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Optical microscopy and atomic force microscopy were used to study a mechanically induced wrinkling
instability in thin film poly�caprolactone�/polystyrene and poly�ethylene oxide�/poly�methyl methacrylate� bi-
layers. The instability in these samples was shown to be driven by changes in the interfacial area between a
semicrystalline polymer underlayer and a glassy polymer capping layer that occurred when the underlayers
were melted. The wrinkling instability resulted in the formation of one-dimensional corrugations at the surface
of the bilayer samples that had a well-defined wavelength on the micrometer length scale. A linear stability
analysis was used to derive a simple model of the wrinkling process in these samples. This model considered
the flow and deformation of material in the molten underlayer as well as the balance of stresses in the glassy
polymer capping layers. Rheological data were also obtained from polymers similar to those used to form the
bilayers. These data were used to show that the model is capable of quantitatively predicting the capping layer
and underlayer thickness dependencies of the characteristic wrinkling wavelengths, if the mechanical proper-
ties of the two layers and the strain in the capping layers can be determined.
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I. INTRODUCTION

Pattern formation and pattern replication techniques are
becoming increasingly attractive as methods of producing
topographic surface structures on the submicrometer to mi-
crometer length scale. These methods usually involve the use
of optical lithography �1,2� or soft lithography based tech-
niques �1� and have a wide range of applications in engineer-
ing, biology, and tissue engineering �1–3�. However, a major
disadvantage of using these methods is that they often re-
quire the manufacture of a mask to perform the pattern trans-
fer. This requires the production of preexisting structures on
the mask that are similar in size to the structures that are to
be reproduced on the surfaces of interest. A more attractive
method of patterning surfaces with well-controlled topo-
graphical structures is to use competing thin film physical
processes that result in the formation of structures on a well-
defined characteristic length scale. These so called kinetic
length scale selection processes occur as the result of the
competition between two or more physical processes that
favor structure formation on different length scales �long and
short�. Examples of these processes include spinodal dewet-
ting in thin liquid films �4�, dispersion driven morphologies
in polymer/inorganic multilayer structures �5�, and electric-
field-induced instabilities in thin dielectric films �6�. One dis-
advantage of using these processes to produce patterned sur-
faces is that the structures that form are often transient and
will continue to evolve and coarsen toward a structureless
state. However, the use of polymeric materials as one or
more of the layers in these systems can help to overcome
these difficulties. The ability to rapidly recrystallize one of
the layers or quench a polymer through a dynamic glass tran-
sition can be used to “freeze-in” these transient structures.

A particular class of process that exploits these pattern
formation methods involves the use of thin film mechanical

instabilities to buckle the surface of polymer/polymer or
polymer/inorganic multilayer structures. These methods usu-
ally result in the production of structures with characteristic
lateral feature sizes on the micrometer length scale and often
exploit the differential response of the layers in the system to
a change in temperature �7–9�, an applied mechanical stress,
or a swelling solvent �10,11�. This differential response re-
sults in one or more of the layers in the system being left in
a state of compressive stress when the samples are heated,
deformed, or immersed in solvent. The stresses that arise in
these samples can then cause the layered system to buckle.
However, the adhesion between the different layers often
places additional constraints on the system and prevents the
samples from buckling with the lowest energy bending mode
�i.e., with a wavelength comparable to the lateral dimensions
of the sample�. As a result of this, the system tends to select
a characteristic buckling/wrinkling wavelength that acts as a
compromise between the compressive stresses that are intro-
duced initially and the bending stresses that arise in the
buckled state �12�. A number of theoretical models have been
developed to try to predict the length scales that are associ-
ated with the wrinkling patterns observed in thin elastic lay-
ers supported on elastic �7,12,13�, viscous �14,15�, and vis-
coelastic substrates �13,16,17�.

In this paper, we describe a study of a mechanically
driven wrinkling instability in thin film polymer/polymer bi-
layers comprising a semicrystalline polymer underlayer and
a glassy polymer capping layer. The wrinkling instability in
this system is shown to be driven by changes in the interfa-
cial area between the underlayer and the capping layer that
occur when the underlayers are melted. The change in area
of the interface between the two layers leaves the capping
layer in a state of compressive stress and causes it to wrinkle.

This work expands upon the results of our previous study
on a similar wrinkling instability in thin film poly�ethylene
oxide�/polystyrene bilayers �17�. The present study considers
the effects of changing the mechanical properties and thick-
ness of the layers in the system and how these influence the
resulting length scales associated with the morphologies that*Email address: james.sharp@nottingham.ac.uk
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are observed at the surfaces of the bilayers. We show that the
characteristic initial wrinkling length scale in these samples
is sensitive to both the thickness and material properties of
the polymer films that are used to manufacture these
samples. An analytical expression based upon a simple linear
stability analysis of the wrinkling process is derived for the
wave-vector-dependent growth rates of height fluctuations at
the surface of the bilayers. This simple model considers the
flow of material in the molten viscoelastic underlayers and
the balance of stresses that are exerted on the glassy capping
layers. The theory is shown to quantitatively predict the
dominant wrinkling length scale in the bilayer systems stud-
ied providing that the thickness and mechanical properties of
the different layers and the mechanical strains in the capping
layers can be determined.

II. EXPERIMENT

Thin film bilayers of poly�caprolactone� and polystyrene
were prepared on 1 cm�1 cm single-crystal silicon �Si�
wafers ��100� orientation, Compart Technology�. First, thin
films of poly�caprolactone� �PCap, Mw=13 000 gmol−1,
Mw /Mn=1.18, Polymer Source� were prepared by spin coat-
ing the polymer on the Si wafers from solutions in chloro-
form at 2000 rpm. The PCap films were then annealed on a
Linkam microscopy hot stage at 60 °C �melting temperature
Tm�PCap�=58±1 °C� for 2 min to remove excess solvent
and to relax residual stresses introduced by the spin-coating
procedure. The thickness of the films was controlled by vary-
ing the initial concentration of the solutions and was mea-
sured using a home-built self-nulling ellipsometer. The thick-
ness of the PCap films was determined by mounting the
samples on a Linkam microscopy hot stage and attaching
them to the ellipsometer sample stage. The samples were
then heated to 60 °C where the ellipsometric angles �P and
A� required to obtain a null in the intensity of light reflected
from the samples were recorded. These values of P and A
were then used to determine the thickness and refractive in-
dex �n=1.506±0.002� for the PCap films by assuming an
isotropic semi-infinite slab model �18�. All of the ellipsom-
etry measurements were performed using a HeNe laser
�wavelength 633 nm� and at an angle of incidence of
60±0.1°. Poly�caprolactone� films with thicknesses in the
range 67–637 nm were prepared using this method. When
the values of Pnull and Anull had been determined, the samples
were removed from the hot stage and allowed to recrystallize
at room temperature.

Polystyrene �PS, Mw=654 000 gmol−1, Mw /Mn=1.09,
Polymer Source� capping layers were then prepared by spin
coating the polymer onto precleaned glass slides from solu-
tions in toluene at 3000 rpm. The thickness of the PS films
was controlled by varying the initial concentration of the
solutions. The PS films were then cut around the edge of the
glass slide using a scalpel and gently transferred onto a clean
deionized water surface �Elga� using a film transfer tech-
nique described elsewhere �17,19�. A long thin metal support
with a 15 mm diameter hole at one end was then used to pick
the PS film up off the surface of the deionized water to
produce a free-standing membrane of the polymer. This free-

standing membrane was then annealed over a hotplate at
�100 °C �Tg�PS�=97±1 °C �20�� to remove wrinkles intro-
duced by the water transfer technique and to tighten the
membrane on the holder. At this stage in the process, great
care was taken to avoid annealing the PS membranes for
prolonged periods of time, as this prevented the rupture of
the unsupported films under the action of dispersion forces
between the two surfaces of the membranes. The PS mem-
branes were then gently lowered onto the surface of the
semicrystalline PCap layers supported on the Si wafers �see
Figs. 1�a� and 1�b��. At the point where the PS membranes
contacted the PCap layers, surface forces pulled the two lay-
ers into intimate contact �Fig. 1�c��. At this stage, a contact
line developed at the polymer/polymer/air interface where
the two films came into contact. As the films were pulled
together, this contact line propagated from one side of the
sample to the other. This had the effect of squeezing all the
air from between the two polymer films and resulted in the
production of a sharp interface between the two layers. This
procedure was used to produce flawless bilayer samples us-
ing different combinations of the PCap and PS film thick-
ness. The PS film thickness and refractive index were deter-
mined independently by transferring part of the same PS film

FIG. 1. Schematic diagram showing how the thin film bilayer
samples are prepared. Thin film membranes of a glassy polymer are
transferred onto the surface of a semicrystalline polymer film sup-
ported on a Si substrate �a�. As the films are brought together, sur-
face forces pull the two films into intimate contact ��b� and �c��.
When the bilayers are heated above the melting temperature of the
underlayer, the interface between the two films is pulled flat by
interfacial tension and the capping layer is left in a state of com-
pressive stress �d�. Thermal fluctuations at the surface of the bilayer
then cause the capping layer to buckle �e�.
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that was used to produce each bilayer sample onto the metal
holder described above. These PS films were then annealed
above a hotplate and then gently lowered onto a clean Si
wafer. The thickness and refractive index �n=1.595±0.002�
of these substrate supported PS films were then measured
using ellipsometry. Thin PS capping layers with thicknesses
in the range 47–367 nm were produced using this method.

A second set of polymer bilayer samples was also pre-
pared. Thin films of poly�ethylene oxide� �PEO, Mw
=32 500 gmol−1, Mw /Mn=1.09, Polymer Source� were pre-
pared by spin coating the polymer onto single-crystal Si wa-
fers from solutions in chloroform at 2000 rpm. The thickness
of the PEO films was varied by changing the initial concen-
tration of the solutions used. These samples were then an-
nealed on a Linkam hot stage at 65 °C �Tm�PEO�=63 °C�
for 2 min. Ellipsometry measurements were then used to de-
termine the thickness and refractive index �n
=1.495±0.005� of the PEO films at a temperature of 70 °C
using a similar procedure to that described above for the
PCap films. Following film thickness determination, the PEO
films were removed from the hot stage, cooled to room tem-
perature, and allowed to recrystallize. Thin film capping lay-
ers of poly�methyl methacrylate� �PMMA, Mw
=838 100 gmol−1, Mw /Mn=1.57, Polymer Source� were pre-
pared by spin coating the polymer onto precleaned glass
slides from solutions in toluene at 3000 rpm. The thickness
was again varied by changing the initial concentration of the
solutions used. The PMMA films were then cut and floated
onto a clean deionized water surface, before being picked up
on the metal holder to produce a free-standing membrane.
These PMMA membranes were then annealed above a hot-
plate at �110 °C �Tg�PMMA�=107 °C, �20�� to remove any
wrinkles and they were then lowered gently onto the PEO
films that were supported on the Si wafers. The thickness and
refractive index �n=1.490±0.005� of the PMMA layers were
determined using ellipsometry after similar PMMA films to
those that were used to form the bilayers had been trans-
ferred from a water surface onto a clean Si wafer. PMMA
capping layers with thicknesses in the range 49–278 nm
were produced using this method.

Prior to the formation of the bilayers, the PCap and PEO
films were inspected using an Olympus BX51 optical micro-
scope. Atomic force microscopy �AFM� images of the un-
capped semicrystalline polymer films were also obtained us-
ing an Asylum Research MFP-3D atomic force microscope
operating in tapping mode. The AFM images were used to
determine the surface area �Ao� of the uncapped PCap and
PEO films. As the samples were quite rough, the measured
surface area was typically larger than the scan areas used to
obtain the images �Ascan�. A series of AFM images were
taken at different positions on each sample and a number of
images were collected at each position using scan sizes in the
range 10 �m�10 �m to 90 �m�90 �m. Different scan
sizes were used at each position so that suitable statistics
could be obtained for the measured surface area of the
samples and to ensure that this area scaled linearly with the
scan areas used. This also enabled us to check that the area
values measured were not dependent upon experimental ar-
tifacts such as those due to the shape of the AFM tip. Fol-

lowing the preparation of the bilayers, optical micrographs
and AFM images of the sample surfaces were collected using
the same parameters that were used to image the PEO and
PCap layers. The AFM images were also used to determine
the surface area of the bilayers �A1�. The value of A1 was
determined at different positions on the sample surfaces by
collecting multiple images �using different scan sizes� at
each position. As shown in Figs. 2 and 3, the appearance of
the bilayers was very similar to that of the uncapped PCap

FIG. 2. Optical micrographs of PCap/PS and PEO/PMMA bi-
layers taken before and immediately after �within 1 s� heating
above the melting temperature of the semicrystalline underlayers.
Panels �a� and �b� show the surface of PCap/PS bilayer comprising
a 107 nm thick PCap underlayer and a 115 nm thick PS capping
layer. Panel �a� shows the surface of the bilayer at 25 °C prior to
heating and panel �b� shows an image of the same region taken
within 1 s of heating the bilayer to 65 °C �Tm�PCap�=58 °C�. Pan-
els �c� and �d� show the surface of PEO/PMMA bilayer comprising
a 371 nm thick PEO underlayer and a 118 nm thick PMMA cap-
ping layer. Panel �c� shows the surface of this bilayer at 25 °C prior
to heating and panel �d� shows an image of the same region taken
within 1 s of heating the bilayer to 70 °C �Tm�PEO�=63 °C�. The
bottom panel shows a line profile of the radial intensity distribution
that was taken from the 2D Fourier transform �FT, see inset in
bottom panel� of the image shown in panel �b�. This line profile was
taken along a line joining the center of the FT and the two dominant
peaks on either side of the center of the FT. These line profiles were
used to determine the position of the dominant peak in wave-vector
space, qmax.
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and PEO films, respectively, and AFM images of the bilayers
revealed that the surface area of the bilayer samples was
similar to that of the uncapped semicrystalline polymer films
�i.e., A1�Ao�. This confirmed that the capping layers had
been pulled into intimate contact with the underlayers during
bilayer formation.

A range of different bilayer samples having different com-
binations of the underlayer and capping layer thickness were
prepared using the methods described above. All of the bi-
layer samples were then placed individually onto a Linkam
hot stage and mounted on the stage of an Olympus BX51
optical microscope equipped with an Olympus DP70 digital
camera and connected to a computer equipped with Image
Pro Plus image capture/analysis software �Media Cybernet-
ics�. In each case, the bilayer samples were rapidly heated
�90 °C min−1� to a temperature, Texp, that was above the
melting point of the semicrystalline polymer underlayer,
but below the glass transition temperature of the glassy
polymer capping layer �Texp�PCap/PS�=60 °C and

Texp�PEO/PMMA�=70 °C�. During heating the bilayer
samples were observed under bright field illumination using
the optical microscope. In each case, when the temperature
exceeded the melting temperature of the underlayer, the mor-
phology of the surface of the bilayer changed from some-
thing similar to that of the semicrystalline underlayers to
having periodic one-dimensional corrugations with a well-
defined wavelength �Figs. 2�b� and 2�d��. The anisotropy in
these structures occurs as the result of small stresses that are
introduced into the capping layers when they are placed on
top of the semicrystalline underlayers using the water trans-
fer techniques described above. As the capping layers were
transferred manually onto the surface of the underlayer films,
this often resulted in a small amount of tension being applied
to the films in one direction while surface forces were pull-
ing the layers into contact. These small anisotropic stresses
introduce a preferred direction into the samples that corre-
lates with the breaking of symmetry observed during the
wrinkling process. Similarly, small defects or dust particles

FIG. 3. Atomic force microscope images of
PCap and PEO films and PCap/PS and PEO/
PMMA bilayers taken before and after heating.
Panel �a� shows the surface of a 67 nm thick
PCap film prior to bilayer formation. Panel �b�
shows the surface of a PCap/PS bilayer that was
formed by placing a 47 nm PS capping layer on
top of the film shown in panel �a�. This image
was taken at 25 °C and prior to heating. Panel �c�
shows the surface of the same PCap/PS bilayer
after heating to 65 °C for �1 s, followed by a
rapid quench ��50 °C min−1� to room tempera-
ture. Panel �d� shows the surface of a 174 nm
thick PEO film prior to bilayer formation. Panel
�e� shows the surface of a PEO/PMMA bilayer
that was formed by placing a 70 nm thick PMMA
capping layer on top of the film shown in panel
�d�. This image was taken at 25 °C and prior to
heating. Panel �f� shows the surface of the same
PEO/PMMA bilayer after heating to 70 °C
for �1 s, followed by a rapid quench
��50 °Cmin−1� to room temperature. All AFM
images were collected in tapping mode and were
taken using a 20 �m�20 �m scan area. The in-
sets in all of the panels show a height profile of
the surface of the samples that was taken along
one of the main diagonals of each image.
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in the samples were also shown to act as nucleating sites for
the wrinkling process and to introduce a level of anisotropy
into the observed wrinkling morphologies. Samples that
were prepared in such a way as to minimize the introduction
of stresses into the capping layers during bilayer formation
produced more isotropic wrinkling morphologies. As can be
seen from Figs. 2�b� and 2�d�, the level of anisotropy varied
from sample to sample. A consideration of the image in Fig.
2�b� shows that while the local anisotropy is quite high in
this image, the direction of the anisotropy changes at differ-
ent positions on the samples. It is this variation in the direc-
tion of the anisotropy that gives the ringlike structure that is
observed in the Fourier transform shown in the bottom panel
of Fig. 2. Images such as the one shown in Fig. 2�d� produce
more anisotropic Fourier transforms that have isolated lobes.

Optical micrographs of the bilayer surfaces were collected
immediately after the formation of the wrinkles and within
�1 s of melting the underlayers �see Fig. 2�. This was done
because the initial wrinkling wavelength was observed to
coarsen with prolonged annealing time. As reported previ-
ously, this coarsening was observed to be much faster in
bilayer samples with thicker underlayers and thinner capping
layers and occurs as the result of the relaxation of residual
stresses in the wrinkled capping layers �17�. The optical mi-
crographs of the samples that were obtained shortly after the
formation of the corrugations were Fourier transformed �FT�
using the Image Pro Plus software. The dominant wave vec-
tor �qmax� in the images was then determined by taking a line
profile that passed through the center of the FT and the first
peak on either side of the central intensity maximum �see
bottom panel, Fig. 2�. The value of qmax corresponding to the
position of the first peak maximum was then used to deter-
mine the dominant wavelength, �, of the morphology using
the expression �=2� /qmax. This procedure was repeated for
each of the different bilayers studied and for different com-
binations of the underlayer and capping layer thickness. The
results are shown in the plots in Fig. 4.

Following the formation of the surface corrugations, the
bilayer samples were rapidly quenched to room temperature
by removing them from the hot stage and the semicrystalline
underlayers were allowed to recrystallize. The surface of the
bilayers was then imaged with an AFM using the same scan
parameters that were used to study the bilayers prior to heat-
ing. Figure 3 shows examples of AFM images of the differ-
ent bilayer systems that were collected before and after heat-
ing the samples. These images show that it is possible to
freeze in the wrinkled surface structure by rapidly quenching
the samples and recrystallizing the semicrystalline layer. The
line profiles that are shown in this figure illustrate that the
structures that are formed at the surface of these samples
during heating typically have larger height variations than
the roughness observed on the unheated bilayers. However,
as shown in Fig. 3 �panel �c��, the underlying roughness that
is associated with spherulitic structure of the semicrystalline
underlayers can be clearly seen on top of the wrinkled struc-
tures when the underlayers are recrystallized.

A final set of bilayer samples were also prepared by plac-
ing glassy polymer capping layers on top of molten under-
layers at temperatures of 60 and 70 °C for the PCap/PS and
PEO/PMMA bilayers, respectively. Samples that were pro-

duced in this way did not show the wrinkling behavior de-
scribed above. These simple experiments illustrate that it is
the process of melting the semicrystalline underlayer that is
responsible for driving the wrinkling transition at the surface
of the bilayers. These tests also rule out the possibility of
dispersion driven forces being responsible for the wrinkling
�5�. If dispersion effects were significant in the samples be-
ing studied, then they would cause the wrinkling to occur
even when the underlayers are in the molten state.

Measurements of the frequency-dependent shear modulus
�G���=G����+ iG����� of poly�caprolactone� �Mw

=10 000 gmol−1 ,Sigma� and poly�ethylene oxide� �Mw

=35 000 gmol−1 ,Sigma� were taken using a parallel plate
rheometer �Anton Parr MCR 301� operating over a range of
frequencies from 0.1 to 600 rad s−1. The values of G���
were determined at temperatures, TRheo, just above the melt-

FIG. 4. Characteristic wavelength of the wrinkling morphology
for each of the bilayer samples studied. Data are shown as function
of the capping layer thickness �L� for different values of the under-
layer thickness �ho�. The experimental data were obtained from val-
ues of qmax that were determined from FT line profiles �similar to
those shown in Fig. 2�, using the relation �=2� /qmax. Panel �a�
shows data that were collected from thin film PCap/PS bilayer
samples where the thickness �ho� of the underlying PCap film was
67 nm ���, 107 nm ���, and 462 nm �∆�, respectively. Panel �b�
shows data that were collected from thin film PEO/PMMA bilayer
samples where the thickness �ho� of the underlying PEO film was
174 nm ���, 371 nm ���, and 650 nm �∆� respectively. The solid
lines in this figure represent values of the fastest growing wave-
length that were calculated from simulations of the amplitude
growth rate, s�q�, that were determined using Eq. �9�. The values of
E, G, 	L, and 
 that were used to generate these lines are given in
Table I.
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ing temperature of the polymers �TRheo�PCap�=60 °C and
TRheo�PEO�=65 °C� in the presence of an inert nitrogen at-
mosphere and using typical strains of �1%. Polynomial fits
were then made to the G���� and G���� data over the range
of frequencies studied �see Fig. 5�. These fits were then used
to construct the complex frequency-dependent shear modu-
lus G���=G����+ iG����. This was then Fourier trans-
formed to obtain the time-dependent stress relaxation modu-
lus �G�t�� for each of the polymers studied �see insets, Fig.
5�.

III. RESULTS AND DISCUSSION

Figures 2 and 3 show that the morphology of the struc-
tures that are present on the surface of the bilayers prior to
heating are similar to those that are associated with the
spherulitic structure of the uncapped semicrystalline polymer
films. However, these figures also show that there are large

differences in the spherulitic structure �and corresponding
roughness� of the underlying semicrystalline polymers films
that are used to form each type of bilayer sample studied �see
Figs. 2�a� and 2�c��.

The structures that form after heating the samples are
similar in appearance for both types of bilayer studied. How-
ever, the length scales associated with the wrinkling are dif-
ferent in each case �see Fig. 4�. As described previously �17�,
wrinkle formation at the bilayer surface is driven by the re-
duction of the interfacial area between the semicrystalline
underlayer and the glassy polymer capping layer that occurs
when the underlayer is melted. When the underlayers melt,
interfacial tension acts to minimize the total interfacial area
and remove the excess roughness associated with spherulitic
structure of this layer. As the glassy polymer capping layers
are in intimate contact with the underlayer, the melting of the
underlayer pulls the interface between the two layers flat and
reduces the area of the capping layer. The capping layers
therefore have their total area reduced from something that is
close to the surface area of the semicrystalline underlayers
�prior to heating� to having an area that is equal to their
projected area on the substrate after heating. This reduction
in area leaves the glassy polymer capping layers in a state of
compressive stress �see Fig. 1�d��. Thermal fluctuations at
the surface of the bilayers then cause the capping layers to
buckle so that the system can release excess strain energy.
The surface of the capping layer is prevented from buckling
with the lowest energy bending mode �i.e., with a large
wavelength� because of kinetic constraints that are placed on
the system due to the need to transport material in the molten
underlayers. The intimate contact between the two layers,
and the requirement that material in the underlayer is con-
served, forces the buckling process to select a characteristic
wrinkling wavelength that represents a compromise between
the initial in-plane stresses in the films, the bending stresses
in the wrinkled capping layers, and the stresses that evolve in
the viscoelastic molten underlayers �17� �Fig. 1�e��. How-
ever, any anisotropic residual stresses that remain in the
samples following bilayer preparation will cause the wrin-
kling to occur in one dimension. The reason for this is that
wrinkling in one dimension requires less bending energy to
be stored in the films than in the case of two-dimensional
wrinkling �for a given perturbation wavelength�. As a result
of this, the presence of even a small anisotropy in the stresses
in the capping layer will cause symmetry breaking in this
system and the wrinkling process will produce one-
dimensional surface corrugations. As mentioned above, if
great care is taken to reduce the anisotropy of the residual
stresses that are introduced into the capping layers during
bilayer formation, more isotropic wrinkling structures can be
observed.

In the following section, we derive an expression that
considers the balance of forces that are exerted on the glassy
capping layers during the melting of the semicrystalline un-
derlayers. This simple model describes how fluctuations at
the surface of the bilayers with a particular wave vector, q,
evolve with time. It is shown that the amplitude growth rate,
s, is q-dependent and that there exists a particular wave vec-
tor qmax for which amplitude fluctuations are expected to
grow faster than for all other wave vectors. The results of

FIG. 5. Frequency dependence of the shear modulus of a
10 000 gmol−1 poly�caprolactone� sample taken at 60 °C �top
panel� and a 35 000 gmol−1 poly�ethylene oxide� sample �bottom
panel� taken at 65 °C. Hollow and filled symbols are used to rep-
resent the real and imaginary parts �G���� and G����� of the
frequency-dependent modulus, respectively. The arrows point to the
axis that is related to each data set. The solid lines shown on these
plots are the results of polynomial fits to the G���� and G���� data.
The insets in each panel show the time-dependent stress relaxation
modulus of the polymers. These plots were obtained by Fourier
transformation of the frequency-dependent modulus �G���
=G����+ iG����� of the polymers that were constructed using the
polynomial fits to the frequency-dependent rheology data.
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this simple model are used to predict the dominant wrinkling
wavelength for this system and the results of the calculations
are compared to experimental data obtained for the initial
wrinkling wavelengths in the bilayers studied. We show that
this model can be used to quantitatively predict the wrinkling
length scales for the bilayers studied here, if the thickness
and mechanical properties of the films that comprise the bi-
layers are known.

A. Wrinkling model

In modeling the mechanism responsible for the formation
of the wrinkles at the surface of the bilayers, we consider the
two layers separately. In all that follows, we will simplify the
problem by assuming that the wrinkling occurs in only one
dimension. We begin by considering the flow of material in
the molten semicrystalline polymer underlayers when they
are subjected to small spatial variations in the surface pres-
sure, Pz�x� �see Fig. 1�e��. A consideration of the flux of
material in this layer and the assumption that material is
conserved gives rise to the continuity equation

dh

dt
=

h3

3�

d2Pz

dx2 , �1�

where h and � are the thickness and viscosity of the molten
semicrystalline underlayer, respectively. The form of the spa-
tially varying surface pressure Pz�x� can be constructed by
considering the balance between the z components of the
forces that act on the glassy polymer capping layer and re-
sults in an expression of the form �17�

Pz�x� = E
L
d2h

dx2 +
EL3

12�1 − 	L
2�

d4h

dx4 − �zz, �2�

where E, 	L, and L are Young’s modulus, the Poisson ratio,
and the thickness of the glassy polymer capping layer, re-
spectively, and 
 is the strain introduced into the capping
layers by the reduction in area of the interface between the
two layers. The first term in this expression represents the
normal component of the stresses that occur due to the strain
in the glassy polymer capping layers, which have an out-of-
plane component when the capping layer starts to buckle
�21�. The second term describes the out-of-plane component
of the surface pressure that is caused by the bending of the
capping layer during wrinkling �21�, and the third term, �zz,
accounts for the pressure that is exerted on the glassy poly-
mer capping layers due to the elastic component of the re-
sponse of the viscoelastic underlayers �8,9�.

Equation �2� also describes spatial variations in the fluc-
tuation in pressure at the interface between the two polymer
layers. The difference between the first two terms and the
third term in this equation, therefore, describes the net down-
ward pressure exerted on the underlayer by the elastic cap-
ping layer during the initial stages of wrinkling. If the restor-
ing force provided by the underlayer were equal and opposite
to the downward force exerted by the elastic film at all times
during the wrinkling process, then the film would remain flat
and wrinkling of the capping layers would not occur. In the
initial stages of wrinkling, small spatial fluctuations in the

vertical component of the pressure must exist to drive
wrinkle formation. Equation �2� assumes that these small de-
viations give rise to nonzero, spatially varying pressure fluc-
tuations Pz�x� at the surface of the bilayer that drive the
initial wrinkling process and result in the selection of the
characteristic wavelength in the system.

An approximation to the form of �zz used in Eq. �2� can
be derived by using a method similar to that used by Fre-
drickson et al. �22� and Yoo and co-workers �8,9,13�. This
method considers the mechanical response of an elastic layer
that is subjected to sinusoidal surface perturbation of the
form h�x�=ho+A�t�cos�qx�, where ho is the average thick-
ness of the molten underlayer and A�t� is the time-dependent
amplitude of a disturbance of wave vector, q. We assume that
all deformations in the underlayer are small and use the ten-
sor form of Hooke’s law,

�ik = Kikull + 2G�uik − 1
3ull� , �3�

to relate the stress to the strain fields, uik, in the underlayer
�23�. In this expression, ik is the Kronecker delta, K and G
are the compressibility and shear moduli of the viscoelastic
underlayer, respectively, and �x1 ,x2�= �x ,z�.

The strain fields, uik, are then calculated from the dis-
placement fields, ui, using the expression �23�

uik =
1

2
� �ui

�xk
+

�uk

�xi
� . �4�

We then proceed according to the method adopted by Yoo
and co-workers �13� and assume that the viscoelastic layer is
subject to the required sinusoidal surface perturbation with
periodic boundary conditions in the horizontal direction. We
also assume that there is no tangential component of the
stress at the surface of the viscoelastic underlayer and that
��ik

�xk
=0. The displacement fields �ux and uz� can then be writ-

ten in the form

ux = u1 = A�t��1�z�sin�qx� ,

uz = u2 = A�t��2�z�cos�qx� , �5�

where �1�z�=C1�sinh�qz�+qz cosh�qz��+C2qz sinh�qz� and
�2�z�=C2�sinh�qz�−qz cosh�qz��−C1qz sinh�qz�. The coeffi-
cients C1�qho� and C2�qho� are given by the form �22�

C1�qho� =
qho cosh�qho�

qho − sinh�qho�cosh�qho�
,

C2�qho� =
cosh�qho� + qho sinh�qho�
qho − sinh�qho�cosh�qho�

. �6�

Combining Eqs. �3�–�6� with the required boundary con-
ditions gives the following result for the normal component
of the stress exerted on the glassy capping layer due to the
elastic component of the response of the underlayer, �zz:
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�zz�x,ho,t� = 2qGA�t�cos�qx�

��qho sinh�2qho� + �qho�2�2 cosh2�qho� − 1�
sinh�qho�cosh�qho� − qho

� .

�7�

Inserting Eq. �2� into Eq. �1� gives an expression that
describes the time-dependent evolution of amplitude/height
fluctuations at the surface of the bilayer. Assuming that the
amplitude displacements, A�t�, are small in comparison to
the thickness of the underlayer at early times, the resulting
expression can be linearized to give

dh

dt
=

ho
3

3�
�E
L

d4h

dx4 +
EL3

12�1 − 	L
2�

d6h

dx6 −
d2�zz

dx2 � . �8�

Inserting the result of Eq. �7� and using a trial solution,

h�x , t�=ho+A�t�cos�qx�, gives an equation of the form
dA�t�

dt
=s�q�A�t�, where the growth rate s�q� has the form

s�q� =
ho

3

3�
	E
Lq4 −

EL3

12�1 − 	L
2�

q6

+ 2Gq3�qho sinh�2qho� + �qho�2�2 cosh2�qho� − 1�
sinh�qho�cosh�qho� − qho

�
 .

�9�

We note at this point that the expression given above is
only valid in the initial stages of wrinkling. The model de-
scribed above is therefore only capable of predicting the re-
sponse of the system during the period where the initial
wavelength is selected. It is incapable of predicting the time
evolution of the wrinkling morphology after the initial
wrinkle formation has occurred.

The use of the shear modulus G in Eq. �9� requires some
interpretation at this point. In making the transition from the
case of an elastic material to a viscoelastic one, we must be
careful in interpreting and using the value of G as it is de-
fined above. A comparison of the values of the early time
stress relaxation modulus of the underlayer materials ob-
tained in the present study ��5–30 kPa, see Fig. 5� with
typical values of the relaxation modulus of glass forming
polymers �see Fig. 7 of Ref. �16� and Ref. �20�� shows that
the underlayers are not glassy on these short time scales
�Gglass�1 GPa�. Moreover, the time dependence of the stress
relaxation modulus in these materials is consistent with that
of the viscoelastic response of an uncrosslinked, low molecu-
lar weight polymeric liquid and G�t� is therefore expected to
be a time-dependent quantity for these materials. In the
present model, we assume that the value of G in Eq. �9�
represents an effective average value of the early time value
of the stress relaxation modulus G�t�. In a previous study
�17�, the value of G that was used to fit the data was found to
be approximately the same as the value of G�t� taken at a
time of �0.01 s. If we adopt the same approach in the
present work, a comparison with the insets shown in Fig. 5
suggests that values of G�PCap��5 kPa and G�PEO�
�24 kPa are appropriate values for the stress relaxation
modulus of the underlayer materials used here. We note at

this stage that the optical micrographs of the wrinkling bi-
layers were obtained on experimental time scales of up to
�1 s. However, this should be viewed as a generous upper
bound on the time at which the micrographs were collected
relative to formation of the wrinkles. In principle, the images
of the sample surfaces were collected as soon as the wrinkles
had formed, but reaction times and the response of experi-
mental equipment were found to take a finite amount of time.
Clearly, a response time of �0.01 s is unlikely to be
achieved in these experiments, but a time averaged value of
G evaluated at a time of 0.01 s does not seem unrealistic in
the context of the present model.

Figure 6 shows plots of the reduced growth rate 3�s�q�
that were obtained using Eq. �9� for different values of the
thickness of the capping layer �L� and underlayer �ho�, re-
spectively. For values of s�q��0, fluctuations at the surface
of the film will be suppressed. However, when s�q��0 these
fluctuations will be amplified. As shown in Fig. 6, s�q� has a
well-defined maximum at a wave vector qmax. Surface corru-
gations with this wave vector will grow exponentially faster
than all other fluctuations and are expected to dominate the
morphology at the surface of the bilayers at early times. Fig-
ure 6 also shows that the growth rate of fluctuations at the
surface of the bilayers is larger in samples with thicker un-
derlayers �large ho� and thin capping layers �small L�. This is
consistent with the experimental observation that the wrin-
kling morphology coarsens faster in bilayers with large val-
ues of ho and smaller values of L.

B. Comparison between the model and results

Plots similar to those shown in Fig. 6 were used to deter-
mine the wave vector qmax with the largest growth rate, for

FIG. 6. Calculations of the q-dependant growth rate �3�s�q�� for
sinusoidal perturbations at the surface of the bilayers studied. The
main panel shows calculations of the reduced growth rate for a
fixed value of the capping layer thickness �L=150 nm� using values
of ho=174, 371, and 650 nm, respectively. The inset shows the
results of similar calculations that were performed for a fixed value
of the underlayer thickness �ho=371 nm� using different values of
L=50, 150, and 300 nm, respectively. All of the curves shown are
calculated using Eq. �9� with values of E=3.7 GPa, 	L=0.325, 

=0.1�10−3, and G=24 kPa, respectively.
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different values of the underlayer and capping layer thick-
ness. In each case, the value of the underlayer thickness ho
was fixed at the value of the experimentally determined un-
derlayer thickness and the capping layer thickness was in-
creased incrementally. Values of qmax were then calculated
for each value of the capping layer thickness using the con-
dition that ds

dq �qmax�=0. The values of qmax obtained using
this method were then used to calculate the characteristic
wavelength, �, of the wrinkling morphology at early times
using the expression �=2� /qmax. The solid lines in Fig. 4
show the results of calculations that were performed for both
the PCap/PS and PEO/PMMA bilayers studied. Table I lists
the parameters that were used to calculate the solid lines
shown in this figure. Values of G were extracted from the
rheological measurements of PEO and PCap shown in Fig. 5
�as described above� and values of the Poisson ratio �	� and
Young’s moduli �E� of the capping layers were obtained
from the literature �20�.

The values of the strain �
� that were used in the calcula-
tions were determined from the AFM images of the bilayer
surfaces. Prior to heating, the surface area of the capping
layers was assumed to be equal to the value of the area
measured using the AFM �A1�. After heating and the subse-
quent melting of the underlayers, the polymer/polymer inter-
face was assumed to be pulled completely flat and the result-
ing area was assumed to be comparable to the projected area
of the film on the substrate. In the case of the individual
AFM images that were used to determine the surface area of
the samples prior to heating, this corresponds to the scan area
that was used to collect each image. The values of A1 and the
corresponding scan areas �Ascan� obtained from each image
were then used to calculate the effective linear strain, 
, in-
troduced into the capping layers by melting the semicrystal-
line underlayers using the expression 
�

A1−Ascan

2Ascan
. Values of

the strain that were determined using this method were found
to be consistent for each set of bilayers studied.

It is worth commenting about the validity of the assump-
tions used in determining the strain at this stage as this as-
sumes that the capping layers are in a state of zero stress
prior to heating the bilayers. When the capping layers are
placed on top of the semicrystalline films, the glassy polymer
membranes would be forced to increase their total area in
order to conform to the underlayer surface. This would mean
that melting of the underlayer would simply relax any
stresses that are introduced by the sample preparation proce-
dure and would cause the contraction of the capping layers
back to a state of zero stress and the wrinkling process would

not occur. So how can the capping layers be in a state of zero
�or close to zero� stress prior to melting the underlayers?
There are two possible reasons why this could occur. Either
the production of the bilayers results in the yield and flow of
the capping layer as the two layers are pulled into contact, or
there is sufficient slack in the free-standing membranes that
are used to form the capping layers to compensate for the
increase in contour length of these layers during bilayer for-
mation �17�. Yield of the capping layers would leave them in
a stress-free state, but this seems unlikely. This is because the
typical strains associated with the change in the area of the
free-standing membranes that occur during bilayer formation
are of the order of �0.1−0.35��10−3 �as determined from
AFM images of the uncapped underlayer surfaces�. A simple
calculation of the stresses involved in increasing the area of
the initially flat capping layer membranes ��prep=E
� gives
an upper bound of �prep�1.2 MPa. This is an order of mag-
nitude smaller than the stresses that are required to cause the
onset of nonlinear mechanical processes in similar glassy
polymers ��yield�30 MPa, 
yield�0.01� �25�. The possibility
of having excess slack in the free-standing membranes that
were used to form the capping layers seems more likely.
Despite the fact that these films were annealed above a hot
plate to remove short wavelength wrinkles in the membranes
and to tighten them �prior to bilayer formation�, sufficient
excess area could have existed in the free standing mem-
branes to allow the capping layers to conform to the surface
of the semicrystalline layer. The reason for this is that the
annealing process removes short wavelength wrinkles very
quickly while the removal of slack in the supported films
requires much longer times because of the need to transport
material over larger distances. Both of these effects provide
possible explanations as to how the capping layers can be in
a stress free state prior to heating the bilayers, but they are
difficult to quantify in the context of the present experiments.

The data shown in Fig. 4 indicate that the wavelength of
the morphology is sensitive to the molecular weight �and
hence the mechanical properties� of the underlayer, as can be
expected from Eq. �9�. This can also be confirmed by com-
paring the results shown in the bottom panel of Fig. 4 with
those obtained in our previous study on PEO/PS bilayers that
used a lower molecular weight PEO underlayer �17�. The
mechanical properties of the capping layers used in all three
bilayer systems are expected to be very similar at the tem-
peratures studied �20�. As the molecular weight of the under-
layer is increased, the wavelength of the wrinkling morphol-
ogy is expected to be reduced for a given set of values of ho
and L according to Eq. �9�. This can be interpreted in the
following way. As the molecular weight of the polymer used
in the underlayer is increased this causes a corresponding
increase in the value of G. This means that for a deformation
in the underlayer of a given size, there will be an associated
increase in the strain energy stored in the films. The result of
increasing G is therefore to suppress large deformations such
as those caused by long-wavelength �small q� surface pertur-
bations and to shift the dominant wrinkling wavelength to
smaller values. The reduction in the wrinkling wavelength
that is observed for the PEO/PMMA bilayers shown in Fig. 4
is particularly significant given the differences in the size of
the strains that are driving the wrinkling of the capping lay-

TABLE I. Bilayer material parameters used in the calculation of
the wave-vector-dependent amplitude growth rates, s�q� �see Eq.
�9��.

Parameter PCap/PS bilayer PEO/PMMA bilayer

E �GPa� 3.4 �20� 3.7 �20�
G �kPa� 5.0±1.5 24.0±2.0

	L 0.325 �20� 0.325 �20�

 �0.35±0.05��10−3 �0.1±0.05��10−3
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ers. As can be seen from Fig. 3, the surface area of the
PCap/PS bilayers prior to heating is typically larger that of
the corresponding PEO/PMMA bilayers. This results in a
much lower final strain being introduced into the PMMA
�
=0.10±0.05�10−3� capping layers than in the case of the
PS capping layers �
=0.35±0.05�10−3�. These values are
also smaller than the strains that were found in our previous
study of PEO/PS bilayers �17�. According to calculations
based on Eq. �9�, reducing the strain in the capping layer is
expected to increase the wrinkling wavelength. This means
that the effects due to increasing the stiffness of the polymer
underlayer dominate over effects due to the reduced strain in
the capping layers for the PEO/PMMA bilayers studied here,
resulting in a reduced wrinkling wavelength in these bilay-
ers.

Figure 4 also illustrates that the analytical form of the
growth rates derived in Eq. �9� accurately predicts the char-
acteristic wrinkling wavelengths that form in this system.
This is surprising given that the viscoelastic properties of the
underlayer materials were represented by inserting the results
for the response of an elastic layer �Eq. �7�� into an equation
describing the viscous flow in the underlayers �Eq. �1��.
Moreover, the form of Eq. �1� assumes that the flow in the
underlayers is incompressible. These are clearly rather crude
approximations to the true viscoelastic response of the un-
derlayers. A more detailed and rigorous analysis of the wrin-
kling of an elastic layer supported on a viscoelastic under-
layer can be found in recent theoretical studies by Huang and
co-workers �16,26�. Despite the limitations of the model de-
scribed in the present work, the initial wrinkle wavelengths
that are predicted using Eq. �9� are shown to be in good
agreement with experimental data with only a few small dis-
crepancies being observed. The reason why the elastic and
viscous components of the underlayer response can be de-
coupled in the model used here is not clear at this stage. One
possible explanation could be related to the range of viscosi-
ties and the elastic moduli associated with the response of
these materials. Typical values for the viscosity of the under-
layers can be obtained directly from the slope of the G����
versus � plots shown in Fig. 5 �24�. A consideration of these
plots shows that the viscosity of the PCap and PEO used in
this study are �0.039 and �0.215 Pa s, respectively, and
that the frequency-dependent storage modulus �G����� of the
materials varies in the range 0–140 kPa. As these materials
are relatively soft, there may be some decoupling of their
elastic and viscous properties, although this is difficult to
quantify in the context of the present study.

The fits shown in Fig. 4 illustrate that the model proposed
in the current work correctly captures the both the underlayer
and capping layer thickness dependencies of the initial wrin-
kling wavelength and suggests that the proposed mechanism
for wrinkle formation is the correct one. An encouraging
aspect of the work presented here is that the values of G that
were predicted above based upon the results of our previous
analysis �17� �also see Table I� were able to accurately de-
scribe the data shown in Fig. 4. However, some deviation
from the fits can be observed for the thinnest underlayers in
the PCap/PS bilayers. It is unclear why the model deviates
from the experimental data for these samples. One possible
cause for the extra curvature at large values of L, could be

due the onset of the effects of dispersion driven forces for
these thinner underlayer films. However, the addition of a

dispersion term of the form
ho

3

3�
Aq2

2��ho+L�4 �8,9� �where A�1

�10−19 J �27�� to the right-hand side of Eq. �9� makes no
difference to the shape of the calculated curves.

Another source of these discrepancies could be caused by
changes in the area of the polymer/polymer interface during
the wrinkling process. As the wrinkles form, the interfacial
area between the two layers might be expected to increase
slightly as the initially flat, strained capping layers are de-
flected out of the plane of the sample surface. However, the
model described above is only valid in the limit of small
deflections of the capping layer. The changes that occur in
the area of the polymer/polymer interface due to the growth
of the amplitude of the wrinkles during this initial period are
likely to be small. If these small increases in the interfacial
area did play a significant role in selecting the initial wave-
length, they could be accounted for by including an addi-
tional term of the form �i

d2h
dx2 on the right-hand side of Eq. �2�

�where �i is the interfacial tension of the two polymers�. This
would mean that the coefficient of the second derivative in
Eq. �2� �and the corresponding q4 term in Eq. �9�� would
become E
L−�i. Inserting typical values of E=3.4 GPa, 

=0.35�10−3, L=200 nm, and �i=4 mJ m−2 �20� we find that
the addition of the interfacial tension term causes a change in
this coefficient of only �1% and its inclusion in the model
makes no discernible difference to the shape of the calcu-
lated lines shown in Fig. 4. However, we note that in the case
of very thin underlayer films ��10 nm thick� both dispersion
forces and effects due to the changing interfacial area be-
tween the two polymers will become significant. In this case,
both a dispersion term and an interfacial energy term should
be added to Eqs. �2� and �9�.

An additional concern related to the role played by inter-
facial effects arises if the elastic energy stored in the capping
layers is greater than the work of adhesion between the two
polymer layers �10�. In this case some of the stored strain
energy could be used to overcome the adhesive interactions
between the two polymer surfaces and a degree of interfacial
failure could occur. If we consider the elastic energy that is
stored per unit area in the capping layers �Ustrain� when they
experience a strain, 
, we obtain an expression of the form
Ustrain= 1

2EL
2, where E and L are the Young’s modulus and
thickness of the capping layer, respectively. Inserting typical
values of E and 
 for the capping layers studied in the
present work and assuming the maximum film thickness, L
�400 nm, we obtain an upper bound of Usrain,max
=0.1 mJ m−2. Typical values for the surface tension of the
polymers used in these experiments are �surf�40 mJ m−2.
The work of adhesion �Wad� per unit area between the two
polymer layers can then be approximated by the expression
Wad�2�surf−�i�76 mJ m−2. This means that Ustrain,max
�Wad and failure of the interface between the two polymers
is unlikely to occur. This suggests that the two layers would
remain in intimate contact during the entire wrinkling pro-
cess.

Another possible explanation for the small discrepancies
between the predictions of the model and the data shown in
Fig. 4 could be related to the influence of substrate/
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interfacial effects on the material properties of these thin
polymer layers. Numerous studies have been performed on
thin supported films that suggest that free surface and sub-
strate effects can significantly change properties such as the
glass transition temperature of ultrathin polymer films
�28–30�. The thickness of the thinnest PCap films �67 nm� is
comparable to the thickness ��40 nm� where thin film and
interfacial effects have been shown to influence the material
properties of polymers �28–30�. The role played by the in-
teraction between the PCap films and the native silicon oxide
coating on the silicon wafers that were used as substrates
could be responsible for stiffening the underlayer. This
would give rise to shorter wavelengths than those predicted
by the simple theory proposed here. However, these effects
are difficult to quantify in the absence of a detailed study of
the thickness dependence of the mechanical properties of ul-
trathin PCap films supported on Si substrates.

IV. CONCLUSIONS

We have described a mechanically driven wrinkling insta-
bility in thin film poly�caprolactone�/polystyrene and poly-
�ethylene oxide�/poly�methyl methacrylate� bilayers. This in-
stability was shown to be driven by changes in the interfacial
area between a semicrystalline polymer underlayer and a
glassy polymer capping layer that occur when the underlayer
is melted. The wrinkling instability was shown to result in
the formation of periodic one dimensional corrugations at the

surface of the bilayers that have a well-defined wrinkling
wavelength on the micron length scale. In both sets of bilay-
ers studied, the initial wrinkling wavelength was shown to
depend upon the thickness and mechanical properties of the
films that were used to manufacture the samples. A simple
model that considered the flow and deformation of material
in the molten semicrystalline underlayers and the balance of
stresses in the capping layers was used to derive an expres-
sion for the wave-vector-dependent growth rates of fluctua-
tions at the sample surface. This model was based upon a
linear stability analysis and predicted that the amplitude of
fluctuations with a particular wavelength would grow faster
than all others. The model was then used to calculate the
fastest growing wavelength in this system. It was shown that
this simple model can be used to quantitatively predict the
characteristic wavelength of the wrinkling instability if the
thickness and mechanical properties of the two layers are
known.
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