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ABSTRACT: We present a novel morphology map based on pattern development mechanisms in polymer blend
films. Six distinct mechanism are found for poly(methyl methacrylate) (PMMA):poly(styrene-ran-acrylonitrile)
(SAN) films for thickness values and bulk compositions between 50-1000 nm andφPMMA ) 0.3-0.8, respectively.
In regime A (φPMMA ) 0.3), PMMA is completely depleted from the midlayer by preferential wetting, resulting
in a stable PMMA/SAN/PMMA trilayer. With increasingφPMMA (0.4-0.7), pattern development is driven by
phase separation in the midlayer, which produces circular domains, irregular domains, and bicontinuous patterns
denoted as regimes B, C, and D, respectively. Here, shape factors are used for the first time to quantitatively
distinguish these regimes. In regime E (φPMMA ) 0.8), the SAN phase is the minority component in the midlayer
and breaks up into droplets in a smooth PMMA film. In regime F (φPMMA ) 0.4 or 0.5;d < 80 nm), films
initially develop a trilayer structure, which then ruptures upon dewetting of the SAN midlayer. Trilayer stability
is analyzed using a free energy model that attributes dewetting to capillary fluctuations at the PMMA/SAN interface.
This study of pattern development mechanisms will serve as a guideline to control morphology shape and feature
size, which are both critical design parameters for technological applications such as organic devices and
membranes.

1. Introduction

Polymer films in applications ranging from tissue scaffolds
to electrooptical devices typically contain multiple polymer types
and, sometimes, inorganic particles. Optimizing the performance
of such films requires a fundamental understanding of film
morphology and stability. By controlling feature size in thin
film blends, patterns produced by controlled phase separation
have the potential to replace conventional lithographic methods
to create mesoscale structures from tens of nanometers to tens
of microns. Because most polymer blends are incompatible,
films undergo phase separation in the presence of a hard wall
and free surface (i.e., confinement). Wetting at these interfaces
can dominate the morphology evolution because of the large
surface-to-volume ratio in thin films.1 Films can also become
destabilized by capillary fluctuations caused by long-range van
der Waals forces and/or compositional imhomogeneity.2 Previ-
ous studies3-25 reveal that phase separation in binary polymer
films can produce smooth or rough surfaces, bicontinuous or
discrete patterns, and stratified or perforated layers, depending
on experimental conditions. Although several types of arresting
morphologies have been produced, rules governing the regula-
tion of pattern development and morphology are not yet
available. To provide guidelines for producing a desired
structure, this paper presents a novel phase map that delineates
morphologies according to the mechanism underlying pattern
development rather than the postmortem structure.

Upon annealing in the two-phase region, a three-stage
morphological pathway has been identified for poly(methyl
methacrylate) (PMMA):poly(styrene-ran-acrylonitrile) (SAN)
blends at the “bulk” critical composition (50:50) and film

thickness range of 100-1500 nm.8,9 Upon spin-coating and
drying, this blend is homogeneous, allowing for a thermody-
namically stable, well-defined initial state. During the early stage
of phase evolution, PMMA wets both the free surface and
substrate via hydrodynamic-driven wetting through 3D bicon-
tinuous “tubes” generated by spinodal decomposition.26 The
intermediate stage is identified by pseudo-2D growth of PMMA-
rich (denoted PMMA) domains that span the SAN-rich (denoted
SAN) midlayer.8 This growth scales with time and thickness
as t1/3 andd2/3, respectively, in agreement with a coalescence
model.14 In the late stage, the PMMA/PMMA:SAN/PMMA
structure formed by the end of the intermediate stage ruptures
due to interfacial fluctuations that eventually produce a rough
film containing SAN droplets encapsulated by PMMA wetting
layers.10,11For films less thand ) 100 nm but greater than the
radius of gyration (Rg), a PMMA/SAN/PMMA trilayer is formed
prior to the dewetting of the sandwiched SAN layer.12

In this paper, we construct a morphology map of the
intermediate stage morphology by identifying the dominant
pattern development mechanism within a window of blend
composition and film thickness. To date, studies have reported
various patterns depending on blend composition5,13,15,22and
film thickness.12,13,16However, a comprehensive understanding
is lacking because an understanding of pattern development
requires knowledge of the growth mechanism as well as the
time range over which this mechanism dominates. Building upon
prior studies at a PMMA volume fraction,φPMMA, of 0.5, the
present study aims to identify the pattern evolution mechanisms
for PMMA:SAN blends ranging fromd ) 50 to 1000 nm and
φPMMA ) 0.3 to 0.8. Specifically, by analyzing the shape factor
(SF), number-average domain diameter, and correlation length,
six distinct mechanisms are identified over a well-defined
window of composition and thickness. Ford > 80 nm, discrete
(SF > 0.8), irregular (0.4< SF < 0.8), and bicontinuous (SF
< 0.4) domains of PMMA and SAN are generated with

† University of Pennsylvania.
‡ Michigan Technological University.
* To whom correspondence should be addressed: Ph (215) 898-4451;

Fax (215) 573-2128; e-mail composto@lrsm.upenn.edu.

153Macromolecules2006,39, 153-161

10.1021/ma051513z CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/06/2005

CDV



increasing PMMA composition. Ford < 80 nm, a trilayer
structure is initially formed, followed by dewetting of the SAN
midlayer. On the basis of this morphology map, a criterion to
generate a stable PMMA/SAN/PMMA structure by a one-step
fabrication process is proposed as a novel route to create trilayer
structures for device applications.

The rest of this article is organized as follows. In section 2,
sample preparation and the image analysis method are presented.
Section 3.1 summarizes the six regimes of pattern development
with a morphology map. In section 3.2, pattern development
kinetics is presented for regimes whereφPMMA ) 0.4-0.7 and
d > 80 nm. In section 3.3, the stability of transient PMMA/
SAN/PMMA trilayer structure is discussed. Section 3.4 com-
ments on our current understanding, remaining questions, and
future directions in polymer blend films. The potential impact
for improving upon polymeric devices is also discussed. Finally,
section 4 summarizes this article.

2. Experimental Methods

Sample Preparation.The weight-average molecular weights and
polydispersities of PMMA and SAN (33 wt % AN) are 82.5K and
1.05 and 118K and 2.24, respectively. This blend displays lower
critical solution behavior with a critical temperature of∼160 °C.
At 185 °C, the coexisting compositions are nearly pure PMMA
and SAN.27 Thus, instead of PMMA-rich and SAN-rich, we simplify
the nomenclature to PMMA and SAN, respectively. For substrates,
silicon wafers were first washed with hydrofluoric acid to remove
the native oxide before a fresh oxide layer (∼2 nm) was grown in
a UV-ozone chamber. Polymer blends with bulk compositions 0.3
e φPMMA e 0.8 were dissolved in methyl isobutyl ketone, spun-
cast on silicon wafers, and then dried at 120°C in a vacuum for

24 h. Films were smooth (root-mean-square roughness< 0.3 nm)
and homogeneous. The ellipsometric film thickness (d) ranged from
50 to 1000 nm. Samples were annealed on a hot stage (Mettler
FP-82, Mettler Toledo, Inc.) at 185°C in argon up to 72 h. Surface
and internal morphologies were investigated using a Dimension
3000 AFM (Digital Instrument, Inc.) driven in Tapping Mode. To
reveal the internal PMMA/SAN interface morphologies, the PMMA
phase was selectively removed by first exposing to radiation, either
UV radiation in an ozone atmosphere or 2 MeV He+ (∼2 µC),
followed by immersing in acetic acid.

Image Analysis.Quantitative image analysis of the morphology
was performed to distinguish between different regimes of pattern
development. Whereas most studies have used a qualitative
approach, Budkowski and co-workers quantified the area fraction,
domain shape, and connectivity by using so-called Minkowski
measures.18 One limitation is that these measures do not provide
the domain size and is therefore an insufficient analysis method
for following domain growth kinetics.

In our study, we analyze the shape, via the PMMA area fraction
(Ad) and shape factor (SF), as well as the size, via the number-
average domain diameter (Dn) and correlation length between
domains (ê), to elucidate the pattern development mechanism. For
example, the image analysis procedure is demonstrated in Figure
1, which shows the internal (interfacial) morphology of a film with
d ) 470 nm andφPMMA ) 0.4 film after 24 h. First, the topography
of the interface (i.e., SAN) is mapped, and the relative height is
displayed in a gray scale, as shown in Figure 1a. PMMA domains
that span two wetting layers at the surface and the substrate were
removed. Thus, the dark circular regions correspond to the removed
PMMA (i.e., exposed substrate). By setting a threshold gray scale
(i.e., height) at the mean value of the surface and the substrate peaks,
Figure 1a was converted to black, the PMMA domains, and white,
the SAN matrix. In this study,Ad, SF, and Dn were determined
using Image Processing Tool Kit (v4.0, Reindeer Graphics, Inc.).28

Ad was simply measured by quantifying the area fraction of PMMA
domains over a 40µm × 40 µm scan area. This area was varied
between samples to ensure a statistically significant sampling of
the number of domains. TheSF is described by

whereAi and Pi are the area and the perimeter of an individual
domain.29 The SF ranges from 0 to 1 for a line and circle,
respectively. The domain diameterDi is defined as the diameter of
a circle of areaAi. The Di distribution is plotted in Figure 1b is
used to determineDn

whereN is the total number of domains. Finally, the correlation
length between domains (ê) was obtained by taking a fast Fourier
transform (FFT) using the Nanoscope III software (v5.12, Digital
Instrument, Inc.). By definition,ê is defined as

whereS(k,t) is the density autocorrelator andk is the wavevector.30

For simplicity, the correlation length is determined from the
dominant wavevector,kmax(t), so thatê(t) ) 2π/kmax(t). Figure 1c
shows the FFT taken from the internal morphology in Figure 1a.

Figure 1. An example of pattern analysis for a PMMA:SAN film with
d ) 470 nm andφPMMA ) 0.4, aftert ) 24 h. (a) Unprocessed AFM
image (40× 40 µm2) of the interface topography of SAN (light) after
removing PMMA (dark). After converting this image into black and
white by defining a threshold gray value, the PMMA area fraction (Ad)
and shape factor (SF) can be determined as well as the PMMA domain
diameter distribution, which is shown in (b). The number-average
domain diameter (Dn) is determined from (b). The fast Fourier
transform of (a) is shown in (c) and used to determine the correlation
length (ê). For this particular sample, the morphology is quantified by
Ad ) 16.6%,SF ) 0.83,Dn ) 785 nm, andê ) 2380 nm.
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3. Results and Discussion

3.1. Morphology Map: Overview of Regimes.During the
intermediate stage, PMMA:SAN films are found to exhibit six
distinct pattern development pathways over a range of thickness,
d ) 50-1000 nm, and PMMA volume fraction,φPMMA ) 0.3-
0.8. Figure 2a shows AFM images of six internal morphologies,
which represent regimes A, B, C, D, E, and F. Figure 2b displays
these regimes in terms of a “morphology map” which shows
the range ofd and φPMMA for each unique morphology
mechanism. In regime A (i.e., very PMMA poor), the PMMA
phase is completely depleted from the midlayer after wetting
the surface and substrate. Consequently, a smooth SAN midlayer

is observed after the removal of PMMA, as noted in panel A
of Figure 2a. With increasingφPMMA, 0.4-0.7, a pseudo-2D
phase separation mechanism dictates pattern development in the
midlayer ford > 100 nm. This behavior produces regimes B,
C, and D, which are characterized by circular domains, elongated
domains, and bicontinuous patterns, respectively. The shape
factor provides a quantitative method to discern the regimes,
SFB > 0.8, 0.4< SFC < 0.8, andSFD < 0.4, respectively. In
regime E whereφPMMA ) 0.8 (i.e., very SAN poor), the SAN
phase becomes a minority component in the midlayer, is unable
to form a continuous matrix, and thus breaks up into individual
domains as noted in panel E of Figure 2a. Regime F (i.e., very
thin) is characterized by circular domains of PMMA with a
nearly monodisperse domain distribution, as shown in panel F
of Figure 2a. Although they appear similar to panel B in Figure
2a, these domains result from an entirely different mechanism,
namely a dewetting of SAN midlayer from the PMMA wetting
layers, as discussed in section 3.3.

For regimes A-F, Figure 3 shows cartoons of the cross-
sectional morphologies during the early and late intermediate
stages. At the beginning of the intermediate stage, films in
regimes B, C, and D exhibit a trilayer structure, air/PMMA/
SAN:PMMA/PMMA/substrate, with PMMA-rich domains that
span the wetting layers. The hydrodynamic flow of PMMA
toward the surface during the early stage produces surface hills
over the PMMA-rich domains in the midlayer. Later, the hills
collapse due to a reversal of the pressure distribution,9 as
discussed in section 3.2. In regime E, the SAN volume fraction
is too low to form a stable midlayer, and therefore SAN domains
form within a stable film of PMMA. In this regime, SAN droplet
growth is extremely slow, probably because SAN diffuses
slowly through the PMMA matrix and has limited solubility in
PMMA. In contrast to all other regimes, the surface remains
smooth throughout the intermediate stage. In regimes A and F,
both types of films initially form a PMMA/SAN/PMMA trilayer.
However, if films are thin (<80 nm), the SAN layer dewets
from the top and bottom PMMA layers, resulting in surface
dimples characteristic of regime F, as discussed in section 3.3.

3.2. Pseudo-2D Phase Separation (Regimes B, C, and D).
During the intermediate stage, the patterns in regimes B, C,
and D are characterized by discrete domains of PMMA,
irregular/elongated domains of PMMA, and bicontinuous PMMA
and SAN domains, respectively. In this section, the surface and

Figure 2. (a) Representative interface patterns of six distinct pattern
evolution mechanisms during the intermediate stage and (b) a morphol-
ogy map keyed to these patterns over a range ofd and φPMMA. The
AFM images in (a) show the PMMA (dark) and SAN (light) phases in
the midlayer. The six patterns are characterized by (A) a smooth, stable
midlayer (up to 72 h), (B) discrete, circular domains of PMMA (SF>
0.8), (C) discrete, irregular domains of PMMA (0.4< SF< 0.8), (D)
bicontinuous PMMA and SAN domains (SF < 0.4), (E) droplets of
SAN, and (F) a roughened, dewetted midlayer. Annealing times are
(A, B, C, and D) 24 h, (E) 12 h, and (F) 8 h. The images in (a)
correspond to the large open squares in (b). The small open symbols
represent a crossover regime where two patterns are observed across
the same samples.

Figure 3. Cartoons of the film cross section corresponding to regimes
B, C, and D (top), regime E (middle), and regimes A and F (bottom)
during the early (left) and late (right) intermediate stages (IS). Black
and gray correspond to SAN and PMMA phases, respectively. In
regimes B, C, and D, surface hills form at the beginning of the IS and
then collapse during the later part of the IS. In all three cases, the
collapse correlates with pattern evolution in the midlayer. In regime
E, the blend has insufficient SAN to form a continuous stable midlayer,
and therefore the SAN breaks into droplets dispersed in a PMMA
matrix. In regime A, the trilayer structure that forms during the early
IS is stable, whereas in regime F the trilayer becomes unstable during
the late IS because of midlayer dewetting as shown on the right. See
text for details.
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the interface patterns are presented. The growth mechanism
describing pattern evolution is determined by the composition
of the midlayer PMMA composition, quantified byAd. This
parameter is used to explain the pattern evolution in regimes B
and D as well as the pattern transition unique to regime C. In
regime B, analysis ofê and Dn leads to a scaling model for
predicting pattern size as a function ofd and t.

For regimes B and D, the morphology evolution is shown in
Figure 4a-f and Figure 4g-l, respectively. AFM images of
the surface and interface morphologies were taken after 8, 24,
and 72 h, which is within the intermediate stage. Figure 4a-c
and Figure 4g-i show the surface as a 3D projection in order
to discern short- and long-wavelength variations in pattern
height. Here, the light and dark colors represent high and low
regions, respectively; the height scales, given in the caption,

are exaggerated to accentuate the surface patterns. Interface
morphologies in Figure 4d-f and Figure 4j-l are shown in 2D
projection to highlight the lateral pattern. Here, dark and light
correspond to the PMMA-rich domains and midlayer SAN-rich
phases, respectively.

For regime B, the pattern evolution of the surface and
interface are shown in Figure 4a-c and Figure 4d-f, respec-
tively. After 8 h, small hills are seen in Figure 4a. These hills
appear during the early stage in response to the hydrodynamic
flow of PMMA toward the surface.26 The height and diameter
of the hills grow with time as shown in Figure 4b. Figure 4c
shows that the tops of the hills collapse after 72 h. As explained
in an earlier paper,9 the hill implosion results from a reversal
of the pressure gradient that drives PMMA from the surface
into the PMMA domains in the midlayer. Figure 4a-c also

Figure 4. Surface (a, b, c, g, h, i) and interface (d, e, f, j, k, l) patterns in regime B (a-f; d ) 1000 nm,φPMMA ) 0.5) and regime D (g-l; d )
900 nm,φPMMA ) 0.7). To enhance fluctuations over the range of length scales, surface images are represented by 3D projections withz ranges of
(50 nm (a-c) and(150 nm (g-i). All interface images have az range of(300 nm. Annealing times are 8 h (a, d, g, j), 24 h (b, e, h, k), and 72
h (c, f, i, l). Arrows in (f) denote coalescing domains. All scans are 40× 40 µm2.
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shows that long-wavelength fluctuations appear during the
intermediate stage with wavelength values of 16, 20, and 27
µm, respectively. The root-mean-square (rms) roughness in-
creases as 5.0, 8.3, and 10.3 nm, respectively. We have
previously shown that the growth of these long-wavelength
fluctuations eventually leads to film rupture during the late
stage.10 Interface images in Figure 4d-f show that the discrete
PMMA domains grow monotonically, a characteristic of the
intermediate stage.9 A comparison of the surface hills in Figure
4a-c and the PMMA domains in Figure 4d-f shows that they
have similar diameters and spacing. This observation suggests
that the surface morphology reflects the internal pattern evolu-
tion and provides support that AFM imaging of the surface can
be used to follow phase separation taking place in the midlayer
(cf. Figure 3, regimes B-D).

In contrast to regime B, the morphology of regime D shows
a highly interconnected pattern as noted by the surface and
interface images in Figure 4g-i and Figure 4j-l, respectively.
After 8 h, Figure 4g shows elongated and irregular-shaped
mounds that appear on the surface. These surface mounds form
for the same reason as the hills in Figure 4a, namely, to relieve
pressure due to material flow from the bulk to surface. Upon
further annealing, however, continuous valleys are observed at
the surface as shown in Figure 4h,i. This morphological
transition from surface mounds to valleys has not been observed
before this study. Similar to regime B, long-wavelength fluctua-
tions appear on the surface and show an increasing wavelength
and amplitude. After 8, 24, and 72 h, the wavelengths increase
as 13, 21, and 27µm, respectively. The rms roughness values
also increase monotonically as 7.7, 13.4, and 41.7 nm, respec-
tively. Similar to regime B, these long-range fluctuations are
responsible for film rupture. After 8 h, Figure 4j shows that the
interface pattern has irregular-shaped PMMA domains in a
continuous SAN matrix. After 24 and 72 h, the interface patterns
show bicontinuous PMMA and SAN domains that coarsen as
in parts k and l of Figure 4, respectively.

The key to understanding the morphological patterns char-
acteristic of regimes B-D is to analyze the midlayer composi-
tion. In the theory of 2D spinodal decomposition, discrete and
bicontinuous patterns are expected at off-critical and critical
compositions, respectively.30-33 As shown in Figure 3, PMMA
wetting at the air and substrate reduces the PMMA concentration
in the midlayer relative to the bulk value. This depletion of
PMMA explains why bicontinuous patterns are observed at
φPMMA ) 0.7 (i.e., regime D). In our study, the PMMA
composition in the midlayer is represented byAd. In Figure 5,
Ad is plotted vst for bulk φPMMA values of 0.5 (open symbols),
0.6 (half-filled symbols), and 0.7 (filled symbols), corresponding
to regimes B, C, and D, respectively. In regime B,Ad initially
increases with time and then approaches∼28%. In contrast, in
regime D Ad approaches∼50%, the critical composition.
Interestingly, the plateau values are insensitive tod, suggesting
that the wetting layer thickness values are proportional tod.
For regime C,Ad increases very strongly, from 13% to∼40%
between 2 and 24 h, respectively. This behavior explains why
the pattern transitions from circular (SF ) 0.75) to irregular
(SF ) 0.55), as shown in panel C of Figure 2a. In short,Ad

accurately predicts pattern evolution and transitions in polymer
blend films during the intermediate stage of phase separation.

Understanding pattern development in polymer blend films
requires analysis of growth kinetics. In classical theories of
spinodal decomposition, dynamic scaling hypothesis predicts
that domain growth scales asê(t) ∼ tR, where the growth
exponentR depends on the mechanism.34 For bulk polymer

blends, discrete droplet domains grow by diffusion or domain
coalescence at off-critical compositions and scale ast1/3.35-38

On the other hand, bicontinuous patterns grow more quickly,
ast1, because of a hydrodynamic pumping mechanism triggered
by minority phase percolation at critical compositions.38 To
apply dynamic scaling to polymer blend films, two conditions
must be satisfied. First, patterns should grow proportional to
size, while retaining their shape and periodicity.34 In our study,
theSFvalues in regimes B and D are nearly invariant at∼0.85
and∼0.35, respectively. Second, the midlayer PMMA composi-
tion (i.e.,Ad) should remain constant during phase separation,
as pointed out by Haas and Torkelson.39 In Figure 5,Ad values
in regime B increase from 0.1 to 0.28 during the intermediate
stage whereas regime D also shows a slight increase from 0.4
and 0.6. Although not strictly invariant, these values likely
remain within the off-critical and critical portion of phase
diagram, respectively. Therefore, the dynamic scaling hypothesis
can be used to analyze the growth mechanisms observed in
regimes B and D.

In regime B, a previous study shows that the pattern growth
is due to the coalescence of discrete PMMA domains, as noted
by arrows in Figure 4f.14 In this mechanism, originally proposed
by Tanaka,40 the SAN domains between adjacent PMMA
domains behave like tubes squeezed by the surrounding PMMA
domains which are connected via the two wetting layers. In
this approach, a scaling law for the growth of discrete domains
observed in regime B is given by14

whereσ andη are the interfacial tension between PMMA and
SAN phases and the viscosity of PMMA, respectively. This
scaling model was also recently used to explain the slowing
down of domain growth in polymer blend films containing
nanoparticles, whereη increases with nanoparticle content.41

Figure 6a shows theê ∼ t1/3 relation for variousd, consistent
with the scaling prediction in eq 4. Note, the scaling relationship
ê ∼ d2/3 was also demonstrated in a previous study.14

In regime D,ê scales astR whereR decreases from 0.62 to
0.28 asd decreases from 900 to 90 nm, as shown in Figure 6b.
Whereas a hydrodynamic pumping mechanism predictsê ∼ t
for bicontinuous patterns, plottingê againstt1/3 and t demon-
strates that pattern growth does not follow either growth law

Figure 5. Area fraction of PMMA domains (Ad) as a function of
annealing time (t) for regimes B (open symbols), C (half-filled symbols),
and D (filled symbols). In regimes B and D,Ad values approach 0.28
and 0.5, respectively, whereas in regime C,Ad increases from 0.1 to
0.4. The symbols denote thickness values from Figure 6. Ford values
from ∼100 to 1000 nm,Ad is independent of thickness.

ê ∼ (σ/η)1/3d2/3t1/3 (4)
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and suggests that hydrodynamic pumping is suppressed with
increasing confinement (i.e., decreasingd). This suppressed flow
may result from an increase in the elasticity of entangled chains
caused by confinement.14 Alternatively, suppression may result
from the large curvature associated with confining the bicon-
tinuous pattern shown in Figure 4k,l. Van der Linden and co-
workers42 showed that the interfacial tension of curved domains
increases strongly as the radius of curvature decreases, namely
σ ∼ r-2. Becauser scales withê, the slowing down of pattern
growth, as shown in Figure 6b, is in qualitative agreement with
suppression due to an increase inσ asd decreases.

Finally, for the circular domains characteristic of regime B,
Dn is the appropriate measure of growth kinetics. ForφPMMA )
0.5, Figure 7 shows howDn varies as a function of bothd and
t. In agreement with eq 4,Dn obeys the power law relationship
d2/3t1/3. Thus, controlling pattern size in regime B is best
achieved by varyingd. For example,Dn increases from 140 to
260 nm between 0.5 and 15 h and from 1200 to 2300 nm
between 12 and 72 h ford ) 90 and 1000 nm, respectively.
Note, for the thinnest films,d ) 90 nm (down triangles) and
190 nm (up triangles), the intermediate stage ends after only
15 and 24 h, respectively, before films rupture. On the other
hand, for the thickest films,d ) 465 nm (circles), 700 nm
(lozenges), and 1000 nm (squares), the intermediate stage
extends beyond 72 h, suggesting thatDn values larger than
1500, 1750, and 2300 nm are accessible at longer annealing
times. In conclusion, the quantitative analysis of pattern
evolution in regimes B and D provides an important guideline
for preparing discrete and bicontinuous patterns over a wide
range of feature sizes.

3.3. Dewetting in Trilayer Structures (Regimes A and F).
Regimes A and F cover regions of the morphology map in
Figure 2 corresponding to PMMA-rich,φPMMA ) 0.3, and very
thin, d < 100 nm, respectively. In both regimes, films initially
form a laterally homogeneous trilayer structure of PMMA/SAN/
PMMA as shown in Figure 3. In this section, we focus first on
the pattern development in regime F and then analyze trilayer
stability using spinodal dewetting theory. Figure 8 shows the
surface (left) and interface (right) pattern development of a 75
nm film with φPMMA ) 0.5. After 2 h, depressions and holes
appear on a smooth surface and interface as noted in parts a
and b of Figure 8, respectively. Although taken from different
areas, these images show that the holes and dimples have a
similar number density and size, suggesting that they nucleate

Figure 6. Correlation length (ê) vs time (t) for regimes B (a) and D
(b), whereφPMMA ) 0.5 and 0.7, respectively. Broken lines are to guide
the eye. In regime B, pattern growth scales asê ∼ t1/3, consistent with
a coalescence model. In regime D, the growth exponent decreases from
0.62 to 0.28 asd decreases from 900 to 90 nm, suggesting that
hydrodynamic flow is suppressed by film confinement.

Figure 7. Number-average domain diameter (Dn) as a function of
annealing time (t) and film thickness (d) in regime B (φPMMA ) 0.5).

Figure 8. AFM images of the surface (a, c, e) and interface (b, d, f)
of an SAN:PMMA film (d ) 75 nm,φPMMA ) 0.5) characteristic of
regime F after 2 h (a, b), 12 h (c, d), and 24 h (e, f). Surface depressions
(a, c, e) and midlayer holes (b, d, f) grow with time, coalesce, and
then rupture the film. This roughening mechanism is distinct from that
of regimes B, C, and D.
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at similar times throughout the film. After 12 h, the dimples
and holes grow in size and coalesce, resulting in the necklace
of connected features shown in parts c and d of Figure 8. After
24 h, long strings of depressions and holes form (cf. parts e
and f of Figure 8, respectively) and the film ruptures. Afterward
(not shown), the film becomes macroscopically rough with
droplets of SAN encapsulated by a wetting layer of PMMA.12

Although the final, roughened morphology characteristic of
regime F is indistinguishable from regime B (cf. Figure 2k,l in
ref 9), the intermediate stage pattern development in regime F
follows an entirely different pathway. First, a comparison of
the surface images in Figures 4a-c and 8a,c,e shows that the
surface of regime B is dominated by hills whereas regime F
shows depressions. Second, the interface images display circular
features in both regimes (Figure 4d-f and Figure 8b). However,
once they collide, holes do not relax back to a round shape in
regime F and are able to maintain the high interfacial area shown
in Figure 8d. Third, in regime F,ê is ∼ 3 µm for d ) 75 nm
and invariant with time (Figure 8b,d), whereas in regime B,ê
increases from 260 to 650 nm between 0.5 and 15 h at a similar
thickness, 90 nm. On the basis of these distinct differences,
regimes B and F were mapped onto Figure 2b with a transition
thickness of around 80 nm.

One can hypothesize that the holes in Figure 8b,d,f and
surface depressions in Figure 8a,c,e originate from the dewetting
of the middle SAN layer from PMMA wetting layers as sketched
in Figure 3 (left bottom). To test this hypothesis, we performed
control experiments with a trilayer of PMMA (100 nm)/SAN
(20 or 160 nm)/PMMA (100 nm) on silicon at 185°C in a
vacuum. For trilayers with an SAN midlayer of 20 nm (i.e.,
similar to regime F), surfaces were initially smooth for 3 h, but
then periodic dimples (ê ) 400 nm) across the surface appeared
after 4 h. On the other hand, for a midlayer of 160 nm (i.e.,
comparable to regime A samples), films remained smooth even
after 3 days of annealing. These studies strongly suggest that
the thickness of the SAN midlayer determines whether a blend
resides in regime A or F. Namely, if the midlayer is too thin,
the SAN dewets, whereas if it is thick a stable trilayer structure
can be supported.

To quantify the trilayer stability associated with regimes A
and F (cf. Figure 3), we propose a free energy model that
attributes dewetting to capillary fluctuations at the PMMA/SAN
interface.43 In prior studies, we considered fluctuations in
PMMA/SAN/PMMA to describe film stability.9-11 Here, we
expand this approach to include the air and substrate contribu-
tions, namely, air/PMMA/SAN/PMMA/Si, where the PMMA
layers have the same thickness,hPMMA ) φPMMA d/2 and the
SAN thickness ishSAN ) (1 - φPMMA)d. Using nonretarded
long-range van der Waals forces, the free energy for the top
and bottom PMMA/SAN interfaces are

where Aa/b/c is the Hamaker constant betweena/b and b/c
interfaces, which are separated by mediumb.44 In our study,
contributions of silicon oxide (∼2 nm) and short-range interac-
tions can be safely neglected becaused ranges from 50 to

hundreds of nm.45 The Hamaker constants can be estimated from
the dc dielectric constants and refractive indices of each medium.
For air/PMMA/SAN, PMMA/SAN/PMMA, and SAN/PMMA/
Si interfaces, the values are 1.4× 10-21, -8.31× 10-21, and
2.2 × 10-20 J, respectively, where positive values denote
attractive interactions between interfaces.44 Because interfacial
fluctuations are stable when (d2G/dhSAN

2) < 0, fluctuations at
the top interface are suppressed because of the repulsive
interaction between air and SAN separated by the PMMA layer.
However, fluctuations at the bottom SAN/PMMA interface grow
in amplitude and eventually rupture the SAN layer. According
to a liquid/liquid dewetting theory, the critical time to initiate
film rupture is a strong function of SAN-layer thickness (τrupture

∝ hSAN
δ, 5 e δ e 6).46,47Therefore, the thicker films associated

with regime A are stable over a long time (>72 h), whereas
the thinner films in regime F exhibit dewetting patterns in the
SAN midlayer.

3.4. Perspective and Remarks.Our understanding of wetting
and phase separation in polymer blend films has evolved rapidly
over the past 10 years and is now ready to be applied to
commercial systems.48 The present study will greatly assist with
this transition because it elucidates the mechanism of pattern
development in polymer blend films as a function of composi-
tion and thickness and then summarizes the results in an easy-
to-use morphology map to guide selection of desired morphol-
ogies. In this subsection, we present several unresolved issues
and suggest the next generation of studies on wetting and phase
separation in polymer blend films.

First, the stability of a buried liquid layer sandwiched between
another liquid (i.e., A/B/A trilayer) requires both theoretical and
experimental studies. This subject is of great practical interest
because organic light-emitting devices (OLEDs) and field-effect
transitors (FETs) are based on the layer-by-layer (LBL) deposi-
tion of polymers or organic molecules. These devices and
transistors are limited by their stability upon heating.49 In this
work, studies of regimes A and F suggest (1) a possible one-
step pathway to fabricate a self-organizing trilayer that is more
straightforward than LBL and (2) guidelines to analyze the
stability of devices prepared by LBL. For devices based on
multiple coexisting components, film instability is more com-
plicated because lateral composition variations due to phase
separation can dominate, as recently pointed out by Clarke,2

and demonstrated in our studies of regimes B, C, and D.
Furthermore, interfacial roughening caused by phase separation50

is unable to explain the multiple wavelength fluctuations
ubiquous to multilayer systems.10,11,48,51At present, a minimiza-
tion of interfacial energy argument7 is unable explain the
mechanism of film rupture. Thus, the stability of polymer blend
films, as well as liquid multilayers, remains an open question
requiring further study.

Second, self-organization and patterning of semiconducting
polymer blend films has attracted tremendous attention because
blending allows a one-step method to fabricate electronic devices
such as PLEDs or photovoltaics.52 Moons has recently published
an excellent review of the relationship between film morphology
and the performance of PLEDs and photovoltaics.53 In particular,
a large interfacial area between phases is highly desirable for
photovoltaic devices because excitons generated by light are
readily dissociated at the interface. The challenge to preparing
such devices is that n-type and p-type polymers are highly
incompatible, and therefore, during spin-coating the blends
undergo phase separation and wetting.54,55Thus, the morphology
map constructed in this study may provide important guidelines
for selecting film thickness and composition to produce bicon-

G(d,φPMMA) )

- 1
12π[APMMA/SAN/PMMA

hSAN
2

+
Aair/PMMA/SAN

hPMMA
2 ] (top) (5)

G(d,φPMMA) )

- 1
12π[APMMA/SAN/PMMA

hSAN
2

+
ASAN/PMMA/Si

hPMMA
2 ] (bottom) (6)
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tinuous morphologies desired to produce high-performance
semiconducting devices.

Finally, polymer blend films containing nanoparticles, such
as quantum dots, nanotubes, nanorods, and biological precursors,
have just begun to receive significant attention. In particular,
the optical, mechanical, and thermal properties of polymers can
be improved by adding a low concentration of nanoparticles,
and relevant to this study, the ultimate physical properties will
be dictated by structural patterns.56 The marriage between self-
regulated pattern formation in polymer blend films and self-
assembly of directed nanoparticles has the potential to revolu-
tionize the performance of polymeric coatings. However, our
understanding of the bulk or thin film phase behavior of blends
containing nanoparticle is quite limited.57-60 Recently, we have
found that nanoparticles can be directed into a particular phase,
resulting in a slowdown of pattern development during the
intermediate stage.41 For nanoparticles that partition to the
interface between phases, patterns are pinned during the early
and the intermediate stages, depending on nanoparticle con-
centration and film thickness.61 In conclusion, studies of polymer
blend films containing nanoparticle are at its infancy, and their
thermodynamic and dynamic behavior is not yet understood.
The addition of nanoparticles also imparts new control over
properties by varying particle type, size, surface chemistry, and
shape.

4. Conclusion

In this study, a morphology map was created on the basis of
the distinct morphology pathways displayed by PMMA:SAN
blends during the intermediate stage. This map shows how
variations in film thickness, 50-1000 nm, and PMMA volume
fraction, 0.3-0.8, leads to six distinct pattern development
regimes. As noted before, PMMA wets both the air and oxide
interfaces. For films thicker than 80 nm andφPMMA ) 0.4-
0.7, the midlayer exhibits circular PMMA domains (SF> 0.8),
elongated PMMA domains (0.4< SF< 0.8), and bicontinuous
PMMA/SAN domains (SF < 0.4) as a function of increasing
φPMMA, which corresponds to regimes B, C, and D, respectively.
This is the first time that the shape factor was used to distinguish
between regimes in polymer blend films. ForφPMMA ) 0.8, the
SAN midlayer breaks into isolated droplets, leading to a stable
film in regime E. In regime F, thinner films (d < 80 nm) initially
form PMMA/SAN/PMMA trilayer structures and then roughen
upon dewetting of the SAN midlayer. In regime A, thicker films
(d g 190 nm) withφPMMA ) 0.3 also develop a trilayer structure,
but in this case the trilayer is stable for 72 h at 185°C. This
study of pattern development mechanisms will serve as a
guideline to control morphology shape and feature size, which
are both critical design parameters for technological applications
including organic devices and membranes.
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