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Sinusoidal phase grating created by a tunably buckled surface
Christopher Harrison,a) Christopher M. Stafford, Wenhua Zhang, and Alamgir Karim
Polymers Division, National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg,
Maryland 20899

(Received 7 June 2004; accepted 2 September 2004)

We investigate a buckling instability by both small angle light scattering and atomic force
microscopy, demonstrating that a tunable phase grating can be created with a mechanical instability.
The instability is realized in a prestressed silicone sheet coated with a glassy polymer film.
Compression of the sample results in a sinusoidally wrinkled surface where the amplitude is
controlled by the degree of compression and the wavelength by film thickness. We model the system
with Fourier optics, explaining the positions and relative intensities of the diffraction orders.
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The phenomenon of buckling is typically associated w
a catastrophic failure, such as with the collapse of a co
or bridge.1 Here, we will investigate a less dramatic mode
failure with a sinusoidally buckled surface of a multila
sandwich panel and demonstrate its utility as a tunable p
grating.2,3 By merely controlling the amplitude of the buc
les, we are able to tune the intensity of the diffraction or
of a scattered laser beam by more than three orders of
nitude. This wrinkling phenomenon, previously observe
an analogous system by Bowden and co-workers, ha
cently attracted great attention as a measurement tech
due to its sensitivity to the mechanical properties of
films.4–6

Samples were prepared by first casting polydimeth
loxane[(PDMS), Dow Corning Sylgard 184] sheets(3 mm
thick) at a base to catalyst mixing ratio of 20:1 by weig7

The mixture was allowed to degas overnight and then b
for 1 h at 60 °C in a forced-air oven. Coupons(50 mm by
75 mm) were clamped onto a strain stage and prestress
elongating 30%.8 The index of refraction of PDMS was me
sured to be 1.404±0.004 at the wavelengthl=632 nm by
determining the Brewster angle. The modulus of the silic
coupons was measured with a Texture Analyzer(TA-XT2i ).
A 3 in. silicon wafer was treated with ultraviolet light a
ozone(Jelight 342) to make the surface hydrophilic. Atac
polystyrene[(PS), Aldrich, Mw=2.803105, Mw/Mn=3.07]
films were spincast from toluene at a thickness
218 nm ± 2 nm as measured by a Filmetrics F
interferometer.9 A centimeter-sized wafer piece was clea
from the spin-coated wafer and placed onto the stret
silicone coupon with the film side down. The strain st
was immersed under water, releasing the film and tran
ring it to the PDMS with little or no residual stress. T
tackiness of the PDMS assures perfect adheson of th
film.

Figure 1 shows a series of tapping mode atomic f
microscopy (AFM) micrographs(Digital Instruments, Di
mension Model 3100) that illustrate the increase of buckli
amplitudew with compressional strainD. Throughout this
letter, strain will refer to the degree of compression of
polymer film, not the prestressed silicone coupon. The
laxed film at zero strain[Fig. 1(a)] is smooth and exhibits n
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periodic topography. At a compressional strain of appr
mately 0.010 (typical strain uncertainty was 0.001), the
sample abruptly buckles with a wrinkling amplitudew of
0.08mm [Fig. 1(b)].10 The buckling wavelengthd arises
from the buckling instability and can be calculated as:11,12

d = ahF Ep

Em
G1/3

, s1d

where h is the film thickness,Ep and Em are the instanta
neous moduli of the film and silicone, respectively, anda is
a unit-less prefactor equal to 2pfs3−nmds1+nmd /12g1/3.6 For
silicone with a Poisson rationm of 0.5 and modulus o
0.5 MPa, a film of modulus 3.2 GPa and of thickn
218 nm, we calculate a wavelength of 17.2mm, in good
agreement with the measured wavelengthd of 18.1mm
[Figs. 1(b)–1(d)].

In contrast to the mechanically determined wavelen
the amplitudew of the periodically wrinkled surface can
reversibly tuned by the degree of compression, satisfyin

h,

FIG. 1. (Color) (a)–(c) AFM micrographss1003100 mmd of PS-coate
silicone sheet as a function of strain.(a) At zero strain, the surface is flat.(b)
At a strain of 0.010(arrows show compression direction), the surfac
abruptly wrinkles with an amplitude and wavelength of 0.08 and 18.1mm,
respectively.(c) At a strain of 0.073, the amplitude has nonlinearly incre
to 1.37mm. (d) Amplitude w vs strainD as measured from AFM imag
[data indicated by red circles, fitwsDd in black]. Amplitude calculated from
model is shown in blue. The experimental uncertainty, taken as one sta

deviation, is comparable to symbol size.
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constraint that the length of the PS film is fixed. Algorith
were developed to measure both the wavelengthd and am
plitude w of such AFM micrographs, the latter of which
plotted in red in Fig. 1(d). The amplitude can be seen to gr
nonlinearly with strain, increasing to 1.6mm at a strain o
0.10. The wavelengthd decreased by only 9% over the sa
range of strain. From these data, we generated a smo
increasing function[wsDd, shown in black] which we will
use to convert the compressional strain to a wrinkling am
tude for small angle light scattering(SALS) studies shown i
Fig. 3. Modeling the film as a line of fixed contour len
and constrained wavelength reveals an amplitude tha
creases faster with strain than our measured data[blue line in
Fig. 1(d)]. The discrepancy at higher strains is consis
with a slightly decreasing in wavelength(not accounted fo
in our model), which may result from a strain-depend
PDMS modulus.

SALS was performed on identically prepared sample
transmission mode with a conventional HeNe laser a
Roper Scientific charge coupled device(CCD) camera(RTE/
CCD-1300-Y/HS). A planoconvex converging lens with
50 cm focal length brought the diffraction pattern into
Fraunhofer limit within the dimensions of an optical tab
The laser was oriented normal to the sample surface
passed first through a rectangular aperture. Samples
oriented such that the line of diffraction peaks were alig
along theq̂x direction. Though the topography of the sinus
dally wrinkled surface can be well described by a sin
spatial frequency(Fig. 1), the phase shift imparted by th
surface produces diffraction orders at all harmonics. Th
tensities of these harmonics depend upon the wrinkling
plitude, which depends upon the sample strain[Fig. 1(d)].
For each degree of compressional strainD, a slice of the
diffraction pattern was extracted with an extent in theq̂y

direction which was smaller than the characteristic spot
We have color coded the orders and constructed a su
whereq̂x has been replaced with wavenumberq in Fig. 2. As
the sample is compressed(increasing strain), the wrinkling
amplitude increases and causes the diffraction orders to

10

FIG. 2. (Color) Normalized SALSsI / I0d data as a function of strainD. The
zeroth, first, second, and third orders(red, green, blue, and orange, resp
tively) can be seen to cycle through maxima and minima as the
(hence, amplitudew) increases.
through maxima and minima.For example, the zeroth or-
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exhibit at least one minimum as well.

As coherent light passes through a wrinkled surfac
local phase shift is imparted with a magnitude proporti
to the wrinkling amplitude. The diffraction pattern from
coherent beam normal to a transparent surface with a
soidal topography can be calculated, in the Fraunhofer li2

as:

Ifqg < o
p=−`

`

Jp
2Sm

2
Dsinc2FW

p
Sq −

2pp

d
DG , s2d

where Jp is the Bessel function of the first kind,W is the
half-width of the aperture in thex̂ direction,d is the wrin-
kling wavelength again,m/2 is the maximum phase sh
imparted to the light, andp is an index. Since the sinc fun
tion is narrowly distributed inq about each order witho
significant overlap between adjacent orders, the maxi
intensity of thepth order is simply proportional to the Bes
functionJp

2sm/2d. As msDd is a monotonic function of strai
each color-coded diffraction order in Fig. 2 adopts an
slightly distorted form of the associated Bessel function.

FIG. 3. (Color) (a) Normalized intensities of the zeroth-, first-, second-,
third-order diffraction peaks(plotted in red, green, blue, and orange, res
tively) as a function of wrinkling amplitude. Each order exhibits at least
minima. The zeroth order has decreased by three orders of magnitud
point of minimum intensitysw=1330 nmd. (b) Modeled diffraction patter
showing good agreement with data.
transformmsDd to wsDd by the following relation:
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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msDd
2

= 2p
wsDd

l
fn − 1g, s3d

whereD is the compressive strain,n is the index of refractio
of the silicone,l is the laser wavelength, andwsDd is deter-
mined from Fig. 1. In this approximation, we do not inclu
the additional phase shift imparted by the PS filmsn=1.59d
which is valid as long asw/d!1. After transformation,
satisfying comparison can be made between measure
[Fig. 3(a)] and model[Fig. 3(b)] by focusing on the max
mum diffraction intensities of the zeroth- through third-or
peaks as a function of surface wrinkling amplitude. We
the intensities of these orders in Fig. 3(a) as a function o
wrinkling amplitude by transforming each strain in Fig. 2
an amplitude usingwsDd. The intensity of the orders can
seen to pass through maxima and minima as in Fig. 2. T
is good agreement between data and our modeling, inclu
the locations of the minima as well as the magnitude o
relative intensities of the maxima. For example, the min
of the zeroth and first orders, occurring at wrinkling am
tudes of 580 nm and 905 nm, respectively, are in good a
ment with their calculated minima of 600 nm and 946
The relative intensities of the maxima of the diffraction
ders are generally in good agreement with the model as
though the first maximum of the zeroth order appears t
weaker than the calculation, possibility due to scatte
from impurities.10

In summary, we have shown that a relativity rigid fi
coated onto a silicone sheet can act as a tunable phase
ing. The intensity of the diffraction peaks can be tuned
three orders of magnitude. This process may have applic
ity as an inexpensive technique to tune a coherent be
intensity.
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