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Sinusoidal phase grating created by a tunably buckled surface
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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.
[DOI: 10.1063/1.18092891

The phenomenon of buckling is typically associated withperiodic topography. At a compressional strain of approxi-
a catastrophic failure, such as with the collapse of a colummately 0.010(typical strain uncertainty was 0.001the
or bridge! Here, we will investigate a less dramatic mode of sample abruptly buckles with a wrinkling amplituge of
failure with a sinusoidally buckled surface of a multilayer 0.08 um [Fig. 1(0)].*° The buckling wavelengtid arises
sandwich panel and demonstrate its utility as a tunable phageom the buckling instability and can be calculatedb¥
grating®® By merely controlling the amplitude of the buck- s
les, we are able to tune the intensity of the diffraction orders 4= ah[EE] , (1)
of a scattered laser beam by more than three orders of mag- Em

nitude. This wrinkling phenomenon, previously observed inWhereh is the film thicknessE, and E,, are the instanta-

an analogous system by Bowden and co-workers, has MSeous moduli of the film and silicone, respectively, ants

cently attracted great attention as a measurement teChniqléeunit-less prefactor equal tar®(3 - )(1+Vm)/12]1/3_6 For

due '5106its sensitivity to the mechanical properties of thinSiIiCOne With a Poisson ratios ofm05 and modulus of

. ~ m .

films. ' . . .0.5 MPa, a film of modulus 3.2 GPa and of thickness
Samples were prepare_d by first casting polydlmethyIS|-218 nm, we calculate a wavelength of 17, in good

loxane [(PDMS), Dow Corning Sylgard 18sheety3 mm agreement with the measured wavelengthof 18.1 um

thick) at a base to catalyst mixing ratio of 20:1 by weight. igs. (b)-1(d)]

The mixture was allowed to degas overnight and then bakeH: In contrast to the mechanically determined wavelength,

f705r r}1 % 3\5;2 CIE n'::): dfg;i(e;dz;zz:rgi\:]egt.aggL;F;]?j(?erz:pe:ge d tEhe amplitudew of the periodically wrinkled surface can be
elongating 30%.The index of refraction of PDMS was mea- %versmly tuned by the degree of compression, satisfying the
sured to be 1.404+0.004 at the wavelength632 nm by _
determining the Brewster angle. The modulus of the siliconel&)]
coupons was measured with a Texture Analy@ex-XT2i).

A 3 in. silicon wafer was treated with ultraviolet light and
ozone(Jelight 342 to make the surface hydrophilic. Atactic
polystyrene[(PS), Aldrich, M,,=2.80x 10°, M,,/M,=3.07
films were spincast from toluene at a thickness of
218 nm £ 2 nm as measured by a Filmetrics F-20
interferometef. A centimeter-sized wafer piece was cleaved (c)
from the spin-coated wafer and placed onto the stretched
silicone coupon with the film side down. The strain stage
was immersed under water, releasing the film and transfer}
ring it to the PDMS with little or no residual stress. The
tackiness of the PDMS assures perfect adheson of the P§
film.
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Figure 1 shows a series of tapping mode atomic force 0 5 10
microscopy (AFM) micrographs(Digital Instruments, Di- Strain (%)
mensjon Modgl 3100that illgstrate thg increase of buckl_ing FIG. 1. (Colon (8C) AFM micrographs(L00X 100 am) of PS-coated
amp“tUdeW Wl.th compressmnal strai. ThrothO_Ut this silicone sheet as a function of stra{a) At zero strain, the surface is flab)
letter, strain will refer to the degree of compression of theat 4 strain of 0.010(arrows show compression directiorthe surface
polymer film, not the prestressed silicone coupon. The reabruptly wrinkles with an amplitude and wavelength of 0.08 and L

laxed film at zero strai@Fig_ 1(a)] is smooth and exhibits nho respectively(c) At a strain of 0.073, the amplitude has nonlinearly increased

to 1.37 um. (d) Amplitude w vs strainA as measured from AFM images

[data indicated by red circles, fit(A) in black]. Amplitude calculated from

dCurrent address: Sensor Physics Department, Schlumberger-Doll Researechodel is shown in blue. The experimental uncertainty, taken as one standard
36 Old Quarry Road, Ridgefield, CT 06877. deviation, is comparable to symbol size.
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FIG. 2. (Color) Normalized SALS(I/1,) data as a function of straih. The (b) 1

zeroth, first, second, and third ord€rsd, green, blue, and orange, respec-
tively) can be seen to cycle through maxima and minima as the strain
(hence, amplitudev) increases.

2
constraint that the length of the PS film is fixed. Algorithms g 5
were developed to measure both the wavelemnyénd am- 28 10
plitude w of such AFM micrographs, the latter of which is =

plotted in red in Fig. dd). The amplitude can be seen to grow

nonlinearly with strain, increasing to 1/m at a strain of

0.10. The wavelengtt decreased by only 9% over the same

range of strain. From these data, we generated a smoothly 4
increasing functiofw(A), shown in black which we will 10 0 T 500 1000
use to convert the compressional strain to a wrinkling ampli- Amplitude (nm)

tude for small angle light scatterif®ALS) studies shown in

Fig. 3. Modeling the film as a line of fixed contour length FIG. 3. (Color) () Normalized intensities of the zeroth-, first-, second-, and
and constrained wavelength reveals an amplitude that intpird-order diffraction peakélotted in red, green, blue, and orange, respec-

fast ith strain than our measured [dwte line in tively) as a function of wrinkling amplitude. Each order exhibits at least one
creases faster w [ minima. The zeroth order has decreased by three orders of magnitude at its

Fig. 1(d)]. The discrepancy at higher strains is consistentyoint of minimum intensityw=1330 nm. (b) Modeled diffraction pattern
with a slightly decreasing in wavelengthot accounted for showing good agreement with data.

in our mode), which may result from a strain-dependent

PDMS modulus. o _der(red) exhibits two minima and the remaining orders each
SALS was performed on identically prepared samples in,yhibit at least one minimum as well.

transmission mode with a conventional HeNe laser and a = ag coherent light passes through a wrinkled surface, a

Roper Scientific charge coupled devi@CD) cameraRTE/  |ocal phase shift is imparted with a magnitude proportional

CCD-1300-Y/HS. A planoconvex converging lens with a g the wrinkling amplitude. The diffraction pattern from a

50 cm focal length brought the diffraction pattern into the coherent beam normal to a transparent surface with a sinu-

Fraunhofer limit within the dimensions of an optical table. spidal topography can be calculated, in the Fraunhofer fimit,
The laser was oriented normal to the sample surface angs:

passed first through a rectangular aperture. Samples were

oriented such that the line of diffraction peaks were aligned w

along theq, direction. Though the topography of the sinusoi- ql= 3> J2<m>sin8[v—v<q _ @)] ()
dally wrinkled surface can be well described by a single p=—o P\2 d '

spatial frequencyFig. 1), the phase shift imparted by this

surface produces diffraction orders at all harmonics. The inwherer is the Bessel function of the first kindly is the
tensities of these harmonics depend upon the wrinkling amhalf-width of the aperture in th& direction, d is the wrin-
plitude, which depends upon the sample stidig. 1(d)].  kling wavelength againm/2 is the maximum phase shift
For each degree of compressional straina slice of the imparted to the light, ang is an index. Since the sinc func-
diffraction pattern was extracted with an extent in e  tion is narrowly distributed ing about each order without
direction which was smaller than the characteristic spot sizesignificant overlap between adjacent orders, the maximum
We have color coded the orders and constructed a surfadetensity of thepth order is simply proportional to the Bessel
whered, has been replaced with wavenumiggin Fig. 2. As  function Jf,(m/Z). As m(A) is a monotonic function of strain,
the sample is compress¢icreasing straip the wrinkling  each color-coded diffraction order in Fig. 2 adopts an only
amplitude increases and causes the diffraction orders to cycldightly distorted form of the associated Bessel function. We

through maxima and minim<. For example, the zeroth or- transformm(A) to w(A) by the following relation:
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whereA is the compressive strain,is the index of refraction
of the silicone\ is the laser wavelength, andA) is deter-
mined from Fig. 1. In this approximation, we do not include
the additional phase shift imparted by the PS filmr1.59
Wh'_Ch _IS valid as _Iong asv/d<1. After transformation, a !s. P. Temoshenko and S. Woinowsky-Kriegeneory of Plates and Shells
satisfying comparison can be made between measuremenimcGraw—Hill, New York, 1959.
[Fig. @] and model[Fig. 3b)] by focusing on the maxi- . W. Goodman|ntroduction to Fourier Optics2nd ed.(McGraw-Hill,
mum diffraction intensities of the zeroth- through third-order New York, 1996.
eaks as a function of surface wrinkling amplitude. We plot - E: Harveyunpublished
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In summary, we have shown that a relativity rigid film private communicationwhich cause distortions in the stress field, scat-
coated onto a silicone sheet can act as a tunable phase gratered light, and altered the measured intensity. This also causes a small
ing. The intensity of the diffraction peaks can be tuned by |Ea)umctl)(tljirr:tgof amplitude nonuniformity near silica flocculates at the onset of
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