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Block copolymers have been extensively studied for their
ability to self-assemble into microdomain morphologies
such as spheres, cylinders, and lamellae, with typical periodi-
cities of 20—100 nm."* Similar structures form when block
copolymers are deposited as thin films on substrates;** for
example, very asymmetric block copolymers form spheres
(micelles) of the minority component in a matrix of the
majority block. Films containing a single layer of spherical
micelles have been used effectively as templates for the
synthesis of dense (~10'' per cm?), substrate-supported
arrays of uniform-size “dots”. These dots can be formed
from materials as diverse as metals (Au,>® W,” CoPt alloy®),
oxides (SiOx’), II—V semiconductors (GaAs'®), and con-
ducting polymers (polyaniline'!), where each dot repli-
cates—in the material of choice—the shape and position of
a micelle in the template. While much interest has focused on
creating arrays with the highest possible density of dots,
there are also applications where lower-density arrays are
preferred, particularly when some minimum spacing be-
tween the features is needed to minimize interference be-
tween processes occurring at the individual dots. Examples
include electron emitter tips for compact charging devices, '
and catalyst particle arrays for nanowire growth in the
vapor—liquid—solid process.'® In applications such as these,
periodic order of the dots (or of the microdomains in the
templating film) is not required. Instead, the desirable fea-
tures of employing a block copolymer as a template in these
contexts are that it ensures: (1) a uniform size of the dots, (2)
a minimum spacing between the dots (set by the corona
thicknesses of two adjacent micelles), and (3) a statistically
uniform distribution of the dots on the micrometer scale and
above (i.e., no micelle-rich or micelle-poor regions). This
contrasts with simple deposition of nanoparticles from solu-
tion, where particle—particle contact and aggregation can
easily occur. Here, we take advantage of the through-film
structures of block copolymer thin films, and the behavior of
block copolymer/homopolymer blends, to continuously
tune the areal density of micelles all the way from zero up
to values comparable to that for a monolayer of neat block
copolymer; this is accomplished simply by control of the film
thickness, all at a constant ratio (~1) of block copolymer to
homopolymer.
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Our approach is shown graphically in Figure 1. It relies
crucially on the fact that the two dissimilar blocks in the
copolymer have preferential interactions with the sub-
strate and with the free surface, leading typically to com-
plete wetting of each surface by one of the blocks. When the
wetting block is the minority component, this results in the
formation of a brush-like “wetting layer” at that interface;
such wetting layers are shown schematically in Figure 1, for
the case where the minority block (blue) wets both the
substrate and the free surface.'* Since the block chemistry
and length ratio can be varied over a wide range at the time of
synthesis, block copolymers can be designed where the
minority component wets both surfaces, either of the two,
or neither. The approach we describe here requires that the
minority component wet at least one of the two surfaces. In
this case, the wetting layers, which have a combined thick-
ness b, will constitute the entire film for film thicknesses ¢,
when ¢ < b; only for film thicknesses ¢ > b is there enough
material to begin to form spherical microdomains.'> How-
ever, in neat block copolymers, where the chains have
sufficient mobility to rearrange, the “extra” material (for
t > b) typically goes to form micrometer-width “islands”
(Figure la) with a thickness exceeding that of the wetting
layers by an amount m, corresponding to a single layer of
microdomains (see Figure 1b). As the film thickness is
increased, the islands coalesce, such that the topology
changes'® to a film which has a largely continuous layer of
microdomains, perforated by “holes” — micrometer-width
regions containing only the wetting layer. Since the islands/
holes (collectively referred to as “terraces”) cover fractions of
the film dictated by the amount of material deposited on the
substrate (initial film thickness), the average areal density of
the micelles can be controlled by film thickness—but it is
highly nonuniform, since the film consists of regions of
wetting layer only (bereft of micelles, left sides of parts a
and b of Figure 1) and other regions which contain micelles
at a density equal to that in a full monolayer (right side of
parts a and b of Figure 1). To obtain a film with a uniform
distribution of micelles on the micrometer scale and above,
terracing must be suppressed; in this case, the film thickness
will control the areal density, as shown schematically in
Figure lc. This direct connection between micelle areal
density and film thickness is a consequence of the fact that
the material’s composition is uniform on length scales much
larger than the individual micelle—in other words, that the
local ratio of red to blue in Figure 1cis constant regardless of
film thickness—but that the wetting layers are of uniform
thickness (b) when the film thickness exceeds the minimum
required for micelles to form (¢, in Figure 1c).

Terracing is driven by the fact that, for a given block
copolymer, there is a strongly preferred microdomain size
and spacing dictated principally by the balance between
enthalpically unfavorable interactions involving dissimilar
blocks (at the micelle core—corona boundary), tending to-
ward a larger periodicity, and entropically unfavorable
stretching of the blocks, tending toward a smaller
periodicity."? Stretching of the corona blocks can be miti-
gated by the addition of matrix homopolymer,'” as illu-
strated schematically in Figure 2. In the “dry brush” limit,
which pertains when the molecular weight of the homopo-
lymer is high, there is negligible penetration of the corona
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(a) “hole” “ijsland”

Figure 1. Representations of a diblock copolymer thin film and asso-
ciated wetting layers; the majority block is shown in red and the
minority block in blue, and the case where the minority component
wets both surfaces is shown: (a) terraces (“islands” and “holes”) that can
form in a film of incommensurate thickness; (b) schematic arrangement
of the chains corresponding to these terraces, with brush-like wetting
layers of thickness b in the hole areas, and with a layer of micelles
sandwiched between the wetting layers in the island areas, contributing
a thickness increment m; (c) a thickness gradient film, where terraces
have been suppressed and a variable areal density of micelles has been
achieved above a minimum film thickness, 7.

Figure 2. Representation of the penetration regimes in blends of
micelle-forming block copolymer with homopolymer (shown in orange)
having the same chemical composition as the micelle coronae but
differing in molecular weight. In the “dry brush” limit (left), there is
negligible penetration of the corona by homopolymer, while in the “wet
brush” limit (right), the corona is swollen by the homopolymer, leading
to stronger curvature and reduced micelle size.

blocks by the homopolymer; the homopolymer resides be-
tween micelles. If the homopolymer content is sufficiently
large, it can completely screen the interactions between the
coronae of neighboring micelles, thus eliminating the driving
force both to form a periodic lattice of microdomains in
bulk'® and to form terraces in thin films. As the homopoly-
mer molecular weight is reduced, the homopolymer begins to
penetrate the corona; in the “wet brush” limit of very low
homopolymer molecular weight, the homopolymer is dis-
tributed throughout the corona, as would be the case for a
simple solvent. The transition between “dry” and “wet” re-
gimes is not sharp, but is expected to occur when the ratio of
homopolymer to corona block molecular weights is approxi-
mately unity."”

Thickness-Gradient Films. For this work, we employed a
polystyrene—polyisoprene diblock copolymer, PS/PI 62/11,
with number-average molecular weights (M) of 62 and 11
kg/mol for the PS and PI blocks, respectively. This is the
identical diblock used previously to fabricate fully dense
arrays of both Au>® and GaAs'® dots, so its suitability as a
template for pattern transfer (via removal of the PI block by
ozonolysis, followed by transfer into the substrate via reac-
tive ion etching) has already been demonstrated. The PI
block is known to wet the native oxide on the Si wafer
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substrate,'* as well as the free surface (PI has the lower
surface tension®?), so a pair of wetting layers is formed,'* as
shown in Figure 1. To suppress terracing, we blended PS/PI
62/11 with high loadings (50 or 60 wt %) of one of three
homopolystyrenes of varying molecular weights (M, = 2.3,
45, or 107 kg/mol); these molecular weights were chosen to
span the wet brush, transition, and dry brush regimes,
respectively.

To elucidate the relationship between micelle areal density
and film thickness, we used a flow coater based on the design
of Stafford et al.>! to create wafer-scale films with control-
lable thickness gradients. Since measurements of film thick-
ness and micelle density can be made locally at various
positions across the film, a single thickness-gradient film
can yield the entire micelle density vs film thickness relation-
ship for a given block copolymer-homopolymer blend,
rather than spin-coating dozens of uniform-thickness films
and measuring each individually. The thickness gradient idea
is shown schematically in Figure lc, where the thickness
gradient will lead in turn to a gradient in micelle density
(increasing with film thickness). Toluene solutions (5 wt %
solids) were used to coat films with thicknesses ranging from
40 to 130 nm onto commercial Si wafers bearing the native
oxide (see Supporting Information for details). Films were
annealed at 165 °C under rough vacuum for 2 h to allow the
structures to approach equilibrium, then cooled to room
temperature under vacuum. The presence or absence of
terraces was determined by optical microscopy (OM; Olym-
pus BX60). Thickness profiles for each film were measured
using microspot ellipsometry (10 um x 30 um; Gaertner
LS116S300), at locations on a rectangular grid. The sub-
strate-supported films were then stained via the vapors of
0.5% aqueous OsO, and imaged with scanning electron
microscopy (SEM; Philips/FEI XL30) using backscattered
electron detection. Micelle areal density was determined by
automated image analysis®” using a suitably chosen bright-
ness threshold (see Supporting Information for details).

Film Structure. A thickness gradient film of neat PS/PI 62/
11 was prepared for comparison, and was annealed at higher
temperature (180 °C) for an extended period (7 days), under
diffusion pump vacuum, to allow terracing to proceed as far
as possible without incurring degradation of the polymer.
This thickness gradient film showed an unterraced “band”
surrounding ¢ = 69 nm, corresponding to a monolayer of
spheres; holes were observed at 1 = 66 nm, and islands
(representing bilayers of spheres) at z = 72 nm, so m+b (the
thickness of a monolayer) is 69 nm (43 nm). In the mono-
layer region, the film showed a local hexagonal packing of
the spheres. High-contrast SEM images of Au dots fabri-
cated from this block copolymer template® yielded a center-
to-center spacing (hexagonal lattice parameter) ¢ = 38 nm,
corresponding to an areal density of 800 micelles/um? in
good agreement with the 810 micelles/um” measured on
monolayer films of the neat OsOy4-stained block copolymer,
using the same image analysis protocol employed for the
thickness gradient films of the block copolymer-homopoly-
mer blends. The thickness of a single layer of hexagonally
packed microdomains in a stack of such layers (with ABA or
ABC stacking, or a mixture of the two) is simply (2/3)"a, so
m = 31 nm, and b = 38 nm. The similarity between m and b is
expected, since b corresponds to a pair of wetting layers for
PS/PL.

Figure 3 shows a montage of SEM and OM images taken
at various positions (film thicknesses) along three gradient
films, each containing 50 wt % homopolymer of a different
molecular weight; PI spheres appear bright in the SEM
images due to the OsOy staining. The 50 wt %/2.3K film
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Figure 3. SEM and OM (inset) images taken at different positions (columns) on three different thickness-gradient films (rows), each with a
homopolymer volume fraction ¢ = 0.494. Film thickness increases from left to right; each row corresponds to a film containing a homopolymer of
different molecular weight, as indicated along the left margin. Scale bars are 200 nm for the SEM images and 50 #m for the OM images.
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Figure 4. Measured micelle areal densities (symbols) for different film
thicknesses in three diblock-homopolymer blends: 50 wt %/107K
(black squares), 50 wt % /45K (red circles), and 60 wt % /45K (blue
triangles). Corresponding model calculations are shown as lines: 50 wt
% /107K (black, solid), 50 wt % /45K (red, dashed), and 60 wt % /45K
(blue, dotted). For the 50 wt %/107K film, the model calculation uses
brush thickness and micelle size parameters determined directly from
the neat block copolymer; for the 50 wt % /45K and 60 wt % /45K films,
these values are reduced slightly to account for partial interpenetration
of the homopolymer into the brush layers and micelle coronae.

(top row of images) shows extensive terrace formation—the
situation we wish to avoid. The ¢+ = 56 nm film shows mostly
monolayer regions, with holes of wetting layer present,
which are the bright features in the OM image (inset); the
featureless left edge of the SEM image corresponds to such a
hole. The + = 80 nm film is also mostly monolayer, with bi-
layer islands; since backscattered electrons from both layers
are detectable by SEM, these bilayer regions give rise to the
moiré patterns visible in the SEM image.

By contrast, the center and bottom rows in Figure 3 show
the desired features: no terracing by OM, and a density of

micelles which increases smoothly from near zero in the left
column to a high value in the right column. Extensive sets
of SEM images were acquired on the 50 wt % /45K and 50
wt % /107K films (selected images from both these films are
shown in Figure 3), along with a 60 wt %/45K film. The
areal density of micelles is plotted against film thickness for
these three films in Figure 4; in each film, the density
extends from near zero up to ~500 micelles/um?, compar-
ablg to the areal density for neat PS/P162/11 (800 micelles/
um-).

Model for Micelle Areal Density. We can capture the
quantitative relationship between micelle density and film
thickness via a simple geometric model. As noted previously,
a minimum film thickness ¢, is required before any micelles
can form. In the neat diblock, 7y = b; in the dry-brush limit,
the homopolymer does not penetrate the wetting layers, but
simply resides between them, increasing #, proportionally:

b
(1-9) @

where ¢ is the volume fraction of homopolymer (0.494 and
0.594 for the 50 and 60 wt % homogolymer blends, respec-
tively, using polymer mass densities™ of 1.05 and 0.90 g/cm’
for PS and PI). For ¢ > ¢,, micelles can form at an areal
density n, which is related to the areal density in the neat

diblock ny as
1
n = ( mo)(l—q))no (2)

ty =

Together, the proportionality constants within parenth-
eses in eq 2 simply represent the effective thickness of block
copolymer contained in the “extra” thickness of film, (¢ —
t0)(1 — @), divided by the thickness of block copolymer (1)
required to form each layer of spheres in a film of the neat
block copolymer. Like eq 1, eq 2 also corresponds to the dry-
brush limit, if m and n, are taken to be the values for the neat
diblock; in the dry-brush limit, the homopolymer does not
penetrate the micelle corona, so the micelle size is unchanged
from the neat case. As noted above, m = (2/3)"?a, and for a
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hexagonal lattice, ny = (2/+/3)/a* so eq 2 may be rewrit-

ten as:
"= (*/M)(z—m 3)

a3

Equations 1 and 3 define the anticipated shape of the n vs
t curve for which data are shown in Figure 4: n = 0 for 7 < ¢,
and a straight line with slope v/2(1 — @)/a’ for t > 1,. There is
no upper thickness limit to the validity of eq 3, though it is
important to recognize that all micelles do not lie at precisely
the same vertical position within the film; the structure be-
comes increasingly “three-dimensional” as the film thickness
is increased. Consequently, in films which have thicknesses
greater than the average intermicelle distance, the projec-
tions of the micelles onto the substrate will begin to overlap,
making such thick films useless for pattern transfer,® since
well-separated dots are generally desired. Consequently, we
confine ourselves to film thicknesses for which n ~ 0.7n, or
less. The solid black line in Figure 4 corresponds to the
prediction of eqs 1 and 3 for ¢ = 0.494, using ¢ = 38 nm and
b = 38 nm, as measured independently for the neat PS/PI1 62/
11. The agreement with the data for the 50 wt % /107K film is
excellent, confirming that this blend system is in the dry-
brush limit, and validating the simple model presented
above.

When the homopolymer molecular weight is reduced,
some penetration of the wetting layers by the homopolymer
will occur, reducing 7o from the value given in eq 1. Similarly,
penetration of the micelle coronae by homopolymer in-
creases the curvature of the micelle core, reducing the micelle
size and increasing the micelle number density.** Both of
these effects (reduced x-intercept, increased slope) are evi-
dent in Figure 4, when the data for the 50 wt % /45K film are
compared with those for the 50 wt %/107K film. For the
former blend, the ratio of homopolymer to corona block M,
is 0.73, so some interpenetration is expected. While the de-
gree of interpenetration is difficult to assess independently, it
can be accounted for in the model by reducing both b (ineq 1)
and « (in eq 3) from their values for neat PS/PI 62/11, to
capture the effects of interpenetration. The dashed red curve
(for ¢ = 0.494) and dotted blue curve (for ¢ = 0.594) were
calculated with » = 37 nm (3% less than for neat PS/PI 62/
11), and @ = 33 nm (13% less than for neat PS/PI1 62/11). A
good description of the two 45K homopolymer data sets (50
and 60 wt %) is obtained with this common set of » and «
values. Somewhat greater interpenctration of the micelle
coronae than of the wetting layers is expected, since the
micelles have the “natural” curvature for an asymmetric
diblock, while in the wetting layers, the block copolymer
chains are forced into a lamellar geometry in which the majority
block is even more stretched than it is in the micelles. While the
limited contrast and resolution in the SEM images prevents
direct measurements of micelle size with the necessary preci-
sion, a 13% reduction in @ implies the same fractional reduction
in the micelle diameter.

In conclusion, we have demonstrated the ability to create
polymer thin films that possess custom-tailored areal den-
sities of micelles, simply by controlling the film thickness at a
fixed and moderate homopolymer content. A simple geo-
metric model in the dry-brush limit allows prediction of the
film thickness required to achieve a desired micelle density,
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knowing only the structural parameters (wetting layer thick-
ness and intersphere spacing) determined independently on
the neat block copolymer. Further work will explore the use
of these low-density micelle arrays as templates for nano-
fabrication.
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