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In the process of drying, a sessile drop containing nonvolatile
solutes such as polymers, nanocrystals, and carbon nanotubes
readily self-assembles into a number of concentric “coffee
rings” through the repetitive “stick–slip” motion of a three-
phase contact line.[1] However, owing possibly to convection
and a lack of control over the evaporation process of the drop,
the rings are often irregular and stochastically organized.[2]

The challenge therefore remains to use evaporative self-
assembly rationally to prepare such rings and other dissipa-
tive structures (e.g., fingering patterns[3] and polygonal net-
work structures[4,5]) of high regularity and fidelity for use in
microelectronics, data storage devices, and biotechnology
applications. To date, only a few studies have focused on
precise control of the evaporation process to produce such
highly ordered structures.[6–12] Surface patterning by control-
led solvent evaporation offers a lithography- and external-
field-free means to organize nonvolatile materials into
ordered microscopic structures over large surface areas in a
simple and cost-effective manner.

Control over the spatial arrangement of components (i.e.,
formation of hierarchically ordered structures) is highly
desirable for many applications. To date, numerous studies
have focused on creating hierarchically ordered structures
using lithographic techniques. However, lithographic meth-
ods involve high processing and maintenance costs and
require an iterative, multistep procedure that makes the
structure formation process more complex and less reliable.
Herein, we demonstrate a robust method to create hierarchi-
cally ordered structures consisting of diblock copolymers
using two consecutive self-assembly processes at different
length scales. First, the controlled evaporative self-assembly
of a diblock copolymer solution, together with formation of
fingering instabilities arising from the unfavorable interfacial
interaction between one block and the substrate, occurs in a
restricted geometry comprising a spherical lens on a flat
substrate that yields concentric serpentines of diblock copo-
lymer at the microscopic scale. Subsequently, upon solvent
vapor annealing, these serpentines self-organize into a macro-
scopic web; at the same time, nanoscopic constituents of the

diblock copolymer self-assemble into domains oriented
vertically to the web surface. The resulting highly ordered
structures exhibit two independent characteristic dimensions:
global web-like macrostructures with local regular micro-
porous mesh arrays by a top-down mechanism; and, by a
bottom-up approach, vertical nanoscopic domains of self-
assembled diblock copolymer that span the entire web. In
short, hierarchical structures are formed with significant
potential for applications in optical and optoelectronic
materials and devices.

Diblock copolymers composed of two chemically distinct
chains covalently linked at one end are thermodynamically
driven to self-assemble into a range of well-ordered nano-
scopic domains (or nanodomains, historically called micro-
domains), for example, spheres, cylinders, and lamellae,
depending on the volume fractions of their components.[13–18]

The size of the domains is dictated by the molecular weight of
the polymer, typically in a range of 10 to 100 nm, which
renders a density of 1013 nanostructures per square inch, an
attractive alternative to fabricating nanometer-scale struc-
tures.

Thus, an asymmetric diblock copolymer, polystyrene-b-
poly(methyl methacrylate) (PS-b-PMMA) with a cylindrical
morphology was used as a nonvolatile solute and dissolved in
toluene. The hydrophobic PS block forms nanocylinders
within the hydrophobic PMMA matrix in PS-b-PMMA. A
drop of PS-b-PMMA toluene solution was loaded in a
restricted geometry composed of a spherical lens on a silicon
substrate (i.e., “sphere-on-Si”, schematically illustrated in
Figure 1a), leading to a capillary-held polymer solution, the
evaporation rate of which is highest at its extremity (see the
Experimental Section).

In marked contrast to the copious past work in which a
sessile drop was allowed to evaporate over the entire sur-
face,[1,2] evaporation in the sphere-on-Si geometry was
restricted to the edge of the drop (Figure 1a). Upon pinning
of the drop, fingering instabilities set in owing to unfavorable
interfacial interaction between the PS block and the Si
substrate (PS possesses a positive value of the Hamaker
constant A),[19,20] thus resulting in the formation of a “coffee
ring” with a serpentine appearance in the outer region of X
(i.e., X1, where X is the distance from the sphere/Si contact
center, Figure 1b). The drop then depinned and formed a new
ring with fingers, contracting the drop interface inward
(Figure 2a, taken in the intermediate region X2). Finally, the
drop reached the sphere/Si contact center (the inner region
X3) and the solution evaporated, locking in the patterns.
Consequently, the repetitive pinning and depinning (i.e.,
stick–slip motion) of the contact line, together with the
concurrent fingering instabilities of the rings, produced a
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lateral surface pattern consisting of hundreds of concentric,
highly ordered serpentines with dimension gradient,[21] as
depicted in Figure 1b and the left panel of Figure 2b. AFM
measurements of the serpentines deposited on the Si sub-
strate revealed their dimensions and spacings. The character-
istic wavelength of fingering instability along a serpentine lf,
the average interserpentine distance lh, and the mean height
of the serpentine h progressively decreased from lf= 23.9 mm,
lh= 17.9 mm, and h= 108.0 nm at X1 to lf= 19.6 mm, lh=

16.2 mm, and h= 83.6 nm at X2 to lf= 17.3 mm, lh= 10.5 mm,
and h= 79.1 nm at X3. A representative AFM image taken in
the region X2 is shown in Figure S1 in the Supporting
Information; the ratio lf/lh was 1.21, and the height difference
between two neighboring serpentines in close proximity Dt
was 27.9 nm. Note that only a small zone of the concentric
serpentines formed in the region X2 is shown in Figure 2a.
The entire concentric serpentine pattern was produced over a

surface area of p
d0

2

� �2¼ p
8
2

� �2 � 50 mm2, where d’ is the
diameter of the outermost serpentine formed in the present
study (d’= 8 mm). This area is dictated solely by the volume
of the PS-b-PMMA solution and the diameter d (1 cm) of the
spherical lens used. Using this technique, serpentines can be
readily obtained over even larger areas by increasing d and
applying a larger volume of polymer solution. The unique
sphere-on-Si geometry provided an ideal environment for
controlling flow within an evaporating droplet, which in turn
resulted in well-ordered structure formation in one step.

The key to using block copolymers to produce hierarchi-
cally ordered materials lies in controlling the orientation of
nanodomains.[14,22] The preferential interaction of the PMMA
block with the Si substrate, together with the lower surface
energy of the PS block in cylinder-forming PS-b-PMMA
diblock copolymer, forced the cylindrical PS nanodomains to
orient themselves parallel to the surface. The surface tensions

of PS and PMMA are gPS= 40.7 mNm�1 and gPMMA=

41.1 mNm�1, respectively.[23,24] As a result, a disordered,
nearly featureless topology of PS-b-PMMA was revealed by
AFM measurement (lower left panel, Figure 3; taken in the
intermediate region X2). To achieve hexagonally packed
arrays of nanoscopic PS cylinders oriented normal to the film
surface in PS-b-PMMA, which would be more relevant
technologically,[13] selective solvent vapor annealing in a
closed vessel for an appropriate time[25,26] was undertaken
after formation of the concentric serpentines (see the
Experimental Section). Acetone is a strongly selective solvent
for the PMMA block, the polymer–solvent interaction
parameter of which (cPMMA/acetone= 0.18) is less than cPS/acetone
(1.1).[25–27] The saturated solvent vapor annealing process
effectively enhanced chain mobility in the diblock copoly-
mers. The solvent vapor acts as a plasticizer and markedly
lowers the glass transition temperature. The PMMA matrix
was thus swollen by continuous absorption of acetone and

Figure 1. a) Schematic illustration of a drop of PS-b-PMMA diblock
copolymer toluene solution constrained in a microscopic gap formed
by placing a spherical lens in contact with a Si substrate (i.e., sphere-
on-Si geometry), resulting in a capillary-held PS-b-PMMA solution.
b) Cross section of concentric PS-b-PMMA coffee rings produced by
controlled, repetitive pinning–depinning cycles of a three-phase con-
tact line from the capillary edge as the solvent evaporates (Figure 1a).
The sphere/Si contact area is marked “contact center”. The distance of
the rings from the contact center is Xn (n=1–3; X1, X2, and X3

correspond to the outer, intermediate, and inner region, respectively,
where the rings were formed).

Figure 2. a) Optical micrograph of concentric serpentine PS-b-PMMA
rings formed by repetitive stick–slip motion of the contact line in the
sphere-on-Si geometry (Figure 1a). Locally, these rings appear parallel
to one another. Scale bar=20 mm. b) Spatial–temporal evolution of
concentric PS-b-PMMA serpentines into web-like macrostructures after
lengthy solvent vapor annealing. c) Corresponding optical micrographs
taken in situ during acetone vapor annealing. Left: As-prepared PS-b-
PMMA serpentines before exposure to acetone vapor (0 h). Center:
Selective swelling of PMMA blocks upon exposure to acetone vapor for
5 h; adjacent PS-b-PMMA serpentines interact with each other, forming
periodic ellipsoidal holes. Right: Continuous acetone vapor annealing
(12 h) leads to formation of regular microporous mesh arrays. Scale
bars=20 mm.
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pulled from the PMMA/Si interface to contact preferentially
with the acetone vapor. The microphase separation of PS-b-
PMMA diblock copolymer (i.e., the formation of disordered
interconnected PMMA blocks at the film surface) is clearly
evident after a short period of acetone vapor annealing (5 h;
Figure 3, lower center, taken in the intermediate region X2).
Meanwhile, during annealing under the acetone vapor, the
concentric serpentine rings of PS-b-PMMA deformed at the
microscopic scale. Fingering instabilities on each serpentine
amplified and interconnected with one another, forming
periodic ellipsoidal holes. These are illustrated schematically
in the central panel of Figure 2b as well as in a representative
optical micrograph in the central panel of Figure 2c and an
AFM image in the upper central panel of Figure 3. The lh is
16.7 mm and lf is 20.7 mm (Supporting Information, Fig-
ure S2); the ratio lf/lh is 1.24. The average height of the
pattern was 83.6 nm, with a height difference between two
adjacent holes Dt of 16.4 nm (Supporting Information,
Figure S2).

These elliptical holes were further transformed into nearly
circular holes upon longer solvent vapor treatment (12 h
annealing; Figure 2b, right; Figure 2c, right; and Figure 3,
upper right, taken in the intermediate region X2), yielding
lh= 18.5 mm and lf= 20.2 mm, with the ratio lf/lh= 1.09
(Supporting Information, Figure S3). The average height of
microstructures increased to 95.8 nm with no observable
difference in height between two neighboring holes (Support-
ing Information, Figure S3), as was previously the case both
before and after annealing for 5 h (Supporting Information,
Figures S1 and S2). During this process, PS nanodomains self-
assembled vertically to the entire PS-b-PMMA block copo-
lymer surface, as revealed by AFM measurement (Figure 3,
lower right; Supporting Information, Figures S4 and S5). The

characteristic distance between well-aligned PS nanocylinders
lC–C was 66.5 nm; the diameter of PS nanocylinders D was
38.6 nm. Hierarchically ordered arrays were thereby pro-
duced; close-packed, hexagonal PS nanocylinders were
situated perpendicularly in regularly arranged local micro-
scopic porous mesh structures within a global web of PS-b-
PMMA, thus exhibiting self-assembly over length scales of
several orders of magnitude. The evolution of polymer
patterns from concentric serpentine rings to hierarchically
ordered, macroscopic web-like patterns was monitored in situ
by optical microscopy (see time-lapse video, Supporting
Information, Movie S1). The ability to harness fingering
instabilities in the serpentine PS-b-PMMA coffee rings is
remarkable and may open avenues to study the fundamental
fluid dynamics of the process, as well as to capitalize on the
resulting patterns for potential uses in photonics, electronics,
and microfluidic devices, among other applications.

Figure 4a illustrates the morphological reconstruction of
PS-b-PMMA diblock copolymer from a nearly featureless
topology to vertically oriented PS nanocylinders as a function
of solvent vapor annealing time. Such structural rearrange-

Figure 3. Evolution of regular PS-b-PMMA serpentines to hierarchically
woven mesh arrays by acetone vapor annealing. Upper panels: AFM
height images, corresponding to optical micrographs shown in
Figure 2c: 0 (left), 5 (center), and 12 h (right). Scan size=80�80 mm2.
Lower panels: Close-up AFM phase images from the surface of PS-b-
PMMA patterns at each solvent annealing stage shown in the upper
panels. Scan size=2�2 mm2. The originally disordered, almost feature-
less surface topology (left) transforms into well-ordered PS nanocylin-
ders, which appear dark in the phase image and bright in the height
image (Supporting Information, Figure S4). These nanocylinders are
oriented vertically to the film surface (right) over the entire area of
regular arrays.

Figure 4. a) Schematic representation of formation of vertically aligned
PS nanocylinders in the PMMA matrix as a function of solvent vapor
annealing (side view). Owing to preferential interaction between the
PMMA block and acetone, solvent vapor annealing imparts PMMA
chain mobility, thereby transitioning the disordered, nearly featureless
surface morphology (first panel) into PS nanocylinders that are vertical
to the surface (last panel). b) TEM image of the bottom of the web-like
PS-b-PMMA thin film formed after acetone vapor annealing for 12 h.
The hexagonally ordered arrays of PS nanodomains appear dark in the
bright PMMA matrix. Scale bars are 500 and 100 nm in the main
image and the inset, respectively.
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ment was primarily due to the migration of the PMMA
matrix, which interacted preferentially with acetone vapor.
Surface reconstruction processes in thin block copolymer
films have been an area of intense research.[17,28,29] As PS and
PMMA blocks are covalently linked at one end, the PS
domains rearranged themselves accordingly, thereby leading
to microphase-separated morphologies (Figure 3, center and
right). To verify this reconstruction mechanism, the surface
composition of the PS-b-PMMA patterns formed at different
annealing times (0, 5, and 12 h) were examined using X-ray
photoelectron spectroscopy (XPS), as summarized in Fig-
ure S6 in the Supporting Information. For the unannealed
sample (0 h), the hydrocarbon peak (C�C and C�H) at a
binding energy of 285.0 eV and the weak carbonyl peak at
289.1 eV (O�C=O) from the PMMA matrix were present,
suggesting that both PS and PMMA blocks existed at the
surface. The PS blocks segregated preferentially (but not
exclusively) to the air interface, in agreement with the AFM
measurement in the lower left panel of Figure 3. The carbonyl
peak gradually increased in intensity with increased exposure
time, signifying that the PMMA matrix was in contact with
the air surface. To confirm the vertical orientation of the PS
nanodomains from the air surface to the substrate across the
entire web-like macrostructures after 12 h annealing, trans-
mission electron microscopy (TEM) imaging was performed
by examining the bottom of the resulting patterns originally in
contact with the substrate (see the Experimental Section).
The hexagonally ordered arrays of PS nanodomains that
appeared dark in the bright PMMA matrix were observed in
all regions (X1,X2, andX3); a typical TEM image taken in the
intermediate region X2 is shown in Figure 4b. This morphol-
ogy is identical to that on the top of the web captured by AFM
(Figure 3, lower right; Supporting Information, Figure S4).
The characteristic distance between adjacent PS nanodo-
mains lC–C and the diameter of PS nanodomains D were 64.6
and 31.6 nm, respectively (inset, Figure 4b). It is clear that
lC–C remained nearly constant at both the top and bottom of
the web, while D on the bottom surface (Figure 4b) was
slightly smaller than on the top surface measured by AFM
(Figure 3, lower right). This observation suggests that a
slightly larger amount of PMMA matrix may be present on
the Si substrate owing to the strong affinity of PMMAwith a
thin native layer of silicon oxide on the Si substrate.

It is worth noting that, as opposed to thermally equili-
brated block copolymer thin film morphologies, hierarchi-
cally ordered structures produced by the solvent vapor
annealing process are far from equilibrium. In these struc-
tures, the PS nanodomains are higher than the PMMAmatrix
(last panel, Figure 4a; Supporting Information, Figure S4a),
and in AFM phase images they appear dark compared to the
PMMA matrix (Figure 3, lower right; Supporting Informa-
tion, Figure S4b). This effect is due to selective swelling of the
PMMA matrix by acetone vapor and subsequent contraction
upon the evaporation of acetone.[24,25] Notably, these intrigu-
ing, functional polymeric macrostructures with hierarchical
order are highly reproducible. If the PMMA matrix were
selectively removed, the macrostructures would have PS
nanopillars, which can be utilized as a template to produce a
wide range of nanoporous metallic or metal oxide films.[30,31]

We present a simple, scalable, low-cost, lithography-free
method for creating nanostructured materials that exhibit
unique and highly regular structural hierarchies over large
areas. The method is based on the controlled evaporative self-
assembly of block copolymers in a sphere-on-Si geometry
with subsequent solvent vapor annealing. The resulting
multiscale hierarchical structures should enable the spatially
defined incorporation of nanocrystals such as quantum dots
and ferroelectric nanoparticles to yield hierarchically ordered
multifunctional materials. These structures may find potential
applications in optical, electronic, and photonic devices;[32]

magnetic materials;[13] nanotechnology;[13] and biotech-
nology.[33] Furthermore, these structures may also serve as
platforms to study cell adhesion and motility, neuron guid-
ance, and cell mechanotransduction.[34] By the judicious
choice of shapes other than spheres for the upper surface,[35]

we anticipate the creation of a rich family of complex,
hierarchically assembled surface patterns of varying architec-
tures formed by the synergy of the stick–slip motion and
controlled fingering instabilities at the microscopic scale but
also influenced by the self-assembly of block copolymers with
different morphologies (spheres, cylinders, or lamellae) and
chemical structures (glassy, semicrystalline, or rubbery
blocks) at the nanoscale.

Experimental Section
Evaporative self-assembly of diblock copolymer at the micrometer
scale: An asymmetric diblock copolymer, polystyrene-b-poly(methyl
methacrylate) (PS-b-PMMA; number average molecular weight: PS
45.9 kgmol�1, PMMA 138 kgmol�1; polydispersity 1.16; Polymer
Source, Inc.) was dissolved in toluene at a concentration of
0.13 mgmL�1 and purified with 200 nm polytetrafluoroethylene
(PTFE) filters. The silicon substrate and spherical lens made from
fused silica (radius of curvature 1.65 cm, diameter 1 cm) were cleaned
with a mixture of sulfuric acid and Nochromix. They were then rinsed
extensively with deionized (DI) water and blow-dried with filtered
N2. A sphere-on-Si geometry was implemented as follows. The
spherical lens and Si substrate were firmly fixed at the top and bottom
of sample holders, respectively. An inchwormmotor was used to bring
the upper sphere nearly into contact with the lower stationary Si
substrate. Before contact, with just a few hundred micrometers
between the two surfaces, PS-b-PMMA toluene solution (15 mL) was
loaded and confined between the sphere and the Si substrate by
capillary forces. The sphere was finally moved into contact with the Si
substrate so that a capillary-held polymer solution resulted, with the
evaporation rate highest at the extremity, as schematically illustrated
in Figure 1a. The evaporation took approximately 30 min to com-
plete. Afterward, the sphere and the Si substrate were separated, and
the patterns on the substrate were examined.

Self-assembly of diblock copolymer at the nanoscale induced by
solvent vapor annealing: The regular PS-b-PMMA patterns formed
on the Si substrate were exposed to acetone vapor for a certain period
of time in a closed vessel to achieve microphase separation of PS-b-
PMMA. The 33 cm3 vessel was filled with 3.5 mL acetone. The vessel
was placed in an aluminum chamber to avoid temperature variation.

TEM sample preparation: A drop of DI water was placed on a
web-like film formed on themica surface; the film then spontaneously
delaminated from the mica surface and floated on the surface of the
water. A TEM grid was then placed in contact with the top of the
floated film, thereby exposing the bottom of the film on the TEM grid
surface. Finally, the grid was exposed to ruthenium tetraoxide
(RuO4), with which the PS phase was preferentially stained. As a
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result, PS nanodomains appeared dark in TEM images (JEOL 2100
Scanning and Transmission Electron Microscope (STEM) at the
Microscopy and Nanoimaging Facility (MNIF) of Iowa State
University, operating at 200 kv).

Characterization: To examine the morphology of regular PS-b-
PMMA block copolymer patterns formed on the Si substrate, optical
microscopy (OM; Olympus BX51) measurements in the reflection
mode and atomic force microscopy (AFM; Digital instruments
Dimension 3100 scanning force microscope) imaging in the tapping
mode were performed. Only the morphologies formed in the
intermediate region X2 imaged by OM and AFM were presented.
Confirmation of migration of the PMMA block to the surface was
obtained by X-ray photoelectron spectroscopy (XPS; Perkin–Elmer
AlKa X-ray source, 250 W).
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