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1. INTRODUCTION

Soft lithography has received a lot of attention for micro- and
nanofabrication because it is readily applicable to the current
printing technology and biological area.1,2 Soft lithography is
based on an elastomer stamp that is typically poly(dimethyl-
siloxane) (PDMS), including microcontact printing (μCP),3,4

nanoimprint lithography (NIL),5,6 micromolding in capillaries
(MIMIC),7 and capillary force lithography (CFL).8,9 Among the
unconventional lithography techniques, CFL is the simplest and
shows a reliable fidelity of pattern transfer.10 The process only
requests placing an elastomer stamp on a polymer thin film and
raising the temperature above the glass transition temperature
(Tg) or the melting temperature (Tm) of the polymer layer, and
then cooling down to room temperature. A variety of complex
patterns can be created by adjusting the annealing temperature
and the thickness of polymeric layers on substrates.11 A second
stamping in a different angle can diversify the patterns accessible
by CFL.12

Although CFL has been successful and widely employed to
generate polymeric patterns, fine control of the patterned
morphology has not been well achieved. Asymmetric line pattern
has been often observed especially when the pattern of the stamp
was large.13 With a very thin polymer film, dual lines were
generated at the corner of the stamp walls and the substrate,
but the dimension of the lines was highly variant even in one
sample.14 In addition, the morphology was very different accord-
ing to the position of the pattern in the stamp. A few groups tried

to describe the experimental observations with thin film
instability,15,16 formation of meniscus at a stamp wall,17 deforma-
tion of the stamp by mechanical pressure,18 and interfacial
energies between the polymer and the stamp as well as between
the polymer and the substrate.17 Unfortunately, the experimental
observation of nonuniform asymmetric pattern could not be
explained in a reasonable way by the analysis.

Here, we reveal that the position-dependent patterns are
caused by thermal expansion and contraction of the elastomer
stamp during annealing and cooling in the CFL process. We used
the typical poly(dimethylsiloxane) (PDMS) stamps for the
study. The PDMS stamps were made by mixing the base mono-
mer and curing agent at 10:1 (w/w) (Sylgard 184, Dow corning).
Because the stamp has a relatively large linear thermal expansion
coefficient (3.0 � 10�4/�C, obtained from the company Web
site), it goes through considerable expansion and contraction on
a polymer layer. Each pattern of the stamp travels forth and back
by the thermal expansion and contraction, sweeping the polymer
liquid. Because the travel distance of each pattern and the
direction of the travel are dependent on the relative position
from the center of the stamp, the resultant polymer pattern by
CFL must be position-sensitive. In addition, we found that the
annealing temperature and the cooling rate play important roles
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results were theoretically explained by analyzing thermal expansion of the stamp and the shear stress exerted in the polymer layer. In
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in the morphology of the resultant polymer pattern. The morpho-
logical dependence on the position and the cooling rate could be
theoretically explained.

2. EXPERIMENTAL SECTION

Materials. Poly(ε-caprolactone) (PCL, Mw = 42 500) was pur-
chased from Aldrich. Poly(methyl methacrylate) (PMMA,Mn = 34 000,
PDI = 1.05) was synthesized by anionic polymerization at �70 �C in
degassed chloroform. The elastomer stamp was made of poly-
(dimethylsiloxane) (PDMS) by mixing the base monomer and curing
agent at 10:1 (w/w) (Sylgard 184, Dow corning). The PDMS stampwas
thermally cured at 80 �C for 1 day. A line-and-space stamp (10 μm
feature size), a hexagonal-well stamp (20 μm side length), and a square-
well stamp (10 μm side length) were made by casting on master
patterns.
Capillary Force Lithography. PCL and PMMA solutions (3 wt%)

in toluene were spin-coated at 3000 rpm for 30 s. The thickness of the
thin films was 100 ( 7 nm measured by spectroscopic ellipsometer (SE
MG-1000 Vis, NanoviewCo.). Highly concentrated polymer solutions (5,
6, 7 wt%) in toluene were used for thicker PCL films. A PDMS stampwas
placed on a polymer thin film. The samples were annealed in a small
heating chamber and then cooled down to room temperature. Develop-
ment of polymer pattern and their morphological change was in situ
monitored by an optical microscope (model BX 51, Olympus Co.). The
final morphology after the CFL process was analyzed by an atomic force
microscope (AFM, model dimension 3100, Digital Instrument Co.). For
the samples with PCL, the heating temperature was raised up to 60 and
150 �C to control the extent of thermal expansion and contraction. The
samples were in a heating block for 5 min and then cooled to room
temperature. For the samples with PMMA, the heating temperature was
fixed at 200 �C, but the cooling rate was controlled. After heating for
20 min at 200 �C, the samples were cooled down to 100 �C at a rate of
�0.5,�10, or�20 �C/s. For fast quenching, the samples were placedon a
cold metal plate.

3. RESULTS AND DISCUSSION

Because the PDMS stamp has a relatively large thermal
expansion coefficient, the lateral movement of the PDMS stamp
on a polymer liquid layer sweeps the polymer liquid forth on
heating and back on cooling. The thermal expansion coefficient
of the Si wafer is 2.6 � 10�6/�C, which is ∼100 times smaller
than that of the PDMS stamp. Thermal expansion of the
substrate was neglected in this study. The lateral movement
(Δx) of a pattern at an initial position (x) from the center of the
stamp can be determined by a following simple equation

Δx ¼ αðT � 25�CÞx ð1Þ
, where α is a linear thermal expansion coefficient and T is an
annealing temperature. The reference temperature is room
temperature. The value of α was given from a company
(Sylgard 184, α = 3.0 � 10�4/�C). According to the equation,
Δx is provided as a function of the position (x) in Figure 1.With a
stamp having a 10 μm line-and-space pattern, Δx at x=2 mm
from the center of the stamp was larger than the pattern period at
any annealing temperature. For example, when annealed at
200 �C, the stamp pattern at x = 2 mm moved 105 μm which
is 5 times longer than the pattern period of the stamp, while the
pattern at x = 0.3 mmmoved 16 μmwhich is less than the pattern
period. The difference in the lateral movement of the pattern
depending on the position leads to a position-dependent morpho-
logy with CFL.

Although the morphological development during thermal
annealing is thermodynamically determined, the extent of poly-
mer sweeping during cooling should be sensitive to the viscosity
of the polymer. Because a crystalline polymer is still very fluidic
near its melting temperature (Tm), the polymer melt can flow
even at a weak shear force so that the morphology generated at
the annealing temperature can largely change even at a fast
cooling rate. Therefore, the amount of thermal expansion and
contraction that is determined by the annealing temperature is
the governing factor to determine themorphology in a crystalline
polymer. In contrast, chain mobility of an amorphous polymer
considerably decreases even at a much higher temperature than
its glass transition temperature (Tg).

17 Slow cooling gives
enough time for the morphological change, but thermal quench-
ing freezes the morphology generated at the annealing tempera-
ture. Therefore, cooling rate should be an important factor in an
amorphous polymer. In this study, we investigated four repre-
sentative cases: (i) a crystalline polymer at a low annealing tem-
perature (T≈ Tm), (ii) a crystalline polymer at a high annealing
temperature (T . Tm), (iii) an amorphous polymer at a slow
cooling rate, and (iv) an amorphous polymer at a fast cooling rate.
PCL and PMMA were chosen as the crystalline and amorphous
polymers.

Figure 2 is a schematic illustration for the morphological
change of a crystalline polymer layer during the heating and
cooling process. When T < Tm,polymer, the stamp cannot expand
due to the large friction between the stamp and a solid polymer.
When the annealing temperature reaches Tm (T ≈ Tm), the
polymer thin film starts to dewet and rises on the PDMS wall by
the capillary force. Capillary rise is driven by the tendency to keep
the contact angle between the stamp and the polymers. The
hydrophobic polymers, PCL and PMMA in this study, have

Figure 1. (A) Schematic illustration on the thermal expansion of the
PDMS stamp. (B) Graphical representation of eq 1, showing the
traveling distance (Δx) of the stamp according to the position (x) from
the center of the stamp. Three annealing temperatures (T = 60, 150,
200 �C) were compared.
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better affinity to the PDMS stamp than to the hydrophilic Si
surface. In addition to the capillary rise, the stamp expands in the
radial direction and each stamp pattern sweeps the polymer
liquids. Small amount of polymer melt is accumulated at one side
of the PDMS wall (left wall in Figure 2) during heating. Cooling
down to room temperature from the low annealing temperature
makes the stamp sweep the polymer liquid in the reverse
direction so that the polymer melt can be evenly distributed at
both PDMS walls. Small polymer droplets can be made in the
middle due to the dewetting of the polymer liquid on the Si wafer
surface. Thin film instability is determined by combination
between the long-range interaction and the short-range interac-
tion. Most polymer liquids dewet via the binodal instability or via
a combination of the spinodal and binodal instabilities unless the
polymers and the substrate have a strong van der Waals attraction.

When the annealing temperature is high (T.Tm), the stamp
expands a lot and the patterns sweep the polymer melt to a long
distance so that large amount of the polymer is accumulated at
the left-wall of the pattern. On cooling to room temperature, the
PDMS stamp retracts until the temperature becomes lower than
Tm of the polymer. This reverse movement, in turn, accumulates
a large portion of the polymer at the opposite wall of the stamp
pattern (right wall in Figure 2), which produces an asymmetric
morphology. Although we described the scheme with a tempera-
ture change, actual effect comes from the travel distance of the
stamp pattern during heating and cooling. The travel distance
increases with the distance (x) from the center of the stamp as
seen in Figure 1. Thereby, the morphology must be different
even in one sample according to the distance (x) from the center.
Another important factor determining the morphology is the
direction of expansion and contraction of a stamp pattern from
the center of the stamp. In addition, the pattern shape of the
stamp plays a critical role on the final morphology.

Figure 3 shows an experimental result from the crystalline
polymer (PCL) processed at a low annealing temperature
(60 �C, T = Tm). Thickness of the PCL film was 96 nm. A PDMS
stamp with large hexagonal-well patterns (20 μm length of side
wall) was employed. The optical microscope (OM) images in
Figure 3A obviously visualize the difference in accumulation of

the polymer melt in each stamp pattern, depending on the
relative position from the center of the stamp and the relative
direction to the thermal expansion. Eight positions in the stamp
are marked with numbers. Colored parts indicate thicker poly-
mer layers. The hexagonal well at the center of stamp 4 had
isotropic volume expansion in every radial direction so that there
was no net lateral movement of the stamp well. At this position,
PCL evenly rose up on the wall of the well and the residual PCL
formed a large droplet in the middle of the well as seen in blue. At
positions away from the center of the stamp, lateral movement of
the well by expansionmade the polymer accumulated on one side
wall of the well. The accumulated polymer during annealing was
swept back during cooling, now being accumulated at the other
wall of the stamp pattern. Figure 3B represents the height profile
in one pattern at position 8, which is 0.3 mm apart from the
center. The value of Δx was 3.15 μm, which is smaller than the
pattern period. The rising of the polymer on the PDMS wall was
seen at both side-walls. However, large portion of PCL was
accumulated at one side-wall of the pattern and a large droplet is
placed closer to the opposite wall.

When the annealing temperature was much higher than the
melting temperature (T .Tm,polymer), the large thermal expan-
sion led to net lateral movement of the stamp pattern longer than
the pattern period. The results in Figure 4 were obtained by
annealing at 150 �C with a line-and-space stamp (10 μm feature
size) on a 96 nm thick PCL film. AFM images in Figure 4A
exhibit three different positions (the center of the stamp, left
from the center, and right from the center. The right and left

Figure 3. (A) Optical microscope image from a crytstalline polymer,
poly(ε-carprolactone) (PCL), at a low annealing temperature (T = Tm,
60 �C). The numbers indicate the relative position from the center of the
stamp. No. 3 and 5were 0.3mm away from the center (x = 0.3mm), which
led to small traveling distance (Δx ≈ 3 μm) compared to the feature
(20 μm side length) of the hexagonal-well pattern. According to x and the
expansion direction, the asymmetric morphology was varied. (B) Atom-
ic force microscope (AFM) image of (8).

Figure 2. Schematic illustration on themorphological development of a
crystalline polymer by the thermal expansion and contraction of a
PDMS stamp. Above the melting temperature (Tm) of the polymer,
the polymer liquid rises up on the PDMS walls by the capillary force.
Thermal expansion (moving to the right) accumulates the polymer at
the left-side wall of each stamp pattern and volume contraction (moving
to the left) does at the opposite wall. The final morphology depends on
the annealing temperature, that is, the extent of thermal expansion and
contraction.
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positions were 2 mm apart from the center (x = 2 mm). We did
not observe the residual polymer droplet on the substrate with
this pattern size. In the pattern at the center of the stamp, there
was no net lateral movement of the pattern so that PCL was
evenly distributed at both walls, thereby symmetric dual lines
were obtained. In the left position, the net movement of the
pattern was about 80 μm that was longer than the pattern size.
The polymer was swept by the right-side wall of the pattern
during the expansion and swept reverse by the left-side wall
during the contraction. Resultantly, PCL was accumulated more
at the left-side wall in the final morphology. The polymer in the
right position from the center of the stamp experienced the same
event, but in the opposite direction, leading to more accumula-
tion at the right-side wall of the pattern. The similar results could
be observed in a PDMS stamp with square wells. The OM image
in Figure 4B displays a highly asymmetric distribution of PCL in
square wells. The stamp pattern was located left and down from
the center of the stamp, so the movement of the patterns was
diagonal for the square. The asymmetric accumulation of PCL at
a bottom corner was due to the sweeping of the polymer during
the cooling process. Use of a PDMS stampwith a highmodulus can
decrease its thermal expansion, but it can disturb the conformal
contact of the stamp on the surface and generatemany defects in the
polymer pattern.We tested highmodulus stamps as long as they can
produce reproducible polymer patterns. Unfortunately, position-
dependence of the pattern was inevitable.

The high chain mobility of the crystalline melt even near the
melting temperature allowed their fast sweeping by the stamp
pattern during the cooling process so that kinetic effect of the
chain relaxation was not considerable in the overall morphology.
In contrast, viscosity of an amorphous polymer rapidly increases
as the temperature approaches its glass transition temperature
(Tg), so liquid flow is greatly hindered even at temperatures
much higher than Tg of the polymer. Because the relative
distribution of the polymer in each pattern must depend on
the sweeping degree of the polymer melt during the cooling
process, the final morphology by CFL on an amorphous polymer
can be varied by adjusting the cooling rate. The scheme in
Figure 5 describes asymmetric accumulation of an amorphous
polymer according to a slow and a fast cooling rate. The high
viscosity of amorphous polymers leaves a residual layer under the
stamp. The PDMS stamp cannot laterally expand before the
heating temperature reaches Tg of the polymer due to the friction
between the stamp and the polymer thin film. At Tg, the stamp
starts to expand and the polymer melt rises on the stamp wall. As
the annealing temperature increases, the stamp sweeps the
polymer melt and more polymer melt is collected on the left-
side wall of the stamp pattern as seen in Figure 5. On cooling, the
stamp starts to sweep the polymer in the reverse direction. With
slow cooling rate, the polymer melt can be accumulated on the
right-side wall in Figure 5. Meanwhile, fast cooling does not give
enough time for the polymer chains to relax so that the final
pattern should be similar to the morphology at the annealing
temperature.

Quantitative analysis on the morphology from an amorphous
polymer requests the information of the shear stress at the
PDMS-polymer interface (σPDMS‑polymer) during the cooling
process. σPDMS‑polymer is the same with the contraction force of
the PDMS stamp exerted on the interface. We suppose that
σPDMS‑polymer should be higher than a critical shear stress
(σcritical) at which the polymer layer can flow. The maximum
contraction force (FPDMS,T) from a certain annealing tempera-
ture can be obtained from the thermal expansion coefficient as
following

FPDMS,T ¼ AcσPDMS ¼ ðh� lÞEPDMSαΔT ð2Þ

Figure 5. Schematic illustration on the morphological development of
an amorphous polymer by the thermal expansion and contraction of a
PDMS stamp. Above the glass transition temperature (Tg) of the
polymer, the polymer liquid rises up on the PDMS walls by the capillary
force. Thermal expansion (moving right) accumulates the polymer at
the left-side wall and contraction (moving left) does at the opposite wall.
The final morphology depends on the cooling rate.

Figure 4. Asymmetric morphology of PCL obtained by heating at a
high temperature (150 �C, x = 2 mm,Δx = 75 μm). (A) AFM images by
a line-and-space pattern stamp. At the center of the stamp, the polymer
distribution was symmetric. The polymer was selectively accumulated at
the left-side wall of the PDMS patterns in the left position from the
stamp center. The opposite was observed in the right position. (B) AFM
and OM images by a square-well stamp. The stamp patterns were
located left and bottom from the center of the stamp. The polymer was
accumulated at the bottom corner.
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where Ac, h, and l are the cross-sectional area, the thickness, and
the width of the PDMS stamp, as depicted in Figure 6A. The
reference for ΔT is room temperature (ΔT = T � 25�C).
Young’s modulus of PDMS (EPDMS) has linear relation withΔT.

EPDMS,T ¼ EPDMS, 25�C þ bΔT ð3Þ
The value of EPDMS,25�C was 1.75 MPa.19 The coefficient (b) is
quoted from a literature,19 b = (3)/(2)kFk, where k is Boltzmann
constant and Fk is the cross-linking density of the PDMS (Fk =
4.93 � 1026 m�3) for the 10:1 condition. The maximum shear
stress on the polymer layer (σPDMS‑polymer) by the cooling from
the annealing temperature (T) can be obtained.

σPDMS�polymerðTÞ ¼ FPDMS,T

Ai
¼ FPDMS,T

cðxlÞ

¼ h
cx
αΔTðEPDMS, 25�C þ bΔTÞ ð4Þ

where c is the fraction of the contact area (Ai) in the whole
stamp�polymer interface. An equally spaced line-and-space
stamp has c = 0.5. For the critical shear stress of the polymer
(σcritical), we simplified the calculation by assuming a Newtonian
fluid because the shear rate (here, the motion of the PDMS
stamp) is not high. Therefore, we can get the equation like
σcritical(T) = η0,T _γT where η0,T is the zero-shear viscosity of the
polymer at temperature T and _γT is the shear strain rate. And η0,T
can be calculated from the Williams�Landel�Ferry (WLF)
equation (η0,T = η0,TR

aT) with a proper choice of the shift factor
(aT, log aT = �(C1(T(TR))/(C2 + (T(TR))). The shear strain

rate can be expressed as the following

:
γT ¼ ðΔx=dpolymerÞ

Δt
¼ αxΔT

dpolymerΔt

 !
¼ αx

dpolymer
_T ð5Þ

where dPMMA is the thickness of the polymer film and _T is the
cooling rate. Equation 5 expressed the strain rate of the polymer
layer as a function of cooling rate. Via eq 5, σcritical(T) is derived.

σcriticalðTÞ ¼ η0,T
:
γT ¼ η0,TR

αx
dpolymer

aT _T ð6Þ

Figure 6B is an example analysis with a PMMA (Mw = 34 000) as
the polymer liquid. We used a monodisperse (PDI = 1.05) low-
Mw PMMA synthesized by the anion polymerization. We wanted
to remove time-dependency of the morphology formation often
observed in CFLwhen a commercial PMMAwith a high viscosity
was used. The reference zero-shear viscosity (η0,TR

) of the
PMMA in this study was 3,434 Pa s at 200 �C which was
calculated from the literature value (13 450 Pa s) of a PMMA
(Mw = 100 000).

20 For the calculation, we employed the Fox and
Flory equation (η0 = kMw

3.4). The literature values of the param-
eters for the shift factor were C1 = 7.67 and C2 = 210.76.20 The
thickness (d) of the PMMA layer was 100 nm. Figure 6B shows
the changes in σPDMS�PMMA and σcritical according to the
annealing temperature at the distance (x = 2 mm). The thickness
of the PDMS stamp was set to be 1 mm for the calculation.
Because the required shear stress is linearly proportional to the
cooling rate (eq 6), we compared three different cooling rates,
�0.5s, �10, and �20 �C/s. The cooling rate was controlled
down to the glass transition temperature of PMMA (110 �C).
σPDMS�PMMA linearly increased with the annealing temperature,
but σcritical of the polymer was inversely proportional to the
annealing temperature. When σPDMS�PMMA< σcritical, the shear
force is not considered large enough to induce polymer flow.
Therefore, the polymer layer is not further deformed at that
condition during the cooling process even though the PDMS
stamp can still retract to the initial position. For example at a slow
cooling rate of �0.5 �C/s, the polymer chains are frozen at
∼123 �C, which is close to the glass transition temperature. The
final morphology will be considerably different from the one at
the annealing temperature because the polymer melt can be
swept long distance during the cooling process. In contrast, at a
fast cooling rate of �20 �C/s, the deformation of the polymer
layer stops at∼172 �C. Therefore, if the annealing temperature is
180 �C, the overall morphology after cooling will be very similar
to the morphology at the annealing temperature.

The modulus of a rubber is inversely proportional to the
molecular weight between cross-linking sites, thereby it is
proportional to the cross-linking density. However, it is notice-
able that that the effect of cross-linking density in the thermal
expansion is not considerable especially when the strain is small.
Thermal expansion coefficients of the PDMS stamps with various
modulus are added in the Supporting Information (Figure S1).
We varied the composition of the PDMS monomer and the
cross-linker to change the modulus. The modulus increased with
the relative amount of cross-linker involved in the PDMSmixture
(PDMS monomer: cross-linker, w/w), which was 0.08, 0.51,
1.751, 2.61, and 4.35 MPa at room temperature for 1:40, 1:20,
1:10, 1:5, and 1:2, in the order. We found no meaningful change
in the thermal expansion of the stamps. Although the shear stress
at the interface increases with the rubber modulus from eq 4, the

Figure 6. (A) Schematic illustration including the shear stress
(σPDMS‑polymer) exerted on a polymer by the contraction of the stamp.
(B) Analysis on the shear stress for an amorphous polymer, poly-
(methylmethacrylate) (PMMA). The critical shear stress (σcritical) is a
shear stress at a certain strain rate which is linearly proportional to the
cooling rate. Depending on the cooling rate, the morphology is frozen at
the temperatures below the cross sections (indicated by red circles)
between σPDMS‑polymer and σcritical.
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modulus effect on the polymer pattern is not considerable
because the dragging of the polymer melt is mainly driven by
the moving distance, not by the elastic force.

Figure 7 shows experimental results obtained after CFL with a
slow cooling on a 93 nm-thick PMMA thin film. The sample was
annealed at 200 �C for 30 min in N2 environment and cooled
down at a rate of�0.5 �C/s. In Figure 7A, the stamp had a 10 μm
feature size. The AFM images present the morphologies at three
positions (center of the stamp, left and right that are 2 mm apart
from the center (x = 2 mm)). In the pattern at the central
position, overall distribution of PMMA was even. The morphol-
ogy was the same with a longer annealing time, which tells 30min
annealing at 200 �C was enough for their morphological devel-
opment in the pattern. Because the overall morphology is
determined by the movement of the stamp, not by the capillary
rise, the whole process reaches the final morphology within a few
seconds. We found no difference in the morphology of the
samples taken right after the movement of the stamp and taken
after annealing for 30 min. It was the same for the crystalline
polymers. The morphologies shown in this study represents the
final states. The left and right position had lateral movement of
the pattern by ∼105 μm, which was longer than the pattern
period. At slow cooling, the patterns at the left position showed
more accumulation of the polymer at the left-side wall and the
patterns at the right position had the opposite accumulation,
which is similar to the result with a crystalline polymer shown in
Figure 5. The same phenomenon was observed in square-well

patterns. Figure 7B shows the distribution of PMMA at a slow
cooling with a square-well patterned PDMS stamp. The pattern
was located at the left and down from the center of the stamp.

Figure 8A displays the results by a fast cooling, but with the
same other conditions. The sample was quickly removed from a
small heating block and placed on a cold metal substrate. The
central position showed an even polymer distribution at both
walls, but the left and right position showed opposite results to
those shown in Figure 7. It was because the morphology at
200 �C was frozen because of the fast solidification during
cooling. It was the same in square-well patterns (Figure 8B).

The effect of thermal expansion and contraction of the stamp
should depend on film thickness versus pattern dimension of the
stamp. For a line-and-space pattern, the use of small feature-sized
stamp on a thick film produced almost symmetric distribution of
the polymer, while thin films with large feature-sized patterns
showed the position-dependent asymmetric distribution of the
polymer. Figure 9 displays the morphological dependence on the
film thickness at a fixed stamp dimension. The AFM images were
obtained with PCL thin films: (A) 180, (B) 300, and (C) 400 nm.
The line-and-space pattern of the stamp had 5 μm feature size.
The left and right position was 2 mm apart from the center of the
stamp. In Figure 9A, PCL was accumulated at the left-side wall in
the left position and at the right-side wall in the right position,
which was similar to the results seen in Figure 4. When the film
thickness was 300 nm, the CFL process generated single lines
with a meniscus instead of distinct dual lines (Figure 9B). Suh
et al. discussed that the critical volume of polymer in a pattern to
form a meniscus can be calculated simply by the contact angle of
themeniscus and dimension of the stamp.15We found the critical
volume is not clear because the actual process involves the
sweeping of the polymer in the pattern. At the single-line
condition, the accumulated polymer melt by the expansion or
contraction of the stamp can translate to the other side. Thereby,

Figure 7. (A) Asymmetric morphology of PMMA obtained by a slow
cooling (�0.5 �C/s) from a high annealing temperature (200 �C) at x =
2 mm and Δx = 105 μm. A line-and-space PDMS stamp (20 μm
periodicity) was used. At the center of the stamp, the polymer was evenly
distributed. The polymer was selectively accumulated at the left-side wall
of the PDMS patterns in the left position from the stamp center. The
opposite was observed in the right position. (B) AFM and OM images
generated by a square-well stamp. The stamp patterns were located left
and bottom from the center of the stamp.

Figure 8. Asymmetric morphology of PMMAobtained by a fast cooling
(�20 �C/s), but with the same conditions with Figure 7. Fast cooling led
to opposite results to those obtained by a slow cooling.
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the effect of thermal expansion and contraction was observed less
as the thickness of the polymer film increased. Figure 9C
demonstrates more symmetric distribution of PCL in the three
positions, fabricated on a 400 nm film. It is noticeable that the
thermal expansion effect was negligible when a low-viscosity
polymer completely fills the channel of the stamp and cooling
proceeds slowly. But, it remained a very thick residual layer,
which is not desirable.

Because the thermal expansion depends on the position of the
stamp pattern, Figure S2 in the Supporting Information shows an
overall tendency of the polymer distribution in the stamp pattern.
The heights of the polymer accumulation were measured by
AFM. Figure S2A in the Supporting Information was obtained
from a 96 nm-thick PCL layer and Figure S2B in the Supporting
Information was taken from a 104 nm-thick PMMA layer by slow
cooling. The line-and-space PDMS stamp had 5 μm feature size.
As described in the inset images, the figures show the height at
the right side of the stamp channel. The accumulation of the

polymers on the right wall increased as the position was far from
the center, meanwhile the accumulation on the left wall de-
creased, deteriorating the uniformity in accumulation. Compared
to the right wall, the accumulation on the left wall showed a
limited dependence, which is reasonable because the driving
force to accumulate on the left wall is simply the capillary rise, not
the stamp movement.

4. CONCLUSIONS

We demonstrated that the thermal expansion and contraction
of the elastomer stamp is the reason of the position-dependent
morphology which have been often observed in capillary force
lithography (CFL). Because the elastomer stamp (PDMS in this
study) has a relatively large thermal expansion coefficient, the
stamp considerably expanded and contracted on heating and
cooling. Each pattern of the stamp moved forth and back on a
polymer liquid layer, accumulating the polymer at one side-wall
on heating, and then at the opposite wall on cooling. For
crystalline polymer melt, the accumulation in the cooling process
resulted in the asymmetric morphology. The extent of the
asymmetric accumulation was enhanced with the travel distance
of each stamp pattern. This effect was prominent when the
annealing temperature was much higher than Tm of the polymer.
For amorphous polymers, slow cooling made a different mor-
phology from the one at the annealing temperature, while fast
cooling led to a frozen morphology at the annealing temperature.
These experimental observations could be well-explained by a
theoretical analysis involving the thermal expansion coefficient
and shear stress on the film. The influence of the volume
expansion and contraction was considerable in thin films, mean-
while it was not significant in thick films. If we want to avoid the
nonuniformity of the polymer pattern by CFL process, there
might be several possible ways: (i) minimizing the thermal
expansion of the stamp by sticking a thin rubber stamp on a
hard plate with a low thermal expansion coefficient, (ii) using a
substrate with a similar thermal expansion coefficient with the
rubber stamp, for example the same PDMS rubber substrate, (iii)
treating the surface of the stamp to have a small adhesion with the
polymer layer so that the stamp can slide on the polymer layer
even when the polymer is a solid.
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Figure 9. Morphological dependence on the film thickness at a fixed
stamp dimension (line-and-space with a 10 μm periodicity). Thick-
nesses of the PCL film was (A) 180, (B) 300, and (C) 400 nm. The
asymmetric pattern was not prominent as the thickness of the film
increased.
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