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ABSTRACT
We show how to employ an interference lithographic template (ILT) as a facile mold for fabricating three-dimensional bicontinuous PDMS
(poly(dimethylsiloxane)) elastomeric structures and demonstrate the use of such a structure as a mechanically tunable PDMS/air phononic
crystal. A positive photoresist was used to make the ILT, and after infiltration with PDMS, the resist was removed in a water-based basic
solution which avoided PDMS swelling or pattern collapse occurring during the ILT removal process. Since the period of the structure is
approximately 1 µm, the density of states of gigahertz phonons are altered by the phononic PDMS/air crystal. Brillouin light scattering (BLS)
was employed to measure phononic modes of the structure as a function of mechanical strain. The results demonstrate that the phononic
band diagram of such structures can be tuned mechanically.

Poly(dimethylsiloxane) (PDMS) has proven to be an out-
standing material for micro- and nanotechnology.1 For
example, PDMS has been employed to make two-dimen-
sional (2D) and three-dimensional (3D) microfludic devices
such as pumps, valves, channels, and cell culture systems.2,3

PDMS can be deformed reversibly and repeatedly without
residual distortion and is thermally stable, inexpensive,
nontoxic, and commercially available. Although PDMS can
potentially be cross-linked using light,4 it is not generally
used as a photoresist due to the rather inconvenient process-
ing conditions.5,6 2D periodic structures patterned by pho-
tolithography and then subsequently replicated in PDMS have
been demonstrated as deformable optical and acoustic
components such as lenses, waveguides, and couplers.7,8 The
relatively low modulus of PDMS (∼2 MPa) can lead to
distortions such as feature-feature pairing and feature
sagging in conventional microcontact printing of surface
features with high-aspect ratio.9-11 In structures fabricated
by microcontact printing or replica molding, which can
possess residual physical stresses from the molding proce-
dure, collapse of structures begins to occur at an aspect ratio
of around 2.1,11

3D periodic submicrometer structures are emerging as a
multifunctional materials platform with promise for applica-

tions in MEMS, optics, and acoustics including tunable
photonic and phononic crystals. Thus far, 3D PDMS
structures have only been made by a layer-by-layer approach.
The principal disadvantages of this approach are that it is
quite time-consuming and requires registration of subsequent
layers.12 Alternatively, the fabrication of complex 3D mi-
crochannels has also been demonstrated, albeit at the scale
of hundreds of micrometers.13 To date, microfabrication of
3D elastomeric structures with complex architectures and
submicrometer dimensions has not been accomplished. The
topological interconnections of the PDMS and template in a
bicontinuous 3D network structure mean that simply peeling
away the PDMS from the template as is conveniently done
in 2D is not possible. The template must therefore be
removed by dissolution. A concern of this approach is the
potential swelling of PDMS by nonpolar organic solvents
such as hexane and toluene.14,15 Indeed, we have found that
even polar organic solvents (alcohol, acetone, etc.) cause
sufficient swelling of the PDMS to prevent their use as
developers. Since PDMS is swollen much less by water and
is compatible with some inorganic bases,16 we chose a water-
based basic solution (diluted AZ-400K developer) to remove
the template.

The use of multibeam interference lithography provides a
promising approach to the fabrication of large-area and
periodic 3D templates on the submicrometer scale both
rapidly and cheaply.17 Importantly it affords control over
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geometrical elements of the structures such as symmetry and
volume fraction.18 Interference lithography (IL) involves the
transfer of a periodic intensity pattern formed by the
interference of multiple beams of light into a photoresist. In
a negative photoresist, regions of high light intensity are
rendered insoluble via photopolymerization and cross-linking.
Most negative resists also undergo shrinkage from photo-
polymerization and cross-linking, and these materials are
prone to swelling in organic developers.19 Moreover, after
PDMS is templated around a negative resist, removal of the
cross-linked resist may require rather extreme processing
such as resist burning or plasma etching20,21 and results in
damage to the templated material.

Positive photoresists offer an alternative and superior
approach for 3D interference lithographic templates (ILTs).22

In the case of a positive resist, the regions of high light
intensity become more soluble. Positive resists have the
advantage over negative resists in that they do not undergo
shrinkage from polymerization and cross-linking and positive
resists can be easily removed in a proper solvent after
infiltration. Furthermore, they typically have higher resolution
than negative resists since they do not swell in water-based
developing solutions after infiltration.23,24

Here we report a method for the fabrication of bicontinu-
ous polymer/air 3D elastomeric PDMS using a positive resist
ILT. We exploit the elastic nature of these PDMS structures
to show that the phononic dispersion relation can be tuned
mechanically. This is an important step toward the practical
realization of tunable phononic crystalssmaterials, which
forbid propagation of mechanical waves within a certain
frequency range (phononic band gap). Structures with
submicrometer lattice constants allow control overhypersonic
waves, valuable for applications in acousto-optics, electron-
phonon engineering, and heat management.25

Figure 1 shows the three steps of the fabrication process
for the 3D elastomeric network/air materials. In the first step,
a 3D ILT is fabricated in a positive resist by a single exposure
to a periodic light intensity distribution, followed by
development (Figure 1a,b). Due to the high surface tension
of water, which can potentially cause the pattern to collapse,
supercritical drying has been suggested in the case of
aqueous-based photoresist.26 However, supercritical drying
of our photoresist resulted in the formation of cracks.
Therefore we replaced water with pentane, which has a lower
surface tension (73.05 mN/m for water and 13.72 mN/m for
pentane at 20°C27).

In the second step, the open 3D network structure is
completely filled with PDMS prepolymer via vacuum-
assisted infiltration and the PDMS cured in the dark (Figure
1c and Figure 1Sc in Supporting Information). Finally, in
step three, a second flood exposure to UV light is done to
make the template easily soluble in a dilute basic solution.
PDMS is transparent in the UV-vis region and does not
prevent the radiation from reaching the template.1 Upon the
second exposure, the diazonaphthoquinone, which still
remains in the initially unexposed regions, changes into
carboxylic acid and renders the template soluble in basic
solution (see Supporting Information).

The periodic intensity pattern that will become the void
space for templating the PDMS is formed by the interference
of four laser beams from the output of a 532 nm continuous
wave, frequency-doubled Nd:YVO4 laser. The Gaussian
output from the laser was converted into a top hat function
using a refractive beam shaper. The light intensity distribution
depends on the relative directions and polarizations of the
interfering beams. The overall film thickness is limited by
absorption of the photoresist at 532 nm. The attenuation
coefficient of AZ-5214-E isk ) 0.0028 (from ellipsometric
measurements), which readily permits pattern thicknesses of
3 µm. The refractive index of AZ5214-E isn ) 1.66 at 532
nm and is not changed detectably during exposure (measured
on a M-2000D ellipsometer from J. A. Woollam Co.). The
beam directions and polarizations in air, and hence resultant
structure, are the same as those used in ref 28. These are
also the same beam directions but different polarizations as
those specified in ref 17, resulting in a very similar structure.

The final directions and polarizations of the beams inside
the photoresist are given by

wherekBi andEBi are the wave vector and polarizations of the
ith beam, respectively. The isosurface of the theoretical light
intensity model is shown in Figure 2a. The 3D structure is
a four-functional network with symmetry corresponding
approximately to theR3hm space group. The basic motif is

Figure 1. Schematic illustration showing the fabrication process
for the 3D continuous elastomeric network/air structure. (a)
Exposure by interference lithography (IL). Large arrows show the
direction of the beam while small arrows show the direction of
polarization of each beam. (b) 3D interference lithography template
(ILT) fabricated on positive resist. (c) 3D elastomeric network/
ILT structure from the replication of the PDMS onto the ILT. (d)
3D elastomeric network/air structure after flood exposure under
UV lamp and subsequent removal of template in a water-based
developing solution.

kB0 ) [0.0112, 0.0112, 0.0112]EB0 ) [0, -5.74, 5.74]

kB1 ) [0.0164, 0.0073, 0.0073]EB1 ) [0, -2.45, 2.45]

kB2 ) [0.0073, 0.0164, 0.0073]EB2 ) [0.97,-1.75, 2.97]

kB3 ) [0.0073, 0.0073, 0.0164]EB3 ) [-0.97,-2.97, 1.75]
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comprised of a vertical post 1100 nm in length and 500 nm
in diameter with three shorter struts directed outward from
the post, as shown in the inset. Despite aspect ratios of about
2, our structures do not collapse which can be attributed to
both the interconnected nature of our structure and a lower
residual stress.

Figure 2a shows the isosurface of theoretical light intensity
model. The inset is a view normal to the (112h0) planes of
the structure. Figure 2c is a confocal micrograph and the
inset is they-z cross-section image demonstrating good
correspondence with the schematic view shown in the inset
of Figure 2a. The PDMS elastomeric structure is the
complement of the positive resist template and very closely
resembles the light intensity pattern displayed in Figure 2b
(compare parts b and e of Figure 2). The expected periodicity
(“a” in Figure 2b) in the (0001) plane based on the ILT
parameters is 980 nm, and this agrees with the SEM images
of the (0001) plane of the experimental structure (Figure
2d,e), confirming that the transfer of the light intensity pattern
into PDMS via ILT occurs with high fidelity. The larger scale
periodicity in the confocal and SEM images is caused by
the photoresist surface being at a slight angle to the (0001)
plane of the interference pattern.

In situ monitoring of the PDMS under tensile in-plane
deformation was conducted by securing the PDMS sample
in a microstretcher mounted on an atomic force microscope
stage (AFM). AFM images (Figure 3b,d) show the details

of the change in the sample lattice parameter and symmetry
due to the 30% unidirectional strain applied along the [101h0]
direction. As clear from this image, the unit cell size along
the tensile strain direction increases by 30% accompanied

Figure 2. Comparison of theoretical and experimental structures. (a) Isosurface of theoretical light intensity model. The brown and green
colors correspond to the inner and outer surfaces, respectively. The inset is view normal to the (112h0) planes of the structure. (b) Calculated
3D light intensity profile interference in the (0001) plane. (c) Reconstructed confocal image showing a perspective view of the PDMS
elastomeric structure. The inset is the view ofy-z cross-sectional plane of the structure corresponding to the schematic views in the inset
of (a). (d) SEM image of ILT pattern fabricated in a positive photoresist (AZ5214-E)) with a lattice spacing of 980 nm. (e) SEM image of
3D templated PDMS network/air structure having the complementary structure to (d).

Figure 3. BLS spectra of PDMS elastomeric structures at|qj| )
13.88 µm-1 (72° scattering angle) with 0% (a) and 30% tensile
strain (c) along the [101h0] direction. Peaks (1) and (3) derive from
the phonons propagating in the phononic crystal and are shifted by
the deformation. Peak (2) arises from the longitudinal phonons of
the unpatterned PDMS substrate and remains unchanged. Peak (4)
is a result of backscattered light. The phonon wave vector is oriented
along the [101h0] direction. AFM images with 0% (b) and 30%
tensile strain (d) along the same direction clearly show the change
in lattice parameter and symmetry upon deformation. Insets are
FFT of the AFM images.
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by the reduction of spacing in transverse direction thus
demonstrating affine deformation of PDMS structure.

BLS was employed to obtain information about the
phononic dispersion relation of the PDMS elastomeric
crystals. In Brillouin experiments light is scattered inelasti-
cally by thermal phonons. BLS allows for the simultaneous
determination of phonon frequency and wave vector by
measuring the frequency shift of the scattered light at a
known scattering angle. The amplitude of the phonon wave
vector can be selected by adjusting the scattering angle, while
its orientation with respect to the crystal lattice can be chosen
by rotating the sample in the plane perpendicular to the
scattering plane (the scattering plane is defined by the
incident and the scattered laser beams). Both incident and
scattered light are polarized normal to the scattering plane
(s-polarized). The frequencies of various phonon modes are
obtained by numerical fitting of the experimental data with
multiple Lorentzian peaks.

The corresponding BLS spectra exhibit four peaks, see
parts a and c of Figure 3 for the spectra of undeformed and
deformed sample, respectively. Relatively weak peaks (1)
and (3) come from quasi-longitudinal phonons propagating
in the PDMS pattern, while a much stronger peak (2) results
from the scattering by longitudinal phonons in the un-
patterned PDMS substrate. The magnitude of the phonon
wave vector for peak (4) is always twice that of the photon
wave vector and does not depend on the scattering angle.
This q-independent high-frequency peak (4) arises from the
contribution of light backscattered by phonons (by 180°) that
is then elastically reflected from the front surface of the
sample. Note that the position of the substrate peak (2) is
unchanged during deformation, while peaks arising from the
PDMS/air structure shift from 1.54 to 1.72 GHz and from
4.05 to 3.64 GHz (peaks (1) and (3), respectively). The main
source of these peak shifts is the change in size and symmetry
of the Brillouin zone. To understand this behavior note that
peaks (1) and (3) belong to different phononic bands of the
crystal and, as a result, are subject to different crystal
momentum conservation laws. In particular, for peak (1)qb
) qb0 - GB andf ) c(|qb0 - GB|), while for peak (3)qb ) qb0 +
GB and f ) c(|qb0 + GB|), wheref is the peak frequency,c is
the sound velocity,qb0 is the reduced momentum, andGB is
the reciprocal lattice vector pointing along the [101h0]
direction. During deformationGB decreases, which leads to
the increase of the frequency of peak (1) and the reduction
of the frequency of peak (3).

Experimentally monitoring the modification of the phonon-
ic band diagram during the deformation allows the investiga-
tion of the influence of symmetry on wave propagation in a
crystal. Furthermore, tuning of the dispersion relation in the
propagation bands is crucial for the realization of negative
refraction materials, superlenses, etc. Moreover, measurement
of the directional dependence of sound velocities with BLS
can provide important information concerning the elastic
constants of transparent crystals and how these change with
applied strain.

In summary, 3D elastomeric PDMS/air network structures
were successfully fabricated from a positive resist through

an ILT. We demonstrated that phononic modes in these
elastomeric structures can be tuned mechanically.
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