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S
urface patterning is of great interest
and technological importance to realize
the potential of assembled structures for

use in microelectronics,1 optoelectronics,2

microfluidic devices,3 and biotechnology.4

In comparison to conventional top-down
patterning techniques (e.g., photolithogra-
phy, e-beam lithography, soft lithography,
and nanoimprint lithography), due to its
simplicity, high yield, and ease of imple-
mentation over large areas, self-assembly
is an efficient bottom-up approach to direct
small building blocks and materials into
desired patterns and structures, thereby pro-
viding a lithography- and external-field-free
means of producing highly ordered, often
intriguing structures.5 Among a variety of
self-assembly processes, dynamic self-
assembly of nonvolatile solutes via irreversible
solvent evaporation froma substrate hasbeen
recognized as an extremely simple and emer-
ging technique to explore the full extent of
drying process for patterning surfaces with
particles, polymers,DNA, etc. into awide range
of complex ordered structures in a simple and
inexpensive manner.6�17

Colloidal particles dispersions with a liq-
uid phase solvent self-assemble into a
multitude of ordered structures upon dry-
ing. Recently, various methods have been
adopted for structuring particles on a flat
substrate, including controlled evaporative
self-assembly,18,19 surface modification,20

and template-directed assembly.21 In addi-
tion to controllably assembling and posi-
tioning colloidal particles into well-ordered
stripes or 2D arrays,19 cracks formed during
the drying of colloidal suspension has re-
ceived considerable attention because of its
importance in numerous applications, such
as paints, wet clays, ceramic coatings, glazes,
and so forth.22�26 These cracks exhibit intrigu-
ing morphologies, including 2D network
and logarithmic spirals.27,28 The crack forma-
tion has been widely studied theoretically,
and models were developed to describe the
qualitative features of crack morphology (e.g.,
the crack spacing scales with the film thick-
ness, and there exists a critical stress to form
cracks) and the facture mechanism;24,29 by
contrast, there are far less research focused
on the control over directional cracks and
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ABSTRACT Large-scale highly ordered microchannels were sponta-

neously and rapidly created by simply drying the colloidal nanoparticle

suspension on a rigid substrate. Interestingly, free evaporation of colloidal

suspension yielded radially aligned microchannels, while constrained

evaporation that was rendered by the use of confined geometries

composed of either two nearly parallel plates or a slide placed

perpendicular to a rigid substrate imparted the formation of periodic

arrays of parallel microchannels in a controllable manner. The micro-

channels were formed as a result of the competition between stress

relaxation due to crack opening that ruptured the film and stress increase

due to the loss of solvent. Quite intriguingly, these patternedmicrochannels

can be exploited as templates to craft well-ordered metallic stripes. This facile and scalable approach may offer a new paradigm of producing microscopic patterns

over large areas with unprecedented regularity at low cost that can serve as scaffolds for use in microelectronics and microfluidic-based biochips, among other areas.
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the constrained evaporation on the formation and
propagation of cracks. Moreover, the use of cracks as
templates to yield inorganic stripes has not yet been
explored.
Herein, we report spontaneous and rapid formation

of highly ordered microchannels over a large area by
drying-mediated self-assembly of colloidal nanoparti-
cles. Interestingly, radially aligned microchannels were
yielded from freely evaporating colloidal suspension,
while periodic arrays of parallel microchannels were
created via the constrained evaporation rendered by
the use of confined geometries composed of either
two nearly parallel plates or a slide placed vertical to a
rigid substrate. The formation of microchannels was a
direct consequence of the competition between stress
relaxation due to crack opening that fractured the film
and stress increase due to the loss of solvent. Subse-
quently, the microchannels were exploited as tem-
plates to form highly regular Au stripes. This fast,
simple and scalable approach may open a new avenue
for producing microscopic patterns that can be readily
employed as scaffolds for use in microelectronics,
optoelectronics, microfluidic devices, and biochip-
based detection.

RESULTS AND DISCUSSION

The PS latex nanoparticles (diameter, D = 50 nm,)
were chosen as building blocks to prepare surface
patterns. A drop of PS latex particle suspension
(volume, V = 15 μL; concentration, c = 1.0 wt %) on a
Si substrate was allowed to freely evaporate. To pro-
mote the evaporation of water, the suspension was
heated at 60 �C by placing the Si substrate on the
heating plate. Previously, we reported the formation of
concentric coffee rings of PS nanoparticles due to
controlled and repetitive “stick�slip” motion of the
three-phase contact line via confined evaporative

self-assembly of PS nanoparticle solution at very low
concentration (c = 0.01 wt %).19 By contrast, the use of
highly concentrated PS nanoparticle suspension (c =
1.0 wt %) yielded intriguing well-ordered spoke-like
patterns (i.e., dark lines) over a large area on the Si
substrate after complete water evaporation (Figure 1).
It has been demonstrated that there exists a critical
thickness (proportional to c) below which cracks do
not occur.26 The heated substrate enhanced the water
evaporation, thus making the completion of evapora-
tion process in less than 5 min. Remarkably, the entire
pattern was formed over a 6� 6 mm2 surface area and
the representative optical micrograph only showed a
small zone of it. It is noteworthy that these spokes
extended from the edge to the center of the pattern
without intersecting each other. Locally, they appeared
as parallel stripes (Figure 1c,d). It is interesting to note
that the spoke-like surface patterns were highly repro-
ducible (the experiments were repeated under same
conditions for more than 50 times).
To scrutinize the surface morphology and the pack-

ing of PS nanoparticles, scanning electron microscope
(SEM) measurements were performed (see Experimen-
tal Methods). Clearly, the dark spokes seen in Figure 1
were microscopic channels (i.e., cracks) with approxi-
mately 1 μm wide as revealed by SEM (Figure 2b,c);
they were separated by the arrays of PS nanoparticle
patterns with a width of 6.4 ( 0.2 μm as shown in the
representative SEM image (Figure 2b). The edge of
cracks was very sharp; the PS pattern was composed of
more than 10 layers of nanoparticles (Figure 2c). The
formation of microchannels (i.e., cracks) was resulted
from the competition between the stress relaxation
due to the crack opening that fractured the film and
the stress increase from the evaporative loss of water.22

Within the microscopic PS patterns, highly close-
packed nanoparticles with small surface roughness were

Figure 1. Optical micrographs of highly ordered spoke-like
microchannels on the Si substrate at different magnifica-
tions. The dashed boxes in panels a, b, and c correspond to
the close-up optical micrographs in panels b, c, and d,
respectively. A schematic representation of drying PS nano-
particle suspension on a Si substrate is shown as an inset in
panel a.

Figure 2. (a and b) Typical SEM images of microchannels
(i.e., cracks) formed on the Si substrate at different magni-
fications. The left and right dashed boxes in panel b cor-
respond to the close-up images in panels c and d, respec-
tively. (c) SEM image showing that the edge of cracks was
very sharp. (d) SEM image of closely packed PS nanoparti-
cles on the surface of microscopic PS patterns.
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observed (Figure 2d) as a result of the rapid descend-
ing of liquid/air interface that pushed the nanoparticles
down during the fast water evaporation process.30 The
cross-sectional analysis of AFM height images revealed
that these microchannels had a relative depth of
approximately 400 nm (see Supporting Information,
Figure S1). However, as the AFM tip may not reach the
bottom of cracks, in order to determine the real depth
of cracks, the sample was prepared on the glass sub-
strate under the same experimental condition (e.g.,
same concentration, loading volume and heating
temperature). Notably, the cracks were also clearly
observed on the back side of the sample (Figure S2),
suggesting that the cracks penetrated all the way
down to the glass substrate. Thus, the crack depth
was equal to the local thickness of the PS pattern
(ranging from 3 to 7 μm measured by Dektak profil-
ometer, corresponding to the location from the edge
to the center of PS nanoparticle film (Figure S3)).
Moreover, the spacing between the cracks was found
to be simply proportional to the film thickness, which
was consistent with previous theoretical studies.22 The
cracks first appeared on the surface of the deposited PS
film, subsequently propagated to the interior of the
film, and finally penetrated the whole film to the
substrate.31 As such, these cracks make them promising
candidate as templates to create inorganic patterns.
We now turn our attention to further address qua-

litatively the formation of microchannels (i.e., cracks)
based on our in situ optical microscopy observation.
First, the evaporation of water concentrated the PS
nanoparticles into a closely packed thin film (i.e., dry-
ing-mediated self-assembly of nanoparticles; left panel
in Figure 3a, and the corresponding opticalmicrograph
in Figure 3b), and no cracks were observed at this stage
of the drying process. Further evaporation pulled the
three-phase contact line inward and generated a
negative capillary pressure, P ∼ γ/R in proportion to

the surface tension of water γ and the radius of cur-
vature of the meniscus between particles R,22,30 thus
putting the assembled PS nanoparticles in compres-
sion normal to the substrate and in tension in the plane
of the film, as the rigid substrate (i.e., Si or glass)
prevented the deformation laterally.32 If the tensile
stress exceeded the yield stress of the packed nano-
particle film, the strain energy stored in the film can be
released by creating new interface, thereby forming
the crack (middle panel in Figure 3a, and the corre-
sponding optical micrograph in Figure 3c).30 As the
drying front moved inward due to the continued
evaporation, the newly formed crack can serve as the
nucleation site and propagate in the direction perpen-
dicular to the drying front (i.e., parallel to the drying
direction).22,23 It is worth noting that the wet region
(marked “wet” in Figure 3c,d) that separated the inner
suspension and outer dried film with cracks consisted
of closely packed nanoparticles butwith the void space
between them still filled with water.30,33 Finally, all the
cracks ended and concentrated at the center of the
thin PS nanoparticle film, forming spoke-like patterns
globally (right panel in Figure 3a, and the correspond-
ing optical micrograph in Figure 3d). Interestingly, the
width of the wet region remained almost unchanged
during the evaporation process andmoved behind the
drying front of colloidal suspension, indicating the
propagating velocity of cracks was dependent on the
moving speed of drying front (i.e., drying-induced
cracks).7,22�25 With the drying front progressively
moved inward, the drying-induced cracks formed in
the fast evaporation process can invade the surface of
deposited film,22 penetrate the whole film,31 and
propagate inward to the center of the film, yielding
well-ordered directional microchannels.
It is well-known that the surface wetting property of

substrate governs the structure formation in a predict-
able way.34 In this context, we prepared the samples

Figure 3. (a) Schematic stepwise representation of the formation of microchannels (i.e., cracks) via drying-mediated self-
assembly of highly concentrated PS nanoparticle suspension. (b�d) Optical micrographs of drying front taken at different
times ((b) 20 s, (c) 40 s and (d) 80 s) from the in situ optical microscopy measurement. The wet region was marked (i.e., “wet”)
within two dashed curves in panels c and d.
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under the same experimental condition on the hydro-
phobic hexamethyldisilazane-coated substrate (HMDS
with a contact angle of approximately 90�, as com-
pared to the hydrophilic surfacewith a contact angle of
40� used previously (i.e., Si substrate with the presence
of thin native SiOX layer)). It is not surprising that no
ordered microchannels were observed; instead, highly
concentrated ring-like pattern on the HMDS substrate
was obtained (Figure S4). Due to the large contact
angle of PS nanoparticle suspension on the HMDS
substrate, its three-phase contact line pinned through-
out the entire evaporation process, thus leaving be-
hind the ring-like deposit instead of a continuous thin
film as noted above. Quite interestingly, the large but
irregular cracks were also observed on the HMDS
substrate due to the evaporation of residual solvent
(i.e., water). In addition to the substrate, the heating
temperature also exerted a crucial influence on the
evaporation process. In the present study, the Si sub-
strates were heated at T = 60 �C to facilitate the
evaporation process and remove residual water trap-
ped within the PS nanoparticle patterns, thus achiev-
ing cracks over large areas. When performing the
drying experiment at room temperature, the evapora-
tion rate was quite low. As a result, the spatial arrange-
ment of cracks was no longer unidimensional; the
branching (referred to as “secondary cracks”) between
cracks was also produced on the Si substrate due to the
residual stresses in the film originated from the pre-
sence of residual water at room temperature. Thus, less
ordered patterns on the Si substrate were formed
(Figure S5).22,33,35 We note that higher temperature
(T > 60 �C) increased the Marangoni flow caused by
temperature-gradient-induced surface tension gradi-
ent within the droplet, thus breaking the uniformity of
the pattern.
Compared to spoke-like microchannels obtained

from free evaporation of colloidal suspension, parallel
microchannels that are periodic in size, shape and
spacing are highly desirable as templates for many

applications. It has demonstrated that controlled eva-
porative self-assembly in the confined geometry al-
lowed for the creation of a rich family of surface
patterns with high regularity and fidelity.8�10,14,34 The
variation in size, shape, symmetry, and curvature of
confined geometries inevitably influenced the eva-
poration process and the associated flow field, leading
to interesting patterns with different morphologies.34

We allowed a drop of PS nanoparticle suspension (c =
1.0 wt %; V = 15 μL) to evaporate in a confined
geometry (i.e., constrained evaporation) composed of
two nearly parallel plates, where the upper plate (i.e.,
glass slide) was fixed, while the lower plate (i.e., Si
substrate on a heating plate at 60 �C) was mounted on
a computer-controlled translational stage that can be
programed to move against the upper plate at a fixed
distance (see Experimental Methods; Figure 4a). The
velocity v of the lower moving plate was set at a
constant value (v = 13 μm/s) and the separation
distance between upper glass slide and lower Si sub-
strate Hwas fixed at H = 300 μm. The evaporation time
was about 5 min, depending on the moving velocity of
the lower substrate (i.e., v = 13 μm/s in the presence
study; slower moving speed required longer evapora-
tion time). Such two-plate geometry led to straight
drying front at the three phase contact line (Figure 4b,
c). As the cracks were formed perpendicular to the
drying front as the evaporation advanced within two-
plate geometry, parallel microchannels (i.e., cracks)
over an impressively large area were yielded without
noticeable defects (Figure 4b). Notably, parallel micro-
channels were also produced when imposing a glass
slide in contact with a Si substrate at the center of the
drop (schematic in Figure 4d, PS nanoparticle suspen-
sion, c = 1.0 wt%; V = 15 μL), thereby altering the shape
of drying front as well. As evidenced in Figure 4e,
regularly spaced channelswere directed from the edge
of the drop to the center glass/Si contact (marked as
“Glass Slide”). It is noteworthy that the entire pat-
tern formed by these two methods (i.e., two-plate

Figure 4. Constrained evaporation in the confined geometries composed of (a) two nearly parallel plates, and (d) a slide
situated vertically to a rigid substrate rendered the controllable formation of regularly spaced parallel microchannels. (b and
c) Optical micrographs of periodic microchannels formed from (a). (e and f) Optical micrographs of periodic microchannels
formed from (d).
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and glass-slide-on- Si) was also over a 6 � 6 mm2

surface area and homogeneous, as the loading volume
(15 μL) in both methods was same as in the free
evaporation case. These two confined geometries
(two-plate and glass-slide-on- Si) may be further che-
mically and/or physically modified to afford an even
broader range of complex ordered assembled struc-
tures with the emergence of cracks.
These highly regular microchannels can be em-

ployed as templates to produce ordered inorganic
stripes. A 50 nm thick Au was sputtered on the
microchannel sample (see Experimental Methods). To
achieve Au stripes, the Au-coated sample was then
placed in furnace at 400 �C for 2h to thermally decom-
pose buried PS nanoparticles, followed by ultrasonica-
tion in toluene for 30 min (Figure 5a). To thoroughly
remove residual PS on the surface, the thermal decom-
position and ultrasonication may be conducted more
than once. The optical microscope and SEM measure-
ments clearly showed the spoke-like Au stripes and
periodic parallel Au stripes were successfully obtained
by capitalizing on the microchannel template created
via free evaporation and constrained evaporation,

respectively (Figure 5b and Figure S6). The order of
Au stripes was reminiscent of the arrangement of
microchannels and was not affected by the thermal
treatment and subsequent ultrasonication. A typical
AFM height image of parallel Au stripes and the
corresponding cross sectional profile were shown in
Figure 5c. The width and height of Au stripes were
approximately 600 and 40 nm, respectively. Compared
to the original width of microchannels (∼1 μm), the
decrease in width may be due to the long diffusion
path of Au atoms into the micrometer-thick micro-
channels during the sputtering process as well as
possible delamination of Au in the area that was
adjacent to the template (i.e., PS patterns) during the
removal of the template.

CONCLUSIONS

In summary, we created large-scale highly ordered
microchannels in a rapid and cost-effective manner by
simply subjecting the colloidal nanoparticle suspen-
sion to either freely dry on a rigid substrate or evapo-
rate in confined geometries. The free evaporation of
colloidal suspension produced spoke-likemicrochannels.

Figure 5. (a) Schematic stepwise representation of producing Au stripes by capitalizing on spoke-like microchannels as
templates. (b) Optical micrographs of spoke-like Au stripes (using templates formed by free evaporation; left) and parallel Au
stripes (using templates formed by constrained evaporation between two nearly parallel plates; right). (c) Typical AFM image
of parallel Au stripes, corresponding to the right opticalmicrograph in panel b; image size = 60� 60μm2, and z range= 130 nm;
the cross-sectional analysis yielded the width and height of Au stripe of 600 and 40 nm, respectively.
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By contrast, constrained evaporation in confined geome-
tries composed of either two nearly parallel plates or a
slide situated vertically to a rigid substrate rendered the
controllable formation of regularly spaced parallel micro-
channels. The formation of microchannels resulted from
the competition between stress relaxation due to crack
opening that broke the film and propagated inward
and stress increase due to the evaporative loss of

water. Importantly, these regular microchannels can
be exploited as templates to produce well-ordered Au
stripes. This facile and scalable approach may open up
possibilities for crafting microscopic patterns over large
areas with unprecedented regularity that can serve as
scaffolds to yield a wide variety of inorganic arrays with
different surface patterns for use in microelectronics and
microfluidic-based biochips, among other areas.

EXPERIMENTAL METHODS
Drying-Mediated Self-Assembly of PS Nanoparticle Suspension. The

suspension containing PS latex nanoparticles with diameter of
50 nm was purchased from Thermo Scientific (c = 1.0 wt %
particle solids) without further purification. The Si and glass
substrate was cleaned with a mixture of sulfuric acid and
Nochromix, then rinsed extensively with deionized (DI) water
and blow-dried with N2. Hexamethyldisilazane (HMDS 99.9%)
substrate was prepared by spin-coating (3000 rpm for 60s) on
the Si substrate, thus changing its surface property from
hydrophilic to hydrophobic. The substrate and heating plate
were placed in a sealed chamber to minimize possible air
convection and maintain constant temperature and humidity
during the evaporation process. After the evaporation was
complete, surface patterns formed on the substrates (Si, glass
slide and HMDS) were examined.

Evaporation in Two-Plate Geometry. The confined geometry
composed of two plates was constructed by placing a glass
slide (i.e., upper plate) nearly parallel to a Si substrate (i.e., lower
plate) on a heating plate at 60 �C mounted on a computer-
controlled translational stage that can be programed to move
against the glass slide at a fixed distance of 300 μm. The PS
nanoparticle suspension (c = 1.0 wt %; V = 15 μL) was injected
into the gap between the glass slide and the Si substrate, which
was fixed on the heating plate on the linear translation stage.
The velocity of the translation stage was set at a constant value
(v = 13 μm/s).

Evaporation in Vertical Geometry. The PS nanoparticle suspen-
sion (c = 1.0 wt %; V = 15 μL) was dropped on the heated
substrate (T = 60 �C) using the micropipet, and then the vertical
slide was placed on top of the sessile droplet during the
evaporation process.

Template-Assisted Formation of Au Stripes. The prepared micro-
channels were used as templates. Then, 50 nm-thick Au was
sputtered on the template. To achieve Au stripes, the sample
was then placed in a furnace at 400 �C for 2 h to thermally
decompose buried PS latex particles, followed by ultrasonica-
tion in toluene for 30 min.

Characterization. The surface structures produced on Si sub-
stratewere characterized by optical microscopy (Olympus BX51 in
the reflectionmode) and atomic forcemicroscopy (ICON scanning
force microscope in the tapping mode). Vista probes (T190) with
spring constants 48 Nm1�were used as scanning probes. Surface
patterns composedof PS nanoparticle film andmicrochannels (i.e.,
cracks) were imaged by field-emission scanning electron micro-
scope (FE-SEM; FEIQuanta250) operatingat 20 kV inHighVacuum.
The depth of cracks was measured by Dektak 150 Profilometer.
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