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An instrumentation technique for real-time, in situ and real space observation of microphase separation was
proposed for ultra-high molecular weight block copolymer thin films (1010 kg mol™, domain spacing of
180 nm) under high solvent vapor swelling conditions. This is made possible by a combination of
a homebuilt chamber which is capable of supplying sufficient amount of vapor, and force—distance
curve measurements which gives real-time swollen film thickness and allow active feedback for

controlling the degree of swelling. We succeeded in monitoring the domain coarsening of perpendicular
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Accepted 13th December 2019 lamellar structures in polystyrene-block-poly(methyl methacrylate) thin films for eight hours via tapping

mode imaging. During the annealing process, the thickness reached a maximum of 8.5 times that of the
original film. The series of temporal real space topographic images obtained via this method allowed us
to study, for the first time, the growth exponent of the correlation length under solvent vapor annealing.
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1. Introduction

Periodic structures of a few hundreds of nanometers act as
photonic crystals, which alter the propagation of visible light."
This effect is derived from the repetitive contrast in refractive
index between the component materials. Some previous reports
have proposed using the layered structure of a block copolymer
as is.*” In addition, a periodic structure of a material and air,
like the structure of a moth's eye, works as well.**° Such kinds
of “embossed” periodic structures, including cones, pillars, line
and space (L/S), as well as tapered L/S, are reproducible by
nanoimprinting at low cost, once a master mold has been
fabricated.”** Nanopatterning of master molds has tradition-
ally been done via photolithographic processes, but another
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method gaining attention is block copolymer (BCP) lithography.
While photolithography does enable precise control over the
nanostructure, there are drawbacks to the process, such as
limited fabrication size (normally up to 12 inch wafers) and long
processing times.'*'*> By contrast, with BCP lithography, there is
potentially no limit to fabrication size, and processing time is
relatively short.'*"” From an industrial standpoint, large size
processing is beneficial not only for cost reduction but potential
manufacture of optical materials such as polarizers, waveplates
and antireflection films for large displays, as well as efficient
lighting systems.'>'®

The nanostructure of the optical dimensions (periods about
~200 nm) is attained by microphase separation of ultra-high
molecular weight (UHMW) BCPs (about ~1000 kg mol™ ') via
solvent vapor annealing (SVA).* Real-time and in situ observa-
tion is critically important to understand and optimize the
structural growth in self-assembly. Potentially possible instru-
mentation techniques for this characteristic domain spacing
under SVA, are grazing-incidence small angle X-ray scattering
(GISAXS) with a synchrotron source, and atomic force micros-
copy (AFM). In GISAXS, the data in reciprocal space offer
indicative information regarding the progress of microphase
separation, types of morphologies and their orientations.**>
However, the correlation length, or quantitative degree of
domain coarsening, is not accessible due to the lack of real
space images. On the other hand, AFM gives real space images
in real-time. To the best of our knowledge, however, it has been
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reported only for low molecular weight BCPs with short domain
spacing and is not capable for UHMW BCPs.**"** The previous
system can supply only small amount of vapor by gas bubbling
into solvent reservoir and it was not sufficient to swell the
UHMW BCP enough for successful microphase separation. In
addition, due to the lack of a means of active feedback based on
observation of the actual swollen film thickness, it was not
possible to maintain the highly swollen condition.

In this study, we designed a real-time and in situ AFM
measurement system for UHMW BCPs that would (1) ensure
sufficient vapor supply, (2) allow monitoring of the actual
swollen film thickness by force-distance curve measurements,
and (3) enable precise tuning of vapor pressure via adjusting the
N, flow rate by an active feedback of the obtained swollen film
thickness. Using this approach, we achieved real-time and in
situ observation of the structural growth of an UHMW BCP with
an AFM in tapping mode. A 50 nm-thick thin film of poly-
styrene-block-poly(methyl methacrylate), or (PS-b-PMMA), with
a molecular weight of 510 : 500 kg mol™" was solvent vapor
annealed with tetrahydrofuran (THF), swelling it to a maximum
8.5 times the original film thickness, then in situ imaging as well
as monitoring of the swollen thickness were performed for 8
hours. The obtained real space images allowed us to study
correlation length, and domain coarsening was quantitatively
analysed as a growth exponent for the first time.

2. Experimental section
2.1 Materials, sample preparation and measurements

The block copolymer of polystyrene-poly(methyl methacrylate), (PS-
b-PMMA) block copolymer (M,, = 510-5-500 kg mol ™", PDI = 1.18,
Polymer Source, Inc.) was used as received.

A BCP solution in toluene was spin-cast onto a random PS-
PMMA-grafted silicon substrate (PS = 55 mol%, M;, = 14 kg mol ",
PDI = 1.29, hydroxy-terminated, Polymer Source, Inc.), and dried
on a hotplate at 100 °C for 5 minutes. The thickness of the BCP film
was measured using a spectroscopic ellipsometer (Auto SE by
Horiba Scientific) and adjusted to 50 + 2 nm.

A photograph of our homebuilt SVA chamber is shown in
Fig. 1. The improvements are described in detail in Results and
discussion.

The AFM (MFP-3D), a flexible membrane seal
a mounting fixture were from Oxford Instruments.

The measurement was performed as follows. The BCP thin
film casted substrate (10 mm square) was placed on the central
sample stage, then the cantilever holder and the membrane seal
were screwed down to the chamber, which was mounted on the
X-Y stage of the AFM. After the temperature stabilized, ampli-
tude modulation (AM, tapping mode)-imaging was performed
without introducing THF. The spring constant of the cantilever
was measured to be 31 N m™" (type: SI-DF40P2, f = 296 kHz,
Hitachi High-Tech Science, Co.). The force-distance curve was
measured in a dry condition before starting SVA. To start SVA,
5 ml of THF was introduced into the well of the chamber
through the injection tube. To adjust the swelling of the poly-
mer to within the desired range, the N, gas flow was started at
0.3 ml min~" using a mass flow controller (SEC-Z512KX, Horiba

and
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Fig. 1 Structure of SVA chamber for in situ AFM measurement. (A)
Complete SVA chamber unit. (a) Polymer thin film substrate on the
central stage, (b) well serving as a solvent reservoir (c) cantilever
holder. The circuit board faces outward, and the cantilever is attached
to the bottom side. A quartz window is set in the unit. (d) A mounting
fixture. (e) A flexible membrane seal which is attached to the cantilever
holder (c) and the mounting fixture (d). The fixture has two types of
screws, one set for sealing it with the chamber, and the other for
fastening the cantilever holder during chamber setting (then removed
before measurement). (f) N, inlet/outlet tubes through which THF
vapor concentration is controlled to maintain the desired swelling. (g)
Sealable solvent injection inlet. (B) Back side of cantilever holder and
membrane seal. (C) Back side of flange on top of the chamber, with
embedded magnets.

Stec, Co.). After allowing 2 hours for stabilization, amplitude
modulation (AM)-imaging of a 10 pm square scan area was
started. Each imaging took 12 minutes at a line scan rate of
0.7 Hz for 512 lines. After three hours, imaging was performed
every 30 minutes at different geometric positions (10 um away
from the previous scan) until the 8 hour mark. The swollen film
thicknesses were examined by force-distance curves. 100 force—
distance curves were measured at different positions in a 10 pum
X 10 um area, which took a minute in total. The measurement
procedure is described in detail in Results and discussion.

2.2 Calculation of correlation length

To calculate the correlation length from the obtained images, we
applied an algorithm based on a procedure proposed by Harrison
et al**” All calculations were performed using Matlab (Math-
Works, Inc. USA) built-in functions. The order parameter for
microdomains in two dimensions can be defined as ¥ =
exp(2if), where @ is the local orientation of the microdomains. To
determine 6, each image intensity in Fourier-filtered images was
smoothed out by Gaussian-averaging. The obtained two-
dimensional gradient (V,,V,) = (¥, cos 0, sin #) was used to
calculate 6 as follows: 26 = arctan(y,” sin 20/,> cos 26). Perform-
ing an autocorrelation g(r) expressing cross-correlation of the two
identical functions at the positional vector 7 on y leads to g(r) =
(exp 2i(A(X + 7) — 6(X))). From the exponential decay of g(r) ~
exp(—r/£), correlation length £ can be extracted. In our experiments,
AFM topographic images having a resolution of 4.66 nm per pixel
with two-dimensional scales of 10 um were used. Calculations were
performed using four 5 pm x 5 um images to get the average
correlation lengths and standard deviations.
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2.3 Calculation of defect density

A method for automated defect density analysis for SEM images
was reported by Zhang et al.*® Due to the relatively low contrast
of our obtained topographic images, we counted the defects
manually in four noise-filtered 3 x 3 pm® size images taken
from the original 10 x 10 um? images to get the average defect
densities and standard deviations. All the data is shown in
Fig. S1.1

3. Results and discussion
3.1 The chamber design for high solvent vapor swelling

In order to achieve highly swollen condition of BCP thin films,
a homebuilt chamber was designed in which vapor leakage is
prevented from any location other than the N, outlet tube.

An aluminum block was hollowed out to form a chamber
with a solvent reservoir and a stage for the substrate in the
center. The membrane seal is pressed against an O-ring sitting
in a shallow channel at the top of the chamber by a flat plastic
ring, which is held down tight by screws (see Fig. 1A). The O-ring
and membrane seal are made of a solvent-resistant perfluoro
elastomer (FFKM). The quartz window in the cantilever holder
is sealed tight with PTFE sheets that were cut in an annular
shape, like a tiny O-ring so as to prevent vapor leaking through
to the circuit board. No adhesives were used in spots where it
would come in contact with the solvent vapor.

3.2 Real-time swollen film thickness measured by force-
distance curves

In order to maintain the highly swollen condition, it is crucial to
get the actual swollen film thickness and give active feedback
for controlling the vapor pressure. Generally, the swollen film
thickness is measured in situ by reflectometry or ellipsom-
etry.”>** However, real-time thickness measurement by those
instruments along with AFM imaging requires special optics,
which would narrow its application. Instead, we applied the
force-distance curve measurement to obtain the swollen film
thickness.

Representative force-distance curves measured with a dry
and a wet sample are shown in Fig. 2A and B, respectively. In
a dry state (Fig. 2A), the adhesive and repulsive points were only
a few nanometers apart, indicating that the cantilever tip did
not penetrate the 50 nm-thick BCP film. Moreover, the approach
and withdrawal curves closely overlap. By contrast, in the wet
state (Fig. 2B), the two curves look dramatically different. In the
approach curve, the tip first detects an adhesive force at posi-
tion (b), which increases gradually with a smaller slope from
point (b’) to (d), then detects a repulsive force at (d), which
continues through (f). We have ascribed this unusual, contin-
uous increase in attractive force from point (b) to (d) coming
from growing surface area of the tip covered by the penetrated
swollen polymer arisen by meniscus force (see Fig. 2B inset
schematic explanation). Based on this interpretation, we
defined the swollen film thickness as the distance from (b) to
(e), where the force becomes zero in the approach curve.
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Fig. 2 Force—distance curves (red and blue plots were taken during
the approach and the withdrawal, respectively) in (A) dry, and (B) wet
conditions. The inset in (B) shows the positions of the probe based on
our interpretation of the approach curve.

The average swollen film thickness and standard deviation at
a given annealing retention time were calculated from 100
force-distance approach curves. One hundred representative
force-distance approaching curves are shown in Fig. 3A. It
indicates that the adhesive force points were reasonably similar.
The validation of the values obtained via this method is dis-
cussed in Section 3.5.1.

3.3 Maintaining the swollen film thickness for long hours

The obtained swollen film thickness via force-distance curve
measurement was used as a feedback for adjusting the flow rate
of N, through the N, inlet/outlet tubes to tune and maintain the
degree of swelling. A mass flow controller capable of controlling
small volumes (1 ml min~" maximum) was used to control the
N, flow.

The temporal variation in swollen film thickness calculated
from the entire data set is shown in Fig. 3B. The swelling ratio,
or the thickness of the swollen film divided by that of the
original dry film, reached 8.5 times, which was the target (based
on the preliminary SVA test by which the swollen film thickness
was measured by reflectometry), and did not change signifi-
cantly until the 8 hour mark.

3.4 Imaging of a swollen BCP film using AFM tapping mode

As a demonstration of our designed system, imaging in tapping
mode was performed at a substrate of UHMW BCP thin film
under SVA for 8 hours. The obtained tapping images were band-
pass filtered into periodic patterns ranging from 80 nm to
250 nm in pitch, and sharp horizontal noise (caused by

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Force—distance curve measurements used to determine
swollen film thickness. (A) Representative set of 100 force—distance
approach curves, (B) temporal variation in swollen film thickness and
the swelling ratio.

scanning) was eliminated by using the built-in Image ] func-
tions. The data was shown in Fig. 4. One can clearly see the
contrast of fingerprint-like patterns. When imaging soft mate-
rials such as living cells, cantilevers with small spring constants
often give a better contrast.***> However, in the imaging of the
solvent-swollen BCP thin film, a hard cantilever worked better,
which could be due to the high stickiness of the swollen film. To
avoid imaging a surface that may have been damaged by
a previous scan, each imaging was performed at a different,
fresh site.

The fingerprint-like pattern grew gradually over time. In
order to quantify the growth of the nanopattern, we studied the
temporal correlation length and defect density. The results were
shown in Fig. 5.

Generically, striped pattern coarsening process can be
formulated according to a power law: £(¢) ~ t?, where £(¢) is the
correlation length associated with the grain size at annealing
time ¢ and ¢ is the growth exponent. ¢ indicates the rate at
which defects are annihilated by the molecular chains' motion.

As Fig. 5A clearly shows, the correlation length increased
sharply with time, and its growth exponent was calculated to be
0.52. To the best of our knowledge, the growth factor for striped
patterns obtained via SVA has never been calculated before.
Normally with conventional thermal annealing, the highest
value for ¢ is thought to be 1/4, because molecular motion is
restricted in the bulk.?*** The significantly higher ¢ value in our
experiment suggests that our SVA system works well even for
block copolymers with UHMW exceeding 1000 kg mol~*. The
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Fig. 4 AFM topographic images taken in situ at different annealing
periods in the process of SVA.

large amount of solvent in the swollen film plays a critical role
not only in loosening molecular chain entanglement but also in
reducing T,. Hence, the molecular chains became sufficiently
mobile, and coarsening proceeded more quickly. The decline in
total defect density over time (Fig. 5B) is consistent with the
results for correlation length shown in Fig. 5A.

3.5 Data validation and discussion

3.5.1 Swollen film thickness by force-distance curves. In
order to validate the swollen film thickness via the force-
distance curves (in Fig. 3B), the simultaneous optical
measurement (such as reflectometry or ellipsometry) should be
straightforward. However, as we mentioned in Section 3.2, it
was not possible because our setup uses commercial items as
much as we could, based on our motivation to offer a handy
instrumentation technique. Alternatively, we chose another
method to validate the thickness values. The degree of micro-
phase separation of the BCP (now quantitatively expressed as
the correlation length in Fig. 5A) was used as indirect indicator.
If the temporal swelling degree was reproduced by an optical
method in another SVA chamber and gave the comparable
degree of microphase separation, it would be an indirect
evidence that the swollen film thickness obtained by force-
distance curves was in a correct range. The validation experi-
ment was performed as follows. BCP-casted substrates were
solvent vapor annealed in a different chamber with a glass lid
and kept there for 3, 5 and 8 hours respectively while the
swelling ratio of the film was measured using reflectometry
(Filmetrics F-50). The swelling ratio was reproduced by tuning

RSC Adv, 2020, 10, 70-75 | 73
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the N, flow rate. After SVA, the samples were collected, and AFM
topographic imaging were performed under dry condition.

AFM topographic images of the films are shown in
Fig. S2A(a—c),t and the temporal change in swelling ratio in
Fig. S2B.7 The degree of domain coarsening after each duration
was comparable to that seen in the AFM images shown in Fig. 4,
and to the correlation length shown in Fig. S2C,f which
suggests that the swelling ratios obtained via force-distance
curve measurement were reasonably accurate.

3.5.2 Validation and discussion for AFM topographic
images. In order to make sure that the striped patterns seen in
Fig. 4 comes from BCP microphase separation, the domain
spacing in equilibrium was monitored after 8 h. At 12 hours, it
settled at 178 nm, as shown in Fig. S4.f In bulk, the self-
assembled BCP pellets show a periodicity of 223 nm, and
192 nm after thermal annealing, which is comparable to the
result shown in Fig. S4.7 Previous study reported the 180 nm
pitch lamellar pattern from PS-b-PMMA with molecular weight
around 1000 kg mol~'.* From all of those points, we confirmed
that the images in Fig. 4 were dimensionally valid and that we
surely tracked the evolution of self-assembly of the BCP thin
film at the air/polymer interface.

3.5.3 Structure evolution inside the film and morphology
identification. The structural evolution is thought to give rise at
the interfaces, especially at the air/polymer interfaces.** Because
tapping mode imaging only shows the structural evolution at
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the surface, additional experiments were performed to discuss
the structure evolution inside the film. The annealed samples in
Section 3.5.1 were O,-plasma etched using a homebuilt plasma
etcher and tilted SEM images were obtained (as shown in
Fig. S2A(d-i)f). The depth profile shown in the SEM images
indicates that only at 3 hours of SVA, the structural evolution
occurred in the whole film. This result may be due to the
thinness of the BCP film in our system, which was 50 nm,
merely 1/4 of the characteristic period of the BCP.

The depth profile of the etched polymers in Fig. S2AT also
indicate that the morphology is a perpendicular lamellar
structure, while the bright lines in Fig. S2A(a—c)t as well as Fig. 4
were believed to be PMMA, based on the O,-plasma etching
contrast in the SEM images.

The volume fraction of PS to PMMA in the THF-swollen films
was determined through swelling tests with homopolymer-
casted films of each material and found to be in the range of
1.06-1.12 (Fig. S31). This would give a volumetric ratio of
PS : PMMA of about 56 : 44 during swelling of the BCP, which
would be consistent with a lamellar structure.

4. Conclusions

We developed a real-time and in situ observation technique that
enables monitoring of the structural evolution of nano-
structures with a domain spacing of 180 nm at a 50 nm-thick
thin film of PS-b-PMMA with a molecular weight of 510 : 500
kg mol " under high swelling conditions. The previous instru-
mentation technique was not capable of achieving/maintaining
high vapor pressure, which is a requisite for self-assembly of
ultra-high molecular weight BCPs. We designed a new system in
which a homebuilt chamber allows high vapor pressure and
keeping the BCP thin film in a highly swollen state, and force-
distance curve measurement gives the actual thickness of the
swollen film under THF vapor, which was then used to adjust
the N, flow rate to maintain the swelling ratio. The series of
temporal topographic images brought the study of growth
exponent to solvent vapor annealing for the first time, and it was
proven that SVA is more effective than thermal annealing.

This new instrumentation technique is beneficial not only
for achieving nanopatterning with a domain spacing of
hundreds of nanometers, but also for cultivating a basic
understanding of the dynamics of self-assembly of very large
molecules.
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