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This work describes a simple fabrication process to produce a highly flexible bilayer membrane,
consisting of a nanoporous gold layer embedded into the surface of a thin elastomer film. The
nanoporous gold film shows excellent adhesion due to mechanical interlocking with the elastomer
substrate, which penetrates its nanoscale pores. As the bilayer is stretched, the nanoporous gold
layer cracks and the resulting bilayer has an effective elastic modulus that is only slightly higher
than the elastomer (E~ 1.35 MPa). The film also exhibits low resistivity, which smoothly varies
from ~1X 107 to ~3 X 107 ) m as elongated to ~25% strain. The advantages and limitations of
the bilayer with respect to sensing and actuation are briefly outlined. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2894570]

Metal films on elastomers are attractive for many
applications, ranging from interconnects in flexible
macroelectronics' to chemomechanical sensors® for which
the metal facilitates surface functionalization.” In such appli-
cations, the need is for electrical or chemical functionality
that does not compromise the desirable compliance of the
elastomer.* Gold is attractive due to its high conductivity,
corrosion resistance, and ease of surface functionalization
with thiolated agents.3 Unfortunately, gold displays poor ad-
hesion to most polymers and adhesive layers (such as Cr or
Ti) can significantly increase the stiffness of the multilayer.
The stiffness of such multilayers has been reduced by sub-
stituting blanket electrodes with zig-zag and concentric
circle patterns,5 or mechanical cracking of the metal films to
create a percolated conductive pathway with increased
compliance:.6 Similarly, other research groups have pursued
ion implantation of various metals to reduce the resistivity of
polymers,g"9 or mixing of conductive nanoparticles (e.g., car-
bon, gold, etc.) with polymers to reduce their electrical
resistance.’ Unfortunately, these efforts do not report both
measured moduli and conductivity; it is reasonable to expect
that strategies which avoid stiff adhesion layers (i.e., embed-
ded particles within a matrix) are not very conductive and,
moreover, there is ambiguity regarding the amount of ex-
posed metal on the surface.

This letter describes an approach wherein mechanical
interlocking between a blanket film of nanoporous gold (np-
Au) and an elastomer substrate is exploited to achieve excel-
lent adhesion, while maintaining excellent electrical conduc-
tivity and producing a well defined metallized surface to
facilitate subsequent surface functionalization. Figure 1 out-
lines the major fabrication steps in producing a composite
bilayer. The np-Au film was produced by dealloying10 a
commercially available 12-karat AussAggs “Monarch” white
gold leaf (10X 10 cm?, with thickness of 140 +20 nm (Sepp
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Leaf Products, New York) by placing it on a petri dish filled
with concentrated nitric acid (65%). The surface tension of
the liquid spread the leaf evenly. As silver dissolves, gold
atoms rearrange into a porous network with open cells, as
shown in Fig. 1(d). The acid was removed and the sample
was rinsed twice. The petri dish was then filled again with
de-ionized water and a 2 in. silicon wafer coated with 2 um
of AZ4210 photoresist (later used as a release layer) was
placed underneath the floating np-Au foil. The remaining
liquid was completely removed, depositing the foil uni-
formly on the surface of the photoresist. The petri dish was
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FIG. 1. (Color online) Microfabrication approach and micrographs of a
freestanding composite bilayer membrane. (a) A carrier wafer is coated with
photoresist and covered with the nanoporous gold (np-Au) leaf. PDMS is
then spin coated and the multilayer is placed in a vacuum chamber to pro-
mote infusion of PDMS into the pores of the np-Au and then the PDMS is
cured. A glass slide with drilled holes is permanently bonded to the PDMS/
np-Au surface. (b) The slide with the composite membranes is finally re-
leased in acetone by dissolving the sacrificial photoresist layer. (c) Optical
micrograph of a 1.37 mm diameter freestanding membranes on a glass slide.
(d) Scanning electron microscope image of the membrane surface illustrat-
ing the pore morphology. (e) Microcrack formations on the np-Au surface of
a composite membrane.

© 2008 American Institute of Physics
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subsequently placed on a hot plate at 50 °C for 10 min to
evaporate any residual liquid.

A poly(dimethyl siloxane) (PDMS) resin (Sylgard 184,
Dow Corning, Michigan) was then mixed, vacuumed to re-
move entrained air, and spun cast on top of the np-Au film
(lying on top of the photoresist bonded to the wafer). The
thickness of the PDMS layer was 40 =5 um, as measured
with white-light interferometry. The spin-coated sample was
degassed and cured in a convection oven at 60 °C for 12 h.
After the cure step, the composite film could simply be
peeled off the wafer and cleaned in acetone or methanol to
remove any photoresist residue. (This procedure was used to
create composite bilayers used to measure resistivity as a
function of imposed mechanical strain.) Alternatively, a pat-
terned substrate can be bonded to the PDMS side of the
bilayer while it is still on the wafer and subsequently re-
leased to produce freestanding compliant films capping pat-
terned channels.

This latter procedure was employed to create circular
bilayer membranes. An array of 1.37 and 3 mm diameter
holes were drilled in 1 mm thick 10 mm by 30 mm micro-
scope slides, as displayed in Fig. 1(a). The glass slides and
the composite layer on the wafer were treated with oxygen
plasma and bonded together by clamping at 90 °C for
10 min. The assembly was immersed in acetone with ultra-
sonic agitation to dissolve the sacrificial photoresist layer
and release the structures, as shown in Fig. 1(b). Despite the
prolonged exposure to acetone and ultrasonic agitation, there
was no debonding of the np-Au from the PDMS layer. We
believe this to be a result of mechanical interlocking between
the PDMS layer and the porous gold, which is created by the
deposition of uncured PDMS directly onto the porous gold
film. (The mass transport through np-Au is an interesting
phenomenon on its own and is currently investigated by our
group'"). Figure 1(c) shows a completed device with an array
of freestanding composite membranes. The porous morphol-
ogy of nanoporous layer in the final structure was evident in
scanning electron microscope images, as shown in Fig. 1(d).
The pores were ~20 nm in diameter with the film having
~30% percent porosity.

The mechanical properties of the composite material
were examined by pressure-bulge experiments. The bilayer-
glass structure was placed on top of a PDMS chamber and a
vacuum was applied to pull the bilayer downward. Atmo-
spheric pressure, thus, acted to seal the structure against the
PDMS layer. The vacuum was generated by a small pump,
with internal chamber pressure controlled by bleeding nitro-
gen into the vacuum line through an electronic pressure con-
troller. The membrane motion (at a prescribed pressure) was
measured with an extrinsic Fabry—Pérot interferometric sys-
tem. The net membrane deflection was calculated by sub-
tracting the deformation of the PDMS film forming the
chamber (due to vacuum compression). Three membranes of
two different sizes (1.37 and 3 mm diameter) were tested and
subjected to three load/unload cycles. The initial loading
cycle exhibited inconsistent loading curves likely due to
fracture of the embedded np-Au film, which is evident in the
micrograph in Fig. 1(e). These cycles are not included in the
pressure-deflection results shown in Fig. 2. Subsequent load/
unload cycles produced very repeatable curves, as indicated
by small error bars in Fig. 2.

The effective modulus of the bilayer can be estimated by
fitting the measured pressure-deflection relationship with the
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FIG. 2. (Color online) Membrane deflection as a function of applied pres-
sure (for two different spans). Straight lines correspond to membrane theory
with the elastic modulus indicated. Error bars indicate standard deviations
from nine measurements (three loading cycles per membrane on three dif-
ferent membranes).

theoretical response for a pressurized film. The results in Fig.
2 exhibit the classical response of a membrane for which
bending is negligible (i.e., stretching dominates due to the
large deflections relative to the film thickness). The corre-
sponding theoretical relationship is d=h{[f(v)pR*/ Eh*]}'3,
where O is the deflection, 4 is the film thickness, R is the
radius of the membrane, E is the effective modulus of the
bilayer, and v is the effective Poisson’s ratio of the film."
Here, we assume the much thicker elastomer film dominates,
such that f(v=%)=0.3; h is taken as the PDMS thickness. A
fitting procedure yields E=1.29—-1.42 MPa, with the associ-
ated theoretical response indicated by straight lines in Fig. 2.
This is only slightly larger than that inferred from testing of
cast PDMS films (i.e., E~1.2 MPa) (Refs. 13 and 14). The
deviation from the membrane solution at higher pressures is
a consequence of the nonlinear response of the PDMS exhib-
ited at strains greater than ~10%. At such strains, the tangent
modulus of the elastomer is smaller and one observes larger
deflections than predicted by linear elasticity theory. It is
clear that the microcracking shown in Fig. 1(e) reduces the
effective modulus: one predicts an effective modulus of
~50-100 MPa assuming uniform stretching of an intact bi-
layer and using a previously measured value for the np-Au
modulus of ~15 GPa."” Although not shown, the bilayer
membranes were pressurized to deflections on the order of
millimeters (with corresponding strains on the order of 50%)
and the nanoporous cracked film did not exhibit debonding.
It is important to note that the fabrication procedure does not
introduce significant prestress to the PDMS layer. Even mod-
erate residual stresses lead to significantly stiffer response.16

Despite microcracking, the layers also retain significant
conductivity. This is illustrated by Fig. 3, which depicts the
measured resistance of the bilayers as a function of imposed
mechanical strain. These measurements were conducted on
35X2.5 mm bilayer ribbons, which were bonded to a
250 um thick PDMS substrate to facilitate handling. The
tension specimens were clamped in an Instron 5848 mi-
crotester. Their electrical resistance was monitored by clamp-
ing two electrodes 15 mm apart onto the nanoporous layer.
The ribbons were initially prestretched until they temporarily
lost their conductivity. This made subsequent resistance mea-
surements highly repeatable, likely due to crack saturation in
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FIG. 3. (Color online) The electrical resistance of a 2.5 mm wide and
15 mm long bilayer strip as it is subjected to tensile stretching. Error bars
indicate standard deviations from nine tests (e.g., three load cycles per rib-
bon on three different ribbons).

the np-Au film during the prestretch cycle. Figure 3 displays
the averages and standard deviations of nine measurements:
three loading cycles on three different ribbons. The ribbons
displayed very repeatable electrical properties up to 25%
elongation and became nonconductive around 40% strain.
Between 25% and 40%, the data were not repeatable.

For small strains, the specific resistivity of the bilayer is
~1X107% Q m, which is ~45 times that of bulk gold (2.4
X 1078 ) m). At larger strains (~25%), the specific resistiv-
ity rises to ~3 X 1075 QO m, or about ~1400 times that of
bulk gold). This behavior has been observed previously for
fully dense gold films on elastomers,” and decades earlier, on
glassy polymers.17 For comparison, the specific resistivity of
an uncracked np-Au layer on a rigid substrate (manufactured
using identical methods to those describe above) yields ~4
X 1077 Qm, (i.e., 17 times that of bulk gold). The ~250%
difference between the initial bilayer resistance and the re-
sistance of intact nanoporous films (on rigid substrates) is a
consequence of the microcracking in the bilayer shown in
Fig. 1(e), which reduces the percolation pathways in the con-
ductive layer (as suggested much earlier for cracked gold
layers”). Straining the bilayer further reduces the percolation
pathways by reducing the number of contacts between
cracks; when the strain is reduced, new contacts form and
decrease the resistance. This latter phenomenon is far more
pronounced in the present work (on elastomers) than previ-
ous work (on glassy polymers”) since permanent stretch of
the substrate is negligible. The path dependence of the strain-
resistance measurements in Fig. 3 is not understood, but may
be a consequence of PDMS hysteresis, which slightly alters
the geometrical rearrangement of the cracked film during un-
loading. It is interesting to note that once the bilayer is fully
unloaded, the original strain-resistance relationship is ob-
tained upon reloading.

These results indicate that the bilayers hold significant
advantages for strain sensing and electrostatic actuation.

Appl. Phys. Lett. 92, 154101 (2008)

They exhibit (i) systematic strain-dependent resistances that
are sufficiently low to allow the layer to be used as a con-
ductive layer, (ii) strong adhesion such that the layer remains
strongly bonded even under relatively large strains, and (iii)
high compliance which reduces activation voltages for
capacitor-type gap actuators. Capacitor-type electrostatic ac-
tuation experiments (i.e., a clamped bilayer held parallel to a
second electrode, with a uniform gap of ~400 um) exhibit
highly repeatable snap-in voltages of ~1.2 kV (large due to
large gap size), which implies bilayer moduli in the
1-2 MPa range. Smaller gap sizes and, thus, smaller actua-
tion voltages can be achieved by adding additional layers to
the fabrication process. For example, using the 3 mm diam-
eter bilayer membrane as the movable side of an electrostatic
actuator, the critical snap-in voltage for a gap size of 50 um
of is about ~100 V. By comparison, for a 1 wm metal film
over the same span and gap size, the pull-in voltage is nearly
2 kV. Conversely, to achieve the same flexibility (i.e., low
pull-in voltage) with a conventional metal film, it would
have to be ~3 nm thick. It is vital to note that such predic-
tions depend strongly on the residual stress in the layer.
Hence, the observed lack of fabrication stresses holds critical
implications for device development.
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