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ABSTRACT: Their tunable electrical, optical, and mechanical properties make freestanding
membranes of organically cross-linked gold nanoparticles (GNPs) interesting materials for applications
in micro- and nanoelectromechanical systems. Here, we demonstrate the application of a,w-
alkanedithiol-cross-linked GNP membranes as electrostatically driven actuators. The devices were
fabricated by depositing these membranes (thickness 29—45 nm) onto cylindrical cavities (diameter
~200 pm; depth ~8—1S5 um), which were lithographically patterned in a SU-8 resist. Applying
voltages of up to +40 V across the membrane and the silicon substrate deflected the membranes by
several hundreds of nanometers, as measured by atomic force microscopy, confocal microscopy, and
interferometry. A simple electrostatic model, which takes into account the membranes’ mechanical

properties, was used to interpret the experimental data.
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C omposite materials containing metal or semiconductor
nanoparticles are of considerable interest for the
fabrication of micro- and nanoelectromechanical systems
(MEMS/NEMS). Their electronic, magnetic, mechanical, and
optical properties can be adjusted and tuned for specific target
applications."™® Further, these materials enable the cost-
efficient fabrication of devices via laser writing, printing, and
self-assembly techniques on various substrates.” '

Recently, the mechanical properties of freestanding mem-
branes comprised of ligand-stabilized gold nanoparticles
(GNPs),'*"* cross-linked GNPs,'* or polymer/GNP compo-
sites'> have been studied in different laboratories using atomic
force microscopy (AFM) indentation or micro bulge tests.
These investigations showed that GNP membranes are
mechanically surprisingly robust. Furthermore, thermally
excited and piezo-driven resonators based on GNP monolayers
have been demonstrated, and their possible application as
sensors has been proposed.'® However, electrostatic actuation
of such GNP membranes has not been demonstrated, so far,
although this mode of actuation is a fundamental and widely
used operating principle in MEMS.

The focus of our present work is on composite membranes
of alkanedithiol (ADT)-cross-linked GNPs with thicknesses in
the 20—100 nm range, which were fabricated via facile layer-by-
layer spin-coating. The mechanical stability of these membranes
allows for their transfer from their initial substrates onto various
3d microstructures to produce freestanding membranes.'” This
was demonstrated in a recent study, in which we investigated
the material’s elastic and viscoelastic properties via AFM bulge
tests and measured a Young’s modulus of ~2.5 GPa for 1,9-
nonanedithiol-cross-linked GNP membranes.'* In principle, the
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unique mechanical, optical, and charge-transport properties of
GNP composites can be tuned by adjusting the particle size and
shape or the size and structure of the cross-linker. For example,
because charge transport in these membranes relies on
thermally activated tunneling, the conductivity can be tuned
over several orders of magnitude simply by using different
length ADT linkers to tune the interparticle distances.'’ ™' By
using conjugated dithiocarbamate cross-linkers, it was even
possible to yield metallic conductivity.”® In addition, such
tuning of the conductivity is accompanied by significant shifts
of the plasmon absorbance band in the visible and near-IR
spectral ranges. Current studies in our group investigate the
influence of the cross-linker’s size and structure on the
mechanical properties of GNP membranes. Altogether, their
tunable electronic, optical, and mechanical properties make
GNP membranes a highly promising novel material for
MEMS/NEMS applications.

In this study, we present an electrostatic actuator exploiting
the flexibility and conductivity of a GNP membrane as a
functional material. To the best of our knowledge, this is the
first demonstration showing electrostatic actuation of a
conductive GNP membrane.

In principle, a freestanding section of a dithiol-interlinked
GNP membrane, which acts as one electrode, is brought into
close proximity to a silicon wafer representing the back
electrode. By application of a potential difference, the elastic
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Figure 1. (a) Schematic showing a cross-sectional view of the electrostatic actuator with an ADT-cross-linked GNP membrane deposited onto the
ring-shaped top electrode. (b) Representative optical micrograph of such an electrostatic actuator. Scale bar: 100 gm. (c) SEM micrograph of the 3d-
microstructured SU-8 resist having a cylindrical cavity with a ring-shaped top electrode. Scale bar: 60 ym. (d) SEM micrograph of an electrostatic
actuator with a deposited 6DT-cross-linked GNP membrane spanning the cylindrical cavity. Scale bar: 100 ym. (e and f) Representative TEM
micrographs of a 6DT-cross-linked GNP membrane. Scale bars: 100 and 50 nm, respectively.

membrane is deflected toward the latter by electrostatic forces
resulting from opposite charging. Figure la schematically
depicts a cross-sectional view of the electrostatic actuator. A
SU-8 layer having a circular cavity equipped with a ring-shaped
gold electrode was microfabricated on a doped silicon wafer
(Figure 1c), and subsequently an ADT-cross-linked GNP
membrane was deposited onto the 3d structure and remained
freestanding above the microcavity (Figure 1b,d).

Initially, doped silicon substrates with a native oxide layer (p/
B-doped, 1—10 Q cm) were used as back electrodes, while in
later experiments, doped silicon wafers (n/Sb-doped, 0.005—
0.025 Q cm; p/B-doped, <0.005 © cm) with a thermally grown
oxide layer (~300 nm) were introduced. The thicker oxide
layer enabled better electric insulation and, hence, suppressed
parasitic direct-current conductance of the ideally purely
capacitive device. Because of the low thickness of the oxide
layer, its influence on the overall capacitance of the device is
negligible. In the first fabrication step, a layer of SU-8 was
deposited onto the back-electrode material by spin-coating.
Photoresist layer thicknesses of ~8—15 pm were obtained by
adjusting the spinnig frequencies. SU-8 is a nonconductive’
negative-tone photoresist with high chemical and mechanical
stability prevalently used for the fabrication of relief structures
in MEMS.*"** The SU-8 layer was patterned through standard
photolithography, yielding cylindrical cavities with a diameter of
~200 pm and a depth of ~8—15 um, determined by the layer
thickness. In the second step, the ring-shaped electrode
structure was prepared on top of the SU-8 relief structure by
patterning a sacrificial, second photoresist layer (AZ nLOF
2070) with a negative image of the electrode structure.
Afterward, a ~100-nm-thick gold layer was deposited by
thermal evaporation and the sacrificial photoresist layer was
dissolved, baring the electrode by lifting off the gold layer from
resist-coated areas. A ring-shaped electrode geometry around
the cavity was chosen because it ensures a constant electrical
potential of the freestanding membrane area, even if the
membrane should have parasitic electrical contact to the back

electrode somewhere outside the electrode ring (e.g, by
unwanted deposition of the membrane at the edges of the
substrate). Figure 1c shows a representative example of the 3d
electrode structure. The microfabrication process is described
in detail in the Supporting Information (SI).

ADT-cross-linked GNP films were prepared via deposition
onto glass substrates by alternately spin-coating a heptanoic
solution of 1-dodecylamine-stabilized GNPs with an average
diameter of 3—4 nm and a methanolic solution of the dithiol
cross-linker. Upon application of multiples of these deposition
cycles, the layer thickness can be adjusted in the range of 20—
100 nm."”” The GNP films exhibited characteristic UV/vis
absorption spectra featuring a pronounced plasmon band and
ohmic charge-transport behavior with conductivities of around
0.1 S cm™."” Representative UV/vis spectra and IV data can be
found in the SI. Transmission electron microscopy (TEM)
micrographs of a (38 + <1)-nm-thick 1,6-hexanedithiol (6DT)-
interlinked GNP membrane transferred to a carbon-coated
TEM substrate are depicted in Figure lef and reveal the
membrane’s nanoscale granular morphology. Representative
TEM images of the GNPs used for film preparation are
provided in the SL

Following deposition, the GNP films could be detached from
their glass substrates by carefully immersing the latter into
demineralized water (Millipore, 18.2 MQ cm), leaving the
former floating on the liquid’s surface. Afterward, the
membranes were transferred to the electrode structures by
skimming them off the liquid—air interface. After settling to the
relief structure, the freestanding section of the membrane often
showed wrinkle patterns, as are visible in Figure 1b. When the
optical micrographs of the freestanding membrane sections are
compared to those obtained from membranes deposited on
circular 100 pm apertures for bulge test experiments in an
earlier study, there was no slack observable. The appearance
resembled taut membranes, with positive residual stress in the
low megapascal range."*

DOI: 10.1021/acsami.5b02691
ACS Appl. Mater. Interfaces 2015, 7, 15123—15128


http://dx.doi.org/10.1021/acsami.5b02691

ACS Applied Materials & Interfaces

a)

-~

£ S

2 1s0 2

5 &

°

g7 £

(7] 40 ©

- >

]

o —

— 1 1 1 1 1 -50

0 100 200 300 400 500

time (s)

20V 40V

-20V -40 V

Figure 2. (a) Schematic of the AFM experiment used for probing the deflections of the actuator’s 6DT-cross-linked GNP membrane (top, left).
Optical micrograph acquired during the AFM experiment (cavity diameter ~200 ym; membrane thickness 45 nm; top, right). Recorded voltage and
deflection traces (bottom). (b) Schematic of the actuator investigated by confocal microscopy (top, left). Optical micrograph of a 6DT-cross-linked
GNP membrane (29 nm thickness) spanning the actuator’s cylindrical cavity (bottom, left). Scale bar: SO ym. Color-coded deflection maps recorded

at different bias voltages as indicated (top and bottom).

Voltages of up to [Vl = 40 V were applied to the membrane
and back electrode to probe the devices’ functionality. Figure 2a
depicts a schematic and an optical micrograph of a 6DT/GNP-
membrane-based actuator (device A) in an AFM setup. As
determined by AFM, this membrane had a thickness of 45 + 1
nm (see the SI).

The deflection of the membrane corresponding to different
applied voltages was captured by AFM. As depicted in Figure
2a, an AFM probe (OSCM-PT, 0.5—4.4 N m™") was positioned
close to the center on the membrane’s surface in contact mode,
and the membrane deflection was subsequently measured as a
function of time. Voltages between —40 and +40 V were
applied to the membrane in 30 s pulses, spaced by a 0 V delay
of another 30 s. The figure shows time traces of the measured
membrane deflection and the voltage applied to the sample.
The deflection signal has a rectangular shape with steeply rising
and falling edges, indicating a fast and reversible response of the
actuator to the voltage signal. It should be noted that the
measured deflections show no significant dependence on the
bias direction. This is expected because the total charge and,
hence, effective force only depend on the absolute value of the
applied voltage. When the highest voltage of +40 V was
applied, the deflection of the membrane was ~0.6 ym.

An optical micrograph of another actuator (device B), based
on a (29 + 1)-nm-thick 6DT-cross-linked GNP membrane, is
depicted in Figure 2b. The membrane shows fewer defects and
wrinkles, and its deflection forced at different voltages was
captured using a confocal microscope (Zeiss LSM700). Because
this technique is a noncontact method, it is complementary to
the AFM charactization, as described above. The obtained
topographic images were leveled with respect to the measured
height values of the SU-8 layer surrounding the freestanding
membrane section and are presented in Figure 2b as color-
coded deflection maps. The data indicate a pronounced
deflection of the membrane center of ~0.2 and ~0.7 ym at
applied voltages of IVl = 20 and 40 V, respectively. As in the
AFM experiments, very similar deflections were measured when
the bias direction was reversed. These results clearly
demonstrate the functionality of the electrostatic actuators

comprising organically cross-linked GNP membranes as active
components.

In order to interpret the voltage-dependent deflection of the
GNP membranes, we consider the following simple model:

Ideally, the actuator presented in this work can be viewed as
a parallel-plate capacitor, with the GNP membrane and the
silicon wafer representing the two electrodes. The capacitance
of the freestanding membrane section is given by C = Ae/d,
where A is the freestanding membrane area, d is the distance
separating the plates, and ¢ is the permittivity of the dielectric
(air). Application of a bias voltage V to the device results in
charging of the membrane and back electrode with a charge
I+Ql = CV.

In a first approximation, the force F per unit area acting on
the membrane can hence be obtained by taking into account
the homogeneous electric field E = Q/2A¢e of one electrode
screened by the charge density (Q/A) of the second electrode.
Implication of the capacitance term for a parallel-plate capacitor
yields eq 1.

F_Q_. Q@ v &

A A 2 28% 24 (1)

Assuming a distance of d = 10 ym between the membrane
and the back electrode, an applied bias voltage of V=40V, and
a permittivity of € & & for air, a force per area of F/A =71 Pa
acting on the membrane can be estimated. The force F is
assumed to act along the electric field lines, i.e., orthogonal to
the membrane’s surface, pulling the membrane inward, into the
cylindrical cavity.

While the electrostatic pressure acting on the membrane can
be estimated by applying the simple electrostatic model
outlined above, a relation describing the membrane deflection
as a function of the bias voltage is more delicate to find. Here,
we use an approach that is commonly applied for the
interpretation of bulge test data. Bulge testing is a common
procedure to study a material’s elastic and viscoelastic
properties. When this method is applied, a thin film of the
material is deposited onto a substrate with a defined aperture
and inflated by the application of varying overpressure. By
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analysis of the resulting pressure—deflection data, information
on the sample’s mechanical properties is obtained.

A simple model describing the relationship between the
applied pressure P and the central point deflection h of the
bulged circular membrane is given by eq 2.** In good
agreement with the experimental results,' it is based on the
assumption of a spherical bulge geometry.

8Yt 3 4oyt

P(h) 2’(14h + —-h 2)

In this equation, t is the film thickness, a is the aperture
radius, Y is the biaxial modulus of the membrane material, and
0y its residual stress, which may be positive or negative for
membranes in a taut or slack initial state, respectively. The
above equation holds for small deflections (h < a) and low
film thicknesses (t < k). The former constraint, which is
fulfilled for our membranes measuring ~200 ym in diameter
and showing high nanometer-range deflections when biased
with voltages up to 40 V, also implies that the membrane shows
a fairly low curvature. Hence, the membrane’s surface normals
(in whose direction the force caused by an applied pressure
would act) show only very little angular deviation from the
electric field lines of an assumed homogeneous field applied
between the almost flat membrane and the back electrode.

Therefore, we assume that the force per unit area acting on
the membrane, originating either from the applied overpressure
in a bulge test or from a homogeneous electric field as in the
presented actuators, leads—under the above constraints and in
a first approximation—to similar deflections. We, hence,
replace the overpressure P by the voltage-dependent F/A
term given in eq 1.

2
2d 3a a ©)

It should be noted that this model neglects changes in the
electric field originating from membrane movement and
deformation, which can be significant in the case of larger
deflections. Eventually, the above relationship between the
applied voltage V and the central-point deflection h is based on
several approximations, but it is expected to provide a useful
description of increasing membrane deflections with increasing
bias voltage, especially in the range of small deflections, with h
<d h<a and t < h.

Figure 3a shows plots of the V(h) data of actuators A and B
depicted in Figure 2. To enable a more detailed analysis of the
actuators’ voltage—deflection behavior, the functionality of two
further devices, C and D, was investigated. For these
measurements, which were performed using an interferometric
MEMS analyzer (Nanovibration Analyzer NA, SIOS Mes-
stechnik GmbH), the membranes were deflected by applying
voltages ranging from 0 to +40 V and from 0 to +30 V in steps
of 2 V, respectively (see the SI). A clear nonlinear dependence
is observed with deflections of up to several hundreds of
nanometers for all devices. Also, fits of eq 3 to the data sets are
depicted as solid lines. For these fits, a biaxial modulus for the
6DT-cross-linked GNP membranes of 8.9 GPa was implied, as
determined by AFM bulge test experiments (see the SI). The
membrane—wafer distance d was approximated as the SU-8
layer thickness, measured by profilometry or imaging of the SU-
8 layer cross section by scanning electron microscopy (SEM),
and the thickness ¢ of the respective membrane was determined
by AFM (Table 1 and the SI). The only remaining free-fit
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Figure 3. (a) Plots of the voltage—deflection relationship measured for
the electrostatic actuator devices A and B shown in Figure 2a,b, as well
as devices C and D, measured by interferometry. The solid lines
represent fits of eq 3 to the respective data sets. The membranes had a
diameter of ~200 pm; other device parameters are presented in Table
1. (b) log/log plot of the V(h) relationship found for devices C and D
with linear fits (s denotes the slope of the fits).

Table 1. Device Parameters of Actuators A—D

membrane thickness ¢t/  SU-8 thickness d/  residual stress o,/

device nm p{m MPa
A 45+ 1 13 34
B 29 +1 15 3.6
C 37 £ <1 7.7 14
D 33 +<1 7.6 33

parameter was the residual stress o, of the freestanding
membrane section. Because our model assumes a constant
electric field, it is not applicable for the description of large
deflections. Hence, data points with deflections in the range of
>10% of the SU-8 layer thickness d were omitted for the fitting
procedure. As seen in Figure 3a, the fit functions are in good
agreement with the measured data and returned residual stress
values ranging from 3.3 to 14 MPa (Table 1). Residual stress
values in the low megapascal range are typical for freestanding
membranes comprised of organically capped GNPs'" or taut
cross-linked GNP membranes'* investigated previously via
AFM nanoindentation or AFM bulge tests. We attribute the
deviation of the residual stress value of actuator C to the
fabrication process, which involves manual transfer of the
membranes onto the 3d-structured substrates. It has been
observed previously that the residual stress of cross-linked GNP
membranes prepared by this procedure can scatter signifi-
cantly."* As can be deduced from the device parameters listed
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in Table 1, the strong deflection of device D compared to
devices A and B at a given voltage is mainly due to the smaller
electrode distance d. Compared to device C, the stronger
response of actuator device D is essentially due to the much
lower residual stress 6.

In eq 3, the first term takes into account the response of an
initially relaxed membrane, whereas the second term accounts
for the residual stress o,. With the parameters of the devices
investigated and the maximum deflection considered for the
fitting procedure, the residual stress term is about 1 order of
magnitude larger than the first term. This dominance is also
displayed by the square-root-like curvature of the V(h) plots
and is confirmed by plotting the data of devices C and D on a
log/log scale (Figure 3b), returning slopes of 0.53 and 0.46,
respectively. Thus, our model suggests that the voltage—
deflection characteristic is qualitatively dominated by the
residual stress of the membranes.

In conclusion, we presented the fabrication of electrostatic
actuators based on organically cross-linked GNP membranes.
3d-microstructured ring electrodes were fabricated from SU-8
using standard photolithography, and the GNP films were
deposited onto those structures, providing freestanding circular
GNP membranes. When biasing the devices with voltages up to
IVl = 40 V, central-point deflections of several hundreds of
nanometers were measured using AFM, confocal microscopy,
or interferometry. Qualitatively proving the functionality of
these devices, the measured values are also in good agreement
with estimations computed using a simple electrostatic model.

Our results highlight the capability of GNP membranes for
future applications in MEMS/NEMS devices. Because of their
conductive and flexible nature, they offer great potential for the
fabrication of electrostatic actuators. By adjustment of the
particle sizes as well as the size and structure of the cross-linker,
these systems can be tailored regarding their mechanical,
electrical, and optical properties to meet specific requirements
for given applications. Current investigations aim at the
excitation of similar devices by alternating voltage to enable
electrostatically driven resonators, which are of interest for the
development of ultrasensitive microgravimetric transducers.
Here, the membranes’ charge-transport mechanism, which is
sensitive to strain,”*7>® could further be exploited for the facile
electronic readout of the membranes’ resonance frequency,
resulting in all-electronic sensing devices.
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Characterization of the GNPs and substrate-supported GNP
films, a detailed description of the lithographic processing
methods and of the mechanical characterization of 6DT/GNP
membranes by AFM bulge tests, and optical micrographs as
well as voltage and deflection transients recorded during the
interferometric measurements of devices C and D. The
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