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ABSTRACT: Sectional views of thin films of symmetric polystyrene/polyisoprene (PS/PI) blends spin-
cast from toluene (C¢HsCH3) onto CH3- and COOH-terminated self-assembled monolayers (CH;—SAM
and COOH—-SAM) show concave- (sharp-edged) and convex-shaped (round) protrusions, respectively, while
other morphology features are identical. A 3-dimensional phase domain arrangement was determined
with spectroscopic techniques (profiling and mapping mode of dynamic secondary ion mass spectrometry,
dSIMS, and X-ray photoelectron spectroscopy). Surface topography was examined with atomic force
microscopy and monitored, during the dSIMS analysis, with secondary electrons. In addition, solvent
evaporation from PS, PIl, and PS/PI layers cast on CH;—SAM and COOH—-SAM was determined. The
collected data were used to put forward a model of morphology formation and to elucidate the role of
evaporation speed dependent on substrate chemistry in this process, demonstrated here for the first time.

1. Introduction

Thin polymer films are used in a wide range of
technological and biomedical applications.’~¢ Blending
of polymers can yield materials with desired properties
that cannot be provided by a single polymer.”~8 Free
surface topography of polymer blend films, related often
with phase domain structure, is critical to the applica-
tions.2=49 Both domain structure and topography of the
blend films are in the center of increasing interest
during the past decade (for a review, see refs 10—16).
Initially, the studies were focused on thin blend films
confined by flat surfaces and quenched in temperature
into two-phase region of the phase diagram.19-1217 The
role of the competition between the interfacial tension
y and the surface tension difference Ay was recog-
nized,11713 and a partial-to-complete wetting transition
was observed.’®19 Substrate exchange or Ay varia-
tion2021 |eads to different final phase arrangements
(such as self-stratified bilayers191222=23 or |aterally
separated domains!®23.24), while spatial substrate modi-
fication results in phase alignment with respect to the
patterned substrate (pattern replication2®). Both types
of substrate effects were reflected in (and sometimes
coupled with?) free surface topography, studied recently
in temperature-quenched blend films with deformable
air surfaces and different domain structures (strati-
fied,1027-29 |ateral,1327.30-32 or pattern-replicated?® ones).

While most of the fundamental investigations on
blend films have analyzed temperature-driven phase
separation, this process is also initiated when a common
solvent is added to the mixture. Only recent (and more
relevant for the industry) research is focused on the
solvent-quenched blend films with deformable free
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surfaces,*1516:33-52 formed in the course of rapid solvent
evaporation that occurs during spin-casting.15165354
Free surface topographies reflect the phase domain
arrangement.33:3537 Therefore, the role of blend compo-
sition33:3440-47 or polymer—polymer5:36-3843 gnd poly-
mer—substrate (surface)3%3845-46.49-50 jnterfacial ten-
sions, reported earlier for the phase arrangement in
temperature-quenched blend films, was demonstrated
also for the surface topography of spin-cast films. Very
recently solvent-induced surface undulations of
blend?®555-57 and homopolymer>8:5° films were reported.
They are modified when the relevant solvent parameter
(polymer solubility3® or vapor pressure®®5°) was varied
as the solvent was exchanged.

In this paper, we analyze a novel effect, different from
those mentioned above. The exchange of the substrate
does not affect overall phase arrangement nor lateral
features of free surface topography. It has however a
strong impact on the shape of free surface profiles, i.e.,
sectional views of the formed surface undulations.
Concave (sharp-edged) or convex (round) islandlike
protrusions are formed for blend films cast on hydro-
phobic or hydrophilic substrates, respectively. This
substrate effect is examined for symmetric (50/50 w/w)
blend films of polystyrene (PS) and polyisoprene (Pl),
spin-cast from toluene (C¢HsCHz) onto self-assembled
monolayers (SAM) with hydrophobic (CH3—) or hydro-
philic (COOH—) end groups. The present study was
stimulated by our earlier results.#>4860 The substrate
effect was reported in brief in ref 48. General features
of surface topography were analyzed with atomic force
microscopy (AFM) for various blend compositions (0/100
to 100/0 w/w).*> Novel extension of dynamic secondary
ion mass spectrometry (dSIMS), allowing for a compari-
son between free surface- and phase-domain-morphol-
ogy, was introduced in ref 60. Several new results are
discussed in this paper in order to gain a better insight
into complex processes of morphology formation and to
elucidate the substrate effect. First, high-resolution
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AFM images, with relevant but not resolved earlier4>48
topographic details, are presented. Second, the 3-di-
mensional phase domain structure is described, as
determined with various modes of dSIMS technique and
with X-ray photoelectron spectroscopy (XPS). Finally,
the critical role of substrate chemistry on solvent
evaporation rate is demonstrated based on temporal
evolution of the weight of model layers, composed of
dissolved pure polymers and their mixtures.

2. Experimental Section

Preparation of Polymer Films. Measurements are re-
ported here for two symmetric (50/50 w/w) PS/PI blend systems
and for pure blend components (PS and Pl).

The first system is a mixture composed of polystyrene (PSi,
weight-average molecular weight M,, = 96 000, polydispersity
Mw/M, = 1.04) and polyisoprene (P11, My, = 400 000, My/Mp =
1.12).“8 The films, used for AFM examination, were cast from
toluene onto hydrophobic (denoted as CH3;—SAM with surface
tension ys ~ 20 mJ/m? ) and hydrophilic (COOH—SAM, ys ~
81 mJ/m?61) SAM substrates. As SAM substrates, we used Au-
covered Si wafers immersed for 60 s in ethanol solutions of
1-hexadecanethiol [HS(CHy,):5sCHj3] or 16-mercaptohexadecano-
ic acid [HS(CHy,);5sCO0OH].#85061 To produce the Au surface with
both SAM (CH;—SAM and COOH—-SAM) regions, half of the
wafer was exposed to the solution of HS(CH.):5sCH3 and rinsed
with ethanol.%6 Then the whole wafer was immersed in the
solution of HS(CH,)1sCOOH.?%4° Finally, all the substrates
were rinsed again with ethanol and dried. Immediately before
casting, dry substrates were flushed with fresh toluene and
then thin films were prepared by spin-casting (spin speed
~ 5500 rpm) from a toluene solution of polymer blend (polymer
concentration cp ~ 20 mg/mL) resulting in films with average
thickness d ~ 170 nm.*548

The second system is the mixture of deuterated polystyrene
(dPS;, M, = 174 000, M/M,, = 1.03) and polyisoprene Pl; or
Pl, (M, = 463 000, Mw/M, = 1.05).“® Blend films, used for
dSIMS and XPS examination, were cast (cp, w, and d as above)
from toluene onto CH;—SAM, COOH—SAM or on Si wafers
with native oxide layer (SiOy). In addition, pure homopolymer
(dPS; and PIl,) films were spin-cast on SiO4 at identical
conditions to provide reference samples for XPS. Isotopic PS
counterpart, used to provide contrast for dSIMS, and varied
molecular weight does not affect the analyzed substrate effect
observed for PS,/Pl4, dPS,/Pl,, and dPS,/P1; pairs.*® The SiOx
substrate with intermediate surface tension ys = 36.5 mJ/m?62
(between that of CH;—SAM and COOH—-SAM) was used to
trace and discuss details of phase domain arrangement
representative for all the substrates used.*>*8 Identical features
of the phase domain structure were actually determined for
the blend films cast onto SiOx and CH3;—SAM (see also
Supporting Information) as well as on COOH—-SAM.

Pure polymers, such as Ply, Pl,, PS;, and PS; (M, = 226 000,
Mw/M, = 1.06, used to evaluate the behavior of dPS;) and their
symmetric mixtures (PS1/Pl;, PS3/Pl,) were dissolved in tolu-
ene (cp ~ 20 mg/mL). A few drops of each solution were cast
(conventionally) into a layer on CH;—SAM or COOH—-SAM
substrate, positioned immediately on the scale of electronic
balance WPS 72 (produced by Radwag) where the solvent was
allowed to evaporate over 1000 s at room temperature. Weight
of each drying layer was recorded with computer at intervals
of 1.1 s.

Characterization of Polymer Films. Free surface topog-
raphy was examined with CP Park Scientific Instruments
AFM microscope working in contact mode3®4® with the SisN,
cantilevered tip and a typical load of 20 nN.

Horizontal and vertical aspects of phase domain structure
in the dPS,/PI (dPS,/Pli, dPS,/PS,) films were provided by
mapping (lateral resolution of ~120 nm) and depth profiling
(depth resolution better than 10 nm) dSIMS modes, respec-
tively.® The former yielded lateral composition maps ®ps(X,y)
of dPS, distribution in the film. The latter provided depth
profiles of average composition (of dPS;, PI, all the polymers,
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Figure 1. AFM images of free surface topography formed by
the PS:/Pl; blend films spin-cast onto CH;—SAM (a) and
COOH—-SAM (b) substrates.

and Si) recorded for film layers successively exposed with
increasing sputtering time (i.e., increasing distance from initial
free surface). In addition, topographic maps of these exposed
layers were monitored by secondary electron maps.5° The
dSIMS data were obtained with a VSW apparatus equipped
with a high-resolution ion gun (double lens, liquid metal, Fei
Company) and Balzers quadrupole mass spectrometer using
a cylindrical mirror energy filter at the entrance. A primary
Ga' ion beam (5—25 keV, 0.2—4 nA) was used to sputter the
sample and to induce secondary ions and secondary electrons.
Secondary ions provided mass-resolved information for the
maps and the profiles. The dPS; maps (C.D~, m/z = 26) and
the profiles of Si (Si—, m/z = 28) and all the polymers (C~, m/z
= 12) were provided by individual signals. To obtain a measure
related to fractional concentration of dPS; and PI1 (Pl or Ply)
in a polymer film, original signals (CD~, m/z = 14 and CH",
m/z = 13, respectively) were normalized by the m/z = 12-yield.
The secondary electrons were collected using a Thornley-
Evehart-type scintillater/photomultiplier detector. Composi-
tional and topographic images were recorded as 128 x 128 and
4096 x 4096 pixel images, respectively.5°

Surface chemical composition of polymer (dPS;, Pl, and
dPS,/Pl,) films was evaluated on the basis of XPS spectra
obtained at room temperature using a Specs ESCA spectrom-
eter with Mg Ka source working at 15 kV and 20 mA. The
emission angle of photoelectrons was 90°. The sample analysis
chamber of XPS instrument was maintained at ~10~7 Pa. All
Cis peaks were charge referenced to the C—C/C—H peak at
binding energy of 285.0 eV.3357.63

3. Results and Discussion

3.1. Substrate-Determined Shape of Surface
Protrusions. Figure 1 shows AFM images recorded for
the PS1/P1; blend films spin-cast on CH3;—SAM (Figure
la) and COOH—-SAM (Figure 1b) substrate. Free sur-
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Figure 2. AFM image of free surface topography formed by
the PS,/Pl; blend films spin-cast onto Au substrate covered
with COOH—-SAM (left upper half of the image) and CH;—
SAM (right lower part).

face topography exhibits, in both cases, bimodal height
distribution. Islandlike protrusions, with circular base
perimeter and comparable height and diameter, are
visible. The shape of free surface undulations is deter-
mined by the substrate chemistry. The sharp-edged
(concave) large protrusions are formed for the hydro-
phobic SAM substrate and the round (convex) ones for
the hydrophilic substrate. This effect was also observed
earlier for other symmetric PS/PI blends (dPS,/Ply,
dPS,/Pl,).*® For both substrate-types we notice also that
steep walls of the circular islands are crowned with a
rim. This topographic feature, not resolved earlier for
COOH—SAM substrate,*>48 indicates similarity in mor-
phology formation of both free surface structures (see
section 3.4). Elevated regions of the protrusions located
inside the rims are concave or convex, enhancing or
reducing, respectively, height contrast necessary to
reflect these circular rims in the AFM images.

Topographic parameters (e.g., island density) of free
surface regions illustrated in Figure 1, parts a and b,
are somewhat different, most probably due to, possible,
slight modifications of morphology formation conditions
in the course of spin-casting. To ensure identical mor-
phology formation conditions we have recorded topog-
raphy (Figure 2) of the sample with both substrate
types, i.e., with CH3—SAM as well as COOH—-SAM
region. The left upper half of the AFM image, corre-
sponding to the hydrophilic SAM region, is dominated
by convex protrusions. In turn, the right lower part of
the image, representative for hydrophobic SAM, is
occupied mostly by concave elevations. Height (~120
nm), diameter (~1.1 um) and density (~0.67 um~2) of
the islands are identical for both halves of the sample.
Visible presence of convex large protrusions in the
region dominated by the concave ones, and vice versa,
is probably related with broad interfacial region between
CH3—SAM and COOH—-SAM. Earlier results*® showed
coexistence of concave and convex elevations for the PS/
Pl blend films cast on substrates with intermediate
surface tension, such as SiOy or Au substrate covered
with a mixture of CHs- and COOH-terminated al-
kanethiols. The identity of overall topography param-
eters for free surface undulations formed by the sym-
metric blend films on CH3;—SAM and COOH-SAM
(suggested by Figure 2) was confirmed by rigorous
studies applying the integral-geometry approach*® to an
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(28 um x 28 um) recorded with secondary ions m/z = 26 (a—c)
and secondary electrons (d, e) for the dPS,/Pl; blend spin-cast
on CH3—SAM (a) and COOH—-SAM (b) and for the dPS,/Pl,
film on SiOy (c—e). White color marks the regions with high
dPS; concentration in the film (a—c). Topography maps (d, €;
spot different from that in c) reflect the surface exposed after
32 (d) and 115 (e) sputtering cycles and correspond to the data
of Figure S2.

another (dPS,/Pl1;) system. This conclusion is, in fact,
valid for almost all blend compositions.*> Substrate-
determined shape of the elevations was observed for the
films with symmetric or nearly symmetric (60/40 w/w)
blend composition, where the height of the protrusions
is maximal.*®> The substrate effect, detected for protru-
sions of the films cast from toluene (good solvent for PS
and P1), cannot be observed for the blends spin-cast from
a solvent with disparity in the solubility of both poly-
mers*® (e.g., carbon tetrachloride, cyclohexane, or chlo-
roform). In this case the formed free surface topogra-
phies do not exhibit a bimodal height distribution and
the elevations are not well-defined.

3.2. Domain Structure Determined with Spec-
troscopic Techniques. Horizontal Domain Struc-
ture. Parts a—c of Figure 3 represent lateral composi-
tion map of dPS; distribution in the films of symmetric
dPS,/PlI mixtures spin-cast on CH3;—SAM, COOH-—
SAM, and SiOy,®° respectively. Separated circular dPS,-
rich domains embedded in the Pl matrix are visible for
all the substrate types. Topological and morphological
features of these composition maps correspond to those
of topography images recorded with AFM (Figures 1 and
2) and secondary electrons (Figure 3d,e; cf. Figure 3c)
for the PS1/Pl; and dPS,/Pl, blend films, respectively.
The latter data are also representative for the free
surface, since topographic electron images recorded for
different sputtering times (Figure 3, parts d and e) are
very similar. We can relate the phase domains rich in
PS with the protrusions above the base level of the PI
matrix. This confirms the earlier identification based
on the AFM analysis combined with a selective dissolu-
tion.*8 It is also in accord with linear relation between
the fraction of elevated regions and the PS blend
composition.*> The protrusions observed for dPS,/Pl,
(Figure 3d,e) are more polydisperse than those recorded
for PS,/Ply (Figures 1,2), most probably reflecting (for
substrate, M,, — s and critical composition changed) a
shifted onset of compositional transition to bicontinuous
morphology.*®

Surface Composition. The profiling dSIMS mode
working with a low sputtering rate (ca. 0.5 nm/cycle)
was used to trace Pl composition in the upper dPS,/Pl;
film region adjacent to the undulated free surface.®°
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Figure 4. (a) Surface composition of dPS,/Pl; blend film spin-
cast on SiO, substrate. Average Pl fractional composition
(arbitrary units, m/z = 13-signal normalized by m/z = 12-yield)
vs distance from the free surface (one sputtering cycle ~ 0.5
nm). (b) XPS Cys core-level spectra of dPS,/Pl, mixture (open
diamonds) as well as dPS; (solid circles) and PI (open circles)
reference films, all positioned on SiOx. Solid diamonds mark
the corresponding spectrum of dPS,/Pl; blend spin-cast onto
Au covered in halves by CH3;—SAM and COOH—-SAM. Posi-
tions of the main (C—C/C—H) peak and the maximum of & —
w* satellites are marked by dashed arrows.

Figure 4a shows the average Pl, concentration, deter-
mined for the blend cast on SiOy, plotted vs the distance
from the free surface. A distinct peak, centered at ~3
nm depth, suggests a surface layer enriched in Pl with
a thickness smaller than the depth resolution, i.e., dp
< 10 nm. XPS measurements were performed to verify
the existence of this thin PI layer covering the free
surface. Figure 4b shows the XPS Cjs spectra deter-
mined for the dPS,/Pl, blend films (open diamonds) as
well as for the reference homopolymer films of dPS; and
Pl, (solid and open circles, respectively), all positioned
on SiOy. An additional spectrum (solid diamonds) mea-
sured for the same mixture spin-cast onto Au substrate
covered in halves by CH3;—SAM and COOH—-SAM is
also presented. The dPS; spectrum exhibits main C—C/
C—H peak centered at the binding energy of 285.0 eV
(with unresolved saturated hydrocarbon and aromatic
carbon components®3) and its shake-up satellites corre-
sponding to the &= — z* transition of the benzene ring
shifted by ca. 6.8 V.53 Only the main C—C/C—H peak

Spin-Cast Polymer Blend Films 4063

sputtering cycles
0 20 40 60 80 100

T | — T —
1000 1 ' ' a)id
1 1 1
1
— 100, : C Y
j ! ! ! KO0
© : ﬁt«‘o‘““‘:&'“é“;f’t:“ <
— 10 1 1 1 E
g D 1 1
Re <<>><>é> DO, : ‘IQ’“’.
> 1{ oo 1 0o 4
m r 1 r r 1 —
© 1 1
S 06 ' v 1 b)
3 I /| !
5 04 : i
o 1
> : S
= 1 o © 1
e ' d -
80 2-—@% IR o - T T T
< s ey X O
_#_ L = - e = - =
0.0 . - — !
c)

Figure 5. Vertical phase arrangement of the dPS,/Pl; film
on COOH—-SAM as determined with profiling dSIMS mode.
(a, b) Profiles corresponding to total polymer composition (m/z
= 12, solid diamonds), average Si concentration (m/z = 28,
open diamonds), the fraction of dPS, (m/z = 14, solid circles)
and Pl; (m/z = 13, open circles) in the polymer film (two last
signals normalized by m/z = 12). Sputtering time measures
the distance from original free surface (1 cycle ~ 2.8 nm). Lines
are a guide to eye. (c) Sketch to illustrate a sectional view of
the sample and phase domains exposed in consecutive sput-
tering periods. The shape of the protrusions as well as very
thin PI surface layer (Figure 4) is neglected for the sake of
clarity.

(with unresolved components due to saturated and
unsaturated hydrocarbons®3) is clearly visible in Pl;
spectrum while the 7 — z* satellites are much weaker®3
and hardly detected. The spectra corresponding to dPS,/
Pl; blend films, cast on any of the substrate types used,
coincide with the PIl, spectrum. The absence of distinct
x — m* satellites clearly indicates that free surface of
the blend film is covered by the Pl; layer. Since XPS
samples depths of ca. 7 nm,%4 these results yield also a
thickness evaluation for the Pl layer dpy > 7 nm.
Comparison with the value determined from dSIMS
data leads to the final estimate dp; ~ 8—10 nm.
Vertical Domain Structure. To determine vertical
phase arrangement in dPS,/P1 blend films the profiling
dSIMS mode was used working with high sputtering
rate (ca. 1.3—3.5 nm/cycle). Results obtained for the
blend films spin-cast onto COOH—-SAM (Figure 5) as
well as on CH3;—SAM and SiOy (Figures S1 and S2 of
the Supporting Information) are similar. They are
exemplified by the data corresponding to the dPS,/Pl;
blend film on COOH—-SAM. Figure 5a represents the
determined profiles of secondary ions corresponding to
C (solid diamonds) and Si (open diamonds) plotted vs
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sputtering time. The profiles, characteristic for polymer
film and its substrate, exhibit four consecutive periods
(best characterized by different regions of C profile on
the logarithmic plot). Three of them can be detected also
in the plots of normalized secondary ion intensities
corresponding to the fractional concentration of dPS;
(solid circles) and PI; (open circles) in the polymer film
(Figure 5b). Topographic maps of the surfaces exposed
for various sputtering times, illustrated by Figure 3,
parts d and e, were all very similar. This suggests that
characteristic sectional view of the surface is not lost
due to etching. We propose to relate the four sputtering
periods with the following situations (see Figure 5c).
First, continuous undulated blend film is present.
Second, lower blend regions occupied previously by Pl;
are completely etched (Si is exposed, dPS, fraction in
the blend layer left is increased). Third, originally
elevated dPS,-rich domains are sputtered away leaving,
located beneath and now unprotected, Pl; remnants
(increasing temporarily the PI; fraction in the blend
film). Finally, all the polymer material is etched. The
performed analysis reveals the phase domain arrange-
ment with the dPS,-rich columns embedded in the PI-
rich layer adjacent to the substrate (see Figure 5c,
sectional view I). Assuming identical sputtering rate for
Pl and dPS;, we can evaluate the surface elevation of
typical dPS, phase above the Pl-rich matrix as equal
to 73(5)% of average dPS; height. This value, evaluated
for the three films examined, corresponds in Figure 5
to the ratio of etching times (85 — 31)/69. The dPS,_rich
column extends vertically into the midpoint of the PI
substrate layer (the relevant ratio equals 1 — (85 — 69)/
31). The average film thickness of 168(6) nm, evaluated
for the data of Figure 5 (~(31 + 85)/2 x 2.8 nm), S1
and S2, accords with the value ~170 nm, determined
with AFM 4548

3.3. Substrate Dependence of Solvent Evapora-
tion. Free surface topographies of cast blend films,
formed during rapid solvent evaporation, reflect the
arrangement of phase domains with different solvent
parameters (e.g., polymer swelling).333537 To test whether
the substrate chemistry can modify solvent evaporation
from individual polymers and their mixtures, we have
studied temporal evolution of the weight of model layers
composed of polymer blend or its pure components
dissolved in toluene. Parts a—c of Figure 6 show the
weight of drying PS;, Pl,, and PSi/Pl, layers, respec-
tively, cast onto CH3—SAM (open diamonds) and COOH—
SAM (solid diamonds) substrate. For both pure polymers
and their blend we observe a slower evaporation of
toluene for the films positioned on the hydrophobic SAM
substrate. The same result was obtained for other
homopolymers (PSs, Pli), another blend (PSs/Pl;) or
varied ambient conditions (a stronger substrate effect
on evaporation kinetics is shown in Figure S3). Since
toluene has a methyl group, the presence of this solvent
close to the CHs-terminated SAM is energetically more
favorable than at the COOH—SAM substrate. This
corresponds to slower toluene evaporation. Substrate
modification changes interfacial tension, adhesion or
friction (determined by short-range interactions), but it
has however little influence on long-range dispersion
forces at large distances.®® Therefore, most likely, the
observed substrate-induced modification of evaporation
Kinetics originates not directly from the changed sub-
strate/solvent interactions but rather from the modified
boundary conditions of solvent hydrodynamics. Convec-
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Figure 6. Normalized weight of drying model layers plotted
vs evaporation time. The layers composed of PS; (a), Pl; (b),

and PS,/Pl; (c) dissolved in toluene, were cast onto CH;—SAM
(open diamonds) and COOH—SAM (solid diamonds).

tive instabilities, driven®” by solvent concentration’—
or temperature (Bénard-Marangoni)®®>—gradient formed
across the film due to solvent evaporation, were
reported>5-57:59 or advocated®” recently for thin":5967 and
thick®556:67 solvent-cast films of homopolymers and their
blends. The role of substrate chemistry was noticed
previously in the optimization of experimental condi-
tions necessary to observe convective instabilities.8
Similarly here, we interpret the evaporation results of
Figure 6 in terms of the convection process changed by
the substrate chemistry. Convection flows can be in-
volved in the evolution of polymer phase structure
domains, emerging in the cast solvent-rich film, and are
not restricted to separate polymer domains.55¢ There-
fore, the substrate exchange, modifying solvent hydro-
dynamics, affects evaporation kinetics in similar man-
ner irrespectively of the polymer domain structure being
formed in the drying film (compare Figure 6, parts a,
b, and c). Parts a and b of Figure 6 correspond to the
evaporation from a single polymer phase (this deter-
mines the shape of surface face of fast solidifying
domains, see section 3.4). In turn, Figure 6c illustrates
total evaporation from different phases in the cast film,
possibly affected also by solvent transport from fast- to
slow- solidifying phases (see the next section).

3.4 Morphology Formation in Spin-Cast Blend
Films. The substrate-determined shape of the free
surface profiles was demonstrated for large circular
protrusions (Figure 1), constituting the bulk of the
elevations. Concave and convex elevated islands were
observed for the CH;—SAM and COOH—SAM substrate,
respectively. Smaller protrusions visible sporadically for
both substrates (see Figure 7 for CH3—SAM and Figure
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Figure 7. AFM image of the region with large (concave), small
(convex) and intermediate protrusions formed by the PS./Pl;
blend film spin-cast onto the CH3;—SAM substrate.

Pl

SAM

Figure 8. Schematic model describing morphology formation
in the PS/PI blend film during spin-casting from toluene on
SAM substrate. Subsequent stages of phase domain arrange-
ment correspond to homogeneous (gray) fluid film (a), forma-
tion of unstable trilayer Pl-rich (white) /PS-rich (black) /PI-
rich (b) and its reorganization into lateral phase structure (b—
d). Film thickness decreases as a function of time (a—d). Free
surface topography is formed (e, f) reflecting lateral domain
arrangement. Surface faces of PS-rich domains are frozen as
convex- or concave-shaped protrusions for faster (COOH—
SAM) and slower (CH;—SAM) evaporating solvent, respec-
tively. The vertical and horizontal extent of the figures
corresponds to hundreds of nanometers and a few micrometers,
respectively.

1b for COOH—SAM) are however always round. Figure
7 shows clearly this topographic feature, not resolved
previously*>48 and relevant for the morphology forma-
tion model. Small and large protrusions are convex and
concave, respectively. In addition, the medium-size
islands exhibit intermediate shape of the free surface
profile.

The above results allow us to present and discuss now
a consistent model (illustrated schematically in Figure
8) accounting for the phase domain structure and the
free surface undulations formed in the spin-cast blend
films. This morphology formation scenario, presented
here to elucidate the substrate-determined shape of the
protrusions, is based on extension of earlier models of
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homopolymer3354 and blend516:34.3546 films. Although
the process is not completely resolved due to mutually
coupled multiple effects that cannot be observed di-
rectly, its salient and relevant features have been
recognized.1516.34.3546.53,54 There are three consecutive
stages of the spin-casting. First, most (ca. 90%?%3) of the
homogeneous fluid, here composed of PS and PI dis-
solved in toluene, is spun-off, leaving a uniform film
(Figure 8a). Second, the radial flow of the fluid, which
is a balance between centrifugal and viscous forces,
decreases film thickness and controls its final average
value.5® It is during this stage that phase separation
takes place (Figure 8b—d), initiated by decreasing
solvent concentration cs.1516:3546 Third, the arrangement
of phase domains is terminated for very low cs values,
when one of the homopolymers is no longer mobile.*6
Lateral domain structure, although frozen in place, is
now reflected in free surface undulations (Figure 8e,f)
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.3®

This generally accepted scenario®®16:35 is extended to
include effects specific for the PS/PI system. The pref-
erential attraction of Pl to both external surfaces is
expected based on earlier observations made for copoly-
mer systems.1821.69.70 Thijs is driven by surface tension
difference Ay (for pure PS and PI at the free surface
Ay = 8 mJ/m?2L), For polymer blend films with sym-
metric external surfaces (attracting the same phase), a
simultaneous transient wetting of both confining sur-
faces and phase separation in the film interior is
observed.32 Here, the second stage of spin-casting starts
very likely with a formation of unstable!®12 trilayer PI-
rich/ PS-rich/ Pl-rich structure in the blend film with a
high solvent concentration cs (Figure 8b). A vestige of
this phase arrangement is observed in the fully dried
films as a thin PI surface layer and much thicker PI
lamella adjacent to the substrate (see the composition
profiles in Figures 4a and 5). The trilayer structure
breaks up, e.g., due to interfacial®” or air surface
(convective) instabilities (see the next paragraph) (Fig-
ure 8b—d), and laterally organized domains are formed
as dominant in the final phase structure (Figure 8d—
f). This phase rearrangement involves reduction’ of
unfavorable polymer/polymer (PI1/PS) interfaces.11:31:32
The lateral character of the formed PS-rich domains is
indicated by Figure 7. The dominant larger elevations
(corresponding to PS-rich domains) are constrained to
2-dimensions by the original level of air surface char-
acteristic for solvent-rich film. In contrast, the less
abundant smaller domains, which have not reached this
level, are always convex. These different domain shapes
might possibly reflect various late stages of the coarsen-
ing PS-rich domains (Figure 8c,d). The 2-dimensional
character of the formed phase domain structures results
in the linear relation observed between the PS blend
composition and the fraction of the elevated domains.*®

Convective instabilities can play a role in the phase
domain evolution and even determine the final phase
structure of polymer blend films.55757 It is very likely
that the convection is involved also here in the phase
rearrangement from the lamellar into the lateral struc-
ture. The appearance of separated phase domains can
reflect the structure of convection cells.%® The interdo-
main spacing (~1.2 um = [0.67 um~2]~%2 for Figure 2),
that is the thickness range expected for solvent-rich
film, and partial ordering (e.g., lines in Figure 2) of PS-
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rich (elevated) domains suggest here similarity with
convection patterns (cf. refs 55 and 56). Convective flows
can possibly be involved in substantial thickness reduc-
tion of the surface Pl-rich lamella and the growth of
coarsening PS-rich domains (Figure 7).

The second stage ends with quasi-2-dimensional
structure of PS- and PI-rich phases, positioned onto PI-
rich lamella wetting the substrate (Figure 8d). In
addition, the lateral phase structure is covered with the
thin surface layer rich in PI. This phase arrangement
is driven by the spreading coefficient (S = Ay — y)
positive for both external surfaces (for pure PS and PI
the interaction parameter y = 0.034;7° hence, y ~ 1.4
mJ/m? and S ~ 6.6 mJ/m? for the free surface). Char-
acteristic encapsulation of the domains of one (PS-rich)
phase by the continuous second (Pl-rich) phase was
observed very recently for another spin-cast blend
system.40:42

During the third stage of spin-casting (Figure 8e,f),
free surface undulations are formed which reflect (frozen
in place) lateral domain structure. Two processes are
relevant here. First, PS-rich domains solidify with
substrate dependent curvature of their surface faces
(Figure 8e). Then PIl-rich phase collapses below the
average height level of the domains rich in PS (Figure
8f). The relevant mechanism was recognized recently.3®
This solvent-related effect, identical for both substrate
types (see Figure 2), is a consequence of an earlier
solidification of the PS-rich domains as compared with
the Pl-rich phase (e.g., for pure polymers T4(PS) = 100
°C and T4(Pl) = —70 °C).”? The Pl-rich regions are
swollen with toluene (when domains rich in PS turn
solid) and then collapse due to further solvent evapora-
tion. This process is separated in time from that of
curvature formation for the PS-rich protrusions. For
instance, the circular rims crowning the protrusions
(Figure 1, parts a and b) seem to indicate the initial air
level of (noncollapsed) PIl-rich phase.

The substrate dependent curvature formation of the
(PS-rich) protrusions is a novel, so far not reported
effect. This process starts when the domains are solvent-
rich, most probably already during the second stage of
spin-casting. It affects the free surface faces of the
lateral PS-rich domains, but does not influence the
smaller (always convex) domains, which have not reached
the free surface level (Figures 1 and 7). Polymer/polymer
interactions!®36:38 (also in the presence of low m.w.
liquid®”-73) and relative swelling of both polymers3>72 are
not modified by the substrate exchange (CH3—SAM for
COOH—-SAM). The related change of polymer/substrate
interactions does not involve here any variations3538:46:49.50
of overall phase arrangement nor lateral features of free
surface topography (Figure 2). Therefore, the existing
models!®:3536,38.46:49,50.57 cannot explain™ the observed
substrate dependent shape of the free surface profiles
of PS-rich domains.”* We propose instead to relate it
with an another substrate effect, namely with the
modification of solvent evaporation (Figure 6). We focus
here on the situation close to the point where the
substrate-dependent convective flows (see section 3.3)
are terminated. Similar to refs 58, 59, and 67, we
postulate formation of surface skin depleted of the
solvent and a solvent-rich region, which is located
deeper in the film. Fast solvent evaporation for COOH—
SAM substrate is reflected in positive pressure-differ-
ence Ap across the surface skin of PS-rich phase domain.
This does not lead to the “bursting” of the solvent, as

Macromolecules, Vol. 36, No. 11, 2003

reported previously,® but rather to the formation of
convex domain face in analogy to the process observed
for liquid foams.” The Laplace pressure Ap,’® evaluated
very roughly for the surface skin, is comparable’” with
the toluene vapor pressure pyp, a value representative
for this problem.®” As the solvent evaporation is fast for
COOH—SAM substrate, the formed convex domain faces
are frozen before they start to relax toward concave
shape reflecting lowered (due to evaporation) pressure
of the solvent trapped in the domains. In contrast, the
surface faces of PS-rich domains are frozen later for
CH3—SAM substrate, i.e., for slowly evaporating solvent
and smaller pressure difference Ap. As a result the
surface faces are collapsed. More rapid collapse of the
surface faces (e.g., due to the solvent “bursting” %) leads
to a wide size distribution of free surface features
(holes),®® which is not observed here.

4. Summary and Conclusions

Thin films of incompatible polymers spin-cast from a
common solvent exhibit free surface topography related
with phase domain arrangement. These two aspects of
the film morphology are affected when polymer—
polymer, polymer—substrate (surface), or polymer—
solvent interactions are modified, as reported previ-
ously. We demonstrate here, for the first time, the
importance of substrate chemistry, which determines
the shape of the free surface profiles. The sectional
views of the PS/PI blend films cast from toluene on
hydrophobic and hydrophilic SAM substrate show sharp-
edged (concave) and round (convex) protrusions, respec-
tively, while other features of the film morphology are
identical. A detailed film examination with AFM and
various spectroscopic techniques (XPS, profiling and
mapping mode of dynamic SIMS, and secondary elec-
trons) as well as solvent evaporation measurements
allowed us to propose a model (Figure 8) elucidating the
morphology formation and the role of convective insta-
bilities modified by substrate chemistry. This modifica-
tion seems to affect solvent evaporation speed and, as
a consequence, also the shape of surface faces of solidi-
fied PS domains, but it does not change the overall
phase domain arrangement. General features of the free
surface profiles (islandlike protrusions) are preserved
when the blend film are etched with a keV scale ion
beam (Figure 3d,e) indicating that PS/PI blend films can
be used as lithographic templates with microscopic and
nanoscopic length scale (the latter for reduced M,, — s%).
Further experiments are necessary to test whether the
curvature of the protrusions could be replicated into the
substrate.
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