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Abstract. – A chemical pattern on a substrate is transposed into thin films of a ternary
polymer blend during spin-casting from a common solvent. One of the blend components
intercalates at interfaces between the other two phases to reduce their interfacial energy. As a
result, an extensive substructure is formed, in addition to domains with pattern periodicity λ.
Morphologies with well-ordered lateral domains are created not only when the inherent scale
of the phase domains R is comparable to λ (as observed previously) but also for R ∼ λ/2,
extending pattern transposition to smaller length scales.

Polymer films with a controlled morphology are technologically important in diverse fields,
such as fabrication of electronic and optical devices or nano-lithographic templates. This has
stimulated numerous studies on self-organization processes such as self-stratification [1] or
pattern transposition [2–7]. In particular, the ordering of (micro-)phase domains in the pres-
ence of a homogeneous or pre-patterned (with periodicity λ) surface was studied. Domain
morphology is controlled by many parameters, mainly by the competition between surface
and interfacial energy [1, 7]. When a substrate is patterned, one of the problems is the com-
mensuration between λ and the inherent domain scale R [2–7]. Only for R matching λ, a
pattern-echoing morphology with well-ordered domains is formed in diblock copolymer films
cast onto a substrate with a chemical [2] or symmetric topographic [3] pattern. Investigations
of polymer blend demixing during spin-casting (solvent quench) led to the identical conclu-
sion for thin films on chemically patterned surfaces [2(a), 4, 5]. The time-dependent film
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Fig. 1 – Characteristic length scales of dPS/PVP/PMMA (2:2:1) blend films on Au substrates stripe-
patterned with a SAM. (a) Film thickness h as a function of spin-casting speed ω (◦, upper abscissa)
and polymer concentration cP (•, lower abscissa) for constant cP = 9mg/ml and ω = 5.8 k rpm,
respectively. Solid lines, added for comparison, mark the relation h ∼ cP/ω1/2. (b) Inherent scale of
lateral domains R plotted against h. The solid line indicates a linear fit.

morphology of polymer mixtures after a temperature quench [6] displayed highest order for
R(t) ∼ λ, but in addition exhibited for R(t) ∼ λ/n (n = 2, 3, 4) the excitation of weak free
surface undulations coupled with the phase separation process. Transient substructures with
half the substrate pattern periodicity were observed at flat surfaces of polymer blend films in
recent simulations [7(a)].

In this letter, we present a detailed study on a model ternary polymer blend of deuterated
polystyrene (dPS)/polyvinylpyridine (PVP)/poly(methyl methacrylate) (PMMA). Demixing
due to a solvent quench on a patterned substrate led to the formation of thin-film morphologies,
which were well ordered not only for R ∼ λ, but also for R ∼ λ/2. This is enabled by the
formation of an extensive substructure as the PMMA blend component intercalates at the
interfaces between the dPS and PVP phases to reduce their interfacial energy [8(a)]. The
overall phase domain structure is mirrored by the surface topography. The film morphology
was examined for different spin-casting conditions (that varied R) followed by a fast Fourier
transform (FFT) analysis of topographic images. While most of the results presented here
were for the optimal relative mass fraction of the interfacial-active blend component (PMMA),
i.e. for the dPS/PVP/PMMA (2:2:1) mixture, the R ∼ λ/2 situation is also illustrated for
the 1:1:1 and 1:1:0 ratios.

Blend films of dPS (Mw = 174 k, Mw/Mn = 1.03)/PVP (Mw = 115 k, Mw/Mn =
1.02)/PMMA (Mw = 149 k, Mw/Mn = 1.10) [8(a), 9] were spin-cast from tetrahydrofuran
(TFH) solutions onto Au-covered Si wafers patterned with a self-assembled monolayer (SAM)
of hexadecanethiol [HS(CH2)15CH3]. The substrate pattern consisted of alternating (with
λ = 4.0(1)µm [5] and ca. 2µm wide) stripes of pure Au and SAM prepared using the micro-
contact printing method [10]. The control samples were cast onto homogeneous SAM layers
covering Au. Topographic (AFM) and lateral-force (LFM) images of thin films were acquired
by a CP Park Scientific Instruments atomic-force microscope working in contact mode. LFM
resolves domains rich in dPS, PVP and PMMA [9]. PVP composition maps with a lateral
resolution of 120 nm were imaged for successive film depths by a mapping mode of a dynamic
secondary ion mass spectrometry (dSIMS) [11] using CN− ions (m/z = 26). The overall
phase domain structure, determined from the dSIMS and LFM data, was confirmed by AFM
combined with selective dissolution of PVP and dPS [9]. The average film thickness h (de-
termined by AFM as described earlier [9]) was controlled by varying the spin-cast speed ω
and polymer concentration cP in THF (fig. 1(a)). Relations for h(cP) and h(ω) (observed



P. Cyganik et al.: λ/2-substructure in transposed patterns 857

Fig. 2 Fig. 3

Fig. 2 – AFM images of dPS/PVP/PMMA (2:2:1) blend films on homogeneous SAM substrates (a),
(g), and on Au patterned with a SAM (b)-(c), (e)-(f) and (h)-(i). Film morphologies for h = 90(10)
(a)-(b), 74(5) (c), 58(6) (e), 55(5) (f), 42(4) (g)-(h), and 29(3) nm (i). The height range is roughly
55–65% of h. (d) LFM image of the substrate pattern (with periodicity λ = 4µm). To improve
contrast, the original Au stripes were covered with HS(CH2)15COOH [5] (light regions) prior to
examination. The inset in (e) displays results of FFT analysis of the corresponding AFM image.
Isotropic (diffuse ring) and anisotropic (diffraction peaks) components of FFT spectra are analyzed
separately to determine R (fig. 1(b)) and characterize pattern transposition (fig. 4).

Fig. 3 – Domain structure (a)-(c) and surface topography (d) of dPS/PVP/PMMA (2:2:1) blend
films with h = 58(6) (a)-(b) (cf. fig. 2(e)) and 42(4) nm (c)-(d) (cf. fig. 2(h)). Similar PVP (white)
distribution maps recorded by dSISM [11] at distance z ∼ 15 (a) and 44 nm (b) from the surface
confirm the lateral character of film morphology [8(a), 9]. (c) The LFM image [9] confirms that
PMMA (gray) separates domains rich in dPS (white) and PVP (black) [8(a), 9]. (d) AFM image of
a film, which was additionally annealed for 60min at 145 ◦C.

for a constant speed ω = 5.8 k rpm and concentration cP = 9mg/ml) seem to follow the pre-
diction h ∼ cP/ω1/2 [12(a)], as found previously for the same blend cast at constant ω on
homogeneous SAM substrates [9].

We start with initial examination of the effect of a substrate pattern (presented in fig. 2(d))
on the free surface undulations observed by AFM for various spin-casting conditions of the
dPS/PVP/PMMA (2:2:1) blend films. Figures 2(a) and (g) illustrate the topography of the
film, cast onto homogeneous SAM substrates with thicknesses h = 90(10) and h = 42(4) nm,
respectively. We notice morphologies with two dominant length scales, which decrease mono-
tonically [9] as a function of h. Large-scale, elongated and almost continuous elevations coexist
with much smaller circular protrusions [8(a), 9]. Figures 2(b)-(c), (e)-(f) and (h)-(i) show the
topography of the same blend films, but cast onto Au patterned with a SAM, presented for
successively decreasing film thicknesses h = 90(10) to 29(3) nm. The first image of this series
illustrates large-scale elevations forming a striped structure echoing (with periodicity λ) the
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substrate pattern. Subsequent figures show that these elevations are linked by bridges, which
evolve into well-ordered elongated domains of the λ/2-substructure. Finally, anisotropic mor-
phologies are formed without a clear distinction between the primary λ-structure and the
substructure. These features correspond to large-scale structures (characterized by R), which
are always accompanied by secondary structures of much smaller circular protrusions.

The inset in fig. 2(e) represents the 2D FFT spectrum that corresponds to the AFM image
in the main figure. It is typical for all the blend films cast on patterned substrates. The FFT
image consists of an anisotropic component, characterized by a diagonal line of diffraction
peaks with k = nkλ (n is an integer) and a diffusive ring with |k| = k∗. The two components
were analyzed separately (see [5, 6, 9] for details). Squared FFT amplitudes of the k-region
forming a narrow (4 pixels wide) stripe along the peaks nkλ were averaged to yield a power
spectrum Pa(k) of the anisotropic FFT component, discussed in detail later. In the case of the
radially isotropic FFT component, the radial averaged FFT data of the k-plane (without nkλ-
stripe) were used to measure the radius k∗ of the diffusive ring at its maximum to determine
the inherent domain scale R = 1/k∗. Results of such a procedure are presented in fig. 1(b),
where the plot of R vs. the film thickness h is shown. The two data sets, corresponding to
films cast from solutions with differing polymer concentrations cP (•) or rotation speeds ω (◦)
collapse, forming one master line. This indicates that h reflects the spin-casting conditions in
a well-defined manner. Identical R-values were found for the films with the same h, cast onto
homogeneous SAM surfaces, as well as on patterned Au/SAM surfaces.

The phase separation that occurs during spin-casting is a complex process. Since solvent
evaporation is fast, changes that occur within the film cannot be described using quasi-static
models [13]. During film formation, various hydrodynamic regimes are thought to occur.
In addition, the lack of sufficient equilibration often leads to long-lived metastable phase
morphologies [8(b)]. In the absence of a suitable theoretical model of demixing during a solvent
quench, we resort to a qualitative description [8, 9, 12] instead (an alternative can be found
in [13]). Polymers dissolved in THF form initially a homogeneous liquid film. Liquid flow,
that is caused by a balance between centrifugal and viscous forces, decreases film thickness
and controls its final value h [12(a)]. Phase separation, initiated by evaporating THF, takes
place in a certain range of decreasing solvent concentration and terminates when the polymer
molecules are no longer mobile. For thicker films, solvent drying and phase coarsening [14]
take place during a longer period of time, leading to a monotonic relation between h and
the domain scale R (fig. 1(b)). Coarsening domains are constrained by both film surfaces
to form lateral morphologies [8]. While neither of the polymer blend phases wets the free
surface or the SAM-covered substrate regions [8(a), 9], PVP exhibits a strong affinity to
the Au stripes [4, 5], driving the organization of the lateral domains (fig. 3(a)-(b)). The
lateral film morphology is governed by three interaction parameters: χdPS/PVP = 0.1 �
χdPS/PMMA ≈ 0.02, χPVP/PMMA ≈ 0.007 [8(a)]. To reduce the interfacial energy, PMMA
intercalates at the dPS/PVP interfaces [8(a), 9] and separates dPS- and PVP-rich phases
(fig. 3(c)). PMMA enhances blend compatibility and increases the interfacial area, leading to
extensive substructures (fig. 2) that are dominant in blends with nearly bicontinuous lateral
morphologies. Such morphologies are accompanied by a secondary phase separation process [9,
12(b)-(d)], resulting in secondary structures of much smaller circular inclusions in the dPS-
rich domains (fig. 3(c)). In the final solvent-free film, the phase morphology is mirrored by
distinct topographic elevations, which stem from the differing solubility of the three polymers
in THF [8]. PVP and PMMA solidify earlier than dPS, leading to a collapse of the initially
THF-swollen PS domains below the level of PVP- and PMMA-rich domains [8,9]. The lower
surface regions correspond to dPS-rich domains, while elevated areas are PVP and PMMA
(compare figs. 3(c) and 2(h)). This relation between topography and the overall domain
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Fig. 4 – (a)-(c) Power spectra Pa(k) [5, 6, 9] computed for the anisotropic FFT component of AFM
images of dPS/PVP/PMMA (2:2:1) blend films with h = 90(10) (a), 58(6) (b) and 42(4) nm (c).
Positions of wave vector k∗ = 1/R are marked by arrows. Jn (n = 1, 2, 3) denotes the intensity of
peaks positioned at nkλ (kλ = 1/λ). (d) Relative intensities In = Jn/ΣmJm (n = 1, 2, 3) plotted vs.
the degree of commensurability R/λ.

structure, valid for all spin-casting conditions [9], allows us to characterize film morphology
using AFM data.

To study the compliance of the film morphology (characterized by the average domain
size R) with the substrate pattern periodicity λ, we have analyzed the power spectra Pa(k)
reflecting the anisotropic FFT component of AFM images. Pa(k) spectra (e.g., figs. 4(a)-
(c)) exhibit several sharp peaks positioned at nkλ (kλ = 1/λ), characterized by absolute
Jn = J(nkλ) and relative In = Jn/ΣmJm intensities. Such an analysis, performed for the
topographic data, is representative for the entire film morphology, the surface topography
as well as the domain structure. For instance, almost identical Pa(k) spectra were obtained
for the AFM image with I1 = 0.49(2), I2 = 0.39(2), I3 = 0.09(2) (fig. 4(b)) and the dSIMS
map of PVP distribution (I1 = 0.54(2), I2 = 0.42(2), I3 = 0.05(2)) of the same film. Similar
conclusions were reported for the dPS/PVP blend [5]. The peak intensities vary with the
inherent domain size R (wave vector k∗ = 1/R) as shown in figs. 4(a)-(c) and summarized
in fig. 4(d). The spectra are dominated by the peaks kλ and 2kλ, corresponding to the
primary structure and the λ/2-substructure. In general, I1 increases with R, but in addition
to the maximal value observed at R ∼ λ it also exhibits a local minimum at R ∼ λ/2. I2

reaches its maximum at R ∼ λ/2, which is slightly higher than the I1 value at R ∼ λ,
and decreases for large R. Our results may be compared to the λ/2-substructures observed
in recent computer simulations at flat free surfaces of blend films, which resulted from a
competition between surface-directed and lateral phase separation [7(a)]. In our case, however,
the surface-directed separation mode is negligible. In contrast to our results, a monotonic
growth of the fundamental intensity J1 and the excitation of weaker intensities Jn (n > 1)
at R ∼ λ/n was observed in [6], where free surface undulations were coupled with phase
separation process. Here, the lateral large-scale phase domain structure is frozen-in, prior to
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Fig. 5 – AFM images of dPS/PVP/PMMA blend films with relative polymer mass fractions 1:1:0 (a),
2:2:1 (b), and 1:1:1 (c) cast on Au patterned with a SAM for R/λ = 0.52(4) (a), 0.48(4) (b), and
0.47(4) c). λ/2-substructure formation is most effective for the 2:2:1 blend (b) as indicated by relative
intensities I2 = 0.43(2) (a), 0.67(2) (b), 0.57(3) and I1 = 0.20(2) (a), 0.11(2) (b), 0.23(3) (c).

the formation of topographic features reflecting the domain morphology [8, 12(c)-(d)].
The film morphology, formed at given spin-casting conditions, is far from thermal equi-

librium [8] and corresponds to a certain (frozen) stage in the phase domain evolution. For
instance, additional annealing of the film with the initial morphology shown in fig. 2(h) results
in linear domains of the primary structure and no trace of the λ/2-substructure (fig. 3(d)).
The sequence of frozen morphologies (figs. 2 from (i) to (a) except (d)) for increasing solvent
drying time (i.e. film thickness h) corresponds to a growing inherent size R of coarsening
lateral domains [14]. The ordering of the phase domains is a consequence of the preferential
adsorption of one blend phase to one of two stripe types, forming the substrate pattern, and
the absence of such an adsorption to the second stripe type. This situation (not studied in
computer simulations so far [7]) leads not only to the formation of the primary domains posi-
tioned above the stripes, onto which they adsorb (periodic with λ), but also to the creation of
the substructure located above the neutral stripes. A well-ordered substructure is formed when
the inherent domain scale R ∼ λ/2 is commensurate with the substrate pattern periodicity.

The formation of the substructure with λ/2-periodicity depends on the overall area of
low-energetic interfaces. To optimize this effect, we have used varying amounts of PMMA to
control the compatibility of dPS/PVP interface [8(a)]. The resulting film morphologies of the
dPS/PVP/PMMA blend with relative polymer mass fractions 1:1:0, 2:2:1 and 1:1:1 (figs. 5(a),
(b) and (c), respectively) all showed R ∼ λ/2. The inspection of the AFM images and a FFT
analysis (see caption to fig. 5) indicates that the most effective λ/2-substructure formation
occurs for the 2:2:1 blend. For this blend, the nearly bicontinuous film morphology enhances
the substructure formation (resulting also in secondary circular structures), which is lost if
the PMMA content is higher [8(a)].

To conclude, spin-coating of polymer blend films can result in well-ordered lateral mor-
phologies with half the periodicity of the underlying substrate pattern. This novel situation,
present for commonly encountered conditions (strip-patterned substrates, with one stripe type
attracting one blend component [4–6]) and enhanced by optimization (reduced interfacial en-
ergy), has important implications for the fabrication of technologically important multiphase
polymer films. Ramification of this effect is expected for thicker films with active both lateral
and surface-directed phase separation [7].
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