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Microshaping metal surfaces by wave-directed self-organization
Pil J. Yoo, S. Young Park, S. Joon Kwon, Kahp Y. Suh, and Hong H. Leea)

School of Chemical Engineering, Seoul National University, Seoul, 151-744, Korea

~Received 25 July 2003; accepted 6 October 2003!

Self-organization in the shaping of a metal surface is dictated by an internal wave that selects the
type of modes from an externally imposed periodic pattern. An elastomeric mold, when placed on
a thin bilayer of metal on polymer and heated, provides periodic nodes that give rise to a periodic
wave of harmonic series. The internal wave in the bilayer selects the type, number of harmonic
modes, and the fractional magnitude that each allowed harmonic mode contributes to the overall
surface shape, thereby permitting shape engineering of the metal surface. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1630377#
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The phenomenon of surface wrinkling has receiv
much attention because of its significance in thin film scie
and industry.1–4 Controlling the wrinkling so as to produce
desired pattern or shape is a key issue in the surface w
kling, and yet only recently have there been studies on
lizing the wrinkling for the purpose of generating regul
patterns.5–7 In the thin bilayer of a metal on a polymer bein
considered, wrinkles are generated upon heating above
glass transition temperature (Tg) of the polymer to relieve
the stress generated due to a difference in the thermal ex
sion coefficients of the two layers. It has been shown t
when a patterned polydimethylsiloxane~PDMS! mold is
placed on the bilayer and the system is heated, the extern
imposed pattern of the mold causes the wrinkles to be sha
as a simple sinusoidal wave.8

A specific question raised in this work is how an exte
nally imposed periodic wave causes the surface of a bila
to evolve into different shapes. As shown in Fig. 1~a!, the
usual isotropic wrinkles are created in the absence of an
ternal mold. When a mold with a periodic pattern is plac
onto the bilayers with a different intrinsic wavelength, ho
ever, the bilayers are made to self-organize into the vari
ordered shapes shown in Figs. 1~b! through 1~e! even with
the same mold. This wave-directed self-organization d
not lead to a surface with a simple sinusoidal structure
shape.

For the experiments, a monodispersed polystyrene~PS,
Mn54.043106, Mw /Mn51.05, Polymer Source, Inc.! with
toluene as the solvent was spin-coated onto the silicon
strate to various thicknesses ranging from 150 to 800
For the metal, we used thermally deposited aluminum, ra
ing in thickness from 30 to 100 nm. The PDMS molds we
prepared by mixing a siloxane base oligomer and a cu
agent~Sylgard 184, Dow Corning! in the ratio of 15 to 1 by
weight, pouring the mixture onto the master molds and th
curing at 50 °C for 12 h. For the wave-directed se
organization, the bilayer samples and the PDMS molds w
separately heated to a temperature slightly belowTg of PS to
avoid the undue stress generated during heating. The PD
mold was then placed on the sample and the temperature
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raised to 130 °C, which is well above theTg of PS~105 °C!.
Typical annealing time was 12 h. It was then allowed to co
down to room temperature and the mold was removed.
resulting surface structures were examined by atomic fo
microscopy~AFM, Digital Instruments, Dimension 3100! in
the contact mode. Figure 2~a! is an optical micrograph of the
metal surface formed by wave-directed self-organization.

Although the isotropic wrinkles lack directional orde
@Fig. 1~a!#, they have a certain intrinsic wavelength asso
ated with them as shown in the fast Fourier transform ima
This wavelength can be determined theoretically in ana pri-
ori manner.8 When a patterned PDMS mold is placed on t
bilayer, it makes a strong conformal contact with the und
lying metal surface, which makes the edges of the pattern
as nodes. These nodes dictate the nodal condition to be
isfied; that is, creation of nodal waves within the period

il:

FIG. 1. Three-dimensional AFM images of the metal surface formed by
self-organization. For all the shapes formed, the same PDMS mold~3 mm
line-and-space! was used.~a! Isotropic waves in the absence of the mold.~b!
Symmetric single mode (tm580 nm,tp5520 nm,l i54.68mm!. ~c! Asym-
metric double mode (tm560 nm,tp5600 nm,l i53.92mm!. ~d! Asymmet-
ric double mode (tm550 nm, tp5350 nm,l i52.96 mm!. ~e! Symmetric
double mode (tm530 nm,tp5220 nm,l i51.68mm!.
4 © 2003 American Institute of Physics
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the mold pattern@see Fig. 2~b!#. The question is how thes
nodal waves created by the externally imposed wave inte
with the internal, intrinsic wave.

In the shaping of the metal surface, the nodal condit
must be satisfied and the shape is simply the result of a lin
combination of the nodal waves. If we normalize the wa
profile with respect to the amplitudee and utilize the sym-
metric nature of the mold, the normalized wave profilew(x)
can be written as

w~x!5e (
n51

`
f n

~2n21!
sin@~2n21!kmx#, n51,2,3,...,

~1!

wherex is the axis of the wave,f n is the fractional contri-
bution from thenth harmonic, andkm is the mold wave
number given by 2p/lm , wherelm is the mold wavelength
Odd harmonics were chosen to satisfy the symmetry co
tion in the repeating unit structure consisting of one void a
one contact, as shown in Figs. 2~c! and 2~d!.

The resulting harmonic conditions are not at the glo
minimum free energy corresponding to the intrinsic wa
number. In the absence of the global minimum, the sys
keeps adding harmonics to the harmonic series starting
the first mode until adding an additional harmonic results
an increase of the free energy. LetF(km) be the free energy
of the first harmonic (n51 and 2n2151!. If the next higher
mode (n52 and 2n2153! is to be included in the harmoni
series, its free energyF(3km) has to be at least equal t
F(km) to reach a minimum:

F~km!5F~3km!. ~2!

The free energy of the bilayer8,9 is given by the sum of the
bending energy of the metal layer10 and the elastic deforma
tion energy of the underlying polymer layer:11

F~k!5F Emk2tm
3

12~12nm
2 !

1
Ep

k4tp
3

1
2Ep

3k G ~ek!2

4
, ~3!

where t is the thickness,E is Young’s modulus, the sub
scriptsm and p are for the metal and the polymer, respe
tively, k is the wave number, andnm is the Poisson ratio o
the metal. Equation~2! has been solved with the aid of Eq
~3! for ki /km that satisfies Eq.~2!. For all the experimenta

FIG. 2. ~a! Optical micrograph of line-and-space metal surface formed
the self-organization.~b! A schematic of the experimental setup. The dott
box denotes the repeating unit structure of self-organization.~c! First har-
monic case (l i is almost the same aslm). ~d! Second-harmonic case (l i is
smaller thanlm). Waves are allowed as odd harmonics to satisfy the sy
metry condition in the confined unit structure.
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conditions, the ratio was calculated to be nearly constan
1.6,12 which means that the value of the mold wavelength
excess of the intrinsic wavelength is allowed up to 60%
the first mode, and the second mode comes in when it
ceeds the ratio. For the third mode,n53 and 2n2155, and
therefore the second mode is allowed up to the mold wa
length that satisfies the condition given byF(3km)
5F(5km). As was done for the first mode, one can get t
value of 3.82 as the ratio of wavelengths. Similarly, the th
mode is allowed up to 5.88, the fourth mode is allowed up
7.93, and so on.

One notable finding in our experimental results is th
asymmetric waves form as shown in Figs. 1~c! and 1~d!,
which deviate from the symmetric harmonic series that c
sists of odd harmonic waves. This symmetry breaking for
double mode originates from the system’s desire to minim
its free energy at the risk of an uneven contact of PDM
mold’s pattern, allowing even harmonic waves, in effect
lecting nodes from within two periods rather than one peri
An even second mode will lower the free energy as long
its free energy is smaller than the free energy associated
the odd second mode; that is,F(2km)<F(3km). This con-
dition, when solved for the wavelength ratio, yields a val
of 2.43, which gives the range to which an even seco
mode is allowed. Therefore, the range of the ratiolm /l i ,
within which an asymmetric double mode results, is fro
1.60 to 2.43, which in turn gives the rang
2.43,lm /l i,3.80 as the symmetric double-mode rang
Other asymmetric modes are not observed for higher mo
because the free energy per unit wave shows little differe
whether it is a symmetric or an asymmetric wave, mak
the higher asymmetric modes irrelevant. The accommoda
of the even harmonic gives rise to echellette-like@Fig. 1~c!#
or cascade-like@Fig. 1~d!# shape, which is useful for optica
applications, as in shallow gratings.13

Shown in Fig. 3 are the AFM images of surface profil
that were generated experimentally by the wave-direc
self-organization. All the experimental results agree with
theoretical results given earlier that are based on the
energy consideration. For a given bilayer, the surface sha
are entirely determined by the ratio of the mold and intrin
wavelengths. From top down in any given column in t
figure, one can see the shape change with the increase i
mold wavelength (lm) for a given intrinsic wavelength (l i).
Conversely, from left to right in any given row, one can al
observe the change with increasing intrinsic wavelength fo
given mold. For the case oflm56 mm, for example, one can
generate symmetric double mode, asymmetric double m
and symmetric single mode wave simply by varying the fi
thickness.

Now that the number of harmonics and their types t
are to be included in the harmonic series are determine
only remains for the engineering of the metal surface sh
to resolve the fractional weightingf n . The expression for the
free energy of the self-organized wave can be derived i
straightforward manner, although cumbersome.10,11 The ex-
pression is
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Fn5
~e0ki !

2

4 (
n51

n

f n
2Cn ,

Cn5
~2n21!3Emkm

2 tm
3

12~12nm
2 !

1
Ep

~2n21!3km
4 tp

3
1

2Ep

3km
, ~4!

wheree0 is the average amplitude of the intrinsic bucklin
wave. Under the condition of constant external strain, m
mization of the free energyFn with respect tof n yields the
relative fraction.14 Typical examples of the comparison b
tween theory and experiment are shown in Fig. 4. The fig
shows that the theoretical shape follows quite well the m
surface profile obtained by AFM measurement. The me
surface shapes as represented by the harmonics up to
second mode@Fig. 4~a!# and the third mode@Fig. 4~b!#
shown here indicate that the theory can capture the shape
the peaks quite well. With all the terms in the harmon
series determined, one can simply engineer the shape o
metal surface.

The ability to tailor the shape of a solid surface wou
find potential applications in many areas. In particular,

FIG. 3. Two-dimensional AFM micrographs and the corresponding sur
profiles ~insets! of the self-organized metal surface.~a! Column for l i of
1.68 mm. The shape changes from asymmetric double modelm

54 mm), to symmetric double mode (lm56 mm), to symmetric triple
mode (lm510 mm), and to symmetric quadruple mode (lm514 mm).
~b! Column for l i of 2.96 mm. The shape changes from symmetric sing
mode (lm54 mm), to asymmetric double (lm56 mm), to symmetric
double (lm510 mm), and to symmetric triple (lm514 mm). ~c! Column
for l i of 4.68mm. The shape changes from symmetric single mode (lm54
and 6mm!, to asymmetric double (lm510 mm), and to symmetric double
(lm514 mm).
Downloaded 20 Nov 2003 to 18.42.2.210. Redistribution subject to AIP
i-

e
al
al
the

nd

the

e

advantage of tunability for an optical surface can be utiliz
as a promising method for making an optical device w
other techniques that have been proposed.15,16

This work was supported by the Brain Korea 21 Proje
in 2003.

1S. P. Timoshenko and J. M. Gere,Theory of Elastic Stability~McGraw-
Hill, New York, 1961!.

2H. G. Allen, Analysis and Design of Structural Sandwich Panels~Perma-
gon, New York, 1969!.

3N. Sridhar, D. J. Srolovitz, and Z. Suo, Appl. Phys. Lett.78, 2482~2001!.
4R. Huang and Z. Suo, J. Appl. Phys.91, 1135~2002!.
5N. Bowden, S. Brittain, A. G. Evans, J. W. Hutchinson, and G. M. W
tesides, Nature~London! 393, 146 ~1998!.

6N. Bowden, W. T. S. Huck, K. E. Paul, and G. M. Whitesides, Appl. Ph
Lett. 75, 2557~1999!.

7D. B. H. Chua, H. T. Ng, and S. F. Y. Li, Appl. Phys. Lett.76, 721~2000!.
8P. J. Yoo, S. Y. Park, K. Y. Suh, and H. H. Lee, Adv. Mater.~Weinheim,
Ger.! 14, 1383~2002!.

9J. Groenwold, Physica A298, 32 ~2001!.
10L. D. Landau and E. M. Lifshitz,Theory of Elasticity~Pergamon, Oxford,

1970!.
11G. H. Fredrickson, A. Ajdari, L. Leibler, and J. Carton, Macromolecu

25, 2882~1992!.
12This result has been obtained from the following relationship: (ki /km)

5(63(11A1132AC/B2)/(11A1171.1AC/B2))1/3, where A
5Emtm

3 /12(12nm
2 ), B52Ep/3, C5Ep /tp

3. The ratioki /km has been cal-
culated forAC/B2 ranging from 1 to 103.

13M. C. Hutley,Diffraction Gratings~Academic, New York, 1982!.
14For example, the expression for triple-mode wave is as follows:

fn5@CoCp~12dno!~12dnp!~12dop!#Y(
q

CqCn~12dnq!, n,o,p,q51,2,3,

whered i j is the Kronecker delta.
15Y. Xia, E. Kim, X. Zhao, J. A. Rogers, M. Prentiss, and G. M. Whiteside

Science273, 347 ~1996!.
16E. G. Loewen and E. Popov,Diffraction Gratings and Applications~Mar-

cel Dekker, New York, 1997!.

e

FIG. 4. Comparison between experimental results~dots converted from the
AFM profile! and theoretical results~solid gray line!. ~a! Asymmetric double
mode.~b! Symmetric triple mode.
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