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As a liquid film covering an array of micro- or nanoscale pillars or lamellae
evaporates, its meniscus pulls the elastic patterns together because of capillary
effects, leading to clustering of the slender microstructures. While this elasto-
capillary coalescence may imply various useful applications, it is detrimental to
a semiconductor manufacturing process called the spin drying, where a liquid
film rinses patterned wafers until drying. To understand the transient mechanism
underlying such self-organization during and after liquid evaporation, we visualize
the clustering dynamics of polymer micropatterns. Our visualization experiments
reveal that the patterns clumped during liquid evaporation can be re-separated when
completely dried in some cases. This restoration behavior is explained by consid-
ering adhesion energy of the patterns as well as capillary forces, which leads to
a regime map to predict whether permanent stiction would occur. This work does
not only extend our understanding of micropattern stiction, but also suggests a
novel path to control and prevent pattern clustering. C 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4941083]

I. INTRODUCTION

When thin and flexible solid structures like pillars and lamellae are brought into contact with
a liquid-air interface, the structures may deform as pulled by capillary forces.1–3 Such interac-
tion between elastic and capillary forces, termed elastocapillarity, can be utilized to manipulate
the geometry of thin sheets through capillary origami4 or wrinkling,5,6 to control the supporting
forces of floating objects,7–9 and to actuate micromechanical systems.10 Complex hierarchical struc-
tures can be fabricated through the so-called elastocapillary coalescence,11–16 which relies on the
capillarity-induced adhesion and clumping of flexible micro- and nanostructures.

The coalescence of fine patterns is, however, detrimental to manufacturing of semiconductor
chips with extremely fragile patterns of ever-shrinking sizes. Collapse of microstructures under the
influence of rinsing liquids, often referred to as stiction, has been reported since decades ago.17–19

In the current manufacturing process of integrated circuit chips with nanoscale features, the coales-
cence of high-aspect-ratio structures is reported to occur mainly in the spin-drying step, in which a
rinsing liquid covering a wafer is rapidly dried to remove residues of cleaning solutions.16 Prevent-
ing the clustering of nanostructures in the chip has now become a critical technological challenge to
keep a high production yield.17,20

The majority of previous studies has been focused on the role of capillary forces that over-
come the elastic resistance of the structures to pull them together.21,22 We also start our theoretical
discussion by comparing the capillary and elastic forces to explain the clumping of microstructures
during liquid evaporation. However, our experiments to image the transient process of microstruc-
ture deformation, which was hardly reported before, allows us to go beyond this force argument. It
is revealed that some patterns clumped during liquid evaporation are re-separated when completely
dried, leading us to consider energy states of the final configuration. Furthermore, we show that
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in practical situations where the arrays of pillars and lamellae are dried, the liquid dries from the
bottom first rather than the top because the gap closes at the top. Our experimental approach and
consideration of energy states of the clumped system leads to regime maps that can predict whether
microstructures would ever touch each other and then remain stuck together.

II. EXPERIMENTAL

Figure 1(a) shows an experimental setup used to observe the interaction between an evaporat-
ing film and microstructures during the drying process. Microscale arrays of pillars and lamellae,
whose SEM (scanning electron microscopy) images are shown in Figs. 1(b) and 1(c), respectively,
are fabricated by soft lithography23 using the mixture of PDMS (polydimethylsiloxane) prepoly-
mer base and the curing agent in a weight ratio of 10:1. The mixture is poured onto a negative
patterned silicon master prepared by deep reactive ion etching and treated with an antisticking agent
(octafluorocyclobutane, C4F8), and degassed under vacuum for 1 h to eliminate air bubbles. Curing
is carried out at 80 ◦C for 1 h in an oven, and the PDMS array is peeled off from the silicon master.
The cylindrical pillars in the square array have the diameter d and the side-to-side spacing s, and
d = s = 10 µm. In the arrays of lamellae, the thickness c and the gap b are identically 10 µm and
the width w is 50 µm. The height of the pillars and lamellae, h, ranges from 20 to 40 µm, so that the
aspect ratio defined as η = h/d and h/c for pillars and lamellae, respectively, varies from 2 to 4.

As the liquids covering the PDMS array, we use de-ionized water, IPA (isopropyl alcohol,
Sigma-Aldrich) and HFE-7100 (methoxy-nonafluorobutane, 3M Novec), of which IPA and HFE-
7100 are widely used for wafer cleaning. The surface tension coefficient, the contact angle with
PDMS, and boiling point of the liquids are listed in Table I. Pristine PDMS patterns are used with

FIG. 1. (a) Experimental apparatus to image the liquid film behavior leading to pattern collapse. The high-speed camera
is situated either horizontally (drawn in grey) or vertically (drawn in black) to take the side or top view. The insets depict
the dimensions of the arrays of cylindrical pillars and lamellae. SEM images of the arrays of (b) cylindrical pillars and (c)
lamellae. Scale bars, 50 µm.
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TABLE I. Properties of liquids; surface tension coefficient at 25◦C, boiling point at 1 atm, and contact angle on a flat PDMS
surface.

Liquid Surface tension (mN m−1) Boiling point (◦C) Contact angle (deg)

IPA 22.4 82.5 22
HFE-7100 13.6 61 ∼0
Water 72.0 100.0 ∼5 (air plasma treated)

the low-surface-tension liquids, IPA and HFE-7100, while PDMS patterns are hydrophilized by
5 min of air plasma treatment before deposition of water. The experiments are carried out under
the ambient conditions of temperature 25 ◦C and humidity 30%. The high-speed camera (Photron
SA1.1) is either aligned horizontally with the array to take its side view, or mounted on an upright
microscope (Olympus BX-51M) to take the top view.

III. OBSERVATIONS OF MICROPATTERN CLUSTERING

Figure 2 (Multimedia view) displays various images of micropattern clustering due to liquid
evaporation. As shown in Fig. 2(a), the nucleation of a pillar bundle occurs at a random site near
time t = 0 s. This happens when the liquid evaporates to the level of the free tips, to form a meniscus
connecting neighboring pillars. Imperfections and instabilities, which include local differences in
the evaporation rate, pinning of the contact line, and variations in the spacing nucleate the first
pillar cluster. As a result, the next pillar senses an anisotropic force field and bends. This process
propagates through the pillars, generating long-range ordered areas as shown at t = 39.75 s.

Figures 2(b) and 2(c) (Multimedia view) show the clustering of lamellae. The side-view images
of Fig. 2(c) (Multimedia view) show the process starting with the meniscus being caught at the
tips of lamellae (t = 0 s). Subsequently, the forces due to surface tension pull the patterns asym-
metrically because of inherent nonuniformity of the pattern spacing,14 or small film disturbances
caused by nonuniform evaporation rates. In Fig. 2(c) (Multimedia view), the symmetry of meniscus
heights or gap widths is broken as shown in the second panel (0.12 s). The difference of the gap
widths grows, which in turn aggravates nonuniformity of evaporation rates. Thus, the liquid height
becomes progressively more nonuniform as shown in the third (0.37 s) and fourth (0.65 s) panels.
The gap filled with liquid is subject to the pressure lower than the atmospheric pressure because of
surface tension effects. Therefore, the patterns separated by liquid-filled gaps are brought together
and lean against each other. As evaporation continues (between 0.65 and 0.80 s), the liquid that used
to fill the gaps between the patterns deforming apart from each other is completely dried. In the
gaps between the clustering patterns, the base is dried first because the gap closes at the top with
the liquid at the upper portion preserved longer. The lower meniscus rises up reducing the volume
of the drop confined within the gap. The patterns appear stuck together as the liquid film almost
disappears from the gap, as shown in the last panel (1.03 s). This may lead to permanent adhesion
of the patterns unless they are restored later. Figures 2(d) and 2(e) show the SEM images of the
clustered arrays of pillars and lamellae, respectively, after complete evaporation of liquid.

IV. THEORETICAL CONSIDERATIONS

We theoretically consider the conditions that lead the patterns to cluster by comparing the
capillary forces to pull the solid structures together and the elastic resistance to bending. We then
discuss the final states reached by the clumped patterns, which are determined by the adhesion
energy of the solid surfaces.

A. Conditions for contact

When the left-right symmetry is broken, the lamellae are pulled together by the surface tension
force acting along the contact line and the pressure force on the wetted area as shown in Fig. 3(a).
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FIG. 2. Clustering micropatterns. Arrays of pillars and lamellae of the aspect ratio 4 are bundled with the evaporation of
IPA. Top views of the arrays of (a) cylindrical pillars and (b) lamellae. (c) Side view of the array of lamellae. SEM images of
the arrays of (d) cylindrical pillars and (e) lamellae. Scale bars, 50 µm. (Multimedia view) [URL: http://dx.doi.org/10.1063/
1.4941083.1]

The capillary forces give rise to the torque to bend the patterns, but it is resisted by the flexural
rigidity. Here, we consider the competition between the capillary and elastic forces through scaling
analysis. For simplicity, we consider the interaction between the pattern surfaces facing the ap-
proaching patten only. It is because the gap between the patterns that are bent away from each other
(denoted by A in Fig. 3(a)) dries significantly faster than the gap (B) between clustering patterns.

The bending moment per unit width of a lamella at the clamped end, Mb, can be scaled as

Mb ∼ σh sin θ +
σh2 cos θ

b
, (1)

where σ is the surface tension coefficient between liquid and air and θ is the contact angle of the
liquid with the pattern surface. The first term on the right-hand side is due to surface tension which
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FIG. 3. (a) Forces acting on the lamellae bending due to liquid evaporation. Red arrow indicates the surface tension force
and blue arrows correspond to the pressure force. (b) Experimental data indicating the stiction behavior of the pillars plotted
using the moment ratio and the aspect ratio. The filled symbols indicate permanent stiction and empty symbols non-stiction.
The squares and circles correspond to the results of the present work and the other symbols are from literature. Superscripts
P and L indicate pillars and lamellae, respectively. (c) Top view of the array of cylindrical pillars with the aspect ratio of 2.
The tops of the pillars are brought together but eventually separated as the liquid (IPA) disappears with evaporation. Scale
bar, 50 µm. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4941083.2]

is a concentrated force operating on the three-phase line, and becomes very small for low contact
angles. The second term accounts for the torque due to pressure difference between the dry and wet
faces. The dry face of the pillar as shown in the second and third panels in Fig. 3(a) experiences the
atmospheric pressure. Whereas, the pressure in the liquid-filled gap is lower than the atmospheric
pressure by ∆p = σκ, where κ = b/(2 cos θ) is the curvature of the meniscus. The moment per unit
width due to this Laplace pressure is scaled as ∼∆ph2, which gives the second term in Eq. (1).

The elastic resistance moment acting on the deflected pattern, Mr , is scaled as28

Mr ≈
EIδ
h2 , (2)

where E is Young’s modulus of the structure, I is the area moment of inertia per unit width
(I = c3/12), and δ is the displacement at the free end. The ratio of the capillary bending moment to
the elastic resistance moment determines whether the patterns touch each other. When the maximum
displacement is half the spacing, δ = b/2, the moment ratio becomes Mb/Mr ≈ 24σ(h/c)4[(c/h) sin θ
+ (c/b) cos θ]/(Eb). Our interest lies in whether the capillary effects can keep the pillars clustered
until the late stage of evaporation when the contact angle θ is low. Thus, the moment ratio can be
simply estimated as

Mb

Mr
≈ 24

cσ cos θ
Eb2 η4, (3)

where η is the aspect ratio, h/c.
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We now consider the case of an array of cylindrical pillars with I = πd4/64. During the liquid
evaporation, capillary forces pull the multiple pillars towards the center of the aggregate as shown
in Fig. 2(a). As the pillars tend to bend in a diagonal direction, we get δ ≈

√
2s/2. Therefore,

the moment ratio for the cylindrical pillars is estimated as Mb/Mr ≈ 64
√

2σ(h/d)4[(d/h) sin θ +√
2(d/s) cos θ]/(πEb). For the late stage where the contact angle is low, the moment ratio is simply

given by

Mb

Mr
≈ 128

π

dσ cos θ
Es2 η4, (4)

where the aspect ratio η = h/d.
The patterns tend to bend and lean against each other when the bending-to-resisting moment

ratio is high. Our scaling relations reveal that patterns of a high aspect ratio, narrow spacing, and
softer material bend and contact more readily when surrounded by a high surface-tension liquid.
In particular, the moment ratio is critically sensitive to the aspect ratio (η) of the patterns as it is
proportional to η4.

To test this analysis based on force argument, we plot the experimental data indicating whether
the micropatterns stick together after complete evaporation of liquid films in the two-dimensional
space constructed by the moment ratio and the aspect ratio in Fig. 3(b). The data consist of previ-
ously reported ones and those obtained in this work. Table II lists Young’s modulus E and surface
energy γs of the solids considered. We see that all the data points for Mb/Mr below ∼100 correspond
to non-stiction (empty symbols). However, for Mb/Mr higher than ∼100, some data points exhibit
permanent stiction (filled symbols) while others not. This indicates that the moment ratio is an
insufficient indicator to predict whether the patterns would cluster permanently.

Our visualization results reveal that when Mb/Mr . 100, the patterns do not bend enough to
touch their neighbors as our modeling predicts. When Mb/Mr & 100, the microstructures are bent
and lean against their neighbors during liquid evaporation. However, as displayed in Fig. 3(c)
(Multimedia view), in some conditions pillars that are bundled first are eventually separated as
the liquid confined by the gap is completely evaporated. The corresponding points are the empty
symbols located above Mb/Mr ∼ 100 in Fig. 3(b). In other words, merely observing the end states
of the pillars after liquid evaporation cannot tell whether the pillars have been bent to touch each
other during evaporation. We seek a condition different from the foregoing moment ratio which can
predict the permanent stiction of microstructures in the following.

B. Conditions for permanent adhesion

Although the patterns must be brought into contact while liquid is present for adhesion to occur,
it is only a necessary condition for permanent stiction. As demonstrated above, the contact should
be maintained even after the array is completely dried. Otherwise, the patterns are separated again,
which is actually desirable in some situations including semiconductor manufacturing processes. As

TABLE II. Young’s modulus and surface energy in air of the selected materials.17,25–27,29–31

Material Young’s modulus (MPa) Surface energy (mJ m−2)

PDMS 1.7 22
Photoresist (SAL 601)25,26 5.9×103 ∼50
Photoresist (AZ-PN 100)17,26 5.9×103 ∼50
Photoresist (PMMA)15 3×103 ∼50
Hydrogel (PHEMA-co-PMMA, 25 wt. %)27 20 33
Hydrogel (PHEMA-co-PMMA, 40 wt. %)27 74 33
Hydrogel (PHEMA-co-PMMA, 50 wt. %)27 158 33
Hydrogel (PHEMA-co-PMMA, 60 wt. %)27 274 33
Hydrogel (PHEMA-co-PMMA, 67 wt. %)27 724 33
Hydrogel (PHEMA-co-PMMA, 75 wt. %)27 1200 33
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FIG. 4. Permanent adhesion due to surface energy. Schematic models of (a) two lamellae and (b) four cylindrical pillars.
(c) Adhesion regime map. The filled symbols indicate stiction and empty symbols non-stiction. The energy change ratio
determines whether the adhesion would persist.

the liquid film between the tips of the clumped patterns disappears, the adhesive forces owing to the
surface energy of the solid, instead of the capillary forces, must keep the patterns stuck together.
Therefore, the final state of the patterns is determined by the competition between the elastic strain
energy and adhesive energy between the patterns. A similar idea to predict the stability of elastic
systems subject to deflections can be found in the lateral collapse in microcontact printing32 and
replica molding of soft-lithography techniques33,34 although they do not involve liquid evaporation.

We start with a situation depicted in Fig. 4(a), where two lamellae lean against each other with
y being the height of the non-contact region, so that the contact length is h − y . The elastic strain
energy per unit width stored in the lamellae is scaled as Ee ≈ EIb2/(4y3).28 For the lamellae to
restore their straight configurations, the contact length should decrease, or y should increase. The
elastic energy decreases by ∆Ee as the non-contact length increases by ∆y :∆Ee ≈ 3EIb2∆y/(4y4).
As the lamellae become separated, new surfaces are exposed to air. This elevates the total energy
of the system per unit width by ∆Wa, where Wa signifies the work of adhesion. By the Dupré
equation, ∆Wa = 2γs∆y , where γs is the surface energy of the solid per unit area.24 The change of
the total energy of the system per unit width associated with the decrease of the contact length can
be written as ∆Et = ∆Wa − ∆Ee. The lamellae initially clustered can be separated when the system
energy decreases, or ∆Et < 0, with the increase of the non-contact length ∆y . Therefore, we should
get ∆Ee > ∆Wa or ∆Wa/∆Ee < 1 for the lamellae to be separated. The ratio of the adhesion energy
change to the elastic energy change is approximately given by

∆Wa

∆Ee
≈ 32

γsw

Eb2 η
4. (5)

When this ratio is large, or when the lamellae are made of soft material with a high surface energy
and have a large aspect ratio, the adhesion tends to persist even after the evaporation of liquid film.

For the array of cylindrical pillars, as shown in Fig. 4(b), interactions of four pillars should
be taken into account. When the four pillars make a bundle, each pillar contacts two other pillars
with deformation of the contact area. The elastic strain energy stored in each pillar, Ee ∼ 1

2 EIs2y−3.
The elastic energy decrease with the increase of the non-contact length by ∆y is given by ∆Ee ∼
3EIs2∆y/(2y4). The adhesion energy changes as the pillars become separated, which consists of
the energy increase associated with creation of new surfaces (4γswc) and the energy decrease due
to restoration of surfaces deformed over the contact region. We assume that the contact width wc

of the four-pillar bundle can be estimated by considering the contact of two identical cylinders
as determined by the JKR (Johnson-Kendall-Roberts) theory using a balance between the surface
and elastic energies:35,36 wc ∼ 4[d2γs/(πE)]1/3. It can be shown that the energy decrease associated
with restoration of deformed surfaces of two identical cylinders upon separation (per unit height) is
given by γswc/2.37 Then the adhesion energy change of a pillar in the four-pillar bundle becomes
∆Wa ≈ 3γswc∆y . We should get ∆Ee > ∆Wa or ∆Wa/∆Ee < 1 for the system to be separated. The
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ratio of the adhesion energy change to the elastic energy change for cylindrical pillars is scaled as

∆Wa

∆Ee
≈ 128

π

γswc

Es2 η4. (6)

As the ratio of (5) does for the lamellae, the energy change ratio of (6) quantifies the tendency for
the pillar bundles to keep stuck after drying.

To verify the validity of our scaling argument on the conditions for permanent adhesion, we
plot the experimental data used in Fig. 3(b) in the two-dimensional space constructed by the energy
change ratio and the aspect ratio in Fig. 4(c). The final states of all the patterns considered are
correctly predicted by the energy change ratio. In particular, PDMS pillars and lamellae of the
aspect ratio η = 2, which are wet by water through air plasma treatment, are eventually separated
despite initial coalescence following the identical process to that displayed in Fig. 3(c) (Multimedia
view). Because the surface energy of PDMS was temporarily raised by air plasma treatment before
contacting water, we waited 72 h with the PDMS patterns immersed in water until its surface energy
returns to the intrinsic value (22 mJ/m2), and then let the patterns dry.

Although the energy change ratio determines the eventual state of the patterns, the moment
ratio considered above still plays an important role in the clustering of pillars. If the capillary
moments, a function of liquid surface tension and contact angle as well as pattern dimension, are
not large enough to pull the patterns together, the adhesion between the contacting surfaces cannot
happen. To deter pattern stiction, therefore, one needs either to prevent the contact of the patterns
when wet by making the moment ratio small or to let the patterns spontaneously separate upon
liquid drying by making the energy change ratio small.

V. CONCLUSIONS

We experimentally visualized and theoretically analyzed the self-organization behavior of
slender microstructures like arrays of pillars and lamellae due to liquid evaporation. By considering
the capillary moments bending the patterns and elastic resistance, we obtained a moment ratio
which can predict whether the patterns would cluster while liquid dries. However, our experiments
revealed that the clumped patterns can be restored as the patterns are completely dried in some
conditions. We explained this restoration behavior by considering the change of adhesion and
elastic energy of the system. We find that the capillary forces must be large enough to overcome
the elastic resistance to pull the patterns together, but it is the surface energy of solid patterns that
maintains their permanent stiction.

In actual semiconductor manufacturing processes, lowering the moment ratio becomes extremely
difficult because of the constraint in available rinse liquids and ever-increasing trend of the aspect
ratio.20 Although use of supercritical fluids with no surface tension can solve the problem, difficulties
and costs in raising the temperature and pressure to achieve the supercritical state prevent it from
being adopted by industry easily. Thus, if it is ever impossible to prevent initial contact of patterns
due to capillary effects, lowering the energy change ratio to induce pattern restoration in the final
stage can be a viable solution to the pattern stiction problem. Furthermore, our experimental finding
that the array base is dried first rather than the upper portion of the microstructures can lead to a
novel process design which can control the liquid film behavior to reduce pattern deformation.
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