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We have used reflected light microscopy to study the lateral morphology which self-assembles at elevated
temperatures in films consisting of a polyisoprene(PI) layer capped on both sides by polystyrene(PS) layers:
freely standing PS/PI/PS trilayer films. Heating of the trilayer films causes the formation of a periodic, lateral
morphology which is driven by the attractive dispersion interaction acting across the film. In our studies of the
temperature dependence of the morphology, we find that the onset temperature for the formation of the
morphology increases with increasing heating rate. By heating the films to temperatures greater than the glass
transition temperature of the PS-capping layers, the morphology is removed. By heating and then cooling the
films, the morphology formed upon heating disappears and reforms at right angles to the original morphology
with a larger periodicity characteristic of the lower temperature. These results can be explained by considering
the time and temperature dependence of Young’s modulus of PS.
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I. INTRODUCTION

Thin polymer films with thicknesses of tens of nanom-
eters are studied extensively for two reasons:(1) they pro-
vide an ideal sample geometry for studying the effects of
one-dimensional confinement on the structure, morphology,
and dynamics of the polymer molecules, and(2) they are
used extensively in technological applications such as optical
coatings, protective coatings, adhesives, barrier layers, and
packaging materials. The stability of the films is a key issue
in all of these studies and applications. For most applica-
tions, it is necessary to ensure that the film remains stable
within its range of operating temperatures. However, by ex-
ploiting instabilities that are inherent to thin polymer films in
response to changes in, e.g., temperature and applied fields,
it is possible to achieve unique applications such as
multilayer active packaging materials and well-ordered, self-
assembled morphologies in the plane of the film with
micrometer- and even nanometer-length scales.

Thin polymer films can be susceptible to the formation of
holes when heated to temperatures that are comparable to or
greater than the bulk glass transition temperatureT g

B for
which considerable chain mobility is obtained. In the ab-
sence of external fields, the instability can be driven by the
van der Waals or dispersion interaction which can be sub-
stantial for film thicknessesh,100 nm [1]. For films sup-
ported on substrates, it is possible for the dispersion interac-
tion between the two film surfaces to be attractive, such that
the uniform film breaks up into droplets via a process known
as dewetting[2,3], or repulsive, which enhances the stability
of the films [1]. Unsupported or freely standing polymer
films are always unstable to the formation and growth of
holes at elevated temperatures[4–6], since the dispersion
interaction is always attractive for this film geometry which
is symmetric about the midplane of the film[1]. Holes can

form via two different mechanisms: they can be nucleated by
external perturbations or defects, such as dust or density in-
homogeneities, or they can form spontaneously due to am-
plification of long-wavelength fluctuations of the film sur-
faces driven by the attractive dispersion interaction between
the two film surfaces. In the case of nucleation, holes with
radii R greater than a critical valueRc grow with time, where
Rc=h/2 [7]. In the case of spontaneous hole formation, holes
can form in the film due to the interplay between the disper-
sion interaction and the surface tension contributions to the
free energy[8].

One way to improve the thermal stability of freely stand-
ing polymer films is to add solid capping layers to both film
surfaces, creating a freely standing trilayer film[9]. Upon
heating, it is found that a distinctive morphology forms spon-
taneously in the plane of the film, consisting of long, parallel
domains with a well-defined periodicity. The domains are
formed when the capping layers come together to pinch off
tubes of the fluid central layer. This phenomenon occurs for
a wide variety of material combinations, for both freely
standing[9] and supported[9–11] films, with only two re-
quirements: the capping layers must be solid, but thin
enough to be deformable at a temperature for which the cen-
tral layer is in the melt phase, and the dispersion force must
be attractive and large enough to drive the morphology. As
discussed below, an analysis of the initial stages of the insta-
bility leading to the in-plane morphology showed that the
wavelength that grows most rapidly is given bylm=Î43lc
[9], where lc is the critical wavelength above which it is
energetically favorable for the amplitude of the instability to
grow with time. Also, the dependence of the wavelength of
the lateral morphologylm on the individual film thicknesses
(central layer thicknessh, capping layer thicknessL) was
predicted to belm~L3/4sh+2Ld, and this relationship was
shown to be satisfied for SiOx/PS/SiOx freely standing films
with 30 nm,h,121 nm and 17.7 nm,L,30.4 nm[9].

Microscopic self-assembled pattern formation has also
been observed in supported homopolymer films and block
copolymer films that have been heated to temperatures above
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the bulk glass transition temperature and subjected to electric
fields and thermal gradients[12,13]. In general, relatively
thick films were used in these studies such that the dispersion
interaction acting across the film was very small and the
morphology was driven by the application of external fields.
It has also been shown that tailored micron-scale patterning
is possible without the application of an external electric
field by placing the film in the gap between patterned tem-
plates[14,15].

Recently, we investigated self-assembly and pattern for-
mation in freely standing polymer trilayer films consisting of
a thin layer of polyisoprene(PI) capped on both sides by
polystyrene (PS) layers, which we refer to as PS/PI/PS
trilayer films. We have demonstrated that the lateral mor-
phology forms at right angles to cracks in the PS layers,
which can be exploited to produce square arrays of isolated
micron-size droplets of PI separated by and encapsulated be-
tween the PS capping layers[16]. In the present study, we
have measured the dependence on the heating rate of the
temperatureT onsetcorresponding to the onset of morphology
formation and we have explored the dependence of the sta-
bility of the morphology on the thermal history of the films.
If the trilayer films are heated from room temperature to
temperatures greater than the bulk glass transition tempera-
ture T g

B for PS, the lateral morphology first appears at tem-
peratures much less thanT g

B and then disappears at tempera-
tures comparable toT g

B. The lateral morphology can also be
modified by cooling the films. If a film is heated quickly to a
temperature less thanT g

B, lateral morphology will begin to
form with a certain wavelength. If the film is then cooled to
a lower temperature, the original morphology disappears and
a new morphology with a larger wavelength forms at right
angles to the original morphology. The dependence ofTonset
on the heating rate and the changes in morphology obtained
upon further heating or cooling of the trilayer films can be
understood by considering the time and temperature depen-
dence of Young’s modulus of the PS capping layers.

II. INITIAL STAGES OF INSTABILITIES IN FREELY
STANDING POLYMER FILMS

To understand the initial stages of instability of freely
standing polymer trilayer films at different temperatures, we
will make use of two calculations from the literature: spon-
taneous hole formation in freely standing single layer fluid
films [8], for which the interactions that determine the nature
of the instability are surface tension and dispersion, and
spontaneous morphology formation in freely standing
trilayer films with a fluid central layer capped symmetrically
by layers of a solid material[9], for which the interactions
that determine the nature of the instability are dispersion and
the elastic bending of the solid capping layers. For both
cases, we use a linear stability analysis to examine the initial
stages of instabilities in the films.

A. Freely standing single-layer fluid films

For freely standing single-layer fluid films of thicknessh0,
we consider the stability of sinusoidal undulationsz cosqx

of the film surfaces that are symmetric about the midplane of
the film (see Fig. 1), whereq=2p /l. The average change in
the free energykDEl can be written as the sum of the average
free energy change due to the creation of new area on the
two surfacessDEsurfd and the average free energy change due
to the dispersion interactionkDEdispl:

kDEl = kDEsurfl + kDEdispl

=
2g

l HE0

l F1 +
1

2
Sdy

dx
D2Gdx− lJ

−
A

12plFE0

l S 1

h2 −
1

h0
2DdxG , s1d

whereg is the surface tension,y=z cosqx is the undulation
in one of the film surfaces, the film thicknessh=h0
+2z cosqx, h0 is the unperturbed film thickness,A is the
Hamaker coefficient which characterizes the dispersion inter-
action[1], andk¯l refers to averaging over one wavelength
l of the undulation. In the limit of small-amplitude undula-
tions sz!h0d, Eq. (1) can be written as

kDEl = Fq2g

2
−

A

2ph0
4Gz2. s2d

The average energy change given by Eq.(2) is equal to zero
for a critical value of the wave vectorq=qc:

qc =
2p

lc
=Î A

pgh0
4 . s3d

For wavelengthsl.lc, it is energetically favorable for
the undulation amplitude to grow; forl,lc, it is energeti-
cally favorable for the undulation amplitude to decay to zero.

B. Freely standing trilayer films with solid capping layers

For freely standing trilayer films consisting of a fluid cen-
tral layer of thicknessh0 which is capped symmetrically by
solid capping layers of thicknessL, we consider sinusoidal
undulationsz cosqx of the film surfaces that are symmetric
about the midplane of the film(see Fig. 2), where the wave
vectorq=2p /l. The average change in the free energykDEl
can be written as the sum of the average free energy change
due to the bending of the solid capping layerskDEbendl and
the average free energy change due to the attractive disper-
sion interaction acting across the entire trilayer film thick-
nesskDEdispl [1,17]:

FIG. 1. A schematic view of a thin polymer single-layer film
with a sinusoidal undulation in the air/polymer interfaces.

MURRAY et al. PHYSICAL REVIEW E 69, 061612(2004)

061612-2



kDEl = kDEbendl + kDEdispl

=
YL3

24ls1 − s2dFE0

l Sd2y

dx2D2

dxG
−

A

12plFE0

l S 1

sh + 2Ld2 −
1

sh0 + 2Ld2DdxG , s4d

whereY ands are the Young’s modulus and Poisson’s ratio
for the capping layer material,L is the capping layer thick-
ness,h0 is the unperturbed central layer thickness,h=h0
+2z cosqx is the perturbed central layer thickness, andk¯l
refers to an average over one wavelengthl of the undulation.
In the limit of small-amplitude undulationssz!h0d, Eq. (4)
can be written as

kDEl = F YL3

24s1 − s2d
q4 −

A

2psh0 + 2Ld4Gz2. s5d

The average energy change given by Eq.(5) is equal to
zero for a critical value of the wave vectorqc:

qc =
2p

lc
=Î4 12As1 − s2d

pYL3sh0 + 2Ld4 . s6d

For wavelengthsl.lc, it is energetically favorable for
the undulation amplitude to grow; forl,lc, it is energeti-
cally favorable for the undulation amplitude to decay to zero.

The dynamics of the self-assembly process can be ana-
lyzed by considering the effect of pressure gradients in the
central fluid layer in the presence of sinusoidal undulations
[9]. The pressure in the central fluid layer has two contribu-
tions: the pressurePD induced by the dispersion force acting
across the entire trilayer film thickness which drives the mor-
phology and the pressurePB due to the bending of the cap-
ping layers. The pressureP on the fluid can be written as
[1,17]

P = PB + PD <
A

6psh0 + 2Ld3

+ FDs¹2d2 −
A

psh0 + 2Ld4Gz cosqx, s7d

where D=sYL3d / f12s1−s 2dg, Y and s are the Young’s
modulus and Poisson’s ratio of the capping layer material,
andA is the Hamaker coefficient associated with the capping
layer-air interfaces.

Pressure gradients within the fluid film produce flow of
the fluid, squeezing the fluid out of the regions where the
capping layer separation is decreasedsz,0d. We assume
Poiseuille flow with no slippage at the fluid capping layer
boundaries. This simple fluid analysis is a useful first-order
approximation for a polymer melt at very high temperatures.
The pressure gradient for the parabolic flow field is

− ¹W P =
2

h0
3 sedge stressd

=
2

h0
Uh ] vW

] z
U

edge

=
8h

h0
2 vWm, s8d

where vW is the fluid velocity,vWm is the maximum velocity
obtained at the midplane of the fluid film,h is the viscosity,
and thez direction is chosen normal to the film. Combining
Eqs.(7) and(8) and the continuity equation which reduces to

¹W ·vWm=−s3/h0ds]z /]tdcosqx, we obtain

24h

h0
3

] z

] t
cosqx= ¹2FDs¹2d2 −

A

psh0 + 2Ld4Gz cosqx.

s9d

We assume that the amplitude of the capping layer defor-
mation depends exponentially on time,z,et/t, with time
constantt. Substituting this assumed time dependence forz
into Eq. (9), we obtain

1

t

24h

h0
3 = − Dq6 +

Aq2

psh0 + 2Ld4 . s10d

There is exponential growth of the deformation for wave
vectorsq,qc, given by Eq.(6). The wave vectorqm that
grows most rapidly can be obtained by differentiating Eq.
(10) with respect toq and setting the result equal to zero. We
find thatqm=qc/Î43, with corresponding wavelength

lm =
2p

qm
= 2pÎ4 pY

4As1 − s 2d
L3/4sh0 + 2Ld. s11d

The characteristic growth timet corresponding to the
wavelengthlm that grows most rapidly can be obtained by
substituting the expression forqm into Eq. (10):

t = 18hF p3Y

As1 − s 2dG1/2L3/2

h0
3 sh0 + 2Ld6. s12d

III. EXPERIMENT

A. Sample preparation

Narrow-distribution polystyrene(molecular weight of

M̄w=7183103 g/mol and polydispersity indexMw/Mn

=1.12) and cis-1 ,4-polyisoprene(molecular weight ofM̄w
=4143103 g/mol and Mw/Mn=1.06) were obtained from
Polymer Source Inc. The freely standing PS/PI/PS trilayer

FIG. 2. A schematic view of a thin polymer trilayer film with a
sinusoidal undulation in the air/polymer interfaces.
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films were prepared in a multistep process using a combina-
tion of spin-coating and water-transfer techniques. The
water-transfer procedure[18] used distilled water produced
by a Millipore system and was performed in a clean environ-
ment(laminar flow cabinet). Thin PS films were prepared on
freshly cleaved Muscovite mica substrates by spincoating so-
lutions of PS dissolved in toluene. Solutions with PS mass
concentrations of 1.4% –1.7% were spin coated at speeds of
3000–4000 rpm to obtain the PS film thicknessesL used in
this study: 60 nm,L,86 nm. After spin-coating, the PS
films on the mica substrates were annealed in vacuum at
115°C for 12 h. The annealing procedure is performed to
remove any solvent that may be trapped in the films as well
as to allow the chains to relax after the spin-coating proce-
dure. The samples were then cooled to room temperature at a
rate of1°C/min. For each PS film thickness, three or more
films were prepared on mica. One PS film was transferred
onto a distilled water surface and then captured on a Si wafer
for subsequent measurement of the film thickness using re-
flection ellipsometry. Another PS film was used to create a
PI/PS bilayer film by spin coating a solution of PI dissolved
in heptane onto the PS film on mica. Heptane does not dis-
solve the underlying PS film. Solutions with a PI mass con-
centration of 1.2% were spin coated at a speed of 4000 rpm
to obtain the PI film thicknessesh used in this study:
45 nm,h,56 nm. The PI/PS bilayer film was transferred
onto a distilled water surface and captured across a 4-mm
-diam hole in a stainless-steel sample holder, creating a
freely standing PI/PS bilayer film. A portion of the PI/PS
bilayer film was transferred onto a Si wafer for subsequent
measurement of the PI/PS film thickness using reflection el-
lipsometry. To create a freely standing PS/PI/PS trilayer film,
the water-transfer procedure was used to transfer a third,
identical PS film from mica onto a freely standing PI/PS
bilayer film which was then dried in filtered air. This resulted
in a freely standing PS/PI/PS trilayer film in which the thick-
nesses of the PS capping layers were equal.

B. Experimental procedures for the measurement
of lateral morphology

The lateral morphology which self-assembles in the freely
standing PS/PI/PS trilayer films was characterized using re-
flected light microscopy. The films were placed in a custom-
built hot stage on an Olympus BX-60 optical microscope.
The optical microscopy images were collected using a Sony
XC-70 three-color charge-coupled-device(CCD) camera in-
terfaced to a Flashpoint frame grabber and analyzed using
Image Pro Plus software.

To observe the formation of lateral morphology, the films
were heated from room temperature to an elevated tempera-
ture T,T g

B=97°C for PS. Typically, the heating rate was
fixed at a constant value ranging from 0.5 to5°C/min, but
some films were placed into the preheated optical micro-
scope hot stage to achieve the fastest possible heating rate.
Films were also subsequently heated to higher temperatures
or cooled to lower temperatures to observe changes in the
lateral morphology. The heating and cooling rates are speci-
fied below for each of the samples discussed.

A custom-built, single-wavelengthsl=632.8 nmd, self-
nulling ellipsometer was used to measure the PS films and
PI/PS bilayer films that had been transferred onto Si wafers.
The film thickness and index of refraction were obtained
from the measured ellipsometry angles assuming an isotro-
pic, homogeneous film or bilayer film on an underlying sub-
strate consisting of a 2-nm-thick SiOx layer on Si. The index
of refraction values used for SiOx and Si for a wavelength of
l=632.8 nm werenSiOx

=1.460 andnSi=3.886−0.02i. This
data fitting procedure has been shown to yield excellent fits
to the ellipsometry data[18,19]. The absolute accuracy of the
film thickness measurement is approximately 0.5 nm for the
films used in the present study.

IV. RESULTS AND DISCUSSION

Following the room-temperature preparation of the freely
standing PS/PI/PS trilayer films, the films were flat with only
a small number of defects produced by the incorporation of
dust particles and the use of a multiple-step water-transfer
procedure which can produce cracks in the thin PS layers. As
the flat trilayer films were heated from room temperature, the
films were observed to wrinkle due to larger thermal expan-
sion for the polymer trilayer films than for the stainless-steel
sample holder and a lateral morphology consisting of a peri-
odic banded structure was observed to form in the films. In
Fig. 3 is shown an optical microscope image obtained atT
=95°C for a freely standing PS/PI/PS trilayer film that was
heated from room temperature at a rate of2°C/min. The
lateral morphology consists of a periodic, banded structure
that contains regions in which the PI thickness is less than
that in the original trilayer film(“pinched-off” regions) that
are separated by regions in which the PI thickness is greater
than that in the original trilayer film(PI “tubes”) (see Fig. 2).

For freely standing PS/PI/PS trilayer films that were
heated quickly to an elevated temperatureT,T g

B, the bulk
glass transition temperature for PS, undulations in the PI
layer formed with a wavelength which decreased with in-
creasingT. In Fig. 4 are shown the measured wavelengths of
the lateral morphology as a function of temperature for PS/

FIG. 3. (Color online) Lateral morphology that has self-
assembled in a freely standing PS/PI/PS trilayer film(h=56 nm,
L=85 nm) upon heating toT=95°C at a rate of2°C/min. The
width of the image corresponds to 255mm.
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PI/PS trilayer films with 45 nm,h,53 nm and
73 nm,L,79 nm that were heated to different tempera-
tures by placing the samples into the microscope hot stage
that was preheated to the target temperature. There is essen-
tially no change in the wavelength of the lateral morphology
for temperaturesT,75°C.

If a film was held at the elevated temperature for an ex-
tended time, the amplitude of the undulations in the PI layer
was observed to grow with time, leading to the formation of
distinct PI tubes separated by regions in which the separation
between the two PS layers was very small. Once the lateral
morphology began to form with a particular wavelength
characteristic of a particular temperature, the wavelength did
not change measurably upon further heating(for T,T g

B of
PS), with the amplitude of the undulations in the PI layer
increasing with time. In Fig. 5, optical microscope images
are shown for two trilayer films(layer thicknessesh
=50 nm andL=60 nm) that have both been heated at a slow
rate of 1°C/min and differonly in the maximum tempera-
ture reached: 90°C for the film in Fig. 5(a), and 100°C for
the film in Fig. 5(b). The domains are more distinct for the
film heated to the higher temperature than for the film heated
to the lower temperature. However, the wavelengths of the
two morphologies agree to within 10%, which is the mea-
sured sample-to-sample variation in the wavelengths mea-
sured for different identical films heated to the same tem-
perature.

A sequence of optical microscope images is shown in Fig.
6 for a freely standing PS/PI/PS film that was heated from
room temperature at a constant heating rate of1°C/min.
With increasing temperature, the lateral morphology appears
(images B and C) and then disappears(images E and F). In

image F, the film is remarkably uniform in color, indicating
that the undulations in the film thickness that are most visible
in image D have essentially been removed at the higher tem-
perature. In images F, G, and H, corresponding to tempera-
tures T.T g

B, holes are observed to form and grow in the
central PI layer[20]. The variation in intensity from top to
bottom in image B is due to the presence of a long-
wavelength wrinkle which forms in the polymer trilayer film
as it is heated due to differential thermal expansion between
the film and stainless-steel sample holder. A time sequence of
optical microscope images, from which the images in Fig. 6
have been selected as a subset, is also available[21]. Below,
we describe our measurements of the onset of the formation
of lateral morphology formed by heating the films at a con-
stant rate and the disappearance of the lateral morphology
upon further heating, as well as the disappearance and refor-
mation of the lateral morphology upon cooling. All of these
results can be understood in terms of the time and tempera-
ture dependence of the viscoelastic properties of the PS cap-
ping layers.

A. Onset of lateral morphology upon heating

For films heated from room temperature at different con-
stant heating rates, the lateral morphology was observed to

FIG. 4. Measured wavelengthlm of the lateral morphology ver-
sus temperatureT for a series of PS/PI/PS freely standing trilayer
films which have PI thicknesses 45 nm,h,53 nm and PS thick-
nesses 73 nm,L,79 nm. The solid symbols correspond to data
collected for films heated quickly from room temperature to the
temperature indicated on the plot. The open symbols correspond to
data collected for films heated from room temperature at a rate of
4°C/min toT=96°C, held atT=96°C for 5 min, and then cooled
at a rate of4°C/min to T=75°C. The solid curve was obtained
from an analysis of the data presented in Figs. 9 and 10, together
with Eq. (11) (see text for details).

FIG. 5. (Color online) Optical microscope images for two freely
standing PS/PI/PS trilayer films(h=50 nm,L=60 nm). Both films
were heated from room temperature at a rate of1°C/min. The
image in part (a) was captured immediately after reachingT
=90°C, and the image in part(b) was captured immediately after
reaching T=100°C. The width of each image corresponds to
127 mm.
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form at a temperature that increased with increasing heating
rate. To obtain a reliable measure of the onset temperature
Tonset of the lateral morphology, we have calculated the av-
erage variance of the blue channel content of a series of
optical microscope images collected at regular temperature
increments during the heating of the films. For each pixel in
the image, the average variance is computed as the sum of
the squares of the difference between the intensity value for
that pixel and those of its eight nearest-neighbor pixels, di-
vided by the number of nearest-neighbor pixels[22]. For a
film of uniform color, the average variance is zero. However,
if there are short-range variations in the intensity of light
with position in the image, the average variance is greater
than zero. To select the best color channel for the calculation
of the average variance, we plotted the 8-bit intensity values
of each color channel measured using the CCD camera, to-
gether with the standard deviation of each intensity value, as
a function of temperature for each sample. A representative
plot of intensity versus temperature is shown for the blue

channel in Fig. 7 for the same PS/PI/PS trilayer film as in
Fig. 6. We chose the blue channel because the intensity val-
ues plus or minus the standard deviation of the intensity
values did not reach the maximum(255) or minimum (0)
intensity values over the entire temperature range for all of
the samples.

For a series of freely standing PS/PI/PS trilayer films with
h=56 nm andL=85 nm heated at different constant rates,
we have computed the average variance per pixel as a func-
tion of temperature for optical microscope images collected
at regular temperature increments. The average variance ver-
sus temperature is shown in Fig. 8 for the same PS/PI/PS
film as in Fig. 6. Initially, the variance is small, since the
images are of uniform color, corresponding to uniform film
thickness. At higher temperatures, two peaks are observed in
the average variance: the peak observed atT<95°C corre-
sponds to the formation and disappearance of the lateral mor-
phology and the peak observed atT<109°C corresponds to
the formation and growth of holes in the central PI layer.
Discontinuous jumps in the average variance, such as those
observed forT=93°C and 107°C in Fig. 8, are due to the
manual refocusing of the optical microscope during the ex-
periment. For each film,Tonsetwas determined from the low-
temperature peak in the average variance by fitting straight
lines to the data for temperatures below and aboveTonset(see
inset to Fig. 8). The average values of theTonset values ob-
tained at each heating rate are plotted as a function of heating
rate in Fig. 9. The error bars correspond to the standard de-
viation of theTonsetvalues measured for that heating rate. An
increase inTonsetof about 10°C was observed as the heating
rate was increased by a factor of 4. Additional measurements
were performed for a heating rate of5°C/min, but formation
of the lateral morphology was obscured by hole formation in
the central PI layer at this rapid heating rate.

FIG. 6. (Color online) Optical microscopy images of a PS/PI/PS
freely standing trilayer film(h=56 nm,L=85 nm) that was heated
from 50 to 110°C at1°C/min. The width of each image corre-
sponds to 255mm. The letters correspond to specific temperatures:
A, 66°C; B, 87°C; C, 90°C; D, 94°C; E, 97°C; F, 102°C;
G, 109°C; H, 110°C.

FIG. 7. Average blue channel intensity versus temperature for
the optical microscopy images corresponding to the same trilayer
film as in Fig. 6. The error bars indicated for each data point cor-
respond to the standard deviation of the blue channel intensity in
the optical image. The letters refer to the specific images shown in
Fig. 6, indicating the formation of the lateral morphology(B), the
disappearance of the morphology(F), and the formation of holes in
the central PI layer(G).
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The average variance technique for measuring the onset
of the formation of lateral morphology is sensitive to short-
range variations in the intensity in the images, since intensi-
ties in neighboring pixels are compared, and therefore it
works very well for images such as those shown in Fig. 6 in
which the wavelength of the morphology is much smaller
than the lateral extent of the field of view. Changes to the
intensity due to the formation of long-wavelength wrinkles
in the film caused by differential thermal expansion between
the polymer trilayer film and the stainless-steel sample
holder can produce large variations in the average intensity,
corresponding to the large standard deviation of the blue
channel intensity for temperatures 80°C,T,90°C in Fig.
7. Despite the presence of large standard deviations due to

long-wavelength variations in intensity, the contribution of
such intensity variations to the average variance is small(see
Fig. 8). Therefore, a sensitive measure of the onset of the
lateral morphology from the average variance data can be
obtained even if there are wrinkles in the film.

To understand the change inTonsetas a function of heating
rate, as well as changes to the lateral morphology observed
by changing the temperatureT presented below, it is neces-
sary to consider the effect of changingT on the stiffness of
the PS capping layers. In the calculation presented above for
the formation of lateral morphology in freely standing
trilayer films, it was assumed that the central layer was fluid
and the capping layers were solid at the temperature of the
experiment. Although it is a good approximation that the
central PI layer is a viscous fluid at the temperatures of in-
terest (well above the glass transition temperature of
,−70°C for PI), the Young’s modulusY of the PS capping
layers can be a strong function of both the temperature and
time scale of the experiment. In general,Y increases with
decreasing time scale and temperature. Fujita and Ninomiya
[23] have measured Young’s modulusY for polystyrene with
molecular weightMw=1833103 for different temperatures
within the range 79°C,T,155°C and for a range of times
60 s, t,6000 s. Using time-temperature superposition,
they constructed a master curve ofYstd at a reference tem-
perature ofT=135°C. We have used their master curve of
Ystd to generate curves of log10 Ystd versus log10 t at differ-
ent temperatures, as shown in Fig. 10(a) [24].

In the initial stages of lateral morphology formation, the
morphology grows or decays with a characteristic time scale
t given by Eq.(12). In the temperature range corresponding
to the present experiments, the dependence oft on tempera-
ture is determined primarily by the temperature dependence
of the Young’s modulusY of the PS capping layers and, to a
lesser extent, the temperature dependence of the viscosity
h of the PI layer. For PI atT=95°C (which is 165°C above
Tg), a 20°C decrease in temperature produces only a factor
of approximately 1.9 increase in the viscosity, based on the
Williams-Landel-Ferry (WLF) parameters forcis-1 ,4-PI
[25]. By neglecting the small temperature dependence ofh,
rearranging Eq.(12) for Y, and taking the base-10 logarithm,
we obtain

log10 YsTd = 2 log10 t sTd − 2 log10 C, s13d

whereC contains the terms that do not depend strongly on
temperature. From Eq.(13), we can see that a plot of log10 Y
versus log10 t has a slope of 2.

In Fig. 10(b) are shown theYstd curves corresponding to
the measuredTonset values shown in Fig. 9. Each data point
corresponds to the intersection of a vertical line indicating
the experimental time scale(taken to be the inverse of the
heating rate) and theYstd curve corresponding to the mea-
suredTonset value (obtained by time-temperature superposi-
tion from the data in[23]). A line of slope 2, as predicted
using Eq. (13), is also shown. Reasonable agreement be-
tween the measured data and the line of slope 2 is obtained,
corresponding to a change in Young’s modulus of about a

FIG. 8. Average variance per pixel of the blue channel intensity
versus temperature calculated for the same trilayer film as in Fig. 6.
The letters refer to the specific images shown in Fig. 6, indicating
the formation of the lateral morphology(B), the disappearance of
the morphology(F), and the formation of holes in the central PI
layer (G). The inset shows the average variance versus time for the
onset of the lateral morphology, together with straight line fits to the
data above and below the onset temperatureTonset which is indi-
cated by the vertical arrow.

FIG. 9. TemperaturesTonsetcorresponding to the onset of lateral
morphology as a function of heating rate. The error bars correspond
to the standard deviation of theTonsetvalues measured for multiple
samples for each heating rate.
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factor of 10 for the time and temperature ranges of the mea-
sured onset of the lateral morphology.

B. Changes to the lateral morphology upon further
heating and cooling

1. Experimental observations

After the lateral morphology has formed in the freely
standing polymer trilayer films at an elevated temperature,
we observe large, qualitative changes to the morphology
upon further heating or cooling of the films. If the polymer
trilayer film is heated to a temperatureT.T g

B after the lat-
eral morphology has formed, the lateral morphology disap-
pears with time(see the images of Fig. 6). Specifically, the
color of the film becomes uniform, indicating that the total
film thickness is uniform in the plane of the film, just as it
was following the preparation of the trilayer film. As the film

is further heated to temperaturesT.T g
B for PS, holes form

and grow in the central PI layer.
If instead the polymer trilayer film is cooled to a low

temperature after the lateral morphology has begun to form
at a high temperatureT,T g

B, we observe that the morphol-
ogy characteristic of the high temperature disappears with
time, while simultaneously a new morphology forms at right
angles to the original morphology with a larger wavelength
characteristic of the low temperature. An optical microscope
image of the lateral morphology observed after heating a
freely standing PS/PI/PS trilayer film toT=96°C at a rate of
4°C/min isshown in Fig. 11(a). The film was then cooled at
a rate of 4°C/min to T=75°C, and after 30 min atT
=75°C, the optical microscope image shown in Fig. 11(b)
was obtained. In Fig. 11(b), both the original morphology
characteristic ofT=96°C, with the smaller wavelength run-
ning diagonally from the top left to the bottom right, and the
new morphology characteristic ofT=75°C, with the larger

FIG. 10. (a) log10-log10 plot of Young’s modulusY of PS in Pa
as a function of time in seconds for different temperatures, derived
from [22]. (b) An enlargement of the portion of the plot in part(a)
indicated by the dashed lines. Each data point corresponds to the
intersection of a vertical line indicating the experimental timescale
(inverse of heating rate) and theYstd curve corresponding to the
measured value ofTonset. The straight line has slope 2.

FIG. 11. (Color online) (a) Lateral morphology which has
formed in a freely standing PS/PI/PS trilayer film(h=49 nm, L
=73 nm) that has been heated toT=96°C at a rate of4°C/min.
The width of the image corresponds to 50mm. (b) Lateral morphol-
ogy observed for the same film as in part(a) after cooling the film
to T=75°C at a rate of4°C/min. The image wascollected after
30 min atT=75°C. The width of the image corresponds to 50mm.
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wavelength running diagonally from the top right to the bot-
tom left, can be seen.

2. Discussion

To understand the experimental observations presented
above, we modify the linear stability analysis presented in
the Introduction to account for the time and temperature de-
pendence of Young’s modulusY of the PS capping layers.
Specifically, we allow for three contributions to the free en-
ergy of the freely standing polymer trilayer system:(1) the
creation of new surface, as determined by the PS surface
tension,(2) the bending of the PS capping layers, and(3) the
dispersion interaction acting across the total film thickness.
In the presence of sinusoidal undulationsz cosqx in each
outer film surface, symmetric about the midplane of the
trilayer film (see Fig. 2), the average change in the free en-
ergy of the system is given by

kDEl = kDEsurfl + kDEbendl + kDEdispl

=
2g

l HE0

l F1 +
1

2
Sdy

dx
D2Gdx− lJ

+
YL3

24ls1 − s2dFE0

l Sd2y

dx2D2

dxG
−

A

12plFE0

l S 1

sh + 2Ld2 −
1

sh0 + 2Ld2DdxG ,

s14d

whereg is the surface tension of the air/PS interface,Y and
s are the Young’s modulus and Poisson’s ratio for the PS
layers,A is the Hamaker coefficient associated with the PS/
air interface,h0 is the unperturbed PI film thickness,h=h0
+2z cosqx is the perturbed PI film thickness,y=z cosqx is
the undulation of one surface, andk¯l refers to an average
over one wavelengthl of the undulation.

At temperaturesT,T g
B for the PS capping layers, the

important contributions to Eq.(14) are the bending energy of
the capping layers(sinceY is relatively large in the glassy
state) and the dispersion force[9]. At these temperatures, the
viscosity of PS is very large and its elastic modulus is rela-
tively high, such that the PS film cannot respond to the sur-
face tension and this contribution is neglected in Eq.(14).
This low-temperature case corresponds to the situation con-
sidered in the Introduction for freely standing trilayer films
with solid capping layers and, in the limit of small-amplitude
undulationssz!h0d, Eq. (14) can be written as

kDELl = F YL3

24s1 − s2d
sqLd4 −

A

2psh0 + 2Ld4Gz2, s15d

corresponding to a critical wave vectorqc
L=2p /lc

L for which
kDELl=0 given by[see also Eq.(6)]

qc
L =

2p

lc
L =Î4 12As1 − s2d

pYL3sh0 + 2Ld4 . s16d

At temperaturesT.T g
B for the PS capping layers,Y of

the capping layers is relatively small and the PS films have a

sufficiently small viscosity that they can flow in response to
the surface tension, such that the important contributions to
the change in the free energy are the surface tension and the
dispersion force terms in Eq.(14). This high-temperature
case corresponds to the situation considered in the Introduc-
tion for freely standing single-layer fluid films, and in the
limit of small-amplitude undulationssz!h0d, Eq.(14) can be
written as

kDEHl = F sqHd2g

2
−

A

2psh0 + 2Ld4Gz2, s17d

corresponding to a critical wave vectorqc
H=2p /lc

H for which
kDEHl=0, given by

qc
H =

2p

lc
H =Î A

pgsh0 + 2Ld4 . s18d

If we substitute typical values for the parameters as listed
in Table I into Eqs.(16) and (18), we see that in the low-
temperature case, the value of the critical wave vectorqc

L

<2.43105 m−1 is larger than in the high-temperature case
by a factor of approximately 5, and so the critical wavelength
lc

L<0.2lc
H. As the lateral morphology forms in the film at a

temperature well belowT g
B for PS, it does so with the wave-

lengthlm
L that grows most quickly, wherelm

L =Î43 lc
L[9].

We can now use the above analysis to try to understand
the changes in the lateral morphology observed experimen-
tally, as detailed at the beginning of this section. The de-
crease inY with increasing temperature(see Fig. 10) sub-
stantially reduces the contribution of the bending energy to
the free energy at high temperatures. Concurrently, at high
temperatures, the PS is more fluid like and can respond to the
surface tension contribution in the free energy which acts to
reduce the surface area of the film. Since the critical wave-
length at high temperature,lc

H, is larger than the wavelength
of the morphology,lm

L , which formed at a lower temperature,
the morphology becomes unstable and the undulations in the
film surfaces decay with time. This is in agreement with

TABLE I. Typical parameter values for PS/PI/PS trilayer
films.

Parameter Symbol Value

Hamaker coefficienta A 10−19 J

PS surface tension atT=105°C g sT=105+°Cd 35 mN/m

PI thickness h 50 mm

PS thickness L 50 nm

PS Young’s modulusb Y 1.83109 Pa

PS Poisson’s ratio s 0.3

Ratio of PI viscosity atT=75°C
to that atT=105°Cc

h sT=75+°Cd /
h sT=105°Cd

2.4

aTypical value of the Hamaker coefficient for the vacuum/PS/
vacuum interface[26].
bYoung’s modulus atT=75°C and timest,103 s [23].
cCalculated using WLF parameters for PI[25].
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experimental observations, in which the morphology is re-
moved from the films at temperatures comparable toT g

B (see
Fig. 6).

The change in the lateral morphology observed upon
cooling of the film from a relatively high temperature can
also be understood on the basis of the time and temperature
dependence ofY. As the temperature is decreased from 95 to
75°C,Y will increase by a factor of 63, as determined by the
intersection of the line of slope 2 with theYstd curves for the
two temperatures in Fig. 10(a). This means that the critical
wavelengthlc

L will increase by a factor ofÎ463<2.8, such
that it becomes larger than the wavelengthlm

L of the existing
undulation. As a result, the morphology which formed at
high temperature becomes unstable and the amplitude of the
undulation decays with time. At the same time, a lateral mor-
phology with a larger wavelength characteristic of the lower
temperature forms and its amplitude grows with time. This
can be understood by realizing that excess surface area is
required to allow lateral morphology to form in the films.
The morphology can form upon initial heating of the films
from room temperature because of the increase in the surface
area of the film due to differential thermal expansion be-
tween the polymer film and the stainless-steel sample holder.
Upon subsequent cooling to temperatures for which the mor-
phology is observed to reform, there is a small reduction in
the area of the films due to thermal contraction, but there is
still more surface area for the film compared with that at
room temperature. To create enough excess surface area for
the morphology characteristic of the lower temperature to
form, it is necessary for some of the initial, high-temperature
morphology to decay. So the low-temperature morphology
grows as the high-temperature morphology decays.

It is interesting to note that the low-temperature morphol-
ogy forms essentially at right angles to the original, high-
temperature morphology. This can be understood in terms of
the amount by which the PI must be moved to achieve the
new morphology. To form the larger wavelength morphology
parallel to and in the presence of the original high-
temperature morphology requires movement of entire PI do-
mains to larger separation, producing large curvature of the
PS capping layers. It is much more energetically favorable—
i.e., involves less movement of PI and less bending of the PS
capping layers—to form the larger-wavelength morphology
at right angles to the original high-temperature morphology.
For the film shown in Fig. 11, the angle between the low-
and high-temperature morphologies was found to vary be-
tween 70° and 90° at different lateral positions in the film.
The deviation from perpendicularity between the two mor-
phologies is likely due to the presence of small, in-plane
stresses obtained by thermally cycling the film which can
cause the low-temperature morphology to form along a pre-
ferred direction in the plane of the film.

As shown in Fig. 4, the wavelength of the lateral mor-
phology decreases with increasing temperature. This occurs

because of the decrease of Young’s modulus of the PS cap-
ping layers with increasing temperature. Also included in
Fig. 4 are data points(open symbols) obtained for two PS/
PI/PS trilayer films that were heated at a rate of4°C/min to
T=96°C, held atT=96°C for 5 min and then cooled at a
rate of4°C/min toT=75°C. The wavelengths measured for
the reformed morphology atT=75°C are the same to within
the uncertainty of the measurement as the wavelengths mea-
sured for the morphology obtained by heating from room
temperature toT=75°C (solid circles). In addition, a solid
curve is shown in Fig. 4 which was calculated from Eq.(11)
using temperature-dependentY values for 75°C,T,95°C
obtained from the intersection of the line of slope 2 and the
Ystd curves shown in Fig. 10. To compare the measured and
calculated wavelength values, the value of the calculated
wavelength forT,85°C was adjusted to be equal to the
measured values in this temperature range. The calculated
temperature dependence of the wavelength values agrees re-
markably well with the measured temperature dependence
and this provides supporting evidence that the analysis of the
onset temperature data presented above is valid. At the
higher temperatures, the calculated wavelength values fall
slightly below the measured values. Perhaps refinements to
the calculation—e.g., nonlinear effects[27] or a complete
description of the viscoelastic properties of PS—could ac-
count for these small differences.

V. SUMMARY AND CONCLUSIONS

We have used reflected light microscopy to study the lat-
eral morphology which self-assembles at elevated tempera-
tures in freely standing PS/PI/PS trilayer films. A detailed
analysis is presented for the dependence on heating rate of
the onset temperatureTonsetfor the formation of morphology.
By changing the temperature of the trilayer films—i.e., fur-
ther heating or cooling of the films—we have produced large
changes in the morphology. In particular, further heating to
temperatures above the glass transition temperature of PS
causes the morphology to disappear with time. Alternatively,
cooling of the films causes the original high-temperature
morphology to disappear and simultaneously reform at right
angles to the original morphology with a larger wavelength
characteristic of the lower temperature. The dependence of
Tonset on heating rate and changes in morphology with in-
creasing or decreasing temperature can be understood in
terms of the time and temperature dependence of Young’s
modulus of the PS capping layers.
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