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ABSTRACT: Mixtures of polystyrene (PS) or poly(methyl methacrylate) (PMMA) homopolymers with
symmetric P(S-b-MMA) diblock copolymers were investigated by neutron reflectivity. Inathin-film geometry,
these mixtures form alternating lamellar microdomains oriented parallel to the substrate surface. By adding
perdeuterated homopolymer to unlabeled copolymer, the spatial distribution of the homopolymer was
characterized quantitatively. When the molecular weight of the homopolymer is comparable to the block
molecular weight, the homopolymer is confined to the corresponding copolymer domain, with a distribution
which peaks at the center of the domain. The results are shown to be in excellent agreement with mean-field
predictions. With decreasing molecular weight, the homopolymer is more uniformly distributed within the
domain. When the molecular weight of the homopolymer is much larger than the block molecular weight,
the homopolymer is excluded from the lamellar microdomains, but does not interfere with the preferred
lamellar orientation and is incorporated into the multilayered morphology.

I. Introduction

Inblock copolymer melts incompatibility between unlike
segments results in the formation of ordered microdomains
that exhibit periodicity on the length scale of the copolymer
radius of gyration. The equilibrium microdomain mor-
phology is a strong function of the copolymer composition.
When the volume fractions of the two copolymer com-
ponents are comparable, alternating lamellar domains are
formed. As the copolymer composition is made increas-
ingly asymmetric, curvature is induced in the system such
that bicontinuous double-diamond nets, hexagonal-packed
cylinder arrays, and body-centered cubic packed spheres
are observed, in turn, as equilibrium morphologies.!-3
Analogously, the addition of a homopolymer which seg-
regates preferentially to one block domain can introduce
curvature and drive a change in morphology.4

While numerous theoretical and experimental articles
have been published on the thermodynamics of pure block
copolymer systems, the rich phase diagrams for block
copolymer/homopolymer blends are less well character-
ized.4® Several groups have examined the effects of
moderate additions (<30 %) of polystyrene homopolymers
on the morphology of nearly symmetric poly(styrene-b-
isoprene) diblock copolymers using transmission electron
microscopy and small-angle scattering.6® An early in-
vestigation by Ptaszynski et al.f and more recent studies’?®
suggest that when the homopolystyrene molecular weight
is below or comparable to that of the PS block, the
homopolymer is completely solubilized in the PS lamellar
domains. The lamellar spacing and PS domain size are
generally observed to increase with increasing homopoly-
mer content, while the PI domain width decreases to
maintain constant density. Winey et al.8 found a decrease
in lamellar spacing relative to the pure copolymer in blends
with low molecular weight PS homopolymer. For a fixed
blend concentration, Hashimoto et al.” and Winey et al.2
determined that the PS domains expand less for lower
molecular weight homopolymer, while the PI domains
contract more. These trends suggest that lower molecular
weight polystyrene homopolymer is more uniformly dis-
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tributed through the PS microdomains, while higher
molecular weight homopolymer is more centralized, or
sandwiched, between PS blocks of the copolymer. The
solubility of homopolymer in the ordered domains de-
creases with increasing molecular weight. Ptaszynski et
al.b found that blends containing 20% polystyrene with
molecular weights over twice that of the PS copolymer
block turned opaque, indicating macroscopic phase sep-
aration. From the calculated lamellar spacing for these
samples, the homopolymer was determined to be partially
miscible in the PS domains. A later study by Quan et al.1?
found decreasing miscibility of polybutadiene homopoly-
mers in ordered poly(styrene-butadiene—styrene) triblock
copolymers as the homopolymer molecular weight in-
creased beyond half that of the polybutadiene block.

While prior studies lend much insight into the mor-
phological behavior of blends of symmetric copolymers
with homopolymers of varying molecular weight, the
distribution of the homopolymer chains within the co-
polymer domains has only been discussed qualitatively.”8
In the present study, neutron reflectivity is used to obtain
quantitative information on the distribution of polystyrene
(PS) or poly(methyl methacrylate) (PMMA) homopoly-
mers in ordered films of symmetric P(S-b-MMA) diblock
copolymers. In thin block copolymer films, preferential
interactions of the copolymer blocks with the substrate
and air interfaces result in near-perfect orientation of the
lamellar domains parallel to the surface. Such films
provide model systems to analyze ordered copolymers by
neutron reflectivity. In earlier studies, the selective
deuteration of one copolymer block has provided detailed
information on domain sizes and interfacial widths in well-
ordered P(S-b-MMA) diblock films.1112 With the addition
of a homopolymer labeled to match the corresponding
copolymer block, such as PMMA homopolymer blended
with P(d-S-b-MMA) copolymer, changes in the lamellar
spacing and domain sizes as a function of homopolymer
concentration and molecular weight are readily obtained.
The addition of deuterium-labeled homopolymers to an
unlabeled copolymer reveals homopolymer distributions
within the copolymer microdomains. The results are
compared with distributions predicted by a recent mean-
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Table 1
Characteristics of Copolymers and Mixtures with
Homopolymers

vol % of PMMA on X 100
sample description®® caled measd caled measd

HHO*  P(S-b-MMA) 91K 53
HH1 +5% d-PMMA 57K 534 53 4.5 5.0
HH2 +5% d-PMMA 57K

+5% PS 52K 52 52 4.5 4.6
HH3 +10% d-PMMA 57K 554 55 9.0 9.4
HH4 +10% d-PMMA 12K 57 57 9.0 8.1
HH5 +5% d-PS 50K 48¢ 48 4.8 4.2
HH6 +10% 4-PS 50K 46¢ 47 9.7 7.7
HH7 +5% d-PS 500K 50 53 4.8 5.3
HH8 +10% d-PS 500K 48 54 9.7 103
DHO¢ P(d-8-5-MMA) 101K 48
DH1 +5% PMMA 64K 51 51 5.0
DH2 +10% PMMA 64K 53 54 9.9
DH3 +10% PMMA 9.2K 53 54 9.9
DH4 +5% d-PS 50K 46 46 5.0
DH5 +10% d-PS 50K 43 44 10.0
DH6 +5% d-PS 500K 46 48 5.0
DH7 +10% d-PS 500K 43 48 10.0

¢ The designation of K indicates the molecular weight in thousands.
PS and PMMA denote polystyrene and poly(methyl methacrylate)
homopolymers. Perdeuteration is denoted with the prefix d. ? All
_ percentages noted in this column are weight percentages. ¢ The total

molecular weight of P(S-b-MMA), HHO, is 9.1 X 104 (M,/M,, = 1.05)
with a PS block weight-average molecular weight of 4.2 X 10% The
number of PS segments, Npg, is 400 and of PMMA segments, Npmma,
is 500, yielding a PS volume fraction, fs, of 0.47. This copolymer
contains ~7% triblock impurity. ¢ Values were calculated assuming
a 4% by volume impurity of PS homopolymer in the diblock
copolymer. These blends were prepared prior to copolymer puri-
fication. ¢ The total molecular weight of P(d-S-b-MMA), DHO, is
10.1 X 104 (Mw/ My = 1.04) with a PS block weight-average molecular
weight of 5.3 X 104 Npg = 470, Npmma = 480, and fs = 0.52. This
copolymer contains ~4% triblock impurity.

field analysis for homopolymers present in lamellar
domains of strongly segregated block copolymers.

The current work does not attempt an exhaustive study
of copolymer/homopolymer blends in thin-film geometries.
Rather, the thin-film morphologies of symmetric diblock
copolymers blended with homopolymers having molecular
weights lower than, equal to, or higher than the corre-
sponding block molecular weight are compared with the
morphologies previously observed in bulk systems.58 A
quantitative analysis of homopolymer distributions in
ordered copolymer microdomains is presented.

I1. Experimental Section

Polished silicon substrates 10 cm in diameter and 4.8 mm thick
with the (100) planes oriented parallel to the surface were
purchased from Semiconductor Processing Co. Substrates were
placed in chromic acid overnight, thoroughly rinsed with deionized
water, and allowed to air-dry. Prior to use, substrates were
immersed in sulfuric acid approximately 5 min, thoroughly rinsed
with deionized water, placed in a 2-propanol vapor degreasing
chamber for 5 min, and dried at 110 °C.

Anionically synthesized PS and PMMA homopolymers and
P(8-b-MMA) diblock copolymers were purchased from Polymer
Laboratories. Prior to use, PS homopolymer impurities generated
in the diblock synthesis were removed by Soxhlet extraction with
cyclohexane. Small amounts of triblock, a product of coupling
reactions in the synthesis, were not removed from the copolymers
but are expected to have little influence on the blend morphologies
at the temperatures of interest. Molecular weight and compo-
sition characteristics of the copolymers and blends examined in
this study are provided in Table 1. Both copolymers were
approximately 10° in molecular weight, while homopolymer
molecular weights ranged between 104 and 5 X 10.°

Thin films of homopolymer/copolymer mixtures containing 5
or 10 wt % homopolymer were prepared by spin casting from
toluene solutions of approximately 3% (w/v). Samples were cast
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ontosilicon substrates at 2000 rpm to obtain thicknesses between
1300 and 1600 A (corresponding approximately to 3.5 lamellar
periods). Specimens were subsequently annealed under vacuum
at 160 °C for 5-10 days to achieve ordering. Ellipsometry was
used to determine film thicknesses prior to annealing.

Neutron reflectivity measurements were performed on the
BT-7 instrument at the National Institute of Standards and
Technology. The experimental setup and sample alignment
procedure have been described in detail elsewhere.1? A collimated
neutron beam from the reactor is passed through a graphite
monochromator delivering neutrons having a wavelength, A, of
2.37 A. Following the monochromator, the beam is collimated
by two pairs of lithiated polyethylene slits separated by 1.5 m,
one near the monochromator, the other near the sample. This
produces AA/A = 0.01. To gain intensity at higher angles, the
slit nearer the specimen is opened stepwise with increasing
incidence angle, §. The angular divergence of the beam varies
from 0.017° at the lowest angles to ~0.03° at § = 1.5°. Beyond
the sample a second pair of lithiated polyethylene slits serves to
limit background intensity.

Reflectivity curves were generated by rotating the sample §
and the detector 20 degrees with reference to the incident beam.
Data points were taken in steps of 0.01° in 6 up to angles >1.5°
or 0.07 A-! in neutron momentum, k. = (2x/\) sin §. Typically,
8 h wasrequired for each reflectivity measurement. Background
intensities were obtained by offsetting 26 by +0.25°. Background
was taken in 0.05° steps in § and extrapolated linearly between
points. After background subtraction the net intensity was
divided by the main beam intensity with the appropriate slit
configurations to produce the reflectivity profiles.

III. Model Reflectivity Profiles

In specular reflectivity, radiation incident on a surface
at a glancing angle 9 is detected at a corresponding angle
# from the surface after undergoing reflection, thereby
recording the momentum transfer normal to the surface.
For neutron reflectivity the number of neutrons reflected
at an interface between two media depends upon the
neutron refractive index of each medium. The neutron
momentum normal to the surface, i.e., in the 2-direction,
in medium j is written as!?

k= [k,o" ~ 4m(b/V),]/* )

where (b/V);is the scattering length density of the medium
and k.o is the z-component of the incident neutron
momentum in vacuum. For the case where the scattering
length density varies through the thickness of a film
deposited on a substrate, the reflectivity can be modeled
by dividing the film into j layers of an arbitrary thickness
d; and scattering length density (b/V);. If the substrate
is designated as the j + 1 layer, the reflectance at the
substrate is given by

Fijen = kej =Ry )/ Ry + ki) )

while at the interface between the layer adjacent to the
substrate and the j — 1 layer

_ r; r+r’-J+1exp(2idk )

e et ey 3
T 1 e exp(2idik, )

The reflectance at the j—2, j—1 interface is calculated
recursively as

. rigja t 1, expid ik, ;)
;exp(2id; .k, ; ;)

4)

j-2j-1 =

Following this recursion through the j layers, the reflec-
tance at the film surface ro; can be obtained.1®18 The
reflectivity is then defined as

Rk, o) =roiro* ®
where the asterisk denotes the complex conjugate. In-
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Table II Table I11
Constants Used in Calculations Parameters Derived from the Reflectivity Profiles
density (.JA%) density ((.JA%! sample description dGAd) dad dA a@

material (g/cm3) (x10€A-2) material (g/em®) (X10%A4-2)

PMMA 1.15 1.0 d-PS 114 6.1
d-PMMA 124 6.8 Si 2,32 2.08
PS 1.06 1.43 Si0, 2.20 3.48

strumental resolution is incorporated within the calcu-
lation of the reflectivity by convolving the reflectivity with
a Gaussian function defining the resolution.

For an ordered copolymer/homopolymer film in which
one copolymer block is deuterated and the homopolymer
labeling matches that of the corresponding copolymer
block, the model for the scattering length density profile
is straightforward, assuming complete segregation of the
homopolymer to like domains. In such cases, the reflec-
tivity profile is typically described by a model that consists
of alternating layers having the b/V values of the deu-
terated and hydrogenated components, with a character-
istic hyperbolic tangent interface between the PS and
PMMA domains which can be incorporated into the
recursion relations.!'12 Scattering length density values
for materials relevant to this study are given in Table II.

When deuterated homopolymer is added to the unla-
beled copolymer, the scattering length density profile is
more complex, and some form for the homopolymer
distribution must be assumed. For these systems, the
copolymer domains that contain the homopolymer are
divided into incremental layers typically 5 A in thickness.
The b/V value for each layer is then calculated from a
model concentration profile in which the homopolymer is
distributed about the center of the domain and decays to
some base value at the domain boundaries. The model
thus encompasses two extremes for incorporating a given
homopolymer concentration within the domain: (1) the
homopolymer can be entirely confined to the domain
center, represented by a narrow Gaussian distribution, or
(2) the homopolymer can be uniformly distributed through
the domain, such that the scattering length density of each
layer in the domain is equal to the average b/V value for
the domain. The model additionally incorporates a
hyperbolic tangent interfacial profile between PS and
PMMA layers. The homopolymer is assumed to be
confined to like domains. This assumption is supported
by the results obtained for compositionally equivalent
strong-scattering systems (see TableI). Model parameters,
including the full-width half-maximum, base value, and
total value of the homopolymer concentration in each
domain, the domain widths, and the interfacial thicknesses,
were determined using an interactive fitting procedure to
minimize the absolute difference between the calculated
reflectivity curves and the experimental data. Because
the weak-scattering systems are effectively composed of
three components, interfacial widths and layer thicknesses
cannot be uniquely determined. For this reason large
errors are listed for the average domain widths in these
systems (Table III). The average lamellar spacing, how-
ever, is expected to be accurate to within £ 5 A for most
samples.

IV. Results and Discussion

Figures 1 and 2 show the reflectivity profiles for 101K
P(d-S-b-MMA) blended with 5 and 10 wt % 64K PMMA,
samples DH1 and DH2. The strong Bragg reflections
which are evident in the profiles indicate that a high degree
of ordering is present parallel to the substrate. The circles
represent the experimental data, while the solid line is the
reflectivity calculated from the scattering length density
profileshownintheinset. (Error bars onthe experimental

HHO P(S-5-MMA) 91K 1762 2006 3765 52+12
HH1 +5% d-PMMAGSTK 196£10 219£10 41565 52¢
HH2 +5% d-PMMAS5TK 202+10 218+10 4205 520
+5% PS 52K

HH3 +10% d-PMMASTK 189+£10 236+10 425+5 49
HH4 +10% d-PMMA 12K 16610 21910 3855 51¢
HH5 +5% d-PS 50K 2165 2005 4165 520
HH6 +10% d-PS 50K 2145 191+£5 4055 56
HH7 +5% d-PS 500K 181+5 206+5 3875 7648
HH8 +10% d-PS 500K 1795 209+10 388+10 66+20

DHO P(d-S-b-MMA) 101K 206+3 188£2 394%x3 50zx5
DH1 +5% PMMA 64K 2001 2081 4081 48%4
DH2 +10% PMMAG64K 2031 233%2 436+2 498
DH3 +10% PMMA92K 179+1 209%£3 388+3 5746
DH4 +5% d-PS 50K 216£3 1871 403%2 55%3
DH5 +10% d-PS 50K 230£2 184%£1 414+2 648
DH6é +5% d-PS 500K 2101 1931 4031 577
DH7 +10% d-PS 500K 208+2 194£2 ,402%2 T1x9

¢ Values were restricted to within the limits set by the strong-
scattering equivalents.
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Figure 1. Neutron reflectivity profile for blend DH1, 95 wt %
P(d-S-5-MMA) 101K copolymer with 5 wt % PMMA 64K
homopolymer. In this figure as in the remaining figures, the
circles represent experimental data. Solid curveis the calculated
reflectivity profile using the scattering length density profile
shown in the inset.
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Figure 2. Neutron reflectivity profile for blend DH2, 90 wt %
P(d-S-b-MMA) 101K copolymer with 10 wt % PMMA 64K
homopolymer. Solid curve is the calculated reflectivity profile
using the scattering length density profile shown in the inset.

data fall within the circles.) The decrease in the reflectivity
observed at low momentum values below the critical angle
is a consequence of the finite sample size.!! As evidence
by the model b/V profile shown in the inset, the PMMA
homopolymer appears to segregate completely to the
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Figure 3. Neutron reflectivity profile for blend HH2, 95 wt %
P(d-S-b-MMA) 91K copolymer with 5 wt % d-PMMA 57K
homopolymer. Solid curve is the calculated reflectivity profile
using the scattering length density profile shown in the inset.

PMMA domains of the multilayered structure. With
increasing homopolymer content, the average lamellar
period increases due to an expansion of the PMMA
domains, while the average thickness of the PS layers
decreases only slightly, by 2 or 3% (Table III). These
results are in accord with those of Winey et al.8 for blends
of a symmetric 49K poly(styrene-b-isoprene) diblock with
37K polystyrene. While the lamellar period increases 4
and 10% for the DH1 and DH2 biends relative to the pure
copolymer, sample DHO, the homopolymer addition does
not significantly affect the average interfacial width
between PS and PMMA layers. These combined obser-
vations suggest that, for these blends, the homopolymer
lﬁas little influence on the chain configurations of the PS
locks.

As observed for pure P(S-b-MMA) diblock copoly-
mers,'112 thin films of symmetric diblocks blended with
PMMA (or PS) homopolymer order such that PS, the
lower surface energy component, forms a half-layer at the
film surface. At the Si interface a half-layer of PMMA is
found due to a favorable interaction between PMMA and
the oxide layer which forms on the silicon surface, typically
15 A in thickness. Inthescattering length density profiles
shown in Figures 1 and 2, this oxide layer has been
incorporated into the model, using a b/V value of ~3 X
108 A-2, These results additionally show that, as with
pure block copolymers,!%11.16 the blends order such that
the equilibrium thickness of the system is quantized to (n
+1/,) layers, where n is an integer. If the thickness of the
film when originally cast does not correspond closely to
(n + 1/2) layers, the copolymer satisfies this condition by
the formation of integral steps or holes on the surface of
the film. Several recent studies have examined this
phenomenon using optical microscopy and atomic force
microscopy.17-19

While the results in Figures 1 and 2 might yield a
qualitative picture of the homopolymer distribution within
the PMMA domains, a quantitative description is only
possible if contrast is achieved between the homopolymer
and copolymer components. Figures 3 and 4 show the
reflectivity data for unlabeled 91K P(S-6-MMA) blended
with 57K d-PMMA in concentrations of 5 and 10 wt %,
samples HH2 and HH3, respectively. (Error bars have
been included in Figure 3 for completeness but have been
excluded from the remainder of the figures for purposes
of clarity.) Multiple Bragg reflections are again observed
in both profiles, reaffirming the segregation of homopoly-
mer to the PMMA domains. The low peak intensities,
however, reveal significant intermixing between the un-
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Figure 4. Neutron reflectivity profile for blend HH3, 90 wt %
P(S-5-MMA) 91K copolymer with 10 wt % d-PMMA 57K
homopolymer. Solid curve is the calculated reflectivity profile
using the scattering length density profile shown in the inset.
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Figure 5. Calculated reflectivity profiles for blend HH3. The
upper curve assumes a more centralized homopolymer distri-
bution (thin line in b/ V inset) than is indicated in Figure 4. The
lower curve assumes a completely uniform distribution of
homopolymer in the PMMA domains (thick line in b/V inset).
The PMMA half-layer at the substrate was not altered.

labeled PMMA copolymer blocks and the labeled ho-
mopolymer within the PMMA domains. The scattering
length density profiles used to generate the model reflec-
tivity curves are shown in the insets. In both figures,
centralization of the homopolymer within the PMMA
domains is apparent. In addition, both profiles suggest
that excess homopolymer resides in the PMMA layer
adjacent to the substrate.

The sensitivity of the reflectivity measurements to
the homopolymer distribution is demonstrated in Figure
5, which shows calculated reflectivities for the 10 wt %
blend, sample HH3, assuming a completely uniform
distribution (bottom curve) and a more centralized dis-
tribution (top curve) within the PMMA layers, keeping
the fraction of homopolymer in each layer constant. (The
half-layer adjacent to the substrate, which governs the
reflectivity at high angles, was not altered.) Inexamining
this figure it is clear that the homopolymer distribution
must be centralized and that the reflectivity is quite
sensitive to the peak concentration of the homopolymer
within the ordered domains.

Because blends HH2 and HH3 are effectively three-
component systems, i.e., they contain materials with three
distinct b/ V values, volume fractions cannot be calculated
uniquely from the scattering length density profiles in
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Figure 6. Volume fraction profile for PS (solid), PMMA
(dashed), and d-PMMA (dotted) components in blend HH2,
obtained from the scattering length density inset in Figure 3.
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Figure 7. Volume fraction profile for PS (solid), PMMA
(dashed), and d-PMMA (dotted) components in blend HH3,
obtained from the scattering length density inset in Figure 4.

1600

Figures 3 and 4. Therefore, several assumptions were
introduced based on results from the strong-scattering
analogues in Figures 1 and 2, DH1 and DH2, respectively.
The reflectivity profiles for the HH2 and HH3 blends,
though sensitive to the total lamellar period, are somewhat
insensitive to the thickness of the PS and PMMA domains.
Therefore, initial values for these parameters used in the
fitting procedure were forced to be consistent with the
results for the strong-scattering blends. The large con-
fidence limits for the domain widths listed in table III are
a reflection of this biasing in the fits. In addition, the
interfacial thickness between PS and PMMA layers was
restricted within limits set by the average values obtained
for the strong-scattering systems (45-55 A). It should be
noted that for sample HH3 a ~4% 42K homopolystyrene
impurity was not removed from the diblock prior tosample
preparation, while for sample HH2, 5 wt % 52K
polystyrene was intentionally introduced in the system.
The PS domain widths are, therefore, significantly larger
than the value for the purified 91K copolymer, sample
HHO. Based on results for the strong scattering blend,
DH4, the polystyrene impurity is expected to have a
negligible effect on the PMMA domain widths at this
concentration level. For both weak-scattering samples,
the relative volume fraction of PMMA given by the ratio
of the width of the PMMA domain, d, to the total period,
d, i.e., dy/d, is consistent with the value calculated from
the initial blend composition (Table I).

Figures 6 and 7 show the volume fraction profiles
obtained from the scattering length density profiles shown
intheinsets of Figures 3and 4. Ascanbeseen,the PMMA
homopolymer (dotted curve) is sandwiched between
PMMA copolymer blocks (dashed curve). Forboth blends
the maxima in the homopolymer distributions are roughly
twice the average volume fraction of homopolymer in the
PMMA domains, ~9% for HH2 and 17% for HH3. An
excess of homopolymer at the interface between the film
and the substrate is seen in both profiles. The homopoly-
mer coverage at the Si surface is nearly twice the peak
homopolymer concentration for the internal layers. Still,
the homopolymer chains are seen to penetrate well into
the interfacial regions in both systems. The homopolymer

Homopolymer Distributions in Block Copolymers 6527

0.40

Expeﬁment
— Theo
0.30 v
on(z) 020
0.10
0.00
-120 —-80 60 120

0
z(d)
Figure 8. Comparison of homopolymer distributions: (---)
experimental; (—) mean-field results of Shull and Winey.?
Dashed curves are distributions from representative domains of
blends HH2 and HH3. Solid curves were calculated from eqs 6
and 7, with parameters given in the text.

volume fraction, ¢y, determined from the average domain
concentration, ¢n, domain width, and lamellar spacing, ¢n
= ¢owmdn/d, compares well in each case with the homopoly-
mer volume fraction calculated from the blend compo-
sition, using the densities listed in Table II. Integrated
over the total film thickness, however, the homopolymer
volume fractions are somewhat overestimated as 4.9% for
HH2 and 10.7% for HH3. This discrepancy arises, most
likely, from the inability to distinguish the oxide layer on
the silicon surface from the deuterated homopolymer
present. In fitting sample HH2, an 11-A oxide layer was
incorporated in the profile, while for HH3, the oxide layer
was neglected. Thus, particularly in Figure 7, the ho-
mopolymer excess in the PMMA half-layer is probably
overestimated. The homopolymer content in the layers,
however, should closely approximate the true value since
the fit is quite sensitive to the maxima in the b/ V profiles.

A recent mean-field treatment by Shull and Winey?
simulates homopolymer distributions within lamellar
diblock copolymer morphologies based on an earlier model
for polymer brushes.202! The analysis assumes that the
homopolymer chains are entirely confined within like
copolymer domains and that the boundaries between
adjacent domains are infinitely sharp. For systems in
which the homopolymer molecular weight is greater than
or comparable to the molecular weight of the corresponding
copolymer block, a simple analytical form is derived for
the homopolymer distribution across the domain:®

_ (pAdA+2z) (¢AdA—2z)
a(2) = O.S{tanh (——w—— +tanh | 2 —

o 0
6)

where ¢4 is the total volume fraction of homopolymer in
the A domain, d is the domain width, and wq characterizes
the overlap between copolymer brushes anchored at the
domain wall and the homopolymer chains localized to the
domain center. When the homopolymer molecular weight
is greater than the block molecular weight, wy can be
approximated from an empirical form obtained for infinite
homopolymer molecular weight:

wy = 1.09R, + 3.16[R,%/ (1 - ¢)d,) M

where R, = Nal/21,/V/6 is the unperturbed radius of
gyration of a copolymer block with N, segments of length
ls. From egs 6 and 7, volume fraction profiles can be
generated to compare with those in Figures 6 and 7. For
the 91K copolymer used in this study, Npmma = 500. The
segment length for PMMA was taken to be 6.85 A.11.22

In Figure 8 is shown the calculated distribution (solid
curve) for a domain thickness of 218 A and a homopolymer
content of 9.0 vol % compared to the fitted distribution
for the corresponding HH2 domain (dashed curve). Since
the mean-field treatment assumes a sharp boundary



6528 Mayes et al.

between PS and PMMA layers, the PMMA concentration
in Figure 6 was normalized to one within the interfacial
regions. The two results are in very good agreement. Near
the domain boundaries, however, the mean-field analysis
appears to underestimate the homopolymer concentration.
Indeed, the normalized area under the calculated curve
does not equate tothe input concentration, ¢5. Integrating
eq 6 over the domain width d, using the approximation
in (7), one finds that material conservation is strictly
achieved only in the continuous chain limit, [, — 0. This
discrepancy is more apparent on comparing the calculated
and experimental distributions in Figure 8 for the HH3
blend using a domain width of 237 A and a homopolymer
content of 17.2 vol %. Nevertheless, the analytic expres-
sions given in eqs 6 and 7 provide a very good approxi-
mation of the observed distributions when the homopoly-
mer molecular weight is comparable to that of the
corresponding copolymer block. For lower molecular
weight homopolymers, the copolymer brush profiles will
depend upon the ratio of the homopolymer molecular
weight to that of the copolymer, and the simple analytic
form used aboveis not applicable.® A mean-field treatment
for such cases is beyond the scope of the present study
and will be discussed in a future communication.

For low molecular weight homopolymers incorporated
into ordered copolymer domains, intermixing of the
homopolymer chains with the copolymer blocks is en-
tropically favored. Therefore, the homopolymer distri-
bution across the domain is more uniform.”® In sample
DH3, labeled copolymer DHO is blended with 10 wt %
9.2K PMMA homopolymer. With the improved inter-
penetration of homopolymer and copolymer, the PMMA
domain expansion is less dramatic than that observed for
the 64K homopolymer blend DH2 (see Table III). Swelling
of the PMMA blocks by short homopolymer chains
increases the average distance between PS-PMMA junc-
tion points along the interface. This produces a larger
contraction of the adjacent PS domains, in order to
preserve constant density inthese layers. This pronounced
effect vields a slight decrease in the average lamellar
spacing relative to the pure copolymer. These observations
are consistent with results from recent small-angle scat-
tering studies by Hashimoto et al.” and Winey et al.2 The
reflectivity analysis additionally suggests that swelling the
PMMA brushes with short homopolymer chains broadens
the interfacial region between PS and PMMA layers.

Comparing the results of the reflectivity analyses for
samples DH2 and DH3 suggests that the lower molecular
weight homopolymer is more uniformly distributed within
the PMMA domains. A more quantitative comparison
can be made, however, by analyzing the reflectivity profile
in Figure 9 (top curve) for a blend of unlabeled copolymer
with 10 wt % 12K d-PMMA homopolymer, sample HH4.
In this profile the higher order reflections are absent, while
the first-order reflection is significantly lower than that
of the 57K blend HH3 in Figure 4. Although the system
is well ordered, the contrast between the PS and PMMA
domains is much lower, indicating that the homopolymer
chains and PMMA blocks are highly intermixed within
the PMMA domains. At larger k,, the reflectivity is
significantly higher than for the previous system, resulting
from a higher concentration of labeled homopolymer at
the interface between the film and substrate. From the
model b/V profile shown in the inset of Figure 9, the
corresponding volume fraction profile in Figure 10 was
calculated. The homopolymer coverage at the substrate
is shown to be above 80%.

While the results in Figures 9 and 10 clearly point to a
significant intermixing of the labeled and unlabeled
PMMA segments, the scattering length density profile in

Macromolecules, Vol. 25, No. 24, 1992

(bAV)x10® (A7)
Lot s e

107

REFLECTIVITY

107

107¢

o ‘ .
0.000 0.020 0.040 0.060 0.080
kz.O ( A-‘ )

Figure 9. Reflectivity profile for blend HH4, 90 wt % P(S-b-
MMA) 91K copolymer with 10wt % d-PMMA 12K homopolymer.
Upper curve shows the calculated reflectivity profile using the
b/ V profile given in the inset. Lower curve shows the calculated
reflectivity profile for a completely uniform distribution of
homopolymer in the internal PMMA layers (the half-layer at the
substrate interface was not altered).
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Figure 10. Volume fraction profile for PS (solid), PMMA
(dashed), and d-PMMA (dotted) components in blend HH4,
obtained from the scattering length density inset in Figure 9.

the inset of Figure 9 and the volume fraction profile in
Figure 10 suggest that the homopolymer concentration is
still slightly higher at the center of PMMA domains. To
substantiate this conclusion, the reflectivity profile was
calculated assuming a uniform distribution of the ho-
mopolymer in the three PMMA layers. The comparison
to the experimental data is shown in the bottom of Figure
9 (this has been offset for clarity). While the calculated
profile captures most features of the experimental data,
there is clear disagreement between the calculated curve
and the data in the momentum range from 0.015 to 0.02
A-1, This demonstrates that the distribution cannot be
uniform and emphasizes the sensitivity of neutron re-
flectivity to the spatial distribution of labeled homopoly-
mer.

The average homopolymer content in the PMMA do-
mains yields an estimated value for the homopolymer
volume fraction of ¢n = ¢mdwm/d = 0.081, which falls
somewhat short of the calculated value of 0.09 for this
blend composition. Integrated over the total film thick-
ness, however, the homopolymer fraction of 0.10 over-
estimates the calculated value by 0.01. Again, however,
the inability to resolve the labeled homopolymer from the
oxide at the Si surface is the most logical explanation for
this discrepancy.

The excess homopolymer which resides at the substrate
in samples HH2, HH3, and HH4 might suggest the
thermodynamic coexistence of a homopolymer-rich dis-
ordered phase along with the ordered lamellar phase. This
isunlikely, however, particularly for blends HH2 and HH4.
For these systems, the annealing temperature is well above
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Figurell. Mean-field spinodal curves for macrophase separation
of P(S-6-MMA) 91K copolymer and PMMA (dashed curve) or
PS (solid curve) homopolymers as a function of homopolymer
concentration ¢, and number of segments N,. Open squares
indicate blends with added d-PMMA. Filled circles indicate
blends with added d-PS. The 42K homopolymer impurity not
extracted from the copolymer (~4 %) was not taken into account
(see Table I).

the stability limit for phase separation of the copolymer
and PMMA homopolymer obtained from the Flory-
Huggins free energy of mixing:?

% 1o a- 2, (1 -
Nhln¢h+ N In(1-¢) + XS (1 - @)

C)

where Ny, is the number of segments per PMMA ho-
mopolymer chain, f; is the volume fraction of PS in the
block copolymer, and x.m is the interaction parameter for
styrene and methyl methacrylate:22

Xym = 0.028 + 3.9/T ©)

where T is the absolute temperature. At the annealing
temperature of 160 °C, xem = 0.037. The stability limit
or spinodal is defined from (8) as 32AF/d¢y2 = 0. In Figure
11 the spinodal is plotted as a function of PMMA (solid
curve) or PS (dashed curve) homopolymer concentration
and molecular weight for copolymer HHO, using xum =
0.037. In this figure blends HH2 (N}, = 530, ¢, = 0.045)
and HH4 (N} = 110, ¢ = 0.090) fall well outside the
spinodal, while sample HH3 (N}, = 530, ¢, = 0.090) is
somewhat closer to the stability limit. For higher con-
centrations at this molecular weight, partial exclusion of
the homopolymer from the ordered copolymer domains
might result. This could explain the anomalous values
for the average domain widths and lamellar spacing
determined for the HH6 blend, which contains 10 wt %
50K d-PS along with the 42K polystyrene impurity (~4%
of the unpurified diblock volume) not removed prior to
sample preparation.

For much higher molecular weights, the homopolymer
solubility drops appreciably and macroscopic phase sep-
aration is anticipated. In thisstudy we examined the thin-
film morphology of copolymers HHO and DHO blended
with 500K d-PS homopolymer. For this molecular weight
(Np = 4500), a 5 or 10 wt % homopolymer concentration
falls well within the two-phase region of Figure 11. Upon
annealing, however, these films remained transparent, and
optical microscopy revealed no evidence for macroscopic
phase separation. Infact, island or hole formation on the
surface of the film was observed, indicating a retention of
the lamellar ordering parallel to the substrate.

Figure 12 shows the reflectivity profile for sample DH7,
a blend of DHO copolymer with 10 wt % 500K deuterated

AF/RT =
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Figure 12. Reflectivity profile for blend DH7, 90 wt % P(d-
S-b-MMA) 101K copolymer with 10 wt % d-PS 500K homopoly-
mer. Upper curve shows the calculated reflectivity profile using
the b/V profile given in the inset. Lower curve shows the
calculated reflectivity profile using the full b/V value for d-PS
in the surface half-layer of the scattering length density profile.

polystyrene. The solid line (upper curve) is the best fit
to the experimental data using the scattering length density
profile shown in the inset. Again, a periodic variation in
the scattering length density through the entire film is
found, demonstrating that the multilayered structure has
been maintained. Thelow scattering length density value
for the PS half-layer at the air surface is indicative of the
formation of islands on the free surface,!”° and the
scattering length density at the surface is a weighted sum
of the scattering length density for the underlayer and air
(b/V = 0).15 Using the full b/V vlaue for the half-layer at
the surface, i.e., assuming no islands, results in the lower
curvein Figure 12. Ascanbeseen, the agreement between
the measured and calculated profiles is not as good,
although the average domain size and spacing are still
captured.

In contrast to sample DH5 where 10 wt % d-PS 50K
was added, the lamellar spacing for DH7 is not appreciably
larger than that for the pure copolymer. The width of the
polystyrene domains is seen to remain approximately
constant, indicating exclusion of the homopolymer. The
average PMMA domain width increases slightly (~3%),
while the interphase widths are notably larger. Inaddition,
the scattering length density of the PMMA layers required
to fit the data (~1.5 X 108 A-2) was significantly higher
than that of pure PMMA (1.5 X 10 A~2). These results
suggest a multilayered morphology having small localized
domains of homopolymer distributed throughout the film
rather than a coarse, macroscopic phase separation of the
homopolymer to the surface or into large homopolymer-
richdomains. Consequently, thescattering length density
of the PMMA layers represents a local average of 90%
PMMA with 10% d-PS. The broadening of the interfacial
region is also consistent with a model of localized ho-
mopolymer segregation, whereby the near-perfect layering
of the lamellar domains is compromised locally to ac-
commodate the homopolymer. Consistent with the brush/
homopolymer profiles characterized by eqs 6 and 7, PS
copolymer brushes would effectively sandwich the PS
homopolymer bridging through the PMMA layers. This
would increase the number of joints per unit area of PS/
PMMA interface, thereby causing an increase in the width
of the PMMA domains to maintain constant density.

To investigate this point further, electron microscopy
was performed on thin films of the DH7 mixture. Here,
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Figure 13. Electron micrograph of the DH7 mixture containing 10% 500K d-PS. The sample was prepared on an Ultem polyimide
substrate coated with Si. The sample was microtomed normal to the surface and stained with RuQ, vapors, which preferentially stain
the polystyrene (dark regions). The magnification is indicated in the figure.

specimens were prepared by spin casting the mixture onto
a substrate consisting of a thick polyimide (Ultem) sheet
coated with a thin (~1000 A) film of evaporated Si. The
specimens were annealed for 5 days under vacuum in a
manner identical to that used for the reflectivity studies.
The use of the polyimide substrate permitted micro-
toming could be seen. The microtomed specimen was
stained with RuQy, which preferentially stains the poly-
styrene. Figure 13 shows a typical micrograph for the
DHT7 mixture. The micrograph is quite dramatic. While
one can not distinguish between the PS of the homopoly-
mer or copolymer, localized pockets of PS are scattered
throughout the film. Remarkably, the multilayered
structure is maintained and the homopolymer domains
are incorporated with little distortion to the orientation
of the multilayers. It also appears that there is no
preferential segregation of the homopolymer to either the
air or substrate interface. Thus, the conclusions drawn
from the reflectivity measurements are in good agreement
with the electron microscopic observations.

The above conclusions are supported by the reflectivity
profiles from blends of unlabeled copolymer with labeled
high molecular weight homopolymer. Figure 14 shows
the reflectivity profile for HHO blended with 5 wt % 500K
d-PS, sample HH7. This figure can be compared with the
reflectivity profile in Figure 15 for a blend of this copolymer
with 5 wt % 50K d-PS sample HH5. The two profiles are
qualitatively similar. Eachsuggests aslight homopolymer
excess at the film surface. For sample HH7, however, the
Bragg reflections are less pronounced, indicating lower
contrast between the PS and PMMA domains. From the
scattering length density profile used to fit the reflectivity
data, the homopolymer distribution in this system appears
to be nearly uniform across the width of the PS layers,
while in HH5, the homopolymer is centralized within the
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Figure 14. Neutron reflectivity profile for blend HH7, 95 wt %
P(S-b-MMA) 91K copolymer with 5 wt % d-PS 500K ho-
mopolymer. Solid curveisthe calculated reflectivity profile using
the scattering length density profile shown in the inset.

PS domains. In the HH7 blend, the PS domain width is
again effectively unchanged, while the PMMA domain
width increases slightly, in agreement with the results for
DH6 and DH7. The volume fraction distributions de-
termined from the scattering length density profiles for
samples HH5 and HH7 are shown in Figures 16 and 17.

The homopolymer concentration integrated over the
film thickness is 4.5 vol % for sample HH5, in good
agreement with actual concentration of 4.8%. For HH7,
however, the integrated homopolymer content is somewhat
higher at 6.1 vol %. Comparing Figure 16 with Figure 6,
the 50K d-PS homopolymer appears to be less centralized
inthe domains than the 57K d-PMMA homopolymer. This
result is supported by the increase in the interfacial width
observed for the strong-scattering systems, DH4 and DH5.
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Figure 15. Neutron reflectivity profile for blend HHS5, 95 wt %
P(S-b-MMA) 91K copolymer with 5 wt % d-PS 50K homopoly-
mer. Solid curve is the calculated reflectivity profile using the
scattering length density profile shown in the inset.
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Figure iG. Volume fraction profile for PMMA (solid), PS
(dashed), and d-PS (dotted) components in blend HH5, obtained
from the scattering length density inset in Figure 14.
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Figure 17. Volume fraction profile for PMMA (solid), PS
(dashed), and d-PS (dotted) components in blend HH?7, obtained
from the scattering length density inset in Figure 13.

V. Conclusions

In this study neutron reflectivity has been used to obtain
detailed descriptions of homopolymer distributions in
ordered symmetric copolymers not measurable by other
techniques. For homopolymer molecular weights com-
parable to that of the corresponding copolymer block, the
mean-field treatment by Shull and Winey? gives a good
approximation for the observed distributions. For low
molecular weights, the homopolymer is distributed almost
uniformly within the corresponding domains. When
PMMA is added to the copolymer, an excess of ho-
mopolymer is present at the substrate, while for PS
homopolymer addition, an excess is observed at thesurface.
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While these observations may possibly be attributed to
deuteration effects,? it is also possible that the presence
of excess homopolymer relaxes the geometrical constraints
placed on the copolymer brushes at the boundaries of the
film.

When high molecular weight homopolymer is added to
the copolymer, the homopolymer segregates to relatively
small domains distributed throughout the film. The phase
separation of the homopolymer and copolymer, which
apparently is arrested by the ordering process of the
copolymer, does not significantly disrupt the final lamellar
orientation. An analysis of the off-specular scattering
might provide insight on the in-plane correlations for these
morphologies.
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