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1. Introduction

Concentric half-domain spacing morphologies
and anomalous domain stretching in microwave
annealed block copolymer thin films+

Ugur Aslan,® Maninderjeet Singh,® Akhtar Gul,? Jack F. Douglas & € and
Alamgir Karim (2 *°

Block copolymer (BCP) films hold significant promise for a wide array of technological applications,
including nanopatterning, nanophotonics, polymer electrolytes, and optical waveguides. However, the
practical realization of these applications is often hindered by the slow kinetics of the ordering of block
copolymers, attributed to the inherently glassy dynamics of polymeric soft materials under standard pro-
cessing conditions. The diverse range of BCP morphologies further highlights the unique self-assembly
characteristics of polymeric materials. In this study, we employ a microwave annealing method that gen-
erates a high substrate heating rate (18 °C s7%) to rapidly order lamellar BCP thin films on a high-resistivity
boron-doped silicon substrate. This substrate efficiently absorbs microwave energy, creating a rapid and
substantial z-temperature gradient in the BCP film. The high-temperature annealing facilitated by micro-
wave heating generates 1L, surface terraces composed of unconventional rim-like morphologies with a
0.5L¢ (half domain spacing) height, forming half-domain height island-on-island and hole-in-hole topo-
graphies. We hypothesize that these topographies are related to the highly dynamic through-film thick-
ness temperature gradient. Notably, reducing the substrate heating rate to 13.5 °C s™* only produces inter-
esting 0.5L¢ top surface structures. Additionally, the elevated high temperatures of microwave annealing
significantly increase the vertical lamellar domain size, Ly, of the BCP film surface topography, which we
believe corresponds to an “intermediate segregation” regime of chain stretching. This domain size
enhancement is due to the synergy of the reduced interaction parameter between blocks and improved
interlayer diffusional dynamics resulting from the sharp temperature spike and rapid vitrification. These
unique morphological effects, exclusive to microwave annealing, are not seen in conventional thermal or
solvent annealing and open new avenues for microwave substrate-directed self-assembly (MS-DSA) to
create unique surface and internal BCP morphologies for specialized applications.

copolymers (BCPs) often remain in a vitrified, disordered, and
nonequilibrium state after being cast from solutions in neutral

It is well-known that diblock copolymers self-assemble into
periodic well-defined and unique nanostructures under equili-
brium conditions, with morphologies such as lamellae, cylin-
ders, spheres, gyroids, etc., depending on the relative molar
mass volume ratio of the blocks and interaction parameter,
xag- Thin films can exhibit a high sensitivity to processing con-
ditions under which self-assembly and ordering occur, as is
the case with polymer crystallinity." As-cast thin films of block
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or good solvents.>™ The BCP films typically require post-pro-
cessing steps, known as “annealing”, to increase the mobility
of BCP chains, enough to allow them to organize into mor-
phologies closer to their thermodynamic equilibrium state.®
Conventional annealing methods primarily involve thermal
annealing’® and exposure to solvent immersion or solvent
vapor annealing.""'>% Some additional enhancements
include applied electric field,"* shearing the films,"*'® subject-
ing them to transient heating “cold-zone annealing”,'® laser-
induced annealing,"” mixed-solvent vapor annealing,'® solvo-
thermal annealing,'® sequential annealing®*° and microwave
annealing.*"** Nonetheless, the slow kinetics, often complex
and costly experimental design, and limited applicability
remain as general challenges in developing the full potential
of BCP films for cutting-edge nano-technological applications
such as nanolithography,>® fuel cells,***® nanofiltration
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membranes,”®?” photonics,*® and dielectric polymeric capaci-
tors.>® At present, traditional thermal annealing remains the
most widely used and scientifically important method for
creating stable nanostructures in BCP thin films, even though
alternate annealing methods have shown that other mor-
phologies of great potential interest can be created by anneal-
ing the BCP films under non-equilibrium conditions.

The lamellar morphology of BCP thin films forms due to
the existence of air and substrate boundaries of the films,
which have a preferential affinity for the blocks. Lamella-
forming BCPs traditionally create islands or holes with the
dimension (height perpendicular to the plane of the film) of
an equilibrium domain spacing, L,, that is inherently deter-
mined by the average BCP molecular mass, M,,. Less studied is
how the domain spacing of the thin films may also be varied
by quenching the BCP films into non-equilibrium states
depending on the processing method used, e.g., solvent vapor
annealing (SVA), direct immersion annealing (DIA), etc. These
island and hole formations in BCP thin films under equili-
brium conditions are a consequence of incommensuration of
film thickness as a multiple of the domain spacing, i.e. islands
and holes form on the film surface of quantized depth equal
to one domain spacing, 1L,, if the thickness () of the BCP
thin film is not equal to an integer (n) multiple of the domain
spacing, Ly, i.e. hy = nL, for symmetric wetting of the air and
substrate interfaces by the same one block and (%, = (n + 0.5)L,
for an asymmetric wetting which has different polymer blocks
wetting at the substrate and air interface).’**" The lamellar
domain thickness, L, is comprised of layers of A-b-B:B-b-A,
where b refers to block, where A and B are the block polymer
components, commonly referred to as “ABBA” layered
domains.

Understanding the formation of these island and hole
surface structures is paramount to clearly understanding the
interfacial interactions of polymer chains with the processing
environment and predicting the kinetics of ordering lamellar
BCP thin films by chiefly studying the film topography.
Notably, a single BCP sublayer in the typical domain thickness
of L, contributes 0.5L, height, i.e., the AB of the ABBA domain.
For asymmetrical wetting, driven by selective attractive inter-
action of a block with the substrate and lower surface tension
of the other block at the air interface typically, in thin BCP
films, islands form when the thickness, &, is between (n + 0.5)
Ly < hy < (n + 1)Ly, and holes form once the thickness is
between (nL,) < hy < (n + 0.5)L, and vice versa for symmetric
BCP thin films.**** Film topography transitions from surface
1L, height holes when the film thickness just exceeds the
nearest commensurability criteria to progressively exhibit a
narrow bi-continuous window also of 1L, height structures, to
1L, height islands as the film thickness approaches the next n
value of commensurate thickness.*>*® The “traditional”
thermal annealing method for BCP ordering suffers from long
annealing times, often ranging from hours to days, and
requires high-temperature processing, above glass transition
temperatures of the component blocks of BCPs, making this
processing method unattractive. In this regard, microwave

1326 | RSC Appl. Polym., 2025, 3,1325-1339

View Article Online

RSC Applied Polymers

annealing can alleviate the drawbacks of thermal annealing.
Microwave heating is widely used as an alternative to conven-
tional thermal heating in various fields, including the food
industry,”” organic synthesis,*® and catalysis®®* due to its
advantages of rapid heating, economic feasibility, high-yield,
and high-purity outcomes.® This method involves the absorp-
tion of electromagnetic radiation within the frequency range
of 300 MHz to 300 GHz, situated between infrared and radio
frequencies. The first reported use of microwaves in chemistry
dates back to the 1970s.*" Microwave energy absorption excites
the vibrational and rotational modes of molecules in the
material, which is then converted into thermal motion as the
excited species relax through intermolecular collisions and
other phonon modes of energy transfer.*® Compared to tra-
ditional thermal heating procedures, microwave heating offers
benefits such as volumetric and selective heating, and faster
processing times. However, it is a complex process that
requires careful implementation due to the potential for
destructive and constructive interference of electromagnetic
radiation, which can create hot and cold spots and result in
non-uniform heat distribution within the material.*>

Several studies have explored microwave annealing as a ver-
satile method for ordering various BCP structures.”’**"
Pioneering work by Buriak and colleagues investigated BCP
film ordering using both a microwave oven and a microwave
reactor. They demonstrated perpendicular ordering of BCPs on
silicon substrates, both with and without the presence of a
solvent.>** For solvent-free microwave annealing, Buriak’s
team used BCP films sandwiched between a microwave-neutral
substrate and a microwave-absorbing silicon wafer, which
heated the BCP films and resulted in fast ordered structures.>?
This work established the importance of the substrate’s micro-
wave absorption properties in the annealing process. Morris
and colleagues later showed that cylinder-forming BCP thin
films could be ordered using a microwave reactor with a
neutral brush grafted on the silicon wafer, concluding that gra-
phoepitaxy and microwave annealing are compatible.*® Vogt
and coworkers further highlighted the significance of the posi-
tion and orientation of the target material, in this case, thin
films, within the commercial microwave chamber, as well as
the properties of the microwave energy, to achieve ordered
cylindrical BCP films.” Although previous studies have not
addressed the scalability of this method, microwave annealing
of BCP thin films appears to be a rapid, reliable, and cost-
effective processing technique. In principle, BCP films should
achieve similar results with microwave annealing in seconds,
compared to days with conventional annealing methods.
However, the unique effects arising from the rapid thermal
gradient produced during microwave interaction have not been
previously reported, which we address in this article. Notably,
all prior microwave annealing studies have focused on pattern
formation using either cylinder-forming BCPs or vertical
lamellae. In contrast, this study examines microwave-assisted
parallel ordering of lamellar BCPs, their surface morphology,
and the associated dynamics, which have not been previously
explored.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this study, we investigate the lamellar ordering of BCP
thin films through microwave annealing at short annealing
times, ranging from 5 seconds (s) to 15 seconds. We demon-
strate how the duration of microwave annealing affects the
ordering of BCP thin films, resulting in unique surface topo-
graphies. Numerous studies have detailed the surface mor-
phology formation of lamellar BCP films,**> with notable
pioneering work by Russell et al.*>>® Regarding the kinetics of
BCP surface topography evolution into islands and holes,
Smith et al. meticulously examined terrace formations in films
with a continuous thickness gradient, allowing simultaneous
study of regions with varying degrees of thickness incommen-
surability. They observed the formation of equilibrium islands
and holes with heights equivalent to the domain size (L) in
relation to thermal annealing time and temperature, up to
170 °C.*' For instance, the average surface hole diameter of
parallel lamella-forming polystyrene-block-poly(methyl meth-
acrylate) (PS-b-PMMA) (25 000)-(26 000) g mol ", labeled as
(Lmls;), increased up to 3 pm over 48 h and remained stable
up to 100 h of thermal annealing. In contrast, microwave
heating typically induces localized heating spots on the sub-
strate, potentially creating different surface morphologies in a
spatially heterogeneous manner, depending on the in-plane
thermal conductivity of the substrate (see ESI S1f). High
thermal conductivity substrates, such as silicon wafers, can
rapidly homogenize heating from these non-uniformly distrib-
uted hot spots. This is the case for our microwave-absorbing
high-resistivity silicon wafer doped with boron (B-doped Si),
among other silicon substrates. Consequently, our B-doped Si
substrates induce a rapid but relatively homogeneous in-plane
temperature distribution across the substrate. The novelty of
the morphological BCP features reported here is primarily due
to the rapid heating profile between the non-microwave-
absorbing BCP film and the microwave-absorbing substrate.

Complex droplet liquid surfaces after a long oven annealing
time, 100 h, at 180 °C, such as block copolymers in the melt
state, transitioning from an isotropic disordered state to an an-
isotropic ordered state, can be stacked in concentric step-
layered morphology.®” Our study reveals that the BCP film mor-
phology obtained through microwave annealing includes sym-
metric island-on-island and hole-in-hole structures, features
not observed in traditional oven or solvent annealing pro-
cesses. These ordered parallel lamellar structures form within
seconds, exhibiting 0.5L, height and multiple concentric
boundaries (see the TOC figure). Previous studies by Willson
et al. have reported regular (non-concentric) 0.5L, island/hole
formations using block copolymer films, such as poly(styrene-
block-4-trimethylsilylstyrene) (PS-b-PTMSS)’®, and partially
epoxidized poly(styrene-block-isoprene) (PS-b-PEI78)** diblock
copolymers, which were manipulated to have one neutral inter-
face, air or substrate. Willson et al. observed the 0.5L, height
islands or holes during the intermediate stages of developing
1L, height islands or holes through thermal annealing of
lamellar BCPs.”® However, concentric 0.5L, surface mor-
phologies with well-developed lamellar structures have not
been produced by other annealing methods to our knowledge.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The average diameter of the hole-in-hole structures increased
with microwave annealing time, evolving towards spinodal-like
island formation at the same as-cast thickness. In contrast, tra-
ditional 1L, holes transition to spinodal formations due to
thickness increments of BCP films during classic thermal oven
annealing.®® The average diameter of hole-in-hole structures
reached approximately 3 um in 10 s and continued to increase
until spinodal-like or island-like morphologies formed in 15 s.
We also report the time evolution of enhanced lamellar
domain spacing (L,) with microwave annealing time, showing
an unusually high trend in L, increment with microwave
annealing temperature, suggesting unusual chain stretching
and packing dynamics under rapidly evolving non-equilibrium
conditions, which are quenched upon cooling into a glassy
state. The strong segregation limit (SSL) theory predicts
domain spacing, L, ~ bN*"?4*'°, which gives a weak tempera-
ture dependence assuming y ~ 1/7, a predicted trend cannot
explain our results.’® This increment also exceeds predictions
based on the coefficient of thermal expansion (CTE) for the
temperature change induced by microwave annealing.®®
Notably, such anomalous domain stretching has scant litera-
ture context except for SAXS studies by Baldrian et al.®' in a
100 mm thick (bulk) PS(40k)-b-PMMA(40k) film, in the temp-
erature range of 150-200 °C, wherein domain spacing essen-
tially doubled from 26 nm to 52 nm. This high expansion was
not observed in their lower M, PS(4.8k)-b-PMMA(6k). They
hypothesized that a temperature-dependent transition from
strong to an “apparent” weak segregation limit (WSL) could
arise in reasonable correspondence with their data. In
summary, we have investigated the variations in surface mor-
phology and domain spacing of microwave-ordered parallel
lamellar BCP thin films, considering the different block types,
molecular mass, film thickness, and processing time.

2. Experimental section
Microwave oven and block copolymers

The microwave oven’s dimensions were 25 cm x 30 cm X
30 cm, covering a volume of approximately 15 liters. A rotating
plate was at the bottom center of the microwave oven to distri-
bute the microwave exposure uniformly over the substrate. The
PS-b-PMMA block copolymer has an number average mole-
cular mass M, = PS (25 000)-b-PMMA (26 000) g mol™" with
polydispersity index, PDI, of 1.06, M,, = PS (19 500)-PMMA
(17 000) g mol™* with PDI of 1.05, and poly(styrene)-b-poly(2-
vinyl pyridine) (PS-b-P2VP) with a molecular mass, M, of PS
(25 000)-b-P2VP(25 000) g mol " with PDI of 1.06. All BCP rela-
tive volume fractions correspond to the lamellar morphology
(fa = 0.5) and were purchased from Polymer Source Inc.
Lamellar forming block PS-b-PMMA copolymers are rep-
resented with the abbreviation of Lml,, where subscript m is
the total molecular mass in kg mol™, for e.g., PS (25 000)-b-
PMMA (26 000) g mol ™" is represented as Lmls;. The polymer
solutions were prepared with a mass fraction of 2% relative to
the solvent, anhydrous toluene, having 99.8% purity. 2 mass%
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of PS-b-PMMA in toluene was mixed for 24 hours. The polymer
was completely dissolved to obtain a clear solution and filtered
using a microfilter with 40 um pores to remove the contami-
nants. Thin BCP films were prepared by flow coating. Flow
coating requires minute quantities of polymer solution, which
was pipetted into a capillary-sized (less than 1 mm) gap
between an angled glass blade and the flat silicon substrate.
The glass blade moved along the substrate, pulling the bulk of
the solution while leaving a thin layer that dried to form a
solid film. The thin film thicknesses ranged from 30 nm to
130 nm. The solid thin films were then placed inside a conven-
tional oven for 24 h at 50 °C to evaporate any residual solvent.
The thicknesses of the BCP thin films were measured using an
interferometer, FILMETRICS LS-DT2.

Substrates

Boron-doped (B-doped) silicon (Si) wafers (P-type) having a res-
istivity of (1-100) Q cm (Py) (High resistivity) referred as P-
type2, (0.008-0.01) Q cm (Py) (Low resistivity) referred as P-type
and antimony (Sb) doped silicon wafers (N-type) having a resis-
tivity of (0.01-0.02) Q cm (N;) (Low resistivity) referred as N-
type were used as substrates. They were purchased from
UniversityWafer. The thickness of the boron-doped silicon
wafer was 1055 pm to 1075 pm with a precision of 25 pm. The
silicon wafer was cut to have a dimension of approximately
15 cm by 10 cm with three straight edges and one rounded
edge (due to the original wafer’'s disk-like shape). The cut
B-doped silicon wafers were treated using an ultraviolet-ozone
(UVO) chamber and irradiated with ultraviolet (UV) light of
184.9 nm and 253.7 nm wavelengths for two hours to remove
organic impurities and oxidize the surface. Microwave anneal-
ing was done using a laboratory-grade microwave oven, MTST,
with a maximum power of 650 watts. BCP thin films are highly
sensitive to the air, which can degrade the films before they
are ordered. So, we used an in-house ceramic vacuum
chamber. The vacuum chamber was placed inside the micro-
wave oven with the BCP thin film sample. The position of the
vacuum chamber with respect to the microwave stage was fixed
to ensure consistent exposure. The samples were removed
immediately after the desired annealing time and cooled to
room temperature by placing the wafers on an aluminum
block. The BCP constituents did not significantly heat up by
microwave treatment but absorbed heat directly from the
microwave-absorbing substrate.

Film characterization

The BCP thin films were investigated by Atomic Force
Microscopy (AFM) using a Bruker AXS-Dimension Icon. The
AFM tapping mode was used to obtain the surface mor-
phologies of the BCP thin films. The height and phase images
were processed using Bruker NanoScope software to remove
noise and artifacts.

Temperature measurement

The measurements were performed for the same sample sizes,
repeated three times, and averaged. The temperatures of the
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BCP thin films were measured with an infrared thermometer
(IR) as soon as the microwave irradiation was completed by
immediately opening the microwave oven’s door. Our reported
temperature should be considered as the BCP film temperature
based on the BCP film. This is because the B-doped Si wafers
showed almost the same temperature for a given time without
a BCP film on top. After all, the IR emissivity from the hot
base B-doped Si wafer is minimally absorbed by the BCP film,
given that the film thicknesses are well below 100 nm used in
the study.

On the other hand, the transient temperature gradient
d(DT/h)/dt normal direction to the film thickness () direction
in the rapidly heating BCP film can be large because of the
synergy of the low thermal conductivity of polymers in con-
junction with the small value of film thickness %z in the
denominator. However, very advanced metrology would be
required to measure this transient temperature gradient,
especially given the constraints of the microwave geometry.
Even with a millisecond (ms) response GaAs fiber optic temp-
erature sensor or even a regular thermocouple that can in fact
be inserted through a top microwave port, the problem is that
any reliable physical contact with the force of the sensor on
top of a 45 nm polymer film will compromise the film thick-
ness locally, especially when heated from its glassy to a melt
state well above T, such as encountered in microwave anneal-
ing. Thus, it will not be an accurate measure of the BCP film
top surface temperature. Action at a distance dielectric fiber
optic temperature sensor may work, but we did not have the
resources for obtaining such a setup, and these will need
extensive temperature calibration as well. Future work with col-
laborators will aim to develop this worth-while transient temp-
erature gradient capability in the through-film thickness (z or
h) direction.

3. Results and analyses
Formation of concentric islands and holes

Traditional thermal oven annealing (TA) was used to order
lamellae forming 25k-26k PS-b-PMMA BCP thin films at
230 °C for 24 h in a high vacuum, as a means to produce
control samples with uniform isotropic heating, and compared
subsequently to microwave annealed samples, wherein the
B-doped Si substrate is the only rapid heating element produ-
cing a large thermal gradient in the film thickness direction
from the substrate to air (presented later). Asymmetric wetting
PS-b-PMMA TA films produced islands with a height of 35 nm
(Lo —37.5 nm estimated for the melt state at the annealing
temperature with the coefficient of thermal expansion (CTE)
correction) as shown in Fig. 1a. Recalling that holes on the
incommensurate BCP thin films form once the film thickness
hy is between (nLo) < ko < (n + 0.5)L, with integral values of n,
with experimentally determined L, = 37.5 nm, holes formed
once the as-cast film thickness, was adjusted to &, = 45 nm =
1.20Lg (1Lg < 1.20Lg < 1.5Ly), g = 55 nm = 1.36L, (1L, < 1.46L,
~ 1.5Ly), and A, = 120 nm = 3.20L, (3L, < 3.20L, < 3.5L,), as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thermal annealing of PS-b-PMMA thin films in traditional ovens at 230 °C for 24 h: (a) 35 nm, (b) 45 nm, (c) 55 nm and (d) 120 nm

thicknesses.

shown in Fig. 1b, ¢, and d, respectively. The line profiles are
drawn across the islands and holes of each AFM image to
determine the domain spacing (L,) of each film. All films
showed fully grown 1L, height as either islands or holes as
expected after annealing for 24 h at 230 °C. These confined
islands and holes are consistent with the incommensurability
for the preferential affinities of the PS and PMMA blocks segre-
gating at the interfaces as evidence of parallel-lamellar mor-
phologies. These traditional island and hole morphologies
span throughout the film surface as a single layer of either
island or hole. Thin films of PS-b-PMMA (25 K-26 K), Lmls;,
PS-b-PMMA (19.5 K-17 K), Lml,g 5, and PS-b-P2VP (25 K-25 K),
Lml’s,, were processed by microwave heating, and the tempera-
tures of the high-resistivity B-doped Si substrate were recorded
as a function of time (5 s, 8 5,10 s, 12 s, 15 s, and 20 s).

The microwave electromagnetic energy (electromagnetic
energy operating in the frequency at 2.45 GHz) coupling with
the P-type2 substrate making its temperature rise significantly
in a short time (no significant amount of microwave energy
was absorbed directly by the PS-b-PMMA polymer film, as
tested on the non-absorbing substrate), imparting mobility to
the polymer chains, which resulted in their parallel lamellar
ordering due to the preferential migration of the PMMA blocks
to the SiO, layer on the substrate and PS blocks to the air
interface.

As in thermally annealed films under near-equilibrium con-
ditions, incommensurate film thicknesses produced a surface
morphology of islands and holes. The temperature 7, of the
substrate, P-type2, in the microwave was found to be 85 °C at 5
s and as high as 320 °C at 20 s, indicating very high heating
rates, much faster than traditional vacuum thermal ovens
where heating occurs mostly by conduction. The hole growth
of BCP thin films is recorded for only up to 15 s with a sub-
strate temperature of 270 °C (the films de-wet after about 20 s
due to the substrate temperature reaching 320 °C, as shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 2a, whichwe are also concerned about eventual polymer
degradation). The exposure time of microwave annealing on
BCP thin films is critical due to the rapid high-temperature
increment, which changes their block-block thermodynamic
interactions in addition to providing mobility. Microwave
heating differs from traditional thermal annealing, due to the
dynamic and rapid increase in temperature, for instance,
15 °C per second, while for traditional thermal annealing, the
temperature increases slowly.®> The P-type2 substrate heats up
extremely rapidly under microwave irradiation, with the temp-
erature reaching and surpassing the glass transition tempera-
tures of PS, 100 °C, and PMMA, 115 °C, blocks within 8 s of
irradiation.

The short-time ultrafast dynamics of microwave-heated BCP
thin films produces a novel surface feature of a 0.5L,-step
height of islands or holes, surrounded by another layer step of
0.5L, height islands or holes (the hole-in-hole morphology is
shown in Fig. 3) with concentric boundaries, which we refer to
as hole-in-hole and island-on-island morphologies. Since 1L,
is the domain spacing corresponding to ABBA, 0.5L, or half-
step height corresponds to only AB (i.e., single diblock, e.g.,
PS-b-PMMA) layer thickness. The hole-in-hole feature has a
symmetric step surrounding the first hole with a very small
step width (in-plane of the film) before the boundary of the
second hole.

The AFM height image of Fig. 3a with a vibrant brown color
scale strikingly indicates the height differences and step
widths. The khaki brown rings around the chocolate brown
holes indicate the 0.5L,-step holes (magnified in Fig. 3c). The
AFM phase images show that the surface of the hole-in-hole
and the bottom of the hole-in-hole morphology (domain thick-
ness, L) have the same phase shift, indicating that the same
polymer is present at the bottom and surface of the hole-in-
hole of the film (Fig. 3b). The phase shift, 4, from the line
profile of the AFM phase image in Fig. 3d shows a difference

RSC Appl. Polym., 2025, 3,1325-1339 | 1329
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up to 20 seconds (b) The schematic of the hypothetical heating response of the silicon wafer under microwave radiation, (c) the schematic of elec-
tromagnetic microwave radiation which heats the substrate highest at antinodes, and lowest at nodes (d) the schematic of the block copolymer thin
film's experimental procedure starting with the B-doped Si wafer (15 cm x 10 cm) (1), undergoing UVO exposure (2), flow coating of the polymeric
BCP solution as a thin film on the substrate (3), and the the sample is placed into the microwave oven (4).

between the 0.5L, step height and other places, which are the
surface and bottom of the 1L, hole. The hole and the surface
representing the PS have similar AFM phase angles (no phase-
shift), whereas the 0.5L,-step height indicates that the PMMA,
which has a phase shift, not to be confused with the two long
and sharp crests, which come from edge effects, an artifact of
scanning, which is shown in Fig. 3d. The magnified hole from
the AFM height image indicates the line profile drawn over the
edge of the hole-in-hole to show the relative heights, as pre-
sented in Fig. 3c.

Fig. 4 shows the change of the lamellar periodicity in the
thin film starting at 5 s, continuing to 8 s, 10 s, 12 s, and 15 s,
resulting in higher temperatures quantified as 85 °C, 141 °C,
182 °C, 221 °C, and 270 °C, respectively. As the substrate heats
up and the temperature reaches above the glass transition
temperature, T,, of the blocks, the PMMA block selectively

1330 | RSC Appl. Polym., 2025, 3,1325-1339

diffuses toward the SiO, layer. On the other hand, the PS block
with a lower surface energy segregates onto the air-film inter-
face. The 5 s microwave annealing of the BCP thin film does
not show any surface morphology due to insufficient substrate
heating by microwave energy and the temperature remains
below the glass transition temperature of BCP films. This
surface structure indicates that the BCP thin film is not yet in
a fully ordered state throughout the film thickness as fully
through-thickness ordered incommensurate BCP films should
produce islands or holes upon parallel-lamellar ordering. As the
microwave annealing time is extended, the thin film exhibits a
parallel lamellar morphology, as shown in Fig. 4a and b at 8 s
of annealing. The total hole height (adding heights for both,
barely visible, steps) on the surface of the thin film is equal to
the period of the lamellar structure, 1L,.°> As the microwave
exposure time increases to 10 s and 12 s, the concentric rims at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The AFM colored height image of PS-b-PMMA showing the color of 1L, from dark brown (chocolate) at the bottom on to the surface with

light brown (tan), and 0.5L,-step height with middle brown (khaki) (b) The AFM phase image of half-step lamellar domain spacing holes around one
full domain spacing. (c) The hole that is magnified from the AFM height image and the line profile from the magnified AFM hole image. (d) The AFM-
phase image line profile shows the phase shift at the 0.5L,-step that is different from the inside of the 1L, hole and the surface of the BCP thin film

of 45 nm with microwave annealing at 10 s.

0.5L, are observed as an inflection in the height profile;
however, it appears visibly small as the line profile spans
4.5 pm, much larger than the ~0.15 pm rim width. Upon
further microwave annealing, the surface holes become pro-
gressively larger, and inter-connected, becoming similar to the
spinodal-like morphology, as shown in Fig. 4a and b at 15 s.

Two different film thicknesses are studied in the same
regime of the hole-forming degree of thickness incommen-
suration. The thin films with 45 nm and 55 nm thicknesses
show the same trend of developing increasingly larger holes
with a microwave annealing time of up to 15 s. In addition to
the hole-in-hole terrace formations, when the BCP film thick-
ness 4 = 35 nm, in an island formation regime, concentric
island-on-island terraces are formed as shown in Fig. 5a, ana-
logous to the concentric hole-in-hole terraces of Fig. 4.

These islands also have two layers, each with 0.5L, height,
measured from the AFM height image and shown in the line
height profile in Fig. 5a at 35 nm. More generally, as the thick-
ness of the BCP thin film from this island-formation regime is
0.5L, are
observed at cast-film thicknesses of 4 = 45 nm, 4 = 55 nm, and

increased, concentric hole-in-hole formations
h =120 nm respectively, shown as a compilation of 10 s micro-
wave annealing time in Fig. 5b, ¢, and d, respectively. The
results indicate that the formation of quantized 0.5L, height
concentric terraces is not an isolated phenomenon, but a more
universal feature of this BCP film system. The total step
heights matched the long-time oven annealed L,, provided the

microwave annealing time is 8 s.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Anomalous PS-b-PMMA BCP domain stretching

Longer microwave annealing times, and with its concurrent
increase of temperature, not only produce a larger hole size as
shown in Fig. 6a and b but also significantly increase overall
domain spacing, L, (¢). Fig. 6a shows the change in the lamel-
lar domain spacing of BCP thin films for the as-cast film thick-
nesses of 47 = 45 nm and & = 55 nm, after microwave annealing,
as inferred from the AFM surface feature height, post-quench-
ing (vitrification) to room temperature. The domain spacing L,
(¢), as measured by the surface feature height in quenched
samples, increases with the microwave annealing time, in con-
trast to the domain spacing during thermal oven annealing
which is limited to its equilibrium value. The quenched-in
lamellar domain spacing of the BCP thin film increases mono-
tonically and substantially with increasing microwave anneal-
ing times: 8 s, 10 s, 12 s, and 15 s as shown in Fig. 6a, which is
correlated to the substrate’s (B-doped Si wafer) rapid rise in
temperature shown in Fig. 2a.

This increment of the domain spacing in L, (33 nm@15
s@T(t) ~ 270 °C) from L, (26 nm@8 s@181 °C) in the & =
45 nm film is about 25%, which is well beyond the SSL theory
prediction of ~10% domain swelling based on ypspmma (T)
change (see below). Notably, Baldrian et al.®" obtained 100%
domain spacing increment in the 150-200 °C temperature
window for 40k-40k PS-b-PMMA, and suggested their system
was in the WSL regime. Yet, it is wellknown that the interfacial
width of PS-h-PMMA is approximately ~5 nm in this tempera-
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s, hole-in-hole terraces are created at 8 s, the average hole-in-hole diameters grow and continue at 10 s and 12 s, and holes interconnect and thus
no longer exist at 15 s. The concentric terraces are more clearly observed at higher magnifications as was previously shown in Fig. 3, but can still be
seen as inflection points in these line profiles.
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Fig. 5 BCP thin films with thicknesses of 10 s microwave annealed of (a) 35 nm, (b) 45 nm, (c) 55 nm, and (d) 120 nm; island-on-island terrace for-
mation of concentric 0.5L islands at 35 nm versus concentric 0.5L, holes: 45 nm, 55 nm, and 120 nm, respectively.

ture window of 150-200 °C by neutron reflection and SANS, Using the phenomenological temperature dependence of
which matches well with the SSL assumption of a narrow inter-  ypspmma (T) = 0.028 + 3.9/T (K),°* we obtain an estimate of
face assumption (NIA) width. Xps-pmma(@275 °C) = 0.035, and yN ~ 17 for our longest micro-
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(@) TA Lo that is 26 nm increases substantially for both h = 45 nm and h = 55 nm PS-b-PMMA films by increasing the microwave annealing

time from 8 s to 15 s. See the text for discussion. The corresponding temperatures of the microwave annealing time for 8 s, 10 s, 12 s, and 15 s are
respectively 141 °C, 182 °C, 221 °C, and 270 °C. (b) The average hole radius at 8 s of microwave annealing continuously increases with the increment

of the microwave annealing time up to 15 s.

wave annealed film of 15 s. (Other forms of the temperature-
dependent equation for y,spmma (T) reported in the literature
do not give a significantly different value of this product, so we
do not elaborate on them.) Assuming the conventional notion
that yN > 50 defines SSL, and WSL by 10.495 < yN < 12.5, we
can conclude that our PS-b-PMMA system at the elevated temp-
erature is in an “intermediate” segregation regime 12.5 < yN <
50 rather than WSL, defined by a domain scaling that is larger
than SSL (at least as per our results, and possibly Baldrian
et al.®"), but wherein interfacial widths match SSL predictions.
This “intermediate segregation” and cross-over from the WSL
to SSL regime has been previously discussed and explored by
Matsen and Bates.®>®® Mechanistically, this is based on the
temperature dependence of y variation, possibly due to a syner-
gistic combination of reduced enthalpic barrier from the
enthalpic contribution of y scaling as y ~ 1/7, and high mobi-
lity arising from the diffusive motion of the chains at elevated
temperatures, to cross between domain layers leading to an
increased the interfacial chain-junction density. At these elev-
ated temperatures, y is reduced along with the interfacial
tension, allowing the chains to be more mobile, thereby allow-
ing them to pack closer to each other near the junctions at the
interface, increasing the degree of chain stretching and in turn
the domain size. Such close packing would normally increase
enthalpic energy per domain, but under the present con-
ditions, it is balanced due to the reduced y. Such a state of
ordering may be driven by a highly non-equilibrium effect
associated with an anticipated rapidly evolving spatio-temporal
z-temperature gradient evolution within the confined BCP film
thickness.

Notably, the percentage increase in the domain size at any
given microwave annealing time relative to the lowest anneal-
ing time of 8 s, e.g., domain size at 15 s annealing relative to 8
s is approximately the same in both films, with domain swell-

© 2025 The Author(s). Published by the Royal Society of Chemistry

ing ~25% for both the 4 = 45 nm (32.6 nm@15 s vs. 26 nm@8
s) and the 4 = 55 nm (31.8@15 s vs. 25.7@8 s) films. However
absolute domain spacings appear higher in the more confined
45 nm film compared to the 55 nm film. This suggests that the
relative thermal expansion as a function of temperature can be
normalized by its film thickness for a more universal-like be-
havior, and thereby reflective of a common chain-stretching
molecular mechanism. The average hole diameters of Lmlis; at
45 nm and 55 nm are also studied with annealing time and
are shown in Fig. 6b. The average hole radius grows steadily as
the temperature increases for both thicknesses, due to the
dynamic (constantly increasing) temperature increment.
Notably, the kinetics of hole size increment in films of 45 nm
versus 55 nm are roughly the same, so that the “feature-size” in
both the out-of-plane direction (domain swelling via hole
depth kinetics data) and in-plane dimension (hole diameter
expansion kinetics) has similar behavior for the two different
film thicknesses.

Comparative varied substrate heating rate on BCP ordering

Fig. 7a demonstrates how the temperature of the high-resis-
tivity B-doped Si substrate, P-type2, changes with microwave
annealing time, using two different sized substrates heated by
mainly microwave energy absorption, which is proportional to
the substrate size, and dissipated rapidly internally by
phonons (thermal conduction), which is useful to control the
temperature gradient affecting the final film morphology evol-
ution. The temperature gradient for the smaller wafer size of
150 cm? substrate, named Substratel, is 18 °C s~* while that
for the larger wafer size of 314 cm?, substrate, named
Substrate2, is 13.5 °C s~ as shown in Fig. 7b.

Microwave annealing of PS-b-PMMA (25 K-26 K) BCP thin
films on Substrate2, which has a smaller temperature increase
gradient of 13.5 °C s™", was also studied. Notably, the surface

RSC Appl. Polym., 2025, 3,1325-1339 | 1333
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structures of PS-b-PMMA on Substrate2 exhibited only half-
domain (0.5L,) morphologies. This observation supports our
hypothesis that a rapid temperature gradient sharper than
13.5 °C s~ is needed at the substrate—film interface in order to
create the rim-like island-on-island or hole-in-hole structures.
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Fig. 8 Surface morphology on Substrate2, with a heating rate of 13.5°C s
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Fig. 8a shows the 45 nm thin film microwave annealed films
for 8 s, which showed only 0.5L, height holes, also shown in
the line height profile with heights of 12.5 nm (Fig. 8a). After
15 s of microwave annealing, the BCP films still developed the
0.5L, holes with an increased height of 15 nm due to the

14.5 nm

-17.3 nm

-
o

(&)}

o

|
(&)}

1 2 8 4
Lateral distance (um)

o

~1, which created only 0.5L, without rims for 45 nm in (a) 8 s and (b)15 s.
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attainment of a higher temperature (as demonstrated in
Fig. 8b). The increase in the hole heights (0.5L,) is consistent
with that observed during annealing on substratel (1L,), ie.,
the heating profile for our substrates shows the temporal rise
of temperature for both substrates. These rates are discernibly
higher than the annealing rates of BCP films in traditional
thermal vacuum annealing ovens.

Temperature gradients with rates between 18 °C s~
13.5 °C s~ create mixed morphologies with only 0.5L, islands
or holes and rim-like island-on-island and hole-in-hole mor-
phologies, as shown in the ESI.f The intermediate heating rate
of the substrate allowed the BCP films to create half-domain
spacing features, islands, or holes along with island-on-island
and hole-in-hole morphologies, as shown in Fig. S6 and S7,f
which can be attributed to the slower temperature increment.
(While outside the scope of our study, this has to do with not
only the substrate type, but also where microwave antinodes
have the highest amplitudes, schematically shown in Fig. 2c,
which depends on substrate dimensions.) These island-on-
island and hole-in-hole morphologies are also formed in
Lmlse 5 thin films, which makes these novel features common
to other molecular masses of PS-b-PMMA BCP thin films and
are demonstrated in Fig. S4 and S5.F

For comparison, we also studied BCP PS-b-P2VP, Lml 5, thin
films with a much higher interaction parameter ypepovp =
0.11@150 °C, annealed using microwaves for 10 s on the 18 °C
s~ rise substrate; however, no hole-in-hole or island-on-island
features were produced due to the fact that PS and P2VP (sub-
strate wetting) have significantly larger interfacial surface
energy difference,®”®® which does not become equal (neutrality
at the air boundary is needed for 0.5L,) at high temperatures
like PS-b-PMMA BCP films, resulting in only 1L, islands and
holes, as shown in Fig. S3.1 Nevertheless, the kinetics of order-
ing in even PS-b-P2VP BCP films on microwave-absorbing sub-
strates is much faster than oven annealing in all cases. This
suggests that concentric rim-like morphologies are prone to be
observed in block copolymers having similar air interface
surface energies with one block preferred at the substrate
interface, under high temperature-gradient heating. Microwave
processing thus provides a fast, clean, and economical method
to create ordered parallel lamellar BCP thin films within
seconds and with unique surface morphologies, which may be
relevant to industrial processing requiring such surface mor-
phologies such as for next-generation laser light scattering
standards.

1 and

4. Discussions

BCP thin films can form a variety of thermodynamic equili-
brium morphologies, such as spherical, cylindrical, lamellar,
and gyroid structures. These morphologies depend on the
volume fractions of the constituent blocks (block A and block
B, (fam)), the segregation strength, yNp,*® the degree of overall
polymerization, Ny, and the Flory-Huggins interaction para-
meter, y,g. Microwave annealing can sharply and rapidly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increase the temperature of the underlying substrate, resulting
in high-temperature gradients in the z-direction, ie., film
thickness direction. The surface structures of BCP thin films
are formed due to the interactions at the free surface (top) and
substrate (bottom) interfaces with the BCP thin film. Poly
(styrene) (PS) and poly(methyl methacrylate) (PMMA) have
similar surface energies, differing by only 0.1 dyn ecm™ at
room temperature, with PS having the lower surface energy.”
This difference in interfacial energies nearly vanishes at
225 °C, creating a neutral-free surface.”* We hypothesize that
the similar surface energies of PS and PMMA at a high z-temp-
erature gradient are the main reason for the creation of 0.5L,
step concentric morphologies, which are not observed for PS-
b-P2VP (25 K-25 K). In Lmlsss BCP films, the same mor-
phologies as in Lmls; are observed. We further determined
that the hole-in-hole and island-on-island morphologies have
the same incommensurability conditions as those of single-
layered islands or hole morphologies in thermally annealed
films. The total amount of polymer (block copolymer) remains
constant during the formation of the multi-tiered holes. Even
in the formation of traditional “uni-depth” holes in ordered
block copolymer thin films, the total mass of the BCP is con-
served, regardless of whether they are in the SSL or WSL limit.
Essentially, the cumulative hole depth volumes are compen-
sated by an elevation of the surrounding contiguous phase by
an equivalent volume amount through melt diffusion-driven
ordering.

We now ask the question why BCP thin films at equilibrium
with non-integral thickness with L, produce surface topogra-
phies such as island-on-island or hole-in-hole structures by
microwave annealing. We hypothesize this unique rim-on-rim
morphology is created in response to the steep dynamic temp-
erature gradient in the film induced by the microwave absorb-
ing substrate that heats the film rapidly from the bottom (for
the B-doped Si substrate, only the temperature rise was found
to be 18 °C s™'). Thus, the temperature of the BCP film at the
outermost air interface is lower than in the BCP layer inner to
it (that is closer to the heating substrate). This differential
temperature produces a differential surface tension, which is
higher at the air interface than in the layer inner to it. A higher
surface tension at the air interface in turn increases the flex-
ural bending modulus (E) associated with the rim formation
curvature at the air interface compared to the inner layer, i.e.,
Esurtace > Einner layer- Since flexural modulus energy varies inver-
sely with the rim radius, E ~ 1/r, a larger rim radius at the air
interface helps lower the flexural bending energy of the
rim.”>”7* Regarding rim evolution kinetics, the average width
of 0.5L, step rims for L, of both 45 nm and 55 nm thicknesses
decreased by 50% with roughly doubling of the microwave
annealing time (from about 0.62 pum at 8 s to 0.31 pm and
0.33 pum at 15 s). Although the rims become almost indistin-
guishable after 15 s in the AFM height image, they are still
visible in the AFM phase image (Fig. S1}), indicating their
presence. The rim-like 0.5L, structure does not disappear even
at 15 seconds due to the high-temperature gradient of 18 °C
s~'. However, the width of the 0.5L, step decreases with longer
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annealing times (8 s, 10 s, 12 s, and 15 s), likely due to redu-
cing the energetically unfavorable rim surface area created, in
conjunction with z-temperature gradient homogenization with
time. As the surface tension depends on the temperature,
high-temperature gradients can, in principle, drive Marangoni
patterns involving fluid flow from higher surface tension areas
(top of the film) to lower surface tension areas (bottom of the
film). The Marangoni effect on simple Newtonian fluids is well
studied; however, Marangoni effects are generally suppressed
in high-molecular-weight polymers due to their high
viscosity.”>’® The highly stratified ordered BCP films would
suppress such Marangoni flow even more. Importantly, if
macroscale z-directed Marangoni fluid flow occurred in these
lamellar structured block copolymer films, all the individual
phase-separated BCP layers would be quite mixed up from
churning effects! However, we cannot rule out local molecular
scale forces originating from “suppressed macroscale
Marangoni effects” as causing the multi-tier surface holes.”>”®

Notably, when we use a B-doped silicon substrate that pro-
duces a lower temperature increase of 13.5 °C s™*, the rim-in-
rim structure disappears in favor of only a 0.5L, hole mor-
phology, consistent with Wilson’s results of surface mor-
phology evolution in incommensurate films with a neutral air
interface and preferential (PMMA) substrate interface in ultra-
thin films. However, we did not test if our 0.5L, hole mor-
phology PS-b-PMMA films would evolve into 1L, holes with
extended microwave annealing time due to concerns of sample
degradation beyond 15 s in air. In our case, far from equili-
brium, rapid microwave annealing created highly stretched
BCP domains in the z-direction due to the thin film confine-
ment effects. However, we have no reason or evidence to
believe that the film density below the hole layer is not the
same as the bulk BCP density in this case either.

Block copolymers intrigued salient interest as materials for
photonic crystals due to their ability to self-assemble,
especially lamellar domains forming from block copolymer
films, shown to tune optical properties. As optical implications
need high-end next-generation materials, this 0.5L, rim mor-
phology can lead to the construction of optical transmission
filters or waveguides.””””® These novel BCP morphologies with
the ultra-fast annealing process also show potential impli-
cations in the Internet of Things (IoT), gene delivery, and
trapped drugs, in the hierarchical surface topographies with
multi-purpose applications.”*87%?

5. Conclusions

Microwave annealing is used to rapidly create ordered periodic
parallel rim-like hole-in-hole and island-on-island lamellar
nanostructures. This study thoroughly examines how tempera-
ture gradients and film thickness affect domain spacing and
produce surface terraces at the interfaces of BCP thin films. By
microwave absorbing high-resistivity B-doped Si substrates
@18 °C s, the BCP thin films reached an equilibrium struc-
ture in as little as 8 s, forming well-developed holes on the
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interface, and we hypothesize a high z-temperature gradient is
responsible for this first evidence of subsequent transient mul-
tilayered and concentric 0.5L, surface island and hole struc-
tures that split 1L, surface structure formation at higher temp-
erature evolution until 270 °C at 15 s. Surface energetics to
reduce the surface, temperature gradient homogenization and
increased mobility at high temperature drive the rim widths to
progressively decrease with increasing microwave annealing
time. In comparison, we can achieve only 0.5L, surface struc-
tures when the substrate heating rate is 13.5 °C s, by the
mechanism of neutral air and preferential substrate inter-
actions of BCP films. Intermediate heating rates between
13.5°C s~ " and 18 °C s~ ' create mixed morphologies, so these
results are highly correlated to heating rates of the substrate
and the transient nature of the temperature gradient in the
film through-thickness direction. Future modeling studies can
potentially lay the basis for these experimental observations,
but they are out of the scope of the present study.

Another unique observation is that the 15 s microwave
annealing increased the domain spacing by nearly 25% com-
pared to the 8 s annealing, due to the concurrent lowering of
the interaction parameter (enthalpic effect), enhanced chain
mobility and reduced penalty for stretching of polymer chains
at elevated temperatures (entropic effect). We have suggested
that the system lies in an “intermediate segregation” state
wherein domain stretching well exceeds the SSL theory, but
the interfacial width (as confirmed from the literature) con-
forms to the SSL theory.

Overall, this work successfully applies microwave annealing to
create hierarchical parallel lamellar morphology with interesting
0.5L, rim features in vertically split 1L, structures, with signifi-
cantly enhanced domain spacing, by irradiating a microwave-
absorbing high-resistivity B-doped sSi wafer at a high heating rate
(18 °C s7"). Lower heating rate conditions (13.5 °C s ') produce
an equally interesting 0.5, surface topography, as a simple route
for attaining the uncommon 0.5L, islands and holes in PS-b-
PMMA BCPs. With further research aimed at scaling up the
method, we suggest that microwave substrate-directed self-assem-
bly (MS-DSA) is valuable for industrial processing of BCP films
for the development of unique surface topography and expanded
domains in the film thickness or z-dimension.
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