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ABSTRACT: For polystyrene blends with poly(butyl methacrylate), replacing poly(n-butyl methacrylate)
by poly(tert-butyl methacrylate) results in modified topography of spin-cast films (holes dominating at a
surface are exchanged with islands, or vice versa, such individual surface features are increased), decreased
PBMA surface excess, but similar overall domain structure. Two series (PS/PnBMA and PS/PtBMA) of
films with constant thickness and PBMA fraction 0 < & < 1, cast from toluene onto silicon wafers, were
examined with atomic force microscopy, X-ray photoelectron spectroscopy, profiling and mapping mode
of dynamic secondary ion mass spectrometry. Topography was analyzed with the integral geometry
approach. Film structure formation was postulated to involve surface segregation, phase separation, and
instability of the transient PBMA layer [a linear relation between ®2 and averaged size of holes (islands)
was observed for PS/PnBMA (PS/PtBMA)]. Structural changes caused by isomer exchange are related to

glass transition temperature and blend incompatibility; both increased for PtBMA.

1. Introduction

Polymer multiphase thin films with specific morphol-
ogies are of great technological importance.1= Phase
domain arrangement in thin films, reflected often by
surface topography, is usually a result of phase separa-
tion process, qualitatively different from that in the bulk
(for a review, see refs 7—12). In the past decade most of
the fundamental investigations of polymer blend films
have analyzed temperature-driven phase separation
(and wetting) where well-defined one-step quench to a
fixed point of the phase diagram is followed by quasi-
static phase evolution.”~1%12 |n turn, the phase separa-
tion and related structure formation that occur in
polymer blend films during spin-casting from a common
solvent, although more relevant for the industry, have
been studied only very recently.#1°9-32 The situation is
here much more complex: Phase demixing, initiated
along the quench path with solvent concentration vary-
ing with time and position within the film, is followed
by non-quasi-static structure evolution competing with
solvent evaporation and different hydrodynamic regimes
of film fluid, leading often to long-lived metastable
morphologies.1112.32-37

Multiple mutually coupled mechanisms effective dur-
ing spin-casting of polymer blend films are not
completely resolved, but main factors critical for
film  structures formed have been  recog-
nized.11,13-17:20,21,24,26,29-32 However, microstructural mech-
anisms of film structure formation, although intensively
studied for temperature-quenched blends,®38-40 have
been analyzed only sporadically for the mixtures
guenched by solvent extraction (e.g., for slowly drying
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layers rather than spin-cast films*!). Another currently
discussed main issue is phase evolution in the cast
films,14.15.18-20,28-30,32,36.42 jn particular the relevance of
interfacial (capillary) instability*3~46 breaking up tran-
sient lamellar phase arrangement (advocated in refs 15,
18, 23, and 32 and tested for feature size scaling with
total film thickness!®). While practically all published
data on spin-cast polymer blend films are analyzed only
qualitatively (because of the complexity of the formed
structures), the advent of integral geometry approach*’—51
(and equivalent simpler evaluations!®2924) has allowed
for a more quantitative description in the most recent
reports.1929

In this work, we study microstructural mechanisms
of film structure formation in spin-cast films of poly-
styrene (PS) blends with poly(butyl methacrylate)
(PBMA) isomers: poly(n-butyl methacrylate) (PnBMA)
and poly(tert-butyl methacrylate) (PtBMA). Formed film
morphologies, determined with microscopic (atomic force
microsopy, AFM) and spectroscopic techniques (X-ray
photoelectron spectroscopy, XPS, profiling and mapping
mode of dynamic secondary ion mass spectrometry,
dSIMS), are analyzed with the integral geometry ap-
proach. Morphological differences and similarities of two
blend series (PS/PNnBMA and PS/PtBMA) are used not
only to elucidate microstructural aspects of film struc-
ture formation but also to relate all results within one
formation model. The presented quantitative test for the
compositional scaling of the size of individual dropletlike
domains indicates that interfacial (capillary) instability
can explain origins of morphologies observed in spin-
cast films of both polymer blends.

2. Experimental Section

2.1. Preparation of Polymer Blend Films. Measure-
ments are reported here for PS blends with two PBMA
isomers, PnBMA and PtMBA. Physical properties of pure
blend components®2-% are listed in Table 1, and molecular
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Table 1. Physical Properties of Materials Used in This Study

Mpn Mw/Mn surface tension y/mJ m—2 glass transition T¢/K solubility parameter 5/MPal/2
PtBMA 554K 1.11 30.42 3952 17.70
PnBMA 484K 1.07 31.22 2932 17.8—18.4¢ (17.99)
toluene 28.5¢ 18.22
PS 564K 1.03 40.72 3732 17.5—18.72(18.09)

a Reference 52. P Reference 53. ¢ Reference 54. 9 Theoretical value.55 ¢ Reference 56.

PnBMA: Poly(n-buthyl methacrylate)
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PtBMA: Poly(tert-buthyl methacrylate)
Figure 1. Molecular formulas of PnBMA and PtBMA.

structures of the isomers used are shown in Figure 1. Pure
polymers were used to prepare two blend series PS/PnBMA
and PS/PtBMA, each with PBMA weigh fraction ® varying
between 0 and 1. Blend films were prepared by spin-casting
(5000 rpm for 40 s) from toluene solutions (constant total
polymer concentration of 20 mg/mL was used) onto silicon
wafers with native oxide (SiOy) or with evaporated (~50 nm
thick) Au layer. Deuterated polystyrene (dPS, M,, = 713K, M/
M, = 1.05) was used as PS counterpart to provide contrast
for dSIMS.

2.2. Characterization of Polymer Blend Films. Surface
topography formed in the course of spin-casting was examined
by AFM working in contact mode. Images were recorded in
air at room temperature®>® with the home-built” AFM
apparatus® and with CP Park Scientific Instruments AFM
microscope.?® Film thickness hOwas determined from AFM
images taken after partial removal of the polymer film by a
scalpel scratch.?®

Surface chemical composition of blend (PS/IPNBMA, PS/
PtBMA) and reference polymer (PS, PnBMA, PtMBA) films,
all cast on SiOy, was evaluated on the basis of XPS spectra
obtained with a Specs ESCA spectrometer with Mg Ka source
working at 15 kV and 20 mA.2° All C;s peaks were charge
referenced to the neutral carbon peak at the binding energy
of 285.0 eV.1318:60

Vertical and horizontal aspects of phase domain structure
in the blend films were provided by depth profiling (depth
resolution of ~10 nm) and mapping (lateral resolution of ~120
nm was achieved®) dSIMS modes, respectively.®! The latter
yielded lateral composition maps ®ps(X,y)?272973161 corre-
sponding to the distribution of PS counterpart (dPS) in the
film. The former provided depth profiles!?27.29-31.58.59.61 of the
average composition. The dSIMS data were obtained with a
VSW apparatus equipped with a high-resolution ion gun
(liquid metal, Fei Co.) and a Balzers quadrupole mass spec-
trometer. A primary Ga* ion beam (5—25 keV, 0.2—4 nA) was
used to sputter the sample and to induce secondary ions, which
yielded mass-resolved information for the maps and the
profiles.®* The maps of dPS (C,D~, m/z = 26) as well as the
profiles of Si (Si—, m/z = 28) and all the polymers (C,~, m/z =
24) were provided by individual signals. To obtain a measure
related to the fractional concentration of PBMA in a polymer
film, original signal (CoH~, m/z = 25) was normalized by the
m/z = 24 yield. Only single composition maps ®ps(X,y) were
obtained for each analyzed film due to low yield of the
secondary ions C,D~ (m/z = 26).3%61 Lateral resolution of the
maps recorded for the dPS/PNnBMA (® = 0.65) and dPS/PtBMA
(® = 0.70) films (cast on Au) corresponds to ~200 and ~600
nm, respectively.

3. Results

3.1. Surface Topography. AFM Images. Repre-
sentative surface morphologies, determined with AFM

Figure 2. AFM images of free surface topography formed by
PS/PnBMA films spin-cast on SiOy substrate for PBMA mass
fraction ® = 0 (a), 0.10 (b), 0.30 (c), 0.50 (d), 0.60 (e), 0.70 (f),
0.80 (g), 0.90 (h), and 1.0 (i). Different height ranges AH were
applied to maximize the contrast. AH = 2 (a), 16 (b), 40 (c), 42
(d), 66 (e), 34 (f), 21 (9), 10 (h), and 2 nm (i). The inset in the
(c) represents the fast Fourier transform spectrum. The cross
sections correspond to the lines in (b) and (c).

for PS/PnBMA and PS/PtBMA blend films cast on SiOy
substrate, are collected in Figures 2 and 3, respectively.
Films of pure blend components (Figures 2a,i and 3a,i)
are fairly featureless (note that statistical height fluc-
tuations are visible only when height range AH = 2—4
nm is used). In contrast, blending these polymers results
in distinctive (AH = 10—66 nm, see Figures 2b—h and
3b—h) and isotropic surface patterns (their fast Fourier
transform spectra exhibit diffusive rings, see e.g., insets
in Figures 2c and 3c). Surface morphologies evolve with
increasing PBMA blend composition ®. For the PS/
PnBMA films (Figure 2b—h) hole-dominated topogra-
phies formed at low ® evolve via elongated large-scale
nearly bicontinuous structures (at ® ~ 0.70) into the
patterns dominated (for higher ®) by isolated protru-
sions. These surface patterns are strongly affected when
PnBMA is replaced by PtBMA (cf. Figures 2b—h and
3b—h): Holes dominating at surface are exchanged with
islands or vice versa for & < 0.70 or @ > 0.70,
respectively. In addition, individual dominant surface
features (holes or islands) are larger for the PS/PtBMA
films. Surface patterns, closely resembling those of
Figures 2 and 3, are also formed by the PS/PBMA blend
films cast onto gold substrate. We note also two ad-
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Figure 3. As
AH = 2 (a), 10 (b), 11 (c), 34 (d), 31 (e), 31 (f), 13 (g), 11 (h),
and 4 nm (i).

ditional properties of PS/PnBMA films: First, weak
(with ~10 nm amplitude) film surface undulations,
forming elongated ribbonlike structures, accompany
deep (even of ~40 nm) holes recorded for the & = 0.30
film (Figure 2c). A similar situation is exhibited by other
blends with @ < 0.40 (e.g., Figure 2b). Second, the hole-
dominated surface patterns are much less distinct?® (or
not resolved?*) for much thinner films in this composi-
tion range. Both properties are expected for destabiliza-
tion process*346 of transient solvent layer rich in one
blend component (PBMA), postulated for the spin-
casting process.151819.32 \We will discuss this point in
detail in section 4.

Analysis with Integral Geometry Approach. The
topography data were analyzed with the integral ge-
ometry approach#’—51 as described in detail earlier.2®
Blend (0.10 < & < 0.90) film surfaces exhibit bimodal
height h-distribution (centered at h;0and hy[). The
surface pattern of each blend film is characterized by
its vertical extent (Ah = 0 — i) and lateral
morphological measures: the area fraction F (coverage)
and the Euler characteristic ye (connectivity) of the
elevated regions (i.e., with local height h > ([h,(H Thy 0/
2).62 v is defined as the difference between the number
of separated elevated and depressed regions. The verti-
cal extent Ah values of PS/PnBMA films are higher than
those determined for PS/PtMBA blends. For PS/PnBMA,
Ah exhibits maximum of 60(12) nm at @ ~ 0.60 and
decreases monotonically for larger and lower blend
composition. In turn, the vertical extent for PS/PtBMA
is nearly constant with Ah ~18(10) nm. These values
can be compared with the thickness hl] constant for
different blend compositions and similar for both film
series, with the averaged values of 102(10) and 111(14)
nm for PS/PnBMA and PS/PtBMA, respectively.

The integral geometry approach provides morphologi-
cal measures for a series of surface patterns (the
coverage F plotted in Figure 4a) and for individual
(dominant) features of these patterns (Figure 4b). The
dominant features correspond to holes (open symbols
in Figure 4b) and islands (solid symbols) for negative
and positive yeg values, respectively. The individual
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Figure 4. (a) Area fraction F of elevated surface regions and
(b) fourth root |S|** of average area of individual dominant
surface feature (hole, open symbols, or island, solid symbols)
formed by the film blends PS/PnBMA (circles) and PS/PtBMA
(triangles) with different composition ® cast onto SiOy. The
trend |S|Y¥4 ~ ®, suggested by interfacial instability mecha-
nism,*#* is marked (dotted lines) for comparison.

dominant surface feature is characterized by its average
area S = (1 — F)/ye for yg < 0 and S = F/ye for yg > 0.2°
Figure 4b represents the compositional relation of fourth
root of the average area |S|4, used later (section 4) to
discuss the mechanism of film structure formation. For
PS/PtBMA series, the fractional area F of elevated
surface regions (triangles in Figure 4a) increases mono-
tonically with PBMA blend fraction, suggesting that
surface elevations correspond to domains rich in Pt-
BMA. Average area |S| of islands increases with PtBMA
composition ® up to ®;_, = 0.75(4) (triangles in Figure
4b), when island-dominated almost bicontinuous struc-
tures are transformed into holes, decreasing in size |S|¥2
for higher PtBMA content. For PS/PnBMA series, the
surface coverage F of elevated regions decreases with
blend PBMA composition (circles in Figure 4a). This
decrease is very weak up to ® = 0.40 (with F = 0.89),
but then F diminishes monotonically suggesting that
surface depressions are related with PnBMA-rich do-
mains (section 3.3). The hole-dominated surface pat-
terns of the first composition region, with very low [(1
— F) < 0.12] surface coverage by holes, were not
observed?* or reported as much less distinct?® for much
thinner films. The lateral length scale of dominant
surface features (see circles in Figure 4b) mimics the
compositional dependence mentioned above for PS/
PtBMA (triangles in Figure 4b), but its values are
always smaller. Average area |S| of holes increases with
PBMA composition ® up to ®;—, = 0.65(4) when hole-
dominated almost bicontinuous structures are trans-
formed into islands, decreasing in size |S|2 for higher
PnBMA content. We note also the same trend in the
|S|¥4 vs @ relation for all hole-dominated surface
morphologies in PS/PNBMA (open circles in Figure 4b).
This suggests an identical mechanism responsible for
hole formation (section 4), less effective for PBMA
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Figure 5. XPS Cy core-level spectra of PS, PnNBMA, PtBMA,
and the ® = 0.50 blends: PS/PNnBMA and PS/PtBMA, all films
are positioned on SiOy. Contributions to the Cis envelope are
shown for the last spectrum, and their positions are marked
by dashed arrows and referred to various carbon environ-
ments® in PNBMA and PtBMA (cf. Figure 1).

composition ® < 0.40 (Figure 4a). The linear |S|¥4 vs ®
relation determined for holes in PS/PNnBMA seems to
be reproduced (with larger |S| values) by islands in PS/
PtBMA.

3.2. Surface Composition. Figure 5 shows the XPS
Cis spectra determined for the symmetric (® = 0.50)
blend films PS/PnBMA and PS/PtBMA as well as for
the reference homopolymer films of PS, PnBMA, and
PtBMA, all positioned on SiOy. The Cis envelope of
PnBMA and PtBMA can be resolved into four contribu-
tions (a—d) referred to neutral carbon 2C at 285.0 eV
and three carbons with different electron-deficient
environments (represented in Figure 1): °C at 285.7 eV,
¢C at 286.7 eV, and 9C at 288.9 eV.2460 PS exhibits a
single peak coincident with 2C and shake-up satellites
of low intensity, centered at ca. 291.8 eV® and falling
outside the Cjis envelope of PBMA. The XPS spectra
determined for both blend film series were fitted with
four peaks (a—d), assuming the binding energies given
above and two independent intensities 1(2C) and 1(?C)
= I(°C) = I(PC). The surface PBMA weight fraction ®S
was calculated using the relation 1(9C)/ lita = (®S/
MBMA)/[(SCDS/MBMA) + (8(1 - (I)S)/l\/lps)].:L3 ltotal is the
integrated intensity of the whole spectrum; Mgua and
Mps are the molecular weights for butyl methacrylate
and styrene monomer units, respectively.

The relation of surface ®S vs bulk ® composition
determined for films PS/PtBMA (triangles) and PS/
PnBMA (circles) is presented in Figure 6. We observe
that replacing PtBMA by PnBMA results in strongly
increased PBMA surface excess (detected in ~7 nm
thick near-surface region sampled by XPS20.60), The
surface PBMA composition ®S of PS/PtBMA blends
scales almost linearly with (nominal) bulk concentration
@, indicating very weak surface excess. In turn, the ®S
vs ® dependence of PS/PnBMA series shows strong
PBMA segregation approaching saturation (with ®S >
0.93) already for bulk compositions ® > 0.60. The latter
result is in accord with earlier observations.?42% \We note
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Figure 6. PBMA surface weight fraction ®° as a function of
mixture composition ® determined with XPS for blend films
PS/PnBMA (circles) and PS/PtBMA (triangles) on SiOy. Lines
are a guide to the eye.

also the relation (section 4) between the surface excess
and surface topography of spin-cast blend films. Less
pronounced surface patterns (observed in PS/PnBMA
with the |S| values smaller than in PS/PtBMA, Figure
4b) correspond to stronger surface excess in blend
component (PBMA) with lower surface tension y.

3.3. Domain Structure. Vertical Film Structure.
PS/PnBMA. To trace vertical extent of phase domains,
the profiling dSIMS mode was used. Results obtained
for PNBMA blends are exemplified by the data (Figure
7) corresponding to the dPS/PNnBMA (® = 0.65) film cast
onto Au substrate. The profiles in Figure 7 exhibit three
consecutive sputtering periods, best characterized by
different regions of the carbon profile (m/z = 24, open
triangles) on the logarithmic plot. We propose to relate
these three sputtering periods with the following situ-
ations: First, a continuous undulated blend film with
laterally arranged domains (see sketch | in Figure 7c)
is present. Second, lateral PBMA-rich phase domains
are sputtered away faster than those rich in PS (sketch
Il in Figure 7c¢), and therefore the PBMA fraction (open
circles) in the blend layer left is decreased and Si wafer
(m/z = 28, solid triangles) becomes partially exposed.
Finally, all the polymer material (open triangles) is
etched and the Si signal is saturated.

In addition to overall lateral phase domain structure,
the PNBMA profile (open circles) indicates strong PBMA
enrichment (see late times of the Il-nd sputtering
period) in the regions of PS-rich domains adjacent to
the substrate (with PnBMA fraction in this fragmented
layer higher than in the continuous blend film of regime
1). PBMA excess at the free surface, suggested by a
single data point, was confirmed by XPS results (section
3.2).

PS/PtBMA. Results obtained for PtBMA blends are
represented by the data (Figure 8) corresponding to the
dPS/PtBMA (® = 0.70) film cast onto Au substrate.
Recorded depth profiles resemble those characteristic
for PNBMA films (cf. Figure 7). A similar overall lateral
phase domain arrangement (sketch | in Figure 8) and
sputtering scenario is concluded, but no distinct PBMA
excess at the substrate is observed (a similar result was
obtained by XPS for the free surface, section 3.2).
Domains rich in PS (dPS) are now not elevated (as for
PnBMA blends) but rather slightly lowered below the
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Figure 7. Overall phase arrangement in the dPS/PnBMA (®
= 0.65) film on Au, as determined with profiling dSIMS mode.
(a, b) Profiles corresponding to total polymer composition (m/z
= 24, open triangles), Si concentration (m/z = 28, solid
triangles), and the fraction of PNBMA (m/z = 25 normalized
by m/z = 24, open circles) in the polymer film. Sputtering time
measures the distance from original surface (1 cycle ~2.7 and
~8.3 nm for dPS and PnBMA, respectively). (c) Sketch to
illustrate sectional view of (deuterated PS and PnBMA) phase
domains exposed in consecutive sputtering periods. Layers
enriched in PBMA, adjacent to surface and substrate, are
marked by white (short) dashed lines.

level of PBMA domains. However, PS-rich lateral do-
mains are again sputtered slower than PBMA regions
(in accord with the data reported for PS and methacrylic
polymers®3).

Horizontal Film Structure. The overall lateral
phase domain arrangement, indicated by the depth
profiles obtained with dSIMS (sketch I in Figures 7c and
8c), was confirmed by the mapping mode of this tech-
nique.5! Lateral distribution maps of polystyrene (dPS,
Figure 9b,d), determined for dPS/PnBMA (® = 0.65) and
dPS/PtBMA (® = 0.70) blend films, are compared with
surface topography of the same samples examined with
AFM (Figure 9, a and c, respectively). For the dPS/
PnBMA mixture (Figure 9a,b), the continuous ribbon-
like structures formed by the elevated domains corre-
spond to film regions rich in polystyrene (cf. sketch I in
Figure 7c), in accord with the results of photoemission
electron microscopy.2* For the dPS/PtBMA (® = 0.70)
blend (Figure 9c,d), the wider elongated (sometimes
circular) slightly higher domains correspond to film
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Figure 8. (a, c¢) As Figure 7 but for the dPS/PtBMA (¥ =
0.70) film on Au (1 cycle ~1.6 and ~4.0 nm for dPS and
PtBMA, respectively). (b) Profile corresponding to the PtBMA
fraction (m/z = 25 normalized by m/z = 24, open circles) in
the polymer film.

regions rich in PtBMA while the interconnected narrow
ribbons of lower surface areas are formed by the
polystyrene domains (cf. sketch I in Figure 8c). Such
an interpretation is confirmed by the following observa-
tion: the surface fraction of elevated areas in Figure
9a, F = 0.42(4), and (slightly) lower domains in Figure
9c, (1 — F) = 0.32(4), agree well with the ratio of m/z =
24 intensity averaged for two sputtering periods I,/1; =
0.39(6) (Figure 7) and I,/1; = 0.34(7) (Figure 8), respec-
tively.

4. Discussion

Structure Formation in Spin-Cast Films. The
data presented in the previous section will be now used
to put forward a model of structure formation in spin-
cast films of PS/PBMA blends, taking into account
similarities and differences in physicochemical proper-
ties of PBMA isomers (Table 1). This scenario is based
on the extension of earlier models.11~1518-20,22,28-32,34,35
The spin-casting consists of three consecutive stages.
First, most of the polymer solution is spun off, leaving
a uniform film (Figure 10a).34 Second, radial flow of the
fluid, which is a balance between centrifugal and viscous
forces, decreases film thickness and controls its final
average value.28:31343564 |t is during this stage that
phase separation occurs for immiscible blends (Figure
10b—d), initiated by decreasing solvent concentration
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5

Figure 9. Surface topography (a, c) and lateral distribution
maps of polystyrene dPS (b, d) determined with AFM and
mapping dSIMS mode, respectively, for the dPS/PNnBMA (P
= 0.65) film on Au (a, b; cf. Figure 7) and dPS/PtBMA (® =
0.70) film on Au (c, d; cf. Figure 8). The gray scale depicts
height or composition scale (black and white correspond to low
and high values, respectively).

(PBMA)
e Y e Y e R e Y s R s

AR R \ A\
a) b) c)
o

d) e) f)

Figure 10. Schematic model describing morphology formation
in PS film blends with PBMA isomers during spin-casting from
toluene. Various stages correspond to (a) solvent-rich homo-
geneous (gray) fluid film with PBMA surface excess (white
dashed line), (b) transient solution bilayer PS-rich (black)/
PBMA-rich (white) with developing interfacial instability, (c)
breakup of the film and lateral domain arrangement (with
PBMA excess at substrate), (d) quasi-2-dimensional coarsening
of phase domains, and (e, f) surface topography reflecting
frozen in place lateral domain structure. PS-rich domains are
elevated (f) or slightly depressed (e) since PS solidifies earlier
than PnBMA (f) but slightly later than PtBMA (e) (see Ty
values in Table 1). Note that in reality the vertical extent of
film structures presented in the figures is a few times lower
that their horizontal dimensions.

PnBMA

¢s.111215 Third, the evolution of overall phase structure
is terminated when cs is so low that one of the ho-
mopolymers is no longer mobile.1520:30.68 The horizontal
domain structure, although frozen in place, is reflected
by surface topography (Figures 10c,f and 10d,e) since
the rate of solidification due to solvent evaporation as
well as polymer swelling in the remaining solvent is
different for both polymer-rich phases.15:30.69
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Surface Segregation. We postulate that phase
separation and evolution during spin-casting are pre-
ceded (in one-phase region) by surface segregation in
PBMA (Figure 10a), i.e., in a blend component with
lower surface tension y (see Table 1). We expect the
spin-casting process to be very similar for both blend
series (film thickness is almost constant, see section 3.1)
but the phase evolution to proceed longer quench path
for PS/PtBMA, which is more incompatible than PS/
PnBMA.%5767 Therefore, it is for PS/PtBMA that the
PBMA molecules enriched (due to segregation) in sub-
surface regions (Figure 10a) are collected more ef-
fectively by horizontally coarsening (phase-separated)
PBMA-rich domains. As a result, surface concentration
@S is here reduced and does not differ much from bulk
composition @ (in contrast to PS/PnBMA, see Figure 6).
The additional (for PS/PtBMA, Figure 10c,d), regime of
guasi-2-dimensional phase evolution explains also the
observed systematic increase in the size |S|2 of indi-
vidual surface features (see Figure 4b).

Bilayer Formation. dSIMS data (section 3.3) indi-
cate the PNBMA enrichment in film regions adjacent
to the substrate. We interpret this excess as a vestige
of PBMA-rich lamella of the transient bilayer domain
structure®18.23.32 (substrate/ PBMA solution/ PS solu-
tion), formed at the onset of phase separation (Figure
10b). Such self-stratified lamellar structures were ob-
served for other spin-cast blend films.6870 In turn, no
distinct substrate excess in PBMA was observed in PS/
PtBMA films. This is related as above (for diminished
surface excess) with additional horizontal phase coars-
ening for this blend type. Two mechanisms can lead to
the formation of transient substrate/PBMA solution/PS
solution structure: First, more polar PBMAS52 can
preferentially adsorb to (high-energy) polar SiOy sub-
strate’® (a similar situation can be advocated for Au®).
Second, lower solubility of one homopolymer can lead
to its quicker depletion from the solvent and earlier
solidification as a lamella onto the substrate.181° Avail-
able values of solubility parameter ¢ (Table 1, confirmed
by recent experimental results®) indicate this scenario
to be plausible.

Instability Breaking Up Lamellar Structure. The
compositional dependence of film topography (Figures
2 and 3) reveals two regions of droplet-type morphology
(dominated by holes or islands) separated by bicontinu-
ous structures at PNBMA [PtBMA] composition ®;_p ~
0.65(4) [0.75(4)], different from the critical value ®¢c =
0.52 [0.50]. The horizontal domain structure, reflected
by film topography, cannot therefore be explained here
by bulk phase coarsening confined into two dimen-
sions.2® This evolution mechanism (Figure 10c,d) can
only supplement the breakup?? of the lamellar structure
necessary to reduce unfavorable PS/PBMA interfaces
(their horizontal dimensions are in the film a few times
larger than their vertical extent). The breakup can
result from interfacial (capillary, dewetting)151819.32 or
hydrodynamic (convective)30:36:37.42 instability. While the
latter seems to be less plausible3? here (as the films of
pure blend components show no surface undulations,
Figures 2a,i and 3a,i), the former is indicated by several
observations, made (mainly) for the hole-dominated
structures of PS/PNnBMA films: First, the holes recorded
at low PBMA compositions @ are accompanied by
elongated ribbonlike structures of weak surface undula-
tions (Figure 2b,c), resembling patterns formed at early
stages of spinodal interfacial (dewetting) instability.*6
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Second, while the holes grow in size with PBMA content
® (Figure 2) they are much less distinct?® or not
resolved?* in films (with ® < 0.40) much thinner than
used in this study. This suggests that the parameter of
importance is here the thickness of the PBMA-rich
solvent layer (Figure 10b). Hence, the relevant mecha-
nism involves destabilization of this layer related with
interfacial instability*3—4° of the interface PBMA solu-
tion/ PS solution (Figure 10b,c).

Long-range van der Waals interactions can be ef-
ficient as forces destabilizing multilayer structures over
distances up to at least 125 nm“® (an even higher range
was suggested recently by dewetting phenomenon con-
cluded for spin-cast polymer blend films'®). Such long-
range interactions between medium 1 and 3 across the
layer 2 (PBMA) contribute to its excess free energy (per
unit area) AG, = —A13/(127h5?). The layer is unstable,
when the effective Hamaker constant A;»372 is posi-
tive.#546 Positive and negative sign of the constant Aj»3
is evaluated”® for the multilayer structure substrate
(SiOy)/PBMA/PS and air/PBMA/PS, respectively. This
is in accord with the transient lamellar arrangement
(substrate/PBMA solution/PS solution) suggested by
experimental data.

Scaling Test for Interfacial Instability. For ther-
modynamically unstable PBMA-rich lamella, small
thermal fluctuations of the PBMA/PS interface grow
spontaneously, leading to spinodal decomposition346 of
the PBMA (solution) layer. Factors governing the re-
lated Kinetics in such a multilayer structure are not
known.*> However, on the basis of earlier evaluations
for dewetting liquid layer on a solid*® and a liquid**
substrate, we could expect that spontaneous undula-
tions are characterized by the wavelength A, propor-
tional to the square of layer thickness (1, ~ hy?). An
early stage of spinodal layer decomposition is reflected
in the bicontinuous pattern of interface undulations?*®
developed into isolated droplets of size proportional to
Au.®® Both morphology features are reflected by free
surface topography (Figures 2b,c, 2b—e, and 3b—e). We
assume that the thickness h; is proportional to PBMA
blend composition @ and individual droplet size 1, to
the square root of average area |S|Y2 of individual
dominant surface feature. To test the scaling law 4, ~
h,2,4344 the relation |S|Y4 vs @ is plotted in Figure 4b
for both blend types. Two data sets, corresponding to
droplet-type morphologies (® < ®;_y) in PS/PNBMA and
PS/PtBMA films, are both well described by a linear
relation. The regression to the PS/PNnBMA data points
(circles in Figure 4b) approaches the origin, indicating
that the destabilization of the PBMA-rich layer is here
the main phase evolution process and suggesting that
the assumptions made (on complete phase separation
into bilayers and the relation between phase structure
and surface topography) are reasonable. The linear
relation for the PS/PtBMA data (triangles in Figure 4b)
is shifted to higher |S|¥ values, indicating an additional
period of horizontal phase coarsening. While the above-
described phase evolution mechanism was verified using
the data corresponding to blend composition ® < ®;_,
we believe that it is also relevant for other PBMA
concentrations (when droplets merge and the analytical
approach used is not valid), similarly to suggestions
made for another system studied recently.'®

Surface Topography Reflecting Lateral Domain
Structure. The second stage of spin-casting ends with
overall lateral phase domain arrangement frozen in
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place. During the third stage free surface undulations
are formed due to solvent evaporation, reflecting hori-
zontal film structure. The relevant mechanism?° relates
earlier solidification of the domains rich in polymer A
(as compared with the phase rich in polymer B) with
higher glass transition temperature Ty4(A) > Ty4(B).”* The
A-rich regions turn solid, when domains rich in B are
still swollen. Finally, because of further solvent evapo-
ration, B-rich domains collapse. As a result, the regions
rich in A are elevated in the frozen surface topography.
This simple model5306° explains vertical arrangement
of blend phases and even (qualitatively) the vertical
extent Ah of formed surface patterns (Figures 10c,f and
10d,e): For the PS/PNnBMA pair, the glass point of PS
is much higher (by ATy = 80 deg) than that of PnBMA.
PS-rich domains are always elevated, and the vertical
extent Ah of surface patterns can reach even ~60 nm.
Surface topographies are dominated by PnBMA-rich”
holes for ® < ®;_ (high PS composition) and by PS-
rich islands for ® > ®;_y (low PS composition, Figure
2). In turn, for the PS/PtBMA pair, it is PS that has
lower glass transition (ATy = 22 deg, smaller than for
the other couple). Here PS-rich domains form always
slightly lower surface areas and the vertical extent Ah
~ 18 nm is here smaller. Surface patterns are domi-
nated by PtBMA-rich’ islands for ® < ®;_y (high PS
composition) and by PS-rich holes for® > ®;_y (low PS
composition, Figure 3).

5. Summary and Conclusions

Structure formation in spin-cast polymer blend films
cannot be observed directly, and therefore its mecha-
nisms are usually concluded based on examination of
structures formed in systems with modified parameters,
for instance exchanged solvents, substrates, and/or
polymers.11:13.1517 This approach was applied here to the
polymer mixtures with exchanged isomers (PS/PnBMA
and PS/PtBMA). The postulated morphology formation
stages involve surface segregation in PBMA, rise of
transient bilayer, interfacial instability of PBMA lamel-
la and horizontal phase rearrangement, and reproduc-
tion of lateral domain structure by surface topography.
The branching of butyl methacrylate (Figure 1) in-
creases both immiscibility with PS87 and glass transition
temperature T4.52 These two microstructural features
affect structure formation: The first one introduces
additional (for PS/PtBMA) horizontal phase coarsening
regime, which reduces PBMA excess at the surface and
substrate and increases lateral domain size. The second
feature speeds up solidification of PBMA-rich phase as
compared to PS-rich domains, yielding elevated PtBMA
surface regions in contrast to depressed PNBMA areas.
Last but not least, this work presents also a quantitative
test (Figure 4b) for the compositional scaling (|S|¥2 O
®2) of the average size of individual dominant surface
features (reflecting dropletlike domains), expected for
interfacial (capillary) instability (of transient layer with
thickness 00 ®)*344 taking place in the course of spin-
casting.
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