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lock copolymer self-assembly in thin

film geometries (~100 nm thickness)

has garnered significant interest due

to the potential applications of copolymer
materials as nanotemplates,' > nanopor-
ous membranes,*™” active layers in organic
optoelectronics,® and antireflection coatings.’
In AB diblock and ABA triblock copolymer
systems, self-assembly is primarily controlled
by the block interactions (interaction para-
meter, ), number of segments per polymer
chain (N), and block volume fractions (A."%"
Common morphologies include spheres, cy-
linders, gyroid network, and lamellae, which
have periodicities, or domain spacings (Lo), on
the order of 10—100 nm.'® However, com-
pared to bulk materials, thin film self-assembly
is strongly influenced by commensurability
considerations (ratio of film thickness to do-
main spacing) and surface energetics (free
surface and substrate surface energies).'* Ad-
ditionally, nanostructure orientation relative to
a substrate surface is a critical consideration for
many of the above-mentioned applications.'?
Traditionally, solvent vapor annealing
(SVA) has been used as an alternative to
thermal annealing for copolymers that are
susceptible to thermal transitions or deg-
radation."*~"> However, it also is attractive
as a general approach for controlling thin
film self-assembly for several additional rea-
sons. First, the selectivity of the solvent
vapor can create an effectively neutral free
surface'®'” or a surface that preferentially
attracts the higher surface tension block
by reducing preferential segregation of
the lower surface tension block to the
free surface. Second, vapor sorption into the
film promotes self-assembly by lowering the
glass transition temperature of each block,
increasing chain mobility.'*'®'® Third, vapor
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Decreasing solvent removal rate

Nanoscale self-assembly of block copolymer thin films has garnered significant research
interest for nanotemplate design and membrane applications. To fulfill these roles, control of
thin film morphology and orientation is critical. Solvent vapor annealing (SVA) treatments can
be used to kinetically trap morphologies in thin films not achievable by traditional thermal
treatments, but many variables affect the outcome of SVA, including solvent choice, total
solvent concentration/swollen film thickness, and solvent removal rate. In this work, we
systematically examined the effect of solvent removal rate on the final thin film morphology of
a cylinder-forming ABA triblock copolymer. By kinetically trapping the film morphologies at
key points during the solvent removal process and then using successive ultraviolet ozone
(UVO) etching steps followed by atomic force microscopy (AFM) imaging to examine the
through-film morphologies of the films, we determined that the mechanism for cylinder
reorientation from substrate-parallel to substrate-perpendicular involved the propagation of
changes at the free surface through the film toward the substrate as a front. The degree of
reorientation increased with successively slower solvent removal rates. Furthermore, the AFM/
UVO etching scheme permitted facile real-space analysis of the thin film internal structure in
comparison to cross-sectional transmission electron microscopy.

KEYWORDS: solvent annealing - solvent removal - block copolymer - thin film -
self-assembly - morphology - orientation

sorption affects block interactions, block
volume fractions, and nanostructure domain
spacing, which can lead to mitigation of sub-
strate surface preferences, induce chan-
ges in morphology, and/or impact commen-
surability considerations.'*'619~23

SVA results are affected by solvent choice,
total solvent concentration (which dictates
swollen film thickness), and solvent removal
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rate. The latter parameter is instrumental in kinetically
trapping desirable morphologies or nanostructure
orientations.>** %% Instantaneous solvent removal is
typically employed in SVA experiments to trap the
morphologies present in swollen films; however, the
nanostructure lattice symmetry can become distorted
upon solvent removal.?’ In contrast, slower solvent
removal during film casting or after SVA can produce
intriguing morphologies. Kim and Libera reported one
of the first studies on the effects of solvent removal rate
in block copolymer thin films.?® They examined cylin-
der-forming poly(styrene-b-butadiene-b-styrene) (SBS)
films cast from toluene and showed that poor ordering
was obtained for very fast solvent removal. Using succes-
sively slower solvent removal rates, improved ordering
was noted, with a transition from cylinders oriented
perpendicular to the substrate, to mixed orientations,
and finally to cylinders oriented parallel to the substrate.?®
Recent work by Phillip et al. noted similar behavior.
Additionally, Fukunaga et al. found that lamellar triblock
copolymer films oriented perpendicular to the substrate
for fast solvent removal rates and parallel to the substrate
for slow solvent removal rates.?’

However, findings by Elbs et al. showed that the role
of solvent removal rate is more complex.3° In that work,
the triblock copolymer morphologies identified as a
function of solvent removal rate included a poorly
ordered “micellar” phase, a “wagon-wheel” pattern
indicative of a bicontinuous gyroid network, and a
mixture of structures at the film surface, including core—
shell cylinders, spheres in cylinders, and helices around
cylindrical cores*® Thus, manipulation of solvent removal
rate has the potential to produce unique thin film mor-
phologies, but its true effect on nanostructure formation
(and orientation) is poorly understood. In order to gain
insight into the reordering mechanism associated with
solvent removal, in our study, we kinetically trapped the film
morphologies (via instantaneous solvent removal) at key
points during the SVA process and then employed a creative
film etching scheme to image the through-film morphology
more easily and quickly than is possible with cross-sectional
transmission electron microscopy (TEM). This simple scheme
utilized successive ultraviolet ozone (UVO) etching steps
followed by atomic force microscopy (AFM) imaging.

We examined both the effect of solvent removal rate
on the final morphology and the morphology devel-
opment during the solvent removal process. Films
were characterized after complete solvent removal (iden-
tified by a return to the original film thickness) using AFM
combined with a thin film peeling technique that en-
abled characterization of the film morphology adjacent
to the substrate,>'*? successive UVO etching steps as
previously described, and cross-sectional TEM to validate
the AFM/UVO etching approach. By manipulating the
solvent removal rate and examining the morphology
development over time, we followed the reorientation
of cylindrical morphologies, and we showed that the
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Figure 1. (a) AFM phase image of the free surface of the as-cast
dS-I-dS film. (b) AFM phase image of the as-cast dS-I-dS film
adjacent to the substrate surface. (c) Film thickness profile for
dS-I-dS film annealed with chloroform vapor and held at a
constant swollen thickness for 2 h prior to instantaneous (<10 s)
removal of solvent from the film. (d) AFM phase image of the
free surface of the film annealed with the profile in (c). (e) AFM
phase image of the film adjacent to the substrate surface for the
film annealed with the profile in (c).

mechanism for this cylinder reorientation involved the
propagation of changes from the free surface through
the film and toward the substrate as a front.

RESULTS AND DISCUSSION

Thin films of a cylinder-forming poly(deuterated styrene-
b-isoprene-b-deuterated styrene) (dS-I-dS; number aver-
age molar mass M,, = 160 kg/mol; volume fractions fys =
0.10, ;= 0.78, fys = 0.12; domain spacing Lo = 37 nm) were
flow coated®® onto UVO-cleaned silicon substrates. After
casting, the films were annealed with chloroform vapor,
and the swollen film thickness was monitored and con-
trolled in situ. All films were initially swollen to 208 4= 3 nm
(5.6 X Lo, 46 vol % solvent in the film) and held for 2 h prior
to solvent removal. Solvent removal rates investigated
included instantaneous (<10 s) solvent removal and
deswell rates of 0.5, 0.1, and 0.05 nm/min. For noninstan-
taneous solvent removal rates, the remaining solvent
was instantaneously removed from the film at 125 nm
(34 x Lp, 10% solvent). (Note: 10% solvent content is well
below the solvent concentration required to raise the glass
transition of PS above 25 °C, thus the morphology would
not have continued to evolve,)**
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Figure 2. Comparison of solvent removal rates and corresponding morphologies. (a) Film thickness profiles for films
annealed with chloroform vapor at a constant swollen thickness for 2 h followed by different solvent removal profiles/rates.
For the nonlinear profile (red squares), the initial deswell rate was 0.5 nm/min (slope corresponding to the first 100 min of
solvent removal). (b) AFM phase images of the films corresponding to the annealing profiles in (a) at the free surface (top

panels) and the substrate surface (bottom panels).

As-Cast and Instantaneous Solvent Removal Morphologies.
The as-cast films were 112 + 2 nm (3.0 x L) thick and
had a poorly ordered morphology, as fast solvent
evaporation during casting limited film ordering (see
Figure 1a,b). Upon instantaneous solvent removal from
a film swollen to 208 nm, the swollen film morphology
was trapped, and parallel cylinders were identified at
both the free surface and the substrate surface (see
Figure 1c—e). The parallel cylinder orientation was ex-
pected, as both the substrate and the free surface are
preferential for the Pl block;** chloroform is only
slightly selective for dPS and therefore would not be
expected to mitigate these surface preferences except
at very high solvent concentrations. Knoll et al. showed
that SBS films annealed with chloroform showed only
parallel orientations for films thicker than 3 x L, and
chloroform vapor pressures p/p, > 0.65, where p is the
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vapor pressure of chloroform in the annealing cham-
ber and py is the saturated vapor pressure at 25 °C,
criteria that our annealing conditions met.'®
Morphology as a Function of Solvent Removal Rate. The
film thickness profiles and AFM images of films subjected
to slower deswell rates (0.5, 0.1, 0.05 nm/min) are pre-
sented in Figure 2. The slowest solvent removal rate
had the most uniform top surface, with a hexagonally
packed structure, corresponding to perpendicular cylin-
ders based on the bulk morphology, whereas faster rates
contained mixed regions of perpendicular cylinders,
parallel cylinders, and featureless areas. The fractions
of each morphology type at each solvent removal rate
are summarized in Table 1. Aside from disruption of
the surface parallel nanostructure, no obvious correla-
tions between morphology and solvent removal rate
existed, though comparison of the instantaneous rate
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TABLE 1. Characterization of Morphologies for Different
Deswell Rates Based on Statistics Calculated from AFM
Images Corresponding to the Following Numbers of Samples
for Each Deswell Rate: Instantaneous, 3 samples; 0.5 nm/min, 2
samples; 0.1 nm/min, 2 samples; 0.05 nm/min, 1 sample

solvent removal fraction perpendicular  fraction parallel fraction
rate cylinders cylinders featureless
instantaneous 0.02 £ 0.01 0.98 + 0.01 0.0 0.0
0.5 nm/min 0.71 % 0.05 0.12 = 0.04 0.17 £ 0.02
0.1 nm/min 047 £ 0.11 0.20 = 0.11 0.34 £ 0.04
0.05 nm/min 0.94 £ 0.01 0.02 & 0.01 0.04 + 0.01

(Figure 1d,e) and the slowest rate (Figure 2b) suggested
that slower rates would give rise to more perpendicular
structures. Interestingly, the morphologies of the films at
the substrate surface were all similar to the original
swollen film parallel cylinder morphology, except that
the Pl domains appear to be perforated by dPS domains.
This result suggested that the rearrangement at the free
surface upon slow solvent removal did not propagate
through the entire film thickness.

Additionally, fast Fourier transforms (FFTs) of the AFM
images in Figures 1 and 2 revealed that the domain sizes
were nearly identical at the free surfaces of all annealed
films, and that the domain sizes at the substrate surfaces
were smaller in all cases. The domain size at the substrate
surface coincided with the domain size of the as-cast
(unannealed) sample instead of the domain size at the
free surface (see Figure S1 in the Supporting Information).
These findings suggest that, during SVA, chains in contact
with the substrate surface were effectively pinned and
unable to swell to the same degree as their through-film
and free surface counterparts. As a result, the polymer
chains adjacent to the substrate surface experienced
insufficient swelling to mitigate substrate surface prefer-
ences. Furthermore, the kinetics of reordering during
solvent removal would have been significantly slower
adjacent to the substrate compared with the remainder
of the film, which explains the minimal changes noted in
the film morphology at the substrate interface during the
solvent removal treatments.

Through-Film Morphology. In order to more closely
examine the propagation of the free surface morphol-
ogy through the film, we employed successive AFM/UVO
etching steps. For the 0.5 nm/min rate (see Figure 3a),
the transition between the free surface morphology
(hexagonally packed structures, parallel cylinders, fea-
tureless areas) and the substrate surface morphology
(parallel cylinders and perforated PI domains) occurred
within 40 nm of the substrate, that is, within approxi-
mately one domain spacing of the substrate surface.
Cross-sectional TEM of this sample showed three layers
of structure (consistent with the initial film thickness
of 3.0 x L) (see Figure 3b). The two layers closest to
the free surface displayed lines consistent with par-
allel lamellae or parallel cylinders and perpendicular
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cylinders, and the layer closest to the substrate surface
showed dots consistent with the ends of the parallel
cylinders or the PS perforations of the Pl domains
identified by AFM. Thus, we have demonstrated the
validity of the AFM/UVO etching approach, which
is more quickly and easily implemented than cross-
sectional TEM. AFM/UVO etching showed that, for all
noninstantaneous solvent removal rates, the free surface
morphology persisted through all but the last domain
spacing of thickness (see Figure 3a, Figure 4d, and Figure
S2in the Supporting Information). Further, the featureless
areas were not a purely surface phenomenon; therefore,
we believe them to be kinetically trapped lamellar layers
(versus a partial wetting layer of Pl at the free surface) (see
Figure 3a).

Because the free surface morphology propagated
through the film but the substrate surface driving force
for parallel cylinders also persisted, we were interested
in how the morphology developed and extended from
the free surface. For this investigation, we applied a
0.1 nm/min deswell rate to three samples, stopping at
different swollen film thicknesses by instantaneously
removing the remaining solvent from the film. The
swollen film thicknesses corresponding to these points
were 190 nm (5.1 x Ly, 41% solvent), 158 nm (4.3 x Lo,
29% solvent), or 125 nm (3.4 x Ly, 10% solvent) (see
Figure 4a). We employed the AFM/UVO etching tech-
nique to better understand the morphology development
during the solvent removal process (see Figure 4b—d). The
AFM images from the film stopped at 190 nm showed that
hexagonal ordering and thus reorientation of cylinders at
the free surface was established early in the solvent
removal process. However, this perpendicular cylinder
morphology only existed through half of the film, and
parallel cylinders became dominant at ~60 nm from the
substrate surface. Upon further solvent removal to 158 nm,
the free surface morphology persisted until the last domain
spacing of thickness (=37 nm), though the substrate
surface morphology appeared to have nonuniformly swol-
len domains. Finally, stopping the deswell at 125 nm
resulted in even better order of the substrate surface
morphology (see Figure 4d). Note that some featureless
regions were found in the films stopped at the 158 and
125 nm swollen film thickness, as seen in the AFM images.

Proposed Reordering Mechanism. Our identification of
morphology transformations as a function of solvent
removal rate and characterization of the free surface
morphology propagation through the film both sug-
gest that fast deswell rates tend to produce parallel
cylinders and that slower deswell rates promote per-
pendicular cylinder orientations. This conclusion is the
opposite of that reached by Kim and Libera®® who
noted perpendicular orientations of cylinders in SBS
films for fast solvent removal rates (~5 nL/s fora 1 cm?
sample) and parallel orientations for slow solvent
removal rates (~0.2 nL/s fora 1 cm? sample). The most
significant difference between their study and ours
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Figure 3. (a) AFM phase images of the through-film morphology of a dS-I-dS film annealed with chloroform vapor at a
constant thickness for 2 h followed by solvent removal at a deswell rate of 0.5 nm/min. Images after each etching step were
not necessarily taken at the same position on the sample. (b) Cross-sectional TEM image corresponding to the filmin (a). The
substrate surface and the free surface of the film are marked in blue and yellow, respectively. The sample was embedded in a

disordered PS-b-Pl block copolymer and stained with OsO, such that
lighter regions correspond to dPS.
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Figure 4. Morphology evolution of a film with a deswell rate of 0.1 nm/min. (a) Film thickness profiles for films annealed with
chloroform vapor at a constant swollen thickness for 2 h followed by solvent removal at a deswell rate of 0.1 nm/min to
different stopping film thicknesses. (b—d) AFM phase images corresponding to the annealing profiles in (a). Specifically, the
anneals were stopped at swollen film thicknesses of (b) 190 nm, (c) 158 nm, and (d) 125 nm. Scale bars correspond to 500 nm.
AFM images after each etching step were not necessarily taken at the same position.
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was the initial film morphology upon initiation of
solvent removal. Their study considered the morphol-
ogy that formed upon casting from solution (i.e., the
film initially was disordered), whereas our study fo-
cused on starting from a post-SVA morphology (i.e., the
film initially had a well-ordered parallel cylinder morphology).
Thus, the ordering mechanism for their system would
have involved nucleation of the ordered morphology,
whereas the mechanism in our system must involve
changes to an existing morphology. We considered three
possibilities for the promotion of perpendicular cylinders
during slow solvent removal conditions. First, an effec-
tively neutral free surface condition upon solvent eva-
poration would promote perpendicular cylinders at this
surface;' however, if the chloroform vapor atmosphere
provided a neutral free surface, we would have expected
perpendicular cylinders to form during the 2 h hold at a
constant swollen film thickness (see Figure 1). Second,
the entropic penalty for forming a wetting layer of the
lower surface tension Pl block due to the ABA architec-
ture of the dS-I-dS polymer could provide a driving force
for stabilization of perpendicular cylinders*~3% but
again, we would have expected this driving force to
promote perpendicular rather than parallel cylinders dur-
ing the hold at constant swollen film thickness. On the
basis of these considerations, we propose a third scenario
as the most plausible mechanism for reordering in our
system: Initially, as solvent begins to evaporate, the film is
subjected to an ever-changing commensurability condi-
tion as the film thickness (t), the nanostructure domain
spacing of the swollen film (L), and the ratio t/L changes.
To accommodate these changes, the parallel orientation
would incur more energy penalties (in the form of chain
stretching/compression or nucleation of islands/holes)
compared with the perpendicular orientation. The ability
of perpendicular orientations to accommodate incommen-
surability has been previously illustrated® This reorientation
of the cylinders can occur either by “flipping” of the parallel
cylinders or by breakup and re-formation of cylinders
with the new orientation. Literature precedent suggests
that, in solvent vapor annealed systems, the latter is more
common.”’ Figure 4 provides evidence of the perpendi-
cular orientation propagating through the film as a front,
and Figure 2 shows that the parallel orientation is main-
tained adjacent to the substrate surface. This evidence
suggests that the re-formation mechanism is the likely
route to reorientation in our system, as well.
Additionally, during breakup and re-formation of
cylinders, lamellar Pl layers could form and become

METHODS

Polymer Synthesis. The dS-I-dS block copolymer was synthe-
sized via sequential anionic polymerization of perdeutera-
ted styrene (d-styrene) (Acros, stabilized, 98+ atom% D) and
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kinetically trapped in the film for the 0.5 and 0.1 nm/
min rates, whereas the slower 0.05 nm/min rate may
provide time for these features to relax into the more
thermodynamically favored cylinder structure (see
Figure 2). Furthermore, the lack of featureless areas in
the film subjected to the 0.1 nm/min deswell rate and
stopped at 190 nm compared to the presence of
featureless areas in films stopped at 158 and 125 nm
(see Figure 4) suggests that the kinetics of featureless
area formation should also be taken into account when
considering how to eliminate such defects in cylinder-
forming thin films. Additional work to monitor nano-
structure development during the annealing process
with a technique such as in situ grazing incidence
small-angle X-ray scattering (GISAXS) as well as analysis
of island/hole formation and possible elimination dur-
ing solvent removal may further elucidate the self-
assembly mechanism.

CONCLUSION

In summary, we systematically investigated the
morphology development of a cylinder-forming dS-I-
dS thin film as a function of solvent removal rate. To
fully characterize the through-film morphologies and
assess the degree to which the free surface morphol-
ogy propagated through the film, we employed suc-
cessive AFM/UVO etching steps, an approach that
allowed us to characterize the films more easily and
rapidly than was possible with cross-sectional TEM. The
films formed well-ordered parallel cylinders upon ex-
posure to a constant concentration of chloroform
vapor (i.e., constant swollen film thickness). This well-
ordered morphology was trapped upon instantaneous
solvent removal. Upon removing solvent very slowly
(0.05 nm/min), the cylinders at the free surface reori-
ented perpendicular to the substrate surface, an effect
that propagated through the film until the copolymer
domain closest to the substrate surface. For intermedi-
ate solvent removal rates (0.5 nm/min, 0.1 nm/min),
evolution of featureless regions, presumably parallel
lamellae, occurred in addition to cylinder reorientation.
Furthermore, comparison of films stopped at different
points during the solvent removal process (0.1 nm/min
deswell rate) provided evidence that cylinder reorientation
propagated from the free surface through the film and
toward the substrate as a front. These findings have
important implications for the design and solution proces-
sing of nanostructured materials for nanotemplating and
membrane (nanoporous and conducting) applications.

isoprene (Acros, 98% stabilized) in cyclohexane (Fisher, de-
gassed and purified using alumina and Q5 catalyst columns)
at 40 °C under an argon environment. Perdeuterated styrene
was used for the end blocks to facilitate additional thin film
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characterization in the future via rotational small-angle neutron
scattering (RSANS), a recently introduced technique for probing
thin film morphology symmetry and orientation.*® The polym-
erization was initiated with sec-butyllithium (Acros, 1.3 M in
cyclohexane/n-hexane). Prior to synthesis, the isoprene and
d-styrene monomers were degassed and purified by distillation
over n-butyllithium (Acros, 2.5 M in hexane) and di-n-butylmag-
nesium (Acros, 0.5 M in heptane), respectively. The reaction was
terminated using an acidic methanol solution, and the copolymer
was precipitated in methanol, washed, and then freeze-dried from
benzene. The final polymer had a number average molar mass of
160 kg/mol, a polydispersity index of 1.07, and block volume
fractions of fys = 0.10, f, = 0.78, and fys = 0.12 as determined from
gel permeation chromatography (GPC) of aliquots taken during
the synthesis. The bulk domain spacing was 37 nm as determined
by small-angle X-ray scattering (SAXS).

Thin Film Annealing. Thin films were annealed with chloro-
form vapor using a setup in which nitrogen gas is bubbled
through chloroform to produce a solvent-rich vapor stream that
is combined with a pure nitrogen stream prior to entering the
annealing chamber.”>*'*? The relative flow rates of these
streams were controlled with 0—50 mL/min volumetric flow
meters to manipulate the vapor pressure of chloroform in the
annealing chamber and thus control the swollen film thickness.
The different deswell rates were achieved in the following
manner: for instantaneous solvent removal, both flows were
stopped, and the top of the annealing chamber was removed to
facilitate fast solvent evaporation from the film into the atmo-
sphere; for the 0.5 nm/min deswell rate, the annealing chamber
was purged with nitrogen at a rate of 0.5 mL/min; for the 0.1 and
0.05 nm/min deswell rates, the flow of the chloroform rich
stream was gradually reduced while holding the flow rate of the
pure nitrogen stream constant. The top of the annealing
chamber was quartz to facilitate in situ film thickness measure-
ments with a Filmetrics F20-UV reflectance spectrometer. We
accounted for changes in the film refractive index upon solvent
vapor sorption when fitting reflectance spectra.*?

UVO Etching. UVO etching was conducted in a Jelight Model 342
UVO cleaner in 5 s increments with the samples placed ~1 cm
from the lamp. Samples were soaked in filtered isopropyl alcohol
(0.2 um PTFE filter) for ~5 min between exposures and dried under
a stream of nitrogen. AFM images after each etching step were not
necessarily taken at the same position on the sample.

Cross-Sectional TEM. Films were embedded in a disordered PI-b-PS
copolymer and cryo-microtomed for cross-sectional imaging. Des-
ignating the free surface of the film as “Side 1” and the substrate
surface of the film as “Side 2", the embedding procedure was a
follows: First, the substrate-supported annealed film was carbon
coated (=10 nm) on Side 1. Next, a poly(acrylic acid) (PAA) solution
in water (25 wt %, Acros Organics) was dropped on Side 1 and
allowed to dry overnight at ~50% humidity. The film was peeled
from the substrate surface using a razor blade and tweezers, thus
exposing Side 2. Side 2 was carbon coated (=10 nm), and then a
poly(isoprene-b-styrene) (PI-b-PS) embedding solution (11 kg/mol,
fos =0.51, 25 wt % polymer in n-hexane) was dropped on Side 2 and
allowed to dry overnight. The PAA layer was removed from Side 1
by placing the film in water for ~2—5 h. The film was allowed to dry
under ambient conditions before proceeding to the next step.
Another layer of carbon was coated on Side 1 (=10 nm). The PI-b-PS
solution was dropped on Side 1 and allowed to dry overnight. The
sample was stored under vacuum until it was cut with the micro-
tome. Thin sections (=70 nm thickness) of the embedded sample
were microtomed on a Leica Reichart Ultracut S microtome with a
cryo attachment at —80 °C. The sections were stained with OsO,
vapor for 15 min, which preferentially stains the poly(isoprene)
domains of the block copolymers. TEM images were acquired on a
JEOL JEM-2000FX TEM.
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