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Self-assembled treelike patterns from an evaporating binary solution
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Spontaneous formation of treelike patterns which developed during evaporation of the solvent from a
phase-separated bilayer resulting from a binary polymer solution spin-coated onto a solid substrate has been
studied. The initial bilayer consists of a poly(isobutyl methacrylate) (BMA) layer on top of a nitrocellulose
(NC) solution layer. During evaporation, the top BMA layer becomes unstable and transforms into short ridges.
Finally, the inhomogeneous evaporation of the solvent from the NC solution layer connects the BMA ridges to
treelike patterns. To support our model, we present results of a complementary experiment based on casting of

the BMA solution on an inclined glass substrate.
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I. INTRODUCTION

The stability and dynamics of thin evaporating polymer
solution films on solid substrates have been of great interest
because of their importance in various scientific and techno-
logical respects such as solvent coating, drying, and pattern
formation in thin films. These applications often require film
homogeneity, uniform thickness, and durability. The evapo-
ration of a solvent from polymer solution films on a solid
substrate may have a large influence on the resulting film
morphology. At present, the basic behavior of thin liquid
films with different thicknesses located on solid substrates is
well understood. Some instability mechanisms are known
that can destabilize an initially flat liquid film and have been
investigated in a large number of experimental [1-5] and
theoretical [6—14] works.

The stability of liquid films with thickness below 100 nm,
deposited on a solid substrate, is governed by the effective
molecular interactions at the interface between substrate and
surface of the layer, for instance, by long-range van der
Waals and short-range electrostatic forces [15]. Once
mounted on partially wettable solid substrates, these liquid
films may become unstable and often dewet by forming
holes. According to the model, film instability followed by
dewetting occurs when the second derivative of the excess
intermolecular interaction energy per unit area with respect
to the film thickness becomes negative [11]. The stability of
a thin liquid film on a solid substrate can be changed easily
when the substrate is covered with a layer whose dielectric
properties substantially differ from those of the substrate. For
instance, the critical thickness below which films get un-
stable for polystyrene films on a Si substrate covered with a
SiO layer can be controlled by the thickness of the silicon
oxide layer [5].

A more complicated situation appears when, instead of a
solid coating, the substrate has been covered with a liquid
layer on which the other liquid spreads, i.e., a thin film con-
sisting of two layers of immiscible liquids on a solid sub-
strate. In a two-layer system (bilayer), one discloses richer
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dynamics compared to those for one-layer systems, as both
liquid-liquid and liquid-gas interfaces evolve in a coupled
way. In the latter case, instability phenomena will be driven
by the effective molecular interactions acting between each
of the three interfaces which separate the four media: sub-
strate, bottom layer, top layer, and surrounding gas (air).
Only few theoretical investigations exist on the stability of a
bilayer composed of two superposed thin films of polymer
solutions deposited on a solid substrate [16,17]. Moreover,
instability phenomena arising in the course of drying of a
bilayer system (solvent evaporation) have almost never been
studied.

We have recently presented an experimental study of in-
stability phenomena developing in an evaporating bilayer
formed via phase separation in a thin film of mixed polymer
solutions. There, the solvent evaporation from two layers
leads to a decomposition of the top solution layer into
micrometer-sized droplets [18,19]. In the present work, we
show that the evaporation from a similar bilayer may, in
addition to a decay of the top layer into elongated droplets,
also cause the formation of treelike structures.

II. EXPERIMENT

In the first part of our experiment, we used a binary mix-
ture solution consisting of 0.05% nitrocellulose (NC) in
amyl acetate and of 0.05% poly(isobutyl methacrylate)
(BMA) in isopropanol. For our experiments we used BMA
(Aldrich, molecular weight M,,=130 kg/mol) and NC
(Aldrich, M,=1.04 kg/mol). The binary solution was pre-
pared via mixing these solutions at a volume ratio of 1:1. The
two solutions are miscible. In the absence of polymers, amyl
acetate and isopropanol are miscible. Amyl acetate dissolves
nitrocellulose very well but poly(isobutyl methacrylate) not
so well. On the other hand, isopropanol dissolves poly(isobu-
tyl methacrylate) very well but it does not dissolve nitrocel-
lulose.

The prepared blend of solutions was spin-coated onto a
glass substrate (12X 16 mm?; spin-casting at 2000 rpm for
20 s). In the course of solvent evaporation, the thin layer of
initially mixed solutions transforms into a bilayer structure
which is composed of a layer containing mainly BMA at the
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FIG. 1. Tapping-mode AFM measurements: (a) height image of
the region covered with treelike branched structures and clusters;
(b) height image of the region covered with branches and clusters;
(c) height image of the region covered only with clusters; (d) mag-
nified image of an area indicated by the bright box in (c). The inset
in (a) schematically represents the stripe on the area of the sample
where the treelike patterns and clusters were located (near the edge
illustrated with the solid line). The smallest BMA clusters are lo-
cated near the opposite edge (dotted line).

solution-air interface. Isopropanol evaporates relatively fast
and amyl acetate does not dissolve BMA well. In addition,
BMA and NC do not mix. Thus, BMA tends to segregate to
the film surface and forms a layer containing mostly BMA
residing for some time on a layer of an amyl acetate—NC
solution at the solution-substrate interface. This BMA layer
is unstable. Finally, evaporation of the remaining solvent
from the bilayer transforms the top layer into various pat-
terns.

In the second part of our experiment, we studied a 0.05%
(or 0.1%) solution of BMA in isopropanol. A drop (3 wl) of
this solution was cast onto a clean glass substrate inclined at
an angle of 20° with respect to the horizontal plane. The
same casting procedure was repeated onto a NC-coated glass
substrate. After drying, the films were imaged with a Dimen-
sion 3100 (Digital Instruments) atomic force microscope
(AFM).

III. EXPERIMENTAL RESULTS

After complete evaporation of both solvents from a thin
film of the binary solution spin-coated onto glass substrate,
various phase-separated patterns were observed. Regions
with treelike patterns [Fig. 1(a)], separate branches [Fig.
1(b)], and micrometer-sized elongated clusters of BMA
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[Figs. 1(c) and 1(d)] were found on top of a thin cellulose
film covering the whole glass substrate. All these complex
patterns were located only in a small part of the sample,
along the edge [solid line in the inset of Fig. 1(a)] of the
curved stripe with a width of about 300 um, extending over
a length of about 8 mm. The stripe was spaced between the
center and the edge of the glass substrate [inset in Fig. 1(a)].
The rest of the sample was covered with a smooth NC layer.
The regions covered with elongated clusters could be found
only on the upper part of the stripe, while the treelike pat-
terns were distributed on the remaining area of the stripe. We
wish to emphasize that (a) already beginning with an elon-
gated cluster, all these structures consist of individual BMA
ridges; and (b) the patterns illustrated in Figs. 1(c), 1(b), and
1(a) demonstrate the transition from the elongated cluster to
the individual branches, and then to the treelike branched
structure. The length, width, and thickness of the elongated
clusters at one boundary of the stripe [solid line in the inset
of Fig. 1(a)] amount on the average to 5 wm, 1 wm, and
120 nm, respectively. The size of these clusters decreases in
the direction toward the other boundary of the stripe (dotted
line), where only relatively small and round BMA clusters
with a diameter of about 15 nm and a thickness of about
3 nm were found. In the intermediate range, clusters with
different diameters (about 30, 60, and 80 nm) and heights
(about 6, 14, and 25 nm) occur.

Figures 2(a) and 2(b) display [additionally to the structure
shown in Fig. 1(a)] detailed topographic information for two
exemplary BMA treelike structures. For comparison, Figs.
2(c) and 2(d) present images of a further type of treelike
pattern. Some of the branches of the structure illustrated in
Fig. 2(c) are substantially thicker and wider than others. The
size of all branched patterns varied from a few tens to about
150 pm; the corresponding height from a few tens to about
120 nm [see Fig. 2(e)]. The particular feature of the pattern
illustrated in Fig. 2(d) is an ordering of some branches in a
wreath. A more pronounced twist of the individual branches
in a wreath can be also observed in Fig. 3(a) (lower part).
Moreover, between the adjacent treelike structures a distinct
border exists [indicated by the dotted box in Fig. 3(a)] ex-
tending to a few micrometers. The details of an individual
branch, illustrated in Figs. 3(b) and 3(c), indicate that these
consist of a tangle of BMA ridges. We also observed some
regions on the sample where only individual BMA ridges
were located [Fig. 4(a)]. The ends of the ridges are not oval
but more sharply cut [Fig. 4(b)]. The BMA ridges can be
located individually on the NC film or they connect one an-
other under various angles [Fig. 4(c)]. The length of the
ridges varied from 3 to 10 wm, the width extended from 0.2
to 1 um, and the thicknesses ranged from 20 to 50 nm [Fig.
4(d)].

We wish to emphasize that the location of the various
BMA structures illustrated in Figs. 1-4 on the small stripe is
evidence of the complex phenomena developed during
evaporation of the solvent from the thin film of the binary
solution. For a detailed understanding of the mechanisms
which lead to the formation of the above structures, we have
determined the penetration depth of the BMA branches into
the NC film. For this purpose, the BMA structures were re-
moved by immersing the specimen in isopropanol (120 min;
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FIG. 2. Tapping-mode AFM measurements: (a) height image of
the treelike branched structure; (b) height image of the structure
located near the one shown in part (a); (c) height image of the
structure with differently large branches; (d) height images of the
treelike ring structure; (e) profile analysis of the scan taken along
the arrow indicated in (a). The vertical distance indicated in (e)
amounts to 106 nm.

60 °C) since isopropanol is not a solvent for NC. The de-
pressions remaining in the cellulose film after removal of the
BMA branches were about 5 nm deep. The thickness of the
cellulose film directly under the BMA branches also
amounted to about 5 nm. This means that the BMA branches
had no contact with the substrate. According to this experi-
mental result, we conclude that during the evaporation pro-
cess the initial layer of mixed solutions on the glass substrate
transforms into a bilayer structure which consists of a BMA
layer at the solution-air interface and a NC layer at the
solution-substrate interface.

IV. DISCUSSION
A. Evaporation process of a bilayer

Before evaporation, the total thickness of the solution film
prepared by spin coating was approximately 1 wm. From the
ratio NC to BMA in the blend, we deduced that after spin
coating of the mixed solution we obtained films of a total
thickness roughly equivalent to a thickness of a BMA solu-
tion layer and the NC solution layer of about 0.5 wm each.
Isopropanol dissolves only BMA and not NC. In addition,

PHYSICAL REVIEW E 74, 061603 (2006)

FIG. 3. Tapping-mode AFM measurements: (a) height image of
adjacent treelike structures separated by a border (indicated by the
dotted box); (b) magnified image of an area indicated by the square
box (solid line) in (a); (c) three-dimensional magnified image of a
branch indicated by the box in (b).

isopropanol has a lower surface tension than amyl acetate
and BMA has a lower surface tension than NC. Thus, al-
though amyl acetate can slightly dissolve BMA, we conclude
that at a rather early stage of solvent evaporation the system
will phase separate into a surface layer rich in BMA and a
layer close to the substrate which is rich in NC. For simplic-
ity, we assume that this separation into a bilayer structure
occurs already after a few milliseconds. Under this assump-
tion, we can proceed with the following discussion, which
qualitatively reflects the basic processes but does not de-
scribe the phase separation during evaporation in a quantita-
tive way.

The BMA solution wets the layer of the NC solution, if
the spreading coefficient S,;=1v;—v,— v, is positive [20].
Here, y, and 7, designate the surface tension of the BMA
solution and that of the NC solution (at the boundary to air),
respectively; y,; is the interfacial tension between BMA and
NC solutions. For discussing the alteration of both param-
eters y, and 7, during evaporation, we have experimentally
determined [21] the evaporation rates of isopropanol and
amyl acetate from a Petri dish containing a mixture of the
two solvents under similar geometric and temperature condi-
tions as for the spin coating of the blend onto a glass sub-
strate. That means that the evaporation area of the solvents in
a Petri dish was equal to the area of the glass substrate
(1.9 cm?). The values amount to (5.8+0.2) X 107> mg/s and
(1.2+0.2) X 1072 mg/s, respectively. We assume that the
evaporation rates of isopropanol and amyl acetate in our
spin-coating experiment are almost identical to the values
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FIG. 4. Tapping-mode AFM measurements: (a) height image of
BMA ridges; (b) magnified image of the adjacent ridges; (c) three-
dimensional magnified image of the ridges indicated by the dotted
box in (a); (d) profile analysis of the scan taken along a dotted line
indicated in (a). The vertical distance indicated in (d) amounts to
49 nm.

given above, despite the fact that the top BMA solution layer
acts as a diffusion barrier for the evaporation of amyl acetate
from the bottom.

From the evaporation rate in the two-phase solvent, we
determine the time dependence of both, the thickness d,(z)
and the surface tension y,(¢) of the BMA solution layer in
our experiment. The corresponding dependences d,(¢) and
v,(2) were obtained for the NC solution layer [see Fig. 5(a)].
For the complete evaporation of isopropanol from the layer
with d,=500 nm, we get the time #,=1.35 s, and for an amyl
acetate layer with d;=500 nm, #;=7.15 s. The rate at which
d, decreased amounts to 366 nm/s and that for d; to
70 nm/s. For each solvent, the mass evaporated for 0<<t
<1, can be described as m,=m,(1—1/1,), where mg, denotes
the mass of isopropanol or amyl acetate at =0, respectively.
That means, we have determined my=m,, and t,=t, for iso-
propanol, as well as my=my, and ty=t; for amyl acetate.
The dependence vy,(7) of the solution that contains isopro-
panol (y;) and BMA (vygy,) have been calculated as [20]

Y2=YiN; + ¥YemalNpma — BNINpuya- (1)

where S is a semiempirical constant. N;=(1—1/1,)/(1-1t/1,
+a) and Ngya=al/(1-t/t,+a) are fractions of the corre-
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FIG. 5. (a) Calculated thicknesses of both BMA solution (d,)
and NC solution (d;) layers as a function of evaporation time. (b)
Calculated surface tensions versus evaporation time of the binary
polymer solution. The curve v,(r) characterizes the evaporation
process of the BMA solution layer with y,=23.0 mN/m (isopro-
panol), vgua=30.9 mN/m [poly(isobutyl methacrylate)], m;;=7.9
X 1072 mg, mpys=0.5X10"* mg, and B=1 mN/m. The curve
v,(#) describes the evaporation of the NC solution layer with 7y,
=24.6 mN/m (amyl acetate), yyc=38 mN/m (nitrocellulose), m,
=8.8X 1072 mg, myc=0.5X10"* mg, and B=1 mN/m. Values of
Yncs YamaAs Ya, and 7y; are indicated additionally on the right-hand
side. (c) Calculated spreading coefficients S,; and S, as a function
of evaporation time.

sponding components in the solution, where a=mpgy,/my,
and mpg,4 denotes the mass of BMA in the top layer. Accord-
ingly, Eq. (1) can be used for the NC solution layer that
contains amyl acetate and cellulose. Figure 5(b) displays the
results calculated for both surface tensions vy,(r) and 7,(z)
versus evaporation time . The corresponding spreading co-
efficients S,; and S, (spreading of the NC solution on the
glass substrate) versus evaporation time are outlined in Fig.
5(c). The interfacial tensions 7y,, and 7y;; were calculated
following Israelachvili [15] [for instance, Yy,=Y+7v;
-2(»)*°]

In conclusion, during the fast evaporation of isopropanol
and due to the incompatibility of BMA and NC, an unstable
BMA layer is formed on top of a NC—amyl acetate layer. The
times ¢, and ¢, are used as rough estimates, reflecting fast and
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comparatively slow evaporation of isopropanol and amyl ac-
etate, respectively.

B. Instabilities developing in evaporating bilayer

Obviously, during evaporation, S,;>0 until y, =7y, i.e.,
in the time span from 0 to about 1.35 s. Only for S,; <0, i.e.,
for 1.35 s<t<<7.15 s, the top BMA layer may become un-
stable and thus may dewet the underlying NC solution layer.
In contrast, the NC solution layer remains stable during this
stage because S, is always positive [Fig. 5(c)]. Here, we
used y;=72.5 mN/m for the surface tension of glass [15].
From the results in Fig. 5(a), we deduce that at =~ 1.35 s the
thicknesses d, =~ 10 nm, while d; =400 nm. It was shown re-
cently [16,18] that in an unstable two-layer system, the two
liquid interfaces may exhibit various types of thickness in-
stabilities, depending on the thicknesses of the individual
layers and the corresponding interactions forces between
them. Dewetting of the BMA solution layer on the surface of
the NC solution layer leads to a decrease of the area of the
former one and to a corresponding increase of its height. In
accordance with the experimental result shown in Fig. 4, we
assume that dewetting of the BMA solution layer leads to the
formation of fingers at the layer edge (dewetting front, i.e.,
the three-phase contact line where the BMA and NC solution
layers are simultaneously in contact with air) in a similar
way as observed for dewetting of a polymer solution on a
solid substrate [22]. We believe that the main mechanism
driving this fingering instability is related to the gradients in
polymer concentration and surface tension close to the three-
phase contact line caused by solvent evaporation [23]. Dur-
ing the dewetting process, these fingers form long ridges of
the BMA solution on the surface of the NC solution layer.

Before solvent evaporation has been completed from the
long ridges of the BMA solution, they may decompose into
short ridges or droplets according to the well-known Ray-
leigh instability. By considering small sinusoidal perturba-
tions on a liquid cylinder of radius r, Rayleigh [24] found
that there is an optimal wavelength A= 9r at which pertur-
bations grow fastest, and a liquid cylinder decomposes into a
chain of droplets. For a Rayleigh instability, the characteris-
tic time 7z on which perturbations grow and eventually break
the long ridges of the BMA solution is given by a balance of
surface tension and inertia:

ri=(rpal v2)*?, (2)

where p, is the density and 7, the surface tension of the
BMA solution [25]. If viscosity of the solution 7, becomes
important we may approximate the characteristic time by
[26]

TRy =T/ V2. (3)

In both cases, for ridges in the range of micrometers, 7y is
rather short, of the order of microseconds to milliseconds.
Thus, the time 73 is small compared to the total time span
during which the BMA layer located onto the NC solution
layer is in the unstable regime (dewetting). After complete
solvent evaporation from the BMA ridges, the latter remain
on a NC solution layer (Fig. 4).
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FIG. 6. (a) Schematic illustration of casting a solution drop onto
a glass substrate inclined at an angle of 20° with respect to the
horizontal plane; (b) schematic illustration of spreading area of the
solution with lines indicating ridges; (c) tapping-mode AFM ampli-
tude image of the BMA fingers beginning from the undulation lo-
cated at the rim; (d) three-dimensional image of the BMA fingers
illustrated in (c); (e) profile analysis of the scan taken along a dotted
line indicated in (c). The vertical distance indicated in (e) amounts
to 108 nm.

For the support of the above mechanism, we have cast a
0.05% (or 0.1%) solution of BMA in isopropanol on a glass
substrate inclined at an angle of 20° with respect to the hori-
zontal plane [Fig. 6(a)]. The solution slides down the glass
substrate and spreads on an area which is 6 mm wide and
30 mm long [Fig. 6(b)]. Subsequent AFM investigation of
the dry samples showed that BMA formed a periodic ridge-
like structure on the glass substrate via fingers formed at the
rim that built at the edge of the spreading area. The inner
side of the rim is characterized by periodic undulations
shown schematically in Fig. 6(b), where a few fingers begin
to form. Figures 6(c) and 6(d) demonstrate the experimental
images of finger formation. The width of the fingers reaches
10 um and their thickness was found to be up to more than
100 nm [Fig. 6(e)]. The smallest ridges were located inside
the spreading area [area covered with lines in Fig. 6(b)] and
they were oriented along the sliding direction. Their length
amounts to a few millimeters, their width up to 2.7 um, and
their thickness to 40 nm [Figs. 7(a) and 7(c)]. The distance
between the maxima of two adjacent ridges amounts to
2.7 pum. We found that the smallest ridges in the sliding di-
rection (or time scale) merged into the more thicker ridges
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FIG. 7. Tapping-mode AFM measurements: (a) height image of
the smallest BMA ridges with about the same size; (b) height image
of the BMA ridges with various sizes; (c) profile analysis of the
scan taken along the dotted line indicated in (a). The vertical dis-
tance indicated in (c) amounts to 37 nm. (d) Profile analysis of the
scan taken along the dotted line indicated in (b). The vertical dis-
tance indicated in (d) amounts to 146 nm.

which merged then into the forming fingers illustrated in Fig.
6(c). The merging of the smallest ridges into thicker ones is
clearly illustrated in Fig. 7(b) where the largest ridge is about
150 nm thick, while the smallest one is only about 40 nm
thick [Fig. 7(d)].

Similar ridgelike structures were observed on glass sub-
strates which were covered with a NC film, i.e., a glass sub-
strate was coated with a NC film before casting of the BMA
solution took place. The results illustrated in Figs. 6 and 7
confirm our assumption that a fingerlike structure of the
BMA solution layer developed during its dewetting on the
surface of the NC solution layer.

C. Formation of the treelike patterns

In accordance with the results described above, we as-
sume that during the subsequent solvent evaporation from
the NC solution layer the BMA ridges are connected to a
treelike pattern. The formation of such patterns originating
from the BMA ridges is only possible in the time interval
determined by the times needed to evaporate isopropanol and
amyl acetate from the film (i.e., 1.35 and 7.15 s, respec-
tively; see Fig. 5), where the NC solution layer remains lig-
uid and the BMA ridges are mobile. The time 7, necessary
for the motion of the BMA ridge to the location where the
growth of the treelike pattern appears must be substantially
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FIG. 8. (a) Schematic illustration of a typical NC solidification
domain A (on the right) appearing during solvent evaporation out of
the NC solution layer. The domain A starts its growth at point sy.
The adjacent domain B (on the left) is indicated partially in the
corner of the figure. The BMA ridges are illustrated as the short
solid lines and solidification fronts as dotted lines. The small arrows
at the solidification front indicate the direction of its motion and the
wide arrows the direction of the flow motion of BMA ridges. (b)
Schematic illustration of the outward motion of the solidification
fronts of the domains A and B during the inhomogeneous solvent
evaporation leading to the connection of BMA ridges into a treelike
pattern. The solid line illustrates a border where the solidification
fronts of both the domains A and B coalesce.

shorter than the time 7, necessary for complete growth of the
treelike pattern and, correspondingly, shorter than the time 7
for complete solvent evaporation, i.e., 7,<<7,<<7. The main
question arising here: How large is the time ratio 7/ 7, lead-
ing to the formation of the treelike patterns? So far, no other
experimental and theoretical studies are available on treelike
patterns formed from micrometer-sized polymer ridges float-
ing on a liquid surface during its inhomogeneous evapora-
tion. That means further experiments and theoretical con-
cepts are needed to advance our understanding of this
intriguing phenomenon of pattern formation. For instance,
for nanoparticles in a liquid, it was shown theoretically [27]
that for a ratio of 7/7;,=150 (coverage 30%) a fractal-like
structure containing nanoparticles can be formed by hetero-
geneous solvent evaporation out of a solution which includes
nanoparticles (diameter 3 nm).

We assume that the appearance of the treelike pattern as
observed in our experiment results from inhomogeneous sol-
vent evaporation out of the NC solution layer. The existence
of a pronounced boundary between the adjacent treelike
structures illustrated in Fig. 3(a) (dotted box) and, in general,
observation of regions with different BMA structures on the
sample (Figs. 1-4), indicate that during solvent evaporation
several solidification domains appear simultaneously. As so-
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lidification, we denoted a drying process of the domain of the
NC solution layer whose final step is the complete solvent
evaporation. For instance, Fig. 8(a) schematically shows the
appearance of the two such solidification domains A and B
(denoted as dotted lines) which appear in the NC solution
layer whose surface is covered with BMA ridges. The point
s, denotes a space where the solidification domain A in the
NC solution layer starts. The corresponding point of domain
B is located outside the figure. Both domains are located
close to one another, but their solidification fronts (i.e., the
interface between the still fluid and the already dry NC layer)
move in different directions denoted by the small arrows in
Fig. 8(a). This means that each solidification domain may be
characterized by the particular motion of its solidification
front that leads to some ordering of the BMA ridges into a
separate structure. The initial step of such ordering is illus-
trated in Fig. 8(a). In the following, we consider in detail
why the BMA ridges get connected into a treelike pattern.
Figure 5(b) illustrates that solvent evaporation from the NC
solidification domain is characterized by dvy;/dc< 0 (c gives
the concentration of the evaporating solvent). In this case,
the solvent evaporation from the wedge-shaped region near
the solidification front leads to a liquid flow directed from
thicker parts of the NC solution layer to its thinner parts [28].
In Fig. 8(a) the direction of the flow motion is denoted by the
wide arrows. The BMA ridges located on the surface of the
liquid NC solution layer will be dragged along by the flow of
the NC solution and their velocity may be proportional to the
gradient in the surface tension resulting from the increase of
the concentration of NC on approaching the solidification
front. This solidification front of the NC domain moves into
the opposite direction (compared to the surface flow of BMA
ridges). A few exemplary solidification fronts (representing
different points in time during the drying of the NC layer) of
domains A and B are schematically illustrated as smooth
convex lines in Fig. 8(b). Indeed, the motion of the solidifi-
cation front is strongly influenced by fluctuations in the NC
concentration and the NC solution thickness near the edge of
the solidification domain. The latter can give rise to an insta-
bility of the solidification front and, correspondingly, cause
its (periodic) deformation; i.e., surface tension, layer thick-
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ness, radius of curvature, and contact angle alter continu-
ously along the solidification front. In other words, the vari-
ous sectors of the solidification front move with different
velocities. As a consequence, liquid flow from thicker parts
of the NC solution layer to its solidification front acquires a
complex form which is partially reflected in the way the
BMA ridges are arranged into treelike branched structures as
the NC solidification front moves [Fig. 8(b)]. The experi-
mentally observed distinct border [indicated by the dotted
box in Fig. 3(a)] between the adjacent treelike structures is in
accordance with the above described model where this bor-
der results from a coalescence of solidification fronts of ad-
jacent domains [see the boundary between A and B illus-
trated by a solid line in Fig. 8(b)]. Note that the liquid flow
can arrange the BMA ridges not only in two, but also in three
dimensions [Fig. 3(c)].

In our opinion, the elongated BMA clusters illustrated in
Fig. 1(c) could have been generated via connecting the BMA
ridges during solvent evaporation from a patch of the NC
solution layer within a comparatively homogeneous region
(no strong concentration or thickness gradients). A more in-
homogeneous solvent evaporation which appeared on an-
other patch of the NC solution layer [compared to the one
illustrated in Fig. 1(c)] leads to the formation of the clearly
pronounced individual BMA branches originating from the
BMA ridges [Fig. 1(b)]. If these BMA branches are still mo-
bile, they connect with the other branches, building the tree-
like pattern during the inhomogeneous solvent evaporation.

V. CONCLUSION

Phase separation of a binary solution appearing during the
spin-coating deposition process leads to the formation of a
bilayer structure which consists of a BMA layer located on
the surface of a NC solution layer. During evaporation, the
top BMA layer becomes unstable and transforms into ridges.
The subsequent inhomogeneous solvent evaporation out of
the NC solution layer arranges the BMA ridges into treelike
patterns. Further experiments and theoretical concepts are
needed to advance our understanding of this intriguing phe-
nomenon of pattern formation.
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