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~ systems is both arresting and potentially useful'""'. Here we
- describe the appearance of complex, ordered structures induced

- features in terms of the non-uniform stresses developed in the
film near steps on the polymer substrate. This patterning process
~ may find applications in optical devices such as diffraction
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Spontaneous generation of complex order in apparently simple

by the buckling of thin metal films owing to thermal contraction
of an underlying substrate. We deposit the films from the vapour

~ phase on a thermally expanded polymer (polydlmethylsﬂoxane,

PDMS). Subsequent cooling of the polymer creates compressive
stress in the metal film that is relieved by buckling with a uniform
wavelength of 20-50 micrometres. The waves can be controlled
and orientated by relief structures in the surface of the polymer,'

which can set up intricate, ordered patterns over large areas. We

can account qualitatively for the size and form of the pattemed

gratings and optical sensors, and as the bas:s for methods of

‘strain analysis in materials.

Thin metal films—typically 50-nm-thick layers of gold with a
5-nm adhesion interlayer of titanium or chromium—were depos-
ited onto PDMS by electron beam evaporation (Fig. 1). The metal -
source heats and expands the PDMS substrate before and during
deposition. We believe that local heating of the surface of the

PDMS also slightly modifies its mechanical properties; perhaps by

introducing new crosslinks'. After cooling to ambient tempera-
ture, the surface appeared frosted, because of light scattering from
a network of periodic surface waves (Fig. 2a)"’. Similar waves were
found with a variety of metals, including nickel, aluminum,
titanium and chromium. The waves almost disappeared when
the sample was reheated to 110 °C, but reformed on cooling. They
also formed on PDMS externally heated to 300°C during the
evaporation of metal. Conversely, when the PDMS was cooled to
0°C during evaporation of metal, waves did not arise; this
observation verifies the central importance of the thermal excur-
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sion. The waves had periodicities between 20 and 50 wm; their

depths, measured from the crest to the trough, ranged from
1.5 wm for evaporations performed without external heating, to
3.9 wm for evaporations conducted at 300°C. We propose that

these waves result from redistribution, by buckling, of compres-
sive stresses that develop in the surface of the sample on cooling
from the evaporator temperature to ambient temperature. These
waves are similar to those formed in the wrinkling of skin sheets
in sandwich structures', but different from the waves in buckling-
driven film delamination”

attached to the PDMS. 1
On flat, unconstrained PDMS, the waves were disordered, except

near an edge. When the PDMS was attached to a glass slide that

I |*— 2.5-6.5 cm —->| I

_{1 M then Au

— _

 Glass

.30 um
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and cool

Figure 1 Preparation of metal films-on PDMS. A thick (1.0 X 2.5 X 6.5 cm) I_ay_erof'

PDMS was allowed to adhere to a thin glass slide and was loaded into an electron
beam evaporator; the chamber was evacuated to a pressure of 10~°torr. The

' electron beam heated the metal sources; this heat also reached the PDMS and
caused itto expand. Here we exaggerate the eXpansion of the PDMS for clarity; in

fact it expands by <1%. The metals were de_poSited on the expanded PDMS; a

 because the metal films remain
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constrained its expansion on one face, the ordering that occurred
reflected, in part, this constraint. To allow the PDMS to contract
isotropically, we separated the PDMS, which had been coated with
gold and which showed a pattern of waves, from the glass slide with
a razor blade. The PDMS was placed on a paper tissue, heated until
the waves almost disappeared, and then allowed to cool again. The
PDMS expanded and contracted isotropically. The waves reformed
with dimensions similar to those observed before, but, in general, in

patterns ordered only near relief structures in the PDMS. Strong

ordering occurred on evaporating the metal film onto PDMS having
a bas-relief pattern on its surface (Fig. 2b—f); these patterns were

created by casting PDMS against a 2-20 um thick patterned
photoresist layer'>"’. The pattern of waves made a transition from

<— Modified PDMS.

_ m)S nm), Au (50

1 Cool

typical film comprised 50 A of titanium evaporated at 1 As™ followed by 500 A of
‘gold evaporated at 3As™'. After the evaporation, the PDMS cooled and con-

tracted; waves formed on the surface. The PDMS was separated from the glass
slide with a razor blade, heated to 110°C, and cooled to ambient temperature. The
pattern of waves before and after separation, heating, and cooling were similar.

Figure 2 Optical micrographs showing representative patterns of waves that
formed when the metals were evaporated onto warm (~110°C) PDMS, and the
sample then cooled to room temperature. a, Disordered regions covered flat

PDMS far from any steps or edges. b, Micrograph showing the transition from

disordered waves to waves ordered by rectangular ridges (100 .m wide and 10-

20 pm high; separated by 300 wm). ¢, A flat, waveless region of gold near an edge
in the PDMS gradually became a system of waves ordered by the rectangular

ridges (100 um wide and 10-20 um high; separated by 800 um).d, e, Flat squares
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(300 wm on each side) and circles (150 wm in radius) elevated by 10-20 um relative
to the surface showed no buckling on the plateaux, but ordered patterns of waves

- onthe recessed regions between them. f, Rectangular ridges (100 pm wide and
110-20 um high; separated by 100 pm) aligned the waves parallel to the direction of

the raised portions of the PDMS. These pictures are representative of the patterns
that form over the whole surface area for each sample (up to 25 cm?). The PDMS

was coated with 5 nm of titanium or chromium and 50 nm of goid.
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disordered (Fig. 2a) to ordered (Frg 2b f) when located W1th1n

200-600 pm of a step or edge.

We have developed a model that relates the spatrally non-uniform

stresses in a metal film on patterned PDMS to the wave patterns.
This model correctly estimates the circumstances in which waves

initiate, as well as their orientation and wavelength. We describe this
model for two systems: (1) a single thin, stiff surface film on a thick,

homogeneous compliant substrate, representing Au on PDMS, and
(2) a multilayer film, representing Au on PDMS having a surface
layer with modified properties (Fig. 3).
~ If the PDMS were perfectly smooth and the film unbuckled, then

at temperatures T below the deposrtlon temperature Tp, the film

‘would be in a state of uniform, equi- -biaxial compressive stress
_ _oo(Pa) grven by equation (1) (ref. 18):

E(a —a Ty, — T)

o=@ W7D

(1—=vy)

'Here the subscripts m and p refer to the metal film and PDMS,
respectively, v

(unitless) 1is the Poisson’s ratio, o (°C™") is the

coefficient of thermal expansion, and E (Pa) is the Young’s modulus.

The parameters for gold and PDMS are: E_ = 82GPa,
E, = 20 MPa, v, = 0.33 and v, = 0.48. The equi- biaxial compres-

swe film stress arises from the considerable mismatch of the
coefficients of thermal expansron of the PDMS and the film

(o, = 20, ).
: As the temperature drops and the compressrve stresses in the film

increase, buckling starts where the maximum principal compressive

~stress attains the critical value, o (Pa; equation (2))'. The
~associated sinusoidal wave pattern, aligned perpendicular to the

direction of maximum compressmn, has wavelength L (m) given by
equatlon (3)“ Here t (m) is the film thickness.

' E. \*/ E \¥ b
AR T
. | {E (1 _ -V2 . 1/3 E 1/3 -
L=436t| —————E- | =441 =2 =~ 61t 3
o (Ep(l — Vﬁ,)) ) (Ep) (3)

Because the film is stiff relative to the PDMS, the wavelength is many

‘times the film thickness. Equation (3) yields an estimate: L~3.4 pm.

As the observed value of L is approximately nine times larger than
this estimate, we conclude that this model is oversimplified. In

practice, we believe that the heating occurring during the metal

I t <— Modified PDMS
- o5 |
2 <— PDMS
- _
@)
g <0 E,/E, =4
< 15 " | _ | L
o . g
~ . e
8 o _”
2 10 .
0 , '
0 10 20 30 40 50

Thickness ratio, t /t

Flgure 3 How the wavelength changes with a modified layer of PDMS at the
surface. We assume that a uniform, modified Iayer of PDMS of thickness t; and

Young's modulus E; exists between the gold of thickness t and PDMS. The
wavelength increases as the thickness of the modified layer of PDMS is
increased relative to the thickness of the gold film, and as the ratio E//E, is
Increased.
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 Young’s modulus, perhaps to a depth of the order of 1 pum. This

} depdsition also modifies the top surface of the PDMS (plausibly by '

thermal crosslinking), generates compressive stress, and alters its

modification creates a multilayered film with an effective bendmg
stiffness larger than that of the thin metal film, and increases the
wavelength (Fig. 3). A modified PDMS layer of thickness 2 pm (40
times - that of the Au) with a plausible Young’s modulus

(E, = 80 MPa = 4E,) increases the wavelength by a factor of 7, in -

satisfactory agreement with the experimental result. Uncertainty
with respect to the properties and structure of the modified PDMS
layer makes it difficult to provide a more quantrtatlve comparison.

In an equi-biaxial state of stress, there is neither a preferred

orientation for the waves, nor a reason for ‘the waves to form

systematic patterns. When steps are present however, the stress In

Thln metal film,
modified '
PDMS layer

'Figure 4 Ordering of waves on a surface of PDMS patterned in a bas-relief
- structure. a, We assume that in-plane displacement normal to the line of a step in
~ the PDMS (2-20 pm high) relieves the compressive stress in the metal film; that s,

o, = 0 at the step. The graph shows o, and ¢, as a function of x at a step in the
PDMS (from equations (4a) and (4b)). The variationin g, as a function of x is due to
a Poisson effect where the stress in the y-direction is partially relieved by

- expansion of the metal film into the x-direction. b, The surface of the PDMS

was patterned into regions 100-um wide that were raised by 10-20pm and
separated by 500 um; 5nm of titanium and 50nm of gold were deposited on
this surface. ¢, The stress in the system followed equations (6a) and (6b). The

pattern of waves in Fig. 2c follows the distribution of stress predicted by equations

(6a) and (6b). d, An optical micrograph picture of the PDMS surface after buckling.
The waves are aligned perpendicular to the steps and in the direction of the
greater stress.
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the film will no longer be uniform or equi-biaxial. There is a strong
orientation to the stress in the vicinity of the steps, with an

associated maximum principal compressive stress direction at

each point. The wave pattern develops with crests aligned perpen-

dicular to the direction of maximum compressive stress.

The non-uniform pre-buckling stress around steps is derived
from a model that approximates the influence of the substrate on
the thin film as an attached elastic foundation of springs exerting
only tangential forces. The PDMS offers little resistance to displace-
ment of the film in the direction perpendicular to the step; this

- displacement relieves the stress in that direction, becoming zero at

the step itself. A solution for the stresses on either side of an
infinitely long isolated step coincident with the y-axis (F1g. 4a)

- gives equations (4a) and (4b), where o, is the stress in the x-
~direction, g, is the stress in the y-direction, and x is measured

starting from the step. The transition length I (m) characterizing the

distribution of stress from the step to the remote smooth film 1s
glven by equatlon (5). '

0, = —0p[1 —e™ ™  (4a)

o,=—oll—ve™™  (@b)

' E,(1— ) E . .
| = 0.3t| ———— 3t =~ 1,060t 5
lEp(l — an)l > lEpl ’ B )

The transmon length is 17 times the buckle wavelength L, for the
- gold/PDMS system. -

The predictability of the wave patterns i1s demonstrated by

‘analysis of an array of long straight strips parallel to the y-axis,

width 2d, separated by 2D (Fig. 4b). The stress distribution in the

film - before buckling 1s given by equations (6a) and (6b), for
_ (le < d) where x 1s measured from the centre of the str1p (Flg 4c) _

[ .l d | . I l I l'l

o B cosh(x/l)
g, = ~ 0y [1 —-—————-—-—COSh( d/l)l (6a)_
|, cosh(x]
0y = " 0o [1 Vm mcosh(d/l)l (6b)

The stresses between the strips are given by the same formulae, but
with d replaced by D, and with x now measured from the centre of
that regron We note that the cornpresswe stress in the y-direction

- remains relatively large, with a minimum, — g,(1 — »,,) at the step;

the compressive stress in the x-direction is smaller everywhere, and
zero at the step. Consistent with g, being larger than o,, the wave
pattern shows crests aligned perpendicular to the y-axis (Fig. 4d).

The process described here provides a remarkable example of the

spontaneous generation of complexity. The regularity in the waves -

reflects the uniformity in the physical properties and dimensions of

the materials. The ability to control the orientation and periodicity
‘of these waves by changing these parameters, and by patterning the

surface of the PDMS using straightforward techniques, makes this

system eminently controllable. We believe that this process offers

potential to generate planar and non-planar surfaces patterned in
1-100 pm features over many square centimetres. Such patterns are
interesting for their potential applications in sensors and optical
components (for example, diffraction gratings): they also allow
mapping of material properties in two dimensions. Most interest-
ingly, such patterns offer the opportunity to study the generation of
complex ordered structure from simple patterns. _ []
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