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Abstract
We report a range of surface characteristics from strong and partial dewetting to complete wetting for thin films of cylinder and
lamellae forming block copolymers (c-BCP and l-BCP, respectively) of polystyrene-b-polymethylmethacrylate (PS-b-PMMA)
on flexible substrates. BCP of various molecular weights (Mw) was applied on elastomeric polydimethylsiloxane (PDMS)
substrates of distinct cross-link densities and various surface energy (SE) obtained by exposure to UV-ozone. We demonstrate
that lower Mw c-BCP films dewet faster than l-BCP films of higher Mw applied on PDMS of lowest cross-link density and SE <
25mJ/m2. Partial dewetting was observed for c-BCP films applied on the lowest cross-link density substrates with 25mJ/m2 < SE
< 32mJ/m2, with a sharper transition from dewetting to wetting for l-BCP films. Finally, complete wetting (stable films) occurred
for both c-BCP and l-BCP films on PDMS substrates with lowest cross-link density and SE > 32 mJ/m2, as well as on PDMS of
the highest cross-link density with SE > 25 mJ/m2. In this extended SE wetting regime, c-BCP show vertical orientation when
applied on both types of cross-linked PDMS in a narrow neutral SE range (39–40) mJ/m2, while being oriented parallel to the
substrate when SE > 40 mJ/m2. The ratio of vertically oriented l-BCP however decreases gradually when applied on substrates
with a higher SE range (40–65 mJ/m2) in comparison to the sharply transitioning c-BCP orientation, reflecting the intrinsic
stability of vertical lamellae over a wider range of substrate SE, consistent with theoretical estimates. These results have important
ramifications for design of next-generation flexible electronics utilizing BCP thin films.
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1 Introduction

Block copolymer films have a unique capability of self-
assembly which makes them facile soft materials and a topic
of current interest. They can effectively be remolded into well-
defined, ordered nanostructures, such as cylindrical, spherical,

or lamellar, in which the microstructure and the domain size
can be controlled by the composition and strength of interac-
tions of the blocks [1–3]. This adjustable morphology makes
BCPs sought after in a variety of applications with advanta-
geous characteristics that can compete with devices produced
by current lithography technologies [4]. Ordering BCP films
is envisioned to be particularly advantageous in fields using
high-end technology, e.g., in the energy storage and conver-
sion field, one envisions advanced fuel cells [5], photovoltaic
devices [6], capacitors [7], high-density data storage devices
[4], etc. Various methods of inducing ordering in BCP are
currently used, ranging from chemical patterning [8, 9], elec-
trical and magnetic fields [10, 11] to lithography [12, 13],
depending on the particular application.

BCP ordering and orientation in thin films have been in-
tensively studied on supporting hard substrates such as glass,
silicon, quartz, etc. [14–16]. Flexible electronics has
harnessed much interest with research focus based on nano-
technology, harmonious with flexible materials and substrates.
Related to it, the shortcomings of most traditionally used
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substrate materials are brittleness and stiffness that have lim-
itations for flexible display technologies. Research on thin
BCP films applied on substrates having bendable features, as
well as more recently used elastomeric substrates exhibiting
compressible, stretchable, and deformable properties is evolv-
ing. The most commonly used flexible materials as substrates
in industries are PET, Kapton® (DuPont™), and PDMS.
Among them, PET is known for excellent barrier, tensile
strength, and thermal stability properties, whereas Kapton
has good mechanical strength. However, PDMS has definite
select benefits over the other two substrates, like non-toxicity,
chemically inert nature, transparency, biocompatibility, light-
weight, low cost, and flexible attributes. Hence, they have
been used in a wide range of applications such as membranes
[17], biomedical devices [18–21], and electronics industry
[22–25]. PDMS exhibits excellent conformal contact charac-
teristics as well by virtue of its flexibility. Additionally, its
modulus as well as flexibility and surface energy, in compar-
ison to PET and Kapton, can be modified according to the
specific requirements. For instance, by changing the ratio of
the oligomer to the cross-linking agent for PDMS thermal
curable compositions, the modulus of PDMS can be altered
in the range of 1–10 Mpa.

One of the approaches to fabrication of flexible electronics
devices was demonstrated by Rogers et al. via placement of
buckled ultrathin layers made by brittle silicon nanowires,
nanoribbons, or membranes on elastomeric PDMS substrates
that have the ability to stretch and compress [26, 27]. Russell
et al. showed another route to creating long-range ordered
structures on flexible polymeric materials by ordering BCP
films on sawtooth patterned polymeric replicas [28].
Recently, Singh et al. developed alternative methods to orient
vertical PS-b-PMMABCP films on hard (Si, quartz) and flex-
ible (Kapton, PDMS) substrates via sharp dynamic cold zone
annealing with sharp thermal gradient (CZA-S) [14], as well
as PS-P2VP films on PDMS andKapton via CZA in soft shear
mode (CZA-SS) [29]. In that research, BCP thin film stability
and orientation on flexible substrates were systematically ex-
amined for flexible polymeric (PDMS) substrates of different
chemical compositions and mechanical properties, under dy-
namic thermal annealing conditions.

In contrast to bulk systems, stable BCP films are not only
affected by the film thickness and domain spacing, but also by
interfacial interactions [30]. Modification of the substrate sur-
face energy enables for control of orientation of the BCP and
thin films morphology and properties. The stability of thin
polymeric films towards dewetting, prepared with either ho-
mopolymer or block copolymer, is closely related to the film
wettability property on the substrate. Wetting or dewetting
from the substrate can happen as a consequence of interaction
with the polymer film based on the interfacial interaction
amidst the substrate and the film as a function of the film
thickness.

Dewetting of liquid or solid films usually occurs via for-
mation of free substrate surface regions within the film, as the
film becomes unstable, that can be explained in terms of de-
creasing the Gibbs free energy of the system. In the second
order derivative of the Gibbs free energy (ΔG) w.r.t. the film
thickness h, if negative, the film turns out to be unstable:
d2ΔG/dh2 < 0. Otherwise, the film can be thermodynamically
metastable or stable [31, 32]. In general, the interactions be-
tween a thin film and a hard substrate can be explained by the
spreading parameter, S, which is calculated by the following
equation, S = γB−(γA + γAB) where γA and γB indicate the
surface tension of the film (A) and the substrate (B), respec-
tively. The interfacial tension at the polymer/substrate inter-
face is given by γAB. When the spreading parameter, S, be-
comes greater than zero (S > 0), the polymer film starts wet-
ting the substrate and becomes stable. If the spreading param-
eter is smaller than zero (S < 0), it implies that the polymer
film is unstable and will dewet from the substrate with forma-
tion of holes and ultimately droplets [33]. A typical polymer
dewetting can involve either of two types of mechanisms,
such as hole formation via nucleation and spinodal dewetting
due to fluctuations in ultrathin film [31, 34, 35]. Green et al.
showed the dewetting of a disordered block copolymer thin
film occurred at different stages by an autophobic mechanism
with formation of a dense brush layer. Dewetting of PS-b-
PMMA diblock copolymer films was studied as a function
of the film thickness and interactions at substrate and air in-
terfaces on hard silicon and on chemically modified substrates
[31, 36–38].

Several researchers have shown the substrate modification
methods for BCP affects their ordering, orientation, and long-
range order, which is important for several applications, like in
electronics. Usually, observation of the perpendicular orienta-
tion of BCP system on the substrate is noted for the case when
the substrate surface is neutral with respect to the blocks. If
one of the blocks preferentially wets the substrate or air sur-
face, parallel orientation is observed within the film at that
interface. In these systems, the properties of the substrates
can be organized in terms of both chemical or physical nature,
individually or by their combinations, to acquire the desired
orientation. Microstructures can be ordered and aligned for
block copolymers in particular directions as they are highly
reliant on the interfacial energies arising from the surface
boundaries. Several chemical methods, such as neutral
brushes, self-assembly monolayers, and chemical patterning
can be used to obtain this efficiently.

Mansky et al. and other researchers have performed ex-
tensive theoretical and practical studies on random copoly-
mer brush layer grafted onto the substrate and film interfaces
to control the interactions between them [39–41]. These sys-
tems have the potential to affect a gradual substrate modifi-
cation by creating a range of surface energy values. Russell
and coworkers have exclusively considered this

12 emergent mater. (2019) 2:11–22



phenomenon with the purpose of creating perpendicular ori-
entation of PS-b-PMMA BCP by forming a neutral layer on
the substrate with grafted PS-r-PMMA on the silicon surface
[42–45]. This idea was to further develop such double neu-
tral surfaces comprising of random copolymer brushes to
heighten the perpendicular orientation all along the BCP
film [42]. The power of these interfacial interactions is usu-
ally altered by exchanging each block composition from the
random brushes. It has been shown for the block copolymer
films coated on PS-r-PMMA modified substrate rich in PS,
symmetric wetting due to PS block interaction, and for those
random brush films rich in PMMA an anti-symmetric wet-
ting occurs due to favorable interactions of PMMA blocks
with the substrate surface [43–45].

Chemical patterning is another method to change the sub-
strate characteristics and to align BCP thin films. Kim et al.
used self-assembly monolayers (SAMs) as one of the mate-
rials, coated on the substrate to create hydrophilic (OH-
terminated) and hydrophobic (CH3-terminated) stripes via
micro-contact printing [46]. Heier et al. showed island forma-
tion in PS-b-P2VP films over the OH-terminated stripes [47].
On the other hand, Nealey and coworkers showed self-
assembly of symmetric PS-b-PMMA films on patterned
octadecyltrichlorosilane (OTS) coated substrates, where ex-
treme ultraviolet interferometry lithography (EUV-IL) was
used to pattern the OTS surface. Lamellar PS and PMMA
blocks of a BCP film wet either CH3- or OH-terminated re-
gions because of the unexposed and exposed UV regions,
leading to perpendicular orientation on the substrate [9].
Moreover, combinatorial gradient methods have been devel-
oped by Karim et al. to create a 2D map of the neutral vertical
regime, and symmetric and asymmetric parallel lamellar re-
gimes for PS-b-PMMA morphology, depending on the film
thickness and on the substrate surface energy altered by using
UV-ozone treatment [48].

In this work, we studied the cylindrical and lamellar
forming BCP (c-BCP and l-BCP, respectively) thin films mor-
phology and wetting properties on flexible PDMS substrates
with controlled surface energy and controlled flexibility with
select cross-link density. As there are only limited studies on
morphology of BCP applied on polymeric substrates, there is
a lack of knowledge on how the BCP filmwetting behavior on
flexible polymeric substrates is affected by the surface energy
and cross-link density of the substrate, to determine the effects
arising from the compositional and surface energy mismatch
for the cylindrical and lamellar BCP systems on such sub-
strates. Specifically, we explore the regimes of the PS-b-
PMMA film dewetting, transition, and wetting by changing
gradually the PDMS substrate surface energy from 20 to
70 mJ/m2. For the wetting regime, we examine how to control
the orientation of c-BCP and l-BCP by changing the PDMS
substrate surface energy and its mechanical modulus through
degree of cross-linking.

2 Experimental

2.1 Preparation of polydimethyl siloxane substrates

Sylgard 182 Silicone Elastomer kit was used to prepare
PDMS substrates as advised by the manufacturer (Dow
Corning) with the mass ratio of the base oligomer to the curing
agent as 10:1 (~ 10 wt%) and 25:1 (~ 4 wt%). The oligomer
and the curing agent were mixed and degassed for 30 min
under vacuum. PDMS samples were prepared by both spin
coating at 3000 rpm for 50 s and flow coating on glass sub-
strates, and cured at 120 °C for 2 h. PDMS compositions
consisting of 4 wt% of the cross-linking agent were coated
directly on the glass substrate. On the other hand, PDMS
compositions consisting of 10 wt% of the cross-linking agent
were poured onto silanized glasses and the peeled-off smooth
side of the elastomeric substrates was used for subsequent
experiments.

2.2 Surface treatment of PDMS substrates

In order to alter the wetting properties of PDMS from hydro-
phobic to hydrophilic and to enhance adhesion between the
BCP films and the PDMS substrates, the substrate surface
needs to be treated. In our studies, we used a UV-ozone system
(Novascon PSD Series) as the surface treatment method. The
UVO treatment times were selected as 1, 2, 3, 4, 5, 6, and 8 h.
It is important to note that using a high power UV source can
reduce these exposure periods of time. The surface energywas
calculated by performing contact angle measurements based
on the static sessile drop method data with the drop volume of
3 μl after using goniometer (Rame-Hart Goniometer).
Diionized water, hexadecane, dimehtylsulfoxide, and
diiodomethane were used as liquids for the contact angle mea-
surements to determine the surface energy.

2.3 Preparation of BCP thin films

Two BCP systems were used in this study: PS-b-PMMA BCP
of MW (Mn) of 35-b-12.5 kg/mol (total 47.5 kg/mol) that typ-
ically forms cylinders (c-BCP) of polydispersity index of Mw/
Mn = 1.07, and of MW (Mn) of 33-b-33 kg/mol (total 66 kg/
mol) that forms lamellae (l-BCP) of polydispersity index ofMw/
Mn = 1.09. Both BCP systems were obtained from Polymer
Source, Inc. The cylinder to cylinder distance was L0 ≈ 24 nm
for 47.5 kg/mol and the lamellar domain spacing was L0 ≈
35 nm for 66 kg/mol. Samples of both types of BCP were
dissolved in toluene (Laboratory grade) with a total polymer
concentration of 2 wt% and stirred overnight. Afterwards, the
polymer solutions were filtered using a 0.2μmPTFE filter. BCP
filmswhichwere uniformly thinwere developed by spin coating
of all the solutions at the same speed (1000 rpm), acceleration
and time (50 s) on the previously prepared (see above) PDMS
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substrates surface immediately after UVO treatment in order to
avoid any surface alterations of the substrates. The cylindrical
and lamellar PS-b-PMMA thin films had film thicknesses of
85 nm and 75 nm, respectively, verified by Filmetrics F-20
UV Thin Film Analyzer. In view of the glass transition temper-
ature of the blocks (100 °C), the annealing temperatures were
determined for the BCP systems. All the thin BCP films were
annealed at 160 °C for 14 h under vacuum.

2.4 FTIR spectroscopy and microscopy image analysis

The FTIR spectroscopy was performed using a Thermo
Electron Corporation spectrometer (Thermo Scientific Inc.), in
the absorption mode, in order to characterize the surface chem-
ical composition of the PDMS substrates exposed to UVO. The
baseline correction was performed initially for the surface of the
thermally cured PDMS slabs. The FTIR spectra of the samples
exposed to UVO for different periods of time and for PDMS
without the UVO treatment show the characteristic absorption
peaks marked as (1)–(9) in Fig. 1. A strong peak (1) is connect-
ed with –CH3 rocking (785–815 cm−1). Peaks (2) and (3) are
related with ≡Si–OH stretching (825–870 cm−1 and 870–
920 cm−1, respectively). A strong doublet peak (4–5) related
to asymmetric ≡Si–O–Si ≡ stretching (1015–1090 cm−1), a
weak transition occurring at band 6 is linked with –CH2– vi-
bration (1150–1200 cm−1) and a single peak (7) corresponds to
the symmetric –CH3 stretching in ≡Si–CH3 (1245–1270 cm

−1).
A distinct peak (8) is demonstrates an asymmetric –CH3

stretching in ≡Si–CH3 (2950–2970 cm−1).
The optical microscopy images of the BCP films were col-

lected using an Olympus BX-41 microscope in the transmis-
sion mode under the bright field. The structure of the BCP

films on the PDMS substrates was characterized using a DI-
Veeco Nanoscope VAFM at the Akron Functional Materials
Center, and the Grazing-incidence small-angle X-ray scatter-
ing (GISAXS) measurements were performed at the X9
beamline of the National Synchrotron Light Source (NSLS)
at the Brookhaven National Laboratory. An incident X-ray
beam of 13.5 keV at the wavelength of 0.0918 nm was used,
and the analysis of the samples was carried out under vacuum
(~ 40 Pa). The GISAXS experiments were accomplished at
0.15o incidence angle, i.e., performed above the film-
vacuum critical angle, to specifically observe the BCP order-
ing through the entire film thickness, using a charge-coupled
device (CCD) detector for the data collection.

3 Results and discussion

In this study, two types of polydimethlysiloxane (PDMS)
with distinct compositions and cross-link degree and, there-
fore, different modulus and flexibility [49], as well as sur-
face characteristics, were used as substrates for application
of BCP to obtain various BCP ordering morphologies of
thin films. The distinct characteristics of the two types of
the substrate were obtained by different exposure time of
UVO treatment (Fig. 1).

Increasing UVO exposure time results in an increase of
intensity of the peak (9) that corresponds to –OH stretching
in ≡Si–OH (3050–3700 cm−1) (Fig. 2). Similar increase in
intensity of the peaks (2) and (3) is expectedly due to oxida-
tion of the –CH3 group into hydrophilic –OH functional
groups at the surface. A hydrophobic to hydrophilic conver-
sion of the functional groups at the surface yields in a decrease
of intensity of the peaks (1), (7) and (8) as well, due to a
decrease in the amount of the –CH3 groups at the PDMS
surface. The characteristic ≡Si–O–Si ≡ peak (5) decreases
when UVO time increases, suggesting that a chain scission
occurred in the PDMS system. Similar observations regarding
the surface treatment effects on the PDMS surface chemical
composition were achieved by exposure to ultraviolet (UV)
radiation, UVO treatment, and O2 plasma treatments of the
PDMS substrates, as reported in the literature [50, 51].
Importantly, it is a well-known fact that UVO treatment is
far more effective than UVradiation without ozone in creating
the hydrophilic –OH groups at the PDMS surface despite the
demonstrated effectiveness of the UV radiation treatment on
the chain scission at the main polymer backbone [50, 51].

As demonstrated by FTIR, an increase in exposure to the
UVO treatment time yields in an enhanced hydrophilicity of
the surface of the PDMS substrates. To evaluate this effect, the
surface energy of the system corresponded to different expo-
sure times was calculated. Static sessile contact angle mea-
surements for different liquids on UVO-exposed and non-
exposed PDMS samples were performed by the Owens-

c-BCP, l-BCP

PDMS, low 
crosslink degree 

(4 w% of the 
crosslink agent)

PDMS, high 
crosslink degree 
(10 w% of the 

crosslink agent)

PDMS substrates 
of tunable SE

UVO UVO

Fig. 1 Schematic demonstration of the experimental conditions used in
this study
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Wendt method to determine the surface energy [52, 53] by the
following equation:

γL 1þ cosθð Þ
2

ffiffiffiffiffiffi

γDL
p ¼

ffiffiffiffiffi

γPS
p ffiffiffiffiffi

γPL
p

ffiffiffiffiffiffi

γDL
p þ

ffiffiffiffiffiffi

γDS

q

ð1Þ

where γL andγS are the surface free energies for the liquid and
the solid interfaces with their saturated vapor, respectively,
also here, the superscripts P and D corresponds to the polar
and dispersive (non-polar) force components, and cosθ is the
contact angle [54].

The UVO exposure time versus UVO dose is demonstrated
in Fig. 3(a). Increasing surface treatment time is related to an
increase of the applied UVO dose and leads to higher surface
energy values for PDMS substrates surface. The effect of the
UVO dose on the surface energy for both types of the cross-
linked PDMS for the compositions containing different

amounts of the cross-link agent (4 wt% and 10 wt%) is shown
in Fig. 3(b). The UVO lamp to the sample stage distance was
set at a constant value of 50 mm.

As shown in Fig. 3(b), SE of PDMS substrates increases from
20 to 62 mJ/m2 rapidly until UVO exposure dose reaches 100 J/
m2, due to the increasing amount of the hydrophilic –OH groups
as demonstrated by increasing intensity at 3050–3600 cm−1 (see
Fig. 2). Further increase of the dose results in a slow change in the
SE until reaching 70mJ/m2 (Fig. 3(b)). This large hydrophobic to
hydrophilic transition enables us to investigate the dewetting and
wetting characteristics of the cast BCP films depending on the
cross-link degree/modulus and SE properties of the substrate.

Investigation of the dewetting-wetting behavior of the BCP
films is crucial for understanding the conditions of the film
stability, which is relevant in most technological applications.
The optical micrographs in Fig. 4(a–j) shows the wettability
characteristics of the BCP films applied on a PDMS substrate

Fig. 3 UVO dose depending on time for the UVO exposure (a) and dependence of the surface energy of PDMS substrates prepared from different
compositions on UVO exposure dose (b)

Fig. 2 FTIR spectra for PDMS
films exposed to UVO treatment
for various time periods
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with the lowest cross-link degree (4 wt% of the cross-link
agent in the composition) and gradually changing SE after
the film annealing. One should note that all the spin-coated
BCP films applied on both types of the cross-linked PDMS
substrates were initially uniform, regardless of the PDMS
cross-link degree and its SE.

The optical micrographs for the annealed c-BCP (Mn
47.5 kg/mol) and l-BCP (Mn 66 kg/mol) of PS-b-PMMA
films on unexposed to UVO PDMS substrates (4% of the
cross-linker) are shown in Fig. 4(a and f), respectively. Non-
modified by UVO PDMS substrates (SE~ 20 mJ/m2) have
hydrophobic surface characteristics. In this case, the substrate
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Cylindrical                             LamellarFig. 4 Optical microscopy
images of annealed PS-b-PMMA
(a–e) for c-BCP (85 nm) and (f–j)
l-BCP (75 nm) films on PDMS
with increasing SE 20–42 mJ/m2.
All scale bars are 100 μm
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SE is lower than the sum of the BCP SE and the interfacial
tension between substrate and the polymer (S < 0), therefore,
it results in film dewetting with various distributions of small,
large, and some interconnected BCP droplets on the PDMS
surface with decreasing films inhomogeneity corresponded to
a diminished dewetting process with increasing SE of the
substrate. This is consistent with previously demonstrated late
stage dewetting of BCP films due to instability driven breakup
of the films after their annealing [33, 35, 54].

At a higher SE (24 mJ/m2) of PDMS, c-BCP films generate
important interconnected regions comprising of blend of
holes, owing to a transition between early and late stages of
dewetting, as shown in Fig. 4(b). Figure 4(g) demonstrates
that l-BCP films undergo only hole formation at this early
stage of dewetting. Such slow dewetting kinetics can be asso-
ciated with a larger PMMA fraction of the l-BCP wetting the
substrate, compared with c-BCP films. This can additionally
be affected by a higher overall MW of the l-BCP compared
with the c-BCP. When SE of the PDMS substrates reaches
32 mJ/m2, (see Fig. 4(c)), the dewetting trend continues for
all the BCP systems, with the lamellar forming BCP films
exhibiting more suppressed dewetting behavior than the cy-
lindrical BCP films.We would like to repeat that the annealing
conditions of 160 °C for 14 h used during the procedure is
quite harsh suggesting that dewetting is intensely retarded at
PDMS of SE of 32mJ/m2. On the other hand, 1-BCP indicates
non-uniform thickness wetting films macroscopically (Fig.
4(h)). The PDMS surface forms a partially to a completely
wettable regions due to being in a transition zone.
Undoubtedly, further kinetics studies are required to probe
the dewetting, inhomogeneous wetting, and uniform BCP film
wetting processes, however, this is outside of scope of the
present study.

Based on the strong dewetting behavior of c-BCP and l-
BCP films applied on non-modified PDMS substrates (SE ~
20 mJ/m2), we do not anticipate formation of a grafted brush
layer similar to the one reported by Limary et al., as the
surface chemical composition of PDMS surface with such a
low surface energy would presumably prevent grafting [31].
For the PDMS substrates with a higher surface energy, we do
not expect presence of a grafted layer since dewetting is pro-
gressively stabilized for both cylinder and lamellae forming
BCPs, rather than breakup taking place for the entire film.
Evidence for a stable wetting regime for both cylinder and
lamellar BCP films on the UVO-exposed PDMS substrates
with SE above 40 mJ/m2 like film breakup or droplet forma-
tion is not visible as can be seen in Fig. 4(e and j), respec-
tively. Since both PS and PMMA surface energy values are
near to the substrate SE (36–40 mJ/m2) hence, it is an expect-
ed result and, therefore, the spreading parameter is expected
to be either equal or larger than zero (S ≥ 0). This wetting
regime for PS-b-PMMA on PDMS with AFM in examined
and depicted in detail (Fig. 5).

The BCP morphologies of c-BCP and l-BCP (PS-b-
PMMA) films on PDMS substrates with the lowest cross-
link degree (4% of the cross-linker in the composition) inves-
tigated using AFM are illustrated in Fig. 5(A (a–c) and (d–f)),
respectively (see Section 2 for detailed sample preparation).
As one would expect, the cylindrical PS-b-PMMA demon-
strate almost 100% parallel orientation on PDMS substrate
with SE of 42 mJ/m2. This is what one would anticipate, since
the PMMA cylinder block is of a higher polarity compared to
the PS block, and it is typically more attracted to the oxidized

Cylindrical               Lamellar
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Fig. 5 (A) AFM phase images. (a–c) c-BCP (PS-b-PMMA, Mw 35-b-
12.5 kg/mol) on PDMS substrates (lowest cross-link degree, 4 wt% of the
cross-linking agent, SE = 42, 65, 68 mJ/m2), (d–f) l-BCP PS-b-PMMA
(Mw 33-b-33 kg/mol) on PDMS substrates (lowest cross-link degree,
4 wt% of the cross-linking agent, SE = 42, 65, 68 mJ/m2. All the scale
bars are of 100 nm. (B) The area fraction (%) of the perpendicular orien-
tated lamellar (solid line) and cylindrical (dashed line) for PS-b-PMMA
films on PDMS substrates (lowest cross-link degree, 4 wt% of the cross-
link agent)
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surface, such as the UVO modified PDMS, forming parallel
cylinders. The fully parallel orientation remains stable with an
increased dose of the UVO treatment that corresponds to SE
of 42–70 mJ/m2. This is consistent with the FFT of the AFM
images shown in the upper insets of the Fig. 5(A a–c).

The lamellae forming PS-b-PMMA films indicate a transi-
tion from typically perpendicular to gradually increasing
mixed morphology, since the substrate surface energy is
changed from 42 to 68 mJ/m2 (Fig. 5(A e–h)). Figure 4B
shows the fraction of the morphology with perpendicular ori-
ented both c-BCP and l-BCP films. Unlike the cylinder frac-
tion, which does not change within the entire SE range of 42–
70 mJ/m2, the perpendicular orientated lamellar in BCP films
gradually transform to parallel orientated for the BCP films
applied on the PDMS substrates with the surface energy of
65 mJ/m2 (23% change) and change almost completely
around 70 mJ/m2 (85% change). To our knowledge, the dif-
ference in BCP morphology between the cylindrical and the
lamellae forming BCP applied on the substrates with different
cross-link degree/flexibility has not been previously investi-
gated. Our gradually altered SE of the substrates allowed for
obtaining a range of surface characteristics to make this com-
parative study.

Agreeing with the theoretical simulations and predictions
of Sommer et al. [55, 56], an equilibrium of the stretching
energy of diblock copolymers at the surface of the film with
the substrate favors the lamellae forming BCP rather than the
cylindrical ones. As demonstrated by these simulations, the
increase in the BCP radius of gyration, Rg, with the segrega-
tion strength, χN, is stronger for the symmetric BCP that
maintain a perpendicular orientation on the substrates with
the neutral surface energy. This is in agreement with our pre-
vious observations which determined that the perpendicular
morphology of the lamellae forming BCP is steady over an
extended surface energy range, compared to the cylinder
forming BCP.

We performed related experiments in order to determine
whether the substrate flexibility plays a role in this transition,
on the PDMS substrates with a higher cross-link degree
(10 wt% of the cross-linker) and higher modulus. The
dewetting and wetting characteristics, as well as the morphol-
ogy changes for the cylinder forming PS-

b-PMMA films applied on the UVO-exposed PDMS sub-
strates (10 wt% of the cross-linker) follow from the optical
micrographs and AFM images in Fig. 5 (a–c) and (d–f),
respectively.

When the substrate SE is close to that of the non-modified
PDMS (22 mJ/m2), the c-BCP films displays holes formation,
which is proof of an early stage of dewetting of the polymer
films. It seems that small variations (e.g., 20 mJ/m2 versus
22 mJ/m2) in the SE may occur with changes of the cross-
link degree. These changes, for instance, between 20 and
24 mJ/m2 can significantly influence the rate of the dewetting

as it was discussed above and demonstrated in Fig. 4. Thus, it
is difficult to conclude if the slow rate of the hole formation on
a non-modified 10% PDMS versus the fast rate of the
dewetting on a non-modified lower cross-link density
PDMS is due to SE variation or modulus alteration.
Numerous studies have been carried on how the viscoelastic-
ity of the substrate affects dewetting of polymers in a bilayer
form [57].

Intuitively, the BCP film wetting characteristics are antici-
pated to be upgraded with an upsurge in the SE at the top
surface of PDMS. A partially suppressed dewetting part of
the film was observed, where the dewetting to wetting transi-
tion can be comprehended with a small change in the PDMS
SE shown in Fig. 6(b) (27 mJ/m2). Yet, a stable continuous
film on an elastomeric substrate was not visible at this stage.
Further treatment of the PDMS substrate with UVO leads to
enhancement of the wettability of the BCP films at a higher SE
of 38 mJ/m2, which is close to that of the SE of each block.

The c-BCP morphology is illustrated in AFM images in
Fig. 6(d–f) from dewetting to wetting transition. The AFM
images shown in the optical micrographs in Fig. 5(b) for the
PS-b-PMMA films applied on a PDMS substrate with the SE
of 27 mJ/m2 in the wetting region revealed mostly perpendic-
ular orientation of the PMMA cylinders. As far as the vertical
orientation is considered, the coherent wetting sections of the
films are dependent on the point that the c-BCP blocks are
based on a repulsive yet close to neutral SE substrates.
Alternatively, the dewetting may possibly have induced verti-
cal alignment based on the parameters of the process of
dewetting hole formation. Nevertheless, we observed that
there is an absence of the long-range order of the perpendicu-
lar cylinders all over these wetting regions of the film.

Further, increase in the SE from 38 to 70 mJ/m2 due to a
higher amount of the hydrophilic functional groups on the
surface yields in a complete wetting of the PDMS substrates
by the BCP films as shown in Fig. 5(e, f). Presumably, wetting
of the PMMA block is enhanced with an increasing of the SE
of PDMS substrates in the SE range of 38–70mJ/m2, resulting
in a parallel orientation of the PMMA cylinders within the PS
matrix of the BCP films on the PDMS.

Grazing-incidence small-angle X-ray scattering (GISAXS)
experiments were done for these c-BCP PS-PMMA thin films
to probe their morphology, as shown in lower insets of Fig.
5(e, f). The GISAXS images show a mixed overall film mor-
phology (i.e., horizontal and vertical cylinders) adjacent to the
transition zone (38 mJ/m2), in the cases where only parallel
cylinder orientation controls the film-air interface (Fig. 6(e)).
Evidently, this fraction of the vertically oriented cylinders
must be located in the interior part of the film, and possibly,
even near the interface with the close-to-neutral surface ener-
gy PDMS substrate as well. For the substrate SE of 68 mJ/m2,
the GISAXS spectra for c-BCP film on such highly hydrophil-
ic surface show intense scattering peaks indicating a
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significant increase in the parallel oriented cylinder fraction
(Fig. 6(f) versus (e) inset GISAX scattering pattern) all over
the film, (i.e., at the surface and in bulk), steady with the
overall film morphology arising from a higher degree of the
substrate wetting via the parallel oriented PMMA cylinders.

In case of the l-BCP films on the UVO-treated PDMS
substrates with a higher cross-link degree (10 wt% of the
cross-linking agent), the optical micrographs are shown in
Fig. 6(a–d) and AFM the images are illustrated as insets of
the Fig. 6. In contrast to the early stage dewetting of c-BCP
films on hydrophobic PDMS substrates with the SE = 22 mJ/
m2, the l-BCP films do not follow similar dewetting trend in
the same SE range, as shown in Fig. 6(a). We observe a film
cracking rather than dewetting on the non-modified l-BCP
films with a higher cross-link degree (10 wt% of the cross-
linking agent), which is typically related to adhesion issues. A
higher modulus of the substrate with a higher cross-link de-
gree and a slightly higher SE and a higher molecular weight of
the BCP may all contribute to these cracking phenomena that
will be further studied in detail and reported separately.

We obtained uniform films for PDMS with SE above
27 mJ/m2, as reported in Fig. 6 (b–d). AFM images for the l-
BCP films on PDMS substrates with a wide SE range of 22–
68 mJ/m2 are shown in Fig. 6(a–d) as insets. It is noteworthy
that clear AFM images are tough to get in some cases for the
BCP films because of a low compliance of the underlying
PDMS substrates. In contrast to the c-BCP surface, the lamel-
lar forming BCP regions generally align perpendicularly on
10% cross-linked PDMS substrates at almost all the SE range
(22–68 mJ/m2). Comparing the continuity of the perpendicu-
lar lamellae domains in the BCP films on the PDMS with the

lower cross-link degree (4 wt% of the cross-linker), larger
areas of perpendicularly aligned lamellae domains are ob-
served on the substrates with a higher cross-link degree
(10 wt% of the cross-linker). To establish the uniform mor-
phology throughout the films, the GISAXS measurements
were done on the lamellar forming PS-PMMA thin films cast
on PDMS substrates, as displayed in the lower insets of Fig.
6(b–d). The GISAXS results are consistent with the transition
of the lamellar structure from the vertically oriented (Fig. 6(b)
to horizontally oriented (Fig. 7(d)). This is qualitatively simi-
lar to what is observed for the morphology of the films applied
on the PDMS with the lower cross-link degree (4 wt% of the
cross-linker) and increasing SE. Quantitative differences in
the orientation behavior of the BCP films may be related to
the flexibility of the PDMS substrate.

Additionally, as it is well known, PDMS is known for being
able to recover partially its SE upon plasma modification [58], a
result attributed to the presence of non-cross-linked monomers
at the surface. To determine whether the potential substrate sur-
face energy recovery via the non-cross-linked monomers has
affected our BCP orientation in any way or not, we performed
a qualitative research of a solvent extraction with three different
solvents and over several days to remove the on-cross-linked
monomers from the PDMS network prior to the UVO treatment,
followed by the BCP annealing. The morphology of these BCP
films depicted the non-extracted films orientation on the PDMS
substrates within permissible experimental error. We conclude
that the surface restructuring of the non-cross-linked fraction of
the PDMSmonomers do not affect our BCP orientation study in
any way whatsoever, and possibly does not happen in BCP
coated PDMS substrates.

a b c

d e f

22 mJ/m
2

27 mJ/m
2

38 mJ/m
2

27 mJ/m
2

38 mJ/m
2

68 mJ/m
2

Fig. 6 BCP film wettability and
the morphology varying with the
c-BCP PS-b-PMMA (Mw 35–
12.5 kg/mol) films on PDMS
substrates annealed at 160 °C;
Optical images for BCP films on
PDMS substrates with the
substrate SE of (a) 22 mJ/m2, (b)
27 mJ/m2, and (c) 38 mJ/m2 and
AFM phase images for the BCP
films on PDMS substrates with
the substrate SE of (d) 27 mJ/m2,
(e) 38 mJ/m2, and (f) 68 mJ/m2.
Scale bars for OM and AFM im-
ages are 100 μm and 100 nm,
respectively
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A final comment is that PDMS will exert a compressive
stress upon cooling below the Tg of the BCP film, due to its
coefficient of thermal expansion, α~ 325∙10−6 °C, which is
five times higher than that of the PS-b-PMMA film (αPS =
60∙10−6-80∙10−6 °C, αPMMA = 50∙10−6 °C) [59]. As far as
buckling is considered for the composite bilayer upon cooling,
the compression is quite small at cooling from the BCP Tg
(100 °C), to the ambient 25 °C, hence no practical buckling is
observed, although partial cracking can be present in excep-
tional cases (Fig. 7a). For the PDMS with a lower cross-link
degree (4 wt% of the cross-linker), it is expected to be propor-
tionally lower and the compression is also insufficient to buck-
le the BCP film.

4 Conclusions

Motivated by needs for flexible electronics of the future, partic-
ularity related to directed self-assembly (DSA) of BCPs on flex-
ible substrates, we have mapped a large range of two BCP
morphologies and studied their surface phenomena from
dewetting to partial wetting to complete wetting on modified
SE and varied flexibility/modulus PDMS substrates. The sub-
strate SE variation from hydrophobic to hydrophilic was orga-
nized by using the UVO treatment. In the wetting regime, we
inspected the molecular orientation behavior of the c-BCP and l-
BCP films on elastomeric PDMS substrates. Specifically, a
strong dewetting was observed for both c-BCP and l-BCP on
PDMS substrates with SE below 25mJ/m2 and the lowest cross-
link degree. The dewetting behavior is more retarded for the l-
BCP (higher Mw) compared with the c-BCP (lower Mw).
Whether the dewetting kinetics is affected more by Mw or by
the morphology will be a scope of a future study.

This is followed by a regime of partial dewetting for both c-
BCP and l-BCPwith SE above 25mJ/m2 and below 32mJ/m2

on the same cross-linked PDMS substrates (4 wt% of the
cross-linker). The transition from dewetting to wetting regions
is rapid for the l-BCP than for the c-BCP films at this stage. A

complete wetting was witnessed for both l-BCP and c-BCP
PS-b-PMMA films, at the conditions where the substrate SE is
above 32 mJ/m2 (and 25 mJ/m2) for both types of the cross-
linked PDMS substrates. Evidently, a higher SE is required for
both l-BCP and c-BCP film to undergo wetting on the more
flexible PDMS substrates.

For PDMSwith SE above 40mJ/m2, potentially because of
the higher intrinsic stability of the l-BCP, its outer surface
remains perpendicular and decays very slowly with increasing
SE up to 70 mJ/m2. This is important and relevant to applica-
tions of such vertically oriented lamellae. In contrast, perpen-
dicular cylinders are observed only for the films applied on
PDMS with a narrow SE window around 40 mJ/m2, with
mostly parallel orientation on the substrates with SE above
40 mJ/m2. These results can have widespread practical usage
for flexible substrates based on BCP nanoelectronics technol-
ogy, such as next-generation organic solar cells that need flex-
ible substrates.
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