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Evolution of a Stress-Driven Pattern in Thin Bilayer Films. Spinodal Wrinkling
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We report the full spectrum of the evolution of thewrinkle pattern formation in athin bilayer film of
an elastic metal on aviscoelastic polymer. Although the origin is different, the transition of an initial
islandlike pattern to a labyrinthine structure without any change in the wavelength (¢ ~ °) and the
overall evolutionary processis strikingly similar to that in the spinodal system but the processis robust
and takes place on a long time scale (about 10 days). T he change into a mountai nous topography in the
late stagesis accompanied by an increase in the length scale from an initial wavelength to another. This
change, due to the relaxation of the confined polymer that results in a transition from elastic- to
viscouslike behavior, induces wave coarsening (g ~ ¢~ 94=%08) and macroscopic roughening.
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Wrinkle formation in layered systemsisawell known
phenomenon and believed to take place spontaneously by
an abrupt compressive stress[1,2]. A few approaches have
been taken to examinethe dynamics Oneisan instability
approach based on beam mechanics [3]. Another utilizes
molecular dynamics simulations to describe the pattern
coarsening process [4]. In these studies [2—4], the com-
pressive stress due to the misfit strain is the driving force
that is caused by a mismatch in the thermal expansion
coefficient.

The bilayer system being considered is a thin polymer
layer capped with a thin metal layer. The stress on the
metal layer is generated upon heating the bilayer, which
istensile Assuch, the metal surface would fracture once
the stress exceeds its critical value if a simple expansion
occurs in the polymer layer due to its larger thermal
expansion coefficient. Our experimental results show,
however, that an isotropically wrinkled surface results
instead of a fractured surface, indicating that the visco-
elastic property of the polymer induces an instability and
makes the polymer deform in a vertical direction in
relieving thermal stress

Bilayers of aluminum on polystyrene (PS) wereused in
our experiments Typically, atoluene solution of PS (high
molecular weight: M, = 1340000, M, /M, = 1.05,
Polymer Source Inc.) was spin coated onto a silicon sub-
strate, on which aluminum was thermally deposited to a
desired thickness. For wrinkle formation, the prepared
samples were placed in a constant-temperature oven and
annealed for a period of time The samples were then
removed one at atime to examine the temporal evolution
of wavy surface structure by atomic force microscopy
(AFM, Digital Instruments, Dimension 3100) in the con-
tact mode. Most of the experiments were carried out at
140 °C, well above the glass transition temperature of
about 105 °C of the high molecular weight PS and some
at 170 °C.

Temporal evolution of the surface pattern thus obtained
experimentally is shown in Fig. 1 under set | [Figs 1(a)—
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1(f)] for arelatively small wave and those for a relatively
large wave under set 11 [Figs 1(g)-1(1)]. There are two
distinct transitionsin both setsregardless of thewave size
under isothermal conditions Oneisthetransition froman
islandlike to a labyrinthine pattern, as apparent in going
from Fig. 1(a) tol(b) inset | and Fig. 1(g) tol(h) in set I1.
Theformation of theislandlike structureisrelatively fast,
usually taking place in the first 3 min of annealing time.
The evolution of the labyrinthine pattern to a more or-
dered structure takesalong time, usually morethan a few
days Whether the pattern is islandlike or labyrinth, this
early stage, which isto be called stage |, is characterized
by the constancy of the dominant wave number of maxi-
mum intensity, ¢,,. The other transition is marked by the
appearance of a second wave, as typified in the fast
Fourier transforms (FFTs) of Figs 1(d) and 1(i), i.e, the
emergence of a second ring or a larger wave than the first
in stage I. As time progresses, the larger wave starts
exerting itself and becomes dominant over the initial
wave This period isto be called stage I1.

The transition from an islandlike to a labyrinthine
pattern is detailed in Fig. 2. The idandlike pattern is
seen to evolve to a textured, to a partially developed
labyrinthine, and to a fully developed labyrinthine pat-
tern in about one day. T he sectional data and mean rough-
ness value (RMYS) in the insets show that wave amplifies
continuously, while the wavelength remains the same
The transition from a disordered islandlike to an ordered
labyrinthine pattern can be quantitatively described by a
disorder function [5]. Thefactsthat wavesgrow withtime
but increase only in the magnitude, which is strain in
wrinkling, without any change in the wavelength and the
initial emergence of perturbational islandlike fluctuation
are similar to those found in the early stage of spinodal
decomposition [6,7]. However, the time it takes to estab-
lish an early stage in spinodal decomposition is so short
that the dynamics are analyzed only in the reciprocal
Fourier space and rarely captured in experiments [8]. In
contrast, the stress-driven wrinkling in our system takesa
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FIG. 1. AFM images of the temporal evolution of stress-
driven surface wavy patterns (80 pm X 80 wm). Set | (a)—(f)
is for smaller waves that result in a thin metal layer (40 nm)
and arelatively thin polymer layer (350 nm) and set 11 (g)—(1) is
for larger waves that result when the polymer layer is made
thicker (580 nm). Insets show the FFT images for given
textured patterns (a) Set | data after 3 min. (b) Set | data after
12 h. (c) Set | data after 36 h. (d) Set | data after 72 h. (€) Set |
data after 100 h. (f) Set | data after 170 h. (g) Set 11 data after
3min. (h) Set Il dataafter 36 h. (i) Set || dataafter 72 h. (j) Set
Il data after 96 h. (K) Set |l data after 120 h. (I) Set Il data
after 195 h.

long time to establish its early stage so that the slow and
robust change of local behavior in surface pattern can be
fully captured in experiment.

The constant intrinsic wavelength A for stage | can be
determined inanapriori manner [9]. The free energy per
unit area of the metal /polymer bilayer system is given by

_ quztgn E, 2E, (89)2
Fla) [12(1 —2) 45 3g } @)

where ¢ is the thickness, E is Young's modulus, the sub-
scripts m and p are for the metal and the polymer,
respectively, g is the wave number, ¢ is the amplitude of
the wrinkling wave, and v,, is the Poisson ratio of the
metal. The first term represents the bending energy of
the metal layer [10] and the second and third termsarethe
deformation energy of the underlying polymer layer in
the long- and short-wavelength limit, respectively [11].
The usual approach for plate buckling with a viscous
media does not take into account the viscoelastic proper-
tiesof the underlying polymer layer [3,12]. T he character-
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FIG. 2 AFM images of initial stage of wave development
(40 wm X 40 wm). The upper inset shows FFT for a given
pattern and the lower inset gives sectional data and mean
roughness value (RMS). (a) Islandlike pattern of set | data
after 3 min of annealing. (b) Textured pattern of set |
data after 20 min. (c) Weak labyrinthine pattern of set | data
after 6 h. (d) Fully developed labyrinthine pattern of set | data
after 24 h.

istic wavelength is determined by minimizing with re-
spect to wave number the system free energy of the
bilayer. The result predicts well the wavelength depen-
dence on thickness and temperature variations For in-
stance, the theoretical values of theinitial wavelength are
258and3.26 pm forsetl and set 11 in Fig. 1, respectively,
which compare with 2.45 and 3.08 wm from an experi-
mental spectral data analysis

By the time a labyrinthine pattern is completed in the
early stage, a larger wave emerges as shown by the for-
mation of two ringsinthe FFTsin Fig. 1, i.e, Figs 1(d)
and 1(i), signaling the beginning of stage Il. The emer-
gence of a second peak means that a new wavelength
parameter intervenes and interacts with the initial wave-
length. This characteristic can also be observed in other
systems such as a Turing wave and spiral wave in chemi-
cal reactions [13] and a wave of compaosition fluctuation
and that of capillary fluctuation in phase separation [14].
The dynamics of these two stages can be understood more
precisely by an analysis of power spectra of the resulting
patternsin Fig. 3(a). Whilethe FFT imagesin Fig. 1 show
that there exists one dominant large wave asindicated by
asmall ring near the center [Figs 1(f) and 1(1)], the power
spectra uncover the fact that initial waves are still re-
tained even inthelate stage Thus, initial small wavesare
imbedded in the larger waves as in a mountai nous topog-
raphy [15]. However, once the second maximum peak
emerges after about 36—48 h of annealing, the larger
waves become dominant and get to grow with time.

A surprising finding in this Letter is that the strain of
the metal layer remains constant even with increasing
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FIG. 3. (&) Power spectra intensity of evolving patterns as a
function of wave number. Arbitrary unit is used for simulta-
neous representation of both sets| and Il. Arrows indicate the
maximum intensity peak of the pattern that formed on the
surface initially. The second peak emerges with time and then
become dominant in time (b) Strain-time relation of metal
layer. Strain-growth region corresponds to the early stage
(stage ). The slope simply depends on material properties In
stage I1, the strain is constant.

wavelength once the second larger wave emerges It is
very difficult to measure the strain of athin metal layer
(lessthan 100 nm) in the multilayer with adirect method.
Instead, the surface area of the wrinkled surface was
measured by AFM to calculate the strain indirectly. The
change of the strain with time is shown in Fig. 3(b) for
both stages The plots show that in stage I, the strain
increases with time but then becomes nearly constant
when stage |l starts This type of behavior in strain-
time relationship is the same as in creep and relaxation
loading for the polymer [16]. The facts that no more
stretching of metal takes place and the strain is indepen-
dent of time in stage Il suggest that the stress relaxation
liesin the polymer layer.

For an analysis of stage Il, we utilize the viscous
property of polymer. The dynamic equation of motion
for the bilayer can be expressed as follows [10,17]:
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where & is the local film thickness, x is the lateral coor-
dinate, C is the constant that is dependent on the flow
profile and the viscosity, P is the pressure, v is the
interfacial tension. For a small fluctuation of the film
thickness, h(x, t) = hy + € cos(gx) exp(z/7), and Eq. (2),
when the perturbation is introduced into the equation,
yields

3
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where 7 isthe growth parameter. The relationship leadsto
a stahility condition that the wave number approach zero
for the fastest growing wave, which meansthat the wave-
length should continuously grow with time without
bound. However, as the polymer layer thickness is finite,
the wavy pattern becomes *‘pinned’ after about 200—
280 h of annealing. Therefore, the resulting wavelength
is larger for thicker polymer layer. A sectional scanning
electron micrograph (SEM) in Fig. 4(a) shows that the
valleys of the wrinkles indeed reached the substrate sur-
face, which confirms the pinning behavior.

Figure 4(b) shows the wave number plotted against
time Asindicated earlier, the wave number remains the
samein stagel. In stage |1 of interest here, it is seen that
the wave number is inversely proportional to time (all
experimental values from six data sets are in the range
between —0.958 and —1.12). It isnotable that thisgrowth
rate dependence is identical with that found in the late
coarsening stage of spinodal decomposition [6,18].

A discussionisin order here onthe similarities between
the spinodal wrinkling in buckled bilayers and the spi-
nodal decomposition in polymer blends. To start with,
both phenomena are spinodal, which is an initiation of
small perturbations with a certain wavelength, asis evi-
dent from Figs 1(a) and 1(g). The initiation is by an
instability in both, the former due to athermomechanical
instability that leads to a deflection wave due to a surface
deformation, and the latter due to a thermodynamic one
that leadsto a composition wave dueto a phase separation.
With the strain as the magnitude of wave in wrinkling,
thereisaoneto one correspondence between the stages of
the wrinkling and those of the decomposition. In both
cases, the wavelength is constant but the magnitude in-
creases with time in the early stage Inthe late stage, the
wavelength increases with time but the magnitude stays
constant. Although thereis no stage in thewrinkling that
corresponds to the intermediate stage of the decomposi-
tion, the mechanism responsible for the process leading
up to the saturation is similar and in this context, stage |
corresponds to a combination of the early and intermedi-
ate stages of the decomposition. In the spinodal decom-
position, the magnitude keeps increasing but eventually
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FIG. 4. (@) SEM micrograph for verification of ‘“‘pinned”
wave after 280 h of annealing in set 11. Theinset isa magnified
image of the ‘' pinned” region. One can observe that one half of
one large wave (viscosity-induced wave) is composed of four
small waves (elasticity-induced wave) as seen in Fig. 1(I).
(b) Dominant wave number-time relation in stages | and II.
The wavelength is constant during stage | but increases al most
linearly with time in stage Il.

reaches a saturation value that corresponds to the maxi-
mum composition gradient. While the driving forcein the
decomposition is composition gradient, it is stressin the
wrinkling. In the wrinkling, the magnitude also keeps
increasing but eventually reaches a saturation value that
corresponds to the maximum stress The saturation cor-
responding to the maximum driving force marks the
beginning of the late stage in both cases The mechanism
involved in the growth of thewavelength iscoarsening in
both. The coarsening in spinodal decomposition is vis-
cosity controlled [19] and so isthe coarsening in spinodal
wrinkling. Therefore, the exponent of the time depen-
dence of thewavelength growth isunity for both spinodal
decomposition and spinodal wrinkling.

In summary, spinodal wrinkling can be characterized
as one in which the wavelength remains constant and the
strain increases with time in stage | (elasticity induced
wave), but the strain remains constant in stage Il (vis-
cosity induced wave) while the wavelength increases
with time
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