. It is found that while the
PMMA underlayer stabilizes the PS/PMMA blend polymer, PS
underlayer promotes spin dewetting of the blend layer. Upon
RTA, the phase inversion took place on PS underlayer system as
reported earlier by Li et al.®* In the present report, however, the
annealing temperature was high (~300 °C) enough to reduce
the morphological evolution time (~12-15 min). Here we probed
the kinetically driven fast morphological evolution of the polymer
thin film in bilayer settings. Finally, an easy and low-cost fabrica-
tion avenue for multi length-scale complex patterns was demon-
strated exploiting the fast evolution of PS/PMMA blend over
topographically patterned RCP layer while subjected to RTA. From
this PS-PMMA combination, only by switching the selective
solvent to etch out one polymer component, one can fabricate
complementary patterns. The methodology described will be
helpful for complex lithography of soft functional polymers with
micro/nano scale features that appeal to many industrial and
technologically challenging applications.
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