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Abstract: We present novel microelectromechanical chemical sensors for the detection of volatile
organic compounds based on electrostatically actuated, nanometer-thin, freestanding membranes
of organically cross-linked gold nanoparticles. The sensors employ quasi-static deflection
amplitudes or resonance frequency shifts of the membranes as highly sensitive sensing signals and
are capable of detecting analytes at concentrations down to the low ppm range. We show that the
devices can further be utilized for analyte discrimination. Additionally, we demonstrate that
freestanding GNP membranes can be used for the fabrication of highly sensitive resistive pressure
Sensors.
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1. Introduction

Composite materials of ligand-stabilized or cross-linked gold nanoparticles (GNPs) attracted
significant interest regarding sensing applications. The materials exhibit unique optical, mechanical,
sorption and charge transport properties, which depend on the inorganic nanoparticles as well as the
organic ligand matrix. Hence, their properties can be adjusted by incorporation of differently sized
GNPs or selection of the ligands or cross-linking molecules. The electrical conductivity ¢ of these
composites is mediated by thermally activated tunneling processes [1] and can be well-described
using Equation (1) [2],

Ea
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Here, T is the temperature, Ea the charge transport activation energy, § is the tunneling decay
constant, and 0 represents the interparticle spacing. When GNP composites experience strain, the
latter is directly translated into changes of the interparticle distances, which—due to the highly
sensitive tunneling based charge transport—result in strong conductivity changes. Hence, different
studies addressed the application of substrate-supported GNP composites as highly sensitive strain
gauges [3,4]. Recently, we demonstrated that the resistive strain sensitivity of freestanding GNP
membranes can be exploited for the fabrication of highly sensitive pressure sensors with sensitivities
of up to ~10-* mbar [5].
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Besides strain, sorption of analyte molecules significantly influences the GNP composites’
conductivity. On the one hand, sorption results in swelling of the organic matrix surrounding the GNPs,
which is translated in changes of 6. On the other hand, sorption-induced variations of the organic
matrix’ dielectricity cause changes in the activation energy Ea. Consequently, the applicability of GNP
composites as chemiresistors (Figure 1a) with adjustable sensitivities and selectivities was extensively
investigated [6-8].
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Figure 1. (a) Schematic depiction of a GNP composite film based chemiresistor; (b) Schematic
depiction of a GNP membrane based microelectromechanical chemical sensor; (c) Frequency
transients of GNP/6DT membrane based microelectromechanical chemical sensors under exposure to
toluene vapors of different concentrations. The membrane edge lengths, thicknesses and fundamental
resonance frequencies are 80 pm/60 um, 46 nm/48 nm and ~450 kHz/~350 kHz for devices A/B,
respectively; (d) Quasi-static deflection transients of an electrostatically actuated GNP membrane
based microelectromechanical chemical sensor under exposure to varying toluene concentrations
(membrane edge length 100 pum, thickness 39 nm) [13]. The experiments described in ¢ and d were
conducted under ambient pressure nitrogen atmosphere.

2. Microelectromechanical Chemical Sensors

Herein, we demonstrate the fabrication of microelectromechanical chemical sensors based on
freestanding membranes of dithiol cross-linked GNPs. GNP composite films are first deposited onto
sacrificial glass substrates and afterwards transferred onto microstructures featuring cavities. During
transfer, freestanding membranes are formed, spanning the cavities (see Figure 1b). The
microstructures are further equipped with two electrodes, one for establishing electric contact to the
membranes and a counter electrode in proximity below the membranes. By applying a voltage
between the electrode pairs, the membranes are charged against their counter electrodes and
deflected towards the latter [9,10]. The deflection of the membranes is governed by an intrinsic
membrane pre-stress, which is introduced during membrane transfer and forms the basis of the
microelectromechanical sensing principle. We show that sorption of volatile organic compounds
(VOCs) results in changes of this membrane pre-stress, leading to an altered dynamic or quasi-static
membrane deflection behavior, which can be employed as sensing signal.
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2.1. Dynamic Sensing Mode

First, the tense membranes can be employed as drumhead resonators. The devices can be excited
by AC signals (with an additional DC offset) applied to the electrode pairs. Upon matching a resonance
frequency with the frequency-swept drive signal, the membranes show pronounced oscillations. The
resonance frequencies of rectangular membranes can be described using Equation (2) [11]:
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Here, axand ayare the edge lengths of the membrane, m and n are integers corresponding to the
vibrational mode of the membrane, and oras well as p denote the membrane pre-stress and mass
density, respectively. Figure 1c depicts the fundamental resonance frequency transients of two 1,6-
hexanedithiol (6DT) cross-linked freestanding square GNP membranes repeatedly exposed to
toluene vapor of different concentrations. Toluene concentrations as low as 5 ppm could be easily
detected using the sensors. Along similar experiments conducted at a lowered total pressure (~20
mbar) involving similar toluene partial pressures (~2-20 Pa) quartz-crystal microbalance (QCM)
measurements were performed to observe the mass uptake of the GNP membranes. Hereby, it was
shown that changes of the GNP membrane density play a minor role and the sensor response is
mainly governed by changes in ot for the investigated system [12].

2.2. Quasi-Static Sensing Mode

Besides using the membranes’ resonance frequencies as sensing signals, also quasi-static
membrane deflections in response to the application of DC voltage signals between the electrode pair
can be employed as a sensing signal [13]. Figure 1d shows deflection transients of a 6DT cross-linked
GNP membrane to periodically applied voltages, in pure nitrogen atmosphere, as well as under
exposure to toluene vapors of different concentrations. Assuming small deflections and a constant,
homogeneous electric field, the membranes’ central point deflections & under applied voltages V are
related to the membranes’ pre-stress as approximated in relation 3 [9]:

Vo« oph . 3)

3. Multivariate Sensing

By combination of the different transduction methods, devices enabling multivariate sensing
using only a single GNP membrane can be realized. Here, different selectivities arising from the
different transduction principles enable analyte discrimination. Figure 2a exemplarily shows the
frequency response of a GNP membrane resonator as well as the chemiresistive response of a GNP
film section, fabricated from another section of the GNP film, under exposure to toluene, 4-
methylpentan-2-one (4m2p), 1-propanol and water (H20). The plots show different selectivities that
could be used as input parameters for analyte recognition models. Further, Figure 2b shows the
normalized response transients of a GNP membrane resonator under exposure to vapors of different
VOCs. Clearly different response kinetics, presumably related to analyte diffusion, were observed for
the analytes, enabling the use of the device’s response time/shape for analyte recognition.
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Figure 2. (a) Frequency shift responses of a GNP membrane resonator to exposures to different VOCs
(8 min exposure, 10,000 ppm, 20 mbar total pressure, N2 atmosphere) and resistive responses of
another section of the same GNP composite film to the exposures; (b) Response kinetics of the GNP
membrane resonator under transient exposure to the different VOCs [12].

4. Conclusions

In this contribution we reported novel microelectromechanical chemical sensors based on
electrostatically actuated membranes of organically cross-linked GNPs. Two transduction mechanisms
based on the excitation of quasi-static deflections or resonant vibrations of the membranes were employed
to detect VOCs. Further, we showed that the combination of these transduction principles with an
additional chemiresistive readout of GNP composite membranes enables multivariate sensing and
analyte recognition. Here, differing selectivities due to different transduction mechanisms and/or
analyte-dependent response kinetics of the sensors yield patterns that can be assigned to certain
analytes.
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