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In this communication the application of gold nanoparticle mem-
branes as ambient pressure sensors with electromechanical signal
transduction is demonstrated. The devices were fabricated by
sealing microstructured cavities with membranes of 1,6-hexane-
dithiol cross-linked gold nanoparticles, which were electrically
contacted by metal electrodes deposited on both sides of the
cavities. Variations of the external pressure resulted in a deflection
of the membranes and, thus, increased the average interparticle
distances. Therefore, the pressure change could easily be detected
by simply monitoring the resistance of the membranes.

Due to their tunable electronic, mechanical and optical pro-
perties, freestanding membranes of gold nanoparticles (GNPs)
capped with monofunctional ligands, interlinked with bi- or
multifunctional molecular cross-linkers or embedded in
polymer matrices are promising candidates for the application
as functional materials in micro- and nanoelectromechanical
systems (MEMS/NEMS). In contrast to conventional silicon
based MEMS/NEMS requiring elaborate multi-step litho-
graphic fabrication schemes, noble metal nanoparticle compo-
sites can be fabricated and deposited by cost-effective
procedures such as spin-coating, ink-jet printing," stamping®
and are compatible with a broad variety of rigid or flexible sub-
strate materials.

Recently, a series of MEMS/NEMS applications was demon-
strated by several research groups. Kanjanaboos et al. demon-
strated the fabrication of microscale drumhead resonators
from freestanding monolayers of monothiol-capped GNPs with
resonance frequencies in the MHz range.* Tsukruk and co-
workers reported the fabrication of Golay type IR microimagers
based on nanocomposite GNP/polymer membranes deposited
on microcavities.” The group also presented the application of
freestanding membranes of polymer-encapsulated GNPs as
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pressure gauges.® However, optical readout techniques of the
membrane deflection were applied in all cases. More recently,
we reported on the first electrostatic actuator based on a free-
standing membrane of alkanedithiol (ADT) cross-linked GNPs.”

GNP membranes cross-linked using dithiols offer the
ability to adjust the conductivity over several orders of magni-
tude.®® Using shorter-chain ADTs, fairly good conductivities
can be achieved. Analogously to thin films of monothiol-
capped GNPs deposited on flexible substrates,'® the charge
transport through assemblies of ADT cross-linked GNPs is sen-
sitive to strain, directly affecting the interparticle distances
and impeding tunnel currents. Based on this behavior, the
applicability of substrate supported dithiol cross-linked GNP
films as sensitive strain gauges with gauge factors G5 of 10-20
was demonstrated.'"?

Previously, freestanding membranes of highly ordered GNP
monolayers were fabricated and their remarkable elastic pro-
perties were probed by AFM indentation measurements."*"* Si
et al. reported the fabrication of freestanding monolayer
sheets from Au@Ag nanocubes, which could be lithographi-
cally milled into nanoribbons or folded into 3d origami.™ In a
recent study'® we reported on the fabrication of freestanding
1,9-nonanedithiol (9DT) cross-linked GNP membranes on cir-
cular apertures (~100 pm diameter) and the characterization
of their viscoelastic properties by AFM micro-bulge tests.'” The
Young’s modulus was measured in the low GPa range and it
was demonstrated that these membranes withstand pressure
loadings of several kPa, corresponding to a biaxial stress of
tens of MPa.'® These mechanical properties together with their
electric conductivity make crosslinked gold nanoparticle mem-
branes interesting functional materials for MEMS/NEMS
applications.

In this communication we present the fabrication of resis-
tive pressure gauges employing a 1,6-hexanedithiol (6DT)
cross-linked GNP membrane as strain sensitive transducer. To
the best of our knowledge, this is the first report on sensors
utilizing the unique electromechanical properties of a free-
standing nanoparticle membrane to enable a direct and
simple resistive signal readout.
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For fabricating the sensor devices, GNP membranes were
deposited onto 3d microstructures featuring rectangular
cavities, typically of ~40 ym in width and ~500 pm in length.
The microstructures were prepared from SU-8, a negative tone
photoresist commonly used for the fabrication of MEMS struc-
tures,"®'® using standard photolithography on thermally oxi-
dized silicon wafers (oxide thickness 300 nm). The depth of
the cavities (~40 pm) could be trimmed by varying the resist
layer thickness. In proximity to the long sides of the cavities,
gold or platinum electrodes (~40 nm thickness) were de-
posited for measuring the resistance of the freestanding mem-
brane sections. A schematic showing the device architechture
is presented in Fig. la. Fig. 1b shows a SEM image of the
microcavity prepared in SU-8 resist with proximal metal elec-
trodes, before depositing the nanoparticle membrane. A
detailed description of the microstructure fabrication process
is provided in the ESL

6DT cross-linked GNP membranes were fabricated by spin-
coating a heptanoic solution of GNPs (diameter (3.5 + 0.7) nm)
and a methanolic solution of 6DT alternatingly onto a glass
substrate, as reported earlier.”® The resulting GNP films
showed a typical conductivity of around 0.1 S em™".” Thick-
nesses of the films were measured by atomic force microscopy
(AFM).>° A TEM image revealing the granular structure of the
6DT cross-linked GNP membrane is shown as inset in Fig. 1a.
See the ESIt for a representative absorbance spectrum, a
current-voltage (I-V) measurement, and an AFM scan of the
substrate supported GNP film used for device fabrication.

Following deposition, the cross-linked GNP films were
transferred from their initial substrates by floating them on
demineralized water.? After an incubation period of up to two
days at ambient conditions, the membranes could easily be
lifted off their glass substrates by carefully immersing the
latter into water. Doing this, the membranes detached from
the substrates and remained floating at the liquid-air inter-
face. Subsequently, the electrode microstructures were used to
skim the membranes from the water surface. While the
samples were allowed to dry, the membranes settled to the 3d
structures and remained freestanding over the rectangular
cavities. The substrates were then fixed onto custom-designed
printed circuit boards, contacted and transferred to a custom-
built pressure cell. A Keithley 2601A source measure unit was
employed to source a constant voltage of 1 V across the device
and to measure the resulting current. The pressure cell was
equipped with a cascade of valves, suitable for applying
pressure transients in a range of +10 kPa, relative to ambient
pressure. As reference sensor a digital pressure gauge (Sensor-
technics HDIM100DBF8P5) was connected to the cell. Details
of the setup can be found in the ESL{

Fig. 1c shows the optical micrograph of a device with a 6DT
cross-linked GNP membrane (55 nm thickness) spanning the
rectangular microfabricated cavity. Also the gold electrodes
(~300 pm width, ~80 pm distance), covered by the membrane
are clearly recognized. An initial resistance of 259 kQ was
determined for this device, corresponding to a sheet resistance
of Ry = 0.95 MQ. Compared to conventional metal foil strain
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Fig. 1 (a) Schematic showing a cross-sectional view of a GNP mem-
brane based pressure sensor. The GNP membrane is sealing the cavity
microstructured into SU-8 photoresist. Electrodes deposited onto the
SU-8 layer are used to monitor the membrane’s resistance under applied
pressure loading. The inset shows a TEM image of a 1,6-hexanedithiol
cross-linked GNP membrane (scale bar: 25 nm). (b) SEM image of a
microcavity with proximal metal electrodes prior to membrane depo-
sition. Scale bar: 100 pm. (c) Optical micrograph of a 6DT cross-linked
GNP membrane deposited onto a 3d electrode microstructure. Scale
bar: 100 pm.

gauges the significantly higher resistance of GNP based trans-
ducers allows for operating the devices under lower power dis-
sipation.'® Additionally, it is straightforward to adjust the
sheet resistance for specific device requirements because the
resistivity of cross-linked GNP films can be tuned over several
orders of magnitude by varying the size®>*>° and structure® of
the cross-linker.

The application of positive pressure transients of up to
8 kPa resulted in pressure differences between the cavity and the
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exterior, causing an inward deflection of the freestanding
membrane. Movements of the membrane could clearly be
observed using a microscope camera (Fig. 2a, middle). A movie
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Fig. 2 (a) Optical micrographs of a pressure gauge fabricated from a
6DT cross-linked GNP membrane placed in a pressure cell under an
external pressure loading of (left) 0 kPa, (center) 8 kPa and (right) —8 kPa
(relative to the ambient pressure). The deflections of the membrane
inwards and outwards the rectangular microcavity are observable by the
reflections of the non-centered incident microscope illumination on
opposite sides of the bulge. (b) Pressure transients (0 to +8 kPa) applied
to the device (red) and resulting resistance changes relative to the base-
line resistance Ry (blue). (c) Transfer function of the device relating the
applied external pressure to the measured resistance change. An esti-
mate of the transfer function, which is based on the membrane’s
mechanical properties, the dimensions and geometry of the device, and
a gauge factor G of 7, is depicted as dashed red line. Details to the
underlying calculation are provided in the ESI.{
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showing the periodical deflections of the nanoparticle mem-
brane induced by the repeated pressure loadings shown in
Fig. 2b can be found in the ESI.f The deflection of the mem-
brane was accompanied by an increase in resistance as shown
by the response transients in Fig. 2b. When negative external
pressures of up to —8 kPa (relative to ambient) were applied
again pressure differences between the cavity and the exterior
were established. In this case the freestanding membrane
showed outward deflections while remaining attached to the
SU-8 layer surrounding the cavity (Fig. 2a, right). As expected,
the device responded with a similar increase in resistance (up
to ~0.7%) for positive and negative applied pressures (see
Fig. 2b), especially in the higher pressure range, resulting from
similar strain experienced by the membrane in both cases,
inward and outward deflection. It is to note that the device
remained functional over the course of the study of several
weeks.

Fig. 2c shows the sensor’s transfer curves obtained by
repeatedly sweeping the external pressure and continuously
monitoring the current at an applied voltage of
1 V. Corresponding resistance and pressure time series can be
found in the ESLf The sensor displayed an almost linear
response for the positive and negative external pressure
branch. A slight offset of the response curve’s minimum is
observed and is attributed to a slight difference between the
initial cavity pressure and the ambient pressure.

The response of the pressure sensor was estimated by
taking into account the mechanical properties of 6DT cross-
linked GNP membranes obtained by AFM bulge tests (ESIt).”
Using this data and the device geometry, an estimate of the
bulge height of the membrane in response to the applied
pressure loading as well as the resulting strain could be calcu-
lated. Taking into account a constant gauge factor G5 of 7 and
a residual membrane stress of 6 MPa (values in the MPa range
are common for freestanding GNP membranes”'®), resulted in
estimates of the sensor responses which are, within the given
pressure range of +8 kPa, very similar to the experimental data.
This is clearly seen in Fig. 2¢, which shows the calculated
transfer function (dashed red line) in very good agreement
with the experimental response curve. A detailed description
of the calculation as well as simulations regarding the influ-
ences of different device parameters on the sensor’s response
characteristics are provided in the ESI.{

In summary, we presented the first prototype of a resistive
pressure sensor based on a freestanding membrane of gold
nanoparticles. A sensor response of up to ~0.7% was obtained
for pressure changes in a range of +8 kPa. The measured
sensor responses were found in good agreement with a simple
approximate model relating the applied external pressures to
the membrane strain, and assuming a gauge factor G4 of 7,
similar as observed for substrate supported strain gauges
based on 9DT cross-linked GNP coatings."" According to pre-
vious findings reported for strain gauges based on GNP assem-
blies, it should be possible to enhance the sensitivity of the
presented pressure sensor by the following adjustments: first,
it was demonstrated that the resistive strain sensitivity of sub-
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strate-supported GNP films increased with decreasing thick-
ness and was highest for monolayer films. This finding was
attributed to the 2d confinement of conduction paths in the
case of the monolayer film.**> Additionally, as shown by our
model calculation provided in the ESIL{ decreasing the mem-
brane thickness increases the device’s sensitivity because
thinner membranes are bulged more heavily than thicker ones
at a given pressure. Second, an increase of the nanoparticle
size is assumed to increase the sensitivity, because the gauge
factor of nanoparticle based resistive strain gauges scales with
the particle diameter, as deduced from a simple geometric
model.'® Third, the order of the particles in a freestanding
membrane is expected to influence the strain sensitivity. Com-
pared to a highly ordered GNP membrane a disordered mem-
brane responds to stress more easily by local rearrangements,
microcrack formation and local relaxation rather than by
homogeneous changes in the interparticle distances.>® Taken
together, ultimate sensitivities should be achievable by
employing membranes consisting of a single, highly ordered
monolayer of relatively large GNPs. This, however, will require
reducing the device’s dimensions in order to avoid collapse of
the membrane and to enable electrode aspect ratios allowing
for practical resistance measurements. Additionally, we note
that by applying a more elaborate capacitive readout of the
membrane deflection, it should be possible to determine the
direction of the pressure variation with respect to the internal
cavity pressure.
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