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ABSTRACT: Topography and composition images of model thin films of deuterated polystyrene (dPS)
and polyisoprene with different blend compositions were analyzed with an extension of integral-geometry
approach. Surface patterns, formed in the course of spin-casting from toluene onto self-assembled
monolayers (SAM), were recorded with scanning force microscopy. Their relation with lateral phase domain
structures was demonstrated by dynamic secondary ion mass spectrometry, yielding maps of dPS
distribution. Morphological measures, which cannot be provided by Fourier transform analysis (FTA),
characterize individual images, compositional series of the surface patterns and individual features of
the patterns. Different morphologies (nucleation- and spinodal-type and hole- and island-dominated ones)
are consistently characterized by the Minkowski measures and related parameters. For instance, the
latter can measure circular character of the individual features and estimate dominant lateral length
(determined rigorously with FTA). Lateral morphologies are hardly affected when CHs-terminated SAM

is exchanged for SAM with COOH end groups.

1. Introduction

Thin polymer blend films with well-defined surface
morphologies are widely used in electronics, optics and
biotechnology. Casting of homopolymer blends from a
common solvent is an economical method to produce
thin films with particular physical properties as well
as specific patterns of surface topography. Usually the
undulations at the film surface reflect the phase domain
structure formed in the course of phase separation,
enabled by the solvent,1~ a jump in temperature,>° or
a successive application of both these methods.1%1! A
phase separation process, qualitatively different from
that in the bulk, has been studied only recently.12-15
Specific types of formed surface patterns are requested
directly by the geometry of particular application, such
as antireflection coatings,® or regarded as a token of
domain structure optimal for best device performance,
as in light-emitting diodes.1’~18

An enormous amount of information provided by
surface patterns, recorded with scanning force micros-
copy (SFM) as topography images, has to be reduced to
a finite number of relevant parameters in order to
compare quantitatively different morphologies.’®
While this step has not been completed in early
papers,1516-18.20-26 3 minimal set of root-mean-square
roughness orms and (or) dominant length A values was
used later to characterize vertical and lateral features
of surface structures, respectively.#6-727-38 However,
the Fourier transform analysis of SFM images, used to
determine A, does not give the information about the
morphology of surface patterns, i.e., their content
(surface fractional coverage), shape (curvature of dis-
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tinct surface features), and connectivity (density of the
features). The importance of some of these parameters
was soon recognized. Surface coverage was determined
in refs 2, 39, and 40, feature density in ref 39, and
feature size in refs 2, 40, and 41 (and in refs 42—43 for
optical microscopy data). At the same time, the integral-
geometry image analysis has provided means to char-
acterize all of these surface pattern parameters
in a frame of one approach using a complete set of
morphological measures, provided by Minkowski
functionals.’®44=45 The integral-geometry quantities
were, however, mainly used to describe phase separat-
ing and ordering bulk systems.*446=4% Only recently,
Gutmann et al. in their seminal paper? have analyzed
individual SFM images of surface patterns in terms of
three Minkowski measures plotted as a function of
height.

In this paper, we present an extension of the earlier
integral-geometry approach,? allowing us, for the first
time, to compare quantitatively surface patterns of
polymer blend films using a complete set of morphologi-
cal measures. First, we propose a simple method to
specify, for each SFM image, characteristic values of
three Minkowski functionals and compare them with
those of concentration maps (see section 3.2). Then, we
use these values to describe series of surface patterns
formed by model film blends with varied relative frac-
tion of blend components (section 3.3). Minkowski
measures are shown not only to characterize, in a
consistent way, all patterns and the transition from
hole- to island-dominated morphologies but also to
describe essential properties of individual dominant
surface features and to define lateral length scales
complementary to the dominant length A (section 3.4).
The virtues of the integral-geometry approach are
demonstrated for topographic and compositional maps
(introduced in section 3.1) of two series of model polymer
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blend films. Two film series are formed by deuterated
polystyrene (dPS) and polyisoprene (P1) blends2450:52
with different compositions, cast from toluene onto Au
substrates covered with two types of self-assembled
monolayers (SAM). Information provided by the integral-
geometry approach can verify hypotheses on morphology
formation in these solvent-cast polymer blend films (as
summarized in section 4).

2. Experimental Section

2.1. Preparation of Polymer Blend Films. Au surfaces
covered with SAM composed of thiols were used as the
substrates. Au layers (~50 nm thick) were evaporated onto Si
wafers. To produce hydrophobic (surface energy y ~ 20 mJ/
m?,5% denoted later as CH3;—SAM) or hydrophilic (y~81 mJ/
m?,%8 denoted as COOH—SAM) substrates, the Au surfaces
were rinsed with ethanol and then exposed for 60 s to ethanol
solutions of 1-hexadecanethiol [HS(CHy,):5CHz3] or 16-mercap-
tohexadecanoic acid [HS(CH_)1sCOOH], respectively.>3-54 Af-
terward, the substrates were rinsed again with ethanol and
dried. Just before casting, dry substrates were flushed with
fresh toluene. Then thin films were prepared by spin-casting
(5550 rpm for 30 s) a toluene solution of polymer mixture
(constant total polymer concentration of 20 mg/mL was used)
onto the substrates, resulting in films with average thickness
d ~ 169(10) nm (see also ref 24). This thickness value,
determined with SFM?238 for symmetric blends, is in accord
with d = 170(15) nm yielded by dynamic secondary ion mass
spectrometry (SIMS).52 To ensure complete dissolution, the
solutions used were left to stir overnight before spin-casting.
To prepare a series of 11 polymer blend films with Pl mass
fraction @ varying between 0 and 1, dPS (weight-average
molecular weight M,, = 174 000, polydispersity M,/M, = 1.03)
and PI (M,, = 400 000, M\/M, = 1.12) were used. For each
fraction @, the films were cast (under identical conditions) onto
hydrophobic and hydrophilic SAM substrates to form two
series of samples. Deuterated polystyrene was used to provide
contrast for ion beam techniques, which yield phase domain
structure®52 related to surface patterns.

2.2. Surface Characterization. Topography of surface
undulations formed in the course of spin casting was examined
by the home-built®® scanning force microscopy (SFM) working
in contact mode.?3-2433 All measurements were performed in
air at room temperature. The cantilevers (purchased from Park
Scientific Instruments), with Si3sN,4 tip, had a spring constant
of ~0.03 N/m. Tips were changed regularly to avoid artifacts
due to tip contamination. Images with different scan range
(from 2 um x 2 um to 30 um x 30 um) were recorded for each
sample to illustrate best surface patterns and to provide data
optimal for the Fourier transform analysis and the integral-
geometry approach. The background due to the scanner tube
movement is fully subtracted prior to analysis. Additional
measurements of the blend films with 0.25 < ® < 0.45 (i.e.,
for the surface patterns with large dominant length A) were
performed with CP Park Scientific Instruments SFM working
in contact mode3"~3852 with maximum scan range (80 um x
80 um). As a result, statistically significant topographic data
were always obtained.

To compare surface topography and the phase domain
structure (determined in refs 50 and 52) with morphological
measures, several lateral maps of domain distribution were
obtained for the ® = 0.40 blend films cast on CH;—SAM and
COOH—SAM substrate. dPS composition maps were provided
by the C,D~ (m/z = 26) ions recorded with the imaging mode
of dynamic SIMS.*° SIMS compositional maps (typically with
Rayleigh lateral resolution of ~120 nm) were obtained with
VSW apparatus equipped with high-resolution ion gun (double
lens, liquid metal source, produced by Fei Company) and
guadrupole mass spectrometer (Balzers) using a cylindrical
mirror energy filter at the entrance.>

2.3. Image Analysis. Topographic (SFM) and compositional
(SIMS) images were analyzed using the software developed
in our laboratory.?”38 To determine the dominant length A,
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Figure 1. SFM images of surface patterns formed by polymer
films of the dPS/PI series spin-cast on CH;—SAM substrate
for PI mass fraction & = 0 (a), 0.05 (b), 0.15 (c), 0.25 (d), 0.4
(e), 0.45 (f), 0.6 (g), 0.85 (h), and 1.0 (i). Various scan ranges
(Al x Al) were used with Al = 2 (a, b, ¢, i), 18 (d, e, g, h), and
80 um (f). Different height ranges AH were applied to
maximize the contrast. AH = 2.5 (a), 25 (b), 80 (c), 105 (d),
185 (e), 220 (f), 135 (@), 74 (h)m and 2 nm (i). The inset in
image g represents the FFT spectrum.

2-dimensional fast Fourier transform (FFT) of the studied
image is computed. The FFT spectrum exhibits an isotropic
diffusive ring. The radial average of the squared FFT ampli-
tudes provides power spectrum P(k) with the maximum
positioned at the wave vector k = 1/A. The exact position of
this peak (and its uncertainty) is determined from a fit of a
Lorentz line shape to the P(k).%” For each image, a complete
set of morphological measures was calculated (as described
in section 3.2) using the algorithm of ref 44 (simpler but
equivalent to that of ref 45, used previously®). Analysis of
several images yields the Minkowski measures representative
for each blend film. The Minkowski measures calculated for
the large-scale structures of the surface morphologies with two
lateral length-scales (0.25 =< @ =< 0.45) correspond to the
images with all the surface features smaller than 10% of A
neglected.>*

3. Results and Discussion

3.1. Surface Patterns (SFM) and Phase Domain
Structure (SIMS). Representative surface morpholo-
gies, determined with SFM for polymer films cast on
hydrophobic and hydrophilic SAM substrates, are col-
lected in Figures 1 and 2, respectively. dPS (Figures 1a
and 2a) and PI (Figures 1i and 2i) homopolymer films
are fairly featureless (note the height range AH =2-2.5
nm used to illustrate statistical character of height
fluctuations, discussed in section 3.2). In contrast,
blending these polymers results in distinct surface
patterns (here AH = 25—220 nm), which evolve in a
similar way for both types of the substrate with increas-
ing Pl blend composition ® (Figures 1b—h and 2b—h).
All the surface patterns formed for blend films are
isotropic, as indicated by diffusive rings exhibited by
FFT spectra of SFM images (see, e.g., insets to Figures
1g and 2g). At low @, hole-dominated morphologies are
formed, characterized by a polymer sheet with polydis-
perse holes (Figures 1lb,c and 2b,c). For higher &,
surface coverage, perimeter, and depth of holes increase.
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Figure 2. As for Figure 1 but for polymer films spin-cast on
a COOH—SAM substrate.

Figure 3. SIMS distribution maps (49 um x 49 um) of dPS
recorded for the dPS/PI (® = 0.4) blend film cast on CHz;—
SAM (a) (cf. Figure 1e) and COOH—SAM (b) (cf. Figure 2e).

At fractions @ = 0.25—0.45, surface patterns with two
dominant lateral length scales are formed, correspond-
ing to elongated large-scale surface patterns and much
smaller circular features (Figures 1d—f and 2d—f). The
large-scale hole-dominated (nearly bicontinuous) struc-
tures are transformed into large-scale elongated protru-
sions at ® ~ 0.36(3) and 0.42(2) for CH3;— and COOH—
SAM substrates, respectively. Protrusions with two
different length scales evolve, for higher @, into poly-
disperse circular islands with decreasing surface cover-
age, perimeter, and height (Figures 1g,h and 2g,h).
Phase domain structure of the studied blends were
determined earlier, initially by a combination of SFM
and selective dissolution of dPS and PI?* and more
precisely with imaging®052 and depth profiling®? dy-
namic SIMS mode and X-ray photoelectron spectros-
copy.52 It has been shown?45052 that the lateral domain
structure corresponds to the patterns of surface undula-
tions with elevated and depressed regions formed by
dPS- and PI-rich phases, respectively. For instance,
dPS-composition maps (see Figure 3) determined with
dynamic SIMS for the @ = 0.40 blend films cast on
CH3—SAM and COOH—-SAM correspond to large-scale
elevations dominated by islands (cf. Figures 3a and 1e)
and holes (cf. Figures 3b and 2e), respectively. This
quasi-2-dimensional phase domain structure is posi-
tioned onto Pl-rich lamella adjacent to the substrate.?452
It is also covered by a very thin (~10 nm thick) PI
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layer.%052 A similar lateral phase arrangement was
concluded earlier for another polystyrene (PS)/ PI
systemusingselectivedissolutionandoptical microscopy.*~*3
This technique was, however, unable to resolve vertical
structure, surface undulations, and small domains.

The above-mentioned correspondence between surface
patterns and lateral phase domain structure is then
confirmed by rigorous analysis within integral-geometry
approach (see section 3.2). This relation is a consequence
of the phase separation occurring in the course of a
three-step spin-casting process.23420.27 First, most of the
homogeneous fluid (here composed of dPS and PI
dissolved in toluene) is spun-off, leaving a uniform film.
Second, radial flow of the fluid decreases film thickness.
Preferential Pl segregation to both external sur-
faces!*56-57 (y(P1) = 32 mJ/m2 < y(dPS) = 40 mJ/m?) is
followed by subsequent lateral phase separation (initi-
ated by decreasing toluene concentration c¢; and con-
strained to 2 dimensions by the film geometry).52 Third,
phase separation is terminated when c; is so low that
dPS molecules are no longer mobile (glass transition
temperature Ty4(dPS) = 100 °C, T4(PI) = =70 °C). The
lateral domain structure, although frozen in place, is
reflected in surface undulations since the rate of solidi-
fication due to the solvent evaporation as well as the
polymer swelling in the remaining toluene is different?°
for PI- and dPS-rich phases.>? As a consequence, lateral
dPS- and Pl-rich domains are elevated and depressed,
respectively.

The polymer/polymer interaction parameter between
dPS and PI, y = 0.034,5 yields the effective parameter
value 2y/y. = 81.2 (y. is the x value at the critical point)
corresponding to the upper regions of weak incompat-
ibility regime defined for ultrathin (i.e., with thickness
d ~ 2—4Ry) blend films.® However, for thicker films,
distinctive surface patterns are expected for whole
composition window 0 < ® < 1 even for blends with
smaller effective 2y/y. value.l?02235 Observed here
surface patterns (Figures 1 and 2) reflect lateral domain
structures with morphology dependent on blend com-
position*? (similarly to two-phase morphologies formed
due to temperature jump®859). Droplet patterns, domi-
nated by Pl-rich (holes) and dPS-rich (islands) domains
of the minority phase, correspond to off-critical composi-
tions (® < 0.25 and @ > 0.45, respectively). While ideal
bicontinuous spinodal-type morphology is manifested for
blends with ® close to ® (when vertical phase rear-
rangement can be neglected*3), a crossover to droplet
pattern is expected for compositions shifted away from
bulk critical composition @®.5° As a result, nearly
bicontinuous structures are formed. They are dominated
by elongated holes or islands for lower or higher ®
values, respectively, from the composition range 0.25
< ® =< 0.45. In addition to the large-scale structures
discussed above, the surface patterns observed for 0.25
< ® < 0.45 are characterized also by much smaller
features (Figures 1d—f and 2d—f). Such morphologies,
reflecting phase arrangements with two length scales,
indicate double quench scenario.>-6! This phase sepa-
ration pathway, characteristic for systems with inter-
mediate viscosity and low diffusion coefficient,®® was
observed previously for other blend films.2038 [ocal
compositions of large-scale elongated domains, formed
by fast hydrodynamic process, are far from equilibrium
values. Such domains exhibit secondary phase separa-
tion process resulting in additional much smaller,
circular domains.> These two length scales are char-
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acteristic for nearly bicontinuous spinodal morpholo-
gies®80 and are absent for nucleation-type surface
patterns observed for off-critical blends?°42 (here for
® < 0.25 and @ > 0.45).

3.2. Minkowski Measures of Individual Images.
Topographic or compositional images of polymer blend
films represent arrays of pixels set to a various gray
level depending on the value of local height or composi-
tion. Each pixel can be reset to either white or black
depending on whether its local value is larger or lower
than the threshold variable. Using height or concentra-
tion as the threshold variable*® each image is trans-
formed into a series of black-and-white images
(so-called level contours). Then the values of Minkowski
functionals are determined for each level contour. Such
a threshold procedure*>#7 results in the plots of the
Minkowski measures against the threshold variable.

The Minkowski functionals are defined on homoge-
neous domains A.194647 Each domain A can be repre-
sented as a finite union of compact convex sets in
d-dimensional space, for instance pixels in a black-and-
white image. Any additive, motion invariant and con-
ditional continuous functional W(A) can be written in
terms of the (d + 1) Minkowski functionals W, (A).19:46.47
In other words, the Minkowski functionals provide the
complete set of morphological measures. In d = 2 space
values of the Minkowski functionals are related to
familiar measures: the covered (white) area F = Wy,
the boundary length (perimeter) U = 2W,, and the Euler
characteristic ye = W,/x.46747 The Euler characteristic
xe of a homogeneous domain is defined by the difference
of the number of connected regions N,, (white) and the
number of uncovered holes Ny (black), i.e., yg = Ny —
Np.1246 Morphological content of each 2-dimensional
level contour is described by the Minkowski measures
(F, U, and yg), calculated for the whole black-and-white
image, normalized additionally by the total analyzed
area.*>™%7 This normalization is necessary to provide
easy comparison of the measures determined for images
with different scan ranges.

Morphological Measures of Topographic Im-
ages. The threshold procedure is illustrated here for
topographic images of polymer blend films. Height is
here the threshold variable. Parts a—c of Figure 4 (parts
d—f) show exemplary level contours transformed from
SFM image of Figure 1e (2e) for three successive height
values.

The values of the Minkowski measures determined
for a series of level contours, corresponding to given
topographic surface pattern, can be represented as the
plots against threshold variable.® Characteristic fea-
tures of such plots (Figure 5), computed for SFM images
recorded for different types of surface morphologies, will
be now discussed. We start with fairly featureless SFM
image of flat homopolymer film (e.g., Figure 2a). Cor-
responding height relations of the Minkowski measures
(dotted lines in Figure 5a—c) are symmetric, with the
point (F, ye) or line (U) of symmetry specified by the
average height h{ of the SFM image. Hyperbolic
tangent and its derivatives describe well the measures
(with F = 0.5, maximum U and yg = 0 at height (hQJ).
In contrast to this case, with ideal monomodal height
distribution, the surfaces of the blend films with ® =
0.05 (e.g., Figure 2b) or @ > 0.85 (e.g., Figure 1h) exhibit
the distribution affected by holes or islands (see solid
and dashed lines in Figures 5d—f), respectively. The
plots are asymmetric and extended to heights lower (for

Macromolecules, Vol. 36, No. 7, 2003

Figure 4. Black-and-white images (level contours) derived
from SFM images shown in Figures 1e (a—c), 2e (d—f), 2b (g),
and 1h (h). The threshold variable value is specified by the
dominant height levels th;[((a, d), th,0+ 072 (b, €), th,0(c,
), hO— 3we (g), and th+ 3we (h) (see text for details).

holes, ye < 0) or higher (for islands, yg > 0) than the
average value [M0O. All the other film surfaces (0.15 <
® < 0.85), dominated by holes (e.g., Figure 2e) or islands
(e.g., Figure le), always exhibit bimodal height distribu-
tion (see solid and dashed lines in Figures 5a—c). In an
ideal case the relations of the Minkowski measures
characteristic for individual sheets, centered at two
dominant height levels [h;Oand [0 are simply super-
posed. While this superposition is sometimes not ob-
served for the height relations of boundary length U or
the Euler characteristic ye, the plots of fractional area
F can be always approximated by double hyperbolic
tangent centered at [h;Oand [yl

For each SFM image, its characteristic morphological
measures are specified by their values determined for
the representative level contour. For surface morpholo-
gies with bimodal height distribution we define this
representative black-and-white image as corresponding
to the threshold variable h = ((h;[H- [h,0/2. As a result
homogeneous black and white domains are obtained
clearly resembling original SFM images (cf. Figures 4b
and 1e and also Figures 4e and 2e). This definition is
also supported by the fact that the measure F (and to a
much smaller extent U or yg) remains almost constant
for the region around ([h;0+ 02 (see Figure 5a—c),
reflecting very steep boundaries of the holes or the
islands. Uncertainty of this threshold value is given by
the average width QWel[characteristic for two hyperbolic
tangents used to approximate the F(h) relation. For the
surface patterns with monomodal height distribution,
we take the level contours determined for the heights
h = hO— 3wg or Th(+ 3wg as representative for hole-
or island-dominated morphologies, respectively. Height
oscillations (see Figures 1a and 2a) of the sheet centered
at (hextend approximately to h = (& 2we. Therefore,
the proposed threshold heights (with uncertainty wg)
are the nearest to h(Jpossible values resulting in black
(cf. Figures 4g and 2b) and white (cf. Figures 4h and
1h) domains best resembling the original SFM images.



Macromolecules, Vol. 36, No. 7, 2003

Solvent-Cast Polymer Blend Films 2423

<h>/h. <h>/h

I 1

0,0 02 04 06 08

h/h,.,

0,0

02 04 06 08 1,0

h/h

Figure 5. Minkowski measures (the area fraction F (a, d), the boundary length U (b, e) and the Euler characteristic ye (c, f)) of
individual SFM images plotted as a function of the threshold height variable h. The relations are presented for five different
types of surface patterns: fairly flat surface (Figure 2a) (dotted lines in a—c), surfaces with monomodal (Figures 2b and 1h) (d—f)
and bimodal (Figures 2e and 1e) (a—c) height distribution dominated by holes (solid lines) or islands (dashed lines). Dominant
height levels of monomodal (hQ) and bimodal (th,[) th.0) distribution are marked. Maximum values of U, yg, and h are used to

present a few relations on each plot.

We note also that height relations of the Minkowski
measures can reflect® the specific shape of the elevated
or depressed regions, visible directly in sectional views
of SFM images. For instance, the concave shape of the
elevations with rims higher than inner plateaus (Figure
4c, level contour determined for h,[) is reflected in the
local maximum of U (dashed line in Figure 5b, extreme
centered at [h,[). In contrast to these observations made
for the ® = 0.4 films on CH3;—SAM, the same local
maximum is much weaker (solid line in Figure 5b) for
the same blend films cast on COOH—SAM. This reflects
the changed, now convex, shape of the elevations (cf.
level contours of Figure 4, parts e and f, the latter
determined for [h,0). Substrate chemistry modifies here
not only the shape of free surface profiles but also lateral
phase domain structure (cf. Figure 4, parts b and e or
Figure 3, parts a and b). The latter relation, manifested
only for blend compositions @ close to @, will be
discussed in the next section. These two effects have
different origin, as demonstrated by symmetric (® =
0.50) blend films,2452 where the substrate chemistry
affects the shape of free surface elevations but not the
lateral phase arrangement. The proposed®? relevant
mechanism involves formation and (subsequent) solidi-
fication of dPS-rich domains with substrate dependent
curvature of their surface faces, followed by the collapse
of Pl-rich phase below the average height of the domains
rich in dPS. In turn, the formation of convex (concave)
surface faces of dPS-rich domains was reported to be
related®® with the observed faster (slower) toluene
evaporation from the blend films positioned on COOH—
SAM (CH3—SAM).

Morphological Measures of Compositional Im-
ages. Comparison with the Measures of Topo-
graphic Images. The procedure used to determine the
Minkowski measures characteristic for compositional
map is similar to that described above for topographic
images. The characteristic values of the Minkowski
functionals are specified for representative level contour.
It is simply provided by black-and-white image with

Table 1. Minkowski Measures (Fractional Area F,
Boundary Length U, Euler Characteristic yg) of the
Large-Scale Structures Observed in Topographic (SFM)
and Compositional (SIMS) Maps of the Films with Pl
Blend Composition @ = 0.4 Cast on CH3;—SAM and
COOH—-SAM Substrate?

substrate CH3—SAM CH3;—SAM COOH-SAM COOH-SAM

map SFM SIMS SFM SIMS
F 0.55(6) 0.6 (fixed) 0.58(6) 0.6 (fixed)
U um™) 0.62(2) 0.59(6) 0.64(1) 0.62(5)

ye (um=2) 0.007(5)  0.005(5)  —0.041(7) —0.026(9)

2 The average values and random uncertainties, presented in
four columns, correspond in each case to several maps analyzed.

fractional area F equal to the average concentration in
the determined compositional map. Here, for the ana-
lyzed dPS compositional maps (Figure 3) of the films
with & = 0.40 known from preparation, we assume F
=1-®=0.6.

As noticed earlier (in section 3.1) imaging SIMS mode
can resolve the large-scale component of the phase
domain structure with two length scales. The Minkows-
ki measures of these large-scale structures, observed (at
different spots of the same samples) in compositional
maps and topographic®! images are compared in Table
1. Within uncertainty ranges the measures of both data
types accord with each other confirming the correspon-
dence between surface topography and lateral phase
domain structure, mentioned in section 3.1.

3.3. Analysis of the Surface Patterns Formed by
Blend Films. The analysis of individual SFM images
allows us now to present a cumulative description of
two series of surface structures formed by the films with
varied blend composition cast on two types of substrates.
The lateral aspect of the surface morphologies is char-
acterized by the Minkowski measures. A measure of the
vertical extent Ah of the surface patterns can be also
provided by the integral-geometry approach. For films
with bimodal height distribution the extent Ah is simply
specified by both dominant height levels (Ah = hy,0—
(h10). Only for the blend films with ® = 0.05 and ® >
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Figure 6. Vertical extent Ah (a) and roughness orms (b)
determined as a function of Pl blend composition @ for the
surface patterns formed by the films cast on CH3—SAM
(triangles) and COOH—-SAM (diamonds).

0.85, Ah is approximated by the average depth/ height
determined from several sectional views of SFM images.
Determined dependence of the vertical extent Ah as a
function of Pl blend composition ® is presented in
Figure 6a. The root-mean-square roughness oyms of the
same surface patterns is plotted in Figure 6b. Both
compositional relations are identical for blend films cast
on CH3;—SAM as well as on COOH—-SAM substrates
(marked as triangles and diamonds, respectively). Sig-
nificantly higher Ah values are observed for Pl mass
fractions 0.4 < @ < 0.6.

The Minkowski measures are plotted in Figure 7 as
a function of PI blend composition @ for films prepared
on CH3—SAM (data denoted as triangles) and COOH—
SAM (data denoted as diamonds and squares). Figure
7a represents the values of fractional area F compared
with the dependence, marked as a solid line, corre-
sponding to the linear relation between surface coverage
F of elevated (dPS-rich) domains and dPS volume
fraction. Such a simple relation between surface cover-
age by one of the immiscible blend components and its
volume fraction is expected for the quasi-2-dimensional
system realized by a thin film confined by symmetric
neutral flat surfaces.'®1462 Factors affecting this rela-
tion, connected with the formation of dPS-rich protru-
sions at the free surface and PIl-rich lamella at the
substrate, seem to neutralize each other. As a conse-
qguence, the accord between the data and the curve
(Figure 7a) is observed, confirming the earlier outlined
(section 3.1) scenario of the spin-casting process, where
2-dimensional phase separation plays an important role.
Surface topographic patterns are formed as the solidi-
fication rate as well as the polymer swelling in toluene
is different for (drying) Pl- and dPS-rich domains of the
2-dimensional phase-separated structures. Both volume
effects would be maximal for symmetric (50% v/v)
blends, i.e for ® = 0.47 in accord with the observed
extreme of vertical extent Ah (see Figure 6a).

The boundary length U of the surface patterns is
plotted in Figure 7b as a function of Pl blend composi-
tion. Almost identical relations are observed for films
on CH3;—SAM and COOH—SAM. The Euler character-
istic of the same patterns is shown in Figure 7c. To
present all the data in a convenient way we have plotted
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Figure 7. Minkowski measures (the area fraction F (a), the
boundary length U (b), and the Euler characteristic ye (c)) of
the surface patterns formed by the films with different PI
blend composition ®. The solid line in part a corresponds to a
linear relation between F and the dPS volume fraction.
Positive and negative values of the measures are marked by
solid and open symbols, respectively. Up-triangles (for CHs—
SAM) and diamonds (for COOH—SAM) correspond to all
features of the surface patterns. Down-triangles (for CHz;—
SAM) and squares (for COOH—SAM) correspond to the mor-
phologies with small-scale features neglected (0.25 < ® < 0.45,
patterns with two length scales).

only absolute values |yg|, but marked them as open and
solid symbols for yg < 0 and yg > O, respectively. The
xe data points, reflecting all the features of the surface
patterns for films deposited on CH3—SAM and COOH—
SAM, are marked as up-triangles and diamonds, re-
spectively. In addition, for fractions 0.25 < ® < 0.45
(morphologies with two length scales), the ye values
determined for the morphologies with small-scale fea-
tures neglected are denoted as down-triangles (CH3z—
SAM) and squares (COOH—SAM). We observe an
overall correspondence between the plots showing the
density of boundary length U (Figure 7b) and the
effective density of continuous features ye (Figure 7c).
It reflects the fact that the main factor influencing total
boundary length is the number of the features. Feature
size seems to play a role only for extreme (® — 0 and ®
— 1) blend compositions. The morphological measure
xe, presented in Figure 7c, reflects the topology of
formed surface patterns very well. Surface morphologies
with very high density of features are formed for
compositions ® < 0.25 and ® > 0.45. In turn, blend
films with 0.25 < ® < 0.45 are described by a region of
minimal values of effective density of features |yg|. For
this composition range the elongated large-scale struc-
tures were observed (see section 3.1). At characteristic
compositions @, yg — 0 corresponding to ideal bicon-
tinuous morphology. Hole-dominated (ye < 0, open
symbols in Figure 7¢) nearly bicontinuous structures are
transformed into large-scale elongated islands (ye > O,
solid symbols) at ®y—; ~ 0.36(3) and 0.42(2) for CH3—
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SAM and COOH—-SAM, respectively. These values are
close to the bulk critical weight fraction ®, = 0.34 of
the binary dPS/Pl mixture. The same value @ is
expected for thin films with symmetric neutral flat
walls.131462 The effects due to vertical phase rearrange-
ment are relevant also here. However, they result
effectively only in small and dependent on polymer/
substrate interactions*?43 shifts of ®,—; with respect to
Dgr.

3.4. Analysis of Individual Dominant Features
of the Surface Patterns. Dominant features of the
surface patterns correspond to holes and islands, for
negative and positive ye values, respectively. For the
morphologies with two length scales dominant features
are specified by the large-scale structures.®® The indi-
vidual dominant surface feature is characterized by the
average area S and the mean radius of its boundaries
I'c:

_J@=-Bhe  xe <0
S _{F/xE: %> 0 @
re = U/(2mye) (2)

both specified by the relevant® Minkowski measures.
Plots of the absolute values of these measures against
PI blend composition ® are presented in Figure 8, parts
a and b. Data points are marked as in Figure 7c, i.e.,
with open and solid symbols for negative (holes) and
positive (islands) values, respectively. The transforma-
tion from hole- into island-dominated structures (at
fraction @) is accompanied by maximum values of the
average area |S| (and the mean radius |r¢c|) observed for
the islands formed right after the transformation (i.e.,
at ® = 0.40 for CH3—SAM and 0.45 for COOH—SAM).
Region of ideal bicontinuous morphology, with |S|
diverging to very high values, was analyzed previously
with optical microscopy.*43

The |S| values extend over 3 orders of magnitude, with
lateral length scales spanned from hundreds of nanom-
eters (for extreme blend compositions ® — 0 and ® —
1) to a few micrometers (this distinct behavior is
observed for the films with 0.25 < ® < 0.45). Composi-
tion dependence of the average area |S| of individual
(dominant) surface feature (Figure 8a) resembles that
one of the mean radius |r¢| (Figure 8b) except the more
pronounced region of high values of the latter. The
reason for this behavior is the characteristic, and
constant for some blend compositions, shape of indi-
vidual surface features. The circular character of indi-
vidual features is characterized by the parameter |r¢c|/
[IS|/7]¥2, plotted against Pl mass fraction in Figure 8c.
The constant and close to 1 value of this parameter for
off-critical blend films with nucleation-type surface
morphologies (i.e., for ® < 0.2 and ® = 0.5) should be
noticed. In contrast, the |rc|/[|S|/7]*? values are almost
1 order of magnitude larger for the range 0.25 < ® <
0.45, indicating spinodal-type structures with elongated
dominant surface features.

The Minkowski measures can be also used to define
lateral length scales complementary to the dominant
length A. The A values (see Figure 9a), determined with
the Fourier transform analysis, correspond to the radial
averaged wavelength of dominant surface undulations.
However, the distance between individual dominant
surface features can be also estimated (somewhat more
roughly) by the measure 1/|xg|*?, i.e., the mean distance
occupied by each feature (Figure 9b). It turns out that
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Figure 8. Average area S (a) and mean radius rc (b) of
individual dominant features of the surface patterns plotted
against Pl blend composition ®. The circular character of the
individual features is measured by the parameter rc/(|S|/mz)Y?
(c), equal to 1 (solid line) for ideal circular features. Symbols
are as in Figure 7.
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Figure 9. Dominant length A (a) of the surface pattern,
determined with the Fourier transform analysis, compared
with complementary length scales, such as the mean distance
occupied by one individual dominant surface feature 1/|yg|'?
(b) and the mean lateral extent (|S|/7)Y? of each feature. The
ratio A/(|S|/z)Y? is plotted in part c. Symbols are as in Figure
7.

1/|xe|¥2 provides a reasonable estimation of A (cf. Figure
9, parts a and b, with an average A|ye|“? value of 0.88-
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(6)). In Figure 9c the distance A between individual
(dominant) surface features is compared with mean
lateral extent of each feature defined by (|S|/7)Y2. We
observe that the separation A of the dominant features
is comparable to their lateral extent only for nearly
bicontinuous morphologies but becomes a few times
higher than (|S|/z)Y2 for extreme blend compositions (®
—0and ® — 1).

4. Summary and Conclusions

The presented extension of the integral-geometry
approach provides morphological measures on three
different levels: (@) for individual images (section 3.2),
(b) for a series of surface patterns (formed by various
blend films, section 3.3), and (c) for individual (domi-
nant) features of these patterns (section 3.4).

The amount of information given by morphological
measures allows us to perform a thorough characteriza-
tion impossible with the parameters used earlier (such
as dominant length A determined with the Fourier
transform analysis). (a) Using height h or concentration
® as the threshold variable, each image is transformed
into a series of (black-and-white) level contours, char-
acterized by the area fraction F (coverage), the boundary
length U (lateral shape) and the Euler characteristic
xe (connectivity) of the (white) features. The Minkowski
measures (F, U, ye) plotted against height reflect
different surface topography types (fairly flat surfaces,
hole- or island- dominated surfaces with mono- and
bimodal height distribution) and specific shapes (sharp-
edged or round) of free surface profiles. The height
relations are used to determine vertical extent Ah of
the surface pattern and its characteristic (lateral)
measures (F, U, yg). In turn, the Minkowski measures
of the compositional images are provided by the level
contours specified by blend composition ®. Analysis of
several images yields the parameters (F, U, ye and Ah
for SFM data) characteristic for each blend film. (b)
Compositional relations of the vertical extent Ah and
the Minkowski measures determine composition ranges
and transitions between different morphologies (e.g.,
dominated by holes, yg < 0, islands, yg > 0, or nearly
bicontinuous structures with minimal |yg| values). (c)
Finally, the Minkowski measures are used to define
morphological measures of an individual dominant
surface feature, such as its average area S, the mean
radius rc, the mean lateral extent (|S|/x)Y/2, the measure
[rc|/[|S)/7]¥2 of circular character, and the mean occupied
distance 1/|yg|*2. These measures specify properties (and
composition ranges) of different morphologies (e.g.,
droplet patterns with [r¢|/[|S|/z]¥2 ~ 1, and nearly
bicontinuous structures with large |S| values).

The integral-geometry approach is demonstrated here
for two series of model films of the dPS/ Pl mixture, cast
from toluene on Au substrates covered with hydrophobic
or hydrophilic SAM. Information available with this
approach verifies hypotheses! 52022274252 gn film mor-
phology formation. (a) Height relations of the Minkows-
ki measures reflect fairly featureless surfaces for pure
polymer films and distinct surface features for the
blends. This indicates that the surface patterns are
formed as a consequence of phase separation enabled
by the solvent.2%42 The correspondence between surface
patterns and lateral phase domain structure is con-
firmed rigorously by the comparison of the Minkowski
measures. This suggests that the surface pattern rep-
licates!:20:2227.52 the (formed earlier) lateral phase ar-
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rangement. (b) The relevant mechanism2%:52 related to
volume effects (solidification rate and extent of swelling
in toluene different for both phases) is verified by the
extreme Ah values observed for symmetric and nearly
symmetric compositions. In addition, only for the (nearly)
symmetric blends the effects of substrate-dependent
shape of free surface profiles®? are detected, resulting
in the specific U(h) relations. Quasi-2-dimensional
character#? of the formed lateral phase structures is
reflected in the F(®) relation. Vertical phase rearrange-
ment effects?22” result only in a small substrate de-
pendent*? composition shift of the region with ideal
bicontinuous morphology (visible in the yg(®) plot). (c)
The compositional relations plotted for the Minkowski
measures (U, ye) and related parameters (|S|, rc, rc/
(IS|/7)¥2, 1/|xe|2) specify composition ranges of various
morphologies, most probably related with different types
of lateral phase separation.>425964 The distance A
between the surface features, defined rigorously by
Fourier analysis, is well estimated by 1/|yg|*2. This is
true also for nucleation-type morphologies®* with A few
times higher than the mean lateral extent (|S|/n)Y2 of
each surface feature.

The virtues of the integral-geometry approach are
presented here for dominant surface features, which are
equivalent to large-scale structures for the patterns with
two length scales. Cumulative analysis of large- and
small-scale surface features, discussed for an another
system in our previous work,38 can provide a test for
the models320:59 describing double quench scenario for
phase separation of polymer films in the course of spin-
casting.
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