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ABSTRACT Various complex self-assembled morphologies of lamellar- and

[

cylinder-forming block copolymers comprising poly(dimethylsiloxane)-b-polylactide
(PDMS-b-PLA) confined in cylindrical channels were generated. Combining top-down
lithography with bottom-up block copolymer self-assembly grants access to
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morphologies that are otherwise inaccessible with the bulk materials. Channel

@

diameter (D) was systematically varied with four diblock copolymers having different

compositions and bulk domain spacing (L), corresponding to a range of frustration
ratios (D/L, from 2 to 4). Excessive packing frustration imposed by the channels leads to contorted domains. The resulting morphologies depend strongly on
both D/L, and copolymer composition. Under several circumstances, mixtures of complex morphologies were observed, which hypothetically arise from the
severe sensitivity to D/L, combined with the inherent compositional/molar mass dispersities associated with the nonuniform synthetic materials and silicon
templates. Stochastic calculations offer compelling support for the hypothesis, and tractable pathways toward solving this apparent conundrum are
proposed. The materials hold great promise for next-generation nanofabrication to address several emerging technologies, offering significantly enhanced
versatility to basic diblock copolymers as templates for fabricating complex nanoscale objects.
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under equilibrium bulk conditions.” "' Con-

enerating discrete nano-objects
G with complex shapes, intricate inter-

nal structure, and versatile chemical
functionality has emerged as an intriguing
scientific challenge, as the resulting materi-
als have wide-reaching potential across a
diverse landscape of advanced technolo-
gies including microelectronics, photonics,
biosensing, and therapeutics.' > Tremen-
dous progress has been made with block
copolymers (BCPs), which typically self-
assemble into ordered nanostructures with
diverse chemical functionalities. However,
with rudimentary block copolymers having
two segments—diblock copolymers—one
is essentially limited to four distinct bulk
morphologies (lamellae, cylinders, gyroid,
and spheres).*~® Only with more complicated
terpolymers and quarterpolymers are com-
plex domain shapes practically accessible
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fining block copolymers within nanoscopic
voids profoundly influences domain geo-
metry by imposing additional packing frus-
tration that is absent in bulk samples.'?~ '
Unfavorable chain stretching leads to struc-
tures comprising domains with often con-
torted geometric configurations and appre-
ciable deviation from bulk equilibrium
domain sizes."® Simulations using various
methods all suggest that diblock copolymers
confined in one, two, or three dimensions
with boundaries having defined dimensions
(D) commensurate with the principal do-
main spacing (Lo) undergo self-assembly to
form an impressively diverse array of unique
structures.'® 22

The combination of top-down (eg.,
193 nm immersion or extreme ultraviolet)
with bottom-up (e.g, self-assembly) lithography
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Directed self-assembly:
Cylindrical confinement

Figure 1. Diblock copolymers of PDMS-b-PLA employed in
directed self-assembly and an illustrative depiction of the
substrate with cylindrical channels for confinement, defined
by variable diameter (D) and pitch (P) and a constant depth
(h) of 90 nm.

has been accompanied by several technological break-
throughs.?*?** Conventional photolithography used to
fabricate physical barriers on silicon wafers has been
explored as directing agents in block copolymer self-
assembly.>~?” For example, dramatic improvement in
long-range organization and/or domain alignment has
been promoted in shallow trenches.”®*~3** Employing
circular, square, hexagonal, or other nonlinear confin-
ing geometries can induce otherwise energetically
costly domain curvature*=*° More complex struc-
tures have been observed when D/Ly < 5 including
helices, concentric lamellae, or disorganized arrays by
imbibing nanoporous templates with BCPs*' ¢ or
electrospinning BCP nanofibers.*’8

Inspired by the assortment of intricate structures
predicted and the ultrasensitivity of those structures
to frustration ratios, we employed a diblock copoly-
mer suitable for nanolithography to comprehensively
probe the extent to which morphological complexity
can be realized under two-dimensional (i.e., cylindrical)
confinement at the nanoscale. Furthermore, the effects
of molecular nonuniformity on the ability to target
specific, narrow-phase windows are experimentally
demonstrated and simulated. Utilizing highly immisci-
ble segments—poly(dimethylsiloxane) (PDMS) and
poly(p,.-lactide) (PLA)—self-assembled morphologies
were investigated for a range of molar masses and
compositions (defined by the respective volume frac-
tions, f) in cylindrical channels with variable diameter
(D) from 50 to 100 nm (Figure 1). Owing to the typically
strong immiscibility between silicon-containing and
aliphatic segments, very small features with sharp
interfaces are attainable.*® Principal domain spacings
between 20 and 30 nm were achieved. Additionally,
silicon contributes to high etch contrast using standard
dry etching techniques (e.g., reactive ion etching).>®
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TABLE 1. Molecular and Morphological Characteristics of
PDMS-b-PLA Diblock Copolymers

sample My sorat (kg mol ") M, (kg mol ") £ L, (nm)° bulk morphology”

[5-4] 9.0 40 039 215 gylinders
[5-8] 12,6 7.6 0.55 19.7 lamellae
[10—-7] 16.9 6.9 035 280 cylinders
[10—13] 228 12.8 0.50 30.0 lamellae

“ Measured by NMR spectroscopy (end-group analysis). ® Calculated as the volume
fraction of PLA at ambient temperature and pressure by assuming the densities of
the respective homopolymers (op = 0.95 g/mL; p, = 1.24 g/mL).  Calculated from
the position of the principal peak with the relationship L, = 2t/g* for lamellae and
Ly= 4/ 3/3¢* for cylinders (i.e., cylinder—cylinder distance). “Determined as
the most likely morphologies based on the allowed Bragg reflections (g/g*) for the
respective space groups. Lamellar: «/4, «/9, «/16, \/25,‘ hexagonal: «/3, \/4,
V1,59, 12, V13, V16,

PLA was selectively removed to transform the self-
assembled morphologies to ornate silica nano-objects.
In this way, various hitherto unattainable nanostruc-
tures are generated from a conceptually simple set of
diblock copolymers combined with industrially estab-
lished top-down lithographic templates.

RESULTS AND DISCUSSION

PDMS-b-PLA diblock copolymers were synthesized
by ring-opening polymerization of the cyclic ester
pL-lactide monomer from PDMS macroinitiators
(see supplementary files for detailed experimental
descriptions). Samples having a range of compositions
and molar masses were prepared, with sample names
in the format [X—Y] where X and Y are the average
molar mass of the PDMS and PLA blocks, respectively
(Table 1). Equilibrium morphologies under ambient
conditions were initially established by small-angle
X-ray scattering (SAXS) (see Supporting Information,
Figure S1). Samples [5—4] and [10—7] both form PLA
cylinders hexagonally packed in a PDMS matrix, with
corresponding interlayer distances of 18 and 25 nm,
respectively. Samples [5—8] and [10—14] both adopt
alternating lamellae having an average interlayer per-
iodicity of 20 and 30 nm, respectively. The cylinders
align parallel to silicon substrates when cast into thin
films.>' The extent of organization was modulated by
various annealing procedures, but lattice defects are
nonetheless unavoidable in the absence of directing
agents.>?

Polymer solutions were spin-coated onto silicon
wafers with cylindrical channels generated with
established lithographic techniques (see Supporting
Information for wafer preparation description). The
channels are arranged in a hexagonal pattern on the
wafer; however, the technique allows arbitrary spatial
patterns to be generated. Cylinder diameters are sys-
tematically varied in the range 50 to 100 nm (£2 nm).
The channel depth remained constant at 90 nm. The
thermal characteristics of the polymer segments
provide a facile route to improve organization and
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Figure 2. Characteristics of diblock copolymer [5—4] (a) in
bulk by SAXS, indicating a morphology containing hexa-
gonally packed cylinders of PLA in a matrix of PDMS; (b) in
thin films by SFM (phase image) containing cylinders of PLA
lying parallel with the surface; (c) confined in cylindrical
channels (D = 80 £ 2 nm; D/L, = 4) by SFM (phase image)
showing a mixture of morphologies with curved domain
interfaces and illustrations showing hypothetical structures
throughout the film. Scale bars are 200 nm.

approach thermodynamic equilibrium by thermal an-
nealing at relatively low temperatures (i.e,, 100 °C).%'
Annealing 2 h at 100 °C was employed in this study,
with no discernible changes observed with longer
times/higher temperature. Different morphologies ob-
served by scanning force microscopy (SFM) were found
to depend on (1) the composition of the polymer and
(2) the ratio D/L,. The ratios of D/L, for the polymers
and contact-hole diameters investigated fall between
2.0 and 4.0.

Block copolymer [5—4] adopts a cylindrical mor-
phology in the bulk (Figure 2a) and in thin films with
aligned linear features corresponding to a parallel
cylinder orientation, owing to the disparate surface
energies of PLA and PDMS (Figure 2b).>" The image in
Figure 2b was captured with SFM after annealing in
acetone vapor.

Confining self-assembly can cause stretched chain
conformations. A mixture of morphologies, com-
prised primarily of concentric cylinders (or concentric
lamellae) and spirals, is observed at the top surface
with [5—4] in channels having D =80+ 2 nm (D/Lo = 4)
(Figure 2c). The predominant surface morphology
consists of a central dark spot followed by concentric
light, dark, and light rings. This is consistent with the
surface morphology simulated by various methods for
the corresponding ratio of D/L, and block polymer
composition.'”'%*3 Unambiguously confirming the
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spatial configuration of domains throughout the pore
depth is not possible with SFM alone; for example,
cylindrical rings, spirals, and concentric lamellae are all
potential conformations. It is impossible to ascertain
the domain arrangement and orientation at the bot-
tom of the channels from SFM imaging. The depiction
in Figure 2c is entirely hypothetical. For example, both
concentric lamellae and stacked doughnuts would
likely provide indistinguishable SFM images. Further-
more, neutral wetting at the channel floors is highly
unlikely. The disparate surface energies of the blocks
suggest a preferential wetting at both the walls and the
channel floors. Therefore, the most likely scenario is
one in which the walls and floors are covered with the
same block, and a corresponding domain contortion is
occurring, as suggested by simulations performed
previously.>* We contend that the walls are preferen-
tially wetted by PLA blocks, owing to the low surface
energy of PDMS (y = 20 mJ/mol) and the chemical
character of the photoresist employed.>®> However, the
wetting layer at the walls is much thinner, comprising
compressed chains compared with the bulk domains;
therefore, we assume that the layer is not distinguish-
able in the SFM images.>

The image in Figure 2c contains channels that have
other morphologies as well (vide infra). Some of the
different observed structures at the surface by SFM
analysis may be different projections of the same
morphology. Additionally, several structures have
been predicted by self-consistent-field theory to be
nearly degenerate in energy. However, the sheer di-
versity of morphologies observed in the micrograph in
Figure 2 cannot be explained by degeneracy. While the
simulated morphologies are often very close in energy,
the subtle differences between various morphologies
is likely a result of molecular composition. Prior to
discussing this fascinating anomaly and the implica-
tions of molecular nonuniformity, we systematically
describe additional samples in various frustration sce-
narios (i.e., D-variable). Additional samples ultimately
indicate the ability to fine-tune a diverse set of complex
nanostructures and further show what we infer to be
the manifestations of composition dispersity.

The asymmetric copolymer [10—7] with Ly =28 nm
adopts various arrangements depending on the con-
fining volume (Figure 3a—d). Nearly exclusively single
dark cylinders surrounded by a light ring are observed
when D is 60 nm (Figure 3a). The central dark spots
most likely consist of PLA; this morphology is approxi-
mately consistent with several simulated configurations
for cylinder-forming block polymers with the minority
component wetting the walls and D/L, ~ 2.3 Adoption
of a single cylinder running parallel to the channel
wall appears likely in a copolymer with asymmetric
composition and confining dimensions approximately
twice the natural periodicity. A thin compressed layer of
PLA probably constitutes the predominant interfacial
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Figure 3. (a—d) SFM images of cylinder-forming block
polymer [10—7] with L, = 30 nm confined in cylindrical
channels having various diameters D. Each micrograph is
Tum x 1 um.

layer at the wall, as has been simulated for a system with
comparable energetic and compositional profile.>®

A bulk cylinder diameter of 17 nm is measured by
SAXS for sample [10—7], which is slightly larger than
that calculated by SFM from the image in Figure 3a
(14—17 nm). This suggests slight compression of the
PLA chains in the core cylinders when D/Ly is 2.0. Larger
diameter channels (D = 70 nm) result in a mixture of
morphologies, with single, double, and triple cylindri-
cal-type structures observed at the surface (Figure 3b).
Single cylindrical structures have dimensions appear-
ing substantially dilated compared with the narrower
channels. Chain stretching is exacerbated at the central
core, leading to average cylinder diameters of approxi-
mately 20 nm. Consequently, some channels accom-
modate the larger volume by adopting two-cylinder-
type morphologies (see Figures S2—S9 for additional
micrographs, enlarged to accentuate the detailed
structures and with phase contrast, z-scales, included).
Adopting multiple cylinders, with higher average
interfacial curvature, is a response to balance the
excessive chain stretching that naturally occurs in the
dilated domains. The double cylinders are consis-
tently distorted and appear ellipsoidal. Further-
more, some channels have polymer conglomerates
adopting triple-cylinder-type structures, with more
uniform diameters, albeit significantly compressed
and thus smaller than the equilibrium bulk cylinder
diameter. Naturally, the three-dimensional domain
trajectory is impossible to discern from surface micro-
graphs alone.

Further enlargement of the channel diameter leads
to accommodation of additional cylinders, whereby a
mixture of three-, four-, and five-cylinder structures are
observed with D = 80 nm (D/L, =~ 2.9; Figure 3c). Yet
larger channels provide space to allow seven cylin-
ders to situate and self-assemble in a close-packed

PITET ET AL.

‘-‘0\5-...
"'-':o.,'
"l\‘~..'.
ﬁ*"bhn“h
Rﬁhﬂnh‘”“
»rOdanonp,
ﬂﬁﬂhwhhb’
‘e BD A A w

.
4
L

-
.
.
.
.
]

ennNAL
o9

YN

'D=80nm—D/L,=27 D=95nm—D/L =32

Figure 4. (a—d) SFM images of lamellar-forming block
polymer [10—13] with L, = 30 nm confined in cylindrical
channels having various diameters D. Each micrograph is
Tum x 1 um.

hexagonal configuration (Figure 3d). This configura-
tion is particularly intriguing for the manner in which
the cylinders are oriented. The polymers essentially
adopt a single hexagonal array of the bulk morphology
forced into a perpendicular cylinder orientation. Con-
trolled orientation is an important issue for using block
copolymer self-assembly for lithographic templates
intended for microelectronics and integrated circuits,
for example. A great deal of effort is expended to
devise strategies to manipulate domain orientation in
block copolymer thin films.>”—>°

Changing the molecular composition provides a
route to alternate domain configurations, as demon-
strated with sample [10—13] confined in channels of
various size (Figure 4a—d). A single light spot is almost
exclusively observed when D = 60 nm (D/L, = 2.0),
comprising most likely a central core domain of PDMS
surrounded by a corona of PLA (Figure 4a). The core
domains appear asymmetric in the x—y plane. The
statistical distribution of orientations of the ellipsoidal
core axes suggests that the distortion is real and not
merely an artifact. The domain distortion is predicted
to become more predominant in bulk-lamellar sam-
ples with the chains preferring to adopt flatter inter-
faces.

Transition to a concentric lamellar structure is ob-
served when D is increased to 70 nm (Figure 4b). This
curvature forced onto the domain interface represents
a large deviation from the bulk lamellar morphology
adopted by this sample and is a conspicuous manifes-
tation of the two-dimensional confinement. Con-
centric lamellae (with high interfacial curvature) are
preferred over a parallel layering of lamellar domains
because of the relative surface areas of the walls (A,,))
compared with the channel floor (Afoor) (€. Aficor =
(35 nm)?z = 1225 nm?; Ayai = (70 nm) x (90 nm)z =
630077 nm?). This observation has been predicted in
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Figure 5. SEM images of different isolated nano-objects from selective dry etching of PLA to afford (a) concentric cylinders, (b)
perpendicular three- and four-cylinder-type structures, and (c) hexagonally packed (predominantly) seven-cylinder-type

structures. Scale bars are 100 nm.

several simulations of compositionally symmetric,
lamellar-forming samples with a strong wetting pre-
ference.'®>*>* The concentric lamellar structure corro-
borates the strong surface preference for one block;
otherwise lamellae oriented perpendicular to the
channel axis would be preferred. Further increasing
of D to 80 nm results in a mixture of morphologies
having relatively complex conformations. The addi-
tional interface constraints imposed by the energetic
profile of a lamellar sample becomes more apparent
when the confining space is slightly larger (Figure 4c).
The domain interfaces tend to assume configurations
with relatively flat portions combined with more ex-
treme curvature at the bends. The primary morphology
in Figure 4c is “e”-shaped. Larger channels (D = 95 nm)
facilitate a morphology having several relatively flat
interfaces bridged by sharply curved bends, a so-called
horseshoe-type morphology (Figure 4d). In addition,
the “e"-shaped morphology coexists in Figure 4d.
Contorted domain shapes nearly identical to our ex-
perimental observations have been simulated with
molecular dynamics, albeit with corresponding mor-
phological transitions occurring at different D/L,
ratios.'® The difference in transition ratios may be related
to relative immiscibility and chain conformations.

The morphologies were transformed into discrete
silica nano-objects by selectively etching the PLA
domains using standard reactive ion etching. A short
fluoro-etch (CHF; plasma) was initially employed to
remove the thin PDMS wetting layer presumed to
cover the air—polymer interface, which was corrobo-
rated by contact angle measurements (see Supporting
Information for detailed protocol). Scanning electron
microscopy (SEM) provides compelling evidence for
the removal of PLA and the assigned domains in SFM
micrographs depicting the original block polymer
templates (Figure 5). For exemplary purposes, we
chose three samples with different domain configura-
tions. Figure 5a shows an array of concentric lamellae
occurring predominantly. Alternatively, Figure 5b has
several channels that appear to have perpendicularly
oriented cylindrical recesses that are replicates of
the template in Figure 3c. The SEM micrograph, impor-
tantly, unambiguously shows a square arrangement of
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the porous channels; the comparatively distorted, dia-
mond-shaped morphologies in Figure 3c may be an
artifact of SFM. Finally, the hexagonal arrays of miniatur-
ized channels were replicated in Figure 5¢, demonstrat-
ing that a variety of intricate structures can be isolated
from the block polymer templates using appropriate
etching protocols.

A number of intricate domain configurations have
been predicted across a broad range of D/Ly, and our
results corroborate several of the simulated morphol-
ogies. The experimental observations clearly demon-
strate that multiple nanostructures can be fabricated
from a single diblock copolymer when confined in
channels having dimensions commensurate with the
natural bulk periodicity. These complex nanostructures
are otherwise inaccessible. Confined self-assembly sig-
nificantly extends the opportunities for making com-
plicated functional nanostructures with simple and
synthetically tractable materials. However, the power
of this methodology would be enhanced if individual
morphologies could be isolated independently within
a given channel array. That is to say, mixed morphol-
ogies like that seen in many of the SFM micrographs
represent an obstacle to harnessing the potential of
this nanofabrication route. We are currently devising
strategies for identifying the phenomena that contri-
bute to mixed morphologies.

Simulations performed for various confining geo-
metries have consistently inferred that the adopted
nanostructures are severely sensitive to the frustration
ratio, D/Lo, with relatively small changes (ca. 5%) lead-
ing to morphological transitions. Despite the phenom-
enon of mixed morphologies arising for a given block
copolymer having been experimentally observed,*
this natural impediment toward large-scale nanofabri-
cation employing confined self-assembly has not
been specifically addressed. We hypothesize that mo-
lar mass dispersity (and consequently compositional
dispersity) may contribute substantially to the diversity
of observed nanostructures, as mentioned briefly be-
fore. For example, a relatively large area micrograph
of copolymer [5—8] in channels with a diameter of
55 nm (i.e, D/Ly = 2.8) shows a range of morpho-
logies (Figure 6a). Roughly six different morphological
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Figure 6. (a) SFM image of lamellar-forming block polymer [5—8] confined in cylindrical channels having diameter D = 65 nm.
(b) Classification of the different observed morphologies from the SFM image with symbols, with the morphological
assignments of the symbols illustrated in (c). (d) Histogram showing the relative abundance of the observed surface
morphologies in the single SFM micrograph containing 662 individual channels. Scale bar is 500 nm. (e) Stochastic calculation
of average composition per channel as a function of number of chains per channel for asymmetric block polymer with D=1.1.
(f) Calculated probability density of the standard deviation in composition (using P = 1.1) for three different values of chains
per channel equal to 10% 103, and 10” for a sample of 660 channels corresponding to a typical 2.5 x 2.5 um? SFM field, as

shown in part (a).

categories are selected in the micrograph containing
660 individual channels, which are illustrated schema-
tically and assigned an arbitrary shape (i.e., square,
circle, triangle, etc., Figure 6b). The different shapes are
then mapped onto the original micrograph, provid-
ing a coherent visual depiction of the distribution
(Figure 6¢). Representing the distribution of the nano-
structures as a histogram resembles a normal distribu-

tion (Figure 6d).

The number of polymer chains within a given chan-
nel is estimated to be on the order of 10°-10%
Calculating the various average composition and mo-
lar mass with respect to the reduced sampling of
chains in a single channel clearly suggests that dis-
persity may cause significant variation between indivi-
dual channels, which we can surmise would be of
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consequence to the adopted morphology (Figure 6e).
The stochastic evaluation of drift in composition and
size reveals that, while most channels are situated close
to the ensemble average bulk values, the number of
channels having significant deviation is not negligible
(see Figure S12). The distribution in average composi-
tion and molar mass is pertinently represented by
calculating probability densities of the standard devia-
tion distributions as a function of different values of
chains per channel (Figure 6f). This shows that indeed
there are significant fluctuations in standard deviation,
particularly when the number of chains in a channel is
small (e.g., 10% or 10%). It remains significant up to 10*
chains per channel, which falls well within the experi-
mental range. Additional standard deviation distribu-
tions are provided for composition and molar mass
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(i.e., size) for different samples (Figure S13). All of the
samples exhibit similar characteristics, namely, that
the drift in composition and size are substantial, even
considering modest values of dispersity associated
with controlled polymerization techniques that are
routinely used in block polymer synthesis. This feature
may inevitably be a major contributing factor to the
statistical distribution of morphologies observed.
The explanation for this comes from the relatively high
sensitivity of morphology to the frustration ratio D/L,,.
Simulations conducted employing a variety of different
methods all exhibit one identical feature: the windows
of D/Ly in which many of the various structures are
predicted to be stable are very narrow. Small shifts in
composition can lead to correspondingly large changes
in L, for a fixed molar mass. This is particularly pertinent
for the cylindrical morphology (see Figure S14). Further-
more, the lamellar samples [10—13] and [5—8] may lie
close to the Cyl-Lam boundary owing to the relatively
large conformational asymmetry expressed by the
PDMS—PLA system.®’

There are several critical attributes to understanding
the implications of the simulations. Most importantly,
the variation in size alone, and accordingly dispersity in
channel size or wall roughness, does not indepen-
dently suggest that a broad array of morphologies
would be produced. However, the molar mass disper-
sity of each block leads to rather large relative fluctua-
tions in composition, and this characteristic lies at the
heart of the proposed explanation for the observed
morphological assortment.

According to strong segregation theory, principal
domain spacing scales approximately with N*>. Experi-
mentally determined values of P ~ 1.1 correspond to
fluctuation between channels of approximately 5%
in N, which translates to even smaller changes in L,
(based on the N*? dependence). On the contrary,
fluctuations in composition (even at fixed average
molar mass) can have exaggerated effects on the
characteristic domain spacing (Figure 514).52%3

Up to this point, we have ignored any abnormalities
or fluctuations in the size or wall roughness in the
templates themselves. Naturally, there is a finite dis-
tribution of sizes of the channels as well, owing to
the photolithographic 193 nm immersion technique
employed to fabricate the templates. This dispersity
undoubtedly exacerbates the overall fluctuation of
composition and molar mass between individual
channels and contributes to the distribution of mor-
phologies. These contributions to dispersity are not

MATERIALS AND METHODS

pL-Lactide was purchased from Sigma-Aldrich and was re-
crystallized from toluene after azeotropic drying and finally
stored in a glovebox under a nitrogen atmosphere. Toluene was
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considered in the calculations. However, for the same
reasons outlined above, small size distribution (£2 nm
in channel diameter) is not likely to account for the
observed fluctuations alone (see additional dis-
cussion and example calculations on page S19 of the
Supporting Information). A combined picture includ-
ing wall-surface roughness and channel-size dispersity
is beyond the scope of this work and is avidly being
pursued for developing this ripe area of directed
self-assembly.

CONCLUSION

The implications of molar mass and composition
dispersity in block copolymer bulk self-assembly have
been extensively explored both experimentally and
theoretically.**~%” However, the role that dispersity
may play in dictating conformations in arrays of con-
fined channels and the repercussions on the stochastic
distribution of morphologies represent an area that is
ripe for additional interrogation. Broad utility of diblock
copolymers via confined self-assembly has been de-
monstrated with this work. However, we also establish
that alternate polymer synthesis routes may be essen-
tial to harness the enormous potential of combining
top-down and bottom-up lithography. Nevertheless,
employing highly immiscible and silicon-containing
components granted ready access to small features
that could be transformed into discrete nanoscopic
objects through selective etching. Various complex
morphologies were generated from block copoly-
mers that are, in bulk, otherwise limited to two simple
nanoscale morphologies (lamellae and hexagonally
packed cylinders). This work has broad implications
for various fields, where the specific shape of functional
nanostructures can profoundly impact the resulting
physical behavior. This directly demonstrates the pro-
mise and limitations of merging lithographic tech-
niques and lends credence to developing equipment
capable of increased resolution and line-edge rough-
ness, such as EUV lithography.

These findings point to the need for greater atten-
tion being paid to the integrity of the block copolymers
and the wafers. This becomes exceedingly true in the
regime of very low molar mass (and thus correspond-
ingly larger values of B, smaller features, and higher
immiscibility), which represents an underexplored ter-
rain within confined self-assembly generally. Nearly
every report of confined self-assembly uses signifi-
cantly larger polymers: the behavior and rules are
demonstrably different in the limit of low molar mass.

dried by stirring over calcium hydride for at least 12 h followed
by distillation and stored in a glovebox. Stannous octoate
(Sn(Oct),) was purchased from Sigma-Aldrich and was fraction-
ally distilled using a Kugelrohr apparatus under high vacuum
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(~50 mTorr). PDMS monofunctionalized with hydroxyl groups
(PDMS-OH) was purchased from Gelest and distributed by
Fluorochem Ltd. and was degassed under vacuum for at least
1 h at ambient temperature prior to use. Block copolymers were
synthesized from these starting materials in an identical manner
to that described previously, with the exception of monomer
feed ratios, which were adjusted for targeting different final
compositions.”’

Patterned silicon wafers were generously provided by ASML.
The hexagonal patterns were generated by 193 nm immersion
lithography. Thin films were prepared by spin-coating polymer
solutions onto silicon wafers. Solutions were prepared at 1.0 wt %
in HPLC grade heptane, filtered through a 0.2 um pore size
syringe filter, and spun onto the patterned wafers at 2500 rpm.
Etching was performed on a custom-built etching instrument
housed at Philips High Tech Center, Eindhoven, The Nether-
lands. Size-exclusion chromatography (SEC) was measured in
tetrahydrofuran at 40 °C using a Shimadzu LC system (LC-10AD
pump; SIL-10AD autosampler; SPD-M10A diode array detector;
RID-10A refractive index detector) containing two high-
resolution columns in series (PLgel 5 um Mixed C and PLgel
5 um Mixed D columns). Bulk SAXS was performed on an
instrument from Ganesha Lab. SFM was performed with an
Asylum Research MFP 3D microscope equipped with an anti-
vibration table and housed in an insulated chamber. SEM was
performed on an XL50 SFEG from FEIl, operating at an accel-
erating voltage of 10 keV, spot size of 3, and working distance of
5.2 mm. Samples were imaged directly on silicon wafers after
etching, with no additional processing (e.g., coating) applied.
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