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ABSTRACT: Surface and interfacial fluctuations in phase separating thin film polymer blends are
investigated using atomic force microscopy (AFM) and forward recoil spectrometry. The root-mean-square
roughness at the surface (Rqs) and the interface beneath the wetting layer (Rqi) are quantified using
AFM. Ry is found to scale with the initial film thickness (lp) during the early and intermediate stages,
consistent with the morphology evolution mechanism reported earlier; however, the entire temporal
evolution of Rqs does not scale with lo. A fast Fourier transform of the AFM images uncovers low (q;) and
high (gn) wavenumber fluctuations at both the surface and interface. The former fluctuation is associated
with capillary fluctuations, whereas the latter reflects spinodal decomposition within the film. As the
minority phase in the bulk of films undergoes 2D coarsening, the high wavenumber surface and interface
fluctuations follow power-law dynamics, gns ~ t% and gni ~ t%, respectively. Both —as and —a; increase
with film thickness and reach an asymptotic value of about /3, suggesting that decreasing film thickness
inhibits the growth of short wavelength fluctuations. Furthermore, —as is systematically less than —a,
suggesting that the surface fluctuations are hindered relative to interfacial ones and that the surface

and internal fluctuations are not conformal.

Introduction

Understanding the morphology of thin film polymer
blends, sometimes with additives, is important to ap-
plications ranging from biomedical (e.g., coatings on
contact lenses) to electronics (e.g., lithography). Because
polymers are generally incompatible, the effect of finite
film thickness, or confinement, on phase segregation
parallel and perpendicular to the surface is of great
importance.® In particular, the morphology of confined
binary polymer blends undergoing spinodal decomposi-
tion has received much recent attention; these studies
have revealed a variety of morphologies, including films
that are smooth or rough, contain bicontinuous or
discrete (i.e., droplet) phases, or display stratified or
perforated layers depending on the geometry and
system.2=25 The observation of these diverse morphol-
ogies can be partly attributed to the effect of confine-
ment on thermodynamics, phase separation Kinetics,
and/or interfacial fluctuations.

The thermodynamics and kinetics of thin films can be
perturbed by geometric confinement.26-31 For example,
surface interactions and/or confinement have been
shown to shift the critical temperature, which in turn
will perturb the driving force for phase separation.26-31
Wetting and confinement can also break the symmetry
of composition fluctuations, resulting in surface-directed
spinodal decomposition (SDSD).8 In addition, the char-
acteristic wavevector parallel to the surface can grow
faster than the perpendicular component, and both may
differ from their bulk values.323% Using numerical
simulations,26—28:32-37 composition fluctuations normal
and parallel to the surface have been shown to be
perturbed by confinement at relatively early times of
phase separation. Quantitative experimental support for
these predictions is currently lacking. On the other
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hand, experiments have revealed a fascinating zoology
of late stage morphologies.2~22 However, because they
lack surface roughening and/or hydrodynamic inter-
actions, current numerical simulations?6-2832-37 gre
unable to adequately predict the full zoology of struc-
tures. In part, this article bridges the gap between
models and experiments, while providing new experi-
mental evidence for the mechanisms underlying fluc-
tuations in thin film polymer blends.

Previously, we reported that a critical composition,
thin film polymer blend follows a distinct morphological
pathway during phase separation that eventually leads
to a rough film with droplets of the nonwetting phase
encapsulated by the wetting phase.?® In particular, the
evolution is characterized by an early stage dominated
by hydrodynamic wetting and the formation of a trilayer
structure, an intermediate stage involving backflow of
the surface wetting component and simultaneous 2D
phase coarsening within the middle (nonwet) layer, a
transition stage denoted by rupture of the middle layer
due to the capillary fluctuations, and finally a late stage
characterized by spinodal dewetting and lateral phase
coarsening. The final film is quite rough because the
encapsulated droplets of the nonwetting phase protrude
from the surface, as reported elsewhere.>5~17 This
evolution pathway is denoted as “class A” for conven-
ience.

For a critical binary blend, class A evolution was
observed for films ranging from 100 to 1500 nm (~10
to 150 Ry, the radius of gyration), where both length
and time scales during the morphology evolution depend
on film thickness. However, other evolution pathways
may be possible if one explores the vast parameter
space, which includes thickness, composition, temper-
ature, viscosity, substrate type, environment, etc. For
example, the same critical blend displays three other
pathways as the film thickness decreases from semi-
infinite to below Rq.3® More detailed studies of class A
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evolution are important for understanding (1) other
evolution pathways, (2) phase separation on micro-
scopically3®=41 or nanoscopically*? patterned substrates,
and (3) pattern formation during spin-casting and
subsequent morphology evolution.*3

In this article, we quantify compositional fluctuations
both perpendicular and parallel to the surface of class
A thin films ranging from 100 to 500 nm. Because of
their relatively slow growth, the amplitude and wave-
length of fluctuations can be measured over more than
2 decades of time during the early and intermediate
stages of phase evolution (i.e., prior to rupture). Upon
selectively removing the wetting phase, the fluctuation
characteristics along the wetting/nonwetting interface
are revealed for the first time. Previously,*® we briefly
reported the observation of short and long lateral
fluctuations in 223 nm films which were attributed to
phase separation and capillary fluctuations, respec-
tively. Here, we provide a detailed analysis of the
thickness dependence of both features at the surface and
the interface. In contrast to a recent model attributing
thin film rupture to phase coarsening,?® our analysis
shows that “spinodal-like” interfacial fluctuations are
mainly responsible for rupture. We observe that the
length scales of phase separation and capillary fluctua-
tions both develop in stages. Whereas the phases evolve
from 3D (bulk) to 2D (confined) behavior, capillary
fluctuations display three stages as they develop, be-
come pinned, and then cause rupturing and dewetting.
In particular, the short wavelength characteristic of
phase separation follows power-law dynamics whose
exponent is smaller at the surface than at the interface
although both increase asymptotically toward /3 as film
thickness increases. This is attributed to the confine-
ment effect on phase separation, more specifically, the
effect of film thickness on asymmetric coarsening of the
phase domains in thin films.34

Experiment

The polymers are deuterated poly(methyl methacrylate)
(dPMMA) and poly(styrene-ran-acrylonitrile) (SAN) having an
AN content of 33 wt %. The weight-average molecular weight
and polydispersity of dPMMA and SAN are 90 kg/mol and 1.06
and 124 kg/mol and 2.24, respectively. Their blend exhibits
lower critical solution behavior with a critical temperature and
composition of ca. 160 °C and ca. 0.48, respectively. All thin
film samples contain a critical concentration with 50% mass
fraction of dPMMA. Three solutions of methyl isobutyl ketone,
dPMMA, and SAN with different polymer concentrations were
spun-cast on silicon at 2000 rmp. After preannealing at 120
°C for 24 h, the resulting films were 108, 223, and 495 nm, as
measured by ellipsometry. They are denoted as samples T1,
T2, and T5, respectively. To prepare consistent substrate
surfaces, the native oxide layer of the as-received silicon was
removed using a buffered HF solution; a new oxide layer was
then grown on the silicon by exposure to ultraviolet radiation
and ozone.

After annealing films at 185 °C in argon for various times,
the depth profile and morphology were examined by forward
recoil spectrometry (FRES) and atomic force microscopy
(AFM), respectively. Experimental details have been reported
previously.? In FRES, MeV He?* or He' ions impinged on the
sample at a grazing angle. Deuterium and hydrogen atoms
were elastically recoiled from the film, and their energy, after
passing a Mylar stopper foil, was determined by a solid-state
detector. To optimize depth resolution and probing depth at
each film thickness, 1.0 and 2.0 MeV He™ ions and 2.85 MeV
He?" ions were used for T1, T2, and T5, respectively. The
stopper was a 3.0 um Mylar foil for 1.0 MeV ions and an 8.0
um Mylar foil for the higher energy ions. The depth resolution
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Figure 1. FRES depth profiles of dPMMA after annealing
T1 at 185 °C. (a) Before annealing, the sample is homogeneous.
(b) After 30 min, a trilayer structure of dPMMA-rich/SAN-
rich/dPMMA-rich forms. (c) After 240 min, the layered struc-
ture decays, and the overall volume fraction profile appears
more homogeneous than in (b). (d) After 1200 min, the surface
layer grows to a thickness of about 40 nm and is followed by
a dPMMA-depleted region.

240 min { (d) 1200 min
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at the surface, defined as the fwhm, was ca. 80, 40, and 16
nm for the 2.85, 2.0, and 1.0 MeV ions, respectively. The
morphology of both the surface and the interface was examined
using a Digital Instrument Dimension 3000 atomic force
microscope at room temperature. The interfacial morphology
was exposed by selectively removing the dPMMA-rich phase.
The root-mean-square roughness, Rq, was calculated from the
image using Nanoscope Il software,

_ 2 05
o= [M [h(xy) — hol” dA "

#¢ dA

where the integrations were over the areas and h(x,y) was the
height function, and the reference height hg is defined as

_ #¢ h(x,y) dA
° §§ dA

The image size for calculating Rq was much larger than the
largest feature size, hence eliminating the image size depen-
dence of the roughness such as for fractal surfaces.

In this study, more than 60 samples were used for different
thickness, annealing times, and surface and interface studies.
The consistent behavior of many samples suggests that
measurements are highly reproducible.

@

Results and Discussion

1. Depth Profile and Morphology. Figure 1 shows
the dPMMA volume fraction profiles of T1 after anneal-
ing at 185 °C. Initially, the composition is homogeneous
(Figure 1a). After 30 min (Figure 1b), dPMMA-rich
wetting layers form at the surface and substrate,
resulting in a trilayer structure. With further annealing
(Figure 1c), the dPMMA profile appears more uniform
as the surface layer thins. After 1200 min (Figure 1d),
a dPMMA-rich layer of ca. 40 nm, about half the initial
thickness, forms at the surface. The diffuse dPMMA
profile below 50 nm indicates that the film has become
rough, as verified by AFM studies.

Figure 2 shows the topology of the surface (left
column) and the SAN-rich phase (right column) for T1
after 10 min (a and b), 30 min (c and d), 480 min (e and
f), and 6000 min (g and h). The relative height scales
with the gray level, where light and dark regions are
high and low, respectively. For each time, the height
and lateral dimensions are chosen in order to optimize
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Figure 2. AFM images of the surface (left column) and interface morphology (right column) at 185 °C for T1 after 10 min (a and
b), 30 min (c and d), 480 min (e and f), and 6000 min (g and h). The gray level depicts the height scale, where light and dark
regions correspond to high and low features, respectively. To resolve features, the lateral and height scales have been optimized

for each image.

the surface and interface features. After 10 min, the
surface roughens by the growth of small hills as shown
in Figure 2a, whereas the region right beneath the
surface layer displays a bicontinuous structure (Figure
2b). After 30 min (Figure 2c), long wavelength (mi-
crometers) and small amplitude (nanometers) fluctua-
tions start to develop. Upon close inspection, Figure 2c
also reveals short wavelength features similar to those
observed on the interface shown in Figure 2d. Figure
2d shows that the majority phase in the middle layer is
SAN-rich and that the small length scale features reflect
dPMMA-rich domains that span the surface and sub-
strate wetting layers, as seen from the edge (cross
section) of Figure 2d. After 480 min, the surface displays

bicontinuous large-scale fluctuations (Figure 2e). In
contrast to images 2a—b and 2c—d, the surface (Figure
2e) and interface (Figure 2f) fluctuations display similar
length scales. After 6000 min, both the surface (Figure
2g) and interface (Figure 2h) exhibit droplet morphol-
ogy. Although difficult to observe in Figure 2h, the SAN-
rich droplets show a depression at the top. The concave
droplet shape is absent in both the thinner and thicker
films and will be discussed in a later publication.38
Figures 3 and 4 show the depth profile and topology,
respectively, of T2. Figure 3a shows that the initial film
is homogeneous. After 60 min, the film separates into
a trilayer structure (Figure 3b), similar to T1. After 1200
min, the dPMMA volume fraction profile again appears
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Figure 3. FRES depth profiles of dPMMA after annealing
T2 at 185 °C. (a) Before annealing, the sample is homogeneous.
(b) After 60 min, a trilayer structure of dPMMA-rich/SAN-
rich/dPMMA-rich forms. (c) After 1200 min, the layered
structure decays and the overall volume fraction profile
appears homogeneous. (d) After 6000 min, the surface layer
grows to a thickness of about 100 nm and is followed by a
dPMMA-depleted region.

uniform as shown in Figure 3c. After 6000 min, a
dPMMA-rich layer, ca. 100 nm, appears at the surface
as shown in Figure 3d. The diffuse profile below 100
nm suggests surface roughening. Figure 4 shows the
topology of the surface (left column) and the interface
(right column) for T2 after 10 min (a and b), 60 min (c
and d), 2700 min (e and f), and 6000 min (g and h).
Although their spatial and temporal scales differ, the
main features shown in Figure 4 are qualitatively the
same as those exhibited by T1 in Figure 2. Figure 4c is
of particular interest because both the short-wavelength/
small-amplitude and long-wavelength/large-amplitude
fluctuations are captured simultaneously at 60 min.
After 2700 min, Figure 4f shows that the nonwetting
SAN-rich phase forms a long-wavelength 2D intercon-
nected structure punctured with holes. The origin of
these holes is apparent from the 5 um x 5 um area scan
shown in Figure 4d. Quantification of the characteristic
length scales, such as surface hills, capillary fluctua-
tions, and droplets, will be presented later.

The new results describing the behavior of T1 (108
nm) and T2 (223 nm) are in excellent agreement with
the evolutionary stages exhibited by T5 (495 nm), a
system that has been analyzed in detail.?> Selective
studies on films thicker than T5 suggest that the
morphology and depth profile for films ranging from 100
to 1500 nm, or about 10 to 150 Ry, where Ry is the radius
of gyration, display three distinct stages of evolution.
Upon quenching into the two-phase regime, the initially
homogeneous film undergoes simultaneous spinodal
decomposition and wetting. The early stage is charac-
terized by the rapid formation of a dAPMMA-rich wetting
layer at the surface that is driven by hydrodynamic flow
through the underlying bicontinuous phase morphology
in the near surface region. By the end of this stage, a
trilayer-like structure forms with dPMMA-rich layers
at both the free film surface and the film/silicon oxide
interface and an SAN-rich layer in the middle. During
the intermediate stage, dPMMA-rich domains in the
middle layer coarsen while dPMMA flows from the
wetting layers into the bulk. Because FRES provides a
depth profile averaged over 1 mm x 3 mm, the dPMMA
volume fraction across the two-phase structure appears
uniform (cf. Figure 3c). During this stage, capillary
fluctuations begin to dominate, causing the film thick-
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Table 1. Surface Roughness Characteristics

tp Rap tr ti Atp Raf

sample (min) (nm) (min) (min) (min) (nm)
T1 50 2 270 600 100 90
T2 100 4 1260 1500 400 150
T5 250 12 3160 3500 2500 250

ness to undulate. Eventually the amplitude of fluc-
tuations becomes large enough to rupture the middle
layer, resulting in an interconnected 2D network (cf.
Figures 2f and 4f). Simultaneously, the dPMMA-rich
phase flows from the domains in the middle layer into
the wetting layer at the surface. During the late stage,
the 2D network coarsens and eventually forms isolated
droplets of SAN-rich phase covered by a thick APMMA-
rich layer (cf. Figure 2f—h and Figure 4f—h). This novel
evolution is attributed to the dynamic interplay between
wetting, phase separation, capillary fluctuation, hydro-
dynamic flow, and confinement.

Although T1, T2, and T5 exhibit similar stages of
development, the rate of evolution for each stage
decreases as film thickness increases. For example, the
trilayer structure, signifying the end of the early stage,
is formed after ca. 30, 60, and 120 min for T1, T2, and
T5, respectively. The end of the intermediate stage
coincides with the apparent homogeneous dPMMA
profile and is observed after 480, 1200, and 2880 min
for T1, T2, and T5, respectively. The third stage,
corresponding to the final droplet morphology, is estab-
lished at around 1200, 6000, and 15 720 min for T1, T2,
and T5, respectively. A quantitative analysis of the
effect of thickness on the kinetics of evolution will be
discussed below.

2. Roughness. 2.1. Surface Roughness. Figure 5
shows how the surface roughness, Ry, increases with
time for T1 (squares), T2 (circles), and T5 (crosses). The
solid lines are B-spline fits to guide the eye, and the
inset shows early time behavior. The development of Rqs
is similar for all three samples. Namely, log(Rq.s)
increases rapidly, initially, and then reaches a plateau
(inset). After the plateau, Rqs increases again before
approaching a final roughness value. During the initial
roughening process, Rqs is quite small relative to the
initial film thickness, lp. However, the second roughen-
ing process leads to macroscopic roughness values
comparable to lo. In Figure 5, the thickest film shows
the largest roughness values during the initial and late
times; however, at an intermediate time, its roughness
is less than the thinner ones. This behavior can be
explained using a scaling analysis as discussed below.

Before testing scaling, spatial, and temporal charac-
teristics of the roughening process are first defined in
Figure 6A. The onset time t, and roughness R, of the
first plateau are represented by the solid circle. The time
to rupture t; (solid triangle) is defined when the film
crosses from constant wavelength fluctuations to late
stage lateral coarsening. The values of t. are obtained
from Figure 9. This time coincides with the onset of the
second roughening process. The width of the plateau At,
is the difference between t, and t,. The inflection point
of the second roughening process denotes the inflection
time t; (solid square). The final roughness is Rqs. The
values of these parameters are listed in Table 1.

The initial roughening process is attributed to (1)
phase separation in the bulk of the film and (2)
hydrodynamic flow driven wetting. During spinodal
decomposition, a bicontinuous morphology in the film
generates a pressure gradient, causing the dAPMMA-rich
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Figure 4. AFM images of the surface (left column) and interface morphology (right column) at 185 °C for T2 after 10 min (a and
b), 60 min (c and d), 2700 min (e and f), and 6000 min (g and h). The gray level depicts the height scale, where light and dark
regions correspond to high and low features, respectively. Each image has its own lateral and height scale.

phase to wet the surface via hydrodynamic flow; in
response to this pressure, surface hills develop over the
dPMMA-rich interconnected channels that reach the
wetting layers.1%24 These hills are approximately the
same size as the underlying channels and, therefore,
reflect the internal phase structure of the film.2> As the
phase size approaches lo, the pressure gradient relaxes,
and this initial roughening mechanism slows down.
Thus, the first plateau results from film stabilization
due to confinement. During hydrodynamic phase coars-
ening, the characteristic length increases linearly with
time.?> Therefore, t, should scale linearly with Io.
Because the dimensions of the wetting channels deter-

mine the size of surface hills, Ry should also increase
linearly with lp. For T1, T2, and T5, Table 1 shows that
the relative values of t, and Rqp are 1:2:5 and 1:2:6,
respectively, in excellent agreement with the normalized
thickness 1:2:5. Thus, during the first stage, the linear
scaling of both the time and spatial evolution of rough-
ening with initial film thickness is consistent with a
roughening mechanism due to phase separation.

The plateau regime coincides with backflow of the
dPMMA-rich phase from the surface wetting-layer into
cylindrical domains in the middle layer. This back-flow
is driven by capillary pressure originating from the
interfacial curvature between phases in the middle
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Figure 5. Root-mean-square roughness, Rqs, of the surface
as a function of time for T1 (squares), T2 (circles), and T5
(crosses). The solid curves are B-spline curve fits to guide the
eye. The log(Rys) initially increases rapidly, reaches a plateau,
increases rapidly again, and then reaches a final plateau. The
inset shows the early time behavior of Rys for the three
samples. The symbols are consistent with the main figure.
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Figure 6. (A) A representative plot of the roughness evolution
defining: the roughness and onset time of the first plateau
regime, Rqp and t,, respectively (circle); the width of the
plateau, At,, which ranges from the onset of the plateau to
the onset of the second roughening process, t.; the time at the
inflection of the second roughening process, ti, which charac-
terizes the onset of lateral phase pinning; and the final sample
roughness Rq+. (B) The film thickness dependence of t. and t;,
both roughly follow a linear relationship. (C) The dynamic
scaling of Ry in reduced coordinates. A master curve is
followed by all samples except at initial and late times.

layer.25> The domain diameter D is described by dD/dt
~ (a/n)(2/h), where o and 5 are the interfacial tension
and viscosity and h is the thickness of the middle SAN-
rich (majority phase) layer. During back-flow, the area
fraction of the dPMMA-rich phase in the middle layer
increases from 0.24 to 0.35,2% and therefore, by conser-
vation of mass, h varies from ca. 0.66ly to 0.771y. So the
domain diameter when the back flow terminates scales
as Ds ~ Atp/lo. Because the cylinder density N scales
as t=28 and conservation of wetting material requires
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Figure 7. Root-mean-square roughness of the interface
between the wet and nonwet layers, Ry, as a function of time
for T1 (squares), T2 (circles), and T5 (crosses). Rq,;i behaves
similar to Rqs in Figure 5 One distinct feature of Rq, is that it
levels off and becomes slightly depressed before the final
roughness stage. The inset compares Rqs (circles) with Rg;
(crosses) for T5 and reveals that the Ry; depression coincides
with the inflection point of the final roughening process of Rys.
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Figure 8. Radial-averaged 2D FFT intensity as a function of
wavevector for T2 after 60 min at 185 °C. Peaks are observed
at low and high g, denoted as q; and gy, respectively. The dash
line approximates the background intensity. The inset sche-
matically shows the coexistence of two length scales, with their
characteristic length, R; = 27/q;, where i represents | or h.

NDf2 ~ |0,25 we have (Df|0)72/3Df2 ~ |0 or Df ~ |05/4.
Therefore, the plateau period can be described by At,
~ 1o®4. From the measured value in Table 1, At, is found
to scale as lp?. This result is in qualitative agreement
with a scaling analysis based on capillary forces.

The second roughening stage is due to capillary wave
fluctuations, which are driven by attractive forces be-
tween the dPMMA-rich/SAN-rich interfaces separating
the middle SAN-rich membrane. According to capillary
fluctuation theory*—46 and experiments on simple films,*”
the characteristic time for breaking a film scales as hg®,
where hg is the initial film thickness. In our study, hg
corresponds to the thickness of the middle SAN-rich
layer, h, which is approximately proportional to lo.
Based on this analysis, the time to rupture T5 and T2
should be 2023 and 38 times longer than T1, the
thinnest film. However, Table 1 gives relative times of
11.8 and 4.7, demonstrating that films rupture much
faster than predictions based on capillary wave theory.
There are several possible reasons for this discrepancy.
First, lateral phase coarsening can enhance capillary
wave development by a positive feedback mechanism.?>
Second, the thickness of the middle layer changes with
time, decreasing and increasing during the early and
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Figure 9. Low q wavevector, q, for T1 (solid squares), T2
(solid circles), and T5 (open triangles), obtained by FFT (T1
and T2) and RSM (T5) methods. The solid lines through the
data points are to guide the eye. The dash lines represent t=/3
and t™12 behavior. All films display a three-stage evolution
pattern; two power-law regimes separated by a plateau. The
inset shows the plateau wavevector, qp, varies as lo™*. The
crossover time from plateau to later stage coarsening is
denoted as t; (see Figure 6). Note that some error bars for the
filled symbols are smaller than the symbol size itself.
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late stages, respectively. Third, the capillary theory
formalism#+—46 assumes a homogeneous film at its
equilibrium thickness. Note, the faster than exponential
growth of Rqs during the second roughening process
already suggests the breakdown of the theory.

Figure 6B (Table 1) shows that t, and t; increase
nearly linearly with lo. Recall that t; and t; denote the
times for film rupture and the onset of finite thickness
confinement on late stage coarsening, respectively.
Thus, their linear relationship with Iy suggests a similar
underlying mechanism, namely a capillary pressure
driven instability. Hoppe, Heuberger, and Klein?® also
found that t, scales with film thickness for a copolymer
blend of diethyl and ethylethylene monomers. Observing
only a single dominate lateral fluctuation, they attribute
the rupture mechanism to the coarsening of the bicon-
tinuous structure (i.e., phase separation). Extrapolation
of the data in Figure 6B to t, (or tj) = O results in a
positive value of ly, suggesting a critical thickness below
which class A evolution breaks down.38 Figure 6C shows
the reduced roughness Rqs/Rq,p as a function of reduced
time t/t,. Except for the very early and late times, all
three data sets fall approximately on a master curve
during the plateau and second roughening process. The
lack of a global scaling rule for the entire time regimes
reflects the change in the dominant morphology mech-
anisms during evolution. Specifically, the early stage
shows that thinner films display an increasing confine-
ment effect on phase separation, resulting in a smaller
plateau roughness, Ry, and therefore a larger reduced
roughness at early times. During the late stage, Rgs
(=Rqy) is less than expected in thicker films because
larger droplets take longer to achieve their equilibrium
height (i.e., Kinetic trapping). Figure 5 (Table 1) shows
that Rq s increases from 90 to 150 to 250 nm. However,
a quantitative analysis of Ry as a function of lg is
problematic because the kinetic trapping (pinning) of
droplets increases as film thickness increases, as dis-
cussed in a later publication.38

2.2. Interfacial Roughness. The root-mean-square
interfacial roughness, Rq;, for T1, T2, and T5 is shown
in Figure 7. The solid lines are to guide the eye.
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Qualitatively similar to Rqs (Figures 5 and 6), Ry,
increases from microscopic (<lpg) to macroscopic (~lp)
values during annealing. However, distinct stages of
lateral evolution are not observed at the interface
between the wetting and middle layer. This behavior
may be attributed to the dynamic complexity (e.g.,
multiple or coupled mechanisms) driving the evolution
of internal features; thus, finer time intervals may be
needed to reveal the individual stages. One observation
that suggests interesting internal dynamics is the
suppression of Rq;i prior to the final roughness plateau.
To accentuate this suppression, the inset compares the
growth of Rqs and Rq,i on a linear time axis for T5. The
solid lines are to guide the eye. Note that Ry reaches a
minimum at 4320 min, which is the same time that Rq s
reaches its inflection point signifying film rupture. The
slight depression of Rq,i can be attributed to the ejection
of the trapped dPMMA-rich phase from the SAN-rich
matrix, hence smoothing the interface.?®

Figure 7 also shows that film thickness has some
effect on Rq,. Initially, thicker films generally have a
larger interfacial roughness because feature height
scales with film thickness. However, at later times
(>2000 min), Rq, does not vary significantly between
samples. One explanation is that domain pinning in
thicker films retards the height of droplets and therefore
offsets the thickness effect.

3. Lateral Fluctuations. 3.1. Introduction. In a
previous study, phase separation of sample T2 was
found to display two evolving lateral length scales at
both the free film surface and the interface.*® Here, the
short-wavelength mode obeyed a power law growth at
both the surface and interface, but with a smaller
growth exponent at the surface, implying slower kinet-
ics. The long-wavelength mode was found to display two
power law growth regimes separated by a plateau. We
extend our studies to thicker and thinner films to
determine whether these two lateral length scales are
indeed general to polymer blend thin films undergoing
class A evolution. Furthermore, we explore whether the
growth exponents are a function of film thickness.

To determine the lateral length scales, a fast Fourier
transform (FFT) of the AFM surface and interface
images is taken. Figure 8 shows the radial averaged
FFT of the AFM surface morphology shown in Figure
4c for T2. The two arrows denote the maximum wavevec-
tors at low- and high-q positions, q; and g, respectively,
or correspondingly the long and short characteristic
wavelengths shown in the inset of Figure 8. The long
wavelength Ry, = 2x/q, reflects capillary fluctuations,
whereas the short wavelength Ry, = 271/qy, characterizes
length scales reflecting the phase morphology. In Figure
8,qrand gn are 1.0 and 11.3 um~1, respectively, or R, =
6.3 um and Ry = 0.56 um.

Because the long wavelength fluctuations in T5 are
very large, the wavevector cannot be obtained from a
FFT due to poor statistics. Therefore, the wavelength
was determined by a real space measurement (RSM)
from the AFM images using the distance between
neighboring high or low regions. The wavelength of the
surface fluctuations was obtained by averaging 30—50
measurements per sample. For selected samples, q;
values were determined by both FFT and RSM and
found to be within experimental error. In the following
sections, we discuss the evolution of g; and gp.

3.2. Low Wavenumber Fluctuations, q;. On a log—
log plot, Figure 9 shows how the surface q, varies with
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time for T1, T2, and T5. The error bars for T5 reflect
the uncertainty of the RSM method. At a particular
time, the wavenumber decreases with increasing thick-
ness. Namely, the wavelength of fluctuations increases
as confinement effects are relaxed. For all samples, q,
displays three distinct stages of evolution corresponding
to early and late power law regimes separated by a
plateau. As a reference, t-3 and t=%2 power law de-
pendences are plotted as dashed lines. The late stage
evolution approximately follows a t~3 power law for all
samples, whereas the early stage Kinetics increases
systematically from about t=14 for T1 to t~22 for T5. The
interface q; matches the magnitude and time depen-
dence of the surface q; shown in Figure 9. As discussed
previously,*® this observation suggests that long wave-
length fluctuations at the surface and interface are
conformal, in contrast to the short wavelength behavior
discussed below.

The three-stage evolution of the long wavelength
fluctuations approximately coincides with the temporal
evolution of morphology. Recall that the long wave-
length fluctuations are attributed to capillary fluctua-
tions in the trilayer structure, dAPMMA-rich/SAN-rich/
dPMMA-rich. These fluctuations are due to the attractive
interaction between the two interfaces separating the
SAN-rich middle layer. The development of the capillary
fluctuations between two homogeneous polymer films
has been measured previously.52 In this study, as
capillary fluctuations begin to develop, the structure,
thickness, composition, and homogeneity of the middle
layer are changing. In particular, the middle layer
transforms from a bicontinuous structure to one with
dPMMA-rich columns spanning the wetting layers,
decreases and then increases its thickness, increases
and then decreases the average SAN composition, and
finally increases its heterogeneity. New models reflect-
ing this complex film structure are needed to under-
stand the relationship between long wavelength fluc-
tuations and morphology.

During the intermediate stage, q; reaches a constant
value, suggesting that lateral fluctuations can be pinned.
Capillary wave theory for thin films predicts that the
wavenumber is independent of time and scales as hp2,
whereas the amplitude increases with time.#4~46 Figure
9 shows that the plateau wavenumbers, qp, are 1.8, 0.8,
and 0.35 um™1, for T1, T2, and T5, respectively. On a
log—log scale, the inset of Figure 9 shows that q;, scales
as lp™t. Though this scaling appears similar to the
results in ref 23, their proposed mechanism clearly does
not apply to our case. Namely, they assume that the
lateral length scale of roughening is a direct conse-
guence of phase coarsening (i.e., the evolution of one
length scale); however, we demonstrate here and previ-
ously?548 that roughening occurs by two distinct mech-
anisms: short wavelength fluctuations associated with
phase separation and long ones due to capillary fluctua-
tion. We note that the A/B/A structure in the primitive
capillary fluctuation model is much simpler than our
experimental system where B contains two phases and
a time-dependent thickness. Further theoretical devel-
opment is necessary.

The late stage reflects macroscopic roughening. Al-
though q; remains constant during the intermediate
stage, the amplitude of the pinned capillary fluctuation
increases and eventually ruptures the film. The rupture
time, t;, is determined at the crossover between the
plateau and late stage power law behavior as shown in
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Figure 10. Intensity of gn for T2 after 30 (squares), 60
(circles), 120 (up-triangles), 240 (down-triangles), and 480 min
(diamonds). The background is subtracted as shown in Figure
8. The solid curves are the best fits to the data. Note that the
uncertainty of the peak position is larger than the adjacent
intervals which is defined by the size of the image or the cutoff
effect. The inset shows the integrated intensity of the g, peaks.

Figure 9. The values for t; are given in Table 1. During
this stage, qi describes the coarsening of the middle
layer as it evolves from a lacy, interconnected 2D
network (e.g., Figure 4f) to isolated droplets (e.g., Figure
4h). In a relevant study, Sung et al. reported a t=044
power law for 2D phase separation in thin films.5 For
films from 100 to 500 nm, we observe that the dominant
q scales as t=1 for relatively thick films. However, for
thin films on the order of the chain size, g follows a t70-25
power law.38

3.3. High Wavenumber Fluctuations, gn. At the
free surface, the short wavelength features appear as
small hills as shown in Figures 2a and 4c, whereas at
the interface, this structure appears as the small
depressions shown in Figures 2b and 4d. By analyzing
the intensity and peak position of the FFT, surface hills
are shown to evolve by a unique pattern. Figure 10
shows the intensity of the short wavelength peaks at
the surface of T2 after 30, 60, 120, 240, and 480 min.
The solid lines are the best fits to the data. Each
spectrum shows a maximum intensity at g, s, the char-
acteristic wavenumber of the surface features. Initially,
the peak intensity increases with time, reaches a
maximum at 120 min, and then decreases. Note that
gn s Shifts continuously toward lower g, consistent with
coarsening of the lateral features. The inset shows the
peak integrated intensity as a function of time. Similar
to peak height, the intensity increases rapidly, reaches
a maximum value at 120 min, and then decays.

The gn s peak reflects the dynamics of the surface hill
during the early and intermediate stages of morphology
evolution. At early times, because of hydrodynamic flow
of the wetting component toward the surface, surface
hills are created as a consequence of balancing the
capillary pressure at the surface.?* The periodicity of
the hills reflects the internal structure and the degree
of the hydrodynamic wetting process. Thus, gns corre-
sponding to the peak intensity reflects a well-ordered
arrangement of hills and coincides with the onset of the
first roughness plateau. Upon further annealing, the
internal pressure responsible for hydrodynamic-flow
driven wetting vanishes, and the net capillary pressure
reverses its direction toward the middle of the film,
causing the hills to collapse. High-resolution images of
collapsed hills have been published.?>
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Figure 11. High-q peak at the surface, denoted as Qgns, iS
plotted as a function of time on a log—log plot for T1 (solid
squares), T2 (solid circles), and T5 (open triangles). For all
samples, power law behavior was observed. T5 shows a
crossover from a fast to slow behavior. Note that some error
bars for the filled symbols are smaller than the symbol size
itself.

Figure 11 shows the evolution of gns for T1, T2, and
T5. The solid lines are linear fits, suggesting power law
behavior, gn ~ t* For T5, the short wavelength features
display a crossover from fast to slow growth. This
crossover coincides with a transition from 3D to 2D
behavior, which occurs when feature size approaches
the film thickness.?> Both T1 and T2 display single
power law behavior. As discussed below, the fast growth
regime observed for T5 may have occurred too quickly
for these thin samples. For comparison, the wave-
numbers corresponding to the initial film thickness,
gt = 2allp, of T1, T2, and T5 are 58, 28, and 13 um™1,
respectively, or a log(qy) of 1.8, 1.4, and 1.1. As shown
in Figure 11, the values of log(gns) are less than 1.8 and
1.4 for T1 and T2, respectively, suggesting that experi-
ments would need to be performed at much earlier times
to capture the crossover. Note that 1.1 lies in the middle
of the log(gn,s) range for T5. Because of the small length
scale and fast kinetics, measurements of gn s at shorter
times were not possible for T1 and T2. In the 2D regime,
the power law exponent at the surface, as, increases
from —0.14 to —0.31 as lp increases from 108 to 495 nm.

The characteristic wavenumber for interfacial fluc-
tuations gp,; is shown in Figure 12 for T1, T2, and T5.
As a reference, the arrows denote g;. Similar to the
surface characteristics, the interfacial wavenumber
undergoes a crossover from fast to slow power law
behavior for T5, whereas a single power law is observed
for T1 and T2. As before, the crossover can be attributed
to the 3D to 2D transition due to film confinement. For
each sample, a comparison of Figures 11 and 12 shows
that the values of gni(t) are less than gn(t), indicating
that interfacial fluctuations develop faster than surface
fluctuations. For T1 and T2, the magnitudes of g, s and
gn,i are similar at early times but diverge at late times
according to different power laws. In the 2D regime, the
power law exponent of the interface, o, increases from
—0.21 to —0.35 as |y increases from 108 to 495 nm.

These studies show that thin film confinement affects
both the magnitude and growth rate of surface and
interface compositional fluctuations parallel to the
surface. For dPMMA:SAN at 185 °C, the bulk correla-
tion length is much less than the thinnest film (~100
nm), so, initially, coexisting phases grow in 3D. As the
phase domains continue to grow, their size normal to
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Figure 12. High-q peak at the interface, denoted as qn,, is
plotted as a function of time on a log—log plot for T1 (solid
squares), T2 (solid circles), and T5 (open triangles). The arrows
indicate values of log(g:) = log(27/lg) which are 1.8, 1.4, and
1.1, respectively. For all samples, power law behavior was
observed. T5 shows a crossover from fast to slow behavior.

0.0 05 1.0

0.40 (— . . . .
035} *

3" 030t ,/' ]

Z;S“w 0.25} ./ .
020} /' —ma ]
015} —o—-o

] i

0.10

100 200 300 400 500
[, (nm)

Figure 13. Magnitude of the power exponents of g, at both
the surface (—os) and interface (—os) as a function of film
thickness. Both exponents approach an asymptotic value of
!/3 as thickness increases.

the film, R, approaches the middle layer thickness h
and becomes confined; however, the lateral size of the
domain, Ry, can continue to grow in 2D. The transition
from 3D to 2D growth is manifested as a change in
kinetics.2® Before the transition, R, and R, are similar
in magnitude while R, > R,.32737 Because it is difficult
to quantify Ry, the crossover criterion R, ~ h is
approximated by Ry, ~ lp. This relationship provides a
convenient measure of the crossover point. Figure 12
shows that for T5 the crossover occurs after 15 min at
log(gn,i) = 1.1, which is very close to log(qy) (cf. arrows).
The crossover times for T1 and T2 can be estimated by
extrapolation and found to be 0.3 and 2 min, respec-
tively. These times provide a prediction for the 3D to
2D transition in those films. The dynamics of surface
features differ from those at the interface. Note that the
crossover time for T5 occurs much later at the surface
(~60 min) than the interface (~15 min) and at a larger
characteristic length (~0.8 um). These differences are
further discussed below.

Figures 11 and 12 demonstrate that g, follows the
power law behavior g, ~ t* during 2D coarsening, with
a power exponent, a, depending on both film thickness
and depth. Figure 13 shows that the magnitude of the
surface and interface exponents, —os and —a;, increases
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with film thickness. Although data are limited, both
exponents increase and approach an asymptotic value
of about /5 as |y increases. This observation is different
from a previous simulation which predicts that film
thickness has little effect on lateral growth kinetics.3?
This discrepancy is presumably due to different phase
coarsening mechanisms: a diffusive motion in the
simulation and hydrodynamics in the current study.
Moreover, —q; is systematically larger than —as, indi-
cating that internal dynamics is more rapid than that
at the surface. This result provides the first experimen-
tal evidence for depth dependence of phase separation
kinetics predicted by numerical simulations.3® While
numerical methods allow for the determination of the
lateral correlations at any depth from the surface, our
experiments conveniently provide measurements at
both the surface and the interface between the wetting
and nonwetting layer. The surface correlation is not
accessible by simulations which typically assume rigid
walls at both surfaces, rather than a surface that can
deform. However, correlations at the interface cor-
respond to the morphology at the first zero in a depth
profile of the order parameter and therefore may be
directly compared with simulations.

Prior experimental studies have also investigated the
kinetics of phase separating polymer blends in a con-
fined geometry. Selected comparisons between these
experiments and the present one are described. Pan and
Composto? reported phase separation in thin films of
polystyrene (PS) and poly(vinyl methyl ether) confined
between two glass slides. Although phase growth is
inhibited by confinement, strong wetting and the hard
wall boundaries prevent film roughening. Bruder et
al.1314 reported phase separation in PS/poly(styrene-
co-bromostyrene) (PBrxS) blends. The growth of the
relevant lateral dimension corresponds to the inter-
mediate stage of their study, when the wetting compo-
nent flows from the surface into growing domains.4
Films remained smooth, and therefore no late stage
evolution was reported. Both the lateral domain dimen-
sion and wetting layer thickness followed t¥3 kinetics.
Although their growth exponent is similar to ours, a
direct comparison is problematic because we report
the correlation between domains (cf. Figure 8) rather
than domain size. Sung et al.> reported lateral growth
that follows a t%** power law. However, their regime
of study corresponds to late stage growth. Tanaka
and co-workers®# have investigated phase separation
under 1D and 2D confinement. Similar to our observa-
tions during the early and intermediate stages of
morphology evolution, they observe hydrodynamic
flow driven wetting followed by back-flow from the
wetting layer. By measuring the depth profiles, surface-
directed, spinodal decomposition in semiinfinite films8?°
and finite films displaying confinement-induced inter-
ference have been investigated.1912 These measure-
ments underlie the behavior of the current study during
the early and intermediate regimes of morphology
evolution.?> Wiltzius and Cumming revealed a fast
surface-directed mode (q ~ t=%, where 1.0 < o < 1.5),%°
which was eventually attributed to 2D coarsening of the
wetting phase against the confining wall 551 Geoghegan
et al. observed a transition of the wetting layer growth
from t1 to logarithmic to t¥2 as a function of decreasing
guench depth.?2 For the t3 regime, surface roughness
was attributed to droplets of the wetting phase at the
surface.
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In addition to experiments, numerical simulations
provide some guidelines for understanding the early and
intermediate stages.®?~37 For polymer blends near a
weak attractive wall and diffusion-limited growth,
phases are predicted to grow as t3 both parallel and
perpendicular to the wall.3235-37 Furthermore, surface
retardation can produce an anisotropic phase morphol-
ogy as well as depth-dependent growth behavior.32:36
Presently, the discrepancy between the experimental
fast wetting kinetics324 and simulations (strong wetting
conditions) is expected because the latter do not capture
the late stage morphology nor include hydrodynamic
flow and a deformable free surface. Simulations that
allow for surface deformation®® and hydrodynamic flow5
have been introduced and may be extended to this
study.

As mentioned in the Introduction and discussed
above, simulations and experimental studies are dif-
ficult to compare because they usually cover different
time regimes. Whereas the former apply to the early
time regime, experimental studies mainly focus on
the intermediate and late regimes. Within the frame-
work of class A type evolution, we emphasize that the
current experiments cover all time regimes, and 3
decades of time, allowing for a direct comparison
between measurement and simulation. This article
provides a comprehensive study of the identification and
qguantification of the length scales at the polymer surface
as well as the interface between the wetting and
nonwetting phase. We observe a lateral phase growth
rate that approaches t¥3 as confinement relaxes and
depends on depth, consistent with the numerical
simulations.32-37 Direct comparison between experi-
ments and simulations is not yet available for the long
wavelength fluctuations and late stage coarsening.
However, recent Lattice—Boltzmann (LB) simulations
of phase separation in the presence of surface enriching
boundaries was able to capture layer formation at early
times and a subsequent capillary instability,> suggest-
ing that LB simulations are a promising approach to
understand the complex behavior of phase separating
polymer blend films.

Conclusion

Phase separating dPMMA/SAN thin films ranging
from 10 to 150 Ry display three distinct stages of
evolution as described previously. In this article, we
investigate the effect of confinement on the dynamics
of roughness and the lateral length scales induced by
capillary fluctuations and spinodal decomposition. Dur-
ing the early and intermediate stages, surface roughness
can be attributed to phase separation and capillary
fluctuations. However, roughness increases much faster
than predictions based on simple capillary fluctuation
theory. The late stage of roughening is complicated by
many factors, including phase coarsening, capillary
fluctuations, wetting, and hydrodynamic interactions
and is not described by simple scaling rules. The surface
and interface fluctuations are followed using AFM. The
lateral length scales of these fluctuations generally
follow power law dynamics but also depend on confine-
ment and depth. For both the surface and interfacial
lateral features, the growth rates increase, and the
power law exponents approach /3 as film thickness
increases. Furthermore, the surface Kinetics is consis-
tently slower than the interface, suggesting a surface
retarding effect and decoupling between the surface and
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internal features. These results point to the important
roles played by surface roughening and hydrodynamics
during spinodal decomposition in polymer thin films
and, hopefully, pose a challenge for future experiments,
simulations, and theories.?3:56:57
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