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ABSTRACT

3D cross-linking of gold-nanoparticles (GNPs) with
alkylene dithiol molecules renders thin films with unique
optical, mechanical and charge transport characteristics
that can be tuned by variation of the GNP size and
shape as well as by the nature of the dithiol molecule.
So far, substrate-supported films were successfully ap-
plied as resistive strain gauges and chemiresistors. The
films exhibit mechanical stability, sufficient to transfer
and deposit them as freestanding membranes onto a va-
riety of 3D structured substrates. The tunability of the
material properties as well as the strain sensitivity make
cross-linked GNP membranes interesting candidates for
the implementation in micro- / nanoelectromechanical
systems (MEMS/NEMS). Here, we report on the inves-
tigation of electromechanical properties of freestanding
cross-linked GNP membranes and explore their applica-
bility in MEMS/NEMS, i.e. as functional materials in
pressure sensors or electrostatic actuators.
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1 INTRODUCTION

Recently, freestanding membranes of monothiol cap-
ped gold nanoparticle (GNP) monolayers[1, 2] as well as
polymer-encapsulated GNPs[3] were fabricated and at-
tracted interest due to their potential applications, e.g.
as pressure sensors with optical readout or drumhead
resonators using piezoelectric actuation. However, lay-
ers of GNPs capped with long-chain organic ligands or
encapsulated in a polymer matrix commonly show low
conductivity, due to the large tunneling gaps formed by
the ligand shells seperating the nanoparticles. Conduc-
tive GNP films can be obtained by shrinking these gaps,
i.e. by ligand exchange with short-chain ligands or cross-
linkage of the GNPs using e.g. short dithiol molecules.
The electrical conductivity of such GNP films can be
well-described by a simple semiempirical Arrhenius-type
activated tunneling model (equation 1).[4, 5]

E
o = ope Pe 7 (1)

Here, o is a preexponential factor, § is the tunnel-
ing decay constant, d denotes the interparticle distance,
FE 4 the activation energy, T' the temperature and k is
the Boltzmann constant. As the conductivity strongly
depends on the interparticle distance, it is highly sen-
sitive to external stimuli. For example, upon appli-
cation of strain to a conductive GNP composite, it is
transferred to the flexible organic matrix leading to fur-
ther seperation of the particles and hence a change in
resistance. This lead to investigations of the applica-
bility of substrate-supported GNP composite films as
strain gauges.[6, 7, 8, 9] Gauge factors of up to 200
were measured.[6] Besides a high sensitivity to strain,
the conductivity of GNP composites is influenced when
exposing the material to chemical vapors or gases.[10,
11, 12, 9] This behavior is attributed to analyte uptake
by the organic matrix, resulting in an increase of the
interparticle distance due to swelling and changes in its
dielectricity.[9] While extensive work was conducted in-
vestigating the above-mentioned characteristics of sub-
strate-supported GNP composites, the investigation of
electromechanical properties and potential applications
of freestanding, conductive, cross-linked GNP compos-
ites is still in its infancy. The focus of our work is
the investigation of these properties, e.g. by atomic
force microscopy based micro bulge tests,[13] and the
exploration of potential applications of the membranes
in MEMS/NEMS.

2 FABRICATION OF GNP
MEMBRANES

There are different methods reported for the fabri-
cation of substrate-supported dithiol cross-linked gold
nanoparticle composite films. Bethell et al.[14] reported
on the fabrication of GNP /dithiol networks on function-
alized SiOs surfaces. Firstly, the substrate surface was
functionalized with mercaptosilanes. Upon immersion
of the functionalized substrate into a solution of weakly
capped gold colloids, the latter bound to the thiol groups
exposed by the substrate. Afterwards, solutions of dithi-
ols and gold colloids were applied alternately, leading
to the successive formation of a GNP-dithiol network.
Similar layer-by-layer self-assmebly (LBL-SA) processes
were used by different groups to fabricate thin films con-
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Figure 1: Fabrication process of different GNP-membrane based devices. The top row depicts the fabrication of an
electrostatic actuator, while the bottom row depicts the fabrication process of a GNP membrane based ambient
pressure sensor. a) A silicon wafer with a thermal oxide layer acts as substrate. b) If desired, Ti/Au back electrodes
were deposited onto the substrate. ¢) SU-8 epoxy photoresist is used for fabricating 3D structures with cavities for
freestanding membrane deposition. d) Deposition of Au top electrodes for electrically contacting the freestanding
membranes. ¢) GNP membrane deposition.

sisting of GNP-dithiol networks on glass[5, 11] or poly-
mer (polyethylene)[9, 7] substrates.

While these LBL-SA processes exhibit different ad-
vantages for the fabrication of substrate-supported GNP
networks, e.g. a high degree of control and excellent par-
ticle cross-linking ratios,[11] they show major drawbacks
when it comes to the fabrication of freestanding GNP
membranes by lift-off and transfer procedures, as the
resulting GNP networks are covalently attached to the
substrate. For the fabrication of GNP membranes we

follow a procedure which was published by our group in
2011.[15]

Here, a solution of GNPs with weakly bound do-
decylamine (DA) ligands in heptane was spin-coated
onto glass substrates. Subsequently, a methanolic so-
lution of an alkylene dithiol was spin-coated leading to
a ligand exchange and formation of a thin film of cross-
linked GNPs. The two deposition steps could be re-
peated to obtain GNP-dithiol composite films with con-
trolled thickness in the 20 — 100 nm range. Compared
to the conventional self-assembly based processes, the
spin-coating based deposition enables rapid fabrication
of the thin films and - due to the absence of strong
chemical binding between the film and the substrate -
a lift-off of the film. This can be achieved either by al-
kaline underetching[16, 15] or careful immersion of the
substrates into deionized water,[17] leading to detach-
ment of the film, which then remains floating at the
liquid-air interface and can be transferred to arbitrary
substrates.

3 DEVICE FABRICATION AND
CHARACTERIZATION

Different microstructures were used as support for
the freestanding GNP membranes, depending on the
target application of the final device. In this paper, we
present the exploration of two different MEMS applica-
tions of dithiol cross-linked GNP membranes. On the
one hand, we demonstrated the fabrication of a resistive
ambient pressure sensor, employing a GNP membrane
as strain sensitive transducer.[18] On the other hand,
we demonstrated electrostatic actuation of freestanding
GNP composite membranes.[17] These two applications
will be discussed in the following. The fabrication of
the devices was similar in both cases. Figure 1, top
row, schematically depicts the fabrication process of an
electrostatic actuator device, while the fabrication of
an ambient pressure sensor is depicted in the bottom
row. Commonly, 3D microstructures were fabricated
onto doped silicon wafers with thermally grown oxide
layers, acting as insulation barriers.

3.1 Ambient Pressure Sensor

In a recent paper, we demonstrated the applicability
of dithiol cross-linked GNP membranes as strain sensi-
tive transducers in resistive ambient pressure sensors.[18]
The fabrication of such a device is schematically de-
picted in figure 1, bottom row. Onto a silicon wafer
substrate, a layer of SU-8 photoresist was deposited and
a microcavity was subsequently fabricated using pho-
tolithography. On top of this relief structure, follow-
ing a lift-off procedure, gold electrodes were deposited
in proximity to the cavity. Finally, a 1,6-hexanedithiol
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Figure 2: (top) Micrographs of a GNP membrane
based resistive pressure sensor upon application of
different external pressures. The device comprises a
55 nm thick 6DT cross-linked GNP membrane, sealing
a ~ 40 pm wide and ~ 40 pm deep microcavity.
(bottom) Time trace of the GNP membrane pressure
sensor response (upper blue line) to applied external
pressure transients (lower red line). The resistance was
read out by electrodes deposited in proximity to the
cavity. Adapted from Ref. [18] with permission from
The Royal Society of Chemistry.

(6DT) cross-linked GNP membrane was transferred to
the microstructure, as described above.

In this type of pressure sensor, the GNP membrane
acts both as diaphragm, and as strain sensitive trans-
ducer. Sealing the microcavitiy, the membrane deflects
upon variation of the external pressure, due to the pres-
sure difference between the cavity volume and the exte-
rior. The resulting strain causes a change in the mem-
brane’s resistance that can simply be read out by con-
tacting the electrodes in proximity to the microcavity.

For characterization the devices were placed in a
pressure cell, suitable to apply positive and negative
pressures (relative to ambient) in a range of £10kPa.
The cell pressure as well as the resistance of the de-
vice were constantly monitored using digital reference
pressure gauges (Sensortechnics) and a Keithley 2601A
source measure unit. Figure 2 shows an exemplary resis-
tance and pressure trace, recorded while applying pres-
sures in a range from approximately —8 to 8kPa to a
device comprising a 55 nm thin 6DT cross-linked GNP

membrane, placed onto a ~ 40pm wide microcavity
(depth ~ 40 pm). Upon application of positive and neg-
ative pressures up to |P| ~ 8 kPa (relative to ambient),
deflections of the membrane (see figure 2, top) and a
resistance change up to ~ 0.7% were observed. As ex-
pected, the sensor response was nearly independent of
the applied pressure’s direction. The transfer function
of the device was further analyzed and could be well-
described using a simple theoretical model.[18]

3.2 Electrostatic Actuator

Further, we demonstrated electrostatic actuation, a
widely used principle in MEMS/NEMS, of freestanding,
dithiol cross-linked GNP membranes.[17] The fabrica-
tion of electrostatic membrane actuators is depicted in
figure 1, top row. Again, doped silicon wafers with ther-
mally grown oxide layers were used as substrates. While
the wafers could either be used as global counter elec-
trodes themselves, alternatively, structured Ti/Au back
electrodes were fabricated for addressing different actu-
ators on one wafer substrate individually. On top of the
back electrode structure a layer of SU-8 was deposited
and structured using photolithography to yield micro-
cavities of a desired shape. Subsequently, a structured
gold top electrode, suitable for contacting a GNP mem-
brane and used as signal ground, was deposited on top
of the SU-8 layer. Finally, a 6DT cross-linked GNP
membrane was transferred to the 3D electrode struc-
ture following the lift-off and transfer process described
above. The membrane settled to the electrode structure
and remained freestanding on the microcavity.

To demonstrate electrostatic actuation of freestand-
ing, 6DT cross-linked GNP membranes, DC voltages
were applied between the top and back electrodes. The
potential difference resulted in coulomb forces, pulling
the freestanding membrane into the SU-8 cavity. De-
flections of the membranes were monitored using atomic
force microscopy, confocal microscopy and laser interfer-
ometry.[17] Figure 3 depicts exemplary data measured
investigating a 6DT cross-linked GNP membrane (thick-
ness 46 nm) deposited onto a ~ 150 pm diameter circular
SU-8 cavity, ~ 8pm above the back electrode. Volt-
age transients up to +£40V were applied between the
membrane and the back electrode and deflections up to
~ 0.8 pm were observed using laser interferometry (SIOS
Nanovibration Analyzer NA). The voltage-deflection be-
havior of different devices was measured and approxi-
mated using a theoretical model.[17]

The results demonstrate that electrostatic actuation
can be used for excitation of freestanding GNP mem-
branes, which is an important step towards the fabrica-
tion of more advanced devices, such as electrostatically
driven membrane resonators.
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Figure 3: Deflection time trace (upper blue line) of a GNP membrane based electrostatic actuator upon application
of voltage transients in a range of 40V (lower red line). The device comprised a 46 nm thick 6DT cross-linked GNP
membrane, deposited onto a ~ 150 pm diameter circular microcavity, ~ 8 pm above a back electrode. Deflections
were measured in the center of the membrane using laser interferometry and corrected for a drift caused by the
measurement setup.

4 SUMMARY

In summary, our results underline that freestand-
ing conductive membranes of cross-linked gold nanopar-
ticles are interesting candidates for the fabrication of
MEMS/NEMS. The applicability of the composite ma-
terial as strain sensitive transducer in resistive pressure
sensors was demonstrated and electrostatic actuation of
the membranes was shown. Current studies aim at the
fabrication of electrostatically driven GNP membrane
drumhead resonators for microgravimetric or pressure
sensing applications.
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